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INTRoDuCTIoN

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. 
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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. 

All empirical chapters of this thesis are published in, or submitted to peer-reviewed 
journals. A list of references is presented below:

Gunther Moor, B., Crone, E. A., & Van der Molen, M. W. (2010). The heartbrake of social 
rejection: Heart rate deceleration in response to unexpected peer rejection. Psychological 
Science, 21 (9), 1326-1333 (Chapter 2).

Gunther Moor, B., Bos, M. G. N., Crone, E. A., & Van der Molen, M. W. (in revision). Peer 
rejection puts the brakes on the pubertal heart (Chapter 3).

Gunther Moor, B., Van Leijenhorst, L., Rombouts, S. A. R. B., Crone, E. A., & Van der Molen, 
M. W. (2010). Do you like me? Neural correlates of social evaluation and developmental 
trajectories. Social Neuroscience, 5 (5-6), 461-482 (Chapter 4).

Gunther Moor, B., Güroğlu, B., Op de Macks, Z. A., Rombouts, S. A. R. B., Van der Molen, 
M. W., & Crone, E. A. (2012). Social exclusion and punishment of excluders: Neural 
correlates and developmental trajectories. Neuroimage, 59(1), 708-717 (Chapter 5).

Gunther Moor, B., Op de Macks, Z. A., Güroğlu, B., Rombouts, S. A. R. B., Van der Molen, 
M. W., & Crone, E. A. (in press). Neurodevelopmental changes of reading the mind in the 
eyes. Social Cognitive and Affective Neuroscience (Chapter 6).
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Abstract
Social relationships are vitally important in human life. Social rejection in particular 
has been conceptualized as a potent social cue resulting in feelings of hurt. Our study 
investigated the psychophysiological manifestation of ‘hurt feelings’ by examining the 
beat-by-beat heart rate response associated with the processing of social rejection. Study 
participants were presented with a series of unfamiliar faces and were asked to predict 
whether they would be liked by the other person. Following each judgment, participants 
were provided with feedback indicating that the person they had viewed had either accepted 
or rejected them. Feedback was associated with transient heart rate slowing and a return 
to baseline that was considerably delayed in response to unexpected social rejection. 
Our results reveal that the processing of unexpected social rejection is associated with a 
sizeable response of the parasympathetic nervous system. These findings are interpreted 
in terms of a cardiovagal manifestation of a neural mechanism implicated in the central 
control of autonomic function during cognitive processes and affective regulation.
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2.1 Introduction
Social interaction and relationships are a hallmark of the human species. People are 
strongly motivated to gain social acceptance and are therefore typically highly sensitive 
to interpersonal rejection. Indeed, social rejection is conceptualized as a significant threat 
to survival (e.g., Baumeister & Leary, 1995). In addition, social rejection is implicated 
in the development of a wide range of psychological disorders (Deater-Deckard, 2001; 
Nolan et al., 2003). Laboratory studies on the phenomenological experience of social 
rejection predominantly investigate the emotional consequences of short-term rejection 
by strangers. In such studies, rejection has been shown to elicit high levels of negative 
emotions and distress (Buckley et al., 2004; Leary et al., 2001). Just as stressful events 
typically result in elevated cortisol secretion, social rejection elicits higher levels of 
cortisol (Blackhart et al., 2007). In addition, studies highlight the significant impact of 
social rejection by showing that rejection is distressing even when it results in financial 
gain (Van Beest & Williams, 2006), or when the rejection is by a computer (Zadro et al., 
2004).

Studies that explore the underlying mechanisms of social rejection sensitivity 
often emphasize the benefits of avoiding rejection from an evolutionary perspective. It 
is likely that humans evolved a highly sensitive system in order to quickly detect signs 
of social rejection. More specifically, it has been proposed that by recognizing social 
rejection as painful, the brain is equipped with an efficient alarm system (Eisenberger 
& Lieberman, 2004; MacDonald & Leary, 2005). Eisenberger and colleagues (2003) 
examined the hypothesized overlap between brain mechanisms implicated in social pain 
and mechanisms associated with physical pain. They used functional magnetic resonance 
imaging in participants who were playing a virtual ball tossing game (Cyberball), in 
which they were excluded from social interactions. The results of this study showed that 
the dorsal anterior cingulate cortex (dACC), anterior insula, and right ventral prefrontal 
cortex (RVPFC) were more active during periods of social exclusion than during periods 
of social inclusion. In particular, whereas dACC changes correlated positively with self-
reported distress, RVPFC changes correlated negatively with self-reported distress. This 
pattern of findings suggests that the RVPFC regulates distress felt during social exclusion 
by disrupting dACC activity (see also Eisenberger & Lieberman, 2004). These findings 
are consistent with earlier animal studies on attachment showing that separation distress 
recruits the brain’s social pain system, a widely distributed network that includes the ACC 
(e.g., Panksepp, 2003). 

Despite the wealth of research suggesting that social rejection produces feelings 
of hurt, it is not yet known how these feelings of hurt are represented in bodily responses. 
The goal of our study was to examine the impact of social rejection on autonomic nervous 
system function, by examining changes in time intervals between heartbeats. Beat-by-
beat heart rate changes are under the joint control of the sympathetic nervous system and 
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the parasympathetic nervous system. Whereas it takes the sympathetic system several 
seconds to increase the rate of beating of the heart, the parasympathetic system affects 
the heart very quickly by decreasing the rate of heartbeats. A substantial body of evidence 
describes how the brain acts in the regulation of the autonomic nervous system (see 
Cechetto & Shoemaker, 2009 for a recent review).

Several neuroimaging studies have shown that regions of the ACC, an area 
previously implicated in negative feelings of social rejection, are involved in cardiovagal 
control (e.g., Ahs et al., 2009; Lane et al., 2009; Wong et al., 2007), suggesting an overlap 
between areas of the brain that are involved in social rejection processing and areas that 
are involved in the central regulation of heartbeat timing. In addition, Porro and colleagues 
(2003) observed systematic relations between the activation of several ACC regions and 
changes in heart rate during the anticipation of pain. More recent studies have also shown 
that ACC activity mediates heart rate changes associated with negative affect (e.g., Urry 
et al., 2009). This combined evidence suggests that the dACC, and other ACC areas to 
which the dACC is connected, plays a key role in the regulation of a cortical-autonomic 
network associated with the processing of negative affect (Thayer & Brosschot, 2005; 
Vogt, 2005). We hypothesized that social rejection results in feelings of hurt that affect the 
parasympathetic system, and that social rejection is therefore accompanied by a slowing 
of heart rate. 

To assess the cardiac response associated with social rejection processing, we used 
a modified version of a paradigm used by Somerville and colleagues (2006). Several 
weeks before testing, participants in the current study were asked to submit a portrait 
photograph of themselves and were led to believe that other individuals would form 
impressions of them on the basis of that photograph. During the experiment, participants 
viewed the faces of these other individuals and were asked to predict whether the other 
people would like them. Participants then received acceptance or rejection feedback from 
these individuals, feedback that (unbeknownst to the participants) was generated by a 
computer. Somerville et al. observed that the ventral area of the ACC is sensitive to social 
feedback (social acceptance vs. social rejection), whereas the dACC is responsive to 
expectancy violations.

Given the strong negative impact of social rejection, we predicted that 
feedback communicating social rejection would be associated with cardiac slowing. 
We also aimed to test whether the impact of social rejection differs according to prior 
expectations associated with acceptance and rejection. This context dependency of 
feedback effects would be consistent with studies showing that prior knowledge 
and person-related schemas are important in guiding social and emotional behavior 
(e.g., Nummenmaa et al., 2008). More specifically, we expected that cardiac slowing 
would be most pronounced in response to rejection feedback following an expectation 
to be liked. We also expected a weaker cardiac-slowing response to social rejection 
feedback following a negative expectation of social evaluation, as such feedback 
would be aligned with the individual’s own expectations of social evaluation.  
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 We added a non-social task to this experimental paradigm (Somerville et al., 2006) 
to determine whether the processing of social rejection heightens the cardiac response 
that occurs as a result of negative cognitive performance feedback alone. The non-social 
task was identical to the social task, but differed in the type of judgments participants 
were required to make. Participants were asked to judge whether the person in the 
photograph was 21 years of age or older and were then given feedback indicating their 
accuracy in estimating the age of the other person. We predicted that negative feedback, 
or feedback not aligned with the expectations of the participant, would be associated with 
a transient heart rate slowing (Crone et al., 2003). However, we expected the magnitude 
of this cardiac response to be considerably lower than the response in the social-judgment 
task, assuming that the impact of social rejection is stronger than the effect of negative 
performance feedback. We hope that our findings can provide valuable insights into the 
neural mechanisms of cognitive and affective responses to social rejection. 

2.2 Method

Participants
Twenty-seven undergraduate students between the ages of 18 and 25 participated in our 
study (18 female, 9 male; mean age = 19.9 years, SD = 2.22 years), in exchange for course 
credit or a fixed payment. All participants reported that they were healthy, had normal or 
corrected-to-normal vision, and had no history of neurological or psychiatric disorders. 
Five additional participants (4 female, 1 male; mean age = 19.8 years, SD = 1.72 years) 
were excluded from the study because of uncorrectable artifacts in their electrocardiogram 
(ECG) recordings, because they expressed doubts about the experiment’s cover story, or 
because of an insufficient number of observations in the task conditions.

Stimulus materials and task description
Approximately 2 weeks prior to the experiment, study participants were contacted by 
telephone, informed that they were enrolled in a study about first impressions, and asked 
to send a portrait photograph of themselves to the researcher. Participants were told that 
their photograph would be sent to another university participating in the study, where a 
panel of undergraduates would be forming first impressions of them during this interim 
period. During the experiment, participants performed two tasks (a social-judgment task 
and an age-judgment task), in which they were asked to observe the neutral faces of 
age-matched peers. Each face (5.9 cm x 7.4 cm) was presented in color against a black 
background, in the center of a 17-in. computer screen (see Figure 2.1). A total of 120 
pictures of different faces were used, with an equal distribution of male and female faces 
(60 male, 60 female). Each facial stimulus was displayed once in each task. Facial stimuli 
were obtained by taking photographs of students between the ages of 18 and 25 at the 
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campus of another university (mean age = 22.1, SD = 2.17 years), after the students had 
given their written consent.
 Both the social-judgment task and the age-judgment task required participants to 
make judgments about the presented faces, but the tasks differed in the type of judgment 
required. In the social-judgment task (adopted from Somerville et al., 2006), participants 
were instructed to predict whether the person in the picture would accept or reject them. 
In each trial, the participant was required to answer the question “Do you think this 
person liked you?”. In the age-judgment task, participants were asked to decide whether 
the person in the picture was 21 years of age or older. Judgments in both tasks were 
followed by feedback. In the social-judgment task, feedback indicated either acceptance 
(“yes”) or rejection (“no”) by the person in the picture. In reality, the feedback in the 
social-judgment task was generated by a computer and not by individuals on the screen. 
In the age-judgment task, feedback conveyed the participant’s accuracy in estimating the 
age of the other person. This task served as a control task to examine cardiac responses to 
feedback outcomes that did not have a social component.

Figure 2.1 Example of a trial sequence (yes/no condition) for both the social-judgment task and 
the age-judgment task. During the cue period, participants responded to the question, “Do you 
think this person liked you?” (social-judgment task) or to the question, “Do you think this person 
is 21 years or older?” (age-judgment task). During the following delay period, the participant’s 
response (“yes” or “no”) appeared to the left of the face. finally, during the feedback period, 
feedback (“yes” or “no”) appeared to the right of the face. During the intertrial interval (1,000 ms 
average), a central fixation cross was shown on the screen.
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 Each trial sequence (see Figure 2.1) started with a 3,000-ms cue displaying a 
neutral face, which remained on the screen until the end of the trial. During the cue 
display, participants responded “yes” or “no” by pressing the “b” or “m” key of a 
computer keyboard using the index or middle finger of the dominant hand. Participants 
were required to respond within a 3,000-ms time frame. Lack of responses within this 
time period elicited the feedback “too slow”, signaling the end of the trial. This feedback 
was given to participants in 0.62% of the trials in the social-judgment task and 0.74% of 
the trials in the age-judgment task; the percentage did not differ significantly between 
tasks (p > .05). Participants’ choices (“yes” or “no”) that were made within the time frame 
appeared to the left of the face, during a fixed delay of 1,000 ms. During the 2,000-ms 
feedback period, feedback (“yes” or “no”) appeared to the right of the face. During the 
intertrial interval, a central fixation cross was presented on the screen. This interval varied 
in length, from 450 ms to 1,550 ms (1,000 ms on average).

Experimental design
The order of the two tasks was counterbalanced across participants. In both tasks, facial 
stimuli and feedback type were presented in a random order. Participants received “yes” 
feedback in half of the trials and “no” feedback in the other half. Both tasks included four 
conditions, defined by the combination of the participant’s response and the feedback; 
yes/yes, yes/no, no/yes, and no/no. Note that the tasks differed in what constituted 
negative feedback. In the social-judgment task, participants received negative feedback 
in the yes/no and no/no conditions, with “no” communicating social rejection. In the age-
judgment task, however, participants received negative feedback in the yes/no and no/yes 
conditions. In the yes/no condition, participants incorrectly estimated the person in the 
picture to be 21 years of age or older, and in the no/yes condition, participants incorrectly 
estimated the person in the picture to be younger than 21 years of age. Hence, the critical 
comparisons are between the yes/no condition of the social-judgment task and (a) the 
other conditions of the social-judgment task, and (b) the yes/no and no/yes conditions 
of the age-judgment task. We expected the first comparison to establish that the cardiac 
response to unexpected social rejection (yes/no) differs from the cardiac response to other 
social feedback conditions. We expected the second comparison to reveal that the cardiac 
response to negative social feedback is more pronounced than the cardiac response to 
negative cognitive feedback.

Procedure
All participants were tested individually in a quiet laboratory with dimmed light. 
Participants sat in a comfortable chair approximately 75 cm from the computer monitor. 
Each session began with a rehearsal of the experiment’s cover story; participants were 
told that their photograph was sent to another university participating in the study, where 
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the photograph was viewed by a panel of undergraduates, who rated their first impressions 
of each participant. Participants completed 120 trials of the social-judgment task and 120 
trials of the age-judgment task. The 120 trials were separated into three blocks of 40 
trials, with short breaks between blocks. Participants were familiarized with the tasks by 
completing one block of 10 practice trials prior to each task. At the end of the experiment, 
participants were debriefed about the cover story. Participants who expressed doubts 
about the cover story were excluded from analyses.  

Data recording and analysis
During both tasks, each participant’s ECG was recorded continuously using the Biopac 
System (BIOPAC Systems, Goleta, California) at a sample frequency of 400 Hz. ECG 
was recorded with three matching Ag-AgCL electrodes, attached via the modified lead-
2 placement. The recorded interbeat intervals (IBIs; the time between individual heart 
beats) were screened and corrected for artifacts by specific parameters in the program 
that extracted the IBIs. Seven IBIs were selected around the feedback; the IBI concurrent 
with the feedback (IBI 0), two IBIs preceding the feedback (IBI -2, IBI -1), and four IBIs 
following the feedback (IBI 1 to IBI 4). In order to obtain a sensitive index of phasic 
heart rate change, we referenced IBI difference scores to the second IBI preceding the 
feedback (IBI -2) on each trial. Preliminary analyses on IBI -2 values did not result in 
any differences across tasks and feedback conditions (all p’s > .10), showing that baseline 
values were not sensitive to any experimental manipulation before feedback presentation. 
In addition, analyses on the IBI -1 difference scores failed to reveal significant differences 
(all p’s > .10). Given the focus of the present study on feedback processing, IBI -1 
difference scores were excluded from statistical analyses. Heart rate responses were 
evaluated statistically using repeated measures analyses of variance (ANOVAs) with 
sequential IBI differences scores (IBI 0 to IBI 4). Huyn-Feldt corrections for violations 
of the assumptions of sphericity were used when necessary (Vasey & Thayer, 1987). All 
analyses were considered significant when the p-value was equal to or less than .05.

2.3 Results

Behavioral results
Participants made on average 56.8% “yes” judgments and 42.8% “no” judgments in the 
social-judgment task. One-sample t-tests confirmed that on average participants made 
significantly more “yes” judgments and significantly fewer “no” judgments relative to 
a 50% baseline (both p’s < .05). These findings indicate that participants more often 
predicted that they would be liked than that they would be disliked. In the age-judgment 
task, participants made on average 53.5% “yes” judgments and 45.8% “no” judgments. 
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Again, one-sample t-tests confirmed that on average participants made significantly more 
“yes” judgments and significantly fewer “no” judgments relative to a 50% baseline (both 
p’s < .05). The mean numbers of trials per feedback condition are presented in Table 
2.1 for both tasks separately. To examine whether there were differences in the number 
of trials per condition across tasks, we performed a 2 (task) x 4 (feedback condition) 
ANOVA. This analysis revealed a main effect of feedback condition, F(3, 78) = 16.54, p 
< .001, but there was no significant difference between tasks (p > .15).

Table 2.1 Mean number of trials per feedback condition for the social-judgment task and the age-
judgment task.

    
   

      

      

      

     

Heart rate results
Figure 2.2 shows heart rate responses associated with feedback processing in the social-
judgment task (panel A) and the age-judgment task (panel B). All IBIs were referenced 
to IBI -2. An increase in IBI difference scores indicates a slowing of heart rate. As can be 
seen in Figure 2.2, heart rate slowed in anticipation of receiving feedback and showed an 
additional slowing following the presentation of the feedback at IBI 0. This slowing was 
then followed by an acceleratory recovery to baseline. 

First, we predicted that unexpected negative social feedback would be associated 
with a delay in heart beat timing. Figure 2.2 (panel A) shows that the IBI response to the 
yes/no condition differed from the cardiac response associated with the other conditions 
of the social-judgment task. This difference was statistically verified by performing a 
2 (congruency) x 2 (feedback type) x 5 (IBI 0 to IBI 4) repeated measures ANOVA on 
sequential IBIs that were referenced to IBI -2. The analysis resulted in a main effect 
of IBI, F(4, 104) = 6.76, p < .005, and the predicted congruency x feedback x IBI 
interaction, F(4, 104) = 3.09, p < .05. No main effects for congruency and feedback type 
were found (both p’s > .3). To further test our predictions concerning cardiac slowing for 
unexpected rejection trials (yes/no condition), we conducted paired-sample t-tests on the 
IBIs following the presentation of the feedback (i.e., IBI 1 to IBI 4). These comparisons 
showed that the IBI differences scores were significantly greater for the yes/no condition 
than for all other feedback conditions at IBI 3--no/no: t(26) = 2.68, p < .05; no/yes: t(26) 

Feedback condition Social-judgment task Age-judgment task

yes/yes 35.1 (6.61) 32.3 (4.53)

yes/no 33.1 (6.93) 31.9 (4.42)

no/yes 24.5 (6.87) 27.3 (4.41)

no/no 26.8 (6.84) 27.7 (4.54)

Note: Standard deviations are given in parentheses.
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= 2.35, p < .05; and yes/yes: t(26) = -3.4, p < .005--as well as IBI 4--no/no: t(26) = 3.08, 
p < .01; no/yes: t(26) = 2.28, p < .05; and yes/yes: t(26) = -2.52, p < .05. 

Second, we predicted that cardiac slowing in response to negative social feedback 
would be more pronounced than cardiac slowing in response to negative cognitive 
feedback. This prediction was tested by comparing the IBI response in the yes/no condition 
of the social-judgment task with the IBI response in the yes/no and no/yes conditions 
of the age-judgment task. As predicted, the IBI response to unexpected negative social 
feedback was greater than the response obtained in the age-judgment task for the yes/no 
condition, F(4, 104) = 6.14, p = .001, and the no/yes condition, F(4, 104) = 11.41, p < 
.001. Thus, as anticipated, the additional transient cardiac slowing at IBI 3 and IBI 4 was 
specific to unexpected social rejection.

Figure 2.2 Interbeat interval (IBI) response (referenced to IBI-2) associated with feedback 
processing in (A) the social-judgment task and (B) the age-judgment task. Results are shown 
for the four feedback conditions (yes/yes, yes/no, no/yes, and no/no). feedback processing is 
represented for six time points; IBI -1 (prior to feedback presentation), IBI 0 (presentation of 
feedback), and IBI 1 to IBI 4 (following feedback presentation). An increase in the IBI difference 
scores indicates heart rate slowing, and a decrease indicates heart rate speeding.

2.4 Discussion 
In this study, we aimed to examine the cardiac concomitants of the processing of social 
rejection. Participants performed two tasks with the same overall design; a social-
judgment task and an age-judgment task, which served as a control. Participants viewed 
a series of unfamiliar faces and were asked to predict whether each person they had 
seen would like them, or to estimate if each person they had seen was 21 years of age or 
older. Each judgment was followed by feedback indicating acceptance or rejection by the 
other person, or accuracy in estimating the age of the other person. We predicted that the 
processing of feedback communicating social rejection would result in feelings of hurt, 
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and would therefore be accompanied by a transient slowing of heart rate, which would 
be most pronounced for rejection following a positive expectation of social evaluation. 
In addition, we hypothesized that this response would be larger than the cardiac response 
to negative cognitive feedback in the age-judgment task. Our results supported these 
predictions. 

The percentages of positive judgments and negative judgments differed somewhat 
from 50% in both tasks, but it is important to note that these percentages did not differ 
across tasks. Both tasks yielded the typical heart rate pattern associated with feedback 
processing (e.g., Crone et al., 2003; Van der Veen et al., 2004), which consists of a transient 
heart rate slowing to the feedback stimulus. Heart rate slowing reached its maximum 
during the IBI following feedback onset (IBI 1), which is consistent with other research 
findings in this field indicating that maximum heart rate slowing occurs during the IBI 
following the IBI of feedback occurrence (e.g., Crone et al., 2003). The transient slowing 
of heart rate in response to the feedback stimulus is usually interpreted in terms of a vagal 
response associated with the cognitive elaboration of the information provided by the 
stimulus (e.g., Van der Molen et al., 1987).

The transient slowing of heart rate associated with feedback processing was 
followed by an acceleratory recovery to baseline. Research has established that this 
recovery is delayed when the feedback stimulus conveys negative information, that is, 
when the stimulus provides negative performance feedback (e.g., Hajcak et al., 2003), 
signals punishment (e.g., Luman et al., 2008), or signals a violation of expectations based 
on previous task experience (e.g., Somsen et al., 2000). Recovery is also delayed following 
unpleasant affective stimuli (e.g., Bradley, 2009). Our findings add to this literature by 
showing that individuals exhibit a pronounced heart rate slowing (in effect, a ‘heartbrake’) 
in response to rejection feedback when expecting a positive social evaluation. This finding 
suggests that social rejection literally results in bodily responses reflecting ‘social hurt’ 
(Eisenberger et al., 2003). 

We found that the cardiac response to unexpected social rejection was considerably 
larger than heart rate changes associated with expected social rejection. This result 
confirms the hypothesis on the context dependency of effects of social rejection. This 
finding may also suggest that negative feelings associated with being socially rejected are 
reduced substantially when negative peer evaluation is anticipated. Note, however, that no 
self-report ratings of distress were administered in our study. In future studies, it will be 
important to collect self-report ratings to better understand the affective responses elicited 
by social feedback. It is also important to note that the cardiac response we observed for 
unexpected social rejection was larger than the heart rate change observed for the other 
conditions in which feedback was not aligned with the expectations of the participant (i.e., 
the no/yes condition in the social-judgment task and the yes/no or no/yes conditions in 
the age-judgment task). This result indicates that the impact of social rejection is stronger 
than the effect of expectancy violation per se. Taken together, the pattern of results that 



36

CHAPTER 2

emerged from our study shows that cardiac slowing was most pronounced for unexpected 
social rejection. 

Thus, feelings of hurt associated with unexpected social rejection result not only 
in central brain responses that are implicated in physical pain processing (Eisenberger et 
al., 2003), but also in autonomic feelings of hurt, which are reflected in changes in heart 
rate. This pattern of results is consistent with recent findings suggesting a link between 
negative affect and the parasympathetic nervous system. For example, Heilman et al. 
(2008) studied the psychophysiological profiles of young children in response to two 
different challenges—a physical challenge (i.e., bicycle pedaling) and a social challenge 
(i.e., the child stayed in a room with an experimenter while his or her parents exited the 
room). The experimenters found that heart rate increased during pedaling, which was 
expected, but also that heart rate decreased in response to the social challenge. From 
an evolutionary viewpoint, these findings support the strong motivational importance of 
social belonging. That is, humans are likely to have evolved a highly sensitive system to 
quickly process signals of social threat. Indeed, the ability of the vagus nerve to assert 
parasympathetic control is believed to reflect a self-regulatory process that promotes a 
healthy style of adaptive and flexible behavior (Thayer & Brosschot, 2005; Thayer & 
Lane, 2009). Cardiac deceleration has specifically been associated with enhanced sensory 
intake and active engagement with the environment (e.g., Bradley, 2009). 

At the neural level, the dACC has been linked to both pain distress and discrepancy 
detection (Eisenberger et al., 2003). As a result, Eisenberger and Lieberman (2004) 
conceptualized the dACC as a neural alarm system in which these two functions act as 
complementary processes. Our findings on the context dependency of the effects of social 
rejection could further support this alarm-system hypothesis, as they show an interplay 
between expectancy violation and distress; unexpected rejection (but not expected 
rejection) elicited a strong pattern of cardiac slowing. Therefore, our results suggest that 
both expectancy violation and distress play an important role in triggering the alarm system 
proposed by Eisenberger and Lieberman. It is possible that unexpected social rejection 
triggers the dACC alarm system by raising the alert that there is a discrepancy between 
an individual’s expected state of social belonging and his or her actual state of belonging.  
 Our findings are also consistent with those of a study by Ploghaus and 
colleagues (2003), which showed a mediating role of expectations on the affective 
consequences of physical pain. More specifically, this study demonstrated a functional 
dissociation in the neural pathways involved in physical pain processing, such that 
expected pain activated the rostral ACC, and unexpected pain activated the dACC 
(Eisenberger & Lieberman, 2004). The results of our study extend these findings 
to the social domain, as they show a difference between the psychophysiological 
manifestation of unexpected social rejection and that of expected social rejection.  
 From a broader perspective, the current findings are also consistent with the concept 
of a central autonomic network, which has been recognized by investigators working in 
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diverse areas of research (e.g., Benarroch, 1993; Saper, 2002). This network consists of 
both prefrontal and midbrain structures and is characterized by reciprocal interconnections. 
The output of the central autonomic network is directly linked to beat-by-beat heart rate 
changes, and sensory information from the heart is fed back to the network to allow for 
central autonomic integration. Indeed, studies have demonstrated correlations between 
heart rate changes and brain activity in areas of this network (e.g., Critchley et al., 2003; 
Gianaros et al., 2004; Napadow et al., 2008). Our findings together with these studies 
support the hypothesis that cortical and midbrain areas involved in autonomic control 
are also implicated in cognitive processes and affective regulation (Thayer & Brosschot, 
2005). Within this context, cardiac slowing associated with unexpected social rejection can 
be interpreted as a cardiovagal manifestation of the central autonomic network facilitating 
the processing of relevant social information (Porges, 2003). It would be of considerable 
interest to examine the cardiovagal response to social rejection in individuals who are 
hypersensitive to social exclusion. 
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Abstract
The present study examined pubertal and gender effects in sensitivity to peer rejection 
by examining beat-by-beat heart rate responses. Children between the ages 8-14 years 
participated in the study and were assigned to two groups based on a self-report scale of 
pubertal maturation; pre-pubertal children and pubertal adolescents. Participants were 
presented with unfamiliar faces of age-matched peers and were asked to predict whether 
they would be liked by the other person, which was followed by feedback indicating that 
the peer had accepted or rejected them. Results revealed cardiac slowing to unexpected 
peer rejection in pubertal adolescents that was most pronounced in pubertal girls. This 
finding indicates that social rejection alters bodily state depending on gender and pubertal 
maturation.
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3.1 Introduction
Essential for a healthy development of adolescents is a good integration into the peer 
group. The transition from childhood to adolescence co-occurs with a shift in social 
orientation from parents to peers (e.g., Steinberg & Morris, 2001). As such, adolescents 
seek to gain independence from their parents, resulting in the need of peer acceptance. 
Indeed, studies have reported that adolescents report increased concerns about how other 
peers think of them, and that concerns about peer rejection typically increase during late 
childhood rising into adolescence (e.g., Kloep, 1999; O’Brien & Bierman, 1988; Sebastian 
et al., 2008). Further, social rejection has been shown to evoke strong negative feelings 
in adolescence (Sebastian et al., 2010a). Thus, adolescents are likely to experience more 
peer-related stress and, at the same time, show a heightened sensitivity to social rejection. 

In a recent study, we obtained findings indicating that social rejection induces 
heart rate deceleration (Gunther Moor et al., 2010a). We used a paradigm adopted from 
Somerville et al. (2006) in which adult participants were presented with a series of 
unfamiliar faces and were asked to predict whether they would be liked by the other 
person. Their judgment was followed by feedback indicating acceptance or rejection. 
Results revealed that rejection following a positive expectation of social evaluation was 
associated with a transient slowing of heart rate that was considerably more pronounced 
compared to the cardiac response to negative cognitive feedback. This finding suggests 
that the parasympathetic nervous system is involved when individuals are hurt by 
unexpected social rejection. The results of this study fit well with the phasic heart rate 
literature showing greater heart rate deceleration in response to psychologically relevant 
information, such as negative performance feedback, or aversive affective stimuli (e.g., 
Bradley, 2009; Crone et al., 2003; Hajcak et al., 2003; Somsen et al., 2000; Van der Veen 
et al., 2004). Heart rate slowing has been interpreted as a reflection of an ‘orienting’ 
response that supports the intake of information from the environment (e.g., Bradley, 
2009).  

The main goal of the present study was to assess the impact of social rejection 
on heart rate in pre-pubertal and pubertal children. Specifically, the focus of this study 
is on the transition from childhood into early adolescence, which is marked by the onset 
of puberty (e.g., Forbes & Dahl, 2010). Participants performed two tasks with the same 
overall design in which faces of age-matched peers were presented; a social-judgment 
task (adopted from Somerville et al., 2006) and an age-judgment task, which served as a 
control task (see Gunther Moor et al., 2010a). Based on the previous findings in adults, 
it was hypothesized that heart rate slowing would be most pronounced in response to 
unexpected peer rejection. Two further hypotheses were tested. First, it was predicted that 
the alleged heightened sensitivity to peer-related negative social feedback after transition 
into adolescence would result in a stronger cardiac response to unexpected peer rejection 
in pubertal compared to pre-pubertal children (e.g., Kloep, 1999; Sebastian et al., 2010a). 
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In addition, it was hypothesized that pubertal girls would show more pronounced heart 
rate slowing to social rejection compared to both pre-pubertal girls and boys, and pubertal 
boys. This hypothesis was based on literature suggesting that social rejection is especially 
salient in adolescent females and that gender differences in social behavior become more 
accentuated during adolescence (e.g., Guyer et al., 2009; Nelson et al., 2005). Finally, in 
the behavioral analyses we tested for pubertal and gender effects in expectations of social 
evaluation by age-matched peers. Assuming that adolescents would experience increased 
concerns about how other peers think of them, higher levels of ‘dislike’ expectations were 
expected after transition into puberty. 

3.2 Method

Participants
A total of 101 children between 8-14 years old were included in the study. Participants 
were assigned to two groups based on a self-report scale of pubertal maturation (see 
below); pre-pubertal children (Tanner stage I; N = 43, 23 girls; mean age = 9.96, SD = 
1.06) and pubertal adolescents (Tanner stages II-IV; N = 58, 29 girls; mean age = 12.43, 
SD = 1.48). The distribution of the Tanner stages and the mean ages for boys and girls 
are presented in Table 3.1. A chi-square analysis indicated that gender distribution did 
not differ between both puberty groups, X² (1, 101) = .12, p = .73. In addition, one-way 
ANOVAs revealed that boys and girls did not differ in age in both groups (pre-puberty; 
F(1, 41) = 1.77, p = .19, puberty; F(1, 56) = 1.01, p = .29). 

Table 3.1 Distribution of participants on Tanner ratings for boys and girls.

Children were recruited from a primary and secondary school and their primary 
caregiver gave informed consent for the study. All participants were healthy with no 
history of neurological or psychiatric disorders and had normal or corrected-to-normal 

Boys Girls
Tanner stage N        Mean age (SD) N Mean age (SD)
Pre-pubertal children
I (pre-pubertal; scores 1-1.5) 20 10.19 (1.27) 23 9.76 (0.82)

Pubertal adolescents
II (early pubertal; scores 2-2.5) 20 11.44 (1.28) 12 11.51 (1.04)
III (mid-pubertal; scores 3-3.5) 3 13.40 (0.83) 15 13.38 (0.78)
Iv (late pubertal; scores 4-4.5) 6 14.28 (0.30) 2 13.81 (0.28)
II-Iv 29 12.23 (1.64) 29 12.64 (1.29)
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vision. Six additional participants were excluded from the study; 2 participants (2 boys) 
were excluded because of a lack of sufficient number of observations in one of the 
task conditions (< 10 trials) and 4 participants (1 boy, 3 girls) because of equipment 
malfunction. All procedures were approved by the ethical committee of the University. 

Pubertal maturation
In order to obtain an estimate of pubertal maturation, all participants indicated on a self-
report scale containing line drawings (i.e., breast and pubic hair development in girls 
and genitalia and pubic hair development in boys) which drawing matched their level 
of physical development (Morris & Udry, 1980). For each participant, both items were 
averaged. If a participant attained a score between two stages, the lowest stage was used 
because the child had not fully attained the higher level of pubertal development. In the 
current study, pubertal maturation groups were defined as pre-pubertal (Tanner stage I) 
and pubertal (Tanner stages II, III, and IV). None of the participants reported an adult 
level of physical development (see Table 3.1).

Task description
Approximately two weeks prior to the experiment, participants were told that they were 
enrolled in a study on first impressions. For this reason, the experimenter took a portrait 
photograph of all participants. They were told that their photograph would be sent to 
another school participating in the study, where a panel of age-matched peers would rate it 
on first impressions. In addition, participants were informed that the faces of the members 
of this panel would be presented during the experiment. 

During the experiment, participants observed neutral faces of age-matched peers 
in performing two tasks (a social-judgment task and an age-judgment task). Each face 
was presented in color against a black background in the center of a computer screen. 
Two different versions of both tasks were created containing faces of different age 
ranges (8-11 or 12-14 years). The version that was used was based on the age of the 
participant, such that 8-11 or 12-14 year olds were presented with faces of age-matched 
peers. Each version consisted of a total of 120 different faces with an equal distribution of 
male and female faces. Facial stimuli were obtained by the help of primary schools and 
high schools in the Netherlands, and photographs were taken after caregivers provided 
written approval. Mean ages of the photographed individuals for the age-matched tasks 
were as follows; 10.24 for 8-11 year olds and 13.0 for 12-14 year olds. An independent 
sample of participants of comparable ages rated the valence of the pictures using the Self-
Assessment Manikin (SAM) on a 9-point scale (Lang et al., 2005). Averaged scores were 
5.02 (SD = .33) for the faces for 12-14 year olds and 5.48 (SD = 1.16) for 8-11 year olds, 
which did not differ between age groups, F(1, 49) = 2.09, p > .15.
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Both tasks required participants to make judgments about the faces. In the social-

judgment task (adopted from Somerville et al., 2006), participants were instructed to 

predict whether the person in the picture would like or dislike them. In each trial, the 
participant was required to answer the question “Do you think this person liked you?”. 
The age-judgment task involved making judgments about the age of the other person. In 
this task, participants were instructed to answer the question “Do you think this person 
is 10 years of age or older (for 8-11 year olds) or 13 years of age or older (for 12-14 year 
olds)?”. Judgments in both tasks were followed by feedback indicating acceptance or 
rejection by the person, or accuracy in estimating the age of the person. In reality, the 
participants were not judged by the panel, but the feedback was selected by the computer. 
The age-judgment task served as a control task to examine cardiac responses to non-
social feedback.

Figure 3.1 Example of a trial sequence (yes/no condition) for the social-judgment task and the age-
judgment task. During the cue period, participants responded to the question, “Do you think this 
person liked you?” or to the question, “Do you think this person is 10 (for 8-11 year olds) or 13 (for 
12-14 year olds) years or older?”. During the following delay period, the choice of the participant 
(“yes” or “no”) appeared on the left side of the face. following the delay, feedback (“yes” or “no”) 
appeared on the right side of the face. Trials were separated by intertrial intervals, where a central 
fixation cross was shown. 

A trial was started with a fixation cross having a variable duration between 450 and 
1,550 ms (1,000 ms average), which served as intertrial interval. The fixation cross was 
followed by a 3,000 ms cue displaying a neutral face, which remained on the screen until 
the end of the trial. During the cue display, participants were instructed to respond “yes” 
or “no”, depending on the specific instructions of the task. “Yes” and “no” responses 
could be made using the index and middle finger of the dominant hand, by pressing the 
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“b” or “m” key of a computer keyboard. Participants’ choices (“yes” or “no”) that were 
made within the 3,000 ms time frame appeared on the left of the face on the screen, during 
a fixed delay of 1,000 ms. During the 2,000-ms feedback period, feedback (“yes” or “no”) 
appeared on the right of the face on the screen (see Figure 3.1). Responses that were not 

made within a 3,000 ms time frame elicited the feedback “too slow”, signaling the end of 

the trial.

Experimental design
Task order was counterbalanced across participants. In both tasks, facial stimuli and 
feedback type were presented in a random order. Participants received “yes” feedback 
on half of the trials (60) and “no” feedback on the other half (60). This generated four 
judgment by feedback conditions; yes/yes, yes/no, no/no, and no/yes. It should be noted 
that the tasks differed in communicating negative feedback. In the social-judgment task, 
the participant received negative social feedback in the yes/no and no/no conditions—
“no” communicating social rejection. In the age-judgment task, negative feedback was 
conveyed in the yes/no and no/yes conditions, in which participants incorrectly estimated 
the person to be 10 or 13 years or older (yes/no), or younger than the specified age (no/
yes).

To test our predictions concerning heart rate slowing to unexpected peer rejection, 
the critical comparisons are between the yes/no condition of the social-judgment task 
with (1) the other conditions of the social-judgment task, and (2) the yes/no and no/yes 
conditions of the age-judgment task. The first set of comparisons should reveal that the 
cardiac response to unexpected social rejection differs from the other social feedback 
conditions. The second comparisons should reveal that the cardiac response to negative 
social feedback is more pronounced than the cardiac response to negative cognitive 
feedback (Gunther Moor et al., 2010a).

Procedure
All participants were tested individually in a quiet room in the participating schools. To 
ensure that all participants were aware of the purpose of the study, each session began 
with a rehearsal of the cover story. To familiarize participants with the task, they received 

one block of 10 practice trials in advance. Each task consisted of 120 trials, separated 
in 3 blocks of 40 trials with short breaks in between. After completion of the tasks, the 

self-report scale of pubertal maturation was administered. At the end of the experiment, 

the experimenter asked participants about their thoughts about the experiment. None of 
the participants expressed doubts about the cover story. Debriefing took place by letter; 
in this letter it was made explicit that feedback was randomly generated by the computer. 
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Data recording and analysis
During both experimental tasks, each participant’s electrocardiogram (ECG) was recorded 
continuously, using a sample frequency of 400 Hz, from three Ag-AgCL electrodes 
attached via the modified lead-2 placement. The ECG-signal was filtered with a High-
Pass filter of 0.5 Hz to stabilize baseline. Recorded interbeat intervals (IBIs; time interval 
between individual heart beats) were visually screened for physiologically impossible 
readings and movement artifacts, and corrected when necessary. Six IBIs were selected 
around the feedback; the IBI concurrent with the feedback (IBI 0), one IBI preceding 
the feedback (IBI-1), and four IBIs following the feedback (IBI 1 to IBI 4). In order to 
obtain a sensitive index of phasic heart rate change, IBI difference scores were referenced 
to the IBI preceding the feedback (IBI-1). Statistical analyses on IBI-1 values did not 
result in differences across feedback conditions in both tasks, and no interaction effects 
with gender or puberty group were found (all p’s > .23). Thus, baseline values were not 
sensitive to any experimental manipulation before feedback presentation. 

IBI responses to feedback were evaluated statistically by using multivariate mixed 
measures analyses of variance (MANOVAs) with sequential IBI difference scores as 
within subjects subject variable (IBI 0 to IBI 4). Puberty group (2) and Gender (2) were 
used as between-subjects factors. MANOVAs were carried out because the assumption of 
sphericity was violated and a univariate approach was therefore less suitable (Jennings, 
1987). Feedback conditions were split up in two factors; Congruency (incongruent vs. 
congruent feedback) and Feedback type (social judgment-task; social acceptance vs. 
rejection, age-judgment task; older vs. younger). In the behavioral analyses, response 
tendencies for “yes” or “no” choices were examined by repeated measures ANOVAs.

3.3 Results 

Behavioral results 
To test for pubertal and gender differences in response tendencies for “yes” and “no” 
choices, we submitted the number of choices to a 2 (Puberty group; pre-pubertal and 
pubertal) x 2 (Gender-participant; boys and girls) x 2 (Response type; yes and no) x 2 
(Gender-picture; male and female) repeated measures ANOVA. For the data obtained using 
the social-judgment task, this analysis revealed significant interaction effects of response 
type x gender-picture, F(1, 97) = 16.91, p < .001, and response type x gender-picture x 
gender-participant, F(1, 97) = 55.06, p < .001. These effects were qualified by a four-way 
interaction of response type x gender-picture x gender-participant x puberty group, F(1, 
97) = 10.17, p < .01. As can be seen in Figure 3.2 (panel A), both pre-pubertal and pubertal 
girls more often predicted to be liked by girls and to be disliked by boys. Whereas pre-
pubertal boys showed a similar response bias for same- and opposite-sex peers, pubertal 
boys showed less differentiation in expectations of social evaluation regardless of the 
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gender of the faces. These visual impressions were confirmed by separate ANOVAs for 
each group, yielding a two-way interaction of response type x gender-picture in all groups 
(p’s < .05), except for pubertal boys. 

Similar analyses were carried out for the data obtained using the age-judgment 
task. The results showed a main effect of response type, F(1, 97) = 18.22, p < .001, and 
significant interaction effects of response type x gender-picture, F(1, 97) = 34.35, p < 
.001, and response type x gender-picture x gender-participant, F(1, 97) = 14.19, p < .001. 
No interaction effects with puberty were found. Follow-up comparisons for each gender 
yielded a main effect of response type in boys, F(1, 48) = 13.37, p < .001, and a two-way 
interaction between response type x gender-picture in girls, F(1, 51) = 51.97, p < .001. 
As can be seen in Figure 3.2 (panel B), girls more often predicted that girls were older 
and that boys were younger than the specified age. Boys on the other hand more often 
predicted that both boys and girls were older than the specified age. 

Figure 3.2 frequencies of “yes” and “no” choices separately for male and female faces of age-
matched peers. Data are presented for each puberty group and gender for the social-judgment 
task (panel A) and the age-judgment task (panel B). 

Further, pubertal and gender differences were examined for reaction times (RTs) 
for “yes” and “no” choices in both tasks. For the social-judgment task, this analysis 
resulted in a main effect of response type, F(1, 97) = 9.04, p < .01, and a three-way 
interaction of response type x gender-picture x gender-participant, F(1, 97) = 7.79, p 
< .01. Separate ANOVAs for boys and girls revealed that the interaction of response 
type x gender-picture approached significance in both groups (boys; F(1, 48) = 3.62, p = 
.063, girls; F(1, 51) = 3.91, p = .053). That is, boys generally responded slower for ‘like’ 
expectations (M = 1392.9, SD = 289.1) compared to ‘dislike’ expectations (M = 1333.6, 
SD = 295.8) to faces of girls. Girls generally responded slower for ‘like’ expectations (M 
= 1348.3, SD = 261.5) compared to ‘dislike’ expectations (M = 1279.2, SD = 237.3) to 
faces of boys. 
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For the age-judgment task, analyses on RTs yielded a three-way interaction of 
response type x gender-picture x puberty group, F(1, 97) = 6.24, p < .05. Separate ANOVAs 
for each puberty group revealed a two-way interaction between response type and gender-
picture in the pubertal group, F(1, 57) = 7.69, p < .01, and no main or interaction effects 
in the pre-puberty group. That is, pubertal adolescents generally responded slower when 
deciding that girls were younger than the specified age (M = 1351.96, SD = 258.5) relative 
to similar decisions about faces of boys (M = 1292.69, SD = 234.5). 

Heart rate results
The primary goal of this study was to test for pubertal and gender effects in sensitivity 
to peer rejection by examining beat-by-beat heart rate responses. Figure 3.3 shows IBI 
responses associated with feedback processing in the social-judgment task (panel A) and 
the age-judgment task (panel B). Separate plots are presented for each puberty group and 
gender. As can be seen in the figure, both tasks yielded the typical IBI response associated 
with feedback processing (e.g., Crone et al., 2003). That is, IBI generally lengthened 
(i.e., deceleration of heart rate) to the presentation of the feedback (IBI 0), followed by a 
recovery (i.e., acceleration of heart rate) to baseline. 

First, we tested our predictions concerning pubertal and gender differences in IBI 
responses in the social-judgment task. In panel A of Figure 3.3, it can be seen that the yes/
no condition stands out from the other conditions in both pubertal boys and girls. This 
delay in cardiac slowing is absent in the other conditions of the social-judgment task. 
These visual impressions were statistically tested by a 2 (Congruency) x 2 (Feedback 
type) x 5 (IBI 0-IBI 4) MANOVA with Puberty group (2) and Gender (2) as between-
subjects factors. This analysis resulted in main effects of congruency, F(1, 97) = 7.87, p 
< .01, and IBIs, F(4, 94)= 18.44, p < .001, and interaction effects of gender x IBIs, F(4, 
94) = 2.58, p < .05, congruency x IBIs, F(4, 94) = 3.62, p < .01, feedback type x IBIs, 
F(4, 94) = 3.04, p < .05, and congruency x IBIs x gender, F(4, 94) = 2.47, p = .05. These 
effects were qualified by a significant five-way interaction between congruency, feedback 
type, IBIs, gender and puberty group, F(4, 94) = 3.30, p = .014. 

To clarify this complex five-way interaction, separate MANOVAs for each group 
were conducted. In pubertal girls, this analysis yielded the expected three-way interaction 
between congruency, feedback type and IBIs, F(4, 25) = 2.81, p < .05, whereas for pre-
pubertal girls an interaction of congruency and IBIs, F(4, 19) = 3.33, p < .05, was found, 
but importantly, no interaction with feedback type. Indeed, as can be seen in Figure 3.3 
(panel A), IBI was specifically lengthened for the yes/no condition in pubertal girls, but 
not for pre-pubertal girls. In pre-pubertal girls, IBI was longer for the yes/no and no/yes 
conditions relative to the yes/yes and no/no conditions of the task. 
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Figure 3.3 Interbeat interval (IBI) response (referenced to IBI-1) associated with feedback 
processing in the social-judgment task (panel A) and the age-judgment task (panel B). The four 
lines represent the four feedback conditions; yes/yes, yes/no, no/yes, and no/no. Separate 
plots are presented for each puberty group and gender. feedback processing is represented by 
5 time points; IBI 0 (feedback presented to participants), and IBI 1 to IBI 4 (following feedback 
presentation). An increase in IBI difference scores indicates heart rate slowing. 

For boys, these analyses revealed a two-way interaction of feedback type and IBIs, 
F(4, 25) = 2.81, p < .05, in the pubertal group, but did not result in an interaction with 
congruency. However, as can be seen in the figure, IBI lengthening was specific for the 
yes/no condition and not for the other feedback conditions, like in pubertal girls. Indeed, 
post-hoc comparisons revealed that the IBI response for the yes/no condition in pubertal 
boys was larger compared to the other conditions at IBI 3 (p’s < .05). In pre-pubertal 
boys, a main effect of IBIs was found, F(4, 16) = 5.12, p < .01, showing no differentiation 
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between feedback conditions. Finally, separate MANOVAs for each puberty group 
revealed a significant interaction of congruency x feedback type x IBIs x gender, F(4, 53) 
= 3.18, p < .05, in the puberty group, showing that the pattern of IBI lengthening for the 
yes/no condition is most pronounced in pubertal girls. 

A similar 2 (Congruency) x 2 (Feedback type) x 5 (IBI 0-IBI 4) MANOVA with 
Puberty group (2) and Gender (2) as between-subjects factors was performed for the 
age-judgment task. The results that emerged from this task are presented in panel B of 
Figure 3.3. The MANOVA done on these data showed main effects of congruency, F(1, 
97) = 5.98, p < .05, and IBIs, F(4, 94) = 17.25, p < .001, and a two-way interaction 
between congruency and IBIs, F(4, 94) = 5.29, p = .001. No interactions with gender and/
or puberty group were found. Subsequent analyses were conducted to test whether the 
pattern of cardiac slowing to unexpected social rejection in pubertal boys and girls would 
be more pronounced than the cardiac response to negative cognitive feedback. These 
predictions was tested by comparing the yes/no condition of the social-judgment task to 
the IBI response associated with the yes/no (i.e., incongruent younger) and no/yes (i.e., 
incongruent older) conditions of the age-judgment task. The IBI response to unexpected 
negative social feedback was larger compared to the response obtained for the yes/no and 
no/yes conditions of the age-judgment task in pubertal girls; resp. F(4, 25) = 2.87, p < .05 
and F(4, 25) = 4.57, p < .01. Thus, as anticipated, the additional transient cardiac slowing 
in pubertal girls was specific for unexpected social rejection. For pubertal boys, these 
comparisons did not differ significantly from each other (p’s > .15)1. 

1  A similar pattern of cardiac results was obtained using age as a proxy for developmental maturation. In 

these analyses, participants were assigned to two age groups; 8-10 year olds (N = 50, 25 F; mean age = 9.81) and 

11-14 year olds (N = 51, 27 F; mean age = 12.92). The MANOVA on the social-judgment task yielded a five-way 

interaction between congruency, feedback type, IBIs, gender and age group, F(4, 94) = 2.61, p = .04. Separate 

MANOVAs for each group revealed a congruency x IBI interaction, F(4, 21) = 3.53, p < .05, in 8-10 year old 

girls, and a congruency x feedback type x IBI interaction, F(4, 23) = 3.09, p < .05, in 11-14 year olds girls. These 

data showed that heart rate was specifically delayed for the yes/no condition in adolescent girls. For boys, these 

analyses revealed a main effect of IBIs in both 8-10 and 11-14 year olds (p’s < .01), but no interaction effects with 

congruency or feedback type. Post-hoc analyses in 11-14 year old boys, however, revealed that the IBI response 

was larger for the yes/no condition compared to the other conditions at IBI 3 (all p’s < .05). Finally, similar to 

the analyses on pubertal differences the IBI response to unexpected social rejection was larger compared to the 

response obtained for the yes/no and no/yes conditions of the age-judgment task in 11-14 year old girls (p’s < .05), 

but not in 11-14 year old boys. 
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3.4 Discussion 
The goal of this study was to test for pubertal and gender effects in sensitivity to peer 
rejection by examining beat-by-beat heart rate responses. Participants performed two 
tasks with the same overall design; a social-judgment task and an age-judgment task, 
which served as a control task. The current study yielded two main results: 1) Girls 
demonstrated a high tendency to expect to be liked by girls and disliked by boys. Whereas 
pre-pubertal boys showed a similar response bias for same versus opposite-sex peers, 
pubertal boys showed less differentiation in their expectations of social evaluation. 2) The 
results reveal larger cardiac slowing to unexpected peer rejection in pubertal adolescents 
relative to pre-pubertal children, that was most pronounced in pubertal girls. The finding 
showing that heart rate recovery was specifically delayed for social rejection following 
the participant’s prediction to be liked by the other person is consistent with our previous 
findings in adults (Gunther Moor et al., 2010a). 

At the behavioral level, the number of ‘like’ and ‘dislike’ expectations of social 
evaluation did not vary with pubertal maturation and gender. This finding contradicts our 
hypothesis that pubertal adolescents would report higher levels of negative expectations of 
social evaluation relative to pre-pubertal children (e.g., Choudhury et al., 2006; Sebastian 
et al., 2008). Interestingly, pubertal and gender differences in response tendencies were 
found when the gender of the faces were taken into account. That is, both pre-pubertal and 
pubertal girls demonstrated a higher tendency to expect to be liked by girls and disliked 
by boys. Whereas pre-pubertal boys showed a similar response bias for ‘like’ and ‘dislike’ 
expectations by same versus opposite-sex peers, pubertal boys showed less differentiation 
in their expectations of social evaluation. From a somewhat broader perspective, these 
findings could reflect gender preferences in social interactions, particularly suggesting 
a strong preference for same-sex peers in pre-pubertal and pubertal girls, and in pre-
pubertal boys. Indeed, a preference for being with same sex-peers has been observed 
in both childhood and early adolescence (e.g., Bukowski et al., 1999; Maccoby, 1998; 
Zimmer-Gembeck et al., 2010). The current findings could add to this literature by 
suggesting that these social preferences may also manifest in expectations of social 
belonging. The absence of this response bias in pubertal boys suggests that this same-
sex preference declines after transition into puberty. However, it should be noted that no 
pubertal differences were found in response times for expectations of social evaluation. 
That is, both pre-pubertal and pubertal boys and girls generally responded slower for 
‘like’ compared to ‘dislike’ expectations for faces of opposite-sex peers. Possibly, these 
reaction time data may reflect an initial bias for ‘dislike’ expectations for peers of the 
opposite sex. In the light of this bias, participants would be slower on trials in which they 
expect to be liked by an opposite-sex peer (Geene et al., 2001). 

Both experimental tasks yielded the typical heart rate pattern associated with 
feedback processing. That is, heart rate generally slowed following the presentation of 
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the feedback, reaching its maximum of cardiac slowing during the IBI subsequent to the 
presentation of the feedback. This slowing was then followed by an acceleratory recovery 
to baseline (e.g., Crone et al., 2003; Somsen et al., 2000; Van der Veen et al., 2004). In 
a previous study in adults using the same overall design, we observed that this return 
to baseline was specifically delayed in response to social rejection following a positive 
expectation of social evaluation (Gunther Moor et al., 2010a). This finding fits well with 
the literature suggesting that parasympathetic regulation of cardiac activity could facilitate 
the processing of relevant social and emotional information (e.g., Gyurak & Ayduk, 2008; 
Heilman et al., 2008; Porges, 2003; Thayer & Brosschot, 2005). Of particular relevance 
to the current study, Heilman et al. (2008) studied the psychophysiological profile of 
children in response to a physical and a social challenge. While heart rate increased 
with the physical challenge (i.e., bicycle pedalling), heart rate decreased to the social 
challenge (i.e., staying in a room with the experimenter while the parent exited the place), 
which was associated with greater respiratory sinus arrhythmia (RSA). Similarly, cardiac 
slowing to unexpected peer rejection could be interpreted as a response of the central-
autonomic network facilitating the processing of significant social information (Porges, 
2003; Thayer & Brosschot, 2005). 

In line with our predictions, the delay in cardiac slowing to unexpected peer 
rejection was larger in pubertal boys and girls relative to pre-pubertal children, suggesting 
an increase in peer rejection sensitivity after transition into puberty. A close inspection of 
the data further revealed that the cardiac response to unexpected peer rejection was larger 
in pubertal girls relative to pubertal boys. Importantly, we found that this cardiac response 
in pubertal girls was larger than heart rate changes associated with other conditions 
in which the feedback was not aligned with the expectations of the participant (i.e., 
unexpected acceptance, incongruent older, incongruent younger), confirming that this 
effect was specific to unexpected social rejection. In pubertal boys, the cardiac response 
to unexpected social rejection did not differ significantly from the feedback conditions 
in the age-judgment task. As such, the results of this study support the hypothesis that 
peer rejection may be particularly salient in pubertal girls. It is assumed that females rely 
more on interpersonal relationships and are therefore more sensitive to social rejection 
than males (e.g., Guyer et al., 2009; Nelson et al., 2005; Stroud et al., 2002). Together, the 
pattern of results that emerged from this study indicates that bodily responses associated 
with unexpected peer rejection could vary as a function of pubertal maturation and gender. 
For future research, it would be important to replicate these findings using a study design 
that is optimized to disentangle puberty and age effects, and by using more objective 
assessments of pubertal status (e.g., Blakemore et al., 2010; Forbes & Dahl, 2010). Age 
and pubertal maturation were highly correlated in the current study which precludes a 
straightforward interpretation in terms of puberty-specific effects. Indeed, exploratory 
analyses with age as a proxy for developmental maturation (8-10 vs. 11-14 year olds) 
yielded a similar pattern of results; cardiac slowing to unexpected peer rejection was 
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larger in 11-14 year olds relative to 8-10 year olds, and was most pronounced in 11-14 
year old girls.  

The current findings indicating that heart rate sensitivity to unexpected peer rejection 
increases after transition into puberty may suggest that early adolescents, especially girls, 
have a highly sensitive system in order to quickly detect signals of unexpected peer 
rejection. Mounting evidence from brain imaging studies indicates that social exclusion 
shares a common neural circuitry with physical pain, including the dorsal anterior cingulate 
cortex (dACC), insula and the ventrolateral prefrontal cortex (vlPFC) (e.g., DeWall et 
al., 2010; Eisenberger et al., 2003; Eisenberger & Lieberman, 2004; Kross et al., 2011). 
More specifically, it has been observed that activity in the dACC and insula during social 
exclusion correlates positively with self-reported distress, whereas activation in the vlPFC 
correlates negatively with distress (e.g., Eisenberger et al., 2003; Masten et al., 2009). 
This pattern of findings suggests that humans evolved a highly sensitive ‘alarm’ system 
in order to quickly detect the social pain associated with rejection and control system to 
regulate these feelings (Eisenberger & Lieberman, 2004; MacDonald & Leary, 2005). 
In addition, it has been observed that, relative to adult participants, social exclusion in 
adolescents is associated with less neural activity in regions of the lateral PFC, suggesting 
that adults might be better able to regulate the negative feelings associated with social 
exclusion (Sebastian et al., 2011). Further, Masten et al. (2009) showed that activity in 
the subgenual ACC during exclusion corresponds with greater distress in 12-13 year olds, 
pointing to a role of this region in the experience of negative affect in adolescents. 

The findings emerging from the developmental neuroimaging studies on social 
exclusion could be interpreted in terms of theoretical models on adolescent brain 
development. According to these models, changes in social behavior that take place during 
adolescence may result from a mismatch between earlier maturation of the affective system 
and protracted development of prefrontal areas important for regulatory control (e.g., 
Burnett et al., 2011; Casey et al., 2010; Nelson et al., 2005; Steinberg, 2008). Importantly, 
while changes in prefrontal areas are believed to be the result of a complex interplay 
of myelination and synaptic pruning, changes in the affective system are thought to be 
triggered by hormonal changes at the onset of puberty (e.g., Nelson et al., 2005). Thus, 
hormonal influences on the delicate balance between affective and control systems may 
contribute to the heightened emotional sensitivity to peer rejection in adolescence. Indeed, 
studies increasingly demonstrate that gonadal hormones can influence the processing of 
social and affective information and that these influences may be gender dependent (e.g., 
Blakemore et al., 2010; Caldú & Dreher, 2007; Dahl & Gunnar, 2009; Forbes & Dahl, 
2010; Silk et al., 2009).  

In conclusion, the present findings showed that unexpected social rejection induced 
a slowing of heart rate that was larger in pubertal adolescents relative to pre-pubertal 
children, and was most pronounced in pubertal girls. Interestingly, it has been demonstrated 
that these short-latency decreases in heart rate are an index of an orienting response that 
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is primarily mediated by the parasympathetic nervous system (e.g., Somsen et al., 2004). 
Accordingly, cardiac slowing to unexpected social rejection could be interpreted as a 
cardiovagal manifestation of the central-autonomic network facilitating adaptive and 
flexible responses to social challenges (e.g., Porges, 2007; Thayer & Brosschot, 2005). In 
this regard, it can be concluded that the recording of heart rate changes provides a useful 
window on the processing of social information and developmental differences. 
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Abstract
Social acceptance is of key importance for healthy functioning. We used functional 
magnetic resonance imaging (fMRI) to examine age-related changes in the neural 
correlates of social acceptance and rejection processing. Participants from four age 
groups participated in the study; pre-pubertal children (8-10 years), early adolescents 
(12-14 years), older adolescents (16-17 years), and young adults (19-25 years). During 
the experiment, participants were presented with unfamiliar faces of peers and were 
asked to predict whether they expected to be liked or disliked by the other person, 
followed by feedback indicating acceptance or rejection. Results showed activation in the 
ventral medial prefrontal cortex (mPFC) and striatum associated with peer evaluation; 
there was increased activation when participants had positive expectations about social 
evaluation and increased activation following social acceptance feedback. Age-related 
comparisons revealed a linear increase in activity with age in these brain regions for 
positive expectations of social evaluation. Similarly, a linear increase with age was found 
for activation in the striatum, ventral mPFC, orbital frontal cortex (OFC), and lateral 
PFC for rejection feedback. No age-related differences in neural activation were shown 
for social acceptance feedback. Together, these results provide important insights in the 
developmental trajectories of brain regions implicated in social and affective behavior. 
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4.1 Introduction
An important hallmark of the human species is the significance of social interactions 
and relationships. Given the strong evolved motive of humans to form social bonds, 
social belonging and acceptance are psychologically important events (Baumeister 
& Leary, 1995). There is a rapidly growing literature on the use of neuroimaging 
methods to identify the neural mechanisms underlying human social interactions, with 
a specific focus on social feedback processing (e.g., Amodio & Frith, 2006; Blakemore 
et al., 2004; Rilling et al., 2008). Notably, research by Somerville and colleagues (2006) 
indicated that the ventral region of the anterior cingulate cortex (v-ACC) is sensitive 
to feedback information which signals that an individual is liked by another individual. 
Social acceptance processing is implicated in mentalizing, which refers to the ability to 
understand the intentions and mental states of others (Frith & Frith, 1999). Indeed, other 
fMRI studies using a wide range of tasks have consistently demonstrated involvement 
of the medial prefrontal cortex (mPFC), including the v-ACC, in social and affective 
information processing (Amodio & Frith, 2006; Gallagher & Frith, 2003). These studies 
have suggested that the mPFC is involved in self-referential processing, or the ability to 
form judgments about other people and to make inferences about how others view us 
(Sebastian et al., 2008). 

However, prior studies have also suggested that social feedback can have different 
informative value depending on prior expectations. For example, in an fMRI study by 
Delgado and colleagues (2005), expectations about the social and moral characteristics of 
trading partners in a trust game modulated brain activity in neural structures underlying 
feedback processing (i.e., reciprocity). These findings are consistent with studies showing 
that prior knowledge and person-related schemas are important in guiding social and 
emotional behavior (e.g., Nummenmaa et al., 2008). To date, it is unknown whether social 
acceptance or rejection feedback differ in informative value depending on expectations 
of social evaluation. To our knowledge, the current study is the first to examine whether 
activation in the mPFC (including v-ACC) and associated brain regions are differentially 
involved in interpersonal feedback processing depending on prior expectations to be liked 
or disliked. Therefore, the first goal of this study was to examine expectation-related 
activation and context dependency of social feedback effects.

An important avenue for understanding social affective processing is tracking its 
neurobiological ontogenetic emergence. Recently, it was demonstrated that brain regions 
that are involved in social behavior (mPFC and v-ACC) are highly sensitive to age-
related changes (e.g., Blakemore, 2008; Shaw et al., 2008). It is also well documented 
that children’s concerns about acceptance and rejection by peers increase during late 
childhood and reach a peak in sensitivity in adolescence (e.g., Kloep, 1999; Rose & 
Rudolph, 2006). Major changes in social sensitivity in adolescence co-occur with a shift 
in social orientation from parents to new social networks with peers (Steinberg & Morris, 
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2001). In addition, adolescents become increasingly self-conscious and more aware that 
they are subject to the evaluation of others (Sebastian et al., 2008). Despite these well-
known changes in social behavior, the neural substrates that support these developmental 
changes are still largely unknown. 

The few functional neuroimaging studies attempting to study the neural mechanisms 
underlying social and affective processes in adolescence, showed immature prefrontal 
cortex activity and enhanced responses in subcortical brain regions, suggesting an 
intensification of emotional experience and an immature capacity of affect regulation (e.g., 
Ernst et al., 2005; Galvan et al., 2006; Hare et al., 2008; Monk et al., 2003; Yurgelun-Todd 
& Killgore, 2006). This mismatch between early maturation of the affective system and 
the protracted development of brain regions important for regulatory control could bias 
adolescents towards sensitivities in the social context, such as an increased sensitivity to 
social acceptance and rejection by peers (e.g., Dahl, 2008; Nelson et al., 2005; Somerville 
et al., 2010a). In addition, studies demonstrated increased activity in the mPFC associated 
with self-processing and mentalizing in adolescents compared to adults (e.g., Blakemore, 
2008; Burnett et al., 2009; Sebastian et al., 2008). 

There are hardly any studies examining the neural correlates of adolescent 
sensitivity to peer evaluation. Guyer and colleagues (2009) examined brain activation 
while 9-to-17 year olds appraised how unfamiliar peers they previously had identified as 
being of high or low interest would evaluate them for a future online chat session. Both 
age- and sex-related differences were revealed in brain regions known to be implicated 
in social cognition and affective processing. More specifically, females displayed 
greater age-related increases in activation in the nucleus accumbens, hypothalamus, 
hippocampus, and insula during appraisal of social evaluation by high vs. low interest 
peers. In males, the activation patterns did not increase with age. Results were interpreted 
in terms of greater salience of high interest peers in female adolescents. However, in this 
study neural responses were associated with appraisals of social evaluation, but not to 
actual social feedback processing. The second goal of the current study was to examine 
developmental differences in neural activation related to social feedback from peers, by 
including participants from childhood to adulthood. 

To pursue the goals of this study, a modified version of the social-judgment task 
was designed (adopted from Somerville et al., 2006). We used event-related fMRI in 
four age groups that have been associated with four distinct phases of development; pre-
pubertal children (8-10 years), early adolescents (12-14 years), late adolescents (16-17 
years), and young adults (19-25 years). In this paradigm, participants were presented 
with a series of unfamiliar faces of age-matched peers, aiming to probe ecologically 
valid social interactions. Several weeks before testing, participants were required to 
send a portrait photograph to the researcher and were led to believe that others would be 
forming impressions about them during the interim period. During the experiment, the 
participant viewed faces and was asked to predict whether the other person would like 
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them. The participant then received acceptance or rejection feedback from this person 
that, unbeknown to the participant, was generated by the computer. 

Previously, Somerville et al. (2006) observed that the mPFC (particularly the 
v-ACC) was differentially engaged following social acceptance and rejection in adults. 
However, in this study participants’ judgments were collapsed across ‘like’ and ‘dislike’ 
expectations to assess the general neural responses associated with feedback processing. 
That is, social acceptance and rejection feedback was examined regardless of prior choice 
behavior. In addition, violations in the expectations of social feedback were examined 
regardless of feedback type (i.e., acceptance or rejection). The current study aims to extend 
this prior study in two ways: 1) We tested neural activation related to expectations about 
social evaluation, and 2) we tested whether the neural response to social feedback is context 
dependent; that is, we examined whether social acceptance or rejection feedback would 
be differentially affected by prior expectations to be liked or disliked. We hypothesized 
that social feedback would be more salient when a participant expected to be liked by the 
other person. Therefore, by extending results from Somerville et al. (2006), we expected 
increased activity in the mPFC (particularly the v-ACC) to social acceptance following 
a positive expectation of social evaluation. Furthermore, we hypothesized that regions 
that are important for mentalizing would be involved in expectations of social evaluation 
(Amodio & Frith, 2006). 

Second, our analyses focused on developmental changes by using specific 
contrasts (linear and nonlinear) to test for periods of heightened social sensitivity. Given 
adolescents’ increased concerns for social evaluation by peers, we expected that the mPFC 
and subcortical regions would be hypersensitive to signals of social acceptance by peers 
in mid-adolescence (e.g., Blakemore, 2008; Nelson et al., 2005; Sebastian et al., 2008). 
These effects should be enlarged for those individuals who are more sensitive to the 
influence of peers, and for those individuals with higher levels of anxiety and lower levels 
of self-perceived social acceptance and self-worth (e.g., Grosbas et al., 2007; Guyer et al., 
2008). To this end, participants were asked to complete self-report questionnaires. 

4.2 Method

Participants
Sixty volunteers between 8 and 25 years of age were recruited from the university and 
through local advertisements. Three participants (ages 8, 10, and 14) were excluded 
from analyses due to excessive head movement (> 3 mm translation in any direction). In 
total, 57 participants were included in the analyses, assigned to four age groups; 12 pre-
pubertal children (7 females; ages 8-10, mean age = 9.7, SD = 0.9), 14 early adolescents 
(8 females; ages 12-14, mean age = 13.3, SD = 0.8), 15 late adolescents (7 females; 
ages 16-17, mean age = 17.1, SD = 0.6), and 16 young adults (8 females; ages 19-25, 
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mean age = 21.7, SD = 1.9). A chi-square analysis revealed no significant differences 
in gender distribution between age groups (p > .9). All participants were healthy, right-
handed volunteers with no history of neurological or psychiatric disorders and received 
fixed payment for participation. For participants aged 8-17 years, the Child Behavior 
Check List (Achenbach, 1991) was filled out by primary caregivers to confirm the 
absence of behavioral problems. All participants had total scores below the clinical range. 
Participants and primary caregivers (for minors) gave informed consent. All procedures 
were approved by the medical ethical committee of the University Medical Center. 

Behavioral assessment
In order to obtain an estimate of intellectual functioning (IQ), participants completed the 
Raven’s Standard Progressive Matrices test (Raven, 1941). Estimated mean IQs were 123 
(SD = 8.1) for 8-10 year olds, 122 (SD = 9.0) for 12-14 year olds, 115 (SD = 10.3) for 
16-17 year olds, and 125 (SD = 7.5) for 19-25 year olds. A one-way analysis of variance 
(ANOVA) revealed a difference in IQ scores between age groups, F(3, 53) = 3.53, p < .05. 
Post-hoc comparisons revealed that 16-17 year olds’ average IQ was significantly lower 
relative to 19-25 year olds (p < .05), and the other groups did not differ significantly from 
each other. Results of the analyses reported below were corrected for differences in IQ 
by adding IQ as a covariate factor to the data abstracted from the spherical ROIs. That is, 
ANOVAs were performed to characterize activation patterns in these ROIs. None of the 
effects were influenced by IQ. Therefore, IQ differences are not described further. 

Participants of all age groups completed the Dutch version of the Resistance to Peer 
Influence questionnaire (RPI: Steinberg & Monahan, 2007), which consists of 10 pairs 
of opposite statements about inter-individual interactions. A one-way ANOVA revealed a 
difference between age groups, F(3, 49) = 7.3, p < .001. Averaged RPI scores were 2.59 
(SD = .11) for 8-10 year olds, 2.97 (SD = .09) for 12-14 year olds, 3.01 (SD = .09) for 16-
17 year olds, and 3.25 (SD = .09) for 19-25 year olds, indicating an age-related increase 
in resistance to peer influence. 

Self-report measures of anxiety and perceived competence were administered in 
8-to-17 year olds. These questionnaires were not administered in adults, because these tests 
are validated for minors only. Level of anxiety was measured with the Multidimensional 
Anxiety Scale for Children (MASC: March et al., 1997; Dutch translation: Utens & 
Ferdinand, 2000). The MASC consists of 39 statements indicating anxiety-arousing 
situations and contains a total anxiety scale and four subscales; physical symptoms, harm 
avoidance, social anxiety, and separation anxiety. A one-way ANOVA revealed a main 
effect of age group on the separation anxiety subscale, F(2, 38) = 6.7, p < .005, showing 
a decrease in separation anxiety with age. For all other subscales, no differences between 
age groups were shown (all p’s > .15). Self-perceived competence was measured with 
the Self-Perception Profile for Children in 8-10 year olds (SPP-C: Harter, 1985; Dutch 
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translation: Veerman et al., 1997) and the Self-perception Profile for Adolescents in 12-17 
year olds (SPP-A: Harter, 1988; Dutch translation: Treffers et al., 2002). For the purpose 
of this study, only the subscales of social acceptance and global self-worth were used. 
One-way ANOVAs revealed no differences on these subscales between age groups (both 
p’s > .15). 

Experimental task
The task used was a modified version of the social-judgment task previously described by 
Somerville et al. (2006). Approximately 2 weeks prior to the experiment, participants and 
caregivers (for minors) were contacted by telephone and were told that this was a study 
about first impressions. For this reason, they were instructed to send a photograph of their 
portrait or of their participating child to the researcher. They were told that this photograph 
would be rated by a panel of peers on first impressions. In addition, participants were 
informed that the faces of this panel would be presented during the fMRI experiment and 
that their task would be to decide whether they believed they were liked or disliked by the 
peers of the panel. Caregivers were explicitly instructed to explain the procedure of this 
experiment to their child prior to the testing day. 

During the fMRI experiment, participants performed an experimental task in which 
pictures of neutral faces of age-matched peers were presented. Four different versions of 
the task were created containing faces of matching age groups. Each version consisted of 
a total of 120 different faces with an equal distribution of male and female faces. Faces 
were presented against a black background and were displayed once during the testing 
session. Facial stimuli of children were obtained with the help of primary schools and high 
schools in different cities in the Netherlands. Photographs were taken after caregivers 
provided written approval to use the pictures for scientific purposes. Young adults were 
photographed after written approval at the campus of another university. Mean ages of the 
photographed individuals for the age-matched tasks were as follows; 10.2 for 8-10 year 
olds, 13.0 for 12-14 year olds, 15.9 for 16-17 year olds, and 22.1 for 19-25 year olds. Care 
was taken to test whether differences in brain activation between age groups could be due 
to differences in perceived valence of the faces. An independent sample of participants in 
the same age groups rated the valence of the pictures using the Self-Assessment Manikin 
(SAM) on a 9-point scale (Lang et al., 2005). Averaged scores were 5.09 (SD = .65) for 
19-25 year olds, 5.05 (SD = .69) for 16-17 year olds, 5.02 (SD = .33) for 12-14 year olds, 
and 5.48 (SD = 1.16) for 8-10 year olds, revealing no differences between age groups, 
F(3, 158) = 2.63, p > .05. 

The experimental task required participants to make judgments about the presented 
faces (see Figure 4.1). Participants were instructed to predict whether the person on the 
picture would like or dislike them. On each trial, the participant was required to answer 
the question “Do you believe this person liked you?”. No explicit instructions were given 



62

CHAPTER 4

concerning on what basis participants should evaluate the faces. This was done to avoid 
the induction of systematic strategies used for evaluating the faces, so as to mimic the 
integrity of real-life social interactions. Judgments were followed by feedback indicating 
acceptance or rejection by the person on the picture (YES vs. NO). In reality, the 
participants were not judged by the panel, but the feedback was selected by the computer 
and resulted in 50% acceptance and 50% rejection feedback.

Trials started with a fixation cross, followed by a 3-s cue display. The duration of 
the fixation cross was jittered based on an optimalization program (optseq2, see http://
surfer.nmr.mgh.harvard.edu/optseq) developed by Dale (1999). The onset of the cue was 
indexed by the presentation of a face, which remained on the screen until the end of the 
trial. During the cue display, participants were instructed to give a “yes” or “no” answer 
by giving a left-or right-button response, using the index and middle finger of their right 
hand within the 3-s timeframe. After the 3-s cue-period, the choice of the subject appeared 
on the left side of the face (YES/NO), during a 1-s delay period. The delay was followed 
by a 2-s feedback display during which the feedback (YES/NO) was presented on the right 
side of the face. Responses that were not made within the 3-s timeframe were followed 
by a 3-s “too slow” presentation, signaling the end of the trial. Mean percentages of “too 
slow” trials were as follows; 1.39 % for 8-10 year olds, 1.07 % for 12-14 year olds, 0.39 
% for 16-17 year olds, and 0.37 % for 19-25 year olds. 

Figure 4.1 Example of a trial sequence (yes/no condition) in the social-judgment task (adopted 
from Somerville et al., 2006). During the cue period, participants responded to the question, “Do 
you think this person liked you?”. During the following delay period, the choice of the participant 
appeared on the left side of the face. following the delay, acceptance or rejection feedback was 
presented on the right side of the face. Trials were separated by intertrial intervals (jittered), where 
a central fixation cross was shown. 
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Task design 
Participants received positive feedback on half of the trials (60 trials) and negative feedback 
on the other half (60 trials). Feedback type was equally divided with regard to the gender 
of the faces. Both the order of feedback type and the gender of the faces were determined 
with an algorithm designed to maximize the efficiency of recovery of the blood-oxygen-
level-dependent (BOLD) response (optseq2). To eliminate possible effects of the order 
in which faces were presented, four different sequences of facial stimuli were used. The 
matching between faces and feedback types was outweighed in the sense that for half 
of the participants a certain facial stimulus was coupled with negative feedback and for 
the other half of the participants with positive feedback. Feedback could be congruent or 
incongruent vis-à-vis the judgment made by the participant. This design resulted in the 
following feedback conditions; congruent accepted (yes/yes), incongruent accepted (no/
yes), congruent rejected (no/no), and incongruent rejected (yes/no). 

Procedure
Prior to scanning, participants were reminded of the purpose of the study by a rehearsal 
of the cover story and received 10 practice trials. Children were familiarized with the 
scanner environment through the use of a mock scanner. During scanning, participants 
completed two runs of 60 trials with a short break in between. Self-report questionnaires 
were administered before the scanning session and the Rtaven Matrices test after the 
scanning session. At the end of the experiment, participants were asked to write down 
their experiences and thoughts about the experiment. None of the participants expressed 
doubts about the cover story. Participants were debriefed at the end of the experiment.

FMRI data acquisition and analysis
Scanning was performed with a standard whole-head coil on a 3-T Philips Achieva 
scanner at the University Medical Center. Head motion was restricted using foam inserts 
surrounding the head. The experimental task was projected onto a screen that participants 
could view through a mirror connected on the head coil. Functional data were acquired 
using T2*-weighted echo planar imaging (EPI) during two functional runs of 220 volumes 
each. The two first volumes of each run were discarded to allow for equilibration of T1 
saturation effects. Each volume covered the whole brain (38 slices of thickness 2.75 mm, 
field of view 220 mm, 80 x 80 matrix, inplane resolution 2.75 mm) and was acquired 
every 2200 msec (TE = 30 msec, descending acquisition). High-resolution T2*-weighted 
images and high-resolution T1 anatomical images were collected after the functional 
runs. All anatomical scans were reviewed by the radiology department of the University 
Medical Center. 

Data preprocessing and analysis was conducted using SPM2 (Wellcome Department 
of Cognitive Neurology, London). Images were corrected for differences in timing of slice 
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acquisition, followed by rigid body motion correction. Functional volumes were spatially 
normalized to EPI templates. The normalization algorithm used a 12-parameter affine 
transformation together with a nonlinear transformation involving cosine basic functions, 
and resampled the volumes to 3 mm cubic voxels. Templates were based on the MNI305 
stereotaxic space. Functional volumes were spatially smoothed with an 8- mm full width 
at half maximum (FWHM) isotropic Gaussian kernel.

Statistical analyses were performed on individual subjects’ data using the general 
linear model (GLM) in SPM2. The fMRI time series data were modelled by a series 
of events convolved with a canonical hemodynamic response function (HRF). Both 
the onset of the cue display and the onset of the feedback display of each trial were 
modelled as zero-duration events. Trials on which participants did not respond within 
the 3-s cue period were not included in the contrasts of interest. The onset of the cue 
display related to the presentation of the faces was divided in two conditions; a “yes” 
condition (‘like’ expectation) and a “no” condition (‘dislike’ expectation). Because the 
task required a similar judgment on each trial, these event types were modelled at the 
onset of the cue display, since participants are likely to begin assessing the faces before 
rating them. The feedback display was divided in four conditions; congruent accepted 
(yes/yes), incongruent accepted (no/yes), congruent rejected (no/no), and incongruent 
rejected (yes/no). Feedback effects were examined for “yes” and “no” judgments trials 
separately. The modelled events were used as covariates in a GLM, 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, whole-
brain contrasts were computed by performing one-tailed t-tests, treating participants as 
a random effect. Task-related responses were considered significant if they consisted 
of at least 10 contiguous voxels that exceeded an uncorrected threshold of p < .001. 
This threshold was based on other neuroimaging studies involving comparisons between 
different age groups (e.g., Van Duijvenvoorde et al., 2008; Van Leijenhorst et al., 2010). 

We performed voxelwise ANOVAs to identify regions that showed age-related 
differences in activation to the judgment of the faces and during feedback processing. 
Both linear and quadratic age-related trends were tested. In addition, it was examined 
whether activation peaked specifically in one age group relative to the other three groups 
(see Table 4.1). ANOVAs were considered significant if they consisted of at least 10 
contiguous voxels that exceeded an uncorrected threshold of p < .001. In addition, we used 
the MARSBAR toolbox (Brett et al., 2002) to perform region of interest (ROI) analyses 
in brain regions that were identified in the ANOVAs. We created 6-mm spherical ROIs 
at the peak activity voxel of these regions to further characterize patterns of activation. 
Correlations with age on the data abstracted from these ROIs are presented for illustrative 
purposes only (Vul et al., 2009). Finally, correlational analyses (two-tailed; Pearson’s 
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correlation) were performed for activation in the spherical ROIs and 1) behavior on the 
task, and 2) self-report questionnaires. This was done for the contrasts yes > no judgments 
and rejection > acceptance following a “no” judgment, since other contrasts did not reveal 
any age-related trends (see results section). These correlational analyses are presented 
with exact p-values. 

Table 4.1 Age-related trends that were tested at whole brain level using voxelwise ANovAs.

Age-related trend Contrast
linear increase -3 -1  1  3
linear decrease  3  1 -1 -3
Quadratic trend -1  1  1 -1
Peak in 8-10-year olds  3 -1 -1 -1
Peak in 12-14-year olds -1  3 -1 -1
Peak in 16-17-year olds -1 -1  3 -1
Peak in 19-25-year olds -1 -1 -1  3

4.3 Results
Behavioral results
The mean numbers of trials per feedback condition for each age group are presented in 
Table 4.2. A one-way ANOVA with age group as between subjects factor demonstrated 
a main effect of age group, F(3, 53) = 6.39, p = .001, on difference scores for “yes” 
vs. “no” choices. Differences were further explored by post-hoc Tukey comparisons, 
revealing a difference between 19-25 year olds and 8-10 year olds, and between 19-25 
year olds and 12-14 year olds (p < .05, p < .001 respectively). That is, 19-25 year olds 
made significantly more “yes” choices than 8-10 year olds and 12-14 year olds. 16-17 
year olds did not differ significantly from adults or from the two younger age groups. 
One-sample t-tests confirmed that 19-25 year olds made more “yes” judgments (60 %) 
relative to a 50 % baseline and fewer “no” (39.64 %) judgments (both p’s < .001). For all 
other age groups, no significant differences between “yes” and “no” judgments vs. 50 % 
baseline were found. 

Further, age-related differences were examined for reaction times (RT) for “yes” 
and “no” judgments (see Table 4.2). An ANOVA with age group as between- subjects 
factor revealed no significant difference in RT between “yes” and “no” choices, F(1, 53) 
= 0.44, p > .5, and the interaction effect with age group failed to reach significance, F(3, 
53) = 1.85, p > .15. There was, however, a main effect of age group, F(3, 53) = 3.5 p < 
.05, showing that 19-25 year olds (M = 1436, SD = 283) generally responded slower than 
8-10 year olds (M = 1126, SD = 174). RTs for the other age groups did not differ from 
each other.
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Table 4.2 Performance of age groups on the social-judgment task.  

Age groups
8-10-yrs   12-14-yrs     16-17-yrs     19-25-yrs

Judgment participant
Yes choice
Counts 58.6 (12.2) 51.9 (15.6) 63.1 (11.6) 72.0 (10.2)
RT 1123.9 (162.1) 1281.3 (261.5) 1271.2 (251.9) 1384.0 (342.8)
No choice
Counts 59.7 (12.8) 66.8 (15.9) 56.4 (11.9) 47.6 (9.9)
RT 1131.9 (194.8) 1261.7 (285.9) 1251.9 (274.5) 1462.2 (285.2)

Feedback condition (Counts) 
yes/yes 30.4 (6.5) 25.1 (7.7) 31.5 (5.7) 35.6 (5.7)
no/no 30.9 (6.5) 31.7 (8.6) 28.0 (6.8) 23.4 (5.8)
no/yes 28.8 (6.8) 34.1 (8.1) 28.4 (5.8) 24.1 (5.6)
yes/no 28.2 (6.4) 26.8 (8.5) 31.7 (6.5) 36.4 (5.8)

Note:  Average number of trials for “yes” and “no” judgments and per feedback condition for 
each age group. Mean reaction times (RT) are presented for “yes” and “no” judgments (SD in 
parenthesis). 

FMRI results
The results are presented in two sections. The first section contains whole-brain 
comparisons in adults, followed by a second section containing an overview of analyses 
examining age-related differences. Both sections describe two sets of analyses. First, 
neural responses will be presented relating to the onset of stimulus presentation and 
associated expectations about social evaluation. Second, brain analyses will be reported 
examining neural activation related to social feedback processing. 

Whole-brain comparisons: adults
Judgment of faces

A GLM analysis was performed on the functional data modelled at the onset of the 
presentation of the faces. Contrasts of interest were yes > no judgments (i.e., expectation to 
be liked vs. expectation to be disliked) and no > yes judgments. In adults, the comparison 
yes > no judgments resulted in activation in the ventral mPFC, left subcallosal cortex, left 
anterior and middle cingulate cortex, right putamen, right amygdala, left hippocampus, 
and right parahippocampal gyrus (see Figure 4.2A, p < .001, at least 10 contiguous voxels). 
Significant clusters and corresponding MNI coordinates are reported in supplementary 
Table S1. The reversed contrast no > yes judgments did not result in significant activation 
at a threshold of p < .001.
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Figure 4.2 Whole-brain results for the contrast yES > No judgments. Results for 19-25 year olds 
are presented in panel A. Results for 8-10 year olds, 12-14 year olds and 16-17 year olds are 
presented in panel B (uncorrected, p < .001, > 10 contiguous voxels). The reversed contrast No > 
yES judgments did not result in significant activation for any of the four age groups. 

Social feedback
To examine neural activation related to social feedback processing, a GLM analysis was 
performed on the functional data modelled at the onset of the feedback. These analyses 
focused specifically on acceptance vs. rejection feedback for “yes” and “no” judgment 
trials separately. Prior studies have collapsed across “yes” and “no” judgments to assess 
the neural responses associated with feedback processing (Somerville et al., 2006). Here, 
we tested whether social feedback was differentially affected by prior choice behavior. 
In addition, comparisons revealed differences in neural responses following “yes” and 
“no” judgments prior to feedback presentation. Therefore, these choice conditions were 
analyzed separately.

The first set of whole-brain comparisons tested the contrasts acceptance > rejection 
(yes/yes > yes/no) and rejection > acceptance (yes/no > yes/yes) for “yes” judgments 
trials. In adults, the comparison acceptance > rejection resulted in activation in the ventral 
mPFC, right subcallosal cortex, right posterior cingulate cortex, left orbital frontal cortex 
(OFC), caudate nucleus, left precuneus and left thalamus. In addition, activation was 
shown in bilateral middle frontal gyrus, bilateral superior frontal gyrus and fusiform 
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gyrus (see Figure 4.3A, p < .001, at least 10 contiguous voxels). Significant clusters and 
corresponding MNI coordinates are reported in supplementary Table S2. The reversed 
contrast rejection > acceptance did not result in significant activation at a threshold of p 
< .001.

Figure 4.3 Whole-brain results for the contrast acceptance > rejection following “yes” choices. 
Results for 19-25 year olds are presented in panel A. Results for 8-10 year olds, 12-14 year olds 
and 16-17 year olds are depicted in panel B (uncorrected, p < .001, > 10 contiguous voxels). The 
reversed contrast yES-No > yES-yES did not result in significant activation for any of the age groups. 

The second set of whole-brain comparisons tested the contrasts acceptance 
> rejection (no/yes > no/no) and rejection > acceptance (no/no > no/yes) for “no” 
judgments trials. The contrast acceptance > rejection did not result in significant clusters 
at a threshold of p < .001. Regions that were active for the reversed contrast rejection > 
acceptance are presented in Figure 4.4A (p < .001, at least 10 contiguous voxels). Adults 
showed activation in the right subcallosal cortex, left caudate, right putamen, right middle 
frontal gyrus and right inferior frontal gyrus. Significant clusters and corresponding MNI 
coordinates are reported in supplementary Table S3. 
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Figure 4.4 Whole-brain results for the contrast rejection > acceptance following “no” choices. 
Results for 19-25 year olds are presented in panel A. Results for 8-10 year olds, 12-14 year olds 
and 16-17 year olds are depicted in panel B (uncorrected, p < .001, > 10 contiguous voxels). The 
reversed contrast No-yES > No-No did not result in significant activation for any of the age groups. 

Age comparisons 
Judgment of faces

Whole-brain results for the contrast yes > no judgments for the youngest three age groups 
are presented in Figure 4.2B. 16-17 year olds activated a similar set of brain regions as 
adults, whereas fewer activations are observed for 12-14 year olds and 8-10 year olds 
(coordinates are reported in supplementary Table S1, p < .001, at least 10 contiguous 
voxels). The reversed contrast no > yes judgments did not result in significant activation 
for any of the four age groups. The voxelwise ANOVAs testing for age-related changes 
for the yes > no judgments contrast revealed a linear change with age in several regions, 
including the right putamen, peak at: 30, -3, 3, z = 4.17, t(1, 53) = 4.56, p < .001; ventral 
mPFC, peak at: 6, 48, -12, z = 3.47, t(1, 53) = 3.69, p < .001; left precuneus, peak at: -12, 
-45, 39, z = 3.57, t(1, 53) = 3.81, p < .001; and parahippocampal gyrus, peak at: 30, 6, 
-21, z = 4.27, t(1, 53) = 4.69, p < .001. Other significant clusters and corresponding MNI 
coordinates are reported in supplementary Table S4. We created 6-mm spherical ROIs at 
the peak activity voxel of the right putamen and the ventral mPFC to further characterize 
patterns of activation. In Figure 4.5, scatterplots for these regions with age are presented 
for illustrative purposes. 
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Figure 4.5 Scatterplots for the difference in activation between “yes” and “no” judgments against 
age. Spherical RoIs for the right putamen (30, -3, 3) and ventral mPfC (6, 48, -12). 

Social feedback
Whole-brain results for the contrast acceptance > rejection (yes/yes > yes/no) for “yes” 
judgments trials are presented in Figure 4.3 (coordinates are reported in supplementary 
Table S2, p < .001, at least 10 contiguous voxels). The voxelwise ANOVAs testing for 
age-related changes did not result in any significant clusters at a threshold of p < .001. 
Similarly, the reversed contrast rejection > acceptance (yes/no > yes/yes) for “yes” 
judgment trials did not result in significant activation for any of the four age groups. 

Similar analyses were performed testing for age-related changes in the contrast 
rejection > acceptance (no/no > no/yes) following a “no” judgment. In Figure 4.4, whole-
brain results for the four age groups are presented. Adults showed several activation 
clusters, whereas less activation is observed for the youngest three age groups (coordinates 
are reported in supplementary Table S3, p < .001, at least 10 contiguous voxels). The 
voxelwise ANOVAs confirmed the whole brain findings by showing linear changes with 
age in several regions, including the left subcallosal cortex/OFC, peak at: -15, 18, -12, z = 
4.35, t(1, 53) = 4.79, p < .001; left paracingulate cortex, peak at: -15, 30, 27, z = 4.13, t(1, 
53) = 4.51, p < .001; right OFC, peak at: 24, 18, -21, z = 3.87, t(1, 53) = 4.18, p < .001; 
left lateral PFC, peak at: -30, 21, 15, z = 4.01, t(1, 53) = 4.35, p < .001; and left putamen/
globus pallidus, peak at: -24, 3, 0, z = 3.49, t(1, 53) = 3.71, p < .001. Other significant 
clusters and corresponding MNI coordinates are reported in supplementary Table S5. We 
created 6-mm spherical ROIs at the peak activity voxel of the left subcallosal cortex, right 
OFC, left putamen, left paracingulate cortex and left lateral PFC to further characterize 
patterns of activation. In Figure 4.6, scatterplots for these regions with age are presented. 
The reversed contrast acceptance > rejection (no/yes > no/no) for “no” judgment trials did 
not result in significant activation for any of the four age groups. 
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Figure 4.6 Scatterplots for the difference in activation between rejection and acceptance feedback 
following a “no” judgment against age. Spherical RoIs for the left subcallosal cortex/ofC (-15, 18, 
-12), left paracingulate cortex (-15, 30, 27), left putamen (-24, 3, 0), right ofC (24, 18, -21) and left 
lateral PfC (-30, 21, 15).

Correlations
Finally, we performed correlational analyses for activation in the spherical ROIs and 
1) behavior on the task, 2) resistance to peer influence, 3) levels of anxiety, and 4) self-
perceived social acceptance and self-worth, within and across age groups. No significant 
correlations were found for activation in the spherical ROIs and behavior on the task. 
With regard to resistance to peer influence, significant positive correlations were present 
between activity in the left putamen (r = .52, p < .001) and the left LPFC (r = .54, p 
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< .001) for the contrast rejection > acceptance following a “no” judgment across age 
groups (see supplementary Figure S1). That is, individuals who were more resistant to 
peer influence showed larger activation in these regions to social rejection following a 
“no” judgment. After controlling for the observed age-related increase in resistance to 
peer influence, the correlations remained significant  (respectively, r = .37, p = .01 and 
r = .37, p = .007). No significant correlations were found for levels of resistance to peer 
influence within age groups. 

In 8-to-17 year olds, correlational analyses were performed for activation in the 
spherical ROIs and levels of anxiety, self-perceived social acceptance, and self-worth. 
Significant positive correlations were present between social anxiety and activity in the 
left subcallosal cortex (r = .39, p = .01), left paracingulate cortex (r = .45, p = .003), right 
OFC (r = .38, p = .014), left putamen (r = .39, p = .012) and left LPFC (r = .38, p = .013) 
for the contrast rejection > acceptance following a “no” judgment (see supplementary 
Figure S2). That is, those 8-17 year olds who reported higher levels of social anxiety 
showed larger activation in these regions to social rejection following a “no” judgment. 
For the same contrast, significant negative correlations were present between self-worth 
and activity in the left subcallosal cortex (r = -.39, p = .03) and the left putamen (r = -.42, 
p = .006). Individuals with lower levels of self-worth showed larger activation in these 
regions to social rejection following a “no” judgment (see supplementary Figure S3). No 
significant correlations were found for self-perceived social acceptance. Finally, similar 
correlations were calculated for each age group separately. Only in 16-17 year olds self-
worth was negatively correlated with activation in the left subcallosal cortex (r = -.75, p 
= .001), right OFC (r = -.625, p = .013), left putamen (r = -.55, p = .034) and LPFC (r = 
-.65, p = .009) for the contrast rejection > acceptance following a “no” judgment. 

4.4 Discussion
The goal of this study was to investigate the neural correlates of expectations about social 
evaluation and social feedback processing. In addition, neurodevelopmental changes 
associated with peer evaluation were examined. Brain imaging data in adults yielded 
two main results: 1) The ventral mPFC was active when participants expected positive 
evaluations by peers. 2) The ventral mPFC, in particular the subcallosal cortex, was 
differentially involved in social acceptance and rejection feedback depending on prior 
expectations of social evaluation. In addition, expectation and feedback-related activation 
was associated with activity in the striatum. 

Age-related comparisons revealed four important results: 1) There was increased 
activation with age in the ventral mPFC and striatum associated with the expectation 
to be liked by a peer. 2) Acceptance feedback following the expectation of positive 
social evaluation resulted in overlapping patterns of activation in the ventral mPFC and 
striatum across age groups. 3) Rejection feedback following a negative expectation of 
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social evaluation resulted in activation in the striatum, ventral mPFC, OFC and LPFC 
in adults, but not in younger participants. 4) The latter effect was generally stronger for 
those individuals who reported high resistance to peers, and for those 8-17 year olds who 
scored higher on scales of social anxiety and lower on self-worth. 

The discussion is organized around the two main goals of this study. First, brain 
imaging data will be discussed addressing the expectation-related activation and context 
dependency of social feedback effects in adults. This will be followed by a discussion of 
results examining age-related differences. 

Neural correlates of expectations about social evaluation 
in adults
The results of the current study show activity in both the ventral mPFC and striatum for 
‘like’ compared to ‘dislike’ expectations of social evaluation. These findings are consistent 
with studies showing that the striatum responds to anticipation of potential rewards (e.g., 
Knutson et al., 2001). While activation in the striatum has been associated with both 
social and non-social rewards, activity in the mPFC is most consistently reported for 
social rewards and social decision making (Izuma et al., 2008). Together, these lines of 
evidence could be taken to suggest that the findings of the current study are specific 
for social interactions. That is, the mPFC is believed to be implicated in self-referential 
processing and mentalizing, which are also likely to be important for making inferences 
about whether other people would like us (Amodio & Frith, 2006). The involvement of 
the mPFC for positive expectations of social evaluation could suggest that participants use 
different strategies for ‘like’ vs. ‘dislike’ expectations. Possibly, positive expectations of 
peer social evaluation rely more on self-knowledge and self-consciousness which could 
be adaptive when taking a risk in predicting to be liked, whereas the intentions of the 
other person are unknown. Previous imaging studies highlighted a functional dissociation 
between dorsal and ventral regions of the mPFC as a function of how similar one perceives 
another person to be to oneself (Mitchell et al., 2006). These studies have shown that the 
ventral mPFC is important for mentalizing about a similar other, whereas mentalizing 
about a dissimilar other engages a more dorsal section of the mPFC. In the current study, 
activation was predominantly located in the ventral regions of mPFC, which overlaps 
considerably with the region reported by Mitchell et al. (2006). This could suggest that 
adults had a higher expectation to be liked by individuals whom they perceived as more 
similar to themselves. This suggestion should be examined more closely in future research. 

Neural correlates of context dependency of social feedback 
effects in adults
Previously, it was shown that the ventral part of the mPFC, in particular the v-ACC, is 
sensitive to social acceptance feedback (Somerville et al., 2006). Here, we extend this 
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finding by showing that these effects are specific for situations in which participants have 
a positive expectation of social evaluation. Further, this acceptance feedback is again 
accompanied by activation in the striatum (caudate nucleus). Possibly, social acceptance 
is more salient when participants expect to be liked. This neural response may be highly 
sensitive to social expectations and demonstrates the reward value of social acceptance 
that is aligned with an individual’s own expectation of social evaluation. 

This hypothesis is reinforced by the findings on social rejection feedback. In adults, 
rejection compared to acceptance feedback following a ‘dislike’ expectation resulted in 
activation in the subcallosal cortex, striatum and left LPFC. No significant activation 
was found for rejection relative to acceptance feedback following the expectation to be 
liked by the other person. These results may indicate the importance of learning from 
feedback from others that matches prior expectations in a social context. Results of 
the current study are consistent with previously reported striatum activation in a social 
learning context (Klucharev et al., 2009; Rilling et al., 2002). For instance, in the study by 
Klucharev et al. (2009) the ventral striatum was found to be more active when there was 
no conflict with group opinion in a task designed to measure social conformity. Another 
interpretation that needs to be considered is that the observed pattern of neural activation 
to social rejection feedback could reflect strategies to regulate the negative thoughts and 
feelings associated with expected social rejection. Indeed, other studies have shown that 
regions of the mPFC, LPFC and striatum are involved in affect regulation, such as tasks 
requiring cognitive reappraisal of negative emotional images (e.g., Ochsner et al., 2004; 
Wager et al., 2008). Note that affect regulation seems to be specific for those situations 
where participants had negative expectations of social evaluation. It was surprising that 
these effects were not observed for the feedback condition where the negative impact of 
social rejection was expected to be the highest (yes/no condition). One method to explore 
the absence of this relation in more detail is by the use of time-specific measures, such as 
event-related potentials. In future studies, it will also be important to include an explicit 
control condition. Overall, the results of this study add to prior studies by showing that 
neural responses to social feedback differ depending on expectations of social evaluation.

Developmental changes 
At a behavioral level, 8-10 year olds responded faster both for ‘like’ and ‘dislike’ 
expectations of peer social evaluation compared to adults. The observed increase in 
reaction times with age could suggest that children, adolescents and adults use different 
strategies for evaluating the faces. In addition, the proportions of positive vs. negative 
judgments about peer evaluation differed between age groups, in such a way that adults 
more often expected to be liked than the younger age groups. Possibly, adults have a 
greater tendency to expect be liked by peers. The increase in ‘like’ expectations with age 
could also reflect developmental changes in self-focus and self-consciousness (Sebastian 
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et al., 2008). Interestingly, the brain imaging results show that in 16-17 year olds a similar 
set of brain regions was active as in adults for positive compared to negative expectations 
of social evaluation, while less activation was observed in the two youngest age groups. 
More specifically, activation in the ventral mPFC and right putamen revealed a linear 
increase with age; these brain regions were most active for ‘like’ compared to ‘dislike’ 
expectations in older participants. These results suggest that regions that are involved in 
mentalizing and self-processing (particularly the mPFC) show an age-related increase 
in sensitivity to positive expectations of social evaluation (Amodio & Frith, 2006). The 
absence of significant positive correlations between the number of ‘like’ expectations and 
activation in the selected ROIs indicates that these linear increases with age are not likely 
to be due to age-related differences in behavior. In future studies, it will be important to 
examine this issue in more detail. 

Second, age groups were similarly sensitive to social acceptance feedback. That 
is, acceptance feedback following the expectation to be liked resulted in similar ventral 
mPFC and striatum activation across age groups. These results indicate that social 
acceptance is salient in all age groups. It is possible that in young children the system is 
already wired to respond to social acceptance, which could reflect the high evolutionary 
value of social acceptance. Recently, Lieberman & Eisenberger (2009) highlighted the 
overlap between brain regions that respond to physical pain and pleasures, and more 
abstract social experiences, such as social rejection and acceptance. The alleged overlap 
in neural circuitry of physical and social needs is consistent with the notion concerning 
the high evolutionary value of social acceptance in promoting survival and well-being in 
humans (Panksepp, 2003). 

Third, age-related differences were observed in neural responses to social rejection 
feedback following a negative expectation of social evaluation. That is, activation in the 
striatum (e.g., putamen/globus pallidus), subcallosal cortex, paracingulate cortex, LPFC 
and OFC showed a linear increase with age; these regions were most active in adults. One 
explanation that has to be considered is that adults are better able to regulate the negative 
feelings associated with expected social rejection than the younger age groups. In the 
light of results of prior studies, this would fit the hypothesis of immature affect regulation 
and self-control in children and adolescents (e.g., Nelson et al., 2005). This interpretation 
is further supported by our results showing that activity in the striatum and LPFC is 
sensitive to individual differences in resistance to peer influence. Individuals who show 
high resistance to peers showed larger activation to social rejection feedback, even when 
controlling for age. 

Finally, in 8-to-17 year olds, brain activity related to social feedback processing 
was sensitive to individual differences in social anxiety and self-perceived self-worth. That 
is, those 8-to-17 year olds with higher levels of social anxiety showed larger activation in 
the subcallosal cortex, paracingulate cortex, OFC, LPFC and putamen to social rejection 
when having a negative expectation of social evaluation. Individuals with lower levels 
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of global self-worth showed larger activation in the subcallosal cortex and putamen. It 
should be mentioned that the ROIs that were used for these correlation analyses were 
based on whole-brain comparisons with age as predicting factor. However, all these effects 
remained significant, also when controlling for age-related variance. Thus, these regions 
are sensitive to both age-related and individual differences. Possibly, these results suggest 
a strong impact of social rejection feedback in 8-to-17 year olds with higher levels of 
social anxiety and lower levels of self-worth. A limitation of the current study is that not 
all correlational analyses would survive Bonferonni correction for multiple comparisons, 
increasing the probability of Type 1 errors. Therefore, caution in the interpretation of 
these findings is warranted.

The results of the current study do not fit well with the hypothesis that the mPFC and 
subcortical brain regions would be hypersensitive to peer social evaluation in adolescence. 
Given adolescents’ increased self-consciousness and concerns about social evaluation, 
social sensitivity was expected to peak in early and middle adolescence (Kloep, 1999). The 
few functional neuroimaging studies so far showed immature prefrontal cortex activity 
and enhanced responses in subcortical brain regions (e.g., Blakemore, 2008; Nelson et al., 
2005), which could bias adolescents towards heightened sensitivity in a social context. 
Our results do not reveal a peak in activation in adolescence, which was tested both in 
terms of anticipation of social evaluation and social feedback processing. The results 
of the current study, however, indicate that social acceptance feedback is salient from 
childhood into adulthood. While the adolescent period is characterized by an increased 
focus on peers, this does not necessarily imply a heightened sensitivity in brain regions 
implicated in social and affective behavior to peer interactions.  

It should be noted that the inclusion of participants from a broad age range poses 
several challenges for an optimal study design. A limitation of the current study is the 
use of different photos in different age groups. Our reasoning behind the use of photos of 
age-matched peers was driven by the goal of the study to probe ecologically valid peer 
interactions. However, if participants were presented with a similar set of photos of a 
certain age group (for instance only photos of adolescents), the experience of viewing the 
faces could also be different for different age groups. In future research, photos of faces of 
a broad age range could be used in a single task version, which however would lengthen 
the task significantly. The second limitation of the current study is its cross-sectional 
design. Longitudinal studies should be undertaken to track changes in social behavior and 
brain development. In addition, in future studies it will be important to examine cross-
cultural differences in order to investigate whether cultural background would have an 
impact on the experience of social-evaluative feedback. 
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Conclusions
Together, the results of this study demonstrate the context dependency of neural activation 
related to social feedback effects. That is, the ventral mPFC and striatum were differentially 
involved in social acceptance and rejection feedback depending on prior expectations of 
social evaluation in adults. In addition, results demonstrated increased activity in these 
brain regions for positive compared to negative expectations of social evaluation. To our 
knowledge, this is the first study examining neurodevelopmental changes in brain activity 
underlying appraisals of social evaluation and social feedback processing by including 
participants from a broad age range. Age differences were found in neural responses 
associated with positive expectations of social evaluation and social rejection feedback. 
No age- related differences were shown to social acceptance feedback. Finally, although 
the current study focused on psychiatrically healthy participants, it may provide important 
insights in the neural correlates of individual differences. It would be of considerable 
interest to examine the neural correlates of social feedback processing in children and 
adults with psychopathology. 
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4.5 Supplementary material 
Supplementary tables
Table S1 Coordinates for the contrast yES > No judgments for each age group, uncorrected for 
multiple comparisons (p < .001, minimal 10 contiguous voxels).

Anatomical region l/R voxels Z-value
zx y

19-25 year olds
Medial prefrontal cortex R 159 4.11 9 48 -6
Subcallosal cortex/ medial l 22 3.75 -6 21 -15
prefrontal cortex
Middle cingulate cortex      l 215 5.09 -3 -45 39
Anterior cingulate cortex    l 42 3.62 -6 45 9
Amygdala R 28 3.78 36 3 -27
Putamen R 16 3.73 33 0 0
Hippocampus l 15 4.34 -21 -12 -21
Parahippocampal gyrus R 17 4.07 21 -12 -24
Middle temporal gyrus R 121 4.14 45 -60 0
Inferior temporal gyrus   l 18 3.60 -54 -45 -18
Superior parietal gyrus R  40 4.01 18 -54 60
lingual gyrus l 10    3.26 -6 -57 3
Middle occipital gyrus R 26 3.81 42 -78 24
Angular gyrus l 16 3.33 -42 -72 30
16-17 year olds
Medial prefrontal cortex           R 39 3.76 9 27 -9

R 14 3.42 3 63 12
Middle orbital gyrus R 35 3.95 12 57 -12
Inferior frontal gyrus l  21 3.81 -33 33 9
Middle cingulate cortex R 287 5.02 9 -36 39

l 24 3.69 -6 -42 39
Putamen l 13 3.48 -27 3 -15
Thalamus l 17 3.91 -18 -9 0

R 13 3.65 12 -12 6
fusiform gyrus l 13 3.69 -33 -39 -24
Postcentral gyrus l 64 4.13 -51 -15 54
lingual gyrus 42 4.00 0 -75 9

l 23 3.96 -18 -54 -12
Middle occipital gyrus R 16 3.81 36 -78 -9
12-14 year olds
Inferior temporal gyrus R 10 3.71 42 -72 -3
8-10 year olds         No regions detected

MNI coordinates
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Anatomical region l/R voxels Z-value MNI coordinates
x y z

19-25 year olds 
Subcallosal cortex/ medial R 121 5.02 9 15 -15
prefrontal cortex
orbital frontal gyrus l 89 4.66 -18 42 -12
Middle frontal gyrus l 21 3.92 -39 60 6

l 20 3.87 -45 9 36
R 17 3.73 36 33 48
R 16 3.45 45 36 18

Inferior frontal gyrus l 35 3.54 -45 39 6
Superior frontal gyrus R 46 4.17 21 51 -6

l 12 3.40 -27 54 0
l 40 3.40 -27 36 51

Precentral gyrus l 13 4.11 -33 -3 27
R 47 3.68 60 -3 15

Posterior cingulate cortex R 18 4.10 24 -30 42
Caudate l 112 5.01 -12 15 -6

R 14 4.09 36 -18 -9
fusiform gyrus l 32 4.72 -39 -9 -21
Inferior temporal gyrus l 114 4.01 -51 -57 -6
Thalamus l 26 3.89 0 -18 12
Precuneus l 371 4.78 -24 -63 24
Superior parietal gyrus R 205 4.44 18 -57 45
Inferior parietal gyrus l 55 3.80 -54 -21 24

l 27 3.81 -54 -30 36
Inferior occipital gyrus R 320 4.52 33 -84 -3

l 44 3.83 -36 -81 -6
occipital fusiform gyrus l 29 3.99 -18 -78 -18

R 24 3.47 -15 -93 3
16-17 year olds
Medial prefrontal cortex R 28 3.65 6 63 -6
Middle frontal gyrus l 43 3.83 -33 0 48
Superior frontal gyrus R 11 4.13 12 57 18
frontal pole R 28 3.76 30 36 51
Posterior cingulate cortex R 21 3.77 9 -36 30
Cingulate cortex l 34 3.89 -21 -15 42
Caudate R 1600 5.45 18 30 3

R 51 4.11 21 -6 24
Putamen R 45 4.23 30 -18 6

l 11 3.94 -30 -12 12
Thalamus l 34 3.89 -21 -15 42

Table S2 Coordinates for the contrast yES-yES > yES-No social feedback for each age group, 
uncorrected for multiple comparisons (p < .001, minimal 10 contiguous voxels).
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Table S2, continued
Superior temporal gyrus R 15 3.52 63 -6 -3
fusiform gyrus l 35 4.73 39 -54 -6
Precuneus R 80 5.23 27 -33 18
Postcentral gyrus R 47 4.15 24 -36 63

R 13 3.57 45 -27 51
Supramarginal gyrus l 24 3.84 -66 -39 27
Superior parietal lobe l 57 3.98 -18 -63 60
lingual gyrus l 50 3.63 -9 -99 -3

l 11 3.60 -33 -69 -3
occipital fusiform gyrus R 39 3.97 24 -87 0
Middle occipital gyrus R 38 3.62 51 -60 -6
12-14 year olds
Medial prefrontal cortex/ R 39 4.10 12 15 -15
subcallosal cortex
Inferior frontal gyrus l 20 4.14 -45 48 -12
Middle frontal gyrus R 11 4.01 24 24 27

R 24 3.93 51 42 -6
Superior frontal gyrus l 149 4.21 -18 24 54

R 44 3.82 24 33 48
Superior orbital frontal gyrus R 10 3.71 21 57 -3
Precentral gyrus R 54 4.88 39 -15 57

l 26 3.60 -33 -21 60
Caudate R 44 4.20 12 24 6

l 11 3.45 -6 18 6
Superior temporal gyrus l 15 3.75 -51 -39 6
Postcentral gyrus l 11 3.59 -57 -27 39
Superior parietal gyrus l 15 3.39 -30 -51 60
Middle occipital gyrus l 19 3.71 -42 -78 3
lingual gyrus l 36 3.62 -12 -96 -18

R 23 3.43 9 -93 -12
8-10 year olds
Inferior frontal gyrus l 26 4.04 -33 42 12

R 11 3.70 45 45 -12
Middle frontal gyrus R 62 3.99 48 42 18
Middle orbital frontal gyrus l 22 3.89 -42 48 -3
Paracentral gyrus R 11 3.80 6 -24 66
Posterior cingulate cortex l 33 3.82 -18 -24 3
Thalamus l 18 4.09 -21 -18 9
Superior temporal gyrus l 15 3.83 -57 -33 9
Inferior temporal gyrus R 35 3.69 51 -72 -3
Postcentral gyrus l 71 3.89 -48 -12 42
Inferior parietal lobe R 10 3.56 33 -42 45
Superior parietal lobe R 37 4.00 24 -72 51
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Table S3 Coordinates for the contrast No-No > No-yES social feedback for each age group, 
uncorrected for multiple comparisons (p < .001, minimal 10 contiguous voxels).

Anatomical region l/R voxels   Z-value MNI coordinates
 x            y         z      

19-25 year olds
Medial prefrontal cortex/ R 113 5.61 9 18 -12
subcallosal cortex
Middle frontal gyrus R 24 4.02 42 54 15
Inferior frontal gyrus R 52 3.81 51 36 -6
Caudate l 146 4.78 -12 15 -9
Putamen R 17 4.28 21 3 21

16-17 year olds
Precuneus R 17 3.55 24 -54 33

12-14 year olds
Precentral gyrus R 10 3.57 30 -21 54
Putamen l 17 4.04 -27 -3 3
Middle temporal gyrus R 17 4.05 66 -9 -12
Middle occipital gyrus l 13 3.38 -33 -87 24

8-10 year olds                             No regions detected

Table S4 Coordinates for the positive linear age-related trend (i.e., linear increase with age) for 
the contrast yES > No judgments, uncorrected for multiple comparisons (p < .001, minimal 10 
contiguous voxels).

Anatomical region l/R voxels Z-value MNI coordinates
x              y z

Medial prefrontal cortex R 16 3.47 6 48 -12

Superior frontal gyrus l 37 3.75 -15 21 63
Putamen R 30 4.17 30 -3 3
Insula R 18 3.77 33 -30 15
Parahippocampal gyrus R 13 4.27 30 6 -21

R 16 3.49 30 -21 -24
Middle temporal gyrus R 214 4.76 54 -72 15

l 24 4.18 -57 -48 -3
fusiform gyrus l 17 3.54 -36 -27 -27
Precuneus l 30 3.57 -12 -45 39
Middle occipital gyrus l 13 4.05 -42 -81 30

R 214 4.76 54 -72 15
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Table S5 Coordinates for the positive linear age-related trend (i.e., linear increase with age) for 
the contrast No-No > No-yES social feedback, uncorrected for multiple comparisons (p < .001, 
minimal 10 contiguous voxels).

Anatomical region l/R voxels Z-value MNI coordinates
x y z

Subcallosal cortex l 64 4.35 -15 18 -12
Inferior frontal gyrus l 32 4.01 -30 21 15

R 37 3.87 24 18 -21
Paracingulate cortex l 26 4.13 -15 30 27
Putamen l 10 3.49 -24 3 0
Insula R 10 3.53 30 21 -6
Parahippocampal gyrus R 12 4.06 33 -15 -30
occipital fusiform gyrus l 28 4.02 -39 -51 -15

R 18 3.95 30 -63 -15

Supplementary figures

Figure S1 Correlations between resistance to peer influence (RPI) in the left putamen (-24, 3, 0) and 
the left lateral PfC (-30, 21, 15) for the contrast rejection > acceptance following a “no” judgment 
across all participants.
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Figure S2 Correlations between levels of social anxiety and activity in spherical RoIs for the contrast 
rejection > acceptance following a “no” judgment across 8-to-17 year olds. Spherical RoIs for the 
left subcallosal cortex/ofC (-15, 18, -12), left paracingulate cortex (-15, 30, 27), left putamen (-24, 
3, 0), right ofC (24, 18, -21) and left lateral PfC (-30, 21, 15). 
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Figure S3 Correlations between self-perceived global self-worth in the left subcallosal cortex/ofC 
(-15, 18, -12) and left putamen (-24, 3, 0) for the contrast rejection > acceptance following a “no” 
judgment across 8-to-17 year olds.
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Abstract
Social exclusion is a distressing experience and can result in a reduction of prosocial 
behavior. In this fMRI study, we examined the neural networks involved in social exclusion 
and subsequent fairness considerations across adolescent development. Participants from 
3 age groups (10-12, 14-16 and 19-21 year olds) participated in the study and performed 
two tasks; first, participants played Cyberball to induce feelings of social inclusion and 
exclusion, followed by a Dictator game in which participants were asked to divide coins 
between themselves and the players who previously included or excluded them. Results 
revealed a network of regions associated with social exclusion, which involve the medial 
prefrontal cortex (mPFC)/ventral anterior cingulate cortex (vACC), subgenual ACC and 
the lateral PFC, as well as the insula and the dorsal ACC. Although social exclusion 
generated strong distress for all age groups, 10-12 year olds showed increased activity 
in the subgenual ACC in the exclusion game, which has been associated in previous 
studies with negative affective processing. Results of the Dictator game revealed that 
all age groups selectively punished the excluders by making lower offers. These offers 
were associated with activation in the temporoparietal junction (TPJ), superior temporal 
sulcus (STS) and the lateral PFC. Age comparisons revealed that adults showed additional 
activity in the insula and dorsal ACC when making offers to the excluders. The results are 
discussed in the light of recent findings on neural networks involved in social exclusion 
and the development of social brain regions. 
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5.1 Introduction
Humans are strongly motivated to be included by others and to establish a sense of 
belonging. Indeed, social exclusion has been found to be highly distressing and to result 
in feelings of hurt (Baumeister & Leary, 1995; Eisenberger et al., 2003; Van Beest & 
Williams, 2006). The notion that social exclusion leads to strong negative feelings is 
further supported by neuroimaging studies which have shown that social exclusion 
elicits activity in brain regions involved in affective processing and physical pain (see 
Eisenberger & Lieberman, 2004). 

Using Cyberball (Williams & Jarvis, 2006), a paradigm in which participants get 
ostracized by two other players during a ball-tossing game, it was shown that activation 
in the dorsal anterior cingulate cortex (dACC), a region involved in the experience of 
physical pain, correlates positively with self-reported distress during exclusion, whereas 
activation in the ventrolateral prefrontal cortex (vlPFC) correlates negatively with distress 
(Eisenberger et al., 2003). In subsequent studies, it was shown that a broader network of 
areas is engaged during social exclusion, including the insula, medial prefrontal cortex 
(mPFC), ventral ACC (vACC), subgenual ACC, and the posterior cingulate cortex (e.g., 
Bolling et al., 2011; De Wall et al., 2010; Kross et al., 2007; Lieberman & Eisenberger, 
2009; Sebastian et al., 2011).

Given the strong need for social belonging, social exclusion is likely to influence 
subsequent behavior and coping. Indeed, behavioral studies have shown that social 
exclusion leads to an increase in reaffilitive behavior in new social encounters to enhance 
the opportunity for inclusion (Bernstein et al., 2008; Lakin et al., 2008). Further, studies 
reported a link between social exclusion and a reduction of prosocial behavior (Twenge et 
al., 2001, 2007), and showed that behavioral responses are modulated by prior interactions; 
people are more willing to cooperate with others who previously included them and act 
less prosocially to people who excluded them (Hillebrandt et al., 2010; Maner et al., 
2007). These findings indicate that humans have the need to regain a sense of control after 
being excluded and act less cooperative towards the excluders, which may reflect a desire 
to punish the excluders. 

 Prior neuroimaging studies have shown that fairness considerations in decision 
making, as measured with a variety of economic games, are associated with activation in 
different neural networks (see Rilling & Sanfey, 2011). First, brain regions involved in 
social decision making overlap with the (social) pain network, including the insula and 
dACC. In particular, these regions are believed to be responsive to social norm violations 
and to mediate aversive responses to inequity (Rilling & Sanfey, 2011; Sanfey et al., 2003). 
Second, brain regions are reported which are important for understanding the intentions 
of others, such as the temporoparietal junction (TPJ), and regions implicated in cognitive 
and emotional control, including regions of the PFC (Güroğlu et al., 2010; Sanfey et al., 
2003; Van den Bos et al., 2011). Thus, it is to be expected that these networks are also 
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involved in fairness considerations towards individuals who have previously excluded 
the participant. The first goal of this study was to identify the neural networks which are 
sensitive to social exclusion and subsequent punishment behavior. 

While social exclusion is a significant social threat for all ages (Baumeister & 
Leary, 1995), adolescence is believed to be characterized by a heightened sensitivity to 
rejection by peers (e.g., Sebastian et al., 2010a). The transition into adolescence is marked 
by an increase in peer orientation, filling the need for peer acceptance (Steinberg & Morris, 
2001). In addition, it has been suggested that adolescent changes in social orientation co-
occur with structural and functional changes in the brain (e.g., Blakemore, 2008; Nelson 
et al., 2005). To date, only a handful of studies examined adolescents’ neural responses 
to peer rejection (e.g., Gunther Moor et al., 2010b; Masten et al., 2009; Sebastian et 
al., 2011). One study by Sebastian et al. (2011) demonstrated that activity in the vlPFC 
was higher in adults compared to adolescents during the exclusion game of Cyberball, 
suggesting that adults might be better able to regulate the negative feelings associated 
with exclusion. In another study using Cyberball in 12-13 year olds, Masten et al. (2009) 
showed that activity in the subgenual ACC corresponds with greater exclusion-related 
distress, whereas activity in the ventral striatum correlated negatively with distress; a 
pattern of neural activity suggested being unique to adolescents. Thus, prior studies 
have suggested that the neural mechanisms, which are responsive to social exclusion, 
differ between adolescents and adults, but the developmental time course remains poorly 
understood. The second goal of this study was therefore to extend these prior studies by 
testing the impact of social exclusion on brain activity across a broader age range, and 
to test whether adolescents and adults differ in the way they respond to negative peer 
interactions in a subsequent allocation game.  

To achieve the goals of this study, participants performed two tasks in a fixed 
order in the MRI scanner. First, participants played Cyberball, which started with an 
inclusion game of fair play, followed by an exclusion game. Each game was played with 
two novel age-matched peers. The second task was designed to test whether fairness 
judgments would be modulated by previous encounters with those people who included 
or excluded the participants. Both tasks were administered in three age groups aiming to 
test for different phases across adolescent development; 10-12 year olds, 14-16 year olds 
and 19-21 year olds.

Characteristic for prior fMRI studies using Cyberball is that they used a block 
design, which provided an index of the overall exclusion experience and the overall 
inclusion experience. In the current study, brain responses were distinguished for events 
on which participants did not receive the ball within the inclusion and the exclusion game 
(see also Crowley et al., 2010), and events on which participants received the ball. An 
advantage of this design is that it removes potential motor responses associated with 
playing the ball and that it enables us to test whether neural responses associated with 
‘not receiving the ball’ would be sensitive to the context of the game. In particular, it 



89

NEuRAl CoRRElATES of SoCIAl ExCluSIoN AND PuNISHMENT 

has previously been suggested that the exclusion game may elicit a reaction of violated 
expectations of fair play, as well as exclusion-related distress (Eisenberger & Lieberman, 
2004; Somerville et al., 2006, 2010b). We anticipated that rejection events in general 
would be associated with activity in brain regions involved in the affective processing of 
negative social events, such as the mPFC/vACC, subgenual ACC, and the vlPFC. These 
regions are also reported in Cyberball studies with alternating blocks of inclusion and 
exclusion, which have reduced the possibility of expectation violations (Bolling et al., 
2011; Sebastian et al., 2011). Second, we hypothesized that the continuous experience of 
being excluded (exclusion game) would elicit stronger activity in the dACC and the insula; 
both regions are believed to be implicated in expectancy violations, pain processing and 
negative affect (e.g., Eisenberger & Lieberman, 2004; Etkin et al., 2011; Shackman et al., 
2011; Somerville et al., 2006). 

Cyberball was immediately followed by a Dictator game, in which participants 
were instructed to divide coins between themselves and the players of the inclusion game, 
players of the exclusion game and two novel players. Previous studies have shown that 
people tend to punish social norm violations (Singer et al., 2006) and are less willing to 
cooperate with people who have previously rejected them (Hillebrandt et al., 2010; Maner 
et al., 2007). Accordingly, we predicted that participants would select lower offers with 
higher self-gain to the players who previously excluded them and more fair offers to the 
players they encountered during fair play. Furthermore, we hypothesized that punishment 
of excluders would engage regions implicated in social decision making, including the 
TPJ, dACC, insula and the lateral PFC (Rilling & Sanfey, 2011). 

With regard to Cyberball, we predicted that social exclusion would result in 
feelings of hurt in all age groups (Sebastian et al., 2010a) that would be most pronounced 
in early adolescence, possibly related to the onset of puberty which is associated with 
a reorganization of the brain (e.g., Forbes & Dahl, 2010; Nelson et al., 2005). Further, 
we predicted that this increased sensitivity to peer rejection would be accompanied by 
increased activity in brain regions associated with the experience of negative affect (e.g., 
subgenual ACC: Masten et al., 2009), and/or less activation in brain regions involved in 
affect regulation (e.g., vlPFC: Sebastian et al., 2010b, 2011). With regard to the Dictator 
game, we hypothesized that early adolescents would show a higher tendency to punish 
the excluders. This hypothesis comes from studies suggesting that with increasing 
age adolescents are better able to control their negative emotions related to exclusion 
(Sebastian et al., 2011) and to take into account the perspectives of others (e.g., Güroğlu 
et al., 2009; Van den Bos et al., 2010). In addition, there is evidence that brain regions 
involved in social decision making, including the TPJ and regions of the PFC, show 
a protracted development, suggesting an increased involvement of these regions with 
advancing age (Van den Bos et al., 2011).
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5.2 Method
Participants
Fifty-three healthy, right-handed volunteers were included in the study. Data of two 
additional participants (10-year-old boy, 11-year-old girl) were excluded from the 
analyses due to excessive head movement ( > 3 mm). To examine developmental changes 
in distinct phases of adolescent development, we recruited participants from three age 
groups; twenty-two 10-12 year olds (early adolescence; 15 female; mean age = 11.8, 
SD = .87), sixteen 14-16 year olds (mid adolescence; 8 female; mean age = 15.74, SD 
= .74) and fifteen 19-21 year olds (young adults; 8 female; mean age = 20.38, SD =  
.85). A chi-square analysis confirmed that gender distribution did not differ between age 

groups (X² (2) = .15, p = .48). All participants reported to be healthy with no history of 
neurological or psychiatric disorders. For participants younger than 18 years, parents 
filled out the Child Behavior Checklist (CBCL: Achenbach, 1991) to confirm the absence 
of psychiatric symptoms. Participants and primary caregivers (for minors) gave informed 
consent for the study and received fixed payment for participation. All procedures were 
approved by the medical ethics committee of the University Medical Center. 

To assess pubertal development, a picture-based interview about puberty was 
administered to participants in the two youngest age groups (PBIP: Shirtcliff et al., 2009). 
Results revealed a significant difference in puberty levels between participants aged 10-
12 (M = 2.52, SD = .75) and participants aged 14-16 year old (M = 4.18, SD = .63; 
t(1, 36) = 52.29, p < .001), confirming that the two age groups reflect distinct phases 
of adolescent development. All participants completed the WAIS or WISC intelligence 
subscales similarities and block design (Wechsler, 1991, 1997) to obtain an estimate of 
their intellectual functioning (IQ). There were no significant differences in IQ between 
the different age groups, F(2, 52) = .38, p > .6.

Design and procedure
Participants performed two tasks in the MRI scanner using a fixed order. First, participants 
played Cyberball, which started with an inclusion game followed by an exclusion game to 
induce feelings of social inclusion and exclusion, respectively. Cyberball was immediately 
followed by a Dictator game in which participants were asked to divide coins between 
themselves and the players of the inclusion game, players of the exclusion game and 
two novel players. In Figure 5.1, a schematic overview of the experimental procedure is 
presented.

Cyberball
Before playing Cyberball, participants were presented with an instruction screen 
explaining that they would play an online virtual ball-tossing game with two age-matched 
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peers. In addition, participants were led to believe that this was a study about the relation 
between mental visualization and task performance, and that they had to try to imagine 
the ball-tossing game as vividly as they could (e.g., Van Beest & Williams, 2006). The 
experimenter repeated the instructions using the intercom device in the MRI scanner. 

During Cyberball, participants saw an animated ball-tossing game. The two 
other players were depicted as animated cartoon icons in the upper corners of the screen 
accompanied by two fictitious names (one male and one female player). In reality, the 
actions of these players were determined by the computer. Participants were displayed as 
an animated hand at the bottom of the screen labelled with their own name (Figure 5.1). 
Participants started with an inclusion game in which they received the ball in 33% of the 
throws (i.e., fair play). Once receiving the ball, participants could throw the ball to one of 
the players by pressing a button on a left or right response box using their index fingers. 
The inclusion game was followed by an exclusion game in which participants received the 
ball only once at the beginning, but then got ostracized. Before the start of the exclusion 
game, participants were instructed that they would play a similar ball-tossing game with 
two novel players, which was made explicit by two other fictitious names. 

Both Cyberball games consisted of a total of 30 ball tosses and were administered 
in two separate runs that lasted for approximately 5 min each. While the duration of each 
ball toss was fixed to 2 s, a random jitter interval (between 100 and 4000 ms) was added 
to account for the reaction time of a real player. To further increase credibility, both games 
started with a loading screen notifying that “the computer was trying to connect to the 
other players”. The fictitious names used in the Cyberball games were counterbalanced 
between participants. 

Dictator game
Cyberball was followed by a separate single-run Dictator game. Participants were instructed 
that this was an online game in which they could divide coins between themselves and 
one of the players of three teams; players with whom they had played the first Cyberball 
game (Team 1), players which whom they had played the second Cyberball game (Team 
2), and a team of 2 novel players (Team N). In addition, participants were informed that 
they would play multiple rounds against each team in a random order and that at the end 
of the experiment the computer would randomly select one offer for each team, which 
would be converted to real money outcomes. 

On each round, participants could choose from four distributions; four coins for 
themselves and six for the other (4-6), five for themselves and five for the other (5-5), 
six for themselves and four for the other (6-4), and eight for themselves and two for the 
other (8-2). The distributions were visually presented as buckets and the location of the 
four buckets differed randomly across trials. On each round, participants were informed 
whether they were playing against a player of Team 1, Team 2 or Team N, which was 
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made explicit in two ways; 1) the opposing team was displayed in yellow on the left side 
of the screen, and 2) the label ‘Player of Team 1’/ ‘Player of Team 2’/ ‘Player of Team N’ 
appeared in the center of the screen (Figure 5.1). 

Each round of the Dictator game started with a fixation cross (jittered between 600 
and 8000 ms), followed by the presentation of the four buckets and announcement of the 
opposing team. The duration of each trial was 7 s, but participants were required to give a 
response within a 6 s timeframe. If they failed to respond within the given timeframe, the 
message “too late!” was presented for 1 s. Responses could be made by pressing a button 
with the index and middle fingers of both hands. Following the response, the bucket 
that was selected by the participant was underlined for the remaining length of the trial. 
Participants played 10 rounds for each team in a random order, yielding a total of 30 trials. 
The task lasted for approximately 5 min in total. 

Figure 5.1 Schematic presentation of the experimental procedure. A) visual display of Cyberball: 
Participants are displayed as a cartoon hand at the bottom of the screen and the two other players 
as icons in the upper corners of the screen. B) visual display of the Dictator game: on each round, 
participants were asked to divide 10 coins between themselves and a player of Team 1 (includers), 
Team 2 (excluders), or Team N (two novel age-matched peers) (here Team 2). Participants could 
choose between four distributions (4-6, 5-5, 6-4, and 8-2), visually presented as buckets (red coins 
for the participant, blue coins for the other player). 
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Need satisfaction and mood ratings 
After each Cyberball game, participants were asked to complete a set of 16 questions 
assessing their mood and need satisfaction during the game. The same questions were also 
administered out of the scanner after they had completed the Dictator game, but then they 
were asked to assess their current mood and need satisfaction. Participants received eight 
items of the Need Threat Scale (Van Beest & Williams, 2006), which included ratings 
of self-esteem, belonging, meaningful existence and control (two questions for each 
need), and eight mood items (feeling good/bad, happy/sad, relaxed/tense, and friendly/
unfriendly) (Sebastian et al., 2010a). After the exclusion game of Cyberball, participants 
also completed four questions assessing their intentions to punish the excluders (how 
much do you want to punish, to harm, to help or to injure the players?). All items were 
rated from 1 (‘not at all’) to 5 (‘very much’).

FMRI data acquisition 
Prior to scanning, participants were familiarized with the scanner environment using a 
mock scanner. Scanning was performed using a 3.0-Tesla Philips Achieva scanner at the 
University Medical Center. Head motion was restricted using foam inserts that surrounded 
the head. Functional data were acquired using T2*-weighted Echo-Planar Images (EPI) 
(TR= 2.2 s, TE = 30 ms, slice-matrix = 80 x 80, slice-thickness = 2.75 mm, slice gap = 
0.28 mm, field of view (FOV) = 220) during three functional runs. The two first volumes 
of each run were discarded to allow for equilibration of T1 saturation effects. After the 
functional runs, high-resolution T2-weighted images and high- resolution T1-weighted 
anatomical images were obtained. 

FMRI data analysis
Data were analyzed using SPM5 (Wellcome Department of Cognitive Neurology, 
London). Images were corrected for differences in timing of slice acquisition, followed 
by rigid body motion correction. Preprocessing further included normalization to EPI 
templates and spatial smoothing with an 8-mm full-width half-maximum Gaussian kernel. 
The normalization algorithm used a 12-parameter affine transformation together with a 
nonlinear transformation involving cosine basic functions, and resampled the volumes 
to 3 mm cubic voxels. Movement parameters never exceeded 1 voxel (< 3 mm) in any 
direction for any subject or scan. Average head movement (in mm) for each functional 
run was as follows; 1) inclusion game: .07 for 19-21 year olds, .07 for 14-16 year olds, 
and .11 for 10-12 year olds, 2) exclusion game: .08 for 19-21 year olds, .10 for 14-16 year 
olds, and .15 for 10-12 year olds, and 3) dictator game: .08 for 19-21 year olds, .11 for 
14-16 year olds and .16 for 10-12 year olds. Even though movement was higher in the 
youngest age group for each functional run (all p’s < .05), the total amount of movement 
was minimal; the maximum movement parameter never exceeded 3 mm for all scans. 
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Statistical analyses were performed on individual participants’ data using the 
general linear model in SPM5. The fMRI time series data were modelled by a series 
of events convolved with a canonical hemodynamic response function (HRF). Contrary 
to previous neuroimaging studies using a block design for Cyberball, BOLD responses 
were distinguished for events on which participants did not receive the ball for both the 
inclusion and the exclusion game, and events on which participants received the ball. The 
onset of ball movement was used to model the data with zero duration. For the inclusion 
game, ball tosses were divided into 3 conditions; ‘receiving the ball’, ‘not receiving the 
ball’, and ‘playing the ball’. For the exclusion game, all ball tosses were qualified as 
‘not receiving the ball’, except for the first two trials (1 trial of receiving the ball, 1 
trial of playing the ball). In a second model the 28 ‘not receiving the ball’ events of the 
exclusion game were divided into three blocks (resp. 8, 10, and 10 trials). For the analyses 
of the Dictator game, the onset of each round was modelled as a separate event with zero 
duration. Analyses distinguished three conditions related to decisions of the participants 
for the opposing teams; Team 1, Team 2 and Team N. For the purpose of this study, we 
focused our analyses on brain areas that were differentially sensitive to making an offer 
to Team 1 or Team 2. 

For both experimental paradigms, modelled events were used as covariates in a 
general linear model, along with a basic set of cosine functions that high-pass filtered the 
data. The least-squares parameter estimates of height of the best-fitting canonical HRF 
for each condition were used in pair-wise contrasts. At the group level, contrasts between 
conditions were computed by performing one-tailed t-tests, treating participants as a 
random effect. Age-related differences were explored by conducting voxelwise ANOVAs 
with age group as a between-subjects factor. First, we tested for linear age-related trends 
by performing conjunction analyses (linear decrease [1 -1 0] ∩ [0 1 -1] and their inverse). 
Next, it was examined whether activation differed specifically in one age group relative 
to the other two age groups (groups modelled as [2 -1 -1], [-1 2 -1], [-1 -1 2] and their 
inverse). We further tested for individual differences in neural activity by conducting 
regression analyses with self-report ratings and behavioral responses as regressors. In 
addition, we tested for individual differences by extracting BOLD activity in regions 
of interest (ROIs) from the main contrasts across all participants. Unless otherwise 
indicated, all fMRI analyses were conducted at the commonly used threshold of p < 
.001 uncorrected, with a 10 voxel threshold. We also examined whether results remained 
significant using FDR correction (p < .05, > 10 voxels). The Marsbar toolbox for SPM5 
(Brett et al., 2002) was used to extract BOLD activity in ROIs. All brain coordinates are 
reported in MNI atlas space. 
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5.3 Results
Need satisfaction and mood 
Self-report ratings were administered at three time-points; immediately following the 
inclusion game, the exclusion game and after the Dictator game. These ratings were 
analyzed using repeated-measures ANOVAs with condition (inclusion, exclusion, and 
post Dictator game) as within-subjects factor. Separate analyses for each of the four needs 
(belonging, control, self-esteem, and meaningful existence) resulted in main effects of 
condition for all needs, with lower need satisfaction after the exclusion game (all p’s < 
.001). Next, the ratings on the four needs were averaged to create an overall index of need 
satisfaction at each time-point (see Table 5.1). Results on these overall ratings revealed a 
main effect of condition, F(2, 100) = 283.67, p < .001, showing lower need satisfaction 
(i.e., greater need threat) after the exclusion game. No main effect of age or interaction 
with age group was found. 

Similar analyses were conducted on the mood ratings. Again, results revealed main 
effects of condition for all mood constructs (good/bad, happy/sad, tense/relaxed, and 
friendly/unfriendly), with lower mood ratings after the exclusion game (all p’s < .001). 
Further, the ratings on the mood constructs were averaged to create an overall index of 
mood at each time-point (see Table 5.1). Results on overall mood ratings revealed a main 
effect of condition, F(2, 98) = 117.64, p < .001, showing lower mood after the exclusion 
game. No main effect of age or interaction with age group was found. 

Table 5.1 Means of overall need satisfaction and mood ratings for each age group after the inclusion 
game, exclusion game and following the Dictator game (SD in parentheses). lower scores indicate 
lower need satisfaction and lower mood (scale from 1 to 5). 

 Need Satisfaction  Mood
10-12 year olds
    Inclusion 3.62 (0.74) 4.26 (0.46)
    Exclusion 1.76 (0.31) 2.75 (0.81)
    Post Dictator game 4.23 (0.59) 4.52 (0.44)
14-16 year olds
    Inclusion 3.56 (0.72) 4.18 (0.47)

Exclusion 1.63 (0.68) 2.83 (0.76)
Post Dictator game 3.97 (0.48) 4.05 (0.55)

19-21 year olds
    Inclusion 3.81 (0.76) 4.13 (0.48)
    Exclusion 1.78 (0.41) 3.09 (0.67)
    Post Dictator game 3.98 (0.48) 4.33 (0.35)



96

CHAPTER 5

Behavioral results Dictator game
We submitted the number of offers to a repeated-measures ANOVA with offer type (4-6, 
5-5, 6-4, and 8-2) and team (Team 1, Team 2, and Team N) as within-subject factors, and 
age group as between-subjects factor. Results revealed a main effect of offer type, F(3, 
150) = 29.85, p < .001, and a significant interaction between team and offer type, F(6, 
300) = 41.74, p < .001. No interactions with age group were found. As can be seen in 
Figure 5.2, players from Team 1 and Team N mostly received fair offers (5-5), while the 
players who previously excluded the participants (Team 2) received more unfair offers 
(8-2). Post-hoc analyses on each offer type separately confirmed this by revealing main 
effects of team on 5-5 and 8-2 offers, as well as on 4-6 offers (all p’s < .001). Only for 6-4 
offers, the interaction between team and age group reached significance, F(4, 100) = 2.51, 
p < .05. As can be seen in Figure 5.2, all age groups most often selected the 8-2 offer when 
allocating coins to the excluders, but adults also selected the 6-4 offer for players of Team 
2. The results of the self-report ratings assessing the participants’ intentions to punish the 
excluders are reported in the supplementary material. 

Figure 5.2 Behavioral results of the Dictator game. Percentages of offer types (4-6, 5-5, 6-4, and 
8-2) for each team (Team 1, Team 2, and Team N) displayed for each age group.

FMRI results Cyberball
Neural activity during Cyberball across age groups
First, brain regions were examined that were recruited during Cyberball across ages. The 
first contrast compared brain activity for ‘not receiving the ball’ during the inclusion 
game relative to ‘receiving the ball’ during the inclusion game [no ball- inclusion game 
> ball- inclusion game]. Results revealed a network of regions, including the mPFC/
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vACC, subgenual ACC, bilateral inferior frontal gyrus (or vlPFC), and the left middle 
temporal gyrus. Interestingly, a largely overlapping network of regions was recruited by 
the contrast that compared brain activity for ‘not receiving the ball’ during the exclusion 
game relative to ‘receiving the ball’ during the inclusion game [no ball- exclusion game > 
ball- inclusion game] (Figure 5.3A) (all regions remained significant after FDR correction 
p < .05). These results suggest that these brain regions are sensitive to ‘not receiving the 
ball’ regardless of the context of the game. It should be noted here that the subgenual 
ACC and the ventral ACC/mPFC are labelled as different regions based on the literature 
of subregions of the ACC (e.g., Vogt, 2005). The subgenual ACC refers to the cluster of 
activation located underneath the genua of the corpus callosum. Activity in the vACC/
mPFC lies more anterior in the brain, and given its larger extent of activation this region 
encompasses both the vACC and vmPFC (see also Sebastian et al., 2011; Somerville et 
al., 2006, 2010b). 

Figure 5.3 Whole-brain results for the Cyberball game across participants. All images are thresholded 
at p < .001 uncorrected, > 10 voxels. A) Contrasts No Ball- inclusion game > Ball- inclusion game 
and No Ball- exclusion game > Ball- inclusion game. B) Contrast No Ball- exclusion game > No Ball- 
inclusion game. C) first block > last block of ‘No Ball’ trials during the exclusion game.
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Subsequently, we compared brain activity during ‘not receiving the ball’ in the 
exclusion game compared to ‘not receiving the ball’ in the inclusion game. For this 
contrast [no ball- exclusion game > no ball- inclusion game] activation was found in the 
right insula (Figure 5.3B). Further, results revealed that activity in this region correlated 
negatively with the difference score for need satisfaction following exclusion relative to 
inclusion (r = -.30, p = .028), revealing that activity in the insula was higher during the 
exclusion game in those participants who reported higher levels of distress after this game. 
Finally, we tested whether brain regions were differentially sensitive to the continuous 
experience of ‘not receiving the ball’ at the beginning of the exclusion game compared to 
at the middle and end of the game. For this purpose, the 28 trials of ‘not receiving the ball’ 
were divided into three blocks (resp. 8, 10, and 10 trials). The contrasts [first > middle 
block] and [first > last block] resulted in activation in the ACC, right IFG/insula and left 
IFG (Figure 5.3C). No regions were differentially sensitive for the middle and last block 
of the game. All significant clusters (uncorrected and FDR corrected) are reported in 
Table S1 (supplementary material).

Age differences during Cyberball
Age-related changes in brain activity were tested by performing linear and non-linear 
ANOVAs with age group as between-subjects factor. No task-relevant regions showed 
a peak in 14-16 year olds or adults, or a linear change with age. The ANOVA testing 
for a peak in 10-12 year olds [2 -1 -1] resulted in activation in a posterior region of the 
subgenual ACC, extending into the ventral striatum, for the contrast [no ball- exclusion 
game > ball- inclusion game; peak at: 3, 18, -3]. Figure 5.4 shows that 10-12 year olds 
activated this region more on events of not receiving the ball during the exclusion game 
than older adolescents and adults. 

Figure 5.4 Age differences in brain activity during the Cyberball game. A) Activation in the subgenual 
ACC (3, 18, -3) that shows a peak in 10-12 year olds [2 -1 -1] for the contrast [No Ball- exclusion 
game > Ball- inclusion game] at p < .001, 10 voxel threshold. B) Scatterplot of contrast values for 
age and activity in the subgenual ACC.
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Similar results in an overlapping region were found for the ANOVA testing for 
a peak in 10-12 year olds [2 -1 -1] for the contrast [no ball- exclusion game > no ball- 
inclusion game; peak at: 0, 21, -3]. The coordinates of activation overlap with subgenual 
ACC activity reported in adolescents in another study using Cyberball (Masten et al., 
2009). All areas of activation are listed in Table S2 (supplementary material).

Whole-brain regression: individual differences
To further examine how subjective distress correlated with neural activity during 
Cyberball, whole-brain regression analyses were conducted. For both contrasts focusing 
on brain activity during events on which participants did not receive the ball during the 
exclusion game [no ball- exclusion game > ball- inclusion game; no ball- exclusion game 
>  no ball- inclusion game], a negative correlation was found between activity in the 
posterior insula (peak at: 30, -21, 18; see Table S3 and Figure S1 supplementary material) 
and the overall index of need satisfaction after the exclusion game. Thus, the posterior 
insula was more active during the exclusion game in those participants who reported 
lower need satisfaction after this game. 

Similar regression analyses were conducted to test whether neural activity during 
Cyberball correlated with subsequent punishment behavior towards the excluders. For 
the contrast [no ball- exclusion game > ball- inclusion game], a positive correlation was 
found between activity in the left IFG (peak at: -48, 27, -12; see Table S3 and Figure S1 
supplementary material) and the percentage of 8-2 offers for players of Team 2. That 
is, activity in the left IFG (or vlPFC) was higher during the exclusion game in those 
participants who subsequently offered fewer coins to the excluders. 

FMRI results Dictator game
Neural activity during the Dictator game across age group
First, brain regions were examined that were differentially sensitive to making an offer 
for the players who previously included (Team 1) or excluded the participants during 
Cyberball (Team 2). In the behavioral data, a team x offer type interaction was found; 
players of Team 2 received more 8-2 offers, whereas the player of Team 1 mostly received 
a fair split. The current fMRI analysis collapsed across different offer types for each team. 
The contrast that compared brain activity for Team 2 > Team 1 across all participants 
revealed increased BOLD responses in the left TPJ, right superior temporal sulcus (STS) 
and bilateral IFG (Figure 5.5A). That is, these regions were more sensitive to making 
an offer for players who previously excluded the participants. All areas of activation are 
listed in Table S4 (supplementary material). The opposite contrast [Team 1 > Team 2] did 
not result in significant clusters of activation. 
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Figure 5.5 Neuroimaging results for the Dictator game. A) Whole-brain results for the contrast 
[Team 2 > Team 1] across participants (at p < .001, 10 voxel threshold). B) Activation in the right 
insula (30, 27,  -6; at p < .001, > 10 voxels) and the dACC (0, 33, 36; at p < .002, > 10 voxels) that 
shows a peak in 19-21 year olds [-1 -1 2]. C) Scatterplot of contrast values for age and activity in 
the right insula.

Age differences in the Dictator game 
Age-related differences in brain activity were tested by ANOVAs with age group as 
between-subjects factor on the contrast [Team 2 > Team 1]. The ANOVA testing for a peak 
in adults [-1 -1 2] resulted in clusters of activation in the right anterior insula (peak at: 30, 
27, -6; Figure 5.5B and 5.5C) and the left temporal pole (peak at: 33, 21, -18). When we 
lowered the threshold to p < .002 (uncorrected), we also found activity in the dACC (peak 
at: 0, 33, 36; Figure 5.5B). These findings demonstrate that adults additionally recruited 
this network when making an offer to the excluders. All areas of activation are listed in 
Table S5 (supplementary material). No regions were found that showed a peak in activity 
in 10-12 or 14-16 year olds, or a linear change with age.
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Whole-brain regression: individual differences
The final question concerned the relation between neural activity on the contrast [Team 2 > 
Team 1] and individual differences in behavior towards players of Team 2. A whole-brain 
regression with the percentage of 8-2 offers per individual as predictor revealed a negative 
correlation in the dACC (peak at: -6, 15, 39). A similar analysis with the percentage of 6-4 
offers for Team 2 resulted in a positive correlation in an overlapping region of the dACC 
(peak at: 6, 21, 39). No relations were found with percentages of 5-5 or 4-6 offers (Table 
S6 supplementary material). Together, these analyses showed that activation in the dACC 
was higher in those participants who generally acted more prosocial (less 8-2 offers/ more 
6-4 offers) towards the excluders. To further examine these correlations within each age 
group, we created functional ROIs from the whole group regression analyses and plotted 
these for each age group (Figure 5.6). These scatter plots reveal a negative correlation 
between activity in the dACC and the percentages of 8-2 offers for all age groups (all 
p’s < .05) (Figure 5.6A). The positive correlation between activity in the dACC and the 
percentages of 6-4 offers was only significant for adults (p < .05; Figure 5.6B). 

Figure 5.6 Scatterplots representing the correlations between contrast values [Team 2 > Team 1] 
and percentage of 8-2 (A) and 6-4 offers (B) for the excluders in the dACC. RoIs were extracted from 
the whole-brain regression analyses across participants. Scatterplots are presented separately for 
each age group. 
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5.4 Discussion
The goal of this study was to identify the neural networks that are sensitive to social 
exclusion and subsequent fairness considerations, and to test for developmental 
differences. By administering a Dictator game following Cyberball, we were able to 
examine whether fairness judgments were modulated by previous encounters with those 
people who included or excluded the participants. Self-report ratings showed that all 
participants reported greater distress after exclusion, which sets the stage for examining 
subsequent punishment behavior.

Cyberball
Using an event-related design of Cyberball, the current study examined neural responses 
associated with rejection events of not receiving the ball, instead of the overall experience 
of an exclusion block. Across all participants, events on which participants did not receive 
the ball compared to receiving the ball were associated with activation in the mPFC/vACC, 
subgenual ACC, and the vlPFC. The location of activity overlaps with neural responses 
during exclusion blocks of ‘classic’ (i.e., fixed order) Cyberball studies (e.g., Eisenberger 
et al., 2003; Masten et al., 2009), and studies with alternating blocks of inclusion and 
exclusion (Bolling et al., 2011; Sebastian et al., 2011). Prior studies pointed to a role 
of these regions in the regulation of negative affect (vlPFC: Eisenberger et al., 2003), 
affective information processing (vACC/mPFC, subgenual ACC: Masten et al., 2009; 
Somerville et al., 2006), and self-referential processing (mPFC: Amodio & Frith, 2006). 
It should be noted here that the pattern of activation was observed in both the inclusion 
and exclusion game, which may suggest that these regions are recruited by single events 
of not being involved in a specific interaction, irrespective of feelings associated with the 
larger context of the game (i.e., inclusion or exclusion). This hypothesis needs further 
testing in future research. 

The next question we aimed to address was whether there are brain regions that 
were sensitive to the continuous experience of not receiving the ball, which generally 
leads to high levels of distress associated with being excluded. Indeed, we observed that a 
subset of areas was specifically sensitive to events of not receiving the ball in the context 
of the exclusion game. That is, activity in the insula was generally stronger for rejection 
events during the exclusion game compared to the inclusion game, and the insula, vlPFC 
and a more dorsal region of the ACC were more recruited at the beginning of this game. 
It is possible that the first experience of being excluded elicits strong aversive responses 
associated with violated expectations of fair play, which may diminish after multiple 
rejection events in a row. Indeed, the insula and the dACC are commonly reported during 
exclusion blocks of Cyberball (e.g., DeWall et al., 2010; Eisenberger et al., 2003) and are 
believed to be implicated in negative affect, expectancy violations and pain (see Etkin et 



103

NEuRAl CoRRElATES of SoCIAl ExCluSIoN AND PuNISHMENT 

al., 2011; Rilling & Sanfey, 2011; Shackman et al., 2011). It has previously been suggested 
that both social distress and expectancy violation may act as complementary processes of 
a neural alarm system (see Eisenberger & Lieberman, 2004), which may be particularly 
involved in the continuous experience of not receiving the ball. 

Together, the neural regions that were sensitive to single-trial rejection events in the 
current study overlap considerably with the regions previously associated with exclusion 
blocks of Cyberball, and may provide additional insight in the processes that are involved 
in social exclusion. Further, results revealed that several regions were specifically 
recruited during single-trial rejection events in the exclusion game, suggesting that the 
larger context of the game may alter the processing of these single rejection events. In line 
with this notion, self-report ratings showed that participants reported greater distress after 
the exclusion game, pointing to a strong negative impact of social exclusion. In addition, 
it was observed that activity in the insula was higher for rejection events in the exclusion 
game in those participants who reported greater distress after this game.  

An unresolved issue in the current study is that we did not replicate previously 
observed associations between brain activity and self-reported distress associated with 
Cyberball (i.e., vlPFC, dACC, and subgenual ACC), apart from activity in the insula 
(Masten et al., 2009). It is possible that the event-related design of Cyberball might be 
less optimal for relationships with self-report ratings, since these ratings capture affective 
responses associated with the overall exclusion experience and the overall inclusion 
experience after each game, instead of single trials of not receiving the ball. For future 
research, it would be of interest to collect continuous self-report ratings of emotion during 
scanning (e.g., Goldin et al., 2005), or autonomic measurements, such as heart rate.

Dictator game
The experience of the exclusion game clearly affected subsequent fairness considerations; 
players who previously excluded the participants received lower offers with more self-gain 
for the participants, whereas players who previously included the participants received 
more fair offers. It is possible that social exclusion might have caused participants to adopt 
a strategy to selectively punish the excluders to avoid further exploitation or to protect the 
self from being hurt (Hillebrandt et al., 2010; Maner et al., 2007; Twenge et al., 2007), 
and might have given a justification for maximizing their own gains. It should be noted 
that the current study does not provide an answer to the question whether participants 
would be willing to punish the excluders to their own cost (e.g., Fehr & Gächter, 2002). 

The brain regions which were active during making an offer for the excluders were 
highly comparable to the previously described ‘social brain network’, and included the 
left TPJ, right STS and bilateral vlPFC. Prior studies showed that the TPJ and the STS 
are involved in perspective-taking and theory of mind (e.g., Gallagher & Frith, 2003; 
Pelphrey et al., 2003), and the vlPFC in the regulation of negative affect (see Rilling & 
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Sanfey, 2011). All these processes may be involved in the decision to punish the excluders 
and to maximize own gains. For instance, it is possible that participants are more engaged 
in switching attention between their own perspectives and that of the other, which may 
be involved in justifying their decision to punish the excluders based on their previous 
interactions with them (Mitchell, 2008). Finally, we explored whether neural activity 
during Cyberball correlated with subsequent offers towards the excluders. Results revealed 
that activity in the left vlPFC on events of not receiving the ball during the exclusion 
game was higher in those participants who offered fewer coins to the excluders. This 
finding may suggest that activity in the left vlPFC during social exclusion is predictive 
for subsequent punishment behavior to regain a sense of control. 

Developmental differences
An important aim of this study was to test for age-related differences in the experience 
of peer rejection and to test whether age groups differ in the way they allocate money 
after negative peer interactions. First, all participants reported greater distress after the 
exclusion game showing that social exclusion is a significant social threat across age 
groups. This finding contradicts prior results, which reported stronger negative feelings 
in adolescents (Sebastian et al., 2010a, 2011). The lack of increased exclusion-related 
distress in adolescents is possibly related to the inclusion of both genders, whereas in 
previous studies only females were included. Indeed, it has been reported that peer 
acceptance and rejection may be especially salient in adolescent girls (e.g., Guyer et al., 
2009). The current study did not have enough participants to distinguish between boys 
and girls, and exploratory collapsed analyses did not result in gender differences across 
age groups. Nonetheless, this is an issue that needs to be explored with larger samples.

A comparison of neural activity revealed a strong overlap between age groups in 
regions that are sensitive to rejection events of not receiving the ball, in both the inclusion 
and exclusion context, suggesting that these neural networks mature early in life. Age-
related differences were found in a small section of the subgenual ACC. Specifically, this 
region was found to be strongly engaged in 10-12 year olds in the context of the exclusion 
game and overlapped with the subgenual ACC activity reported in a previous Cyberball 
study in adolescents using a block design (Masten et al., 2009). In this study, it was 
reported that activity in the subgenual ACC during social exclusion correlated with greater 
exclusion-related distress in 12-13 year olds, which was also found to be predictive for 
future depression in the same sample of adolescents (Masten et al., 2009, 2011). Further 
evidence for a role of the subgenual ACC in negative emotions comes from adult studies, 
showing a link between heightened activity in the subgenual ACC and higher levels of 
sadness and depression (e.g., Chen et al., 2007; Vogt, 2005). Together, these results may 
suggest that early adolescents display increased activity in brain regions associated with 
negative affect during social exclusion, which may not always be observable in self-
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reported  distress. Future studies should test in more detail whether greater responsivity in 
the subgenual ACC could reflect developmental differences in affective responses to peer 
rejection or in the ability to regulate negative affect (see Masten et al., 2011). 

The question then arises whether adults and adolescents differ in behavior and 
neural activity in subsequent allocation games with excluders. Although all age groups 
most often selected the harsh punishing offer (8-2) when allocating money to the 
excluders, adults selected the milder punishing offer (6-4) more often than both 10-12 and 
14-16 year olds. Possibly, adults take less advantage of the possibility to punish the other 
players. Alternatively, they may feel it is less justified to maximize their own gains in this 
context. These two explanations should be tested in future research. Further, it should be 
noted that this age effect was only present in follow-up comparisons and therefore should 
be replicated in future studies. 

Neuroimaging results revealed that all groups activated the social brain network 
when making an offer to the excluders, but that adults additionally recruited the right 
insula, left temporal pole and the dACC. In particular, the insula and the dACC are 
believed to be key regions of the brain involved in resolving conflict when allocating 
money between self and others (Rilling & Sanfey, 2011), and are sensitive to norm 
violations (Güroğlu et al., 2010; Van den Bos et al., 2009). Results of the current study 
further showed that activity in the dACC was more pronounced in those participants who 
acted more prosocial towards the excluders, as reflected by a higher number of 6-4 or less 
8-2 offers. It is possible that the exclusion experience may have shifted the personal norms 
from inequity aversion to a willingness to punish the excluders, resulting in activation in 
the dACC when acting more prosocial. Furthermore, this explanation fits well with the 
results for adults, showing that adults more often selected the milder punishing offer (6-4) 
towards the excluders compared to younger participants. It should be noted here that the 
increased activity in the dACC in adults when making an offer towards the excluders may 
be linked to their higher number of 6-4 offers. As such, age-related differences in neural 
activity could be related to behavioral differences that vary with age.

An unexpected finding was the absence of age-related differences in activity in 
prefrontal regulatory regions (i.e., vlPFC) during social exclusion, as reported in the 
Cyberball study by Sebastian et al. (2011) (see also Sebastian et al., 2010b). The lack 
of this effect may reflect differences in task structure and design. In their study, short 
blocks of inclusion and exclusion were repeatedly presented in a pseudorandom order and 
analysed using a block design. Notably, in their study participants were over-included, 
which may have had an impact on the intensity of social exclusion, increasing the need 
for affect regulation. Further, this study did not find evidence for an age-related increase 

in involvement of the TPJ and the PFC during social decision making (e.g., Van den Bos 
et al., 2011). Several possibilities may account for these differences. First, the focus of 
prior studies using allocation games was mainly on responder behavior, whereas the focus 
of the current study was on the behavior of the proposer. Second, prior studies typically 
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involved interactions with unknown, neutral players which could lead to more ambiguity 
in social interactions. The current study may have facilitated perspective-taking skills 
because participants allocated money to someone they had previous encounters with. 

Conclusions
Together, the current results demonstrate that a broad network of brain regions can be 
recruited by single-trial rejection events. Although there was a strong overlap between age 
groups in regions that are sensitive to not receiving the ball, early adolescents displayed 
increased activity in the subgenual ACC in the exclusion context, which has been associated 
in previous studies with negative affect. As expected, participants selectively punished 
the excluders by making lower offers. There was consistent activation in the social brain 
network when making offers for the excluders, but adults showed additional activity in 
brain regions associated with norm-violations. In future research, it would be of interest 
to test whether relationships in real life similarly modulate fairness considerations. 

The current study brings us a step closer towards an understanding of the 
developmental time course of the neural mechanisms involved in social exclusion 
and subsequent punishment. For future research it is important to test for individual 
differences, for instance by comparing neural responses between popular and unpopular 
adolescents. A recent study by Masten et al. (2010) demonstrated that spending more 
time with friends during adolescence is related to less activity in brain regions involved 
in affective processing in a social exclusion experience two years later. Future research 
could benefit from longitudinal designs to track how chronic peer rejection has an impact 
on neural responses involved in peer interactions. Ultimately, this field of research has 
the potential to make significant contributions to an understanding of the development of 
psychopathology in adolescence.
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5.5 Supplementary material 

Self-report ratings of intentions to punish the excluders
After the Cyberball exclusion game, participants completed four questions assessing their 
intentions to punish the excluders (how much do you want to punish, to harm, to help or 
to injure the players?). Group averages on intention ratings were 3.08 (SD = 1.13) for 
10-12 year olds, 2.89 (SD = .69) for 14-16 year olds, and 3.1 (SD = .63) for 19-21 year 
olds, with higher ratings expressing a greater intention to punish the excluders (scale from 
1 to 5). There were no significant differences in intention ratings between age groups, 
F(2, 52) = .37, p > .6. Next, it was explored whether participants’ intentions to punish 
the excluders correlated with the average amount of coins they allocated to them. This 
analysis resulted in a significant negative correlation across participants (r = -.41, p =  
.002), showing that a stronger intention to punish the excluders was associated with a 
lower number of coins allocated to them. Separate analyses for each age group revealed 
that this correlation was only significant in 10-12 (r = -.49, p = .019) and 14-16 year olds 
(r = -.51, p = .044). Similarly, a positive correlation was found with the percentage of 8-2 
offers towards the excluders across participants (r = .38, p = .005). Separate analyses for 
each group revealed that this correlation was only significant in 10-12 year olds (r = .52, 
p = .014). Finally, no relevant associations were found between neural activity during 
Cyberball and self-report ratings of intentions to punish the excluders. 

Supplementary figure 

Figure S1 Brain regions revealed by whole-brain regression analyses testing for individual 
differences during Cyberball for the contrast [No Ball- exclusion game > Ball- inclusion game] (all 
thresholded p < .001 uncorrected, > 10 voxels). A) Negative correlation between activity in the 
posterior insula (30, -21, 18) and the overall index of need satisfaction after the exclusion game. A 
similar correlation in an overlapping region was obtained for the contrast [No Ball- exclusion game 
> No Ball- inclusion game]. B) Positive correlation between activity in the left vlPfC (-48, 27, -12) 
and the % of 8-2 offers towards players of Team 2. 
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Supplementary tables
Table S1 Brain regions revealed by whole-brain contrasts across all participants for the Cyberball 
paradigm (all thresholded p < .001 uncorrected, > 10 voxels). * = also significant using fDR 
correction, p < .05, > 10 voxels.

Anatomical region l/R voxels   Z-value MNI coordinates
x y z

No Ball- inclusion game > Ball- inclusion game 
Inferior frontal gyrus l 304 5.80*  -51 30 12 

R 61 4.69*   42 33 -15 
R 53 3.96*   48 30 15 

Medial prefrontal cortex / l 139 4.80* -9 57 -9 
ventral anterior cingulate 
cortex
Subgenual anterior cingulate 
cortex 17 3.89* 0 24 -12

Superior frontal gyrus l 270 5.21* -12 57 27 
Middle frontal gyrus l 23 4.14* -39 9 51 
Superior medial frontal gyrus R 19 4.08* 9 48 45 
Middle temporal gyrus l 200 4.61* -57 -21 -15 
Paracentral lobule l 193 4.90* -12 -33 75 
linual gyrus R 185 4.72* 30 -45 -6 

Ball- inclusion game > No Ball- inclusion game 
Middle frontal gyrus R 100 5.09* 33 45 27 

l 145 4.55* -42 39 27 
Insula / precentral gyrus l 982 6.83* -30 15 6 
Inferior parietal lobule l 5761 7.40* -54 -27 42 
Inferior temporal gyrus R 140 4.78* 45 -69 -3 
Putamen R 42 4.10* 18 12 -6 
Caudate R 36 3.37* 15 3 9 
occipital gyrus l 223 4.60* -45 -75 -3

No Ball- exclusion game > Ball- inclusion game
Inferior frontal gyrus R 71 4.73* 27 33 -15 

l 10 3.55* -42 33 -6 
Medial prefrontal cortex / R 88 4.16* 6 39 -6 
ventral anterior cingulate 
cortex
Subgenual anterior cingulate 
cortex 10 3.28* 0 9 -6

Middle temporal gyrus l 74 4.40* -60 -30 -6 
Hippocampus l 22 4.28* -30 -15 -21 
Precuneus / linual gyrus l 97 4.06* -9 -57 9
Calcarine gyrus R 697 6.84* 12 -93 -3 
Postcentral gyrus l 41 4.64* -48 -9 30 
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Table S1, continued

Ball- inclusion game > No Ball- exclusion game
Middle frontal gyrus R 268 5.35* 33 42 27 

l 315 4.94* -33 48 30 
Precentral gyrus R 184 4.69 * 63 12 21 
Inferior temporal gyrus / inferior R 7929 7.53* 51 -72 -3 
parietal lobule
occipital gyrus l 1026 7.25* -45 -75 -3 

No Ball- exclusion game > No Ball- inclusion game 
Insula R 23 3.92 39 27 -3 
Thalamus R 10 3.48 9 -21 3 

No Ball- inclusion game > No Ball- exclusion game  
Superior frontal gyrus l 269 5.12* -27 -3 66 

R 97 4.19* 24 6 69 
Middle frontal gyrus R 21 3.98* 48 48 15 

l 12 3.52* -27 63 12 
Inferior frontal gyrus l 29 3.86* -48 36 24 
Superior parietal lobule l 1377 5.28* -36 -51 60 
Postcentral gyrus l 22 3.85* -15 -39 72 
Inferior temporal gyrus R 700 6.10* 45 -72 -6 

R 13 3.92* 45 -48 -24 

First Block > Last Block exclusion game
Anterior cingulate cortex R 50 4.36 6 42 27
Insula/ inferior frontal gyrus R 69 4.35 48 24 -9
Inferior frontal gyrus l 13 3.56 -45 33 -9
Middle frontal gyrus R 24 3.91 42 18 51
Middle orbital gyrus R 13 3.44 39 54 -3
Superior frontal gyrus R 16 3.94 9 24 66

R 29 3.69 3 54 51
R 54 3.63 15 60 24

Middle temporal gyrus R 39 4.48 66 -24 -12
R 14 3.64 57 -57 18

Last Block > First Block exclusion game
Calcarine gyrus R 64 4.10 57 -57 18
fusiform gyrus / linual gyrus l 128 4.08 -24 -45 -12
Cuneus / occipital gyrus R 42 3.81 21 -78 42
linual gyrus R 48 3.75 18 -66 0
occipital gyrus l 108 3.54 -24 -63 39
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Table S1, continued

First Block > Middle Block exclusion game
Insula/ inferior frontal gyrus R 266 5.16* 39 24 -6 
Superior frontal gyrus/ anterior R 479 5.06* 12 24 60
cingulate cortex
Inferior frontal gyrus R 49 4.77* 54 15 18 
Middle frontal gyrus R 167 4.68* 33 57 18 

R 75 4.12* 42 6 57 
Superior medial frontal gyrus R 12 3.61* 6 63 15 
Superior frontal gyrus R 18 3.56* 21 45 33 
Middle temporal gyrus R 895 5.06* 63 -24 -15 

l 314 4.65* -45 -63 12 
l 24 3.48* -63 -30 -12 

Middle block > First Block exclusion game
fusiform gyrus/ linual gyrus R 102 4.56 21 -36 -15

l 220 4.13 -30 -66 -15
Calcarine gyrus l 18 3.98 -21 -66 12
linual gyrus l 10 3.39 -9 -69 -9

Table S2 Brain regions revealed by whole-brain ANovAs testing for age-related differences in the 
Cyberball contrasts (all thresholded p < .001 uncorrected, > 10 voxels). 

Anatomical region l/R voxels Z-value MNI coordinates
 x  y z

No Ball- exclusion game > Ball- inclusion game

ANOVA [2 -1 -1]: peak in 10-12 year olds
Subgenual anterior cingulate 
cortex

R 25 4.05 3 18 -3

Postcentral gyrus l 39 3.96 -54 -6 21
fusiform gyrus l 12 3.74 -24 -78 -9

No Ball- exclusion game > No Ball- inclusion game

ANOVA [2 -1 -1]: peak in 10-12 year olds
Subgenual anterior cingulate 
cortex

26 4.43 0 21 -3

Precuneus l 13 3.61  -15 -48 12
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Table S3 Brain regions revealed by whole-brain regression analyses testing for individual 
differences in the Cyberball contrasts (all thresholded p < .001 uncorrected, > 10 voxels). lower 
need satisfaction ratings index a greater need threat.

Anatomical region l/R voxels Z-value MNI coordinates
x      y z

No Ball- exclusion game > Ball- inclusion game

Negative correlation with need satisfaction after the exclusion game
Insula R 14 3.83   30 -21 18
fusiform gyrus R 38 3.73  24 -75 -15

Positive correlation with % 8-2 offers towards excluders 
Inferior parietal lobe R 54 4.33 48 -51 57
Inferior frontal gyrus l 16 4.30 -48 27 -12
Precentral gyrus R 22 3.99 48 -3 51
Inferior temporal gyrus l 26 3.97 -54 -21 -21
Supplementary motor 
area

l 14 3.90 -3 21 66

Middle temporal gyrus l 60 3.78 -48 -60 15
Superior frontal gyrus R 15 3.61 18 42 48
Superior parietal lobe R 25 3.59 21 -81 51
Precuneus R 20 3.53 3 -63 51

No Ball- exclusion game > No Ball- inclusion game

Negative correlation with need satisfaction after the exclusion game
Inferior temporal gyrus R 18 3.98 54 -18 -21
Insula R 11 3.88   30 -21 18

Table S4 Brain regions revealed by whole-brain contrasts across all participants for the Dictator 
game (all thresholded p < .001 uncorrected, > 10 voxels). 

Anatomical region l/R voxels Z-value MNI coordinates
x      y z

Team 2 > Team 1 
Temporoparietal junction l 79 4.44 -60 -54 33
Middle temporal gyrus/ 
superior

R 32 3.73 51 -51 0

temporal sulcus
Inferior frontal gyrus R 46 4.31 45 30 -9

l 40 4.10 -39 21 6

Team 1 > Team 2
No significant clusters of activation
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Table S5 Brain regions revealed by whole-brain ANovAs testing for age-related differences for the 
contrast Team 2 > Team 1 (all thresholded p < .001 uncorrected, > 10 voxels). 

Anatomical region l/R voxels Z-value MNI coordinates
x      y z

Team 2 > Team 1 

ANOVA [-1 -1 2]: peak in 19-21 year olds
Insula R 15 3.95 30 27 -6
Temporal pole l 25 3.83 -33 21 -18
Superior temporal gyrus R 37 4.32 54 0 -9
Middle frontal gyrus R 21 3.72 39 51 9
Dorsal anterior cingulate cortex 17 3.121 0 33 36

Table S6 Brain regions revealed by whole-brain regression analyses examining the relation between 
neural activity on the contrast [Team 2 > Team 1] and individual differences in behavior towards 
players of Team 2 (all thresholded p < .001 uncorrected, > 10 voxels). 

Anatomical region voxels Z-value MNI coordinates
x      y z

Team 2 > Team 1 

Negative correlation % 8-2 offers
Dorsal anterior cingulate cortex l 14 3.65 -6 15 39
Inferior frontal gyrus R 17 3.76 54 9 18
Supplementary motor area R 45 3.81 6 15 51
Parietal lobe R 43 3.80 42 -51 45

Positive correlation % 6-4 offers
Dorsal anterior cingulate cortex R 52 3.71 6 21 39
Inferior frontal gyrus R 43 3.56 57 12 21
Supplementary motor area l 32 3.46 -3 -9 57
Parietal lobe R 61 4.22 42 -39 45

1At an uncorrected threshold of p < .002.

l/R
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Abstract
The eyes provide important information for decoding the mental states of others. In this 
fMRI study, we examined how reading the mind in the eyes develops across adolescence 
and we tested the developmental trajectories of brain regions involved in this basic 
perceptual mind-reading ability. Participants from 3 age groups (early adolescents, mid 
adolescents and young adults) participated in the study and performed an adapted version 
of the Reading the Mind in the Eyes task, in which photographs of the eye region of 
faces were presented. Behavioral results show that the ability to decode the feelings and 
thoughts of others from the eyes develops before early adolescence. For all ages, brain 
activity was found in the posterior superior temporal sulcus (pSTS) during reading the 
mind in the eyes relative to a control condition requiring age and gender judgments using 
the same eyes stimuli. Only early adolescents showed additional involvement of the 
medial prefrontal cortex (mPFC), the inferior frontal gyrus (IFG) and the temporal pole. 
The results are discussed in the light of recent findings on the development of the social 
brain network.
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6.1 Introduction
A 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). The eyes 
are believed to play a key role in social interactions. Indeed, the eyes automatically capture 
attention and therefore convey a wealth of information important for social exchange 
(Langton et al., 2000). Humans are well able to read the mental states of others solely 
from the eyes (Baron-Cohen et al., 1997). In this study, we examine how mind-reading 
from the eyes develops across adolescence and we test the developmental changes in the 
neural correlates associated with this basic perceptual mind-reading ability.

Mind-reading from the eyes has previously been assessed with the Reading the 
Mind in the Eyes task, which requires participants to attribute the mental state of others 
from photographs of the eye region of faces (Baron-Cohen et al., 1997). This task has been 
used mainly to distinguish between mind-reading skills of autistic and healthy developing 
individuals (e.g., Baron-Cohen et al., 1997, 2001b; Kaland et al., 2008), but has also 
been used to examine the neural correlates of mind-reading. Neuroimaging studies using 
this task in adults reported that reading the mind in the eyes results in activation in the 
posterior superior temporal sulcus (pSTS) and the inferior frontal gyrus (IFG) (see Adams 
et al., 2009; Baron-Cohen et al., 1999, 2006; Russell et al., 2000). The pSTS is believed 
to play an important role in extracting information about goals and intentions from the 
eyes and faces (e.g., Allison et al., 2000; Carrington & Bailey, 2009; Gallagher & Frith, 
2003), and in the detection of social stimuli (Nelson et al., 2005). The IFG has previously 
been associated with the mirror neuron system and the assessment of facial expression of 
emotions (e.g., Frith & Frith, 1999; Rizzolatti, & Craighero, 2004; Van Overwalle, 2009). 

Developmental models on social information processing have proposed that brain 
regions involved in the basic perceptual processing of social stimuli develop early in 
childhood (i.e., the detection node, which involves the pSTS) (see SIPN model Nelson et 
al., 2005). Indeed, young infants already display a sensitivity to social cues, such as the 
eyes and faces (e.g., Grossman et al., 2008). These early signs of intention understanding 
are followed by an increase in explicit understanding of false beliefs which emerges 
around the ages 4 to 6 years (e.g., Miller, 2009; Wellman et al., 2001). Recent studies have 
shown that mentalizing abilities continue to develop during adolescence (Blakemore, 
2008; Dumontheil et al., 2010; Güroğlu et al., 2009). Evidence in support of protracted 
development of mentalizing comes largely from neuroimaging studies, which show that 
brain regions involved in more abstract reasoning about the mental states of others, such 
as the medial prefrontal cortex (mPFC), undergo structural and functional changes during 
adolescence (Blakemore, 2008; Nelson et al,. 2005). It has been argued that basic social 
perceptual processes involved in mental state attribution, such as decoding intentions 
from the eyes and faces, lie at the foundation of subsequent mentalizing operations (e.g., 
Nelson et al., 2005; Wellman & Brandone, 2009). To date, it is largely unknown whether 
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these basic perceptual processes involved in mentalizing continue to develop across 
adolescence. 

The goal of the current study was to chart the developmental trajectories of brain 
regions involved in perceptual mind-reading, by using a modified version of the Reading 
the Mind in the Eyes task (Baron-Cohen et al., 2001a). We obtained behavioral and 
fMRI data in participants of three age groups; 10-12 year olds (early adolescents), 14-16 
year olds (mid adolescents) and 19-23 year olds (young adults). The selection of these 
age groups enabled us to gain insights in the neural correlates in distinct phases across 
adolescent development. Besides the mental state condition in which participants were 
asked to select which of four words best described what the person in the photograph 
was feeling or thinking, the task included a control condition requiring age and gender 
judgments using the same eyes stimuli. 

Based on previous behavioral studies showing that mentalizing abilities develop 
during early childhood (e.g., Wellman et al., 2001), we predicted that children aged 10-
12 year old would already perform well on the task (Baron-Cohen et al., 2001a). In the 
fMRI analyses, we tested whether activation in the pSTS and the IFG, the two regions 
most consistently found using the Reading the Mind in the Eyes task (Adams et al., 2009), 
were sensitive to developmental changes. Findings from brain imaging allow us to test 
for differences between age groups which may not be observed at the behavioral level. 
Previous neuroimaging studies on social perception (i.e., biological motion, eye gaze) 
or mentalizing reported inconsistent results for developmental changes in the pSTS. 
Whereas some studies showed comparable activation patterns between children and 
adults (Mosconi et al., 2005; Moriguchi et al., 2007), others have found increased activity 
in the pSTS in adults (Blakemore et al., 2007). In addition to the pSTS and the IFG, we 
tested for developmental changes in activity in other regions of the social brain network, 
including the mPFC and the temporal poles (Amodio & Frith, 2006; Blakemore, 2008). 
These regions were of special interest because prior studies have demonstrated protracted 
development of social brain regions during adolescence, especially in regions important 
for mentalizing (e.g., Blakemore, 2008; Pfeifer et al., 2009; Saxe et al., 2009). 

6.2 Method

Participants
Fifty-five healthy, right-handed volunteers were included in the study. Data of one 
additional participant (11-year old girl) was excluded from the analyses due to excessive 
head movement ( > 3 mm). To examine developmental changes in distinct phases of 
development, we recruited participants from three age groups;  nineteen 10-12 year olds 
(early adolescence/pubertal; 11 female; mean age = 11.57, SD = 0.95), 16 14-16 year olds 
(mid adolescence/ post-pubertal; 8 female; mean age = 15.74, SD = 0.75) and 20 19-23 



117

DEvEloPMENT of MIND-READINg

year olds (young adults; 11 female; mean age = 20.51, SD = 0.90). A chi-square analysis 
showed no significant differences in gender distribution. For participants younger than 18 
years, a caregiver was asked to fill out the Child Behavior Checklist (CBCL: Achenbach, 
1991) to confirm the absence of behavioral problems. All participants scored below clinical 
levels on all subscales. Participants and primary caregivers (for minors) gave informed 
consent for the study and received fixed payment for participation. All procedures were 
approved by the medical ethics committee of the University Medical Center.

To assess pubertal development, a picture-based interview about puberty was 
administered in participants in the two youngest age groups (PBIP: Shirtcliff et al., 2009). 
Results revealed a significant difference in puberty levels between participants aged 10-
12 (M = 2.11, SD = .81) and participants aged 14-16 year old (M = 4.18, SD = .62; 
t(1, 33) = 70.1, p < .001). All participants completed the WAIS or WISC intelligence 
subscales similarities and block design (Wechsler, 1991, 1997). There were no significant 
differences in IQ between the different age groups, F(2, 52) = 2.24, p > .1.

Experimental task
All participants performed an adapted version of the child-version of the Reading the 
Mind in the Eyes task (Baron-Cohen et al., 2001a) in an event-related fMRI session. In 
this task, participants were presented with photographs of the eye region of faces. The 
task had two conditions, a mental state condition and an age/gender condition, which 
were presented in four blocks of 14 trials in an ABAB or BABA design (counterbalanced 
across participants). Twenty-eight different black-and-white photographs were used. 
Each photograph was used once in both task conditions, resulting in the presentation of 
56 trials in total (2 x 28). 

Both task conditions required participants to select one of the four simultaneously 
presented words that best described the photograph. In the mental state condition, 
participants were asked to select the word that best described what the person in the 
photograph was thinking or feeling. The mental state words included both basic emotions 
terms (i.e., angry) and other mental state terms (i.e., thinking about something), which were 
translated to Dutch by the help of native Dutch speakers. The control condition involved 
age and gender judgments about the person depicted in the photograph. Participants were 
instructed to judge faces of 60 year olds or above as ‘older’, resulting in the following 
four response options; ‘younger male’, ‘younger female’, ‘older male’, or ‘older female’. 
Since the age/gender condition always made use of the same four response options, the 
location of these phrases differed across trials. This was done to ensure that participants 
would read the phrases on each trial to increase comparability with the mental state 
condition in terms of reading requirements. An independent sample of 10 adults judged 
the age and gender of the faces using the same four response options. High levels of 
overlap between raters were reported for the gender judgments (25 faces 100 %; 2 faces 
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88 %; 1 face 67 %). These judgments were comparable to the information provided in the 
manual of the original task (Baron-Cohen et al., 2001a). For the age judgments, however, 
three faces obtained a more mixed pattern of judgments concerning the age of the person 
(overlap between raters approached 50 %), while for the remaining 25 faces high overlap 
was found (22 faces 100 %; 2 faces 88 %; 1 face 78 %). To obtain a sensitive index about 
the performance of the participants in the fMRI experiment, it was decided to qualify the 
three items with mixed scores as ‘correct’ in case participants correctly judged the gender 
of the faces, independent of their judgment about age. 

Each trial started with a jittered fixation cross (between 600-8000 ms), followed 
by the presentation of the facial stimulus accompanied by four simultaneously presented 
words (Figure 6.1). The facial stimulus was presented for 9 s, but participants were required 
to give a response within an 8 s time window. Responses could be made by pressing a 
button with the index and middle fingers of both hands. The position of the response 
buttons mapped to the location of the four response options on the screen. Following the 
response, the word that was selected by the participant was underlined for the remaining 
length of the trial. If no response was observed within the specified time window, the text 
“too slow” was presented for 1 s. This occurred on 1.29% and 0.39% of the trials of the 
mental state and the age/gender condition, respectively. During scanning, participants 
completed two runs of 28 trials and switched between conditions once during the run 
(e.g., AB- short break-AB). Both runs started with a short instruction display explaining 
participants whether they would start with condition A or B. After 14 trials a display with 
the text “SWITCH” was presented for 5 s to indicate the switch between task conditions. 

Figure 6.1 Example trial of the mental state condition of the Reading the Mind in the Eyes Task 
(adopted from Baron-Cohen et al., 2001a). 
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Procedure
Prior to scanning, participants received eight practice trials and were asked to read a 
list of words containing the mental state terms used in the experiment to check whether 
they understood each word. Six 10-12 year olds did not understand one or two words, 
ensuring that the words were overall well known across participants. The unknown 
words were explained to the participants and trials containing these words were included 
in the analysis, except for those trials where participants gave an incorrect judgment. 
Therefore, incorrect judgments on trials during the fMRI experiment could not be due to 
a misunderstanding of words. Incorrect judgments on trials containing words previously 
rated as unknown occurred only in five trials for four 10-12 year olds (3 participants: 
1 trial; 1 participant: 2 trials), resulting in the exclusion of a total of five trials across 
participants in the behavioral analyses. 

Data acquisition 
Prior to scanning, participants were familiarized with the scanner environment using a 
mock scanner. Scanning was performed using a 3.0-Tesla Philips Achieva scanner at the 
University Medical Center. Head motion was restricted using foam inserts that surrounded 
the head. Functional data were acquired using T2*-weighted Echo-Planar Images (EPI) 
(TR= 2.2 sec, TE = 30 ms, slice-matrix = 80 x 80, FOV = 220, 35 2.75 mm transverse 
slices with 0.28 mm gap) during two functional runs of 156 volumes each. The two first 
volumes of each run were discarded to allow for equilibration of T1 saturation effects. 
After the functional scanning, high-resolution T2* weighted images and high resolution 
T1 anatomical images were obtained.

FMRI data analysis
Data were analyzed using SPM5 (Wellcome Department of Cognitive Neurology, 
London). Translational movement parameters never exceeded 1 voxel (< 3 mm) in any 
direction for any subject or scan. Mean and maximum head movement was .11 and 2.52 
mm for 10-12 year olds, .08 and 2.25 mm for 14-16 year olds, and .08 and 2.11 mm for 
19-23 year olds. There were no group differences in average movement, F(2, 52) = 1.34, 
p = .27. Images were corrected for differences in timing of slice acquisition, followed 
by rigid body motion correction. Preprocessing further included normalization to EPI 
templates and spatial smoothing with an 8-mm full-width half-maximum Gaussian kernel. 
The normalization algorithm used a 12-parameter affine transformation together with a 
nonlinear transformation involving cosine basic functions, and resampled the volumes to 
3 mm cubic voxels.

Statistical analyses were performed on individual participants’ data using the 
general linear model in SPM5. The fMRI time series data were modelled by a series of 
events convolved with a canonical hemodynamic response function (HRF). The onset 
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of each facial stimulus was modelled as a separate event and were divided into two task 
conditions; mental state and age/gender condition. Participants’ reaction times (RT) on 
each trial were used to fit the duration of the events. Both incorrect trials and trials on 
which the participants did not respond within the 8-s timeframe were not included in 
the contrasts of interest. The modelled events 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 run effects. The least-squares parameter estimates of height of the best-fitting 
canonical HRF for each condition were used in pair-wise contrasts. At the group level, 
contrasts between conditions were computed by performing one-tailed t-tests, treating 
participants as a random effect. 

We further performed voxelwise ANOVAs to identify regions that showed age-
related differences in activation in relation to reading the mind in the eyes. A specific set 
of contrasts was used to test whether activation differed specifically in one age group 
relative to the other two groups (groups modelled as [2 -1 -1], [-1 2 -1], [-1 -1 2] and 
their inverse) in the mental state versus the age/gender comparison. In addition, we tested 
for linear age-related trends by performing regression analyses with age per individual 
as predictor. The MARSBAR toolbox for SPM5 (Brett et al., 2002) was used to extract 
BOLD activity in functional Regions of Interest (ROIs) to visualize patterns of activation 
for different age groups in more detail. To ensure comparability with other developmental 
neuroimaging studies, task-related responses and age-related differences were considered 
significant if they consisted of at least 10 contiguous voxels that exceeded an uncorrected 
threshold of p < .001. We also examined whether results remained significant using FDR 
correction (p < .05, > 10 voxels) for multiple comparisons. All brain coordinates are 

reported in MNI atlas space.

6.3 Results
Behavioral results
Performance was examined in terms of accuracy (quantified as the percentage of correct 

responses) and response time (RT) on correct trials. In Figure 6.2, mean percentages 
of correct responses and averaged RTs for each age group are presented (see also 
supplementary Table S1). As can be seen in the figure, accuracy was generally lower and 
response times were longer for the mental state condition compared to the age/gender 
condition. In addition, it can be seen that all age groups performed above the chance level 
of accuracy (25%), showing that the ability to decode the feelings and thoughts of others 
from the eyes develops at a young age. 

We submitted the percentages of correct responses to a repeated measures ANOVA 
with age group (10-12, 14-16, 19-23 years) as between subjects factor and condition 
(mental state, age/gender) as within subjects factor. This ANOVA confirmed that accuracy 



121

DEvEloPMENT of MIND-READINg

was higher for the age/gender condition, F(1, 52) = 150.31, p < .001. In addition, there 
was a significant interaction between condition x age group, F(2, 52) = 3.97, p < .05, 
showing that the difference in accuracy between task conditions was less pronounced in 
10-12 year olds (Figure 6.2A). When comparing the age groups in each task condition 
separately, age-effects at trend level were found (mental state; F(2, 52) = 3.03, p = .057; 
age/gender; F(2, 52) = 2.81, p = .069). Post-hoc independent sample t-tests demonstrated 
that accuracy in the mental state condition was lower in 14-16 year olds relative to 
adults (p = .024), whereas the other groups did not differ from each other. For the age/
gender condition, a difference was found between 10-12 year olds and adults (p = .048), 
suggesting an increase in accuracy with age. 

Figure 6.2 Accuracy as indicated by the percentage of correct trials (panel A) and averaged response 
times for correct trials (panel B) for the mental state and the age/gender condition for each age 
group.

A similar condition (mental state, age/gender) x age group (10-12, 14-16, 19-23 
years) ANOVA was performed for mean RTs on correct trials. There was no main effect 
of age (p = .78), but a main effect of condition, F(1, 52) = 429.13, p < .001, confirming 
that response times were longer for the mental state condition. In addition, there was a 
significant interaction between age group x condition, F(2, 52) = 7.64, p = .001, showing 
that the difference in response times between both task conditions was most pronounced 
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in 19-23 year olds (Figure 6.2B). Post-hoc analyses for each task condition separately 
revealed no significant differences in response times between age groups. 

FMRI results
Brain regions involved in mental state attribution
First, brain regions were identified underlying reading the mind in the eyes across all 
participants. We performed a GLM analysis on the functional data modelled at the onset 
of each facial stimulus with individual RTs as durations of each trial, and computed a 
voxelwise contrast for the contrast Mental state > Age/gender condition. Replicating 
previous studies using this task, this analysis revealed robust activation in the bilateral pSTS, 
extending into the middle and superior temporal gyrus, and in the left IFG, extending into 
the anterior insula (Figure 6.3A) (Adams et al., 2009). In addition, activation was found 
in the right middle cingulate cortex, right insula, supplementary motor area (SMA) and 
left precentral gyrus (p < .001, uncorrected). Activation in the bilateral pSTS, IFG, insula 
and SMA remained significant after FDR correction (p < .05). The reversed contrast Age/
gender > Mental state condition resulted in activation in the right middle orbital gyrus, 
left superior frontal gyrus, right superior occipital gyrus and superior parietal lobe (p < 
.001, uncorrected and p < .05  FDR corrected). The significant clusters and corresponding 
MNI coordinates are reported in supplementary Table S2. 

Figure 6.3 Whole-brain results for the contrast Mental state > Age/gender at p < .001 (uncorrected). 
Results averaged across all participants are presented in panel A. Results for 10-12 year olds, 14-16 
year olds and 19-23 year olds are presented in panel B. 

Neural correlates of age-related differences in mental state attribution
The next question concerned the test of age-related differences in neural activation 
associated with reading the mind in the eyes. In Figure 6.3B, whole-brain results for the 
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contrast Mental state > Age/gender for each age group are presented. As can be seen in the 
figure, all age groups showed activity in the pSTS at the statistical threshold of p < .001 
(uncorrected). In addition, both the oldest and youngest age groups showed activity in the 
left IFG. For 10-12 year olds these regions were also significant after FDR correction (p 
< .05). 

Age-related changes in brain activation were tested by ANOVAs with age group as 
between subjects factor on the contrast Mental state > Age/gender. No regions were found 
that showed a peak activity in 14-16 year olds or adults. In contrast, the ANOVA testing 
for a peak in 10-12 year olds [2 -1 -1] resulted in several clusters of activation, including 
the ventral mPFC (peak at: 15, 54, 12, z = 4.12; also significant after FDR correction,  p < 
.05), right ACC (peak at: 15, 39, -3, z = 3.67), right temporal pole (peak at: 33, 12, -30, z 
= 3.96; also significant after FDR correction, p < .05), left IFG (peak at: -27, 33, -15, z = 
3.72), right IFG (peak at: 57, 21, 0, z = 3.71), and right posterior insula (peak at: 39, -15, 
-6, z = 3.69) (Figure 6.4 A). All regions are listed in supplementary Table S3. We created 
functional ROIs for the left IFG, vmPFC, and right temporal pole to further visualize 
patterns of activation. Figure 6.4B shows that these brain regions were more engaged in 
the mental state condition compared to the age/gender condition in 10-12 year olds. It 
should be noted that none of the comparisons resulted in significant age effects on pSTS 
activation. 

Further, age-related differences were tested by conducting regression analyses 
testing for linear effects with age on the contrast Mental state > Age/gender. Negative 
correlations between BOLD activity and age were found in the left IFG (peak at: -30, 30, 
-12, z = 3.52) and the right temporal pole (peak at: 36, 9, -33, z = 3.47). These regions 
overlap with the regions reported in the ANOVA testing for a peak in activity in 10-12 
year olds. All regions are listed in supplementary Table S3. No regions were found that 
showed a linear increase in activation with age.

6.4 Discussion
The goal of this study was to examine how basic perceptual mind-reading processes 
develop during adolescence and to test the developmental trajectories of brain regions 
involved in mental state attribution. All age groups performed well above chance level 
on the Reading the Mind in the Eyes task, showing that the general ability to decode the 
feelings and thoughts of others from the eyes develops at a young age. These findings are 
consistent with other studies which reported that children aged 8-10 perform well on this 
task compared to younger participants (Baron-Cohen et al., 2001a). Post-hoc analyses, 
however, revealed a slight dip in accurate performance in this mind-reading ability in 14-
16 year olds compared to adults, whereas the other groups did not differ from each other. 
This effect was only present in follow-up comparisons and therefore should be replicated 
in future studies. 
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Consistent with previous neuroimaging studies, reading the mind in the eyes 
resulted in activation in the pSTS and the IFG, which are the two areas most consistently 
reported using the Reading the Mind in the Eyes task (Adams et al., 2009). Importantly, 
pSTS activation was found for all age groups supporting the model of Nelson et al. (2005) 
suggesting that brain regions involved in social perception (i.e., the detection node) develop 
early in life. The pSTS has often been implicated in the processing of signals of biological 
motion, such as information provided by the body and the eyes (e.g., Carrington & Bailey, 
2009; Hoffman & Haxby, 2000), as well as in the visual analysis of other people’s mental 
states and intentions (Pelphrey et al., 2003, 2004). Prior studies on mentalizing and eye 
gaze perception also reported activity in the pSTS in both children and adults (Carter & 
Pelphrey, 2006; Mosconi et al., 2005; Moriguchi et al., 2007). Possibly, the human system 
for social perception is already tuned to read the intentions of others from the eyes at a 
young age. Indeed, the eyes have been found to have a privileged status in attracting 
attention early in life (Langton et al., 2000). 

Figure 6.4 Whole-brain results for the contrast Mental state > Age/gender which show a peak in 
activity for 10-12 year olds (panel A) at p < .001 (uncorrected). In panel B, scatterplots of contrast 
values for age and activity in the left Ifg (-27, 33, -15), right temporal pole (33, 12, -30), and vmPfC 
(15, 54, 12) are presented. 
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Besides activation in the pSTS, 10-12-year old adolescents additionally activated 
bilateral IFG, vmPFC and the right temporal pole when reading the mind in the eyes. 
The question then arises; why are these brain regions additionally recruited in 10-12 year 
olds, despite adult-level activity in the pSTS and the lack of strong age-related differences 
in performance? To our knowledge, the current study is the first examining age-related 
differences in neural activation associated with the Reading the Mind in the Eyes task. 
Interestingly, results of this study fit well with previous fMRI studies on mentalizing and 
face processing showing increased activity in the mPFC and the IFG in adolescents and 
children relative to adults (e.g., Blakemore, 2008, 2010; Johnson et al., 2009; Kobayashi 
et al., 2007). The current findings add to this literature by extending it to basic social-

perceptual processes involved in mentalizing. Together, this pattern of developmental 
changes may suggest that while brain regions involved in social perception develop early 
in life, the fine-tuning or functional specialization of other regions of the social brain 
network may continue during adolescence.

There are several plausible explanations for the observed age-related differences in 
functional activity in the current study. At a general level, prior studies have suggested that 
the age-related decrease in activation in frontal regions could reflect maturational processes 
(e.g., synaptic pruning) involved in the fine-tuning of neural systems (Blakemore, 2008; 
Burnett & Blakemore, 2009a). Indeed, brain regions such as the IFG and the mPFC show 
protracted structural development with a peak in grey matter around the onset of puberty, 
followed by grey matter thinning (e.g., Gogtay et al., 2004; Sowell et al., 2004). Further, 
there is increasing evidence that pubertal hormones could have an impact on structural 
and functional brain maturation, as well as on behavior (Blakemore et al., 2010; Sisk & 
Foster, 2004). It is possible that these biological events around the onset of puberty may 
contribute to the current results showing age-related differences in functional activity 
between 10-12 year olds (mean Tanner stage 2.11) and older participants when reading 
the mind in the eyes. Interestingly, activity in the vmPFC showed a more categorical or 
non-linear change between 10-12 and 14-16 year olds, suggesting that this region was 
specifically engaged in adolescents around the onset of puberty. In future research, it 
would be of considerable interest to test in more detail how pubertal hormones could 
shape brain activity and performance on the Reading the Mind in the Eyes task. Further, 
there is a need of studies trying to relate structural and functional brain maturation across 
adolescent development, for instance by tracking these changes longitudinally over time. 

Other explanations for the additional involvement of brain regions in early 
adolescents focus on the functional role of these regions to perform the task. In particular, 
regions such as the vmPFC and the temporal pole have been most consistently reported 
in theory of mind tasks that require more abstract reasoning about mental states (e.g., 
Amodio & Frith, 2006; Gallagher & Frith, 2003), instead of mental state decoding from 
limited visual cues, such as the eyes (Adams et al., 2009). As such, early adolescents 
might engage brain regions important for higher-order cognitive processes for reading 
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the mind in the eyes, as well as regions involved in social perception (i.e., pSTS). Indeed, 
given the nature of the task requiring an understanding of (lexical) social concepts, it is 
possible that younger children rely more on social semantic knowledge when performing 
this task, which may be due to less experience with mental state terms or mental state 
attribution. Prior studies demonstrated that abstract social semantic information necessary 
to understand the mental states of others is mainly subserved by the same brain regions 
involved in theory of mind, including the mPFC and the temporal poles (Mitchell et al., 
2005a; Ross & Olson, 2010; Zahn et al., 2007). This interpretation could also account for 
age-related differences in the IFG, which has been associated with language processing 
and semantic retrieval (e.g., Thompson-Schill, 2003). 

Finally, age-related differences in functional activity could hint towards the use 
of different strategies when performing the task. That is, early adolescents might employ 
a more explicit mentalizing strategy (Burnett & Blakemore 2009b). Alternatively, it has 
previously been suggested that children and adolescents may use a more ‘self-oriented’ 
strategy for mentalizing (Burnett et al., 2009; Moriguchi et al., 2007). Although the 
vmPFC is believed to play a key role for understanding the intentions of others (Frith 
& Frith, 2003), prior studies indeed pointed to a role of this region in self-processing 
(Amodio & Frith, 2006; Mitchell et al., 2006). In addition, it has been reported that the 
vmPFC could facilitate the understanding of what another person is thinking or feeling 
by self-referential processing (Ames et al., 2008; Mitchell et al., 2005b). On a related 
note, it is possible that developmental differences are related to the way older participants 
recruited the vmPFC during the age/gender condition. In particular, the mPFC is believed 
to be a key area of the ‘default mode network’ that is typically engaged during rest, 
allowing spontaneous self-reflection (Amodio & Frith, 2006). It seems plausible that 
the age/gender condition required less cognitive effort in older participants, resulting in 
higher levels of activity in the mPFC. Nevertheless, this interpretation could not fully 
account for the results obtained for early adolescents, since activity in this age group 
was stronger for the mental state condition compared to activity during baseline and the 
control condition.

An unresolved issue in the current study concerns the question whether the 
additional involvement of brain regions that support social information processing in 
young adolescents reflects the engagement of a wider network of brain areas which is 
important for mind-reading, or whether these activations reflect performance-independent 
engagement. Patient studies and studies with transcranial magnetic stimulation (TMS) 
could test the functional role of these areas in mental state attribution more directly. In 
addition, a priority for future work should be to test which brain regions function as a 
network during the Reading the Mind in the Eyes task by using functional connectivity 
analyses, and how this changes with age. Second, it should be noted that the conditions in 
the current study may also differ in terms of cognitive load, instead of exclusively in terms 
of mental state attribution (see also Baron-Cohen et al., 1999). For instance, whereas the 
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mental state condition involved the presentation of novel mental state terms on each trial, 
the control condition involved the presentation of the same response options, albeit at 
different locations. Although care was taken to calibrate both conditions, a difference 
in cognitive load precludes a straightforward comparison of task conditions in terms 
of mentalizing. However, it is important to note that this problem is typical in fMRI 
studies using subtraction designs, requiring a close matching of task conditions. In future 
studies, it will be important to optimize the control condition in terms of task difficulty, 
for instance by using different choice options on each trial.

A significant next step would be to build a theoretical framework that could 
account for the emerging evidence showing protracted functional brain development 
across adolescence in a wide range of mentalizing tasks. To achieve this goal, it would 
be important to test in more detail how biological events (i.e., pubertal hormones) and 
experience could shape neural activity associated with mentalizing and the social-cognitive 
strategies that are used. A second priority for future work would be to determine whether 
the ability to read and understand the mental states of others requires a general level of 
abstract thinking that still develops during adolescence, or whether regions of the social 
brain may be poorly functionally defined during adolescence, followed by an increase in 
functional specialization or task selectivity with age (e.g., ‘interactive specialization’) 
(Johnson et al., 2010). 
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6.5 Supplementary material 
Supplementary tables
Table S1 Mean percentages of correct trials and average response times for correct trials on the 
mental state condition and the age/gender condition for each age group (SD in parenthesis). 

10-12 yr 14-16 yr 19-23 yr
Mental state 
% correct 69.51 (8.74) 63.86 (9.21) 70.34 (7.25)
Mean RT 4022.16 (630.30) 3979.12 (654.25) 4249.90 (632.45)

Age/gender 
% correct 83.06 (10.62) 88.35 (6.17) 89.46 (8.94)
Mean RT 3040.21 (514.21) 2829.68 (590.14) 2737.70 (442.11)

Table S2 Brain regions revealed by whole-brain contrasts across all participants (uncorrected for 
multiple comparisons, p < .001, minimal 10 contiguous voxels). * = significant after fDR correction 
for multiple comparisons (p < .05, minimal 10 voxels).

Anatomical region l/R voxels Z-value MNI coordinates
x y z

Mental state > Age/gender 
Inferior frontal gyrus/ insula l 571     6.34 * -33 24 6
Middle temporal gyrus (pSTS) l 448     6.34 * -60 -60 6

R 451     5.31 * 63 -57 9
Insula R 60     5.07 * 36 24 3
SMA/middle cingulate cortex l/R 227     5.32 * -9 12 48
Middle cingulate cortex R 35  4.33 12 9 42
Precentral gyrus l 14  3.74 -36 3 33

l 24  3.64 -48 3 42

Age/gender > Mental state 
Superior occipital gyrus / R 3777      6.01 * 33 -75 42
Superior parietal lobe
Middle orbital gyrus / middle R 754     5.91 * 36 51 -6
frontal gyrus
Superior frontal gyrus l 21     4.49 * -24 60 21
Rectal gyrus R 28     4.03 * 12 18 -15
Parahippocampal gyrus R 23     3.90 * 18 -15 -9
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Table S3 Brain regions revealed by whole-brain analyses testing for age-related differences for the 
contrast Mental state > Age/gender (uncorrected for multiple comparisons, p < .001, minimal 10 
contiguous voxels). * = significant after fDR correction for multiple comparisons (p < .05, minimal 
10 voxels).

Anatomical region l/R voxels   Z-value MNI coordinates
x y z

ANOVA [2 -1 -1]
ventral medial prefrontal 
cortex

R 58    4.12 * 15 54 12

olfactory cortex l 12 4.16 -9 15 -18
Anterior cingulate cortex R 14 3.67 15 39 -3
Mid orbital gyrus R/l 12 3.43 3 33 -9
Inferior frontal gyrus l 25 3.72 -27 33 -15

R 35 3.71 57 21 0
Temporal pole R 48    3.96 * 33 12 -30
Posterior insula/ superior R 36 3.69 39 -15 -6
temporal gyrus
fusiform gyrus l 13 3.64 -30 -48 -12

R 14 3.57 27 -78 -6
Thalamus R 19    4.04 * 21 -30 0
Calcarine gyrus l 257   4.95* -9 -90 12
Precuneus l 41 3.48 -12 -51 57
Paracentral lobe R 17 3.44 6 -36 69
Superior occipital gyrus R 12 3.24 21 -87 27

Negative regression age 
Inferior frontal gyrus l 11 3.52 -30 30 -12
Temporal pole R 19 3.47 36 9 -33
Posterior cingulate cortex l 43 4.03 -3 -45 30
Precuneus l 42 3.73 -9 -48 15
Calcarine gyrus l 174   4.65* -9 -93 12
fusiform gyrus R 50   4.45* 27 -78 -6
Superior occipital gyrus R 169   4.24* 24 -93 18
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7.1 Introduction
Being included and accepted by peers is a primary goal among adolescents. The main 
objective of this thesis was to test the neurobiological mechanisms underlying the 
heightened sensitivity to peer rejection during adolescence. In particular, the empirical 
studies described in this thesis aimed to examine developmental changes in neural and 
heart rate responses to social-evaluative feedback provided by peers. An important 
advantage of objective biological measures is that they can provide unbiased access 
to processes underlying the experience of social acceptance and rejection, such as the 
emotional intensity or salience of these events, as well as affect regulation (Masten & 
Eisenberger, 2009). Neurodevelopmental models proposed that changes in social behavior 
that take place during adolescence are related to developmental changes in brain regions 
implicated in social information processing (Nelson et al., 2005). More specifically, it is 
hypothesized that the adolescent brain is characterized by unbalanced activity between 
cognitive control and affective systems, that may bias adolescents towards an increased 
sensitivity to social cues from peers (e.g., Casey et al., 2008a, 2008b; Nelson et al., 2005; 
Steinberg et al., 2008). In addition, there is increasing evidence that brain regions involved 
in mentalizing undergo functional changes during adolescence (Blakemore, 2008, 2010). 
The empirical studies in this thesis aimed to contribute to a greater understanding of 
developmental changes in social behavior, vis-à-vis developmental changes in neural and 
autonomic responses. 

7.2 Summary of main findings 
Chapters 2-4 of this thesis presented studies using a modified version of the Social-
Jugdment task (adopted from Somerville et al., 2006). Several weeks before the 
experiment, participants were led to believe that peers would be forming impressions of 
them based on a portrait photograph. During the experiment, participants were presented 
with a series of unfamiliar faces of age-matched peers and were asked to predict whether 
they would be liked by the other person, followed by feedback indicating acceptance or 
rejection. The main goal of the study described in Chapter 2 was to test the impact of 
social rejection on beat-by-beat heart rate responses in adults (18-25 years old). A non-
social task (i.e., age-judgment task) was administered to determine the cardiac response 
to negative cognitive feedback. As anticipated, results revealed that feedback processing 
was associated with a transient heart rate slowing followed by an acceleratory recovery 
to baseline that was considerably delayed to unexpected social rejection. Importantly, this 
cardiac response was larger than heart rate changes associated with other conditions in 
which the feedback was not aligned with the expectations of the participant, suggesting 
that the impact of social rejection is stronger than the effect of expectancy violation per 
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se. In addition, results point to the context dependency of social rejection effects; cardiac 
slowing was most pronounced for rejection feedback following a positive expectation 
of social evaluation. The results of this study set the stage for examining developmental 
differences. 

In Chapter 3 of this thesis, pubertal and gender differences in sensitivity to peer 
rejection were tested by examining beat-by-beat heart rate responses. Specifically, the 
focus of this study was on the transition from childhood into early adolescence, which 
is marked by the onset of puberty (e.g., Forbes & Dahl, 2010). Children between 8-14 
years old participated in the study and were assigned to two groups based on a self-report 
scale of pubertal maturation; pre-pubertal children and pubertal adolescents. The results 
of this study revealed larger cardiac slowing to unexpected peer rejection in pubertal 
adolescents relative to pre-pubertal children, most pronounced in pubertal girls. These 
findings support the hypothesis that heart rate sensitivity to unexpected peer rejection 
increases after transition into puberty, especially in girls.

The fMRI study described in Chapter 4 had two main goals; 1) to examine the 
neural responses associated with expectations of social evaluation and social feedback 
processing, and 2) to test for developmental differences. Participants from four age 
groups (8-10, 12-14, 16-17, and 19-25 years old) participated in this study. The functional 
neuroimaging data in adults revealed activation in the vmPFC and striatum for positive 
compared to negative expectations of social evaluation. Age-related comparisons showed 
a linear increase in activity in these regions with age. With regard to feedback processing, 
imaging data in adults demonstrated that neural responses to social feedback differed 
depending on prior expectations of social evaluation. More specifically, acceptance 
compared to rejection feedback resulted in widespread activation following a ‘like’ 
expectation of social evaluation, but not following a ‘dislike’ expectation, particularly in 
the vmPFC and striatum. Similarly, rejection compared to acceptance feedback resulted 
in activation in the subcallosal cortex, striatum, OFC and lPFC following a ‘dislike’ 
expectation, but not following a ‘like’ expectation. Together, these findings show that 
neural responses to social-evaluative feedback are particularly sensitive to feedback 
that is aligned with an individual’s own expectation of social evaluation. Age-related 
comparisons revealed a linear increase in activity with age in the regions reported for 
rejection feedback. No age-related differences were found for acceptance feedback. 

The study described in Chapter 5 used a virtual ball tossing game, called Cyberball, 
to induce feelings of social rejection. More specifically, the goal of this fMRI study was 
to identify the neural networks that are sensitive to social exclusion and subsequent 
fairness considerations, and to test for developmental differences. Participants from 3 
age groups (10-12, 14-16, and 19-21 years old) participated in the study and performed 
two tasks; first, participants played Cyberball to induce feelings of social inclusion and 
exclusion, followed by a Dictator game in which participants were asked to divide coins 
between themselves and the players who previously included or excluded them. Across 
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all participants, events on which participants did not receive the ball during Cyberball 
were associated with activation in the mPFC/vACC, subgenual ACC, and the vlPFC. 
In addition, a subset of areas was specifically sensitive to rejection events in the context 
of the exclusion game, including the insula and dACC. Together, these regions overlap 
considerably with the regions previously associated with exclusion blocks of Cyberball 
(e.g., Eisenberger et al., 2003; Masten et al., 2009), and provide additional insight in 
the processes that are involved in social exclusion. Age-related comparisons showed 
that the subgenual ACC was more strongly recruited in 10-12 year olds in the context 
of the exclusion game. The results of the Dictator game revealed that social exclusion 
clearly affected subsequent fairness considerations; players who previously excluded the 
participants received lower offers with more self-gain for the participants. Although all 
age groups most often selected the harsh punishing offer when allocating money to the 
excluders, adults selected the milder punishing offer more often than younger participants. 
Neuroimaging results showed that there was consistent activation in the TPJ, STS and the 
lPFC when making offers to the excluder, but that adults additionally recruited the insula 
and dACC. 

Despite the focus of this thesis on social-evaluative feedback processing, in Chapter 
6 we aimed to chart the developmental trajectories of neural responses associated with 
mental state attribution. Participants from three age groups (10-12, 14-16, and 19-23 years 
old) participated in the study and performed an adapted version of the Reading the Mind 
in the Eyes task (Baron-Cohen et al., 2001a), in which photographs of the eye region of 
faces were presented. As anticipated, behavioral results showed that the ability to decode 
the feelings and thoughts of others from the eyes develops before early adolescence. For 
all age groups, brain activity was found in the pSTS during reading the mind in the eyes 
relative to a control condition using the same eyes stimuli. Only 10-12 year olds showed 
additional involvement of the vmPFC, bilateral IFG, and the temporal pole. Together, this 
pattern of developmental changes suggests that while brain regions involved in social 
perception (i.e., pSTS) develop early in life, the fine-tuning or functional specialization 
of other regions of the social brain continue during adolescence. 

The results of the empirical studies described in this thesis will be discussed 
in the following section and integrated into the broader literature. In addition, critical 
considerations and suggestions for future research will be described. 
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7.3 General discussion and critical 
considerations
Social rejection puts the brakes on the heart
One of the main conclusions that can be derived from this thesis is that unexpected social 
rejection induces a prolonged heart rate deceleration. As such, the recording of heart rate 
changes can provide a useful window on the processing of social rejection. This finding 
fits well with the phasic heart rate literature showing greater heart rate deceleration 
in response to psychologically relevant information, such as negative performance 
feedback, or aversive affective stimuli (e.g., Bradley, 2009; Crone et al., 2003; Hajcak et 
al., 2003). Short-latency decreases in heart rate have been interpreted as a reflection of 
an ‘orienting’ response that is primarily mediated by the parasympathetic nervous system 
(Berntson et al., 2007; Somsen et al., 2004). Further, the context dependency of social 
rejection effects suggests an interplay between prior expectations of social evaluation and 
the valence of social feedback; that is, unexpected rejection, but not expected rejection 
or unexpected acceptance, elicits a strong pattern of cardiac slowing. Indeed, it has 
previously been suggested that both affective distress and discrepancy detection may act 
as complementary processes of a neural ‘alarm’ system (particularly the dACC) that is 
implicated in the processing of physical and emotional pain (Eisenberger & Lieberman, 
2004). Together, these findings indicate that the parasympathetic nervous system is 
involved when individuals are hurt by unexpected social rejection (Chapter 2). In future 
studies, it would be of considerable interest to test for individual differences in the cardiac 
response to social rejection, such as social anxiety. Based on previous research, it could 
be hypothesized that individuals with high levels of social anxiety would show more 
pronounced heart rate slowing to negative social feedback, which may manifest in a less 
context dependent manner (i.e., cardiac slowing to both unexpected and expected social 
rejection) (Crone et al., 2005). 

The second important finding of the cardiac studies described in this thesis is that 
bodily responses associated with social rejection could vary as a function of pubertal 
maturation and gender (Chapter 3). In line with our predictions, the delay in cardiac 
slowing to unexpected peer rejection was larger in pubertal adolescents relative to pre-
pubertal children, and was most pronounced in pubertal girls. These results support the 
hypothesis of an increase in sensitivity to peer rejection after transition into puberty, and 
that social rejection may be particularly salient in pubertal girls (Guyer et al., 2009; Kloep, 
1999; Sebastian et al., 2010a). It is possible that pubertal adolescents, especially girls, 
have a highly sensitive system involved in detecting and orienting attention towards peer-
related negative social feedback to facilitate the processing of these signals. Moreover, 
results fit well with the emerging evidence suggesting puberty-specific changes on social 
and affective information processing (e.g., Blakemore et al., 2010; Dahl & Gunnar, 2009; 
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Forbes & Dahl, 2010; Silk et al., 2009). It should be noted here that exploratory analyses 
with age as a proxy for developmental maturation (8-10 and 11-14 years old) yielded 
a similar pattern of cardiac results. Whereas this finding complicates a straightforward 
interpretation of puberty-specific effects, it also shows that it is unlikely that developmental 
differences are driven by a possible bias in self-report ratings of pubertal maturation. 
However, in future research, it would be valuable to replicate the findings of this study 
using a study design that is optimized to isolate puberty-specific effects from age-effects, 
and by using more objective assessments of pubertal maturation (e.g., Blakemore et al., 
2010; Forbes & Dahl, 2010).

A further explanation that needs to be considered for the stronger pattern of 
cardiac slowing to unexpected peer rejection in adolescent girls, is that peer rejection in 
a context of dyadic interactions might not be as emotionally salient in boys as in girls, 
whereas rejection from a social group (e.g., members of a sports team) might lead to other 
results. Indeed, it has been argued that boys generally focus more on group relationships 
and competitive goals, while girls place more emphasis on close emotional relationships 
(Bakker et al., 2010; Oldehinkel et al., 2007; Rose & Rudolph, 2006; Stroud et al., 2002). 
Further research is needed to gain more insight in these gender differences. In addition, 
a priority for future work would be to test the cardiac response to peer rejection during 
both the transition into and out of adolescence, by including participants from a broad age 
range (Casey et al., 2008a, 2008b; Steinberg et al., 2008). Ideally, longitudinal studies are 
needed to track developmental changes in social sensitivity over time. 

Neural correlates of social-evaluative feedback and their 
developmental trajectory 
The fMRI studies described in this thesis aimed to test whether there are developmental 
differences in neural responses associated with social-evaluative feedback processing, 
that could contribute to the reported heightened sensitivity to peer rejection during 
adolescence (Kloep, 1999; O’Brien & Bierman, 1988; Sebastian et al., 2010a, 2011). The 
study with the Social-Judgment task (Chapter 4) enabled us to examine brain activation 
patterns during the decision phase of the task in predicting to be liked or disliked by the 
other person, and at the moment participants received social feedback. Interestingly, the 
behavioral results of this study revealed that adults more often expected to be liked by 
age-matched peers relative to children and adolescents. In addition, results showed that 
with age participants increasingly activated the vmPFC and striatum for ‘like’ compared 
to ‘dislike’ expectations of social evaluation. Possibly, this finding may reflect a shift in the 
strategy used for assessing one’s own level of social status within the peer group. Adults 
and older adolescents may more strongly recruit brain regions involved in self-processing 
and mentalizing (particularly the mPFC; Amodio & Frith, 2006), which could be adaptive 
when taking a risk in predicting to be liked by unfamiliar peers. The age-related increase 
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in activation in the mPFC is inconsistent with mentalizing studies showing decreases in 
activation in this region between childhood and adulthood (Blakemore, 2008, 2010), but 
these studies did not assess expectations of social evaluation. Alternatively, this difference 
could point to possible functional subdivisions of the mPFC (Burnett et al., 2011). 

At the moment of feedback presentation during the Social-Judgment task, we 
observed that acceptance feedback resulted in similar vmPFC and striatum activation 
in children, adolescents and adults. These results were taken to suggest that social 
acceptance is salient across age groups. Importantly, acceptance-related neural activity 
was only observed on trials in which positive social feedback was anticipated. This finding 
may extend the results of Somerville and colleagues (2006) showing that the vmPFC/
vACC is particularly sensitive to social acceptance when people expect to be accepted. 
Further, the results of our study are very similar to a recent study reporting activation in 
reward- and self-related regions, including the nucleus accumbens and the vmPFC, in 
response to being liked, which was consistent across 15-24 year olds (Davey et al., 2010). 
In contrast to this equal sensitivity to social acceptance feedback, we observed a linear 
age-related increase in activity in the subcallosal cortex, lPFC, striatum and OFC for 
predicted social rejection. In the light of prior studies suggesting that immature function 
of regulatory mechanisms could contribute to a heightened sensitivity to social rejection 
during adolescence (Sebastian et al., 2010b, 2011), these findings may indicate that adults 
are better able to regulate the negative affect associated with rejection. Indeed, regions 
such as the lPFC, OFC and striatum has been associated with the regulation of negative 
affect (e.g., Ochsner et al., 2005; Wager et al., 2008), including feelings of social rejection 
(e.g., Eisenberger et al., 2003; Masten et al., 2009). However, an unexpected outcome in 
this study was the general lack of activation for the feedback condition where the negative 
impact of peer rejection was expected to be the highest (i.e., unexpected social rejection). 
This finding would suggest that the brain is particularly sensitive to social feedback that 
matches prior expectations of social evaluation. Further research is needed to replicate 
these results and to provide more insight in the exact function of the patterns of neural 
activation observed in this study. For instance, it will be important to collect continuous 
self-report ratings of emotion during scanning to better understand the affective impact of 
social feedback in this task. 

Based on self-report ratings of distress associated with being excluded from a ball-
tossing game (Cyberball), the study described in Chapter 5 enabled more insight in the 
negative impact of social rejection. In addition, we believe that the punishment behavior 
towards the excluders reported in this study further captures the affective distress caused 
by social exclusion, which was somewhat more pronounced in adolescents. Results 
revealed that all participants reported high levels of distress after the exclusion game 
of Cyberball, showing that social rejection is a significant threat across age groups 
(Baumeister & Leary, 2005). In addition, fMRI results showed a strong overlap between 
age groups in neural responses associated with rejection events, including regions 
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previously labeled as the pain network (e.g., DeWall et al., 2010; Eisenberger et al., 2003). 
Despite these overall similarities, we observed that the subgenual ACC was more strongly 
recruited in 10-12 year olds during the exclusion game of Cyberball relative to older 
participants. This finding could further support the findings by Masten and colleagues 
(2009) suggesting that the subgenual ACC plays a key role in the experience of peer 
rejection during adolescence. Results of their Cyberball study in 12-13 year olds showed 
that activity in this region correlated with higher levels of exclusion-related distress, but 
in this study no comparisons were made with other age groups. Further evidence for a role 
of the subgenual ACC in emotional distress comes from studies with clinical populations, 
reporting increased activity in this region in depression (e.g., Disner et al., 2011; Gotlib 
et al., 2005; Mayberg et al., 1999; Yang et al,. 2009). The role of the subgenual ACC in 
emotion processing in healthy adults is, however, more mixed (Masten & Eisenberger, 
2009). Whereas some studies highlight a role of this region in the experience of negative 
emotions (Liotti et al., 2000; Mayberg et al., 1999), other studies point to a role of this 
region in positive affect and affect regulation (e.g., Burklund et al., 2007; Onoda et al., 
2009). Accordingly, Masten et al. (2009) hypothesized that adolescents may show a 
pattern of neural activation in the subgenual ACC more similar to clinical samples, which 
may be related to their heightened emotional sensitivity, or the protracted development 
of the brain. Together, these findings suggest that early adolescents display increased 
activity in brain regions associated with negative affect in response to peer rejection, 
which may not always be reflected in self-reported exclusion distress. For future research 
it would be important to further delineate the role of the subgenual ACC during social 
rejection experiences in adolescents. For instance, it would be of interest to test whether 
the greater responsivity in the subgenual ACC could reflect developmental differences in 
emotional distress, and/or in the ability to regulate negative affect (Masten et al., 2011).

 
Overall, the findings of neuroimaging studies to date suggest that the neural 

mechanisms underlying social rejection experiences continue to develop during 
adolescence. In Chapter 1 of this thesis several neurobiological models of adolescent 
development were described, including the SIPN model (Nelson et al., 2005). In 
particular, these models proposed that changes in emotional and social behavior during 
adolescence could be the result of unbalanced activity between cognitive control and 
affective systems. More specifically, the adolescent brain is believed to be characterized 
by earlier functional maturation of affective brain circuitry relative to a more gradual 
maturation of prefrontal areas important for regulatory control (e.g., Casey et al., 2008a, 
2008b; Nelson et al., 2005). The question then arises whether this imbalance could bias 
adolescents towards a heightened emotional sensitivity to peer rejection. While only a 
limited number of studies have yet explored this question, the studies of Sebastian and 
colleagues (2010b, 2011) and our study (Chapter 4) indeed suggest that there is a (linear) 
increase in activity with age in regions which have been associated with the regulation of 
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negative affect in response to peer rejection (i.e., lPFC). These findings fit well with these 
models suggesting that brain regions involved in affect regulation are among the latest 
regions reaching functional maturity. 

However, in order to account for non-linear shifts in social and emotional 
sensitivity from childhood into adulthood, both affective and regulatory brain circuitry 
should be considered together (e.g., Casey et al., 2008a, 2008b; Somerville et al., 2010a). 
If immature function of regulatory brain regions would be the basis for the heightened 
sensitivity to peer rejection during adolescence, this would not explain why adolescents 
are more sensitive to social rejection than children. In addition, brain regions that are 
involved in the affective processing of social stimuli are believed to highly sensitive to 
the increase of gonadal hormones at the onset of puberty (Nelson et al., 2005; Steinberg 
et al., 2008). Yet, neuroimaging evidence in support of enhanced neural responses in 
affective brain regions to peer rejection during adolescence is still limited. The results 
of our Cyberball study (Chapter 5) showed that the subgenual ACC was more strongly 
recruited in 10-12 year olds during social exclusion relative to older participants. While 
we cannot conclude from this study whether this neural response shows a U-shaped 
developmental pattern (since no comparisons with younger participants were made), this 
finding can provide a useful starting point for exploring developmental differences in 
affective brain regions. Further, the specificity of this effect in 10-12 year olds suggests 
that this finding may coincide with the onset of puberty, which should be tested in more 
detail in future studies. 

It is important to note that, despite evidence for age-related differences in the 
processing of social rejection, studies also point to large similarities in neural and behavioral 
responses to social-evaluative feedback across age groups (e.g., Masten et al., 2009; 
Sebastian et al., 2011). These findings could be taken to suggest that social acceptance 
and rejection is salient across ages. It is possible that these social experiences may yield 
strong, uniform reactions across individuals, limiting the degree of age-related variance 
(Lissek et al., 2006). Indeed, it can be hypothesized from an evolutionary point of view 
that it would be adaptive to develop the neurobiological mechanisms underlying social 
attachment and bonding early in life (e.g., Lieberman & Eisenberger, 2009; MacDonald 
& Leary, 2005). Further, these age-related similarities raise questions concerning 
the experimental manipulation of social-evaluative experiences. Given the increased 
importance of peers during adolescence, teenagers are believed to be particularly sensitive 
to social rejection by peers. However, to date, not all studies investigated the impact of 
peer rejection, but tested for rejection experiences in general (not necessarily by peers). 
In addition, in studies aiming to simulate the experience of peer rejection, these feelings 
are typically induced through cover stories about age-matched peers. For future research 
it would be important to make the role of peer evaluation more explicit, for instance by 
the real presence of peers in the laboratory setting, or by simulating interactions between 
teenagers in the social media (see for a nice example the ‘Chatroom Interact task’ reported 
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by Silk et al., 2011). We believe this could enhance the sensitivity to detect age-related 
differences in the experience of social rejection. 

To further improve our understanding of the neural substrate of social rejection in 
adolescence, there are several methodological issues that need to be considered. Whereas 
in the fMRI studies described in this thesis participants of multiple age groups were 
included, other studies typically included participants of only one or two age group(s) 
(Masten et al., 2009; Sebastian et al., 2010b, 2011). The use of a narrow age range limits 
the possibility to test for linear and non-linear patterns of activation with age. In addition, 
in some prior studies only females were included (Sebastian et al., 2010b, 2011). Our 
cardiac results described in Chapter 3, as well as results of other studies, suggest that 
gender is an important moderating variable in the processing of social rejection (Stroud et 
al., 2002). A priority for future fMRI studies would be to test the impact of peer rejection 
from middle childhood into adulthood, ideally by the use of longitudinal designs or a 
careful selection of age groups (Luna et al., 2010), and with sufficient power to test for 
gender differences. Further, an exciting avenue for future studies would be to test for age 
and gender differences in how different regions interact in response to social rejection, 
for instance by using functional connectivity analyses (e.g., Hare et al., 2008; Zaki et al., 
2007). 

Another issue that deserves mentioning is that different experimental tasks to induce 
feelings of social rejection may elicit distinct patterns of neural activation. Indeed, it is 
likely that task structure has an impact on the affective dynamics of social rejection. For 
instance, whereas the Social-Judgment task requires the processing of explicit judgments 
about social-evaluation, the Cyberball induces feelings of social rejection by excluding 
participants during a ball-tossing game. An important next step will be to gain more insight 
in psychological and neural processes underlying different kind of rejection experiences 
(Kross et al., 2007). One way of testing this would be to systematically examine the 
impact of social rejection by different interaction partners and different forms of rejection 
(e.g., rejection by same or opposite sex peers, rejection based on physical appearance 
or academic achievement, acute or a more gradual build-up of social rejection). One 
a related note, it would be of interest to test whether adolescents are more sensitive to 
specific forms of social rejection relative to adjacent developmental stages. Ultimately, 
this line of research has the potential to increase our understanding of the neurobiological 
mechanisms involved in social rejection and their developmental trajectory. 

Finally, an interesting point to acknowledge is the different pattern of results 
obtained by cardiac and fMRI measures using the same experimental paradigm (Chapters 
2-4). That is, although cardiac slowing was most pronounced for unexpected social 
rejection, neuroimaging results revealed widespread activity in response to expected 
social acceptance, and to a lesser extent to expected social rejection. These results seem to 
suggest that the heart and brain are differentially sensitive to social-evaluative feedback 
in the context of this task. However, there are several plausible explanations that need 
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to be considered. First, phasic heart rate changes may be particularly involved in the 
quick detection and adaptive allocation of attention towards salient information in the 
environment, such as unexpected social rejection (Porges, 2003; Thayer & Brosschot, 
2005). Brain responses on the other hand may also reflect processes involved in the higher-
level appraisal of social and emotional information (Kalisch et al., 2006). Second, the 
discrepancy between findings could reflect a difficulty to capture the specific timing of the 
heart rate response associated with unexpected social rejection in the fMRI signal, since 
fMRI is limited in temporal resolution (Wager et al., 2007). To overcome this problem, 
we recently started a study using the conjoint measurement of cardiac and electrical 
measures of brain activity (EEG). 

Protracted development of brain regions involved in 
mentalizing 
Besides studies on social-evaluative feedback processing, this thesis described a study 
on developmental changes in neural activity associated with mind-reading from the 
eyes (Chapter 6). In particular, results of this study revealed that the pSTS was similarly 
recruited in both adolescents and adults, supporting the SIPN model of Nelson and 
colleagues (2005) suggesting that brain regions involved in social perception (i.e., the 
‘detection’ node) develop early in life. In addition, it was observed that 10-12 year olds 
additionally recruited the mPFC, IFG, and the temporal pole when reading the mind in 
the eyes. Results of this study fit well with previous fMRI studies on mentalizing showing 
increased activity in prefrontal areas (particularly the mPFC) in adolescents relative to 
adults (e.g., Blakemore et al., 2007; Burnett et al., 2009; Pfeifer et al., 2007; Wang et al., 
2006), and could extend these findings to more basic social-perceptual processes involved 
in mentalizing. 

Yet, the question still remains why brain regions involved in mentalizing show 
a protracted functional development across adolescence, despite early maturation of 
mentalizing skills at a behavioral level. Previously, it has been hypothesized that these 
age-related differences in neural activation may reflect maturational processes involved 
in the fine-tuning of neural systems, particularly in the mPFC (Blakemore, 2008, 2010). 
Alternative explanations may relate to the functional role of the regions to perform 
these tasks. It is possible that children rely more on social semantic knowledge during 
mentalizing, due to less experience with mental state terms or mentalizing. Prior studies 
demonstrated that abstract social semantic information necessary to understand the 
mental states of others is subserved by the same brain regions involved in theory of mind, 
including the mPFC and the temporal poles (Mitchell et al., 2005a; Ross & Olson, 2010; 
Zahn et al., 2007). Finally, age-related differences in functional activity could hint toward 
the use of different strategies (e.g., Burnett & Blakemore, 2009a; Crone & Ridderinkhof, 
2011; Luna et al., 2010). For instance, it has been suggested that adolescents might 
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employ a less automatic, more explicit strategy for mentalizing (Burnett & Blakemore, 
2009a, 2009b), or a ‘self-oriented’ strategy by simulating in the self what another person 
is thinking or feeling (Burnett et al., 2009; Moriguchi et al., 2007). 

However, to avoid the use of these post-hoc interpretations, there is need of a 
theoretical framework that could account for these developmental differences in a wide 
range of mentalizing tasks. In particular, we suggest that a priority for future work would 
be to find out whether the ability to understand the mental states of others requires a general 
level of abstract thinking that still develops during adolescence, or whether regions of the 
social brain may be less functionally defined during adolescence, followed by an increase 
in functional specialization or task selectivity with age (Johnson et al., 2009). Further, a 
promising direction for future studies would be to design experimental tasks that avoid 
ceiling effects at a young age (Burnett et al., 2011). Using an advanced mentalizing task, 
a recent study by Dumontheil et al. (2009) showed improvement in performance across 
adolescence. More specifically, the authors hypothesized that the interaction between 
mentalizing and executive functions continues to develop during adolescence. 

7.4 Challenges and future directions
In the previous section, the main findings and conclusions of the empirical studies 
described in this thesis are discussed, as well as suggestions for future research. In this 
final section, several challenges and future directions at a more general level will be 
addressed that could improve our understanding of adolescent brain development and 
social behavior. 

Structure and function relationships
An important assumption in neurobiological models of adolescent development is that 
age-related changes in behavior are related to changes in neural activation and information 
processing, which in turn are related to the structural maturation of the brain (e.g., Burnett 
et al., 2011; Casey et al., 2008a, 2008b; Nelson et al., 2005). Despite the growing body 
of evidence showing a protracted structural and functional development of the adolescent 
brain, it is still for the most part unknown how changes in brain structure, such as synaptic 
pruning or myelination, might be related to brain function and behavior (see Luna et al., 
2010; Somerville & Casey, 2010). On the one hand, it has been suggested that synaptic 
pruning might lead to less neural activity, resulting in a decrease in activity in brain 
regions with age. Indeed, some studies report that higher magnitude of activity could 
reflect neural inefficiency or increased effort, and that the extent of activation may shift 
from diffuse to more focal patterns of activation with age (e.g., Casey et al., 2005; Durston 
et al., 2006; Galvan et al., 2006). Alternatively, it has been suggested that synaptic pruning 
may facilitate the recruitment of more complex computations or a greater capacity to 
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perform a task, resulting in increased activity in specific regions with age (e.g., Bunge et 
al., 2005; Crone et al., 2006b; Sebastian et al., 2011). Similarly, it is still largely unknown 
how myelination affects changes in neural activity (Luna et al., 2010). There is a critical 
need for studies tracking the relationship between changes in brain structure, function 
and performance, ideally by the use of longitudinal designs (e.g., Crone & Ridderinkhof, 
2011; Durston et al., 2006). 

One recent promising theoretical framework for brain development highlights 
the dynamic interplay between structure and function relationships across development. 
According to this view of ‘interactive specialization’ (Johnson, 2010; Johnson et al., 
2009), cognitive functions emerge as a consequence of bi-directional interactions between 
the brain and environmental factors, resulting in a reorganization of interactions between 
brain regions. Brain regions may begin with poorly defined functionality, followed by a 
process of functional specialization that could be driven by experiences. As such, the same 
behavior could be supported by different patterns of neural activation during development. 
This theory contradicts the ‘maturation account’, which suggests that specific cognitive 
functions come ‘on-line’ as the brain regions to perform a specific task reach and adult-
level of functioning caused by intrinsic factors (i.e., genetics, neuroanatomical) (Johnson, 
2010). The challenge for the future would be to test whether the theory of ‘interactive 
specialization’ could account for developmental differences in neural activity across 
adolescent development, and to explore how experiences could shape brain development. 

Pubertal hormones and sex differences 
A second important direction for future research is to test in detail how hormonal changes 
associated with the onset of puberty could impact brain development and behavior. This 
line of research is essential to support and further refine theoretical models on adolescent 
brain development, in which often a key role for puberty is suggested (see Blakemore et 
al., 2010). In particular, it is hypothesized that pubertal hormones could modulate activity 
in affective brain regions which may lead to increased emotional reactivity in adolescence 
(Dahl & Gunnar 2009; Forbes & Dahl, 2010; Nelson et al., 2005; Steinberg, 2008). 
Recently, there is indeed increasing evidence that structural and functional changes in 
the brain coincide with the onset of puberty, and that the effects of pubertal hormones 
could be gender-specific (e.g., Blakemore et al., 2010; Peper et al., 2011). Further, 
the cardiac results described in Chapter 3 reveal that bodily responses associated with 
social information processing could vary as a function of both pubertal maturation and 
gender. However, to date the number of studies that have considered the role of gender 
and pubertal hormones in social and emotional development is still limited. Because age 
and puberty are often highly correlated, research on pubertal development poses several 
challenges for an optimal study design. Future studies should try to disentangle age and 
puberty-specific effects by using a narrow age range in which participants only differ 
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in terms of pubertal status, or by using longitudinal analyses to account for individual 
differences in timing and tempo of puberty. In addition, more research is needed to test 
the reliability of different methodologies to assess pubertal development (i.e., self-report 
measures, physical examinations, hormone concentrations) (e.g., Blakemore et al., 2010; 
Dorn & Biro, 2011; Forbes & Dahl, 2010; Silk et al., 2009). Finally, research on the 
effects of puberty has the potential to yield insight in the emergence of gender differences 
in psychological disorders during adolescence (e.g., Angold et al., 1998; Oldehinkel & 
Bouwma, 2011). 

Individual differences: towards clinical implications
Even though knowledge about normative brain development is critical to aid the 
understanding of pathways leading to mental disorders, a priority for future research would 
be to test in more detail for individual differences in social and emotional development. 
Adolescence is a time of transition marked by major biological and psychological 
changes, as well as a sharp increase in mental disorders, such as anxiety, depression, and 
addiction (e.g., Calkins, 2010; Davey et al., 2008; Oldehinkel & Bouwma, 2011). More 
specifically, it has been proposed that the temporary imbalance between earlier functional 
development of affective brain regions relative to a more gradual maturation of brain 
regions important for regulatory control may expose adolescents to certain vulnerabilities 
(Casey et al., 2010; Nelson et al., 2005), which is nicely illustrated in a study by Hare and 
colleagues (2008). The results of this study revealed that adolescents showed increased 
activity in the amygdala in response to fearful facial expressions relative to children 
and adults, which decreased with repeated exposure to the fearful faces. Importantly, 
individual differences in anxiety predicted the extent of this habituation; individuals with 
higher levels of anxiety showed less habituation of the amygdala, which was associated 
with less functional connectivity between the PFC and the amygdala. The authors 
interpreted this effect as indicating that the adolescent brain seems to be more reactive to 
emotional stimuli that increases the need for regulatory control, placing individuals with 
less regulatory control at a risk for mental health problems (see also Casey et al., 2010). 
Indeed, increased subcortical relative to prefrontal activity has been implicated in several 
affective disorders, such as depression and anxiety (e.g., Guyer et al., 2008; McClure et 
al., 2007). Similarly, it would be of considerable interest to test for individual differences 
in neural responses to peer rejection, which may explain why some adolescents are at a 
greater risk for developing mental disorders after negative peer experiences. The ‘rejection 
sensitivity model’ (Downey & Feldman, 1996) would be an interesting framework for 
understanding these individual differences. According to this model, rejection sensitivity 
could be characterized by a greater tendency to anxiously expect, readily perceive, and 
intensely react to social rejection, which may be the result of early rejection experiences 
with significant others (Butler et al., 2007; Kross et al., 2007; London et al., 2007). 
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CHAPTER 7

To further elucidate the pathways for mental health problems during adolescence, 
it would be important to increase our understanding of the complex interplay between 
biological vulnerabilities and environmental challenges in the life of teenagers. The 
transition into adolescence is marked by a dramatic set of changes, such as the increased 
importance of peers, a greater degree of autonomy and independence, and greater academic 
demands. At the same time, the body of teenagers undergoes major changes (Steinberg 
& Morris, 2001). The emergence and co-occurrence of these changes may serve as 
specific stressors during this period in life that could exacerbate the imbalance between 
affective and regulatory brain regions (see Hare et al., 2008). Research on genetic and 
environmental risk factors will be vital to understand the role of individual differences in 
social and emotional development in this critical period in life.
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Inleiding
Mensen hebben van nature een sterke behoefte om sociale banden met anderen aan te gaan 
en om ergens bij te horen. Hoewel sociale afwijzing intense emoties oproept over alle 
leeftijdsfasen (Baumeister & Leary, 1995), is er gedurende de adolescentie vermoedelijk 
sprake van een verhoogde gevoeligheid voor sociale afwijzing door leeftijdsgenoten 
(Kloep, 1999; Nelson et al., 2005; Sebastian et al., 2010a). De adolescentie is een unieke 
ontwikkelingsfase tussen de kindertijd en volwassenheid die wordt gekenmerkt door een 
breed scala aan veranderingen op cognitief, sociaal-emotioneel en fysiek vlak (Blakemore, 
2008; Casey et al., 2010; Steinberg, 2005). Eén van de meest kenmerkende veranderingen 
op sociaal gebied is het toenemende belang van leeftijdsgenoten. Adolescenten brengen 
steeds meer tijd door met leeftijdsgenoten en hechten veel waarde aan de mening en 
waardering van de zogeheten ‘peer group’ (Steinberg & Morris, 2001). Een belangrijke 
drijfveer voor adolescenten is dan ook om sociaal geaccepteerd te worden door 
leeftijdsgenoten. Echter, niet alle jongeren slagen er in om vriendschappen te vormen en 
sommigen worden afgewezen. Jongeren die afgewezen worden lopen een groter risico op 
het ontwikkelingen van gedragsproblemen (Deater-Deckhard, 2001; Dodge et al., 2003; 
Nolan et al., 2003). Deze potentiële negatieve consequenties onderstrepen het belang 
van een beter begrip van de verhoogde gevoeligheid voor sociale evaluatie tijdens de 
adolescentie. Naast het toenemende belang van leeftijdsgenoten spelen veranderingen 
in het zelfbewustzijn en in cognitieve vaardigheden mogelijk een rol. In vergelijking 
met kinderen zijn adolescenten beter in staat om zich bewust te worden van hun eigen 
gedachten en gedrag, en om te beseffen dat anderen het vermogen hebben om hen te 
evalueren (Choudhury et al., 2006; Sebastian et al., 2008).

De adolescentie is een periode waarin de hersenen nog volop in ontwikkeling 
zijn. In de laatste decennia is de kennis over de ontwikkeling van de hersenen sterk 
toegenomen, vooral sinds de opkomst van non-invasieve beeldvormingstechnieken, zoals 
MRI (Magnetic Resonance Imaging). Deze techniek maakt het mogelijk om zowel de 
structuur als de functie van de hersenen te bestuderen. Structurele MRI studies hebben 
laten zien dat de hoeveelheid grijze stof in de hersenen, bestaande uit cellichamen, 
dendrieten en niet-gemyeliniseerde axonen, tijdens de ontwikkeling eerst toeneemt en 
vervolgens afneemt (Giedd et al., 1999; Paus et al., 2005). Neuronen en verbindingen die 
nauwelijks gebruikt worden gaan hierbij verloren en belangrijke verbindingen worden 
versterkt. Verder hebben studies aangetoond dat de piek in het grijze stof volume voor 
verschillende hersengebieden op verschillende momenten in de ontwikkeling wordt 
bereikt. Gebieden die belangrijk zijn voor visuele waarneming rijpen bijvoorbeeld al op 
jonge leeftijd, terwijl gebieden die betrokken zijn bij hogere orde cognitieve processen 
en sociale vaardigheden nog tot in de adolescentie ontwikkelen (Giedd et al., 1999; 
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Gogtay et al., 2004; Sowell et al., 2003, 2004). In tegenstelling tot grijze stof neemt de 
hoeveelheid witte stof in de hersenen nagenoeg lineair toe gedurende de kindertijd en 
adolescentie (Østby et al., 2009; Paus et al., 1999). De toename van witte stof wordt 
geassocieerd met toenemende myelinisatie waarbij de axonen van neuronen omhuld 
worden met een vetachtige stof (myeline). Dit proces van myelinisatie zorgt ervoor dat 
de signaaloverdracht tussen neuronen sneller kan plaatsvinden (Blakemore & Choudhury, 
2008).

Neurobiologische ontwikkelingsmodellen veronderstellen dat de ontwikkeling van 
de hersenen tijdens de adolescentie een bijdrage levert aan veranderingen die optreden in 
gedrag. Een veel gebruikte methode in dit veld van onderzoek is functionele MRI (fMRI), 
waarmee het mogelijk is om hersenactiviteit te bestuderen. Een belangrijke assumptie 
hierbij is dat ontwikkelingsveranderingen in gedrag gepaard gaan met veranderingen in 
hersenactiviteit, die op hun beurt gerelateerd zijn aan de structurele rijping van de hersenen 
(Burnett et al., 2011). De empirische studies die in dit proefschrift zijn beschreven zijn 
geïnspireerd op het zogenaamde Social Information Processing Network (SIPN) model 
van Nelson en collega’s (2005). Volgens dit model zijn drie systemen in de hersenen 
belangrijk bij de verwerking van sociale informatie; i) het detectie systeem, dat betrokken 
is bij de detectie en basale verwerking van sociale prikkels, ii) het affectieve systeem, 
dat betrokken is bij de verwerking van de emotionele lading van sociale stimuli, en iii) 
het cognitieve controle systeem, dat een rol speelt in hogere orde cognitieve processen, 
zoals het interpreteren van de gedachten van anderen, het reguleren van emoties, en 
doelgericht gedrag. Uit onderzoeken blijkt dat de ontwikkeling van deze drie systemen 
met verschillende snelheden verloopt. Terwijl hersengebieden van het detectie systeem al 
op jonge leeftijd rijpen, maken de gebieden uit de twee andere systemen nog belangrijke 
ontwikkelingen door tijdens de adolescentie. Onderzoek heeft aangetoond dat gebieden 
die onderdeel zijn van het affectieve systeem (limbische systeem) gevoelig zijn voor 
geslachtshormonen tijdens de puberteit, waardoor deze gebieden extra gevoelig worden 
tijdens de adolescentie. Ontwikkelingsveranderingen in het cognitieve controle systeem 
(met name de prefrontale cortex) daarentegen zijn meer geleidelijk van aard en vinden 
plaats tot in de vroege volwassenheid. Volgens het SIPN model is er gedurende de 
adolescentie sprake van een kwetsbare balans tussen een overactief emotie systeem 
en een onvolwassen controle systeem in de hersenen. Deze kwetsbare balans zou een 
mogelijke verklaring kunnen zijn voor de verhoogde gevoeligheid voor sociale evaluatie 
door leeftijdsgenoten in de adolescentie (Nelson et al., 2005). 

Het voornaamste doel van dit proefschrift is om meer inzicht te krijgen in de 
neurobiologische mechanismen die ten grondslag liggen aan de overgevoeligheid voor 
sociale afwijzing in de adolescentie. De empirische studies die in dit proefschrift zijn 
beschreven maken zowel gebruik van hartslagmetingen (hoofdstukken 2 en 3) als van 
fMRI (hoofdstukken 4 en 5). Een belangrijk voordeel van deze metingen is dat ze inzicht 
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kunnen geven in de ontwikkeling van processen die niet altijd gedetecteerd kunnen worden 
aan de hand van vragenlijsten of gedrag. Bovendien geven deze metingen toegang tot 
processen die plaatsvinden op het moment van sociale acceptatie of afwijzing, in plaats 
van vragenlijsten die meestal worden afgenomen na een experimentele manipulatie. Tot 
slot beschrijft dit proefschrift een fMRI studie naar ontwikkelingveranderingen in het 
vermogen om de gemoedstoestand van anderen te kunnen ‘lezen’ (hoofdstuk 6). Hoewel 
deze studie niet is gericht op sociale evaluatie kan deze studie extra inzicht geven in de 
ontwikkeling van het ‘sociale brein’ gedurende de adolescentie. 

Samenvatting van studies 
Een belangrijke uitdaging in experimentele studies naar sociale evaluatie is de keuze van 
een geschikte taak die gevoelens van sociale afwijzing en acceptatie kan induceren. Er is 
sprake van een ‘trade-off’ tussen experimentele controle en ecologische validiteit, waarbij 
de laatste vooral van belang is om het gevoel van echte sociale interacties te kunnen 
nabootsen. In de studies beschreven in de hoofdstukken 2-4 in dit proefschrift stond de 
Social-Judgment taak centraal (Somerville et al., 2006). Enkele weken voorafgaande aan 
het experiment werd aan elke deelnemer verteld dat een panel van leeftijdsgenoten een 
foto van de deelnemer zou beoordelen op eerste indruk (wel of niet aardig). Tijdens het 
experiment kregen de deelnemers de foto’s van de gezichten van de panelleden te zien in 
een computertaak en werden ze bij elke foto gevraagd in te schatten hoe de persoon op 
de foto hen heeft beoordeeld. Deze inschatting werd gevolgd door feedback die aangaf 
of de persoon op de foto de deelnemer wel of niet aardig vond. In werkelijkheid werd de 
feedback in deze studies gegenereerd door de computer. 

In de studie beschreven in hoofdstuk 2 werden hartslagveranderingen gemeten 
nadat volwassen deelnemers (18-25 jaar) sociale feedback kregen tijdens de Social-
Judgment taak. In deze studie werd tevens een niet-sociale taak (leeftijd beoordelingstaak) 
afgenomen om ook de hartslagveranderingen na negatieve cognitieve feedback te 
kunnen meten. De studie was geïnspireerd op eerdere cognitieve studies die hebben 
aangetoond dat de verwerking van feedback gepaard gaat met snelle veranderingen in 
het tijdsinterval tussen opeenvolgende hartslagen. Het hartslag patroon in deze studies 
bestaat uit een vertraging van de hartslag in anticipatie op de feedback, gevolgd door een 
versnelling terug naar het basisniveau. Dit herstel wordt aanzienlijk vertraagd wanneer 
de feedback negatieve informatie overbrengt (Crone et al., 2003; Jennings & Van der 
Molen, 2002; Somsen et al., 2000). Een soortgelijk patroon van hartslag vertraging is 
gevonden in reactie op straf, onaangename affectieve stimuli, of na het maken van een 
fout (Bradley, 2009; Crone et al., 2004a; Hajcak et al., 2003). Op basis van deze literatuur 
veronderstelden wij dat sociale afwijzing gepaard zal gaan met een tijdelijke vertraging 
van de hartslag. In overeenstemming met onze verwachtingen was er een relatief sterkere 
vertraging na onverwachte sociale afwijzing. Het is belangrijk om hierbij te vermelden 
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dat deze vertraging sterker was in vergelijking tot andere condities waarin de feedback 
niet overeenkwam met de verwachtingen van de deelnemer. Deze bevinding laat zien 
dat de invloed van sociale afwijzing op hartslag groter is dan het effect van onverwachte 
feedback. Daarnaast wijzen de resultaten op de context gevoeligheid van sociale 
feedback; het patroon van hartslagvertraging trad alleen op in reactie op onverwachte 
sociale afwijzing en niet op verwachte afwijzing. De resultaten van dit onderzoek vormen 
het uitgangspunt voor de studie in hoofdstuk 3 naar ontwikkelingsveranderingen in dit 
proces. 

In de studie beschreven in hoofdstuk 3 werd de rol van puberteit en geslacht op de 
gevoeligheid voor sociale afwijzing onderzocht aan de hand van hartslagmetingen. Deze 
studie was specifiek gericht op de overgang tussen de kindertijd en de vroege adolescentie, 
die wordt gekenmerkt door het begin van de puberteit (Forbes & Dahl, 2010). Gezonde 
kinderen tussen de 8 en 14 jaar namen deel aan deze studie en werden ingedeeld in een 
prepuberteits- en een puberteitsgroep aan de hand van een zelfrapportage schaal. Dezelfde 
taken als beschreven in hoofdstuk 2 werden afgenomen in deze studie. In overeenstemming 
met onze verwachtingen toonden de resultaten een sterker patroon van hartslagvertraging 
in reactie op onverwachte sociale afwijzing in deelnemers die aangaven al in de puberteit 
te zijn ten opzichte van deelnemers in de prepuberteit. Dit effect was bovendien sterker 
aanwezig in meisjes. De resultaten van deze studie ondersteunen de hypothese dat de 
gevoeligheid voor sociale afwijzing door leeftijdsgenoten toeneemt na de start van de 
adolescentie, en dat meisjes in deze levensfase gevoeliger zijn voor afwijzing dan jongens 
(Guyer et al., 2009; Kloep, 1999; Sebastian et al., 2010a).

Hoofdstuk 4 van dit proefschrift beschrijft een studie met de Social-Judgment 
taak in vier leeftijdsgroepen (8-10, 12-14, 16-17, 19-25 jaar) terwijl de deelnemers in 
de MRI scanner lagen. In deze studie hebben we gekeken naar hersenactiviteit tijdens 
de beslissingsfase in de taak en ook op het moment dat de deelnemer sociale feedback 
te zien kreeg. Uit de gedragsresultaten kwam naar voren dat volwassenen relatief vaker 
verwachtten om aardig gevonden te worden in vergelijking tot jongere deelnemers. 
Daarnaast lieten de fMRI resultaten een lineaire toename zien in activiteit met leeftijd in 
de mediale prefrontale cortex (mPFC) en het striatum wanneer deelnemers verwachtten 
positief beoordeeld te worden. Eerdere studies hebben laten zien dat het striatum een 
rol speelt in de anticipatie op potentiële (sociale) beloningen en de mPFC in sociale 
interacties (Knutson et al., 2001; Izuma et al., 2008). De bevindingen van deze studie 
wijzen op een mogelijke verandering in de strategie die wordt gebruikt tijdens het maken 
van deze sociale inschattingen. Er is een geleidelijke toename in activiteit met leeftijd in 
gebieden die belangrijk zijn voor het innemen van het perspectief van een ander en voor 
zelfinzicht (Amodio & Frith, 2006). 

Op het moment waarop de deelnemers sociale feedback te zien kregen bleken 
dezelfde hersengebieden betrokken te zijn in reactie op sociale acceptatie voor alle 
leeftijdsgroepen, waaronder de mPFC en het striatum. Het is belangrijk om hierbij te 
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vermelden dat deze neurale activiteit alleen werd waargenomen als de deelnemer 
verwachtte aardig gevonden te worden (verwachte sociale acceptatie). In tegenstelling 
tot deze overeenkomsten tussen de vier leeftijdsgroepen, laten de fMRI resultaten wel 
leeftijdsverschillen zien in reactie op sociale afwijzing. De resultaten tonen een lineaire 
toename in activiteit met leeftijd in onder andere de laterale prefrontale cortex (lPFC), het 
striatum en de orbitale frontale cortex (OFC) voor verwachte sociale afwijzing. Gezien 
de bevindingen van eerdere ontwikkelingstudies wijzen deze resultaten mogelijk op 
een betere regulatie van negatieve emoties in volwassenen via de lPFC (Sebastian et 
al., 2010b, 2011). Een onverwachte uitkomst van deze studie was echter het algemene 
gebrek aan neurale activiteit in reactie op onverwachte sociale afwijzing. De resultaten 
van deze studie lijken aan te geven dat de hersenen in het bijzonder gevoelig zijn voor 
sociale feedback die overeenkomt met de verwachtingen van de deelnemer. Toekomstig 
onderzoek is nodig om deze resultaten te repliceren en om meer inzicht te krijgen in de 
precieze functie van de betrokken hersengebieden in deze processen. 

 
In hoofdstuk 5 van dit proefschrift werd gebruik gemaakt van een virtueel balspel, 

genaamd Cyberball, om gevoelens van sociale afwijzing te induceren (Williams & 
Jarvis, 2006). Deelnemers werden vooraf geïnstrueerd dat ze een balspel zouden gaan 
spelen met twee leeftijdsgenoten via het internet. Het balspel begon met een inclusie 
spel, waarin elke speler even vaak de bal kreeg. Dit spel werd gevolgd door een exclusie 
spel, waarin de deelnemer de bal niet meer overgespeeld kreeg van de twee andere 
spelers. In werkelijkheid werd het gedrag van deze twee spelers gegenereerd door de 
computer. Eerdere studies bij volwassenen met dit balspel hebben laten zien dat het 
exclusie spel sterke negatieve emoties oproept en vier fundamentele behoeften bedreigt; 
het verlangen om ergens bij te horen, behoefte aan zelfvertrouwen, behoefte aan controle, 
en behoefte aan een betekenisvol bestaan (Williams et al., 2000; Williams, 2007). fMRI 
studies met dit balspel hebben bovendien aangetoond dat sociale exclusie gepaard gaat 
met activiteit in dezelfde hersengebieden die betrokken zijn bij de verwerking van 
fysieke pijn, waaronder de dorsale anterieure cingulate cortex (dACC), de insula, en de 
ventrale lPFC (vlPFC) (Eisenberger et al., 2003; DeWall et al., 2010). Op basis van deze 
bevindingen wordt verondersteld dat mensen een zeer gevoelig ‘alarm’ systeem hebben 
ontwikkeld waarin sociale exclusie geregistreerd wordt als fysieke pijn (Eisenberger & 
Lieberman, 2004; Panksepp, 2003). In de fMRI studie beschreven in hoofdstuk 5 zijn 
ontwikkelingsverschillen in de hersengebieden die gevoelig zijn voor sociale exclusie 
onderzocht. Daarnaast hebben we gekeken of gevoelens van buitensluiting invloed hebben 
op keuzegedrag in een munten verdeelspel. Deelnemers van drie leeftijdsgroepen (10-12, 
14-16, 19-21 jaar) namen deel aan dit onderzoek en kregen twee computertaken uit te 
voeren. Het onderzoek begon met het hierboven beschreven balspel waarin respectievelijk 
gevoelens van sociale inclusie en exclusie werden opgeroepen. Het inclusie en het 
exclusie spel werden gespeeld met twee nieuwe onbekende leeftijdsgenoten. Cyberball 
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werd gevolgd door een munten verdeelspel (de zogenaamde Dictator game) waarin aan 
de deelnemer werd gevraagd om 10 munten te verdelen tussen zichzelf en de spelers van 
het inclusie spel en het exclusie spel. 

Uit zelfrapportage vragenlijsten kwam naar voren dat alle deelnemers, ongeacht 
leeftijd, een sterke negatieve stemming rapporteerden in reactie op het exclusie balspel. 
Deze bevinding laat zien dat sociale afwijzing intense emoties oproept over alle 
leeftijdsgroepen. Daarnaast wijzen de fMRI resultaten op een sterke overlap in neurale 
activiteit, in onder andere het pijn netwerk, tussen de drie leeftijdsgroepen tijdens het 
balspel. Over alle deelnemers was er meer activiteit in de mPFC/ventrale ACC, subgenuale 
ACC en de vlPFC tijdens het niet krijgen van de bal in vergelijking tot het krijgen van 
de bal. Tevens bleek een netwerk van hersengebieden specifiek gevoelig voor het niet 
krijgen van de bal in de context van het exclusie spel, waaronder de insula en de dACC. 
Ondanks deze duidelijke overeenkomsten tussen de leeftijdsgroepen, laten onze fMRI 
resultaten zien dat de subgenuale ACC meer actief was tijdens het exclusie spel in 10-12 
jarigen ten opzichte van oudere deelnemers. Dit resultaat kan de hypothese van een eerdere 
Cyberball studie in adolescenten (12-13 jaar) verder ondersteunen waarin gesuggereerd 
werd dat de subgenuale ACC een centrale rol speelt in de beleving van buitensluiting in 
de adolescentie (Masten et al., 2009). Verder bewijs voor de rol van de subgenuale ACC 
in negatieve emoties is voornamelijk afkomstig van studies met klinische populaties, 
zoals depressie (Disner et al., 2011; Mayberg et al., 2009). In toekomstig onderzoek is 
het belangrijk om de precieze rol van de subgenuale ACC tijdens sociale exclusie in de 
adolescentie verder te onderzoeken. 

De resultaten van hoofdstuk 5 laten verder zien dat sociale exclusie een sterke 
invloed heeft op het keuzegedrag in een munten verdeelspel; de spelers van het exclusie 
spel kregen minder munten toebedeeld terwijl de deelnemer meer munten voor zichzelf 
reserveerde. Deze resultaten wijzen op een mogelijke behoefte van de deelnemers om 
de spelers die hen tijdens het balspel hebben buitengesloten te straffen. Hoewel alle 
leeftijdsgroepen meestal voor de meest extreme strafoptie kozen (8 munten voor zichzelf, 
2 voor de ander), kozen volwassen relatief vaker voor de mildere strafoptie (6 munten 
voor zichzelf, 4 voor de andere). Volwassenen waren derhalve meer geneigd om een 
mildere vorm van straf te kiezen dan jongere deelnemers. De fMRI resultaten lieten zien 
dat de temporo-parietale junctie (TPJ), de superieure temporale sulcus (STS) en de lPFC 
betrokken waren tijdens het toekennen van munten aan de spelers van het exclusie spel in 
alle leeftijdsgroepen. Tot slot vonden wij dat in de volwassenen groep (19-21 jaar) meer 
beroep werd gedaan op de insula en de dACC tijdens deze beslissingen ten opzichte van 
jongere deelnemers. Eerdere studies hebben aangetoond dat de insula en dACC gevoelig 
zijn voor de schending van persoonlijke en sociale normen (Rilling & Sanfey, 2011). Het 
is mogelijk dat sociale exclusie leidt tot een bereidheid om de spelers van het exclusie 
spel te straffen, en als dit onderdrukt wordt resulteert in meer activiteit in deze gebieden. 
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Tot slot beschrijft dit proefschrift ook een studie naar ontwikkelingveranderingen 
in het vermogen om de gemoedstoestand van een ander persoon te kunnen ‘lezen’ 
(hoofdstuk 6). Deelnemers van drie leeftijdsgroepen (10-12, 14-16, 19-23 jaar) namen 
deel aan dit onderzoek en werden gevraagd om de Reading the Mind in the Eyes taak 
(Baron-Cohen et al., 2001a) uit te voeren terwijl zij in de MRI scanner lagen. In deze 
taak kregen de deelnemers foto’s van het ooggedeelte van gezichten te zien. Hierbij werd 
gevraagd in te schatten wat de persoon op de foto denkt of voelt aan de hand van vier 
antwoordmogelijkheden (bijvoorbeeld walgen, boos, blij, verveeld). Zoals verwacht 
lieten de gedragsresultaten zien dat deze vaardigheden al voor de adolescentie aanwezig 
zijn (Grossman et al., 2008; Wellman et al., 2001). Uit de fMRI resultaten kwam naar 
voren dat alle leeftijdsgroepen een beroep deden op de posterieure STS (pSTS). Deze 
bevinding komt overeen met eerdere studies die hebben aangetoond dat de pSTS een 
belangrijke rol speelt in het interpreteren van signalen van het lichaam, waaronder 
bijvoorbeeld de ogen of gezichtsuitdrukkingen (Hoffman & Haxby, 2000; Pelphrey et 
al., 2003). Leeftijdsvergelijkingen in de fMRI resultaten lieten zien dat 10-12 jarigen een 
groter beroep deden op de mPFC, bilaterale inferieure frontale gyrus (IFG) en de rechter 
temporale pole tijdens het uitvoeren van de taak in vergelijking tot oudere deelnemers. 
Samengenomen laten deze resultaten zien dat de hersengebieden die betrokken zijn bij de 
perceptuele verwerking van sociale informatie al vroeg in de ontwikkeling rijpen, terwijl 
andere gebieden van het ‘sociale brein’ nog onderhevig zijn aan veranderingen gedurende 
de adolescentie. 

Conclusie en discussie van resultaten
De invloed van sociale afwijzing op hartslag en 
ontwikkelingsverschillen
De resultaten van de hartslag studie beschreven in hoofdstuk 2 laten zien dat onverwachte 
sociale afwijzing gepaard gaat met een tijdelijke vertraging in de hartslag. In de literatuur 
wordt een dergelijk patroon van hartslagvertraging vaak geïnterpreteerd in termen van een 
‘orienting’ (aandacht) response, die optreedt in reactie op relevante informatie. Tevens 
wordt verondersteld dat deze vertraging wordt gemedieerd door het parasympathische 
zenuwstelsel (Berntson et al., 2007; Bradley et al., 2009). De context gevoeligheid van 
de resultaten in hoofdstuk 2 wijst bovendien op een wisselwerking tussen de valentie van 
sociale feedback en de verwachtingen van de deelnemer. Dat wil zeggen, onverwachte 
afwijzing, maar niet verwachte afwijzing of onverwachte acceptatie, resulteert in een 
hartslagvertraging. Deze bevinding sluit aan bij eerdere theorieën die suggereren dat beide 
processen kenmerkend zijn voor het ‘alarm’ systeem in de hersenen dat betrokken is bij 
de verwerking van zowel fysieke als emotionele pijn (Eisenberger & Lieberman, 2004). 



156

NEDERlANDSE SAMENvATTINg / DuTCH SuMMARy

De tweede belangrijke bevinding van de hartslag studies beschreven in dit 
proefschrift is dat het specifieke patroon van hartslagvertraging in reactie op onverwachte 
sociale afwijzing pas optreedt na de start van de puberteit, en dat deze vertraging sterker 
is in meisjes (hoofdstuk 3). Het is mogelijk dat in de adolescentie, vooral in meisjes, 
de aandacht sterker wordt getrokken door signalen van sociale afwijzing doordat deze 
informatie meer emotioneel saillant is. Deze resultaten sluiten goed aan bij eerdere studies 
die suggereren dat meisjes extra gevoelig zijn voor sociale afwijzing (Rose & Rudolph, 
2006; Stroud et al., 2002). Daarnaast zijn de resultaten consistent met toenemende 
evidentie dat de puberteit een grote invloed heeft op de manier waarop de hersenen sociale 
en emotionele informatie verwerken (Dahl & Gunnar, 2009; Forbes & Dahl, 2010). Het 
is belangrijk om hierbij op te merken dat een analyse waarin de deelnemers werden 
opgedeeld in twee leeftijdsgroepen (8-10 en 11-14 jaar) een vergelijkbaar patroon liet 
zien. Hoewel deze bevinding een interpretatie in termen van puberteit specifieke effecten 
bemoeilijkt, laat dit ook zien dat het onwaarschijnlijk is dat de resultaten verklaard 
kunnen worden door inaccuraatheden in zelfrapportage van puberteit. In toekomstig 
onderzoek is het belangrijk om de bevindingen van dit onderzoek te repliceren met een 
onderzoeksdesign waarin de rol van puberteit beter geïsoleerd kan worden (Blakemore 
et al., 2010; Forbes & Dahl, 2010). Daarnaast is het interessant om te onderzoeken of het 
patroon van hartslagvertraging sterker is in adolescenten ten opzichte van volwassenen. 

Neurale correlaten van sociale afwijzing en ontwikkelings- 
verschillen
De fMRI studies in de hoofdstukken 4 en 5 van dit proefschrift laten zien dat de neurale 
mechanismen die betrokken zijn bij de verwerking van sociale afwijzing onderhevig zijn 
aan ontwikkelingsveranderingen. Volgens het SIPN model (Nelson et al., 2005) speelt 
de ontwikkeling van de hersenen gedurende de adolescentie een belangrijke rol bij de 
veranderingen die in deze levensfase optreden in sociaal en emotioneel gedrag. Meer 
specifiek wordt verondersteld dat de hersenen van adolescenten worden gekenmerkt door 
een eerdere functionele rijping van het affectieve systeem ten opzichte van een langzame 
ontwikkeling van de prefrontale cortex (Casey et al., 2008a, 2009b; Nelson et al., 2005). 
Dit roept dan ook de vraag op of deze kwetsbare balans mogelijk ten grondslag ligt aan de 
verhoogde gevoeligheid voor sociale afwijzing door leeftijdsgenoten in de adolescentie. 
Hoewel slechts een beperkt aantal studies deze vraag hebben onderzocht, suggereren de 
resultaten van onze studie uit hoofdstuk 4 en andere studies (Sebastian et al., 2010b, 2011) 
inderdaad dat er een (lineaire) toename in activiteit met leeftijd plaatsvindt in gebieden die 
mogelijk een rol spelen in de regulatie van negatieve emoties (lPFC). Deze bevindingen 
sluiten goed aan bij de hypothese dat hersengebieden voor cognitieve controle langzaam 
ontwikkelen van kindertijd tot in volwassenheid. 
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Echter, om de verhoogde sociale en emotionele gevoeligheid tijdens de adolescentie 
te kunnen verklaren, is het belangrijk om de ontwikkeling van zowel de affectieve- 
als de cognitieve controle gebieden in de hersenen samen in kaart te brengen (Casey 
et al., 2008a, 2008b; Nelson et al., 2005; Somerville et al., 2010a). Indien inadequate 
affectregulatie de basis zou zijn voor de verhoogde gevoeligheid voor afwijzing tijdens 
de adolescentie, dan nog kan dit niet verklaren waarom adolescenten hiervoor gevoeliger 
zijn dan kinderen. Empirisch bewijs voor een overgevoelig affectief systeem in reactie 
op sociale afwijzing in de adolescentie is echter nog steeds beperkt. De resultaten van 
onze Cyberball studie in hoofdstuk 5 laten zien dat de subgenuale ACC meer actief was 
tijdens het exclusie spel in 10-12 jarigen ten opzichte van oudere deelnemers. Hoewel 
we niet uit deze studie kunnen concluderen of deze neurale response een U-vormig 
ontwikkelingspatroon laat zien (aangezien er geen vergelijking met jongere deelnemers 
werd gemaakt), kan deze bevinding een belangrijk uitgangspunt bieden voor toekomstig 
onderzoek naar ontwikkelingsverschillen in affectieve hersengebieden.

Het is belangrijk om op te merken dat de studies in dit proefschrift ook op grote 
overeenkomsten wijzen tussen leeftijdsgroepen. Sociale acceptatie en afwijzing roepen 
mogelijk sterke, uniforme reacties op over alle leeftijden, waardoor leeftijdsgerelateerde 
variantie beperkt zal zijn (Baumeister & Leary, 2005; Lissek et al., 2006). Vanuit een 
evolutionair perspectief kan verondersteld worden dat het adaptief is om al op jonge leeftijd 
de neurobiologische mechanismen die betrokken zijn bij hechting en sociale binding 
te ontwikkelen (Lieberman & Eisenberger, 2009; MacDonald & Leary, 2005). Verder 
roepen deze overeenkomsten vragen op met betrekking tot de experimentele manipulatie 
van deze sociale ervaringen. Gezien het toenemende belang van leeftijdsgenoten 
tijdens de adolescentie wordt verondersteld dat adolescenten in het bijzonder gevoelig 
zijn voor sociale evaluatie door leeftijdsgenoten. Echter, tot op heden hebben niet alle 
experimentele studies onderzoek gedaan naar sociale afwijzing of acceptatie door 
leeftijdsgenoten. Daarnaast wordt de rol van leeftijdsgenoten vaak aannemelijk gemaakt 
aan de hand van verbale instructies. In toekomstig onderzoek is het belangrijk om de rol 
van leeftijdsgenoten meer expliciet te maken, bijvoorbeeld door de aanwezigheid van 
leeftijdsgenoten in het laboratorium, of door interacties tussen jongeren in de sociale 
media te simuleren (Silk et al., 2011). 

Neurale correlaten van ‘mentalizing’ en ontwikkelings- 
verschillen
De resultaten van de fMRI studie beschreven in hoofdstuk 6 laten zien dat alle 
leeftijdsgroepen een beroep deden op de pSTS tijdens het aflezen van de gemoedstoestand 
van anderen aan de hand van foto’s van het ooggedeelte van gezichten. Deze bevinding 
kan het SIPN model (Nelson et al., 2005) ondersteunen waarin wordt verondersteld 
dat de hersengebieden die van belang zijn voor de perceptuele verwerking van sociale 
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informatie, zoals bijvoorbeeld de ogen (detectie systeem), al voor de adolescentie 
ontwikkelen. Leeftijdsvergelijkingen lieten verder zien dat 10-12 jarigen een sterker 
beroep deden op de mPFC, bilaterale IFG, en de temporal pole tijdens de uitvoering van 
de taak in vergelijking tot oudere deelnemers. Het is belangrijk om hierbij op te merken 
dat deze gebieden in de literatuur vaak worden aangeduid als het ‘mentalizing’ netwerk, 
dat ons in staat stelt om de intenties, gedachten en gevoelens van anderen te kunnen 
begrijpen (Blakemore, 2008; Frith & Frith, 1999). De resultaten van deze studie roepen 
dan ook de vraag op waarom deze gebieden sterker worden geactiveerd in 10-12 jarigen, 
ondanks de vroege rijping van de pSTS en de afwezigheid van sterke leeftijdsverschillen 
in taakprestatie. 

De leeftijdsgerelateerde activiteitsveranderingen in hoofdstuk 6 komen sterk 
overeen met eerdere ‘mentalizing’ studies waarin een afname in activiteit in prefrontale 
gebieden (met name in de mPFC) is gevonden tussen de kindertijd en de volwassenheid 
(Blakemore et al., 2007; Burnett et al., 2009). Een mogelijke verklaring die hiervoor 
is gegeven is dat deze veranderingen samenhangen met de structurele rijping en 
‘fine-tuning’ van de hersenen gedurende de adolescentie (Blakemore, 2008, 2010). 
Alternatieve verklaringen hebben betrekking op de functionele rol van de gebieden 
die leeftijdsverschillen laten zien. Het is bijvoorbeeld mogelijk dat jongere deelnemers 
een sterker beroep doen op hun lexicaal-semantische kennis om de mentale staat van 
anderen te kunnen begrijpen. Studies hebben aangetoond dat er een overlap is tussen de 
hersengebieden die verantwoordelijk zijn voor ‘mentalizing’ en de semantische kennis 
die nodig is om de mentale staat van anderen te kunnen beschrijven (Ross & Olson, 2010; 
Zahn et al., 2007). Tot slot kunnen leeftijdsgerelateerde activiteitsveranderingen wijzen 
op het gebruik van verschillende strategieën (Crone & Ridderinkhof, 2011; Luna et al., 
2010). Eerdere studies hebben gesuggereerd dat kinderen een meer expliciete strategie 
hanteren voor ‘mentalizing’ dan volwassenen, waarbij zij meer mentale inspanning 
leveren (Burnett & Blakemore, 2009a, 2009b). Een prioriteit voor de toekomst is om 
theoriegedreven onderzoek te doen om te achterhalen welke factoren ten grondslag liggen 
aan ontwikkelingsverschillen in neurale activiteit in een breed scala aan ‘mentalizing’ 
taken gedurende de adolescentie. 
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