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Scope of thesis 

Across cultures and centuries, adolescence has been described as a period of 
profound changes in body and behavior situated between child and adulthood. 
Despite developmental gains in the cognitive domain (e.g. Huizinga et al., 2006; 
Luna et al., 2004), this age period is also characterized by increased impulsive 
and risk taking behavior that can lead to maladaptive outcomes such as sub-
stance abuse and higher mortality rates (Casey et al., 2008; Dahl, 2004; 
Steinberg, 2008a). These behavioral characteristics suggest suboptimal decision 
making abilities, especially with respect to long term consequences of behavior. 
Ironically, it is particularly in this developmental period that a strong appeal is 
made on decision making abilities. Important decisions have to be made, rang-
ing from decisions which have consequences for the short term, such as choos-
ing between making homework or hanging out with friends, to choices with long 
term consequences, such as the selection of a continuing education. The vulner-
ability of adolescents is further evidenced by an increased incidence of various 
psychiatric disorders, such as depression and schizophrenia, in this age period 
(Kessler et al., 2005; Paus et al., 2008).  
 These striking characteristics of adolescence have in the past years increas-
ingly been explained by prolonged maturational changes in the structure and 
organization of the adolescent brain. Although it is assumed that behavioral as 
well as cognitive changes are accompanied by age-related changes in brain acti-
vation, the effects of structural maturation on the functioning of the brain are 
still unclear. Therefore, the main objective of this thesis is to gain more insight 
into the age-related changes in brain activation underlying neurocognitive de-
velopment in adolescence. More insight into these brain-behavior mechanisms 
might improve our understanding of the striking features of adolescence. 

Background 

Structural brain maturation and neurocognitive development 

The first indication for extended structural brain development after childhood 
came from post-mortem research (Huttenlocher, 1979; Huttenlocher et al., 
1983). These studies showed changes in the frontal cortex during adolescence, 
namely continued myelination (Yakovlev & Lecours, 1967) as well as cortical 
density changes, characterized by an increase of synapses at the onset of puberty 
followed by elimination and reorganization of these synaptic connections 
(Bourgeois et al., 1994; Huttenlocher, 1979). The development of neuroimaging 
techniques, such as Magnetic Resonance Imaging (MRI), has made it possible to 
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study brain maturation in vivo. Neuroimaging studies have provided further 
evidence for the extended trajectory of structural brain development, with matu-
rational changes throughout adolescence and even into young adulthood (Giedd 
et al., 2009; Gogtay et al., 2004; Sowell et al., 2001). Volumes of white matter 
and the integrity of white matter fibers increase linearly with age (Giedd, 2004; 
Giorgio et al., 2010). In addition, grey matter volumes show region-specific, 
inverted U-shaped developmental trajectories with peak values in adolescence 
(Gogtay et al., 2004). These structural changes are assumed to reflect matura-
tional processes such as myelination and synaptic pruning. Furthermore, matura-
tion related changes in functional connectivity have been demonstrated within 
brain networks involved in neurocognitive functions (Fair et al., 2007, 2008; 
Kelly et al., 2009).  
 Parallel to this structural brain maturation, socio-emotional and cognitive 
abilities also continue to develop throughout adolescence (e.g. Choudhury et al., 
2006; Huizinga et al., 2006). Differential developmental trajectories have been 
shown for these functions. Performance on simple aspects of cognition, such as 
response inhibition, reaches adult levels in early adolescence (Klenberg et al., 
2001; Luna et al., 2004; Paus, 2005). Conversely, performance on more complex 
aspects of cognition, such as working memory manipulation and decision mak-
ing, reaches adult levels in middle and late adolescence (Hooper et al., 2004; 
Luciana et al., 2005). In addition, socio-emotional functions, such as sensation 
seeking behavior, show non-linear developmental changes with a peak in mid 
adolescence, that have been associated with the hormonal changes related to 
puberty (Martin et al., 2002; Steinberg, 2007; Steinberg et al., 2008b). 

Functional brain maturation 

It is assumed that these neurocognitive improvements are accompanied by age-
related changes in brain activation, which can be studied by using functional 
MRI. Some fMRI studies revealed an increase or even the emergence of activa-
tion with age in task-related brain areas. These results suggest that areas specifi-
cally involved in executing a neurocognitive function, are stronger activated 
with increasing age (e.g. Brown et al., 2005; Bunge et al., 2002; Crone et al., 
2006; Rubia et al., 2006). However, other fMRI studies showed a decreased 
magnitude of activation with increasing age in areas that are involved in task 
execution. These latter findings suggest that children activate more widespread 
task-relevant areas compared with adults, possibly reflecting the fact that chil-
dren have to invest more cognitive effort in successful performance of the same 
task (e.g. Booth et al., 2003; Casey et al., 1997; Galvan et al., 2006). Next to this 
inconsistency in age-related functional changes, the reported age effects are 
rather subtle, as they often fail to reach significance when recommended correc-
tions for multiple comparisons are applied (Bennett et al., 2009; Poldrack & 
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Mumford, 2009). Thus, the implications of structural brain development for 
brain functioning are, at present, still unclear.  

Influence of subject-related and methodological confounders 

The weak and inconsistent findings regarding functional changes underlying 
neurocognitive development might suffer from contamination with the con-
founding influence of subject-related and methodological factors. First, uncon-
trolled subject characteristics might confound developmental findings. Namely, 
a specific age, sex and pubertal phase have been shown to affect behavioral 
performance as well as the brain activation patterns during neurocognitive tasks 
(e.g. Christakou et al., 2009; Steinberg et al., 2008b). For example, differential 
trajectories of structural brain development in male and female adolescents have 
been found (e.g. Lenroot & Giedd, 2010), as well as sex differences in various 
neurocognitive functions (Bolla et al., 2004; Garavan et al., 2006). Conse-
quently, including both male and female subjects in a developmental study in-
creases intersubject variability and decreases fMRI sensitivity, leading to weaker 
age group differences. Second, developmental fMRI findings might be con-
founded by methodological factors, which seem to be related to age. Namely, 
the amount of head motion during scanning, variability in anatomy and func-
tional organization as well as stress reactivity to fMRI scanning might be higher 
in children and adolescents compared with adults (Berl et al., 2006; Eatough et 
al., 2009; Velanova et al., 2008). For example, head motion causes signal inten-
sity changes due to inhomogeneities in the magnetic field, which can not be 
explained by the task (Friston et al., 1996; Johnstone et al., 2006). Consequently, 
a higher amount of head motion in younger age groups reduces the signal to 
noise ratio in these groups, giving rise to reduced activation. Thus, to establish 
true age-related changes in functional activation, the role of these confounders 
should be investigated and controlled for.  

Thesis aims  

Age-related changes in brain activation underlying neurocognitive development 
during adolescence are still largely unknown. Furthermore, previous develop-
mental findings might be confounded by uncontrolled subject-related and meth-
odological factors. Therefore, the first aim of this thesis is to examine neurocog-
nitive development in adolescence, and age-related functional changes underly-
ing this development. The second aim is to investigate the influence of various 
subject-related and methodological factors on these neurocognitive developmen-
tal trajectories. Differences between male and female adolescents are investi-
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gated as the major subject-related factor, and stress-reactivity to fMRI scanning 
is the major methodological factor investigated.  

Approach and outline of thesis 

In order to pursue these thesis aims, we conducted two large-scale cross-
sectional studies, in which different age groups within the adolescence period 
were compared on both behavioral performance and brain activation during 
neurocognitive tasks. In addition, differences related to sex and stress reactivity 
were investigated. In the first study, behavioral data on several neuropsy-
chological tasks were collected in adolescents aged 13-19. The second study 
included both behavioral and fMRI data of in total 86 adolescents and young 
adults. Methodological confounders, such as head motion and anatomical vari-
ability, were controlled for in these fMRI data. In total, the thesis consists of five 
chapters that report empirical studies on neurocognitive development in adoles-
cence. 
 Chapter 2 describes a behavioral study in which the developmental trajecto-
ries of emotional versus cognitive functions were examined. A total of 252 ado-
lescents divided into four age groups performed various neuropsychological 
tasks. In addition, the influence of two subject-related factors, i.e. sex and puber-
tal phase, on these developmental trajectories was investigated.  
 In chapter 3, we examined developmental changes in brain activation during 
the performance of a challenging gambling paradigm. This study aimed to 
evaluate the often reported developmental hypothesis of progressive focalization 
in functional activation from childhood to adulthood, while controlling for sev-
eral confounding factors that may bias towards focalization. We compared the 
functional activation patterns of 13, 17 and 21 year-old male participants during 
the decision phase of the gambling task. 
 In chapter 4, an event related gonogo task was administered to three male 
adolescent groups of respectively 13, 17 and 21 years old. Next to the tradi-
tional, univariate voxel-wise group comparison, multivariate pattern classifica-
tion analysis was introduced in order to examine whether age-related changes in 
brain activation were widespread throughout the brain, as indicated by matura-
tional changes in anatomy and functional connectivity. In addition, we investi-
gated whether this pattern of functional maturation was specific to a particular 
cognitive function or not, by exploring the generalizability of the classification 
results to different conditions of the gonogo task as well as to a totally different 
cognitive task. 
 Chapter 5 deals with cortisol changes in relation to fMRI scanning in young 
and old adolescents to determine whether cortisol reactivity to imaging was age-
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dependent. The association between cortisol and brain activation during a gam-
bling task was studied as well. 
 In chapter 6, we examined the influence of male/female sex on brain activa-
tion during decision making tasks. Motivational context as well as the nature of 
decision making were manipulated in these two tasks. The functional activation 
patterns of male and female young adults within a small age range of 20-21 
years were compared. 
 Finally, in chapter 7 the results described in the empirical chapters are dis-
cussed in the context of the thesis aims. In addition, theoretical implications as 
well as recommendations for future research are considered. 

CHAPTER 1 
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Abstract 

This study examined 1) emotional versus cognitive developmental trajectories 
and 2) the influence of age-extrinsic factors, i.e. sex and puberty. Using a cross-
sectional design, adolescents (N=252) divided into four age-groups (ages 
13,15,17,19) performed two versions of a mentalizing task, about emotions and 
actions, as well as the Tower task. Firstly, performance on all tasks improved 
linearly into late adolescence (age 19). Thus no differential trajectories were 
found for emotional versus cognitive development. Secondly, girls outperformed 
boys in mentalizing speed regarding both emotions and actions. In boys, a later 
pubertal phase was associated with increased mentalizing speed after controlling 
for age-group.  
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Introduction 

Adolescence is a social-psychological construct that refers to the transition pe-
riod between childhood and adulthood. This period is characterized by profound 
physical (e.g. strength), cognitive (e.g. inhibitory control) and social (e.g. inde-
pendence) development. Despite these developmental gains, adolescence is 
characterized by suboptimal decisions and actions which become noticeable in 
heightened substance abuse and mortality rates (Casey et al., 2008; Dahl, 2004; 
Steinberg, 2008). This apparent enigma about adolescence has been explained 
by differential trajectories of neural development for emotional processes on the 
one hand, and cognitive processes on the other hand (Casey et al., 2008; 
Steinberg, 2005, 2007). Models explaining this enigma (Casey et al., 2008; 
Steinberg, 2008) are based upon the notion that limbic structures such as the 
striatum, which are associated with emotional processes, develop earlier than 
parts of the prefrontal cortex such as the dorsolateral prefrontal cortex, which 
underlie top-down cognitive control processes (Gogtay et al., 2004). The bio-
logical imbalance between the two systems raises consequently difficulties in 
the control of behavior and emotion that is typical in adolescence (Casey et al., 
2008; Steinberg, 2005).  
 Recent brain research has indeed shown that structural brain development 
continues throughout adolescence and into young adulthood. This is especially 
the case for higher-order association areas in the prefrontal and superior tempo-
ral cortices (Giedd, 2004; Gogtay et al., 2004). Complex cognitive functions 
mediated by these areas are thought to be prone to late maturation. Although 
developmental trajectories for different cognitive functions throughout child-
hood have been described thoroughly (Anderson, 2002; Klenberg et al., 2001), it 
is only recently that the interest in neurocognitive development over the period 
of adolescence has arisen (Huizinga et al., 2006; Luna et al., 2004). Conse-
quently, little is known as yet about the neurodevelopmental trajectories of emo-
tional in comparison with cognitive functions in adolescence. It has been hy-
pothesized that these developmental trajectories are different because the under-
lying neural substrates of emotional processes mature earlier than those of cog-
nitive control (Gogtay et al., 2004; Steinberg, 2007). The present study was 
devised to test this hypothesis: a cross-sectional design was used with four age 
groups of respectively 13, 15, 17 and 19 years. An additional research question 
pertained to the influence of sex on these developmental trajectories. This ques-
tion was based upon the evidence that the brain of boys and girls matures at 
different rates (Giedd et al., 2006).  
 The present study is based on Steinberg’s model (2007), which distinguishes 
two networks controlled by different neural processes namely a ‘socio-
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emotional’ and a ‘cognitive control’ network. The socio-emotional network, 
which is involved in processing social and emotional information, is assumed to 
mature under the influence of hormonal changes related to puberty (Nelson et 
al., 2005; Steinberg, 2007). Puberty refers to the physical changes that mark the 
beginning of sexual maturation. Some studies (Diamond et al., 1983; McGivern 
et al., 2002) suggested that the socio-emotional maturation shows a discontinu-
ous pattern. For example, McGivern and colleagues (2002) demonstrated a 
slower reaction time in children of pubertal age compared with both younger 
and older children on a match-to-sample task in which participants had to match 
emotional faces to emotion words. However, Choudhury and colleagues (2006) 
found linear improvement in the performance on a mentalizing task in which 
participants had to answer questions regarding how they or another person 
would feel in various scenarios. These two studies were limited by the fact that 
they failed to measure pubertal phase quantitatively. So, the developmental tra-
jectory of emotional processes remains largely unknown. The cognitive control 
network, which controls complex executive functions such as planning and self-
regulation, is thought to develop linearly with age and over a longer time period 
than the socio-emotional network (Steinberg, 2007). Behavioral performance on 
cognitive control tasks such as response inhibition, working memory and deci-
sion-making did indeed appear to improve throughout adolescence. They 
reached adult levels of performance at ages between 14 and 19 years (Hooper et 
al., 2004; Luciana et al., 2005; Luna et al., 2004). Nevertheless, this prolonged 
maturation throughout adolescence was not found for other cognitive functions 
such as cognitive flexibility and goal-setting (Anderson et al., 2001). In the pre-
sent study, we used an experimental mentalizing task including both an emo-
tional and cognitive version (Maastricht Mentalizing Task, MMT). The MMT is 
comparable with previous used mentalizing tasks (Berthoz et al., 2002; Blake-
more et al., 2007; Choudhury et al., 2006; Gallagher et al., 2000). Functional 
MRI studies using these mentalizing tasks showed that mentalizing areas such as 
medial prefrontal cortex, superior temporal sulcus and the temporal poles were 
activated (Blakemore et al., 2007; Gallagher et al., 2000). This proved the valid-
ity of such a task paradigm, we used here as well. We evolved this task in an 
attempt to study emotional and cognitive control processes in a comparable task 
paradigm, which in addition is ecologically valid. The MMT is a computerized 
task in which participants have to imagine real-life situations and make deci-
sions. Mentalizing is defined as the ability to attribute, understand and think 
about mental states, such as intentions, beliefs and desires, of oneself and others 
in order to predict the resulting behavior (Fonagy et al., 2002; Frith & Frith, 
2003). The first version, MMT-emotion, involved the evaluation of an emotional 
situation from either a first or third person perspective. The MMT-emotion was 
used as a measure of the socio-emotional network in Steinberg’s model (2007). 
The second version, MMT-action, requested participants to evaluate the conse-
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quences of events or behavior. The MMT-action was used as a measure of the 
cognitive control network in Steinberg’s model (2007). Additionally, the Tower 
task of the Delis-Kaplan Executive Function System battery (D-KEFS; Delis et 
al., 2001a) was administered. The Tower task measured executive functions 
such as spatial planning. It was used as a more traditional measure of the cogni-
tive control network (Steinberg, 2007).   
 Along with the absence of quantitative measures of pubertal phase, discrep-
ancies between above-mentioned developmental studies may also reflect a lack 
of experimental control over inter-individual differences. Age-extrinsic factors, 
such as sex and level of parental education, are important to consider as they are 
associated with cognitive development. Sex is known to influence the rate of 
structural brain development as girls reach peak grey matter thickness a few 
years earlier than boys (Blanton et al., 2004; De Bellis et al., 2001; Giedd et al., 
2006). On the behavioral level, some studies showed a superior performance by 
girls on verbal tasks and tasks involving empathy and theory of mind, whereas 
boys were superior on spatial tasks especially on mental rotation (Baron-Cohen, 
2002; Burman et al., 2008; Linn & Petersen, 1985; Wassenberg et al., 2008). 
However, these sex differences have not been consistently found (Anderson, 
2002; Clark et al., 2006). Another important factor is the level of parental educa-
tion. Higher levels were associated with higher performance on verbal and ex-
ecutive functioning tasks (Ardila et al., 2005; Hoff, 2003; Klenberg et al., 2001). 
Finally, the neuropsychological changes accompanying puberty are a third factor 
worth studying. This is because changing sex hormones during puberty have 
been associated with changes in the limbic system. These result in changes in 
arousal and emotions as well as increased sensation seeking and risk-taking 
behavior (Martin et al., 2002; Nelson et al., 2005). Until recently, the effect of 
puberty on tasks measuring cognitive control has received limited attention 
(McGivern et al., 2002). Moreover, reliable measures of pubertal development 
are often lacking in adolescent research (Dorn et al., 2006). Because the differ-
ent pubertal phases were all represented in the boys in our sample, the present 
study examined as a minor research question the influence of pubertal phase on 
both emotional and cognitive functions in boys. Unfortunately, the influence of 
puberty could not be examined in girls in the present study, as the majority of 
girls were already postpubertal within the age range studied here. In this study 
we investigated the influence of two age-extrinsic factors, i.e. sex and puberty in 
boys, on the mentalizing and Tower tasks, as these factors are assumed to influ-
ence the developmental trajectories.  
 In sum, the aim of the present study was twofold. First of all, the develop-
mental trajectories of the socio-emotional in comparison with the cognitive con-
trol network throughout adolescence were examined. The mentalizing task 
which involved emotional situations (MMT-emotion) was used as a measure of 
socio-emotional processes; whereas both the mentalizing task evaluating conse-
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quences of events or behavior (MMT-action) and the D-KEFS Tower task were 
used as measures of cognitive processes. We hypothesized that the development 
on the MMT-emotion would be complete prior to the MMT-action and Tower 
task. Secondly, the influence on these tasks of two age-extrinsic factors, i.e. sex 
and puberty in boys, was studied. The level of parental education was controlled 
for. Sex-specific developmental trajectories were expected for both the socio-
emotional and cognitive control functions. Furthermore, in boys the pubertal 
phase was hypothesized to primarily influence socio-emotional functioning as 
measured with the MMT-emotion. 

Method 

Participants 

Participants were recruited through advertisements and information talks from 
secondary schools and a university, in the southern region of the Netherlands. 
Participants received an information package, containing a letter about the pur-
pose of the study, an informed consent form and a short questionnaire about 
demographic, developmental and medical variables. In the case of participants 
aged 17 or less, informed consent was also obtained from the parents. Due to 
summer holidays, the data were collected in two waves, with the first wave in 
May-June 2007 and the second wave in October-December 2007. Participants in 
the seventh (13/14 year-olds), ninth (15/16 year-olds) and eleventh (17/18 year-
olds) grades of pre-university education and in the first year of university (19/20 
year-olds) were recruited in the first wave. In order to incorporate similar mean 
ages in the second wave, participants of the same cohort who had not yet par-
ticipated were approached in the next school year. All participants were free 
from developmental, psychiatric or neurological abnormalities. They had never 
repeated or skipped a grade and did not use medication that could influence 
cognitive functioning (such as methylphenidate); those using medication for 
asthma were included.  
 A total of 252 participants (121 boys and 131 girls) were included of which 
46.0% in the first wave. These participants were split up into four age groups as 
follows: group 1 (N=70, mean age = 13.34, SD=0.40), group 2 (N=67, mean age 
= 15.33, SD=0.33), group 3 (N=58, mean age = 17.38, SD=0.39) and group 4 
(N=57, mean age = 19.62, SD=0.51). The proportion of boys and girls did not 
differ between age groups (χ2

(3)=1.42; p=.701). Level of Parental Education 
(LPE) was based on the parent with the highest level of education, measured 
with a commonly-used Dutch education scale (Directoraat-Generaal voor Ar-
beidsvoorziening, 1989; Kalff et al., 2001). One parent-pair (0.4%) had a low 
level of parental education, 79 parent-pairs (31.3%) had a moderate level, and 
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172 (68.3%) parent-pairs had a high level of education. Because only 1 parent-
pair had a low level of education, level of parental education was scored di-
chotomously: middle (elementary school to general secondary education) versus 
high (high vocational education to doctoral degree). Level of parental education 
differed between age groups (χ2

(3)=11.69; p=.009). The percentage of parents 
with a middle education was lower in group 4 compared with the three other 
groups (respectively p=.001 versus group 1; p=.009 versus group 2 and p=.011 
versus group 3). Therefore, LPE was included as a covariate in further analyses.  

Procedure 

All participants were tested individually in a separate, quiet room. Testing was 
performed by well trained researchers or research assistants. Administration of 
the test battery took approximately 90 minutes. Tests were taken in the same 
order and consisted of two versions of the mentalizing task (MMT), three sub-
tests of the Delis-Kaplan Executive Function System (D-KEFS; Delis et al., 
2001a), and a computerised questionnaire about school and daily functioning. 
Only data from the two versions of the mentalizing task and the D-KEFS Tower 
task are presented in the present paper. The study was approved by the ethical 
committee of the Faculty Psychology and Neuroscience of the Maastricht Uni-
versity.  

Instruments 

The Maastricht Mentalizing Task (MMT) was used to measure the speed of 
mentalizing processes and decision-making about real-life situations. Partici-
pants were presented with hypothetical situations on a computer screen, fol-
lowed by a question. They were instructed to imagine the situation, think of a 
possible answer and press the spacebar when they had done so. They had 15 
seconds to respond, after which the task automatically continued. The elapsed 
time was taken as the dependent variable. If participants did not respond within 
the maximal period of 15 seconds, thinking time was valued as this maximum 
time (incidence = 0.12% of all MMT items). An exception was made for partici-
pants who did not respond to preceding and/or following questions as well. 
These cases may be caused by distraction or confusion and therefore these trials 
were excluded (incidence = 0.07% of all MMT items). Furthermore, thinking 
times below 1 second were considered unreliable and were excluded as well 
(incidence = 0.06% of all MMT items). The two versions of the MMT, MMT-
emotion and MMT-action, both consisted of 72 items, randomly presented to the 
participants. Item examples of both MMT versions will be given in the next two 
paragraphs. Between items a fixation cross was visible for the mean duration of 
2 seconds, fluctuating between 0.5 and 3.5 seconds. The number of characters 
used to describe the hypothetical situation and question were kept between 45 
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and 55 characters. The MMT was programmed in E-prime (Version 1.1; Psy-
chology Software Tools, 2002).  
 The MMT-emotion required participants to think about emotional situations, 
from either a first (36 items) or a third (36 items) person perspective. After the 
participants thought about the hypothetical situation and pressed the spacebar, 
they had to indicate their answer by pressing either the ‘1 (Yes)’ or ‘5 (No)’ 
button on the keyboard. This answer screen was maximally visible for 1.5 sec-
onds and disappeared if the participant pressed ‘1’ or ‘5’. An example of a first 
person perspective, the first item category, is: -hypothetical situation and ques-
tion- ‘During a play you forget your lines. Do you feel embarrassed? –followed 
by answer- Yes/ No’. An example of a third person perspective, the second item 
category, is: -hypothetical situation and question- ‘Your mother sees a rat in the 
kitchen. Will she be afraid? –followed by answer- Yes/ No’.  
 The MMT-action included two item categories, namely items related to 
causal consequences of actions or behavior (36 items) and items related to plan-
ning own behavior and its consequences (36 items). After the participants 
thought about the hypothetical situation and pressed the spacebar, the computer 
gave a possible answer followed by Yes/ No. Participants were asked to indicate 
on a keyboard whether (press ‘1’) or not (press ‘5’) the computer’s answer 
matched their own answer. This answer screen was maximally visible for 2.5 
seconds and disappeared if the participant pressed ‘1’ or ‘5’. This time is longer 
than in the MMT-emotion, because in the MMT-action participants additionally 
had to compare their answer with that of the computer. An example item related 
to causal consequences is: -hypothetical situation and question- ‘You forget to 
water the flowers. What will happen then?–followed by possible answer- The 
flowers wither. Yes/ No’. An example item related to behavioral planning is: -
hypothetical situation and question- ‘You miss the train for an important ap-
pointment. What do you do? –followed by possible answer- You cancel the ap-
pointment. Yes/ No’.  
 The Delis-Kaplan Executive Function System - Tower task (D-KEFS; Delis 
et al., 2001a) was used to measure spatial planning ability. The Tower task is 
typically used to assess executive functions such as planning, rule learning, in-
hibition of impulsive responding, as well as visual-perceptual abilities (Delis et 
al., 2001b). The task required the movement of 5 different-sized disks across 
three pegs in order to duplicate the goal configuration. Participants had to trans-
form the starting state into the goal state in the fewest number of moves possible 
while following two rules: 1) only one disk may be moved at a time and 2) a 
larger disk may not be placed on top of a smaller disk. The task consisted of 9 
items of increasing difficulty consisting of 3 two-disks, 2 three-disks, 2 four-
disks and 2 five-disks items. The 9 items required respectively 1, 2, 3, 4, 7, 9, 
13, 20 and 26 moves. For this study, three parameters were used as dependent 
variables, namely the first-move time (average time to make a first move across 
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all correctly completed items), the mean move time (total time/ total number of 
moves across all correctly solved items) and accuracy (total number of correctly 
solved items). 
 The self-report version of the Pubertal Developmental Scale (PDS; Carska-
don & Acebo, 1993, the originally English version was translated into Dutch) 
was used to measure pubertal status. Good reliability and validity data of this 
scale have been reported (Bond et al., 2006; Petersen et al., 1988). Furthermore, 
pubertal self-reports correlated highly with physician ratings using Tanner 
stages (Carskadon & Acebo, 1993). Questions included in the scale concerned 
growth spurt, body hair growth and skin changes. Additionally, sex-specific 
questions assessed breast growth and menarche for girls, and voice change and 
facial hair growth for boys. Items were rated on a 4-points scale, ranging from 1 
(maturation not started) to 4 (maturation completed). Menarche was scored di-
chotomously as yes (4 points) or no (1 point). Total scores on 3 questions (for 
boys: body hair growth, voice change, facial hair growth; for girls: body hair 
growth, breast development and menarche) were recorded in five stages: 1) 
prepubertal, 2) early pubertal, 3) midpubertal, 4) late pubertal and 5) postpuber-
tal, according to Crokett and colleagues (1988 in: Carskadon & Acebo, 1993). 
For the present study these five stages were recoded into three stages, prepuber-
tal (1, 2), pubertal (3) and postpubertal (4, 5), in order to get an equal distribu-
tion of the number of participants over all stages.  

Statistical analysis 

The statistical package SPSS 16.0 was used for all analyses. Before statistical 
analyses, logarithmic transformations were conducted on all thinking and reac-
tion time variables to meet the criteria for normality. First of all, developmental 
patterns and the influence of sex were determined. For the two MMT-versions, 
an analysis of covariance (ANCOVA) was conducted with age group (4 levels) 
and sex (2 levels) as between-subject variables, item category (4 levels) as 
within-subject variable, and LPE (2 levels) as a covariate. For first-move time 
and mean move time on the Tower task, an ANCOVA was used with age group 
(4 levels) and sex (2 levels) as between-subject variables, speed measure (2 
levels) as within-subject variable, and LPE (2 levels) as a covariate. Accuracy 
on the Tower task was analysed with a non-parametric Kruskal-Walis test due to 
non-normality. If statistically significant effects were found, post hoc compari-
sons were performed. Additionally, polynomial trend analyses were performed 
for all dependent thinking and reaction time variables to determine whether the 
developmental patterns showed a linear and/or a quadratic course. The alpha 
value was set at .017 for these analyses after Bonferonni correction. 
 Secondly, the effect of pubertal phase on mentalizing was tested in a sub-
sample that included only boys from group 1 and 2. This sub-sample was se-
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lected because of the specific age window in which there was enough variation 
in pubertal scores and a reflection of all pubertal phases. Girls were excluded 
because they barely showed variation in pubertal phase, as the majority of girls 
were already postpubertal at the time of assessment. The percentage of postpu-
bertal girls in the 4 age groups was respectively 61.8%, 100%, 97.1% and 100%. 
Because pubertal phase is strongly related to age group, both variables were 
included in the analyses. The influence of pubertal phase on the two MMT-
versions was examined with an ANCOVA with pubertal phase (3 levels) as 
between-subject variable, item category (4 levels) as within-subject variable, 
and age group (2 levels) as a covariate. If statistically significant effects were 
found, post hoc comparisons were performed. Additionally, polynomial trend 
analyses were performed for all variables to determine whether puberty had a 
linear and/or a quadratic influence. The alpha value was set at .05 for the pu-
berty analyses. 

Results 

Developmental patterns and sex differences  

In case of the MMT participants were excluded from further analyses if they had 
not pressed the spacebar 4 or more times, as a consequence of which the think-
ing time had to be filled in with the maximum 15 seconds for these items. Five 
participants (1.98%) were excluded from MMT analyses. 
 With regard to the MMT, a significant main effect for age group (F(3, 

239)=5.65; p=.001), sex (F(3, 239)=9.34; p=.003) and item category were revealed 
(F(3, 239)=11.66; p<.001; Figures 1 and 2). The interaction effect age group x item 
category was not significant (F(3, 239)=1.50; p=.144), suggesting that the devel-
opmental trajectories of the MMT-emotion and MMT-action did not differ. Post 
hoc comparisons showed that the oldest age group mentalized faster than the 
youngest age group (p<.001) and also a trend for faster mentalizing compared 
with age group 2 was found (p=.021). The trend analysis confirmed these results 
by showing a linearly decreasing trend over age groups for mentalizing speed 
for emotions related to both self (F(3, 239)=31.39; p<.001) and others (F(3, 

239)=26.62; p<.001) and for items related to causal consequences (F(3, 239)=7.73; 
p=.006) and to behavioral planning (F(3, 239)=6.31; p=.013). The quadratic trend 
was not significant for any of the item categories. Additionally, boys needed 
more time to mentalize about both emotional situations and consequences of 
events and behavior than girls (p=.003). Furthermore, the mean thinking time for 
items related to behavioral planning was the longest (respectively p<.001 versus 
first person emotional items, p<.001 versus third person emotional items, and 
p<.001 versus causal consequences items), followed by thinking time for items 
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Figure 1: Mean thinking time on MMT-emotion with error bars indicating standard error of 
the mean 
 
related to causal consequences (respectively p<.001 versus first person emo-
tional items and p=.001 versus third person emotional items). In addition, think-
ing time for emotional items requiring a third person perspective were longer 
compared with items requiring a first person perspective (p<.001). Neither LPE 
nor any other interaction term was significant. 
 In the case of the D-KEFS Tower task ten participants were excluded who 
were familiar with and trained in the Tower or similar tests due to computer 
games. Additionally, extreme outliers with a mean score of 3 standard devia-
tions below or above the total mean were excluded from further analyses to meet 
the criteria for normality. In total, eighteen participants (7.14%) were excluded  
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Figure 2: Mean thinking time on MMT-action with error bars indicating standard error of the 
mean    
 
for first-move time and mean move time, and ten (3.97%) for accuracy on the D-
KEFS Tower task.  
 With regard to the move time on the D-KEFS Tower task, the ANCOVA 
showed a significant age group x speed measure interaction effect (F(3, 222)= 
6.95; p<.001). Posthoc analyses revealed a main effect for age group on the first-
move time (F(3, 222)= 5.91; p=.001) but not on mean move time (F(3, 222)= 2.61; 
p=.053). The oldest age group thought longer before they made their first move 
than the three younger age groups (respectively p=.001 versus group 1; p=.011 
versus group 2 and p=.006 versus group 3), which did not differ from each 
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other. The trend analysis showed a linear (F(3, 222)= 12.04; p=.001) trend for first-
move time over age groups. Trend analysis for mean move time showed no 
significant results. Additionally, the ANCOVA and trend analysis were repeated 
separately for easy (item 1 to 4) and difficult (items 5 to 9) items. For the easy 
items both the ANCOVA and trend analysis revealed no significant age group 
effects. For the difficult items the age group x speed measure interaction effect 
was confirmed (F(3, 222)= 6.64; p<.001) with a main effect for age group (F(3, 

222)=7.19; p<.001) and a linear trend over age groups (F(3, 222)=14.60; p<.001) for 
the first-move time. Furthermore, neither sex, nor LPE or any other interaction 
term was significant. 
 Accuracy did not differ between age groups (χ2

(3)=2.63; p=.453), so groups 
did not differ in the number of items of the Tower task they solved correctly. 
The results remained unchanged also when analyses were repeated separately 
for easy (item 1 to 4) and difficult (items 5 to 9) items. 

Influence of pubertal phase 

The sub-sample used for the puberty analyses consisted of 69 male participants 
from age group 1 and 2, distributed over the three puberty stages: prepubertal 
(N=25), pubertal (N=28) and postpubertal (N=16). The distribution of pubertal 
stages was different for the two age groups (χ2

(1)=48.88; p<.001). Within age 
group 1 the majority of participants were prepubertal or pubertal, whereas within 
age group 2 the majority of participants were pubertal or postpubertal. Consis-
tent with this, there was a positive correlation between pubertal stage and age 
group (r=.737 ; p<.001). To estimate the independent contribution of puberty on 
thinking times, both pubertal phase and age group were included in the AN-
COVA.  
 The ANCOVA for the MMT revealed a main effect for pubertal stage (F(1, 

67)= 3.18; p=.048). Post hoc analyses showed that participants in the prepubertal 
phase needed more time to think of an answer than participants in the postpuber-
tal phase (p=.042). Additionally, trend analysis showed a linear decrease in 
thinking time over increasing pubertal phases for emotional items requiring a 
first person perspective (F(1, 67)= 5.44; p=.023), for items related to causal conse-
quences (F(1, 67)= 4.81; p=.032) and to behavioral planning (F(1, 67)= 7.09; 
p=.010). The trend analysis for emotional items requiring a third person perspec-
tive (F(1, 67)= 2.08; p=.154) as well as the effect of age group (F(1, 67)= 1.40; 
p=.241) were not significant.  
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Discussion 

The present findings showed that both emotional and cognitive processes de-
velop further through late adolescence, as assessed with an experimental mental-
izing task (MMT-emotion and MMT-action) and the D-KEFS Tower task. 
However, emotional and cognitive processes did not show differential develop-
mental trajectories. Furthermore, age-extrinsic factors proved to be of impor-
tance in these developmental patterns. Girls outperformed boys in mentalizing 
speed with regard to both emotion and action, but they did not outperform boys 
on the Tower task. In boys, a later pubertal phase was associated with increased 
mentalizing speed. 
 The first aim of the present study was to examine developmental trajectories 
of emotional in comparison with cognitive processes. We found no evidence for 
differential developmental trajectories as hypothesized based on theoretical 
models (Casey et al., 2008; Steinberg, 2008). Thus, the hypothesized earlier 
maturation of emotional in comparison with cognitive control processes was not 
confirmed for the ability to evaluate emotional situations from either a first or a 
third person perspective as measured here. However, differential developmental 
trajectories might still play a role in other emotional implementations compared 
with cognitive control as shown in other studies (Galvan et al., 2006; Gardner & 
Steinberg, 2005). Gardner and Steinberg (2005) revealed that risk taking of ado-
lescents is more influenced by the presence of peers than that of adults and 
Galvan and colleagues (2006) showed enhanced nucleus accumbens activity but 
a less mature response in prefrontal control regions during reward in adolescents 
compared with adults. In both cases, adolescents are compared with adults more 
sensitive to socio-emotional arousal (e.g. peers, reward) at the expense of the 
regulatory effectiveness of the still immature cognitive control network. The 
discrepancy between these and the present findings can be explained by differ-
ences in the implementation of emotional processes. In the present study we 
used virtual situations in which emotional situations versus consequences of 
behavior and events had to be evaluated in a laboratory environment, whereas 
the two other studies manipulated the real socio-emotional environment by in-
cluding the presence of peers or different reward magnitudes to the tasks 
(Galvan et al., 2006; Gardner & Steinberg, 2005). 
 The speed of mentalizing for both emotional items and items regarding con-
sequences of events and behavior increased linearly with age. Regarding the 
MMT-emotion, adolescents were able to make faster assessments of emotional 
situations from both a first and a third person perspective with increasing age. 
Overall faster responses were recorded for first compared with third person per-
spectives, independent of age group. Another study on emotional mentalizing 
did find that the reaction time difference between first and third person perspec-
tives decreased with age, which indicates more efficient perspective taking with 
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increasing age (Choudhury et al., 2006). This change might still occur outside 
the age range measured in the present study, as is suggested by other studies 
which used an older adult group, viz. between ages 21 and 24 (Choudhury et al., 
2006; Heatherton et al., 2006; Ruby & Decety, 2004). Participants in the present 
study were instructed to imagine the emotional situation before they answered. 
This contrasts with the study of Choudhury and colleagues (2006), in which the 
instruction was to answer as quickly as possible. This difference in task instruc-
tion could also explain the different findings regarding perspective taking. Stud-
ies that used another measure of emotional processes, for example a face proc-
essing task, also showed improvement throughout adolescence, although the 
course was varying linear and quadratic (McGivern et al., 2002; Thomas et al., 
2007). Future research should further investigate the specific course of emo-
tional development throughout adolescence. Regarding the MMT-action, ado-
lescents needed less time to mentalize about the consequences of actions and 
planned behavior with increasing age. Additionally, more time was needed by 
participants to mentalize about items related to planning their own behavior and 
its consequences compared with items related to the causal consequences of 
actions or behavior. This difference might be caused by a discrepancy in cogni-
tive processing for the two item categories of the MMT-action. Items concerning 
planning behavior and its consequences (for instance going to the supermarket, 
missing a train, needing a new bike) might leave more answer options open to 
consideration than items concerning causal consequences of events and behav-
ior, which are more straightforward (for instance oversleeping, sales, forgetting 
to water flowers). Blakemore and colleagues (2007) did not find behavioral 
differences between adolescents and adults on their mentalizing task. However, 
the tasks differ substantially on two points in the task design. First, in the present 
study open questions were used as opposed to closed questions by Blakemore 
and colleagues (2007). Second, this study is based on the thinking time taken 
between the hypothetical situation screen and key press for the end of the think-
ing process; whereas Blakemore and colleagues (2007) used the reaction time 
taken as the time between the answer screen and the key press for the answer. 
We opted for thinking time instead of real reaction speed to imitate real-life 
situations and measure cognitive processes such as working memory, weighing 
pros and cons, and selecting one behavior option. The MMT could be improved 
for future research in order to optimize the direct parallel between the emotion 
and action version by using the same situations, the exact same task design and 
timing and comparable item categories. 
 With respect to the D-KEFS Tower task, the present findings suggested that 
only one measure improved into late adolescence, namely the planning time 
needed to make the first move. Accuracy and mean move times already stabi-
lized in early adolescence viz. at ages 12-13. The oldest age group thus seemed 
to use a different strategy and approach to solve these spatial problems com-
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pared with the three younger age groups, by thinking longer before making the 
first move. This difference in planning time was caused by the difficult items of 
the Tower task, as there were no developmental differences on the easy items. 
However, this different strategy did not result in a better accuracy score. The 
present findings corresponded to previous research, with most studies showing 
stabilization in adolescence viz. at ages 14-15, for dependent variables of the 
Tower task such as number of moves and time to solve the items (Asato et al., 
2006; De Luca et al., 2003; Huizinga et al., 2006). The number of Tower items 
solved in the minimum number of moves was found to improve into late adoles-
cence until age 21 (Huizinga et al., 2006). However, all three above-mentioned 
studies used the Tower of London task, which consists of three balls and less 
number of moves needed to solve an item than the Tower version used in the 
present study, which consisted of five disks. The more difficult Tower version 
used in the present study was able to show the prolonged development of the 
first-move time into late adolescence. This finding showed that developmental 
differences in adolescence might be subtle, but can be detected using sensitive 
and more complex tasks.  
 The second aim of this study was concerned with the influence of two age-
extrinsic factors on emotional and cognitive development in order to explain 
inter-individual variance. With respect to the influence of the first age-extrinsic 
factor, i.e. sex, we found that boys thought longer than girls on both MMT ver-
sions but did not differ on the Tower measures. Boys needed more time than 
girls to evaluate and judge hypothetical real-life situations, with regard to both 
emotions and the consequences of events or planned behavior. The advantage of 
girls on the MMT-emotion is in line with the literature about social skills and 
decision-making (Baron-Cohen, 2002; Carroll & Chiew, 2006; D’Acremont & 
Van der Linden, 2006). Furthermore, these data match previous findings of girls 
outperforming boys on verbal tasks, for the MMT contained a large verbal com-
ponent (Burman et al., 2008; Wassenberg et al., 2008). On the Tower task a 
superior performance by boys might be expected, given the spatial nature of this 
task (Clark et al., 2006). However, this sex effect was absent in the present 
study. Similarly, sex has been noted as a non-significant factor in Tower per-
formance in other developmental studies (De Luca et al., 2003; Luciana & Nel-
son, 2002).  
 The second age-extrinsic factor considered here, i.e. puberty in boys, did 
influence the thinking time on the MMT after correcting for age group. More 
specifically, the speed of mentalizing with regard to MMT-action items and to 
emotional items requiring a first person perspective increased linearly over in-
creasing pubertal phases and was faster in postpubertal participants compared 
with prepubertal ones. These findings confirm the claim based on theoretical 
models about the importance of puberty within the age-window of adolescence 
(Dahl, 2004; Dorn et al., 2006; Steinberg, 2007). In spite of the expected effects 
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of pubertal phase on emotional processes, we found puberty influences on both 
emotional and cognitive mentalizing items. The linear influence of pubertal 
phase on mentalizing speed found in the present study did not match earlier 
studies, which found a non-linear influence of puberty (Diamond et al., 1983; 
McGivern et al., 2002). However, the study by McGivern and colleagues (2002) 
inferred puberty from the chronological age of participants instead of measuring 
puberty quantitatively. Therefore the present study, which used a self-report 
version of the Pubertal Developmental Scale, is in a better position to evaluate 
the influence of puberty. Because we studied the influence of puberty only in 
boys, future research should extend this research question to larger samples of 
both boys and girls.  
 In all main analyses the level of parental education was controlled for as the 
percentage of high educated parents was higher in group 4 compared with the 
three other age groups. Level of parental education did not influence any of our 
dependent variables. Therefore, it is unlikely that our results have been affected 
by the unequal distribution of parental education over age groups. The absence 
of an association between level of parental education and cognition as suggested 
by others (e.g. Klenberg et al., 2001) might be due to a relatively high mean for 
parental education in this study. Future research should include more adoles-
cents with a lower level of education to further examine this issue. 
 In conclusion, the large cross-sectional study we conducted has indicated 
still ongoing development into late adolescence with regard to mentalizing about 
emotions and about the consequences of events and planned behavior, as well as 
with regard to spatial planning. Performance on all three tasks showed a linear 
developmental pattern throughout adolescence. Our findings did not confirm the 
differential developmental trajectories as hypothesized on the one hand for emo-
tional processes measured with the MMT-emotion, and on the other hand for 
cognitive processes measured with the MMT-action and the Tower task (Casey 
et al., 2008; Steinberg, 2007). Age-extrinsic factors proved to be of importance. 
Sex influenced mentalizing speed concerning real-life situations, with girls out-
performing boys. Moreover, puberty emerged as an important factor to consider 
in adolescent research, as pubertal phase had an effect on mentalizing abilities in 
boys aged 12-15 after controlling for age group. These findings may have impli-
cations for educational practice and pedagogical interventions as they suggest 
that a) emotional and cognitive capacities continue to develop into late adoles-
cence though the changes might be subtle and b) sex and puberty are important 
age-extrinsic factors to consider in adolescents’ development.  
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Abstract 

Developmental neuroimaging results have suggested a progression in focaliza-
tion in functional activations from childhood to adulthood. The mechanisms 
underlying this process are thought to be an age-related decrease in activation 
extent as well as an increased magnitude in task-related areas. The present study 
aimed to evaluate these notions while controlling for confounders that may bias 
towards focalization. We used adolescent subjects in small age ranges. In addi-
tion, head motion corrections were incorporated in statistical analyses and re-
gions of interest were identified for each participant separately to overcome 
inter-individual variability in anatomy and functional organization. Activation 
patterns of 13, 17 and 21 year-old males were compared during the decision 
phase of a challenging and complex gambling paradigm. The BOLD amplitude 
enhanced with increasing age, modulated by task conditions. First, response 
amplitude during difficult, endogenous relative to exogenous decisions in-
creased with age. This decision difficulty effect was most pronounced in 21 
year-olds, both in areas associated with task execution and default mode areas. 
Second, deciding to pass as opposed to gamble exerted more effort in inferior 
frontal and parietal areas only by 13 and 17 year-olds. There was neither an age-
related decrease in activation extent, nor any qualitative shifts in activated areas 
as suggested by the focalization hypothesis. These results suggest that although 
different age groups throughout adolescence engage similar brain areas during 
decision making, the response magnitude in these areas increases with age par-
ticularly during difficult task conditions, providing that confounding factors are 
controlled.  
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Introduction 

The propensity for risk taking and sensation seeking behavior has been shown to 
increase during early and middle adolescence (Steinberg et al., 2008b). Poor 
decision making tendencies in this age group might lead to maladaptive out-
comes such as increased substance abuse and mortality rates (Dahl, 2004; Paus 
et al., 2008; Steinberg, 2008a). This suggests that decision making and its under-
lying neural substrates are subject to development in this period.  
 Neuroimaging research has shown continued maturation and refinement of 
brain structures and connectivity throughout adolescence and young adulthood. 
Age-related changes in grey matter show region-specific, inverted U-shaped 
developmental trajectories assumed to reflect synaptic pruning and/or myelina-
tion. The peak of grey matter volumes is reached earliest in primary sensorimo-
tor areas and latest in higher-order association areas such as prefrontal regions 
(Giedd et al., 2009; Gogtay et al., 2004). Volumes of white matter and the integ-
rity of white matter fibers increase linearly with age, reflecting progressive mye-
lination (Giedd, 2004; Giedd et al., 2009; Giorgio et al., 2010). Furthermore, 
maturational changes have been shown in functional connectivity within brain 
networks known to support cognitive control, such as prefrontal-parietal and 
anterior cingulate-insular connections (Fair et al., 2007; Kelly et al., 2009). 
These networks continue to specialize and reorganize throughout adolescence, 
with an increased functional connectivity between spatially remote cortical ar-
eas. 
 Parallel to this structural maturation, socio-emotional and cognitive abilities 
also continue to develop during adolescence (e.g. Choudhury et al., 2006; Huiz-
inga et al., 2006; Keulers et al., 2010). Cognitive functions, which are the focus 
of the present study, have shown differential rates of maturation. Performance 
on simple aspects of cognition such as response inhibition reaches adult levels in 
early adolescence (Klenberg et al., 2001; Luna et al., 2004; Paus, 2005). On the 
other hand performance on more complex and affective aspects of cognition 
such as working memory and decision making reaches adult levels in middle 
and late adolescence (Hooper et al., 2004; Luna et al., 2004; Steinberg et al., 
2008b). The relation between cognitive performance and accompanying age-
related changes in brain activity has been examined in several studies (e.g. 
Bunge et al., 2002; Crone et al., 2006; Rubia et al., 2006; Scherf et al., 2006; 
Tamm et al., 2002). From these studies a pattern of developmental changes in 
brain activity emerged that has been conceptualized as a shift from diffuse acti-
vation with low amplitudes to more focal activation patterns with greater ampli-
tudes (Durston et al., 2006; Durston & Casey, 2006). This progression towards 
focalization comprises two components. Firstly, the spatial extent of activation 
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decreases with age. This is evidenced by a decrease or even disappearance of 
activation with age across a wide range of brain areas (e.g. Brown et al., 2005; 
Durston et al., 2006; Rubia et al., 2006; Tamm et al., 2002). These areas are 
hypothesized to be uncorrelated to task performance (Durston et al., 2006). Sec-
ondly, the magnitude of activation increases with age in task-relevant brain areas 
(e.g. Brown et al., 2005; Bunge et al., 2002; Durston et al., 2006; Rubia et al., 
2006, 2007; Tamm et al., 2002). These areas are involved in the execution of a 
specific task in adults. 
 Developmental changes in the spatial extent of activation have been exam-
ined using whole brain, voxel-wise group comparison only by a few studies 
(Casey et al., 2002; Durston et al., 2006). Although these studies report a de-
crease in extent of activation with age, this actually concerns very few, small 
voxel clusters where the younger group had significantly more activation than 
the older group. For instance, Durston and colleagues (2006) found only 35 and 
11 voxels, respectively, in their longitudinal and cross-sectional data. Other 
studies examined age-related changes in activation extent by comparing the 
percentage of active voxels within particular task-relevant regions of interest 
(ROIs) (Casey et al., 1997; Galvan et al., 2006; Luna et al., 2001; Scherf et al., 
2006). The results reported are diverse and include both qualitative changes in 
which ROIs are recruited selectively by children or adolescents, and quantitative 
changes in which ROIs are recruited by all age groups but differed in the degree 
of activation. These quantitative age effects comprise linear decreases, linear 
increases as well as non-linear inverted U-shaped changes, depending on the 
particular ROI and study. Moreover, in some studies most of the reported age-
related changes do not survive statistical testing (Luna et al., 2001; Scherf et al., 
2006). Thus, although several studies report age-related changes in activation 
extent, their conclusions are based on small, often not significant age effects, 
confined to the specific ROIs and frequently not consistent with the focalization 
hypothesis. 
 Studies examining developmental changes in the magnitude of activation in 
task-relevant areas have shown inconsistent results. Some studies revealed an 
increase or even the emergence of activation with age in areas that are involved 
in executing a specific task in adults (e.g. Brown et al., 2005; Bunge et al., 2002; 
Durston et al., 2006; Rubia et al., 2006). However, other studies showed de-
creased magnitude of activation with increasing age in task-relevant areas (e.g. 
Booth et al., 2003; Casey et al., 1997; Galvan et al., 2006). Moreover, the re-
ported age-related effects again are subtle. The results do not seem to survive 
statistical significance thresholds that take into account the normally recom-
mended corrections for multiple comparisons (Poldrack & Mumford, 2009). 
Thus, evidence for increased magnitude of brain activation in task critical areas 
as predicted by the focalization hypothesis is inconsistent and the observed ef-
fects are rather small at best.  
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The status of the focalization hypothesis is further obscured because several 
confounding factors stand in the way of drawing firm conclusions regarding its 
validity. First of all, the studies mentioned differ widely in the factor ‘age’. 
Some studies included children (i.e. 7-12 years), adolescents (i.e. 13-17 years) 
and adults (i.e. 18-29 years) (Crone et al., 2006; Galvan et al., 2006; Velanova et 
al., 2008), whereas other studies only compared children (i.e. 8-12 years) with 
adults (i.e. 18-30 years) leaving the period of adolescence out of account (Bunge 
et al., 2002; Booth et al., 2003; van Leijenhorst et al., 2006), whereas still others 
compared adolescents (i.e. 9-17 years) with adults (i.e. 20-40 years) (Ernst et al., 
2005; Eshel et al., 2007; Rubia et al., 2006, 2007). Adolescence is a social-
psychological construct that refers to the transition period between childhood 
and adulthood, although precise age ranges concerning on- and offset are lack-
ing (Spear, 2000). However, using broad age ranges (i.e. 9-17 years) probably 
yield developmentally heterogeneous groups that may well bias the results to-
wards the focalization hypothesis. After all, the contribution of structural brain 
development, socio-emotional changes and pubertal stage in addition to cogni-
tive development, are highly variable (Giedd et al., 2006; Gogtay et al., 2004; 
Nelson et al., 2005). Consequently, the higher heterogeneity in adolescent group 
increases the chance of finding more diffuse and weaker activations, as has been 
reported by some studies (e.g. Eshel et al., 2007; Rubia et al., 2006, 2007).  
 Another important factor that may cloud the results is head motion. Head 
motion causes signal intensity changes due to inhomogeneities in the magnetic 
field, which are unrelated to the task (Friston et al., 1996). This unmodeled sig-
nal variation is added to the measurement error and consequently decreases the 
sensitivity of the fMRI analysis (Friston et al., 1996; Johnstone et al., 2006). The 
amount of head motion during scanning is higher in younger subjects compared 
with adults (Thomas et al., 1999; Velanova et al., 2008; Wenger et al., 2004). 
Thus, a higher amount of head motion in younger age groups reduces the signal 
to noise ratio in these age groups giving rise to reduced magnitude and extent of 
functional clusters. 
 Inter-individual variability in anatomical and functional organization can 
also have a confounding influence on developmental fMRI studies (Brett et al., 
2002; Devlin & Poldrack, 2007; Toga & Thompson, 2007; Uylings et al., 2005). 
Both anatomy and functional activation patterns have been thought to be more 
variable in developing children (Berl et al., 2006; Gaillard et al., 2001; Wilke & 
Holland, 2003). Consequently, group averaging in fMRI may lead in younger 
subjects to a decreased co-localization of cortical areas and consequently to 
reduced magnitude of activation or to a more diffuse activation pattern, thus 
biasing towards the focalization hypothesis (Berl et al., 2006; Manoach et al., 
2000; Manoach, 2003).  
 A last factor that may contribute to the inconsistency of results so far is the 
choice of task used to study cognitive development during adolescence. Most 



CHAPTER 3 

 42 

studies use relatively simple cognitive tasks, although stronger age effects may 
be obtained when a more difficult and challenging task is used, given more pro-
longed developmental trajectories for the latter (e.g. Luciana et al., 2005; Luna 
et al., 2004). In addition, higher cognitive demands in difficult compared with 
simple tasks are associated with increased brain activation (Braver et al., 1997; 
Duncan & Owen, 2000; Stiers et al., 2010), which may influence developmental 
results. Adolescence has traditionally been associated with increased risk taking 
and poor decision making tendencies (Dahl et al., 2004; Steinberg et al., 2008a, 
2008b). Therefore, decision making in the context of a gambling task is likely to 
be a more effective cognitive paradigm for eliciting developmental changes in 
functional organization of the brain. This is confirmed by Eshel and colleagues 
(2007) who found an increased magnitude of activation in prefrontal and ante-
rior cingulate cortices in adults (i.e. 20-40 years; N=16) compared with adoles-
cents (i.e. 9-17 years; N=18). To our knowledge, this is the only study so far 
studying the decision phase of a gambling task in adolescence. So, developmen-
tal changes throughout adolescence in brain activation during the decision phase 
of a gambling task remain largely unknown.  
 In conclusion, it seems that the focalization hypothesis which has often been 
presented in previous fMRI studies as a possible model for development, is not 
strongly founded in empirical evidence as the effects reported in its favor are 
rather weak. In addition, it is not clear whether these weak results are merely a 
biasing effect of confounding variables or whether a genuine focalization effect 
is clouded by noise variables. Therefore, in the present study our aim was to 
investigate the focalization hypothesis while controlling for confounding vari-
ables. First, we used an appealing gambling task in which participants had to 
choose between gambling for one of the two options or passing, and could cu-
mulate points over trials. Second, we selected three homogeneous groups of 
male-only participants within a small age range at three stages of adolescence 
into adulthood, viz. 12/13 year-olds, 16/17 year-olds and 20/21 year-olds, in 
order to reduce developmental heterogeneity. Third, we equated age groups on 
the amount of head motion and modeled sudden head movements explicitly in 
addition to including realignment parameters in the statistical analyses. Lastly, 
we quantified BOLD signal change extent and magnitude in well defined re-
gions of interest identified within each participant’s individual data analysis 
results and performed group comparisons on these measures. This ruled out the 
influence of inter-individual variability in anatomy and functional organization. 
Based on the focalization hypothesis we predicted that: 1) the spatial extent of 
activation decreased with age and 2) the magnitude of activation increased with 
age in task-relevant brain areas. As a measure of activation extent we estab-
lished the percentage of active voxels within several brain regions delineated by 
masks which together covered the entire brain. Magnitude measures were sub-
tracted for several brain areas involved in executing the present gambling task 
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(Stiers et al., 2010). These ROIs corresponded with areas within recently deline-
ated core networks that are involved in task execution regardless of specific task 
demands (e.g. Dosenbach et al., 2007; Duncan & Owen, 2000; Greicius et al., 
2003; Seeley et al., 2007; Sridharan et al., 2008): 1) the Central Executive Net-
work (CEN), 2) the Salience Network (SN) and 3) the Default Mode Network 
(DMN).  

Materials and methods 

Participants and procedure 

Participants in the seventh (12/13 year-olds) and eleventh (16/17 year-olds) 
grades of pre-university education and university students (20/21 year-olds) 
were recruited through advertisements and information talks. All participants 
had normal or corrected-to-normal vision, were free from psychiatric and neuro-
logical abnormalities, never repeated or skipped a grade, did not use medication 
that could influence cognitive functioning and were screened for MRI contra-
indications. Written informed consent was obtained from all participants and 
their parents in case participants aged 17 or less. Participants received travelling 
expenses and a fee of 25 euros. The study was approved by the ethical commit-
tee of the Faculty Psychology and Neuroscience of the Maastricht University. 
From the total 70 participants included in the study, 1 participant had to be ex-
cluded due to a motivational problem, 3 participants because of too few trials in 
one task condition (GAMBLE) and 10 participants due to excessive head motion 
(see section Functional Magnetic Resonance Imaging data – Preprocessing for 
details). This resulted in a final sample of 56 male, right-handed participants 
divided into three age groups as follows: 13 year-olds (N=18, mean age = 12.93, 
SD=0.34, range 12.29-13.66), 17 year-olds (N=21, mean age = 16.99, SD=0.43, 
range 16.34-17.74) and 21 year-olds (N=17, mean age = 21.00, SD=0.60, range 
20.08-21.91).  
 Participants attended a training session on average one week before the scan 
session. The training session served to familiarize participants with the scanning 
environment and procedure, and to practice the experimental tasks using a mock 
scanner. In addition, the youngest age group received a training in the mock 
scanner to reduce motion during scanning (Slifer et al., 1993). Participants 
viewed a cartoon videotape in the mock scanner for 2 x 10 minutes, which was 
halted whenever the participants moved their head more than 4.5 mm. Further-
more, two neuropsychological tests were administered to obtain estimates of 
intelligence. Age groups did neither differ on an estimate of verbal intelligence 
(M=113.39, SD=8.08, F(2, 53)=2.06; p=.14) as assessed with the Peabody Picture 
Vocabulary Test-III-NL (Dunn & Dunn, 2005) nor on an estimate of nonverbal 
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intelligence (M=122.07, SD=4.96, F(2, 53)=0.91; p=.41) as assessed with the Ra-
ven Standard Progressive Matrices (Raven et al., 1998). The Child Behavior 
Checklist and the Youth Self Report were administered in the two youngest age 
groups (Achenbach & Rescorla, 2001), and the Adult Self Report (Achenbach & 
Rescorla, 2003) in the adults group to screen for behavioral problems. All par-
ticipants had scores on the total problem scale of these questionnaires within 1 
SD of the mean of a normative standardized sample. Furthermore, age groups 
did not differ on the total problem scale of the self report versions (F(2, 52)=1.46; 
p=.242). In addition, level of parental education was inquired with a commonly-
used Dutch education scale (Directoraat-Generaal voor Arbeidsvoorziening, 
1989), as higher levels of parental education have been associated with higher 
performance on executive functioning tasks (Ardila et al., 2005; Klenberg et al., 
2001). Fifteen parent-pairs (26.8%) had a moderate level of education (elemen-
tary school to general secondary education) and 41 (73.2%) parent-pairs had a 
high level of education (high vocational education to doctoral degree). Level of 
parental education did not differ between age groups (χ2

(2)=1.19; p=.55).  

Task 

Participants performed an event-related gambling task in which they could de-
cide to either gamble or pass in order to earn as many points as possible. This 
task was originally used in event related potentials studies (Mennes et al., 2008, 
2009), but adapted by Stiers and colleagues (2010) for utilization in fMRI stud-
ies. Here we used this latter version, except for minimal changes in the timing. 
In each trial a horizontal bar divided into two colored parts was presented, indi-
cating the probability of an imaginary token being hidden underneath (Figure 1). 
The proportion of one colored part in relation to the total bar could range from 
5%-95% to 50%-50%. Participants could guess under which part a token was 
hidden, by pressing the corresponding left or right button. Depending on the 
correctness of their choice, points could be won or lost. The points that could be 
won were indicated by a number above the bar and varied randomly between 10 
and 100 points. Below the bar a second number was presented, which indicated 
the points that could be lost. These were systematically linked to the propor-
tional division of the bar, with the most ambiguous proportions (50%-50%) 
coupled with the highest losses (80-100 points). To earn as many points as pos-
sible, participants had to make gambles. However, participants could also 
choose to pass by withholding their response. A pass trial resulted consequently 
in receiving a small 20 points reward. All participants started with 100 points. In 
67% of all trials, the participants received feedback about the trial and an update 
of their total score. The feedback could be positive (‘$$ $$’), negative (‘too 
bad’) or neutral after a pass trial (‘?’). 
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Figure 1: Stimulus sequence and timing of the gambling task. On each trial participants could
decide either to gamble under which color part a token was hidden, or pass. A correct gamble
was rewarded with the points above the bar, whereas an incorrect gamble resulted in loosing 
the point below the bar. Passing resulted in a reward of 20 points. In 2/3 of all trials, partici-
pants received feedback and an update on their total score. The first two trials in this sequence
are exogenous trials in which the decision to gamble (GO) or pass (NOGO) is guided by
stimulus characteristics. The last two trials are endogenous trials due to an uncertain probabil-
ity of winning. The decision to gamble (GAMBLE) or pass (PASS) is guided by the partici-
pant. 
 
The behavioral results from a previous study with this task (Mennes et al., 2008) 
were used to delineate four trial groups along two dimensions: 1) task difficulty: 
exogenous versus endogenous trials depending on whether stimulus characteris-
tics suggested the appropriate choice or not, and 2) task response: gambling 
versus passing trials depending on whether a button was pressed or not. Trials 
characterized by a high probability of winning (80-95%) and a high gain (≥30 
points) in which participants should always gamble were exogenous gambling 
trials (GO). Trials characterized by a gain of 20 or less points in which partici-
pants should always pass were exogenous passing trials (NOGO). Gambling in 
these trials is disadvantageous as participants received a 20 points reward any-
way when passing. Decisions on GO and NOGO trials were relatively easy and 
determined by stimulus characteristics such as the probability of winning and 
points that could be won. These trials are considered to measure exogenous 
decision making. All other trials characterized by an uncertain probability of 
winning (50-75%) and a gain of 30 points or more were considered endogenous 
trials. Endogenous trials were more difficult as it was not immediately clear 
based on the stimulus characteristics which response was the most favorable. A 
final decision in such trials was guided by the participant and required interpre-
tation of different kinds of information such as previous experiences, gain, 



CHAPTER 3 

 46 

gain/loss ratio, total score and internal motivational states. Based on whether the 
participant decided to gamble or pass, these endogenous trials were labeled re-
spectively GAMBLE or PASS.  
 The task comprised three runs of 7.3 minutes and 50 trials each. Each trial 
started with the presentation of the bar for 3.5 seconds. During inter stimulus 
intervals a fixation cross was shown and jittering was applied to these intervals. 
The interval between the presentation of the bar and the start of the feedback 
fluctuated between 0.2 and 2.0 seconds with a mean interval of 1.1 seconds. In 
2/3 of the trials the participants received feedback shown for 1.7 seconds, in the 
remaining cases a fixation cross remained visible for this time period. The inter-
val between the end of the feedback and the start of a new trial varied between 
1.0 and 4.0 seconds with a mean interval of 2.5 seconds.  

Behavioral analyses 

The statistical package SPSS 16.0 was used for the analyses. Reaction times 
were analyzed with analysis of variance (ANOVA) with age group (3 levels) as 
between-subject variable and trial type (2 levels: GO vs GAMBLE) as within-
subject variable. The reaction time data did not violate the parametric assump-
tion of ANOVA. The ratio GAMBLE/ PASS trials, indicative of a tendency to 
gamble, was analyzed using an oneway ANOVA with age group (3 levels) as 
between-subject variable. Total number of points, number of NOGO errors (i.e. 
failure to withhold response by a gain of 10 or 20 points) and negative feedback 
were analysed with a non-parametric Kruskal-Walis test due to non-normality. If 
statistically significant effects were found, post hoc comparisons were per-
formed. 

Functional Magnetic Resonance Imaging data  

Image acquisition 
A Siemens MAGNETOM Allegra 3T MRI head-only scanner was employed. 
Head motion was constrained by the use of foam padding. A total number of 32 
axial slices covering the whole brain including the cerebellum were imaged by 
using a T2*-weighted gradient echo planner pulse sequence (TR = 2000 ms, TE 
= 30 ms, FA = 90, FOV = 224, slice thickness = 4 mm, matrix size = 64 x 64, 
flip angle = 90º). Voxel size was 3.5 x 3.5 x 4 mm. A T1-weighted anatomical 
scan was acquired to aid with spatial normalization (TR = 2250 msec, TE = 2.6 
msec, flip angle = 9°, FOV = 256 mm, slice thickness = 1 mm, matrix size = 256 
x 256, number of slices = 192). Voxel size was 1 x 1 x 1 mm. Slice scanning 
order was ascending interleaved.  
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Preprocessing 
Data were preprocessed using BrainVoyager QX, version 1.9 (Brain Innovation, 
Maastricht, The Netherlands). Images were corrected for slice scan time differ-
ences, followed by rigid body motion correction, high-pass temporal filtering, 
and spatial data smoothing using a Gaussian kernel with a 4 mm full width at 
half maximum. Functional data were coregistered with the anatomical volume 
using rigid body transformation and manual adjustments to obtain optimal fit by 
visual inspection if necessary. Subsequently, both functional and structural vol-
umes were transformed into standard stereotaxic space using Talairach normali-
zation.  
 The degree of head motion during scanning was greater in the 13 year-olds 
compared with the two older age groups on the two most affected parameters 
(Mayer et al., 2007; Yoo et al., 2005), viz translation in the z direction (Tz; F(2, 

63)=5.40; p=.007) and rotation in the x direction (Rx; F(2, 63)=6.77; p=.002). In 
order to control for the confounding effect of head motion we applied 3 correc-
tions to our data. Firstly, head motion within one scan may distort the measured 
fMRI signal by spatial misallocation. Therefore, we identified scans during 
which head motion exceeded a particular threshold, viz absolute motion differ-
ence between 2 successive scans in z direction greater than 0.4 mm (1/10th of the 
voxel size), and rotation around x dimension greater than 0.26 degrees (angle 
corresponding to 0.4 mm z-displacement of frontopolar voxels, assuming the 
rotation point in middle of brain is 88 mm from the anterior end of the brain 
frontal pole (Talairach & Tournoux, 1988)). Task trials (taking into account the 
hemodynamic response function delay) cause signal intensity changes with peak 
BOLD values 5 to 6 seconds after their occurrence. These signal changes may 
overlap in time with head motion a few scans later. Consequently, these signal 
changes are contaminated with within-scan head motion. Therefore, trials in a 
preceding time window of 1 to 8 seconds of the identified scan were modeled as 
an additional event of no interest. Because this procedure reduces the number of 
trials available in the events of interest, we set an upper limit of 25% to the 
number of trials discarded in this way. As a consequence, 4 young adolescents 
and 1 old adolescent were excluded because they exceeded this upper limit. 
After applying this procedure, age groups still differed on the motion parameters 
for the remaining scans, viz Tz (F(2, 58)=2.81; p=.069) and Rx (F(2, 58)=6.93; 
p=.002). Therefore, as a second measure to equate age groups on the motion 
parameters it was unavoidable to exclude an additional 5 young adolescents with 
the largest head motion on the Tz and Rx parameters. This was effective in 
eliminating head motion differences between the 3 age groups, viz Tz (F(2, 

53)=0.61; p=.545) and Rx (F(2, 53)=2.53; p=.089). In total, 10 adolescents were 
excluded due to excessive head motion as mentioned in the participants section. 
Thirdly, head motion between successive scans causes signal intensity changes 
due to inhomogeneities in the magnetic field which are unrelated to the task 
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(Friston et al., 1996). Therefore, we modeled this source of signal variance by 
included the 6 motion parameters as covariates of no interest in our general lin-
ear model (Friston et al., 1996; Johnstone et al., 2006). 

Imaging analyses 
Statistical analyses were performed on individual participants data by using the 
general linear model in SPM5 (Welcome Department of Cognitive Neurology, 
London, UK). The fMRI time series were modeled as series of events convolved 
with a canonical hemodynamic response function. A design matrix was set up to 
model all task conditions of interest (GO, NOGO, GAMBLE, and PASS trials, 
neutral, positive and negative feedback) and the 6 motion parameters. Error 
trials and trials contaminated with head motion were modeled as two separate 
predictors that were ignored in the further analyses.  
 Firstly, age group differences were examined during a global task contrast 
(all 4 trial types pooled > fixation) in the second level analysis of SPM5. This 
analysis was included to promote comparison with other developmental fMRI 
studies. A whole brain, voxel-wise random-effect ANOVA was used with task 
difficulty (2 levels: exogenous vs endogenous) and task response (2 levels: 
gambling vs passing) as within-subject variables and age group (3 levels) as a 
between-subject variable. We reported results of this whole brain analysis using 
a Family Wise Error (FWE<.05), False Discovery Rate (FDR<.05) error cor-
rected level and an uncorrected level of p<.001, all combined with a cluster 
threshold ≥ 5 voxels. If statistically significant effects were found, post hoc 
comparisons were performed. To elaborate this analysis, the whole brain group 
comparison was repeated for the pooled exogenous conditions, pooled endoge-
nous conditions and for the gamble versus pass contrast.  
 Secondly, we performed some analyses to specifically test the focalization 
hypothesis. In these analyses, we gathered brain activation measures within the 
single-subject analysis to rule out inter-individual variability in anatomy and 
functional organization and performed group comparisons on these measures in 
the external statistical package SPSS 16.0. To examine developmental changes 
in the extent of activation, we compared the percentage of task-positive and 
task-negative responding voxels during task performance in several brain areas. 
The Wake Forest University (WFU) Pick Atlas Automated Anatomical Labeling 
(AAL) regions were used to construct 7 main masks in both the left and right 
hemisphere. Some of these main masks were further divided into subregions. 
The frontal mask was divided into dorsolateral, inferior, orbital, medial superior, 
insular and motor regions. The parietal mask and the temporal mask were di-
vided in an inferior, medial and superior region. The limbic, occipital, cerebel-
lum and subcortical masks were not divided. The specific AAL regions used to 
construct each (sub)mask are described in the footnote of figure 2 (Maldjian et 
al., 2003; Tzourio-Mazoyer et al., 2002). These masks were constructed such 
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that no overlap existed and that together they covered the entire brain. The WFU 
masks were transformed from MNI to Talairach space and then matched to each 
participants’ anatomical volume using 12 parameter linear normalization in 
SPM5. Both a positive and a negative functional activation map per trial type 
(GO, NOGO, GAMBLE, PASS) was generated for each individual. A threshold 
of p<.001 (corresponding T=3.25) was used for these activation maps. An un-
corrected threshold was used, because the FDR error correction level varies 
from map to map, whereas the FWE corrected level is too rigorous for individ-
ual data sets. Within each mask, the percentage of active voxels was calculated 
for the 8 activation maps. To determine the extent of activation independent of 
task condition, the mean percentage of active voxels across the 4 trial types for 
both the positive and negative activation maps was computed for each mask. 
This variable was used as the dependent variable. Due to non-normality, group 
comparisons were based on nonparametric randomization tests with 10,000 
permutations using NPFact version 1.0 (May et al., 1993). If statistically signifi-
cant effects were found, post hoc non-parametric comparisons were performed. 
As we directly examined the focalization hypothesis of decreased extent of acti-
vation with age, a one-tailed test of significance was used. For both task-positive 
and task-negative activations, the alpha value was set at .05 for each main mask 
after Bonferroni correction for the 2 hemispheres. If a main mask was further 
divided into subregions, we applied a Bonferroni correction for the number of 
examined subregions. 
 With regard to developmental changes in the magnitude of activation, we 
compared the Percent Signal Change (PSC) in several ROIs. To test the focal-
ization hypothesis of increased BOLD magnitude with age in task-related areas, 
we chose several brain areas that are known to be involved in cognitive task 
performance as ROIs. Meta-analyses of fMRI studies have indicated that several 
brain areas play a crucial role during performance of many cognitive tasks re-
gardless of the specific task demands (Duncan & Owen, 2000; Mennes et al., 
2006; Stiers et al., 2010). Thus, these areas are expected to be active during the 
present gambling task as well, which is indeed the case (Stiers et al., 2010). In 
addition, resting state imaging studies reinforced the idea that these areas work 
together in several networks: 1) the Central Executive Network (CEN; Seeley et 
al., 2007; Sridharan et al., 2008) which largely matches the frontoparietal net-
work described by Dosenbach and colleagues (2007), 2) the Salience Network 
(SN; Seeley et al., 2007; Sridharan et al., 2008) which largely matches the cin-
gulo-opercular network described by Dosenbach and colleagues (2007), and 3) 
the Default Mode Network (DMN; Dosenbach et al., 2007; Greicius et al., 2003; 
Thomason et al., 2008). Three positive responding ROIs were selected as part of 
the CEN: the Inferior Frontal Junction located at the junction of the inferior 
frontal and precentral sulci (IFJ; Cole & Schneider, 2007; Derrfuss et al., 2005; 
Dosenbach et al., 2007), the Inferior Frontal Sulcus around its junction with the 
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inferior segment of the precentral sulcus (IFS; Cole & Schneider, 2007; Derrfuss 
et al., 2005; Dosenbach et al., 2007) and the IntraParietal Sulcus (IPS; Dosen-
bach et al., 2007; Corbetta & Shulman, 2002). Two positive responding ROIs 
were selected as part of the SN: the dorsal part of the Anterior Cingulate Cortex 
(dACC; Amodio & Frith, 2006; Cole & Schneider, 2007; Dosenbach et al., 
2007) and the anterior Insula (aIns; Cole & Schneider, 2007; Derrfuss et al., 
2005; Dosenbach et al., 2007). In addition, two negative responding ROIs as 
part of the DMN were selected: the Posterior Cingulate Cortex (PCC; Dosen-
bach et al., 2007; Greicius et al., 2003) and the lateral Inferior Parietal Cortex 
(lIPC; Dosenbach et al., 2007; Greicius et al., 2003). For guidance of identifying 
these ROIs we used the coordinates of these functional areas as described by 
Stiers and colleagues (2010). The ROIs were identified in each individual data 
set based on task-related signal changes in accordance with known anatomical 
landmarks. A global task contrast (all 4 trial types pooled > fixation) was used to 
indentify these ROIs bilateral for each participant. The final voxels extracted 
were identified based on the local maximum of a functional cluster and a radius 
of 6 mm. Any possible overlap between ROIs was corrected for by adjusting the 
radius, to maximally 4 mm. For each ROI, the average PSC was extracted for 
each of the 4 trial types. Only the 20% voxels with the highest PSC were in-
cluded to make the amplitude assessments maximally independent of the extent 
of activation. For the CEN, SN and DMN separately, an ANOVA was con-
ducted with age group (3 levels) as a between-subject variable and ROI (respec-
tively 3, 2, 2 levels), laterality (2 levels), task difficulty (2 levels) and task re-
sponse (2 levels) as within-subject variables. The assumption of equal error 
variances across groups (Levene’s test) was met for all analyses. Alpha was set 
at .05 for each ANOVA to give maximal sensitivity. If statistically significant 
effects were found, post hoc comparisons were performed. Within the compre-
hensive ANOVAs used, we were primarily interested in developmental changes. 
Therefore, in the results section we will focus on main effects of age group and 
interactions of age group with the other factors.  
 Finally, we examined exploratory brain-behavior correlations as well as the 
correlation between extent and magnitude of activation. The mean PSC of each 
ROI was correlated with the activation extent within the corresponding mask. In 
addition, reaction times, number of NOGO errors and the GAMBLE/PASS ra-
tio, as indications of behavioral performance, were entered into correlation 
analyses with PSC and activation extent. The averaged PSC across task condi-
tions, ROIs and hemispheres was used for each brain network, i.e. CEN, SN and 
DMN. Task-positive and task-negative activation extent averaged across hemi-
spheres was used for each main mask. The statistical threshold was set at p<.05. 
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Results 

Behavioral data 

Table 1 shows the mean and standard deviations of behavioral performance on 
the gambling task for the three age groups separately. The behavioral results 
showed neither developmental differences in impulsivity measured with reaction 
times (F(2, 53)=0.23; p=.79) and NOGO errors (χ2

(2)=4.34; p=.11) nor develop-
mental differences in risk-taking behavior measured with the ratio GAMBLE/ 
PASS trials (F(2, 53)=1.63; p=.21), number of negative feedback (χ2

(2)=4.80; 
p=.09) and total number of points (χ2

(2)=1.71; p=.43). With regard to the task 
conditions independent of age, the ANOVA on the reaction time data showed a 
main effect of trial type, with slower reaction times on GAMBLE compared 
with GO trials (1553.73 vs 1149.76 milliseconds; F(2, 53)=372.00; p<.001). This 
result suggests that for all age groups decision making in endogenous trials was 
more difficult than in exogenous trials. As task performance was comparable 
between age groups, the developmental findings in brain activity were unlikely 
to be confounded by performance differences which removed the need to control 
for performance in the following fMRI analyses (Berl et al., 2006; Manoach, 
2003).  
 
Table 1: Behavioral performance on the gambling task 
 13 year-olds 

N = 18 
17 year-olds 
N = 21 

21 year-olds 
N = 17 

RT GO trials 1199.71 (156.90) 1150.16 (215.36) 1096.39 (192.88) 
RT GAMBLE trials 1538.97 (199.99) 1570.15 (277.92) 1549.07 (290.92) 
ratio GAMBLE/ PASS trials 1.17 (0.44) 1.03 (0.41) 0.91 (0.39) 
total number of points 1791.11 (259.24) 1877.78 (211.32) 1885.68 (176.10) 
number of NOGO errors 0.91 (0.91) 0.65 (0.58) 0.41 (0.53) 
number of negative feedback 2.78 (1.21) 2.01 (1.26) 1.96 (1.33) 
Note. Values are presented as mean (standard deviation). RT= Reaction Time in milliseconds. 

Whole brain analysis 

Task activation 
We identified brain areas underlying the execution of the gambling task, both 
across age groups and for each age group separately. Brain activation patterns 
during decision making were very similar in the 3 age groups. This is illustrated 
in Figure 2 by drawing both positive and negative pooled task effects within 
each age group over one another. Positive brain activations related to decision 
making were found bilaterally in inferior frontal junction, dorsal part of ACC, 
anterior insula and intraparietal sulcus. These coincide with core functional net-
works involved in cognitive task execution (e.g. Dosenbach et al., 2007; Duncan  
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A Positive pooled task effects 

B Negative pooled task effects 

 
Figure 2: Functional activation patterns for the global task contrast per age group, separately 
for (A) positive and (B) negative activation. The functional activation pattern for the 13 year-
olds is presented in red, for the 17 year-olds in bleu and for the 21 year-olds in green. The 
overlap in activation patterns of the 3 age groups is presented in white. Generally, the age 
groups (de)activated the same brain areas during the gambling task: 1= inferior frontal junc-
tion, 2= anterior insula, 3= intraparietal sulcus, 4= dorsal part of anterior cingulate cortex, 5=
lateral inferior parietal cortex, 6= superior temporal gyrus, 7= posterior cingulate cortex.  
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& Owen, 2000; Stiers et al., 2010). Clusters in the lateral inferior parietal cortex, 
superior temporal gyrus and posterior cingulate cortex were deactivated during 
performance of the gambling task. These areas among others have been de-
scribed as part of the default mode network (e.g. Dosenbach et al., 2007; 
Greicius et al., 2003; Stiers et al., 2010). Examination of task (de)activations 
across age groups yielded the same picture of brain areas involved in executing 
the gambling task. These findings confirm that the present gambling task was 
effective in modulating the BOLD signal in functional brain networks, i.e. CEN, 
SN and DMN. 

Age group differences 
The whole brain, voxel-wise analysis revealed one small cluster that signifi-
cantly differed between age groups for the global task contrast at the FWE cor-
rected level (FWE<.05; F=14.13), namely in the lingual gyrus (Talairach coor-
dinates: 15, -81, -3). At the FDR corrected level (FDR<.05; F=10.24) which is 
often applied in random-effect GLM analysis, two additional clusters in the 
dorsal part of ACC (Talairach coordinates: 9, 15, 36) and inferior frontal sulcus 
(Talairach coordinates: 45, 24, 15) differed significantly between age groups. 
Whole brain post hoc comparisons between pairs of groups showed more activa-
tion of both lingual gyrus and dorsal part of ACC in 21 year-olds compared with 
13 and 17 year-olds, who did not differ from each other. Activation of inferior 
frontal sulcus was higher in 17 compared with 13 as well as 21 year-olds.  
 Evaluation of the whole brain group comparison at the uncorrected level 
(p<.001; F=7.14) yielded several clusters with developmental effects (Table 2). 
Post hoc pair-wise group analyses showed that in most of these areas, activation 
increased between ages 13, 17 and 21. As an exception, in inferior frontal and 
intraparietal sulci an inverted U-shaped developmental pattern was found. 
Moreover, activation of the precuneus was higher in 13 and 17 compared with 
21 year-olds (Table 2).  
 We also looked for developmental effects in specific task conditions. These 
results largely coincide with the results described above for the global task con-
trast. At the FWE (FWE<.05; F=14.13) as well as the FDR (FDR<.05; F=10.39) 
corrected level the lingual gyrus (Talairach coordinates: 15, -81, -3) and dorsal 
part of ACC (Talairach coordinates: 9, 15, 36) again manifested small clusters of 
significant group difference, but only for the pooled endogenous conditions 
versus baseline. No other significant developmental effects were found at the 
FWE and FDR corrected significance levels. When the threshold was lowered to 
an uncorrected level of .001, an almost similar pattern of age-related changes 
was seen as in the global contrast (see Table 2 for details).  
 These whole brain analysis results indicate that adolescents activate similar 
brain areas as young adults during decision making. Any existing developmental 
changes in the age range 13 to 21 years are very small at best and do not meet  
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Table 2: Results of the whole brain age group comparison 
Brain area Hem. Talairach coördinates 

      x           y           z 
F Size Post hoc   

dACC R 9 15 36 15.87 10 3 > 1 = 2 exo endo 
IFS L 

R 
-48 
45 

21 
24 

27 
15 

14.63 
12.92 

14 
14 

2 > 1 = 3 
2 > 1 = 3 

exo endo 
endo 

SFS L -24 -12 60 10.33 7 3 > 1   
IPS L -33 -66 39 13.60 9 2 > 1 = 3  endo 
Precuneus R 3 -69 45 10.33 11 1 = 2 > 3 exo endo 
Lingual gyrus R 15 

12 
-81 
-72 

-3 
-6 

19.14 
9.67 

12 
9 

3 > 1 = 2 
2 > 1 

exo  

Cuneus L 
R 

-18 
9 

21 

-84 
-87 
-78 

9 
12 
18 

12.47 
11.23 
10.13 

17 
20 
5 

3 > 1 
3 > 1 = 2 
3 > 2 

exo endo 
endo 
endo 

MOG L -30 -84 6 9.08 5 2 > 1   
Note. The whole brain results for the global task contrast described here are significant at the 
uncorrected level p <.001 (F=7.14) and cluster threshold ≥ 5 voxels. Post-hoc pair-wise group 
comparisons are presented; 1= 13 year-olds; 2= 17 year-olds; 3= 21 year-olds. The age group 
differences that were confirmed for the pooled exogenous conditions and pooled endogenous 
conditions are shown in the last two columns. Size in number of voxels. Hem.= Hemisphere; 
R= right hemisphere; L= left hemisphere; exo= pooled exogenous conditions; endo= pooled 
endogenous conditions; dACC= dorsal part of anterior cingulate cortex; IFS= inferior frontal 
sulcus; SFS= superior frontal sulcus; IPS= intraparietal sulcus; MOG= middle occipital gyrus 

 
the standard statistical requirements that are usually demanded of fMRI re-
search. In the next section we will proceed with more specific and sensitive 
methods that have been used in imaging studies of development to substantiate 
the focalization hypothesis.  

Developmental changes in the extent of activation 

First, we addressed the question whether young adolescents showed more dif-
fuse and extended brain activation than old adolescents and adults. Therefore, 
we counted the number of voxels in specific brain regions that showed a signifi-
cant signal change in any of the relevant task conditions, and compared these 
across age groups. Developmental effects for activation extent were not signifi-
cant for most of the brain regions investigated. An age-related effect of task-
positive activation extent was found only for the inferior parietal cortex (alpha 
level .017 after Bonferroni correction for three subregions in the parietal cortex), 
for both the right (F(2, 53)=4.75; randomization p=.011) and left (F(2, 53)=4.37; 
randomization p=.014) hemisphere (Figure 3). The 13 year-olds showed less 
task-positive activation extent in the inferior parietal cortex compared with the 
17 year-olds in both hemispheres (right randomization p=.003; left randomiza-
tion p=.006) and a trend for lesser activation compared with the 21 year-olds in 
the left hemisphere was found (randomization p=.027). In none of the investi-
gated brain regions age groups differed in task-negative activation extent. Addi-
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tionally, repeating these analyses for task-positive and task-negative activation 
extent during the more difficult, endogenous task conditions yielded the same 
results. 

Figure 3: Mean percentage of task-positive voxels in inferior parietal cortex with error bars 
indicating standard error of the mean. The used masks projected on a brain template and the
mean percentage of task-positive voxels are presented for the inferior parietal cortex. Mask 
and mean percentage of active voxels are presented in black for the left hemisphere and in
grey for the right hemisphere. Significant post-hoc pair-wise group comparisons are denoted 
by horizontal lines with asterisks (p<.005). The 16 masks used were composed of the follow-
ing Automated Anatomical Labeling (AAL) regions: FRONTAL dorsolateral (dorsolateral 
superior and middle frontal gyri), inferior (inferior frontal gyrus opercular and triangular
parts, rolandic operculum), orbital (orbital and medial orbital parts of superior frontal gyrus, 
orbital part of middle frontal gyrus, orbital part of inferior frontal gyrus, gyrus rectus, olfac-
tory cortex), medial superior (medial part of superior frontal gyrus), insula (insula), motor
(precentral gyrus, supplementary motor area), LIMBIC (anterior, median and posterior cingu-
late and paracingulate gyri), PARIETAL inferior (inferior parietal, angular and supramarginal 
gyri), medial (precuneus, paracentral lobule), superior (postcentral and superior parietal gyri), 
TEMPORAL inferior (middle and inferior temporal gyri, middle temporal pole, fusiform
gyrus), medial (hippocampus, parahippocampal gyrus, amygdala), superior (superior temporal
gyrus, superior temporal pole, heschl gyrus), OCCIPITAL (superior, middle and inferior
ccipital gyri, cuneus, calcarine fissure, lingual gyrus), CEREBELLUM, SUBCORTICAL
(caudate nucleus, putamen, pallidum, thalamus). 
 

Developmental changes in the magnitude of activation 

Next, we investigated whether older participants showed larger response ampli-
tudes in task-related cortical areas. ROIs selected based on recent delineation of 
networks involved in cognitive task execution, were defined within each partici-
pant’s functional data.  

Central Executive Network 
Within the CEN, inferior frontal junction, inferior frontal sulcus and intraparietal 
sulcus were selected as ROIs. One young adolescent had no positive responding 
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functional cluster in the area of left inferior frontal sulcus. Therefore, 55 partici-
pants were included in the ANOVA for the CEN. The effects of both task diffi-
culty (F(2, 52 )=4.13; p=.022) and task response (F(2, 52 )=4.38; p=.017) were 
modulated by age group (Figure 4). Greater PSC for endogenous compared with 
exogenous trials was significant in 21 (p=.001) and 17 (p=.017) year-olds, but 
not in 13 year-olds (p=.397). Furthermore, greater activation of CEN areas dur-
ing trials in which participants passed compared with trials in which they gam-
bled was significant in 13 (p<.001) and 17 year-olds (p=. 014), but not in 21 
year-olds (p=.138). These findings suggest that age has a differential effect on 
the neurocognitive processes underlying decision making in the CEN. To the ex- 
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Figure 4: Age-related activation profiles of ROIs during the gambling task. Mean percent
signal changes were shown for each trial type (GO, NOGO, GAMBLE, PASS) in each ROI of
the Central Executive, Salience and Default Mode Networks separately. Effect of task diffi-
culty (exogenous versus endogenous) is presented by the continuous versus dotted lines. The
effect of task response (gambling versus passing) is shown by the black versus grey lines.
Mean and standard deviation of the x, y, z coordinates of the ROIs across all participants 
were: IFJ right 42.9(4.0), 0.9(4.2), 30.0(5.6) and left -46.4(4.1), 1.1(4.4), 31.2(5.3); IFS right 
40.2(5.2), 22.1(7.2), 28.8(5.5) and left -43.0(4.9), 23.4(7.1), 29.1(5.0); IPS right 27.6(5.7), -
54.8(5.2), 47.4(4.3) and left -33.9(5.7), -53.5(16.1), 46.6(4.3); aIns right 30.9(3.2), 15.5(4.2), 
7.3(4.3) and left -32.8(2.5), 16.7(4.1), 8.6(4.1); dACC right 3.4(2.5), 6.2(4.8), 44.8(4.4) and
left -7.2(2.8), 5.6(4.4), 44.5(3.8); lIPC right 41.5(4.6), -63.8(6.1), 32.7(5.6) and left -44.4(3.9), 
-67.7(5.0), 32.7(5.7); PCC right 5.3(3.2), -48.4(5.1), 31.4(6.6) and left -8.9(5.2), -48.9(5.44), 
31.5(8.1). PSC=percent signal change; CEN=central executive network; IFJ=inferior frontal
junction; IFS=inferior frontal sulcus; IPS=intraparietal sulcus; SN=salience network;
aIns=anterior insula; dACC=dorsal anterior cingulate cortex; DMN=default mode network;
lIPC=lateral inferior parietal cortex; PCC=posterior cingulate cortex. 
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tent that increased signal change in CEN areas reflects neurocognitive effort, the 
age effects observed suggest that for younger participants the endogenous rela-
tive to exogenous gambling decision was not more effortful as opposed to 
adults, while at the same time the decision to refrain from gambling did emerge 
as more effortful. 

Salience Network 
The dorsal part of ACC and anterior insula were selected as ROIs within the SN. 
There was a main effect for age group (F(2, 53 )=4.37; p=.017), but also an inter-
action effect for age group x task difficulty (F(2, 53 )=4.26; p=.019). In fact, the 
age effect was such that it increased PSC during endogenous relative to exoge-
nous trials. This effect of decision difficulty was strongest in 21 year-olds 
(p<.001), followed by 17 (p<.001) and lowest but still significant in 13 year- 
olds (p=.011). Likewise, age group differences in SN areas were significant only 
in endogenous trials (p=.005; 13 year-olds<21 year-olds) but not in exogenous 
trials (p=.088). This result suggests that the saliencing effect of a difficult deci-
sion only emerges or is increased with age during adolescence. 

Default Mode Network 
Functional clusters in posterior cingulate and lateral inferior parietal cortices 
were selected as ROIs within the DMN. One young adolescent and two old ado-
lescents had no negative responding cluster in the left or right posterior cingulate 
cortex. Therefore, 53 participants were included in the ANOVA for the DMN. 
Greater deactivation of DMN areas during endogenous compared with exoge-
nous trials was modulated by age group (F(2, 50 )=2.54; p=.037). This task diffi-
culty effect was strongest in 21 year-olds (p<.001), followed by 13 (p=.029) and 
17 year-olds (p=.055). So, in line with the increased signal change with age in 
CEN and SN areas during more challenging decisions, the 21 year-olds also 
show enhanced inhibition of DMN areas during more challenging trials. 

Correlation analyses 

In all positive responding ROIs the mean PSC was positively correlated with the 
task-positive activation extent in the corresponding mask (Table 3). This finding 
suggests that higher PSC are associated with a larger activation extent. This 
association is shown within each ROI, and does not suggest qualitative changes 
in the activation pattern. Similarly, the mean PSC in the negatively responding 
ROIs correlated negatively with the task-negative activation extent in corre-
sponding masks (Table 3). These effects are not age specific, however, as they 
remained significant when we controlled for age. 
 Brain-behavior correlations were only significant in a few brain areas. Task-
positive activation extent in the occipital cortex was associated with faster reac-
tion times (r=-.271; p=.044), and in the limbic cortex with less NOGO errors 
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(r=-.267; p=.047). Task-negative activation extent in the parietal cortex was 
associated with a lower ratio of GAMBLE/ PASS trials (r=-.284; p=.034), 
whereas in the occipital cortex with slower reaction times (r=.267; p=.047). As 
above, these correlation remained (nearly) significant when we controlled for 
age. The mean PSC in each functional brain network was not associated with 
behavioral performance. 
 
Table 3: Correlations between mean percent signal change and activation extent 
ROI Mask Hemisphere r p-value 
Inferior Frontal Junction 
(IFJ) 

frontal 
dorsolateral 

R 
L 

.471 

.305 
<.001 
.022 

Inferior Frontal Sulcus  
(IFS) 

frontal 
dorsolateral 

R 
L 

.480 

.358 
<.001 
.007 

IntraParietal Sulcus  
(IPS) 

parietal 
inferior 

R 
L 

.335 

.534 
.012 

<.001 
dorsal part of Anterior Cingulate 
Cortex (dACC) 

limbic area R 
L 

.474 

.630 
<.001 
<.001 

anterior Insula  
(aIns) 

insula R 
L 

.581 

.445 
<.001 
.001 

Posterior Cingulate Cortex  
(PCC) 

limbic area R 
L 

-.721 
-.441 

<.001 
.001 

lateral Inferior Parietal Cortex  
(lIPC) 

parietal 
inferior 

R 
L 

-.378 
-.612 

.004 
<.001 

Discussion 

The results of the present study confirmed only one aspect of the focalization 
hypothesis after rigorously controlling confounding variables. Functional brain 
activity focalized into task-specific brain areas with increasing BOLD response 
between ages 13 and 21. However, this was not accompanied by a change in the 
number of active voxels in either direction. Nor did we find any qualitative 
shifts in brain areas involved in executing the gambling task. In fact, the brain 
areas engaged in our three age groups were highly similar. 
 A challenging gambling decision task was used to take advantage of the 
later developing decision making abilities (Hooper et al., 2004; Steinberg et al., 
2008b), whereas previous developmental studies often used relatively simple 
cognitive tasks (e.g. Durston et al., 2006; Scherf et al., 2006; Tamm et al., 
2002). The behavioral results on this gambling task indicated that the age of the 
participants did not have an effect on their gambling behavior, neither in the 
speed of decision making nor in making impulsive and risky decisions. This lack 
of differences in gambling behavior between adolescents and adults agrees with 
the results of Eshel and colleagues (2007), although children aged 9 to 12 were 
found to make more errors compared with adults (van Leijenhorst et al., 2006). 
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As is evident from these previous studies as well as our own results, absence of 
behavioral evidence for developmental changes in risk-taking and decision mak-
ing does not preclude the possibility of finding developmental changes in the 
neural mechanism engaged during gambling decisions.  
 The first component of the focalization hypothesis states that during devel-
opment task induced brain activation evolves from diffuse brain activity distrib-
uted over more brain areas than in adults, and also encompasses brain structures 
that are not activated by the same task in adults. Our results could not confirm 
this. In the whole brain analysis we did not find, even at the uncorrected signifi-
cance level, any brain areas that were exclusively active in younger participants. 
In addition, when voxels in various parts of the brain were counted in individual 
data sets, we could not find any systematic decrease in activation extent with 
age. In fact, we found the opposite effect, increased activation extent with age in 
the inferior parietal cortex. Bilateral task-positive activation extent was smaller 
in 13 year-olds compared with 17 year-olds, and borderline significant com-
pared with 21 year-olds in the left hemisphere. Previous studies examining age-
related changes in activation extent showed inconsistent results, with small ef-
fects (e.g. Durston et al., 2006; Galvan et al., 2006; Luna et al., 2001; Scherf et 
al., 2006). Earlier evidence for an age-related shift from diffuse to focal activa-
tion patterns might be mediated by confounding factors. Higher heterogeneity in 
younger age groups due to the use of wide age ranges and more variable anat-
omy and functional organization increases the chance of finding more diffuse 
activation patterns. In the present study these factors were controlled. Further-
more, most of previous studies examined developmental changes in activation 
extent over a wider age range than the present study, revealing the most robust 
differences between children and adults (Galvan et al., 2006; Luna et al., 2001; 
Scherf et al., 2006). In addition, maturational changes in functional connectivity 
supportive of progressive focalization were most pronounced between children 
and adults, with an intermediate pattern for adolescents (Kelly et al., 2009). This 
might suggest that a developmental shift from a diffuse to focal activation pat-
tern might be applicable in comparing children with adults, but not within the 
period of adolescence.  
 The focalization hypothesis further states that the shift from diffuse activa-
tion towards activity confined to task-related areas is accompanied by an in-
crease in BOLD response in these areas. A few of these emerged in the whole 
brain group analysis. Activation in the dorsal part of ACC and lingual gyrus was 
stronger in 21 year-olds compared with 13 and 17 year-olds at the FDR cor-
rected level. In addition, exploring age-related differences at the uncorrected 
significance level revealed increased response amplitude with age as well in 
superior frontal sulcus and several occipital areas. This developmental effect 
was further confirmed in the analysis of percent signal change in selected re-
gions of the major task-related brain networks. In areas of task positive net-
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works, central executive as well as salience network, the BOLD response was 
enhanced with increasing age and similarly, areas of the default mode network 
were more deactivated with age. The age-related increase in response amplitude 
was shown during the difficult, endogenous trials. A possible explanation for 
this gradual increase in BOLD strength could be the gradual maturation of the 
areas in these distributed functional networks during adolescence. This is in line 
with the observed region specific changes in cortical density, with prolonged 
maturation of dorsal parietal, dorsal and medial prefrontal areas during and post 
adolescence (Gogtay et al., 2004; Sowell et al., 1999; Sowell et al., 2001). Matu-
ration most likely also takes the form of maturing connectivity, with more effec-
tive long range connections being installed in the course of adolescence (Fair et 
al., 2007, 2008; Kelly et al., 2009). Although the areas within brain networks 
might be available in children and adolescents, the way these areas are con-
nected functionally is still immature and inefficient compared with adults.  
 The intensification of the BOLD response in task-related areas with increas-
ing age was modulated by task conditions. The main developmental pattern that 
we observed in the present study was an increase in response amplitude with age 
during endogenous relative to exogenous decision trials, and a complementary 
increased deactivation of the DMN areas. This effect of task difficulty was most 
pronounced in 21 year-olds and to a lesser extent or not at all established in the 
two younger age groups. These findings agree with previous studies showing 
that in adults the cortical response to increased task difficulty involves the same 
network of brain areas working harder (Duncan & Owen, 2000; Gould et al., 
2003). Our developmental finding that this task difficulty effect matures during 
adolescence is confirmed by O’Hare and colleagues (2008), who did not observe 
it in children aged 7-10. This general developmental pattern is in CEN areas 
complicated by an additional interaction effect of age and task response. The 
response amplitude in CEN areas was enhanced during passing compared with 
gambling trials in 13 and 17 year-olds, but not in 21 year-olds. The CEN areas, 
inferior frontal junction, inferior frontal sulcus as well as intraparietal sulcus, 
have been associated with response inhibition (e.g. Garavan et al., 1999; Sim-
monds et al., 2008). This finding suggests that inhibiting risky behavior takes 
more effort in adolescents than young adults, which corresponds with the in-
creased tendency to risk taking behavior during adolescence (Steinberg et al., 
2008b). In 13 year-olds the CEN response was determined solely by the decision 
to gamble or pass, whereas in 21 year-olds the CEN response was solely deter-
mined by whether the decision was exogenous or endogenous. The 17 year-olds 
held an intermediate position, showing CEN response modulation by both task 
difficulty and task response. To the extent that response amplitude can be inter-
preted as a marker for the neural expenditure put into making a decision, this 
result indicates that for 13 year old adolescent boys it is more effortful to decide 
to pass, whereas for young adults it is more effortful to consider endogenously 
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to come to a decision. Such changes can well be mediated by changes in other 
brain structures, possibly involved in socio-emotional processes that develop in 
the course of adolescence (Nelson et al., 2005; Steinberg, 2005, 2008a).  
 As a last consideration we would like to point out that developmental effects 
in the whole brain group analysis were very subtle and did not meet standard 
fMRI requirements for multiple comparison correction when examined within 
the averaged group data. Not until the threshold was lowered from FWE and 
FDR corrected to an uncorrected significance level, which is often applied in 
developmental studies, some more clusters were found to differ between age 
groups. However, using an uncorrected significance level has to be treated with 
great caution as the probability of false positives increases (Bennett et al., 2009; 
Poldrack & Mumford, 2009). Given the subtlety of age effects relative to the 
variability in measured BOLD responses, developmental imaging studies should 
include larger sample sizes than are presently used. The weak developmental 
effects in brain activation were in clear contrast to the strong task induced acti-
vation patterns that were observed in all three age groups. These areas largely 
corresponded with previous neuroimaging studies examining decision making 
(e.g. Botvinick et al., 2004; Paulus, 2005; Smith et al., 2009; van Leijenhorst et 
al., 2006) as well as with the core functional networks involved in cognitive task 
execution (e.g. Dosenbach et al., 2007; Greicius et al., 2003; Sridharan et al., 
2008; Stiers et al., 2010). These robust findings confirm that the gambling task 
was very effective in modulating the measured BOLD signal and that develop-
mental effects were small in comparison.   
 In interpreting the present results, several limitations should be taken into 
consideration. First, our sample was restricted to male participants. Given dif-
ferential trajectories of structural brain development in males and females (e.g. 
Giedd et al., 2006), female adolescents should be included as well in future stud-
ies to examine the influence of sex on the established developmental changes 
underlying decision making. Second, the age range used here covers the 
early/middle adolescence to young adulthood. Future studies should also include 
a child/early adolescent group as well as an older adult group to characterize the 
developmental trajectory in brain activation in a broader age range. Third, we 
excluded 10 adolescents in order to control for the confounding effect of head 
motion. This selection bias may have reduced the generalization of the present 
findings. Nevertheless, we think that grounds for controlling head motion weigh 
heaviest in examining true age effects. Namely, including young adolescents 
with excessive head motion would have reduced the signal to noise ratio in this 
group and consequently overestimated age effects.   
 In sum, we found only partially evidence for the hypothesized progression 
towards more focalized and enhanced activation in task-relevant areas between 
ages 13 and 21 when controlling for nuisance variables. We found no evidence 
for either decreased activation extent or qualitative shifts in activation patterns 
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between ages 13 and 21, but revealed similar activation patterns across age 
groups. Developmental changes in activation magnitude evolved from no differ-
ential response in most task-related areas to an enhanced BOLD response to 
more difficult, endogenous task conditions with increasing age. In addition, 
deciding to pass as opposed to gamble exerted more effort in 13 year-olds.  
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Abstract 

In the present study we examined whether age-related changes in brain activa-
tion are widespread throughout the brain, and whether these changes are inde-
pendent of the particular cognitive function performed. This view on functional 
maturation is based on widespread maturational changes in anatomy and func-
tional connectivity, and contrasts with previous developmental fMRI studies that 
focussed on changes in brain responsiveness associated with particular changes 
in behavior. Next to the traditional, univariate voxel-wise age group compari-
sons, we applied multivariate pattern classification analysis to study develop-
mental changes in brain activation during a simple gonogo task in male adoles-
cents. This multivariate approach was highly accurate in discriminating between 
13 year-olds and respectively 17 and 21 year-olds. The multivariate results sug-
gest that developmental changes are spatially distributed throughout the brain, 
affecting the responsiveness of a wide range of task positive and default mode 
regions. Moreover, these distributed age-distinctive patterns in brain activation 
generalize to different conditions of the gonogo task, and even to a totally dif-
ferent gambling task. This suggests that functional brain maturation in adoles-
cence is independent of the specific cognitive processes executed. In contrast to 
the accurate classification of adolescent age groups by the multivariate analysis, 
univariate voxel-wise analysis revealed few age-related clusters, that only dif-
fered between 13 and 21 year-olds. Thus, multivariate pattern classification 
analysis might be more suited for studying subtle and widespread developmental 
changes in brain activation than an univariate approach. 
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Introduction 

Adolescence is a developmental period between child and adulthood of pro-
found changes in body and behavior. Because adolescents are prone to risk tak-
ing behavior, leading to rising numbers of accidents and early death, as well as 
an increased incidence of behavioral disorders (Casey et al., 2008; Dahl, 2004; 
Steinberg, 2008a), these changes in behavior have often been subject of re-
search. In recent years this research also included many functional neuroimaging 
studies, assuming that these changes in behavior will lead to the markers of 
functional brain maturation that are characteristic for adolescence. For example, 
studies on the late maturation of response control have asked what changes in 
functional activation during response control tasks may be responsible for this 
improved behavioral performance (e.g. Rubia et al., 2006; Tamm et al., 2002). 
Similarly, more recent attempts searched for the neural correlates of adolescent 
changes in social cognition (e.g. Blakemore et al., 2007) and risky decision mak-
ing (e.g. Steinberg et al., 2008b; van Leijenhorst et al., 2010). 
 In contrast to this approach, most studies of anatomical changes underlying 
adolescent brain maturation do not focus on typical aspects of adolescent behav-
ior, but instead look for changes throughout the brain. These structural MRI 
studies typically find widespread changes in both subcortical and cortical struc-
tures, involving mostly association cortices in the major lobes, as well as in 
white matter tracts between them (Giedd, 2004; Giedd et al., 2009; Giorgio et 
al., 2010; Gogtay et al., 2004). In addition, increase in long-range (i.e. between 
spatially remote areas) functional connectivity has been demonstrated in wide-
spread brain networks with age, such as anterior cingulate-insular connections in 
the task positive network and posterior cingulate-ventral medial prefrontal con-
nections in the default mode network (Fair et al., 2007, 2008; Kelly et al., 2009).  
 In the present study we ask whether also at the functional level adolescent 
brain maturation is characterized by widespread changes, rather than changes in 
brain responsiveness associated with the maturation of specific cognitive func-
tions. This alternative view on functional maturation follows the shift in the 
conception of the functional organization of the cortex, from cortical specializa-
tion associated with a particular cognitive function towards widespread func-
tional networks that are involved in a wide range of cognitive functions. Meta-
analyses of neuroimaging studies into specific cognitive functions have shown 
that the same brain areas are active during performance of many cognitive tasks, 
regardless of the specific task demands (Derrfuss et al., 2004; Duncan & Owen, 
2000; Mennes et al., 2006; Stiers et al., 2010). Further evidence supports the 
idea that these areas work together as networks, both during task execution and 



 74 

when the brain is at rest (Cole & Schneider, 2007; Dosenbach et al., 2007; Srid-
haran et al., 2008).  
 To address this question of widespread functional maturation we start from 
the ability to inhibit a prepotent response. Later on we will investigate how spe-
cific these maturational changes are to this particular cognitive function. This 
simple aspect of response control is already acquired by the end of preschool 
years, but performance improvements continue well into early adolescence 
(Huizinga et al., 2006; Luna et al., 2004). Successful inhibition in adults is asso-
ciated with increased activity in a predominantly right lateralized network of 
lateral and medial prefrontal, parietal and subcortical regions (Buchsbaum et al., 
2005; Garavan et al., 2006; Simmonds et al., 2008). The right ventrolateral pre-
frontal cortex in particular has been implicated (Aron & Poldrack, 2005; Gara-
van et al., 2006).  
 Functional MRI studies examining developmental changes in brain activa-
tion associated with response inhibition reported inconsistent results. Some 
fMRI studies have shown an age-related increase in frontal activation during 
inhibition, viz in anterior cingulate cortex and inferior frontal gyrus. These re-
sults suggest that areas specifically involved in response inhibition, are stronger 
activated with increasing age (e.g. Bunge et al., 2002; Rubia et al., 2006, 2007; 
Tamm et al., 2002). However, other fMRI studies demonstrated a decrease in 
activation in frontal areas with age, notably in lateral and medial frontal areas. 
This finding of an initially more diffuse pattern of activation in frontal, task-
relevant areas has been explained as reflecting more cognitive effort in children 
compared with adults during successful inhibition (e.g. Booth et al., 2003; Casey 
et al., 1997; Durston et al., 2002). Moreover, the reported age-related effects are 
subtle, and do not survive statistical significance thresholds that take into ac-
count the normally recommended corrections for multiple comparisons (Bennett 
et al., 2009; Poldrack & Mumford, 2009).  
 The inconsistency in results may partially reflect the intrinsic shortcoming 
of the traditional voxel-wise group comparisons to determine subtle and distrib-
uted changes in brain activation. Univariate voxel-wise analysis requires suffi-
cient signal difference at a single voxel to obtain statistical significance, while 
the developmental changes may comprise of small changes in responsiveness 
distributed over a large number of voxels. That would make multivariate pattern 
classification analysis a more suited approach for developmental studies, be-
cause it takes many voxels simultaneously into account in the search for consis-
tent spatial activation patterns that are maximally discriminant between age 
groups. Given the age-related changes in the configuration of functional brain 
networks (e.g. Fair et al., 2007), it makes sense that studying development in 
terms of changing activation patterns is more sensitive than studying changes in 
individual voxels (Bray et al., 2009). In addition to increased sensitivity (De 
Martino et al., 2008), multivariate pattern classification analysis may also pro-
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vide better consistency. In developmental fMRI studies, statistical differences 
revealed by univariate voxel-wise age group comparisons may reflect true dif-
ferences as well as chance differences in the noise of the data. This might be 
particularly true when the significance thresholds have to be lowered to reveal 
the weak age effects. Consequently, reported age group differences might reflect 
sample specific patterns that do not generalize towards other samples, yielding 
inconsistency across studies. Multivariate pattern classification, on the other 
hand, directly tests generalizability of the age-distinctive pattern learned by the 
classifier to a new data sample that is independent of the training sample. The 
degree of generalizability to the test sample determines the relevance of the 
found pattern.  
 The feature of generalizability also allows us in the present study to address 
in a direct way the question whether age differentiating patterns are specific to 
particular cognitive functions or not. Different task conditions intend to control 
the requirement of specific cognitive processes at particular times during the 
task. By using data from one task condition for training and another task condi-
tion for testing, it can be directly investigated whether the pattern learned is 
specific to the cognitive demands imposed by the different task conditions. 
However, the most rigorous test for the independency of functional maturation 
patters from specific cognitive functions comprises of training the classifier on 
functional data from one particular task and testing it on data from the same 
group of participants performing a completely different task. 
 In the study described here we administered an event related gonogo task to 
three male adolescent age groups of respectively 13, 17 and 21 years of age. 
Participants had to press a response key whenever a letter was presented, but had 
to withhold their response when the nogo stimulus was presented (letter “A”). 
The present task included go oddball next to go and nogo trials. These oddball 
trials required a response comparable to the go trials, but occurred as often as 
the nogo trials to control for the effect of low-frequent occurrence. Next to the 
traditional univariate voxel-wise analysis, we applied multivariate pattern classi-
fication analysis to establish whether age-related functional changes were wide-
spread throughout the brain as indicated by maturational changes in anatomy 
and functional connectivity. In addition, we examined whether developmental 
changes in brain activation are independent from the particular cognitive task 
performed, by investigating whether classification generalizes between the three 
different conditions of the gonogo task. Moreover, we used the fMRI data ob-
tained from the same sample of participants while they performed a challenging 
gambling task (Keulers et al., 2010) and investigated whether the classifier 
trained on the data from the gonogo task was successful in classifying partici-
pants according to age from their functional activation data during the gambling 
task. 
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Materials and methods 

Participants and procedure 

A total of 70 participants from the seventh (12/13 year-olds) and eleventh (16/17 
year-olds) grades of pre-university education as well as university students 
(20/21 year-olds) were included. This sample was also described in a previous 
study, which examined developmental differences during a challenging gam-
bling task (Keulers et al., 2010). Participants were recruited through advertise-
ments and information talks. All participants had normal or corrected-to-normal 
vision, were free from psychiatric or neurological abnormalities, never repeated 
or skipped a grade, did not use medication that could influence cognitive func-
tioning and were screened for MRI contra-indications. Written informed consent 
was obtained from all participants and their parents in case participants aged 17 
or less. Participants received travel expenses and a fee of 25 euros. The study 
was approved by the ethical committee of the Faculty Psychology and Neurosci-
ence of the Maastricht University. Data from 1 participant were excluded due to 
a motivational problem, 2 participants were excluded due to technical problems, 
3 participants due to poor behavioral performance (error rate > 30%) and 7 par-
ticipants due to excessive head motion (see section Functional Magnetic Reso-
nance Imaging data – Preprocessing for details). This resulted in a final sample 
of 57 male, right-handed participants divided into three age groups as follows: 
13 year-olds (N=19, mean age = 12.9, SD=0.3, range 12.3-13.7), 17 year-olds 
(N=21, mean age = 17.0, SD=0.4, range 16.3-17.7) and 21 year-olds (N=17, 
mean age = 21.0, SD=0.6, range 20.1-21.9).  
 Participants attended a training session on average one week before the scan 
session. The training session served to familiarize participants with the scanning 
environment and procedure, and to practice the experimental tasks using a mock 
scanner. In addition, the youngest age group received a training in the mock 
scanner to reduce motion (Slifer et al., 1993). Participants viewed a cartoon 
videotape in the mock scanner for 2 x 10 minutes, which was halted whenever 
the participants moved their head. Furthermore, two neuropsychological tests 
were administered to obtain estimates of intelligence. Age groups did neither 
differ on an estimate of verbal intelligence (M=113.89, SD=8.23, F(2, 54)=2.38; 
p=.102) as assessed with the Peabody Picture Vocabulary Test-III-NL (Dunn & 
Dunn, 2005) nor on an estimate of nonverbal intelligence (M=121.96, SD=5.17, 
F(2, 54)=1.40; p=.256) as assessed with the Raven Standard Progressive Matrices 
(Raven et al., 1998). The Child Behavior Checklist and the Youth Self Report 
were administered in the two youngest age groups (Achenbach & Rescorla, 
2001) whereas the Adult Self Report (Achenbach & Rescorla, 2003) was pre-
sented in the student group to screen for behavioral problems. All participants 
had scores on the total problem scale of these questionnaires within 1 SD of the 
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mean of a normative standardized sample. Furthermore, age groups did not dif-
fer on the total problem scale of the self report versions (F(2, 52 )=1.46; p=.242). 
In addition, level of parental education was inquired with a commonly-used 
Dutch education scale (Directoraat-Generaal voor Arbeidsvoorziening, 1989), as 
higher levels of parental education have been associated with higher perform-
ance on executive functioning tasks (Ardila et al., 2005; Klenberg et al., 2001). 
Fifteen parent-pairs (26.3%) had a moderate level of education (elementary 
school to general secondary education) and 42 (73.7%) parent-pairs had a high 
level of education (high vocational education to doctoral degree). Level of pa-
rental education did not differ between age groups (χ2

(2)=2.66; p=.264).  

Task 

The gonogo task consisted of three letter stimuli (“X”, “B” and “A”) that were 
randomly presented using a fast event-related design. Participants were in-
structed to press the response key every time a letter appeared on the screen, but 
to withhold their response when an “A” appeared. The letter stimuli corre-
sponded to three conditions: GO (“X”), GOoddball (“B”) and NOGO (“A”). In 
60% of all trials, the letter “X” was shown, whereas the letters “A” and “B” both 
appeared in 20% of all trials. The higher percentage of GO stimuli allowed for 
the build up of a prepotent tendency to respond. The GOoddball stimuli required 
a response comparable to the GO trials, but occurred as often as the NOGO 
trials to control for the effect of low-frequent occurrence (Chikazoe et al., 2009; 
Hampshire et al., 2010). Letters were presented visually at the centre of the 
screen, with a duration of 200 ms. During inter stimulus intervals a fixation 
cross was shown and jittering was applied to these intervals. The inter stimulus 
interval varied between 1000 ms and 2000 ms, with an average duration of 1500 
ms. In addition, null-events with the same duration and inter stimulus interval as 
the letter trials were included (33% of all trials) in which the fixation cross re-
mained visible, to allow for better separation of the BOLD responses. The task 
was presented in two runs, each consisting of 260 trials, of which 175 were let-
ters. Duration of each run was 7.48 minutes. The mean and variability of reac-
tion times, errors of omission (misses) and errors of commission (false alarms) 
were recorded. The task was programmed using E-Prime (version 1.1; Psychol-
ogy Software Tools, 2002). 

Behavioral analyses 

The statistical package SPSS 16.0 was used for the analyses. Developmental 
changes in speed (i.e. mean reaction time), intra-individual speed variability (i.e. 
standard deviation of reaction time/mean reaction time (Stuss et al., 2003)) and 
accuracy (i.e. percentage of false alarms and misses) on the gonogo task were 
examined. Regarding the mean and variability of reaction times, two analyses of 
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variance (ANOVAs) were conducted with age group (3 levels) as between-
subject variable and trial type (2 levels: GO vs GOoddball) as within-subject 
variable. The reaction time data did not violate the parametric assumption of 
ANOVA. The number of false alarms (i.e. failure to withhold response on 
NOGO trials) and misses (i.e. failure to react on GO and GOoddball trials) were 
analysed with a non-parametric Kruskal-Walis test due to non-normality. If 
statistically significant effects were found, post hoc comparisons were per-
formed. 

Functional Magnetic Resonance Imaging data  

Image acquisition 
A Siemens MAGNETOM Allegra 3T MRI head-only scanner was employed. 
Head motion was constrained by the use of foam padding. A total number of 32 
axial slices covering the whole brain including the cerebellum were imaged by 
using a T2*-weighted gradient echo planner pulse sequence (TR = 2000 ms, TE 
= 30 ms, FA = 90, FOV = 224, slice thickness = 4 mm, matrix size = 64 x 64, 
flip angle = 90º). Voxel size was 3.5 x 3.5 x 4 mm. A T1-weighted anatomical 
scan was acquired to aid with spatial normalization (TR = 2250 msec, TE = 2.6 
msec, flip angle = 9°, FOV = 256 mm, slice thickness = 1 mm, matrix size = 256 
x 256, number of slices = 192). Voxel size was 1 x 1 x 1 mm. Slice scanning 
order was ascending interleaved.  

Preprocessing 
Data were preprocessed using BrainVoyager QX, version 1.9 (Brain Innovation, 
Maastricht, The Netherlands). Images were corrected for slice scan time differ-
ences, followed by rigid body motion correction, high-pass temporal filtering, 
and spatial data smoothing using a Gaussian kernel with a 4 mm full width at 
half maximum. Functional data were coregistered with the anatomical volume 
using rigid body transformation and manual adjustments to obtain optimal fit by 
visual inspection, if necessary. Subsequently, both functional and structural 
volumes were transformed into standard stereotaxic space using Talairach nor-
malization.  
 The degree of head motion during scanning was greater in the 13 year-olds 
compared with the two older age groups on the two most affected parameters 
(Mayer et al., 2007; Yoo et al., 2005), viz translation in the z direction (Tz; F(2, 

61)=5.89; p=.005) and rotation in the x direction (Rx ; F(2, 61)=6.62; p=.002). In 
order to control for the confounding effect of head motion we applied 3 correc-
tions to our data. Firstly, head motion within one scan may distort the measured 
fMRI signal by spatial misallocation. Therefore, we identified scans during 
which head motion exceeded a particular threshold, viz absolute motion differ-
ence between 2 successive scans in z-direction greater than 0.4 mm (1/10th of the 
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voxel size), and rotation in the x dimension greater than 0.26 degrees (angle 
corresponding to 0.4 mm z-displacement of frontopolar voxels, assuming the 
rotation point in middle of brain is 88 mm from the anterior end of the brain 
frontal pole (Talairach & Tournoux, 1988)). Task trials (taking into account the 
hemodynamic response function delay) cause signal intensity changes with peak 
BOLD values 5 to 6 seconds after their occurrence. These signal changes may 
overlap in time with head motion a few scans later. Consequently, these signal 
changes are contaminated with within-scan head motion. Therefore, trials in a 
preceding time window of 1 to 8 seconds of the identified scan were modeled as 
an additional event of no interest. Because this procedure reduces the number of 
trials available in the events of interest, we set an upper limit of 25% to the 
number of trials discarded in this way. As a consequence, 1 young adolescents 
and 1 old adolescent were excluded because they exceeded this upper limit. 
After applying this procedure, age groups still differed on the motion parameters 
for the remaining scans, viz Tz (F(2, 59)=6.94; p=.003) and Rx (F(2, 59)=5.70; 
p=.005). Therefore, as a second measure to equate groups on the motion pa-
rameters it was unavoidable to exclude an additional 5 young adolescents with 
the largest head motion on the Tz and Rx parameters. This was effective in 
eliminating head motion differences between the 3 age groups, viz Tz (F(2, 

54)=2.53; p=.089) and Rx (F(2, 54)=2.87; p=.065). Thirdly, head motion between 
successive scans causes signal intensity changes due to inhomogeneities in the 
magnetic field which are unrelated to the task (Friston et al., 1996). Therefore, 
we modeled this source of signal variance by including the 6 motion parameters 
as covariates of no interest in our general linear model (Friston et al., 1996; 
Johnstone et al., 2006). 

Imaging analyses 
Statistical analyses were performed on individual participants data by using the 
general linear model in SPM5 (Welcome Department of Cognitive Neurology, 
London, UK). The fMRI time series were modeled as series of events convolved 
with a canonical hemodynamic response function. A design matrix was set up to 
model all task conditions of interest (GO, GOoddball and NOGO trials) and the 
6 motion parameters. Error trials and trials contaminated with head motion were 
modeled as two separate predictors that were ignored in the further analyses.  
 Individual percent signal change maps were created for each condition of 
interest, based on the estimated weights for each of the conditions, and used as 
data for a second level analysis in which subject was treated as a random effect. 
A whole brain, voxel-wise general linear model (GLM) with task condition (3 
levels) as within-subject variable and age group (3 levels) as between-subject 
variable was performed. First, we identified brain areas underlying the execution 
of the gonogo task in a contrast that pooled over task conditions and age groups, 
at the Family Wise Error corrected level (FWE<.05). 

DECODING AGE FROM BRAIN ACTIVATION 



 80 

Second, we examined age group differences using the univariate voxel-wise 
GLM. In order to make the GLM results directly comparable with the multivari-
ate pattern (MVP) classification results, we examined developmental effects for 
each task condition and each pair-wise age group combination separately (i.e. 
GO trials 13 vs. 17 year-olds; GO trials 13 vs. 21 year-olds; GO trials 17 vs. 21 
year-olds; GOoddball trials 13 vs. 17 year-olds; GOoddball trials 13 vs. 21 year-
olds; GOoddball trials 17 vs. 21 year-olds; NOGO trials 13 vs. 17 year-olds; 
NOGO trials 13 vs. 21 year-olds; NOGO trials 17 vs. 21 year-olds). We reported 
results of these analyses using the False Discovery Rate (FDR<.05) error cor-
rected level, which is a less stringent whole brain correction for multiple com-
parisons (Genovese et al., 2002).  
 Third, we applied MVP classification analysis to the percent signal change 
maps from the first level analysis in order to examine differences between pair-
wise age groups, for each task condition. A whole brain approach was applied, 
in which all grey matter voxels were examined simultaneously. Grey matter 
voxels were selected across participants within each pair-wise group compari-
son, first by creating an individual spatially smoothed grey matter mask (Gaus-
sian kernel with 9 mm full width at half maximum), and second by finding the 
common voxels across these individual masks that had a grey matter density of 
at least 0.2 in all masks. The voxels included in the analysis are referred to as 
features. For each participant, the values of the included voxels in the percent 
signal change map were converted to a vector/exemplar and labelled according 
to the age group a participant belonged to. For the MVP classification analysis a 
pattern recognition algorithm was adopted, the Recursive Feature Elimination 
(RFE) (De Martino et al., 2008; Guyon et al., 2002). This strategy belongs to the 
so-called wrapper methods, in which the classifier itself is used to select features 
that appear to be relevant for the classification at hand. For the implementation 
of the algorithm a version of Support Vector Machines called Least Squares 
Support Vector Machines (Suykens et al., 2002) and a linear kernel were 
adopted (http://www.esat.kuleuven.be/sista/lssvmlab/). First, for each task con-
dition and each pair-wise age group combination the dataset was split into N 
folds (N=10 for comparisons between 13 and 17 year-olds, N=9 for 13 versus 21 
year-olds, and N=19 for 17 versus 21 year-olds). A cross-validation approach 
was adopted leaving out data from one fold, functioning as a test set. The re-
maining data were used as training samples and were further divided in S over-
lapping splits (S=3 for comparisons between 13 and 17 year-olds, S=4 for 13 
versus 21 year-olds, and S=3 for 17 versus 21 year-olds). The classifier was 
trained separately in each of these splits in order to establish a mathematical 
function that best discriminates between the age groups. Absolute weights were 
calculated for each feature/voxel, which coded for the importance of each voxel 
to the classification. Subsequently, the average absolute weights across the splits 
was computed. Classification accuracy for this iteration was assessed on the 
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independent test set, not used in the training. Iteratively, the process of training 
and testing the classifier was repeated 15 times, i.e. 15 iterations. The 30% of 
the initial features/voxels with the smallest weights were discarded at each itera-
tion, after which the remaining features/voxels were used as training samples in 
the next iteration. To make the classification result independent of the choice of 
training and test set, we repeated these steps N times, each time leaving out data 
from a different fold as a test set. We generalized the classification performance 
by averaging accuracies over the N folds for each of the 15 iterations. To arrive 
at a final generalization performance we selected the iteration with the highest 
classification accuracy. The N weight vectors obtained at this best iteration were 
mapped to the 3D space and averaged as well. In this way a discriminative map 
was obtained with voxels that appear most discriminative at the majority of the 
N folds, having the highest weights. To evaluate the significance of the acquired 
accuracy values from the described cross-validation, we performed randomisa-
tion statistics with 1000 permutations and cross-validation (Mourão-Miranda et 
al., 2005). In each permutation, the analysis was performed as before but now 
the age group class labels were randomly assigned to the vectors. Accuracies 
from these permutations (at the iteration with the highest classification accuracy 
in the original analysis) that exceeded or were equal to the accuracy obtained 
from the original analysis were counted. Dividing this number by 1000, a p 
value was obtained. 
 Fourth, to examine whether functional brain maturation is specific to a par-
ticular cognitive function or not, we first explored the generalizability of the age 
discriminating patterns to the different conditions of the gonogo task. For each 
pair-wise age group combination, we used percent signal change maps from two 
conditions of the gonogo task as training set, while the maps from the third 
gonogo condition was used as test set. This yielded three folds for cross-
validation, one for each gonogo condition. Second, we established the accuracy 
with which the age discriminative pattern found by training the classifier on the 
gonogo data, allowed to classify the same subjects while performing a very dif-
ferent cognitive task, i.e. a gambling task (Keulers et al., 2010). In this gambling 
task participants had to choose between gambling for one of two options or for 
passing, in order to cumulate as many points as possible (Mennes et al., 2008; 
Stiers et al., 2010). Four trial groups along two dimensions were defined: 1) 
exogenous versus endogenous trials depending on whether stimulus characteris-
tics suggested the appropriate choice or not, and 2) gambling versus passing 
trials depending on whether a button was pressed or not (Mennes et al, 2008). 
For each pair-wise age group combination, the percent signal change maps from 
all three gonogo conditions were used as training set. In addition, the percent 
signal changes maps from the four different task conditions within the gambling 
task were used as test set. There were small differences in participants included 
in either the gonogo (training) or gambling (testing) data. Of the current partici-
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pants included in the gonogo data, three 13 year-olds, two 17 year-olds and two 
21 year-olds were not included in the gambling data. In addition, two 13 year-
olds, two 17 year-olds and two 21 year-olds were included in the gambling but 
not in the gonogo data. 
 Since the MVP classification analysis looks for discriminating voxel re-
sponse patterns between age groups, this approach gives no directional informa-
tion of age-related changes in brain activation. Therefore, we performed regions 
of interest (ROI) based age group analyses to examine the direction as well as 
the specific pattern of developmental changes between ages 13 and 21 in BOLD 
response. A selection of regions that contributed to age group classification were 
picked out. The final ROIs were identified based on the local maximum of a 
cluster combined with a radius of 6 mm, based on the MVP results for the 
pooled gonogo conditions between 13 and 21 year-olds. For each ROI, the aver-
age Percent Signal Change (PSC) was extracted for each of the 3 gonogo condi-
tions. Only the 20% voxels with the highest PSC were included to make the 
amplitude assessments maximally independent of the extent of activation. For 
each ROI, the PSC was compared between age groups by conducting an 
ANOVA with task condition (3 levels) as within-subject variable and age group 
(3 levels) as between-subject variable. The assumption of equal error variances 
across groups (Levene’s test) was met for all analyses. Alpha was set at .05 for 
each ANOVA to give maximal sensitivity. If statistically significant effects were 
found, post hoc comparisons were performed.  

Results 

Behavioral performance 

The behavioral results showed an overall decrease in mean reaction time with 
age (F(2, 54)=13.13; p<.001). The 13 year-olds reacted slower compared with 17 
(p=.022) and 21 (<.001) year-olds, and 17 year-olds in their part were slower 
than 21 year-olds (p=.043). In addition, the ANOVA showed a main effect of 
trial type with longer reaction times on GOoddball compared with GO trials (F(2, 

54)=14.25; p<.001). This suggests that reacting on less frequent GOoddball trials 
is more difficult compared with frequent GO trials. There was no significant 
interaction between age group and trial type. 
 Regarding the speed variability, the ANOVA revealed a main effect for age 
group (F(2, 54)=15.15; p<.001) and an age group x trial type interaction effect (F(2, 

54)=3.67; p=.032). On GO trials the 13 year-olds showed more variability in 
reaction times than 17 (p<.001) and 21 (p<.001) year-olds, whereas on GOodd-
ball trials both 13 and 17 year-olds showed more speed variability compared 
with 21 year-olds (respectively p<.001 and p=.004).  
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The number of misses on GO (χ2
(2)=15.74; p<.001) and GOoddball (χ2

(2)=6.99; 
p=.030) trials decreased with age. The 13 year-olds failed more often to respond 
on GO trials than the 17 (p<.001) and 21 (p<.001) year-olds and on GOoddball 
trials compared with 21 year-olds (p=.017). The number of false alarms did not 
differ between age groups (χ2

(2)=3.67; p=.160).  
 As an age-effect in erroneous responses on NOGO trials was lacking, these 
results do not support the idea of maturation in the ability to inhibit a prepotent 
response during adolescence. Task performance in general, however, does be-
come more efficient as evidenced by decreased mean reaction time, reaction 
time variability and number of misses. 

Brain activation during the gonogo task 

Positive responding areas during performance of the gonogo task were found in 
the anterior cingulate cortex, anterior insula, inferior frontal sulcus, subcortical 
and occipital regions, which have been described as part of task positive net-
works (e.g. Dosenbach et al., 2007; Sridharan et al., 2008; Stiers et al., 2010). In 
addition, the posterior cingulate cortex, superior temporal and parahippocampal 
gyri among others, which have been described as part of the default mode net-
work, were deactivated during task execution (e.g. Dosenbach et al., 2007; 
Greicius et al., 2003; Stiers et al., 2010). These findings confirm that the used 
gonogo task was effective in modulating the BOLD signal in distributed func-
tional brain networks. An overview of all significant activation clusters during 
gonogo performance are reported in Supplementary Table 1. The identified task 
positive and negative responding areas were subsequently used as a reference 
frame to interpret developmental changes in brain activation. 

Developmental effects revealed by the univariate voxel-wise analysis 

Differences in brain activation between age groups during the execution of the 
gonogo task as revealed by the GLM analysis are described in Table 1. These 
univariate voxel-wise comparisons did not find a lot of differences in brain acti-
vation between age groups. The majority of significant clusters was revealed 
between 13 and 21 year-olds, for all three task conditions. Conversely, there 
were almost no clusters that significantly differed between 13 and 17 year-olds 
on the one hand, and between 17 and 21 year-olds on the other hand. The major-
ity of age-affected clusters fall within or partially overlap (i.e. located at the 
border) with the earlier identified task positive and task negative responding 
areas. In addition, a few age-related clusters did not overlap with task related 
areas (Table 1). To further explore developmental effects in the univariate GLM, 
we evaluated the voxel-wise age group comparisons at the uncorrected level as 
well (p<.001; F=11.23; Figure 1). This yielded for each task condition and pair-
wise age group combination only a few, small additional clusters. 
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Table 1: Results of the general linear model pair-wise age group comparisons for each 
gonogo condition compared to rest 
Task 
condition 

Age group 
comparison 

Brain area TAL 
x y z 

Size F-value PFDR 

corrected 

Task 
pos/ 
neg# 

GO 13 vs 17 l precentral sulcus -36 -24 51  6 23.96 .042 pos 
 13 vs 21 r STG 

m SMA 
r cerebellum culmen 
l inf. precentral sulcus 
r thalamus VMP 
r postcentral sulcus 
l parahip. gyrus 
l postcentral sulcus 
l cerebellum culmen 
l trans. temp. gyrus 
m posterior cingulate 

57 -33 15 
0 -15 57 
21 -63 -24 
-51 -9 33 
9 -18 3 
27 -36 51 
-24 -48 -3 
-57 -24 36 
-36 -54 -24 
-45 -30 12 
-6 -45 36 

28 
49 
34 
26 
10 
7 
6 
8 
9 
8 
10 

33.04 
28.95 
26.70 
19.69 
18.98 
17.39 
16.68 
16.26 
16.02 
15.77 
15.24 

.001 

.003 

.003 

.018 

.020 

.027 

.033 

.036 

.038 

.040 

.046 

 
pos 
pos 
pos 
 
neg 
neg 
pos 
pos 
neg 
neg 

 17 vs 21 r cerebellum culmen 21 -63 -24 26 26.99 .017 pos 
GO  13 vs 17 no significant clusters      
oddball 13 vs 21 r lingual gyrus 

r cerebellum 
18 -51 0 
24 -66 -24 

78 
12 

23.13 
21.64 

.048 

.048 
neg 
pos 

 17 vs 21 no significant clusters      
NOGO 13 vs 17 no significant clusters      
 13 vs 21 r IPS 

l SFS 
l inf. precentral sulcus 
m ventral PFC 
r inf. precentral sulcus 
l STG 
r cuneus 

27 -66 33 
-24 36 33 
-51 -6 39 
3 45 3 
39 -6 30 
-60 -39 18 
27 -72 15 

43 
8 
9 
42 
16 
6 
7 

25.33 
24.20 
24.15 
23.99 
23.27 
18.78 
17.47 

.011 

.011 

.011 

.011 

.013 

.031 

.046 

pos 
neg 
pos 
neg 
pos 
 

 17 vs 21 no significant clusters      
Note. # Indication whether activation clusters fall within and/ or overlap with task positive 
responding areas (=pos), task negative responding areas (=neg), or do not overlap with task-
related areas at all (empty). Size in number of voxels. TAL= Talairach coordinates; FDR= 
False Discovery Rate error corrected level; r= right hemisphere; l= left hemisphere; m= me-
dial; STG= Superior Temporal Gyrus; SMA= Supplementary Motor Area; inf.= inferior; 
VMP= ventral medial nucleus of the thalamus; parahip.= parahippocampal; trans.= transverse; 
temp.=temporal; IPS= Intraparietal Sulcus; SFS= Superior Frontal Sulcus; PFC= Prefrontal 
Cortex. 
 
These results confirm that developmental changes in brain activation are subtle 
and often fail to reach significance in univariate GLM, even when lowering the 
statistical threshold. This finding corresponds to the subtlety of reported age 
effects in other developmental fMRI studies. 
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Figure 1: Differences in brain activation between 13 and 21 year-olds during gonogo per-
formance revealed by the univariate voxel-wise analysis. Task positive (white, T=2.44) and 
task negative (grey, T=2.23) responding areas independent of task condition and age group 
are visualized at the False Discovery Rate (FDR) error corrected level. These identified task
positive and negative areas are used as a reference frame to interpret the location of develop-
mental findings. Differences in brain activation between 13 and 21 year-olds revealed by the 
univariate general linear model are presented at the uncorrected level of p=.001 (F=11.23).
Age group differences are presented separately for each task condition: GO (red), GOoddball
(blue) and NOGO (green) trials. 

Developmental effects revealed by multivariate pattern classification analysis 

The MVP classification analysis was applied to the percent signal change maps 
from the first level analysis in order to examine differences between pair-wise 
age groups, for each task condition. 

Classification performance 
The multivariate pattern classification analysis proved to be an effective tool in 
discriminating between adolescent age groups. Classification accuracies per 
iteration for each task condition and pair-wise age group combination, are 
shown in Figure 2. The highest accuracies were obtained in discriminating 13 
from 21 year-olds, for all task conditions (GO: 80.8%; GOoddball: 80.1%; 
NOGO: 84.0%). Of 1000 random permutations only 0.1-0.3% resulted in higher 
accuracy values than the observed ones. 
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A 13 versus 17 year-olds 

 
B 13 versus 21 year-olds 

 
C 17 versus 21 year-olds 

  

 
Figure 2: Mean accuracy per iteration obtained by multivariate pattern classification analysis
for each task condition and pair-wise age group combination. Each graph shows for each 
iteration the mean accuracy over folds for discriminating between respectively 13 and 17
year-olds (A), 13 and 21 year-olds (B), and 17 and 21 year-olds (C). The three columns repre-
sent the task conditions: GO (black), GOoddball (white) and NOGO (striped) trials. The
dotted line represents chance level. The arrows indicate the iteration with the highest accuracy
over folds, for each task condition. The mean discriminative map corresponding with this
iteration was selected, one for each gonogo condition. 
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The actual classification results can therefore be considered statistically highly 
significant (GO: p=.001; GOoddball: p=.003; NOGO: p=.001). Categorizing 13 
against 17 year-olds was correct in 77.5% (p=.004) based on signal changes 
during GO trials, in 68.9% (p=.031) during GOoddball trials and in 70.0% 
(p=.020) during NOGO trials. Lower and non-significant accuracies were ob-
served in discriminating between 17 and 21 year-olds (GO: 62.3%, p>.01; 
GOoddball: 58.8%, p>.01; NOGO: 50.9%, p>.01), suggesting that functional 
maturation mostly takes place between ages 13 and 17. 

Pattern of brain areas contributing to age group classification 
The discriminative weight maps showing the spatial pattern by which age 
groups significantly differ for each task condition are shown in Figure 3A (13 
versus 17 year-olds) and Figure 3B (13 versus 21 year-olds). Voxel clusters 
collectively contributing to age group classification were distributed throughout 
the whole brain, rather than being confined to one or more individual regions. 
First, some of these brain regions are associated with the default mode network, 
as they fall within or partially overlap with task-induced deactivated areas (Fig-
ure 3). These are evident in ventral medial prefrontal cortex, posterior cingulate 
cortex and anterior calcarine sulcus. In addition, discriminating regions were 
found in bilateral temporal and parahippocampal gyri, areas that also have been 
included in the default mode network (Beckmann et al., 2005; Dosenbach et al., 
2007; Greicius et al., 2003). Second, several contributing regions were found 
that fall within or partially overlap with activated areas during execution of the 
gonogo task (Figure 3). For both go conditions, discriminating clusters emerged 
in supplementary motor area, precentral and postcentral sulci, and posterior 
insula, all of which are included in the sensory-motor network as described in 
resting state imaging studies (Beckmann et al., 2005; Damoiseaux et al. 2006; 
De Luca et al., 2006). In addition, voxels in attention related areas of the right 
intraparietal sulcus and frontal eye field (Corbetta & Shulman, 2002; Fox et al., 
2006) contributed to age discrimination. In the visual processing network 
(Beckmann et al., 2005; Damoiseaux et al. 2006; De Luca et al., 2006), areas in 
bilateral fusiform and lingual gyri contributed to age group classification. Fur-
thermore, voxels clusters in areas of the prefrontal cortex associated with sali-
ence and central executive networks (Dosenbach et al., 2007; Sridharan et al., 
2008) were found to contribute to age group discrimination. These included the 
anterior cingulate cortex and anterior insula, although the latter only contributed 
in the 13 versus 17 year-olds comparison. In addition, a cluster was found in the 
left inferior frontal junction, although other areas of the central executive net-
work did not contribute to age group classification. Third, some of the regions 
contributing to age group discrimination did not overlap with positive or nega-
tive task responding areas, namely in the precuneus and left inferior frontal sul-
cus.  
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B 13 versus 21 year-olds  
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Figure 3: Pattern of brain areas contributing to age group discrimination revealed by multi-
variate pattern classification analyses. Task positive (white, T=2.44) and task negative (grey,
T=2.23) responding areas independent of task condition and age group are visualized at the
False Discovery Rate (FDR) error corrected level. These identified task positive and negative 
areas are used as a reference frame to interpret the location of developmental findings. The
30% most discriminating voxels of the weight maps corresponding to the best iteration are
visualized here. Weight maps are presented for, respectively, 13 versus 17 year-olds (A) and 
13 versus 21 year-olds (B), as well as for each task condition separately: GO (red), GOoddball
(blue) and NOGO (green) trials. 
 
These results show that both task positive and task negative brain networks as 
well as brain regions not specifically related to the gonogo task, collectively 
differentiate between activation patterns of 13 versus respectively 17 and 21 
year-olds. 

Elaboration of feature selection parameters 
Because parameters in the MVP classification procedure have an effect on the 
results obtained, we performed the analysis with different settings for initial and 
subsequent iterative feature selection. In the results above, we used multivariate 
feature selection by discarding the 30% least contributing voxels at each itera-
tion (total number of iterations = 15), whereas there was no initial voxel selec-
tion. It has been shown, however, that initial exclusion of functionally non-
responsive voxels (univariate GLM analysis) can significantly improve the per-
formance of the recursive feature elimination procedure (e.g. De Martino et al., 
2008; Ryali et al., 2010). To this end, we repeated the classification analysis for 
the initial non-significant age group comparison of 17 versus 21 year-olds with 
the following settings: 50 iterations and discarding the 10% least contributing 
voxels on each iteration. Moreover, we performed an initial voxel selection 
based on univariate responsiveness (De Martino et al., 2008). Since the optimal 
number of voxels for initial reduction is not known in advance, we established 
the optimal number empirically. We ran a cross-validation within the training set 
of each fold. This consists of repeating the same classification with a different 
number of voxels ranging from the 4000 to the 8000 univariate most responsive 
voxels, in steps of 2000 voxels. The voxel number yielding the highest accuracy 
is selected for each task condition, and subsequently the algorithm was run with 
this optimal amount of initial voxels. Initial voxel selection boosted accuracies 
to a statistical significant level for the 17 versus 21 year-olds classification, with 
the highest accuracies reached in the last iteration steps, i.e. step 49 or 50 (GO: 
70.2%, p=.023; GOoddball: 72.8%, p=.019; NOGO: 67.5%, p=.055). These 
results suggest that the functional activation differences between 17 and 21 year-
olds concern small areas of relatively few voxels, which the classification was 
not able to pick up in the whole brain approach with fewer iterations.  
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Generalizability of age-distinctive functional patterns 

Although the voxel maps in Figure 3 show differences between conditions of the 
gonogo task in voxels contributing to classification, it does not necessarily fol-
low that the discrimination patterns are specific to the different cognitive de-
mands in each of the conditions. The patterns in Figure 3 also reflect the artifi-
cial decision to visualize only the 30% voxels with the highest weights. To di-
rectly test the specificity of the distributed age discriminating patterns for the 
different conditions of the gonogo task, the classifier was trained on percent 
signal change maps from two gonogo conditions and tested on the maps from 
the other gonogo condition, yielding three folds for cross-validation. Classifica-
tion accuracies for all pair-wise age group combinations proved to be very high: 
96.6% for 13 versus 17 year-olds, 95.7% for 13 versus 21 year-olds, and 97.9% 
for 17 versus 21 year-olds. These results suggest that the age-distinctive pattern 
of functional activation is not specific to particular conditions of the gonogo 
task. 
 To investigate the generalizability of the distributed discriminating age pat-
terns over cognitive functions even further, we established the accuracy with 
which the discriminative activation pattern found by training the classifier on the 
current gonogo data, allowed to classify the same participants while performing 
a very different cognitive task. Most of the current participants also participated 
in our previous study with a challenging and complex gambling task (Keulers et 
al., 2010). In this gambling task participants had to choose between gambling 
for one of two options or for passing, in order to cumulate as many points as 
possible. We used percent signal change maps obtained during the four condi-
tions of the gambling task as test set for the classifier trained on the gonogo 
percent signal change maps. This analysis again established high accuracies of 
discriminating between different age groups while performing a very different 
task, namely between 13 versus 17 year-olds (70.1%), 13 versus 21 year-olds 
(78.1%), and 17 versus 21 year-olds (82.9%). This strengthens the hypothesis 
that developmental changes in functional activation concern a general pattern or 
principle, which seems to be largely independent of the specific cognitive task 
performed. 

ROI analyses 

Since the MVP classification analysis does not give information about the direc-
tion of age-related changes in brain activation, we performed ROI-based group 
analyses for a selection of regions that contributed to age group discrimination.  
 In two task-induced deactivated clusters that contributed to age group dis-
crimination, i.e. ventral medial prefrontal and posterior cingulate cortices, PSC 
decreased with age (respectively F(2, 53)=8.05; p=.001 and F(2, 54)=8.40; p=.001). 
The 21 year-olds deactivated these regions more compared with 13 year-olds 

CHAPTER 4 



 91 

(respectively p=.001 and p<.001), with an intermediate position for the 17 year-
olds which failed to reach significance (Figure 4A).  
 From the task positive areas that contributed to age group discrimination, we 
selected several regions from the different positive networks for ROI analysis 
(Figure 4B): viz supplementary motor area, postcentral gyrus, intraparietal sul-
cus, frontal eye field, anterior cingulate cortex and anterior insula. PSC in the 
two motor network areas increased with age, viz supplementary motor area (F(2, 

54)=4.56; p=.015) and postcentral gyrus (F(2, 54)=5.97; p=.005). Postcentral gyrus 
was activated more by 21 and 17 year-olds compared with 13 year-olds (respec-
tively p=.018 and p=.009), whereas only 21 year-olds activated supplementary 
motor area stronger compared with 13 year-olds (p=.021), with an intermediate, 
non-significant position for the 17 year-olds. In the attention-related frontal eye 
field, the BOLD response increased with age as well (F(2, 54)=6.07; p=.004), with 
higher PSC for 21 and 17 year-olds compared with 13 year-olds (respectively 
p=.009 and p=.016). In the second attention-related ROI, right intraparietal sul-
cus, the interaction of age and task condition was significant (F(2, 54)=6.45; 
p=.003). The age effect was strongest during NOGO trials (F(2, 54)=9.18; 
p<.001), followed by GOoddball trials (F(2, 54)=3.94; p=.025) and only borderline 
significant during GO trials (F(2, 54)=3.01; p=.058). Furthermore, enhanced in-
traparietal activation during NOGO compared with GO trials (p=.004) with an 
intermediate, non-significant position for GOoddball trails was only seen in 21 
year-olds and not in 13 and 17 year-olds. The effect of age group on PSC failed 
to reach significance in the areas of the salience network, viz anterior cingulate 
cortex and anterior insula.  
 When repeating all these ROI analyses with reaction time variability as a 
covariate in the ANOVA, the described age group effects in all ROIs remained 
unchanged. This suggests that the age effects in BOLD response can not be 
explained by age differences in general task performance. 
 Thus, task-induced deactivation of default mode areas increased with age. 
At the same time, activation of motor and attention related areas increased, 
while there was no change in typical response control areas. Only in the atten-
tion-related right intraparietal sulcus the age effect was modulated by task con-
ditions, with enhanced activation during inhibition only in 21 year-olds. 
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B ROIs that overlapped with task positive responding areas  
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Figure 4: Percent signal changes in ROIs that contributed to age group classification. In each 
ROI mean percent signal changes are shown with error bars indicating standard error of the
mean, separately for each trial type (GO(black), GOoddball (striped), NOGO (grey)).
vmPFC= ventral medial prefrontal cortex; PCC= posterior cingulate cortex; SMA= supple-
mentary motor area; IPS= intraparietal sulcus; FEF= frontal eye field; dACC=dorsal part of
anterior cingulate cortex. 

Discussion 

In the present study, multivariate pattern (MVP) classification analysis was ap-
plied for the first time in a developmental context with the intention to classify 
subjects based on functional activation maps. This multivariate approach was 
highly accurate in classifying different adolescent age groups based on their 
activation pattern during a simple gonogo task. The highest accuracies were 
obtained for discriminating 13 from 21 year-olds, followed by discriminating 13 
from 17 year-olds, whereas accuracies for discriminating 17 from 21 year-olds 
did only reach significance when we used more optimal parameters for univari-
ate and multivariate feature selection. These MVP classification results show 
that developmental changes are spatially distributed throughout the brain, affect-
ing the responsiveness of a wide range of cortical structures. In addition, these 
findings suggest that the largest distributed developmental changes in functional 
brain activation take place before the age of 17. Age-related changes in func-
tional activation after age 17 are less pronounced. The contributing voxels are 
still distributed across the brain, but their number is smaller. The voxels that 
contributed to age group classification were roughly confined to task-related 
areas, as they fell within or overlapped with brain areas that were either acti-
vated or deactivated during execution of the present gonogo task. Some voxels 
that contributed to age group classification are included in the default mode 
network (Dosenbach et al., 2007; Greicius et al., 2003), whereas other contribut-
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ing voxels can be classified within task positive functional networks, namely 
sensory-motor, attention, visual processing, salience and central executive net-
works. These functional networks have been described within resting state func-
tional imaging and are consistent between subjects and sessions (Beckmann et 
al., 2005; Damoiseaux et al., 2006; De Luca et al., 2006; Dosenbach et al., 
2007). The widespread age-related changes in functional responsiveness of both 
task positive and default mode brain networks correspond with maturational 
changes in functional connectivity between these areas (Fair et al., 2007, 2008; 
Kelly et al., 2009).   
 Moreover, we were able to show that these distributed age-distinctive pat-
terns are not specific to the particular cognitive processes that are executed. The 
age-distinctive pattern based on signal changes during one cognitive process of 
the gonogo task (for instance, response execution in GO trials) is able to accu-
rately predict age group based on signal changes during a different cognitive 
process of the gonogo task (for instance, inhibit a prepotent response in NOGO 
trials). Even stronger evidence for this general principle of functional brain 
maturation comes from the ability to generalize the age-distinctive pattern based 
on one cognitive task to a totally different task. The classifier trained on the 
gonogo data was able to accurately predict age group based on activation pat-
terns during a complex and challenging gambling task. These results confirm 
our initial hypothesis that developmental changes in functional activation con-
cern a general pattern, which is not specific to a particular cognitive function. 
This is in line with widespread maturational changes in brain anatomy in this 
developmental period (Giedd et al., 2009; Gogtay et al., 2004), which have gen-
eral, functional a-specific implications for brain functioning. In addition, age-
related changes in functional connectivity have been shown between areas of 
distributed brain networks, that are activated during task execution regardless of 
the specific task demands (Fair et al., 2007, 2008). 
 With regard to default mode regions that contributed to age group classifica-
tion, task-induced deactivation of these areas increased with age. For example, 
21 year-olds deactivated ventral medial prefrontal and posterior cingulate corti-
ces more during task execution compared with 13 year-olds, with an intermedi-
ate position for 17 year-olds. In age-affected areas that were associated with task 
positive networks, the BOLD response increased with age. The exact develop-
mental trajectory differed somewhat between the different regions. In the post-
central gyrus and frontal eye field, PSC was higher in both 21 and 17 compared 
with 13 year-olds, whereas PSC in supplementary motor area was only enhanced 
in 21 compared with 13 year-olds. In addition, the age-related increase in right 
intraparietal activation was modulated by task response, with the greatest in-
crease during nogo trials. Percent signal changes in anterior cingulate cortex and 
anterior insula, however, did not differ between age groups when examined in 
the ROI analyses. This suggests that prefrontal areas associated with the salience 
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network (e.g. Sridharan et al., 2008) did contribute to age group discrimination 
in the MVP analysis, but this effect was not strong or reliably enough to be de-
tected within these individual regions. These salience areas involved in cogni-
tive control have among others the highest global brain connectivity, suggesting 
a role in the integration of brain activity in order to coordinate cognition and 
behavior (Cole et al., 2010). Networks such as the sensory-motor, visual and 
attentional networks are necessary for executing the gonogo task and are there-
fore connected by the cognitive control networks during task execution. Given 
that more effective long range connections are installed in the course of adoles-
cence (Fair et al., 2007; Kelly et al., 2009), the connections between the cogni-
tive control and other functional networks might improve with increasing age. 
This increased functional connectivity over longer ranges might underlie the age 
differences in activation of task positive areas observed in the present study.  
 In contrast to the high accuracy of classifying adolescent age groups re-
vealed by the MVP classification analysis, the univariate voxel-wise analysis 
revealed few and small age-related clusters that only differed between 13 and 21 
year-olds. The regions revealed by the GLM did, however, correspond with the 
regions highlighted in the MVP classification analysis. This finding underscores 
that an univariate voxel-wise approach lacks the sensitivity to reveal subtle and 
distributed age differences in brain activation. These relatively small age-related 
changes in percent signal change relative to the variability and noise in the 
measured data, fail to reach significance at the voxel level (Bray et al., 2009; De 
Martino et al., 2008). 
 In summary, the present study is the first to show that multivariate pattern 
classification analysis is highly accurate in classifying adolescents of 13 years of 
age versus respectively 17 and 21 year-olds based on their brain activation dur-
ing a simple gonogo task. The MVP classification results show that functional 
maturation concerns subtle differences in responsiveness of both task positive 
and default mode regions widely distributed throughout the brain. More impor-
tantly, this age-distinctive pattern in brain activation is independent of the spe-
cific cognitive function executed, as it generalizes to different conditions of the 
gonogo task and even to a totally different gambling task. The present findings 
suggest that a multivariate approach might be more suited for studying devel-
opmental changes in brain activation than the traditional, univariate voxel-wise 
analysis. Furthermore, this study shows evidence for widespread changes in 
brain activation that are a-specific to cognitive functions, which suggests an 
alternative view on functional brain maturation that is in line with widespread 
maturational changes in anatomy and functional connectivity. 
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Supplementary Table 1: Overview of task positive and negative responding areas during a 
pooled gonogo task contrast independent of age group 
Brain area  TAL 

x   y   z 
Size T value Dosenbach et 

al., 2007 
Sridharan et 
al., 2008 

POSITIVE RESPONDING AREAS    
supplementary motor area 
anterior cingulate cortex 

L 
R 

-9 -6 48 
6 12 33 

320 11.80 
7.49 

 
-1 10 46 

 
4 30 30 

anterior insula R 30 12 9 
42 12 3 

60 6.84 
6.62 

36 16 4 37 25 -4 

anterior insula L -33 9 15 28 6.54 -35 14 4 -34 24 -6 
posterior insula L -48 -6 12 

-42 -9 18 
29 8.18 

5.20 
  

inferior frontal sulcus R 33 27 30 18 5.54 43 22 34 45 16 45 
thalamus 
putamen 
 

L -15 -18 9 
-24 3 3 
-18 3 15 

107 9.23 
7.56 
6.17 

-12 -15 7  

thamalus 
putamen 

R 9 -3 12 
18 3 3 

32 6.26 
6.20 

10 -15 8  

postcentral gyrus L -42 -21 54 
-54 -21 45 
-51 -36 48 

207 10.19 
8.89 
5.73 

  

fusiform gyrus L -39 -51 -21 
-39 -60 -15 
-27 -78 -9 

138 11.14 
9.20 
6.65 

-32 -66 -29  

fusiform gyrus R 27 -45 -21 
33 -63 -9 
18 -42 -18 

381 10.65 
10.28 
9.92 

31 -61 -29  

lingual gyrus R 21 -84 3 24 11.50 8 -82 4  
middle occipital gyrus L -30 -81 3 11 7.27   
NEGATIVE RESPONDING AREAS    
superior frontal sulcus L -24 9 48 5 5.26   
inferior frontal sulcus L -51 27 15 10 5.42   
posterior insula R 33 -18 21 

42 -18 9 
33 -15 12 

318 10.50 
10.05 
7.79 

  

superior parietal lob 
postcentral sulcus 
precentral sulcus 

 21 -39 60 
21 -24 57 
33 -21 39 

913 10.61 
8.60 
8.53 

  
 
 

posterior cingulate cortex/ 
anterior calcarine sulcus 

L -24 -57 15 
-12 -84 21 
-18 -72 24 

234 6.79 
6.52 
6.38 

-11 -57 13 7 -43 33 

lingual gyrus R 3 -66 3 
12 -66 18 
3 -60 12 

236 6.87 
6.73 
3.60 

8 -82 4  

parahippocampal gyrus L -30 -36 -9 
-21 -39 -9 
-27 -48 6 

101 7.17 
6.98 
5.11 

-25 -44 -12  

parahippocampal gyrus R 21 -36 -6 7 5.73 25 -44 -12  
parahippocampal gyrus R 24 -30 -12 5 5.26   
superior temporal gyrus L -48 -24 6   79 8.22   
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Note. The whole brain GLM results described here are significant at the family wise error 
corrected level (F<.05; F=24.64; voxels ≥ 5). In the last two columns the present results are 
compared with two studies that described areas within task positive networks as well as the 
default mode network (Dosenbach et al., 2007; Sridharan et al., 2008). Size in number of 
voxels. TAL= Talairach coordinates; R= right hemisphere; L= left hemisphere; VMP= ventral 
medial nucleus of the thalamus. 
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Abstract 

Functional Magnetic Resonance Imaging (fMRI) is a frequently used tool in 
examining the neural substrate of cognitive processes, but is sometimes experi-
enced as stressful. Stressors trigger the secretion of cortisol, which has been 
shown to influence cognition as well as brain functioning. The present study 
aimed to examine whether cortisol reactivity to fMRI scanning differed between 
young and old adolescents and investigated the association between cortisol and 
brain activation during a gambling task. Cortisol levels were elevated pre rela-
tive to post imaging in all participants, suggesting anticipatory stress. A sub-
group of adolescents was characterized by an enhanced cortisol output during 
the MRI session, irrespective of age. Compared with non-responders, these 
stress responders showed decreased activation in the inferior parietal cortex, 
which is related to attentional processes. Furthermore, associations between 
cortisol and the BOLD response were observed only in young as opposed to old 
adolescents, suggesting an age-dependent effect of cortisol on brain activation. 
The present results therefore suggest that cortisol reactivity to fMRI scanning 
should be considered as a confounder and should be incorporated in analysing 
fMRI data, especially in developmental fMRI studies.  
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Introduction 

Magnetic Resonance Imaging (MRI) of the head has become a valuable and 
frequently used tool for both diagnostic and research purposes. Although the 
procedure is non-invasive, 5 to 30% of subjects undergoing (f)MRI scanning 
have reported psychological distress and anxiety (Melendez and McCranck, 
1993). These reactions range from apprehension caused by spatial restriction in 
the scanner to more severe panic or claustrophobic reactions. There are indica-
tions that psychological distress in relation to (f)MRI scanning might affect the 
quality of the images and interferes with task performance (Dantendorfer et al., 
1997; Eatough et al., 2009; Melendez and McCranck, 1993).  
 Subjects who experience (f)MRI scanning as stressful may likely manifest a 
neuroendocrine response during the MRI session. Stressors activate the hypotha-
lamic-pituitary-adrenocortical (HPA) axis, particularly in situations character-
ized by novelty, unpredictability, and low perceived control (Dickerson and 
Kemeny, 2004), and this is generally the case in an (f)MRI experiment. Activa-
tion of the HPA axis triggers the secretion of cortisol. Marked inter-individual 
differences have been shown in both baseline cortisol levels and stress reactivity 
(Kirschbaum and Hellhammer, 1994). In addition, subgroups of subjects with 
similar endocrinological patterns have been differentiated, for example showing 
either increased or decreased cortisol in response to stressors (Pruessner et al., 
2003, 2008). Although elevated levels of cortisol in relation to (f)MRI scanning 
have been shown in both adults (Tessner et al., 2006) and adolescents (Eatough 
et al., 2009), age groups have never been compared directly. Being subjected to 
(f)MRI scanning might be more stressful for children and adolescents compared 
with adults, as their ability to regulate emotions and stress is still developing 
(Nelson et al., 2005). Likewise, there are no data available yet with respect to 
individual differences in cortisol reactivity to (f)MRI scanning within different 
age groups. 
 Cortisol has been shown to influence cognition and brain function. Cortisol 
can easily cross the blood-brain barrier and binds to receptors in the brain, with 
a preference for limbic system components including hippocampus, amygdala 
and prefrontal cortex (Lupien et al., 2007). Cortisol levels have been shown to 
influence cognition according to an inverted U-shaped curve (de Kloet et al., 
1999). Decreased as well as increased levels of cortisol due to either pharmacol-
ogical manipulations or laboratory stressors impaired cognitive functions, such 
as declarative and working memory (e.g., de Quervain et al., 2000; Kirschbaum 
et al., 1996; Lupien et al., 2002; Newcomer et al., 1999). Several neuroimaging 
studies have examined the neural correlates of stress by using psychological 
stress paradigms (e.g., the Montreal Imaging Stress Task (Dedovic et al., 2005)). 
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However, the results have been divergent, and overall interpretation is hampered 
by methodological differences (Dedovic et al., 2009a, 2009b). The most consis-
tent finding is the decreased activation in medial and orbital prefrontal cortices 
during these stress paradigms (Kern et al., 2008; Pruessner et al., 2008; Wang et 
al., 2005). Furthermore, increased cortisol levels have been associated with de-
creased activation in limbic structures, such as the hippocampus (de Quervain et 
al., 2003; Pruessner et al., 2008). Positive associations have been established 
between cortisol levels and activation in ventrolateral prefrontal, anterior cingu-
late, and parietal areas (Kern et al., 2008; Wang et al., 2005, 2007; Weerda et 
al., 2010).  
 In summary, individual differences in cortisol reactivity to (f)MRI scanning 
might confound the cognitive and neuroimaging results, especially in studies 
comparing age groups. Kukolja et al. (2008) showed that the association of cor-
tisol with both behavioral performance and brain activation during a spatial 
working memory task was different in young (19-29 years) versus old (52-71 
years) adults. To our knowledge, no such data is available for developing age 
groups. Therefore, the present study examined cortisol changes in relation to 
fMRI scanning in two adolescent age groups to determine whether cortisol reac-
tivity to fMRI is age-dependent. The levels of salivary cortisol were assessed 
before, during and after the scan session in 13 year-old and 17 year-old males. In 
addition to cortisol reactivity, this study examined the association between corti-
sol and the BOLD response during performance of a gambling task. 

Methods 

Participants and procedure 

A subsample of participants from a larger study examining developmental 
changes in brain activation during various cognitive tasks (Keulers et al., 2010) 
provided salivary cortisol measures. All participants had normal or corrected-to-
normal vision, were free from psychiatric or neurological abnormalities, were 
screened for MRI contra-indications, and did not use medication that could in-
fluence cognitive functioning or salivary cortisol. Written informed consent was 
obtained from all participants and their parents. Before the scan session partici-
pants attended a training session, which served to familiarize them with the 
scanning environment and procedure as well as to have them practice the ex-
perimental tasks using a mock scanner. Participants received travel expenses and 
a fee of 25 euros. The study was approved by the ethical committee of the Fac-
ulty Psychology and Neuroscience of Maastricht University. From the total of 
24 participants included in this study, two participants were excluded due to 
excessive head motion (see section Statistical analyses – Imaging data – Pre-

CHAPTER 5 



 107 

processing for details). This resulted in a final sample of 22 right-handed males, 
divided into two age groups: young adolescents (N=11, mean age=12.9, 
SD=0.3) and old adolescents (N=11, mean age=16.8, SD=0.3). 

Measurements 

Salivary cortisol 
A total of five saliva samples were obtained, of which the first two were used to 
define a baseline cortisol level. The baseline samples were obtained at approxi-
mately the same time as the start of the scan session (F(1, 20)=0.70; p=.51) on two 
preceding days: halfway through the practice session (measure 1) and at home 
(measure 2). The third sample was collected at the start of the scan session 
(measure 3). A fourth saliva sample was obtained in the scanner after the par-
ticipant had finished the first functional run (measure 4). The final sample was 
collected immediately after the participant had finished the scan session (meas-
ure 5). Measures 4 and 5 were collected 13.7 (SD=2.2) and 76.5 (SD=4.2) min-
utes, respectively, after the participant had entered the bore of the magnet. All 
saliva samples were collected in the mid and late afternoon to control for diurnal 
fluctuations in salivary cortisol level. There was a slight difference in the start 
time of the scan session between young (mean time 16:37 (SD=0:52)) and old 
(mean time 15:15 (SD=1:35)) adolescents (T(21)=2.50; p=.02). To exclude any 
possible influence of this small time difference, the analyses were performed 
with and without the time of cortisol measure 3 as a covariate. 
 Salivary cortisol was collected with a cotton dental roll, which was stored in 
a plastic tube (Salivette; Sarstedt, Etten-Leur, the Netherlands). Subjects were 
asked not to eat or smoke 1.5 hour prior to saliva sampling. They were told to 
chew lightly on the swab and to keep it fully in their mouth for 2 minutes. For 
the cortisol sampling at home, subjects were instructed to write down the exact 
time of the measurement on a form that also contained the specific instructions 
mentioned above. Samples were stored in subjects’ home freezers until transport 
to the lab. In the lab, uncentrifuged samples were frozen at -20°C until analysis.  
 Salivary cortisol levels were determined in duplicate by direct radioimmu-
noassay using 125I-cortisol and antiserum made against the 3-CMO-BSA con-
jugate by Dr. J. Sulon, University of Liege, Belgium. The lower detection limit 
of the assay was 0.3 nmol/l, with a mean intra-assay coefficient of variation of 
4.8%. All samples from an individual subject were analyzed in the same assay to 
reduce sources of variability. 

Gambling task  
Participants performed a gambling task in which they could either gamble or 
pass in order to earn as many points as possible (Mennes et al., 2008; Stiers et 
al., 2010). In each trial a horizontal bar divided into two colored parts was pre-
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sented (range from 5%-95% to 50%-50%), indicating the probability of an 
imaginary token being hidden underneath. Participants could guess under which 
part a token was hidden by pressing the corresponding left or right button. De-
pending on the correctness of their choice, points could be won or lost. The 
points that could be won were indicated above the bar (range 10-100). The 
points that could be lost were presented below the bar (range 0-100), with the 
most ambiguous proportions (50%-50%) coupled with the highest losses (80-
100 points). Participants could also choose to pass by withholding their re-
sponse, resulting in a small reward of 20 points. All participants started with 100 
points. Feedback about the trial and an update of their total score was provided 
in 67% of the trials, in order to disentangle the effects related to feedback proc-
essing from those related to the decision making process. 
 The behavioral results from a previous study with this task (Mennes et al., 
2008) were used to delineate four trial types along two dimensions. Task diffi-
culty (exogenous vs endogenous decision making) and task response (gambling 
vs passing) were manipulated, leading to easy, exogenous trials in which par-
ticipants could either gamble (exo GAMBLE) or pass (exo PASS) and to diffi-
cult, endogenous trials in which participants could either gamble (endo GAM-
BLE) or pass (endo PASS). These trial conditions were not relevant for the cur-
rent analyses. The task comprised three runs of 7.3 minutes and 50 trials each. 
The bar was presented for 3.5 seconds and was, in 2/3 of the trials, followed 0.2-
2.0 seconds later by feedback for 1.7 seconds. The interval between the end of 
the feedback and the start of a new trial varied between 1.0-4.0 seconds.  

Statistical analyses  

Cortisol data 
The statistical package SPSS 16.0 was used for the analyses. Of all 110 salivary 
cortisol measures, measure 3 was missing for one young adolescent and measure 
5 was missing for another young adolescent. In order to include these two young 
adolescents in the analyses, the missing cortisol values were replaced by the 
mean cortisol value of the particular measure for that age group (Tabachnick and 
Fidell, 2001). Natural logarithmic transformations were applied before analyses 
to meet the criteria for normality. To determine cortisol changes over time 
and/or changes due to age, an analysis of variance (ANOVA) with salivary cor-
tisol measures (5 levels) as within-subject variable and age group (2 levels) as 
between-subject variable was conducted. Furthermore, to examine effects of 
cortisol on behavioral measures as well as on brain activation we determined 
two metrics of cortisol. The Area Under the Curve (AUC) for the cortisol values 
before, during and after fMRI scanning was calculated, with respect to both 
ground and increase using the trapezoid formulas as suggested by Pruessner et 
al. (2003). The AUC with respect to ground (AUCG) indicates the total amount 
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of cortisol output during the fMRI experiment. The AUC with reference to in-
crease (AUCI) indicates cortisol changes over time, with positive values repre-
senting an increase over time and negative values representing a decrease with 
respect to the pre-imaging cortisol level. Natural logarithmic transformations 
were applied on both AUC values to meet criteria for normality, after a linear 
translation had been applied to the AUCI values to deal with negative values. 
The advantages of the AUC values are the merging of repeated measures and 
taking into account different time intervals between measures. Two independent 
sample T-tests with age group (2 levels) as between-subject variable were con-
ducted to examine age differences in the AUCG and AUCI. All analyses were 
repeated with the time of cortisol measure 3 included in the model as a covari-
ate. 
 Given large inter-individual differences in cortisol levels and changes over 
time, we defined subgroups of participants with similar endocrinological pat-
terns by using cluster analysis (k-means method) on the AUC values (Pruessner 
et al., 2003). Based on the AUCI we could not differentiate clusters of partici-
pants, whereas based on the AUCG two clusters were revealed. This resulted in 
seven responders (two young adolescents) and fifteen non-responders (nine 
young adolescents). Compared with non-responders, responders were character-
ized by a higher total cortisol output during fMRI scanning. The responders did 
not differ from the non-responders in either age (T(21)=-1.42; p=.18) or in timing 
of the cortisol measure (T(21)=0.38; p=.71). Next, this new group variable (re-
sponders vs non-responders based on AUCG) was used as between-subject vari-
able in an ANOVA, with salivary cortisol measures (5 levels) as within-subject 
variable.  
 To examine the influence of cortisol on cognitive performance, correlation 
analyses were performed between the two AUC values and all behavioral meas-
ures on the gambling task. Furthermore, differences between responders and 
non-responders in total number of points, number of exo PASS errors (i.e., fail-
ure to withhold response by a gain of 10 or 20 points) and negative feedback 
were analysed with a non-parametric Mann-Whitney test due to non-normality. 
Reaction times were analyzed with an ANOVA with task difficulty (2 levels: 
exo GAMBLE vs endo GAMBLE trials in which a response was given) as 
within-subject variable and group (2 levels: responders vs non-responders) as 
between-subject variable.  

Imaging data 

Acquisition 
A Siemens MAGNETOM Allegra 3T MRI head-only scanner was employed. 
Head motion was constrained by the use of foam padding. A total of 32 axial 
slices covering the whole brain including the cerebellum were imaged by using a 
T2*-weighted gradient echo planner pulse sequence (TR = 2000 ms, TE = 30 
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ms, FA = 90, FOV = 224, slice thickness = 4 mm, matrix size = 64 x 64, flip 
angle = 90º). Voxel size was 3.5 x 3.5 x 4 mm. A T1-weighted anatomical scan 
was acquired to aid with spatial normalization (TR = 2250 msec, TE = 2.6 msec, 
flip angle = 9°, FOV = 256 mm, slice thickness = 1 mm, matrix size = 256 x 
256, number of slices = 192). Voxel size was 1 x 1 x 1 mm. Slice scanning order 
was ascending interleaved.  

Preprocessing 
Data were preprocessed using BrainVoyager QX, version 1.9 (Brain Innovation, 
Maastricht, The Netherlands). Images were corrected for slice scan time differ-
ences, followed by rigid body motion correction, high-pass temporal filtering, 
and spatial data smoothing using a Gaussian kernel with a 4 mm full width at 
half maximum. Functional data were coregistered with the anatomical volume 
using rigid body transformation and manual adjustments to obtain optimal fit by 
visual inspection, if necessary. Subsequently, both functional and structural 
volumes were transformed into standard stereotaxic space using Talairach nor-
malization.  
 To control for the confounding effect of head motion we applied two correc-
tions to our data (Friston et al., 1996; Johnstone et al., 2006). Firstly, head mo-
tion within one scan may distort the measured fMRI signal by spatial misalloca-
tion. Therefore, we identified scans during which head motion exceeded a par-
ticular threshold, viz absolute motion difference between successive scans in z 
direction greater than 0.4 mm (1/10th of the voxel size), and rotation around the 
x dimension greater than 0.26 degrees (angle corresponding to 0.4 mm z-
displacement of frontopolar voxels, assuming the rotation point in middle of 
brain is 88 mm from the anterior end of the brain frontal pole (Talairach & 
Tournoux, 1988)). Task trials (taking into account the hemodynamic response 
function delay) cause signal intensity changes with peak BOLD values 5 to 6 
seconds after their occurrence. These signal changes may overlap in time with 
head motion a few scans later. Therefore, trials in a preceding time window of 1 
to 8 seconds of the identified scan were modeled as an additional event of no 
interest (Keulers et al., 2010). Because this procedure reduces the number of 
trials available in the events of interest, we excluded one young adolescent and 
one old adolescent with more than 25% of their trials discarded. After applying 
this procedure, the age groups did not differ on the two most affected motion 
parameters for the remaining scans (Mayer et al., 2007; Yoo et al., 2005), 
namely translation in the z direction (Tz; F(1, 20)=.003; p=.959) and rotation in 
the x direction (Rx; F(1, 20)=2.73; p=.114). Second, we included the six motion 
parameters as covariates of no interest in our general linear model to model 
signal intensity changes due to head motion (Friston et al., 1996; Johnstone et 
al., 2006).  
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Analyses 
Statistical analyses were performed on individual participants data by using the 
general linear model in SPM5 (Welcome Department of Cognitive Neurology, 
London, UK). The fMRI time series were modeled as series of events convolved 
with a canonical hemodynamic response function. A design matrix was set up to 
model all task conditions of interest and the six motion parameters. Error trials 
and trials contaminated with head motion were modeled as two separate predic-
tors that were ignored in the further analyses.  
 First, a voxel-wise linear regression analysis was performed on the global 
individual contrast image (all 4 trial types pooled > fixation) to obtain activation 
patterns correlated with AUCG and AUCI, respectively. Significant associations 
were identified at the cluster level for pcluster_corrected <.05 combined with a cluster 
threshold ≥ 10 voxels. This regression analysis was repeated separately for the 
young and old adolescents.  
 Second, we examined differences between responders and non-responders in 
activation patterns, irrespective of task condition. Individual contrast images 
were taken to a second level analysis in which subject was treated as a random 
effect. A whole brain, voxel-wise random-effect ANCOVA was conducted with 
task difficulty (2 levels) and task response (2 levels) as within-subject variables, 
group (2 levels) as a between-subject variable, and age as a covariate. We report 
results of this whole brain analysis using a False Discovery Rate (FDR) error 
corrected level, which is often applied for group differences in random-effect 
analyses, combined with a cluster threshold ≥ 10 voxels. Results of this group 
comparison were used to define regions of interest (ROI), to compare Percent 
Signal Change (PSC) between responders and non-responders. The final voxels 
extracted were identified based on the local maximum of a cluster and a radius 
of 6 mm. The average PSC of the 20% strongest responding voxels was calcu-
lated for each of the 4 trial types. For each ROI, an ANOVA was conducted 
with task difficulty (2 levels) and task response (2 levels) as within-subject vari-
ables and group (2 levels) as between-subject variable. The assumption of equal 
error variances across groups (Levene’s test) was met for all analyses. Alpha 
was set at .05 for each ANOVA to give maximal sensitivity. 

Results 

Salivary cortisol changes during an fMRI experiment 

Salivary cortisol levels changed during the course of the fMRI experiment (F(1, 

20)=3.35; p=.03; Figure 1). Cortisol levels were higher at the start (measure 3) 
compared with the end (measure 5) of the scan session (p=.01). Neither the main 
effect of age group (F(1, 20)=4.14; p=.06), nor the inter action term (F(1, 20)=0.53; 
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Figure 1: Cortisol changes during the fMRI experiment for each age group. Error bars indi-
cate the standard deviation. 
 
p=.72) was significant. Furthermore, age groups did not differ on the cortisol 
metrics AUCG (T(21)=-1.86; p=.08) and AUCI (T(21)=-0.60; p=.55). The non-
significant trend for higher cortisol values as well as AUCG in old compared 
with young adolescents probably reflects the difference in time of the scan ses-
sion, which was scheduled earlier in the afternoon for old adolescents. Corre-
spondingly, when we controlled for the time of cortisol measure 3, the trend for 
an age group difference became weaker for the separate cortisol values (p=.09) 
as well as for AUCG (p=.17). These results suggest that cortisol levels decreased 
in the time window between the start and end of an fMRI experiment, irrespec-
tive of age group. 

Salivary cortisol changes in responders versus non-responders 

Given the large inter-individual differences, we compared responders and non-
responders on the cortisol levels during the fMRI experiment. The ANOVA 
showed main effects for group (F(1, 20)=45.29; p<.001) and cortisol measure (F(1, 

20)=3.56; p=.03), as well as an interaction effect (F(1, 20)=4.09; p=.02). The re-
sponders had higher salivary cortisol levels compared with non-responders on 
all measures except from the home measure (Figure 2). This finding suggests 
that responders indeed showed elevated cortisol secretion compared with non-
responders during test sessions, but showed comparable cortisol levels in a non-
stressful environment.  
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Figure 2: Cortisol changes during the fMRI experiment in responders and non-responders. 
Error bars indicate the standard deviation. 

Relation between cortisol and behavioral performance 

There were no significant correlations between salivary cortisol values (individ-
ual measures 1 through 5, AUCG or AUCI) and any of the gambling perform-
ance variables. In addition, responders and non-responders did not differ on 
reaction times, exo PASS errors, negative feedback or total points. 

Correlations between cortisol and brain activation  

A linear voxel-wise regression analysis was carried out to identify specific brain 
regions associated with cortisol levels during fMRI scanning. Table 1 lists a 
total overview of clusters that correlated significantly with one of the AUC val-
ues. The AUCG, indicating total cortisol output, was positively correlated with 
activation in the right cuneus and negatively correlated with activation in the 
right lateral inferior parietal cortex. We also calculated correlations between 
AUCG and brain activation in the separate adolescent age groups. In young ado-
lescents, total cortisol output was positively correlated with activation in the left 
superior parietal lob. In addition, cortisol output correlated negatively with brain 
activation in several areas, namely two clusters in ventral medial prefrontal cor-
tex and right precentral sulcus. In old adolescents, there were neither positive 
nor negative significant correlations between AUCG and brain activation. 
 The AUCI, indicating changes in cortisol relative to the pre-imaging level, 
was negatively correlated with activation in the left middle temporal gyrus. The 
correlation analysis in the separate adolescent age groups yielded significant  

CORTISOL REACTIVITY DURING fMRI 



 114 

Table 1: Results of the correlation analyses between cortisol and brain activation  
AUCG  AUCI 

TAL size F p brain area  TAL size F p brain area 
All participants (N = 22) 
Positive correlations 

     

12 -75 27 17 5.28 .038 cuneus   non-significant 
Negative correlations       
45 -51 36 18 5.18 .030 lateral IPC  -48 -63 3 24 5.51 .007 MTG  
Young adolescents (N = 11) 
Positive correlations 

      

-30 -51 57 10 8.48 .022 SPL  -9 -36 -21 10 6.40 .025 cerebellum 
      -12 -3 15 12 3.72 .009 caudate 
Negative correlations       
-3 45 -6 10 8.33 .022 vmPFC   -33 -3 60 15 10.7 .002 MFG 
-9 33 -3 19 7.79 .001 vmPFC   3 -69 21 23 8.49 .001 precuneus 
42 -15 30 12 6.99 .008 precentral  30 33 12 12 7.88 .009 MFG 
      -48 -63 3 22 7.68 .001 MTG 
      15 -3 45 23 7.35 .001 cingulate 
      42 42 9 10 6.10 .025 IFS 
Old adolescents (N = 11) 
No significant results for either positive or negative correlations 
Note. This table presents clusters in which brain activation during the gambling task signifi-
cantly correlated with cortisol, measured as the Area Under the Curve with respect to both 
ground (AUCG) and pre-imaging level (AUCI). These correlations were calculated for all 
participants together, as well as for young and old adolescents separately. Associations were 
considered significant at the cluster level for pcluster-corrected<.05 combined with a cluster 
threshold ≥ 10 voxels. TAL= Talairach coordinates; size= cluster size indicated by the num-
ber of voxels; IPC = Inferior Parietal Cortex; MTG= Middle Temporal Gyrus; SPL= Superior 
Parietal Lob; vmPFC= ventral medial Prefrontal Cortex; MFG= Middle Frontal Gyrus; IFS= 
Inferior Frontal Sulcus. 
 
clusters only in young adolescents. A stronger increase in cortisol during the 
scan session was associated with higher activation in the left cerebellum and in 
the body of the caudate nucleus. In addition, AUCI was negatively correlated 
with brain activation in several areas in the frontal, cingulate and temporal corti-
ces.  
 These findings suggest that total cortisol output (AUCG) and cortisol 
changes over time (AUCI) were related to activation in different areas of the 
brain. Furthermore, associations between cortisol and the BOLD response were 
revealed in young adolescents but not in old adolescents. 

Brain activation differences between responders and non-responders 

The whole brain, voxel-wise analysis revealed two clusters that significantly 
differed between responders and non-responders for the global task contrast at 
the FDR corrected level (FDR<.05; F=22.53), namely in the right inferior parie-
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tal cortex (Talairach coordinates: 30, -54, 48 and 48, -42, 45). These clusters 
overlapped with task relevant, positive responding areas. In both inferior parietal 
ROIs the PSC was higher in non-responders compared with responders (F(1, 

20)=11.11; p=.003 and F(1, 20)=19.56; p<.001, respectively). 

Discussion 

The present study examined stress-related cortisol reactivity in two adolescent 
age groups during an fMRI experiment. Pre-imaging salivary cortisol levels 
were elevated compared with post-imaging levels, suggesting anticipatory stress 
regarding fMRI scanning, which decreased during the course of the scan ses-
sion. This pattern applied to all participants, irrespective of age. The reduction in 
anticipatory anxiety has been previously observed in adults undergoing (f)MRI 
(Dantendorfer et al., 1997). Although the decrease of cortisol during the scan 
session might partially reflect the diurnal rhythm of cortisol, this effect is mini-
mized by scanning in the late afternoon when the diurnal fluctuations are rela-
tively small. In addition, the present data showed large individual differences in 
the total cortisol output during the scan session (AUCG), resulting in a distinc-
tion of responders and non-responders as has been previously done by Pruessner 
et al. (2003, 2008). Responders showed higher salivary cortisol levels compared 
with non-responders during both practice and imaging sessions, but showed 
comparable cortisol levels at home. This suggests a general tendency, not spe-
cifically related to fMRI, for responders to increase cortisol in situations that are 
probably experienced as stressful. The enhanced cortisol output in responders 
was independent of age, suggesting that the psychological distress associated 
with (f)MRI participation is comparable throughout adolescence.  
 Higher cortisol output during the scan session in responders compared with 
non-responders was associated with reduced activation in the right inferior pa-
rietal cortex. The right inferior parietal cortex has been described as part of the 
dorsal attention network (Corbetta and Shulman, 2002; Fox et al., 2006) as well 
as the task positive network (Dosenbach et al., 2007; Sridharan et al., 2008). 
This finding might be explained by a disruption of ongoing cognitive activities 
by the stress related to fMRI scanning, which redirects attentional resources 
from the gambling task towards stress-related internal thoughts (Seibert and 
Ellis, 1991). In line with this interpretation, subjects with posttraumatic stress 
disorder have been characterized by cognitive deficits related to attention and 
attenuated BOLD responses in attention-related parietal regions during task 
performance (Pannu Hayes et al., 2009). 
 Another important finding of the present study is that significant correlations 
between cortisol and brain activation were found in young but not in old adoles-
cents. This suggests an age-dependent effect of cortisol on the brain, despite the 
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fact that age groups were indistinguishable in cortisol reactivity. Young adoles-
cents may be less able to self-regulate the psychological distress associated with 
imaging, which consequently interferes with task related activation. This expla-
nation is in line with developmental studies showing that cognitive control con-
tinues to develop throughout adolescence (e.g., Huizinga et al., 2006; Luna et 
al., 2004). The two measures of cortisol, i.e., total cortisol output (AUCG) and 
cortisol change relative to pre-imaging level (AUCI), were associated with the 
BOLD response in different areas of the brain. This finding corresponds to the 
suggestion of Pruessner et al. (2003) that the areas under the curve with respect 
to either ground or pre-imaging level were associated with different psychologi-
cal variables. In young adolescents, a higher cortisol output was associated with 
a decrease in ventral medial prefrontal activation as well as with increased supe-
rior parietal activation. These findings are in line with previous reports of in-
volvement of the medial prefrontal cortex in modulating the stress response 
(Kern et al., 2008; Pruessner et al., 2008), as well as positive associations be-
tween cortisol and parietal activation (Wang et al., 2005; Weerda et al., 2010). 
Increase of cortisol during the scan session relative to the pre-imaging level was 
associated with attenuated activation in medial and lateral prefrontal as well as 
temporal clusters in young adolescents. These areas have been related to psycho-
logical stress and cortisol reactivity in previous studies (Kern et al., 2008; Wang 
et al., 2005). More specifically, the association between cortisol and prefrontal 
activation is consistent with the high level of cortisol receptors present in this 
area (Lupien et al., 2007). 
 In interpreting the present results, the sample size should be taken into con-
sideration. Given large inter-individual variability in both HPA axis reactivity 
and brain activation patterns, the relatively small sample of 22 participants (of 
whom 11 young and 11 old adolescents) might have influenced the significance 
of the results. Nevertheless, this study did reveal some significant associations 
between cortisol and brain activation. This suggests that the present findings 
might be a conservative estimation of the potential importance of stress in imag-
ing experiments. Future research should not only include larger sample sizes but 
also an additional child and adult group to examine developmental effects in 
stress reactivity to (f)MRI scanning over a broader age range. When considering 
the possible effect of the imputation of two missing cortisol measures, the pre-
sent findings remained unchanged when we excluded the two participants with 
missing values from the analyses.  
 In summary, the present results provide the first evidence that individual 
differences in cortisol reactivity to fMRI scanning might have a confounding 
influence in imaging experiments. Although young and old adolescents both 
showed anticipatory stress responses that decreased during the scan session, 
cortisol was associated with the BOLD response only in young adolescents. This 
finding implies that cortisol may cloud developmental fMRI findings, as the 
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effect of cortisol on brain activation is age-dependent. Moreover, a subgroup of 
participants could be distinguished, irrespective of age, who showed elevated 
salivary cortisol levels during the fMRI experiment. This cortisol response pat-
tern was associated with attenuated activation in the inferior parietal cortex. 
Therefore, cortisol reactivity to fMRI scanning should be considered as a con-
founding factor and should be included in the planning, execution and analyses 
of fMRI data, especially in studies comparing age groups.  
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Abstract 

The present study examined sex-related differences in brain activation during 
decision making. Previous studies revealed discrepant sex effects in neurocogni-
tive functions, which might be caused by using different task paradigms. There-
fore, we used two decision making tasks that differed along two dimensions: 
motivational context, and exogenous versus endogenous decision making. A 
homogenous sample of young adults aged 20-21 years performed a gonogo task 
(low motivational context, exogenous decision making) as well as a gambling 
task (high motivational context) with both exogenous and endogenous decision 
making trials. Men reported a higher sensation seeking tendency on a self-report 
questionnaire than women, although behavioral performance on both decision 
making tasks was comparable between male and female young adults. Neverthe-
less, we did reveal sex effects in brain activation during both exogenous and 
endogenous gambling trials. There were no sex effects during the gonogo task. 
In two task-related areas, anterior cingulate cortex and lingual gyrus, men 
showed a higher BOLD response than women. In addition, some task-induced 
deactivations were modulated by sex. Clusters in inferior frontal sulcus and 
precuneus were deactivated only by men, whereas a posterior cingulate cluster 
was deactivated only by women. These sex-related functional changes underly-
ing gambling performance were not mediated by the higher sensation seeking in 
men, except for the anterior cingulate cortex. The present results suggest that sex 
differences in brain activation during decision making are related to the motiva-
tional context, rather than to the nature of decision making. 
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Introduction 

It has long been recognized that men and women differ in behavior, cognitive 
profile and risk for psychopathology. These sex differences become more pro-
nounced during adolescence, following hormonal changes related to puberty 
(Giedd et al., 2006; Sisk & Zehr, 2005). The behavioral and cognitive differ-
ences have increasingly been related to sex-related distinctions in brain structure 
and functioning. Sex is indeed known to influence the rate of structural brain 
development, as girls reach peak grey matter thickness 1-2 years earlier than 
boys (Blanton et al., 2004; Giedd et al., 2006). In addition, differences between 
male and female adult brains have been found. Men are characterized by larger 
overall brain volumes as well as higher white matter and cerebrospinal fluid 
percentages (Leonard et al., 2008; Luders et al., 2005), whereas in women larger 
regional grey matter volumes in for example caudate, frontal, temporal and pa-
rietal cortices as well as thicker cortices have been shown (Good et al., 2001; 
Luders et al., 2009; Sowell et al., 2007). 
 Traditionally, sex differences in adults have been mostly examined for ver-
bal and spatial abilities. Women outperform men at verbal tasks such as verbal 
memory and word fluency, whereas men are superior on spatial tasks, and espe-
cially on mental rotation (Kimura, 1996; Linn & Petersen, 1985; Voyer et al., 
1995). However, functional MRI studies examining sex differences in verbal 
and spatial processing have revealed contradictory results, describing both the 
existence (Kucian et al., 2005; Shaywitz et al., 1995; Weiss et al., 2003) and the 
absence (Schlosser et al., 1998; Unterrainer et al., 2000) of brain activation dif-
ferences between men and women. A similar contradiction is observed with 
respect to sex-related differences in brain activation of adults performing cogni-
tive control tasks, such as working memory (Bell et al., 2006; Haut & Barch, 
2006; Speck et al., 2000) and response inhibition (Halari & Kumari, 2005; Li et 
al., 2006) tasks.  
 Discrepancies between fMRI studies may partially be caused by the con-
founding influence of sample characteristics, such as age. For example, some 
studies used a broad age range (20-40 years; Kucian et al., 2005; Li et al., 2006), 
resulting in a heterogeneous group. Structural brain as well as socio-emotional 
changes are not yet fully matured in 20 year-olds (Nelson et al., 2005; Sowell et 
al., 1999). In addition, evidence suggests that neurocognitive performance al-
ready differs between ages 20 and 40 (Van der Elst et al., 2006). The use of 
different task paradigms requiring different cognitive functions may also con-
tribute to heterogeneity in sex-related brain activation effects. Most of the stud-
ies used simple stimulus-response tasks, in which the decision to respond in a 
particular way is prescribed by external signals. These relative easy tasks can be 
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performed with a minimum of cognitive effort and might lack the challenge to 
consistently trigger sex differences in brain activation. Manipulating task aspects 
that make a task more challenging, such as difficulty level, motivational context 
or emotional content might differently affect sex differences in brain activation. 
One such factor that has consistently triggered sex differences is the presence of 
a motivational context, such as implemented in gambling and decision making 
tasks in which points or other rewards can be obtained (e.g. Lee et al., 2009; 
Reavis & Overman, 2001).  
 Male adults are superior to female adults in behavioral performance on gam-
bling and decision making tasks, such as the Iowa Gambling Task (Bolla et al., 
2004; Reavis & Overman, 2001). In addition, men have shown a higher propen-
sity for impulsive, risk taking and sensation seeking behavior compared with 
women (Byrnes et al., 1999; Rosenblitt et al., 2001). This suggests that there are 
sex-related differences in the neural mechanisms that control motivational deci-
sion making. This was confirmed in two neuroimaging studies in adults aged 20-
40 (Bolla et al., 2004; Lee et al., 2009), both of which focused on anatomically 
determined regions of interests (ROI) implicated in decision making: the insula, 
and the orbital and dorsolateral prefrontal cortices (Manes et al., 2002; 
O’Doherty et al., 2001; Paulus, 2005). Women showed stronger activation than 
men in dorsolateral prefrontal cortex and insula, whereas both stronger and 
weaker activation was reported in the orbital frontal cortex of women compared 
with men (Bolla et al., 2004; Lee et al., 2009). These sex effects were subtle, 
however, as the results did not survive multiple comparisons correction when 
examined in a whole brain analysis (Bennett et al., 2009; Bolla et al., 2004; Lee 
et al., 2009). 
 Given that increased risk taking as well as poor decision making tendencies 
are characteristic of adolescence and even of young adulthood (Dahl, 2004; 
Gardner & Steinberg, 2005; Paus et al., 2008; Steinberg, 2008a), this is an inter-
esting age window to study sex effects. A higher sensation seeking tendency in 
male compared with female adolescents has been revealed, although this sex 
effect was the same for different age ranges within adolescence and young 
adulthood (Steinberg et al., 2008b). Conversely, meta analysis results of Byrnes 
and colleagues (1999) did show that this sex difference in risk taking became 
smaller over the age period of adolescence and young adulthood. This latter 
finding is in line with sex-specific structural developmental trajectories through-
out adolescence and adulthood, with women maturing faster than men (Giedd et 
al., 1999, 2006). No functional neuroimaging study, however, investigated sex 
differences in the neural mechanisms engaged in decision making in the age 
window of adolescence and young adulthood.   
 In the present study, we examined sex differences in brain activation during 
decision making in a homogenous sample of young adults aged 20-21. To estab-
lish whether motivational context is indeed an important factor in revealing sex 
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differences, we used two tasks that differed in motivational context. First, a 
simple gonogo task was used, in which the motivational context was low. The 
decision to respond or not was exogenously controlled in this task. Second, par-
ticipants performed a challenging gambling task in a high motivational context, 
as they could cumulate points over trials. Next to motivational context, gam-
bling tasks are characterized by endogenous control of behavior as opposed to 
the exogenous controlled gonogo task, in which the decision to respond in a 
particular way is guided from within oneself (Mennes et al., 2009; Miller, 2000; 
Brass & von Cramon, 2004). Therefore, in the present gambling task the prob-
ability of winning and points that could be won were manipulated in order to 
distinguish between exogenous versus endogenous controlled decision trials, 
based on whether or not the task stimuli suggested the appropriate response. We 
hypothesized differential activation patterns between male and female young 
adults during decision making, only in a high (gambling task) as opposed to a 
low (gonogo task) motivational context. Furthermore, we expected the sex-
related functional differences to be more pronounced during the endogenous as 
opposed to exogenous gambling trials. Sex-related differences in brain activa-
tion were examined at the whole brain level instead of predetermined ROI 
analyses in order to explore sex effects unrestrictedly. As a last research ques-
tion we examined sex differences in sensation seeking behavior and its associa-
tion with brain activation during execution of the decision making tasks.  

Materials and methods 

Participants and procedure 

University students (20/21 year-olds) were recruited through advertisements. All 
participants had normal or corrected-to-normal vision, were free from psychiat-
ric and neurological abnormalities, did not use medication that could influence 
cognitive functioning and were screened for MRI contra-indications. Only 
women using monophasic combination oral contraceptives were included to 
control for the possible confounding influence of hormone levels on cognition 
(Amin et al., 2006; Fernandez et al., 2003). Women were scheduled on pill-
taking days as the dosages of estrogen and progesterone were the same in each 
pill and therefore comparable between the female subjects. Written informed 
consent was obtained from all participants. Participants received a fee of 25 
euros. The study was approved by the ethical committee of the Faculty Psychol-
ogy and Neuroscience of Maastricht University. From the total of 35 participants 
included in the study, 1 male participant had to be excluded due to technical 
problems, 1 male participant due to poor behavioral performance on the gonogo 
task (error rate > 30%) and 2 male participants because of too few trials in one 
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gambling condition (endogenous GAMBLE). This resulted in a final sample of 
31 right-handed participants divided into a male (N=15, mean age = 21.0, 
SD=0.6) and a female (N=16, mean age = 20.8, SD=0.6) group.  
 Participants attended a training session on average one week before the scan 
session. The training session served to familiarize participants with the scanning 
environment and procedure, and to practice the experimental tasks using a mock 
scanner. Furthermore, two neuropsychological tests were administered to obtain 
estimates of intelligence. Men and women did neither differ on an estimate of 
verbal intelligence (M=108.2, SD=8.0, T(30)=1.18; p=.25) as assessed with the 
Peabody Picture Vocabulary Test-III-NL (Dunn & Dunn, 2005) nor on an esti-
mate of nonverbal intelligence (M=120.4, SD=6.6, T(30)=0.22; p=.83) as as-
sessed with the Raven Standard Progressive Matrices (Raven et al., 1998). The 
Adult Self Report (Achenbach & Rescorla, 2003) was administered to screen for 
behavioral problems. All participants had scores on the total problem scale of 
these questionnaires within 1 SD of the mean of a normative standardized sam-
ple. Furthermore, men and women did not differ on the total problem scale of 
the self report questionnaire (T(30)=-0.24; p=.81).  

Instruments 

Gonogo task 
Exogenous decision making in a low motivational context was assessed with a 
gonogo paradigm. The gonogo task consisted of three letter stimuli (“X”, “B” 
and “A”) that were randomly presented using a fast event-related design. Par-
ticipants were instructed to press the button every time a letter appeared on the 
screen, but to withhold their response when an “A” appeared. The letter stimuli 
corresponded to three conditions: GO (“X”), GOoddball (“B”) and NOGO 
(“A”). In 60% of all trials, the letter “X” was shown, whereas the letters “A” and 
“B” both appeared in 20% of the trials. The higher percentage of GO stimuli 
allowed for the build up of a prepotent tendency to respond. The GOoddball 
stimuli required a response comparable to the GO trials, but occurred as often as 
the NOGO trials to control for the effect of low-frequent occurrence (Chikazoe 
et al., 2009; Hampshire et al., 2010). Letters were presented visually at the cen-
tre of the screen, with a duration of 200 ms. During inter stimulus intervals a 
fixation cross was shown and jittering was applied to these intervals. The inter 
stimulus interval varied between 1000 and 2000 ms, with an average duration of 
1500 ms. In addition, null-events with the same duration and inter stimulus in-
terval as the letter trials were included (33% of all trials) in which the fixation 
cross remained visible, to allow for better separation of the BOLD responses. 
The task was presented in two runs, each consisting of 260 trials, of which 175 
were letters. Duration of each run was 7.48 minutes.  
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Gambling task 
An event-related gambling task was used to assess decision making in a high 
motivational context. Participants could decide to either gamble or pass in order 
to earn as many points as possible (Mennes et al., 2008; Stiers et al., 2010). In 
each trial a horizontal bar divided into two colored parts was presented (range 
from 5%-95% to 50%-50%), indicating the probability of an imaginary token 
being hidden underneath. Participants could guess under which part a token was 
hidden, by pressing the corresponding left or right button. Depending on the 
correctness of their choice, points could be won or lost. The points that could be 
won were indicated above the bar (range 10-100). The points that could be lost 
were presented below the bar (range 0-100), with the most ambiguous propor-
tions (50%-50%) coupled with the highest losses (80-100 points). Participants 
could also choose to pass by withholding their response, which resulted conse-
quently in receiving a small 20 points reward. All participants started with 100 
points. Feedback about the trial and an update of their total score was provided 
in only 67% of the trials, in order to disentangle the effects related to feedback 
processing from those related to the decision making process.  
 The behavioral results from a previous study with this task (Mennes et al., 
2008) were used to delineate four trial groups along two dimensions: 1) task 
difficulty: exogenous versus endogenous trials depending on whether stimulus 
characteristics suggested the appropriate choice or not, and 2) task response: 
gambling versus passing trials depending on whether a button was pressed or 
not. Trials characterized by a high probability of winning (80-95%) and a high 
gain (≥30 points) in which participants should always gamble were exogenous 
gambling trials (exo GAMBLE). Trials characterized by a gain of 20 or less 
points in which participants should always pass were exogenous passing trials 
(exo PASS). Gambling in these trials is disadvantageous as participants received 
a 20 points reward anyway when passing. Decisions on exogenous GAMBLE 
and PASS trials were relatively easy and determined by stimulus characteristics 
such as the probability of winning and points that could be won. These trials are 
considered to measure exogenous decision making. All other trials characterized 
by an uncertain probability of winning (50-75%) and a gain of 30 points or more 
were considered endogenous trials. Endogenous trials were more difficult as it 
was not immediately clear based on the stimulus characteristics which response 
was the most favorable. A final decision in such trials was guided by the partici-
pant and required interpretation of different kinds of information such as previ-
ous experiences, gain, gain/loss ratio, total score and internal motivational states. 
Based on whether the participant decided to gamble or pass, these endogenous 
trials were labeled respectively endo GAMBLE or endo PASS. The task com-
prised three runs of 7.3 minutes and 50 trials each. The bar was presented for 3.5 
seconds and was, in 2/3 of the trials, followed 0.2-2.0 seconds later by feedback 

SEX DIFFERENCES IN BRAIN ACTIVATION 



 128 

for 1.7 seconds. The interval between the end of the feedback and the start of a 
new trial varied between 1.0-4.0 seconds.  

Brief Sensation Seeking Scale 
The Brief Sensation Seeking Scale (BSSC; Hoyle et al., 2002, the originally 
English version was translated into Dutch) was used to measure sensation seek-
ing. This self-report questionnaire was created by adapting items from the Form 
V of the Sensation Seeking Scale (SSS-V; Zuckerman et al., 1978). The BSSC 
consists of 8 items, representing the original four dimensions of sensation seek-
ing, namely thrill and adventure seeking, experience seeking, disinhibition, and 
boredom susceptibility. Responses are indicated on a five-point scale labeled, 
strongly disagree, disagree, neither disagree nor agree, agree and strongly agree. 
Total sum scores range from 8 to 40, with higher scores indicative of increased 
sensation seeking. Good reliability and validity data of this scale have been re-
ported (Hoyle et al., 2002).  

Behavioral analyses 

The statistical package SPSS 16.0 was used for the analyses. Reaction times on 
respectively the gonogo and gambling task were analyzed with two analyses of 
variance (ANOVA) with sex (2 levels) as between-subject variable and trial type 
(2 levels) as within-subject variable. The reaction time data did not violate the 
parametric assumption of ANOVA. The ratio endogenous GAMBLE/ PASS 
trials on the gambling task, indicative of a tendency to gamble, was analyzed 
using an independent samples T-test with sex (2 levels) as between-subject vari-
able. Gonogo dependent variables, viz number of false alarms (i.e. failure to 
withhold response on NOGO trials) and misses (i.e. failure to react on GO and 
GOoddball trials) as well as gambling dependent variables, viz total number of 
points, number of errors on exogenous PASS trials (i.e. failure to withhold re-
sponse by a gain of 10 or 20 points) and negative feedback were analysed with a 
non-parametric Mann-Whitney test due to non-normality. Sex differences in 
Brief Sensation Seeking Scale sum scores were analyzed using an independent 
samples T-test with sex (2 levels) as between-subject variable.  

Functional Magnetic Resonance Imaging data  

Image acquisition 
A Siemens MAGNETOM Allegra 3T MRI head-only scanner was employed. 
Head motion was constrained by the use of foam padding. A total number of 32 
axial slices covering the whole brain including the cerebellum were imaged by 
using a T2*-weighted gradient echo planner pulse sequence (TR = 2000 ms, TE 
= 30 ms, FA = 90, FOV = 224, slice thickness = 4 mm, matrix size = 64 x 64, 
flip angle = 90º). Voxel size was 3.5 x 3.5 x 4 mm. A T1-weighted anatomical 
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scan was acquired to aid with spatial normalization (TR = 2250 msec, TE = 2.6 
msec, flip angle = 9°, FOV = 256 mm, slice thickness = 1 mm, matrix size = 256 
x 256, number of slices = 192). Voxel size was 1 x 1 x 1 mm. Slice scanning 
order was ascending interleaved.  

Preprocessing 
Data were preprocessed using BrainVoyager QX, version 1.9 (Brain Innovation, 
Maastricht, The Netherlands). Images were corrected for slice scan time differ-
ences, followed by rigid body motion correction, high-pass temporal filtering, 
and spatial data smoothing using a Gaussian kernel with a 4 mm full width at 
half maximum. Functional data were coregistered with the anatomical volume 
using rigid body transformation and manual adjustments to obtain optimal fit by 
visual inspection if necessary. Subsequently, both functional and structural vol-
umes were transformed into standard stereotaxic space using Talairach normali-
zation.  
 In order to control for the confounding effect of head motion we applied 2 
corrections to our data (Friston et al., 1996; Johnstone et al., 2006). Firstly, head 
motion within one scan may distort the measured fMRI signal by spatial misal-
location. Therefore, we identified scans during which head motion exceeded a 
particular threshold, viz absolute motion difference between 2 successive scans 
in z direction greater than 0.4 mm (1/10th of the voxel size), and rotation around 
x dimension greater than 0.26 degrees (angle corresponding to 0.4 mm z-
displacement of frontopolar voxels, assuming the rotation point in middle of 
brain is 88 mm from the anterior end of the brain frontal pole (Talairach & 
Tournoux, 1988)). Task trials (taking into account the hemodynamic response 
function delay) cause signal intensity changes with peak BOLD values 5 to 6 
seconds after their occurrence. These signal changes may overlap in time with 
head motion a few scans later. Consequently, these signal changes are contami-
nated with within-scan head motion. Therefore, trials in a preceding time win-
dow of 1 to 8 seconds of the identified scan were modeled as an additional event 
of no interest. Male and female young adults did not differ on the two most af-
fected motion parameters for the remaining scans (Mayer et al., 2007; Yoo et al., 
2005), viz translation in the z direction (gonogo task F(1, 29)=0.81; p=.38; gam-
bling task F(1, 29)=0.39; p=.54) and rotation in the x direction (gonogo task F(1, 

29)=0.27; p=.61; gambling task F(1, 29)=0.00; p=1.00). Secondly, head motion 
between successive scans causes signal intensity changes due to inhomogenei-
ties in the magnetic field which are unrelated to the task (Friston et al., 1996). 
Therefore, we modeled this source of signal variance by including the 6 motion 
parameters as covariates of no interest in our general linear model (Friston et al., 
1996; Johnstone et al., 2006).  
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Imaging analyses 
Statistical analyses were performed on individual participants data by using the 
general linear model in SPM5 (Welcome Department of Cognitive Neurology, 
London, UK). The fMRI time series were modeled as series of events convolved 
with a canonical hemodynamic response function. A design matrix was set up to 
model all task conditions of interest (gonogo task: GO, GOoddball and NOGO 
trials; gambling task: exo GAMBLE, exo PASS, endo GAMBLE, endo PASS 
trials, neutral, positive and negative feedback) and the 6 motion parameters. 
Error trials and trials contaminated with head motion were modeled as two sepa-
rate predictors that were ignored in the further analyses.  
 Individual percent signal change maps were created for each condition of 
interest, based on the estimated weights for each of the conditions, and used as 
data for a second level analysis in which subject was treated as a random effect. 
First, we identified brain areas underlying the execution of both the gonogo and 
gambling task, ignoring sex, in a whole brain voxel-wise general linear model. 
For the analysis of the gonogo task, an ANOVA with task condition (3 levels) as 
within-subject variable and sex (2 levels) as between-subject variable was per-
formed. For analyzing the gambling task data, an ANOVA with task difficulty 
(2 levels) and task response (2 levels) as within-subject variables and sex (2 
levels) as between-subject variable was conducted. Task (de)activations were 
identified for each ANOVA in a contrast that pooled over task conditions and 
sex, at the Family Wise Error correction level (FWE<.05) combined with a clus-
ter threshold ≥ 10 voxels.  
 Second, we examined sex differences in the pooled task contrast, for each 
task separately. We reported results of this group comparison at the False Dis-
covery Rate error correction level (FDR<.05), which is a less stringent whole 
brain correction for multiple comparisons (Genovese et al., 2002).  
 We performed region of interest (ROI) analyses to further investigate sex- 
related differences in brain activation. The ANOVA results for both tasks that 
significantly differed between male and female young adults were used to define 
ROIs. The final voxels extracted were identified based on the local maximum of 
a significant cluster revealed by the ANOVA, and a radius of 6 mm. For each 
ROI, the average percent signal change (PSC) was extracted for each of the task 
conditions. Only the 20% voxels with the highest PSC were included to make 
the amplitude assessments maximally independent of the extent of activation. 
For each gonogo ROI, an ANOVA was conducted with task condition (3 levels) 
as within-subject variable and sex (2 levels) as between-subject variable. For 
each gambling ROI, an ANOVA was performed with task difficulty (2 levels) 
and task response (2 levels) as within-subject variables and sex (2 levels) as 
between-subject variable. The assumption of equal error variances across groups 
(Levene’s test) was met for all analyses. Alpha was set at .05 for each ANOVA 
to give maximal sensitivity. If statistically significant effects were found, post 
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hoc comparisons were performed. In addition, associations between sensation 
seeking and PSC during performance of the decision making tasks were ex-
plored in each ROI that was affected by sex. 

Results 

Behavioral data 

Gonogo task 
There was neither a sex difference in reaction time (F(1, 29)=2.43; p=.13), nor any 
sex difference in the number of misses (GO χ2

(30)=-0.79, p=.43; GOoddball 
χ2

(30)=-0.57, p=.57) and false alarms (χ2
(30)=-1.61; p=.11). The ANOVA did 

show a main effect of trial type independent of sex (F(1, 29)=7.53; p=.01), with 
longer reaction times on GOoddball compared with GO trials.  

Gambling task 
One sex difference was present for the gambling task, namely in the number of 
errors on exogenous PASS trials (χ2

(30)=-2.11; p=.04). Women failed more often 
than men to withhold their response in trials with a small gain of 10 or 20 points. 
No further sex-related differences were revealed, neither in reaction times (F(1, 

29)=0.16; p=.69), nor in risk-taking behavior measured with the ratio endogenous 
GAMBLE/ PASS trials (T(30)=-0.12; p=.90), number of negative feedback 
(χ2

(30)=-0.60; p=.55) and total number of points (χ2
(30)=-0.93; p=.35). With re-

gard to the task conditions independent of sex, the ANOVA on the reaction time 
data showed a main effect of trial type, with slower reaction times on endoge-
nous compared with exogenous GAMBLE trials (F(1, 29)=218.50; p<.001).  
 These results suggest that in general task performance on decision making 
tasks was comparable between men and women.  

Sensation seeking 
Men scored higher than women on the sum score of the Brief Sensation Seeking 
Scale (T(29)=3.56; p=.001). Details on sum scores on the sensation seeking ques-
tionnaire for men and women are shown in Figure 1.   

Task activation 

Both gonogo and gambling tasks (de)activated similar brain areas, although 
(de)activations during the gambling task were more extensive and included addi-
tional clusters. This is illustrated in Figure 2 by drawing both positive and nega-
tive pooled task effects within each task over one another. In both tasks, positive 
brain activations were found bilaterally in dorsal part of anterior cingulate cor- 
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Figure 1: Box plots for the sum score on the Brief Sensation Seeking Scale, showing the 
minimum, first quartile, median, third quartile, and maximum scores 
 
tex, putamen, anterior insula, occipital areas, left thalamus and right intrapa-
rietal sulcus. During the gonogo task left posterior insula was additionally acti-
vated. During performance of the gambling task some unique activations were 
revealed as well, namely bilaterally in the inferior frontal junction, inferior fron-
tal sulcus, frontal eye fields, and parietal areas. These activated brain areas coin-
cide with core functional networks involved in cognitive task execution (e.g. 
Dosenbach et al., 2007; Duncan & Owen, 2000; Stiers et al., 2010). Clusters in 
the ventral medial prefrontal cortex, posterior cingulate cortex, temporal gyri 
and left parahippocampal gyrus were deactivated during performance of both 
tasks. In addition, during the gambling task the medial prefrontal cortex, lateral 
inferior parietal cortex and superior frontal sulcus were deactivated as well. 
These areas among others have been described as part of the default mode net-
work (e.g. Dosenbach et al., 2007; Greicius et al., 2003; Stiers et al., 2010).  
 These findings confirm that both tasks were effective in modulating the 
BOLD signal in functional brain networks, although these network areas were 
more engaged during the challenging gambling task compared with the gonogo 
task. 
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Figure 2: Functional activation patterns during gonogo and gambling task execution, and sex-
related clusters. The functional activation pattern for the gonogo task (FWE<.05; T=4.99) is 
presented in yellow (positive) and green (negative), and for the gambling task (FWE<.05;
T=4.89) in red (positive) and blue (negative). Both tasks activate similar brain areas shown by
the overlapping clusters, although activations during the gambling task were more extensive
and included additional clusters: 1= anterior insula, 2= inferior frontal junction, 3= frontal eye
fields, 4= postcentral sulcus, 5=intraparietal sulcus, 6= occipital areas, 7= dorsal part of ante-
rior cingulate cortex, 8= lateral inferior parietal cortex, 9= superior temporal gyrus, 10= poste-
rior cingulate cortex, 11= ventral medial prefrontal cortex. The five clusters that differed
between male and female young adults as revealed by the whole brain comparison during the 
gambling task are presented as small black circles.  

Sex differences in brain activation 

Gonogo task 
The whole brain, voxel-wise analysis revealed no clusters that significantly dif-
fered between men and women during performance of the gonogo task at the 
FDR error corrected level. Repeating the whole brain group comparison for the 
separate task conditions did also not yield any sex differences. 

Gambling task 
The whole brain, voxel-wise analysis revealed five clusters that significantly 
differed between men and women during the gambling performance at the FDR 
error corrected level (FDR<.05; F=19.07), namely in the anterior cingulate cor-
tex (Talairach coordinates: 9, 12, 39), lingual gyrus (Talairach coordinates: 15, 
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(Talairach coordinates: -3, -63, 48), and posterior cingulate cortex (Talairach 
coordinates: -9, -30, 54). These clusters are visually presented in Figure 2, rela-
tive to task-related (de)activations. We also looked for sex effects in the four 
specific gambling conditions, as well as the exogenous and endogenous trials. 
The results for all these conditions largely coincide with the results described 
above for the global taskcontrast. In line with this finding, there were no signifi-
cant clusters for interaction effects of sex with respectively the exogenous-
endogenous and gambling-passing dimensions of the gambling task. 
 We can conclude therefore that sex differences in brain activation do exist 
during a challenging gambling task in which points can be won, but such effects 
were not present –or at least did not reach statistical significance- during an 
exogenous controlled gonogo task in a low motivational context. Since the sex 
effects were present in the exogenous as well as the endogenous conditions of 
the gambling task, they are specific to the motivational task set up in general, 
rather than to the nature of decision making. 

ROI analyses  

We created 6mm spherical ROIs centered on the peak activity voxel in regions 
revealed by the ANOVA that significantly differed between male and female 
young adults. Since only for the gambling task significant sex effects were 
found, these 5 ROIs were used here.  
 The sex-related clusters in anterior cingulate cortex and lingual gyrus over-
lapped with positive responding areas during gambling execution (Figure 2). In 
both clusters, men showed higher PSC during all gambling conditions compared 
with women (respectively F(1, 29)=8.42; p=.007 and F(1, 29)=7.96; p=.008; Figure 
3A). The remaining three clusters did not overlap with task related areas during 
performance of the gambling task (Figure 2). Both the inferior frontal sulcus and 
precuneus were deactivated by men, whereas women did not (de)active these 
clusters (respectively F(1, 29)=9.18; p=.005 and F(1, 29)=19.70; p<.001; Figure 3A). 
Again, these sex differences were independent of gambling condition. In addi-
tion, the posterior cingulate cluster was deactivated during the gambling task in 
women, but not (de)activated in men (F(1, 29)=15.07; p=.001; Figure 3A).  
 We performed these ROI analyses as well for activation during the gonogo 
task, to explore whether a comparable sex trend was found. In none of the re-
gions was a significant effect found, neither a main effect of sex, nor an interac-
tion of sex with gonogo condition (Figure 3B). There was, however, a trend of 
higher PSC in the anterior cingulate cortex of men compared with women (F(1, 

29)=3,29; p=.081; Figure 3B), which was found as well during execution of the 
gambling task. 
 

-84, 0), inferior frontal sulcus (Talairach coordinates: -45, 18, 24), precuneus 
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Figure 3: Sex-related activation profiles in ROIs. In each ROI, mean percent signal changes
(PSC) were shown for men and women separately, for each task condition: (A) gambling:
exogenous GAMBLE and PASS, and endogenous GAMBLE and PASS and (B) gonogo: GO, 
GOoddball, NOGO. ROIs were selected based on the whole brain results for the pooled gam-
bling task contrast, that differed between men and women. Error bars indicate the standard 
error of the mean. 

Sensation seeking and sex-related brain activation in ROIs 

The propensity for sensation seeking behavior might have confounded the pres-
ently observed sex differences in brain activation during the gambling task, as 
men reported a higher sensation seeking tendency compared with women. A 
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correlation analysis was performed in each ROI to examine the association be-
tween sensation seeking and PSC during the gambling task. Significant correla-
tions were revealed in the anterior and posterior cingulate cortex, and precuneus. 
In the anterior cingulate cortex, a positive correlation was shown between PSC 
and sensation seeking for all four gambling conditions (exo GAMBLE r=.50, 
p=.005; exo PASS r=.50, p=.005; endo GAMBLE r=.44, p=.016; endo PASS 
r=.46, p=.010). In the posterior cingulate cluster, sensation seeking was posi-
tively correlated with PSC only during the exogenous PASS trials (r=.39, 
p=.034). In addition, increased sensation seeking was associated with stronger 
inhibition of the precuneus for all four gambling conditions (exo GAMBLE r=-
.47, p=.009; exo PASS r=-.48, p=.007; endo GAMBLE r=-.49, p=.006; endo 
PASS r=-.49, p=.007).  
 We examined the association between sensation seeking and PSC during the 
gonogo task in each ROI as well. Only in the anterior cingulate cortex, sensation 
seeking was positively correlated with PSC during NOGO trials (r=.40, p=.034). 
 In addition, because men and women significantly differed in their sensation 
seeking score, we examined whether the sex effects in brain activation during 
gambling performance reported earlier can totally or partially be explained by 
this difference in sensation seeking. Therefore, we repeated the ANOVA in each 
ROI for the gambling task with sensation seeking as a covariate. The main effect 
of sex remained significant in all ROIs except for the anterior cingulate cortex 
(F(1, 28)=2.31; p=.14). In line with this finding, the trend for a sex difference in 
anterior cingulate activation during the gonogo task became non-significant as 
well (F(1, 28)=0.43; p=.66). These findings suggest that, with the exception of the 
anterior cingulate cortex, sex-related differences in activation during the gam-
bling task are related to sex and not merely mediated by a higher sensation seek-
ing tendency in men. 

Discussion 

In the present study we examined sex differences in behavioral performance and 
brain activation during a gonogo as well as a gambling task. Men and women 
showed comparable behavioral performance on both decision making tasks. 
Nevertheless, the present results did show sex effects in brain activation during 
decision making. We revealed a number of regions in which brain activation 
differed between men and women during the gambling task in a high motiva-
tional context. Such differences, if any, did not reach statistical significance in 
data recorded in the same participants during an exogenous controlled gonogo 
task in a low motivational context. This confirms our general starting hypothesis 
that sex differences in brain function are task-dependent. The sex differences in 
brain activation were comparable in both the exogenous and endogenous condi-
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tions of the gambling task. This suggests that sex effects are related to the gen-
eral motivational context of the gambling task, rather than whether decision 
making responses are exogenous or endogenous controlled. 
 The BOLD response in two task-related areas was modulated by sex during 
performance of the gambling task. Men showed a higher BOLD amplitude in 
both the anterior cingulate cortex and lingual gyrus compared with women. 
Thus, sex effects occurred in two task specific areas involved in, respectively, 
cognitive control (e.g. Dosenbach et al., 2007; Sridharan et al., 2008; Stiers et 
al., 2010) and visual processing of stimuli characteristics (De Luca et al. 2006; 
Haxby et al., 1994). This finding might suggest that making a decision within a 
high motivational context takes more effort in male than female young adults. 
This is in line with the more prolonged structural developmental trajectory of 
men compared with women (Giedd et al., 1999, 2006). In addition, sex-related 
activation differences were shown in three other areas that were not task-related. 
Clusters in inferior frontal sulcus and precuneus were deactivated only by men, 
whereas a posterior cingulate cluster was only deactivated by women. These 
three areas have indeed been associated with the so-called default mode net-
work, which is involved in internally directed processes but deactivated during 
task performance (Greicius et al., 2003; Gusnard & Raichle, 2001; Sridharan et 
al., 2008). Regarding the precuneus, however, other studies failed to show its 
involvement in the default mode network (Buckner et al., 2008; Margulies et al., 
2009). Nevertheless, these findings suggest that task-induced deactivation in 
some areas might follow different patterns in men and women, possibly indica-
tive of different connectivity. In line with our finding, there are some recent 
suggestions from resting state imaging that sex is a significant determinant of 
functional connectivity within task positive as well as default mode networks, 
although the exact contribution of sex requires future research (Biswal et al., 
2010; Bluhm et al., 2008).  
 With respect to sensation seeking, men reported a higher sensation seeking 
tendency on a self-report questionnaire compared with women. This difference 
did, however, not influence the behavioral performance on the decision making 
tasks. In some of the ROIs the sensation seeking score was associated with brain 
activation during the decision making tasks. In the anterior cingulate cortex, a 
higher propensity for sensation seeking was associated with enhanced activation 
during all gambling conditions as well as during nogo trials. Moreover, the 
higher anterior cingulate activation in male compared with female young adults 
could be explained by this sex-related difference in sensation seeking. Con-
versely, in all other ROIs sex-related differences in brain activation during the 
gambling task were related to sex and not merely mediated by a higher sensation 
seeking tendency in men. This finding suggests that behavioral tendencies, such 
as sensation seeking, are important to consider as a third variable in examining 
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group differences (i.e. between age groups, sex, or patient versus control groups) 
in brain activation during decision making.  
 In sum, the present findings of sex-related activation differences in both task 
positive and default mode areas during a challenging gambling task indicate that 
sex is a significant modulator in decision making in a high motivational context. 
This implicates that including men and women in unequal ratios into groups in 
fMRI research concerning decision making probably confounds the outcome. 
Therefore, sex is a subject-related factor that should be considered as a con-
founder in fMRI data, especially in studies comparing groups. 
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Adolescence is characterized by developmental gains in the physical, cognitive 
and social domain. By contrast, adolescents are also prone to risk taking behav-
ior and an increased incidence of psychiatric disorders and mortality. These 
features have increasingly been explained by prolonged maturational changes in 
the structure and organization of the adolescent brain. However, the implications 
of structural brain maturation at the level of brain activation underlying these 
behavioral and cognitive changes are still largely unknown. Furthermore, previ-
ous developmental findings might be confounded by subject-related and meth-
odological factors. The studies described in this thesis aspired to contribute to 
the current scientific knowledge by examining neurocognitive development and 
its underlying age-related functional changes in the age window of adolescence, 
and by investigating the effect of various subject-related factors on this neuro-
cognitive development. In this final chapter, general findings of these empirical 
studies are discussed in the light of the thesis aims. Furthermore, theoretical 
implications as well as recommendations for future research will be discussed.  

Handling methodological confounders in developmental fMRI studies 

Previous developmental fMRI findings might be contaminated by uncontrolled 
subject characteristics and methodological confounders. Regarding subject char-
acteristics, for example, some fMRI studies included adolescents within a broad 
age range of 9 to 17 years, and compared them with adults (Eshel et al., 2007; 
Rubia et al., 2006). This yields a highly heterogeneous adolescent group, since 
the contribution of structural brain development, socio-emotional and pubertal 
changes are highly variable within this age range (Giedd et al., 2006, 2009; Nel-
son et al., 2005). This higher heterogeneity biases the analyses towards revealing 
weaker activations in the adolescent group. Head motion is an example of an 
age-dependent methodological confounder in fMRI studies. Unmodeled signal 
variation due to head motion decreases the sensitivity of fMRI analysis (Friston 
et al., 1996; Johnstone et al., 2006). Given that a higher amount of head motion 
occurs in younger age groups compared with adults (chapter 3 and 4), this leads 
to reduced activation in the younger groups. Another methodological con-
founder in developmental fMRI studies is age-related variability in anatomical 
and functional organization (e.g. Uylings et al., 2005; Wilke & Holland, 2003). 
Group averaging in fMRI might lead in developing subjects to a decreased co-
localization of cortical areas, resulting in reduced or more diffuse activation 
(Berl et al., 2006; Manoach, 2003). Therefore, controlling for such age-
entangled confounding variables as described here is a fundamental requirement 
in establishing developmental changes in brain activation. In the fMRI studies 
described in this thesis (chapter 3 to 6), we controlled for these confounding 
variables more rigorously than any previous study. First, we included only male 
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participants within narrow age ranges of respectively 12-13, 16-17 and 20-21 
years, who were in addition comparable regarding intelligence and parental level 
of education. Second, age groups were equated on the amount of head motion 
and sudden head movements were explicitly modelled such that we only exam-
ined task trials not contaminated with head motion. In addition, we included 
realignment parameters in the statistical analyses to model signal variation due 
to motion. Lastly, in chapter 3 we performed region of interest (ROI) analyses 
by identifying ROIs within each individual’s data analysis instead of within the 
averaged group data. In this way, the developmental fMRI findings in the pre-
sent thesis cannot be accounted for by subject heterogeneity or age-related dif-
ferences in either head motion or anatomical variability.  
 Psychological stress during fMRI scanning might confound age effects in 
brain activation as well, as fMRI might be more stressful for children and ado-
lescents compared with adults (Eatough et al., 2009). In chapter 5 we investi-
gated whether cortisol reactivity during fMRI scanning was age-dependent and 
influenced fMRI results. Although both young and old adolescents showed an 
anticipatory stress response during fMRI scanning, cortisol was associated with 
the BOLD response only in young adolescents. This finding implies that the 
effect of cortisol on brain activation might be age-dependent. Therefore, cortisol 
reactivity to fMRI scanning should be considered as confounder and incorpo-
rated in analysing developmental fMRI data as well. 

Functional brain maturation 

In chapter 3 and 4 we investigated age-related functional changes underlying 
neurocognitive development, while rigorously controlling for confounding fac-
tors as discussed above. We compared functional activation patterns between 
different adolescent age groups during the performance of, respectively, a gam-
bling and a gonogo task. In general, 13, 17 and 21 year-olds activated similar 
brain regions during task execution. In line with this finding, age effects were 
rather subtle in contrast to the robust activations revealed during task perform-
ance. Consequently, age-related functional differences were often not picked up 
by the traditional, univariate general linear model, especially not when the rec-
ommended multiple comparisons correction was applied. However, by using 
more sensitive methods we were able to elicit developmental effects in brain 
activation. In chapter 3, for instance, the individually determined ROI-based age 
group comparison was able to reveal age-related changes in signal strength in 
brain areas activated during performance of the gambling task. The BOLD mag-
nitude in areas of task positive networks increased between ages 13 and 21. In 
addition, task-induced deactivation of some default mode areas was also en-
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hanced with increasing age. These developmental changes in both task positive 
and default mode areas were more pronounced during difficult task conditions.  
 In chapter 4, we applied multivariate pattern classification analysis to reveal 
developmental changes in brain activation during a simple gonogo task. This 
method might be more sensitive than the univariate approach (De Martino et al., 
2008). Given age-related changes in the configuration of functional brain net-
works (Fair et al., 2007, 2008), it makes sense that studying development in 
terms of changing activation patterns is more sensitive than studying changes in 
individual voxels (Bray et al., 2009). Based on widespread maturational changes 
in anatomy (e.g. Giedd et al., 2009) and functional connectivity (e.g. Fair et al., 
2007, 2008) during adolescence, we asked whether functional maturation in-
volved widespread changes in brain responsiveness as well, and whether these 
functional changes were specific to a particular cognitive function or not. The 
multivariate pattern classification was indeed highly accurate in discriminating 
between 13 year-olds and respectively 17 and 21 year-olds based on their activa-
tion patterns during a simple gonogo task. This suggests that developmental 
changes are spatially distributed throughout the brain, affecting the responsive-
ness of a wide range of cortical structures. The age-affected voxels were roughly 
confined to task-related areas. By using ROI-based age group comparisons in 
these areas, we could confirm the main developmental pattern in signal strength 
observed in our gambling study (chapter 3), namely an enhanced BOLD ampli-
tude in task positive areas complemented with enhanced task-induced deactiva-
tion of default mode areas. Moreover, we showed that this distributed age-
distinctive pattern learned by the classifier is not specific to a particular cogni-
tive process, but generalizes over the different conditions of the gonogo task. 
Moreover, the classifier trained on the gonogo data was even able to accurately 
predict age group based on activation patterns during a different cognitive task, 
i.e. the gambling task, performed by the same participants. This shows that the 
functional effect of brain maturation seems to be a general developmental pat-
tern, not specific to the particular neurocognitive functions triggered by different 
tasks.  
 Based on the results of chapter 3 and 4, functional brain maturation can be 
conceptualized as subtle but widespread changes in functional responsiveness of 
both task positive and default mode areas in the brain, which are independent of 
specific neurocognitive functions. First, these age-related functional changes 
might reflect anatomical maturation of these areas. Indeed, region specific 
changes in cortical density have been observed, with prolonged maturation of 
dorsal parietal, dorsal and medial prefrontal areas during and post adolescence 
(Gogtay et al., 2004; Sowell et al., 1999, 2001). Second, the present findings fit 
with maturation related changes in connectivity within several functional net-
works distributed throughout the brain, as revealed by recent resting state imag-
ing findings. Some of these functional networks are involved in neurocognitive 
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processes (task positive networks), whereas the default mode network is in-
volved in internally directed processes but is deactivated during task perform-
ance (e.g. Dosenbach et al., 2007; Gusnard & Raichle, 2001; Sridharan et al., 
2008). These networks continue to specialize and reorganize throughout adoles-
cence, becoming more distinct and segregated from one another and further 
integrating long range connections (Fair et al., 2007, 2008; Kelly et al., 2009). 
Although different age groups activate the same areas within task positive net-
works as well as deactivate the same default mode areas during task perform-
ance, the way these areas are functionally connected becomes more mature and 
efficient with increasing age. The activation of a more mature and optimal net-
work with increasing age might enable computational abilities of the system to 
support higher levels of activity that are not possible in an immature network 
(Luna et al., 2010). For instance, lower or even the absence of connectivity be-
tween functional network areas might impede access to a region or another net-
work that is needed for executing a neurocognitive function. Moreover, the 
complementary age-related functional changes in task positive as well as default 
mode networks suggest that the anti-correlation between both networks (Fox et 
al., 2005) might be subject to maturation as well. In adults, higher anti-
correlations between both networks have been associated with higher task-
induced BOLD activation (Mennes et al., 2010) as well as with less variable 
behavioral performance (Kelly et al., 2008). Future research that examines the 
associations between maturational changes in functional connectivity and age-
related changes in brain activation during neurocognitive tasks is needed to re-
veal whether more mature functional networks are indeed underlying the age-
related functional changes described here. 

The influence of male/female sex on neurocognitive development 

In chapter 2 and 6 we examined the influence of sex on behavioral performance 
as well as brain activation during socio-emotional and cognitive functions. We 
hypothesized that sex-related differences would exist, based on differential tra-
jectories of structural brain development in male and female adolescents (e.g. 
Lenroot & Giedd, 2010), as well as sex differences in performance on various 
neurocognitive tasks (e.g. Bolla et al., 2004; Garavan et al., 2006). The behav-
ioral results of chapter 2 supported a sex-related modulation of mentalizing 
speed, independent of the specific adolescent age group. Male adolescents 
needed more time than female adolescents to evaluate and judge hypothetical 
real-life situations. The advantage of female adolescents on the mentalizing 
tasks is in line with previous findings of girls outperforming boys on social tasks 
as well as tasks including a large verbal component (e.g., Baron-Cohen, 2002; 
Wassenberg et al., 2008). The fMRI study described in chapter 6 examined sex-
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related differences in functional activation patterns during decision making. Sex 
effects in brain activation were revealed during a gambling task with a high 
motivational context, but not during a gonogo task (low motivational context). 
In two task positive areas men showed an increased BOLD amplitude compared 
with women, which might suggest that motivational decision making takes more 
effort in male than female young adults. In addition, some task-induced deacti-
vations might follow different patterns in men and women. Thus, both studies 
provided evidence for a sex-related modulation on respectively behavioral per-
formance and functional activation during neurocognitive tasks, more specifi-
cally regarding mentalizing and motivational decision making. These findings 
imply that sex is an important subject-related factor that should be considered in 
studying neurocognitive development and its underlying neural correlates. 

Theoretical implications and recommendations 

The results described in this thesis have several implications for theoretical 
frameworks concerning functional brain maturation as well as future studies into 
developmental differences in brain activation. Previous developmental fMRI 
findings should be interpreted in the light of the possible confounders revealed 
in the present thesis. For instance, while rigorously controlling for confounding 
factors we found in chapter 3 only partial evidence for the focalization hypothe-
sis, which has often been presented as a possible model for functional develop-
ment (Durston & Casey, 2006; Durston et al., 2006). We did find evidence for 
the hypothesized enhanced BOLD response in task-related areas with increasing 
age, but this was neither accompanied by age-related changes in the number of 
active voxels nor by a qualitative shift in brain areas involved in task execution 
as hypothesized. In addition, this age-related increased BOLD response in task-
related areas was inconsistent with previous findings of a decreased BOLD re-
sponse with age (e.g. Booth et al., 2003; Galvan et al., 2006). Therefore, the 
developmental findings described in this thesis do not support explanations for 
this decreased signal strength as reflecting either more efficient neural process-
ing with age, or greater effort in younger subjects to perform the same task. 
Earlier evidence for an age-related decrease in activation extent (e.g. Durston et 
al., 2006; Luna et al., 2001), as well as for an age-related decrease in BOLD 
magnitude (e.g. Booth et al., 2003; Galvan et al., 2006) might have been medi-
ated by confounding variables. In line with this, future studies into age-related 
functional changes are recommended to control for several confounding factors. 
First, subject heterogeneity should be decreased by using strict selection criteria 
concerning age ranges, sex and pubertal phase. Second, methodological factors, 
such as stress reactivity as well as head motion during scanning, can contami-
nate developmental fMRI findings and should therefore be controlled for.  

CHAPTER 7 



 151 

The developmental fMRI findings described in this thesis showed that age ef-
fects in functional activation are rather subtle. Given the subtlety of age effects 
relative to the variability in measured BOLD responses, traditional univariate 
analyses proved to lack the sensitivity to reveal these maturational changes in 
functional activation. Therefore, developmental neuroimaging studies should 
include larger sample sizes than are presently used in order to achieve appropri-
ate power to detect subtle developmental differences. In addition, more sensitive 
methods should be considered such as individually determined region of interest 
analysis (chapter 3) or multivariate pattern classification analysis (chapter 4). In 
this thesis, multivariate pattern classification was applied for the first time in a 
developmental context with the intention to classify subjects based on functional 
activation maps. We showed that this multivariate approach could highly accu-
rate classify different adolescent age groups with high accuracy, suggesting that 
this might be a very promising tool for future research comparing groups.  
 The implications and recommendations concerning developmental fMRI 
studies discussed here, may also have great value for fMRI studies in the context 
of aging, group comparisons (i.e. patient versus control), and inter-individual 
differences. 

Conclusion  

Based on the results from our experimental studies we conclude that this thesis 
has contributed to our understanding of age-related functional changes that un-
derlie neurocognitive development in the age window of adolescence. In our 
fMRI studies we controlled for subject-related and methodological confounders, 
in order to examine true age-related effects in brain activation. This methodo-
logical rigorous approach provided new insight into the relevance of specific 
confounders for developmental fMRI results that were ignored or uncontrolled 
in previous studies. Based on the findings described in this thesis, functional 
brain maturation can be conceptualized as subtle but widespread changes in 
functional responsiveness of task-related voxels. The BOLD magnitude in task 
positive areas in enhanced between ages 13 and 21, complemented by an in-
creased task-induced deactivation of default mode areas. Moreover, this distrib-
uted age-distinctive pattern of brain activation seemed applicable to a range of 
neurocognitive processes, indicating a general developmental principle. In addi-
tion, this thesis provided evidence for the importance of the factors male/female 
sex as well as stress reactivity to scanning on this neurocognitive development. 
In all, the findings described here underscore the notion that research into age-
related changes in brain activation underlying neurocognitive development in 
adolescence should take subject-related and methodological factors into consid-
eration. 
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Summary 

Adolescence has been described as a period of profound developmental changes 
in behavior, neurocognitive functions and brain structure. However, the age-
related changes in functional brain activation underlying neurocognitive im-
provement are still unknown. Moreover, previous developmental results might 
be contaminated with uncontrolled subject characteristics as well as methodo-
logical confounders, such as head motion and stress reactivity during scanning. 
The first aim of this thesis was to study neurocognitive development in the age 
window of adolescence, and to examine age-related changes in brain activation 
underlying this development. Two large-scale cross-sectional studies were con-
ducted to achieve this aim. Various age groups within adolescence were com-
pared on both behavioral performance and functional activation patterns during 
neurocognitive tasks. The second aim of this thesis was to investigate the effect 
of subject-related and methodological factors on these developmental trajecto-
ries. Differences between male and female adolescents were investigated as the 
major subject-related factor, and stress-reactivity to fMRI scanning was the 
major methodological factor investigated. Furthermore, we controlled for the 
typical confounding variables within developmental fMRI studies. In chapter 1, 
a general introduction to this thesis was given.  
 In chapter 2, we examined developmental trajectories of emotional versus 
cognitive functions in a sample of adolescents aged 13-19. Both mentalizing 
speed regarding emotions, and mentalizing speed regarding actions as well as 
the planning time on the Tower task improved linearly with age into late adoles-
cence. No differential trajectories were found for emotional versus cognitive 
development. In addition, two subject-related factors, i.e. sex and pubertal 
phase, proved to influence mentalizing speed. Girls outperformed boys on both 
mentalizing versions, and a later pubertal phase measured in boys was associ-
ated with increased mentalizing speed.  
 Developmental fMRI results have suggested a progression in focalization, 
characterized by an age-related decrease in activation extent as well as an in-
creased signal strength in task-related areas. We evaluated this hypothesis in 
chapter 3, while controlling for several confounders that might bias towards 
focalization. Male adolescents, selected within small age ranges, of respectively 
13, 17 and 21 years old performed a challenging gambling task. We incorpo-
rated head motion corrections and identified regions of interest for each partici-
pant separately to rule out the influence of age-related anatomical variability. 
Although different adolescent age groups engaged similar brain areas during 
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decision making, the response magnitude in these areas was modulated by age. 
The BOLD amplitude in task positive areas increased with age, complemented 
by an increased deactivation of default mode areas, both more pronounced dur-
ing difficult gambling conditions. The age-related increased BOLD response 
was, however, neither accompanied by an age-related decrease in activation 
extent, nor by any qualitative shift in activated areas as hypothesized. So, while 
controlling for confounding factors we only found evidence for the focalization 
of activation into task-specific brain areas with increasing BOLD response be-
tween ages 13 and 21. 
 In chapter 4, we examined whether age-related changes in brain activation 
were widespread throughout the brain, and whether this pattern was specific to a 
particular cognitive function or not. This view on functional maturation is based 
on widespread maturational changes in anatomy and functional connectivity, 
and contrasts with previous developmental fMRI studies that focussed on func-
tional changes associated with particular changes in behavior. Next to the tradi-
tional, univariate voxel-wise analysis, we applied multivariate pattern classifica-
tion analysis to study developmental changes in brain activation during a simple 
gonogo task. The multivariate approach was highly accurate in discriminating 
between 13 year-olds and respectively 17 and 21 year-olds. This suggests that 
developmental changes are spatially distributed throughout the brain, affecting 
the responsiveness of a wide range of task positive and default mode regions. 
Moreover, we showed that this developmental pattern is independent of the 
specific cognitive function performed, since it can be accurately generalized 
across different gonogo conditions and even to a totally different gambling task 
performed by the same participants. In contrast to the multivariate results, uni-
variate voxel-wise analysis revealed few age-related clusters that only differed 
between 13 and 21 year-olds. This suggests that a multivariate approach might 
be more suited for studying subtle and widespread developmental changes in 
brain activation than an univariate approach.  
   Because psychological stress associated with fMRI scanning might con-
found neuroimaging findings, we examined in chapter 5 whether cortisol reac-
tivity differed between young and old adolescents. Cortisol levels were elevated 
pre relative to post imaging in all participants, suggesting anticipatory stress. In 
addition, a subgroup of adolescents, irrespective of age, was characterized by an 
enhanced cortisol output during scanning. Compared with non-responders, these 
stress responders showed decreased activation in the inferior parietal cortex, 
which is related to attentional processes. Furthermore, associations between 
cortisol and the BOLD response during a gambling task were observed only in 
young as opposed to old adolescents, suggesting an age-dependent effect of 
cortisol on brain activation.   
 In chapter 6, we examined sex-related differences in brain activation during 
decision making in young adults aged 20-21. As previous results might be 
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clouded by the use of different task paradigms, we used two decision making 
tasks that differed along two dimensions: motivational context, and the nature of 
decision making. Sex effects in brain activation were revealed during both ex-
ogenous and endogenous controlled trials of a gambling task, which had a high 
motivational context. There were no sex effects during the exogenous controlled 
gonogo task, which had a low motivational context. In two task-related areas, 
anterior cingulate cortex and lingual gyrus, men showed a higher BOLD re-
sponse than women. In addition, task-induced deactivations seemed to be modu-
lated by sex. These results suggest that sex differences in brain activation during 
decision making were related to the motivational context, rather than to the na-
ture of decision making. 
 Finally, in chapter 7 we discussed the results of the empirical chapters in the 
context of the thesis aims. The methodological approach in this thesis of study-
ing and controlling subject-related and methodological confounders provided 
new insight into the relevance of these factors for developmental fMRI results 
that were ignored or uncontrolled in previous studies. Based on the findings 
described in this thesis, functional brain maturation can be conceptualized as 
subtle but widespread changes in functional responsiveness of task-related vox-
els. Moreover, this age-distinctive pattern of brain activation seems to be inde-
pendent of the specific neurocognitive processes executed, indicating a general 
developmental pattern. In addition, this thesis provided evidence for the impor-
tance of the factors male/female sex as well as stress reactivity to scanning on 
this neurocognitive development. 
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Samenvatting 

In de adolescentie vinden grote veranderingen plaats in gedrag, neurocognitieve 
functies en hersenstructuur. Het is echter nog onbekend welke leeftijdsgerela-
teerde veranderingen in het functioneren van de hersenen ten grondslag liggen 
aan deze ontwikkelingen. Bovendien zijn eerdere onderzoeksresultaten naar 
neurocognitieve ontwikkeling mogelijk vertekend, doordat ze geen rekening 
houden met enerzijds proefpersoongebonden factoren, zoals geslacht, en ander-
zijds methodologische factoren, zoals hoofdbewegingen en de ervaren stress 
tijdens het hersenscan onderzoek. Het eerste doel van dit proefschrift was het 
onderzoeken van neurocognitieve ontwikkeling in de adolescentie en de leef-
tijdsgerelateerde veranderingen in hersenactiviteit die hieraan ten grondslag 
liggen. Om dit doel te bereiken werden twee grootschalige cross-sectionele stu-
dies uitgevoerd. We maakten hierbij onder andere gebruik van een Magnetic 
Resonance Imaging (MRI) scanner, waar door middel van een sterk magnetisch 
veld de werking van de hersenen in beeld gebracht kan worden. Verschillende 
leeftijdsgroepen binnen de adolescentie werden vergeleken op zowel prestaties 
als patronen van hersenactiviteit tijdens het uitvoeren van verscheidene cogni-
tieve taken. Het tweede doel van dit proefschrift was het bestuderen van de in-
vloed van proefpersoongebonden en methodologische factoren op deze ontwik-
kelingstrajecten. Verschillen tussen mannelijke en vrouwelijke adolescenten 
werden onderzocht als voornaamste proefpersoongebonden factor, en stress 
gevoeligheid tijdens het MRI onderzoek als belangrijkste methodologische fac-
tor. In hoofdstuk 1 staat een algemene introductie beschreven van dit proef-
schrift.  
 In hoofdstuk 2 onderzochten we het ontwikkelingspatroon van emotionele 
versus cognitieve functies in een groep adolescenten tussen 13 en 19 jaar. We 
gebruikten een mentalisatie taak, waarin proefpersonen zich bepaalde situaties 
moesten voorstellen en vervolgens een vraag moesten beantwoorden over emo-
ties dan wel gedrag in deze situatie. Daarnaast gebruikten we de cognitieve To-
wer taak, waarin we keken naar de plan vaardigheden van proefpersonen terwijl 
ze ingewikkelde puzzels oplosten. De snelheid van werken op al deze drie taken 
verbeterde volgens een lineair verband tot in de late adolescentie. Er werden 
geen differentiële ontwikkelingspatronen gevonden voor emotionele versus 
cognitieve functies. Bovendien bleken twee proefpersoongebonden factoren van 
invloed op de mentalisatie snelheid, namelijk geslacht en puberteitsfase. Meisjes 
waren sneller dan jongens op beide mentalisatie taken. Daarnaast bleken jongens 
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die verder in de puberteit waren sneller in mentalisatie dan jongens minder ver 
in de puberteit. 
 Resultaten van functionele MRI studies naar ontwikkeling suggereren dat 
hersenactiviteit steeds specifieker wordt en zich toespitst in focale clusters. Deze 
focalisatie hypothese wordt gekenmerkt door enerzijds een leeftijdsgerelateerde 
afname in de omvang van hersenactivaties en anderzijds een toename in signaal-
sterkte in taakgerelateerde gebieden. Wij onderzochten deze hypothese in hoofd-
stuk 3, terwijl we controleerden voor verschillende vertroebelende factoren die 
mogelijk de resultaten beïnvloedden richting focalisatie. Mannelijke adolescen-
ten van respectievelijk 13, 17 en 21 jaar voerden een uitdagende goktaak uit in 
de scanner. Correcties voor hoofdbewegingen werden in de analyses verwerkt. 
Daarnaast stelden we voor elke proefpersoon afzonderlijk bepaalde clusters van 
activiteit vast, om zo te controleren voor de invloed van leeftijdsgerelateerde 
variabiliteit in hersenstructuur. Alhoewel verschillende leeftijdsgroepen binnen 
de adolescentie dezelfde hersengebieden activeerden tijdens het nemen van een 
beslissing, werd de signaalsterkte in deze gebieden beïnvloed door leeftijd. De 
signaalsterkte in taakgerelateerde gebieden nam toe met de leeftijd en parallel 
hieraan nam de deactivatie van zogenaamde standaard (‘default mode’) gebie-
den eveneens toe. Beide effecten waren sterker tijdens de moeilijke gokcondi-
ties. Deze leeftijdsgerelateerde toename in signaalsterkte ging echter noch sa-
men met een afname in de omvang van hersenactiviteit, noch met een kwalita-
tieve verandering in geactiveerde gebieden. Samenvattend: we vonden enkel 
gedeeltelijk bewijs voor de focalisatie hypothese wanneer we corrigeerden voor 
vertroebelende factoren, namelijk dat de signaalsterkte toenam tussen 13 en 21 
jaar in hersengebieden betrokken bij het uitvoeren van de goktaak.  
 In hoofdstuk 4 onderzochten we of leeftijdsgerelateerde veranderingen in 
hersenactiviteit verspreid door het brein plaatsvonden en tevens of dit patroon 
specifiek was voor een bepaalde cognitieve functie of niet. Deze kijk op functi-
onele hersenrijping is gebaseerd op verspreide ontwikkelingseffecten die gevon-
den zijn in de structuur en functionele verbindingen in het brein. Genoemde 
aanpak contrasteert met eerdere neuroimaging studies naar ontwikkeling, waarin 
de nadruk lag op functionele veranderingen geassocieerd met specifieke ge-
dragsveranderingen. De leeftijdsgerelateerde veranderingen in hersenactiviteit 
worden traditioneel onderzocht met een univariate analyse, waarin er per voxel 
(volume eenheid van de hersenen) getoetst wordt of de activiteit verschilt tussen 
leeftijdsgroepen. Naast deze methode gebruikten we in dit hoofdstuk ook een 
multivariate patroonanalyse om ontwikkeling in hersenactiviteit tijdens een 
simpele inhibitie taak te onderzoeken. De multivariate patroonanalyse neemt de 
informatie van alle voxels tegelijkertijd mee en zoekt naar een patroon van 
voxels die verschillen in hersenactiviteit tussen twee leeftijdsgroepen. Deze 
multivariate aanpak bleek zeer accuraat in het discrimineren tussen 13-jarige en 
respectievelijk 17- en 21-jarige proefpersonen. Dit suggereert dat functionele 
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ontwikkeling verspreid door het brein plaatsvindt en dat de signaalsterkte van 
zowel taakspecifieke als standaard (‘default mode’) gebieden door leeftijd beïn-
vloed wordt. Bovendien toonden we aan dat dit ontwikkelingspatroon onafhan-
kelijk is van de cognitieve functie die uitgevoerd wordt, omdat dit patroon gege-
neraliseerd kan worden naar de verschillende condities binnen de gonogo taak 
en zelfs naar een totaal andere goktaak die dezelfde proefpersonen gedaan had-
den. In tegenstelling tot de multivariate resultaten toonde de univariate analyse 
slechts enkele clusters aan die verschilden tussen 13- en 21-jarigen. De bevin-
dingen van dit hoofdstuk suggereren dat een multivariate aanpak beter geschikt 
is voor het bestuderen van subtiele en verspreide leeftijdsgerelateerde verande-
ringen in hersenactiviteit dan een univariate aanpak. 
 Het ondergaan van een MRI scan kan stress veroorzaken, die vervolgens de 
functionele MRI resultaten mogelijk vertekent. In hoofdstuk 5 onderzochten we 
daarom of stress gevoeligheid verschilde tussen jonge en oudere adolescenten 
door het meten van het stresshormoon cortisol. Vóór de hersenscan waren de 
cortisol niveaus hoger dan erna, hetgeen kan duiden op anticiperende stress. 
Tevens was er een subgroep van adolescenten onafhankelijk van leeftijd, die 
gekenmerkt werd door een hogere cortisol output tijdens het MRI onderzoek. 
Vergeleken met de overige proefpersonen bleek deze stress gevoelige groep een 
lagere activiteit te hebben in de inferieure parietaal cortex, die betrokken is bij 
aandachtsprocessen. Bovendien werden associaties aangetoond tussen cortisol 
en hersenactiviteit tijdens een goktaak in jonge, maar niet in oudere adolescen-
ten. Dit zou kunnen betekenen dat er een leeftijdsafhankelijk effect is van cort-
isol op hersenactiviteit. 
 In hoofdstuk 6 onderzochten we geslachtsverschillen in hersenactiviteit tij-
dens het nemen van beslissingen in een groep jongvolwassenen van 20-21 jaar. 
Omdat eerdere onderzoeksresultaten mogelijk vertroebeld zijn door het gebruik 
van verschillende taakparadigma’s, gebruikten wij twee beslissingstaken die 
verschilden in motivationele context en het soort beslissing dat genomen moest 
worden. We gebruikten enerzijds een goktaak met een hoge motivationele con-
text aangezien proefpersonen punten konden verdienen en geregeld feedback 
kregen over hun prestaties, en anderzijds een relatief simpele en saaie inhibitie 
taak die daardoor een lage motivationele context heeft. Daarnaast konden we 
binnen de goktaak onderscheid maken tussen exogene trials, waarin de juiste 
beslissing bepaald werd door taakfactoren, en endogene trials, waarin de juiste 
beslissing door de proefpersoon zelf bepaald moest worden. We vonden ge-
slachtsgebonden verschillen in hersenactiviteit tijdens zowel exogene als endo-
gene trials van de goktaak, terwijl we geen geslachtsverschillen vonden tijdens 
de inhibitietaak. Mannen activeerden twee taakgerelateerde gebieden, namelijk 
de anterieure cingulate cortex en gyrus linguaris, meer dan vrouwen. Daarnaast 
bleek de deactivatie van een aantal hersengebieden tijdens het uitvoeren van de 
goktaak te verschillen tussen mannelijke en vrouwelijke proefpersonen. De re-
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sultaten van dit hoofdstuk doen vermoeden dat geslachtsgebonden verschillen in 
hersenactiviteit tijdens het nemen van een beslissing gerelateerd zijn aan de 
motivationele context en niet aan het soort beslissing dat genomen moet worden. 
 Tenslotte, in hoofdstuk 7, bespreken we de resultaten van de onderzoeks-
hoofdstukken in het licht van de doelen van dit proefschrift. De methodologi-
sche aanpak waarin we proefpersoongebonden en methodologische factoren 
controleren, heeft nieuwe inzichten verschaft over het belang van deze factoren 
in functioneel MRI onderzoek naar ontwikkeling. In voorgaand onderzoek wer-
den deze vertroebelende factoren niet gecontroleerd of zelfs genegeerd. Geba-
seerd op de bevindingen in dit proefschrift kunnen we functionele hersenrijping 
omschrijven als subtiele veranderingen in de signaalsterkte van taakrelevante 
hersengebieden, verspreid door het hele brein. Het is mogelijk om op basis van 
de patronen van hersenactiviteit tijdens neurocognitieve taken verschillende 
leeftijdsgroepen binnen de adolescentie accuraat van elkaar te onderscheiden. 
Bovendien blijkt dit onderscheidend patroon van hersenactiviteit onafhankelijk 
te zijn van de cognitieve functie die uitgevoerd wordt, hetgeen wijst op een al-
gemeen ontwikkelingsprincipe. Tot slot heeft dit onderzoek aangetoond dat de 
factoren ‘geslacht’ en ‘stressgevoeligheid tijdens een MRI scan’ van invloed 
kunnen zijn op deze neurocognitieve ontwikkeling.  
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