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The development of the adolescent brain has attracted much scientific attention in 
the last decade. Although adolescence is seen by some as the period between ages 10 
and 18, the end of this developmental phase seems to be culturally determined 
(Choudhury, 2010). In the western world, many teenagers enter college after high 
school and do not reach a stable adult role until they are well in their twenties. 
Cortical association areas and connections continue to mature during this time, as 
demonstrated by structural MRI and Diffusion Tensor Imaging (DTI; Giedd, 2004; 
Lebel & Beaulieu, 2011; Tamnes et al., 2010). However, functional neural differences 
between late adolescents and young adults are largely unknown. The transitional 
stages at the beginning and end of adolescence were examined in this thesis, 
specifically the age period from 10 to 13 as well as from 18 to 25. Social and higher 
cognitive processes were documented since both undergo crucial changes during 
these years. The studies were designed in such a way that between-subject variation 
would be minimal. Therefore, small age ranges were used, males and females 
formed separate groups and students with similar academic experience were 
included. The empirical findings, methodological considerations, implications and 
suggestions for future research will be discussed below.   
 

Age differences 
 
During the transition from late childhood to early adolescence, self-concepts 
develop and peer relations become especially salient (Steinberg & Morris, 2001). 
Within this time window, brain regions that are important for social understanding 
show longitudinal changes in task-related functional connectivity. This was 
demonstrated on a task for which children judged social and academic descriptions 
of self or other, as outlined in chapter 2. Particularly, we observed increased 
coupling between the medial posterior parietal cortex and temporoparietal junction 
during other-appraisals from age 10 to 13. Together with a previous study that 
found increased ventromedial prefrontal activation with age during self-appraisals 
(Pfeifer et al., 2013), these results indicate that neural changes underlie the 
heightened focus on the social environment in adolescents.  
 The Appraisal paradigm mentioned above was modified for university 
students to examine the neural correlates of social processes between the ages 18 
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and 25, as described in chapter 3. Our findings suggested that brain activation 
during self-, other-, and reflected self-appraisals does not differ between late 
adolescence and young adulthood. Although only sex-related differences and no 
effects of age were observed, this does not necessarily imply that social development 
ends in late adolescence. When young people go through college, identities are 
shaped, new friendships emerge and the social environment gets more complex. 
However, functional brain changes may be small during these years and not readily 
observably with this paradigm, which previously elucidated differences between 
children and early adolescents compared to adults (Pfeifer et al., 2009; Pfeifer, 
Lieberman, & Dapretto, 2007).  
 Social cognition encompasses many aspects that should be disentangled in 
fMRI tasks, which we illustrated in chapter 4. A homogeneous sample of 18 and 19 
year old female medical students was recruited in order to avoid confounding 
effects of age, sex and education. It was shown that the medial posterior parietal 
cortex and left temporoparietal junction were more involved in imagining a 
situation from the perspective of other than self. In addition, the medial prefrontal 
cortex was activated during the prediction of an emotional response and to a lesser 
extent when predicting a behavioral response. This is consistent with a study in 
males that demonstrated that this region was recruited for affective mentalizing 
(Sebastian et al., 2012). A natural next step would be to investigate differences 
between late adolescents and young adults in the neural bases of separate 
mentalizing aspects. For example, it may be interesting to explore brain activation 
during the prediction of peer’s emotional responses in students from age 18 to 25.  
 Chapter 5 provides evidence that development of cognitive control is not 
finished before young adulthood. 23 to 25 year olds showed more brain activation 
in several regions than 18 to 19 year olds during the Stroop task, in the absence of 
behavioral differences. Our results underscore that fMRI can pick up subtleties that 
are not detected in reaction times or accuracy data. A prevailing hypothesis states 
that cognitive development is accompanied by a decreased extent of activation and 
increased focal activation in task-relevant brain areas (Durston et al., 2006). The 
findings presented here are more in line with a methodologically well-controlled 
study that demonstrated an increase in response magnitude only (Keulers, Stiers, & 
Jolles, 2011). A recent meta-analysis indicated that prefrontal activation during 
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working memory, inhibition and task switching either increases or decreases over 
adolescence, indicating flexibility of neural control systems (Crone & Dahl, 2012). 
In a specific underinvestigated age group, we found increased prefrontal activation 
and no activation decreases during cognitive as well as emotional inhibition. 
 

Sex differences 
 
It is generally believed that females have an advantage in social-emotional 
understanding compared to males. Evidence for this notion is largely based on 
behavioral observations and questionnaires (Baron-Cohen, 2002). However, 
stereotypes such as the idea that females often experience social emotions lead to 
biased responses on self-report measures (Robinson & Clore, 2002). Investigating 
underlying neural mechanisms therefore provides more direct information about 
possible sex differences. Chapter 3 showed stronger activation of the medial 
posterior parietal cortex and temporoparietal junction during social appraisals in 
males than females. Particularly during other-appraisals, part of the medial 
posterior parietal cortex was more involved in males. It thus appears that there are 
sex differences in social understanding at the neural level. Nevertheless, it should be 
noted that within sexes, there are obvious individual differences with respect to 
brain structure and corresponding cognitive style (Lai et al., 2012). 
 No differences between males and females were found on a Stroop paradigm, 
which we described in chapter 5. Hence, brain activation during a task tapping 
cognitive control appears to be similar for both sexes. Previous fMRI research 
reported that sex-related variation depends on the type of cognitive task (Bell, 
Willson, Wilman, Dave, & Silverstone, 2006). During inhibition, stronger prefrontal 
activation in females (Garavan, Hester, Murphy, Fassbender, & Kelly, 2006) as well 
as stronger prefrontal activation in males (Li et al., 2009) has been shown. These 
studies did not control for other variables, such as age and education, as was done 
here. The fact that we did not find sex-related differences although we maximized 
the chance of observing effects by using homogeneous groups, strengthens our 
results. 
 

Academic performance 
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All late adolescent and young adult participants were recruited from Medical 
College. As such, these students have a similar high school background involving 
beta courses and are in general very motivated and intelligent. They have gone 
through a selection procedure and follow a difficult curriculum including practical 
courses and clinical training. Researchers have tried to pinpoint factors that 
determine achievement in Medical College (Ferguson, James, & Madeley, 2002). 
This is crucial in light of the great effort students put into their education and the 
responsibilities that go along with their future profession. Predictors of success 
include empathy (Hojat et al., 2002), autonomous motivation (Kusurkar, Ten Cate, 
Vos, Westers, & Croiset, 2013) and cognitive abilities (Urlings-Strop, Stijnen, 
Themmen, & Splinter, 2009). Here, we were interested in brain functioning to gain 
more knowledge about individual differences with regard to age, sex and 
performance in this specific population. 
 One important skill for academic success is cognitive control, which allows 
students to guide their behavior towards a goal. For example, students need to be 
able to resist going out with friends when they have a test on the next day. In 
chapter 6 we demonstrated that, for a selective sample of 18 and 19 year olds who 
passed the first year, brain activation during cognitive control was related to 
academic performance. Notably, this effect was seen in the dorsal anterior cingulate 
cortex during the Stroop task, which is in line with previous work using Event-
Related Potentials (ERPs; Hirsh & Inzlicht, 2010). These findings suggest that 
examining the neural level complements behavioral research by providing valuable 
information about achievement in higher education.  
 

Methodological considerations 
 
In chapter 3 and chapter 5, a cross-sectional design was used to elucidate 
differences between late adolescents and young adults. We included students aged 
18 to 19 from the first and second year of Medical College and students aged 23 to 
25 from the final years, which allowed us to compare groups. Unfortunately, this 
introduces some between-subject variation, even in a homogeneous sample. The 
advantage of a longitudinal design, as employed in chapter 2, is the possibility of 
exploring changes over time within individuals. On the downside, it takes several 
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years to complete data collection for this sort of research. Another methodological 
strength of our longitudinal study in 10 to 13 year olds was the functional 
connectivity analysis, which built on previous work that demonstrated activation 
changes during this age range. Investigating how brain regions work together 
advances knowledge of social and cognitive development (Stevens, 2009). In the late 
adolescents and young adults, only activation differences were examined, since we 
focused for the first time on this specific period. Importantly, complementing these 
regional approaches with connectivity methods will further our understanding 
about this late developmental phase.  
 For chapter 6, we defined academic performance by averaging the grades of 
courses that students followed in the first year. These grades were based on multiple 
choice exams, excluding practical work, and provided an objective measure of 
college success. Obviously, doing well in university is not only determined by 
mastering theory. Other crucial factors that contribute to achievement in Medical 
College include clinical competence and teamwork. There is no single indicator of 
later accomplishments in medical specialty training; multiple variables, such as 
exam scores, clinical grades and type of university, likely play a role (Harfmann & 
Zirwas, 2011). Thus, it would be interesting to incorporate additional measures in 
follow-up research to capture students’ learning progress in a broader sense. 
 

Theoretical and practical implications 
 
The studies presented in this thesis emphasize that adolescence continues into the 
early twenties. Concurrent with structural development (Giedd & Rapoport, 2010), 
functional brain changes are ongoing after age 18 or 19, which is generally 
considered the start of adulthood. Yet, research on social and cognitive processes in 
healthy adults often includes participants who are easily available. These are usually 
students from 18 years and older that participate in exchange for course credit or 
money. In most cases, age is not controlled for, although this is a substantial source 
of individual differences in maturation. We highlight the need for taking the effect 
of age into account. Likewise, it is important to use sex as a factor in fMRI analyses 
or include only males or females within one design. 
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 Recently, the interest for brain functioning has flourished in classrooms and 
educational policy (Howard-Jones, 2010; OECD, 2007). Although some challenges 
exist for connecting theory and practice (Spitzer, 2012; Varma, Mccandliss, & 
Schwartz, 2008), teachers in primary school and high school are making attempts to 
base instruction on findings from neuroscience. The excitement about insights on 
the neural bases of learning has not extended to higher education up till now. As 
this thesis indicates, university lecturers and advisors should also be aware of the 
cortex’ plasticity as well as variation between students related to age and sex. The 
notion that the brain is not yet fully mature in college suggests that students could 
benefit greatly from guidance in preparing for exams, planning and progress 
monitoring. Interventions aimed at improving cognitive control may be highly 
beneficial in college since it has been shown that training this ability positively 
affects behavior (Hofmann, Schmeichel, & Baddeley, 2012). Certainly, when 
teaching is tailored to individual needs, students can reach their full potential 
(Thomas, 2013). 
 

Suggestions for future research  
 
Our results concerning late adolescents and young adults can be generalized to the 
population of medical students. We focused on this specific group for reasons 
outlined above. Nonetheless, it is still unclear if similar effects are present in other 
samples, such as students who follow another curriculum or young people that are 
employed full-time. Future research is needed to confirm the current results in 
subjects with diverse backgrounds. Next to comparing age groups, it is important to 
probe individual differences in brain functioning (Crone, 2009). Moreover, only a 
couple of paradigms could be examined since these were the first studies specifically 
aimed at the transition into and out of adolescence. Cognitive and social processes 
encompass a wide variety of subfunctions which should be investigated further. 
 Differences in neural mechanisms may be due to biological influences, 
environmental factors or an interaction of both. Educational settings form a rich 
context which can bolster social and cognitive skills. Although there is evidence of 
age-related anatomical changes, the direct link between structural and functional 
brain maturation is not well known (Blakemore, 2012). Our studies could be 
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complemented by using other research techniques, such as Voxel-Based 
Morphometry (VBM) to investigate gray and white matter volume changes and DTI 
for examining structural connectivity. Together, these neuroimaging methods can 
give a complete picture about the developing brain across adolescence.  
 

Conclusions 
 
In this thesis, we provided new insights into brain functioning between late 
childhood and early adolescence as well as between late adolescence and young 
adulthood. Our findings underline the importance of studying transitional periods 
which are accompanied by social and cognitive changes. Additionally, we pointed 
out that it is critical to use groups with small age ranges, explore differences between 
males and females and consider the academic background of research participants. 
The results presented in the first part indicate age-, sex- and task-related differences 
in the neural bases of social understanding. In the second part, we observed an 
association between age as well as academic performance with brain activation 
during cognitive control. Our neuroimaging work demonstrates continued 
development into the early twenties; a finding that can be relevant for teaching and 
guidance of students in higher education.  
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