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SUMMARY

Sex hormones, like testosterone and estradiol, can affect the development of the brain and subsequently 
have essential influences on our behaviour. This makes the influence of sex hormones on the brain 
extremely interesting to study. The sexual differentiation of the brain is the result of a continuous 
interplay between genes, the environment and sex hormones. There are two major events during 
life when dramatic changes in the brain occur: before birth in the prenatal period and later in life 
during puberty. The influence of sex hormones on the sexual differentiation of the human brain 
and behaviour during these phases of development is central in this thesis. I investigated this broad 
topic by studying two research questions:

RESEARCH QUESTION 1: 

What is the influence of prenatal 

and pubertal sex hormones 

on brain lateralization?

Brain lateralization is a fundamental organization principle of the brain, it is the asymmetrical 
specialization of both hemispheres. For example, in most individuals the left hemisphere is 
dominant for language and the right hemisphere for visuospatial orientation. However, among 
individuals there is a lot of variation in lateralization, with a small but consistent differences 
between men and women. These sex differences in lateralization are probably largely a consequence 
of sexual differentiation of the brain under the influence of an interplay between exposure to sex 
hormones and environmental factors. Yet, after decades of research the role of sex hormones on the 
development of brain lateralization is still elusive. 

In the past, only humans were thought to possess a lateralized brain, but more recently it became 
known that most vertebrates and even some invertebrates have a lateralized brain. This gave research 
into the influence of sex hormones on brain lateralization an enormous boost. In CHAPTER 2 
we discussed methods to investigate the influence of hormones on brain lateralization in different 
research fields, with different techniques, at different times and in different study species. We argue 
that the use of more similar procedures in all species would enhance the insight in the mechanisms 
behind the development of lateralization. In human studies, there is need for longitudinal studies 
that measure prenatal hormones in amniotic fluid and use direct measures of brain lateralization. 
Furthermore, sex hormone treatment in persons diagnosed with Gender Dysphoria could offer 
an experimental approach to study the effects of hormone administration in humans. With the 
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interdisciplinary approach in this thesis we aim to bridge the gap between animal and human studies 
by using these two methods in humans, and thereby provide insight in the hormonal mechanism 
behind the development of lateralization in humans. 

The classic hypotheses on the sexual differentiation of brain lateralization focus on the influence 
of prenatal sex hormones, specifically testosterone. Recently it became established that puberty 
is another important period in which hormones can have effects on the brain, but there are no 
published studies on the influence of pubertal testosterone on brain lateralization. In CHAPTER 3 
we presented the first longitudinal study combining prenatal amniotic fluid testosterone levels with 
pubertal saliva testosterone levels in the same participants. This gave us the unique opportunity to 
investigate the influence of both prenatal and pubertal testosterone, and what proved to be even 
more important: the interaction between prenatal and pubertal testosterone. Brain lateralization of 
language, visuospatial orientation and facial emotion was measured with functional Transcranial 
Doppler sonography (fTCD). A salient finding of our study is that testosterone exposure is related 
to brain lateralization of cognitive tasks in adolescent boys, but only if prenatal and pubertal levels 
were both taken into account. Moreover, the effects of testosterone differed per task. For the right 
lateralized tasks (Mental Rotation and Chimeric Faces) the effect of pubertal testosterone was 
modulated by the prenatal testosterone levels: in the boys with low prenatal testosterone levels, 
pubertal testosterone increased the strength of lateralization, while in the high prenatal testosterone 
group, pubertal testosterone decreased the strength of lateralization. For the left lateralized Word 
Generation task, pubertal testosterone decreased the strength of lateralization. Finally, we only 
found effects of testosterone on lateralization for boys, not for girls. The conclusion of this chapter 
is that both prenatal and pubertal testosterone influence lateralization in a task- and sex-specific 
way, complicating easy general text book statements.

It is a widely held view that testosterone affects sexual differentiation of the human brain, including 
lateralization, but it is possible that estradiol has a role as well. In CHAPTER 4 the influence of 
prenatal and pubertal estradiol on the development of brain lateralization is investigated with the 
same method as in Chapter 3. The results of this study, together with the outcomes of Chapter 
3, suggest that: 1) Brain lateralization is affected by testosterone in boys and by estradiol in girls. 
2) Prenatal sex hormones modulate the effect of pubertal sex hormones on lateralization. When 
studying the effect of prenatal sex hormones in adolescence on lateralization, pubertal sex hormone 
levels should be taken into account as well. 3) The effect of testosterone and estradiol are task-
specific in a similar way. These outcomes should be interpreted with caution but open a new avenue 
for further research on the effect of sex hormones on brain lateralization.

In CHAPTER 5 we investigated the effect of testosterone treatment in transboys (girls assigned at birth 
diagnosed with Gender Dysphoria) on brain lateralization. Importantly, we compared this effect to the 
influence of endogenous testosterone levels in control boys and control girls. Lateralization of a specific 
brain area was investigated, namely the amygdala. The amygdala is involved in emotion processing and 
is an interesting area to investigate with regard to brain lateralization, because lateralized sex differences, 
as well as effects of testosterone, on amygdala activation have been found. Amygdala lateralization was 
measured with functional Magnetic Resonance Imaging (fMRI) during an emotional face matching 
task. The main outcome of this study is that testosterone treatment shifts the lateralization in the 
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expected direction (right amygdala) in transboys, and that in control boys there is a significant relation 
between endogenous testosterone levels and rightward amygdala asymmetry. However, for transboys 
and control girls we did not find a correlation between the actual testosterone levels and amygdala 
lateralization. This could be due to methodological issues, or biological differences between girls 
assigned at birth and boys assigned at birth. 

RESEARCH QUESTION 2: 

What is the influence of prenatal 

and pubertal sex hormones 

on gender development from 

childhood to adolescence?

In the second part of the thesis I move from the effects of sex hormones on the brain to behaviour. 
Sex differences in behaviour and interests emerge in early childhood and are clearly observable 
in toy preferences. Later in life in adolescence, there are clear sex differences in gender identity, 
sexual orientation and gender expression. In CHAPTER 6, we had the unique opportunity to 
investigate the influence of prenatal and pubertal sex hormones on gender development from 
childhood to adolescence with a longitudinal study (in the same participants of Chapter 3 and 4). 
In this study not only testosterone levels were assessed, but also estradiol and progesterone levels. 
In boys, preference for masculine toys increased with age, but there were no effects of prenatal sex 
hormones in childhood. In girls, prenatal testosterone was related to more feminine toy preference 
and estradiol to a more masculine toy preference at 6.5 years old. There were no effects of prenatal 
progesterone. In adolescence, the interaction between prenatal and pubertal estradiol influenced 
gender expression in boys and gender role in girls. Namely, pubertal estradiol increased masculine 
gender expression in boys with low prenatal estradiol levels, and increased feminine gender role in 
girls with low prenatal estradiol levels. On the other hand, pubertal estradiol decreased masculine 
gender expression in boys with high prenatal estradiol levels, and had no effect in girls with high 
prenatal estradiol levels. Pubertal progesterone could not be assessed and no effects of pubertal 
testosterone were found. Finally, toy preference in childhood does not predict gender identity and 
expression in adolescence. Again, we conclude that the effects of sex hormones depends on the task, 
age and sex of the participants.

In the DISCUSSION, the findings on the sexual differentiation of brain lateralization and gender 
development are synthesized in an overarching discussion, which inspired a few new analyses. First 
the outcomes of the lateralization chapters were combined, showing that males tend to be stronger 
lateralized than girls on all tasks, and that the outcomes of both techniques to measure brain 
lateralization (fTCD and fMRI) are consistent. Next, the effects of sex hormones on lateralization 
were defined in terms of “masculinizing and feminizing” in in order to facilitate comparison 
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between outcomes on lateralization and the gender development. This showed that there are several 
parallels in the effect sex hormones have on these rather different output measures, which led to the 
question: is there is a relation between brain lateralization and gender development in adolescence? 
Indeed, a less masculine lateralization pattern is associated with more feminine gender expression 
in boys, and increased strength of lateralization on all tasks (“more masculine”) is associated with a 
more masculine gender expression in girls. Finally, my four main overarching conclusions are:

1. Sex hormones influence brain lateralization and gender 
development from childhood to adolescence.

2. Both prenatal and pubertal sex hormones should be 
taken into account when studying this.

3. Not only testosterone is important in sexual differentiation 
of humans, but estradiol plays a major role as well.

4. The effect of sex hormones depends on the type of 
hormone, the timing, the task, and the sex.

The exact influence of sex hormones is complex and difficult to disentangle from other genetic and 
environmental factors, but I hope to have demonstrated that the study of the hormonal basis for 
human sexual differentiation is worthwhile and that the results indicate interesting perspectives for 
future studies.
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