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DISCUSSION

Central in this thesis is the role of sex hormones on the sexual differentiation of the brain and 
behaviour at several stages during development. This broad field is investigated by studying two 
aspects that have revealed sex differences. In the first chapters the focus was on a fundamental aspect 
of brain organization, namely the distribution of cognitive functions over both hemispheres, called 
‘brain lateralization’. In the last chapter we shifted from the brain to behaviour, by investigating the 
influence of sex hormones on gender development from childhood to adolescence.

Historically, the sexual differentiation of brain and behaviour was thought to be restricted to the 
prenatal period, but more recently it became established that puberty is another sensitive period in 
life in which sex hormones have an organizing impact on the brain and behaviour (Blakemore et al., 
2010; Peper and Dahl, 2013; Romeo, 2003; Sisk and Zehr, 2005). However, literature investigating 
the sexual differentiation of brain lateralization and gender development focuses mainly on the 
prenatal period (Geschwind and Galaburda, 1985; Hines et al., 2015; Hines and Shipley, 1984; 
Witelson and Nowakowski, 1991). Moreover, studies focus on the hormone testosterone, while 
estradiol potentially affects the sexual differentiation as well (Arnold and McCarthy, 2016). Several 
steps were taken in this thesis to bring the field of sexual differentiation of brain and behaviour 
in humans forward: both prenatal and pubertal sex hormones were taken into account, and both 
testosterone and estradiol were studied in both sexes. 

In humans, long-term manipulation of sex hormones is not acceptable for obvious ethical reasons 
and it is difficult to obtain prenatal hormone data, while in animals it is difficult – if not impossible – 
to investigate cognitive brain lateralization and gender identity. In this thesis we had the opportunity 
to overcome some of the challenges in human studies with two unique datasets. The first dataset 
consists of longitudinal data: healthy boys and girls were followed for 15 years from amniocentesis 
to adolescence. The second dataset, complementing the first dataset, involved an experimental 
approach by investigating the effect of testosterone manipulation on brain lateralization in 
adolescents with female sex assigned at birth but a male gender identity (diagnosed with Gender 
Dysphoria). They were compared to matched adolescent control boys and girls. Hereby we bridged 
to some extent the gap between experimental studies in non-human animals and correlational 
studies in humans. With these datasets I pursued to answer the following research questions:

1. What is the influence of prenatal and pubertal sex hormones on brain lateralization?

2. What is the influence of prenatal and pubertal sex hormones 
on gender development from childhood to adolescence? 

In the following sections I will first discuss the effects of sex hormones on brain lateralization, then 
the effect of sex hormones on gender development, after which both topics will be synthesized in an 
overarching discussion on the influence of sex hormones on the sexual differentiation of brain and 
behaviour. The synthesis inspired a few new analyses which will be presented in this Discussion too. 
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WHAT IS THE INFLUENCE OF PRENATAL AND PUBERTAL  
SEX HORMONES ON BRAIN LATERALIZATION?

In the first chapter on brain lateralization (Chapter 2), we discussed methods to investigate the 
influence of hormones on brain lateralization. In humans, the most optimal method to measure 
prenatal hormones is in amniotic fluid sampled during the sensitive period that sex hormones 
differentiate the brain. This method was used in Chapter 3 and 4, in combination with sex hormone 
levels in puberty in the same participants at 15 years of age. This longitudinal approach enabled 
us to investigate the effect of both prenatal and pubertal testosterone (Chapter 3) and estradiol 
(Chapter 4) on brain lateralization in adolescence. The influence of pubertal hormones on brain 
lateralization was further investigated in Chapter 4. In the first chapter we also described that the 
best method to unveil causal mechanisms is by experimental manipulation of hormones, but in 
humans this is restricted for obvious ethical reasons. Testosterone treatment in transboys (girls 
diagnosed with Gender Dysphoria) offered us a more experimental approach to study the effects 
of hormone administration. In Chapter 5 we investigated the effect of testosterone treatment on 
lateralization in transboys, compared to the effect of endogenous testosterone levels in adolescent 
control boys and girls. 

Brain lateralization was assessed with different techniques and tasks in the various chapters. In 
Chapter 3 and 4, brain lateralization of a major part of the cortex was measured with functional 
Transcranial Doppler sonography (fTCD) during the Mental Rotation, Word Generation and 
Chimeric Faces tasks. In Chapter 5, brain lateralization of the amygdala was measured with 
functional Magnetic Resonance Imaging (fMRI) during the emotional face matching task.

In the following section I will first validate if there are sex differences in lateralization and then 
compare the two methods used to measure brain lateralization. Subsequently the effects of 
testosterone and estradiol on lateralization will be discussed in order to answer Research Question 1.

SEX DIFFERENCES IN FUNCTIONAL LATERALIZATION

The difference in lateralization between men and women is small but consistent, albeit with larger 
differences within than between the sexes (Beltz et al., 2013; Bourne, 2005; Hirnstein et al., n.d.; 
Pfannkuche et al., 2009; Wager et al., 2003). Therefore, it is even more striking that we did find 
a stronger right lateralization in boys than girls during the Mental Rotation task in Chapter 3  
– consistent with the review of Vogels and colleagues (2003) – even with the relatively small sample 
size of our study (30 boys; 30 girls). No significant sex differences in lateralization were found for the 
language task (Chapter 3) and the emotion tasks (Chapter 3 and 5), which is consistent with (Derntl 
et al., 2009; Sommer et al., 2004) and opposite to popular belief. Please note that the literature is 
inconsistent regarding sex differences in lateralization, but is consistent in rarely finding women to 
be more lateralized than men. Therefore the inconsistencies probably reflect small sex differences 
and differences in measurement sensitivity (Beltz et al., 2013).
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Lateralization of facial emotion processing was assessed in Chapter 3 during the Chimeric Faces 
task with fTCD and in Chapter 5 during the Face Matching task with fMRI. In order to test the 
sex difference in lateralization across both studies the lateralization scores of both studies were 
transformed to the same range (-1 = right hemisphere dominance; 1 = left hemisphere dominance). 
In Figure 1, the mean standardized lateralization index of both emotion tasks is depicted on the left. 
When the data of both emotional tasks was combined (48 control boys, 47 control girls), the sex 
difference only reached trend level (t(93)=-1.72, two-sided p=.088), but is in the expected direction. 
Based on the literature, we expected that boys are stronger lateralized to the right hemisphere than 
girls (Killgore and Yurgelun-Todd, 2004; Schneider et al., 2011). 

For completeness, the standardized lateralization scores of the Mental Rotation and Word 
Generation tasks are also depicted in Figure 1. On each task, boys tend to be stronger lateralized 
than girls (sex difference of all tasks taken together: F(1,207)=5.8, d=.33, p=.017), but as expected, 
the differences within the sexes are larger than the differences between the sexes as is apparent from 
the within-group standard deviations. 
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Figure 1  The standardized lateralization index is depicted for all four tasks used in this 
thesis. A positive index indicates left hemisphere dominance, and a negative index right 
hemisphere dominance. Error bars represent the 95% confidence interval.
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SIMILARITIES BETWEEN TECHNIQUES AND TASKS

Different techniques were used to assess brain lateralization and it is reassuring that the lateralization 
of facial emotion processing measured with fTCD and fMRI is in the same direction. This is in 
line with the studies of (Deppe et al., 2000; Jansen et al., 2004) who showed that the direction 
of lateralization during language and spatial attention measured with fTCD and fMRI is highly 
consistent. 

With fTCD we measured the potential asymmetrical activation of a major part of the cortex, and 
with fMRI the potential asymmetrical activation of the subcortical amygdala. Thus, in both 
studies the lateralization index derived from a completely different brain region, but the outcomes 
are nonetheless comparable between the studies. The similarity in the results of the two methods 
used may be explained by the finding that the amygdala is part of a widespread brain network, and 
connections to other brain areas are more widespread from the right amygdala in men, and from the 
left amygdala in women (Kilpatrick et al., 2006; Savic and Lindström, 2008).

In the literature, the lateralization of emotion – specifically in the amygdala – seems to depend 
heavily on task-characteristics (Sergerie et al., 2008). Although the tasks differed in Chapter 3 and 
5, they also shared some core characteristics: the stimuli in both tasks were emotional faces based 
on the Karolinska Database of Emotional Faces (KDEF) and showed in 50% of the trials an angry 
expression. Our findings suggest that the lateralization of these two tasks, measured with different 
techniques, in different participants, in different brain areas, is quite robust. 

THE EFFECT OF SEX HORMONES ON BRAIN LATERALIZATION 

Innovation 1: testosterone and estradiol levels

It is a widely held view that testosterone is the main hormone affecting sexual differentiation in 
humans. Steroid hormones other than testosterone – like estradiol – have received less or no attention, 
and theories for their effects have not been well developed yet. However, in other animals– like rats 
and mice, but even in birds and reptiles – it has been established that testosterone is converted 
in the brain into estradiol, which then masculinizes the brain (Arnold and McCarthy, 2016). It 
seems unlikely that estradiol is involved in the sexual differentiation of the brain of so many non-
human animal species, including mammals with which we share a more recent evolutionary past, 
but not in humans. Therefore, we also investigated the effect of prenatal and pubertal estradiol on 
lateralization in our human subjects, as presented in Chapter 4. 

Interestingly, while in Chapter 3 effects of testosterone were found only for boys, in Chapter 
4 effects of estradiol were found only for girls. Thus, the sex hormone typical for the sex exerts 
influence on brain lateralization. Ideally, overlap between boys and girls in sex hormone levels would 
have enabled us to differentiate statistically between the effect of sex and sex hormones. However, 
the overlap between boys and girls in pubertal testosterone and estradiol levels was minimal. With 
this in mind, it was especially interesting to investigate the effect of testosterone treatment in girls 
assigned at birth diagnosed with Gender Dysphoria, who received testosterone treatment that 
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induced concentrations within the physiological range of boys. In Chapter 5, we found that this 
treatment increases rightward lateralization in transboys, which could indicate that testosterone has 
the same effect in both sexes if present in the concentration typical for boys. It would be interesting 
to investigate the effect of estradiol treatment in boys assigned at birth diagnosed with gender 
dysphoria (transgirls). 

Innovation 2: prenatal and pubertal levels

The classic hypotheses on the influence of hormones on the development of brain lateralization 
focus on the organizing effects of prenatal testosterone (Geschwind and Galaburda, 1985; Hines 
and Shipley, 1984; Witelson and Nowakowski, 1991), but more recently is has been established that 
puberty is another sensitive period for organizing effects on the brain (Blakemore et al., 2010; Peper 
and Dahl, 2013; Romeo, 2003; Sisk and Zehr, 2005). In Chapter 3, we only found an effect of 
prenatal testosterone on lateralization in adolescent boys if pubertal testosterone levels were taken 
into account as well. Moreover, prenatal testosterone modulated the effect of pubertal testosterone 
on lateralization (interaction effect). Chapter 4 shows that both prenatal and pubertal estradiol 
influence brain lateralization in girls. In Chapter 5, prenatal sex hormone levels were not available. 
We report an effect of pubertal testosterone on rightward lateralization during emotional face 
matching in the control boys. Given that in both chapter 3, 4, and 5 pubertal sex hormones affect 
brain lateralization, pubertal sex hormone levels should be taken into account when studying the 
effect of sex hormones on lateralization in adolescence (and possibly later in life as well), and not 
doing so may account for the negative results in the literature. 

TASK-SPECIFIC EFFECTS OF SEX HORMONES

Literature investigating the effect of sex hormones on brain lateralization generated mixed 
outcomes, probably partly because the role of pubertal sex hormones and estradiol was not taken 
into account, but an additional problem is that many different tasks and methods were used in each 
study, complicating the generalizability of the results (as described in Chapter 2). Therefore, in 
Chapter 3 and 4 we compared in a single study the effect of sex hormones on lateralization of three 
cognitive tasks: Mental Rotation, Chimeric Faces and Word Generation.

There were clear differences in the relationships between sex hormones and lateralization of the left-
lateralized Word Generation task (in boys a main effect of pubertal testosterone and in girls no effect) 
versus the right-lateralized Mental Rotation and Chimeric Faces tasks (interaction between prenatal 
and pubertal sex hormones in boys and girls). It would be interesting to study other lateralized tasks 
to see if the effect of hormones differs per hemisphere.

This task-specific effect of prenatal and pubertal sex hormones is in line with the general principle 
that the mechanisms leading to sex differences are highly diverse and differ in each brain region 
and between sexes (Arnold & McCarthy 2016). Moreover, it is now more and more established 
that there is not one unitary sensitive period for the entire brain: the development of many brain 
regions depends on other brain regions, and multiple sensitive periods are attributed to different 
brain regions or functions (Arnold and McCarthy, 2016). The combination of region-specific 
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mechanisms and timing may lead to a task-specific effect of hormones on brain lateralization, which 
is indeed what was found in Chapter 3 and 4. In addition, it might explain the mixed outcomes of 
previous studies.

THE ANSWER TO RESEARCH QUESTION 1

In summary, in the first part of the thesis the aim was to answer Research Question 1: What is the 
influence of prenatal and pubertal sex hormones on brain lateralization? The key outcomes from 
Chapters 3, 4 and 5 are:

• The sex difference in lateralization is small but consistent

• Both prenatal and pubertal testosterone affect brain lateralization in boys

• Both prenatal and pubertal estradiol affect brain lateralization in girls

• These effects are task-specific

• Testosterone treatment in transboys shifts lateralization 
rightward (similar to the lateralization in boys)

WHAT IS THE INFLUENCE OF PRENATAL AND PUBERTAL SEX HORMONES 
ON GENDER DEVELOPMENT FROM CHILDHOOD TO ADOLESCENCE?

The difference between men and women intrigues humanity since the beginning of time. It still 
provokes debate about the role of biological versus environmental factors. However, this distinction 
is nowadays outdated as both factors continuously interact with each other during development 
and splitting any trait in being caused by nature or nurture is therefore wrong. Although I highlight 
the role of sex hormones in this thesis, I continuously realize that hormones are only part of 
a bigger picture including many other factors influencing sexual differentiation. At this point I 
also would like to clarify the distinction between sex and gender: Sex is the classification of living 
organisms according to their sex organs and other physical aspects, whereas gender is a person’s self-
representation as male or female. 

Previous studies have indicated large sex differences in early toy preferences and characteristics like 
gender identity, gender role and sexual orientation, hence, these are interesting human traits for 
studying the effects of sex hormones on the process of behavioural sexual differentiation. As is the 
case with almost all literature on the sexual differentiation of human brain and behaviour, previous 
studies only investigated the effect of prenatal testosterone on gender development, but other sex 
hormones like estradiol and progesterone have not been taken into account (except in the study 
of our research group in the same participants at 13 months of age (Van de Beek et al., 2009)), 
nor has the effect of the interplay between prenatal and pubertal sex hormone levels been studied. 
In Chapter 6, we explored the influence of multiple prenatal and pubertal sex hormones on the 
development of toy preference in childhood and gender development in adolescence. 
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THE ROLE OF PRENATAL TESTOSTERONE, ESTRADIOL AND PROGESTERONE

The first question of Chapter 6 was: Do prenatal sex hormones predict gender-related toy preferences 
in childhood (at 1, 2.5 and 6.5 years)? In boys, preference for masculine toys increased with age, but 
there were no effects of prenatal sex hormones. In girls, higher prenatal testosterone levels were 
associated with a more feminine toy preference, while higher prenatal estradiol levels were associated 
with a more masculine toy preference at 6.5 years. So, we only found effects of prenatal sex hormones 
at 6.5 years, and not at earlier ages, which might be surprising as the prenatal period is longer ago 
and other (environmental) factors had more chance to influence gender development. However, 
a recent study shows that effect of prenatal sex hormones might also be altered by environmental 
factors and vice versa (Hines et al., 2016). Furthermore, the direction of these effects was surprising 
and shows that sexual differentiation is nuanced and that there is much to be investigated in future 
studies. There were no effects of prenatal progesterone. 

THE ROLE OF PUBERTAL TESTOSTERONE AND ESTRADIOL

The second question of Chapter 6 was: Do prenatal and pubertal sex hormone levels predict 
sexual orientation, gender role and gender expression in adolescence (15 years). 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 pubertal estradiol increased feminine gender role in girls with 
low prenatal estradiol levels. Possibly, pubertal estradiol levels have a compensating effect with low 
prenatal estradiol levels. Pubertal estradiol decreased masculine gender expression in boys with high 
prenatal estradiol levels, and had no effect in girls with high prenatal estradiol levels. No effects of 
pubertal testosterone were found and pubertal progesterone could not reliably be assessed. Thus, 
our findings suggested that estradiol (whether or not aromatized from testosterone) stronger affects 
gender development than testosterone, especially in girls. The mechanisms behind the effects are 
still unclear, but the results in Chapter 6 show that future studies should definitely take the effect of 
prenatal and pubertal estradiol on sexual differentiation into account. 

GENDER DEVELOPMENT 

The last question of Chapter 6 was: Do gender-related toy preferences in childhood predict sexual 
orientation, gender role and gender expression in adolescence? The relationship between early and 
late gender development could shed light on the underlying mechanism and could aid clinical 
diagnosis. We found that there is no predictive value of toy preference in childhood for gender 
development in adolescence, at least in typically developing children. This might be different in 
adolescents diagnosed with Gender Dysphoria (Chapter 5), who already in childhood showed play 
preferences of the opposite sex. 

The role of prenatal and pubertal sex hormones on gender development in typically developing 
children, could possibly also shed light on the aetiology of atypical development of gender identity. 
It has been theorized that the mismatch between body and gender identity is the result of atypical 
exposure to sex hormones during the prenatal sexual differentiation of the brain (Swaab, 2007). 
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More specifically, girls assigned at birth diagnosed with Gender Dysphoria (transboys) would have 
been exposed to elevated prenatal testosterone levels during the sexual differentiation of the brain, 
resulting in masculinized brains and behaviour. In Chapter 6, however, we find that not prenatal 
testosterone but prenatal estradiol is associated with more masculine toy preference in control 
girls. It is worthwhile to investigate the role of prenatal estradiol on the gender development in girls 
diagnosed with Gender Dysphoria. Moreover, Chapter 6 shows that not only prenatal sex hormones 
influence gender development, but that pubertal sex hormones also play a role. In this context it 
is interesting to mention that the incongruent gender identity of prepubertal children diagnosed 
with Gender Dysphoria often dissolves in puberty. Only 15% of children with gender dysphoric 
feelings will still have these feelings in adulthood (Steensma et al., 2013). It has been suggested 
that these feelings dissolve under the influence of elevated sex hormones in puberty (among other 
environmental explanations: Steensma et al., 2013), and the outcomes of Chapter 6 show that this is 
an interesting direction for future studies.

THE ANSWER TO RESEARCH QUESTION 2

To conclude, the answer on Research Question 2 “What is the influence of prenatal and pubertal 
sex hormones on gender development from childhood to adolescence?” is:

• Both prenatal testosterone and estradiol affect toy preference in girls at 6.5 years

• Both prenatal and pubertal estradiol affect gender expression in boys at 15 years

• Both prenatal and pubertal estradiol affect gender role in girls at 15 years

• Toy preference in childhood does not predict gender development in adolescence

OVERARCHING THE CHAPTERS:  
THE SEXUAL DIFFERENTIATION OF BRAIN AND BEHAVIOUR

Now, the outcomes on sexual differentiation of brain lateralization and gender development will 
be combined to take the discussion to the next level. In order to facilitate comparison between 
the lateralization outcomes and the gender development outcomes, the effect of sex hormones 
on lateralization will be defined in terms of “masculinizing and feminizing”. Originally, these 
terms were described in context of the sexual differentiation of the reproductive system with a 
clear distinction between males and females, but the terms are now also used in the context of 
sex differences in brain and behaviour, as Guillamon (2016) describes: “Masculinization and 
feminization refer to any change that makes an individual more like typical males or females”. For 
the right lateralized tasks, increased strength of lateralization towards the right hemisphere is defined 
as “masculinizing”, based on our finding that boys are stronger lateralized to the right hemisphere 
than girls for Mental Rotation and facial emotion processing. For the left lateralized language task, 
an increase in leftward lateralization is defined as “masculinization”, based on the tendency in our 
study and the literature that males are somewhat stronger left lateralized for language than females 
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(Beltz et al., 2013). Please note, there is no clear dichotomy between males and females in brain 
lateralization but considerable overlap, and therefore it is difficult to differentiate whether an effect 
represents increasing masculinity or decreasing femininity, and vice versa. Therefore, in line with 
the labelling of results in the gender development studies, I use masculinization and feminization 
as being more male-like or female-like respectively. 

Brain lateralization (Chapter 3 and 4) and gender development (Chapter 6) were tested in the same 
participants at 15 years of age, enabling direct comparison between the outcomes on these chapters. 
In Table 1 the similarities and differences of the main outcomes are listed. 

Table 1   The main outcomes of the chapters investigating the sexual differentiation of brain 
lateralization and gender development in the same participants at 15 years of age.

BRAIN LATERALIZATION GENDER DEVELOPMENT

All participants

Sex difference in brain lateralization Sex difference in gender development

No main effect of prenatal testosterone 
or estradiol on brain lateralization at 

15 years on any of the tasks tested

No main effect of prenatal testosterone 
or estradiol on gender development at 

15 years on any of the tasks tested

Boys

Mental Rotation & Chimeric Faces Gender expression

Low prenatal testosterone:  
pubertal testosterone increases masculinity

Low prenatal estradiol:  
pubertal estradiol increases masculinity

High prenatal testosterone:  
pubertal testosterone decreases masculinity

High prenatal estradiol:  
pubertal estradiol decreases masculinity

Word Generation

Pubertal testosterone decreases masculinity 

Girls 

Mental Rotation & Chimeric Faces Gender role

Low prenatal estradiol:  
pubertal estradiol increases femininity

Low prenatal estradiol:  
pubertal estradiol increases femininity 

High prenatal estradiol:  
no effect pubertal estradiol

High prenatal estradiol:  
no effect pubertal estradiol

Word generation

no effects of sex hormones 
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From this table I draw several conclusions. First, despite that brain lateralization and gender 
development are rather different outcome measures, when we compare the outcomes in Table 1 we 
see that findings are fairly in line with each other. 

Secondly, when studying the effects of prenatal sex hormones in adolescence, pubertal sex hormone 
levels should be taken into account. No effects of prenatal sex hormones on brain lateralization or 
gender development were found when pubertal sex hormones were not included in the statistical 
model at 15 years of age. 

Thirdly, our findings show that the effect of pubertal sex hormones on brain lateralization and 
gender development depend both on prenatal sex hormone levels and sex. For boys, testosterone 
has a comparable influence on brain lateralization as estradiol on gender expression, which is not 
necessarily surprising, as testosterone can directly be converted to estradiol (Arnold and McCarthy, 
2016). Namely, for the boys with low sex hormone levels (either prenatal testosterone or estradiol), 
pubertal levels of the respective sex hormones increase masculinity, while for boys with high prenatal 
levels pubertal levels decrease masculinity. For girls, estradiol seems to be of importance for sexual 
differentiation, with a comparable influence on brain lateralization and gender role behaviour. 
Namely, pubertal estradiol increases femininity in the girls with low prenatal estradiol levels, but 
has no effect in the girls with high estradiol levels. 

Fourthly, when we compare the outcomes across sexes, we see that in boys and girls with low 
levels of prenatal sex hormones, pubertal testosterone levels increase masculinization (in boys) and 
pubertal estradiol levels feminization (in girls). This finding is in line with a brain study finding that 
pubertal testosterone is positively related to grey matter density in boys (described as masculinizing 
by (Peper et al., 2009)), and estradiol is negatively related to grey matter density in girls (described 
as feminizing). In the boys and girls with high prenatal sex hormone levels, pubertal levels decrease 
masculinization or feminization, or have no effect. This is a striking congruence across tasks, sexes 
and sex hormones, but the mechanism remains yet elusive. Both the mean scores of lateralization 
and gender development do not differ between the low and high prenatal groups (all p>.260), so I 
speculate that perhaps the mechanisms at play ensure optimal lateralization or gender development 
in adolescence. Finally, the outcomes in Table 1 show that the effects are task-specific: sex hormones 
impact lateralization of Word Generation, Mental Rotation and Chimeric Faces in a different way, 
and effects on gender expression are found in boys but on gender role in girls.

These findings are in need of validation with a larger sample size, but the overarching finding that 
the effect of sex hormones is comparable across different outcome measures of sexual differentiation 
and across sexes, can serve as converging evidence and strengthens my belief that both prenatal and 
pubertal sex hormones are relevant when studying sexual differentiation, that both testosterone 
and estradiol should be taken into account, and that the effects are task- and sex-specific. These 
results seem complicated but are in good agreement with the mosaic brain hypothesis on sexual 
differentiation.
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THE MOSAIC BRAIN HYPOTHESIS ON SEXUAL 
DIFFERENTIATION OF BRAIN AND BEHAVIOUR

The mosaic brain hypothesis is inspired by the finding that the mechanisms behind sexual 
differentiation are different for each brain region: what is true for one region need not be true for 
another (McCarthy, 2016). The same holds for sexual differentiation of behaviour. An interplay 
between hormones, genes, environment and experience impacts the sexual differentiation of each 
brain region differently and results in a unique brain that is not specifically “male” or “female”, but 
consists of many brain regions and networks which each have a different degree of “maleness” (refers 
to characteristics that are more prevalent in males) or “femaleness”, like a mosaic. This hypothesis 
is in line with our finding that effects on sexual differentiation depend on sex, timing, brain area 
and hormone. New from this thesis is that our findings add an extra level of complexity, as the 
interaction effect between prenatal and pubertal sex hormones shows that the effects in a certain 
phase also may depend on earlier phases. Since hormonal influences are known to interact with 
genetic and other internal and external environmental factors, it is not surprising that in my studies 
the explained variance by hormones is often small. Moreover, concentrations of steroid hormones 
are notoriously dynamic, so that our measurements may have contained substantial noise reducing 
the potential effect sizes. The small magnitude of the (hormonal) effects is often considered as 
argument that the effect of hormones is negligible. However, the role of hormones, the “messengers 
of our body”, is indispensable in the bigger picture of continuously interacting biological and 
environmental factors. 

NEW ANALYSES ON THE RELATION BETWEEN BRAIN AND BEHAVIOUR

In the previous section, I have shown that there are similarities in the sex-, task- and time-specific 
effects sex hormones have on brain lateralization and gender development. This led to the question: 
is there is a relation between brain lateralization and gender development at 15 years of age? I 
performed extra analyses in order to answer this question. First, the relation between lateralization 
and performance is tested on tasks that are assumed to show sex differences in behaviour, and next 
the relation between lateralization and gender development is investigated.

NO RELATIONSHIP BETWEEN LATERALIZATION AND PERFORMANCE

It is generally assumed that males have better visuospatial skills and females better language skills. In 
Chapter 3 and 4, lateralization during the Mental Rotation and Word Generation task was assessed 
and performance on these tasks was also registered. It was originally not within the scope of this 
thesis to investigate the relation between lateralization and performance, but during discussions 
with colleagues and friends I noticed great interest in this topic. There is a pervasive conception that 
a sex difference in brain lateralization equals a sex difference in behaviour, but such a relationship 
has actually to my surprise and best of my knowledge not received thorough investigation in the 
literature. Therefore, I also analyzed the performance in the participants of Chapter 3. For Mental 
Rotation the percentage of correct answers was analyzed and for Word Generation the sum of 
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generated words. The Chimeric Faces was not analyzed, as performance on this task does not reflect 
“quality of skill” but only measures if the faces expression in the left or right visual field looks 
more emotional. In contrast to the sex differences in lateralization, I did not find a sex difference 
in performance on the two tasks (Mental Rotation p=.685; Word Generation p=.950). Also, the 
correlation between lateralization and performance was far from significant for the Mental Rotation 
task (Spearman’s rho=0.056, p=.679, n=57), or the Word Generation task (Spearman’s rho=0.012, 
p=.929, n=58). This is consistent with the notion that the connection between brain measurements 
and behavioural measurements is often weak (de Vries and Södersten, 2009). 

THE RELATION BETWEEN LATERALIZATION AND GENDER DEVELOPMENT

In this thesis I assume that between and within sex differences in lateralization and gender 
development derive partly from the same process of sexual differentiation of the brain. To test this 
assumption, I will now investigate the predictive value of brain lateralization for gender expression 
(how boyish or girlish one finds oneself) and gender role scores (what typical boy or girl activities 
one likes). The residuals of the models were normally distributed. Analyses were performed per 
sex, as there is (almost) no overlap in gender expression and gender role between boys and girls. The 
model with the lateralization indices of Mental Rotation, Chimeric Faces and Word Generation 
as predictors significantly predicted gender expression for boys (F(3,25)=3.36, p=.035). Further 
analyses revealed that this effect is driven by their score on “how girlish they find themselves” (model 
p=.002). A “less masculine” lateralization pattern (i.e. decreased rightward lateralization on Mental 
Rotation (b=0.10) and Chimeric Faces (b=0.25) and a decreased leftward lateralization on Word 
Generation (b=-0.16)), is positively related to a more feminine gender expression. Lateralization did 
not predict gender role in boys or gender expression and gender role in girls.

Next, based on the assumption that boys are stronger lateralized than girls, the correlation between 
the summed strength of lateralization of the three tasks and gender expression and gender role 
respectively was examined. This time, the correlation between summed strength of lateralization 
and gender expression was significant for girls (Pearson’s r=0.43, p=.029), but not for boys (Pearson’s 
r=0.09, p=.658). Stronger summed lateralization (“more masculine”) is related to a more masculine 
gender expression in girls, see Figure 2. Further analyses revealed that this effect in girls is driven by 
the score on “how boyish do you find yourself?” (Pearson’s r=.46, p=.019). There were no significant 
relations between summed strength of lateralization and gender role in boys and girls. 

Thus, these findings suggest that the sexual differentiation of brain lateralization is associated to 
sexual differentiation of gender expression.
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Figure 2  The relation between summed strength of lateralization and gender expression for 
boys (black dots, black line) and girls (white dots, dotted line).

FUTURE

During the writing of this thesis, I came across several gaps in knowledge in the research field of 
sexual differentiation of human brain and behaviour. Moreover, the research conducted in this 
thesis gives rise to several directions worth pursuing in the future. 

A recurring problem when searching for literature was that most human studies do not measure 
hormone levels directly, but use and indirect measure like 2D:4D finger length ratio as maker for 
prenatal testosterone or menstrual cycle phase as indication of current sex hormone levels. There 
is need for more human studies with direct measurements of hormone levels: prenatally preferably 
in amniotic fluid, and later in life in saliva or serum. Moreover, most studies focus on the prenatal 
effect of testosterone, but this thesis shows that other developmental phases (puberty) and other 
hormones (estradiol) should be investigated as well. A subsequent step would be to investigate the 
interplay between specific combinations of hormones.

In this thesis, sex hormone levels were assessed in amniotic fluid or saliva, but the local sex hormone 
levels in the human brain are unknown, as well as the dynamics of hormone binding by globulins 
(reflecting the ratio bound and free hormones), the density of the hormone receptors in different 
brain areas, the local conversion of hormones, and the production of sex hormones by the brain. 
Moreover, the same level of hormones can have different in males and females, and at different 
times. The body has multiple mechanisms to establish thresholding or ceiling effects of hormones 
(McCarthy, 2016). In the various chapters of this thesis we found task- and sex-specific effects of 
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sex hormones. In order to explain these effects, I often searched – without success – for human 
literature on the underlying hormonal mechanism in various brain areas. Obtaining knowledge of 
the underlying endocrine systems, including sex hormone receptor densities and local conversion 
of testosterone to estradiol, is needed to increase understanding of the sexual differentiation of the 
brain. 

In several chapters of this thesis we report an interaction effect between prenatal and pubertal sex 
hormone levels on the sexual differentiation of the brain and behaviour, which has – to the best 
of my knowledge – not been investigated in animals. Experimental manipulation of sex hormone 
levels in animal species could shed more light on the effect of this interaction on lateralization and 
development of sex-typical behaviour. In addition, in this thesis we could not determine if the effect 
of pubertal hormones on brain lateralization and gender development is organizing or activating. 
More studies are needed to examine this, for example, single administration studies to investigate 
activating effects in humans, and longitudinal studies to determine if effects are permanent 
(“organizing”): from childhood to adulthood in typically developing participants, and before, and 
during and after puberty suppression and cross-sex hormone treatment in participants diagnosed 
with Gender Dysphoria. 

Ideally, these improvements would be implemented in a study with a larger overlap between the sexes 
in testosterone and estradiol levels. This may need inclusion of subject with somewhat deviating 
hormone concentrations due to elevated exposure to maternal hormones, or deviating receptor 
densities, although this will increase the risk that the results are not valid for the normal population.

A recurring dilemma was whether to include statistical outliers within the biological range of sex 
hormone levels. The problem is that these participants exert a strong influence on the statistical 
regression in a small sample size, but taking out the participants would restrict the interpretation 
to a limited range of sex hormone levels. Therefore, we performed the analyses first including these 
biologically relevant data points, after which we reported the outcomes without these participants, 
as we believe that it is valuable to include the outcomes of both approaches.

CONCLUSION 

In this thesis, several steps forward in the study of sexual differentiation of brain lateralization 
and gender development have been made. The effects of testosterone and estradiol on sexual 
differentiation were studied from amniotic fluid to adolescence, and the effect of testosterone 
treatment in transboys was compared to natural testosterone levels in boys and girls. I conclude 
that there are MORE THAN TWO SIDES TO EVERY STORY: the effect of sex hormones differs 
between boys and girls, between testosterone and estradiol, between the left and right hemisphere 
and between the prenatal and pubertal period, but parallels were observed in the combined effect of 
all these factors on brain and behaviour. The take-home message is that both prenatal and pubertal 
sex hormones influence sexual differentiation, in which prenatal concentrations determine the 
effect of pubertal concentrations, and that testosterone plays a key role in boys and estradiol in girls. 
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The explained variance of the effects of hormones in this thesis might seem small, but this is not 
surprising given the dynamic interplay between genes, hormones, and the environment. I hope to 
have demonstrated that the study of the hormonal basis for human sexual differentiation is relevant 
and offers interesting perspectives for future studies, which are needed for a better understanding 
of the development of our own brain and behaviour.
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