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continued 
into    

puberty

and for 
the rest 
of her life

Check out Tess’ YouTube video: 
“Mind hormones in the brain”

This started
before she
was born

This thesis investigates the influence of sex hormones 
(testosterone and estradiol) before birth and in adolescence on:

 1  The division of functions between the left and 
     right side of the brain (called lateralization).

 2 The development of gender identity and behaviour.



This is Tess

She has 
tosterone

 “male 
hormones”

and
 estradiol

“female
   hormones”

both impact
her brain

and thereby her behaviour
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INTRODUCTION

Our brain is a universe of neurons. All these neurons interact and together result in something that 
seems bigger than the sum of its parts. Our brain affects the way we perceive the world, how we react 
to others, determines our personality and shapes our behaviour. In our society, one of the most 
salient characteristics that determines how we see each other and how we value behaviour is the sex 
of an individual. Although there are actually a lot of similarities between behaviour of men and 
women, there are indeed also certain differences. Despite still being heavily debated, most of these 
sex differences are probably a consequence of sexual differentiation of the brain under the influence 
of environmental and biological factors. 

There are two major events during life when dramatic changes in the body and the brain occur. 
Early in development, the body and the brain are first undifferentiated and then follow their own 
developmental course in male or female direction. Later in life, during puberty, the body becomes 
sexually reproductive and our brain is adapted to the new phase of life. This sexual differentiation of 
the body and brain during life is the result of a continuous interplay between genes, sex hormones, 
and the external environment. 

Genes contain crucial information for the developmental process, but information from the 
external environment is indispensable for their expression and their translation from genotype to 
phenotype. This is where hormones come into play. The word ‘hormone’ comes from the Greek 
word “ὁρμῶ”, which means “to set in motion”. The brain receives information about the internal 
and external environment and translates this into hormone production. These hormones induce 
via mRNA transcription a physiological response. This way, the body and brain are adapted to the 
environment and phase of life. So, the brain has a dual role with regard to hormones, because it both 
controls the hormone production and is subject to the influence of hormones itself. 

Sex hormones can affect the structural and functional development of the brain, and subsequently 
have essential influences on the way we perceive and react to the world around us. This makes the 
influence of hormones on the brain extremely interesting to study.

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 topic is investigated by studying two 
fundamental research questions that have revealed sex differences. At the brain level the division of 
functions between both hemispheres is investigated, and at the behavioural level the development 
of gender-typical behaviour.

SEX HORMONES

Let’s first clarify some terminology. Sex hormones belong to the class of steroid hormones, which 
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are mainly produced by the gonads. Therefore, they are also known as gonadal hormones. Sex 
hormones encompass different sub-classes of hormones: androgens, estrogens and progesterone. 
Androgens are also referred to as male hormones, because the levels are generally higher in men than 
in women. On the other hand, estrogens are known as female hormones, because the levels of these 
hormones are higher in females. However, men and women both produce androgens and estrogens. 

TESTOSTERONE has received most attention in studies on the sexual differentiation of the brain 
in humans, and has a central role in all chapters of this thesis.

ESTRADIOL is the most well-known estrogen. Testosterone and estradiol have a rather similar 
molecular structure. Therefore, testosterone can easily be converted into estradiol with help of 
the enzyme aromatase (see Figure 1). In contrast to what is known in other mammal species, it is 
thought that testosterone directly masculinizes the brain in humans, but it is possible that estradiol 
has a role in masculinizing or feminizing the human brain as well (Arnold and McCarthy, 2016; 
McCarthy, 2008; Peper et al., 2011b). 

PROGESTERONE is one of the important precursors for the production of androgens, and might 
also have effects on the sexual differentiation of brain and behaviour (Peper et al., 2011b).

Figure 1   Conversion of testosterone to estradiol by aromatase.

A SMALL RECAP ON SEXUAL DIFFERENTIATION OF THE BODY

The first 7 weeks after conception, human embryos are mostly sexual undifferentiated. But then, 
based on the presence of the SRY-gene on the Y-chromosome, testes will develop in male embryos. 
Around 9 weeks of gestation, the testes will start producing androgens, which results in a huge surge 
of testosterone (see Figure 2). In boys, the production of androgens by the now developed testes will 
subsequently result in the development of male sex organs and genitalia. In the first 3 months after 
birth, the “mini-puberty”, there is also a testosterone peak in boys which further masculinizes the 
body and brain (Kurtoğlu and Baştuğ, 2014). The next peak occurs in boys in puberty, when there 
is a surge of testosterone causing the development of secondary sex characteristics. 

In girls, female sex organs and genitalia develop in the absence of high androgen levels early in 
gestation. There are 3 peaks in estradiol production in girls, parallel to the testosterone peaks in 
boys (Figure 2). However, the function of the estradiol peaks before birth and in mini-puberty is 
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elusive (Arnold and McCarthy, 2016; Kurtoğlu and Baştuğ, 2014). In puberty, elevated estradiol 
levels cause the development of secondary sex characteristics. 

The most recent theory on the sexual differentiation of the body and brain states that sexual 
differentiation is always a result of a multifactorial process, including effects of sex chromosomes 
and sex hormones like testosterone and estradiol, acting together or in parallel, and reacting to 
environmental factors (Arnold, 2017). 
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Figure 2   A. Testosterone and estradiol levels in men and women during lifetime. Levels are 
shown as the percentage of the maximum level across sexes. The figure is adapted from Ober 
et al. (2008). B. The absolute mean maximum testosterone and estradiol level in men and 
women in adulthood (Khosla et al., 1998). Men have higher testosterone levels than women, 
and women higher estradiol levels than men. In both sexes testosterone levels are higher than 
estradiol levels, but estradiol is effective at a lower concentration.

SEXUAL DIFFERENTIATION OF THE BRAIN 

The development of the brain is a remarkable process. Cells are born, differentiate into neurons, and 
migrate to their final destination. The neurons form dendrites and axons, who subsequently form 
synaptic connections with other neurons, together forming a complex network called “the nervous 
system”. After about 100 days of gestation the brain is already recognizable in its mature form, but 
the brain continuously develops and is plastic.

Hormones act on the brain via sex hormone receptors. From the moment the brain starts to develop, 
cells in the entire nervous system already have these receptors (Arnold and McCarthy, 2016), so 
the brain is directly influenced by sex hormones (Swaab, 2007). Simply put, sex hormones can 
differentiate the brain anatomy in 2 ways: by cell birth or cell death. Via this mechanism, the brain 
anatomy is dynamic during life: neurons grow and die, dendrites and axons grow and retract, 
and synapses come and go. Interestingly, one would expect that sex differences mostly derive 
from the growth of new cells; however, cell death seems to be the driving force behind the sexual 
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differentiation. For example, in puberty the thinning of the frontal cortices is more accelerated in 
girls than in boys as testosterone levels increase (Bramen et al., 2012). In most brain regions, neurons 
are overproduced and eliminated by as much as 50%, especially before birth and during puberty 
(Andersen, 2003). 

IMPORTANT PERIODS: BEFORE BIRTH AND IN PUBERTY

The classic theory on sexual differentiation of the brain introduced two influential terms: 
organizing and activating effects of sex hormones (Phoenix, 1959). Organizing effects are structural 
and permanent effects on the brain that generally occur during a sensitive period. Historically, the 
prenatal and neonatal periods were seen as the sensitive periods for organizing effects. Activating 
effects occur on top of or based on organizing effects, are temporary and may occur during the 
entire lifespan. However, already in 1985 Arnold and Breedlove reported that the distinction 
between the two is not absolute. Recently it became established that puberty is another period in 
which hormones can have organizing effects on the brain (Blakemore et al., 2010; Peper and Dahl, 
2013; Romeo, 2003; Sisk and Zehr, 2005), resulting in sex differences (Blakemore et al., 2010; Peper 
et al., 2011a, 2009; Perrin et al., 2008; Raznahan et al., 2010). 

In this thesis I specifically focus on the prenatal and pubertal periods, when testosterone and 
estradiol levels rise to their peak levels and major developmental changes occur in the brain. 

SEXUAL DIFFERENTIATION OF BRAIN LATERALIZATION

The sexual differentiation of the brain can be studied at many levels, from sex differences in cell 
size to sex differences in brain size, and from anatomy to functional brain activation. In this thesis, 
I investigate sex differences in the brain at a rather global level: the difference in activation between 
the left and the right hemisphere during cognitive tasks, called brain lateralization. 

Both hemispheres differ in how, and to what extent, they control motor skills, perception and 
cognition. For example, in most people the left hemisphere is more involved in language than the 
right hemisphere, while the right hemisphere is more involved in visuospatial orientation than 
the left hemisphere. Thus, the majority of the general population shows a similar direction in the 
pattern of lateralization of functions, but there is also considerable individual variation (Hirnstein 
et al., 2008, Lust et al., 2011b). 

There are small but consistent differences in lateralization between the sexes (for a review see Lust et 
al., 2010). The most apparent is the finding that more men than women are left-handed or ambidexter 
(Papadatou-Pastou et al., 2008), and men are also found to be stronger lateralized than women 
on language and spatial orientation tasks (Beltz et al., 2013). This inspired the hypotheses that 
exposure to sex hormones may organize the development of brain lateralization during a sensitive 
prenatal period. It has been suggested that the development of lateralization is part of the normal 
process of sexual differentiation (Hines & Shipley, 1984). Another much cited hypothesis claims 
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that prenatal testosterone affects both hemispheres differentially, as both hemispheres differ in the 
timing of development (Geschwind and Galaburda, 1985). A few years later, evidence accumulated 
that prenatal exposure to testosterone induces pruning of the corpus callosum, which is the main 
connection between the left and right hemisphere. This would reduce crosstalk between the 
hemispheres, thereby potentially increasing the strength of lateralization (Witelson & Nowakowski 
,1991). Note that these hypotheses only assume an influence of prenatal testosterone, because they 
were formulated in a time when it was not recognized that hormones later in life, specifically in 
puberty, could also have organizing effects on the brain. This may have contributed to the fact that 
32 years after the first theory of sexual differentiation of brain lateralization was formulated, the 
influence of sex hormones on lateralization is still elusive.

For a long time, brain lateralization was thought to be a trait that only humans possessed, but more 
recently it was discovered that brain lateralization is present in all vertebrates and at least some 
invertebrates. Several scientists therefore argue that brain lateralization was already present when 
the earliest vertebrates evolved 500 million years ago (MacNeilage et al., 2009; Meguerditchian et 
al., 2010; Rogers et al., 2004). The fact that brain lateralization is present is so many species suggests 
a fundamental principle in the organization of brain and behaviour and thereby that evolution 
has positively selected on some benefit of having a lateralized brain. The discovery that also non-
human animals have a lateralized brain gave an impulse to experimental studies investigating the 
effects of sex hormones on behavioural and brain lateralization. However, there is still a gap between 
non-human animal and human studies. In animals it is difficult to investigate functional brain 
lateralization and cognition, while in humans it is difficult to obtain prenatal hormone data and 
experimental manipulation of hormones is not acceptable for the obvious ethical reasons. 

In this thesis the role of sex hormones on the sexual differentiation of the brain and behaviour is 
investigated by studying two fundamental research questions. The first research question is: 

What is the influence of  

prenatal and pubertal sex  

hormones on brain lateralization?

SEXUAL DIFFERENTIATION OF GENDER DEVELOPMENT

In the last part of the thesis I will shift from the effects of sex hormones on the brain to effects on 
behaviour. The focus is on behaviour that typically differs between boys and girls. Sex differences 
in behaviour and interests emerge in early childhood and are clearly observable and measurable 
in play behaviour and toy preferences (O’Brien & Huston, 1985; Campbell et al., 2000). Thus 
far, three studies have investigated the relationship between prenatal sex hormones measured in 
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amniotic fluid and play behaviour at different ages (13 months: Van de Beek et al., 2009a; 5 years: 
Knickmeyer et al., 2005; and 6-10 years: Auyeung et al., 2009). However, these studies produced 
mixed outcomes, possibly because different ages were investigated with different methods. There is 
need for a longitudinal study investigating the effects of prenatal sex hormones on play behaviour 
at multiple ages using the same methodology. Moreover, it is interesting to investigate whether 
childhood play behaviour predicts subsequent gender development in puberty. 

In adolescence, there are clear sex differences in gender identity (the sense of self ), gender role (the 
behaviour) and sexual orientation. These traits go through a transitional phase in puberty (Hines, 
2011), possibly under the influence of sex hormones rising to high levels at this time. However, there 
is – to the best of my knowledge – no literature investigating the relationship between pubertal 
sex hormones and gender development in the normal population. Interestingly, in an “atypical 
population” of children diagnosed with Gender Dysphoria, only 15% of these children fulfill the 
criteria for Gender Dysphoria (DSM-5, APA 2013) later in adolescence (Steensma et al., 2013). 
Retrospectively, these children indicated that the period between 10-13 years was crucial for their 
gender identity (Steensma et al., 2013). A combination of hormonal, genetic and environmental 
factors appears to influence gender development, but these are difficult – if not impossible – to 
disentangle. Gender identity is for obvious reasons impossible to study in animals, and experimental 
studies are unethical in humans. The best alternative is to study the relationship of hormones 
on gender development in a normal population via a longitudinal study from before birth to 
adolescence. This is what I will do in the last part of the thesis.

The second main research question in this thesis is: 

What is the influence of prenatal 

and pubertal sex hormones 

on gender development from 

childhood to adolescence?

3 RESEARCH GROUPS, 2 UNIQUE DATASETS

Three research groups joined forces to investigate the two research questions: Clinical and 
Developmental Neuropsychology (University of Groningen), Behavioural Biology (University of 
Groningen), and the Center of Expertise on Gender Dysphoria (Medical Psychology, VU University 
Medical Centre Amsterdam). Each group has its own expertise and a different perspective on the 
sexual differentiation of brain and behaviour, and this interdisciplinary combination of research 
fields makes this project very interesting to me. 
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Based on a standing cooperation since 2006 with the largest gender identity clinic in the Netherlands 
(VUMC, Cohen-Kettenis, Kreukels and colleagues) we had the unique opportunity to use their rare 
longitudinal dataset of prenatal hormone concentrations and gender development from a typically 
developing population, and their functional brain imaging data of persons diagnosed with Gender 
Dysphoria before and during testosterone treatment.

DATASET 1: PRENATAL HORMONE MEASUREMENTS OF ADOLESCENTS

In the year 2000, 178 healthy pregnant women underwent an amniocentesis for prenatal diagnostic 
screening in the 14-18th week of pregnancy. This is exactly within the first sensitive period in which 
sex hormones influence brain differentiation (Knickmeyer and Baron-Cohen, 2006). Prenatal sex 
hormone concentrations were measured in the amniotic fluid, including testosterone, estradiol and 
progesterone (Van de Beek et al., 2004). The children born from these pregnancies were followed 
since then. Play behaviour was assessed when they were 1, 2.5 and 6 years old, to determine the 
effect of sex hormones on gender development. At 1 year of age, the relationship between prenatal 
sex hormones and toy preference was investigated (Van de Beek et al., 2009). At 6 years of age, the 
relationship between prenatal testosterone and lateralization of language (dichotic listening) and 
hand preference was investigated (Lust et al., 2011, 2010). We initiated a follow-up study when the 
children were 15 years old, which offered us the possibility to test – for the first time – the effect 
of both prenatal and pubertal hormone levels on brain lateralization and gender development. I 
visited 60 of these children, and assessed their pubertal sex hormone levels in saliva, their brain 
lateralization during 3 cognitive tasks and their gender development. It is truly unique to have 
access to prenatal hormone levels, especially in children that were followed for such a long time. 

DATASET 2: TESTOSTERONE TREATMENT IN TRANSBOYS

Gender Dysphoria is characterized by the feeling of incongruence between experienced gender 
and physical appearance. Persons diagnosed with Gender Dysphoria experience distress resulting 
from a strong mismatch between their gender identity and their sex assigned at birth (DSM-5, 
APA 2013). Prevalence is now estimated to 1:3800 for men (trans women) and 1:5200 for women 
(trans men) in the Netherlands (Wiepjes et al., 2018). There is worldwide an enormous increase 
in referrals for Gender Dysphoria (Zucker, 2017). The VUmc Center of Expertise on Gender 
Dysphoria is renowned for their research, diagnostic work and treatment of Gender Dysphoria. It 
is the first institute that applied puberty suppression shortly after the onset of puberty, and cross-
sex hormones from age 16 onwards as treatment (Kreukels et al., 2011). To increase understanding 
of Gender Dysphoria and the possible effects of puberty suppression and cross-sex hormone 
treatment, many studies have been performed in this center. Over the past years, brain activation of 
transboys (girls assigned at birth diagnosed with Gender Dysphoria) was assessed with functional 
Magnetic Resonance imaging (fMRI) during puberty suppression and after approximately a year 
of testosterone treatment. We used this data to analyze the lateralization of brain functions before 
and after testosterone treatment in transboys and compared this to that of control boys and control 
girls, providing valuable insight in the effects of testosterone manipulation on brain lateralization 
in humans.
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OUTLINE OF THE THESIS

CHAPTER 2 is an extensive methodological chapter, in which we describe the various ways 
to investigate the effect of sex hormones on brain lateralization in humans and other animals. 
Background information on steroid hormones can be found in this chapter too. Techniques to 
determine structural and functional brain lateralization are discussed. Especially relevant for the 
following chapters is the background information on the assessment of prenatal hormones in 
amniotic fluid and of pubertal hormones in saliva (Chapter 3, 4 and 6), and more information on 
puberty suppression and cross-sex hormone therapy in persons diagnosed with Gender Dysphoria 
(Chapter 5). 

In CHAPTER 3, we investigate the effect of prenatal and pubertal testosterone on lateralization 
with longitudinal data of adolescent boys and girls. Brain lateralization is assessed with functional 
Transcranial Doppler sonography during three different cognitive tasks. The Mental Rotation and 
Word Generation tasks were chosen as these are well established tasks to study lateralization, being 
in the majority of people in opposite hemispheres, and the Chimeric Faces task was included as 
effects of sex hormones on facial emotion processing have been found. An asset of this article is that 
the effect of sex hormones on lateralization of multiple tasks can be compared, as hormones could 
affect various brain areas differentially. Moreover, this is the first study that includes both prenatal 
and pubertal testosterone.

In CHAPTER 4 the influence of prenatal and pubertal estradiol on the development of brain 
lateralization is investigated. The classic hypotheses on the influence of hormones on the development 
of brain lateralization only focus on prenatal testosterone and there is no literature on organizing 
effects of estradiol on the development of brain lateralization. In Chapter 3, we demonstrate that 
not only prenatal testosterone should be taken into account, but pubertal testosterone levels as well. 
In Chapter 4 we take it a step further, by investigating the effects of prenatal and pubertal estradiol 
on brain lateralization with the same method and in the same participants as the previous chapter. 

In CHAPTER 5 the effect of testosterone treatment on lateralization in transboys is investigated and 
compared to adolescent control boys and girls with naturally circulating testosterone levels. Earlier 
reports indicate that boys show more activity in the right amygdala than girls for the perception 
of emotional faces, and that testosterone affects amygdala structure and activation. Lateralization 
of the amygdala is assessed with functional Magnetic Resonance imaging during facial emotion 
recognition. This study provides valuable insight in the effects of testosterone treatment on brain 
lateralization in humans.

In CHAPTER 6 the influence of sex hormones on the gender development is investigated from 
before birth to adolescence. The sexual differentiation of the brain is assumed to be the main causal 
factor of sex differences in behaviour, via an interplay between genes, sex hormones and the external 
environment. In this chapter we explore the effect of prenatal sex hormones on gender-typical 
play preferences during childhood, the effect of prenatal and pubertal sex hormones on gender 
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development (gender role, expression and sexual orientation) in adolescence, as well as the predictive 
value gender-typical play preferences in childhood on gender development in adolescence. 

Finally, in the DISCUSSION, the findings of all these studies are synthesized in an overarching 
discussion, which inspired a few new analyses. First, the outcomes of the lateralization studies are 
analyzed in combination with each other, and next, parallels in the effect sex hormones have on 
brain lateralization and gender development are discussed. Furthermore, the relationship between 
these rather different output measures of sexual differentiation is tested. I hope to show you that 
that the study of the hormonal basis for human sexual differentiation is interesting and needed for 
a better understanding of the development of our own brain and behaviour.
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ABSTRACT

Steroid hormones have been proposed to influence the development of lateralization of brain 
and behaviour. We briefly describe the available hypotheses explaining this influence. These 
are all based on human data. However, experimental testing is almost exclusively limited to 
other animal models. As a consequence, different research fields investigate the relationship 
between steroid hormones and lateralization, all using different techniques and study 
species. The aim of this chapter is to present an overview of available techniques to study 
this relationship with an interdisciplinary approach. To this end we describe the basics of 
hormone secretion and mechanisms of action for androgens, estrogens, progesterone and 
corticosteroids. Next, general issues related to hormone sampling and hormone assays are 
discussed. We then present a critical overview of correlational and experimental methods 
to study the influence of prenatal and postnatal hormones on lateralization. These methods 
include hormone measurement in amniotic fluid, saliva, urine, faeces, and blood plasma or 
serum of fetus, mother and umbilical cord. We also discuss hormone mediated maternal 
effects, the manipulation of hormone levels in the embryo or mother, hormone treatment in 
persons with Gender Dysphoria, and the 2D:4D finger length ratio as a proxy for prenatal 
testosterone exposure. We argue that lateralization can and should be studied at different 
levels of organization. Namely, structural and functional brain lateralization, perception 
and cognition, lateralized motor output and performance. We present tests for these 
different levels and argue that keeping these levels apart is important, as well as realizing 
that lateralization and the hormonal influence on it may be different at different levels, for 
different functions and different species. We conclude that the study of hormonal influences 
on lateralization of brain and behaviour has not yet exploited the knowledge and wide 
array of techniques currently available, leaving an interesting research field substantially 
underexplored. 
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HORMONES ON LATERALIZATION 

OF BRAIN AND BEHAVIOUR

Beking, T., Geuze, R.H., Groothuis, T.G.G., 2017. Investigating Effects 
of Steroid Hormones on Lateralization of Brain and Behaviour, in: 
Rogers, L., Vallortigara, G. (Eds.), Lateralized Brain Functions - 

Methods in Human and Non-Human Species. Springer, 633–666.

INTRODUCTION

Lateralization is a fundamental aspect of the organization of brain and behaviour throughout the 
animal kingdom, but the development of brain lateralization is not yet well understood. Brain 
lateralization differs in some aspects between males and females in several species (Pfannkuche et 
al., 2009). This suggests that sexual differentiation is responsible for the differences between males 
and females. Sexual differentiation, including differentiation of the brain, is influenced by steroid 
hormones, primarily from gonadal origin (Cooke et al., 1998). Therefore, gonadal hormones are 
thought to influence the development of brain lateralization as well. However, whether this is really 
the case remains an open question, as the underlying mechanisms are still elusive. 

The influence of gonadal hormones on the development of brain lateralization is studied in different 
research fields, including biology, endocrinology, psychology and neuroscience. These research 
fields use different concepts, methods and study species. Moreover, the latter differ in aspects of their 
endocrine systems, the process of sexual differentiation, brain structures and lateralised functions. 
These differences are at the same time a strength as well as a weakness. The different research fields 
offer the strength of a more integrative explanation, in which different approaches can be used to 
complement each other. This may also clarify how Darwinian evolution has shaped the differences 
between species in relation to life history traits. However, the results from one species may not be 
transferred automatically to explain phenomena in other species. 

The aim of this chapter is to present a comprehensive overview of the methods used to investigate the 
influence of steroid hormones on the development of brain lateralization, including the advantages 
and disadvantages of each method. To this end, we start with a very brief outline of why genetic 
factors alone are not a sufficient explanation for the developmental process, and what other factors 
might be involved. In order to provide the reader with an adequate background in relevant aspects 
of endocrinology, we discuss some principles of the underlying endocrine systems, and we show 
which different explanatory models exist for potential hormonal effects. Next, we discuss relevant 
methodological sampling and assay issues, and we discuss many correlational and experimental 
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methods to measure steroid hormones prenatally or postnatally. Finally, we will explain that the 
relationship between hormones and lateralization can be measured at different levels, and we will 
point out future perspectives. 

THE SCOPE FOR ENVIRONMENTAL INFLUENCES

Brain lateralization is caused by an interplay between genes, other internal factors and the 
environment (Schaafsma et al., 2009). Genes are never the only factor affecting development 
because they need to be expressed and transcribed in continuous interaction with other internal and 
external factors. Therefore, even in cases in which genes are demonstrated to affect development, 
other factors cannot be excluded. This can be clearly demonstrated in sexual differentiation in 
species with sex chromosomes, where factors other than genes, such as gonadal hormones, are 
indispensable for proper development. In addition, the influence of hormones opens the possibility 
that hormonal signals from sources other than the embryo itself, such as from the mother, siblings, 
or environmental pollution, affect the developmental process. Therefore, purely genetic models 
explaining variation in brain lateralization inevitably offer an incomplete explanation of the 
mechanisms underlying the developmental process and its potential plasticity.

Models of the genetic influence on brain lateralization derive primarily from psychological studies 
on handedness in humans. In humans, roughly 90% of the population is right-handed, and a 
minority of about 10% is left-handed with 1-2% being ambidextrous (Hardyck and Petrinovich, 
1977). The classical Mendelian model (Jordan, 1911) with a recessive allele for left-handedness was 
discarded, as two left-handed parents frequently produce right-handed offspring. Several other 
models were postulated that fit most of the heritability data for handedness in humans, including 
the fact that monozygotic twins can differ in handedness. These models assume an interplay of two 
alleles that determine handedness: one dominant allele codes for right handedness, and another 
recessive allele randomly codes for left- or right-handedness (Annett, 2002, 1985, 1972; Klar, 1996; 
McManus, 1999, 1985). Although the models are elegant, they are post hoc explanations since 
the models were made to fit the prevalence of left- and right-handedness in the population. More 
importantly, the models are not supported by human genome data (Corballis, 2014; Schaafsma et 
al., 2009; Somers et al., 2015). In addition, some of these models still leave substantial room for as yet 
unexplained environmental factors affecting lateralization. For an extensive review on this topic see 
(Schaafsma et al., 2009). More recently, parent-offspring regressions have established the heritability 
of handedness at around 50% (Lien et al., 2015). These data indicate much scope for factors other 
than genes affecting handedness. Moreover, such studies cannot exclude parental effects, being 
environmental effects for the offspring, affecting the heritability estimate. Interestingly, handedness 
is associated with polymorphism of the androgen receptor gene (Arning et al., 2015), suggesting 
indeed that hormones contribute to lateralization of the brain. 

Several lines of evidence suggest environmental effects on development of brain lateralization. For 
example, prenatal head position and asymmetrical light input (birds and fish), early postnatal head 
position (humans), handedness of the foster mother (chimpanzees), visual lateralization of peers 
(chickens), and preterm birth and pathological factors like congenital hemiplegia, have all been 
demonstrated to affect brain or behavioural lateralization (for a review see Schaafsma et al., 2009). 
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There is now evidence that prenatal steroid hormones affect several aspects of brain lateralization 
in humans and other animals (reviewed in Pfannkuche et al., 2009). Below we first provide an 
introduction into the field of gonadal hormones, next discuss hypotheses on how they may influence 
lateralization, and then embark on a discussion of the relevant methodology for further studies. 

AN INTRODUCTION TO STEROID HORMONES

To understand how hormones might affect brain lateralization, it is necessary to know the basics 
of hormone secretion and mechanisms of action. This basic information can be found in several 
textbooks (Adkins-Regan, 2005; Nelson, 2005). The following paragraphs summarize the 
information that is relevant for this chapter.

There are hundreds of hormones in the animal kingdom and the endocrine system has been 
conserved in evolution to a great extent among vertebrates. Although vertebrate taxa differ in 
details of metabolic pathways, carrier proteins and receptor distributions for these hormones, the 
overlap among the taxa is much larger than the differences. Thus, the information in this chapter 
is generally applicable a wide range of species. This chapter focuses on the steroid hormones 
testosterone, progesterone, estrogen and cortisol. These steroid hormones have been found to 
affect brain development, possibly including brain lateralization. This does not exclude other 
steroid hormones being important for the development of brain lateralization. Steroid hormones 
are produced from cholesterol and the metabolic pathway includes many steps and metabolites. 
Although many metabolites have been considered to be biological inactive precursors, evidence 
is accumulating that their assumed inactivity might be at least partially incorrect. In addition, 
several non-steroid hormones are known to be important for brain development, such as thyroid 
hormones and neuroendocrine factors, but their potential influence on brain lateralization has, to 
our knowledge, hardly been studied. 

The brain can be seen as the main controller of all steroid hormone production in the body, but 
is itself also an endocrine gland, as it is able to produce these hormones in specific brain areas. 
Nevertheless, the major production pathway is the following. The hypothalamus, located at 
the base of the brain, is the major link between the nervous system and the endocrine system, 
translating internal and environmental information into hormone production. The hypothalamus 
releases hormones that signal to the anterior pituitary. The anterior pituitary is located just below 
the hypothalamus and releases luteinizing hormones (LH), follicle stimulating hormones (FSH) 
and adrenocorticotropic hormones (ACTH), that in turn stimulate other endocrine glands in the 
periphery of the body, such as the gonads and the adrenal glands. The hormones of these glands 
influence brain and behaviour, and also provide negative feedback in order to inform the brain and 
to control current hormone production (Figure 1). 
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Figure 1   Schematic representation of steroid hormone production in the gonads (left) and the 
adrenals (right), see text. 
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Figure 2   Simplified scheme of the metabolic pathway of the steroid hormones discussed in this paper.

Steroid hormones are signalling molecules that can greatly influence brain and behaviour. The 
endocrine glands synthesize steroid hormones from cholesterol and release them into the blood. 
The majority of the hormones bind to a carrier protein called ‘globulin’ and travel through the 
body until they arrive at target tissue. After separation from the carrier protein and binding to the 
receptor, the hormone enters through the cell membrane into the cell. There, the steroid hormone 
can be converted to other hormones and is transported into the cell nucleus to induce mRNA 
transcription. The mRNA is translated into proteins or enzymes that produce a physiological 
response. In this way, steroid hormones can affect a wide array of processes, including brain 
development and brain lateralization. The genomic action via these receptors is relatively slow. 
However, more recently, some of the steroid hormones, such as estradiol, have been found to induce 
action in the organisms on a very much faster time scale, by acting directly on the membrane of 
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neurons (Seredynski et al., 2015). This way, action is induced in the timeframe of minutes, instead 
of hours or even days. 

Figure 2 depicts a simplified scheme of the metabolic pathway of the steroid hormones discussed in 
this paper. Progesterone, androgens and estrogens are often called “sex hormones”. Although they 
are not specific for one sex, the sexes produce these in different quantities. They are all synthesized 
from cholesterol. Progesterone is an important precursor for sex steroid hormones in vertebrates, 
although androgens and estrogens can also be produced via an alternative pathway. 

Each hormone has its own affinity to specific receptors and induces its own specific effects. We 
briefly discuss here the most important ones. Progesterone is involved in mating behaviour and 
pregnancy especially in mammals, affects sperm behaviour, blocks receptors for the mineral 
corticoids and interacts with estrogens. The most important androgens are androstenedione, 
dihydroepiandrosterone (DHEA), testosterone and dihydrotestosterone. Androgens are primarily 
produced by the gonads and all act on the same androgen receptor. Their main functions are 
development of male secondary sex characteristics, muscle development, spermatogenesis, 
facilitating aggressive and sexual behaviour, boldness, risk taking and alertness. Androgens also 
induce changes in the nervous system, both during development and in adulthood. Androgens are 
often crucial for proper sexual differentiation, but how and to what extent differs strongly among 
species. Many of these functions are, also in males, induced by the conversion of androstenedione 
or testosterone to estradiol, often locally in the brain. The important enzyme for this conversion is 
aromatase.

Androstenedione is produced by the gonads, but can be produced by the adrenal glands too. It is 
converted by the enzyme 17betaHSD to other androgens or by aromatase to estrogens in the gonads 
and other tissues, including the brain. Androstenedione has a low affinity to the androgen receptor 
and is primarily a prohormone for testosterone, dihydrotestosterone and estrogens (see Figure 2).  
Testosterone has a high affinity to the androgen receptor and can be converted to estrogens as 
well. Dihydrotestosterone has an even higher affinity to the androgen receptor than testosterone. 
Dihydrotestosterone is an androgen that cannot be converted to estradiol and can therefore be used 
to test whether effects of androgens are mediated by only the androgen receptor or also estrogen 
receptors. In fish, dihydrotestosterone is replaced by 11-keto-testosterone, which strongly affects 
secondary sexual characteristics. Lastly, dehydroepiandosterone (DHEA) is an androgen that is 
not directly converted from androstenedione, but via testosterone. Initially this hormone was 
somewhat overlooked, but more recently it has been demonstrated that dehydroepiandosterone has 
some biological relevance too as a weak androgen (Eberling and Koivisto, 1994; Nair et al., 2006; 
Soma, 2006). 

Estrogens are secreted by the gonads but are also produced in a wide variety of tissues, including 
the liver and the brain. The active form 17-beta-estradiol contributes to the development and 
maintenance of female sex characteristics and sexual behaviour, but also has effects on bone 
condition, fat deposition and neuroprotection. There are two different receptors for estrogens, 
alpha and beta, with different thresholds and distributions.
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Both sexes produce biologically active androgens and estrogens, but the distribution and density 
of the relevant receptors differ, as well as circulating concentrations of androgens and estrogens. 
Males have higher levels of testosterone and dihydrotestosterone, and lower levels of estrogens and 
androstenedione than females. Circulating levels of these hormones can vary more rapidly than 
previously thought, within 10 minutes, depending on environmental, mostly social, factors. 

The steroid hormones cortisol and corticosterone are glucocorticoids. Humans and primates 
primarily secrete cortisol, whereas birds, reptiles and some mammalian species such as rats secrete 
a similar hormone “corticosterone”. Cortisol and corticosterone are primarily - but not exclusively -  
secreted in the adrenal cortex (for example, they are also produced by the immune system). 
Like sex steroid hormones, they are produced under the influence of hormonal signals from the 
hypothalamus and pituitary, on which they exert a negative feedback (see Figure 1), and induce 
genomic and non-genomic actions. Cortisol and corticosterone have two main functions. The 
first function is their role in stressful situations. Cortisol and corticosterone are produced in only 
a few minutes after an environmental stressor. They affect metabolism by stimulating production 
of glucose (gluconeogenesis), mobilize immune-acids and breakdown fat tissue to release energy 
for emergency actions, including rapid decisions in the brain. The second important function is 
the regulation of the immune defence, for example by stimulating anti-inflammatory effects. They 
also play a role in development, such as lung maturation. Cortisol and corticosterone affect the 
brain by mediation of emotion-based learning, induction of long-term potentiation and adaptation 
of structures in the hippocampus, amygdala and frontal areas. Some studies suggest that cortisol 
and corticosterone are involved in sexual differentiation of the brain as well (Anderson et al., 1985; 
Kaiser et al., 2003; Weinstock, 2007). 

Historically, the effects of sex hormones on development have been classified into “organizing 
effects” and “activating effects”. Although in 1985 Arnold & Breedlove had already reported that 
the distinction between the two effects is not absolute, the distinction in the literature still remains. 
Organizing effects consist of structural changes, are permanent and generally occur before or just 
after birth during a sensitive period. Activating effects are additional to the organizing effects, are 
temporary or reversible and can occur during the whole lifespan (Arnold and Breedlove, 1985; 
McCarthy and Arnold, 2011). Most vertebrates have a sensitive period before or just after birth. 
Evidence is now accumulating that there could be other sensitive periods for organizational effects 
of sex hormones on the brain later in life. In humans and rodents puberty could be such a period 
(Romeo, 2003). 

THEORIES REGARDING STEROID HORMONES AND LATERALIZATION

There are three main theories on the influence of prenatal testosterone on brain lateralization. All 
three propose organizational effects of prenatal testosterone on brain lateralization in humans, but 
are at least partially applicable to other animals as well. Testosterone has been involved in these 
theories because it plays a major role in sexual differentiation in mammals including humans, and 
because of the small but consistent sex differences in human behavioural and cognitive lateralization.

The first theory is the sexual differentiation theory (Hines and Shipley, 1984). This theory proposes 
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that higher prenatal testosterone levels lead to a more masculine pattern of lateralization. Human 
males and females differ in several aspects of lateralization, males being less strongly right- and 
more strongly left-handed, more strongly lateralised for spatial orientation and less for language 
functions, whereas the performance of these lateralised functions also differs (slightly) between the 
sexes (for a review see Pfannkuche et al., 2009). 

The second theory by Geschwind and Galaburda (1985) states that higher levels of prenatal exposure 
to testosterone delay growth of parts of the left hemisphere, resulting in compensatory growth of 
the homologue regions in the right hemisphere.

The third theory is the Corpus Callosum theory of Witelson and Nowakowski (1991). This theory 
is based on correlational evidence that prenatal exposure to testosterone, at least in males, induces 
pruning of the neural connections in the corpus callosum. The corpus callosum is the main 
connection between the hemispheres. Prenatal testosterone would reduce crosstalk between the 
hemispheres, and thereby increase the strength of lateralization (Witelson and Nowakowski, 1991).

These three theories lead to different predictions about the effect of prenatal testosterone on 
lateralization. The sexual differentiation theory is function specific as it is limited to those functions 
in which the sexes differ, whereas the Geschwind and Galaburda theory predicts a more overall 
effect of androgens on the strength or even the direction of lateralization. The Corpus Callosum 
theory specifically concerns the strength of lateralization. 

Besides these proposed organizational effects, testosterone could also have activating effects on 
lateralization of cognitive and behavioural processes. There are as yet, however, no well-defined theories 
about the mechanisms underlying such activating effects. Since testosterone can be metabolized 
to dihydrotestosterone and estradiol, these hormones may be part of the assumed underlying 
mechanism, but this has never been addressed. Although a few experiments with glucocorticoids 
have been conducted (Freire et al., 2006; Henriksen et al., 2013), no clear theory on the effect of 
these hormones on brain lateralization has emerged yet. Furthermore, all three theories have been 
both supported and challenged by correlational and experimental data (see Pfannkuche et al., 2009).  
It is not the aim of this chapter to review or discuss these data. Rather, we will discuss the proper 
methodologies for further testing, addressing the pros and cons of different techniques and different 
animal models.

METHODOLOGICAL ASPECTS OF HORMONE SAMPLING

SAMPLING ISSUES

A proper measurement of hormone concentrations is crucial for both correlational and experimental 
studies. In most cases hormone concentrations are measured in blood plasma. Mostly for 
convenience, hormone concentrations are also measured in saliva, urine or faeces. 



Chapter 2

32

PLASMA concentrations of hormones can fluctuate rapidly. This is both an advantage (for example 
when studying effects of environmental stimuli or correlations with variations in behaviour) and a 
disadvantage (may be unreliable as a measure of basal levels). Each hormone has its specific response 
curves and sensitivity to environmental influences, such as time of the day, the estrous cycle in 
females, social factors and stressors. It is therefore important to carefully select the timing of the 
samples and to avoid confounding influences. For example, the response of stress hormones (cortisol 
and corticosterone) to an external trigger is only 3 minutes, and for gonadal hormones this is about 
15 minutes. To control for this, the time interval between approaching the individual or cage and 
taking the actual blood sample should always be registered and used as a covariate in the analyses. 

SALIVA samples show a delay in hormone concentrations of about 15 minutes relative to plasma 
samples, but have the advantage that the method of sampling is non-invasive. A major concern is 
that the measurement is sensitive to type and timing of food intake relative to the time of sampling. 
A rule of thumb is that the subject should not have eaten or drunk in the hour before sampling. 
Another concern is that the type of swabs used for sampling can interfere with the assay; for 
example, do not use cotton swabs when sampling estrogen. For reviews see (Shirtcliff et al., 2001).

URINE OR FAECAL samples are suitable when studying long-term exposure, but this method is 
fraught with even more difficulties. The metabolites in the samples are more indirect measures with 
a poorer time solution than plasma or saliva samples, and the time course of the metabolites depends 
on diet and differs between species. The hormones in faeces or urine are metabolized extensively to 
other hormones and hormone conjugates, so that extensive validation is needed. This can be done by 
injecting a labelled hormone into the organism, and then sampling the urine or faeces over the next 
24 hours. Extensive determination of all possible metabolites that show up as labelled forms will 
then show which metabolites should be measured as a potential reflection of the target hormone, 
and in what time frame, the latter being dependent on the species and the kind of food ingested. 
Techniques to determine metabolites from labelled forms are for example high-performance liquid 
chromatography (HPLC) or liquid chromatography-mass spectrometry (LC-MS). 

Faecal sampling has the disadvantage that it shows a much dampened dynamic over time. On the 
other side, it has the advantage that it is less sensitive to environmentally induced fluctuations, 
showing integration over a longer time-interval, such as at least a few hours. For an excellent review 
see (Goymann, 2005). Even a much longer time integration is provided by measuring hormones in 
hair or feathers, which has now become available for corticosterone and cortisol (Cook, 2012; Gow 
et al., 2010). 

In all methods one should realise that the measured hormone concentrations do not necessary 
reflect the organism’s exposure. In most analyses the free and bound fraction are measured together, 
whereas only the free fraction is biologically active and its proportion can fluctuate rapidly. Moreover, 
the biological effect is determined by both the conversion to other hormones and receptor densities 
that all fluctuate too, and sometimes also by synergistic effects of other hormones. This becomes 
even more problematic when measuring hormones in the egg or amniotic fluid, as the timing of 
uptake and excretion of the hormone is often unclear.
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ASSAY ISSUES

The hormone concentrations of blood plasma, saliva, faeces, urine, hair or feathers can be 
determined by several techniques (Cook, 2012; von Engelhardt and Groothuis, 2005). Usually, 
the samples have to be extracted so that substances other than hormones do not disturb the 
measurement. By using different extraction methods on the same sample (such as different solutions 
one after the other over the same column), multiple hormones can be measured in the same sample, 
as the different hormones elute differently due to differences in polarity. Since such extractions are 
never complete, it is important to measure the extraction efficiency or recoveries by adding a known 
quantity of a labelled target hormone and measuring the quantity after extraction (von Engelhardt 
and Groothuis, 2005). The measured concentrations should then be corrected for the loss of the 
hormone (% recovery) during extraction.

The classical extraction methods using columns packed with celite or commercially available 
columns are relatively cheap but time consuming. After extraction, the hormone concentration 
is determined by radio-immuno assays (RIA) or enzyme-linked immunosorbent assay (ELISA). 
The first method has the disadvantage that in many countries strict regulations are in place for 
working with radioactive material. The second method has the disadvantage that variation among 
different assays of the same samples can be relatively large. Both methods have the pitfall that the 
antibody may not only bind to the target hormone, but also other substances by cross-reactions. 
These cross-reactivities, or “specificities”, are usually reported by the manufacturer. However, when 
using sample material for which the assay was not designed, such as material other than human or 
rodent blood plasma, this information may not be correct. 

In contrast to the classical extraction methods, modern methods use liquid or gas chromatography (LC 
and GC) followed by mass spectrometry (MS). This allows precise determination of the many hormonal 
components in the sample in a rapid way, but the equipment is much more expensive. It is noteworthy 
that LC-MS and GC-MS generally result in much lower concentrations of the hormone than the more 
classical methods. This is important not only for comparing the results of different methods, labs, or 
meta-analyses, but also for determining the physiological dosage for hormone manipulations. 

Regardless of the assay used, it is important to add different known quantities of the target hormone 
to calibrate the procedure. One should always determine and report the intra-assay variation. In 
case more than one assay has been used, the inter-assay variation should be determined as well.

THE STUDY OF PRENATAL EFFECTS

The early influence of hormones can be studied by correlations between prenatal hormone levels and 
the lateralization of brain and behaviour at a later stage of life, and by experimental manipulation to 
determine causal relationships. 
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CORRELATIONAL METHODS

Blood samples from the fetus

The most direct way to measure prenatal hormones would be to take a blood sample from the fetus. 
In humans this is not an option due to ethical reasons, but in birds and non-human mammals this 
has been done by dissection (e.g. Pfannkuche et al., 2011; vom Saal, 1990). In a very early stage 
of gestation, the hormone production of the mother determines the (low) hormone levels in the 
fetus. This is the case in all placental animals, but also in some egg laying species in which the yolk 
hormones are determined by the mother. Rather soon the fetus starts producing its own hormones 
(Winter et al., 1977). At that stage, the blood sample of the fetus reflects fetal hormone production, 
and potentially maternal hormones too. Preferably, the blood is sampled during the sensitive time 
that prenatal hormones affect brain development, which is different for different species. It often 
starts halfway through embryonic development or later and may extend during early postnatal 
development. Moreover, prenatal hormone production fluctuates strongly during fetal development 
(for birds, see references in Pfannkuche et al., 2011; for mammals see Wilson and Davies, 2007). 
The timing of the sensitive period differs between species, but generally coincides with the time that 
testosterone production peaks. 

Amniotic fluid

The preferred method to measure prenatal hormone levels is via amniocentesis, because direct 
sampling of fetal blood plasma is generally not possible due to ethical or practical constraints. 
During amniocentesis in mammals, a needle is inserted through the wall of the abdomen and the 
uterus into the amniotic sac, whereby a small amount of amniotic fluid is taken. The amniotic 
fluid contains waste products of the fetus, like hormones and their metabolites. In humans, an 
amniocentesis is only performed when there is a medical indication, for example age of the mother, 
genetic predisposition to specific diseases or disturbed development of the fetus. In other mammals 
amniocentesis is most often performed for research purposes and can be repeated several times. In 
humans the timing of amniocentesis coincides with the sensitive period (14-18th week) that steroid 
hormones affect brain differentiation (Knickmeyer and Baron-Cohen, 2006). 

Hormones excreted by the fetus via fetal urine are the major contributor to the sex hormones in 
amniotic fluid from the second trimester onwards in humans (Judd et al., 1976; Schindler, 1982). 
The major argument for this conclusion is that in humans sex differences in steroid hormone levels 
are found in the amniotic fluid but not in the maternal blood (Van de Beek et al., 2004). Male 
fetuses have higher testosterone (Finegan et al., 1989; Judd et al., 1976; Van de Beek et al., 2004) 
and androstenedione levels (Van de Beek et al., 2004) in the amniotic fluid than female fetuses, and 
female fetuses have higher estradiol levels in the amniotic fluid than male fetuses (Robinson et al., 
1977; Van de Beek et al., 2004). Moreover, few correlations between hormone levels in the amniotic 
fluid and maternal serum or umbilical cord have been found (Van de Beek et al., 2004). This is 
probably due to the fact that the interface between the circulation of the mother and the fetus, the 
placenta, is a highly active endocrine organ that produces hormones itself and converts maternal 
hormones to their metabolites.
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Blood, urine or saliva from the mother during pregnancy

Another strategy that is used to infer prenatal hormone exposure levels of the fetus is to collect 
urine, blood or saliva from the mother during pregnancy. The big advantage is that sampling does 
not interfere with the pregnancy and can be repeated to see the hormonal fluctuations over time. 
However, the important downside is that, as mentioned above, the endocrine role of the placenta in 
mammals and the fetus‘ own hormonal production disturbs any correlation between maternal and 
fetal hormone exposure levels. Indeed, the testosterone peak of male fetuses is not reflected in the 
maternal blood (Sikich and Todd, 1988). 

The above should not be taken as evidence that maternal hormones do not reach the fetus. One way 
to investigate the amount of maternal hormone that reaches the fetus is to inject the mother or the 
egg yolk with labelled hormones, which are subsequently measured in the fetus. There is increasing 
evidence that they do reach the fetus in both placental and non-placental animals and affect offspring 
development in humans and other animals (for a review see Groothuis and von Engelhardt, 2005; 
including lateralization see Schaafsma and Groothuis, 2012). However, maternal levels should not 
be used to estimate total embryonic exposure of steroid hormones once the embryo is capable of 
producing its own hormones. We therefore do not recommend using maternal hormone levels to 
estimate fetal steroid levels.

Umbilical cord blood

The umbilical cord is the connection between the developing fetus and the placenta in mammals, 
consisting of a vein and one or more arteries. The umbilical vein provides the fetus with fresh blood 
from the placenta, rich in oxygen and nutrients. The heart of the fetus pumps the blood back to 
the placenta via the umbilical arteries. Hormones in the fetus’ circulation can be modified by the 
placenta, the production in the adrenals or gonads of the fetus, and their metabolism in its tissues. 

One study measured testosterone levels in the umbilical artery, vein, and amniotic fluid multiple 
times during pregnancy in piglets (1980). Male fetuses had higher testosterone levels in the umbilical 
artery than females at all measurements. Testosterone levels were much higher in the umbilical artery 
than in the vein. In addition, testosterone levels in the amniotic fluid reflected the testosterone levels 
in the umbilical artery, but not the umbilical vein. This indicates that fetal testosterone levels are 
better represented in the umbilical artery than in the umbilical vein. However, in most animals, the 
umbilical vein is sampled as this is larger than the artery. 

In the study of Ford (Ford, 1980), the umbilical cord was sampled during pregnancy . However, 
in most studies, the umbilical cord is sampled just after birth. It is important to realize that the 
timing of the sampling of the umbilical blood, just after birth, is not always optimal. Firstly, this 
may not be the sensitive period for prenatal hormones affecting brain lateralization, as this is species 
specific. Secondly, there is no (Ford, 1980) or low to moderate (Van de Beek et al., 2004) correlation 
between testosterone levels in the prenatal amniotic fluid and in the umbilical blood collected at 
birth. Thirdly, a lot of hormones are released during labour, which could influence the hormone 
levels measured in the umbilical cord. It may be concluded that umbilical cord blood hormone 
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levels are of limited value in the study of the development of lateralization. 

2D:4D finger length ratio

The 2D:4D finger length ratio is widely used as an estimate of the level of prenatal testosterone. To 
calculate the 2D:4D finger length ratio, the length of the right index finger is divided by the length 
of the right ring finger in humans. The fingers are measured from the middle of the bottom crease 
of the finger to the tip of the finger. The 2D:4D finger length ratio shows a small but consistent sex 
difference with smaller ratios in males. 

High finger length ratios are assumed to be negatively related to prenatal testosterone levels. The 
idea that the 2D:4D finger length ratio could be an estimate of prenatal testosterone comes from the 
finding that the Hox genes both control the growth of the finger bones and the sexual differentiation 
of the gonads (Hönekopp et al., 2007). The 2D:4D ratio is not related to adult sex hormone levels 
(see review Hönekopp et al., 2007). 

Since the formulation of this theory in 1998 by Manning and colleagues an enormous amount of 
research has used the 2D:4D finger length ratio as an estimate of prenatal testosterone exposure. 
However, the validity of the 2D:4D finger length ratio as an estimate of prenatal testosterone level 
is heavily debated. Hönekopp et al. (2007) list eight indirect lines of evidence to support that the 
2D:4D ratio may be a valid marker of prenatal testosterone exposure. However, they also make the 
reservation that the ratio may not be a very accurate marker, and that more longitudinal studies 
directly comparing prenatal testosterone with the ratio values later in life are needed. Putz et al. 
(2004) reviewed literature on 2D:4D ratio as a predictor of the degree of expression of sexually 
dimorphic and other sex-hormone mediated traits. Subsequently they tested the relationship 
between 57 traits claimed to be related to the 2D:4D ratio. Of all the traits, they found only a 
correlation between sexual orientation for both sexes and the left hand ratio.

Only two studies have directly tested and published the relationship between prenatal testosterone 
levels and the 2D:4D ratio. Lutchmaya et al. (2004) found a significant negative relationship between 
the testosterone/estradiol ratio measured in amniotic fluid and the 2D:4D finger length ratio of the 
right hand in 29 participants 2 years old, and this was independent of sex. However, the explained 
variance of the prenatal testosterone/estradiol ratio on the 2D:4D ratio was only 27%. Moreover, 
no relationship between prenatal testosterone or estradiol and the 2D:4D finger ratio was found, 
and none for the left hand ratio of these hormones. So, this article is generally used as support for 
the relation between prenatal testosterone and the 2D:4D finger length ratio, but the support is 
actually weak. Ventura et al. (2013) also reported that finger length ratio is negatively correlated 
with prenatal testosterone, but only in females. In a model taking into account the mother’s finger 
length ratio and prenatal testosterone concentration, the addition of prenatal testosterone explained 
only about 10% of the variance. 

The 2D:4D ratio has also been calculated in non-human primates, rodents and birds. Some sex 
differences in this ratio were found in gorillas and chimpanzees (McFadden and Bracht, 2005). In 
rodents (Auger et al., 2013; Dean and Sharpe, 2013) and birds (Nagy et al., 2016; Romano et al., 



Methods to investigate hormones and lateralization

37

2005; Ruuskanen et al., 2011), prenatal hormone manipulations were conducted by injection in ovo 
to test the assumption that the digit ratios are under the influence of prenatal testosterone, but the 
results are not at all consistent. In conclusion, there is some evidence for a relationship between 
prenatal testosterone and the finger length ratio. However, the explained variance is very low and 
results are inconclusive and seem mostly applicable to females. Accurate measurement of the digit 
ratios is difficult as the finger length differences are minute. Measurement of total prenatal exposure 
to hormones during the sensitive period is difficult too, and has been estimated until now by a single 
sample within this period. Furthermore, it is likely that a considerable bias in the literature toward 
results supporting the relevance of digit ratios exists. Therefore we conclude that this index is not a 
reliable index of prenatal exposure to testosterone.

Intra-uterine position

In several mammalian species in which the mother produces large litter sizes, such as mice, gerbils 
and pigs, hormone exposure in utero depends on the position of the embryo relative to its brothers 
and sisters. Males positioned in between two females develop a different phenotype than males 
in between brothers, and the same is true for females. This is because male embryos produce 
testosterone which also reaches their neighbouring embryos. There is an extensive body of literature 
on this phenomenon, demonstrating differences in hormone exposure as well as effects on many 
aspects of the adult phenotype such as behaviour, hormone production, reproduction (mice: 
Zielinski et al., 1992; gerbils: Clark and Galef, 1998), and uro-genital distance (a measurement of 
masculinisation). To what extend a similar phenomenon occurs in humans is as yet not completely 
clear. This can be studied by comparing same sex and opposite sex twins. The results suggest that 
in some aspects females are influenced by their brother’s testosterone but more research is needed 
(Tapp et al., 2011).

The measurement of uro-genital distance provides an ideal case for the study of the relation between 
prenatal testosterone exposure and lateralization. Since uro-genital distance is related to prenatal 
testosterone exposure and the intra-uterine position, this simple measurement might be taken as an 
indirect measurement of prenatal hormone exposure and be related to lateralization. This approach 
has to our knowledge not yet been applied. 

Hormone mediated maternal effects

In many animal species, ranging from insects to humans, mothers bestow their offspring with 
maternal steroid hormones. This occurs prenatally, either by depositing hormones in the egg, or 
by transferring hormones during pregnancy via the placenta. Mothers differ in the amount of 
hormones they pass on to their offspring, which often depends on the environment experienced 
by the mother during reproduction (for a review see Groothuis and von Engelhardt, 2005). This 
potentially offers the possibility of manipulating the environment and to assess the effect of these 
maternal hormones on lateralization of the offspring. However, since the hormone exposure of 
the embryo is not simply a reflection of the hormone concentrations circulating in the mother (see 
above and Okuliarova et al., 2011), this approach has clear limitations. In humans the relationships 
between maternal hormones and lateralization of offspring can be studied in mothers with deviating 
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testosterone concentrations (e.g. congenital adrenal hypoplasia (CAH) mothers, leading to an excess 
of testosterone) or from offspring lacking the androgen receptor. The potential problem here is that 
these data come from pathological cases and might be confounded by factors other than exposure 
to testosterone only (e.g. in de case of CAH the decrease in glucocorticoid production), or do not 
reflect normal variation. However, direct manipulation of embryonic exposure to these hormones 
is to some extent possible as will be discussed below. 

EXPERIMENTAL APPROACHES: MANIPULATION OF HORMONE LEVELS

There is currently a wide range of methods of manipulating hormone concentrations in animals, 
including humans. In all cases, however, it is of crucial importance to scale the treatment against 
normal variation in hormone concentrations, in order to prevent levels that do not occur in a normal 
population. Moreover, hormone concentrations may have non-linear effects, so that dose response 
curves may be necessary (Costantini et al., 2010). 

Manipulation of hormone levels in the embryo

The best way to manipulate prenatal exposure to hormones is to manipulate directly hormone 
concentrations in the embryo. In placental animals this always affects the mother too, so the 
effect on the offspring may be confounded by maternal effects. Moreover, it is known that the 
fetus and mother communicate by means of hormones and may adjust their signals to each other 
(Del Giudice, 2012), which makes the interpretation of the effect of the manipulation even more 
difficult. Therefore, a flourishing field of research makes use of egg laying species, especially birds, 
in which prenatal hormones are manipulated. As the embryo develops outside the mother’s body in 
a sealed environment, hormone exposure of the embryo can be measured and manipulated without 
interfering with the mother. Eggs can be injected with hormones into the yolk, or even into the 
embryo directly in a later stage of development. This can be easily applied by cleaning the egg shell 
with alcohol, drilling a small hole in the shell, and injecting the hormone solution into the yolk 
or embryo with the help of candling the egg for visual guidance. Many studies have applied this 
technique in the framework of sexual differentiation, using extremely high dosages of the hormone. 
More recently much lower dosages within the physiological range of the species have been shown 
to affect many aspects of the phenotype of the chick (for a review of gonadal hormones see von 
Engelhardt and Groothuis, 2011; for stress hormones Henriksen et al., 2011). Only very few studies 
have examined the effects of the manipulation in ovo on lateralization, so far with inconsistent 
results (Pfannkuche et al., 2011; Rogers and Deng, 2005; Schwarz and Rogers, 1992). 

Recently it has been discovered that the embryo, even before the development of active gonads, is 
capable of metabolizing hormones, such as those received from the mother (or an injection) (von 
Engelhardt and Groothuis, 2005). This warrants further research in order to establish the effective 
dosage to which the embryo is exposed in different phases of development. 

Manipulation of hormone levels of the mother

Another, but less preferred way (since hormone levels in the embryo do not necessarily reflect 
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those in the mother: see above), is to manipulate circulating hormone levels in the mother during 
pregnancy or egg production. In many cases elevated hormone levels in the mother may elevate 
those in the embryo (Groothuis and Schwabl, 2008), as these elevated levels are often so high that 
maternal regulation cannot prevent the hormones from reaching the embryo. Although this may 
lead to other correlated maternal effects (for example, stress hormones inhibit the nutrient flow 
to the embryo, see Henriksen et al., 2011), such studies have been applied frequently and suggest 
potential flexibility and hormonal pathways for regulating brain and behavioural lateralization. 

Manipulating hormones in reproductively active females can simply be done by injection or 
implantation techniques, or mixing the hormone through the food or water. Injection leads only to 
brief elevations as the hormone quickly degrades (half time value of steroids is about 15 minutes), 
unless the hormone is modified to make it more stable (for example testosterone propionate). A 
solution to this problem is the subcutaneous implantation of controlled release delivery systems, 
such as silicon tubers or mini-pumps filled with hormone (solution), for which only local anaesthesia 
may be necessary. The dynamics of the released hormones should be checked by blood sampling. 
In case of cortisol or corticosterone, such implants often have a paradoxical effect in that after a 
short peak blood plasma concentrations decrease substantially. This is probably caused by feedback 
mechanisms in the animal, as a continuous high level of stress hormones is detrimental. This effect 
can be avoided by mini-pumps that are programmed such that the release or hormones is pulsative, 
or by simply mixing the hormone with the food twice a day. Finally, plasters that release hormone 
through the skin can also be applied. 

All these techniques elevate circulating levels. Preferably, the complementary experiment in which 
hormone levels are lowered should also be conducted. This can be done by applying blockers of 
either specific enzymes that convert hormones to other components (such as aromatase converting 
testosterone to estradiol), or by applying receptor blockers. The problem of the first is that blocking 
of conversion results in higher concentrations of the hormone that would normally be converted. 
The problem of the latter is that the extent of their effectiveness (how many receptors are blocked 
for how long) is difficult to establish; this needs injections with labelled hormones and sacrificing of 
the embryos to estimate the amount of bound receptors. 

THE STUDY OF POSTNATAL EFFECTS

The methods previously discussed under in the sections ‘Blood, urine or saliva from the mother 
during pregnancy’ and ‘Manipulation of hormone levels of the mother’ can also be applied to study 
the postnatal hormonal effects on lateralization of brain and behaviour. Obviously, estimating 
actual hormone exposure is much easier when the subject is not confined in the mother or in the 
egg. Fortunately in many species the timing of the sensitive period for organizing effects of steroid 
hormones extends to early postnatal life (Hines, 2006). In small animals the sampling of enough 
blood for hormone analyses without sacrificing the individual may be a problem. 
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CORRELATIONAL METHODS

For correlational research the postnatal phase offers some additional possibilities compared with 
studying the prenatal phase. First, additional sensitive phases for organizing effects of hormones on 
the brain and behaviour may be detected by studying different age classes. For example, currently 
evidence is accumulating that organizing effects also occur during puberty in mammals. Second, 
plasticity in the relationships between hormones and lateralization might be detected by studying 
changes over time, which could also indicate reversible activating effects of the hormone. This can 
be analysed by studying (changes in) direction and strength of lateralization in relation to changes 
in hormone levels, such as the natural occurring hormonal fluctuations during 24 hours (being 
especially pronounced in cortisol and corticosterone, but also in gonadal hormones), during the 
estrous cycle in females (e.g. Hodgetts et al., 2015), or the season of the year (for example, the change 
from non-reproductive to reproductive modes).

EXPERIMENTAL METHODS: MANIPULATION OF HORMONE LEVELS

Since correlational evidence is by no means evidence for causal relationships, experimental 
approaches are indispensable. For this the methods discussed in the section ‘Manipulation of 
hormone levels of the mother’ can also be applied to offspring postnatally. For studying short-lasting 
activating effects an additional method can be used, being nose sprays that can even be used on 
human subjects. Nose sprays have mild and short-lasting effects. This method has been applied in 
humans for testing hormonal effects on competitive or altruistic behaviour (Fischer et al., 2005; 
Wright et al., 2012), but to our knowledge lateralization has not been studied with this method. 
In humans we cannot experimentally test longer lasting treatment effects, or organizing effects, 
by manipulation of sex hormones in participants without medical indication. Treatment with 
hormones or hormone blockers based on medical indication can be used in humans, although 
again confounding influence of the medical history might be in play here. A very interesting case 
for, and perhaps the only way for the experimental study of organizing effects of steroid hormones 
on lateralization in humans, is the hormonal treatment of Gender Dysphoria. Therefore we will 
discuss this more extensively. 

Hormone treatment in persons with Gender Dysphoria

Persons with Gender Dysphoria experience a mismatch between their biological sex and their gender 
identity. They have the feeling they are trapped in the wrong body. In some cases, transgender 
individuals chose hormone treatment, sometimes together with surgery, to improve the match 
between their body and experienced gender. 
Because substantial hormone manipulation for scientific purposes only is not allowed in humans, there 
is always a confounding effect of the medical condition. However, apart from their Gender Dysphoria, 
most transgender individuals are mentally and physically fit. This is even a requirement for treatment. 
As the transgender clinics offer careful preparation and guidance, the participants are followed 
longitudinally for their treatment. Often they are enthusiastic to take part in scientific research in 
order to increase knowledge about their condition. The longitudinal study of the effects of cross-sex 
hormone treatment is therefore feasible. In addition, the age of transgender individuals presenting at a 
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gender clinic differs greatly, from very young children to adults, enabling research at varying ages and 
treatment stages in order to study potential sensitive windows for hormonal effects on lateralization. 

Two different hormone treatments are applied in the treatment of transgender individuals: puberty 
suppression and cross-sex hormone treatment. Puberty suppression is applied from the onset of 
puberty and the emergence of secondary sex characteristics and gives time for a decision to be made 
about further treatment or not. From about 18 years onwards, they can subsequently start cross-sex 
hormone treatment if they wish to do so and are found to be eligible. Adults diagnosed with Gender 
Dysphoria may also be subject to cross-sex hormone treatment if found to be eligible. Before any 
treatment starts, the patients have several sessions with a psychologist and psychiatrist, they undergo 
numerous psychological tests and medical examinations to ensure the state of their mental and 
physical health, hormone levels are measured and stage of puberty is assessed by a doctor in case of 
young patients. This provides a wealth of interesting data for studying the direct effects of steroid 
hormones on lateralization of brain and behaviour over time in humans. A limitation may be that 
it is unknown if research on persons with Gender Dysphoria translates to the general population.

PUBERTY SUPPRESSION: Normally, puberty is initiated by the hypothalamus, which releases 
gonadotropin-releasing hormones (GnRH). GnRH stimulates in both sexes the pituitary to release 
LH and FSH in order to stimulate the gonads to produce sex hormones, inducing pubertal changes 
in the body. Naturally, GnRH levels fluctuate during the day. In puberty suppression GnRH 
agonists are administered at a continuous level. After the initial stimulation this will actually 
block the release of LH and FSH and thereby the gonadal hormone production (Hembree et al., 
2009; Kreukels and Cohen-Kettenis, 2011). Puberty suppression is started from an age of 12 years 
onwards, provided that the child diagnosed with Gender Dysphoria has experienced puberty for at 
least one year and is in Tanner’s stage 2 or 3 (Marshall and Tanner, 1970, 1969).

CROSS-SEX HORMONE TREATMENT: Cross-sex hormone treatment may follow after 
puberty suppression in adolescents, or it may be applied in adults who did not receive puberty 
suppression. In adolescents, cross-sex hormone treatment starts with the induction of puberty of 
the desired sex. Feminizing puberty is induced in male-to-female transgender individuals by orally 
administering estradiol. Masculinizing puberty is induced in female-to-male transgender individuals 
by intramuscularly administering testosterone esters (a stable form of testosterone) (Hembree et al., 
2009). In adolescents the dose is increased gradually over a period of two years. Thereafter the 
adolescents receive the same cross-sex hormone treatment as adult transgender individuals.

Adult cross-sex hormone treatment in female-to-male transgender individuals is relatively simple. 
They receive testosterone orally, via the skin (transdermal) or injection. The dose depends on 
the way of administration, but is within the normal range for men. Male-to-female transgender 
individuals receive estrogens orally, transdermally or by injection. Again, the dose depends on the 
way of administration, but is within the normal range for women. In addition, male-to-female 
transgender individuals also receive antiandrogens and a GnRH agonist (leading to androgen 
suppression after some time) to suppress their endogenous sex hormones. For information which 
hormone supplements and doses are used in clinical practice, see the Guidelines on the Endocrine 
Treatment of Transsexuals (Hembree et al., 2009).
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DIFFERENT LEVELS TO STUDY THE RELATIONSHIP BETWEEN  
HORMONES AND LATERALIZATION IN VIVO

The aim of this section is twofold. First, we would like to point out that the relation between 
hormone exposure and lateralization can and should be studied at different levels of brain and 
behaviour, and that these have to be made explicit to avoid confusion. Moreover, these different 
levels should be studied preferably in relation to each other and in the same species. Second, we like 
to show the gaps in our knowledge at these different levels, and explain future perspectives in order 
to bring the field forward. 

The different ways and levels at which hormones can affect lateralization of brain and behaviour 
are schematically depicted in Figure 3. We will explain the different levels of the scheme and their 
relationships in te following sections.

Lateralised motor 
output Performance

Perception
& Cognition

Behaviour

Activating effects

Lateralised activation

Sensory input

Hormones

Brain

Organizing effects

Structural lateralisation

Figure 3   Schematic and simplified illustration on how and at which levels hormones can 
act on the lateralization of the brain, and thereby its functioning in the form of perception, 
cognition and behaviour. 
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HORMONES

As explained in the last paragraph of section 2, steroid hormones can have organizing and activating 
effects. Organizing effects act among others on the anatomy of the brain, including structural 
lateralization. Such effects primarily happen during sensitive periods in development, for example 
prenatally or in puberty. As depicted in the scheme organizing effects may prepare the brain for 
activating effects, for example by inducing the development of the appropriate receptors for the 
activating effects. A strict dichotomy between organizing and activating effects is debatable. For 
example, also brain activation can result in structural changes, since neuronal connections are 
strengthened by lasting activation. Also, seasonal profiles in testosterone in adult animals can lead 
to seasonal changes in the size and structure of adult brain areas, as well described for the lateralised 
song system in songbirds (Brenowitz, 2004; Moorman et al., 2012). In any case, both organizational 
and activating effects impact on the brain, the former affecting brain anatomy and the latter primarily 
affecting brain activation. By doing so, lateralization is induced if either of four requirements are 
fulfilled: 1) The receptor distribution for these hormones, or for downstream components in the 
pathway, is lateralised (Neveu et al., 1998); 2) The hormone production or conversion in the brain is 
lateralised; 3) The hormone acts on latently lateralised brain structures that become expressed only 
after hormone exposure, or that become even stronger lateralised by the performance of relevant 
behaviour; 4) The hormone acts on the corpus callosum (if present, depending on the species), or on 
other connections between the hemispheres, affecting mainly the strength of lateralization. 

BRAIN LATERALIZATION

The difference between brain anatomy and brain activation seems obvious: it is the difference 
between physical brain structure and neuronal activity. However, how anatomy and activation 
relate to each other is not always clear. For example, anatomically identical hemispheres may have 
lateralised activation. Vice versa, anatomically different hemispheres do not necessarily show 
lateralised activation. 

Structural lateralization of the brain

Brain structure can be studied in different ways. The most direct way is to look at the brain post-
mortem, or even during surgery. For obvious reasons, this is easier in non-human animals than in 
humans. Alternatively, brain structure can be investigated with MRI. Other techniques are PET 
and DTI - techniques that can measure aspects of both brain anatomy and activation. During a 
scan the subject should not move, so an MRI scan in animals is possible only if the animal is trained 
not to move in the scanner, if the animal is tightly restricted, or if the animal is sedated. The latter 
option is the most prevailing one. 

MAGNETIC RESONANCE IMAGING (MRI) computes a 3D-image of the brain, based on 
information on the type and location of tissues like white matter, grey matter and cerebrospinal 
fluid. In lateralization research MRI can be used to compare white and grey matter volumes, the size 
of the surface area between the hemispheres, or the volume of specific brain areas, like the corpus 
callosum. The corpus callosum is especially of interest when testing theories about the influence 
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of testosterone on the strength of brain lateralization (e.g. the sexual differentiation theory, the 
Callosal Theory). It is also relevant to investigate the influence of steroid hormones on lateralised 
development of sexually dimorphic brain areas. The bed nucleus of the stria terminalis (BNST) and 
the interstitial nucleus of the anterior hypothalamus (INAH, specifically the INAH-2 and INAH-
3) are sexually dimorphic in humans and rodents, while hormone dependent areas controlling song 
are sexually dimorphic in song birds (Gahr, 2007). Interestingly, these brain areas are also part of 
lateralised networks which may be responsible for sex differences in lateralization (Moorman et al., 
2012). Similarly, in the domestic chick the organisation of the thalamofugal visual projections is 
sexually dimorphic (Adret and Rogers, 1989).

DIFFUSION TENSOR IMAGING (DTI) may be used to study lateralization of brain networks. It 
is a technique to track the neural connections in the brain from MRI data. This technique is relevant 
in lateralization research as it can show the connections between the left and right hemisphere via 
the Corpus Callosum. One can also visualize and quantify the connections within hemispheres 
and how they differ between hemispheres. 

POSITRON EMISSION TOMOGRAPHY (PET) may be used to study lateralised differences 
in receptor densities, e.g. of serotonin (Fink et al., 2009) or dopamine (Vernaleken et al., 2007). 
Therefore, PET offers a specific opportunity for studies investigating the relation between hormones 
and lateralization. It uses a bioactive molecule labelled with a positron-emitting radionuclide 
(tracer), which is injected in the blood. The tracer emits gamma-rays which are detected by the PET-
scanner. The output of a PET scan is a 3D representation of the locations where the molecule binds. 
By labelling the steroid hormone, receptor densities in the brain can be measured with PET. In 
humans, the use of PET scans is mostly restricted to medical studies as a PET scan involves exposure 
to nuclear radiation. PET is more often used in animal research. 

Functional lateralization of the brain 

Functional activation of the brain is typically studied when the brain is processing information. 
Brain activation is commonly investigated in humans, but increasingly in animals too. Lateralised 
brain activation can be measured non-invasively with fMRI, fTCD, PET and EEG. It can even be 
manipulated by TMS (Rotenberg et al., 2010; Wang et al., 2006).

FUNCTIONAL MAGNETIC RESONANCE IMAGING (fMRI) is based on the assumption that 
the oxygen level in the blood is directly linked to neural activity. The oxygen level in the blood is 
measured with the Blood Oxygen Level Dependent (BOLD) response, which can be determined 
when applying a magnetic field to the brain. fMRI makes a 3D-image of the brain and shows the 
brain regions that are active during a specific task. It is possible to perform an fMRI-scan with other 
animal species than humans, if the animal is trained to lie motionless in a scanner and to look at a 
screen, or if the animal is sedated and receives stimuli that can still be perceived such as auditory or 
olfactory input. The task is then limited to processing of sensory input or measurement of resting 
state.

PET can also be used to measure aspects of brain activation when radioactive labelled tracers are 
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used that trace metabolic activity, such as oxygen or glucose (Willis et al., 2002). The oxygen-tracer 
has a very short half-life, therefore the tracer is more often linked to glucose. In humans, functional 
PET-scans are not used for lateralization research (fMRI is the preferred technique). In animals, 
PET can be a preferred option to study animals that first perform a task and subsequently are 
scanned when sedated. The activation is measurable for a longer time than is the case with fMRI 
(depending on the half-life of the label).

FUNCTIONAL TRANSCRANIAL DOPPLER SONOGRAPHY (fTCD) measures task related 
differences in blood supply to the left and right hemisphere, i.e. the blood flow velocity in the left 
and right mid-cerebral arteries during a cognitive task, relative to the blood flow velocity in each 
during the baseline. For example, if the left hemisphere is dominant for language, the blood flow 
velocity will increase more in the left than in the right hemisphere during a language task, relative 
to the baseline. This method is based on the assumption that blood flow velocity increases after a 
hemisphere becomes more active. fTCD measures both the strength and direction (left or right 
hemisphere) of lateralization. It is a validated, cheap and easy method to assess and the device is 
portable (Deppe et al., 2004; Stroobant and Vingerhoets, 2000). A cap with 2 probes is placed on 
the head of a participant. Both probes emit a high-pitched sound signal that reflects off the blood 
cells in the left and right middle cerebral artery. The middle cerebral artery supplies the major part 
of the cortex with blood. The faster the blood flows, the bigger the Doppler shift of the reflected 
signal. Movement of the probes impairs the measurement and fTCD is therefore only performed 
in humans.

ELECTROENCEPHALOGRAPHY (EEG) and MAGNETOENCEPHALOGRAPHY (MEG): 
EEG is a technique that measures the electrical activity of the brain, via electrodes on the scalp. 
MEG is a related technique but uses magnetic sensors for the recording. The main advantage of 
EEG and MEG is that they measure brain activity with a temporal accuracy of typically 1 ms. 
The average activation after presentation of a series of stimuli is called the ‘event-related potential’ 
(ERP) (Honing et al., 2012; Rowan et al., 2004). These ERP’s can be compared for different brain 
regions. With regard to brain lateralization, the ERP’s can be compared between the left and the 
right hemisphere. Source localization software can be used to look for lateralised differences in the 
dynamics of activity when processing a stimulus. The change in strength of activation at specific 
3D-locations is calculated, as well as the localization of the activation source over time. Thus, one 
can follow the sequential activation of lateral brain areas with great temporal accuracy. However, 
the spatial accuracy is less precise than with fMRI. 

TRANSCRANIAL MAGNETIC STIMULATION (TMS) may result in an excitatory or an 
inhibitory effect on a targeted brain region by applying a conditioning stimulus sequence with a 
magnetic coil. The magnetic coil is placed over a specific region of the cortex. The magnetic field 
induces electric currents in the brain region under the coil, for example the cortex or cerebellum. 
Inhibition and excitation of the specific brain area depend on the characteristics of the stimulus 
sequence. TMS can be applied during task performance to study the involvement of these brain 
areas in task-related information processing. Until now TMS has rarely been used in lateralization 
research that evaluates hormones, but this technique has the potential to study the effects of 
hormones on lateralised differences in the behavioural output during a task when TMS is applied 
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to homologous areas of the brain.

IMMEDIATE EARLY GENES (IEGs) are expressed when neurons are activated. Products of IEGs 
can be stained, such as the well-known c-fos protein. C-fos is rapidly and transiently expressed in 
many brain areas in response to a wide range of stimuli. Thus, c-fos and other IEG products can 
be used to detect neural activity. The procedure is as follows: an animal is subjected to a specific 
environmental condition or stimulus, after which it is decapitated, and the brain slices are stained. 
This way a detailed functional map of the brain regions activated after an environmental trigger 
is made and lateralised activation can be measured. For example, based on c-fos expression, 
lateralization of auditory input has been found (Moorman et al., 2012). 

The output from all of these methods may be used to calculate a laterality index that represents 
brain lateralization. In addition, lateralization can also be measured at different levels, as we will 
explain in the next paragraphs.

SENSORY INPUT

Sensory input can be given to a specific hemisphere and can in this way be used to investigate brain 
lateralization, either by monitoring brain activity or behavioural output. For example, visual input 
can be presented to the left or right visual field, or auditory input to the left or right ear. The tests are 
based on the assumption that sensory input is differently processed in the left or right hemisphere, 
resulting in a different perception of the stimuli, which can be estimated with ERP, neuroimaging 
or behavioural output. Theoretically, tests could be designed for all sensory modalities. In humans, 
frequently applied tests are dichotic listening, visual half-field tasks, and - as a special case of the 
latter - chimeric face recognition. In animals, the left and right eye, ear or nostril can be alternately 
closed off from input and the effect on behavioural output can be determined. In addition, visual 
scanning or ear movement can be registered after offering different types of stimuli.

DICHOTIC LISTENING: this is a test used in humans presenting different auditory stimuli – 
generally brief words – to both ears simultaneously. The participant is instructed to report as many 
stimuli as possible. Participants typically report more stimuli presented to the right ear. Auditory 
information is passed to the contralateral hemisphere to be processed. As the left hemisphere is 
specialized in language processing in most people, the words presented to the right ear are generally 
processed faster. This asymmetry results in a right ear advantage, which is interpreted as evidence 
that language in that person is lateralised to the left hemisphere. 

VISUAL HALF FIELD PARADIGMS: visual information in the left visual field projects to and 
is initially processed in the right hemisphere and vice versa. Visual half field paradigms make use 
of this knowledge. The participant has to sit exactly in front of a computer screen and stimuli are 
presented at the left or right side of a fixation cross in the centre. Reaction time for stimuli presented 
in the left visual field is compared to reaction time for stimuli presented in the right visual field, and 
used to measure asymmetry in visual perception. Similarly, asymmetry of language processing can 
be measured if letters or words are used as stimuli.
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CHIMERIC FACES: this method is a special case of the visual half field paradigm, but aims to 
measure visual processing at a higher level of cognition, that is the perception of facial emotion. The 
participant is placed in front of a computer screen. Two vertically arranged pictures are depicted in 
the middle of the screen. One half of each picture shows a neutral face, and the other half shows an 
emotional face. The two pictures are mirrored, so in one picture the emotion is shown on the left 
side of the face (in the left visual field) and in the other picture the emotion is shown in the right 
visual field. The task of the participant is to say which picture looks more emotional. The idea is that 
facial emotion processing is generally lateralised to the right hemisphere, and that the picture with 
emotion in the left visual field (which is processed by the right hemisphere) looks more emotional.

PERCEPTION AND COGNITION 

Brain lateralization can directly influence behaviour, or via perception or cognition. It is impossible 
to measure perception or cognition directly, so the only way is to assess it indirectly via behaviour or 
cognitive performance, discussed below. This is important to realize, as lack of a lateralised response 
does not necessarily imply lack of lateralised cognition or perception. 

Behaviour

Behaviour can be a direct result of brain lateralization, but lateralised behaviour may also be a direct 
consequence of asymmetrical sensory input. For example, a tendency for an animal to flee to one 
specific direction may simply be due to asymmetry in the environment or test apparatus. In such 
cases care should be taken to test the animal in completely symmetrical environments, or test the 
animal in balanced directions. For example, testing the animal in a corridor both from south to 
north, and north to south, so that the right side also becomes the left side, and vice versa. Thus, 
when testing lateralised behaviour, one should make sure the sensory input is symmetrical, or use a 
balanced design with respect to the symmetry of the environment.

Two types of behavioural output can be distinguished: lateralised motor output and performance. 
Lateralised motor output refers to asymmetry in behaviour, for example, the lateralization of limb 
use is often quantified as the number of times the right limb is used, minus that of the left one, 
divided by the total number of limb movements. This is called the lateralization index. Performance 
refers to a measurement of quality. Performance is measured as how well an individual performs a 
certain task, mostly a motor task or a cognitive task, like spatial orientation or language fluency. 

Lateralised motor output

In some cases the relationship between lateralised brain activation and lateralised behaviour is clear. 
This is, for example, the case in limb movement, where lateralised activation in the motor cortex 
precedes movement of the limb at the contralateral side of the body. In other cases this is less clear. 
For example, the asymmetry in the visual pathway in the domestic chick disappears in the first 
weeks of development, whereas in older birds the function of the left and right eye still differ. In 
non-human animals, most lateralization research is about lateralised behaviour, as lateralised brain 
activation is difficult to assess.
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One of the remarkable characteristics of motor behaviour among vertebrates is that there may be 
preferences for left or right. Examples are the flight response and limb preference. Most studies 
focus on preferences in limb use, in which the direction (i.e. which limb is used most often) and 
the strength of the preference (i.e. the difference in frequency between the left and right limb use 
irrespective of the direction) is investigated. Much less frequently, and perhaps exclusively in humans, 
asymmetry in limb skill can also be analysed. ‘Limb skill’ refers to the difference in performance 
between the hands. For humans there are several tests to test this, such as the pegboard task, which 
requires moving pegs as quickly as possible from one hole to another. It is likely that evolution has 
selected asymmetries in skill rather than preference. Other lateralised motoric responses concern 
the direction of turning in a symmetrical environment, fleeing for a (simulated) predator, or ear 
movements in species where both ears can move independently, such as in horses. However, in the 
case of ear movement, as well as in many other orientation responses, the asymmetry in behaviour 
represents lateralization in perception rather than lateralization in motor responses. 

The lateralization index is often calculated to quantify lateralised motor output. The lateralization 
index describes both direction and strength of lateralization. It should be realized that this ratio 
requires sufficient data points per individual to be reliable. For measuring lateralization at the 
population level, one could in theory measure many individuals of the same population only once. 
However, one should realise that lateralization at the population level is different from that of 
the individual level. This issue relates to the difference between lateralization at the level of the 
individual or the population. At the population level no disparity from 50% left and right may be 
present, whereas within this population some individuals may be strongly lateralised to the left and 
others to the right. Therefore one should always measure individual lateralization. This does not 
mean that population lateralization is not interesting. From an evolutionary point of view a skew in 
population lateralization is very interesting and several hypotheses have been put forward to explain 
such biases (Cashmore et al., 2008), but this is outside the scope of this chapter. 

Performance

The relation between brain lateralization and behaviour is not always observable (Hirnstein et 
al., 2010; Lust et al., 2011a; Lust et al., 2011b; Stroobant et al., 2011), for example in language. 
Language is generally a strongly lateralised function, yet we do not see this in the behavioural 
output. The same holds for visuospatial orientation. These are the two most studied lateralised 
cognitive functions in humans. A common mistake is to assume brain lateralization and cognitive 
performance are directly related. This assumption is often based on indirect evidence. An example 
is the following. Boys generally perform better on a visuospatial task than girls. Boys are also 
generally more strongly lateralised to the right hemisphere for visuospatial function. Therefore one 
may conclude that stronger lateralization results in better performance and that performance is a 
measurement of lateralization. However, the relationship between lateralization and performance 
is actually not clear. 
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OPPORTUNITIES FOR FUTURE RESEARCH

In this chapter we have presented methods to measure steroid hormones, lateralization and their 
relationships. Lateralization can be measured at different levels, and on every level many lateralized 
functions can be investigated. To this end one can select from multiple study species. From the 
overview it is apparent that many techniques that are developed for humans may be used in other 
animals as well. Animal studies offer crucial experimental manipulations that are unacceptable 
to be used in humans for ethical reasons, such as hormone manipulation and injection with 
radioactive labelled tracers. On the other hand, human studies allow for extensive analyses of 
complex cognition, which is more difficult to study in animals. The use of similar procedures in 
all species would enhance the insight in the possible evolutionary explanation for the emergence of 
lateralized functions.

With respect to hormones, most research until now has focused on testosterone. This has been 
driven by three theories that have been put forward, with predictions of organizing effects of 
prenatal testosterone on direction and/or strength of lateralization. There are no theories on 
activating effects of testosterone on brain lateralization, nor are there theories on interactions 
between organizing and activating effects. Steroid hormones other than testosterone have received 
less or no attention, and theories for their effects have not been developed yet. Moreover, the 
possibility that specific combinations of hormones affect lateralization has not been tested yet. 
Furthermore, the measurement of the differences in hormone exposure between (homologous) 
brain areas due to differences in receptor densities or enzyme distribution is still underdeveloped. 
It is also important to realize that the underlying hormonal mechanism is not necessarily the same 
for different lateralized functions. More accurate and complete measurements of the underlying 
endocrine systems, including potentially asymmetrical local conversion of hormones and receptor 
densities, are needed. To make it even more complex, the underlying mechanism is not necessarily 
the same for different species. For example, in birds, estrogens are crucial for sexual differentiation 
in females, whereas in mammals testosterone has this role in males. These species also differ in the 
presence of the corpus callosum. In addition, more attention should be given to manipulations 
within the physiological range of the study species. The methods to investigate all these issues are 
available, including research tools to measure or manipulate hormone levels that have not been 
used in lateralization research yet, like uro-genital distance, hormonal nose-sprays, and puberty 
suppression and cross-sex hormone treatment in persons with Gender Dysphoria. So hopefully 
these issues will be investigated in the near future. 

At the level of the brain, structural asymmetries can be detected, but their development is poorly 
understood. The function of these structural asymmetries is also not clear. Brain lateralization is 
not a unitary characteristic of the entire brain. There are numerous lateralized functions and the 
relation between them is unclear. For example, the directions and strengths of brain lateralization for 
language, visuospatial function and emotion processing in humans are not at all strongly correlated 
(Lust et al., 2011a), showing not only substantial within but also between individual variation. 
Moreover there is an endless amount of other functions that could possibly be lateralized, and one 
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brain area can be part of different networks. For example, it can be part of a lateralized network, 
while the same area can be part of another (global) network spreading over two hemispheres. The 
relationship between different lateralised functions should be investigated within study species. 
Interestingly, human research has increasing possibilities for studying lateralization of functional 
brain networks, like DTI and source localization in EEG or MEG. Using these techniques - also in 
different species - is an opportunity for future research.

With respect to lateralised perception and cognition, we have stressed that these cannot be 
measured directly but have to be inferred from evoked brain responses, lateralised motor output, 
or performance measures. The relationship between such output measures, including behavioural 
measures, and brain lateralization is unlikely to be unitary and linear. For example, handedness in 
humans correlates only moderately with lateralized activation of the homologous motor areas in the 
brain. Thus, the challenge is to explore multifactorial and non-linear relationships.

TO CONCLUDE, after decades of research the relationships between steroid hormones and 
lateralization of brain and behaviour are still unclear. This may in part be due to lack of generalizability 
between studies, or limitations of hormone manipulations or measurements. We especially want 
to highlight the need for an interdisciplinary approach, combining up to date techniques in 
endocrinology with those in neuroimaging, cognition, and behavioural measurements. There 
should also be more cross-talk between human and non-human studies. Focusing on one specific 
lateralised trait, such as limb preference or the visual system, may be of help when generalizing 
outcomes between different species. Comparative studies may not only generate new insights and 
unexpected mechanisms, but also shed light on Darwinian function and evolution of lateralization, 
which in turn may fertilize mechanistic studies. Such comparative studies may reveal general 
underlying principles. We now have the knowledge and the techniques to bring the field a step 
further.
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ABSTRACT

After decades of research, the influence of prenatal testosterone on brain lateralization is still 
elusive, whereas the influence of pubertal testosterone on functional brain lateralization has 
not been investigated, although there is increasing evidence that testosterone affects the brain 
in puberty. We performed a longitudinal study, investigating the relationship between prenatal 
testosterone concentrations in amniotic fluid, pubertal testosterone concentrations in saliva, 
and brain lateralization (measured with functional Transcranial Doppler ultrasonography 
(fTCD)) of the Mental Rotation, Chimeric Faces and Word Generation tasks. Thirty boys 
and 30 girls participated in this study at the age of 15 years. For boys, we found a significant 
interaction effect between prenatal and pubertal testosterone on lateralization of Mental 
Rotation and Chimeric Faces. In the boys with low prenatal testosterone levels, pubertal 
testosterone was positively related to the strength of lateralization in the right hemisphere, 
while in the boys with high prenatal testosterone levels, pubertal testosterone was negatively 
related to the strength of lateralization. For Word Generation, pubertal testosterone was 
negatively related to the strength of lateralization in the left hemisphere in boys. For girls, we 
did not find any significant effects, possibly because their pubertal testosterone levels were 
in many cases below quantification limit. To conclude, prenatal and pubertal testosterone 
affect lateralization in a task-specific way. Our findings cannot be explained by simple models 
of prenatal testosterone affecting brain lateralization in a similar way for all tasks. We discuss 
alternative models involving age dependent effects of testosterone, with a role for androgen 
receptor distribution and efficiency. 
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PRENATAL AND PUBERTAL TESTOSTERONE 
AFFECT BRAIN LATERALIZATION 

Beking, T., Geuze, R.H., van Faassen, M., Kema, I.P.,  
Kreukels, B.P.C., Groothuis, T.G.G., 2018. Prenatal and pubertal  

testosterone affect brain lateralization. Psychoneuroendocrinology 88, 78–91.

INTRODUCTION

Brain lateralization is the functional specialization of the brain, with some functions performed 
primarily by the left hemisphere, and other functions by the right hemisphere. This is a 
basic organizational principle of the brain throughout the animal kingdom, with important 
consequences for behaviour, perception and cognitive processes. In humans, there is considerable 
individual variation in how functions are divided over the two hemispheres (Pujol et al. 1999; Lust 
et al. 2011a), but the developmental trajectory of these differences in lateralization remains elusive. 
Prenatal testosterone has been put forward as a major causal factor in the development of brain 
lateralization, inspired by sex differences in lateralization of brain and behaviour (Springer and 
Deutsch, 1997, but see Pfannkuche et al., 2009), in combination with the fact that prenatal exposure 
to testosterone plays a major role in sexual differentiation of the brain (Arnold and Breedlove, 1985; 
Cooke et al., 1998). However, more recently it has become evident that puberty is also an important 
developmental phase in which testosterone can have organizational effects on brain and behaviour 
(Blakemore et al., 2010; Peper and Dahl, 2013; Romeo, 2003; Sisk and Zehr, 2005). This aspect has 
been neglected in studies on brain lateralization. 

There are three theories on the effect of prenatal testosterone on brain lateralization: the Sexual 
Differentiation theory is based on observed differences in lateralization between males and females, 
but makes no assumptions on the underlying mechanisms (Hines and Shipley, 1984). Males are more 
often left-handed (Annett, 1985), which led to the hypothesis that males are more asymmetrically 
lateralized, although the effect size is small. The Geschwind and Galaburda theory proposes that 
prenatal testosterone delays growth of brain areas in the left hemisphere, resulting in compensatory 
growth of the homologue regions in the right hemisphere (Geschwind and Galaburda, 1985). This 
would result in a weaker lateralization of functions lateralized in the left hemisphere, and a stronger 
lateralization of functions lateralized in the right hemisphere. The Corpus Callosum theory is 
based on correlational evidence in males, suggesting that prenatal testosterone induces pruning of 
the corpus callosum (Witelson and Nowakowski, 1991), which is the main connection between 
the two hemispheres. Prenatal testosterone would reduce crosstalk between the hemispheres, and 
would thereby promote execution of a function within one hemisphere. Chura and colleagues 
(2010) measured prenatal testosterone levels in amniotic fluid in humans, and found that prenatal 
testosterone is positively related to rightward asymmetry of the isthmus of the corpus callosum at 
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age 8-11. Interestingly, the isthmus projects to brain regions involved in lateralized functions such 
as language, emotion recognition and visuospatial cognition (Chura et al., 2010). 

After decades of research, the role of prenatal testosterone in the development of brain lateralization 
is still unclear (see review (Pfannkuche et al., 2009)). This may partly be caused by the fact that 
most studies estimate individual prenatal testosterone levels indirectly, for example by the 2D:4D 
finger length ratio (Cohen-Bendahan et al. 2005; for a critique see Beking et al. 2017). In the present 
study, prenatal testosterone is measured in amniotic fluid, via amniocentesis. Amniocentesis is the 
most direct way to measure prenatal testosterone exposure in humans. It is performed between 
week 15-18 of gestation, this is around the time that the maximum sex difference in testosterone 
levels occurs (Abramovich, 1974), and during the sensitive period (week 8-24 of gestation) in which 
prenatal hormones influence sexual differentiation of the brain (Knickmeyer and Baron-Cohen, 
2006). There are only three studies that have measured amniotic testosterone levels to investigate 
its relation with functional lateralization later in life. Grimshaw and colleagues (1995) found that 
prenatal testosterone is positively correlated with lateralization of language (dichotic listening) and 
handedness in the left hemisphere in girls, and with lateralization of recognizing emotions (dichotic 
listening of emotional affect) in the right hemisphere in boys at age 10. Lust et al. (2010) found that 
prenatal testosterone is positively correlated with the strength of lateralization of language (dichotic 
listening) in children aged 6 years. The only study that measured lateralization at the brain level 
(with EEG), instead of at the performance level, found no relation between prenatal testosterone 
and lateralization of language and face processing in boys of 7-10 years old (Mercure et al., 2009). 
Thus, the results are mixed.

The effects of hormones are classified into “organizing effects” and “activating effects”, although the 
distinction between the effects is not absolute (Arnold and Breedlove, 1985). Historically, organizing 
effects were only considered to happen during the prenatal period, but there is increasing evidence 
that hormones later in life could have organizing effects on the brain as well, particularly during 
puberty (Blakemore et al., 2010; Peper and Dahl, 2013; Romeo, 2003; Sisk and Zehr, 2005). That is, 
just like prenatal testosterone, pubertal testosterone can have structural and permanent effects on 
the brain, which can result in sex differences (Giedd et al., 2012; Peper et al., 2011, Peper et al., 2009; 
Perrin et al., 2008; Raznahan et al., 2010). Thus, if we extend the sexual differentiation theory of 
Hines and Shipley (1984) to pubertal testosterone, we hypothesize that pubertal testosterone could 
also affect brain lateralization. 

Literature investigating the influence of pubertal hormones on lateralization is limited to menstrual 
cycle effects in girls, and finds that estradiol and progesterone temporarily seem to reduce cerebral 
asymmetries (e.g. Hausmann & Güntürkün 2000; Hjelmervik et al. 2012; Hodgetts et al. 2015). 
These studies investigate the activating effects of fluctuating hormone levels. Remarkably, there 
are no studies on the relation between testosterone and lateralization in puberty, but studies on 
testosterone exposure later in life are limited to adulthood. A recent study found that higher 
testosterone levels in adulthood were accompanied by stronger lateralization of Word Generation 
measured with functional Transcranial Doppler (the same technique that we used)(Papadatou-
Pastou & Martin, 2017), but a review of behavioural studies on language lateralization did not 
find consistent relations with adult testosterone levels (Papadatou-Pastou et al., 2016). There is 
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clearly a need for studies which (1) investigate the effects of both prenatal and pubertal testosterone 
longitudinally, including the potential interaction effect, (2) are based on direct measurements of 
the hormone concentrations, (3) analyse lateralization directly at the brain level. 

In the current paper we present the results of a longitudinal study analysing the relationships 
between prenatal and puberal testosterone levels and brain lateralization of cognitive functions 
known to be lateralized. This study is a follow-up of the studies by Lust and colleagues (2010; 
2011c), who found a positive correlation between prenatal testosterone and language lateralization 
in children at 6 years of age. These children have now reached the age of puberty, which allows us 
to study the effects of pubertal testosterone as well. The other main difference with the previous 
study is that we used a more direct measurement of brain lateralization by means of functional 
Transcranial Doppler (fTCD) ultrasonography. FTCD measures the change blood flow velocity in 
the left and the right hemisphere (in the middle cerebral arteries) during a cognitive task. The fTCD 
technique is based on the assumption that blood flow velocity increases after a hemisphere becomes 
more active. With fTCD we assessed lateralization of three cognitive tasks, enabling comparison 
of outcomes between different functions. Word Generation and Mental Rotation are strongly 
lateralized tasks (respectively to the left and right hemisphere), and validated for fTCD (Stroobant 
and Vingerhoets, 2000). The Chimeric Faces task is often used as indirect measure of lateralization 
of emotional face processing, in which sex differences in lateralization have been found (e.g. Bourne, 
2005). We used fTCD with this task for the first time. 

The three theories on the influence of prenatal testosterone on brain lateralization, differ in their 
predictions with regard to the effect on brain lateralization, and support from the literature for these 
is inconsistent. Therefore, we refrain from clear hypotheses. We do expect that pubertal testosterone 
has a similar effect to that of prenatal testosterone, as both affect sexual differentiation in brain and 
behaviour, the inspiration for assuming an effect of androgens on brain lateralization. Moreover, 
based on the classic idea that prenatal testosterone sensitizes the brain via increased receptor densities 
for testosterone later in life (Nelson, 2005), we expect an interaction effect between prenatal and 
pubertal testosterone on brain lateralization such that high prenatal testosterone levels strengthen 
the effects of testosterone during puberty. 

METHOD

PARTICIPANTS 

Thirty boys (mean age M=15.0, SD=0.60, range [14.0-16.1]) and 30 girls (mean age M=15.06, 
SD=0.58, range [14.0-16.1]) were invited from an initial sample of 196 children born in 2000, whose 
mothers underwent amniocentesis. Genotyping of the amniotic fluid samples was performed, and 
all boys were XY and all girls XX. No differences were observed in handedness between boys and 
girls. Twenty-four boys and 22 girls were right-handed, 3 boys and 3 girls were left-handed, and 3 boys 
and 5 girls were ambidexter (see paragraph 2.4). Due to technical problems with the fTCD measurement 
two right-handed girls were excluded from the analysis. Ethical clearance and consent was given.
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PROCEDURE

In the first part of the study, participants completed an online anonymous questionnaire including 
questions to determine stage of puberty and handedness. In the second part of the study, author TB 
visited the home of the participant for the fTCD-measurement of brain lateralization (duration 50 
minutes), and the collection of saliva samples for hormone analyses. 

PUBERTY ASSESSMENT

Boys indicated their stage of puberty by reporting one or more of the following characteristics: 
presence of pubic hair, growth spurt, voice cracking, deepening of voice, if they shaved their face, 
if they have had a first ejaculation, or none of the above. These characteristics were selected after 
consultation with a medical specialist in child and adolescent endocrinology with experience in 
assessing pubertal stage (for literature on pubertal stages in boys see Tanner, 1962). Pubertal stage 
is calculated as the sum of these characteristics (1 point per characteristic; M=4.1, SD=1.6). If the 
boys indicated that they had a first ejaculation, they were asked to specify the date of their first 
one (days since first ejaculation M=503, SD=489, range [0-1755]). Minimal variation in stage of 
puberty was expected in girls, with almost all girls having reached the last stage at 15 years of age 
(Marshall and Tanner, 1969; and based on the advice of the medical specialist). Menarche occurs 
at the end of puberty, and girls were asked to specify the date of their first menstruation (days since 
first menstruation M=652, SD=403, range [0-1959]). 

HANDEDNESS

Handedness was determined with the Dutch translation of the Edinburgh Handedness Inventory 
(Van Strien, 2002). The online questionnaire consisted of 11 questions and scores ranged from -100 
(“always with left hand”) to 100 (“always with right hand”) per question. Participants with a total 
score of >800 were classified as right-handed, <-800 as left-handed, and the rest as ambidexter (Van 
Strien, 2002). 

PRENATAL TESTOSTERONE (AMNIOTIC FLUID)

Amniocentesis was performed in the 15-18th week of pregnancy at the University Medical 
Center of Utrecht, the Netherlands. The reason for amniocentesis was age of the mother (36-42 
years). Testosterone levels were measured in the amniotic fluid by radioimmunoassay. For more 
information, including exclusion criteria for further analyses, please see (Van de Beek et al., 2004). 

PUBERTAL TESTOSTERONE (SALIVA)

Testosterone levels were assessed in saliva. The participants were asked to produce 4 ml of saliva 
via passive drooling through a polypropylene straw (Durdiaková et al., 2013). On the test day two 
samples were taken (sample 1 Mtime=14:00, sample 2 Mtime=14:30, range [12:15-17:20]). Two 
weeks after the visit two more samples were taken. However, we only used sample 1 for our analysis, 
as the correlation between the four samples was high (between sample 1 and 2: r=0.98; between 
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sample 1 and 3: r=0.87; and between sample 1 and 4: r=0.84; all p<.001), and because we were 
primarily interested in the pubertal testosterone levels close to the moment the lateralization index 
was determined.

Testosterone in saliva was analyzed by isotope dilution liquid chromatography tandem mass 
spectrometry (LC-MS/MS). Imprecision at 0.13 nmol/L was 3.1% (repeatedly measured at 14 days). 
Lower limit of quantification for testosterone was 0.01 nmol/L. Twenty out of 30 girls had pubertal 
testosterone levels below the lower limit of quantification. Testosterone levels were within the range 
of the reference values measured by Bui and colleagues (2013). Prenatal and pubertal testosterone 
levels differed in magnitude because they were assessed in different types of samples (amniotic fluid 
or saliva) and with a different technique (radioimmunoassay or LC-MS/MS). 

FUNCTIONAL TRANSCRANIAL DOPPLER (FTCD)

Brain lateralization was measured with functional Transcranial Doppler ultrasonography (fTCD). 
Using a DWL Doppler Box (Compumedics Germany GmbH) and QL 3.0 software, we measured 
the blood flow velocity in the left and in the right middle cerebral arteries simultaneously during a 
cognitive task and during baseline. The middle cerebral arteries supply most of the cortex of blood. 
FTCD is based on the assumption that greater activity in a hemisphere during a task requests larger 
blood flow in the corresponding middle cerebral artery. For example, if the right hemisphere is 
dominant for Mental Rotation, the blood flow velocity will increase more in the right than in the 
left hemisphere compared to the baseline. Results of this technique correlate very well with fMRI 
results (Deppe et al., 2000; Jansen et al., 2004). A cap with 2 probes (2-Mhz transducers) is placed 
on the head of a participant, on the left and the right temporal bone window. Both probes emit a 
high-pitched sound signal that reflects off the blood cells in the left and right middle cerebral artery. 
The faster the blood flows, the bigger the Doppler shift of the reflected signal. For more information 
on the fTCD procedure see (Bishop et al., 2010; Deppe et al., 2004). 

TASKS

Brain lateralization was measured during the performance of Mental Rotation, Chimeric Faces, and 
Word Generation tasks. The tasks were performed on a laptop (HP Pro Book), and experimental 
paradigms controlled by E-prime 22. The task order was randomly assigned. Every task consisted 
of 12 trials, and started with one (Chimeric Faces and Word Generation) or two (Mental Rotation) 
practice trials. Every trial lasted 52.5s, consisting of a baseline (25s) and an active task (27.5s), see 
Figure 1. The baseline was always a white screen. During Mental Rotation and Chimeric Faces, 
the participants were instructed to respond with a press on a button box with 2 buttons with both 
index fingers simultaneously, to minimize lateralized activation in the motor cortex.
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   Mental Rotation

baseline stimulus R* stimulus R* stimulus R* stimulus R* stimulus R*

25s 4s 1.5s 4s 1.5s 4s 1.5s 4s 1.5s 4s 1.5s x 12

   Chimeric Faces

baseline stimulus R* stimulus R* stimulus R* stimulus R* stimulus R*

25s 4s 1.5s 4s 1.5s 4s 1.5s 4s 1.5s 4s 1.5s x 12

   Word Generation

baseline stimulus

25s 27.5s x 12

* R= response

Figure 1   Task design

Mental Rotation 

During the Mental Rotation task, a pair of 3D-figures was shown to the participant for 4s (see Figure 
A.1 for an example). The participant was instructed to decide whether the figures are identical or 
mirrored (50% chance). Next, a white screen was shown for 1.5s, during which the participant had 
to respond by pressing the upper button in case both figures were identical, and the lower button in 
case the figures were mirrored. Every trial consisted of 5 stimulus pair-response sequels. The stimuli 
used were similar to those used in (Vandenberg & Kuse, 1978).

Word Generation

The participant was instructed to whisper as many words as possible that begin with a given letter. 
The participant was instructed not to use numbers, non-existing words, names and “compound 
words” starting with a previous word. The task started with one practice trial (letter: S). After the 
baseline period, a single letter was shown for 27.5s, after which 12 trials followed (letters: J, T, N, B, 
E, O, W, R, M, P, F, K). 

Chimeric Faces

During the Chimeric Faces tasks a pair of two identical but mirrored faces was shown to the 
participant in vertical orientation, with an emotion (happy or angry) expressed on the left or right 
side of the face, and the other half showing a neutral expression (see Appendix Figure A.2). The 
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participant was instructed to indicate which face looked more emotional. First, the stimulus pair 
was shown for 4s. Next, a white screen was shown for 1.5s during which the participant had to 
respond by pressing the upper button if he/she thought the upper face looked more emotional, and 
the lower button for the lower face. Every trial consisted of 5 different stimulus pairs with the same 
emotion. The trials were randomized for happy and angry emotion (each 50%), and for position 
(upper/lower, each 50%). For more information on the Chimeric Faces stimuli, and a link to the 
stimulus set we created, see Appendix Text A.1.

MEASUREMENT OF LATERALITY 

The Doppler signal (measured with fTCD) was processed with the dopOSCCI 2 software package 
(Badcock et al., 2012) for Matlab (R2011b). In dopOSCCI we chose the following settings: (1) 
epochs with 30% lower or higher blood flow velocity than average were excluded, (2) epochs with 
a left-right blood flow velocity difference of more than 20% relative to the normalized signal were 
excluded, (3) data was normalized using an epoch to epoch method. The baseline period for the 
analysis was fixed at minus 15s to onset of the stimulus. The period of interest was set to 7-27.5s after 
onset of the stimulus. Participants with less than 7 accepted epochs were excluded from the analysis: 
1 girl was excluded for the Mental Rotation task (n=57), 1 girl and 1 boy for the Chimeric Faces task 
(n=56), and 1 boy for the Word Generation task (n=57).

The lateralization index (LI) was calculated from the difference in blood flow between task and 
preceding baseline for the left (ΔL) and right hemisphere (ΔR) as follows: LI = (ΔL) - (ΔR). Thus, 
a positive lateralization index indicates lateralization to the left hemisphere, and a negative index 
lateralization to the right hemisphere. As the lateralization index derived from fTCD is a relative 
measure, we cannot say if a stronger positive LI means that the left hemisphere is more activated, or 
that the right hemisphere is less activated compared to baseline, or both, and vice versa. 

In published fTCD studies, the LI is based on a period of only 2 seconds around the maximum 
difference between left and right activation. Using the AVERAGE software available at that time 
(Deppe et al., 1997), this was the only way to determine the LI. With the recent dopOSCCI software 
the LI can be calculated over the entire period of interest. We chose to do this, as we are interested 
in the LI during the entire task period. Moreover, the latency of the maximum difference varied 
greatly over the entire task period, and could even reverse in sign, making the LI based on only 2 
seconds around the maximum a less reliable measure. The standard deviation of the LI is smaller 
when the entire LI is used, and fewer epochs were rejected. Therefore, the results based on the LI 
of the entire period of interest are presented in this article. To enable comparison with other fTCD 
studies, the outcomes based on the maximum difference are presented in Appendix Table A.1.

STATISTICAL ANALYSIS

SPSS 22 was used for the statistical analyses. An independent samples t-test was performed to test 
sex differences for all variables. Prenatal and pubertal testosterone were not normally distributed, 
therefore a Mann-Whitney U Test for these variables was applied. Normally, in fTCD studies, the 
average LI over all trials is used in the analysis. However, the dopOSCCI software provided us 
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with the LI of every trial, and we used a linear mixed model to control for the variance between the 
trials of the same person (covariance type: Scaled Identity; Sum of Squares Type III; Estimations 
based on the Maximum Likelihood). First, an analysis with only prenatal testosterone and sex as 
fixed effects, and subject as random effect, was performed including all participants. Secondly, since 
the overlap in pubertal testosterone levels between boys and girls turned out to be minimal, we 
performed further analyses for each sex separately. 

We calculated the correlation between duration of puberty (pubertal stage for boys, and days since 
first menstruation for girls) and pubertal testosterone. To control for the duration of exposure to 
elevated pubertal testosterone levels in boys, we added pubertal as a covariate to the model. Based 
on Akaike’s criterion (AIC) the model with pubertal stage was better than the model without it. 
However, to be able to also directly compare the outcomes between boys and girls, an additional 
analysis was performed for boys without pubertal stage as a covariate. Visual inspection revealed 
that the residuals of all models were normally distributed. In addition, to control for the effect of 
time of day of saliva collection on pubertal testosterone levels, all analyses were performed again 
with time of day added as a covariate. The results did not change qualitatively and based on the 
AIC the model was better without time of sampling as a covariate. Therefore, the results will be 
presented without time of saliva collection as a covariate. Also, all analyses were performed on the 
right-handed participants only (see Appendix Table A.2), revealing qualitatively the same results. 

To interpret the interaction effects of prenatal and pubertal testosterone on the Mental Rotation 
and Chimeric Faces tasks, the model was run again, but this time with the standardized z-scores 
of all independent variables. Because only the interaction effects remained significant, we focused 
on these. To visualize the interaction between prenatal and pubertal testosterone, the boys were 
divided in a “low prenatal testosterone group” and a “high prenatal testosterone group” based on 
the median split, and the relation between pubertal testosterone levels and brain lateralization was 
graphically depicted for these two groups. Additional analyses (linear mixed model) were performed 
to assess the effect of pubertal testosterone and pubertal stage on lateralization for both prenatal 
groups. The Beta-values of all effects were calculated as the B-values of the mixed model with the 
standardized z-scores of all independent variables.

RESULTS

PRENATAL AND PUBERTAL TESTOSTERONE

Prenatal testosterone concentrations in amniotic fluid were significantly higher in boys than in 
girls (Table 1), with some overlap (Figure A.3). Boys also had significantly higher concentrations of 
testosterone in saliva during puberty (Table 1), but here the overlap between the sexes was minimal 
with 20 out of 30 girls having pubertal testosterone levels under the detection threshold of 0.01 
nmol/L (Figure A.3). The correlation between prenatal and pubertal testosterone levels was not 
significant (boys: Spearman’s r=0.15; p=.440; girls: Spearman’s r=-0.14; p=.466; Figure A.3). For 
boys, the correlation between pubertal testosterone and pubertal stage was significant (Spearman’s 
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r=0.50; p=.005; Figure A.4). For girls, there was no correlation between days since first menstruation 
and pubertal testosterone level (Pearson’s r=-0.07, p=.710).

Table 1   Mean (M) and standard deviation (SD) of all variables, for boys and girls.

Boys Girls

M SD M SD test value 
sex-effect*

p

Age (years) 15.0 0.6 15.0 0.6 0.27 0.785

Prenatal testosterone (nmol/L) 1.50 0.55 0.71 0.39 6.34 <0.001

Pubertal testosterone (nmol/L) 0.12 0.07 0.015 0.011 7.32 <0.001

LI Mental Rotation -1.97 1.74 -1.00 1.91 -2.01 0.049

LI Chimeric Faces -2.14 1.85 -1.63 1.86 -1.03 0.308

LI Word Generation 1.32 1.65 1.08 2.04 0.50 0.622

* Significance (p) of the sex-effect was tested with a Mann-Whitney U-test for  
prenatal and pubertal testosterone and a t-test (df=56) for the other variables.

LATERALIZATION OF THE MENTAL ROTATION,  
CHIMERIC FACES AND WORD GENERATION TASKS 

Both the Mental Rotation task and the Chimeric Faces task were significantly lateralized to the 
right hemisphere (Mental Rotation: M=-1.51, SD=1.87; Chimeric Faces: M=-1.90; SD=1.85), and 
the Word Generation task to the left hemisphere (M=1.20; SD=1.84). The average activation during 
the tasks, compared to baseline, is shown in the Grand Averages (Figure A.5). Fifty-eight percent 
of all participants had a “typical pattern” of lateralization with Mental Rotation and Chimeric 
Faces lateralized to the right hemisphere, and Word Generation to the left hemisphere. For more 
information on the distribution of participants over the pattern of lateralization across all tasks, 
see Appendix Table A.3. The average lateralization index per sex is shown in Table 1. Boys were 
significantly stronger lateralized to the right hemisphere for the Mental Rotation task than girls, but 
there is no sex difference for the other tasks.

THE EFFECT OF PRENATAL TESTOSTERONE AND SEX ON LATERALIZATION

The model with only prenatal testosterone and sex revealed no significant effects of prenatal testosterone, 
sex, or the interaction, on the lateralization index of all tasks (see Table 2 - All participants). 



Chapter 3

68

Ta
bl

e 
2 

  R
esu

lts
 of

 th
e l

in
ea

r m
ix

ed
 m

od
el 

an
al

ys
es 

fo
r t

he
 eff

ec
ts 

of
 p

re
na

ta
l t

est
ost

er
on

e a
nd

 se
x 

fo
r a

ll 
pa

rt
ici

pa
nt

s, 
fo

r t
he

 eff
ec

ts 
of

 
pr

en
at

al
 a

nd
 p

ub
er

ta
l t

est
ost

er
on

e f
or

 th
e g

irl
s, 

an
d 

fo
r t

he
 eff

ec
ts 

of
 pr

en
at

al
 a

nd
 p

ub
er

ta
l t

est
ost

er
on

e w
ith

 a
nd

 w
ith

ou
t p

ub
er

ta
l s

ta
ge

 a
s 

a 
co

va
ri

at
e f

or
 th

e b
oy

s. LI
 M

en
ta

l R
ot

at
io

n
LI

 C
hi

m
er

ic
 F

ac
es

LI
 W

or
d 

G
en

er
at

io
n

LI
 W

or
d 

G
en

er
at

io
n

n=
57

n=
56

n=
58

A
ll 

pa
rt

ic
ip

an
ts

F
df

B
Be

ta
p

F
df

B
Be

ta
p

F
df

B
Be

ta
p

pr
en

at
al

 T
0.

2
56

.6
-0

.9
6

-0
.5

9
0.

28
1

1.
3

55
.9

-1
.0

9
-0

.6
7

0.
23

1
1.

4
55

.2
-1

.3
5

-0
.8

2
0.

13
1

se
x 

3.
9

56
.6

-2
.3

6
-0

.7
7

0.
05

4
0.

8
56

.3
-1

.0
8

-0
.0

3
0.

38
1

0.
7

55
.3

-0
.9

6
0.

65
0.

42
3

pr
en

at
al

 T
 * 

se
x 

1.
8

56
.6

1.
43

0.
87

0.
18

6
0.

8
55

.9
0.

95
0.

58
0.

38
8

1.
8

55
.2

1.
45

0.
88

0.
18

0

G
irl

s
n=

27
n=

27
n=

29

pr
en

at
al

 T
0.

0
27

.1
-0

.3
8

-0
.4

4
0.

83
5

0.
1

27
.0

-0
.4

9
-0

.4
3

0.
79

8
0.

0
27

.5
-0

.1
7

-0
.5

8
0.

93
0

pu
be

rt
al

 T
0.

7
27

.2
10

8.
05

0.
73

0.
40

8
0.

0
27

.0
23

.1
3

-0
.0

9
0.

87
0

0.
4

27
.8

85
.5

7
0.

21
0.

54
9

pr
en

at
al

 T
 * 

pu
be

rt
al

 T
0.

2
27

.2
-5

4.
50

-0
.2

2
0.

66
9

0.
1

27
.1

-4
4.

95
-0

.1
8

0.
74

5
0.

5
27

.6
-9

2.
87

-0
.3

7
0.

50
7

Bo
ys

n=
30

n=
29

n=
29

pr
en

at
al

 T
7.1

30
.5

-4
.0

8
-0

.1
1

0.
01

2
2.

8
29

.1
-2

.9
9

-0
.3

3
0.

10
3

0.
3

28
.0

-0
.8

7
0.

02
0.

59
0

pu
be

rt
al

 T
8.

7
30

.3
-4

4.
71

0.
32

0.
00

6
1.

9
29

.4
-2

4.
28

0.
43

0.
18

0
1.

0
27

.9
-1

6.
06

-0
.3

3
0.

31
7

pr
en

at
al

 T
 * 

pu
be

rt
al

 T
9.

9
30

.3
32

.6
2

1.
28

0.
00

4
2.

7
29

.2
20

.0
8

0.
79

0.
10

9
0.

5
28

.0
7.6

5
0.

30
0.

48
7

Bo
ys

 - 
in

cl
. p

ub
er

ta
l s

ta
ge

n=
30

n=
29

n=
29

pr
en

at
al

 T
10

.9
30

.2
-4

.9
8

-0
.2

2
0.

00
2

5.
5

29
.1

-4
.1

1
-0

.4
6

0.
02

6
2.

4
27

.8
-2

.2
6

-0
.1

5
0.

13
2

pu
be

rt
al

 T
13

.5
30

.0
-5

7.1
7

0.
06

0.
00

1
4.

8
29

.4
-3

9.
76

0.
11

0.
03

6
5.

4
27

.8
-3

4.
99

-0
.7

1
0.

02
8

pr
en

at
al

 T
 * 

pu
be

rt
al

 T
14

.2
30

.1
38

.5
7

1.
51

0.
00

1
5.

3
29

.2
27

.4
8

1.
08

0.
02

8
2.

9
27

.9
16

.7
5

0.
66

0.
10

2

pu
be

rt
al

 st
ag

e
3.

9
29

.2
0.

38
0.

60
0.

05
8

4.
2

28
.7

0.
47

0.
73

0.
04

9
9.

2
28

.3
0.

58
0.

91
0.

00
5



Prenatal and pubertal testosterone & lateralization

69

THE EFFECT OF PRENATAL AND PUBERTAL TESTOSTERONE ON LATERALIZATION 

The model with prenatal testosterone, pubertal testosterone, and their interaction, was analyzed for 
each sex separately.
For girls, there were no significant effects of prenatal testosterone, pubertal testosterone, or the 
interaction between these two on lateralization of Mental Rotation, Chimeric Faces, or Word 
Generation (Table 2 - Girls). For boys, the model was first performed without pubertal stage as 
predictor (Table 2 - Boys), to enable comparison with girls. This revealed that in boys all predictors 
significantly affected lateralization of Mental Rotation. Since the model with pubertal stage as a 
covariate yielded a better AIC, we focus on the outcomes of this model (Table 2 – Boys incl. pubertal 
stage). For Mental Rotation and Chimeric Faces all effects of prenatal and pubertal testosterone 
are now significant, while for Word Generation only pubertal testosterone significantly affects 
lateralization. For all tasks, pubertal stage is positively associated with leftward asymmetry.

For Mental Rotation and Chimeric Faces, both being right-lateralized tasks, there is a significant 
interaction effect between prenatal and pubertal testosterone, making it difficult to interpret the main 
effects. We therefore performed the same analysis with standardized independent variables, and only 
the interaction effects remained highly significant for Mental Rotation (prenatal testosterone p=.440, 
pubertal testosterone p=.833, interaction p<.001, pubertal stage p=.058) and Chimeric Faces (prenatal 
testosterone p=.168, pubertal testosterone p=.742, interaction p=.028, pubertal stage p=.049). 

To visualize the interaction effects, the boys were divided in a “low prenatal testosterone group” 
and a “high prenatal testosterone group”, see Figure 2A-C. For the low prenatal testosterone group, 
pubertal testosterone relates to stronger lateralization towards the right hemisphere for Mental 
Rotation (B=-11.69, SE=4.81, p=.028), while for the high prenatal testosterone group, pubertal 
testosterone relates to weaker lateralization towards the right hemisphere (B=14.36, SE=6.68, 
p=.048; Figure 2A). Pubertal stage has no significant effect on lateralization of Mental Rotation in 
the low (B=0.19, SE=0.27, p=.714) or high prenatal testosterone group (B=0.33, SE=0.27, p=.242). 
For the Chimeric Faces task, the influence of pubertal testosterone on lateralization in both 
groups is similar to the Mental Rotation task, but not significant (low prenatal testosterone group:  
B=-4.46, SE=6.47, p=.501; high prenatal testosterone group: B=9.57, SE=7.58, p=.227; Figure 2B). 
Again, pubertal stage has no significant effect on brain lateralization for both groups (low prenatal 
testosterone: B=0.11, SE=0.35, p=.754; high prenatal testosterone: B=0.48, SE=0.30, p=.133).

For the Word Generation task, being a left lateralized function, but there is a significant negative 
relation between pubertal testosterone and the lateralization index: more pubertal testosterone is 
related to weaker lateralization index. To be able to compare the outcomes of Word Generation 
to Mental Rotation and Chimeric Faces, we also depicted and assessed the effects of pubertal 
testosterone and pubertal stage for both prenatal groups separately (Figure 2C). The main effect 
of pubertal testosterone seems to be driven by the low prenatal group. For the low prenatal group, 
pubertal testosterone is related to weaker lateralization to the left hemisphere (or: stronger to the 
right hemisphere) (B=-18.00, SE=5.90, p=.009), and pubertal stage has a reversed effect (B=0.81, 
SE=0.32, p=.025). For the high prenatal group, there is no significant effect of pubertal testosterone 
(B=-5.49, SE=5.95, p=.371) or pubertal stage (B=0.37, SE=0.24, p=.137).
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Figure 2A-C   The effect of pubertal testosterone on the lateralization index for the low (grey 
dots, grey line) and high prenatal testosterone group (black diamonds, black line). A. Mental 
Rotation; B. Chimeric Faces; C. Word Generation.
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DISCUSSION

This is the first study combining prenatal amniotic fluid testosterone levels with pubertal saliva 
testosterone levels in the same participants. An important finding of our study is that testosterone 
exposure is related to brain lateralization of cognitive tasks in boys at 15 years of age, but only if 
prenatal and pubertal levels were both taken into account. The effects of testosterone were task 
dependent. Because testosterone levels increase in puberty in boys (Ober et al., 2008; this study), 
we added pubertal stage as a covariate to control for duration of exposure to elevated testosterone, 
which increased the explanatory power of the statistical model for boys. Pubertal stage increased 
leftward asymmetry for all tasks. The fact that in girls testosterone concentrations, especially in 
puberty, were very low and showing little variation may account for the non-significant effects for 
this sex and restricts interpretation. Nonetheless, we believe it is valuable to include the analyses for 
girls, as their low testosterone levels provide biologically relevant information. The results did not 
change when time of day of saliva collection was included, or when the analyses were restricted to 
right-handers. 

In the analysis with only prenatal testosterone and sex as effects, we did not find any significant 
effects, which is in accordance with the study of Mercure and colleagues (2009) - the only other 
study that investigated the effect of prenatal testosterone in amniotic fluid on lateralization 
measured at the brain level. It is in contrast to the amniotic fluid studies using behavioural methods 
to assess lateralization (Grimshaw et al., 1995; Lust et al., 2010). These amniotic fluid studies were 
all performed in pre-pubertal children. There is one study investigating the effect of perinatal 
testosterone levels (measured in umbilical cord blood at birth) on lateralization measured with 
fTCD at 22 years of age (Hollier et al., 2014). In this study, no main effect of perinatal testosterone 
on lateralization of Word Generation or Visuospatial Memory was found, which is in line with our 
study when the analysis was performed without the pubertal testosterone levels in the model. In 
the following discussion we will focus on the outcomes of the model with the pubertal testosterone 
levels included. This will mainly be based on the outcomes for boys, as for girls we did not find 
significant effects of testosterone on lateralization.

MENTAL ROTATION AND CHIMERIC FACES TASKS

For the two right hemispheric tasks, the Mental Rotation and the Chimeric Faces task, we found 
a highly significant interaction effect between prenatal and pubertal testosterone in boys. We 
hypothesized that prenatal testosterone would strengthen the effect of pubertal testosterone. 
However, the interaction effect cannot simply be explained by prenatal testosterone upregulating 
the sensitivity for pubertal testosterone (Nelson, 2005). In the boys with low prenatal testosterone 
levels, pubertal testosterone increased the strength of lateralization for these two tasks, while in 
the high prenatal testosterone group, pubertal testosterone decreased the strength of lateralization. 
Analysis per prenatal group revealed that these effects were significant for the Mental Rotation task, 
but not for the Chimeric Faces task. Nevertheless, the direction and magnitude of the effect sizes is 
comparable between both tasks.
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To understand this interaction effect, it is important to realize that an effect of hormone exposure 
on brain lateralization requires an asymmetrical distribution or efficiency of the relevant hormone 
receptors, or of subsequent downstream processes. Based on our data, we hypothesize that the 
distribution of androgen receptors (AR) differs between both prenatal testosterone groups, 
resulting in a different effect of pubertal testosterone on brain lateralization. The idea that AR 
distribution may be lateralized in the human brain is supported by the fact that in the brain of fetal 
rhesus monkeys AR distribution is lateralized (Sholl & Kim 1990). Interestingly, this is only the 
case for males and not for females, and the direction of lateralization depends on the brain area: 
more androgen receptors in the right frontal lobe, and in the left temporal lobe. Unfortunately, 
there is - to the best of our knowledge - no literature describing the AR distribution in the human 
brain. If the AR distribution is indeed lateralized in the brain areas involved in Mental Rotation 
and Chimeric Faces, and in what direction, remains to be investigated.

Besides our hypothesis that the AR distribution plays a role in the development of functional brain 
lateralization, the literature points also to a role for AR efficiency. Raznahan and colleagues (2010) 
investigated the relation between the efficiency of the androgen receptor and grey matter thickness 
in the brain. Remarkably they found a specific interaction effect with age in the intraparietal sulcus 
and the inferior parietal lobule, areas especially involved in Mental Rotation: before puberty the 
cortex is thinner in the high efficient androgen receptor group than in the low efficient AR group, 
but after puberty the difference is reversed and this effect was only found for boys, not for girls. 
Importantly, this interaction effect was especially pronounced in the right hemisphere. If we link this 
interaction effect to the interaction effect we found for Mental Rotation and Chimeric Faces in our 
male sample, we can hypothesize that our low prenatal testosterone group may have a more efficient 
androgen receptor type (explaining a weaker lateralization before and a stronger lateralization after 
puberty) and that our high prenatal testosterone group might have a less efficient androgen receptor 
type (explaining the opposite pattern). Indeed there is data that testosterone levels are lower in 
participants with the higher efficient androgen receptor, probably as a result of negative feedback 
of the androgen receptor on testosterone production, both in adults and prenatally (Crabbe et al., 
2007; Krithivas et al., 1999; Manning et al., 2003; Stanworth et al., 2008; but see Eisenegger et al., 
2016), supporting our explanation. 

WORD GENERATION TASK

For the Word Generation task, pubertal testosterone decreased the strength of lateralization in 
boys. We did not find an effect of prenatal testosterone, or an interaction effect between prenatal 
and pubertal testosterone. This is in contrast to our hypothesis that testosterone would strengthen 
lateralization both prenatally and in puberty, for example via pruning of the corpus callosum, as 
postulated by Witelson (1991). However, Chavarria and colleagues (2014) reported that pubertal 
testosterone increases the thickness of the corpus callosum by increasing the myelin sheet and 
the thickness of the axons. This would result in more capacity for communication between the 
hemispheres, and therefore decreased lateralization like we found for Word Generation. Thus, this 
may explain the main effect of pubertal testosterone in our data. 

There is no literature on the effect of pubertal testosterone on lateralization of language, but there 
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are some studies investigating the effect of salivary testosterone levels in adulthood. In contrast to 
our study, Papadatou and colleagues (2017) found that adult testosterone increased the strength of 
lateralization of Word Generation measured with fTCD. However, the majority of the participants 
were left-handed, and there is a relation between lateralization for handedness and language 
(Knecht et al., 2000), possibly confounding their results. We had too few lefthanders to properly 
analyze the effect of handedness in this respect. There are four other studies investigating the effect 
of adult salivary testosterone on language lateralization measured with dichotic listening, finding 
that testosterone levels differed between groups based on handedness or ear advantage (Gadea et 
al., 2003; Moffat & Hampson, 1996; Moffat & Hampson, 2000; Papadatou-Pastou et al., 2016). 
However, no direct relation between adult salivary testosterone levels and language lateralization was 
found in these studies, suggesting that testosterone exposure in puberty – and not in adulthood – has 
some organizing effects on the brain. 

Based on the literature and the previous study of Lust and colleagues (2010), we did not only 
expect an effect of pubertal testosterone on language lateralization, but also an effect of prenatal 
testosterone. Although the effect of prenatal testosterone (or the interaction) was not significant in 
our study, further analysis revealed that the boys with higher prenatal testosterone levels seem to be 
stronger lateralized to the left hemisphere Word Generation. This is in accordance with the finding 
that prenatal testosterone was positively related to left language lateralization measured with 
dichotic listening in the same participants at 6 years of age (Lust et al., 2010). Also, this outcome 
is consistent with the study of Hollier and colleagues (2014), who did not find a main effect of 
perinatal testosterone on lateralization of Word Generation at age 22, but who did find that typical 
left lateralization of language is more common in the high perinatal testosterone group. 

TASK DIFFERENCES 

There were clear differences in the relationships between prenatal and pubertal testosterone and 
lateralization of the Word Generation task versus the Mental Rotation and Chimeric Faces tasks. 
This could be due to the fact that Word Generation task was the only left lateralized task, and that 
testosterone exposure did not affect this hemisphere. It could also be the case that the effect of 
testosterone on specifically the language areas is different from other brain areas (e.g. Lombardo 
et al., 2012; Raznahan et al., 2010), or that testosterone specifically affects the neural fibers of 
the corpus callosum connecting language areas. Chura and colleagues (2010) found a positive 
correlation between prenatal testosterone levels in amniotic fluid and rightward asymmetry of 
the isthmus of the corpus callosum at age 8-11. The isthmus projects to brain regions involved in 
language, emotion recognition and visuospatial cognition (Chura et al., 2010), but how prenatal 
testosterone affects the neural fibres of the isthmus that connect different functional brain regions 
needs to be investigated. Moreover, the effect of pubertal testosterone on functional subsections of 
the corpus callosum warrants further study as well.

Most studies on human brain lateralization, especially functional Transcranial Doppler (fTCD) 
studies, focus only on language tasks. In our study we compared the outcomes on three cognitive 
tasks. The Chimeric Faces task has not been assessed with fTCD before, and it turned out that 
87.5% of participants were right-lateralized for this task (see Table A.3). Further, the strongest effects 
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of testosterone on lateralization were found for the Mental Rotation task. For all tasks, we show 
that the average lateralization as assessed with fTCD is in the expected direction. However, the 
individual differences in lateralization were much larger than previously assumed. Namely, the 
typical lateralization pattern for the three tasks was found in 58% of participants. The effects of sex 
hormones may depend on the specific lateralization pattern (see for example the analyses by Lust et 
al., 2011b). In the present study the number of participants was too small, but future studies may 
pursue this. Our results clearly indicate that using more tasks than only language tasks is useful.

SEX EFFECTS

Finally, there is a significant sex effect for lateralization on the Mental Rotation task: boys were 
on average stronger lateralized to the right hemisphere than girls. This is often assumed in 
the literature, but to our knowledge, the present study demonstrates this for the first time with 
lateralization measured at the brain level (instead of measuring performance only). The sex effect we 
found for Mental Rotation supports the Sexual Differentiation theory (Hines and Shipley, 1984). 
Unfortunately, we could not distinguish the effect of pubertal testosterone from the effect of sex 
in our sample, as there is a strong relation between testosterone and sex, and because testosterone 
levels showed little variation in girls. It would be interesting to study girls with elevated testosterone 
levels in puberty, to see if the effects we found in boys are present in girls as well. Alternatively, the 
effect of testosterone might not only be task-specific, but also sex-specific: Literature suggests that 
pubertal testosterone has a different effect on the male and female brain (Peper et al., 2011, Peper et 
al., 2009; Perrin et al., 2008; Raznahan et al., 2010). Moreover, estradiol is an important metabolite 
from testosterone, and the estrogen receptor might play a role here, and this may depend on the task 
and sex. For example, pubertal testosterone is positively related to grey matter density in boys, and 
estradiol is negatively related to grey matter density in girls (Peper et al., 2009). Finally, the estrogen 
receptor distribution is also lateralized in the brain, and the direction differs between males and 
females (Diamond, 1991; Sandhu et al., 1986). We were not able to determine estradiol levels in 
saliva as no mass spectrometric methods were available that are capable of reliably measuring the 
low estradiol levels in saliva. Also, sex hormones fluctuate during the menstrual cycle, and effects 
of menstrual cycle phase on lateralization have been reported (e.g. Hausmann & Güntürkün 
2000; Hjelmervik et al. 2012; Hodgetts et al. 2015). Unfortunately, menstrual cycle phase could 
not reliably be estimated in our study, limiting the evaluation of these short term effects of sex 
hormones on lateralization. We recommend studying the effect of elevated pubertal testosterone in 
girls, the effect of estradiol in both sexes, and the role of the androgen and estrogen receptors in the 
development of brain lateralization in future studies.

CONCLUSION

To conclude, this study shows that both prenatal and pubertal testosterone affect lateralization of 
several cognitive tasks. Strengths of our study are that we measured prenatal testosterone directly 
in the amniotic fluid and in saliva, thus combining prenatal and pubertal testosterone levels in 
the same participants, while measuring lateralization at the brain level. In addition, whereas the 
results of previous studies are difficult to generalize because different tasks and methods were 
used, we compared the effect of testosterone on lateralization of three tasks within the same study 
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and the same participants. For Word Generation, pubertal testosterone decreases the strength of 
lateralization in the left hemisphere, while for Mental Rotation and Chimeric Faces there is an 
interaction between prenatal and pubertal testosterone. These results indicate that the effects of 
testosterone, both prenatal and pubertal, are task dependent and specific for the brain areas or 
networks involved. Both the influence of pubertal testosterone and task specificity could explain 
the mixed findings in the literature, and why the influence of prenatal testosterone on lateralization 
is still elusive after decades of research. Our findings cannot be explained by simple models in 
which the brain is affected by prenatal testosterone in a similar way for all tasks, as suggested by 
the Sexual Differentiation theory (Hines and Shipley, 1984), the Geschwind and Galaburda theory 
(1985), and the Corpus Callosum theory (Witelson and Nowakowski, 1991). We proposed an 
alternative potential mechanism, based on asymmetrical distribution of androgen receptors, and 
their differential efficiency in relation to differences in prenatal testosterone exposure. Hopefully 
our findings will inspire others to pursue to examine our hypothesis and to bring the intriguing 
field of sex and hormone dependent lateralization forward. 
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APPENDIX

TEXT A.1 INFORMATION ON THE CHIMERIC FACES STIMULI

The Chimeric Faces task is an interesting task to study lateralization. Unfortunately, most Chimeric 
Faces stimulus sets have a low resolution, are in black-and-white, not freely available, or have a 
limited amount of stimuli. There is need for a modern version of the Chimeric Faces stimuli, using 
the improvements of current photo editing software. We created a new Chimeric Faces stimulus 
set based on the open accessible KDEF-stimulus set (Lundqvist et al., 1998). Twenty pictures (10 
males; 10 females) with the highest hit rate on happiness, and 20 pictures (10 males; 10 females) with 
the highest hit rate on angriness were selected (based on (Goeleven et al., 2008) and contact with the 
authors), together with the corresponding neutral pictures. The left half of the happy/angry picture 
was used, together with the right half of the neutral picture, to compose the new picture (dimension 
562 x 762). The color and size of both halves was equalized. We made sure eyes, nose and mouth of 
both halves were on the same location. The transition between both halves was smoothed. Hairline 
and t-shirt of 1 picture were used. All stimulus design steps were executed in Photoshop. Next, the 
new combined picture was mirrored to make a stimulus pair in E-Studio, in which we arranged the 
stimulus pair vertically in the middle of the screen (Figure A.2). We made sure participants were 
positioned in the middle of the screen, so the left side of the stimulus would correspond to the left 
visual half field, and vice versa. The stimuli we created and used are accessible via www.KDEF.se.
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Figure A.1   Example of a Mental Rotation stimulus.

 

Figure A.2   Example of a Chimeric Faces stimulus.
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Table A.3   Lateralization patterns.

pattern MR CF WG % (n)

Expected pattern R R L 58% (32)

Right hemispheric R R R 18% (10)

Left hemispheric L L L 7% (4)

Mirrored pattern L L R 4% (2)

Other patterns L R R 5% (3)

L R L 5% (3)

R L L 2% (1)

right lateralized 79% (45) 87.5% (49) 26% (15)

left lateralized 21% (12) 12.5% (7) 74% (42)
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PRENATAL AND PUBERTAL ESTRADIOL 
AFFECT BRAIN LATERALIZATION IN GIRLS

Beking, T., Geuze, R.H., Kreukels, B.P.C., Groothuis, T.G.G. To be submitted  
as Short Communication to Psychoneuroendocrinology, as a supplement of 

Chapter 2: “Prenatal and pubertal testosterone affect brain lateralization”.

INTRODUCTION

In humans, it is a widely held view that testosterone affects the sexual differentiation of the brain, 
including the sex difference in lateralization. However, in other mammals, it has been established 
that testosterone is converted in the brain into estradiol, which then masculinizes the brain (Arnold 
& McCarthy, 2016). It is possible that estradiol has a role in masculinizing or feminizing the human 
brain as well (McCarthy, 2008). Estrogen receptors are highly prevalent in the developing brain 
across a wide range of species (McCarthy, 2008), including in the developing brain of human 
fetuses (Brandenberger et al., 1997). Moreover, the estrogen receptor distribution is lateralized, 
at least in the rat brain, and the direction differs between males and females (although findings 
are mixed: Diamond, 1991; Sandhu et al., 1986), suggesting that estradiol, and conversion of 
testosterone to estradiol, might also influence brain lateralization in humans. Previous correlative 
studies have already indicated activating effects of estradiol on brain lateralization during the 
menstrual cycle in girls (Hausmann & Güntürkün, 2000; Hjelmervik et al., 2012; Hodgetts et al., 
2015). However, the classic hypotheses on the influence of hormones on the development of brain 
lateralization only focus on prenatal testosterone and there is no literature on effects of estradiol on 
the development of brain lateralization (Geschwind & Galaburda, 1985; Hines & Shipley, 1984; 
Witelson & Nowakowski, 1991). Previously, we demonstrated that not only prenatal testosterone 
should be taken into account, but pubertal testosterone levels as well (Beking et al., 2018). In this 
chapter we take it a step further, by investigating the effects of prenatal and pubertal estradiol on 
brain lateralization. 

METHOD

At the time of analyzing and writing Chapter 2, no mass spectrometric methods were available to 
reliably assess the estradiol levels in saliva in humans. After trial and error the Department of Clinical 
Chemistry (Ghent University Hospital, Belgium) succeeded in developing a method to reliably 
estimate estradiol levels in saliva, and to the best of our knowledge this is currently the most sensitive 
technique to measure estradiol in human saliva (more details on this method can be found in Chapter 
4). This allowed us to redo the analyses of Chapter 2 with the prenatal and pubertal estradiol levels.
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The method is the same as the method described in Chapter 2. Thirty boys (mean age M=15.0, 
SD=0.60) and 30 girls (mean age M=15.06, SD=0.58), whose prenatal sex hormone levels were 
assessed in amniotic fluid, participated. Pubertal estradiol levels in saliva were analyzed by isotope 
dilution liquid chromatography tandem mass spectrometry (LC-MS/MS). Lateralization of Mental 
Rotation, Chimeric Faces and Word Generation was assessed with functional Transcranial Doppler 
sonography. Due to technical problems with the fTCD measurements 2 girls were excluded from 
the analysis. In addition, lateralization during Mental Rotation could not be assessed for 1 boy, 
during Chimeric Faces not for 1 girl, and during Word Generation not for another girl. Pubertal 
estradiol could not be assessed in 1 boy. The effects of prenatal and pubertal estradiol on brain 
lateralization were tested with linear mixed models in SPSS 25.

Initially, it was the plan to perform analyses with both testosterone and estradiol in the statistical 
model. However, testosterone values show minimal variation with a few (biologically relevant) 
extreme values in girls, and the same holds for estradiol levels in boys. This may result in less reliable 
outcomes in a model combining both sex hormones. Therefore, the analyses in this chapter are 
confined to estradiol. 

RESULTS

The prenatal estradiol levels of girls (M=1.06, SD=.35) are significantly higher than those of boys 
(M=.84, SD=.26)(Mann-Whitney U=260.00, p=.003), but both had measurable concentrations. 
The pubertal estradiol levels were also significantly higher in girls (M=.47, SD=.38) than in boys 
(M=.19, SD=.07)(Mann-Whitney U=192.50, p<.001), with many of the boys having estradiol levels 
below detection limit. The distributions of prenatal and pubertal estradiol levels are depicted in 
Figure 1, showing no correlation between both.
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Figure 1  Scatterplot of prenatal and pubertal estradiol levels for boys (black dots) and girls (white dots).
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Firstly, the effect of prenatal estradiol and sex on brain lateralization of the Mental Rotation, 
Chimeric Faces and Word Generation was tested. There were no significant effects (see Table 1), 
which is in accordance with the outcomes for the model including only prenatal testosterone and 
sex as described in Chapter 2.

Secondly, the model with prenatal estradiol, pubertal estradiol, and the interaction between 
prenatal and pubertal estradiol was performed. This was analyzed per sex as the pubertal hormone 
concentrations of the sexes hardly overlapped. The outcomes are depicted in Table 1. For boys, 
there were no effects of prenatal and pubertal estradiol on brain lateralization of the three tasks. 
For girls, there were effects for the Mental Rotation and Chimeric Faces tasks, but not for the Word 
Generation task. For the Mental Rotation and Chimeric Faces tasks, there were significant main 
effects of pubertal estradiol on lateralization, although these are difficult to interpret in presence 
of the (borderline) significant interaction effects between prenatal and pubertal estradiol on these 
tasks. In order to visualize these interaction effects, the girls were divided in a low prenatal estradiol 
group and a high prenatal estradiol group based on the median split, and the effect of pubertal 
estradiol on lateralization was plotted per group (see Figure 2). In girls with low prenatal estradiol 
levels, pubertal estradiol shifts lateralization towards left hemisphere. Pubertal estradiol explains 
23.4% of the variation in lateralization on the Mental Rotation task and 23.3% on the Chimeric Faces 
task in the low prenatal estradiol girls, but post-hoc analyses revealed that these effects nevertheless 
did not reach statistical significance (Mental Rotation: B=3.59, SE=1.87, p=.079; Chimeric Faces: 
B=3.79, SE=2.08, p=.095). In the girls with high prenatal estradiol levels, pubertal estradiol has 
virtually no effect (Mental Rotation: R²=5.2%, B=.84, SE=1.19, p=.494; Chimeric Faces R²=2.9%, 
B=-.62, SE=1.04, p=.561).
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As can be seen in Figure 2, in each prenatal estradiol group there is one girl with relatively high – but 
biologically relevant - pubertal estradiol levels. Without these girls the interaction (and main) effects 
were not significant any more (interaction effect MR: p=.129; CF: p=.853).
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Figure 2  The effect of pubertal estradiol on the lateralization index for the low (grey dots, 
grey line) and high prenatal estradiol group (black diamonds, black line). A. Mental Rotation; 
B. Chimeric Faces.
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CONCLUSION AND DISCUSSION

The interaction between prenatal and pubertal estradiol is significant for the Chimeric Faces task in 
girls, and almost reached significance for the Mental Rotation task in girls. Post-hoc analyses testing 
the effect of pubertal estradiol within the low and high prenatal groups were not significant. For the 
Word Generation there were no significant effects. There were also no significant effects of estradiol 
on lateralization on the three tasks in boys. Thus, these outcomes hint at effects of estradiol on 
lateralization in girls, but replication with a bigger sample size is warranted. Nonetheless, these 
outcomes are food for thought, and raise questions and directions for future studies.

A striking finding when comparing the outcomes of Chapter 2 and the present chapter, is that in 
Chapter 2 effects of testosterone on lateralization were only found in boys and not in girls, and 
that in this chapter effects of estradiol on lateralization were only found in girls and not in boys. 
It seems that the sex hormone that is typical for the sex exerts influence on brain lateralization. As 
is apparent from our sample, pubertal estradiol levels are naturally low in boys (14 out of 29 boys 
below detection limit), and pubertal testosterone levels are naturally low in girls (even 20 out of 30 
girls below detection limit, see Chapter 2). Whether testosterone has the same effect on lateralization 
in girls as it has in boys, and estradiol in boys as it has in girls, requires a larger sample with more 
overlapping hormone values or experimental tests.

A converging outcome of the testosterone and estradiol analyses is that prenatal sex hormones 
modulate the effect of pubertal sex hormones on lateralization in adolescence, at least for the Mental 
Rotation and Chimeric Faces tasks. Low prenatal estradiol levels in girls seem to have a similar 
effect as high prenatal testosterone levels in boys: the respective pubertal sex hormones decrease 
rightward lateralization (decrease “masculinity”). Vice versa, the girls with high prenatal estradiol 
levels show more parallels with the boys with low prenatal testosterone levels: the respective pubertal 
sex hormones slightly increase rightward lateralization or have no effect. Please note that the post-
hoc tests were in most cases not significant (exception: Mental Rotation in boys), although this is 
not surprising given the small sample size per prenatal group (n≤15). The finding that a similar 
interaction between prenatal and pubertal sex hormones was found independently for boys and 
girls is striking and a direction worth pursuing in future studies. 

Another interesting parallel between the outcomes of Chapter 2 and this chapter is the task-
specificity of the effects. The outcomes on the left lateralized Word Generation task differed from 
the outcomes on the right lateralized tasks, both in boys and in girls. 

IN CONCLUSION, literature investigating the sexual differentiation of brain lateralization 
focuses mainly on prenatal testosterone (Geschwind & Galaburda, 1985; Hines et al., 2015; Hines 
& Shipley, 1984; Witelson & Nowakowski, 1991), but the results of this study and our previous 
chapter on testosterone suggest that: 1) brain lateralization is affected by testosterone in boys and 
by estradiol in girls. 2) The effect of prenatal sex hormones modulate the effect of pubertal sex 
hormones on lateralization in adolescence. When studying the effect of prenatal sex hormones in 
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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 gonadal 
hormones on brain lateralization. 
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ABSTRACT

The influence of testosterone on the development of human brain lateralization has been 
subject of debate for a long time, partly because studies investigating this are necessarily 
mostly correlational. In the present study we used an experimental approach by assessing 
brain lateralization in transboys (female sex assigned at birth diagnosed with Gender 
Dysphoria, n=21) before and after testosterone treatment, and compared these results to the 
lateralization of age-matched control groups of boys (n=20) and girls (n=21) around 16 years 
of age. The lateralization index of the amygdala was determined with functional magnetic 
resonance imaging (fMRI) during an emotional face matching task with angry and fearful 
faces, as the literature indicates that boys show more activation in the right amygdala than 
girls during the perception of emotional faces. As expected, the lateralization index in 
transboys shifted towards the right amygdala after testosterone treatment, and endogenous 
testosterone concentrations predicted rightward amygdala lateralization in control boys. 
However, we did not find any significant group differences in lateralization, although 
lateralization of control boys tended to be more rightward than the other two groups before 
treatment. Also, there was no correlation between testosterone concentrations and amygdala 
lateralization in transboys. These inconsistencies may be due to sex differences in sensitivity 
to testosterone or its metabolites, which would be an interesting course for future studies.

HIGHLIGHTS

• Aim: examine the effect of testosterone administration on lateralization in transboys

• Testosterone treatment increases right amygdala lateralization in transboys

• Correlation between testosterone and right amygdala lateralization in control boys 

• No clear sex differences in amygdala lateralization

• These discrepancies are perhaps due to sex differences in hormone sensitivity
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TESTOSTERONE EFFECTS ON AMYGDALA 
LATERALIZATION: A STUDY IN TRANSBOYS 

AND ADOLESCENT CONTROLS

Beking, T., Geuze, R.H., Burke, S.M., Bakker, J., Groothuis, A.G.G. & 
Kreukels, B.P.C. Submitted to Psychoneuroendocrinology May 2018

INTRODUCTION

The two hemispheres of the brain differ in structure and function, with differences between the 
sexes. Based on this sex difference, the development of brain lateralization has long been thought 
to be under the influence of testosterone (for a review see Pfannkuche et al., 2009). However, 
studies investigating the influence of testosterone on lateralization in humans are scarce and mostly 
correlational in nature (Beking et al., 2017). In the current study we use a more experimental 
approach, by investigating the effect of testosterone treatment on lateralization in transboys (female 
sex assigned at birth diagnosed with Gender Dysphoria). 

The amygdala is part of the limbic system and involved in emotion and memory. The amygdala 
is one of the most studied brain areas in which lateralized sex differences in structure have been 
found from an early age onwards. Namely, a study investigating the structural development of the 
amygdala from infancy to young adulthood (Uematsu et al., 2012) found that the right amygdala 
volume was larger than the left amygdala in males, whereas there was no difference between the left 
and right amygdala volume in females. A recent large meta-analysis including 15.847 participants 
from early to late adulthood, found that the volume of the right amygdala was larger than the left in 
both sexes (Guadalupe et al., 2016). The sex difference in structural asymmetry was not significant, 
although males tended to have a stronger rightward asymmetry than females, which is consistent 
with the finding in children (Uematsu et al., 2012). Furthermore, 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), and neuron size is larger in the right amygdala 
in men and in the left amygdala in women (Antyukhov, 2016). 

It is particularly interesting to investigate the influence of testosterone on lateralization in the 
amygdala, because of the relatively high concentration of androgen receptors in this region as shown 
in primates (Pomerantz and Sholl, 1987). In puberty, there is a surge of testosterone – especially 
in boys and to a smaller extent in girls – influencing the development of the amygdala. Pubertal 
stage and testosterone levels have been associated with larger right (Herting et al., 2014) or bilateral 
(Neufang et al., 2009) amygdala volumes in boys and girls. Bramen and colleagues (2011) reported 
the same positive relation between pubertal stage and amygdala volume in boys, especially in 
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the right amygdala (though only at trend level), but found that pubertal stage and testosterone 
concentrations predicted a decrease in right amygdala volume in girls. 

Some meta-analyses of fMRI studies indicate lateralized sex differences in amygdala activation 
(Stevens and Hamann, 2012; Wager et al., 2003), but results are inconclusive, probably because 
these meta-analyses include a broad range of emotional tasks, including pictorial and semantic 
tasks, while amygdala activation seems to depend heavily on task characteristics (Sergerie et al., 
2008). One of the key functions of the amygdala is the processing of facial emotional expressions 
(Fusar-Poli et al., 2009). In the present study we used a face matching task with angry and fearful 
faces (Hariri et al., 2000). A large study specifically investigating the perception of angry faces in 
470 adolescent boys and girls, found a stronger right than left amygdala activation in boys, but no 
lateralization of activation in girls (Schneider et al., 2011). This was consistent with an earlier study 
investigating perception of fearful faces (Killgore and Yurgelun-Todd, 2004). 

In the present study we investigated the effect of testosterone treatment in adolescent transboys 
(female sex assigned at birth diagnosed with Gender Dysphoria), who experience a mismatch 
between their sex assigned at birth and their gender identity. From around 16 years of age, after 
careful diagnostic evaluation and consultation, they may choose to start hormone treatment. A 
masculinizing puberty is then induced by administering testosterone (Kreukels et al., 2011). This 
is a unique group of participants to investigate the effect of testosterone treatment on lateralization 
in adolescence. Puberty is a particularly interesting period to study effects of testosterone, as it 
has been suggested that this is a second sensitive period in which sex hormones affect the sexual 
differentiation of the brain (Peper et al., 2011), and a previous longitudinal study of our research 
group in adolescentsreported effects of pubertal testosterone on lateralized brain activity (Beking 
et al., 2018). To our knowledge, there is no literature on the effect of long-term testosterone 
administration on amygdala activation. Single testosterone administration studies in adult women 
found an increase in bilateral amygdala reactivity during a face matching task with angry and fearful 
faces (van Wingen et al., 2009), and lateralized effects of testosterone administration have been 
found on specifically the right amygdala while watching angry faces (versus happy faces) (Hermans 
et al., 2008), and watching movies of faces that changed their expression from neutral to emotional 
(either happy or fearful) (Bos et al., 2013). 

So far, studies that investigated the effects of sex hormones on amygdala activation did not take the 
relative activation between the left and right amygdala – i.e. a lateralization index - into account.
However, this index is a widely used standard to measure the degree and direction of lateralization. 
In the present study, we specifically aimed to test the effect of testosterone treatment – after puberty 
suppression – on the lateralization index of the amygdala during an emotional face matching task 
in transboys using functional magnetic resonance imaging (fMRI). We collected similar data in 
control boys and girls. Previous studies from our group (including partly the same participants as in 
the current study) found that adolescent transboys had brain activation during cognitive tasks for 
which sex differences have been observed, that was “in-between” that of male and female control 
groups, i.e. neither sex-typical nor sex-atypical(Burke et al., 2016; Soleman et al., 2013; Staphorsius 
et al., 2015). 
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Therefore, we hypothesize that 1a) There is a sex difference in lateralization of amygdala activations, 
with control boys showing a stronger rightward lateralization than control girls; 1b) Transboys have 
a lateralization index “in-between” that of control boys and girls before testosterone treatment; 2) 
Testosterone treatment in transboys will shift lateralization of amygdala activation towards the 
right hemisphere; 3) There is a correlation between testosterone levels and lateralization of amygdala 
activation in the control groups.

METHOD

PARTICIPANTS

Transboys were recruited via the Center of Expertise on Gender Dysphoria, VU University Medical 
Center in Amsterdam, the Netherlands. Age-matched control boys and girls were recruited via 
secondary schools and by inviting friends of the transboys. Exclusion criteria for participation in 
the study were continuous psychotropic medication use, and any form of psychiatric or neurologic 
disorder. At the first session, 21 transboys (M=16.1 years, SD=0.7), 20 control boys (M=15.9, 
SD=0.6) and 21 control girls (M=16.4, SD=1.0) participated. One year later, all transboys 
participated again, and 3 control boys and 1 control girl dropped out. All participants gave their 
informed consent and ethical clearance was given.

At the first session, 2 transboys and 1 control boy were excluded because the amygdala did not show 
activation during the task and a lateralization index could not be determined. At the second session, 
2 control girls were excluded due to technical problems with the fMRI measurement.

Participants completed the Dutch translation of the Edinburgh Handedness Inventory (Van Strien, 
2002) at session 1. The distribution of handedness did not differ significantly between the groups 
(all Kolmogorov-Smirnoff Z<0.93, p>.358). 

HORMONE TREATMENT

Up to session 1, the transboys received 3.75mg Triptorelin (Decapeptyl-CR®) subcutaneously or 
intramuscularly every 4 weeks to suppress production of gonadal hormones, and thereby puberty 
(mean duration=1.6 years, SD=1.0).

After session 1 and up to session 2, transboys received testosterone treatment (M=9.8 months, 
SD=2.9, range 5.6-14.8 months): 14 transboys received an ester-testosterone mixture every 2 weeks 
(Sustanon® 250 mg/mL), and 7 transboys received testosterone undecanoate every 12 weeks 
(Nebido® 250 mg/mL). The dosage depended on the participants’ age: 25 mg/m2 body surface 
area until age 16.5 years, and 75 mg/m2 from age 16.5 onwards. 

Control boys and girls received no treatment. 
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HORMONE ASSAY

At the day of testing, participants were asked to collect 1 mL of saliva in a polypropylene tube 
directly after waking up. Testosterone levels in saliva were determined with isotope dilution-liquid 
chromatography-tandem mass spectrometry (ID-LC-MS/MS), see for further details (Bui et al., 
2013). Testosterone levels from transboys were not determined at session 1, because they were under 
pubertal suppression, that has been proven to result in testosterone levels under detection levels 
(Soleman et al., 2016). 

FACE MATCHING TASK

Participants performed a face-matching task (Hariri et al., 2000). We chose to investigate fearful 
and angry faces, as these emotions elicit strong amygdala activation, on which effects of testosterone 
have been demonstrated (Bos et al., 2012; Derntl et al., 2009; Fusar-Poli et al., 2009). Stimuli were 
derived from the NimStim set of Facial Expressions (Tottenham et al., 2009). In this task, an angry 
or fearful target face was presented above 2 horizontally placed references faces, of which one was 
fearful and one angry. Participants had to indicate with a left or right button press which of the 
reference faces showed the same emotion as the target face. All three simultaneously presented faces 
were from different persons of the same sex. Across trials, the faces were counterbalanced for sex 
and emotion. In the control condition participants had to match simple circular shapes. The task 
consisted of 4 face matching blocks alternated with 5 control blocks, and there were no breaks in 
between the blocks. Every block consisted of 6 trials, and the timing of the trials was self-paced (the 
maximum response duration per trial was 4 s). A fixation cross was shown for 1 s after each trial. 

IMAGING PROTOCOL

Scans for session 1 were performed on a 3.0 Tesla GE Signa HDxt scanner (General Electric, 
Milwaukee, Wisconsin, USA). A gradient-echo echo-planar imaging sequence was used for 
functional imaging. The parameters included a 19.2 cm2 field of view, TR of 1950 ms, TE of 25 
ms, an 80° flip angle, isotropic voxels of 3 mm, and 36 slices. Before each imaging session a local 
high-order shimming technique was used to reduce susceptibility artifacts. For co-registration with 
the functional images a T1-weighted scan was obtained (3D FSPGR sequence, 25cm2 field of view, 
TR of 7.8 ms, TE of 3.0 ms; slice thickness of 1 mm, and 176 slices). For further description of the 
procedure see Burke et al. (2016). 

During the course of the project, a scanner upgrade (hardware and software) took place (GE 
scanner, type MR750). Although all settings of the scanning protocol remained unchanged, we 
counterbalanced session 2 scans over groups in order to account for possible effects of the upgrade 
(all session 1 scans were performed before the upgrade). The lateralization index did not differ 
between groups at session 2 before and after the upgrade (F(2,53)=0.044, p=.957).

FMRI ANALYSES

All analyses were performed using MATLAB 2011b and SPM12. First, a group template was 
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created for anatomical images acquired during the first session using Diffeomorphic Alignment 
Registration Exponentiated Lie Algebra (DARTEL) for optimal spatial normalization. Second, 
standard preprocessing was performed per session, which comprised the following steps: 
realignment to the functional mean image, co-registration with the individual anatomical image, 
normalization to the DARTEL template, and a final smoothing with an 8mm FWHM kernel size. 
First-level contrast images were built by subtracting control trials from emotion trials. 

We used the LI-Tool (Wilke and Lidzba, 2007) to calculate the laterality indices for contrasts for all 
participants. The amygdala, our region of interest, was specified with the WFU Pickatlas version 
2.4. The size of the mask of the left and right amygdala was symmetrical. The laterality index was 
calculated with the following (default) settings: voxel values were used, thresholding was based on 
the bootstrapping technique, and a standard exclusion mask with a midline margin of 5mm was 
used. We selected the weighted mean lateralization index scores for further analysis.

STATISTICAL ANALYSES

The statistical analyses were performed in SPSS 25. In order to determine the effect of hormone 
treatment on circulating testosterone concentrations the difference in testosterone concentrations 
between groups were tested with Mann-Whitney U tests per session, and the change in testosterone 
concentrations between sessions with a Wilcoxon signed ranks test per group. Based on the literature 
(Soleman et al., 2016), the testosterone concentration at session 1 was set on the detection limit of 
10 nmol/L for transboys.

The difference in lateralization between groups was tested with independent-samples T tests. 
To test if transboys – being our experimental group – differed from control boys and girls in the 
change in lateralization before and after treatment, we performed a repeated measures mixed model 
estimating the interaction effect between group and session per contrast: transboys compared to 
control boys, and transboys compared to control girls. Subsequently, the change in lateralization 
between sessions per group was tested with a paired-samples T test. 

In order to examine the potential relationship between endogenous testosterone concentrations 
and lateralization indices in control groups, we combined the data of session 1 and 2 to increase the 
power. A general linear mixed model was performed per sex, with ‘subject’ as a random factor to 
control for the effect of using each subject twice, and ‘testosterone concentrations’ as a fixed effect. 

Next, we tested the effect of exogenous testosterone concentrations on lateralization with a GLM 
in transboys at session 2. In addition, we tested the effect of exogenous testosterone concentrations 
on the change in lateralization from before to after treatment (dependent variable: lateralization at 
session 2 minus 1) with a GLM. 

Finally, as an explorative analysis, we checked if handedness as a covariate had any effect on the 
analyses presented in this article, and this was not the case: the Akaike information criterion 
(AIC) was worse with handedness in the model, all outcomes remained qualitatively the same, and 
handedness as covariate had no significant effect on lateralization.
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RESULTS

TESTOSTERONE

Figure 1 presents testosterone levels per group per session, confirming sex differences and the effect of 
treatment. At both sessions, control boys had higher testosterone levels than control girls (session 1: 
U=6.00, p<.001, session 2: U=0.00, p<.001). For the control groups, testosterone levels were similar 
at session 1 and 2 (boys: Z=-.54, p=.586; and girls: Z=-1.78, p=.076). Assuming that testosterone 
concentrations of transboys were below detection limit in session 1, testosterone treatment strongly 
increased testosterone levels at session 2 (Z=-4.02, p<.001). Their testosterone concentrations were 
now higher than in control girls (U=0.00, p<.001), and comparable to the levels of control boys 
(U=142.00, p=.284). 

Figure 1   Boxplot of testosterone levels per group per session. Error bars represent the 95% 
confidence intervals. Dots represent the outliers > 1.5 interquartile range.
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GROUP DIFFERENCES IN LATERALIZATION 

The average lateralization index per group per session is depicted in Figure 2. At session 1, transboys 
were significantly less lateralized than control boys (t(36)=2.03, p=.045), and similarly lateralized to 
control girls (t(38)=0.73, p=.444). However, contrary to expectation the difference in lateralization 
between control boys and girls did not reach significance (t(38)=-1.41, p=.190), although the 
difference was in the expected direction. At session 2, the lateralization index did not differ between 
any of the groups (transboys vs. control boys: t(36)=-0.28, p=.775; transboys vs. control girls: t(37)=-
0.20, p=.850; control boys vs. control girls: t(33)=0.10, p=.923).

We tested if the change in lateralization from session 1 to 2 was different in testosterone treated 
transboys compared to the control groups by looking at the interaction between group and session. 
With transboys and control boys included in the model, the interaction between group and session 
was significant as expected (F(1,35.8)=4.30, p=.045). The main effects of group (F(1,37.6)=1.31, 
p=.260) and session (F(1,35.8)=0.28, p=.598) were not significant. Using the same model but now 
including transboys and control girls, none of the effects were significant (group: F(1,39.3)=0.28, 
p=.643); session: F(1,38.6)=2.51, p=.121; group*session: F(1,38.6)=0.68, p=.413). In the analyses per 
group, the change in lateralization towards the right hemisphere from session 1 to 2 almost reached 
significance for transboys (t(18)=1.99, p=.062), whereas the lateralization index did not change over 
sessions for control boys (t(15)=-1.05, p=.311) and control girls (t(17)=.58, p=.567). 

*

Figure 2   The mean lateralization index of amygdala activation during emotional face 
processing per group per session. Positive lateralization values indicate leftward asymmetry, 
and negative lateralization values indicate rightward asymmetry. Error bars represent the 
95% confidence intervals.
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THE RELATION BETWEEN ENDOGENOUS TESTOSTERONE 
AND LATERALIZATION IN THE CONTROL GROUPS

For the control groups, we combined the data of session 1 and 2, but analyzed boys and girls separately. 
Testosterone concentrations significantly predicted lateralization in control boys (F(1,34.0)=6.13, 
R²=0.19, p=.018), but not in control girls (F(1,35.3)=0.86, R²=0.02, p=.361), see Figure 3. Although 
testosterone levels were in the normal biological range as reported in other studies (Bui et al., 2013), 
in order to rule out potential effects of outliers, we performed the same analyses again excluding 
the participants with extreme testosterone concentrations (1 control boy and 1 control girl had 
extreme values and were influential: leverage >.11 and Cook’s distance >.22). While excluding these 
individuals, testosterone still significantly strengthened lateralization towards the right hemisphere 
for control boys (F(1,33.0)=6.64, R²=0.19, p=.015), and not for control girls (F(1,35.5)=.54, R²=0.01, 
p=.469). 
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Figure 3   The relation between testosterone and lateralization of amygdala activation during  
emotional face processing for the control boys and control girls across sessions. Positive 
lateralization values indicate leftward asymmetry, and negative lateralization values 
indicate rightward asymmetry.
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THE EFFECT OF EXOGENOUS TESTOSTERONE TREATMENT 
ON LATERALIZATION IN TRANSBOYS

At session 2, the relation between testosterone and lateralization was not significant for transboys 
during testosterone treatment (F(1,19)=1.08, R²=0.05, p=.313), see Figure 4. In addition, the 
relation between testosterone (measured at session 2) and the change in lateralization from session 1 
to 2 was not significant (F(1,17)=0.66, R²=0.04, p=.426).
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Figure 4   The relation between testosterone and lateralization of emotional face processing for  
transboys at session 2. Positive lateralization values indicate leftward asymmetry, and 
negative lateralization values indicate rightward asymmetry.

DISCUSSION

The aim of this study was to investigate the effect of testosterone on lateralization of amygdala 
activation during emotional face perception. To this end we used an experimental approach by 
assessing lateralization in transboys before and after testosterone treatment, and compared it to 
control groups of boys and girls. Our hypotheses were based on earlier reports indicating that boys 
show more amygdala activation in the right hemisphere than girls for the perception of angry and 
fearful faces (Killgore and Yurgelun-Todd, 2004; Schneider et al., 2011). However, in our sample, 
boys and girls did not differ significantly in lateralization at any session. Also, contrary to our 
expectation, the lateralization index of transboys was not “in-between” that of both sexes, but 
comparable to control girls and different from control boys, thus sex-typical before testosterone 
treatment. After testosterone treatment, in line with the prediction, the lateralization of amygdala 
activation of transboys became similar to that of control boys. However, at the same time transboys, 
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even after testosterone treatment, did not differ in amygdala lateralization from control girls. 

There was a significant interaction effect between session and group on lateralization of transboys 
versus control boys. Thus, the lateralization index changed differently in transboys versus control 
boys from session 1 to 2. However, this interaction was not significant when transboys were compared 
to control girls. Within-group analyses revealed that the expected shift to the right amygdala after 
testosterone treatment almost reached significance in transboys, and was not significant at all in 
the control groups. In line with the literature, our findings tentatively suggest that testosterone 
treatment in transboys shifts the lateralization of amygdala activation to the right to a level that is 
comparable to that in control boys.

Next, we tested the relationship between the actual testosterone levels and lateralization in the 
control groups. The hypothesis that there would be a relation between endogenous testosterone and 
rightward lateralization was confirmed, but only for control boys. This outcome is in line with a 
study in adult men, finding a positive relation between endogenous testosterone levels and activation 
in the right, but not the left, ventral amygdala during emotional memory (Ackermann et al., 2012). 
Other studies found that testosterone levels are related to a bilateral increase (Manuck et al., 2010; 
Derntl et al., 2009) or decrease (Stanton et al., 2009) in amygdala activation while viewing emotional 
faces. This is not necessarily in contrast with our outcome, as these studies did not take the relative 
difference between the left and right amygdala into account with a lateralization index. However, 
our finding that the lateralization index of control girls – having lower testosterone concentrations 
– was comparable to that of control boys at session 2, indicates that genetic, hormonal and/or 
environmental factors play an important role as well (Arnold and McCarthy, 2016). The absence 
of significant effects in girls is likely to be due to the low testosterone levels with a limited range of 
values, and in line with the absence of effects for girls in the studies of Ackermann et al. (2012) and 
Stanton et al. (2009).

Finally, we investigated the relation between exogenous testosterone concentrations at session 2 and 
lateralization in transboys. We found no significant effect on lateralization measured at session 2, 
or on the change in lateralization between both sessions. This was surprising, as we saw earlier 
that the lateralization index of transboys shifted towards the right hemisphere from before to after 
treatment. Moreover, consistent with this rightward shift in lateralization in transboys, we also 
observed an effect of endogenous testosterone on rightward lateralization in the control boys. The 
presence of effect in control boys (session 1 and 2) but not in transboys (session 2) is cannot only be 
explained by the smaller sample size in transboys, as a check revealed that the effect of testosterone 
on lateralization in control boys was also significant at session 1 (p=.033) and a trend at session 2 
(p=.096). Nonetheless, it would be interesting to replicate the study with a bigger sample size.

We propose the following four explanations for the absence of finding a relationship between actual 
testosterone concentrations and lateralization in transboys. 

Firstly, the testosterone levels as measured in transboys at session 2 may not accurately reflect the 
testosterone treatment. Either because testosterone levels fluctuate after the injection, starting with 
a supra-physiological peak and gradually decreasing over time (Bui et al., 2013). Or because the total 
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dose of testosterone treatment differed between individuals, depending on the starting age and time 
between sessions.

Secondly, while endogenous production of testosterone shows a biological rhythm and depends 
on the environment, the treatment with testosterone may have overridden these natural variations 
changing the typical relationship between testosterone levels and lateralization.

Thirdly, there might be a neurobiological difference between transboys and control boys, explaining 
why there is a correlation between testosterone levels and lateralization in control boys but not in 
transboys. For example, transboys might have a lower threshold for the effect of testosterone on 
lateralization than control boys, and concentrations of testosterone in transboys could have been 
above this threshold with testosterone treatment resulting in a ceiling effect. Genetic thresholding 
or ceiling mechanisms on the action of sex hormones are well known in both sexes, such as proteins 
that prevent dimerization or promote receptor translocation to the nucleus, or microRNAs that 
prevent translation of mRNA into protein (e.g. McCarthy, 2016).

Lastly, there might be an asymmetrical difference in the organization of the brain between transboys 
and boys, influencing the effect of testosterone (Ernst et al., 2007). From human studies we know 
that there is a structural sex difference in amygdala asymmetry from infancy to young adulthood 
(Uematsu et al., 2012), and that in men connections to other brain areas are more widespread 
from the right amygdala, but in women from the left amygdala (Kilpatrick et al., 2006; Savic and 
Lindström, 2008). Also, neuron size is larger in the right amygdala in men and in the left amygdala 
in women (Antyukhov, 2016), which is probably under the influence of androgens (Morris et al., 
2008). If the structural lateralization differs between transboys and control boys, or if the androgen 
receptor distribution differs, then this might explain the different effects of testosterone in both 
groups.

STRENGTHS, LIMITATIONS, AND FUTURE DIRECTIONS

So far, literature reporting sex differences in lateralization of amygdala activation was inconclusive, 
possibly because the analyses were performed per hemisphere, not taking the difference between 
both hemispheres into account. The strength of our study is that we determined a lateralization 
index for the amygdala. Moreover, previous human studies investigated the effects of endogenous 
testosterone in men, or single testosterone administration studies in women, on amygdala activity. 
For the first time, we investigated the effect of long-term exogenous testosterone treatment in 
transboys and compared this with the effects of endogenous testosterone levels in control boys and 
girls, on amygdala lateralization. 

A limitation of the present study is that the transboys received puberty suppression at session 
1, and therefore we cannot distinguish if the stronger lateralization at session 2 is due to higher 
testosterone levels at that session, or due to lower lateralization scores at session 1 as a result of 
puberty suppression, or both. Interestingly, transboys and control girls, in contrast to control boys, 
had low testosterone levels and were on average not lateralized at session 1, possibly suggesting 
activating or organizing effects of testosterone during puberty in transboys. Activating effects 
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on amygdala function have been demonstrated in single testosterone administration studies 
in women (Bos et al., 2013; Hermans et al., 2008; van Wingen et al., 2009). Organizing effects 
of testosterone have been found on brain structure and function– including the amygdala – in 
puberty (Bramen et al., 2011; Goddings et al., 2014; Neufang et al., 2009; Sisk and Zehr, 2005). In 
the present study, we cannot distinguish between potentially activating and organizing effects of 
testosterone. Ideally, future studies should use an even more extensive longitudinal approach with 
multiple measurements in persons with GD. For example, in pre-pubertal children, in adolescents 
just before the puberty suppression starts, and at several time points after the onset of treatment. 
These are the first steps to disentangle whether testosterone has activating and/or organizing effects 
on amygdala lateralization. An interesting future endeavor would be to also investigate the effects of 
testosterone treatment in adult transmen, to determine the possible presence of a sensitive window 
for the hormonal effects. 

Furthermore, it would be enlightening to investigate the relation between organizing effects of 
testosterone on the structural lateralization of the amygdala and the (lateralized) activation. We 
recommend to include assessment of morphometric differences and connectivity in a follow-up 
study as well. 

An interesting addition would be to investigate the effect of estradiol treatment, for example 
in transgirls (male sex assigned at birth diagnosed with Gender Dysphoria). Other hormones 
than testosterone might also influence lateralization of the amygdala, and estradiol is the most 
obvious candidate. Both testosterone and estradiol have been found to increase right amygdala 
growth across adolescence in both sexes (Herting et al., 2014), and effects of menstrual cycle on 
lateralized amygdala activation have been reported (Derntl et al., 2008). In addition, it is important 
to realizethat testosterone and estradiol interact with each other, and that testosterone can be 
converted to estradiol by aromatase, which is highly prevalent in the amygdala (Pareto et al., 2004). 
Unfortunately, the difference in aromatase levels between the left and the right amygdala is, to 
the best of our knowledge, not known. In mice, the aromatization of testosterone to estradiol is 
essential for its effect on the number of neurons in the amygdala in puberty (Sano et al., 2016). In 
humans, it is unknown if testosterone directly acts on the amygdala, but it is generally assumed that 
testosterone directly affects sexual differentiation of the brain (Wallen, 2005). 

CONCLUSIONS

The lateralization of the amygdala, and the influence of testosterone on this lateralization, has 
been a topic of debate for a long time. In the present study we tried to bridge the gap between 
experimental animal studies and correlational human studies, by investigating the effect of long-
term testosterone treatment in transboys. Our overarching hypothesis that testosterone predicts 
rightward lateralization of the amygdala was partially confirmed. In favor of this hypothesis were 
the findings that lateralization in transboys shifted towards the right amygdala after testosterone 
treatment, and that endogenous testosterone concentrations predicted rightward amygdala 
lateralization in control boys. However, against our expectations, control girls had a similar 
amygdala lateralization as control boys and transboys at both sessions, and we did not find a 
correlation between testosterone concentrations and amygdala lateralization in transboys, perhaps 
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due to a ceiling effect. To investigate whether the partly inconsistent findings can be explained by 
a biological difference between natal boys and girls, such as differences in testosterone sensitivity, 
estrogen levels, or neurobiology, is an interesting course for future studies.
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SEX HORMONES AND  
GENDER DEVELOPMENT
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ABSTRACT

Sexual differentiation in mammals is mediated by differential exposure to gonadal hormones 
both in prenatal and postnatal development. However, in humans the potential effect of early 
exposure to gonadal hormones and its interaction with later exposure on gender development 
is not completely clear. In the present study we have collected longitudinal behavioural and 
hormonal data in children whose prenatal sex hormone levels were determined in amniotic 
fluid. Gender-typed toy preference was assessed at 3 time points from 1 to 6 years of age, and 
gender development and steroid hormone levels in saliva at 15 years of age. We found that: 1) 
both prenatal testosterone and estradiol predict relative masculine toy preference in girls, but 
not in boys, at the age of 6.5 years; 2) prenatal and pubertal estradiol interact in predicting 
feminine gender role at puberty in girls: estradiol in puberty is related to more feminine 
gender role in girls with low prenatal estradiol levels; and 3) gender-specific toy preference 
does not predict gender development in adolescence. We found no clear evidence for a 
masculinizing role of testosterone. Rather, estradiol seems to play a complex role in gender 
development depending on sex and age. We conclude that in typical human development 
prenatal and pubertal sex hormones only weakly predict various aspects of gender-typical 
behaviour in a sex- and age-specific manner.

HIGHLIGHTS

• Effects prenatal testosterone and estradiol on toy preference only
found in girls at 6.5y; not before and not in boys.

• Prenatal and pubertal estradiol interact in predicting gender role in girls at 15y.

• Prenatal and pubertal estradiol interact predicting gender expression in boys at 15y.

• Toy preference in early childhood does not predict gender development in adolescence.
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INTRODUCTION

Sexual differentiation of, brain and behaviour in mammals is influenced by differential exposure to 
gonadal hormones both in prenatal and postnatal development. In humans, gender differences in 
behaviour and interests emerge as early as 9 months after birth and usually become apparent in early 
childhood (O’Brien & Huston, 1985; Campbell et al., 2000), for example in toy preferences. The 
meta-analysis by Todd et al. (2018) shows consistent sex differences for male-typed and female typed-
toys with effect sizes of 1.03 and .91 respectively. Toy preference and early gender role behaviour are 
generally seen as a precursor of gender development in puberty. In children of 3 to 8 years, boys 
prefer pictures of masculine toys, and girls prefer pictures of feminine toys (Ward, 1968). These 
preferences develop during childhood. For example, interest in feminine toys decreased in both 
girls and boys when they grew older (from 1 to 5 years, Servin et al., 1999) and boys play more with 
masculine toys relative to feminine toys as they grow older (Todd et al., 2017). Interestingly, there 
is evidence that children and rhesus monkeys show similar sex differences in preferences for plush 
(feminine preference) and wheeled toys (masculine preference) (Hassett, Siebert & Wallen, 2008). 
Such cross-species differences indicate that gender specific toy preferences are not solely caused by 
external socializing processes but suggests basic neurobiological differences between males and 
females driven by differential exposure to sex hormones during (prenatal) development. 

Sexual differentiation of the human brain is subject to the organizing effects of sex hormones, both 
androgens and estrogens (Wallen & Baum, 2002; Hines et al., 2015; Berenbaum, 2018) during 
sensitive periods, such as prenatally between 14 and 18 weeks of gestation, postnatally up to 6 months 
(Hines et al., 2015; Lamminmäki et al., 2012) and during puberty (Sisk & Zehr, 2005; Hines, 2011). 
Specifically, prenatal testosterone has a masculinizing effect on the brain and behaviour in boys 
and girls, whereas female-typical behaviour occurs in the absence of this hormone (Hines et al., 
2015). But apart from prenatal or perinatal sensitive phases, there is increasing evidence that also 
puberty is an important phase for sexual differentiation. During this period not only the secondary 
sex characteristics develop driven by hormonal change, but also sexual orientation, gender identity, 
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gender expression and gender role go through a transitional phase (Hines, 2011). Sex hormones 
may have different effects on gender development at different ages, and hormone exposure in the 
prenatal phase may interact with the exposure in puberty. In the present longitudinal study, we 
address gender development in the first six years of life and in puberty, and its relations with prenatal 
and pubertal sex hormones.

INFLUENCE OF SEX HORMONES ON GENDER  
SPECIFIC TOY PREFERENCES IN CHILDREN

Given that there are clear differences in gender-typical play behaviour between boys and girls, a 
number of studies investigated the influence of sex hormones on toy preferences. Atypical exposure 
to androgen concentrations in utero is associated with juvenile masculine play (for a review see 
Hines et al., 2015). For example, girls with congenital adrenal hyperplasia (CAH), being exposed 
to unusual elevated androgen levels prenatally, show masculine patterns of toy preference despite 
being raised as girls (Berenbaum & Hines, 1992). However, such cases may not represent typical 
development.

Indeed, findings are inconsistent for typical exposure to prenatal amniotic fluid levels. Three 
studies investigated the relation between sex hormones measured in amniotic fluid and early gender-
typical play behaviour. Van de Beek and colleagues (2009), by directly observing duration of play 
with masculine, feminine and neutral toys, found no relationship between toy preferences at 13 
months of age and prenatal testosterone and estradiol levels in amniotic fluid; however, in boys 
progesterone level was positively related to masculine toy preference. Knickmeyer et al. (2005) used 
the Children’s Play Questionnaire (CPQ) with 10 masculine items, 10 feminine items and 8 neutral 
items completed by the mothers. They did not find a relation between prenatal testosterone or 
estrogen and toy or play preferences at 5 years of age. In contrast, Auyeung et al. (2009), reported 
that prenatal testosterone predicts male-typical play both in boys and in girls from 6 to 10 years of 
age, using the parent reported Pre-School Activities Inventory (PSAI), a scale for the assessment 
of gender role behaviour in young children. The questions of the PSAI address sex-typed play 
with toys (e.g. dolls, cars), engagement in activities (e.g. ballgames, playing at cooking) and child 
characteristics (e.g. interest in snakes/spiders/insects, liking pretty things). 

Lamminmäki and colleagues (2012) used postnatal urine sampling from 7 days to 6 months after 
birth as a measure of testosterone exposure and assessed sex-typed behaviour using the PSAI and 
observation of preferential play with masculine, feminine and neutral toys at 14 months. Postnatal 
testosterone exposure was positively correlated to PSAI sex-typed behaviour and negatively 
correlated to play with a feminine toy (baby doll) in boys but not in girls, and positively correlated 
with play with a masculine toy (train) in girls but not in boys. However, preferences for one of 
the neutral and one of the masculine toys (soft doll and truck respectively) were also negatively 
correlated to testosterone exposure in boys. Other masculine or feminine stereotyped toys were not 
related to testosterone exposure. 

Thus, the relation between early exposure to sex hormones and early toy preference as a marker for 
gender development is all but clear and may be age-dependent. 
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THE INFLUENCE OF PUBERTAL SEX HORMONES ON  
SEXUAL ORIENTATION AND GENDER DEVELOPMENT

Puberty is characterized by marked sex differences in sexual orientation, gender identity and gender 
role (Hines, 2011; Berenbaum & Beltz, 2011), driven by a substantial change in gonadal hormone 
levels (Ober, Loisel & Gilad, 2008). Literature suggests that estradiol and testosterone in puberty 
have different effects on structural development of the brain in girls and boys in puberty (see mini-
review of Peper et al.,2011). The classic view of sexual differentiation of the brain and behaviour 
in mammals, including humans, is that genetic sex differences cause changes of gonadal hormone 
levels such as testosterone that induce major changes in gender-typical behaviour (for environmental 
influences see the review by McCarthy & Arnold,2011). There is tentative evidence to suggest that 
puberty might play an important role in some aspects of development of brain and cognition, and 
gender development - testosterone and estrogens being associated with gray matter density and 
volume in a sex-specific way (Blakemore et al., 2010). Furthermore, there is converging evidence 
that puberty may be a sensitive period for organizing effects on brain and behaviour (see Sisk & 
Zehr, 2005 for a review; Neufang et al., 2009), but the influence of pubertal hormones on gender 
development appears to be weaker than that of prenatal hormones (Berenbaum & Beltz, 2011). 
However, experimental research in rodents suggests that the hormonal changes of puberty produce 
an additional wave of neural and behavioural organization (Schulz et al., 2009).

In their review Hines et al. (2015) mention that atypical exposure to androgens prenatally, i.e. 
due to genetic conditions such as congenital adrenal hyperplasia (CAH) or the use of androgenic 
hormones during pregnancy by the mothers, is not only associated with increased male-typical 
juvenile play behaviour, but also with alterations in gender identity and sexual orientation in 
puberty. For example, the prevalence of homosexual orientation and gender dysphoria is greater in 
girls with CAH than in typically developing children. The typical effects of prenatal hormones on 
gender development in humans, and how this interacts with pubertal hormone levels, are currently 
unknown. Recently an interaction effect between prenatal and pubertal testosterone was found on 
several lateralized cognitive tasks (Beking et al., 2018). 

THE ASSOCIATION BETWEEN EARLY GENDER ROLE BEHAVIOUR 
AND GENDER DEVELOPMENT AT PUBERTY

Golombok et al. (2012) used the PSAI to assess gender role behaviour of 3y old children and 
reassessed them with the Multidimensional Gender Identity Scale at age 13. Gender role behaviour 
of preschool children appeared to be a good indicator of their gender identity following the 
transition to adolescence. Girls who were more masculine at age 3 were less content being a girl and 
had greater self-efficacy for male-typed activities at age 13. And boys who were more feminine at age 
3 felt less similar to other boys and had lower self-efficacy for male-typed activities at age 13. Early 
gender role behaviour as reported by the mother for their child aged 4to 11 years even predicted 
sexual orientation 24 years later (Steensma et al., 2013).
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AIM OF THE PRESENT STUDY

The aim of the present study is to increase our understanding of gender development and the role of 
sex hormones therein. The specific research questions of the present longitudinal study are: 

1. Do prenatal sex hormones predict gender-related toy 
preferences at 13 months, 2.5 and 6.5 years? 

2. Do prenatal and pubertal sex hormone levels predict sexual orientation, 
gender role and gender expression at 15 years of age? 

3. Do early gender-related toy preferences at 13 months, 2.5 and 6.5 years of age 
predict sexual orientation, gender role and gender expression at 15 years of age?

The prenatal hormones testosterone, estradiol and progesterone and the pubertal hormones 
testosterone and estradiol were included in the study based on the above cited literature. Prenatal 
hormone data were collected at 14 to 18 weeks gestational age (Van de Beek et al., 2004), toy preference 
data at 13 month, 2.5 years and 6 years, and pubertal hormone data and gender development data 
at 15 years. The data at 13 months have been reported earlier by Van de Beek and colleagues (2009), 
but not in a longitudinal context. 

METHOD

PARTICIPANTS

Participants were children from the original study (n=179) of which 24 were excluded according to 
selection criteria applied by Van de Beek and colleagues (see Van de Beek et al., 2004, pp 664-5). Their 
mothers became pregnant in the natural way and underwent amniocentesis in the 14-18th week  
of gestation because of prenatal diagnostic screening for women over 35 years, or because of risk 
factors in their medical history (n=7; age 29-35 years). The children were born from uncomplicated 
pregnancies. Van de Beek et al. excluded four twin pairs, but we saw no reason to do so in the 
present study. One twin pair was willing to participate and these two children were added to the 
sample of Van de Beek et al., 2004. Thus, our sample size was 157. 
There were 4 waves of further data collection: at the ages of 13 months, 2.5 years, 6 years and 15 
years. The number of participants varied – 29 children participated at all 4 time points. For an 
overview of participation, see Figure 1.

Ethical clearance complied with national legislation and the Declaration of Helsinki. Ethical 
clearance and informed consent for the prospective longitudinal study were given as reported in 
(Van de Beek et al., 2004; 2009). For each child up to the age of 7 years at least one of the parents gave 
written informed consent for each study they and their child participated in. For the last follow-up 
at 15 years of age the local ethical committee of the Department of Psychology of the University 
of Groningen approved (ppo-013-120). The adolescents and their parents received a letter with 
information, and the adolescents gave their written informed consent.
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participated at
13 mos: n = 89

participated at
13 mos: n = 54
2.5 ys: n = 47
6.5 ys: n = 44

participated at
13 mos: n = 59
2.5 ys: n = 53

14-18 weeks 
of gestation

n = 157

13 months
n = 134  

2.5 years
n = 97

15 years
n = 61

6.5 years
n = 66

n = 134  n = 74 n = 49 n = 29  

Figure 1  The number of participants at each time point. Above the black arrows: the number 
of participants that participated at all previous time points. In the white boxes: the number of 
participants at that time point that also participated at one or more earlier time points. Note: 
the 13 months sample participated in the study of van de Beek et al. (2009); the 6.5 years 
sample participated in the studies of Lust et al. (2010, 2011), the 15 years sample participated 
in the study of Beking et al. (2018).

HORMONE ASSESSMENT IN AMNIOTIC FLUID AND SALIVA

For the participants in the current study, amniotic fluid samples were collected between week 
15.3 and 18.2 of pregnancy (M=16.4 weeks, SD=.48). Prenatal testosterone (pT) was determined 
in amniotic fluid according to Van de Beek (2004). Briefly, radio-immunoassay was used after 
extraction with diethylether. Interassay coefficient of variation was 8.8% at a testosterone level of 
0.75 nmol/L and 9.4% at a level of 2.55 nmol/L. Total estradiol (E) and progesterone in amniotic 
fluid were determined using Axsym (Abbott, IL). Interassay variation was 5.1% at 1060 pmol/L for 
estradiol and 5.0% at 18 nmol/L for progesterone. 

Saliva was collected from the 15y old participants (see Beking et al., 2018). Participants produced 4 
ml of saliva by passive drooling through a polypropylene straw collected in a salivette (Sarstedt, REF 
51.1534, neutral). Testosterone in saliva was analyzed by isotope dilution liquid chromatography 
tandem mass spectrometry (LC-MS/MS). Imprecision at 0.13 nmol/L was 3.1% (repeatedly 
measured at 14 days). Lower limit of quantification for testosterone was 0.01 nmol/L. Twenty out 
of 30 girls had pubertal testosterone levels below the lower limit of quantification. Testosterone 
levels of the males were within the range of the reference values from a sample of thirty 16-60 year 
old males, as reported by Bui and colleagues (2013).

We did not include pubertal progesterone levels the analyses these were below the detection 
threshold of .01 nmol/L in 91% of participants. 

Estradiol was measured in the saliva samples by liquid chromatographic tandem mass spectrometric 
method (LC-MS/MS) using an AB Sciex 5500 triple-quadrupole mass spectrometer (AB Sciex, 
Toronto Canada) with ESI in negative ion mode. 17beta estradiol (E2) was obtained from Sigma–
Aldrich, and 17beta estradiol-d4 (d4-E2) from CDN Isotopes, Inc. All standards and internal 
standards were dissolved in methanol. Saliva was centrifuged prior to analysis. 500 uL of saliva (1mL 
if available) was extracted with 2.5 mL of 9:1 hexane-ethylacetate mixture 25 uL E2-d4 (10 ng/mL  
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in methanol (37 nmol/L)). After mixing for 3 min, samples were frozen and decanted with 
supernatant collection, dried, washed with 0.5 mL of 9:1 hexane-ethylacetate and dried again to 
be reconstituted in a final solution of 125uL methanol of which 100uL are injected. The liquid 
chromatography system for 2D-LC operation consisted of a Supelco Supelguard LC-8- DB (3.0 
mm × 20 mm) trapping column (Supelco, St. Louis, MO, USA) coupled to a second dimension on 
a reverse-phase C8 analytical column (Supelco LC-8-DB, 3.3 cm × 2.1 mm, 3 um particle size) as 
previously described (Fiers et al., 2012). Lower limit of quantification was 0.3 pg/mL (1.10 pmol/L). 
Thirteen boys and four girls had values below threshold; their pubE-values were set to .1 pmol/L. 
An intra-assay (n=7) coefficient of variation of 12.7% was observed at 0.5 pg/mL (1.47 pmol/L) 
and 2.3% at 13.7 pg/mL (50.3 pmol/L). The inter-assay CV at 2.9 pg/mL (10.7 pmol/L) was 8.3%.
Spiking experiments of saliva with 10 pg standard solution yielded good recoveries between 95% 
and 108 % (n=7). 

Prenatal and pubertal testosterone and estradiol levels differ in magnitude because they were 
assessed in different types of samples (amniotic fluid or saliva) and with a different technique 
(radioimmunoassay or LC-MS/MS). 

MEASUREMENT OF TOY PREFERENCE AT 13 MONTHS, 2.5 YEARS AND 6.5 YEARS 

Toy preferences were measured following the procedure of Van de Beek et al. (2009). Parent and 
child were welcomed in a quiet room to which they accustomed for some time. The test assistant 
then arranged a semicircle of 9 different toys on the floor: 3 were typically attractive to females (tea 
set, soft doll in cradle, doll with beauty set), 3 were typically attractive to boys (trailer with 4 cars, 
garbage truck, set of technical tools such as a hammer) and 3 were neutral toys (dog, wooden puzzle, 
stacking pole with rings). The toys were arranged in a fixed order from left to right: tea set, dog, 
trailer, doll in cradle, rings, garbage truck, doll with beauty set, puzzle, tools.

For the six year old children some items were replaced to match their interest: the dog was replaced 
by a colouring book with crayons; the stacking pole with rings by a picture viewer; the wooden 
puzzle by a deck of cards. In six cases the truck was replaced by two transformer figures, since the 
truck got lost. The toys were previously classified by parents and non-parents as being masculine, 
feminine or neutral (Berenbaum & Snyder, 1995; Servin et al., 1999).

The parent was asked to place the child on the floor in the center of the semicircle, and to take a seat 
in the corner of the room. Play behaviour was recorded on video for 7 minutes, starting from the first 
touch of a toy. If the play was interrupted for more than 30s, e.g. due to crying or seeking comfort 
of the parent, the time off play was added to the recording time. This way nearly all recordings 
covered 7 minutes of play time. The parent was instructed to let the child play on its own, and only 
give neutral verbal reactions if the child asked for attention, avoid naming the objects or guide the 
child in its actions.

Video observers recorded the time the child started and stopped playing with a specific toy, defined 
as the period from first to last touch. Play included looking at, pointing at, and crawling behind the 
moving toy. If the child played with several toys simultaneously, contact time was measured for each 
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toy separately. For each toy category (masculine, feminine, neutral) the total contact time over the 
effective observation period of 7 minutes was determined and expressed as a percentage. Gender-
typed toy preference = %boytoy / (%boytoy + %girltoy), with %boytoy being the relative duration 
of play with masculine toys (relative to total play duration with any toy) and %girltoy the relative 
duration of play with feminine toys. The individual interest in gender-typical toys was calculated as 
100% - %neutraltoy, with %neutraltoy being the relative duration of play with neutral toys.

At 13 months of age, two boys were excluded from the analyses, one playing less than 10% of the 
time and one playing with too many toys at the same time (Van de Beek, 2009). At 2.5 years of age, 
the data of one girl was lost due to technical problems. At 6 years, 3 boys and 1 girl were excluded 
because they played less than 50% of the playtime. Figure 1 shows the number of children included 
in the analyses at the 3 ages. 

Reliability of play duration from video observation

The videos were scored by trained observers who were blind to the hormone levels in amniotic 
fluid. At 13 months, Van de Beek and colleagues (2009) report high inter-rater reliability: Kendall’s 
tau correlations ranged from .95 to 1.00 for masculine play, from .94 to .99 for feminine play, and 
from .99 to 1.00 for neutral play. At 2.5 years, the inter-rater reliability was high as well; Kendall’s 
Tau correlation was 1.00 for masculine play, ranged from .89 to .93 for feminine play and was .99 
for neutral play. At 6 years, inter-rater agreement was 83% for each of the toy categories, based 
on 3 observers who independently scored 6 videos. Agreement between observers was defined as 
difference in contact time less than 4.2 s (1% of the 7 minutes effective observation time) per play 
action.

MEASUREMENT OF GENDER DEVELOPMENT AT 15 YEARS OF AGE

Measures of sexual orientation, gender identity, gender expression and gender role were derived 
using the questionnaires reported in Appendix A. 

SEXUAL ORIENTATION was derived from the responses to the three questions: a) having a 
boyfriend or girlfriend, b) sex of the person to fall in love with, and c) gender-related sexual fantasies. 
Each of the three questions contributed to the sexual orientation score with equal weight. This 
score was ordinal and scaled between 1 (oriented towards boys) and 2 (oriented towards girls).

GENDER IDENTITY, the experienced gender, was equal to the sex assigned at birth in all 
participants. Therefore, this measure will not be further analyzed.

GENDER EXPRESSION, is the self-rating of how boyish and how girlish one is, each indicated 
on a scale from 0 to 10. Participants marked their position on both scales. From this the score was 
derived as (boyish – girlish) with a range of -10 (very girlish) to +10 (very boyish).

GENDER ROLE, the assessment of gender related behaviour. This score is based on the sex ratio of 
friends and the ratio of female / (female + male) preferences from a set of eight gender- or neutral-
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typed activities, such as “I like rough activities”, “I like make-up”, “I like reading”, as marked on a 
scale from 0 to 100. The activities appropriate for children of about 15 years of age were selected 
from a translated version (Callens et al., 2016) of an activity list designed by Hines et al. (2003). 
The two ratios are equally weighted. Resulting scores ranges from 0 (preference for male not female 
activities) to 1 (preference for female not male activities). 

See Appendix A for the formulae used for scaling and how a single measure was derived for each.

STATISTICAL ANALYSES

Means and confidence intervals per sex and age were calculated for the masculine-feminine toy 
preference ratio (mf-ratio) and the percentage interest in gender-typed toys (100% minus percentage 
play duration neutral toys) (mf-interest). For further analyses the latter was square root transformed 
to obtain a normal distribution. 

For research question 1, a linear mixed model with repeated measures (age: 13m, 2.5y, 6.5y) was used 
with subject as a random factor, and age (ordinal), prenatal testosterone (pT), estradiol (pE) and 
progesterone (pP) as fixed factors (the latter three as covariates), including intercepts. The dependent 
variable was the gender-typed toy preference. Correlations between sex and prenatal hormones 
were low except for prenatal testosterone (Spearman r=.74, n=157); therefore separate analyses were 
performed for boys and girls. The model included the main effects and the three interactions of age 
and the three prenatal hormones. A backward procedure was used removing interactions and main 
factors with p>.1, provided these were not part of higher order significant interactions and only 
when the model fit improved according to Akaike’s information criterion (AIC). The residuals were 
normally distributed. Post-hoc analysis were performed in case of interactions.

For research question 2, we used ordinal regression analysis for sexual orientation and ANOVA’s 
for gender expression and gender role as the distribution of these two latter dependent variables 
approached a normal distribution. The data were analyzed per sex with a model with the 5 hormone 
variables (pT, pE, pP, pubT, pubE) and pT by pubT and pE by pubE interactions as covariates. 
Correlations between these hormones were below .43 in boys and below .34 in girls – low enough 
to avoid multicollinearity. We applied a backward procedure removing interactions and covariates 
with p>.1 provided these were not part of an interaction still in the model. Post-hoc, the robustness 
of the outcome was tested by excluding a single extreme pubE value. Additionally, because the range 
of the pubertal hormone levels is very different for testosterone and estradiol the analyses with a 
model that included both hormones may be less reliable. Therefore, we repeated the analyses per 
hormone, which we do not further report as this yielded identical results. 

For research question 3, ordinal regression analysis was used for sexual orientation to test the predictive 
value of gender-typed toy preference ratio, and ANOVA for gender expression and gender role per sex. 
Because a minority of subjects participated at all four ages, these analyses were run separately per age.
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RESULTS

DEVELOPMENT OF TOY PREFERENCES IN BOYS AND GIRLS

First, we present the data on the sex difference and the development of gender-specific toy preferences 
and interest in the first six years of life. From the confidence intervals (see Figure 2) it is clear that 
there is a sex difference for gender-typed toy preference, but not for gender-typical toys interest. 
Boys increasingly preferred masculine toys over feminine toys and lost their interest for feminine 
toys almost completely over time. Girls preferred girl-toys most at the younger ages, but at 6.5 years 
girls were more interested in the neutral toys. The sex-typed toy preference increases with age both 
in boys and hardly in girls (sex by age interaction F(2,102)=8.41, p<.001). Interest in gender-typed 
toys decreases at 6.5 years of age (Figure 2).

The distributions of sexual orientation, gender expression and gender role scores – all showing clear 
sex differences – are presented in Appendix B. 
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Figure 2   Development of gender-typed toy preference and interest in boys and girls. Left 
panel: masculine / (masculine +feminine) ratio. In boys, preference for masculine toys over 
feminine toys increased with age, whereas females show a slight preference for feminine toys. 
This sex difference was already present at 13 months of age. Right panel: Interest for gender-
typed toys does not differ between boys and girls at age 13 months and 2.5 years. At 6.5 years, 
girls seem to lose interest. Error bars indicate 95% confidence intervals.
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DO PRENATAL HORMONE LEVELS PREDICT TOY PREFERENCES?

In girls, the full model showed three significant predictors of gender-typed toy preference. These 
predictors remained significant in the final model: pE, age by pE, and age by pT (see Table 1). 
Prenatal progesterone was not a significant predictor. The age by pT interaction is depicted in Figure 
3. At 13 months and 2.5 years the explained variances are low (R²<.025); at 6.5 years the negative 
relation (R²=.15) indicates that at this age increasing prenatal testosterone is associated with more 
feminine toy preference. Figure 4 shows the age by pE interaction. Again, the R2 are low (<.045) at 
13 months and 2.5 years, whereas at 6.5 years of age the positive relation (R²=.17), indicates that 
increasing prenatal estradiol is associated with stronger masculine toy preference. Post-hoc analyses 
per age confirm that at the age of 6.5 years in girls both pT (t(24)=-2.16, p=.041) and pE (t(24)=3.11, 
p=.005) predict toy preference.

In boys, the initial model had no significant predictors. The final model had a marginal significant 
age by pE interaction (p=.092), with non-significant main effects of age and pE. Further backward 
removal of pE and the age by pE interaction led to a model with age as the single predictor of gender-
typed toy preference (p<.001) and the lowest AIC.

Table 1   Prediction of gender-typed toy preference from prenatal testosterone and estradiol 
levels in girls. Final model fixed effects after backward procedure are presented.

Girls       df       F    p

age 2,39.5 1,7 .194

prenatal testosterone (pT) 1,35.5 1,7 .199

prenatal estradiol (pE) 1,40.0 7,9 .008

age * pT 2,36.4 3,3 .047

age * pE 2,37.7 4,8 .014
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Figure 3  Effect of prenatal testosterone on toy preference by age in girls. Positive values 
reflect a masculine preference and negative values a feminine preference. Only for 6.5y-old 
girls, higher testosterone levels is associated with a shift of relative preference towards feminine 
toys (R²=.15).
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Figure 4  Effect of prenatal estradiol on toy preference by age in girls. Positive values reflect 
a masculine toy preference and negative values a feminine toy preference. For 6.5-year old 
girls, increased levels of estradiol are associated with a shift of relative preference towards 
masculine toys (R²=.17).
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DO PRENATAL AND PUBERTAL HORMONES PREDICT SEXUAL ORIENTATION, 
GENDER EXPRESSION AND GENDER ROLE AT 15 YEARS? 

Sexual orientation

Sexual orientation could not be analyzed in boys as they were all gynephylic (attracted to girls). 
Most girls were androphylic (attracted to boys), but five girls tended to have some sexual interest in 
their own sex. Ordinal regression analyses showed that none of the prenatal and pubertal hormones 
predicted sexual orientation in girls (all p>.45). 

Gender expression

In boys, the final model showed that the interaction of prenatal and pubertal estradiol predicted 
gender expression, see Table 2. 

Table 2   Prediction of gender expression from prenatal and pubertal testosterone and estradiol 
levels in boys. Final model after backward procedure.

Boys B  df F partial η2 p-value

Corrected Model 3,23 4.31 .360 .015

prenatal estradiol (pE) .003 1,26 3.05 .117 .094

pubertal estradiol (pubE)  21.60 1,26 5.99 .206 .022

pE * pubE -.023 1,26 9.01 .281 .006

To visualize this effect, we plotted the residuals of the model without the interaction against 
pubertal estradiol levels in saliva for split-half low and high pE subgroups (Figure 5). In the low pE 
group, higher pubE levels are associated with a more masculine gender expression (R²=.29), whereas 
in the high pE group, the gender expression tends to be less masculine with increasing pubertal 
estradiol. However, when the rightmost pubE value as a potential outlier is excluded (although it is a 
biologically valid data point within the normal range of female values), the model is not significant 
anymore.

Gender expression was not predicted by prenatal and pubertal hormones in girls.
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Figure 5  The interaction between prenatal and pubertal estradiol on gender expression in 
boys. Positive values reflect a masculine gender expression and negative values a feminine 
gender expression. The figure shows the relation between pubertal estradiol and gender 
expression for the low and the high prenatal estradiol subgroups (split-half).

Gender role 

Prenatal hormones did not predict gender role behaviour in boys (n=32, model p=.78, all hormones 
p>.40). In girls (n=30), pubertal estradiol was found to interact with prenatal estradiol affecting 
gender role (F(1,27)=5.69, p=.025, η²=.192) (see Table 3). This interaction is displayed in Figure 6 by 
means of subgroups of low and high pE split-half values. There is a positive relation between pubE 
and gender role score in the low pE subgroup (R²=.074) in girls, indicating a more female gender 
role. The interaction and main effects only slightly change when the highest pubE value (see Figure 
6) is excluded, but the model becomes less significant (p=.098, η²=.235).

Table 3  Gender role is predicted by prenatal and pubertal estradiol their interaction. Final 
model for girls after backward procedure.

Girls B  df F partial η2 p-value

Corrected Model 3,27 3.0 .272 .051

pE (prenatal estradiol) .00014 1,27 3.8 .137 .063

pubE (pubertal estradiol) .392 1,27 7.2 .230 .013

pE x pubE -.00032 1,27 5.7 .192 .025
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Figure 6  Relation between pubertal estradiol and gender role for low and high prenatal 
estradiol subgroups (split-half) in girls. Positive values reflect a feminine gender role and 
negative values a masculine gender role. In the low prenatal estradiol subgroup, higher 
pubertal estradiol levels are associated with a more feminine gender role.

DO EARLY GENDER-RELATED TOY PREFERENCES PREDICT SEXUAL 
ORIENTATION, GENDER EXPRESSION AND GENDER ROLE AT PUBERTY?

Again, sexual orientation in boys had too little variance to be analyzed. In girls there was no relation 
between early gender-typed toy preference and sexual orientation at puberty: p-values were .74, .17, 
and .096 respectively for the three ages of 13 months, 2.5 and 6.5 years. 

Early toy preference was not related to gender expression at puberty in boys (p-values per age 
respectively .17, .39 and .72) or girls (p-values per age respectively .49, .15 and .20).

There was also no relation between early toy preference and gender role at puberty in boys (p-values 
per age respectively .13, .46 and .62) or girls (p-values per age respectively .78, .72 and .34).

DISCUSSION 

The present longitudinal study shows clear sex differences in gender-specific toy preferences between 
1 and 6 years of age and in gender development at puberty. Measures that show sex differences are 
likely to be affected by sex hormones (Hines et al., 2002). We explored the relations between prenatal 
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sex hormones and gender-typed toy preference; between prenatal and pubertal sex hormones and 
gender development; and between gender-typed toy preference and gender development. The main 
findings are: 1) that in girls at 6.5years of age prenatal testosterone is positively associated with more 
feminine/less masculine toy preference, and prenatal estradiol is positively associated with stronger 
masculine/less feminine toy preference. No effects of prenatal hormones were found for boys, or 
at younger ages; 2) that prenatal and pubertal estradiol interact in predicting gender expression at 
puberty in boys: In the low pE group higher pubE levels are associated with a more masculine gender 
expression; 3) that prenatal and pubertal estradiol interact in predicting gender role at puberty in 
girls: in the low prenatal estradiol subgroup higher pubertal estradiol is related to a more feminine 
gender role; and 4) that gender-specific toy preference in early childhood does not predict gender 
development at the age of puberty. 

In the following sections we will discuss these results according to the three key questions posed in 
the introduction.

DO PRENATAL SEX HORMONES PREDICT GENDER-TYPED TOY PREFERENCE?

We found that prenatal testosterone and estradiol affect gender-typed toy preference at the age 
of 6.5 years in girls only, such that pT has a feminizing effect and pE has a masculinizing effect. 
Surprisingly, the effect of prenatal testosterone is opposite to the prevalent idea that testosterone 
affects the development of the brain in the masculine direction during sensitive periods in the 
second trimester of pregnancy or postnatally (see Hines, 2011; Lamminmäki, 2012). Therefore, 
most studies investigated the effects of only this specific hormone (e.g. Lamminmäki, 2012; Lust 
et al., 2010; Berenbaum & Beltz, 2016). Moreover, it is generally assumed that in humans estradiol 
plays a minor role in sexual differentiation, but some studies have suggested that sex hormones such 
as estradiol and progesterone may also affect brain development (Peper et al., 2009; Van de Beek et 
al., 2009). In our statistical analyses we explored which was the best fitting model when considering 
the three hormones and age as predictors, resulting in a model that showed that both prenatal 
testosterone and estradiol predict gender-typical toy preference in an age dependent way in girls 
only. This suggests independent effects of prenatal testosterone and estradiol in girls. Indeed, we 
tested this possibility in a post-hoc analysis which showed that a model that includes the interaction 
between pT and pE is not significant and does not provide a better fit to the data. 

What might explain the deviant outcome of our study? There are a number of differences between 
our study and previous studies. Firstly, we included several sex hormones in the model rather than 
testing single hormones. Secondly, rather than to analyze the effects on relative toy preference 
measure which is a better measure of gender-typical toy preference and which reduces the number 
of statistical tests. Thus, our outcome may be different from studies using separate measures for 
masculine and feminine toy preference and investigating a single hormone. We therefore checked 
this with a post-hoc analysis (ANOVA) of masculine toy preference and feminine toy preference pes 
sex, per age and per hormone (see Appendix C). Prenatal testosterone related positively to masculine 
toy preference (B=1.73; p=.056; η²=.083) in girls, but only at 2.5y of age. Prenatal estradiol related 
negatively to feminine toy preference in 2.5-year-old girls (B=-.003; p=.008; η²=.156), and positively 
to play with masculine toys in boys (B=.005; p=.028; η²=.156) and girls (B=.004; p=.018; η²=.185) at 
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the age of 6.5 years. Thus, the post-hoc analyses yield marginal masculinizing/defeminizing effects 
for pT in girls 2.5 years of age, defeminizing effects of pE in girls at 2.5 years of age, and masculinizing 
effects of pE in boys and girls at 6.5 years of age. Although firm support for a masculinizing role of 
pT is lacking, the post-hoc analysis does not contradict earlier studies and supports the validity of 
our longitudinal dataset. The outcome of our main analyses should therefore be taken seriously as 
it is based on longitudinal data, uses a solid measure of gender-typed toy preference, and tested the 
effects of several sex hormones in a single model.

With respect to prenatal progesterone, we did not find any relation with gender-typical play 
preference up to 6.5 years of age. This differs from the outcome of Van de Beek et al. (2009), who 
found that prenatal progesterone predicts masculine toy preference in 13m old boys (with parental 
education and number of older brothers as co-variates). However, van de Beek and colleagues used 
separate masculine and feminine toy preferences as dependent variables, whereas we used these 
variables combined into a single relative measure of gender-typed toy preference. Obviously, we were 
able to replicate their outcome when we analyzed the same group of 13-months-old children. In our 
post-hoc analysis (Appendix C), we do not find an effect of prenatal progesterone at 13 months, but 
do find one at 6.5 years: higher pP levels predict lower masculine toy preferences in boys (B=-.010; 
p=.026; η²=.155). The two studies agree in finding no relations between prenatal testosterone or 
estradiol with gender-typed toy preference at this early age. Van de Beek and colleagues suggested 
that their finding of an effect of prenatal progesterone might be a spurious finding. 

In our study the effects of prenatal testosterone and estradiol are restricted to girls 6.5 years of 
age. One other study (Hines et al., 2002) reported an effect in girls only: prenatal testosterone (i.e. 
in serum of pregnant women) was related to gender typical play in female offspring at 4.5 years. 
Other studies report that prenatal testosterone promotes male-typical play in boys and girls from 
6 to 10 years of age (Auyeung et al., 2009), but not in 4 to 5-year-olds (Knickmeyer et al., 2005). 
Apparently, although there is evidence of early sex differences in play preferences before the age of 
18 months (Van de Beek et al.; 2009; Lamminmäki et al., 2012), the influence of prenatal hormones 
on gender-typical play behaviour becomes significant from about the age of 6 years. The reason why 
we found an effect of testosterone in girls only might be explained by assuming that testosterone 
exposure, being higher in boys than girls, was above a certain threshold for masculinization in boys, 
or that socialization according to the expected gender (see Pasterski et al., 2005) has a much stronger 
influence in boys than girls. 

Another surprising outcome is the masculinizing effect of prenatal estradiol in girls, and the 
absence of pE effects in boys. Perhaps girls are more sensitive to estradiol than boys. Moreover, 
in non-human animal studies effects of testosterone on male typical behaviour can be mediated 
by aromatization of testosterone to estradiol in the brain (McCarthy & Arnold, 2011). Estrogens 
act on estrogen receptors to masculinize (enhance behaviours and functions typical of males) and 
defeminize (McCarthy & Arnold, 2011). Estradiol is assumed to have the lead in shaping female-
typical preferences that prepare for later gender specific behaviour. An explanation of the findings 
should not be in antagonistic effects of the two hormones, because post-hoc the interaction between 
pT and pE proved non-significant. Maybe if the pT level is low (subthreshold) as it is in girls, estrogen 
plays a dominant role with a masculinizing effect as a result. Why pT then has a further feminizing 
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effect we do not understand. In boys, we found no relations between prenatal hormones and toy 
preference despite the strong developmental increase towards nearly full masculine toy preference 
at the age of 6 years. This points at strong socializing and other environmental influences on gender 
typical toy preference in boys. Given the low explained variances of the age by hormone relations, 
this is likely to be true for the girls as well.

With respect to the first research question we may conclude that the effects of pT and pE and age 
and sex on gender-typical behaviour are complex (also see Berenbaum, 2018). The current findings 
question earlier interpretations of pT and pE having masculinizing and defeminizing effects on 
gender-typed play preferences as a proxy for gender development. As indicated earlier, the different 
results between studies may be due to different sample (extreme vs typical sex hormone exposure), 
or different instruments and measures for play-preference.

DO PRENATAL AND PUBERTAL SEX HORMONES PREDICT 
GENDER DEVELOPMENT AT PUBERTY?

We analyzed three aspects of gender development: sexual orientation, gender expression and gender 
role. We found no indication that sexual orientation relates to prenatal or pubertal hormone 
levels. However, in this group of typically developing children all but 1 boy and 84% of girls were 
completely oriented to the other sex, so the group is too homogeneous to explore the effect on sexual 
orientation. Future studies on this topic should therefore include participants with varied sexual 
orientation.

Gender expression was measured by asking how girlish or boyish one is. In girls, gender expression 
was not predicted by sex hormones. However, in boys, the interaction between prenatal and 
pubertal estradiol was found to predict gender expression: in the low pE group increase of pubertal 
estradiol was associated with more masculine/less feminine gender expression, whereas in the high 
pE group the gender expression tended to decrease with increasing pubertal estradiol. This implies 
that in boys the effect of pubertal estradiol depends on the prenatal estradiol level. However, as the 
interaction vanished by the removal of a single extreme (but biologically valid) pubertal estradiol 
value, this finding should be seen as preliminary and in need of replication. 

Gender role was predicted from the interaction between prenatal and pubertal estrogen in girls only. 
This implies that the effect of pubertal estradiol depends on the prenatal estradiol level: in the low 
prenatal estradiol subgroup higher pubE was related to more feminine gender role. This indicates 
an organizing effect of prenatal estradiol. Given an explained variance of 7.4%, the influence of 
estradiol seems rather limited. There were no effects of prenatal or pubertal testosterone on gender 
role in boys. This is consistent with the study of Hines and colleagues (2002), who report that 
prenatal testosterone related to gender role in 3.5-year-old girls, not boys.

It may be concluded that estrogen predicts gender role behaviour at puberty. Prenatal and pubertal 
testosterone and prenatal progesterone are not related to gender development at puberty.
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DO EARLY GENDER-TYPICAL TOY PREFERENCES 
PREDICT GENDER DEVELOPMENT?

No evidence was found that gender-typed play preference was predictive for gender development at 
puberty in our sample. This should not be interpreted that gender-typed play preference will not 
have predictive power in, for example, children with Gender Dysphoria. Steensma and colleagues 
(2013) followed up a large sample of 4-11 year old children assessed for gender variance, and 
reassessed for sexual orientation 24 years later. They found that childhood gender variance was 
associated with adult homosexual orientation. Golombok et al. (2012), selecting groups of children 
with extreme scores as well as randomly selected groups per sex, did find a relation between PSAI 
scores at the age of 3.5 years and the Multidimensional Gender Identity Scale scores at 13 years. Boys 
who were feminine at age 3 were less male typical than control boys at 13 years of age, and girls who 
had been masculine at age 3 were less feminine at age 13. They conclude that the degree of sex-typed 
behaviour shown by preschool children is a good indicator of their degree of sex-typed behaviour in 
puberty. Our analyses do not support this for a typical sample of children. 

FINAL DISCUSSION

Taking the results together, the findings suggest a causal role for estradiol in gender development, and 
to a lesser extent a role for prenatal testosterone and no role for prenatal progesterone. From animal 
studies we know that the organizational effects of testosterone in the prenatal or postnatal brain 
are often caused by estradiol being a major metabolite of testosterone. Estrogens masculinize and 
defeminize, and likely this may occur at different times and sites for males and females (McCarthy 
& Arnold, 2011). Our data show that in girls at 6.5 years of age estradiol has a masculinizing effect 
on toy preference, and at puberty a feminizing effect on gender role.

From a developmental perspective, our data show that prenatal sex hormones are unrelated to early 
preference for gender-typical toys, i.e. before the age of 6 years. Knickmeyer et al. (2005) did not 
find a relation between prenatal testosterone or estradiol and play preferences at 5 years. However, 
our study shows that at the age of 6.5 years, increased levels of prenatal estradiol are associated with 
stronger relative preference towards masculine toys in girls. At 15 years of age, prenatal and pubertal 
estradiol levels interacted to predict gender role in girls. Gender role and toy preference, both tapping 
preference for masculine or feminine activities, reflect gender typed behaviour. Apparently, both 
are sensitive to estradiol from 6 years onwards.

Prenatal testosterone predicted gender-specific toy preference in girls at 6.5 years of age but had 
no effect on gender development at puberty. Also, the pubertal testosterone level is not related to 
gender development. In a review of prenatal testosterone and gender-related behavior, Hines (2006, 
also see Hines et al., 2015, and Berenbaum & Beltz, 2016) concludes that in humans exposed to 
abnormal prenatal testosterone levels this affects childhood play behaviour, sexual orientation 
and gender identity - she writes: “For example, prenatal exposure to high levels of testosterone has 
a substantial influence on sex-typical play behaviour, including sex-typed toy preferences, whereas 
influences on core gender identity and sexual orientation are less dramatic.” - but that there is also 
some evidence that prenatal testosterone within the normal range contributes to the variation of 
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gender-related behaviour. This concerts globally with our findings, but we only found sex specific 
effects of prenatal testosterone for play behaviour in childhood (only in girls), and no effect on 
gender-typical behaviour in puberty. 

The effects that we found explain 5 to 30% of variance. We included sex hormones that were 
sampled during sensitive periods of the brain, i.e. prenatally between 14 and 18 weeks gestational 
age and puberty. There may however, be another sensitive period, postnatally from birth to 6 
month, in which sex hormone levels are heightened. Lamminmäki and colleagues (2012) reported 
that exposure to testosterone over the first half year is related to activities and toy preferences in 14 
month infants. It would be interesting to study how sex hormone exposure in these three periods 
predict or interact to predict gender development.

STRENGTHS AND LIMITATIONS

Strengths of the current study are the longitudinal data collected from before birth to puberty in a 
sample of typically developing children, and the combined analyses of several sex hormones assessed 
prenatally and at puberty. 

As for play preferences, the sex and age differences reported in our study (see Figure 2) are similar 
to those of Servin et al. (1999) and the meta-analysis of Todd et al. (2018): the time playing with 
masculine‐typed toys increased with age in boys, but this pattern was not found in girls. The 
robustness of this sex difference points at a biological predisposition and consistent environmental 
influences, including social stereotypies, as discussed in Todd et al. (2018). Given the rather small 
effect sizes of the prenatal hormones in the present study future studies might include both biological 
factors and social/environmental effects (see also McCarthy & Arnold, 2011). Recently, Berenbaum 
and Beltz (2016) discussed the importance of understanding the ways in which hormones act jointly 
with the social environment across time to produce varying trajectories of gender development.

Given the sample of typically developing children, it is no surprise that there was limited variation 
in gender development. Future studies would profit from enriching their sample with participants 
with Gender Dysphoria.

CONCLUSION

A recent review by Berenbaum (2018) concluded that the effects of early androgens on gender 
development are complex. Her review focusses on the masculinization effects in females with CAH. 
The present study tried to disentangle the effects of both prenatal and pubertal sex hormones on 
gender development over time in a typical developing sample. We show that the main effects in such 
a sample are small if any, and that prenatal hormones may interact with age (prenatal testosterone 
and prenatal estradiol) or with pubertal hormones (prenatal by pubertal estradiol). Estradiol seemed 
more related to gender development than testosterone. Gender development in boys was rather 
insensitive to sex hormones.
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APPENDIX A: QUESTIONNAIRES 

Gender related information was collected from the participants by means of an internet questionnaire 
to derive estimates of sexual orientation, gender identity, gender expression and gender role. This 
appendix clarifies which were the relevant questions and their scales, and how the gender related 
variables have been calculated from these. 

GENDER IDENTITY

Not everybody has the feeling being a man or a woman. Some people have a feeling to belong 
to the other sex or in between. What description fits you best?

1. I feel like being a man
2. I feel like being a woman
3. Sometimes I feel like a man, sometimes like a woman
4. I feel neither a man nor a woman
5. I don’t know 
 

As only answers 1 and 2 are present in the data, the data are identical to biological sex. 
>>  Gender identity is not further analyzed.

GENDER EXPRESSION

Q1 Please indicate on the scale how boyish you feel/find yourself. 

Not boyish Very boyish
0 1 2 3 4 5 6 7 8 9 10
|-----------------------------------------------------------------------------------------------------------------|

Q2 Please indicate on the scale how girlish you feel/find yourself. 

Not girlish Very girlish

0 1 2 3 4 5 6 7 8 9 10
|-----------------------------------------------------------------------------------------------------------------|

>>  Gender expression = score Q1 - score Q2
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GENDER ROLE BEHAVIOUR

[Questions 1 and 2 are adapted from Dutch version Activity Questionnaire  
(Callens et al., 2016; after Hines et al., 2003; adapted for teenagers by TB and BK]

Q1 My friends are:

1. Always boys
2. Usually boys
3. Boys and girls about equally
4. Usually girls
5. Always girls

Q2 Read each of the sentences below and indicate on the scale how you would describe yourself:

I like making-up my face
0 10 20 30 40 50 60 70 80 90        100
|--------------------------------------------------------------------------------------------------------------|  q1
I like sports
0 10 20 30 40 50 60 70 80 90        100
|--------------------------------------------------------------------------------------------------------------|  q2
I like to be outside
0 10 20 30 40 50 60 70 80 90        100
|--------------------------------------------------------------------------------------------------------------|       q3
I like rough activities (e.g. paintball) 
0 10 20 30 40 50 60 70 80 90        100
|--------------------------------------------------------------------------------------------------------------|       q4
I like reading 
0 10 20 30 40 50 60 70 80 90        100
|--------------------------------------------------------------------------------------------------------------|  q5

I like board games (e.g. monopoly)
0 10 20 30 40 50 60 70 80 90        100
|--------------------------------------------------------------------------------------------------------------|  q6

I like dressing fancy
0 10 20 30 40 50 60 70 80 90        100
|--------------------------------------------------------------------------------------------------------------|  q7

I like construction and repairs 
0 10 20 30 40 50 60 70 80 90        100
|--------------------------------------------------------------------------------------------------------------|  q8

>>  Gender role score = ((Q1-1)/4 + (q1+q7) /(q1+q7+q4+q8)) /2



Sex hormones & gender development

143

Note: q4 and q8 are typical male activities; q1 and q7 are typical female activities; the other q’s 
are considered neutral activities. The 2nd term in the formula is the ratio of female/(female+male) 
activity preferences.

SEXUAL PREFERENCE AND ACTIVITY

Q1 Do you have currently or had you in the past a boyfriend or a girlfriend?

1. yes, a boyfriend
2. yes, a girlfriend
3. yes, both
4. no, but I would like to have a boyfriend
5. no, but I would like to have a girlfriend
6. no, but I would like to have a boy or a girlfriend
0. no, no need for / not interested

Q2 Who do you fall in love with?

1. only boys
2. mostly boys
3. somewhat more often boys
4. equally boys and girls
5. somewhat more often girls
6. mostly girls
7. always girls
0. don’t know yet

Q3 Who is involved in your sexual phantasies?

1. only boys
2. mostly boys
3. somewhat more often boys
4. equally boys and girls
5. somewhat more often girls
6. mostly girls
7. always girls
0. don’t know yet

Recode Q1 onto scale 1-3:   1  1 ; 2  3 ; 3  2 ; 4  1; 5  3; 6  2; 0  missing
Recode Q2 and Q3:  0  missing

>> Sexual orientation = 1 + ((Q1-1)/2+(Q2-1)/6+(Q3-1)/6)/3 
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APPENDIX B - DISTRIBUTIONS OF SEXUAL ORIENTATION, 
GENDER EXPRESSION AND GENDER ROLE MEASURES

Figure B.1  Frequency distribution of 
sexual orientation for boys and girls.  
1 = sexually oriented towards males; 2 
= sexually oriented towards females.

Figure B.2  Frequency distribution of 
gender expression for boys and girls.  
-10 = complete feminine gender 
expression; 10 = complete 
masculine gender expression.

        

Fig. B.3  Frequency distribution of gender role for boys and girls.  
0 = complete masculine gender role; 1 = complete feminine gender role. 
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APPENDIX C - POST-HOC TESTS

1. single measures of play duration with boytoys and girltoys
2. single age (non-longitudinal data)
3. single hormone tested (usually prenatal testosterone)

Table C.1  ANOVA’s per sex per age per hormone; dependent variables: sqrt(% boy toy), sqrt(% girl toy)

% boy toy age hormone B t F (df) p partial η²
Boys 13m pT -.28 -.31 .10 (1,66) .76 .002

pE -.0003 -.25 .06 (1,66) .80 .001
pP .005 1.48 2.2 (1,66) .14 .033

2.5y pT -.093 -.10 .01 (1,51) .92 .000
pE -.0004 -.325 .10 (1,50) .75 .002
pP .001 .24 .06 (1,51) .81 .001

6.5y pT -.743 -.527 .28 (1,31) .60 .009
pE .005 2.31 5.3 (1,30) .028 .156
pP -.010 -2.34 5.5 (1,31) .026 .155

Girls 13m pT .15 .18 .03 (1,65) .86 .0005
pE -,0002 -.19 .04 (1,62) .85 .001
pP .003 .99 .98 (1,65) .33 .015

2.5y pT 1.73 1.97 3.9 (1,44) .056 .083
pE .002 .165 2.7 (1,42) .11 .063
pP .004 1.07 1.1 (1,44) .29 .026

6.5y pT -1.32 -.58 .34 (1,29) .57 .012
pE .004 2.52 6.4 (1,29) .018 .185
pP -.001 -.184 .03 (1,29) .86 .001

% girl toy age hormone B t F (df) p partial η²
Boys 13m pT .72 .84 .71 (1,66) .40 .011

pE .001 .61 .38 (1,66) .54 .006
pP -.003 -.99 .97 (1,66) .33 .015

2.5y pT .38 .35 .12 (1,51) .73 .002
pE -.0002 -.17 .03 (1,50) .87 .001
pP .003 .73 .53 (1,51) .47 .010

6.5y pT -1.15 -1.40 1.96 (1,31) .17 .061
pE -.002 -1.29 1.67 (1,30) .21 .054
pP .0003 .096 .01 (1,31) .92 .000

Girls 13m pT .018 .02 .00 (1,65) .98 .000
pE .001 1.07 1.14 (1,62) .29 .018
pP -.001 -.49 .24 (1,65) .63 .004

2.5y pT -1.26 -1.56 2.4 (1,44) .13 .054
pE -.003 -2.8 7.7 (1,42) .008 .156
pP -.001 -.34 .11 (1,44) .74 .003

6.5y pT -.94 -.40 .16 (1,29) .69 .006
pE -.001 -.50 .25 (1,29) .62 .009
pP -.003 -.50 .25 (1,29) .62 .009
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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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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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SAMENVATTING

De ontwikkeling van de hersenen wordt beïnvloed door geslachtshormonen zoals testosteron 
en oestradiol. Via het effect op de hersenen hebben deze hormonen ook invloed op ons gedrag. 
Dit maakt het onderzoek naar de invloed van geslachtshormonen op de ontwikkeling van de 
hersenen extra interessant. Een samenspel tussen genen, hormonen, ervaring en omgeving zorgt 
ervoor dat de hersenen van mannen en vrouwen zich verschillend kunnen ontwikkelen, dit wordt 
de seksuele differentiatie van de hersenen genoemd. Deze seksuele differentiatie vindt bij uitstek 
tijdens 2 belangrijke levensfasen (gevoelige perioden) plaats: vóór de geboorte (prenataal) en tijdens 
de puberteit. De invloed van testosteron en oestradiol op de ontwikkeling van hersenen en gedrag 
tijdens deze fasen staat daarom centraal in deze thesis. Dit veelomvattende thema heb ik onderzocht 
aan de hand van twee onderzoeksvragen:

VRAAG 1: 

Wat is de invloed van prenataal 

en puberteits testosteron en 

oestradiol op hersenlateralisatie?

De hersenen bestaan uit twee helften en de asymmetrische taakverdeling tussen beide hersenhelften 
wordt hersenlateralisatie genoemd. Bij de meeste mensen is de linker hersenhelft bijvoorbeeld 
dominant voor taal en de rechter hersenhelft voor ruimtelijke oriëntatie, alhoewel er ook veel 
verschillen tussen individuen zijn in sterkte en richting (links of rechts) van lateralisatie. Er is 
een klein maar consistent verschil in hersenlateralisatie tussen mannen en vrouwen, waardoor 
verondersteld wordt dat de ontwikkeling van lateralisatie onderdeel is van de seksuele differentiatie. 
Hier is al wel wat onderzoek naar gedaan, maar de rol van geslachtshormonen in de ontwikkeling 
van hersenlateralisatie is nog altijd onduidelijk.

Vroeger werd gedacht dat alleen mensen gelateraliseerde hersenen hebben, maar recentelijk is 
bekend geworden dat vrijwel alle gewervelde dieren – en zelfs sommige ongewervelde dieren zoals 
insecten – gelateraliseerde hersenen hebben. Dit heeft het onderzoek naar de invloed van hormonen 
op lateralisatie een enorme boost gegeven, omdat experimentele hormoonmanipulatie studies 
nu mogelijk werden. In HOOFDSTUK 2 geven we een overzicht van verschillende methoden 
die bestaan om de invloed van hormonen op hersenlateralisatie te onderzoeken in verschillende 
wetenschappelijke onderzoeksvelden, met verschillende technieken, tijdens verschillende fasen in de 
ontwikkeling en bij verschillende diersoorten (inclusief mensen). We bespreken dat het gebruik van 
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vergelijkbare onderzoeksmethoden bij alle diersoorten meer inzicht zal geven in de mechanismen 
achter de ontwikkeling van hersenlateralisatie. Met name in het onderzoek bij mensen is het van 
belang dat er meer langetermijn studies komen die prenatale hormonen in het vruchtwater meten 
en die daarnaast op een directe manier hersenactiviteit meten. Ook biedt hormoontherapie bij 
personen gediagnosticeerd met Genderdysforie (het diepe gevoel van onbehagen dat iemand 
ervaart als geboortegeslacht en genderidentiteit niet overeenkomen) de mogelijkheid om de invloed 
van hormoontoediening op hersenlateralisatie bij mensen te onderzoeken. Het interdisciplinaire 
onderzoek in these gebruikt deze twee methoden om de invloed van geslachtshormonen op 
hersenlateralisatie bij mensen te onderzoeken: geslachtshormonen in vruchtwater en puberteit 
(dataset 1) en hormoontoediening bij personen gediagnosticeerd met Genderdysforie (dataset 2).

De klassieke theorieën over de ontwikkeling van hersenlateralisatie gaan vooral over de invloed 
van testosteron in de prenatale gevoelige periode. Ondertussen is echter uit dierstudies bekend 
dat geslachtshormonen in de puberteit ook een grote invloed kunnen hebben op hersenen en 
gedrag, maar wetenschappelijke studies naar de invloed van testosteron op hersenlateralisatie in de 
puberteit zijn er niet. In HOOFDSTUK 3 presenteren we de eerste longitudinale studie waarin we 
kinderen van vóór de geboorte (vruchtwaterpunctie bij de moeders) tot in adolescentie volgden. 
Daardoor konden we zowel de invloed van prenataal als puberteits testosteron op hersenlateralisatie 
onderzoeken. Hersenlateralisatie werd gemeten met functionele Transcraniële Doppler (fTCD) 
sonografie terwijl de deelnemers computertaken voor taal, ruimtelijke oriëntatie en verwerking 
van emotionele gezichtsuitdrukkingen uitvoerden. Een opvallende uitkomst van dit onderzoek is 
dat testosteron inderdaad gerelateerd is aan hersenlateralisatie, maar alleen als zowel de prenatale 
als puberteits waarden in beschouwing werden genomen. Verder verschilden de effecten per taak. 
Voor de taken waarbij de rechterhersenhelft over het algemeen dominant was (ruimtelijke oriëntatie 
en verwerking van emotionele gezichtsuitdrukkingen) hing het effect van puberteits testosteron 
af van het prenatale testosteronniveau: puberteits testosteron versterkte asymmetrie (sterkte van 
hersenlateralisatie) bij de jongens met weinig testosteron vóór de geboorte, maar verzwakte deze 
asymmetrie juist bij de jongens met veel testosteron vóór de geboorte. Voor de links dominante 
taaltaak hing het effect niet af van de waarden vóór de geboorte, maar vonden we dat testosteron 
in de puberteit de asymmetrie in het algemeen verzwakt. Al deze effecten vonden we alleen voor 
jongens en niet voor meisjes. De conclusie van hoofdstuk 3 is dat zowel prenataal als puberteits 
testosteron hersenlateralisatie beïnvloedt, maar dat de effecten afhangen van de taak die wordt 
afgenomen en het geslacht van de deelnemer.

Er wordt aangenomen dat testosteron het belangrijkste geslachtshormoon is voor de seksuele 
differentiatie van de hersenen bij mensen, inclusief hersenlateralisatie. Effecten van oestradiol zijn 
in dit verband nauwelijks onderzocht terwijl uit dierstudies blijkt dat dit geslachtshormoon ook 
invloed kan hebben op de lateralisatie. In HOOFDSTUK 4 onderzocht ik de invloed van prenataal 
en puberteits oestradiol op hersenlateralisatie met dezelfde methoden en data als in hoofdstuk 
3, zodat directe vergelijking tussen de hoofdstukken mogelijk is. Samengevat zijn de uitkomsten 
van hoofdstuk 3 en 4 als volgt: 1) Testosteron beïnvoedt lateralisatie bij jongens en oestradiol 
beïnvloedt lateralisatie bij meisjes. 2) Prenatale geslachtshormonen moduleren het effect van 
puberteits geslachtshormonen op lateralisatie. Dit laat wederom zien dat de invloed van prenatale 
geslachtshormonen op lateralisatie onderzocht moet worden in samenhang met de hormoonwaardes 
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tijdens de puberteit. 3) De effecten van testosteron en oestradiol verschillen tussen de rechts en 
links gelateraliseerde taken. Deze uitkomsten moeten nog voorzichtig geïnterpreteerd worden, maar 
geven wel aan dat het belangrijk is dat toekomstig onderzoek zich richt op zowel de prenatale en 
puberteits periode als ook op testosteron en oestradiol.

In HOOFDSTUK 5 onderzochten we de invloed van testosterontherapie op hersenlateralisatie bij 
transjongens (vrouwelijk geslacht toegewezen bij geboorte, maar mannelijke genderidentiteit). We 
vergeleken het effect van testosteron toediening bij de transjongens met dat van natuurlijk circulerend 
testosteron bij controlegroepen van jongens en meisjes zonder Genderdysforie. Lateralisatie van een 
specifiek hersengebied, de amygdala, werd onderzocht. Dit gebied is betrokken bij emotieverwerking 
en interessant omdat in eerder onderzoek verschillen in amygdala lateralisatie werden gevonden 
tussen mannen en vrouwen. Bovendien is bekend dat testosteron de anatomie en de functie van 
de amygdala beïnvloedt. Lateralisatie in de amygdala werd gemeten met functionele Magnetische 
Resonantie Imaging (fMRI) tijdens het matchen van emotionele gezichtsuitdrukkingen. De 
belangrijkste uitkomst is dat bij transjongens zoals verwacht de rechter amygdala in verhouding 
actiever is dan de linker amygdala na testosterontoediening en dat bij de controle jongens hogere 
niveaus van natuurlijk testosteron gepaard gaan met een dominantere rechter amygdala. Deze relatie 
tussen de daadwerkelijke testosteronwaarden en amygdalalateralisatie vonden we echter niet voor de 
transjongens en controle meisjes. Dit zou kunnen komen door de gebruikte methoden, maar ook 
door biologische verschillen tussen jongens en meisjes. 

VRAAG 2: 

Wat is de invloed van prenatale 

en puberteits geslachtshormonen 

op de genderontwikkeling van 

geboorte tot puberteit?

In het tweede gedeelte van de these verschuift de focus van de hersenen naar het gedrag. Al vroeg 
in de kindertijd onstaan sekseverschillen in gedrag, zoals bijvoorbeeld duidelijk naar voren komt in 
spelgedrag en speelgoedkeuze. In de adolescentie onstaan duidelijke verschillen in genderidentiteit, 
genderrolgedrag en seksuele oriëntatie. In HOOFDSTUK 6 hadden we de unieke mogelijkheid om 
de invloed van prenatale en puberteits geslachtshormonen op deze genderontwikkeling vanaf de 
kindertijd tot aan de puberteit te onderzoeken met een longitudinale studie (dezelfde proefpersonen 
als in hoofdstuk 3 en 4). We onderzochten zowel de invloed van testosteron als van oestradiol en 
progesteron. Bij de jongens zagen we dat de voorkeur voor jongensspeelgoed in de jeugd steeds 
sterker werd naarmate ze ouder werden, maar we vonden geen verband met prenatale hormonen. Bij 
de meisjes vonden we – verrassend – een positief verband tussen prenataal testosteron en voorkeur 
voor meisjesspeelgoed en tussen prenataal oestradiol en voorkeur voor jongensspeelgoed op 6,5 
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jarige leeftijd. Progesteron leek hierin geen rol te spelen. In de puberteit vonden we een interactie-
effect tussen prenataal en puberteits oestradiol op genderexpressie bij jongens en genderrolgedrag 
bij meisjes. Namelijk, bij jongens met weinig prenataal oestradiol had puberteits oestradiol een 
masculiniserend effect op genderexpressie. Bij meisjes met weinig prenataal oestradiol had puberteits 
oestradiol juist een feminiserend effect op genderrolgedrag. Bij jongens met hoge prenatale oestradiol 
spiegels had puberteits oestradiol daarentegen een omgekeerd effect op genderexpressie en bij meisjes 
had het geen effect. Daarnaast vonden we geen verband tussen speelgoedkeuze in de jeugd en 
genderontwikkeling in adolescentie. Weer concluderen we dat de effecten van geslachtshormonen 
afhangen van de gebruikte taak, het geslacht en de leeftijd van de deelnemers.

In de DISCUSSIE voeg ik de uitkomsten van bovengenoemde onderzoeken samen in een 
overkoepelende discussie over de invloed van geslachtshormonen op de ontwikkeling van hersen-
lateralisatie en genderrolgedrag. Dit gaf aanleiding tot een aantal extra analyses. Op basis van 
de verschillende hoofdstukken over hersenlateralisatie wordt geconcludeerd dat jongens sterker 
gelateraliseerd zijn dan meisjes bij alle taken en dat de uitkomsten van beide technieken om 
lateralisatie te meten (fMRI en fTCD) vergelijkbaar zijn. Vervolgens classificeerden we de effecten 
van hormonen als “masculiniserend” of “feminiserend” om vergelijking tussen hersenenlateralisatie 
en gedragontwikkeling mogelijk te maken. Hier kwam uit dat er een aantal overeenkomsten zijn 
tussen de uitkomsten op deze nogal verschillende maten van seksuele differentiatie, wat resulteerde 
in de vraag: is er een verband tussen hersenlateralisatie en genderontwikkeling in adolescentie? Er 
blijkt inderdaad een verband te zijn tussen een vrouwelijker lateralisatiepatroon en vrouwelijkere 
genderexpressie bij jongens, en tussen een sterkere (“mannelijkere”) lateralisatie en mannelijkere 
genderexpressie bij meisjes. Ten slotte sluit ik de these af met 4 conclusies:

1. Geslachtshormonen beïnvloeden hersenlateralisatie en 
genderontwikkeling van de kindertijd tot adolescentie.

2. Zowel prenatale als puberteits geslachtshormonen moeten in acht genomen worden
3. Testosteron is niet het enige belangrijke hormoon in de seksuele 

differentiatie bij mensen, maar oestradiol speelt ook een rol.
4. Het effect van geslachtshormonen hangt af van het type hormoon, 

de fase, de taak en het geslacht van de deelnemer.

De precieze invloed van geslachtshormonen is complex en moeilijk te onderscheiden van de invloed 
van genetische en omgevingsfactoren, maar ik hoop met deze these te hebben aangetoond dat het 
bestuderen van hormonen in relatie tot hersen- en gedragsontwikkeling de moeite waard is en dat er 
vele interessante perspectieven zijn voor toekomstig onderzoek. 
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Beste, Ton en Reint, nu ik aan onze samenwerking van de afgelopen jaren terugdenk besef ik me 
dat de titel “Two sides to every story” niet alleen goed bij de inhoud van dit proefschrift past, 
maar ook perfect bij jullie rol als promotors. Jullie zijn een evenwichtig duo wat op een open en 
ontspannen manier samenwerkt. Onze afspraken duurden altijd langer dan gepland, met steeds 
weer waardevolle nieuwe ideeën, analyses en discussies. Tijdens die discussies zat ik soms met “twee 
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heb je heel erg goed gedaan. Bedankt dat je hebt gezorgd dat dit project mogelijk was en voor je hulp 
als het nodig was.

Saleh, jij bent mijn kamergenoot vanaf dag 1 en daar ben ik ontzettend blij mee: ik had me geen 
betere kamergenoot kunnen voorstellen. Jij was de constante in de drukke onderzoekswereld, die 
met een rustige positieve blik om zich heen kijkt en altijd (hulpv)aardig is. Ik ben ook heel erg trots 
dat ik deze tekst ondertussen in het Nederlands voor je kan opschrijven (maar natuurlijk zal ik je 
helpen met de vertaling als dat nodig is). 

Marah, jij bent het cadeautje wat anderhalf jaar geleden aan onze kamer werd toegevoegd en dit 
werkte perfect in de dynamiek. Bedankt voor je enthousiasme en eerlijkheid, the urban jungle en de 
vlechtpauzes...

Nele, we kennen elkaar al sinds ik mijn masterproject bij jou deed en ook al hebben we tijdens onze 
PhD’s geen dagelijks contact gehad, we kwamen steeds weer even bij elkaar en het voelde altijd als 
een creatief bio-psycho-lateralisatie team. Succes met de laatste loodjes!

Sanne, jij bent mijn bewijs dat gezelligheid en openheid tot de beste nieuwe ideeën en projecten 
kan leiden. Onze koffiepauze waren vaak onverwachts productief: tips voor cursussen, funding, 
analyses, congressen bijwonen én organiseren. We leerden elkaar tijdens een cursus kennen als twee 
lateralisatie-outsiders in het Heymansgebouw en het was fijn onze PhD parallel te doorlopen op 
verschillende verdiepingen. 

Tessa, bedankt voor de gezellige kamerbezoekjes, de psychologische coaching en je hulp als paranimf!
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Sarah, bedankt voor het delen van jouw interessante data en je hulp op afstand. Jij hebt een belangrijk 
deel van mijn PhD mogelijk gemaakt.

Nienke, ook jij bedankt voor je al hulp vanuit Amsterdam met het terugvinden en controleren van 
de data en voor je gezelligheid in Belgrado.

Bonnie, bedankt voor al je hulp met de meting van hormonen. We moesten vaker dan gedacht wéér 
in de labjassen naar de vriezer, wéér speeksel opnieuw centrifugeren en overgieten, en wéér hele 
lijsten afwerken, maar met jou vond ik dat altijd leuke dagen.

Jolanda, bedankt dat je altijd klaar stond om te helpen en als alles weer geregeld was met een 
geruststellende opmerking afsloot.

Jan-Bernard, het was een ontzettend drukke tijd voor ons beide en we hadden (zelfs voor 
wetenschappelijk onderzoek) onverwachts veel hordes te nemen, maar het is gelukt! Hoofdstuk 4 is 
er dankzij onze samenwerking.

Laurine, in het begin van mijn PhD deed je een masterproject bij mij en zijn we een jaar lang samen 
door heel Nederland naar alle proefpersonen gereden. Ik vond het gezellig en fijn dat je er was om 
me te helpen met de huisbezoeken en het autorijden.

Alle collega’s van neuropsychologie, gedragsbiologie en de genderkliniek, bedankt! Jullie zijn met 
te veel om op te noemen en omgekeerd heeft niet iedereen mij veel gezien omdat ik soms overal 
en nergens was, maar het was fijn jullie in de buurt te hebben voor een inspirerende omgeving, 
gezelligheid en support!

Alle proefpersonen en ouders, ik wil ook jullie van harte bedanken. Ik vond het ontzettend leuk om 
bij zoveel verschillende families thuis te komen en het onderzoek te mogen doen. Ik was verrast door 
het warme welkom wat ik overal kreeg en te zien hoe enthousiast jullie over onderzoek zijn. Mede 
dankzij jullie heb ik ook gerealiseerd hoe leuk ik het vind om wetenschap op een aansprekende en 
creatieve manier over te brengen. 

Ramon, bedankt voor je hulp met de vormgeving van de these en het verwerken van mijn illustraties. 
Dankzij jou is het nog veel mooier geworden dan ik had gehoopt!  Het was de perfecte combinatie 
van quality time met mijn neef in Armenië en samen creatief bezig zijn.

Papa, mama, Jill, jullie zorgen er altijd voor dat het goed met mij gaat! Pap, je bent de meest stressloze 
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het luchten van mijn hart en je laat mij relativeren en prioriteiten stellen. Jill, bedankt dat je altijd 
“het gaat jou toch wel weer lukken” zegt!

Finally, I would like to thank the reading committee, Prof. dr. McManus, Prof. dr. Aleman and 
Prof. dr. van der Zee, for their willingness to review this thesis. 



186

LIST OF CONFERENCES

The North Sea Laterality Meeting, Durham – England, 2014, poster presentation

Gender & Neuroscience Masterclass, Amsterdam – The Netherlands, 2014,  
oral presentation (invited)

Sex and Gender Conference, Los Angeles – USA, 2015, attendee

NVG Annual Meeting (Nederlandse Vereniging voor Gedragsbiologie), 
Soesterberg - The Netherlands, 2015, poster presentation

NVP Winter Conference (Nederlandse Vereniging voor Psychonomie), 
Egmond aan Zee - The Netherlands, 2015, oral presentation

The North Sea Laterality Meeting, Groningen – The Netherlands, 2016, oral presentation 

EPATH Conference (European Professional Association for  
Transgender Health), Belgrade – Serbia, 2017, 2 oral presentations

ICPS Conference (International Convention of Psychological Science),  
Vienna – Austria, 2017, oral presentation (accepted symposium submission)

Behaviour Conference, Lisbon – Portugal, 2017, oral presentation

Sex Hormones and the Brain Winterschool, Tübingen – Germany, 2018,  
oral presentation (invited)

Autism Research Center, Cambridge – England, 2018, oral presentation

The North Sea Laterality Meeting, Dundee – Scotland, 2018, oral presentation



187

LIST OF CO-AUTHORS

PROMOTORS & CO-PROMOTORS

Prof. dr. A.G.G. (Ton) Groothuis 
Groningen Institute for Evolutionary Life Sciences, University of Groningen, the Netherlands

Dr. R.H. (Reint) Geuze 
Department of Clinical & Developmental Neuropsychology, 
University of Groningen, the Netherlands

Dr. B.P.C. (Baudewijntje) Kreukels 
Center of Expertise on Gender Dysphoria, VU University 
Medical Center Amsterdam, the Netherlands

Dr. J. (Julie) Bakker 
GIGA Neurosciences, Liège University, Belgium

Dr. C. (Cornelieke) van de Beek 
Department of Obstetrics and Gynecology, Academic Medical Center Amsterdam, the Netherlands

Dr. S.M. (Sarah) Burke 
Brain & Development Research Centre, Leiden University, the Netherlands

Ir. H.J.R. (Martijn) van Faassen 
Department of Laboratory Medicine, University Medical Center Groningen, the Netherlands

Dr. T. (Tom) Fiers 
Department of Clinical Chemistry, Ghent University Hospital, Ghent, Belgium

Prof. dr. I.P. (Ido) Kema 
Department of Laboratory Medicine, University Medical Center Groningen, the Netherlands



188

LIST OF DATA

This overview of data collected during my PhD Project (see Introduction – Dataset 1, p. 17) might 
be useful for future projects. The prenatal data is collected by Cornelieke van de Beek (see van de 
Beek et al., 2004). The pubertal data is collected by Tess Beking when the participants were 15 years 
of age, see chapters 3, 4, 6 and 7 of this thesis.

PRENATAL DATA

Hormones

• Testosterone
• Estradiol
• Progesterone
• Androstenedione
• DHEAS
• SHBG

in:

• Amniotic fluid (14-18th week pregnancy)
• Maternal serum (2nd trimester)
• Maternal serum (3rd trimester)
• Umbilical cord serum

PUBERTAL DATA

• Hormones 
• Testosterone
• Estradiol
• Progesterone
• Androstenedione 

in:

• Saliva (2x on test day and 2x after the test day)



General 

• Sex
• Age
• Height
• Weight
• Number of brothers and sisters
• Musical instrument (what and how long) 
• Sports (currently and past)

Handedness

• Edinburgh handedness questionnaire
• Handedness of parents
• Online finger tapping task 
• Pegboard task

Lateralization (fTCD) and performance

• Mental rotation task
• Chimeric faces task
• Word generation task

Gender development & puberty

• Gender identity 
• Gender expression
• Gender role behaviour
• Sexual orientation & experience
• Girls: 1st menstruation 
• Boys: pubertal stage 

Empathy & Systemizing Quotient

• Short version of EQ & SQ questionnaires

Aggression

• Aggression questionnaire (self-developed) 
• Zelf-Analyse Vragenlijst (ZAV) (in general and relative to peers)
• Zelf-Analyse Vragenlijst (ZAV) for parents 
• Frequency swearing and fighting (actions and thoughts; towards family and others)
• House of cards manipulation task
• Mood before and after house of cards (self-developed and PANAS) 





"You can't connect the dots looking foward, you can only 
connect them looking backwards. So you have to trust that the 

dots will somehow connect in your future"  –Steve Jobs
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