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In this thesis, studies in women with CAIS are described that had as their the objective to a) 
investigate the factors involved in the sexual differentiation of human brain structure and 
function, and b) study the link between proposed retrospective markers of early androgen 
levels and effective androgen exposure. In this chapter, the main findings of these studies 
are discussed, limitations are addressed, and directions for future research are proposed.

8.1 BRAIN STRUCTURE AND FUNCTION IN WOMEN WITH CAIS

We have shown that several sexually differentiated aspects of brain structure and function 
are female-typical in women with CAIS, although there are also indications that some 
of these female-typical findings are part of larger, spatially distributed patterns of neural 
characteristics that, overall, are neither male- nor female-typical. Female-typical findings in 
women with CAIS with respect to brain function were observed in the left inferior parietal 
lobe during mental rotation performance (Chapter 2), and with respect to brain structure, 
in regional GM volume of an area comprising the right pre- and postcentral gyrus (Chapter 
4), and in WM microstructure throughout extensive WM regions, with the exception of AD-
related WM characteristics (Chapter 3). Whereas these findings are based on mass-univariate 
analyses of differences between groups, a multivariate method was also employed for the 
analysis of neuroimaging data. Findings from whole-brain MPR analyses showed that the 
overall, spatially distributed patterns of WM microstructure and GM volume in women with 
CAIS were not similar to the patterns observed in female or male controls (Chapter 4 and 5). 

With respect to the findings in regional GM volume and WM microstructure, it is important 
to focus on the differences between a mass-univariate versus an MPR analysis approach in 
more detail to understand why predominantly female-typical neural characteristics were 
found using mass-univariate analyses, whereas MPR analyses found patterns that were 
neither male- nor female-typical. When analyzing between-group differences using a mass-
univariate approach, differences are assessed at the voxel level. This introduces a significant 
bias towards the detection of differences that are spatially localized (Davatzikos 2004). In 
contrast, classification algorithms generated with MPR methods rely on distributed instead 
of focal information, using many voxels simultaneously to search for regularities in the data 
associated with the variable of interest, such as gender. Consequently, this multivariate ap-
proach can detect subtle, spatially distributed patterns in the data (Schrouff et al. 2013). The 
findings from these different approaches therefore do not contradict, but rather comple-
ment each other, and might indicate that localized female-typical neural characteristics 
in women with CAIS are part of spatially distributed patterns of these characteristics that, 
overall, are not predominantly similar to those of control men or women. 
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8.2 IMPLICATIONS OF NEUROIMAGING FINDINGS IN WOMEN WITH CAIS

Our neuroimaging findings in adult women with CAIS can be explained by several mecha-
nisms. These mechanisms provide information about specific factors that might be involved 
in the sexual differentiation of the brain in typical development (summarized in Fig. 1).

Findings in women with CAIS
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Figure 1 Implications of female- and male-typical findings in women with CAIS. The upper boxes summarize 
the factors that women with CAIS share with the group of reference. In the lower boxes, conclusions that can 
be drawn based on these shared factors are summarized. A = androgen, AR = androgen receptor, E = estrogen, 
HRT = hormone replacement therapy, CW = control women, CAIS = women with CAIS.

8.2.1 Female-typical neural characteristics in women with CAIS

Findings of female-typical spatial ability-related brain function (Chapter 2), regional GM 
volume (Chapter 4), and WM microstructure (Chapter 3) in women with CAIS described in 
this thesis, are complemented by a study demonstrating female-typical amygdala activation 
in response to viewing sexual images (Hamann et al. 2014). In general, neural development 
in the female direction in women with CAIS can be explained in three ways; by the absence 
of masculinizing androgen effects following activation of the AR, by feminizing estrogen 
effects, and by female-typical socialization. 

8.2.1.1 Masculinizing androgen effects mediated by the AR
Nonfunctional ARs, caused by genetic mutations in the AR gene, result in a lack of effective 
androgen exposure. Even though the production of testosterone in women with CAIS is 
within or above the male range when their gonads are in situ (Melo et al. 2003; Doehnert 
et al. 2015), these androgens have no direct influence on the target tissue, because they 
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cannot activate the AR. Consequently, if a sexually differentiated aspect of brain structure or 
function is feminine in women with CAIS, this might reflect an important role for masculin-
izing androgen effects by AR activation in the gender-typical development of these struc-
tures and functions. These proposed androgen effects may be organizational, activational, 
or both. Since control women produce low amounts of androgens and have functional ARs, 
there is a difference in androgen exposure between control women and women with CAIS. 
Therefore, in theory, the absence of masculinizing androgen effects through the AR might 
result in “ultra-feminine” characteristics in women with CAIS (see Fig. 1). These effects were 
not observed in the studies described in this thesis, although the methods we have used 
might not have had sufficient sensitivity to detect a difference between control women and 
women with CAIS reflecting differences in androgen exposure.

A majority of research on sexual differentiation of the brain and behavior in humans has 
focused on the role of androgens, with many studies concentrating on early organizational 
effects. For example, findings from studies in CAH, opposite-sex twins, and fetal testosterone 
levels measured in amniotic fluid have suggested that spatial abilities are influenced by early 
androgens (reviewed in Berenbaum and Beltz 2016). Although results from neuroimaging 
studies are less convincing, there are some findings supportive of androgen effects. For 
example, a study in boys with familial male precocious puberty (FMPP), characterized by 
early childhood androgen excess, has indicated a role for early androgens in GM develop-
ment (Mueller et al. 2011), and fetal testosterone levels have been related to GM volume 
in certain sexually differentiated brain regions in boys (8-11 years; (Lombardo et al. 2012). 
Studies of GM and WM in CAH have, however, demonstrated similar differences between 
both men and women with CAH and controls, suggesting that these differences are likely 
to reflect other disease-related factors, such as prenatal glucocorticoid deficiency, instead 
of, or in addition to, early androgen excess (Merke et al. 2003; Speiser 2013). During pu-
berty, increasing testosterone levels in boys have been linked to increases in WM volume 
(reviewed in Peper et al. 2011). Regarding activational androgen effects in adulthood, spatial 
abilities are thought to improve with increased testosterone levels in women and decreased 
testosterone levels in men (e.g., Aleman et al. 2004; Berenbaum et al. 2012). In addition, both 
positive and negative associations between brain structure and function, including MRT-
related brain function, and circulating testosterone levels in adulthood have been found 
(e.g., Schöning et al. 2007; Mendrek et al. 2011; Heany et al. 2015). Some of these associations 
were located in sexually differentiated brain regions, although it is important to note that 
inconsistencies in findings exist, and not all studies have reported these associations. 

In general, these studies do not allow to specify if potential androgen effects are the result 
of direct AR activation, or indirect ER activation by androgen-derived estrogens, as is the 
common prenatal masculinizing pathway in rodents. It is, however, assumed that in humans, 
masculinizing androgen effects are mediated by the AR based on male-typical psychosexual 
development in men with aromatase deficiency or estrogen insensitivity (Baum 2006) and 



150 Chapter 8

studies in non-human primates (Wallen 2005). Previously reported predominant female-
typical psychosexual characteristics in women with CAIS (Masica et al. 1971; Wisniewski et 
al. 2000; Hines et al. 2003; but see T’Sjoen et al. 2011; Brunner et al. 2016), also argue against 
a critical role of estrogenic masculinization in humans. In addition to these findings, the role 
of the AR in mediating adolescent androgen effects on human brain structure has been 
studied by the investigation of a functional polymorphism of the AR gene; a low number of 
CAG repeats is associated with stronger androgen signaling and vice versa (Hsiao et al. 1999; 
Irvine et al. 2000). Results have indicated AR-mediated effects of testosterone on relative GM 
and WM volumes (Paus et al. 2010), cortical thickness development (Raznahan et al. 2010), 
and WM growth (Perrin et al. 2008) during adolescence.

8.2.1.2 Feminizing estrogen effects
Women with CAIS are thought to have higher estrogen levels than men, because a) an-
drogens produced by the gonads can be aromatized into estrogens (but see Doehnert et 
al. 2015), and b) after gonadectomy, women with CAIS generally use estrogen hormone 
replacement therapy (HRT) from puberty onwards to induce puberty (in case of prepubertal 
gonadectomy) and to maintain their health. Therefore, sexually differentiated neural charac-
teristics in which women with CAIS resemble control women may reflect feminizing estro-
gen effects. Serum estradiol levels measured at the day of testing in our sample of women 
with CAIS were indeed higher than in control men and did not differ from control women 
(note that hormone levels were not obtained in the USA sample described in Chapter 4). 

Associations between adult estrogen levels and MRT-related neural activation (Schöning 
et al. 2007), and between adult and adolescent estrogen levels and brain structure, includ-
ing measures of GM and WM, have been described (e.g., reviewed in Peper et al. 2009; 
Catenaccio et al. 2016). Some of these findings are specifically related to areas of the brain 
that are sexually differentiated. Although it is difficult to summarize findings from these 
studies due to methodological differences, results seem to indicate that estrogens have the 
ability to exert effects on the brain during puberty and adulthood. These are likely transient, 
activational effects, but in puberty they might also have a role in brain organization (Sisk 
and Zehr 2005; Schulz et al. 2009). Whether there is an active, feminizing role for estrogens 
during early brain development in humans, as has been suggested in mice (Brock et al. 
2011), is currently unknown.

8.2.1.3 Socialization effects
One of the challenges in understanding the biological factors underlying human sexual 
differentiation is the fact that, from the moment of birth, a person’s social environment is 
gender-biased. Since women with CAIS are raised as girls, they share female-typical social-
ization with control women. Thus, female-typical findings in women with CAIS might reflect 
environmental influences related to gender-of-rearing.
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In general, experience can alter the brain throughout life (e.g., Maguire et al. 2006), and 
gender-typical experiences might have an influence on the gender differences found 
in brain structure and function. For instance, exposure to masculine toys and activities, 
such as playing action video games, might result in better performance on spatial tasks 
(Connor and Serbin 1977; Baenninger and Newcombe 1989; Feng et al. 2007). Although 
gender-typed toy and activity preferences are generally thought to result from both early 
androgen (Hines 2011) and socialization effects, a recent study has indicated that these 
effects might not be independent (Hines et al. 2016). In this study, girls with CAH showed 
reduced self-socialization of gendered behavior, i.e., were less susceptible to information 
about the appropriateness of toys and objects for girls, suggesting a role for early androgens 
in later self-socialization. Therefore, socialization effects on brain sexual differentiation might 
be related to early androgen effects.

8.2.2 Non-female-typical neural characteristics in women with CAIS

Whole-brain spatially distributed patterns of GM volume and WM microstructure did not 
appear female-typical in women with CAIS (Chapter 4 and 5). These neuroimaging studies 
in women with CAIS suggest a deviation from overall neural development in the female 
direction. Similarly, a behavioral study on spatial learning and memory found no significant 
differences between women with CAIS and control men and women, while effect sizes 
were suggestive of a more female-like performance on some, but not all variables assessed 
(Mueller et al. 2016). Even though these non-female-typical findings were not male-typical 
either, it is important to explore the mechanisms that could explain male-typical findings 
in women with CAIS for a correct interpretation of these outcomes. Only a combination of 
mechanisms related to male-typical findings and previously described factors related to 
female neural development in women with CAIS might explain neural characteristics that 
are neither male- nor female-typical.

8.2.2.1 Sex chromosome gene effects
Having an XY chromosome pair is an important factor that women with CAIS have in 
common with control men. Although hormone-independent effects of genes located on 
the sex chromosomes have long been overlooked as a factor of relevance in brain sexual 
differentiation, recent animal studies have provided evidence for a role of sex chromosome 
genes in addition to sex hormone effects (e.g., Arnold and Chen 2009; Cox et al. 2014; Corre 
et al. 2016). Sexual differentiation as a result of sex chromosome effects might reflect a) 
direct effects of genes on the Y chromosome, or b) effects related to having one versus 
two X chromosomes. For example, studies in rodents have demonstrated neural sex dif-
ferences related to differences in Sry expression in the brain (Dewing et al. 2006). In XX 
chromosome pairs, one of the two X chromosomes is silenced to prevent higher expression 
of X-linked genes in XX versus XY cells (Chang et al. 2006). This silencing is referred to as 
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X-inactivation and serves as a mechanism to reduce gender differences. However, the gene 
responsible for X-inactivation, Xist, is only expressed in XX cells and has now been suggested 
as a potential sex-differentiating gene (Arnold 2017). Approximately 10-15% of the X-linked 
genes escape X-inactivation (Carrel et al. 1999; Carrel and Willard 2005), of which some are 
located on the pseudoautosomal region (PAR), i.e., have Y-linked homologues, while others 
are located outside the PAR region (Disteche 2012). Higher expression of X-linked escapee 
genes located outside the PAR in XX versus XY cells may result in brain or behavioral gender 
differences. Maternal versus paternal imprinting of the X chromosome might also influence 
sexual differentiation, as it might cause differences in expression of X-linked genes between 
men and women (Babak et al. 2015).

These proposed mechanisms of direct sex chromosome gene effects have not been 
adequately studied in humans yet and, although animal studies have already provided 
valuable information, many questions remain. Based on a recent study using the FCG 
model in mice, demonstrating that brain structure was related to sex hormone actions in 
16, and sex hormone-independent sex chromosome effects in 11 brain regions (Corre et al. 
2016), it has been suggested that the contribution of the sex chromosomes might still be 
underestimated as a result of the large amount of studies on sex hormone effects (Arnold 
2017). Human studies on cognitive abilities and brain structure and function in SCAs such as 
TS and KS, have revealed a potential impact of factors related to sex chromosome comple-
ment on, for example, verbal and spatial abilities and GM volume (e.g., reviewed in Printzlau 
et al. 2017). However, these results are difficult to interpret, as they might also reflect sex 
hormone effects, because sex hormone levels are affected in most SCAs.

8.2.2.1 Masculinizing androgen effects not mediated by the AR
The production of high levels of androgens prior to gonadectomy presents a second fac-
tor that women with CAIS have in common with control men. Although these androgens 
cannot activate the AR in women with CAIS, they can have indirect effects that are not medi-
ated by the AR. In rodents, the main route for early androgen effects on male-typical brain 
organization is through aromatization into estrogens and subsequent activation of the ER 
(reviewed in Baum 1979). As explained in section 8.2.1.1, there are currently no indications 
for masculinizing androgen effects through the ER in humans, although direct evidence 
against it does not exist either. Therefore, if masculinizing actions mediated by the ER do 
play a role in humans, these effects would result in neural masculinization in women with 
CAIS. 

8.2.3 Conclusions on neuroimaging findings in women with CAIS

Our female-typical findings in women with CAIS with respect to localized brain activation 
related to spatial cognition (Chapter 2) and brain structure, namely regional GM volume 
(Chapter 4) and WM microstructure (Chapter 3), indicate that gender differences in these 
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neural characteristics reflect sex hormone effects and/or female-typical socialization. More 
specifically, these sex hormone effects might result from masculinizing androgen actions 
mediated by the AR and/or feminizing estrogen actions. Based on current findings, it is un-
clear when in life these hormone effects occur and whether their effects are organizational, 
activational, or both. Our findings also argue against a prominent role of sex chromosome 
genes and masculinizing androgen effects through the ER in sexual differentiation of these 
neural characteristics in reported brain regions.

The results from MPR analyses, showing that women with CAIS were not more likely to be 
classified as control women than as control men based on spatially distributed whole-brain 
patterns of GM volume and WM microstructure (Chapter 4 and 5), may suggest that these 
sex hormone and/or socialization effects do not dominate sexual differentiation throughout 
the entire brain. Instead, in sexually differentiated brain regions, or patterns of brain struc-
ture that are not female-typical in women with CAIS (at least with respect to GM volume 
and WM microstructure), other factors might also play a role in brain sexual differentiation; 
these may be direct effects of genes on the sex chromosomes and/or masculinizing an-
drogen actions not mediated by the AR. The relative influence of these factors throughout 
the brain cannot be inferred from the current findings. However, based on the absence of 
male-typical localized findings in women with CAIS in the studies performed to date, it can 
be speculated that there are no specific brain regions in which direct sex chromosome ef-
fects, or masculinizing androgen effects not mediated by the AR, have a pivotal influence on 
brain structure and function. Instead, it is more likely that multiple factors interact, or have 
additive effects throughout sexually differentiated brain regions that are not female-typical 
in women with CAIS. However, we cannot rule out the possibility that future studies on 
other sexually differentiated aspects of the brain, or in larger samples of women with CAIS, 
will find neural characteristics more similar to control men, since animal studies have shown 
brain regions with prominent sex hormone-independent effects of sex chromosome genes 
on sexual differentiation (Corre et al. 2016). 

Taken together, neuroimaging findings in women with CAIS suggest that brain sexual 
differentiation in humans is multifactorial and is likely to include a combination of sex 
hormone, sex chromosome, and socialization effects, with each one contributing in varying 
degrees throughout the brain. This conclusion is in line with the recently proposed general 
theory of sexual differentiation, which focuses on biological mechanisms, i.e. sex hormones 
and sex chromosomes, but also acknowledges a role for social environment and experience 
(Arnold 2017).
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8.3 POTENTIAL RETROSPECTIVE MARKERS OF EARLY ANDROGEN LEVELS

The timing of the proposed sex hormone effects is unknown and presents one of the limita-
tions of the neuroimaging studies in women with CAIS described in this thesis, since all 
studies were performed in adults (see section 8.4). Because retrospective markers of early 
androgen levels have the potential to provide additional information about the timing of 
effects in these studies, we assessed the validity of two proposed markers of early androgen 
levels, CEOAEs and 2D:4D ratios, by comparing these measures between women with 
CAIS and control men and women (Chapter 6). There were some indications for androgen 
effects on both measures; a tendency towards female-like right-ear CEOAE amplitudes 
and significant female-typical right-hand 2D:4D ratios in women with CAIS. However, the 
within-group variability in women with CAIS was not lower than in control groups, which 
would be expected if both measures would solely reflect effective androgen exposure. 
These findings can only be explained if other, non-androgen factors, also contribute to 
these measures obtained in adulthood. Therefore, using these measures as retrospective 
markers is not recommended, since they cannot be assumed to provide a reliable indication 
of early androgen levels. 

The digit ratio results presented in this thesis are a replication of a previous study of digit 
ratios in women with CAIS (Berenbaum et al. 2009). The authors of this previous study have 
also interpreted their findings as evidence against the validity of 2D:4D ratios as a marker of 
early androgen levels. Nonetheless, studies have continued to use digit ratios for this pur-
pose, while citing the study by Berenbaum et al. (2009) as affirmative. The usage of invalid 
markers of early androgen exposure might, unfortunately, result in spurious associations 
with the variables of interest.

The anogenital distance (AGD) might present a promising biomarker of early androgen 
levels. AGD is sexually differentiated at birth, and findings from both experimental animal 
studies and observational human studies are supportive of a link between AGD at birth 
and prenatal androgen exposure (reviewed in Thankamony et al. 2016), while the postnatal 
androgen surge in boys might also influence AGD development during the first months 
of life (Thankamony et al. 2009; Mitchell et al. 2015). In order to assess the validity of this 
measure as a marker of early androgen levels, future studies in humans are warranted to 
establish a direct link between AGD at birth and prenatal androgen exposure, and also to 
investigate to what extent AGD is affected by postnatal hormones, and how stable this 
measure is throughout life. 
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8.4 LIMITATIONS AND DIRECTIONS FOR FUTURE RESEARCH

The results from this thesis are of great importance in increasing our understanding of the 
mechanisms underlying brain sexual differentiation in humans, but should be interpreted in 
the light of several limitations and the need for further research. 

Even though the study design used in this thesis provided novel insights into the factors 
involved in brain sexual differentiation, and might have identified effects that could not 
have been determined previously, there are some limitations regarding the specificity of 
the results. First, we were unable to differentiate between the potential mechanisms of ac-
tion related to either male- or female-typical findings in women with CAIS (see Fig. 1). For 
example, the female-typical findings presented in this thesis are highly informative because 
they provide evidence against a direct prominent influence of genes on the sex chromo-
somes and masculinizing androgen actions that are not AR-mediated in sexual differentia-
tion of these specific neural characteristics in humans. However, further specification of the 
mechanisms that might explain these findings, i.e., androgenic masculinization through 
AR activation, estrogenic feminization, and/or socialization, is not possible based on the 
study design used in this thesis. Therefore, whether these neural characteristics are primarily 
under the influence of one, or a combination of two or more of these factors, remains to be 
determined. According to previous research, there might be a role for all three mechanisms, 
but this conclusion cannot be drawn based on the results from our studies in adult women 
with CAIS. Regarding the findings in women with CAIS that were neither male- nor female-
typical, conclusions were even less specific in terms of identifying the exact mechanisms of 
action. None of the potential gender-biasing factors, i.e., AR-mediated, or not AR-mediated 
androgenic masculinization, estrogenic feminization, sex chromosome gene effects, and/or 
socialization-related effects, could be ruled out in this situation. Related to this issue is the 
general challenge in human studies to separate biological from environmental influences, 
but, as discussed in section 8.2.1.3, these factors might not necessarily be independent of 
each other.

Second, the timing and permanence of the proposed sex hormone effects could not 
be determined using our study design. For example, major androgen effects may occur 
during the prenatal phase, early postnatal life, puberty, and adulthood. In addition, these 
effects can be permanent organizational, or transient activational. Since our subjects were 
all adults, and androgen insensitivity is present throughout life including the prenatal phase, 
we cannot draw any definite conclusions on when sexual differentiation of the brain occurs 
under the influence of androgens. This is also true for potential feminizing estrogen effects 
in women with CAIS, since they are thought to have higher estrogen levels than control 
men when their gonads are in situ and receive female levels of estrogens as hormone 
replacement after gonadectomy. 
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Future efforts should be aimed at overcoming these first two limitations in order to be 
able to further specify the mechanisms underlying sexual differentiation of the human brain. 
Several adaptations to the study design used in this thesis might enable this. First, when 
studying adult women with CAIS who have been gonadectomized, it would be interesting 
to test the effects of estrogen replacement by obtaining neuroimaging data both on and 
off HRT. This might provide a better understanding of potential feminizing activational ef-
fects of estrogens on the brain. One important aspect to consider is whether such a design 
would be ethically justified, as estrogen replacement in women with CAIS is necessary to 
maintain their health. Second, longitudinal studies in women with CAIS, starting before 
puberty, should be able to further identify the timing of purported hormone effects. Third, 
as discussed in section 8.3, identification of a valid retrospective biomarker of early andro-
gen exposure would enable the assessment of early androgen effects. This would be of 
great value for the research field focusing on brain and behavioral sexual differentiation as 
a whole, and also specifically for studies in women with CAIS as it would enable inferences 
regarding the influence of effective androgen exposure during early development. 

A third limitation of the studies in the present project is related to the functional sig-
nificance of the observed neural gender differences. It is challenging to draw conclusions 
about the functional implications of these findings with respect to specific behavioral and 
cognitive gender differences. Although with task-fMRI the association between neural 
activation and task performance can be assessed, the interpretation of, for instance, differ-
ences in regional GM volume in terms of behavior is not straightforward. While it might be 
tempting to draw conclusions based on the assumption that a structural gender difference 
in a brain region known to be involved in a certain cognitive ability is also functionally 
related to the behavioral gender difference, empirical testing is required to establish this 
link (e.g., McCarthy 2016; Tunç et al. 2016). Another important aspect to consider is that 
not all gender differences in brain structure and function necessarily result in behavioral 
gender differences. Men and women may have evolved different compensational strate-
gies to reach the same endpoint, such as a certain behavior, regardless of differences in 
gender-biasing mechanisms (De Vries 2004; Arnold 2014). One illustrative example is that, 
even though the brains of men and women differ in overall size, this does not result in 
a gender difference in intelligence. It has, therefore, been suggested that females use a 
compensational mechanism, i.e., use their smaller brains more effectively, to overcome this 
difference (Grabowska 2017). Neural activation related to mental rotation performance has 
also been suggested to reflect different strategies in men and women, even if groups were 
matched on task performance (Jordan et al. 2002).

Finally, a general methodological limitation is that interpretation of the factors involved 
in the sexual differentiation of the brain based on neuroimaging findings in women with 
CAIS is only possible if previously reported gender differences are replicated in the control 
groups. For example, in Chapter 5, not all neuroimaging modalities had sufficient predictive 
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value to discriminate control men from control women, therefore prohibiting interpreta-
tion of the data in women with CAIS. Increasing sample sizes might increase the power 
to detect gender differences. Related to this, increasing the sample of women with CAIS 
might increase the power to detect differences between women with CAIS and control 
groups. This would provide a further understanding and localization of brain structure and 
function under the influence of sex hormones, sex chromosome genes, and/or gender-
specific socialization. Since CAIS is a rare syndrome, large international research consortia 
and collaborations are required in order to achieve this.

CONCLUSION

Studies in women with CAIS provide the unique opportunity to investigate the mecha-
nisms underlying human sexual differentiation. This thesis, comprising several studies in 
women with CAIS, presents the first extensive investigation of the relative contribution of 
sex hormones and sex chromosome genes to the sexual differentiation of several aspects 
of human brain structure and function. Our neuroimaging findings suggest that gender 
differences in the human brain are the result of multiple factors, most likely a combination 
of sex hormone, sex chromosome, and socialization-related effects. In addition, it was found 
that the relative contribution of each factor might vary throughout the brain. To further 
investigate to what extent sex hormone exposure during the prenatal period contributes 
to brain sexual differentiation, valid retrospective markers of prenatal hormone levels are 
required. Our assessment of the 2D:4D ratio and CEOAEs in women with CAIS showed that 
these measures obtained in adulthood do not provide a sufficiently reliable indication of 
early androgen exposure to be used for this purpose, and future work is needed to validate 
other potential biomarkers. 
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