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Autism is a neurodevelopmental condition that is more frequently diagnosed in males 

than females. To explain this, in 2014, the prenatal sex steroid theory was proposed. This 

extended the fetal testosterone theory, published in 2004. The prenatal sex steroid theory 

proposes that exposure to higher levels of prenatal sex steroids (e.g., prenatal androgens 

and estrogens) that are on average higher in male fetuses are associated with higher 

likelihood for autism and elevated autistic traits.  This background literature is reported 

in Chapter 1. In this thesis, eight novel studies are reported that test and extend the 

prenatal sex steroid theory by investigating perinatal factors related to sex differences in 

physiology. Study 1 (described in Chapter 2) reports a case-control analysis of steroid 

levels in the amniotic fluid of males who were later diagnosed as autistic, linked with the 

Danish Biobank (n = 98 cases, n = 177 controls). This included univariate analyses of both 

prenatal androgens and estrogens, as well as the aromatisation ratio. All estrogens, but 

not testosterone, on average were elevated in autistic males. Study 2 (described in 

Chapter 3) reports a prospective cohort study (the Cambridge Ultrasound and Pregnancy 

[CUSP] study) of pregnant women and their infants in Cambridge (n=219), who were 

assessed for their autistic traits during pregnancy and late infancy. Steroid hormone 

levels were assessed in maternal serum. Estradiol levels correlated with both maternal 

autistic traits and the male infants’ autistic traits, but there was no correlation with 

female infants’ autistic traits. Study 3 (described in Chapter 4) reports a large prospective 

cohort study in Rotterdam (Generation-R) that studied the levels of placental function 

markers in maternal serum (n=3469), their sex differences in the general population, 

their association with both autistic traits in childhood (assessed using the Social 

Responsiveness Scale - SRS), and with likelihood for autism in males. Male-like patterns 

in placental angiogenic markers, high placental growth factor (PlGF) and low soluble fms-

like tyrosine kinase-1 (sFlt-1) levels, respectively correlated with higher autistic traits in 

females and an autism diagnosis in males. Chapter 5 describes Studies 4, 5, and 6, all 

based on a longitudinal cohort, the Cambridge Human Infant Longitudinal Development 

[CHILD] Study. This included prenatal (n=41) and postnatal (n=27) brain MRI imaging 
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and salivary testosterone measurements during mini-puberty. Study 4 found that both 

male and female infants experienced transient increases in testosterone postnatally (2 to 

6 months), but this did not correlate to their autistic traits at 18 months. Study 5 focused 

on total brain volume and surface area in infancy, as well as rate of brain growth 

perinatally, all of which correlated negatively with the infant’s autistic traits. Study 6 

found that this was driven by low volume in regions that show sex differences and are 

involved in face recognition. Chapter 6 describes two genetic studies, which found that 

autism-related genetic variance (rare and common variance respectively) overlaps with 

X-linked genes that show sex differences in the placenta (Study 7) and correlates with 

the genetics for early age of menarche (Study 8). Chapter 7 brings all of the findings from 

Studies 1 to 8 together to draw conclusions and consider limitations and future 

directions. Based on these analyses, I then propose a new theory on the role of the 

placenta in mediating sex differences in human perinatal development and autism. 
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Chapter 1  

Introduction 
 

 

1.1 Autism in the population 

Autism is a condition that is characterised by behavioural patterns that include 

challenges in social interactions and communication, as well as unusually restricted 

interests, and repetitive behaviours (RRBs). These two domains (social and non-social) 

represent the ‘core’ features of autism, as described in the Diagnostic and Statistical 

Manual of Mental Disorders - Version 5 (American Psychiatric Association 2013). In 

addition, the condition often presents with a combination of ‘associated’ features, such as 

resistance to change, social attention deficits, language delays, sensory hypersensitivity 

and co-occurring anxiety and depression (Croen et al. 2015).  

Since its first description as “childhood schizophrenia”, autism, as a behavioural 

construct, has shifted and changed definitions, reflecting societal attitudes, the need for 

disability advocacy and the availability of mental health provisions. In 1978, 75% of 

autistic people had co-occurring intellectual disability (ID) (Rutter 1978) whereas by 

2021 only 25% of autistic people have co-occurring ID. This reflects growing awareness 

of autism without ID, or what used to be called Asperger Syndrome, which was only 

introduced in DSM in 1994. Autistic traits have also been defined with a variety of 

psychometric tools, forming a wider autism spectrum of behaviour and cognition in the 

general population (Baron-Cohen et al. 2001). Whilst diagnosis of autism remains 

categorical, this spectrum had been proposed since 1988, in order to account for the 

heterogeneity in severity, behaviour and the ranging comorbidities that were observed 

in autistic people. After publication of the fifth edition of the DSM in 2013, all related 

diagnostic labels (‘Asperger’s syndrome’, ‘Pervasive Developmental Disorder’ etc.) were 

dropped in favour of the single umbrella term ‘autism spectrum disorder’. A clinical 

diagnosis of the condition is generally given under a liability-threshold approach, in cases 

where these traits accumulate and interfere with daily functioning and thus necessitate 

the provision of services that can support learning needs, disabilities and improve quality 

of life.  
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These changes have led to more people receiving a diagnosis, with prevalence increasing 

from 4 per 10,000 in the 1970s to 1 to 2% in most countries today (Stoltenberg et al. 

2010). Increased awareness of the condition and complex sociological factors may also 

be contributing to this increase (Madigan et al. 2019). The social advocacy movement for 

neurodiversity has also gained momentum worldwide, rightly arguing for the 

representation and inclusion of autistic people in every part of society including in the 

workplace (Baron-Cohen 2017). In addition, increased awareness of gender differences 

in autistic people’s behaviour, as well as a possible implicit gender bias in some of the of 

instruments used to detect and diagnose autism, has resulted in more diagnoses in girls 

and women (Hull et al. 2020). Addressing the latter has also led to a reduction in the sex 

ratio of clinical diagnoses, which dropped from 4:1 males to females in 1978, two decades 

ago, to an estimate of 2:1 (males to females) more recently (Loomes et al. 2017). 

The unifying of the previous diagnostic categories has also increased the phenotypic 

heterogeneity of the condition (Mottron and Bzdok 2020). While a diagnosis still requires 

a patient to exhibit both social challenges and RRBs, these may vary from person to 

person, but also depend on age, gender, socioeconomic background, and the co-

occurrence of intellectual disability. With regard to gender differences in particular, these 

appear to affect non-social behaviours and psychiatric comorbidities, rather than the 

severity of the social challenges (Kaat et al. 2021). For example, young autistic girls may 

not show restricted interests in vehicles or spinning objects, but rather fixate on specific 

colours and animals (e.g. horses). In adulthood, autistic women also appear to ‘mask’ 

many aspects of their condition in social scenarios, more often than autistic males (Hull 

et al. 2020). This appears to lead to greater severity of comorbid depression and anxiety 

in women compared to men (Lai et al. 2019). In addition to these behavioural variations, 

diagnostic criteria may also differ in each country. In the UK, the NICE guidelines specify 

that autistic traits on their own are not sufficient for a diagnosis, unless these infringe 

significantly on a person’s quality of life and learning potential (National Institute for 

Health and Care Excellence 2012). However, this link between an autism diagnosis and 

disability is now being challenged, with many advocating the inclusion of people without 

concurrent disabilities or learning difficulties, but who still feel that their ‘neurodiverse’ 

personality and behaviour set them apart to their peers (Baron-Cohen 2017). For this 

reason, the evaluation of autistic traits in the general population may be a better way to 
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study the condition. Several questionnaires have been validated to this extent and 

designed to be specific to developmental stages (e.g. infancy or adolescence), as well as 

to be as gender neutral as possible (Appendix 1). 

During the last two decades, there has also been more research into the physiological 

origins and developmental nature of the autism. There is now growing recognition that 

autism extends beyond brain and behaviour and includes a series of physiological 

cooccurring conditions, such as food intolerances or gastrointestinal pain in as many as 

70% of autistic people; much higher than epilepsy (at 15%) or attention deficit and 

hyperactivity (at 40%) (Holingue et al. 2018; Croen et al. 2015). In genetics, twin-

heritability studies, exome sequencing studies and recent genome-wide-association 

studies have all confirmed that most of the liability in autism can be attributed to genetic 

factors (Grove et al. 2019; Gaugler et al. 2014). This is also true for the wider spectrum of 

autistic traits in the undiagnosed population (Warrier et al. 2019). Larger genome-wide 

association studies (GWAS) are needed to better capture common genetic variance, but 

the findings on heritability are consistent with the earliest studies that reported both an 

overabundance of de novo copy-number variants (Sebat et al. 2007) and high 

monozygotic twin-pair concordance rates relative to dizygotic pairs (Le Couteur et al. 

1995). In short, autism is a genetic and neurodevelopmental condition that affects many 

aspects of development from conception onwards. 

Despite this large genetic component, it is also evident that autism affects males and 

females differently and with different frequencies. The sex ratio remains consistently 

skewed towards males, even after diagnosing more girls and women with autism and 

recognition of compensatory mechanisms, such as ‘camouflaging’ (Lai et al. 2020). 

Research is ongoing to understand this sex difference in liability. It remains unclear how 

a condition with a largely genetic aetiology, that is largely independent of the X-

chromosome, can affect more males than females (Werling and Geschwind 2015). The 

main framework for understanding this suggests that typical sex differences increase 

autism likelihood* in males more than females (Baron-Cohen et al. 2011). Simon Baron-

Cohen first reported that two dimensions of traits that are distributed differently in males 

and females, are also shifted towards male profiles in autistic individuals (Baron-Cohen 

2001 ; 2002). These dimensions are ‘empathising’ (E) and ‘systemising’ (S), referring 

respectively to the cognitive drives to identify and respond to people’s mental states (i.e., 
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‘theory of mind’), or to analyse and understand the workings or mechanics of rules-based 

systems (Baron-Cohen et al. 2003). 

Since then, the resulting “extreme male brain” (EMB) theory has received both praise and 

criticism. Critics argue that the EMB theory contributed to the stereotype that autism is 

exclusively a condition found in males. However, this is not in line with the focus that the 

theory placed in understanding autism in both sexes and particularly in autistic females. 

The theory in fact proposed that both autistic males and females are similar in showing a 

trend towards S>E (systemizing more than empathizing). Based on sex differences on 

average in undiagnosed individuals, this can be interpreted as a ‘male-like’ shift 

specifically in the distributions of E-S traits. Critics also erroneously claim that the EMB 

theory held back diagnosis of autism in females. Yet, in the two decades following the 

theory’s publication, diagnostic rates in females have increased steadily and more rapidly 

than in males, leading to a reduction in the sex ratio. The E-S/EMB theory has now been 

tested (Baron-Cohen et al. 2014) and replicated in a large population of both diagnosed 

(n = 36,000)  and undiagnosed males and females (n = 600,000), with findings in line with 

all 10 of the theory’s predictions (Greenberg et al. 2018).   

It remains unclear if the S>E profile can largely be attributed to physiological 

“masculinisation” processes (such as the effects of prenatal sex steroid hormones) or to 

postnatal social variables and how both of these variables may interact with other 

established autism likelihood factors (e.g., genetic predisposition, pregnancy factors). 

 

1.2 The fetal testosterone theory 

To shed light on these questions, the fetal testosterone theory was first proposed, which 

argued that factors that determine sex differentiation in early development (i.e. fetal 

testosterone) may also increase the likelihood for autism and related traits (Baron-Cohen 

et al. 2004). This hypothesis was formulated based on studies in both humans and non-

human animals. 

 

* In this thesis the term ‘likelihood’ is used, instead of ‘risk’, to avoid the implication that 

autism is a disorder without positive attributes or that it ought to be mitigated or prevented. 
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First, testosterone shapes brain development in utero, and Geschwind and Galaburda had 

previously proposed that prenatal testosterone may drive sex differences in 

neurodevelopmental disorders such as language delay, in brain lateralisation and 

handedness, and in spatial ability (Geschwind and Galaburda 1985). Second, use of 

amniocentesis in human pregnancies (to screen for chromosomal aneuploidies) allowed 

clinical researchers to confirm that male fetuses undergo a brief surge in amniotic 

testosterone levels, between the 1st and 2nd trimester of gestation (Welsh et al. 2014). 

This was attributed to the activation of the fetal testes, following their descent from the 

abdomen, and thought to facilitate the differentiation of the male urogenital tract. This 

time-point of gestation in which males on average are exposed to elevated androgens is 

called the ‘prenatal masculinisation window’ (PMW) and its disruption has been linked 

to medical conditions like hypospadias and cryptorchidism (Aaronson et al. 1997; 

Rodprasert et al. 2020). 

However, linking the effects of the PMW to neurodevelopment and behaviour in humans 

has proven to be less straightforward. In rodent models, paradigms involving removal of 

gonads and exogenous administrations of hormones uncovered a similar sex 

differentiation window, occurring immediately after birth. McCarthy et al have tied early 

steroid exposure to male-like traits, including mating behaviour, aggression and 

sociability (Margaret M McCarthy 2008). Interestingly, the main ‘masculinising’ agent in 

rodents is not testosterone, but rather estradiol that is aromatised from testosterone in 

the brain (Margaret M. McCarthy 2009). McCarthy’s group have also uncovered the 

paracrine and cellular properties of the sex differentiation system in rodents, showing 

that estradiol can regulate the rates of neuronal proliferation/apoptosis, in region-

specific ways, utilising the brain’s immune system, in the form of prostaglandins and glial 

cells (Hoffman et al. 2016; McCarthy and Wright 2017) 

Primates and humans rely on testosterone for ‘masculinising’ the brain and body, rather 

than its aromatised derivative, estradiol. This is made clear in humans born with rare 

genetic forms of complete androgen insensitivity, due to deleterious mutations in the 

androgen receptor (Hughes et al. 2012). Individuals with this condition are 

chromosomally male (XY), have typical or slightly elevated estradiol levels, feminised 

external genitalia, and undescended gonads, which are often only discovered in puberty, 

because of amenorrhoea. On the other hand, in even more rare cases of genetic aromatase 
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deficiency in XY-individuals, the external genitalia, sexual orientation and behaviour 

during childhood all appear to be typically male (Rochira and Carani 2009; Chen et al. 

2015). 

The first study to test the fetal testosterone theory was organised in Cambridge by Baron-

Cohen and his team. This was an ambitious longitudinal project, based on a prospective 

cohort of pregnant women who had underwent amniocentesis and agreed to follow-ups 

of their children for two decades or more. The participants were recruited when they 

consented to amniocentesis as part of their clinical care and gave permission for the 

remaining amniotic fluid to be stored and analysed for prenatal testosterone levels. All 

children were followed up at multiple time-points and their parent was asked to fill in a 

series of questionnaires about their child’s cognitive development and invited to attend 

appointments for in-person and cognitive performance assessments. Individuals later 

diagnosed as autistic were excluded from the analysis, as the sample size (approximately 

n = 600) did not have the statistical power for a case-control analysis. 

Instead, the project focused on linear models that regressed prenatal testosterone levels 

in amniotic fluid, in relation to the continuous, behavioural traits or psychometric scores 

of the children, as rated by their parents. These studies largely confirmed the initial 

hypothesis. Amniotic testosterone was positively associated with systemising, attention 

to detail and restricted interests in childhood and was negatively associated with 

empathising, eye-contact, vocabulary development and theory of mind (Knickmeyer et al. 

2005; 2006; Auyeung et al. 2006; Chapman et al. 2006). Amniotic testosterone levels 

were also associated positively with autistic traits, in both infancy and childhood, as 

measured by two separate psychometric tools that corresponded to each developmental 

time-point (Auyeung et al. 2009; 2012). Although participants did not overlap completely 

between the different studies, the cohorts were not completely independent either, so 

these studies cannot be considered independent replications of the same hypothesis. 

To address potential ascertainment bias stemming from amniocentesis, an independent 

cohort of children and adolescents with congenital adrenal hyperplasia (CAH) was 

recruited and assessed for their autistic traits. CAH is genetic condition that predisposes 

individuals to high levels of adrenal hormones that also include testosterone. Females 

with the condition often show virilisation and ambiguous genitalia, because of a fetal 

increase in their testosterone. The first study in this population reported a significant 
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result, showing that females with CAH had significantly higher autistic traits during 

adolescence via a one-tailed t-test analysis (Knickmeyer et al. 2006). 

Independent research groups have also attempted to replicate these findings on autistic 

traits. However, an independent study that included amniotic testosterone, as well as a 

population with CAH, utilised a different outcome measure of autistic traits, called the 

CAST (Childhood Autism Spectrum Test). No significant differences in autistic traits were 

found in children with CAH and no association of amniotic testosterone levels with CAST 

scores was found in multiple regression models, that controlled or stratified for sex 

(Kung, Spencer, et al. 2016). 

The same research group revisited the theory and attempted to approximate androgen 

exposure in a larger paediatric cohort in Cambridge, rather than assay for fetal 

testosterone directly. This approximation was based on measuring of the anogenital 

distance (AGD) by specialist paediatric nurses during early childhood (Kung et al. 2021). 

The AGD roughly corresponds to the length of the pelvic floor, between the anus and 

genitals, and is one of the most consistently sexually dimorphic biometric measurements 

immediately after birth, as well as during prenatal development (Aydin et al. 2019). As 

yet no evidence in humans has confirmed that AGD correlates to prenatal testosterone 

levels in both/either males or females, although some evidence for this exists in postnatal 

life and in animal models (Zhou et al. 2016; Hotchkiss et al. 2007; Sanchez-Ferrer et al. 

2017). In the study regarding autistic traits, the authors used the children’s version of the 

Autism Spectrum Quotient (AQ) as an outcome and reported no association with the 

children’s AGD. However, when the AQ was graded on a Likert scale (rather than a binary 

grade for each item), a significant association was noted in the combined cohort of both 

males and females, but this was not significant after controlling for sex. Once again no 

interaction term with sex was accounted for in their models (Kung et al. 2021). 

With amniocentesis being gradually phased out, in favour of non-invasive prenatal 

screening procedures, the potential to replicate the original studies is disappearing. 

Different kinds of clinical samples have been used but these may not capture the fetal 

circulation as closely as amniotic fluid. For example, a series of studies using cord blood 

have also reported mixed findings, in terms of a link between steroid hormones and later 

autistic traits. Simple linear regression models did not find a link in longitudinal cohorts 

sampled from the general population (Whitehouse et al. 2012; Jamnadass et al. 2015), or 
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in enriched cohorts of siblings of autistic children. However, a significant interaction was 

noted in the latter group, in cases where the autistic sibling was female (Park et al. 2017). 

Cord blood is collected after birth though and may be confounded by both the process of 

labour, as well as include a mixture of fetal and maternal serum. In addition, the period 

of sampling does not correspond to the PMW, so these studies may not be considered a 

direct test of the prenatal testosterone theory, which focuses on the prenatal 

masculinisation process. 

In sum, the evidence for the prenatal testosterone theory remains mixed. However, most 

studies and the formulation of the theory itself relied on a few particular assumptions: 

1. That testosterone alone is responsible for the sex differentiation of the brain 

prenatally. Testosterone is only one of the androgens that may act via the androgen 

receptor and change gene expression. Others include androstenedione and to a 

certain extent, DHEAS. Interestingly, the former has been found to be elevated 

postnatally in autistic adults (Ruta et al. 2011). In addition, sex differentiation need 

not rely solely on androgens or the downstream effects of steroid hormones, as sex 

chromosomes and growth rates may also contribute to these developmental 

differences. 

2. That a single measurement of the concertation of testosterone can convey 

information on cumulative exposure. However, the endocrine system during 

pregnancy is complex and multi-factorial (Makieva et al. 2014). Steroid 

concentrations can change rapidly within a few days, as evidenced by the PMW. 

Diurnal rhythms also add considerable variance within each day.  

3. That the hypothesised association of prenatal testosterone levels with autistic traits 

will be linear in nature and affect both males and females in the same way. Most of the 

studies above featured statistical models that controlled for any sex differences in 

linear models (with autistic traits as the outcome). But this statistical measure may 

miss significant differences in the way hormones affect the brains of males and 

females. In addition, particularly in males, testosterone may not lead to 

“masculinised” physiology in a linear way. In fact, the effects of testosterone are often 

characterised by ‘ceiling effects’, whereby a minimum concertation that is present in 

most males, is sufficient to create an effect, with further increases in concentration 

reaching a plateau in terms of outcomes (Breedlove 2010). 
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4. That any differences in steroid hormone exposure can be attributed to the PMW and 

are fetal in origin. Yet almost all steroid hormones increase during gestation, driven 

simultaneously by maternal, fetal and placental synthesis of steroids and their 

precursors, in both males and females (Makieva et al. 2014). 

5. That the genetic liability for autism and the fetal hormonal environment act additively 

to increase autism likelihood, rather than interact. The target genes of testosterone in 

developing neurons in vitro show a statistically significant enrichment for autism-

related genes (Quartier et al. 2018). But other studies have failed to find an 

enrichment for autism genes in the regulatory networks of steroid levels (Mitra et al. 

2016), indicating that genetics and steroid hormones may not be additive, but rather 

interact in more complex ways, in males and females, in their role on autism 

likelihood.  

6. That investigating the wide distribution of autistic traits in undiagnosed individuals 

would be informative for clinical autism itself. 

In order to address many of the assumptions above, Baron-Cohen’s group, decided to test 

the theory, for the first time, in amniotic fluid samples of autistic individuals (Baron-

Cohen et al. 2015). This was made possible in Denmark, where a national psychiatric 

registry and a national biobank are linked via unique patient identifiers. Thus, mothers 

consented to have their amniotic fluid samples prospectively linked to their child’s later 

autism diagnosis. These were matched to undiagnosed controls, corresponding to the 

same time period and matched for all relevant variables (birth order, gestational age, sex 

of fetus, maternal age, birth weight, APGAR score, etc). Furthermore, the assays were not 

restricted to testosterone alone, but included a series of steroid hormones that were 

adjacent on the Δ4 synthesis pathway (progesterone, 17 alpha hydroxyprogesterone, 

androstenedione, testosterone), as well as cortisol. As expected, steroid hormones 

correlated significantly with each other, for each individual. Unsupervised principal 

component analysis confirmed that a single ‘steroidogenic’ factor, derived from all 

assayed hormones, was elevated in males diagnosed with autism. A low number of 

females with autism prevented a sex-stratified analysis or the study of sex-by-diagnosis 

interactions. 

Since then, a series of other clinical studies of pregnancies that led to autism have 

confirmed that a series of prenatal steroids, rather than testosterone alone, are 
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associated with autism likelihood. A large study that collected the prenatal test results 

of n=2586 cases in California, found that low levels of estriol, as well as atypical levels of 

the human choriogonadotropin (both too low and too high) were associated with autism 

in the children (Windham et al. 2016). Human choriogonadotropin (hCG) is a placental-

derived hormone that induces steroid synthesis, similarly to GnRH. A subsequent case-

control comparison of estrogens in maternal serum reported higher levels of estradiol 

(Bilder et al. 2019) in pregnancies of autistic people. Finally, a novel study of steroid 

levels in the fetal meconium reported that a series of steroid hormones (including 

androgens like androstenedione) were elevated in the siblings of autistic children and 

that this correlated with their autistic traits in infancy (Terloyeva et al. 2020). This source 

tissue was considered to be more informative than cord blood, as meconium reflects 

cumulative exposure throughout gestation, rather than a brief moment in time. 

The findings from Danish Biobank and the ones that followed it, reinforce the original 

hypothesis of a prenatal steroid component for autism likelihood. However, they did not 

provide evidence for an interaction with fetal sex or conduct a univariate case-control 

comparison for testosterone in amniotic fluid. Moreover, the findings added complexity 

to the original hypothesis by implicating many different kinds of prenatal steroids, 

necessitating a wider clinical assessment of the endocrine system in autism. 

 

1.3 Autism and brain development 
 

Autism is neurodevelopmental condition that is diagnosed based on behavioural 

observations. Years of research have uncovered relative consistency in its behavioural 

and genetic architectures (Meng Chuan Lai et al. 2020a; Pinto et al. 2014). However, the 

condition is still lacking a common neurological phenotype or a biomarker that can easily 

be ascertained in a clinical setting and particularly during prenatal development. 

Enlarged total brain volume has been consistently observed in infants later diagnosed 

with autism (Courchesne, Carper, and Akshoomoff 2003; Courchesne et al. 2007). A 

landmark series of longitudinal studies by Hazlett and colleagues identified that this 

enlargement begins as early as 12 months of age (Heather Cody Hazlett et al. 2011; H C 

Hazlett et al. 2017). Prenatally, other studies have reported atypical prenatal head growth 
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trajectories after 22 weeks gestational age (GA) in children later diagnosed with autism 

(Abel et al. 2013; Bonnet-Brilhault et al. 2018). Early brain overgrowth is also consistent 

with post-mortem findings in autistic children and adolescents showing deficits in 

synaptic pruning (Tang et al. 2014).  

In terms of brain regions, increased amygdala volume (Schumann et al. 2010), prefrontal 

cortex volume (Courchesne et al. 2011) and a larger cerebellum (E. B. E. Becker and 

Stoodley 2013) have all been separately implicated in autism. The functional significance 

of these structural differences are unclear but many studies have attempted to study 

correlations to specific autistic traits, such as restricted interested and behaviours in 3-

year-old children (Pote et al. 2019). In brief, differences in cortical thickness between 

cases and controls are largely heritable and thought to reflect differences in synaptic 

efficiency, long-range connectivity and firing patterns (Panizzon et al. 2009). Indeed, 

there is genetic overlap between autism and the determinants of cortical thickness across 

the entire brain (Romero-Garcia et al. 2019). Similarly, differences in the volume of the 

amygdala could also account for associated features in autism, including social anxiety 

and sensory overload (S Baron-Cohen et al. 2000).  

Studies of brain structure have  also attempted to link specific regions to autistic traits 

and the effects of sex steroid hormones. The same longitudinal cohort which was used to 

study the ‘fetal testosterone’ theory in Cambridge, was also profiled with MRI in 

childhood and a correlation was found between amniotic testosterone levels and the 

volume of brain regions relating to theory of mind, such as the superior temporal sulcus. 

More recently, testosterone was shown to affect the development of human stem cell-

derived brain organoids, leading to overproliferation of excitatory neurons, over 

inhibitory neurons (Kelava et al. 2022).  

On the other hand, estradiol in animal models was reported to regulate GAD (the rate-

limiting enzyme in the formation of GABA), increasing its levels in the arcuate nucleus 

and inducing the stellation of neighbouring astrocytes (M. M. McCarthy et al. 1995; 

Blutstein et al. 2009; Mong, Nuñez, and McCarthy 2002). Similar observations have been 

made in rhesus macaque (Noriega et al. 2010) and in neurons of the human neonatal 

hypothalamus (Perrot-Sinal, Auger, and McCarthy 2003). 
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In brief, these lines of evidence would be consistent with various reports over the years 

of an imbalance between excitation and inhibition in autism, favouring the latter over the 

former, and potentially leading to symptoms such as epilepsy or sensory overload in 

autism (E. Lee, Lee, and Kim 2017). Other factors, such as cortical brain overgrowth and 

dysfunction of the amygdala have also been proposed as potential biomarkers for the 

condition. However, given the condition’s considerable behavioural and genetic 

heterogeneity, it is unlikely that a single, neurobiological cause will ever be identified. Yet 

the condition’s consistent sex ratio and likely prenatal onset both suggest that sex 

differences in the womb may be significant determinants of liability.  

 

1.4 Autism as a ‘steroidopathy’ 

Individual hormones and neurotransmitters have often been targeted as potential 

treatments of autism symptoms (e.g., melatonin for insomnia)(Rossignol and Frye 2014) 

or parsimonious ways to understand the underlying function of the autistic brain (e.g. 

serotonin, excitation/inhibition imbalance etc)(Muller et al. 2016; Lee et al. 2017). 

Bringing all these findings together has been challenging. Finding a common 

denominator of pathophysiology may be improbable, given the considerable phenotypic 

variance in the condition itself. Yet, the steroid hormone system and its regulation via the 

hypothalamus, may provide a framework to understand at least a subset of the symptoms 

associated with autism. For example, both melatonin and serotonin synthesis may be 

linked to steroids such as estradiol, via their interaction on the hypothalamus 

(Chowdhury et al. 2010) or genetic effects on enzymes such as monoamine oxidase and 

aromatase (Epperson et al. 2014; González et al. 2007). In addition, estradiol interacts 

with the GABAergic system to regulate the rates of neuronal inhibition at the synapse 

(Mukherjee et al. 2017). 

Consistently, studies show that steroid-related comorbidities symptoms are more 

common in autistic populations and particularly in autistic women. This has been found 

in at least two independent populations (the UK and Israel), via several self-report 

questionnaires (Pohl et al. 2014; Simantov et al. 2021). Autistic women reported a series 

of symptoms at higher frequencies than the general population, including irregular 

menstrual cycles, dysmenorrhea, atypical puberty onset and acne. Hyperandrogenic 
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symptoms also correlated to the autistic traits of the wider population, independently of 

age or BMI (Simantov et al. 2021). 

Besides self-report data, epidemiological studies have also revealed higher rates of 

polycystic ovary syndrome (PCOS) in women with autism (Cherskov et al. 2018). 

Interestingly, history of hirsutism and PCOS are also more frequent in mothers of children 

with autism. The latter finding has been replicated in very large studies and in different 

populations (Sweden, the UK, Finland and Israel), as well as in a meta-analysis (Cherskov 

et al. 2018; Kosidou et al. 2016; Berni et al. 2018; Chen et al. 2020; Katsigianni et al. 2019). 

This link was independent of other metabolic symptoms associated with PCOS or familial 

likelihood of autism, but in one of the studies an interaction with the sex of the child was 

noted, with girls showing higher ORs than boys, in the presence of equivalent symptoms 

in the mother (Cesta et al. 2016; 2020). 

Steroid regulation is not the only endocrine system to be affected in autistic individuals. 

Most epidemiological studies report an overabundance of metabolic comorbidities, often 

secondary to obesity and a sedentary lifestyle (Croen et al. 2015). Less is known for adult 

long-term health and for the causes of elevated mortality, that are sadly seen in this 

population (Hirvikoski et al. 2016). Social and psychogenic causes (e.g., elevated anxiety 

or reduced access to medical assistance) are difficult to disentangle from an underlying 

endocrine pathology. But these clinical findings are consistent enough to warrant further 

attention.  

Several studies have implicated genetic variance relating to steroid regulation. For 

example, aromatase and the estradiol receptor (ER-β) are both down-regulated in the 

post-mortem brains of autistic individuals (Crider et al. 2014). Polymorphisms in the ER-

β were significantly associated with AQ (Autism-Spectrum Quotient) scores in a 

candidate gene study (Chakrabarti et al. 2009). In addition, RORa, a transcriptional 

activator of aromatase, is under-expressed in both lymphoblastoid lines, as well as post-

mortem samples of autistic people (Sarachana and Hu 2013). As mentioned before, the 

target genes of testosterone in developing neurons in vitro also shows a statistically 

significant enrichment for autism-related genes (Quartier et al. 2018). Moreover, a study 

that created polygenic risk scores (PRS) for markers of physical sex differentiation (e.g., 

facial masculinity), as well as PRS for hormone levels, found that these correlated to the 

PRS for reduced social functioning in a large cohort of autistic and non-autistic 
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individuals (the SPARK, n>9400)(McKenna et al. 2021). Finally, a high-throughput 

functional analysis of all implicated molecules in autism revealed that both aromatase 

and the estrogen receptor (but not androgens) represented two important nodes in the 

molecular networks identified by the analysis (Diaz-Beltran et al. 2017).  

In accordance with findings implicating steroid hormones, exposure to endocrine-

disrupting chemicals has also been implicated to adverse neurodevelopmental outcomes. 

These include environmental pollutants, such as very fine pesticide-related particles (R. 

Raz et al. 2015; Pagalan et al. 2019), as well as more complex compounds  that disrupt 

steroid pathways (Long et al. 2019). However, more recent meta-analysis for the latter 

remains inconclusive, when assaying the levels of these chemicals in maternal serum 

(Hamra et al. 2019).  

Although only one study has directly implicated fetal cortisol levels in autism (Baron-

Cohen et al. 2015), many other studies of the prenatal environment also indicate that 

stress and/or inflammation may play an important part. A couple of studies have 

reported elevated rates of infection in pregnancies of children that developed autism 

(Zerbo et al. 2015; Al-Haddad et al. 2019). Autism rates were also found to be higher in 

cases of significant maternal stressors (Beversdorf et al. 2005), including recent 

experience of hurricanes (Kinney et al. 2008), a history of childhood trauma or domestic 

abuse, even after controlling for other perinatal complications (Roberts et al. 2013; 

2016). An interaction effect between reported maternal stress and the genotype of the 

serotonin transporter gene in the mothers has also been indicated by a recent candidate-

gene study (Hecht et al. 2016). Interestingly the clinical severity of maternal nausea and 

vomiting during pregnancy also correlate to the child’s autistic traits (Whitehouse et al. 

2018).  

The role of the prenatal environment and associated hormonal factors is further 

strengthened by the interesting finding that autism occurrence is seasonal, with higher 

rates in pregnancies conceived in the winter, rather than in the summer, in a large 

epidemiological study in Scotland (Mackay et al. 2016). The authors speculated that 

vitamin D could be mediating these seasonal patterns. Consistently with this, low vitamin 

D levels, in cord blood and neonatal blood spots, have also been implicated in separate 

studies in the Netherlands and in Sweden (Vinkhuyzen et al. 2018; Lee  et al. 2018). 

Vitamin D is a steroid hormone with placental as well as estrogenic effects, as it has been 
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shown to be partly synthesised by the placenta and act via the estrogen receptor in 

various tissues (Shin et al. 2010; Lisse et al. 2011). 

Prenatally, the regulation of steroidogenesis is a more complex phenomenon compared 

to postnatal life, as it involves several steroidogenic sources that act together through a 

series of barriers-links to remodel endocrine homeostasis during pregnancy (Figure 1.1).  

 

Figure 1.1: The sex-steroid system during pregnancy 

These include the maternal and fetal hypothalamus, adrenals and gonads, their respective 

blood-brain-barriers and the interaction of mother and fetus within the placenta 

(Murphy et al. 2006). During pregnancy, this maternal-fetal unit acts in concert to 

increase steroidogenesis from all sources, under a positive feedback loop mediated by 

placental production of human choriogonadotropin (hCG) and corticotropin releasing 

hormone (CRH). These steroidogenic agents are released into the maternal and fetal 

circulations and are able to ‘recruit’ both HPA/G axes for steroid production. Typically, 

these are further rapidly modified via a series of enzymes, maintaining relative 

homeostasis   during pregnancy, and regulating the hormones’ effects and feedback loops. 

Examples of these rate-limiting regulatory steps in the placenta include the oxidisation of 

cortisol to cortisone (via the 11β dehydrogenase), the sulfation of DHEAS to DHEA. (via 

the SULT2A1 sulfotransferase) and the aromatisation of androgens to estrogens (via 

CYP19A1 aromatase) (Murphy et al. 2006; Makieva, Saunders, and Norman 2014). These 

modifications ensure that these hormones target specific tissues, rather than affect fetal 

development continuously throughout gestation. In addition, they interact with 
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developmental time-points, as the rate of increase an enzyme may be different to the rate 

of increase of the hormonal substrate, allowing for differential effects at different time-

points of gestation. For example, the ratio of cortisol to corticosterone increases in the 

last trimester, with the former strengthening the newly formed fetal lungs before delivery 

(Watterberg and Scott 1995). 

However, pregnancy complications and fetal sex may affect these homeostatic 

mechanisms. Males have significant differences in placental gene expression, compared 

to females (Gonzalez et al. 2018; S. Gong, Johnson, et al. 2018), as well as increased 

androgenic burden via testicular steroidogenesis and different growth trajectories 

during pregnancy (Broere-Brown et al. 2016). In addition, pregnancy complications and 

conditions such as PCOS or maternal stress may imbalance prenatal steroidogenesis by 

their respective effects on aromatisation of androgens (Manuel Maliqueo et al. 2013) or 

the inactivation of glucocorticoids (Peña, Monk, and Champagne 2012; Welberg, 

Thrivikraman, and Plotsky 2005). 

Prenatal steroids exert organisational effects on the developing brain. Yet they also exert 

long-term ‘conditioning’ effects on the HPA/G axis of the fetus, potentially leading to life-

long effects relating to steroid exposure. For example, high levels of androgens in utero 

can affect the differentiation of the ovaries and lead to PCOS in later life, which in turn is 

also associated with higher androgens in adulthood (Risal et al. 2019). As mentioned 

before, maternal PCOS is predictive of an autism diagnosis in their children, in at least 

three separate populations (Cherskov et al. 2018; Kosidou et al. 2016; Rotem et al. 2021). 

But autism itself is also associated with more steroid-related symptoms and PCOS in 

autistic women (Pohl et al. 2014; Simantov et al. 2021). This is why a potential 

‘steroidopathy’ in autism may be transgenerationally transmitted and exert continuous 

and cumulative effects in autistic individuals. In addition, higher circulating steroids 

during postnatal life (Ruta et al. 2011) may also be linked to prenatal hormone levels. 

Evidence for such ‘conditioning’ effects can also be found in  complex, steroid-related 

postnatal outcomes (e.g. age of menarche or  the pubertal growth spurt), which are also 

regulated by the maturation of the HPA/G axis and prenatal factors that act on it (Dela 

Cruz and Pereira 2012; Matagne et al. 2004; Zambrano et al. 2014). Obesity and 

cardiovascular risk may also be linked to the prenatal endocrine environment(Calkins 
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and Devaskar 2011) and consistent epidemiological trends have been reported in autistic 

individuals (Lyall et al. 2011; 2022).  

For this reason, research of a ‘steroidopathy’ in autism ought to start prenatally,  consider 

multiple hormonal pathways, life-long health outcomes and employ a ‘systems’ approach 

that considers all components of the maternal-placental-fetal interface. 

In brief, converging clinical evidence from independent cohorts and genetic analyses, 

indicate that hormonal homeostasis is affected in autism prenatally and in some cases 

throughout one’s life.  Steroid hormones other than testosterone are likely also significant 

in understanding of this ‘steroidopathy’. However, it remains unclear from where these 

steroid hormones originate, why they are elevated prenatally, how they may affect males 

and females differently and specifically how male physiology interacts with steroid 

synthesis pathways to affect neurodevelopment. The research in this thesis contributes 

to answering these questions. 

 

1.5 The placenta as a mediator of autism likelihood factors 

The placenta is an organ formed predominantly from the trophoblast cells of the 

developing fetus. As a selective barrier between the mother and fetus it directly regulates 

the transfer of nutrients, prevents the transfer of pathogens, and produces a series of 

factors that impact fetal neurodevelopment (Figure 1.1). It is heavily involved in the 

hormonal regulation of the pregnancy, producing growth factors (e.g., IGF1), metabolic 

signals (e.g., leptin), immune system cytokines and neurotransmitter precursors (e.g., 

serotonin). The placenta is also responsible for aromatising testosterone into estradiol, 

producing a very high quantity of estrogens that increases gradually throughout 

pregnancy (Tal  et al. 2015).   
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Figure 1.2: Likelihood Factors for autism converge on the placenta. PCOS: polycystic ovary 
syndrome 

 

Several of the environmental factors and pregnancy complications that have been 

associated with autism also link to the function of the placenta. These include 

preeclampsia (Dachew et al. 2018), hypertensive disorders of pregnancy (Curran et al. 

2018), low birthweight for gestational age and gestational diabetes (Xiang et al. 2015; 

Wan et al. 2018).  The largest epidemiological study of pregnancy complications in autism 

(n=54,000 cases) reported that “placental pathology” was the most likely explanation of 

their observed pattern of associated complications (preeclampsia and low birth 

weight)(Maher et al. 2020). 

Maternal comorbidities that have been linked to autism, namely PCOS, high BMI, 

concurrent infection or stress, all affect placental function as well, leading respectively to 

reduced placental aromatisation, insulin resistance and vascular dysfunction 

respectively (Maliqueo et al. 2013; 2017).  

Crucially, placental function is sexually dimorphic, with male placentas producing more 

steroids (Gong et al. 2018) and fewer vascular protective factors than females (Brown et 

al. 2014). Male placentas are consistently more likely to malfunction, cause hypertension, 

preeclampsia and even spontaneous miscarriage (Murji et al. 2012). Placentas also 

respond to pregnancy complications in sex-specific manners, with males often being less 
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able to adapt to maternal stressors (Davis and Pfaff 2014) and maternal obesity 

(Maliqueo et al. 2017). 

This ‘male disadvantage’ in placental physiology and adaptability may be also mediating 

male susceptibility to autism. In cases of autism, atypical placental morphology (i.e. more 

trophoblast inclusion bodies) (Straughen et al. 2017), increased placental inflammation 

and increased placental size (Park et al. 2018) have been reported in small, clinical 

cohorts. Similar reports have been published regarding the placentas of neonates with an 

autistic sibling (Walker et al. 2013). 

Genomic studies of the placenta in autism have also revealed significant overlap between 

molecular function and neurodevelopment. Whole-methylome comparison between 

autism cases and controls reveal that the placentas of autistic individuals had significant 

epigenetic differences, compared to neurotypical pregnancies (Zhu et al. 2019). The 400 

associated genes overlapped significantly with genes associated with autism that were 

identified by exome sequencing (SFARI list), as well as with the genes expressed in 

autistic individuals’ brains post-mortem. Methylome profiles in the placenta have also 

been associated with neurodevelopmental outcomes (e.g. social challenges), as well as 

with later cognitive traits, such as IQ, in preterm infants (Santos et al. 2020). More 

recently, a study that used a mouse model to study the placenta-brain axis discovered 

that placenta-derived steroids were shaping behavioural outcomes relating to social 

behaviour. Interestingly, disrupting steroid synthesis in these mice selectively with a 

gene-knockout led to social deficits in males but not females, further indicating that 

placental effects on neurodevelopmental interact with sex (Vacher et al. 2021). 

Therefore, the placenta and its steroid synthesis capacity may represent the mediators of 

a series of maternal, fetal, genetic and environmental likelihood factors that affect 

neurodevelopment and lead to autism (Figure 1.1). 

 

1.6 Excess masculinisation or gender incoherence?  

Since the fetal testosterone theory was proposed and the findings of the longitudinal 

Cambridge cohort were reported, different kinds of studies have come forward with 

evidence for a wider prenatal steroid imbalance in autism that extends beyond 

testosterone. More research is needed to confirm this and create a clinical framework for 
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understanding the origins and effects of this phenomenon in the long-term health of 

autistic people. However, the role of sex is still unclear, as is the relevance of these 

hormonal findings for understanding the skewed sex ratio in autism diagnoses. In brief, 

it is still unclear if there is still merit to the idea of autism as a condition of “excess 

masculinisation”, as the findings on testosterone remain mixed (Baron-Cohen et al. 

2011). 

In the past few years, new methods have been developed and more evidence has 

accumulated that further supports the idea of an overlap between autism 

pathophysiology and sex differentiation mechanisms. For example, a new method was 

utilised by Tan and colleagues for scanning and comparing facial features via three-

dimensional photogrammetry. This has been employed to scan for sex differences in the 

faces of populations of adults and children and then to train software to apply a 

“masculinity” score, based on those differences. Tan and colleagues used this method to 

scan the faces of autistic adults, autistic children, as well as their siblings, and found that 

all three groups showed “hypermasculinised” facial features, compared to their typical 

peers (Tan et al. 2015; 2017; 2020). In addition, traits such as social difficulties also 

correlated with facial masculinity in both males and females. This has been replicated in 

an independent cohort and shown to correlate to autism genetics as well (McKenna et al. 

2021).  

A similar phenomenon was reported in the brain structure of autistic adults, measured 

via MRI. Specifically, brain regions that are consistently larger in males were found to be 

even larger in autistic males, with a similar trend in autistic females (Lai et al. 2013). In 

addition, a high-throughput proteomic study that compared the biochemical profiles of 

n=78 autistic brains to n= 96 neurotypical controls, in circulating plasma, found that 

autistic women had “masculinised” levels for all of the measured metabolites (O’Neill et 

al. 2019).  

However, this ‘sex-by-diagnosis’ interaction is not always found to be unidirectional 

towards the male end of the distribution. For example, a study of functional neural 

connectivity patterns (via fMRI), analysed this interaction in autistic adults and found 

that the direction of effect depended on the network in question. While the default 

network showed a pronounced shift towards ‘male-like’ patterns in both autistic males 

and autistic females, other networks (e.g. sensorimotor connectivity) showed ‘female-
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like’ shifts in autism (Floris et al. 2018). A significant lack of “masculinisation” in autistic 

males, has also been reported in a few post-pubertal secondary sex characteristics, such 

as voice pitch, grip strength and bone density (Neumeyer et al. 2013; Kern et al. 2013). In 

one of the most comprehensive studies on sex differences in autistic biometry, pre-

pubertal features were indeed “masculinised”, (e.g., head circumference in females), but 

secondary characteristics in adulthood were consistently “androgynous”. The authors 

termed this phenomenon as “gender incoherence” and autism as a “gender defiant” 

condition (Bejerot et al. 2012). 

Behaviourally, as mentioned previously, autistic people show masculinised profiles, in 

terms of systemising and empathising (Greenberg et al. 2018). However, this is not 

mirrored in other personality traits that characterise males more than females, such as 

aggression or sociopathy. It is also worth noting that autistic people also show higher 

rates of gender identity incongruence, as well as atypical sexual orientation, compared to 

their peers (Bejerot and Eriksson 2014; Warrier et al. 2020). In humans, the development 

of gender identity and sexual orientation depend on many different factors, including 

social learning, which may be altered in autistic people. Nevertheless, a role for hormonal 

processes that contribute to the sex differentiation of the human brain cannot be 

excluded.  

Excess masculinisation and gender incoherence may appear as contradictory hypotheses 

that cannot be attributed to the same steroid imbalance. However, the effects of steroids 

are dependent on the timing (e.g., pre-, or post-puberty) and the specific outcome in 

question. Prenatally, sex steroids are thought to act in a unidirectional, masculinising 

“programme”, on top of a female default. By contrast, pubertal secondary sex 

characteristics induce both a masculinising (largely androgen-dependent) and a 

feminising “programme” (largely estrogen-dependent), based on the different gonadal 

substrates they acquired prenatally (i.e., testes in males, ovaries in females and so on). 

The interplay between androgens and estrogens, via aromatisation, regulates complex 

phenotypes such as the growth spurt in males, menarche in females and a negative 

feedback loop on the hypothalamus via inhibitory signalling (N Pitteloud et al. 2008). 

However, much less is known about the way that sex steroids affect the development of 

the human brain and particularly if their organisational/activational effects extend 

beyond reproductive behaviour. In animal models these effects are clearer but there are 
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significant differences compared to humans (e.g. estrogens are masculinising rodents but 

not primates)(Konkle and McCarthy 2011). Fortunately, new cutting-edge experimental 

methods have started to enable discoveries in humans as well. A recent study of stem-

cell-derived brain organoids have now shown that androgens have significant effects on 

neuronal proliferation, cortical differentiation, and the balance between excitation and 

inhibition (Kelava et al. 2020). 

In conclusion, since the first proposal of the “extreme male brain” and “prenatal 

testosterone” theories, considerable evidence has accumulated that supports the notion 

of an overlap between sex differentiation processes and autism, which could in turn 

partly explain male vulnerability to the condition. Steroids other than testosterone may 

be at play, as well as complex interactions with genetics and sex-related biometry (e.g., 

growth rates). This thesis will attempt to further explore these links and expand upon the 

fetal testosterone theory by investigating additional physiological sex differences in 

human perinatal development and their link to autism. 
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1.7 Outline of the studies in this thesis 

In this thesis, I investigate factors relating to perinatal sex differentiation, in association 

with autistic traits, as well as in clinically diagnosed cases of autism. These perinatal 

factors include steroid hormone levels, placental function, genetics, and the growth rate 

of the brain. In terms of the timing for steroid exposure, both prenatal (during the PMW) 

and postnatal measurements (during ‘mini-puberty’) are included. In terms of 

neurodevelopmental outcomes, various developmental stages are covered, from early 

infancy to late childhood. Finally, in the analysis of their effects, a particular focus is given 

to statistical interactions with sex, in order to study the ways males and females may 

respond differently to the same hormonal, neurological or genetic factors. 

Overall, the thesis includes six different studies, corresponding to four independent 

clinical cohorts. To avoid repetition in terms of methodologies, studies that are based in 

the same cohort of participants, are presented in the same chapter. An additional Genetics 

chapter reports on two separate analyses that are utilise publicly available data on rare 

and common genetic variance respectively.  

In brief the chapters in this thesis correspond to different cohorts and are further 

organised in studies as follows: 

Chapter 2 - Study 1: Sex steroids and autism 

▪ Cohorts: Danish Biobank (n= 98 male cases, n= 177 male controls) 

▪ Predictors: Steroid hormones in amniotic fluid 

▪ Timing: First to second trimester (mean=14.9 weeks) 

▪ Outcome: Clinical diagnosis of autism 

Chapter 3 - Study 2: Sex steroids and traits 

▪ Cohorts: the Cambridge Ultrasound Siblings and Parents study (n=122) 

▪ Predictors: Steroid hormones in maternal serum 

▪ Timing: First trimester (mean=12.7 weeks) 

▪ Outcome: Autistic traits of the mother and the infant 

Chapter 4 – Study 3: Sex and the placenta 

▪ Cohorts: Generation R, the Netherlands (n=3469 cohort, n=65 with autism) 
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▪ Predictors: Placental proteins that show sex differences (PlGF, sFlt-1, PAI-2) 

▪ Timing: First (mean= 13.5 weeks) and second trimester (mean=20.6 weeks)  

▪ Outcome: Autistic traits of the infants and a clinical diagnosis of autism. 

Chapter 5 – Studies 4, 5 and 6: Sex and Infant Development 

▪ Cohorts: the Cambridge Imaging and Longitudinal Development (CHILD) cohort, 

Cambridge, (n=41 prenatal & n=27 postnatal) 

▪ Predictors: Mini-puberty testosterone (Study 4), perinatal brain growth on MRI 

(Study 5) and regional brain volume in infancy (Study 6) 

▪ Timing: Third trimester (Study 5) and second month postnatally (Studies 4-6) 

▪ Outcome: Autistic traits of the infant (Q-CHAT) & family history of autism 

Chapter 6 - Study 7: Autism genes and gene expression differences in the placenta 

▪ Cohorts: Placentas from pregnancies at the Cedars-Sinai Medical Centre of UCLA 

(n=17 females, n=22 males)(Gonzalez et al. 2018) 

▪ Predictors: Lists of genes that show sex differences in autosomes & the X 

chromosome. 

▪ Outcome: High-confidence autism genes (categories 1 & 2), aggregated by the 

Simons Foundation (SFARI) (Banerjee-Basu and Packer 2010) . 

Chapter 6 - Study 8: Genetic correlations between autism & endocrine outcomes 

▪ Cohorts: Various, including UK Biobank, 23andMe, ReproGen Consortium 

▪ Predictors: GWAS summary statistics for postnatal hormone levels & steroid-related 

traits 

▪ Outcome: Common variance of autism (Grove et al. 2019) & of general psychiatric 

liability (iPSYCH) (Schork et al. 2019) 

Chapter 7 and Chapter 8 do not correspond to specific cohorts but aim to analyse the 

findings of Studies 1 - 8, in a clinical and evolutionary context respectively.  
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Chapter 2  

Study 1 - Sex steroids and autism 

 

The chapter is based on a study published in ‘Molecular Psychiatry’, July 2019,  

with A. Tsompanidis as a joint first author and the title “Foetal oestrogens and autism” 

https://doi.org/10.1038/s41380-019-0454-9. 

 

Summary of Study 1 

Elevated latent prenatal steroidogenic activity has been found in the amniotic fluid of 

autistic boys, based on measuring prenatal androgens and other steroid hormones. To 

date, it is unclear if other prenatal steroids also contribute to autism likelihood. 

Prenatal estrogens need to be investigated, as they play a key role in synaptogenesis 

and corticogenesis during prenatal development, in both males and females. In this 

study, prenatal levels of estriol, estradiol, estrone, and estrone sulfate are tested in 

amniotic fluid are associated with autism, in the same Danish Historic Birth Cohort, in 

which prenatal androgens were previously measured, using univariate logistic 

regression (n = 98 cases, n = 177 controls). Estradiol, estrone, estriol, and progesterone 

each related to autism in univariate analyses after correction with false discovery rate. 

A comparison of standardized odds ratios showed that estradiol, estrone and 

progesterone had the largest effects on autism likelihood. These results for the first 

time show that prenatal estrogens contribute to autism likelihood, extending the 

finding of elevated prenatal steroidogenic activity in autism. This likely affects sexual 

differentiation, brain development and function.  

https://doi.org/10.1038/s41380-019-0454-9
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2.1 Introduction 

As discussed in the previous chapter, the male-biased prevalence of autism (Fombonne 

2009; Baron-Cohen et al. 2011), together with the finding that autistic girls have a 

higher mutational load than autistic boys (Robinson et al. 2013; Jacquemont et al. 

2014; Werling and Geschwind 2015), suggests that males have a higher likelihood of 

developing autism. 

Although autism is strongly heritable and sex-associated genetic mechanisms could 

contribute to this implication of sexual differentiation in autism (Baron-Cohen et al. 

2011; Werling and Geschwind 2015) prenatal hormone exposure and a brief surge in 

fetal testosterone are critical for sexual differentiation and masculinization in humans 

(Hines, Constantinescu, and Spencer 2015; Welsh, Suzuki, and Yamada 2014). In line 

with this, our research group previously found elevated steroidogenic activity during 

this prenatal masculinization window (PMW) in the amniotic fluid of autistic boys 

(Baron-Cohen et al. 2015).  

Whilst prenatal androgens are responsible for masculinization in humans, prenatal 

estrogens also contribute to fetal and neonatal brain development (Margaret M 

McCarthy 2008), and yet these have not been thoroughly investigated for their 

potential role in autism likelihood. Estrogens and their receptors are widespread in the 

developing brain in both males and females and regulate many neurodevelopmental 

processes, including synaptogenesis, apoptosis, and neuronal differentiation (Konkle 

and McCarthy 2011; MacLusky and Naftolin 1981; González et al. 2007). Estradiol in 

particular supports synapse formation in the cortex by enhancing excitatory GABA 

activity (Nunez et al. 2008). In autism, synapse formation (Durand et al. 2012), 

neuronal differentiation (Li et al. 2014), as well as the GABAergic system (Puts et al. 

2017), are all atypical. These provide clues that prenatal estrogens may be involved in 

autism.  

With regard to clinical studies in humans, low estriol in maternal serum during the 2nd 

trimester of pregnancy significantly increases the likelihood of autism in the fetus, as 

demonstrated in a large study of n = 2,586 pregnancies that resulted in autism 

diagnosis in the offspring (Windham et al. 2016). This study may have been 

confounded by a variety of pregnancy complications, such as pre-eclampsia (Tache et 

al. 2014) and being small for gestational age (Talge et al. 2011), since these are also 
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more frequent in autism (Walker et al. 2015; Moore et al. 2012; Kristen Lyall et al. 

2012). Thus, further study of prenatal estrogenic activity, particularly in fetal 

circulation, is warranted. In addition, there is a need to compare different prenatal 

estrogens to each other, in relation to autism likelihood.  

In the study presented below, prenatal levels of estriol, estradiol, estrone, and estrone 

sulfate were measured in amniotic fluid of boys with and without autism (n = 98 and n 

= 177 respectively) from the Danish Historic Birth Cohort (HBC) and in the same 

samples in which an elevated steroidogenic factor was found, following principal 

component analysis of prenatal androgens and other steroid hormones (Baron-Cohen 

et al. 2015). Each steroid hormone was correlated to autism likelihood via univariate 

logistic regression. Differences in the aromatising capacity in autism were also 

investigated, by comparing the ratio between androgens and estrogens.  

 

2.2 Methods 

2.2.1 Participants and Laboratory Methods 

The study was approved by the Danish Data Protection Agency and The Danish Ethical 

Committee of Midtjylland Region. The Danish Historic Birth Cohort was established at 

Statens Serum Institute, Copenhagen with a grant from The Danish Medical Research 

Foundation and The Danish Ministry of the Interior and Health (Project no 271-05-

0523/09-060179). A full description of the cohort selection procedure is available 

elsewhere (Baron-Cohen et al. 2015). Briefly, cases and controls were drawn from 

singleton births between the years 1993-1999 inclusive, whose amniotic fluid samples 

were stored in the HBC. These corresponded to amniocentesis procedures performed 

between 14-16 weeks of gestational age. Cases were identified from the Danish 

Psychiatric Central Register using ICD-10 autism spectrum codes F84.0 (childhood 

autism), F84.5 (Asperger syndrome), F84.1 (atypical autism), F84.8 (other pervasive 

developmental disorder), and F84.9 (unspecified pervasive developmental disorder). 

Any additional amniotic fluid was assayed for estradiol, estriol, estrone, and estrone 

sulfate, using liquid chromatography-tandem mass spectroscopy (Appendix Table 2.1). 

As some individuals did not have sufficient remaining sample for analysis, the sample 

size was slightly decreased. The same data quality screening criteria that were used in 
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the initial analysis were applied: i.e. removal of outliers > 99%, removal of records 

where duplicate assay values were > 3 SD (Standard Deviation) apart (Baron-Cohen et 

al. 2015). After this step, the final sample with high-quality data for all steroids assayed 

to date consisted of 98 males with autism and 177 control males. This sample was used 

for all analyses in this paper, unless otherwise specified (Appendix Figure 2.1). 

2.2.2 Statistical analyses 

A correlation matrix was calculated for all assayed steroid hormones using Pearson’s 

correlation coefficient. The univariate distribution of each of the estrogens was then 

studied. All hormones showed a substantial rightward skew. These were then 

transformed using the Box-Cox procedure to reduce their skew, as the distribution of 

the predictor variable affects the statistical power of logistic regression (Faul et al. 

2009). Univariate logistic regression models to determine whether each hormone 

separately increased autism likelihood in this cohort. Correction of statistical 

significance thresholds for multiple comparisons was conducted using the Benjamini-

Hochberg false discovery rate (FDR). To estimate and compare the aromatising 

capacity between cases and controls, the aromatisation ratios were calculated, 

according to previously published recommendations (Sollberger and Ehlert 2016), by 

log-transforming the raw concentration values and subsequently subtracting them 

according to the following formula: 

Ratio 1= log(testosterone concentration in nmol/l) – log(estradiol concentration in 

nmol/l)  

Ratio 2= log(androstenedione concentration in nmol/l) – log(estrone concentration in 

nmol/l)  

Nonparametric tests were then used to compare these ratios to each other 

(Spearman’s rank correlation coefficient) and between cases and controls (Wilcoxon 

rank-sum test). 
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2.3 Results 

There were no significant differences between groups in maternal age at birth, 

paternal age at birth, birth weight, gestational week at amniocentesis, or storage time 

between groups (Table 2.1).  

Table 2.1: Description of Danish Historic Birth Cohort sample 

 Control Autism  

 n =177 n =98  

 Mean ± SD Mean ± SD p-value 

Maternal age at 

birth 

33.33 ± 5.15 33.53 ± 5.65 0.775 

Paternal age at 

birth 

35.30 ± 6.72 35.85 ± 7.44 0.552 

Birth weight (g) 3516.81 ± 659.45 3524.55 ± 679.15 0.928 

Gestational 

week at 

amniocentesis 

14.89 ± 1.91 14.90 ± 1.48 0.953 

Storage time 

(years) 

14.90 ± 1.58 14.96 ± 1.69 0.770 

APGAR score > 6 97% 96%  
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Raw data for each of the estrogens are presented in Figure 2.1. Values for the median 

and interquartile range, as well as raw data categorised by autism diagnosis are 

available in the Appendix (Appendix Table 2.2).  

 

Figure 2.1: Beeswarm plots illustrating the distribution of estriol, estradiol, estrone, and 
estrone sulfate concentrations. Error bars represent the interquartile range, and the 
black dot represents the median; (n CTR = 177, n ASC = 98). 
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Estriol levels were the most predictive of an autism diagnosis, as revealed by 

univariate logistic regression (β=0.025, FDR-adjusted q=0.034). The same was found 

for the levels of estradiol and estrone, with both hormones being significantly 

associated with an autism diagnosis using logistic regression (Estradiol: β=0.029, 

q=0.031; Estrone: β=0.029, SE=0.011, FDR-adjusted q=0.031) (Table 2.2). Estrone 

sulfate was also a nominally significant predictor of autism likelihood in the logistic 

regression model but did not maintain statistical significance following false-discovery 

rate correction (β=0.033, SE=0.016, z=2.095, p=0.036, q=0.065) (Table 2.2). 

 

2.3.2 Androgens and other steroids 

The previously assayed concentrations of androgens and cortisol (Baron-Cohen et al. 

2015) in the same subset of samples, were revisited and analysed with the same 

statistical methods as the estrogens, in order to understand whether the relationship 

between estrogens and autism likelihood was similar to the relationship between 

androgens and autism likelihood (Table 2.2, Beeswarm plots of distribution in 

Appendix Figure 2.2). Of the previously analysed steroid hormones, only progesterone 

was a significant predictor of autism diagnosis, following univariate logistic regression 

and correction via FDR in this subset of the cohort (β=0.053, FDR-adjusted q=0.031) 

(Table 2.2).   
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Table 2.2: Results of univariate logistic regression for amniotic steroid hormones. 
Asterisk denotes statistical significance (q<0.05), following correction via FDR. 

 Regression 

Coefficient 

Standard 

Error 

z-value p-value FDR-

adjusted 

q value 

Estriol  0.025 * 0.010 2.426 0.015 0.034 

Estradiol  0.029 * 0.010 2.757 0.006 0.031 

Estrone  0.029 * 0.011 2.603 0.009 0.031 

Estrone sulfate 0.033 0.016 2.095 0.036 0.065 

Testosterone 0.352 0.304 1.157 0.247 0.247 

Androstenedione 0.444 0.270 1.648 0.100 0.128 

17-OH 

Progesterone 

0.547 0.271 2.022 0.043 0.065 

Progesterone 0.053 * 0.021 2.562 0.010 0.031 

Cortisol 0.147 0.111 1.332 0.183 0.206 

 

2.3.3 Comparison 

Pairwise correlation analysis (Pearson’s) revealed varying degrees of similarity 

between the steroid hormones. The concentrations of estrogens were significantly 

correlated with one another at q<0.05, adjusted for multiple comparisons via FDR 

(Figure 2.2, Appendix Table 2.3). Estrone and estriol showed higher correlations to the 

other steroids than did estrone sulfate and estradiol. In comparison, the previously 

analysed steroid hormones formed a distinct group, with weaker correlations to 

estrogens and stronger correlations to each other. Androstenedione and progesterone 

(Pearson’s β=0.59317, FDR-adjusted q<0.001), estrone and estrone sulfate (Pearson’s 

β=0.589, FDR-adjusted q<0.001) were the pairs that were more closely related. 

Estradiol did not correlate with either testosterone or estriol. 
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Figure 2.2: Heatmap and dendrogram of the pairwise correlations between the steroid 
hormones assayed in amniotic fluid. Asterisk denotes statistical significance (q<0.05), 
following correction via FDR. P: Progesterone; A: Androstenedione; T: Testosterone; P-
OH: 17 

 

Standardized odds ratios (ORs) for all analysed hormones were then calculated, to 

determine which hormones had the largest effect on autism likelihood (Figure 2.3). 

Each hormone was standardised by its median and interquartile range, so that a one-

unit increase in a hormone corresponded to the movement from the 25th to the 75th 

percentile of its range. Progesterone and estradiol had the highest standardised ORs, 

with a movement from the 25th to 75th percentile of these hormones incurring nearly 

a 50% increase in autism likelihood. Estrone and estrone sulfate also had ORs over 1. 

In contrast, increases in testosterone or androstenedione levels were not associated 

with increases in likelihood of diagnosis. 
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Figure 2.3: Standardized odds ratios (ORs) for autism diagnosis for all amniotic steroids 
assayed to date. 

  

The aromatising of testosterone (Τ) to estradiol (Ε2) and of androstenedione (Α) to 

estrone (Ε1) was indirectly assessed by calculating their ratios, following log-

transformation and subtraction of their raw values. The two ratios were highly 

correlated with each other (Spearman’s rho=0.6614, p<0.001) but were not 

significantly different between autism cases and neurotypical controls (T/E2: 

Wilcoxon rank-sum w=7551, p=0.076) (A/E1: Wilcoxon rank-sum w=7610 p=0.093).  
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2.4 Discussion 

Study 1 reports the first evidence that elevated levels of prenatal amniotic estradiol, 

estriol and estrone are each associated with autism, with estradiol levels being the 

most significant predictor of autism likelihood in univariate logistic regression models. 

These findings complement earlier observations that elevated steroidogenic activity is 

associated with autism in the same samples derived from the Danish Historic Birth 

cohort (Baron-Cohen et al. 2015). Estradiol had the strongest positive effect size on 

autism likelihood, followed by estrone, estriol and progesterone (Figure 2.3). This 

finding appears to contradict an earlier report. (Windham et al. 2016) that showed that 

lower levels of estriol in 2nd trimester were modestly associated with a later diagnosis 

of autism in the offspring. However, the samples in Study 1 correspond to a slightly 

earlier time point in pregnancy compared to Windham et al. (mean gestational 

week=14.9, vs. gestational weeks=15-20) (see Table 2.1)(Windham et al. 2016), which 

could potentially better capture the steroid surge during the PMW (Welsh, Suzuki, and 

Yamada 2014). Furthermore, the samples in this study are of different origin, as 

Windham et al. assayed maternal serum, rather than prenatal amniotic fluid. Steroid 

hormone levels in maternal serum do not differ relative to the baby’s sex and do not 

correlate to amniotic levels during the PMW (van de Beek et al. 2004). Therefore, 

amniotic estrogens are arguably more relevant to the current research question than 

are maternal serum estrogens. 

A discrepancy in estrogen levels between the mother and child could potentially be 

attributed to the placenta, which acts as an endocrine regulator of the maternal-fetal 

interface and the main source of estrogen production for the fetus via the 

aromatisation of fetal androgens (Kaludjerovic and Ward 2012). Several lines of 

evidence suggest a contributory role for the placenta in the etiology of autism. First, 

there is increased placental inflammation in autism (Straughen et al. 2017). Second, 

there is atypical placental morphology (Anderson et al. 2007) and increased placental 

size (Park et al. 2018) in cases of autism and at high familial risk respectively. Third, 

complications related to the placenta (pre-eclampsia: (Dachew et al. 2018), 

hypertensive disorders: (Curran et al. 2018)) are also more frequent in pregnancies 

that lead to autism. As with autism, placental dysfunction also disproportionately 

affects males more than females (Murji et al. 2012).  
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Given the high pairwise correlations between many of the steroid hormones (Figure 

2.2 and Appendix Table 2.3), as well as the lack of difference in aromatisation between 

cases and controls, both suggest that an increase in fetal estrogens is secondary to 

increased activity along the entirety of the steroidogenic axis in pregnancies that later 

result in autism (Baron-Cohen et al. 2015). Interestingly, estradiol was not significantly 

correlated to testosterone (Pearson’s β=0.007, p=0.9103) despite their proximity in 

steroidogenesis. This discrepancy may be because estrogens are also de novo produced 

by the placenta, in addition to being aromatised from fetal and maternal androgens 

(Escobar et al. 2011; Kaludjerovic and Ward 2012). Thus, a multi-systems approach is 

needed, in order to clarify the causes of elevated fetal estrogens in autism. 

In the brain, estrogen-mediated signaling on GABA-ergic neurons in the hypothalamus 

is required, in order to suppress the steroidogenic axis (N Pitteloud et al. 2008). 

Inefficient suppression of this axis in autism could be due to inefficient aromatisation 

of androgens in the hypothalamus, resistance to estrogen signaling and/or dysfunction 

of the GABA-ergic system. Prenatally, fetal genetics (e.g. due to mutations in aromatase 

(Bhismadev Chakrabarti et al. 2009) or aromatase activators (Sarachana and Hu 

2013)), pregnancy complications (e.g. placental size (Park et al. 2018)), as well as 

maternal risk factors (e.g. PCOS (Cherskov et al. 2018)) could all affect various points 

in this pathophysiological pathway. These speculations would require further testing. 

Specifically for aromatisation, ratios based on circulating hormone levels may not be 

sufficient to capture tissue-specific activity, since aromatase is differentially regulated 

by separate promoters in the placenta, the adrenals and the brain (Simpson et al. 

1993).  

High levels of prenatal estrogens could dysregulate many aspects of prenatal 

endocrinology and affect prenatal brain development in areas not restricted to sexual 

differentiation. Several lines of evidence support a wider role of estradiol as a 

‘neurosteroid’ with many regulatory properties (Srivastava et al. 2010). For example, 

disruption of estrogen signaling in the developing cerebellum of mice reduces Purkinje 

cell growth in both males and females, but only reduces social behaviour in male mice, 

suggesting that the cerebellum may react to estrogenic disruption in a sexually 

dimorphic way (Hoffman, Wright, and McCarthy 2016a). In early development, 

estradiol decreases GABA-ergic signaling (Mukherjee et al. 2017) and mediates its 
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post-natal shift from excitation to inhibition (Ganguly et al. 2001). Estrogens both 

increase the number of spines on embryonic primary cortical neurons (Srivastava et 

al. 2010) and induce the recruitment of proteins necessary for excitatory synapse 

formation, such as neuroligin-1, NMDA subunit GluN1, and post-synaptic density 

protein 95 (PSD-95) to the spines (Sellers et al. 2015). Higher levels of prenatal 

estrogens might therefore increase the number of excitatory synapses in the cortex, 

increasing the likelihood for autism, as suggested by the excitatory/inhibitory (E-I) 

theory of autism (Rubenstein and Merzenich 2003). The perceptual phenotype in 

autism is characterized by reduced GABA-ergic inhibition, as shown using paradigms 

such as binocular rivalry (Robertson et al. 2013a) and attention to detail (Robertson et 

al. 2013b). Estrogen signaling could thus be a significant modulator of neuronal 

inhibition, particularly during early brain development and the ‘critical period’ of 

cortical plasticity, which is heavily reliant on the GABA-ergic system (Hensch 2005).  

Although estradiol (aromatised from testosterone) is the main prenatal masculinising 

agent in most mammals (Margaret M McCarthy 2008), its role in human sexual 

differentiation remains unclear. Men with aromatase deficiency have typical 

development of their urogenital tract (Rochira and Carani 2009), but have cognitive 

disabilities, lack a growth spurt, and have atypical secondary sexual characteristics 

such as feminised body proportions (Chen et al. 2015). Estrogens may therefore both 

feminise and masculinise in humans, varying by target tissue and developmental 

milieu. In autism, cognitive styles and sexually dimorphic neuroanatomy show some 

masculinised phenotypes (Lai et al. 2013; Baron-Cohen et al. 2014; Greenberg et al. 

2018), but functional connectivity and physical growth show a mixed pattern of 

masculine and feminine shifts (Floris et al. 2018; Bejerot et al. 2012). Prenatally 

though, and particularly during the PMW, the process of sexual differentiation is 

understood to be directionally masculine over an anatomically and physiologically 

female default. The observed high levels of fetal estrogens could thus be contributing 

to developmental cognitive differences (Greenberg et al. 2018), according to the 

“extreme male brain” theory of autism. 

There was no statistically significant univariate, logistic association between autism 

and testosterone or androstenedione, which act via the androgen receptor. 

Mechanisms through which androgenic signaling could increase autism likelihood, that 
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may have been missed in this analysis, include additional androgens or other agonists 

of the androgen receptor (e.g. neurosteroids like dehydroepiandrosterone (Lu et al. 

2003)), interaction effects between androgens and estrogens (e.g. coactivation of the 

androgen receptor by estradiol (Yeh et al. 1998)), as well as non-linear associations of 

androgens with autism likelihood. Consequently, androgenic activity may still be an 

important feature in the development of autism, as suggested by related clinical 

comorbidities (Pohl et al. 2014; Cherskov et al. 2018) and shown in associations with 

prenatal testosterone to autistic traits in a separate cohort (Auyeung et al. 2010). 

This analysis could not be conducted in females, as there were too few diagnosed 

women in the HBC. Thus, at present, the findings only generalise to males. 

Furthermore, comparison of the concentrations of androgens and cortisol to estrogens 

is potentially confounded by the fact that the latter were analysed at a later time-point 

and underwent an additional freeze-thaw cycle. However, the same the same assay 

methodology was used, as with the initial analysis for androgens (LC-MS/MS). There 

were no differences in total storage time between androgens and estrogens (Table 2.1). 

In addition, clinical ascertainment bias may be a factor, as the samples corresponded 

to pregnancies in which karyotype screening via amniocentesis was recommended. 

Controls were matched for and showed no significant differences in clinical 

confounders such as maternal age. Autism prevalence in the wider Danish biobank 

amniocentesis cohort (0.8%) was also consistent with prevalence estimates of autism 

in the Danish population during the same period (Parner, Schendel, and Thorsen 

2008). Yet, it is important to note that the findings may not generalise to a younger 

population, which would not have been recommended amniocentesis at the time. 

Another limitation of this study is its reliance on clinical diagnoses from the Danish 

Central Psychiatric Register, which could not be independently validated. However, a 

previous validation study of childhood autism diagnoses in the Danish Central 

Psychiatric Register found that 94% of diagnoses between 1990 and 1999 in the 

register were valid using a standardised coding scheme (Lauritsen et al. 2010). 

Similarly, the source of amniotic steroids could not be ascertained, as these could be of 

fetal, maternal, or placental in origin. Fetal plasma and amniotic fluid are in osmotic 

equilibrium until the fetal skin is keratinised (typically by 25 weeks of gestation) 
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(Underwood, Gilbert, and Sherman 2005). Therefore, steroid concentrations in 

amniotic fluid reflect those in fetal circulation. 

In conclusion, this study found that prenatal estradiol, estriol, and estrone are elevated 

in in boys who went on to develop autism. This extends previous finding of elevated 

prenatal steroidogenesis in the same cohort (Baron-Cohen et al. 2015). High levels of 

prenatal estradiol contribute to a greater degree to autism likelihood than other 

prenatal sex steroids, including testosterone. In the next chapter, prenatal estrogens 

are further analysed, in association with the autistic traits of both infants and of their 

mothers. 
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Chapter 3  

Study 2 - Sex steroids and autistic traits 
 

This chapter is based on a study that was published in ‘Molecular Autism’, July 2021,  

with A. Tsompanidis as the first author and the title  

“Maternal steroid levels and the autistic traits of the mother and infant” 

https://doi.org/10.1186/s13229-021-00453-7 

Summary of Study 2 

Prenatal sex steroids have been associated with autism in several clinical and 

epidemiological studies. It is unclear how this relates to the autistic traits of the mother 

and how early this can be detected during pregnancy and postnatal development. In 

Study 2, maternal serum was collected from pregnant women (n=122) during their first 

ultrasound appointment (mean=12.7 [SD=0.8] weeks). Concentrations of the following 

were measured via immunoassays: testosterone (T), estradiol (E2), 

dehydroepiandrosterone sulphate (DHEAS), progesterone (P); and sex hormone-binding 

globulin (SHBG) which was used to compute the free fractions of estradiol (FEI) and 

testosterone (FTI). Standardised human choriogonadotropin (hCG) and pregnancy-

associated plasma protein A (PAPP-A) values were obtained from clinical records 

corresponding to the same serum samples. Mothers completed the Autism Spectrum 

Quotient (AQ) and for their infants, the Quantitative Checklist for Autism in Toddlers (Q-

CHAT) when the infants were between 18-20 months old. FEI was positively associated 

with maternal autistic traits in univariate (n=108, Pearson’s r=0.22, p=0.019) and 

multiple regression models (semipartial r=0.24, p=0.022) controlling for maternal age 

and a diagnosis of PCOS. Maternal estradiol levels significantly interacted with fetal sex 

in predicting infant Q-CHAT scores, with a positive relationship in males but not females 

(n=100, interaction term: semipartial r=0.23, p=0.036) after controlling for maternal AQ 

and other covariates. The opposite was found for standardised hCG values and Q-CHAT 

scores, with a positive association in females but not in males (n=151, interaction term: 

r=-0.26, p=0.005). In conclusion, maternal steroid factors during pregnancy are 

associated with autistic traits in mothers and their infants. 

https://doi.org/10.1186/s13229-021-00453-7
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3.1 Introduction 

In the previous chapter (Study 1), prenatal sex steroid levels in amniotic fluid were 

retrospectively linked to an autism diagnosis in later life. Diagnosis of autism is possible 

as early as 18 months of age (Howlin and Asgharian 1999). In addition, autistic traits exist 

along a spectrum in the wider population (Baron-Cohen et al. 2001). These can also be 

measured in infancy, as demonstrated by the Quantitative Checklist for Autism in 

Toddlers (Q-CHAT), a novel, dimensional measure of autistic traits shown to predict later 

autism diagnosis in several validation studies (Allison et al. 2008; Liliana Ruta et al. 2019; 

Allison et al. 2021).  This can have screening potential, especially if linked to additional 

prenatal measures. 

As it was shown in Chapter 2, autistic males have higher levels of estrogens in univariate 

analyses of amniotic fluid samples (Baron-Cohen et al. 2015; 2019). Additionally, 

estradiol levels have been found elevated in the maternal serum of pregnancies linked to 

a later autism diagnosis in the child (Bilder et al. 2019). But maternal estrogens have not 

yet been tested with regard to autistic traits in infancy. 

On the other hand, testosterone levels measured during amniocentesis are negatively 

correlated with the frequency of eye-contact at 12 months (Lutchmaya, Baron-Cohen, and 

Raggatt 2002) and, vocabulary size at 18 and 24 months (Lutchmaya, Baron-Cohen, and 

Raggatt 2001), and are positively correlated with restricted interests, attention to detail 

(Knickmeyer et al. 2005) and with autistic traits at 18 and 48 months (Auyeung et al. 

2010;Auyeung et al. 2009). Steroid-related conditions such as PCOS and placental 

complications are also more common in autistic people (Cherskov et al. 2018; Pohl et al. 

2014; Maher et al. 2018), and autistic adults demonstrate signs of steroid imbalance in 

various tissues  (Ruta et al. 2011; Hu et al. 2009; Crider et al. 2014). Further research is 

needed to understand the timing of this endocrine imbalance in autism, as well as to study 

whether it extends to estrogens and autistic traits in the general population. 

The prenatal environment shows baseline sex differences in steroid production via the 

placenta (Gong et al. 2018), as well as in markers of placental formation and function, 

such as human choriogonadotropin (hCG) (Adibi et al. 2015; Murji et al. 2012; Davis and 

Pfaff 2014). Atypical levels in both have been found in maternal serum of pregnancies 

that resulted in an autistic child, with both higher (for estradiol) and lower levels (for 
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estriol) reported compared to controls (Windham et al. 2016; Bilder et al. 2019). 

However, these prenatal factors have not been studied together with fetal sex and in 

relation to both maternal and infant autistic traits. 

To evaluate all these prenatal factors, in Study 2 both the mothers and their infants were 

assessed for autistic traits (via the Autism Spectrum Quotient (AQ) and Q-CHAT 

respectively) in a new longitudinal cohort. Steroid hormone levels (estradiol, 

testosterone, DHEAS, progesterone) and placental markers (e.g., hCG) were tested in 

maternal serum collected during the mother’s first ultrasound appointment were 

predicted by autistic traits measured in the mothers during pregnancy and infants at the 

18-month follow-up. 

 

3.2 Methods 

3.2.1 Cohort recruitment 

Mothers were recruited during their pregnancy, during or immediately before their 

routine 20-week ultrasound scan (mean gestational age of 20.3 [SD=0.4] weeks), 

between 2016 and 2018 at the Rosie Hospital, Cambridge University Hospitals NHS 

Foundation Trust (Aydin et al. 2019b). This study had been approved by the East of 

England Cambridge Central Research Ethics Committee (REC Ref 16/EE/0004) and the 

Research and Development Department of Cambridge University Hospitals. Eligibility 

inclusion criteria for the study were as follows: (1) little/no consumption of alcohol 

during pregnancy, (2) no smoking or recreational drug use during pregnancy (3) a 

singleton pregnancy of a fetus (4) whose measurements indicated their size to be 

appropriate for gestational age (no intrauterine growth restriction (IUGR) or large-for-

gestational age (LGA). For the postnatal part of the study, the parents of all live singleton 

births were asked to take part in a series of developmental follow-ups during the first two 

years of life of their infant. Participating mothers also gave informed consent for access 

to all their pregnancy-related clinical records, test results and the biological samples that 

were obtained during their routine clinical care of their pregnancy, before and after the 

point of recruitment. 
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3.2.2 Clinical data collection 

Serum samples had been collected at the end of the 1st trimester (mean gestational age of 

12.7 [SD=0.8] weeks since conception) by a specialist phlebotomist at the Rosie Hospital, 

Cambridge. These were initially assayed for the levels of human choriogonadotropin 

(hCG) and pregnancy-associated peptide alpha (PAPP-A) as part of a national screening 

programme for biomarkers of Down’s Syndrome and other conditions, and any remaining 

serum was stored at -80C. These samples were retrospectively linked to the participating 

mothers, following their recruitment at approximately 20-weeks gestation. A total of 

n=122 of these samples was subsequently thawed and transferred to separate vials (1ml 

aliquots per sample), which were further anonymised and sent for additional analysis at 

the Core Biochemical Assays Laboratory (CBAL) at Addenbrookes Hospital, Cambridge. 

These corresponded to a subset of the study cohort (n=219) (Figure 3.1), since, in many 

instances, serum had been depleted or discarded after routine prenatal testing prior to 

recruitment.  

In addition, mothers were asked to fill in a Pregnancy History Questionnaire (PHQ), at the 

point of recruitment (mean gestational age of 20.3 [SD=0.4] weeks). The PHQ is a self-

report inventory designed to collect information on metabolic, reproductive, and clinically 

diagnosed conditions of the mothers, pertaining to their current, as well as previous 

pregnancies. Maternal hirsutism was ascertained by the question ‘During your adult 

years, have you found coarse, dark hair, growing in any of the following areas?’, followed 

by drawings of multiple body areas that are prone to secondary hair growth (e.g. chest, 

lower face, upper or lower limbs), as described in previous studies (Barrett et al. 2018). 

Clinical history of sub-fertility, IVF and related treatments was also assessed in the PHQ. 

Following labour, birth records containing information on neonate weight and 

gestational age at birth were also collected. 
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Figure 3.1: Flowchart of the study, showing different cohort sizes for each comparison of 
autistic traits (AQ or Q-CHAT) to prenatal measurements (steroid hormones or placental 
markers). 

 

3.2.3 Additional Assays 

 

The following steroids and peptides were assessed in terms of concentration: 

Testosterone (T), Estradiol (E2), Dehydroepiandrosterone sulphate (DHEAS), 

Progesterone (P), sex hormone-binding globulin (SHBG). Samples were analysed on a 

DiaSorin Liaison XL automated immunoassay analyser using a one-step competitive 

chemiluminescence immunoassay for each hormone and two monoclonal antibodies for 

each peptide. All reagents, standards and consumables are those supplied by DiaSorin 

(DiaSorin S.p.A, 13040 Saluggia (VC), Italy). Batch quality precision data and 

concentration thresholds of detection for each assay are reported in the Appendix 

(Appendix Table 3.1). 
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3.2.4 Autistic Traits 

Mothers were asked to complete the Autism Spectrum Quotient (AQ) – Adult version 

(Baron-Cohen et al. 2001) during or immediately after their 20-week routine ultrasound 

scan at the Rosie Hospital (mean gestational age of 20.3 [SD=0.4] weeks) . In addition, 

parents were invited via email to complete an online version of the Quantitative Checklist 

for Autism in Toddlers (Q-CHAT) (Allison et al. 2008) after their infant reached 18 

months of age (mean=570 days, SD=21.3 days). All study data were collected and 

managed using REDCap electronic data capture tools hosted at the University of 

Cambridge (Harris et al. 2019; 2009). 

For ethical reasons, the parents of children that scored highly on the Q-CHAT at 18 

months (score of >39), as well as those with a diagnosed sibling or parent,  were offered 

the opportunity to be profiled by trained staff with the 3di via an extensive, guided phone 

interview (Skuse et al. 2004; Slappendel et al. 2016). A report with the results of the Q-

CHAT and 3di was then sent to the parents, which they could then show their GP or 

healthcare visitor and start a referral process for diagnosis. No diagnosis was suggested 

by the research staff, as the participants had not consented to this when they agreed to 

take part in the study. 

 

3.2.5 Statistical Analysis 

Autistic trait distributions (maternal AQ and infant Q-CHAT) were assessed for extreme 

outliers, as defined by an interval of three times the interquartile range. If present, these 

were reduced to the highest possible value within the interval to facilitate statistical 

testing.  

All steroid hormone concentration values exhibited varying degrees of positive skew and 

were log-transformed to reduce this and facilitate subsequent statistical testing via linear 

regression. Following this, outliers were preserved in the analysis to retain clinical 

heterogeneity. Human choriogonadotropin (hCG) and pregnancy-associated peptide 

alpha (PAPP-A) values were retrieved from participants’ clinical records. These had been 

standardised according to multiple of the median (MoM) by the Prenatal Screening 



 
Study 2 - Sex steroids and autistic traits 

 

 47 

Department of the Trust according to maternal age, gestational age and the national 

means (Spencer et al. 1992; Wright et al. 2010). 

Multivariate analysis was conducted by calculating composite scores for the free fractions 

of estradiol and testosterone, and by estimating overall steroidogenesis. The free 

testosterone index (FTI) and free estradiol index (FEI) were calculated via the following 

formulas (all concentrations in nmol/L) and then log-transformed for further statistical 

analysis, as previously suggested (Sollberger and Ehlert 2016): 

FEI: (100*[E2])/([SHBG]) 

FTI: (100*[T])/([SHBG]) 

Latent factor analysis (‘nFactors’ package) was used to identify the optimal number of 

common steroidogenic factors based on their correlation matrix. Values for the predicted 

steroidogenic factor were calculated for each individual via the “Bartlett” method, based 

on the predicted loadings. 

A series of clinical characteristics and group covariates were assessed for pairwise 

association with autistic traits. In cases of binary traits, differences were tested via 

Student’s t-tests. These included comorbidity with PCOS or family history of autism, the 

latter being defined as present if the participating mothers reported having a first-degree 

relative (including previous child) that had been diagnosed with autism. A score of 

clinical severity of maternal hirsutism was devised based on responses in the Pregnancy 

History Questionnaire (PHQ), which the participating mothers completed following 

labour. A score of 1 denoted selection of one area of excess hair growth and 2 denoted 

more than one area. These were further treated as group variables (i.e., “no hirsutism”, 

“one area”, “more than one area”) and were used in cohort comparisons in terms of 

hormone levels and autistic traits. 

Circulating hormones were log-transformed and assessed for association with autistic 

traits. For AQ, pairwise Pearson’s correlations were first used and then followed-up with 

a linear regression model with AQ as the outcome variable and the following predictor 

variables: hormonal concentration, maternal age, comorbidity with PCOS. To account for 

potential underlying associations between infant sex and Q-CHAT scores and preserve 

power, only multiple regression models were used in which an interaction term between 
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infant sex and hormonal concentration was added (for each hormone separately), with 

Q-CHAT scores as the outcome and addition of the following covariates: maternal age, 

maternal PCOS, maternal AQ scores, infant age at assessment, adjusted for gestational age 

at birth. This approach was preferred to stratifying for sex, given the low sample size 

compared to previous studies (Bilder et al. 2019). Family history of autism was not 

included as a covariate in these models, given the very small number of mothers with a 

diagnosed first-degree relative who also had available serum for hormone assays (n=1). 

To ensure their validity, multiple regression models with significant findings for AQ or Q-

CHAT were further tested for heteroscedasticity via the studentized Breusch-Pagan test 

and for the non-normality of their residuals via the Shapiro-Wilk test (Appendix Table 

3.8).  
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3.3 Results 
 

3.3.1 Cohort characteristics and autistic traits 

 

Of the n=219 pregnant women who consented to take part in the study, n=17 had a first-

degree relative with autism, n=26 had been diagnosed with PCOS, and n=89 responded 

positively to having excess body hair growth in the past. Overall mean age of the mothers 

was 32.4 years (SD=4.54). Of this cohort, n=189 completed the Autism Spectrum Quotient 

(AQ), with scores ranging from 1 to 47 (mean=14.63, SD=8.11) (Figure 3.1), while n=4 

reported conceiving via IVF. None of the other women in the cohort declared a diagnosis 

of subfertility or receiving hormonal medications to assist with conception prior to their 

current pregnancy. 

Women with a family history of autism had a significantly higher AQ score (n=13, 

mean=28[SD=14.36]) compared to women without any first-degree relatives with autism 

(n=176, mean=13.64[SD=6.51]) (Cohen’s D=1.98, p=0.004) (Table 3.1). Of the women 

who replied to both questionnaires, those who reported excess body hair in more than 

one area of their body (n=51) also had significantly higher AQ scores 

(mean=16.8[SD=6.7]), than those without any sign of excess body hair growth (n=109, 

mean=13.8[SD=8.9])(Cohen’s D=0.36, p=0.021)(Figure 3.2A). This effect persisted after 

controlling for family history of autism, maternal age, and a diagnosis of PCOS via a linear 

regression model (r=4.3[SE=1.3], semipartial r=0.21 , p=0.005) (Appendix Table 3.2). 
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Figure 3.2: Violin-boxplots showing the distribution of (A) maternal autistic traits (AQ) 
and (B) free estradiol levels (FEI), according to clinical history of hirsutism. Women that 
reported two or more body areas affected had significantly higher levels of both A 
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Of these pregnancies, n=178 of the infants were followed-up with the Q-CHAT when they 

were older than 18 months of age (range: 541 to 671 days after birth), with most being 

assessed between 18 and 20 months (mean=570 days, SD=21.3 days) (Figure 3.1). Prior 

to statistical analysis, infant age was adjusted according to the gestational age at birth for 

each infant (mean=39.56, SD=1.5 weeks post-conception).  

Regarding Q-CHAT scores, one extreme outlier was noted in the distribution (Q-

CHAT=71), which was reduced to the highest value within an interval of three times the 

interquartile range (Q-CHAT=53), in order to reduce skewness and facilitate statistical 

comparisons.  

There was no significant difference between Q-CHAT scores of males 

(mean=30.35[SD=8.13]) and female (mean=29.63 [SD=7.58]) infants at this time-point of 

assessment (Cohen’s D=0.09, p=0.54).  

Q-CHAT scores were significantly correlated with maternal AQ scores (Pearson’s r=0.21, 

p=0.008) (Appendix Figure 3.1). 
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Table 3.1: Cohort characteristics and associations between clinical/demographic factors 
and autistic traits. Test coefficients are Cohen’s D and Pearson’s r correlation coefficient. 

  

 AQ Q-CHAT 
Categorical  N Mean 

traits 
[SD] 

Cohen’s  
D 

p N Mean 
traits 
[SD] 

Cohen’s  
D 

p 

   

History of 
autism 

13 with 28.00 
[14.4] 

D=1.98 0.003
6 

n=14 31.00 
[11.0] 

D=0.14 0.720 

176 
without 

13.64 
[6.5] 

  n=165 29.90 
[7.5] 

  

Maternal 
PCOS 

24 with 14.96 
[6.7] 

D=0.05 0.804
3 

n=22 27.86 
[6.3] 

D=0.31 0.115 

165 
without 

14.58 
[8.3] 

  n=157 30.28 
[8.0] 

  

Fetal sex 87 
males 

14.15 
[8.1] 

D=0.11 0.453 87  
males 

31.00 
[8.1] 

D=0.09 0.54 

102 
females 

15.04 
[8.2] 

  92 
females 

29.63 
[7.6] 

  

History of 
Hirsutism 

109 
none 

13.8  
[8.0] 

  102 
none 

29.27 
[7.8] 

  

29 in 
one area 

13.9  
[6.9 ] 

D=0.01 0.93 28 in 
one 
area 

31.5  
[7.5 ] 

D=0.28 0.181 

51 two+ 
areas 

16.8  
[ 6.9] 

D=0.36 0.021 49 two+ 
areas 

30.63 
[8.0 ] 

D=0.17 0.326 

Continuous N Mean 
factor 

Pearson 
r 

p N Mean 
factor 

Pearson 
 r 

p 

Maternal 
age 

n=154  32.50 
[4.5]years 

r=-0.05 0.462 n=135 32.60 
[4.5]yea
rs 

r=-0.14  0.065 

Birth 
Weight 

n=164 
 

3399.5 
[516.6]g 

r=-0.04 0.596 n=157 3402.8 
[509.8]
g 

r=-0.03 0.727 

Infant age-
adjusted 

 n=148 572,9 
[23.8] 
days 

r=-0.09 0.250 
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3.3.2 Hormone covariates and factor analysis 

Hormone concentrations were only available in subsets of the cohort of women that 

consented to the study. This differed slightly for placental markers that were part of 

routine prenatal screening (hCG and PAPP-A) and steroid level measurements, which 

were analysed for research purposes on the remaining serum sample for each participant 

(Figure 3.1). 

The analysed maternal serum samples corresponded to a narrow period of gestation 

between the late 1st and early 2nd trimester (mean=12.7 weeks, SD=0.8 weeks). 

Circulating hormones showed varying degrees of correlation with each other (Figure 3.3) 

and with other demographic and clinical variables. Testosterone, DHEAS and 

progesterone were all positively correlated with maternal age (Appendix Table 3.3).  

Unsupervised factor analysis showed that a common latent factor could be derived from 

estradiol, testosterone and DHEAS that accounts for 32% of the total variance in hormone 

levels. The values for this ‘steroidogenic factor’ were predicted for each participant based 

on the factor loadings and the concentrations of steroids (Appendix Figure 3.2). 

 

Figure 3.3: Heatmap and dendrogram of the pairwise correlations (Pearson’s) of the log-
transformed hormone concentrations. 
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Women with PCOS also had significantly higher levels of estradiol and progesterone, but 

lower levels of SHBG, compared to women without the condition (Appendix Table 3.4). 

Maternal age correlated positively with progesterone, but negatively with testosterone, 

FTI and DHEAS (Appendix Table 3.4). Women with a history of hirsutism in more than 

one area of their body, also had significantly higher levels of both estradiol (Cohen’s 

D=0.47, p=0.034), FEI (Cohen’s D=0.51, p=0.025) and the predicted steroid factor 

(D=0.50, p=0.028), but not androgens specifically (Figure 3.2B). 

 

3.3.3 Association of hormones with maternal AQ score 

The association between hormones in maternal serum and maternal autistic traits was 

investigated via univariate Pearson’s correlation coefficient and with multiple regression 

(MR) controlled for maternal age and a diagnosis of PCOS (Table 3.2).  FEI was 

significantly correlated with maternal AQ score using both methods (MR: semipartial 

r=0.24, p=0.022) (Figure 3.4A). Log-transformed estradiol levels were associated with 

AQ in Pearson’s correlation (r=0.20, p=0.036) but this was not statistically significant in 

the multiple regression model that controlled for other covariates (MR: semipartial 

r=0.11, p=0.25).  
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Table 3.2: Pearson’s correlation (hormone and AQ) and multiple regression models (MR) 
for predicting AQ scores, controlled for maternal age and a diagnosis of PCOS. 

 

 

  

 Standardised 
Coefficient 

Standard 
Error 

Semipartial 
Correlation 

p - value 

Estradiol 
Pearson’s r=0.20 0.09  p=0.036 

MR 1: intercept r=4.52 12.119  p=0.714 
         : predictor r=1.43 1.23 r=0.11 p=0.25 

Testosterone 
Pearson’s r=0.09 0.10  p=0.377 

MR 1: intercept r=17.34 4.50  p<0.001 
         : predictor r=0.34 1.11 r=0.03 p=0.761 

DHEAS 
Pearson’s r=-0.09 0.10  p=0.379 

MR 1: intercept r=15.29 6.47  p=0.02 
         : predictor r=0.44 0.85 r=0.06 p=0.569 

Progesterone 
Pearson’s r=0.09 0.09  p=0.365 

MR 1: intercept r=23.23 6.94  p=0.001 
         : predictor r=-2.16 2.22 r=-0.09 p=0.365 

hCG MoM 
Pearson’s r=-0.03 0.08  p=0.665 

MR 1: intercept r=13.92 0.97  p<0.001 
         : predictor r=-0.26 0.57 r=-0.03 p=0.65 

PAPP-A MoM 
Pearson’s r=-0.04 0.08  p=0.589 

MR 1: intercept r=14.18 1.16  p<0.001 
         : predictor r=-0.49 0.82 r=-0.04 p=0.56 

Composite measures 
Free Estradiol Index 

Pearson’s  r=0.22 0.09  p=0.019 
MR 1: intercept r=12.81 4.63  p=0.007 
         : predictor r=1.15 0.5 r=0.24 p=0.022 

Free Testosterone Index 
Pearson’s r=0.11 0.09  p=0.258 

MR 1: intercept r=13.33 5.16  p=0.145 
         : predictor r=5.80 3.91 r=0.14 p=0.124 

Steroid Factor 
Pearson’s r=0.18 0.09  p=0.061 

MR 1: intercept r=16.75 0.09  p<0.001 
         : predictor r=0.77 0.55 r=0.17 p=0.085 
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3.3.4 Association of hormones with infant Q-CHAT score 

Log-transformed concentrations of hormone levels were studied in relation to infant Q-

CHAT with multiple linear regression models that controlled for birth weight, maternal 

PCOS, maternal AQ and infant age at the time of Q-CHAT, adjusted for gestational age at 

birth. The interaction between hormone concentration and infant sex was also used as a 

variable in the same model (Table 3.3). Infant sex moderated the association between 

maternal estradiol levels and QCHAT scores, with a positive association for Q-CHAT in 

males but not females (hormone-by-sex: semipartial r=0.23, p=0.036) (Tables 3.3, Figure 

3.4B).  

Standardised hCG MoM values were significantly associated with Q-CHAT scores, with a 

significant moderating effect for infant sex (hormone-by-sex: semipartial r=-0.26, 

p=0.005). This effect followed the opposite pattern to estradiol, with a positive 

relationship in females but not males (Table 3.3).  

All multiple regression models that yielded significant results (for both AQ and Q-CHAT) 

passed tests on the assumptions of homoscedasticity and normality of residuals (full 

model results: Appendix Tables 3.6 - 3.8). 

Finally, a sensitivity analysis for the effects of sex steroids was conducted in a subset of 

the cohort, in which the n=4 women who had conceived via IVF were excluded (Appendix 

Table 3.9). There was a consistent trend with the previously reported results for the 

entire cohort but the associations were marginally non-significant in this subset (AQ-FEI: 

p=0.065 / QCHAT-E2: p=0.052). 
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Table 3.3: Multiple regression models for predicting Q-CHAT scores and accounting for a 
hormone-by-sex interaction, further controlled for maternal AQ, a diagnosis of PCOS, 
maternal age, birth weight and infant age at Q-CHAT assessment-adjusted for gestational 
age at birth. 

  

 QCHAT 
 Standardised 

Coefficient 
Standard 
Error 

Partial 
Correlation 
Coeff. 

p - value 

Estradiol 
MR 1 intercept: r=114.20 35.21  p=0.002 
         hormone: r=-4.00 2.311 -0.19 p=0.087 

         hormone-by-sex: r=8.27 4.08 0.23 p=0.036 
Testosterone 

MR 1intercept: r=80.01 29.07  p=0.007 
         hormone: r=-1.95 2.12 -0.10 p=0.362 

         hormone-by-sex: r=0.99 3.28 0.03 p=0.765 
DHEAS 

MR 1 intercept: r=90.03 29.68  p=0.003 
         hormone: r=-2.33 1.58 -0.17 p=0.144 

         hormone-by-sex: r=1.36 3.22 0.05 p=0.674 
Progesterone 

MR 1intercept: r=84.06 32.16  p=0.011 
         hormone: r= -3.70 4.65 -0.18 p=0.429 

         hormone-by-sex: r=11.64 6.86 0.21 p=0.095 
hCG MoM 

MR 1intercept: r=34.2 20.61  p=0.10 
         hormone: r=2.95 1.07 0.25 p=0.007 

         hormone-by-sex: r=-4.34 1.53 -0.26 p=0.005 
PAPP-A MoM 

MR 1intercept: r=46.04 21.13  p=0.031 
         hormone: r=1.69 1.45 0.11 p=0.245 

         hormone-by-sex: r=-1.37 2.29 -0.06 p=0.552 
  

Composite measures 
Free Estradiol Index 

MR 1intercept: r=82.42 29.02  p=0.006 
        hormone: r=-0.969 1.37 -0.02 p=0.481 

         hormone-by-sex: r=1.989 1.68 0.11 p=0.240 
Free Testosterone Index 

MR 1intercept: r=77.86 29.16  p=0.009 
         hormone: r=2.50 8.78 r=0.03 p=0.777 

        hormone-by-sex: r=-9.53 12.15 r=-0.09 p=0.417 
Steroid Factor 

MR 1intercept: r=85.95 29.01  p=0.004 
         hormone: r=-1.95 1.19 r=-0.19 p=0.108 

         hormone-by-sex: r=2.80 1.81 r=0.20 p=0.081 
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Figure 3.4: Scatterplots with linear fit-models for (A) the association between maternal 
free estradiol (FEI) and AQ score, and (B) the association between maternal estradiol and 
Q-CHAT; separate linear models are presented for each sex and show significant 
interactions with infant sex. 
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3.4 Discussion 

Study 2 is the first clinical longitudinal study to report on the endocrine profile of 

pregnant women and how this relates to their own autistic traits and to the autistic traits 

of their infants. First, it was found that the fraction of free circulating estradiol (FEI) 

during pregnancy correlated positively with the autistic traits of pregnant neurotypical 

women. Second, maternal estradiol was associated with infant autistic traits (as 

measured by the Q-CHAT) in a sex-dependent way, with a positive correlation in males 

but not females. Third, the opposite was true for standardised hCG MoM values, where a 

negative correlation with Q-CHAT scores in males was noted. These associations with 

early neurodevelopment were independent of the mother’s AQ score or PCOS status, as 

well as other infant characteristics such as birth weight or age at the time of assessment. 

Finally, this is the first longitudinal study to show a significant positive correlation 

between maternal and infant autistic traits, as measured by the AQ and Q-CHAT 

respectively. 

The Q-CHAT is a relatively new measure of autistic traits in toddlers, and has been 

validated in independent cohorts around the world (Allison et al. 2008; Ruta et al. 2019; 

Roman-Urrestarazu et al. 2020; Allison et al. 2021). At this early developmental stage, it 

is generally challenging to note that the majority of the children who will later be 

diagnosed with autism. However, it is important to clarify that the Q-CHAT has fared 

better than the more widely used M-CHAT in this regard (Yuen et al. 2018). Another 

advantage of the Q-CHAT over the M-CHAT is that it dimensionalises autistic traits, as it 

is graded on a Likert scale and therefore allows for greater variance in estimating each 

trait. Specifically for this line of research, the Q-CHAT is also useful as it also captures the 

small sex differences in infant milestones in sufficiently large cohorts (Allison et al. 2021). 

In this study, the Q-CHAT was mostly rated by the participating mothers, so a correlation 

between their autistic traits (on the AQ) and the Q-CHAT could be attributed to heritable 

factors, but also to rater bias. For this reason, maternal AQ was controlled for in the 

multiple regression models pertaining to the infants. 

The association between free circulating estradiol and maternal AQ was independent of 

maternal age or a diagnosis of PCOS.  In addition, women with clinical history of excess 

body hair growth in more than one area of their body also had significantly higher autistic 

traits scores, as well as higher levels of circulating estradiol and FEI (Figure 3.2). This is 
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consistent with previous studies that reported higher rates of steroid-exposure related 

symptoms, such as hirsutism in autistic women (Pohl et al. 2014). The correlation 

between FEI and AQ was independent of PCOS diagnostic status, and women diagnosed 

with PCOS did not have higher AQ scores (Table 3.1). This may be due to reduced 

statistical power (n=13 with PCOS diagnosis) or the fact that all the women in this cohort 

had no autism diagnosis themselves and were without significant challenges in fertility, 

contrary to previous studies that found a link between PCOS and autism (Cherskov et al. 

2018). 

There was no association between testosterone levels or the FTI and maternal autistic 

traits in this study. Testosterone correlated positively with estradiol (Appendix Table 

3.3) but did not differ between women with and without PCOS or correlate with a clinical 

history of hirsutism. Previous studies have also shown that circulating testosterone levels 

measured at a single time-point do not always correlate closely with their associated 

clinical parameters, such as hair growth (Pasquali et al. 2016). Particularly during 

pregnancy, estradiol levels may be more clinically informative, as testosterone is rapidly 

aromatised into estradiol by the placenta. Estradiol could then be interpreted as the end-

product of wider steroidogenesis and may be a better biomarker of the ‘steroidopathy’ 

previously indicated by epidemiological studies of autistic women (Pohl et al. 2014). 

This is also the first study to investigate circulating hormones in maternal serum in 

relation to autistic traits in their infants measured between 18 and 20 months of age via 

the Q-CHAT. This questionnaire was developed to enable parents to quantify autistic 

traits, moving away from a restrictive binary format of items into a Likert format. To date, 

the Q-CHAT has been validated in several studies. Interestingly, the Q-CHAT also shows 

sex differences in early autistic traits, with males scoring significantly higher than females 

in larger cohorts (Allison et al. 2008; Ruta et al. 2019; Roman-Urrestarazu et al. 2020; 

Allison et al. 2021). 

Study 2 found significant moderation effects of infant sex on the associations between 

hormones and neurodevelopment. Specifically, increased maternal estradiol was more 

predictive of Q-CHAT scores of males than females (Figure 3.4, Table 3.3). This was 

independent of potential confounding variables, such as maternal age, diagnosis of PCOS 

and maternal autistic traits. Contrary to the results with the AQ, free estradiol levels (FEI), 

as estimated via serum SHBG, were not predictive of Q-CHAT scores. SHBG is a peptide 
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and it does not cross the placenta as easily as steroids, as shown in rare cases of partial 

deficiency in mothers but not their fetus (Hogeveen et al. 2002). Maternal SHBG may 

therefore not accurately capture the bioavailability of steroids in the fetal circulation or 

accurately predict potential effects on infant neurodevelopment. 

Further research is needed to understand the interaction between maternal estradiol 

levels and fetal sex in predicting Q-CHAT scores. As with the observed male bias in autism 

diagnoses, the lack of an association between hormone levels in females may reflect 

behavioural differences that are not adequately captured by this particular instrument ( 

Lai and Szatmari 2020). Alternatively, this interaction may represent evidence of 

differential liability to prenatal hormone levels, whereby males are affected more than 

females by the same maternal endocrine factors. Sine males are undergoing an additional 

increase in steroid levels during mid-pregnancy, due to the activation of the testes, this 

interaction could also be attributed to the added effect of elevated steroids in the fetal 

circulation of males (Welsh, Suzuki, and Yamada 2014).  While fetal steroids were not 

been measured directly in this study, previous comparisons in humans showed that 

estradiol levels correlated between maternal serum and amniotic fluid, in both the 2nd 

and 3rd trimester (van de Beek et al. 2004). The same was found for hCG levels in the 2nd 

trimester (Steier, Myking, and Bergsjø 1999). In contrast, increases in androgen levels of 

male pregnancies, were not detectable in maternal serum (van de Beek et al. 2004). 

Therefore, the interaction of sex with estradiol levels in predicting Q-CHAT scores, in this 

study, could potentially be attributed to the additive effect of elevated androgens in the 

fetal circulation of males, which may not have captured by assaying maternal serum, 

rather than amniotic fluid (Auyeung et al. 2010). 

The findings with hCG mirror those for estradiol, showing a negative association with Q-

CHAT scores in females but not males. hCG is produced by the developing trophoblast 

cells in the placenta and regulates early implantation as well as steroid production 

(Canfield et al. 1987). hCG levels also show baseline sex differences in typical cohorts as 

early as the first half of pregnancy (Adibi et al. 2015). In the current cohort, hCG was 

measured late in the 1st trimester, during the first ultrasound visit, as part of the screening 

programme for Down’s syndrome. This is part of routine prenatal screening in the UK to 

test for placental dysfunction that can often be indicative of genomic instability due to 

aneuploidies (Wright et al. 2010). In cases of clinically diagnosed autism, both very low 
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and very high levels of hCG have been found in maternal serum, leading to a “U-shaped” 

association when studying both males and females (Windham et al. 2016).  Furthermore, 

autistic traits in the children have been associated with the severity of nausea and 

‘morning sickness’ during pregnancy; symptoms that have also been linked to high hCG 

levels (Whitehouse et al. 2018; Goodwin et al. 1992). Further studies into placental 

functionality could offer insight into these observations, the role of sex, and more 

specifically, whether the observed interaction effect for Q-CHAT score is part of an 

adaptive response that is more pronounced in females. 

 

3.4.2 Limitations 

Limitations of the current study include the relatively small sample size, as well as 

potential ascertainment bias given the voluntary process of recruitment. The 

participating women in the study may represent a subset of the wider population, in 

terms of personality traits, as they consented to a longitudinal study with a two-year 

timeline, to an additional ultrasound visit for their baby and to the prenatal screening 

tests in the first place. This willingness to participate in prenatal testing has been profiled 

and shown to differ between cultures, as well as according to individual circumstances, 

such as the nature of the condition (pregnancy onset vs childhood onset) or having a 

previous child with a similar condition (Gottfredsdóttir, Björnsdóttir, and Sandall 2009; 

A. E. Raz, Amano, and Timmermans 2019). Nevertheless, the range of maternal AQ scores 

was within the normative observations of volunteers in previous studies. In addition, it 

is important to consider that AQ and Q-CHAT scores were both rated by the mother 

herself. This was addressed by controlling for maternal AQ when studying associations 

between hormones and infant Q-CHAT scores. The items of the AQ-Adult and Q-CHAT are 

also substantially different, with the latter dealing with behavioural and developmental 

milestones that are specific to infants rather than to interests and personality traits that 

are more evident in adulthood. Furthermore, the findings of the current study may have 

been inflated by Type I errors, as p-value thresholds were not corrected for multiple 

testing. However, the findings on estradiol were consistent for both maternal and infant 

outcomes (Figure 4), were reflected in clinical hirsutism differences (Figure 2), and are 

in accordance with those observed in other studies of clinical autism (Baron-Cohen et al. 

2019; Bilder et al. 2019). The high degree of correlation between many of the assessed 
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hormones (Figure 3) also indicates a common functional and regulatory framework. The 

association tests for individual hormones may then, not be entirely independent, but 

instead affected by a common steroidogenic factor as previously reported (Baron-Cohen 

et al. 2015). Replication of these findings in a larger, independent cohort is warranted to 

confirm their validity. In addition, a larger cohort could provide sufficient statistical 

power to allow a sex-stratified analysis, which could further explain the observed 

interaction and differing effects of maternal hormones on infant autistic traits (Figure 

3.4B). Finally, to improve on these population-level associations,  multiple-of-median 

(MoM) values for estradiol and testosterone should also be developed and studied, as 

they are more specific to confounding parameters (e.g. gestational age, ethnicity etc) and 

are better suited for individual prognosis. 

 

3.4.3 Conclusions 

Study 2 is the first longitudinal study to report associations between maternal 

steroidogenic factors and the autistic traits in both the mother and her infant, with 

significant moderating effects of sex being noted for the latter.  

 

In the following chapters, additional research is presented in order to establish how 

maternal steroidogenesis may affect fetal neurodevelopment, and how these processes 

interact with genetics to disproportionately increase the liability for autism and autistic 

traits in males. 
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Chapter 4  

Study 3 - Sex and the placenta 

 

Summary of Study 3 

Placental complications are more frequent in pregnancies of males, as well as of children 

that later receive an autism diagnosis. In Study 3, concentrations of angiogenesis-related 

markers, placental growth factor (PlGF), soluble fms-like tyrosine kinase (sFlt-1) and 

plasminogen activator inhibitor (PAI-2), were assessed in maternal plasma of expectant 

women in the late 1st (mean= 13.5 weeks gestation) and 2nd trimesters (mean=20.6 

weeks gestation), as part of the Generation R Study, in Rotterdam. Subsequent 

assessment of autistic traits in the offspring at age 6 was performed with the 18-item 

version of the Social Responsiveness Scale (SRS). Diagnosis of autism was based on 

medical records. Z-scores of SRS scores were examined in association with the log-

transformed concentrations of placental proteins, in sex-stratified univariate and 

multiple regression models that adjusted for various covariates. Maternal placental 

protein concentrations were further compared between children with and without a later 

autism diagnosis. PlGF was significantly higher in the pregnancies of males and increased 

faster from 1st to 2nd trimester compared to pregnancies of females. PlGF levels in the 2nd 

trimester, as well as the rate of PlGF elevation between measurements, both correlated 

to SRS scores in females (n=1804), with a similar trend for the latter in males (n=1665), 

in multiple regression models adjusting for various covariates. Autistic males (n=56) had 

significantly lower sFflt-1 levels compared to undiagnosed males (Cohen’s D=0.28, 

p=0.027).  In conclusion, male-type shifts in the levels of these markers, namely high PlGF 

and low sFlt-1, are associated respectively with higher SRS scores in females and a 

diagnosis of autism in males. Sex differences in placental adaptive mechanisms may be 

contributing to sex differences in neurodevelopmental liability.  
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4.1 Introduction 

As it was discussed in Chapter 1, sex differences in prenatal physiology extend beyond 

steroid level differences and include tissues such as the placenta (section 1.5, Chapter 1). 

In Studies 2 and 3, prenatal estrogens were found respectively to be associated with 

autism in males and with autistic traits in mothers (as a free fraction) and their female 

infants. Prenatally, estrogens and other steroids are derived from various endocrine 

sources that are mainly regulated by the placenta. In addition to aromatising androgens 

to estrogens, the placenta also affects foetal growth by facilitating nutrient transfer and 

the production of several growth factors. A “placenta-brain” axis has been proposed, of 

particular developmental significance, given that many neurotransmitter precursors (e.g. 

serotonin) are synthesised in the placenta (Rosenfeld 2020; Nugent and Bale 2015; 

Santos et al. 2020). 

In autism, atypical placental morphology indicating excess proliferation (Straughen et al. 

2017; Anderson et al. 2007), increased placental inflammation and increased placental 

size (Park et al. 2018) have been reported in clinical cohort studies. A large 

epidemiological study of pregnancy complications (n=54,000 autism cases) recently 

reported that “placental pathology” was the most likely explanation for the observed 

association of preeclampsia and low birth weight with autism, as well as of a more general 

diagnosis of hypertension during pregnancy with autism (Maher et al. 2020; 2018). 

Therefore, the placenta may be mediating sex differences in neurodevelopmental and 

autism likelihood, since male placentas produce more steroids, and are more prone to 

complications, such as early miscarriage, pregnancy-induced hypertension and 

spontaneous preterm birth (Gong et al. 2018; Orzack et al. 2015; Verburg et al. 2016). 

Study 3 uses data from ‘Generation R’, a longitudinal birth cohort of almost 10,000 

individuals in Rotterdam, the Netherlands that monitors their participants’ development, 

from pregnancy to adolescence. In this cohort, sex differences have been reported in 

terms of autistic traits (e.g., on the Social Responsiveness Scale -  SRS), autism diagnoses, 

as well as in markers of placental function during pregnancy. Specifically for the latter, 

the levels of placental growth factor (PlGF), soluble fms-like tyrosine kinase-1 (sFlt-1) 

and plasminogen activator inhibitor (PAI-2) were all found to be lower in 1st-trimester 

maternal plasma of male pregnancies, even after controlling for placental weight 

differences between the sexes (Brown et al. 2014). PlGF and sFlt-1 have opposing 
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regulating properties on angiogenesis, via activation and suppression of VEGF-related 

signalling respectively. PAI-2 is synthesised by the mature trophoblast and is thought to 

regulate coagulation in the newly formed blood vessels of the placenta. These proteins 

have been proposed by several research groups as potential biomarkers for placental 

dysfunction, such as in cases of gestational hypertension and preeclampsia (McLaughlin 

et al. 2021).  

However, it has not yet been examined if sex differences in these placental markers are 

linked to established sex differences in neurodevelopmental outcomes, such as autism 

spectrum traits (Bale 2016). 

In this Chapter, these placental proteins are studied in terms of baseline sex differences, 

which are then associated with the development of autistic traits in children of the 

‘Generation R’ birth cohort.  

 

4.2 Methods 

4.2.1 The cohort 

Study 3 utilised data that were collected as part of the ‘Generation R Study’, a prospective 

cohort of expectant women and their children, in Rotterdam, NL. The protocol and details 

of the study have been reported in detail in other publications (Blanken et al. 2018).  

Participants have consented to use of their samples and clinical information for the 

identification of environmental or genetic parameters that contribute to developmental 

and health-related outcomes. The children of this cohort are also being followed-up 

regularly, with both in-person and questionnaire-based measures of their overall 

development. 

For this analysis, only singleton live births were initially included (n=9506) (Figure 4.1). 

These corresponded to deliveries that took place between April 2002 and January 2006. 

Other cohort characteristics, with a breakdown for fetal sex, are included in Appendix 

Table 4.1. With regards to ethnicity, participating mothers and fathers reported it based 

on classifications recommended by ‘Statistics Netherland’ and this was further divided 

into groups for the purposes of statistical analysis (Appendix 4). In addition to the initial 

written, informed consent by the participating mothers, this study was approved by the 

review board and the Medical Ethics Committee of the Erasmus Medical Centre. 
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4.2.2 Placental markers & clinical information 

The concentrations of sFlt-1 and PlGF were measured on two separate occasions during 

pregnancy, at the end of the first and second trimester, via immune 

electrochemiluminescence assay on the Architect System (Abbott Diagnostics B.V., 

Hoofddorp, The Netherlands) in ng/ml and pg/ml respectively. Concentrations of PAI-2 

in ng/ml were only measured in the first time-point via enzyme-linked immunosorbent 

assay. Further details on the protocols of recruitment and sample processing have been 

previously reported (Brown et al. 2014). 

Demographic data on maternal age, ethnicity, educational level and clinical history were 

obtained through self-administered questionnaire at recruitment, with a response rate of 

93%. Clinical information on the pregnancies, including data on birth weight, gestational 

age at blood draws and at birth, as well as on birth complications were obtained from 

medical records, completed by community midwives and obstetricians. Specifically, 

preeclampsia (PE) was defined according to international guidelines on blood pressure 

elevation (140/90 mmHg or greater), in combination with proteinuria after the 20th 

gestational week. Pregnancy-induced hypertension (‘PIH’) were defined according to the 

criteria of the International Society for the Study of Hypertension in Pregnancy (M. A. 

Brown et al. 2001). Spontaneous preterm birth (from here on “preterm birth”) was 

defined as non-induced delivery onset before the completion of 37th week of gestation. 

Designation of ‘small for gestational age’ (from here on “SGA”) referred to infants of lower 

birth weight than a cut-off specified by 1.5 times the lower bound of the interquartile 

range of the entire cohort. These pregnancy complications (preeclampsia, PIH, 

spontaneous preterm birth and SGA) were classified as relating to the placenta. 

4.2.3 Autistic Traits 

The score on the Social Responsiveness Scale (from here on “SRS”) is derived from a 

questionnaire, comprised of items detailing social motivation, interaction, 

communication, and autism-related behavioural traits that are specific to the population 

in question. In this study, participating parents were invited to respond to an 18-item 

abridged version of the questionnaire for children, when their participants’ children were 

6 years old. Items were scored on a Likert scale; 0 (not true); 1 (sometimes true); 2 (often 

true); and 3 (almost always true. The abridged 18-item questionnaire has been 

previously described in published Generation-R studies, and has correlation of over 0.93 
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to the full SRS and a Cronbach’s α-value of 0.92 (Blanken et al. 2018; Vinkhuyzen et al. 

2018). Higher scores indicate greater challenges with social communication and more 

autism-related behavioural traits. Additional details on recruitment and 

neurodevelopmental follow-ups of the children in ‘Generation R’ have been previously 

reported (Kooijman et al. 2016).  

4.2.4 Autism diagnoses 

All diagnoses of the children were made in the community by specialised healthcare 

professionals and according to the criteria the Diagnostic and Statistical Manual of Mental 

Disorders (DSM) IV/5 or the International Classification of Primary Care (ICPC).  Linkage 

to the children’s ‘Generation R’ records was achieved following targeted contact of the 

families’ dedicated general practitioners, who are required by the Dutch healthcare 

regulatory authorities to collect all records and assessments of their patients within the 

practice or conducted by specialised services, as in the case for autism diagnoses. General 

practitioners were contacted in order to submit these records in a targeted drive that 

prioritised children, who had scored high in questionnaires of neurodevelopmental 

deficits during the study (the CBCL and SCQ - with sex-specific thresholds), as well as 

children whose parents had reported that the child had undergone a diagnostic 

assessment for autism, at any point during their participation in the study. This contact 

drive and obtaining of specialist records which confirmed diagnoses, took place before 

study participants had reached 9 years of life, with the a mean age of diagnosis at 6 years 

of age, as described in previous Generation-R publications (Blanken et al. 2018). 

4.2.5 Statistical Analysis 

Baseline cohort characteristics were compared between males and females with Mann-

Whitney U-tests or Chi-squared tests where appropriate. Multivariate imputations by 

chained equations (MICE algorithm) were used to specify missing values for 

demographic variables of the mothers and children. These included maternal age, BMI, 

educational attainment, and ethnicity, as well as birth weight and the age of SRS 

measurement for the children.  

To facilitate statistical comparisons with linear regression, distributions of plasma-

derived placental markers were log-transformed to reduced pronounced skewness. The 

transformed concentrations for sFlt-1 and PlGF were compared between the sexes, via 
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both pairwise Mann-Whitney U-tests, as well as via multiple linear regression, with fetal 

sex at birth as the predictor, and further controlling for gestational age at the time of 

plasma collection and for placental weight at birth.  

In addition, the change of PlGF concentration between the two time-points (“PlGF-e”) was 

computed with the following model: 

PlGF-e = ([PlGF]_t2 -[PlGF]_t1) / (gestational age_t2 - gestational age__t1),  

with ‘t1’ denoting the first and ‘t2’ the second of time-points of PlGF measurement. This 

was done to measure the rate of change, similarly to the computation of growth velocities 

in previous autism studies (Regev et al. 2021), as well as to standardise more effectively 

for gestational age variance between the time-points.  

Weighted SRS scores of the entire cohort also exhibited significant skew (3.08). To 

address this and facilitate statistical testing, z-scores were computed according to the 

properties of their distribution in the entire cohort (from here on “SRS scores”). Extreme 

outliers (n=95) were then reduced to a maximum value specified by adding three times 

the interquartile range (IQR) to the upper quartile of the IQR (SRS z-score=3.1). 

Prior to regression analyses, the log-transformed concentrations of the placental proteins 

were first adjusted for the effects of gestational age and placental weight at birth, via 

linear regression. The residuals were then added to the intercept and further examined 

in association with SRS Scores. This analysis was stratified by sex and every placental 

variable (including the rate of PlGF elevation - ‘PlGF-e’) was studied separately in two 

multivariable regression models. Model 1 was controlled for the age of the child at the 

time of SRS scoring. Model 2 was further controlled for the following covariates: maternal 

age, maternal BMI in the beginning of the pregnancy, maternal ethnicity, birth weight 

adjusted for gestational age and maternal education level.  

Nominally significant results in both models were further scrutinised in sensitivity 

analyses, that restricted the cohort to the following categories, excluding potential 

outliers for both autistic traits and placental function: First, in pregnancies of mostly 

European maternal ethnicity, given observed differences in SRS scores of potentially 

cultural origin (Bölte, Poustka, and Constantino 2008). Second, in pregnancies without 

any reported placental or other complications (PIH, PE, SGA or preterm birth). Third, in 
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pregnancies and children without an autism diagnosis by age 6 (Appendix 4). Finally, the 

levels of placental protein markers were compared between pregnancies of males 

diagnosed with autism and those without a diagnosis via Mann-Whitney U-tests.  

 

4.3 Results 

4.3.1 Neurodevelopmental outcomes 

The current analysis was restricted to a subset of the Generation R cohort (n=7,293), in 

which placental marker measurements were available in maternal plasma at two time-

points of pregnancy (Figure 4.1). A further subset of them also had available scores for 

autistic traits (n=3,469), as measured on the SRS at age 6 (mean age=74 months, SD=5.8 

months). In this subset of the Generation R cohort, n=56 males and n=9 females had been 

diagnosed with autism by the time this study commenced.  Autistic traits, as scored on 

the SRS, differed significantly between the sexes, with males scoring significantly higher 

than females (Figure 4.2A). SRS Scores also correlated to the age of the child at the time 

of assessment, as well as and to the age of the mother (Appendix Table 4.1). Further 

comparative assessment of SRS Scores with regard to cohort characteristics and 

demographics has been previously published elsewhere (Amiri et al. 2020).  

  

Figure 4.1: Flowchart of the study with the sample sizes used for comparison of placental markers in 
association with autistic traits and a diagnosis of autism. 
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4.3.2 Placental markers in maternal plasma 

Placental markers showed varying degrees of change between the two time-points of 

measurement 1st and 2nd trimesters. PAI-2 was only measured in the 1st time-point. sFlt-

1 only increased marginally between the 1st and 2nd trimesters (U-test, p=0.028). On the 

contrary, PlGF increased more sharply between the two time-points of measurement (U-

test p<0.001).  Levels of all placental-derived proteins correlated significantly to each 

other, both between time-points of measurement (PlGF: Pearson’s r=0.45, p<0.0001 / 

sFlt-1: Pearson’s r=0.72, p<0.0001) and to each other in varying degrees (2nd trimester 

PlGF-sFlt-1: Pearson’s r=0.12, p<0.0001)(Appendix Figure 4.1), as well as to a variety of 

maternal characteristics (Appendix Table 4.2). 

In the 1st trimester, as previously reported, all three placental markers were significantly 

lower in pregnancies of males (Brown et al. 2014). In the 2nd trimester, sFlt-1 levels 

continued to be significantly lower in the pregnancies of males, compared to females. On 

the contrary, PlGF levels in the second time-point were significantly higher in males 

(Figure 4.2B). These sex differences were significant in pairwise Mann-Whitney U-tests 

(Table 4.1) and in multiple regression models, that also controlled for gestational age and 

placental weight (Appendix Table 4.3).  

 

Figure 4.2: Males have significantly higher (A) autistic traits and (B) PlGF levels in 
maternal plasma at the 2nd trimester. P-values are of U-tests of SRS z-scores and PlGF 
concentrations respectively. 
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1st trimester N Mean Mean Males  Mean 
Females  

p - value  
for sex difference 

PAI-2 ng/ml 5900 42.13 40.76 43.51 <0.0001 
      

PlGF pg/ml 5963 59.46 58.87 60.06 0.001 
      

sFlt-1 ng/ml 5951 5.82 5.58 6.07 <0.0001 
      

2nd trimester   
PlGF pg/ml 7294 239.41 246.84 231.81 0.0001 

      
sFlt-1 ng/ml 7292 6.11 5.82 6.38 <0.0001 

      
Longitudinal   

PlGF - e 5250 25.89 26.74 25.02 0.007 
 

Table 4.1: Placental proteins in maternal plasma at two time-points of measurement (1st: 
mean=13.5 weeks, 2nd: mean= 20.6 weeks), and a longitudinal variable corresponding to 
the rate of PlGF elevation (PlGF-e) between them. P-values for sex-difference correspond to 
comparisons of the log-transformed values via U-tests.  

 

4.3.3 Association of placental markers with neurodevelopmental outcomes 

In sex-stratified analysis, higher PIGF levels were associated with more autistic traits 

(SRS scores) in females, when controlling for age at the time of assessment (Model 1: 

β=0.17, p<0.0001) and various other covariates, including maternal age, BMI and birth 

weight adjusted for gestational age (Model 2: β=0.09, p=0.004). The rate of change of PlGF 

elevation between time-points was also positively correlated to the autistic traits in 

females (Model 1: β=0.003, p=0.0008/ Model 2: β=0.002, p=0.01), with a notable trend in 

males (Model 1: β=0.003, p=0.02 / Model 2: β=0.002, p=0.09). There was no association 

of PAI-2 or sFlt-1 levels at any single time-point, with the autistic traits of either males or 

females (Table 4.2). 
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 MALES FEMALES 
1st trimester N β p Model 

Adj-R2 
 N β p Adj-R2  

PAI-2           

Model 1 1478 -0.005 0.952 0.012  1405 0.004 0.958 0.004  

Model 2  0.078 0.132 0.088   0.082 0.064 0.094  

PIGF           

Model 1 1504 0.040 0.518 0.012  1408 0.153 0.001 0.013  

Model 2  0.040 0.241 0.090   0.098 0.000 0.094  

sFlt-1           

Model 1 1502 0.050 0.328 0.013  1408 0.033 0.434 0.005  

Model 2  0.063 0.120 0.087   0.032 0.320 0.094  

2nd trimester           

PIGF           

Model 1 1804 0.046 0.410 0.012  1665 0.171 <0.0001 0.018  

Model 2  0.051 0.171 0.085   0.087 0.004 0.084  

sFlt-1           

Model 1 1802 -0.015 0.740 0.012  1665 -0.0001 0.999 0.004  

Model 2  -0.001 0.977 0.085   -0.0142 0.588 0.081  

Longitudinal           

PIGF-e           

Model 1 1367 0.003 0.021 0.015  1260 0.0033 0.001 0.011  

Model 2  0.002 0.087 0.097   0.0024 0.011 0.095  
 

Table 4.2: Association of z-scores of child SRS Scores with placental protein concentrations 
in maternal plasma, adjusted for gestational age at time of measurement and placental 
weight. Model 1 covariates: age of child at SRS measurement. Model 2 covariates: age of 
child at SRS measurement, maternal age, maternal BMI in the beginning of the pregnancy, 
maternal ethnicity, birth weight adjusted for gestational age and maternal education 
level. 
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4.3.4 Sensitivity & Mediation analyses 

Sensitivity analyses were performed in subsets of the original cohort, by excluding 

potential outliers for autistic traits (non-European ethnicities or autism diagnoses) or for 

placental markers levels (pregnancies with placental complications) (Appendix Table 

4.4). These confirmed that PlGF levels in the 2nd trimester, as well as the rate of PlGF-

elevation continued to be significantly associated with autistic traits in females.  

 Mediation analysis showed that the sex difference in autistic traits (higher SRS in males, 

Cohen’s D= 0.31, p<0.0001) was significantly mediated by PlGF levels, at both time-points 

of measurement. This effect was negative in the 1st trimester (ACME: -0.006, p=0.006) 

and positive in the 2nd trimester (ACME: 0.005, p=0.032), mirroring the reversal of 

baseline sex differences in PlGF levels in the second time-point (Table 4.1). The rate of 

PlGF-elevation also significantly mediated part of the association of sex with SRS Scores 

(ACME: 0.004, p=0.036). This was not found for other variables with pronounced sex 

differences, such sFlt-1 levels or PAI-2. 

 

Placental 
markers 

Mediation of the effect of sex on autistic traits 

1st trimester ACME (CI) p-value  
of mediation 

ADE (CI) 
 

p-value 
of added effect 

PAI-2 -0.005 
(-0.01 - 0.00) 

0.15 0.26 
(0.19 - 0.32) 

<0.0001 

     

PlGF -0.006 
(-0.01 - 0.00) 

0.006 0.26 
(0.19 - 0.33) 

<0.0001 

     

sFlt-1 -0.004 
(-0.01 - 0.00) 

0.29 0.25 
(0.19 - 0.32) 

<0.0001 

  

2nd trimester 
 

PlGF 0.005  
(0.00 - 0.01) 

0.032 0.24  
(0.117 - 0.31) 

<0.0001 

     

sFlt-1 0.001 (-.00 - 0.01) 0.63 0.25 (0.18 - 0.32) <0.0001 

Longitudinal     

PlGF - elevation 0.004  
(0.00 - 0.01) 

0.036 0.24 (0.18 - 0.30) <0.0001 

 

Table 4.3: Mediation of placental markers on sex differences in autistic traits (SRS scores). 
Sex differences in prenatal PlGF levels mediate a small part of the sex differences in SRS 
scores at age 6. 
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4.3.5 In autism cases 

Case-control comparisons between diagnosed (n=56) and undiagnosed males (n=3619) 

showed that placental proteins in maternal plasma of the 1st trimester did not differ 

between them. In the 2nd trimester, sFlt-1 levels were significantly lower in male 

pregnancies of children later diagnosed with autism (Cohen’s D=0.28, 

p=0.027)(Appendix Figure 4.3). This was further confirmed in a multiple logistic 

regression model of the entire cohort (both male and females). This model controlled for 

birth weight and tested for an interaction between fetal sex and sFlt-1 levels for autism 

status, which was also significant (β=1.66,p=0.045) in addition to the effects of sex and 

sFlt-1 (Appendix Table 4.5).  

 

1st trimester Mean no-diagnosis 
(n=3619 males) 

Mean Autism 
(n= 56 males) 

p-value  
of group comparison 

PAI-2 ng/ml 40.77 40.35 0.50 

    

PlGF pg/ml 58.95 54.63 0.91 

    

sFlt-1 ng/ml 5.59 4.90 0.14 

  

2nd trimester 
 

PlGF pg/ml 247.15 226.42 0.45 

    

sFlt-1 ng/ml 5.84 4.83 0.027 

  

Longitudinal 
 

PlGF - 
elevation 

26.77 25.52 0.97 

 
Table 4.4: Comparison of placental protein concentrations in maternal plasma between 
males diagnosed with autism (n=56) and males without a diagnosis (n=3619). P-values 
correspond to Mann Whitney U-tests. Placental markers were previously log-transformed 
and adjusted for their associatinos with gestational age at measurment and placental 
weight 
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4.4 Discussion 

Study 3 investigates sex differences in placental markers of angiogenesis and their 

association with neurodevelopmental outcomes, as well as a diagnosis of autism in 

childhood, in a large prospective, population-based cohort.  

The analysis focused on the levels of the placenta growth factor (PlGF) and the soluble 

fms-like tyrosine kinase-1 (sFlt-1), which are produced by the placenta and have 

opposing functions on angiogenesis, via activation or inhibition of VEGF signalling 

respectively. Although these markers have been largely studied in association with 

placental and cardiovascular health, they may still be relevant for neurodevelopment. For 

example, PlGF has been shown to induce proliferation of neuronal Schwann cells, to 

facilitate cortical expansion (Dewerchin and Carmeliet 2012), and increase the 

permeability of the maternal blood brain barrier in rodents (Schreurs et al. 2012).  

These two placental markers were previously studied in the late 1st trimester in the same 

cohort, and found to be significantly lower in the pregnancies of males (Broere-Brown et 

al. 2016). In this study, we find sex differences in their concentrations continue to be 

significant, independently of placental weight differences. Specifically, sFlt-1 continues to 

be significantly lower in males, with little change between time-points. However, the 

levels of the placental growth factor (PlGF), are significantly higher in males, due to faster 

increase between trimesters. This is consistent with previous findings in an independent 

cohort, in which changes in PlGF were modelled in several time-points (Sovio et al. 2018).  

In cellular and human studies outside of pregnancy, PlGF levels have been found to 

correlate to the levels of steroid derivatives and DHEAS (Pertegal et al. 2015; Lowin et al. 

2012). DHEAS is also significantly higher in the placentas of males, as shown via RNA-Seq 

in a large clinical cohort (Gong et al. 2018). The rapid increase of PlGF into the 2nd 

trimester could then be attributed to the effects of fetal androgens, which are rapidly 

elevated in males during mid-pregnancy, following the activation of the testes (Welsh, 

Suzuki, and Yamada 2014). 

Clinically, very low concentrations of PlGF are considered a biomarker of preeclampsia 

(McLaughlin et al. 2021). This is true in both males and females and can be found as early 

as the 1st trimester. However, the significance of high PlGF levels ,and particularly during 

mid-/late pregnancy, remains unclear. In the same longitudinal birth cohort, it was 
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previously shown that PlGF concentrations correlate to infant growth rates of body 

weight and head circumference, which are also higher in males, compared to females 

(Broere-Brown et al. 2016; Bergen et al. 2015). 

Study 3 shows, for the first time, that sex differences in PlGF levels are also linked to 

neurodevelopment. This effect is more apparent in females, following stratification by 

sex, but also shown to significantly interact with sex and mediate higher autistic traits in 

males (Table 2). The lack of a significant linear association in the males-only analysis 

could then be attributed to a ‘ceiling effect’, given males’ higher baseline PlGF levels in 

the 2nd trimester. In sensitivity analyses, the association persisted in females, when 

autistic people or complicated pregnancies were excluded from the cohort (Appendix 4 

Table 4). 

Large epidemiological studies have previously linked placental dysfunction to a later 

diagnosis of autism (Maher et al. 2020). Smaller clinical cohorts have also shown 

differences in the morphology and shape of placentas in autism, compared to controls 

(Anderson et al. 2007; Park et al. 2018). However, this is the first study to link placental 

markers to the autistic traits in the general population.  The pathophysiological process 

for this effect remains unclear, as PlGF was not shown to affect the developing nervous 

system directly. The reported effect sizes for PlGF are small and indicate that other 

regulatory molecules may be more informative for autistic traits. However, it remains 

possible that high levels of PlGF may affect the fetal blood-brain-barrier, as shown in 

animal models (Schreurs et al. 2012), and potentially prolong exposure of the fetal brain 

to growth factors and steroids (Auyeung et al. 2009). This process would interact with 

biological sex, given baseline sex differences in steroid levels, placental function, and 

growth rates. Recent evidence in an animal model is consistent with this hypothesis, 

showing that placental steroids were sufficient to shape the social behaviour of mice, in 

sex-specific ways (Vacher et al. 2021).  More research would be needed in both humans 

and experimental models, in order to understand this phenomenon. 

In addition, a comparative analysis of placental marker concentrations was conducted 

between cases and controls for a diagnosis of autism. Compared to the previous analysis 

on traits, the statistical power was greatly reduced as n=59 males and only n=9 had been 

reliably certified to have received a diagnosis of autism by approximately 9 years of age, 

given the ongoing prospective nature of the cohort. No significant differences were found 
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in PlGF levels. However, the levels of sFlt-1 were significantly lower in autistic males, than 

undiagnosed males.  Males in general had significantly lower levels of sFlt-1 than females; 

so a pattern emerges that mirrors the one seen with PlGF and autistic traits in females. 

This case-control comparison between autistic and undiagnosed children was restricted 

to males, given the low numbers of females diagnosed with ASD. This may be the reason 

why PlGF differences were not detected in this male-only comparison, given their higher 

baseline PlGF levels compared to females. In-vitro experiments have shown that sFlt-1 is 

downregulated by hypoxia in cultured endothelial cells (Ikeda et al. 2011). Additional 

studies would be necessary to replicate this finding in an independent cohort, in autistic 

females and to investigate further the clinical relevance of low sFlt-1 levels in pregnancies 

of individuals who are later diagnosed with autism. 

Taken together, these findings could be interpreted as evidence of a ‘male-type’ shift in 

connection with both autistic traits (high PlGF) and an autism diagnosis (low sFlt-1). 

Similar male-type patterns have been noted in autistic females’ personality traits, facial 

structure, and brain structure (Greenberg et al. 2018; Tan et al. 2017; Lai et al. 2013). 

Autistic females also have higher prevalence in steroid-related symptoms and conditions 

(including PCOS and metabolic dysfunction) (Pohl et al. 2014; Cherskov et al. 2018; 

Simantov et al. 2021). In turn, these conditions have been variably linked to the effects of 

the placenta, which is hypothesised to ‘condition’ the developing endocrine and nervous 

system of the fetus (Risal et al. 2019). Therefore, pregnancies that lead to autism or higher 

autistic traits, may be linked to more ‘male-type’ shifts in prenatal physiology that extend 

beyond PlGF and may include higher steroid levels (Studies 1 and 2)(Auyeung et al. 

2009), but also other factors relating to lifelong health and disease. 

With regards to limitations, the change in PlGF levels was only modelled based on two 

time-points, assuming a linear rate of change for both sexes and for all gestational stages. 

Additional time-points may be needed for more accurate modelling and to study catch-

up effects in females, as indicated by a previous study (Sovio et al. 2018). More research 

is also necessary to further understand the mechanisms by which fetal sex interacts with 

the placenta, as well as other environmental and genetic risk factors for autism. Finally, 

it is important to note that this study only examined population-level associations via z-

scores. To increase the clinical and prognostic value on the individual level, multiple-of-
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median (MoM) values should be utilised instead, which could be standardised to sex, 

gestational age and national trends. 

In conclusion, this study has shown that sex differences in placental functionality are 

associated to autism-related outcomes in childhood. In the next chapter, the investigation 

of sex differences in hormones and growth patterns  is expanded into early infancy.  
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Chapter 5  

Studies 4 - 6 : Sex and infant development 

 

Summary of studies 4, 5 and 6 

Prior research has focused on prenatal sex steroid levels and their association with 

autistic traits, in order to explain the sex ratio in diagnoses. Perinatal physiology also 

differs between the sexes, in terms of:  

1. The levels of postnatal testosterone during ‘mini-puberty’ 

2. The rate of perinatal brain growth  

3. The volume of specific brain regions that undergo sex differentiation.  

These three factors are analysed here, in three studies, using the same cohort of infants. 

Autistic traits and autism likelihood, based on family history, are also included as 

outcomes.  

 

The ‘Cambridge Human Imaging and Longitudinal Development Study’ (CHILD) is a 

prospective enriched cohort study in Cambridge, UK that includes both prenatal brain 

imaging (n=41, mean=31.98 weeks gestation), as well as postnatal brain imaging (n=27, 

mean=10.8 weeks after birth) of the fetus/infant. A subset of the cohort also includes 

children with a family history of autism (diagnosed parent or sibling, n=11 at fetal stage, 

n=7 at infant stage). Salivary testosterone levels were also assessed at two time-points, 

soon after the 2nd and 6th month of life. Autistic traits were scored on the Quantitative 

Checklist of Autism in Toddlers (Q-CHAT) after the children were 18th months of age.  

 

-Study 4: Mini-puberty Salivary testosterone levels were significantly higher during 

‘mini-puberty’ in the 2nd and 3rd month of life, than after the 6th month of life, for both 

males and females. There was no significant sex difference at either time-point. Log-

transformed testosterone levels were not associated with autistic traits (Q-CHAT). There 

was no interaction effect with infant sex, autism family history or baseline testosterone 

levels after mini-puberty (at >6 months of age).  
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-Study 5: Perinatal Brain Growth 

Whole-brain metrics (total volume and surface area) and their perinatal rate of change 

were all significantly higher for males, after controlling for birth weight differences and 

other covariates. They also negatively correlated to autistic traits, in pairwise analyses 

and multiple regression models. Their perinatal rate of change also interacted with sex 

in this association, affecting males more than females. Infant testosterone levels did not 

mediate the negative association between whole-brain metrics and later autistic traits, 

but family history of autism interacted significantly with this. 

 

-Study 6: Regional sex differences in infant neuroanatomy 

Several brain regions (n=32) showed significant sex differences in volume, after 

controlling for both birth weight, head circumference and correcting for multiple testing. 

Of these regions, the volume of four was associated with autistic traits in infants: the 

middle temporal pole, the fusiform gyrus, the thalamus and the midbrain.  

 

In conclusion, perinatal brain growth interacted with sex, but not with postnatal 

testosterone, in its association with autistic traits in the second year of life. Reduced brain 

growth in females and infants with a family history of the condition was the main driver 

of this effect. 
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5.1 Introduction 

As summarised in Chapter 1, autism is a neurodevelopmental condition that combines 

difficulties in social interaction and communication, with restricted interests and 

repetitive behaviours. While a lot of cognitive research has been dedicated to delineating 

the patterns in behavioural profiles, perfecting diagnostic instruments and studying 

comorbid conditions (physical or psychogenic), arguably fewer studies have focused on 

the neurodevelopmental underpinnings of the condition; namely the earliest patterns of 

autism-linked brain development. Additional study is required to understand when 

autism starts and how it differs to the normative process of brain development. 

Based on twin-heritability estimations, to sequencing and finally recent genome-wide-

association studies that capture common variance, there is now consensus that most of 

the liability in autism (diagnosis or traits) can be attributed to genetics (Grove et al. 2019; 

Gaugler et al. 2014). If the developmental effects of autism-related genetic variance are 

better understood, then potential physiological biomarkers for autism could theoretically 

be found as early as conception. This line of research is inevitably faced with the inherent 

challenges in studying the human brain in early infancy and pregnancy. 

Nevertheless, a diagnosis of (non-syndromic) autism remains behavioural and is only 

possible after 18-months of age, when specific neurodevelopmental behaviours emerge 

in toddlerhood, pertaining to social attention, language use and play. The Q-CHAT is a 

psychometric measure, rated by a parent or care-giver, that was developed to capture 

these traits in an additive way, creating a continuous spectrum (Allison et al. 2008). After 

the Q-CHAT was first proposed, several studies have confirmed its validity in predicting 

a later autism diagnosis in children via gold-standard neurodevelopmental assessments 

by specialists (i.e., based DSM-IV/5 or ICD-10 criteria). Validation studies for the Q-CHAT 

have been conducted in different populations of different ethnicities, with consistent 

results (Ruta et al. 2019; Roman-Urrestarazu et al. 2020; Allison et al. 2021).  

Interestingly, a sex difference in Q-CHAT scores has been noted in many of these studies, 

with males scoring higher in terms of autistic traits at 2 years of age. This is consistent 

with early sex differences in several socio-cognitive milestones, such as language 

development (Schaadt, Hesse, and Friederici 2015; Etchell et al. 2018), as well as in 

autistic traits in childhood and adulthood, which have been consistently found to be 
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higher in males. This could be attributed to potential biases in terms of gendered 

behaviours that are not well characterised in young females  (Lai and Szatmari 2020). 

However, baseline sex differences in physiology may still be mediating a male liability to 

autistic traits and eventually autism (Baron-Cohen et al. 2011). These sex differences in 

physiology may be preceding the emergence of autistic traits and be detectable prenatally 

or in early infancy. 

Perinatal physiology may interact with fetal/infant sex via differences in steroid hormone 

levels, placental function, and the rate of growth of the body and brain. With regards to 

the latter, the ‘brain overgrowth theory’ has been put forward, based on a series of 

findings. This postulates that the brain in autistic people is characterised by aberrant 

proliferation and/or reduced apoptosis during putative points of perinatal development. 

Multiple studies have identified differences in brain structure between autistic and 

neurotypical children at two years or older that are consistent with the “brain 

overgrowth” theory (Hazlett et al. 2011; Fingher et al. 2017; Xiao et al. 2014; Courchesne 

et al. 2007), with one study even suggesting that autism-related structural deviations 

may be present as early as 6 months of age (Hazlett et al. 2017).  

However, these studies often fail to investigate baseline sex differences and particularly 

their interaction with brain size, in terms of predicting autism or autistic traits. This 

interaction has mostly been studied in the brains of adults with autism, where it was 

shown that autistic people show more ‘male-like’ patterns in brain structure, irrespective 

of their sex  (Lai et al. 2013). A longitudinal study in children with autism (ages 1.5 to 5 

years old) reported that females with the condition exhibited a greater deviation, in terms 

of brain overgrowth  than their male peers,  but this analysis did not implicate specific 

regions of functional relevance (Schumann et al. 2010). 

Sex-differential growth trajectories though are a consistent feature in early development 

and even younger ages. The most consistent finding is that male infants show larger total 

brain volumes than females from birth onwards (Benavides et al. 2018; Gilmore et al. 

2007), and that total brain volumes on average grow at a faster rate in males during 

infancy (Holland et al. 2014). Prenatally, sex differences in brain structure and growth 

are less clear. Although some studies have found subtle sex differences in fetal brain 

diameter and ventricular volume, others have failed to find any sex differences in brain 

structure (Andescavage et al. 2017; Kyriakopoulou et al. 2017; Scott et al. 2011) This 
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indicates that the developmental period immediately after birth may be the earliest time-

point to study sex differences in brain structure and their association with autism. 

Finally, early infancy is also characterised by a brief increase in steroid hormones and 

particularly testosterone at around 2 months of age; a period termed ‘mini-puberty’. This 

appears to be specific to males and is thought to facilitate meiosis and the maturation of 

spermatocytes. The neurodevelopmental significance of this phenomenon is unclear. 

Association studies have found links between steroid levels during mini-puberty and 

language development (Schaadt et al. 2015). But the association was not significant in 

studies of autistic traits, as measured on the Q-CHAT, in two independent studies. The 

first measured steroids at a later time-point than the predicted peak (at 8 months of age) 

and controlled for any sex differences in a linear regression model (Auyeung et al. 2012). 

In the second study, the authors were able to measure testosterone in saliva earlier 

(mean age = 7.8 weeks) but opted for a sex-stratified analysis, potentially reducing power 

(40 males, 47 females)(Kung et al. 2016). Neither of these studies included more than one 

time-point of steroid measurement, or tested for an interaction with infant sex, rather 

than control or stratify for sex. 

To address many of the gaps in research, the CHILD was set up. The design of this cohort 

is unique in the autism literature. First, it is longitudinal (Figure 5.1), monitoring 

individuals from the first trimester post-conception, until their second year of infant life, 

at multiple time-points. Second, it includes two brain scans, both prenatally (in the late 

second trimester) and after birth (at 2 months of age). Third, it includes two 

measurements of salivary hormones, to better capture the peak of mini-puberty. Fourth, 

it measures autistic traits as an outcome in late infancy (via the Q-CHAT) but also includes 

a subset of participants from families at high-likelihood for autism (presence of a 

diagnosed parent or sibling) (Figure 5.1). 

Therefore, the studies based on this cohort are well-placed to uncover differing trends in 

brain development and link them to infant autistic traits, as well as check for interactions 

with fetal sex and familial autism likelihood. Given the relatively small sample size 

(n<41), this study should be considered as an exploratory, “pilot” project, therefore 

findings need to be replicated in subsequent projects. 
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With regards to this chapter, the following hypotheses will be investigated: 

1. Study 4: That testosterone levels during mini-puberty correlate to infant autistic 

traits, and this association interacts with baseline sex differences in testosterone 

levels. 

2. Study 5: That brain growth correlates to infant autistic traits and this association 

interacts with baseline sex differences in brain growth. 

3. Study 6: That this interaction between sex, brain growth and autistic traits is driven 

by brain regions that have been previously implicated to neurocognitive milestones, 

such as social attention, language etc. 

 

 
 

Figure 5.1: CHILD Study Flowchart. Measures in this chapter in bold. 
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5.2 Methods 

5.2.1 Participants 

Pregnant women were recruited to take part in CHILD at the Rosie Maternity Hospital, in 

Cambridge, via advertising material or in-person discussions in the prenatal ultrasound 

unit, during their first or second pregnancy monitoring appointment. An additional 

subset of the cohort consisted of pregnant women with a family history of autism, having 

themselves received a diagnosis of autism, their partner, or a previous child. These “high-

likelihood” participants were recruited through the Cambridge Autism Research 

Database, support groups across the UK, social media that are specific to the condition, 

and adverts placed on magazines. Only women with a singleton pregnancy were eligible 

to take part in the study and those who reported no consumption of alcohol or smoking, 

in the initial screening form for study recruitment. 

Participants agreed to take part in two MRI brain scans of their child’s brain, prenatally 

during 30-33 weeks of pregnancy (fetal stage) and postnatally at 8-12 weeks after birth 

(infant stage). Infant scans were conducted during natural sleep with no sedation used.  

A total of 43 participants underwent scanning at 30-33 weeks of pregnancy. Structural 

data was not obtained from two participants due to movement artefacts, for a total 

sample size of n=41 brain scans at the fetal stage, of which n=11 at high-likelihood for 

autism. Two typical and one autism high-likelihood infants could not be followed-up for 

the infant scan. Scanning was therefore conducted with 40 participants at the postnatal 

stage. Structural data was not obtained from one autism high-likelihood participant, due 

to movement artefacts. Moreover, data was not obtained from 11 participants (of whom 

one was in the high-likelihood group) due to the infant waking and showing distress in 

the MRI scanner or due to the inability of the infant to achieve sleep. Therefore, at the 

infant stage, structural MRI scans were, available for 27 participants, of which 7 were at 

high familial likelihood for autism. None of the infants included in the study had been  

born preterm (<37 weeks gestation at birth). 

Consent was also obtained for specific linkage to all pregnancy-related clinical data. 

Birth-related variables, such as birth weight and gestational age at birth, were obtained 

via access on the CUH Trust’s clinical records system (EPIC), by specialist clinicians and 

anonymised immediately after extraction. 
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5.2.2 MRI Acquisition and Pre-processing 

All MR images were obtained at the Paediatric Scanning Unit of the Rosie Hospital, 

Cambridge, UK with a 1.5 Tesla GE scanner. Structural images were acquired using the 

balanced steady-state gradient echo sequence FIESTA (Fast Imaging Employing Steady-

state Acquisition). The following parameters were used: repetition time of 3.5ms, echo 

time of 1.4ms, a flip angle of 55°, 172 slices with a slice thickness of 1mm, voxel size of 

1.875 x 1.875 x 1mm3, field of view of 256 x 256. BOLD sensitive echo-planar images 

were acquired using the following parameters: repetition time of 2000ms, echo time of 

40ms, a flip angle of 90°, 3150 slices with a slice thickness of 4mm, voxel size of 5.625 x 

5.625 x 4mm3, field of view of 64 x 64. 

5.2.3 Structural image pre-processing 

Fetal brain images were manually reoriented using the Reorient tool in ITK-SNAP 

(Yushkevich et al. 2006) as in utero head movement led to mismatches between image 

orientation codes and the actual orientation of the fetal brains. This step was not 

necessary for infant structural images as infants were scanned during natural sleep with 

cushion padding either side to minimise movement within the scanner. Spatial origin was 

set to the Anterior Commissure fibre tract permitting accurate co-registration of 

reoriented images. All images were then manually skull stripped with the resulting ROI 

extending to the skull/CSF interface and to the base of the Cerebellum. Using a gender 

balanced random sample of subjects with both fetal and infant images a study specific 

structural template was generated using Advanced normalisation tools (ANTs; Avants et 

al. 2009). 

The STA31 template, part of a spatiotemporal MRI atlas for segmentation of early brain 

development (Gholipour et al. 2017) together with all fetal and infant structural images 

were registered to the study specific template using ANTs (Avants et al. 2009). So as not 

to introduce interpolation artefacts, STA31-specific-template and subject-specific-

template spatial warps were combined into a single inversely symmetrical STA31-to-

subject transformation. As it was not possible to directly segment brain images into grey 

and white matter, due to the lack of grey/white matter contrast during this 

developmental period, STA31 parcellations were re-sampled into subject space to 
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indirectly assess grey matter properties within the brain. The sum of combined re-

sampled STA31 segmentations and parcellations was then used to estimate total brain 

volume from the structural images. 

5.2.4 Salivary Hormones  

Saliva was collected in the form of passive drool from the infants’ mouth immediately 

before their postnatal brain scan, at approximately 2 months of age (mean=10.8[1.9] 

weeks). This was achieved with a specialised and validated method from Salimetrics, Ltd., 

using their Infant Collection Swab (SIS). This consists of an absorbent polymer that 

absorbs the infant’s saliva, paired with a single-use, single-swab collection tube, in which 

the swab is placed. Two swabs were used per infant, when possible. Three infants did not 

tolerate a second swab. Swab-tube pairs were placed in a freezer at 4 degrees Celsius, 

immediately after collection. Within one hour, these were centrifuged to achieve gradual 

draining and collection of liquid saliva. They were kept at 3 degrees throughout. The 

resulting sample was then aliquoted into a cryovial and frozen at -80C. In a few cases 

(n<4), admixture with tears could not be excluded, given the infant’s distress at the time 

of sample collection. 

The same collection protocol was applied in a second in-person clinical appointment, 

when the infants were approximately 6 months old (mean=26.5[1.7] weeks). For this 

subset of samples, collection swabs were immediately frozen at -80C. These were thawed 

and centrifuged after a period of one year in storage at -80C. 

5.2.5 Hormonal assays for testosterone 

An Immunoassay kit developed and provided by Salimetrics, Ltd was used to measure 

testosterone concentrations in saliva. This has been validated in samples collected via the 

Infant Collection Swab, as well as in adults. Duplicate assays were conducted for each 

participant’s pooled saliva sample (derived in most cases by two swabs used in quick 

succession). Final values were the average of the two assays. A quality control step 

involved conducting a third assay, in case concertation values of the two initial arrays, 

were not within 10% of each other. The average was then computed, based on the two 

assays that were closer together. All assays were conducted by specialist staff at the 

Anglia Ruskin Biomarkers Laboratory, which had been accredited by Salimetrics for this 

type of analysis. 
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5.2.6 Autistic Traits 

Following informed consent at the point of recruitment, and again before their child’s 

postnatal brain scan via MRI, participating mothers were invited via email to complete a 

series of online questionnaires on their child’s development. These were provided via the 

University’s Qualtrics platform. Autistic traits were the first item to be completed, by 

filling in the Qualitative Checklist of Autism in Toddlers (Q-CHAT) (Allison et al. 2008). 

Individualised links to Qualtrics, were sent immediately after 18 months had passed, 

since the child’s birth. Anonymised data was then copied onto RedCap; an online platform 

for secure storage and data analysis, used by research staff and students of the University 

of Cambridge (Harris et al. 2019).  

 

5.2.7 Statistical Analyses 

5.2.7.1 Cohort and Outcome variables 

All variables for the age at the time of postnatal assessments (e.g., age when Q-CHAT was 

completed) were adjusted for gestational age at birth. For example, an infant being born 

2 weeks preterm, would result in all postnatal age variables being reduced by 2 weeks. 

None of the infants were born before 37 weeks gestation. This was done to better reflect 

the maturation of physiology since conception, rather than birth, as well as control for 

complications, such as being born preterm, when comparing infants in multiple 

regression models. For individuals where gestational age at birth was missing from birth 

records, it was assumed that the neonate had achieved term gestation (40 weeks). 

Prior to regression analyses, skewness of the distribution of Q-CHAT scores (the outcome 

variable) was reduced by reducing extreme outliers (n=2) to a value within an interval of 

three times the top limit of the interquartile range (Q-CHAT=50.75). 

 

5.2.7.2 Study 4: Mini-Puberty Analysis 

Salivary testosterone levels at the 2nd month of life and 6th month of life were log-

transformed to reduce skew in their distributions. Comparison between groups (sex or 

autism likelihood) were conducted with pairwise Student’s t-tests. Associations with 

demographic variables (e.g., birth weight, age at sampling) were investigated by 
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calculating the Pearson’s correlation coefficient between them and the transformed 

testosterone concentrations.  

For Study 5.1, three multiple regression models were used to test for an association of 

testosterone levels during mini-puberty with the autistic traits of the infants at 18 

months of age (measured on Q-CHAT); first by controlling for sex (Model 1), second by 

modelling an interaction with infant sex (Model 2) and third by adding the second 

testosterone measurement (Model 3). 

 

5.2.7.3 Study 5: Whole-Brain Analyses 

Two whole-brain variables were analysed for Study 5.2: total brain volume and total 

surface area, which were computed by adding the corresponding values for the left and 

right hemispheres, at the fetal and infant stage. Longitudinal composite measures were 

also computed for the growth between the fetal and infant stages by the following 

formulas for each fetus/infant: 

For total volume (TV) change:  

(TV at infant - TV at fetal) / ((age at postnatal scanning + gestational age at birth) - 

gestational age at prenatal scanning) 

For surface area (SA) change: 

(SA at infant - SA at fetal. stage) / ((age at postnatal scanning + gestational age at birth) - 

gestational age at prenatal scanning) 

To investigate sex differences in brain structure in the typical group, both pairwise group 

comparisons (via Student’s t-tests) and multiple regression models were used. The latter 

had whole-brain measures as the dependent variable and sex as the independent 

variable, further controlling for birth weight and age at time of scanning (for the non-

longitudinal variables).  

For subsequent analyses, only whole-brain measurements that showed significant sex 

differences were included (TV and SA at the infant stage and the longitudinal composite 

measures). 
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To investigate association with autistic traits (Study 5.2), these whole-brain measures 

were tested in multiple regression models, with Q-CHAT scores as the dependent 

variable, and further controlling for the following covariates: birth weight, sex, age at time 

of Q-CHAT (in months - adjusted for gestational age at birth). An interaction term was 

also included in the models, to investigate a brain-by-sex interaction in predicting autistic 

traits Bootstrap analysis was also conducted, by randomly removing data points, in order 

to check if the effect was reversed and therefore spuriously driven by outliers. 

To study the role of autism family history on the association of autistic traits with whole-

brain measures, separate multiple regression models were used that added an 

interaction term between the two (whole-brain measures-by-autism family history). 

These were also controlled for sex, birth weight and age at the time of Q-CHAT 

assessment (adjusted for gestational age at birth). 

Finally, to investigate if the association between whole-brain variables and autistic traits, 

was mediated by steroid levels, a mediation analysis was performed. Log-transformed 

salivary testosterone concentrations, at the first time-point of measurement (2nd month 

postnatally) were used as the mediator and autistic traits as the outcome. Only whole-

brain parameters that were shown to interact with sex in the previous multiple 

regression models were entered into this analysis, to reduce multiple testing. 

 

5.2.7.4 Study 6: Analysis of sex differences and related regions 

For Study 5.3, specific regions were sought that may be driving the associations observed 

in Study 5.2.  This analysis was performed with brain-scan data corresponding to the 

infant stage only, as sex differences at the fetal stage were not statistically significant for 

whole-brain metrics. 

Volume measurements of n=58 brain regions for each hemisphere were calculated, 

according to the parcellation method of the brain of infants, described previously 

(Gholipour et al. 2017). 

Sex differences were then investigated via multiple regression models, with each region 

as the outcome and controlling for age at the time of the scan and overall size differences 
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via birth weight and head circumference. A False Discovery Rate (FDR) was applied on 

the p-values for sex differences, stemming from these models.  

Regions that showed significant sex differences were then tested for an association and 

an interaction with infant sex, in predicting later autistic traits (Q-CHAT scores). Multiple 

regression models for this were further controlled for birth weight, head circumference 

and age at the time of Q-CHAT. A False Discovery Rate (FDR) was applied on the p-values 

for regional brain volume effects on autistic traits, stemming from these models.  

Regions that showed sex significant differences, as well as a significant association with 

Q-CHAT scores, were further tested for an interaction effect with the familial likelihood 

for autism, in predicting autistic traits. 
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5.3 Results 

5.3.1 Study 4: Mini - puberty and autistic traits 

5.3.1.1 Hormones at mini-puberty 

Testosterone levels in saliva were detected in both males and females in both time-points 

(1st time-point: n=33, at mean=10.8[1.9] weeks)(2nd time-point: n=34, at mean=26.5[1.7] 

weeks). These were marginally higher in males at both time-points (Figure 5.2), but this 

was not statistically significant when these were compared via Student’s t-test, 

potentially due to the low sample size (t-test at 2 months: t=-1.37, p=0.143/ t-test at 6 

months: t=-1.65, p=0.109). In addition, there were no group differences in testosterone 

levels between children with a family history of autism and those without, in pairwise 

comparisons (t-test at 2 months: t=-1.364/ t-test at 6 months: t=-1, p=0.327), as well as 

in linear regression models that controlled for sex. Linear regression models also did not 

reveal any associations between testosterone and cohort covariates, such as birth weight, 

maternal age or the exact age at time of saliva collection. 

 

 
 
 
When comparing hormone levels between time points, testosterone after the 2nd month 

did not correlate with testosterone levels after the 6th month, but this was only marginally 

non-significant in females, in sex-stratified analyses (males: Pearson’s r=0.24, p=0.33 

/females: Pearson’s r=0.53, p=0.052). 

Figure 5.2: Testosterone levels at 2 (left) and 6 months (right) did not show significant sex 
differences but showed a consistent trend for higher levels in males. 
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 Testosterone levels were significantly higher at the first time-point (after 2 months), 

compared to the second (after 6 months), in both males (t=4.87, p<0.0001) and females 

(t=3.69, p=0.001). The highest testosterone levels corresponded to 11 to 12 weeks of age 

(corrected for gestational age at birth) (Figures 5.3 and 5.4). 

  

Figure 5.3: Testosterone levels(log-transformed), plotted for weeks of age (adjusted for 
gestational age at birth). Curve is loess fit for both time-points. 
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Figure 5.4: Testosterone levels for age since birth (in weeks). (A) Loess curves for each sex 
indicate a mini-puberty elevation for both males and females (B) Paired concertation 
values for each participant, for sex (1: female, 2: male) and familial likelihood.  

A. 

B. 
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5.3.1.2 Autistic Traits 

Q-CHAT scores were available for n=36 infants, as rated by their parents. There was no 

significant difference between males (n=19) and females (n=17) (Student t-test: t=0.91, 

p=0.372), but infants of families with a history of autism (parent or sibling) scored 

significantly higher (n=10, mean= 41.6, SD=10.1) than infants with no history of the 

condition (n=26,mean=28.9, SD=5.7, t-test=2.65, p=0.0242).  

 

5.3.1.3 Correlation with Q-CHAT 

Testosterone levels did not correlate to infant autistic traits in pairwise Pearson’s 

correlation coefficient (r=-0.09, p=0.649).  

Three multiple regression models were used to test for an association of testosterone 

levels during mini-puberty with the autistic traits of the infants at 18 months of age; first 

by controlling for sex (Model 1), second by modelling an interaction with infant sex 

(Model 2) and third by adding the second testosterone measurement (Model 3) (see 

Table 5.1). The age at the time of Q-CHAT and family history of autism were included in 

all models as covariates. There was no statistical association of testosterone levels with 

infant autistic traits in any of the models. Infant sex or baseline testosterone (at 6 months) 

also did not have any statistically significant effects in predicting Q-CHAT scores. The only 

variable that did meet significance was family history of autism, which was significant in 

all of the models.  
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Table 5.1: Multiple regression models of log-transformed testosterone levels (T) to autistic 
traits (Q-CHAT scores).  
“2m”: time-point 2 at months of age, “6m”: time-point at 6 months of age 

 
 T - 2m age at 

Q-CHAT 
sex Autism 

history 
T by 
sex 

T - 6m T-2m by 
T-6m 

Model 1 β=1.14 β=-0.40 β=-1.70 β=-9.49  

 p=0.638 p=0.516 p=0.595 p=0.005 

 Adj. R2=0.191 

Model 2 β=1.39 β=-0.39 β=0.104 β=-9.46 β=-0.42  

 p=0.721 p=0.533 p=0.996 p=0.007 p=0.933 

 Adj. R2=0.158 

Model 3 β=21.16 β=-0.32 β=-2.86 β=-9.32  β=27.19 β=-5.68 
 p=0.562 p=0.631 p=0.463 p=0.010 p=0.546 p=0.580 

  Adj. R2= 0.115 

 
 

 
 
  

 Figure 5.5: Testosterone levels (log-transformed) plotted for Q-CHAT scores. Linear 
regression fit is for both males and females. 
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5.3.2 Study 5: Brain growth and autistic traits 

5.3.2.1 Structural MRI 

Two whole-brain measures, total volume (TV) and surface area (SA), were obtained from 

structural MRI scans, prenatally (mean=31.98 weeks gestation, SD=1.52) and postnatally 

(mean=10.8 weeks after birth, SD=1.97) for each brain hemisphere. Interhemispheric 

correlations were very high (Pearson’s r>0.95, p<0.00001) and values for left and right 

hemispheres were added to account for the whole brain in subsequent analyses.   

Fetal and infant whole-brain measures correlated significantly to each other and to a 

similar extent, for both total volume and total surface area (TV: Pearson’s r=0.51, p=0.009 

/ SA: Pearson’s r=0.56, p=0.003). 

When comparing males and females, whole brain measures were significantly larger in 

males postnatally, but not prenatally. Growth velocities between time-points (adjusted 

for age) for both TV and SA, were also larger in males. These differences were found in 

pairwise Student’s t-tests, as well as in multiple linear regression models that controlled 

for birth weight (adjusted for gestational age at birth).  

 

Table 5.2: Sex differences in whole-brain measures. TV: total brain volume, SA: surface 
area, MR: multiple regression model with sex and birth weight as independent variables 

 
Fetal 

Mean 
females 
(SD) 

Mean 
males (SD) 

t- test MR - birth 
weight 

MR - sex 

TV  153732 
(18769) 

15690.7 
(24621.4) 

t=-0.47 β=  335.4 β=-1424.3 

 p=0.643 p=0.353 p=0.85 

SA 22324.32 
(1969.8) 

22750.31 
(2488.67) 

t=-0.61 β=32.86 β=-45.25 

 p=0.546 p=0.372 p=0.953 

Infant      

TV 351134.6 
(37936.6) 

408381.0 
(50309.7) 

t=-3.34 β=955.5 β=47531 

 p=0.003 p=0.298 p=0.023 

SA 40809.37 
(2830.4) 

45284.64 
(3778.2) 

t=-3.50 β=59.16 β=3873.8 

 p=0.002 p=0.392 p=0.015 

Longitudinal      

TV change 11640.08 
(1883.9) 

13806.99 
(2064) 

t=-2.74 β=-75.83 β=2842.3 

 p=0.012 p=0.066 p=0.0025 

SA change 1091.111 
(208) 

1240.812 
(167.3) 

t=-1.94 β=-8.817 β=228.23 

 p=0.07 p=0.020 p=0.006 
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To study the interaction between sex differences, brain growth and autism, the following 

association analyses were restricted to measures that differed by sex (postnatal and 

longitudinal). 

 

5.3.2.2 Association with infant autistic traits 

Brain parameters that showed sex differences were further examined for their 

association with infant autistic traits, estimated via the Q-CHAT at 18 months of age. 

Multiple linear regression models accounted for an interaction with infant sex and 

controlled for birth weight differences (adjusted for gestational age at birth) and the age 

at the time of Q-CHAT. All brain parameters that were larger in males, were also 

correlated to Q-CHAT scores. These included whole brain measures postnatally in the 2nd 

month of life (total volume and surface area), as well as longitudinal composite measures 

of brain growth from fetal and infant brain scans (TV change and SA change). Only the 

longitudinal measures showed a significant interaction with fetal/infant sex, whereby a 

stronger effect was noted in males but not females. This was not significant when only 

neonatal brain data was assessed, showing both males and females contributed to the 

observed negative association of brain volume with Q-CHAT scores. Birth weight 

(adjusted for gestational age at birth) was significantly and positively associated with Q-

CHAT scores in all the models. 
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Table 5.3: Multiple regression models of the association between whole brain measures 
and autistic traits (outcome variable, measured on Q-CHAT). TV: total brain volume, SA: 
surface area. 

 Brain 
variable 

Sex Brain by sex Birth 
Weight 

Age at Q-
CHAT 

Infant 
TV 

 
β=-0.0002 

 
β=-41.878 

 
β=0.0001 

 
β=0.438 

 
β=0.0821 

 r=-0.45 r=-0.24 r=0.22 r=0.42 r=0.02 

 p=0.017 p=0.183 p=0.215 p=0.023 p=0.906 

  Adj R2=0.339 

Infant 
SA 

 
β=-0.0022 

 
β=-65.331 

 
β=0.0015 

 
β=0.405 

 
β=0.124 

 r=-0.44 r=-0.24 r=0.23 r=0.39 r=0.03 

 p=0.018 p=0.172 p=0.191 p=0.035 p=0.861 

 Adj R2=0.326 

TV 
change 

 
β=0.004 

 
β=48.445 

 
β=-0.005 

 
β=0.593 

 
β=-0.609 

 r=0.34 r=0.34 r=-0.41 r=0.47 r=-0.15 

 p=0.095 p=0.095 p=0.049 p=0.028 p=0.442 

 Adj R2=0.208 

SA 
change 

 
β=0.042 

 
β=41.065 

 
β=-0.048 

 
β=0.656 

 
β=-0.337 

 r=0.43 r=0.31 r=-0.42 r=0.51 r=-0.08 

 p=0.035 p=0.114 p=0.037 p=0.014 p=0.673 

 Adj R2= 0.272 
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  Figure 5.7: Total Brain volume (TV) in early infancy (2-months) correlates 
negatively with autistic traits after 18 months. 

Figure 5.6: The correlation of longitudinal measures (volume change since infancy) to 
autistic traits, interacted with fetal/infant sex. Males with lower brain growth for their 
age, had higher Q-CHAT scores. 
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Infants of families with a history of autism (parent or sibling) had significantly higher Q-

CHAT scores, so a further interaction analysis was conducted to investigate if this was 

also linked to the observed negative association between total brain volume measures 

and autistic traits. An interaction term was added to a multiple linear regression model 

that also controlled for infant sex, birth weight and age at the time of Q-CHAT. For all 

neonatal measures, this was significant, indicating that with individuals with a family 

history of autism were the main drivers of the observed negative association with infant 

Q-CHAT scores. This was not significant in the models assessing the longitudinal 

composite measures of brain growth. 

 

Table 5.4: Multiple regression models of the association between whole brain measures 
and autistic traits), with the addition of familial likelihood as an interacting variable 
(‘brain by autism’). TV: total brain volume, SA: surface area. 

 

 Brain 
variable 

Autism in 
family 

Brain by 
autism 

Sex Birth 
Weight 

Age at Q-
CHAT 

Neonatal 
TV 

 
β=-0.0002 

 
β=-78.52 

 
β=0.0002 

 
β=-1.962 

 
β=0.263 

 
β=0.494 

 r=-0.54 r=-0.47 r=0.43 r=-0.08 r=0.22 r=0.12 

 p=0.001 p=0.003 p=0.0054 p=0.5812 p=0.1252 p=0.4067 

 Adj R2=0.575 

Neonatal 
SA 

 
β=-0.0028 

 
β=-102.8 

 
β=0.0023 

 
β=-1.256 

 
β=0.228 

 
β=0.290 

 r=-0.51 r=-0.43 r=0.41 r=-0.05 r=0.19 r=0.07 

 p=0.0022 p=0.007 p=0.011 p=0.743 p=0.196 p=0.629 

 Adj R2=0.534 

TV 
change 

 
β=-0.0026 

 
β=-52.16 

 
β=0.003 

 
β=-6.482 

 
β=0.118 

 
β=-0.065 

 r=-0.23 r=-0.33 r=0.27 r=-0.20 r=0.09 r=-0.02 

 p=0.236 p=0.101 p=0.172 p=0.304 p=0.653 p=0.936 

 Adj R2=0.272 

SA 
change 

 
β=-0.004 

 
β=-24.86 

 
β=0.013 

 
β=-8.072 

 
β=0.241 

 
β=-0.305 

 r=-0.03 r=-0.16 r=0.10 r=-0.24 r=0.16 r=-0.07 

 p=0.879 p=0.416 p=0.602 p=0.243 p=0.434 p=0.718 

 Adj R2=0.198 
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Figure 5.8: The correlation between whole brain measures to autistic traits significantly 
interacted with familial likelihood for autism. 

 

 

5.3.2.3 Mediation Analysis for testosterone 
 
A targeted mediation analysis was conducted to study if testosterone levels during mini-

puberty mediated part of the statistical association of brain growth with later autistic 

traits. Only brain parameters that were shown to interact with sex (TV change and SA 

change) were entered into this analysis. No significant mediatory effect was found on 

autistic traits. 

 
Table 5.5: Mediation analysis of salivary testosterone on the association between 
longitudinal brain growth measures and autistic traits. ACME: mediation effect, ADE: direct 
effect 

 ACME ADE 
TV - change 0.00004 p=0.94 -0.00107 p=0.36 

     

SA - change 0.00012 p=0.94 -0.0056 p=0.66 
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5.3.3 Study 6: Sexually dimorphic brain regions and Q-CHAT 

5.3.3.1 Structural sex differences in infant brain  

Region-specific analyses were restricted to infant brain scans, because of their 

comparative reliability (relative to fetal brain scans) and the observed consistency of sex 

differences in whole brain measures, after controlling for birth weight and with multiple 

methods (Table 5.6). A region parcellation method based on a mask developed 

specifically for infants, included 58 regions, spanning cortical, subcortical regions, as well 

as the cerebellum, for each hemisphere. The average of left and right hemisphere for each 

region was then calculated and entered in subsequent analyses, given consistent 

interhemispheric correlations in measurements and in order to reduce multiple testing. 

Sex differences were then investigated via multiple regression models, with each region 

as the outcome and controlling for age at the time of the scan and overall size differences 

via birth weight and head circumference. A False Discovery Rate (FDR) was applied on 

the p-values for sex differences, stemming from these models.  

A total of n=32 brain regions were significantly larger in males, after controlling for birth 

weight differences and age at the time of scanning (Figure 5.9), with the top 5 in terms of 

statistical significance being: the middle temporal pole, the cerebellum, the posterior 

cingulum, the lingual gyrus and the fusiform gyrus (Table 5.6).  

Figure 5.9: Brain regions with significant size differences between males and female infants in 
CHILD, after controlling for head circumference, birth weight and correcting via FDR. 
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Table 5.6: Sex differences in brain regions, after controlling for covariates via multiple 
regression, sorted for statistical confidence. N=32 of the n=58 regions are significantly 
larger in males, after controlling for multiple testing via FDR. 

 
 

Sex Age at scan Head  
circumference 

Birth Weight 

Middle Temporal 
Pole - β 

 
132.322 

 
7.356 

 
1.172 

 
-0.033 

p <0.001 0.443 0.699 0.42 

FDR - q 0.016 
   

Cerebellum  
β 

 
775.023 

 
233.94 

 
21.152 

 
0.13 

p 0.001 0.001 0.306 0.64 

FDR - q 0.021 
   

Lingual 
β 

 
871.014 

 
48.234 

 
51.662 

 
-0.013 

p 0.001 0.489 0.027 0.965 

FDR - q 0.021 
   

Posterior Cingulum 
β 

 
151.704 

 
14.434 

 
3.712 

 
-0.015 

p 0.002 0.289 0.389 0.791 

FDR - q 0.023 
   

Fusiform 
β 

 
573.039 

 
99.467 

 
36.768 

 
-0.264 

p 0.002 0.06 0.031 0.238 

FDR - q 0.023 
   

ParaHippocampal  
β 

 
175.881 

 
20.489 

 
14.796 

 
-0.123 

p 0.003 0.211 0.008 0.089 

FDR - q 0.025 
   

Medulla   
β 

 
84.123 

 
19.403 

 
6.567 

 
0.058 

p 0.004 0.024 0.017 0.109 

FDR - q 0.03 
   

Precuneus  
β 

 
819.294 

 
77.708 

 
20.717 

 
0.103 

p 0.005 0.343 0.425 0.768 

FDR - q 0.03 
   

Rolandic Operculum 
β 

 
535.376 

 
72.171 

 
19.068 

 
-0.083 

p 0.004 0.179 0.261 0.717 

FDR - q 0.03 
   

Calcarine -  
β 

 
373.766 

 
20.537 

 
23.373 

 
-0.037 

p 0.007 0.599 0.07 0.828 

FDR - q 
  

0.03 
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Frontal_Inf_Tri 
β 

 
240.791 

 
0.847 

 
10.336 

 
0.031 

p 0.006 0.973 0.197 0.77 

FDR - q 0.03 
   

Inferior Occipital 
β 

 
283.021 

 
41.672 

 
9.937 

 
-0.075 

p 0.007 0.164 0.292 0.555 

FDR - q 0.03 
   

Middle Occipital 
β 

 
419.46 

 
48.677 

 
11.961 

 
0.023 

p 0.006 0.264 0.386 0.901 

FDR - q 0.03 
   

Heschl’s gyrus 
β 

 
113.149 

 
4.98 

 
8.648 

 
0.031 

p 0.009 0.685 0.035 0.564 

FDR - q 0.032 
   

Hippocampus 
β 

 
142.042 

 
25.794 

 
8.298 

 
-0.054 

p 0.01 0.108 0.104 0.428 

FDR - q 0.032 
   

Inferior Temporal 
β 

 
481.378 

 
54.083 

 
29.146 

 
-0.183 

p 0.01 0.311 0.093 0.427 

FDR - q 0.032 
   

Superior Temporal 
β 

 
485.438 

 
89.392 

 
37.08 

 
-0.267 

p 0.008 0.094 0.033 0.239 

FDR - q 0.032 
   

Angular 
β 

 
262.31 

 
20.875 

 
18.387 

 
0.078 

p 0.01 0.476 0.057 0.537 

FDR - q 0.033 
   

Middle Cingulum 
β 

 
461.263 

 
70.338 

 
19.306 

 
0.049 

p 0.012 0.188 0.253 0.829 

FDR - q 0.033 
   

Inferior Frontal 
Operculum - β 

 
210.457 

 
16.891 

 
13.027 

 
-0.002 

p 0.011 0.477 0.093 0.987 

FDR - q 0.033 
   

Hippocampal 
Commissure- β 

 
54.52 

 
12.75 

 
2.331 

 
-0.019 

p 0.012 0.049 0.244 0.481 

FDR - q 0.033 
   

Midbrain 
β 

 
84.303 

 
18.57 

 
3.541 

 
0.006 

p 0.013 0.065 0.256 0.89 
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FDR - q 0.033 
   

Insula 
β 

 
248.088 

 
30.825 

 
14.283 

 
0.146 

p 0.014 0.291 0.13 0.25 

FDR - q 0.034 
   

Middle Temporal 
β 

 
549.941 

 
67.519 

 
30.66 

 
-0.11 

p 0.015 0.301 0.145 0.694 

FDR - q 0.035 
   

Corpus Callosum 
β 

 
282.621 

 
-0.079 

 
21.436 

 
0.135 

p 0.02 0.998 0.064 0.377 

FDR - q 0.044 
   

Superior  Medio-
Frontal - β 

 
406.512 

 
47.064 

 
15.681 

 
-0.1 

p 0.023 0.367 0.346 0.656 

FDR - q 0.044 
   

Superior Frontal 
β 

 
460.807 

 
57.823 

 
14.029 

 
-0.001 

p 0.023 0.327 0.453 0.997 

FDR - q 0.044 
   

Internal Capsule 
β 

 
128.641 

 
16.828 

 
7.989 

 
-0.011 

p 0.023 0.309 0.135 0.875 

FDR - q 0.044 
   

Superior Parietal 
β 

 
355.135 

 
62.568 

 
11.5 

 
-0.001 

p 0.023 0.174 0.426 0.997 

FDR - q 0.044 
   

Thalamus 
β 

 
225.61 

 
49.168 

 
2.768 

 
-0.071 

p 0.02 0.09 0.757 0.561 

FDR - q 0.044 
   

Precentral 
β 

 
546.215 

 
64.129 

 
15.966 

 
0.141 

p 0.024 0.365 0.477 0.643 

FDR - q 0.044 
   

Postcentral  
β 

 
589.697 

 
60.033 

 
28.809 

 
0.189 

p 0.027 0.44 0.248 0.573 

FDR - q 0.048 
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5.3.3.2 Sex differentiation of the brain and later autistic traits 

Multiple regression of brain region volume to autistic traits was conducted for each of the 

regions that showed significant sex differences at the neonatal brain scan (Table 5.7). 

Models also included an interaction term of region volume and infant sex, as well as 

covariates (age at the time of Q-CHAT and birth weight).  

Of the 32 sexually differentiated regions in infants, 10 were also negatively associated 

with Q-CHAT scores at a nominal level of significance (Table 5.7). After application of a 

false discovery rate (FDR), the volume of four regions remained significantly associated 

with Q-CHAT scores: the middle temporal pole, the fusiform gyrus, the thalamus and the 

midbrain. The thalamus and middle temporal pole showed nominal trends (p<0.1) 

towards an interaction with infant sex, in predicting autistic traits in infants. These trends 

were in opposite directions (Table 5.7 and Figure 5.9). 

In addition to sex, further analysis for these four regions, showed that the volume of the 

middle temporal pole, the thalamus and the midbrain also significantly interacted with 

the participants’ family history of autism in predicting infant autistic traits. Infants at 

increased familial likelihood, also had lower volumes in these regions (measured at 2 

months) and this corresponded to higher autistic traits, as shown on the Q-CHAT at 18 

months (mid temporal pole interaction: β=0.17, p= 0.01 / thalamus: β=0.04, p= 0.04 / 

midbrain: β=0.09, p= 0.02). This interaction was not found for the volume of the fusiform 

gyrus (interaction: β=0.01, p= 0.13). 
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Table 5.7: Multiple regression models of infant brain volume to autistic traits (Q-CHAT) of 
all nominally significant regions. N=4 regions were significant, after controlling via FDR.  
'Volume-by-sex' is the interaction term for each region's volume and infant sex. HC: head 
circumference 

 
Volume Sex Volume - 

by - sex 
Age at  
Q-CHAT 

Birth 
Weight 

HC 

Middle Temporal 
Pole - β 

 
-0.178 

 
-56.181 

 
0.135 

 
-0.078 

 
0.004 

 
0.323 

p 0.006 0.098 0.066 0.935 0.526 0.455 

FDR - q 0.045 
 

 
   

Fusiform 
β 

 
-0.024 

 
-37.738 

 
0.010 

 
-0.213 

 
0.006 

 
0.872 

p 0.004 0.445 0.382 0.818 0.335 0.141 

FDR - q 0.045      

Thalamus 
β 

 
-0.043 

 
182.575 

 
-0.066 

 
1.283 

 
-0.002 

 
1.015 

p 0.004 0.048 0.052 0.191 0.719 0.034 

FDR - q 0.045      

Midbrain 
β 

 
-0.141 

 
-23.465 

 
0.025 

 
0.641 

 
0.008 

 
0.814 

p 0.005 0.706 0.648 0.486 0.152 0.078 

FDR - q 0.045      

Superior Temporal  
β 

 
-0.019 

 
24.002 

 
-0.007 

 
-1.280 

 
0.005 

 
1.393 

p 0.015 0.453 0.522 0.163 0.366 0.009 

FDR - q 0.081      

Lingual 
β 

 
-0.020 

 
-30.644 

 
0.009 

 
0.085 

 
0.006 

 
0.843 

p 0.016 0.476 0.364 0.933 0.306 0.137 

FDR - q 0.081      

Middle Temporal 
β 

 
-0.022 

 
-23.299 

 
0.009 

 
-0.523 

 
0.006 

 
0.746 

p 0.018 0.458 0.403 0.585 0.283 0.126 

FDR - q 0.081      

Inferior Temporal 
β 

 
-0.022 

 
-2.260 

 
0.002 

 
-0.577 

 
0.003 

 
0.932 

p 0.025 0.953 0.853 0.553 0.630 0.075 

FDR - q 0.101      

Hippocampal 
Commissure - β 

 
-0.197 

 
-58.866 

 
0.130 

 
-0.017 

 
0.008 

 
0.419 

p 0.028 0.212 0.220 0.987 0.208 0.425 

FDR - q 0.101      

Insula 
β 

 
-0.030 

 
34.082 

 
-0.012 

 
-0.969 

 
0.013 

 
0.984 

p 0.048 0.537 0.563 0.323 0.037 0.074 

FDR - q 0.141      
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Figure 5.10: Regions that differed significantly between the sexes (A) middle temporal pole 
and (B) the thalamus, also correlated with autistic traits. A trend for an interaction with 
infant sex was noted for both (p<0.1), but in opposite directions.  

A. 

B. 
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5.4 Discussion 

The CHILD study is the first longitudinal project in autism research with a focus on very 

early development, that includes both prenatal and postnatal brain scans, as well as the 

opportunity to study several factors that may be increasing the likelihood for autism in 

the children. These include steroid hormones levels in the infant (‘mini-puberty’), 

perinatal brain growth and genetic likelihood based on autism family history. Therefore, 

this study allows for the investigation of interactive effects between these factors in early 

development and how these can, together, predict the emergence of autistic traits as early 

as 18 months of age. 

This chapter focused on the potential role for biological sex and specifically on how 

baseline sex differences may be interacting with the factors mentioned above and leading 

to higher autistic traits. For clarity, the analysis has been separated in three separate 

studies and the discussion of the findings, follows the same structure: 

 

5.4.1 Study 4: Mini-puberty 

This study did not find any association between testosterone levels during mini-puberty 

and later autistic traits. This is consistent with previous studies that have investigated 

the same question (Auyeung et al. 2012; Kung et al. 2016). Compared to previous 

attempts, this study was the first to include (1) individuals at high familial likelihood for 

autism (2) measurement as early as the second month of postnatal life, which better 

captures the brief spike in steroid levels (3) two consecutive measurements (at mini-

puberty and fourth months later at ‘baseline’), in order to better describe this spike and 

ascertain, for the first time, the extent of this phenomenon in females using salivary 

testosterone, and finally (4) a statistical model that included an interaction with infant 

sex, rather than merely controlling for any sex differences that could be mediating both 

hormone level differences, and differences in autistic traits. 

Despite these novel aspects of the study, no link was observed between testosterone 

levels and autistic traits, as described by the Q-CHAT questionnaire in early puberty. This 

is consistent with the null findings in previous studies that measured testosterone in 

infancy and at birth (in cord blood)(Auyeung et al. 2012; Kung et al. 2016; Jamnadass et 

al. 2015). On the contrary, studies that have examined steroids prenatally, in amniotic 
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fluid, have established links between them and infant autistic traits (Auyeung et al. 2010; 

Lutchmaya et al. 2002). These series of findings would indicate that prenatal, rather than 

postnatal, brain development is more susceptible to the neurodevelopmental effects of 

sex steroid hormones. This would place autism-related susceptibility at the same 

developmental window as sex differentiation; a notion that is consistent with the 

empathising-systemising theory of autism(Baron-Cohen 2002; Greenberg et al. 2018). 

This is because the ‘masculinising’ of both physiology and psychology has mostly been 

traced back to the ‘prenatal masculinising window’ in the 2nd trimester; a spike in steroid 

levels in the fetal circulation of males that follows the maturation of the fetal gonads 

(Welsh et al. 2014; Aydin et al. 2019). Nevertheless, organisational effects of postnatal 

testosterone cannot be excluded and indeed have been proposed to lead to more 

‘masculine’ play behaviour in childhood in a recent study by one of the groups that found 

no link to autistic traits (Lamminmäki et al. 2012). The relative significance of prenatal, 

rather than postnatal surges in sex steroids in autism, would implicate steroid synthesis 

pathways that are specific to pregnancy, such as those involving the placenta. The 

placenta metabolises androgens rapidly to estrogens and also synthesises a variety of 

other steroids and neurotransmitter precursors throughout pregnancy. A link between 

placental steroid synthesis is further indicated by recent findings on associations of 

prenatal estrogens in humans and placenta-derived allopregnanolone in animals, with 

autistic traits (Tsompanidis et al. 2021; Vacher et al. 2021). Interestingly, in both 

organisms, the association significantly interacted with the sex of the offspring, with 

prenatal, placenta-related steroids affecting males and females differently. This could be 

related to baseline sex differences in placental functionality,  which include both 

difference in steroid hormone levels, but also molecular differences in terms of X-

chromosome inactivation and gene expression levels (Gong et al. 2018; Gonzalez et al. 

2018). 

This study confirms that salivary testosterone is elevated in females, during mini-

puberty, albeit to a lesser extent than the one in males. Previous longitudinal studies of 

the phenomenon in females have relied on urinary secretion of the hormone 

(Lamminmäki et al. 2012). Only one study assessed the venous circulation of infants 

directly (n=32) and reported a gradual decrease of testosterone females since birth, 

rather than a transient elevation in the second and third month of life, as seen in males. 
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They reported much higher testosterone levels in males than females in the second 

month of life (more than a factor of 8x difference) (M. Becker et al. 2015). However, this 

study found considerable overlap in salivary testosterone levels between the sexes and 

no statically significant differences between males and females, at either the 2nd months 

or 6 months of age. A larger study would be needed, with the addition of an earlier time-

point, to confirm if females too experience a transient increase in testosterone levels 

during their second month of life, rather than a gradual decrease since birth.  

This study is limited considerably by its low sample size, compared to previously 

successful studies of mini-puberty. For example, with a sample size of n=77, researchers 

were able to uncover a correlation of steroid levels during this period, with the size of 

expressive vocabulary (Kung et al. 2016). Smaller cohort studies (n<30) have reported 

language-related associations, but only when they included physically measured 

outcomes, rather than parent-reported psychometric measures (e.g. phonetic 

articulation analyses of voice recordings or brain imaging via EEG) (Quast et al. 2016; 

Schaadt et al. 2015). The developmental window of mini-puberty may then better 

correspond to associated cognitive traits of autism, such as language development, rather 

than core features such as social (in)attention and repetitive behaviours. 

In conclusion, Study 4 addresses many of the methodological insufficiencies of previously 

null studies and is still consistent with their lack of findings. A link between mini-puberty 

testosterone and autistic traits is unlikely based on our and others’ findings but cannot 

yet be excluded given limitations in sample size of this study and the methodologies of 

previous studies. 

 

5.4.2 Study 5: Perinatal Brain Growth 

This study did not find evidence of excess brain growth in autism, nor an interaction with 

sex differences in this regard (i.e., high volume in males as well as high Q-CHAT scorers). 

On the contrary, the data indicate the opposite. Whole-brain measures (total volume and 

surface area) in infancy, as well as their change between late pregnancy and early infancy, 

were all negatively associated with autistic traits (Q-CHAT at 18 months). This effect was 

driven by individuals at high likelihood for autism, who had significantly higher Q-CHAT 

scores as a group. This association also interacted with underlying sex differences at the 
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infant stage, with males showing a more pronounced association between low brain 

volume in infancy and autistic traits. Prenatally, in the third trimester, whole brain 

metrics did not show significant sex differences and did not significantly predict later 

autistic traits. 

This is the first time infant autistic traits, as measured in the Q-CHAT, are linked to 

structural brain differences obtained via MRI. Recent studies of autistic traits in 

childhood (Generation R - SRS) and in adulthood (with AQ Scores), have also reported 

negative correlations with brain volume and surface area, for multiple regions across the 

entire brain (e.g, frontal, temporal, parietal and occipital regions) but didn’t report 

whole-brain correlations (Alemany et al. 2021; Schröder et al. 2021). A recent 

longitudinal MRI study of autistic individuals also did not found evidence that was 

consistent with “brain overgrowth” in childhood (Lee et al. 2021). One of the largest 

cross-sectional studies in autism (ages 2 to 64 years old) found instead a combination of 

increased cortical thickness (frontal regions), as well as lower cortical thickness 

(temporal regions), with peak differentiation of brain structure during adolescence 

(Rooij et al. 2018). 

Besides brain imaging via MRI, evidence of biometric differences in head circumference 

are also mixed, with both smaller and larger measurements than the typical population, 

for both autistic traits in childhood (Generation R - Social Responsiveness Scale) and for 

clinically diagnosed autism (Blanken et al. 2018). Clinical cases of microcephaly or 

hydrocephalus, as well as genetic mutations relating to both, are all enriched in neonates 

that are later diagnosed with autism (Fombonne et al. 1999; Nebel et al. 2015).  

Since the CHILD is an enriched cohort for familial likelihood, the findings of this study 

may not generalisable to the typical population but rather skewed by the underlying 

familial genetic likelihood. This could in turn be related to subclinical cases of 

microcephaly or pregnancy complications that haven’t been accounted for. Nevertheless, 

bootstrap analysis showed that removing random individuals did not change the overall 

direction of the effect, confirming that the observed association is not the result of only a 

few outliers. In addition, broad pregnancy complications were controlled for in the 

models, by accounting for both growth restriction (via birth weight) and being born 

preterm (by adjusting age according to gestational age at birth). More research would be 
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needed to understand the interaction between brain growth and autism-related genetics 

in independent cohorts. 

Even though no significant sex difference was observed in terms of autistic traits, an 

interaction was observed with sex, in their association with longitudinal brain growth, 

with males showing a more pronounced negative correlation. This is not in the direction 

predicted by the “brain overgrowth” theory, which would stipulate an added effect of 

brain growth and the male sex on autistic traits.  By contrast, males with decreased brain 

growth between late pregnancy and early infancy, had the highest Q-CHAT scores in the 

second year of life. This sex-by-brain-growth interaction could be indicating an increased 

susceptibility of males, rather than an interaction with baseline sex differences in brain 

growth. These speculations will need to be confirmed in independent longitudinal 

cohorts that are large enough to allow for sex-stratified analyses. 

Limitations of this study include the small sample size and the enrichment of the cohort 

with families at a higher likelihood for autism. The latter may be introducing genetic 

factors into the findings, that may not generalise in the general population. Pregnancy 

parameters and subclinical complications may also not have been adequately controlled 

for in the models that included birth weight and gestational age at birth. 

In conclusion, Study 5 did not find evidence that brain overgrowth is associated with 

autistic traits in infancy. However, a subset of individuals that were high-scorers on 

autistic traits may be characterised by reduced perinatal brain growth, as well as low 

brain volume and surface area in early infancy (~2 months of age). This may be more 

apparent in children of families with an autistic relative (parent or sibling) as well as in 

males. 

 

5.4.3 Study 6: Regional sex differences in infant neuroanatomy 

This study follows up Study 5, with analyses of regional differences in brain structure, 

which characterise the interaction between sex differences in early infancy (2 months) 

and the emergence of autistic traits in late infancy (18 months) in both males and females.  

The first analysis of baseline sex differences showed that these are more pronounced in 

29 areas of the brain, after controlling for birth weight and adjusting significance 

thresholds for multiple testing using FDR. These correspond to half of the regions tested 
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and included most areas in the temporal lobe and prefrontal areas of the cortex, along 

with several striatal structures and the cerebellum. Similar data from large-scale 

population cohorts remain scarce at this age range, with most data on structural sex 

differences being reported in later childhood and adolescence (Ruigrok et al. 2014; 

Kaczkurkin, Raznahan, and Satterthwaite 2019).  

In a recent longitudinal study of prenatal sexual differentiation of the brain (n=162 

fetuses with 1 to 3 prenatal scans), only the temporal cortex showed significantly higher 

white matter volume in males, after controlling for intracranial volume and for multiple 

testing. (Studholme et al. 2020). In terms of more finely mapped regions, the authors 

reported a greater rate of growth for the temporal cortex, as well as baseline differences 

in parieto-occipital regions, including the cingulum, occipital cortex and the insular 

cortex. Different cross-sectional studies of the neonatal brain have also found sex 

differences in the temporal and occipital lobes, as well as in regions including the 

cingulate gyrus and insula (n=68 neonates and n=143 1-month olds respectively). But 

these were driven mainly by differences in total brain volume and they were either 

marginally or non-significant after correcting for this (Lehtola et al. 2019; Dean et al. 

2018) These findings are consistent with the list of regions that were identified in this 

study. However, the analysis presented here was controlled for birth weight (rather than 

whole-brain measures), in order to control for sex differences in terms of overall size, but 

also to maintain important variance relating to the brain. Therefore, it is important to 

note that the regional sex differences reported in this study for the infant brain, may be 

the result of processes that affect the entire brain, rather than each region separately.  

In addition to comparative studies of sex differences, a previous study by our group found 

an association between corpus callosum volume in childhood with amniotic testosterone 

levels measured during gestation (Chura et al. 2010). In this study, the volume of the 

corpus callosum was significantly larger in males but did not significantly correlate to 

infant autistic traits. This would further indicate that the link between autistic traits and 

sex differentiation processes includes series of genetic and hormonal parameters, 

besides testosterone. For example, estrogens, such as estradiol, have been linked to both 

autism and with the regulation of brain volume (Baron-Cohen et al. 2019; Shi et al. 2015). 

More research would be needed to study these complex endocrine interactions and their 

organisational effects on specific brain regions.  
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The brain regions that were significantly larger in males after controlling for birth weight, 

were all tested for association with autistic traits in later infancy. Almost half of them (13 

out of 29) were negatively associated with autistic traits at nominal significance (p<0.05), 

in particular within temporal regions (Table 5.7). The volume of the middle temporal 

pole, the fusiform gyrus, the thalamus, and the midbrain remained significant after 

correction with multiple testing. As with total brain volume in Study 5.2, this effect was 

driven mostly by individuals with a family history of autism.  

This is the first study to investigate the association between autistic traits and regional 

brain volume, as early as the 2nd month of life. The findings are consistent with the 

differences reported in other MRI studies in childhood and throughout life. Specifically, a 

study of correlations between brain structure and children’s autistic traits in Generation 

R (ages 9 to 12) reported decreased surface area in the inferior temporal region, which 

includes the fusiform and part of the temporal pole (Alemany et al. 2021). In addition, a 

large cross-sectional study of autistic individuals (ages 2 to 64 years old) found decreased 

cortical thickness throughout the temporal lobe (Rooij et al. 2018). The thalamus and 

midbrain have also been identified in studies of sex differences in brain structure 

(Herting et al. 2012), as well as in autism (Lai et al. 2013).   

Functionally, it is unclear how differences in regional brain volume may translate to 

behavioural or neuropsychiatric phenotypes. However, it is reasonable to assume that 

reduced volume in the third month of life represents a maladaptive trait, as the brain is 

rapidly expanding in terms of cortical thickness and surface area during this time (Lyall 

et al. 2015). In addition, evidence from case reports of lesions, neurodegenerative 

conditions and various experimental models (e.g. rodents or organoids) may provide 

additional functional insight. Both the fusiform and the temporal pole have been 

implicated in face recognition, with lesions in either of them leading to prosopoagnosia 

(Josephs et al. 2008; Barton et al. 2002). Based on these first clinical observations, many 

of the first functional studies of autism, focused on these regions, as part of the newly 

conceptualised theory-of-mind network (Castelli et al. 2000). The temporal poles in 

particular, first gained attention because of their proximity to the amygdala, which had 

been implicated in autism since the start of neurocognitive research into the condition 

(Baron-Cohen et al. 2000). Since then, a series of findings in targeted, region-of-interest 

analyses have revealed structural and functional differences in these regions, in the 
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brains of autistic individuals. Specifically regarding the temporal pole, underconnectivity 

was first reported in autistic adults, during a task of social salience, in which participants 

were meant to recognise social-like motives in animated, moving triangles during an MRI 

brain scan (Castelli et al. 2000). In autistic children, decreased volume was found in their 

right temporal pole (n=21, mean age=9.3 (2.2)), compared to undiagnosed age-matched 

controls (Boddaert et al. 2004). In addition, a compilation of clinical neuroradiology 

reports for the brain scans of n=77 autistic children, found an enrichment for 

myelination-related alterations in the temporal poles, among several other temporal lobe 

abnormalities (Boddaert et al. 2009). Myelination differences were also indicated in a 

study of autistic adolescents, who showed atypical patterns of age-related cortical 

thinning in the right temporal pole, as well as both fusiform gyri (Wallace et al. 2010). 

Similar patterns, as well as cortical atrophy and decreased connectivity of the temporal 

poles were seen in a more recent study of n=22 autistic adolescents in Brazil (Pereira et 

al. 2018).  

Besides case-control differences in autism, the temporal pole has also been implicated in 

many important aspects of cognition, of particular significance to the infant brain. For 

example, activation of the region was shown to underpin the recognition of human 

speech and of familiar voices in particular, in fMRI and PET neuroimaging studies 

respectively (Crinion et al. 2003; Nakamura et al. 2001). The proximity of the temporal 

pole to the limbic system (e.g. the amygdala) and several sensory perception pathways 

(e.g. the visual stream along the temporal cortex) has also prompted neuropsychologists 

to propose that the temporal pole is the point of integration of emotion with sensory 

perception (Olson et al. 2007). In addition, there is substantial clinical evidence that 

implicates the region in semantic dementia, leading to speculation that the temporal 

poles play a very significant role in the learning and retrieval of semantic concepts 

throughout life, in addition to face recognition (Patterson et al. 2007).   

The fusiform gyrus too has been linked to face recognition, sex differences, and autism 

(Lotze et al. 2019; Dalton et al. 2005; Josephs et al. 2008). With regards to the latter, a 

post-mortem cellular study detected a lower number of neurons in several layers of the 

fusiform, after controlling for cortical grey matter as a whole (n=7 cases, mean age= 12.1 

(2.80 years old) (Van Kooten et al. 2008). In addition, many studies of brain activity tasks, 

have reported differences in activation of the fusiform during face-processing tasks in 



 
Studies 4 - 6 : Sex and infant development 

 

 120 

childhood (Pierce and Redcay 2008), adolescence and adulthood (Pierce and Redcay 

2008), replicating the findings of many earlier, smaller studies that first conceptualised 

autism as a deficit in mentalising/theory of mind (Critchley et al. 2000; Schultz et al. 

2000). Interestingly, a more recent fMRI study that also included images relating to their 

autistic cohort’s restricted interests, reported that the fusiform gyrus was “recruited” by 

the participants’ non-social interests, rather than face processing. The authors speculated 

that atypical connectivity of the fusiform gyrus may link both of the core features of 

autism, by replacing a specialisation for social perception with network activity that is 

more specific to non-social subjects (Foss-Feig et al. 2016). 

The findings regarding the temporal pole and fusiform are also of developmental 

significance, given this study’s prospective design. A functional deficit in these regions in 

early infancy, could potentially lead to impaired social learning and a series of 

neurocognitive challenges in later life. This has been indicated by a series of behavioural 

studies that found a reduced ratio of social-vs-non-social attention in autism as early as 

6 months of age (Maestro, 2002). Based on the brain regions identified here, it is 

interesting to speculate that an early postnatal deficit in face and/or human speech 

recognition may be sufficient to delay social learning, speech acquisition and lead to 

sensory overload in social situations in later life. These neurodevelopmental sequalae 

would need to be confirmed in larger longitudinal studies that monitor neurocognitive 

development and behaviour from birth to late childhood. 

Finally, it is important to note that baseline sex differences remain relevant for early 

neurodevelopment. The temporal poles are amongst the regions most frequently 

identified in MRI studies as being larger in males, across all ages (Ruigrok et al. 2014). In 

this study, infant sex significantly interacted with regional volume in most of the 

identified regions in predicting later autistic traits, with the association between the two 

being more apparent in females, rather than males. This is consistent with previous 

findings in the activation of the fusiform gyrus, in a study of infants with tuberous 

sclerosis; a genetic condition that increases the likelihood for autism by ~ 50%. Similar 

to the study presented here, female infants with tuberous sclerosis showed stronger 

associations between fusiform underconnectivity and later autistic traits, than male 

infants with the condition, as early as 1 year of age (Scherrer et al. 2020). This interaction 

with infant sex could reflect reduced variance in males (a ‘ceiling effect’) or increased 
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susceptibility in females with high autistic traits and at high familial likelihood for autism. 

In terms of outcomes, sex differences in social-vs-non-social attention have also been 

described as early as 36 hours after birth (Connellan et al. 2000). Larger studies that 

would allow for sex-stratified analyses could investigate the interaction between early 

postnatal sex differences in regional brain growth and neurocognitive development in 

infancy. 

In conclusion, Study 6 of regional differences according to sex and autistic traits, has 

yielded functionally relevant findings for the pathophysiology of autism. This is the first 

study to implicate a part of the temporal pole and the fusiform gyrus with an analysis that 

didn’t involve a targeted, region-of-interest design. It is also the first study to link specific 

brain alterations to autistic traits in infants. Finally, it is the first longitudinal study that 

identifies a possible neurostructural biomarker for autistic traits, as early as the second 

month of life. These findings should be treated as tentative, until they are replicated in an 

independent cohort, in families with and without a history of autism, as well as separately 

in males and females. Nevertheless, they are consistent with prior literature and decades-

long learned speculations on the neurocognitive underpinnings of autistic traits. If 

replicated, they could facilitate early postnatal diagnosis of infants at high familial 

likelihood, leading to targeted interventions and improved learning outcomes in later life. 

The potential of integrating genetics in screening protocols is significant, since new 

sequencing and genotyping technologies could provide more molecular insight than 

protocols based on familial likelihood. However, the heritable components of autism may 

interact with prenatal physiology as well, as indicated in this study. In the next chapter, 

this notion is investigated further as the genetics of autism are studied together with the 

genetics of endocrine conditions and of specific prenatal factors that have been linked to 

autism.
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Chapter 6  

Genetics and sex-related factors 
 

Summary of studies 
 

Study 7: Rare variance: Enrichment of autism genes in male placentas 

 

In this study, an enrichment analysis was conducted, based on a list of genes that 

corresponded to differentially expressed transcripts (FDR<0.1) between male and female 

placentas, in 1st trimester chorionic villi samples of viable pregnancies. These were 

compared to a list of high-confidence autism genes, based on syndromic forms of the 

condition or an overabundance of rare variants in sequencing studies. There was 

significant enrichment of X-linked of autism genes in male-biased placental gens, 

independently of gene length (n=5 genes, p<0.001). There was no overlap in autosomal 

genes. The overlapping genes on the X-chromosome are further analysed in terms of their 

function and regulation, as well as the different phenotypes that have been associated 

with them and autism.  

 

Study 8: Common variance: Genetic correlations between autism & endocrine outcomes 

 

In this study, summary statistics of GWAS were used to study the genetic correlation 

between neurodevelopment and sex steroid-related traits and conditions. The latter 

included genotype data for bioactive testosterone, estradiol and postnatal PlGF levels, as 

well as genotypes of PCOS, age of menarche and androgenic alopecia. Genetic correlation 

was calculated based on LD Score regression and the results were corrected for multiple 

testing with FDR. Common variance for autism did not correlate to the genetics of 

testosterone, estradiol or PlGF, but it was associated with the genotypes for early age of 

menarche (b=-0.109, FDR-q=0.004) and a relative protection from androgenic alopecia 

(b=-0.135, FDR-q=0.007). 
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6.1 Introduction 

In Chapter 5, it was shown that familial likelihood for autism (based on diagnosed 

relatives) was associated with neuroanatomical and neurodevelopmental outcomes in 

early infancy, in a cohort as small as n=27. As was discussed in Chapter 1, most of the 

liability for autism can be attributed to genetic factors. Heritability estimates are mostly 

derived from twin-pair studies and genome-wide association studies and have been 

consistently high for both (Colvert et al. 2015; Huguet et al. 2016; Klei et al. 2012). 

However, discovering specific genes that capture a large percentage of the variance has 

proven challenging. 

Exome sequencing studies have been more successful, uncovering many syndromic 

forms for the condition that are often attributed to de novo variants and including both 

copy number variants and single-gene mutations (Satterstrom et al. 2020). The Simons 

Foundation for Autism Research (SFARI) has collected information on all of these genes, 

compiling curated lists, based on the available evidence (Banerjee-Basu et al. 2010). 

These are scored according to the number of “hits” across all studies, the strength of the 

evidence for each and whether these are involved in syndromic or non-syndromic forms 

of the condition. Most of them relate to the regulation of the cell cycle in embryonic 

pathways and the function of neuron synapses. 

Yet, together these identified genes account for less than 10% of the variance in the 

population, with the majority attributed to common variance (Gaugler et al. 2014). In 

order to capture this and discover specific genes, two related case-control genome-wide 

association studies (GWAS) have been conducted (Psychiatric Genomics Consortium 

2017)(Grove et al. 2019). The largest included n=18,381 autistic people diagnosed in 

Denmark who were linked to a certified diagnosis via the National Psychiatric Register 

and were genotyped as part of iPSYCH (Grove et al. 2019). This study led to the discovery 

of five genome-wide significant loci. In their conclusions, the authors estimate that a 

considerably larger sample would be needed to uncover more genes and their related 

molecular pathways. As with all complex heritable traits, genetic variants of intermediate 

frequency will also need to be discovered via sequencing, in order to bridge the gap 

between polygenic and monogenic forms of the condition (Manolio et al. 2009). 
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However, it still remains unclear how this largely ‘genetic’ condition may affect males and 

females differently and lead to different prevalence rates for each sex. Two hypotheses 

have been put forward to resolve this (Werling and Geschwind 2015). First, that autistic 

males and females may be characterised by different genetic factors, which functionally 

converge on the neuronal or only on the behavioural level, leading to different liability 

distributions for each sex. Second, that both males and females are affected by the same 

genetic variants but underlying physiological “protective” factors in the latter interact 

with genetic liability and result in a sex-specific threshold for diagnosis, within the same 

liability-threshold model. In accordance with this, exome sequencing studies have 

consistently found that autistic females have a larger number of loss-of-function 

mutations, compared to males (Jacquemont et al. 2014; Kosmicki et al. 2017; Satterstrom 

et al. 2020). Hormonal factors (such as prenatal steroids) or differences in physiology 

(such as differing growth rates) may be mediating this ‘female protective effect’ (Baron-

Cohen et al. 2019; Blanken et al. 2018). 

On the molecular level, the interaction between autism genes and sex may be 

bidirectional. Autism-related genetic variants may be directly affecting sex 

differentiation mechanisms, including steroid hormone levels, leading to different effects 

for each genetic variant in males and females. Alternatively, steroid hormones may be 

involved in the regulation of the same autism-related genes, resulting in relative 

differences in how their gene products are expressed, translated, and “tolerated” in males 

and females. 

With regards to the former, candidate gene studies have reported associations of autism 

and autistic traits with polymorphisms in hormone receptors (e.g. the estrogen receptor 

ESR2), as well steroid-regulating enzymes (e.g. aromatase) (Chakrabarti et al. 2009; 

Crider et al. 2014). But these findings have not been replicated when the whole genome 

was assessed in GWAS (Grove et al. 2019). With regards to the latter hypothesis of a 

mediatory role of sex steroids, a study of testosterone administration in developing 

neurons, found that the genes affected by the hormone (identified via ChIp-Seq) 

significantly overlapped with autism-related genes, including SFARI genes and genes that 

are differentially expressed in the autistic brain (identified by RNA-Seq post-mortem) 

(Quartier et al. 2018). But a wider comparison of all the genes that have steroid-

responsive promoters, failed to find any enrichment. Instead, a moderate correlation of 
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autism-relate variance was reported with genes relating to sex differences in 

anthropometry (e.g. height) (Mitra et al. 2016). The same study reported sex 

heterogeneity with regard to X-chromosome-linked genetic variants associated with 

autism. Genetic variance on the X-chromosome could also be mediating a female 

protective effect, particularly on genes that escape inactivation or are characterised by  

haploinsufficiency when mutated. It is also important to note that the androgen receptor 

is encoded by a gene on the X chromosome. But in autism, studies have again produced 

mixed results regarding a significant enrichment for X-linked genes, or more specifically 

in regions that escape X-chromosome inactivation (Schutz et al. 2002; Gong et al. 2008; 

Nava et al. 2012; Chung et al. 2011).  

So, there is little evidence that autism genes directly regulate steroids or are lie directly 

downstream of steroid-responsive elements. Nevertheless, the functional interaction 

between steroid hormones and autism genetics may be indirect and further downstream, 

at the level of molecular pathways and networks. In addition, male vulnerability may be 

mediated by factors that are not specific to autism and also extend to other 

neurodevelopmental conditions that also show sex differences in prevalence. 

Consistently, a study that analysed genetic variants associated with autism, together with 

ADHD, anxiety and many more comorbid traits, reported that their combined 

downstream targets and associated molecular pathways converged on networks that 

featured prominent roles for the estrogen receptor (ER-2), as well as aromatase (Leticia 

Diaz-Beltran et al. 2017). Moreover, the interaction between autism genes and sex 

differentiation processes, may be specific to early development, embryonic pathways, 

and particularly prenatal physiology. As previously mentioned, one of the few studies to 

report an overlap between testosterone targets and autism-related genes, focused their 

enrichment analysis on developing neurons (Quartier et al. 2018). However, steroid-

synthesising tissues, such as the placenta, have not yet been analysed in a similar way, 

despite consistent reports of sex differences in gene expression, genetic mosaicism, and 

widespread escape from X-chromosome inactivation in females (Gonzalez et al. 2018; 

Gong et al. 2018; Gong et al. 2018; Coorens et al. 2021). 

Alternatively, if autism genes and steroid-related molecular pathways interact beyond 

prenatal development, then this may also affect health outcomes throughout life and lead 

to higher prevalence of steroid-related symptoms and conditions in autistic people. 
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Although, epidemiological evidence is certainly consistent with this, particularly for 

conditions such as PCOS (Pohl et al. 2014; Cherskov et al. 2018; Simantov et al. 2021), the 

association between autism and steroid-related conditions has not been specifically 

shown at the genetic level. 

 In order to better inform the discussion on the interaction between sex and genetics in 

autism, according to these parameters, two brief exploratory analyses are presented in 

Studies 7 and 8. These respectively pertain to rare and common variants as well as 

prenatal and lifelong outcomes. In Study 7, genes that show sex differences in placental 

expression are checked for enrichment for high-confidence autism genes that have been 

consistently implicated to the condition by exome sequencing or in syndromic forms of 

the condition (SFARI categories 1 and S). In Study 8, autism-related common genetic 

variance (captured via GWAS) is studied in associated with the genetic variance relating 

to steroid hormone levels in adulthood (UK Biobank) and of the placental growth factor 

(PlGF), as well as to the genetics of complex steroid-related traits (publicly available data 

on age of menarche, PCOS and androgenic alopecia). 
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6.2 Methods & Results 
 

6.2.1: Study 7 - Rare variance: Enrichment of autism genes in male placentas 

Prenatal gene expression differences between the placentas of males and females have 

been reported in a study by Gonzales et al, conducted in Cedars-Sinai Medical Center of 

UCLA (n=17 females, n=22 males). This is the only study that has investigated these 

differences in humans and during term-time, at a time-point corresponding to 10.5 - 13.5 

weeks gestation. This was achieved with RNA sequencing of the discarded chorionic villi 

samples, following prenatal genetic screening of the pregnancies, which were all carried 

to term. No additional information was reported for any clinical reasons that led to 

prescription of CVS sampling. The same placentas were then collected after birth and 

their gene expression was compared to measurements during gestation. Except birth 

weight, cohort covariates such as maternal age or crown rump length did not significantly 

differ between the sexes. Sex chromosomes were analysed separately to autosomes and 

found to contribute significantly to gene expression differences between the sexes. This 

was mainly driven by genes on the X chromosome and remained consistent throughout 

gestation and at birth. On the contrary, most of the autosomal genes with sex differences 

in the 1st trimester samples, did not show the same differences when placentas assessed 

at birth.  

For the purposes of this enrichment analysis, a list of genes was created, that 

corresponded to the transcripts identified by Gonzales et al, as being significantly 

different between the sexes (both up- and down-regulated), at an FDR-corrected level of 

significance of q<0.1. This list comprised of n=135 genes, n=31 of which are on the X chr.  

Regarding autism, a list of high-confidence genes was assembled, based on the curated 

database of SFARI. Only genes with the top confidence score of “1” (n=206), as well as 

“syndromic” genes were included (n=143). Based on SFARI policy, the former score is 

only awarded to genes with a minimum of three independent discoveries in sequencing 

studies and a likely loss-of-function effect (Satterstrom et al. 2020). The latter 

characterisation (‘syndromic’) refers to genes of identified syndromes that also 

substantially increase the likelihood for autism in those affected. The two categories are 

not mutually exclusive, with the final list that was checked for enrichment numbering 

n=286 different autism-related genes, of which n=34 are on the X chromosome. 
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Enrichment analysis was conducted separately for autosomes and the X chromosome, by 

comparing the number of genes overlapping between the two lists (autism and placenta), 

to the total number of coding genes in the genome. Logistic regression models were used, 

in order to control for gene length as a covariate in these comparisons. Information on 

identified coding genes, gene locations and lengths were obtained from Gene Ensembl. 

There was no overlap between autosomal genes that were differentially expressed in 

male/female placentas, and high-confidence autism genes. The comparison that was 

specific on the X-chromosome, identified a total overlap of n=5 genes (Table 6.1). This 

was significant in a logistic regression model that controlled for gene length and 

compared this to the total number of genes on each list (n=34 for autism, n=31 for the 

placenta) and on the X-chromosome. The model showed that this enrichment was 

significant at p<0.0001, for an OR=11 (3.6 - 33.7). All five of the genes were differentially 

expressed in placentas at FDR-corrected p<0.05, with four being upregulated in females, 

compared to males (Table 6.1).  

Table 6.1: SFARI Genes that show significant sex differences in placental expression. 

Gene ID Gene Name M/F Autism 
/ Total 

Gene 
Function 

SFARI
Score 

Conditions 

SMC1A structural 
maintenance 
of 
chromosomes 
1A 

Female 
upregulated 

2/8 Segregation 
of sister 
chromatids 
during 
division 

S + 1 Cornelia de 
Lange - 2, 
DD/NDD, EPS  
Rett-like 
phenotypes 

KDM5C lysine 
demethylase 
5C 

Female 
upregulated 

6/27 transcription 
and 
chromatin 
remodelling 

1  EPS, Autism, 
EP, DD/NDD 

ARHGEF
9 

Cdc42-
guanine 
nucleotide 
exchange 
factor (GEF) 9 

Male 
upregulated 

4/11 Rho-like 
GTPase, 
mTOR 
regulator 
 

1  EPS, ID, Autism 

HDAC8 Histone 
deacetylase 8 

Female 
upregulated 

1/8 represses 
transcription 
in large 
multiprotein 
complexes 

S Cornelia de 
Lange - 5 

DDX3x DEAD box 
helicase 3 

Female 
upregulated 

7/27 transcription 
regulation, 
mRNA 
assembly, 
splicing 

1  DD/NDD, 
ADHD, EPS, ID, 
Autism, EP 
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6.2.2: Study 8 - Common variance: Genetic correlations between autism & endocrine 

outcomes  

For the purposes of genetic correlation analyses, publicly available summary statistics 

of GWAS were collected, regarding autism, hormone levels and hormone-related traits. 

Datasets for these were obtained via the NHGRI-EBI Catalogue (Table 6.2). 

 
Table 6.2: GWAS of hormone levels and hormone-related traits that were investigated in 
association with autism. Bio T: free fraction of circulating testosterone, based on 
testosterone and SHBG  

 
 

Bio T  Bio T 
 

Estradiol PlGF PCOS Age of 
menarche 

Alopecia 

Study Ruth SK et al, Nat Med, 2020 Folkersen L 
et al, Nat 
Metab, 2020 

Day F et al, 
PLoS Gen, 
2018 

Day F et al, 
Nat 
Genet,2017 

Hagenaars 
SP et al, 
PLoS Genet, 
2017 

Cohorts UK-Biobank various, 
SCALLOP 

various in 
UK, NL, 
USA 

ReproGen, 
23andMe, 
UKB 

UK 
Biobank 

N 178,782 188,507 206,927 21,758 24,267 329,345 52,874 
 

Sex males females males both Female 
cases, 
mixed 
controls 

females males 

Age 40 - 69 40 - 69 40 - 69 >40 yo 27 - 60 NA 40 - 69 
Loci 125 147 22 2 14 389 250 
 
 

In terms of neurodevelopment, two outcomes were selected. First, clinically diagnosed 

autism, based on the latest GWAS (n=46,350 (18,381 cases))(Grove et al. 2019), that 

identified five loci at genome-wide level of significance and corresponded to both males 

and females with the condition, as identified and certified by the iPSYCH consortium 

based in Denmark, as well as the Psychiatric Genomics Consortium that had previously 

published the first autism GWAS (Psychiatric Genomics Consortium 2017). The second 

outcome that was investigated corresponded to the entirety of the iPSYCH cohort and 

included some of the same individuals with autism (n=6,939 overlap in cases), as well as 

anyone with ADHD, affective disorder, bipolar disorder, anorexia, or schizophrenia, who 

were diagnosed and genotyped in Denmark (total n=65,534 with controls) (Schork et al. 

2019). Therefore, the second trait outcome included the first (26.2 % of iPSYCH had 
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autism) but also individuals with conditions that are often comorbid with autism. This 

second aggregate outcome was included in this chapter, in order to increase power in 

correlation analyses and investigate the specificity of potential findings.  

Regarding hormone levels and steroid-related conditions, summary statistics of several 

GWAS were obtained online via publicly available resources (Table 6.2). These 

corresponded to several independent cohorts that did not overlap with the Danish 

iPSYCH cohort. 

Bioavailable testosterone was calculated in the UK Biobank, by dividing total testosterone 

levels to the concentrations of SHBG for each individual (Ruth et al. 2020). This was 

calculated for both males and females and then linked to genotype data. In the same 

cohort, estradiol level measurements were available in both genders, but the GWAS for 

estradiol levels was restricted to males, as no heritable component corresponded to this 

trait was found in females (h2<2). This was probably due to the low sample number, as 

the cohort consisted of mainly post-menopausal women whose estradiol levels were 

below the level of detection (78% of the female cohort). 

Placental growth factor (PlGF) levels were measured during adulthood, in circulating 

serum, as part of proteomic analyses that were aggregated into a meta-analysis of 

different studies (SCALLOP consortium) that investigated associations of serum 

biomarkers with health outcomes. In this study, circulating PlGF levels were significantly 

associated with the genetics of cardiovascular disease, an effect that the authors 

attributed to the angiogenesis role of the factor, which extends beyond pregnancy 

(Folkersen et al. 2020). 

The common variance for PCOS included in this Chapter only included clinically 

diagnosed cases, using a variety of diagnostic criteria. In the corresponding GWAS, this 

was combined with cases from 23andMe (based on self-report) and resulted in many 

genome-wide significant loci that were linked to steroid hormone regulation and 

gonadotropin regulation, independently of the method of diagnostic ascertainment (F. 

Day et al. 2018). For the purposes of this study, self-report data on PCOS were excluded. 

The GWAS on age of menarche, on the other hand, included self-report genotype data 

from 23andMe, meta-analysed together with data from the UK Biobank and the 

Reproductive Genetics Consortium (Day et al. 2017).  
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Finally, androgenic alopecia was ascertained in adult males in the UK Biobank, older than 

40 years old. The trait was analysed categorically, based on the degrees of hair loss and 

age of onset. The X chromosome was analysed separately to the autosomes, given the 

established and disproportionate role of the androgen receptor in the liability of the trait, 

and was not included in the summary statistics (Hagenaars et al. 2017) or Study 8. 

Genetic correlation of common variance was based on LD scores that were developed for 

each HapMap locus (Bulik-Sullivan et al. 2015). Variables of summary statistics were 

prepared according to this method’s specifications. A breakdown of sample size for each 

SNP was included, where available. If SNP identifiers were missing, these were derived 

based on SNP location and the NCBI-SNP database. Multiple testing correction was 

conducted with application of a false discovery rate (FDR), based on the number of tests 

(n=7) for each neuropsychiatric outcome separately. 

Of all the examined hormones and traits, only the common variance of age of menarche 

and alopecia correlated to the common variance for autism (Table 6.3 in bold). The 

former correlation extended to the wider iPSYCH dataset that included additional 

psychiatric conditions, while the latter was marginally non-significant, after controlling 

for multiple testing. Both of the correlations were negative in direction, with higher 

genetic burden for autism being associated with a lower age of menarche and reduced 

likelihood for hair loss. 

Table 6.3: Pairwise genetic correlations based on LD scores of GWAS summary statistics. q 
is FDR-corrected value of statistical significance. ‘Bio T’: the levels of free testosterone, 
based on circulating total testosterone and SHBG. 

 Bio T 
males 

Bio T 
females 

Estradiol 
males 

PLGF PCOS Age of 
menarche 

Alopecia 

h2: 0.13 
(0.01) 

h2: 0.16 
(0.01) 

h2: 0.02 
(0.01) 

h2: 0.12 
(0.05) 

h2: 0.13 
(0.02) 

h2:0.21 
(0.01) 

h2: 0.30 
(0.05) 

Autism 
h2: 0.19 

(0.02) 

b=-0.01 b=-0.01 b=-0.06 b=0.06 b=-0.075 b=-0.109 b=-0.135 
SD=0.04 SD=0.01 SD=0.08 SD=0.09 SD=0.084 SD=0.031 SD=0.044 
z=-0.25 z=-0.20 z=-0.78 z=0.61 z=-0.893 z=-3.482 z=-3.077 
p=0.80 p=0.84 p=0.438 p=0.55 p=0.372 p=0.0005 p=0.0021 

 q=0.84 q=0.84 q=0.767 q=0.77 q=0.767 q=0.0035 q=0.0074 
iPSYCH 

combined 
h2: 0.13 

(0.01) 

b=-0.07 b=0.08 b=-0.01 b=-0.08 b=-0.021 b=-0.124 b=-0.106 
SD=0.04 SD=0.04 SD=0.07 SD=0.09 SD=0.09 SD=0.036 SD=0.044 
z=-1.61 z=2.01 z=-0.16 z=-0.85 z=-0.23 z=-3.452 z=-2.402 
p=0.11 p=0.045 p=0.09 p=0.39 p=0.818 p=0.0006 p=0.0163 

 q=0.154 q=0.105 q=0.154 q=0.455 q=0.818 q=0.0042 q=0.057 
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6.3 Discussion 

6.3.1: Study 7 - Genetic Overlap on the X 

This analysis compared the gene expression differences in the placenta, during mid-

pregnancy, to a list of genes that have been associated with autism. Enrichment of autism 

genes in sex-biased placental gene expression was mixed. While there was no genetic 

overlap, when autosomes were considered, there was a significant enrichment, when the 

analysis was restricted to the X-chromosome. This was due to an overlap of five genes on 

the X, namely SMC1A, KDM5C, ARHGEF9, HDAC8 and DDX3x. 

Sex differences in placental function and vulnerability have been known to clinicians for 

a while. But the molecular background to this has only been studied relatively recently, 

following the discovery of high-throughput genomic methods, such as microarrays and 

next-generation-sequencing. Consistently, across all human studies, placental gene 

expression differences between the sexes, can largely be attributed to differences in the 

dosage of genes, located on the X and Y chromosomes (Tsai et al. 2011; Gong et al. 2018). 

In the study by Gonzales et al, prenatal differences in the expression of genes on the X 

were consistent with measurements conducted at birth. On the contrary, differences in 

autosomes fluctuated according to gestational age (Gonzalez et al. 2018). Further analysis 

showed that the placental X-linked genes that differed by sex, were not restricted to 

regions that are known to escape X-chromosome inactivation, but rather extended across 

the length of the chromosome.  

In a more recent, large-scale study of placental genomics (at birth), researchers were able 

to compare gene expression differences not only between the sexes, but also within the 

placentas of the same individuals. They also reported significant sex differences, 

stemming from the X chromosome. But intraindividual comparisons, paired with 

genotyping, also revealed that there was pronounced genetic mosaicism within the same 

placentas, which extended to transcriptional differences (Coorens et al. 2021). This 

complex genetic landscape could potentially be attributed to the tissue’s clonal expansion 

and driven by rapid cycles of DNA replication and cell division. This could in turn lead to 

inefficiencies in chromosome methylation, X-chromosome inactivation and genetic 

instability, leading to accumulation of mutations confined within clonal cell populations, 

similarly to neoplastic growth. So, sex differences in placental genomics and ultimately 



 
Genetics and sex-related factors 

 

 134 

function could be attributed to the tissue’s complex genetic landscape, gene dosage 

effects on the X-chromosome and this controlled state of genetic instability. 

This phenomenon may also be affected by the effects of hormones and the person’s own 

genetic background. Male placentas have been found to express higher levels of DHEAS; 

the main steroid precursor for both androgens and estrogens (Gong et al. 2019). In the 

study by Gonzales et al, unsupervised analysis of the identified variants via the IPA 

software, identified the estrogen receptor-1 and progesterone as potential upstream 

regulators of the identified sex differences (Gonzalez et al. 2018). It is also important to 

note that sex steroid hormones have pronounced effects on methylation, by directly 

acting on histone modification enzymes, as well as the genome itself (via their 

receptors)(Cleys et al. 2015). Therefore, sex differences in placental gene expression are 

probably not independent to the effects of sex steroid hormones. 

Regarding autism, prenatal steroidogenesis, methylation differences in the placenta and 

genetic instability have all been associated with increased likelihood for the condition 

(Eichler and Zimmerman 2008). In this study, five genes were identified that may be 

contributing to the interactions between these factors. 

All five of the genes take part in the regulation of genomic processes, such as 

transcription, gene replication and mitotic segregation. However, some have also been 

linked to steroid-related phenotypes. For example, KDM5C encodes a DNA-binding 

transcription regulator that is involved in chromatin remodelling. But a common genetic 

variant directly upstream of this gene (rs140498714) was identified in the largest GWAS 

of testosterone levels in older adults of the UK Biobank (Ruth et al.2020). Syndromes 

linked to the same locus, have also been associated with abnormalities in the formation 

of the male external genitalia. The main example is the ‘Mental Retardation, X-Linked, 

Syndromic, Claes-Jensen Type (MRXSCJ), which, in addition to neurodevelopmental 

symptoms, also features short stature, cryptorchidism, micropenis and endocrine 

symptoms in later life, like amenorrhea (in females), alopecia (in males) and excessive 

body hair growth in neonates and children (Carmignac et al. 2020).  In addition, in a 

mouse knockout model for Kdm5c, there was a trend for significant elevation in 

circulating testosterone levels (p=0.07) and a significant increase in the animals’ 

aggressive behaviour. These changes were attributed to changes in the brain, where 
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dendrite differences, an increase in spines and upregulation of androgen targets, were 

noted in the amygdala and frontal cortex (Iwase et al. 2016).  

Similarly, DD3X encodes a helicase involved in transcription and splicing, which has been 

linked to the main symptoms of Klinefelter syndrome. Individuals with this syndrome 

have increased prevalence for autism, but also frequently have defects in primary and 

secondary sex differentiation, with frequent eunochoid body proportions and primary 

hypogonadism (small gonads and decreased testosterone) (Hong and Reiss 2014; 

Bonomi et al. 2017). In a mouse model of the condition, DD3X was seen to escape X-

chromosome inactivation, leading to a significant up-regulation of the transcript in the 

brain of the Klinefelter-type, compared to the brains of both male and female mice 

(Werler et al. 2011). It is interesting to speculate that loss-of-function mutations in 

autism may have the opposite effect and lead to sex steroid excess. 

Contrary to the other genes, which were downregulated in male placentas, the transcript 

for ARHGEF9 was found to be upregulated in males. This gene encodes a guanine 

nucleotide exchange factor, that takes part in molecular cascades involving CDC42 and 

the mTOR pathway. In a clinical setting, ARHGEF9-related syndromes have been 

associated with autism, developmental delays and speech impairment, with epilepsy 

being a common symptom in most cases (Bhat et al. 2016; Alber et al. 2017). On the 

molecular level, the gene product was reported to contribute to the formation of 

GABAnergic and glycinergic synapses in the brain. Interestingly, common variance 

around the gene has also been linked to total testosterone levels (in men) (Ruth et al. 

2020), as well as male-pattern alopecia (within an intron of the gene)(Hagenaars et al. 

2017). 

Finally, mutations in two of the genes that were identified in this analysis (DDX3X, 

SMC1A), can lead to Cornelia-de-Lange syndrome (CdLS). This rare genetic condition is 

characterised by mental and physical delays, microcephaly and a characteristic facial 

phenotype with short brows and synophrys (Kline et al. 2018). The children often exhibit 

autistic behaviours in response to overstimulation. This symptomatology is often worse 

in males, than females. Interestingly, children with the condition are often born with 

excess body hair, but this may be the result of dysfunctions in epithelial differentiation of 

the skin, rather than an example of hirsutism due to excess testosterone. Research into 

the endocrine correlates of the condition is limited, with unpublished conference report 



 
Genetics and sex-related factors 

 

 136 

describing significant differences in testosterone (Ascaso et al. 2019). On the molecular 

level, clinical sequencing in CdLS has revealed widespread defects in transcription and 

genetic instability (Yuan et al. 2015). 

All of these examples confirm a molecular link between genetic pathways involved in 

neurodevelopment, genetic instability and in some cases, sex differences and the 

endocrine system. However, caution should be employed in the interpretation of the 

observed enrichment, as the result may be confounded by the ‘X-factor’. Genes on the X 

have been found to be highly expressed in the brain, relative to other chromosomes 

(Nguyen and Disteche 2006). Consistently, there is also a relative overabundance of X-

linked genes that are associated with mental disabilities (Zechner et al. 2001), and X-

linked common variance in the UK Biobank has more recently been shown to be 

associated with neuroanatomical differences in many brain regions (Mallard et al. 2021). 

Therefore, in the context of Study 7, the SFARI-curated list of genes may not be specific 

to autism, but rather reflect a link between the human brain and the X-chromosome. In 

addition, there is potential for clinical ascertainment bias in the study by Gonzalez et al, 

as the CVS samples pertained to pregnancies that were recommended genetic screening. 

No clinical information is reported by the authors, other than relatively advanced 

maternal age (mean=39.4[SD=2.4]years old), so their genomic results may not be 

generalisable to prenatal placentas in the wider population.  

In conclusion, this enrichment analysis offers a first indication that placental sex 

differences on the genetic level, may be overlapping with the genetic liability for autism. 

More research is needed to study placental gene expression profiles that are specific to 

autism, as well the role of the autosomes. 

 

6.3.2: Study 8 - Genetic Correlation Analysis 

The majority of the genetic liability for autism can be attributed to common variance 

(Gaugler et al. 2014). In this exploratory analysis, the genetics of autism were examined 

in association with the genetics of several steroid-related traits and conditions. It is 

important to note that these genetic correlations only capture the polygenic component 

of each trait, relating to common genetic variance They aren’t tests of a link on the clinical 

level. In addition, each GWAS is affected by varying degrees of statistical power, as well 
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as the specific demographic characteristics of each cohort. Particularly regarding steroid 

hormone levels and PlGF levels, their assessments in the corresponding GWAS were all 

postnatal and in late adulthood, setting them apart from the other studies presented in 

this thesis that included prenatal measurements of the same hormones. This may be the 

reason that no genetic correlation was found between the genetic variance associated 

with testosterone, estradiol or PlGF levels with autism, despite previous clinical and 

epidemiological evidence. Alternatively, elevated steroidogenesis in autism may be due 

to genetic factors that are not captured well by the latest GWAS, but rather related to rare 

variants, the X-chromosome or to interactions between genes and the wider endocrine 

system. 

For example, polycystic ovaries syndrome (PCOS) is a complex and heterogeneous 

condition that includes multiple hormonal systems and cannot (yet) be attributed to a 

single pathophysiological cause. In the context of autism, elevated rates of the condition 

have been reported in women with the condition (Cherskov et al. 2018). However, the 

evidence is certainly more conclusive for the effects of maternal PCOS on autism 

likelihood in the children, following replications in independent cohorts (Katsigianni et 

al. 2019). In this study, no genetic correlation was noted between the genotypes 

associated with PCOS and the ones for autism. This could be an indication that the link 

between the two conditions may be attributed to ‘environmental’ factors, such as 

increased androgen exposure in utero. The placentas of women with PCOS have been 

found to have lower levels of aromatase, potentially exposing the fetus to elevated levels 

of maternal androgens (Maliqueo et al. 2013). Consistently, new evidence in humans 

indicates that PCOS may be “transmitted” in a transgenerational way, whereby high levels 

of prenatal androgens in mothers with the condition, induce PCOS in their daughters via 

conditioning of the HPG axis, rather than via direct genetic effects (Risal et al. 2019). This 

could partly explain why the strong epidemiological link of PCOS with autism likelihood, 

does not appear to be mediated by genetic factors in this analysis or in epidemiological 

studies (Cesta et al. 2020). 

On the contrary, this analysis showed that the genotypes associated with hair loss in men 

correlated negatively with autism. The effect size is considerable (b=-0.14 [0.04], 

p=0.007) and higher than the genetic correlation of the same trait (androgenic alopecia) 

with the genetics of bioavailable testosterone in men (b=0.10 [0.03], p=0.003). The 
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direction of effect is surprising, given previous findings of elevated circulating androgens 

in autism postnatally (Ruta et al. 2011). On the other hand, several recent studies in this 

thesis (Studies 1 and 2)(Baron-Cohen et al. 2019; Tsompanidis et al. 2021) and by other 

research groups (Bilder et al. 2019), have reported that autism is associated with higher 

levels of estrogens, which could, in turn, have a protective effect on androgenic alopecia 

postnatally. No previous clinical or epidemiological study has investigated whether 

androgenic alopecia is less frequent in autism, and most reports of symptoms relating to 

increased steroids have focused on women and their reproductive health (Pohl et al. 

2014; Simantov et al. 2021). If this genetic correlation extends to the clinical level, then 

this could be seen as additional evidence that a potential ‘steroidopathy’ in autism affects 

males and females in different ways. A relative ‘protection’ from androgenic alopecia 

would also be consistent with the ‘gender incoherence’ theory, and similar findings of 

reduced masculinisation in secondary sex characteristics in autistic males (Bejerot et al. 

2012). It is also important to note that androgenic alopecia is a complex, polygenic trait 

that likely involves several factors other than androgen levels/sensitivity, such as hair 

thickness, follicle vascularisation and epithelial aging. Several studies have reported a 

genetic link between the condition and neurodegenerative conditions, such as 

Parkinson’s (Heilmann-Heimbach et al. 2017; Li et al. 2012). In this genetic correlation 

presented here, genotype data was restricted to the autosomes and did not include 

variance relating to the androgen receptor on the X-chromosome. Nevertheless, the 

result, albeit surprising, remains significant and likely captures a common latent factor 

in the maintenance of follicle health in men and the likelihood for autism. 

Finally, the analysis showed that autism correlated negatively with age of menarche in 

women. This finding is novel since it uses the latest meta-analysis data on age of 

menarche. However, a similar trend had been reported in a previous GWAS for this trait 

but not discussed in their main text (Perry et al. 2014). This finding is consistent with 

previous epidemiological reports of a negative association between puberty onset and 

autistic traits (May et al. 2021), as well as higher likelihood for early onset in people 

diagnosed with autism (Herman-Giddens et al. 2012; Corbett et al. 2020). However, 

delayed puberty, in the context of hypogonadotrophic hypogonadism (e.g. in 

Klinefelter’s), has also been associated with increased likelihood for concurrent autism 
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(OR=5.7 [2.6-12.6]), ADHD and other neurodevelopmental conditions (Ohlsson et al. 

2019).  

Puberty onset, as well as age of menarche are both complex traits, that feature an 

interplay between gonadal steroids, hypothalamic signalling, and pituitary rhythmicity. 

It’s still unclear how autism affects the maturation of these components in childhood and 

puberty. Atypical rates of cortical thinning during adolescence have been reported for 

several brain regions in autistic individuals. In one study, the observed patterns of 

cortical thinning interacted with sex and were proposed to be mediated by an initial 

resistance to steroid-induced neuronal pruning, followed by an accelerated rate in later 

adolescence (Nunes et al. 2020). Faster pubertal development has also been linked with 

increasing symptom severity for other aspects of mental health. Males and females that 

mature earlier than their peers report more depressive symptoms (Mendle et al. 2010; 

Copeland et al. 2010) and are at increased odds of attempting suicide (Wichstrøm 2000), 

with the rate of pubertal development being a particularly strong predictor of depression 

in males (Mendle et al. 2010). A survey of over 35,000 Finnish teenagers showed that 

early onset of puberty was associated with internalising (e.g. depression, anxiety, 

psychosomatic problems, bulimia) and externalizing behaviour (substance-use, bullying, 

truancy) in females, but only the latter in males (Kaltiala-Heino et al. 2003). These reports 

are also consistent with the genetic correlation that was observed in this study, between 

early puberty onset and the genetics of several psychiatric conditions (Table 6.3). 

Therefore, this link may not be specific to autism and likely relate to both genetic and 

environmental factors that shape the HPA/G axis prenatally and throughout childhood. 

In brief, the common genetic variance for autism did not correlate with the variance 

associated with steroid hormone levels in childhood. This may be because of low power 

in capturing the common genetic variance for autism, as well as the relatively low SNP-

based heritability for postnatal hormone levels. However, the genetics of autism were 

found to correlate negatively to two complex, steroid-related traits; namely age of 

menarche and androgenic alopecia. The reason for this is unknown but likely involves a 

complex interaction between steroid hormones, the HPG axis and processes involved in 

cellular maturation. Additional research, both clinical and molecular, would be needed to 

add context to these correlations. 
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Chapter 7  

General Discussion and Future Directions 

 

Summary of chapter 

In this chapter, the findings of all studies are critically assessed and discussed together 

with other relevant discoveries that were reported since work on this thesis commenced. 

All these lines of evidence support a prominent role of the prenatal steroid system and 

estrogens in particular, with regard to autistic traits and autism likelihood. However, 

prenatal steroidogenesis should be viewed as an interconnected system of several 

maternal, placental and fetal variables. Specifically, the estrogenic placenta may be the 

converging point where fetal sex and autism genetics interact to mediate liability. More 

research is needed into the molecular mechanisms of these interactions and on the role 

of endocrine conditions, such as PCOS and gestational diabetes. In addition, the proposed 

overlap between autism and “masculinisation” may need to be reassessed in light of the 

many endocrine variables that have now been associated with the condition besides 

testosterone. The question on the role of biological sex in autism remains clinically 

relevant but new epistemological approaches are needed that will also consider the 

condition’s neurocognitive and behavioural heterogeneity.   
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7.1 Summary of the findings 

This thesis aimed to investigate the ways in which biological sex interacts with the 

perinatal environment, resulting in associations with autistic traits or a diagnosis of 

autism in the children. The eight studies that are presented in this thesis, cover a range 

of sex-related factors, several perinatal time-points of exposure and neurodevelopmental 

outcomes from early infancy to late childhood. In addition, genetic factors are explored 

both in terms of familial likelihood and with the study of genetic variance (common and 

rare). The findings of each study are discussed in detail at the end of each chapter. In brief, 

they include the following 

Study 1 - Sex steroids and autism (Chapter 2) 

▪ Cohorts: Danish Psychiatric Registry (n= 98 male cases, n= 177 male controls) 

▪ Time-point: First to second trimester (mean=14.9 weeks) 

▪ Finding: Autistic males have higher levels of estradiol, estrone, estriol and 

progesterone in their amniotic fluid, compared to undiagnosed controls. 

 

Study 2 - Sex steroids and traits (Chapter 3) 

▪ Cohorts: the Cambridge Ultrasound Siblings and Parents study (n=122) 

▪ Time-point: First trimester (mean=12.7 weeks) 

▪ Findings: Free estradiol correlates the autistic traits of women during pregnancy, 

while total estradiol correlates to the autistic traits of the male, but not female 

infants. A clinical history of maternal hirsutism is also associated with higher autistic 

traits (in the mother) and higher circulating estradiol levels during pregnancy. 

 

Study 3 – Sex and the placenta (Chapter 4) 

▪ Cohorts: Generation R, the Netherlands (n=3469 cohort, n=65 with autism) 

▪ Time-point: First (mean= 13.5 weeks) and second trimester (mean=20.6 weeks)  

▪ Findings: Placental-derived markers of angiogenesis show pronounced sex 

differences in maternal plasma. Male-like patterns are associated with higher 

autistic traits in females and the likelihood of future autism diagnosis in males. 

Specifically, sex differences in PlGF concentrations mediate sex differences in SRS 

Scores. 
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Studies 4 - 6 – Sex and Infant Development (Chapter 5) 

▪ Cohorts: the Cambridge Imaging and Longitudinal Development (CHILD) cohort, 

Cambridge, (n=41 prenatal & n=27 postnatal) 

▪ Time-point: Third trimester and third month postnatally 

▪ Findings:  

- Study 4: Postnatal testosterone levels (during and after mini-puberty) are not 

associated with autistic traits or familial likelihood of diagnosis, based on first-

degree relatives. 

- Study 5: Low total brain volume and surface area, as well as a decreased perinatal 

rate of brain growth are associated with autistic traits in infancy. This is driven by 

individuals with a family history of autism and by males, rather than females. 

- Study 6: Of all the sexually-dimorphic regions in early infancy (>2 months of age), 

the hypothalamus and areas involved in face recognition, are negatively associated 

with higher autistic traits in later infancy (>18 months of age). Significant 

interactions with family history of autism are noted. 

 

Study 7 – Autism genes and gene expression differences in the placenta (Chapter 6) 

▪ Cohort: Placental samples from pregnancies undergoing CNV prenatal testing (n=17 

females, n=22 males)(Gonzalez et al. 2018) 

▪ Finding: Genes on the X chromosome that are differentially expressed between 

males and females, are enriched for genes involved in X-linked autism and other 

neurodevelopmental conditions. 

 

Study 8 – Genetic correlations between autism & endocrine outcomes (Chapter 6) 

▪ Cohorts: Various GWAS, including UK Biobank and other cohorts of adults 

▪ Finding: Common genetic variance that is associated with autism, correlates to the 

variance for early age of menarche in women and to the genetics of reduced hair-

loss in men over the age of 40. 

 

Many of these studies have also failed to replicate previous findings or identify evidence 

that would be consistent with previous theories on the interaction between sex 

differences and autism likelihood. Specifically, no association was found of testosterone 
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levels alone, prenatally or postnatally, with an autism diagnosis (Study 1) or with autistic 

traits in women and their infants (Study 2 or Study 4).  In addition, no genetic correlation 

was found between genotypes associated with autism and the genetics of testosterone 

levels in adulthood. Furthermore, the association between brain volume and infant 

autistic traits was not consistent with the brain overgrowth theory, which predicts higher 

volumes and faster rates of brain growth in individuals with high autistic traits or autism 

(Study 5). Finally, sex differences in neurodevelopmental vulnerability persisted, even 

when accounting for differences in prenatal exposure to sex steroid hormones. This was 

shown particularly in Study 2, when the association of infant autistic traits with maternal 

estradiol was more significant in males, rather than females. 

Both the positive and the null findings in these studies, suggest that sex steroid hormones, 

and androgens in particular, may not be directly responsible for increasing autism 

liability in males, but rather interact with maternal health, fetal sex and fetal genetics to 

affect neurodevelopment, in more complex ways. Given the considerable heterogeneity 

in the condition itself, as well as the behavioural differences between males and females, 

it may be improbable to ever attribute autism to a parsimonious, pathophysiological 

cause for both sexes. Nevertheless, the findings in this thesis suggest that estradiol and 

the placenta may play a central role, mediating the effects of many of these factors, as well 

as contributing to the sex differences in autism liability. 

 

7.2 The role of the sex steroid system  
 
The significance of prenatal estrogens, such as estradiol is now shown by two studies in 

this thesis, which found an association with both an autism diagnosis in males (Chapter 

2) and autistic traits in males (Chapter 3). These findings have now been peer-reviewed 

and published (Baron-Cohen et al. 2019; Tsompanidis et al. 2021). In addition, a separate 

study by Bilder et al, also found significantly higher levels of estradiol in the maternal 

serum of pregnancies of children later diagnosed with autism (Bilder et al. 2019). These 

findings appear to contradict a similar study, in which significantly lower levels of estriol 

were reported in maternal serum (Windham et al. 2016). This may be due to differences 

in the timing of the samples, since serum samples in the latter corresponded to the second 

trimester (15 to 20 weeks), rather than the late first (Chapter 2: 14.9 weeks). In addition, 

estriol is mostly formed from DHEA, rather than the main activators of the androgen 
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receptor (testosterone and androstenedione), which act as precursors to estradiol and 

estriol respectively. When compared to other estrogens (Figure 2.3), fetal estriol levels 

also had the lower OR in terms of autism likelihood in the comparative study in amniotic 

fluid of Study 1.  

Therefore, prenatal sex steroid excess in autism may be particularly skewed to 

steroidogenic pathways that are associated with androgens (the Δ4 and Δ5) and their 

aromatisation into estrogens prenatally by the placenta (Figure 1.1). 

A single neurological biomarker has not yet been identified, on the molecular, 

cytoarchitectural or network level (section 1.3, Chapter 1). Studies have variably shown 

deficits in long-range connectivity, a skewed excitation/inhibition balance, excess 

number of spines and atypical patterns of cortical thickness throughout the brain (Schaer 

et al. 2013; Lee et al. 2017; Durand et al. 2012; Romero-Garcia et al. 2019). However, 

many reports also implicate the hypothalamus, which regulates endocrine homeostasis, 

facilitates social motivation and the output of the limbic system, among many other 

functions which are affected in autism (Caria, Ciringione, and de Falco 2020). 

Sex steroid excess in autism could then be attributed to a developmental hypothalamic 

deficit, which could in turn lead to inefficient inhibitory feedback by circulating steroids 

and an overall increase in their levels at various points in life and prenatally (Pitteloud et 

al. 2008). Other variables in this complex system include the interaction of pregnancy 

complications and maternal stress with rate-limiting enzymes (e.g. aromatase or 11β-

HSD)(Peña, Monk, and Champagne 2012), the integrity of barriers such as the 

trophoblast or the blood-brain-barrier (BBB) (which peripheral signals need to cross to 

mediate inhibitory feedback), as well as synaptic switching of GABBA from excitation to 

inhibition, which occurs perinatally in humans (Ganguly et al. 2001). 

Interestingly, estradiol appears to regulate this developmental switching, as well as the 

formation of spines, dendrites and synapses in developing neurons (Nunez et al. 2008; 

Hoffman et al. 2016; Schwarz et al. 2008). In addition, estradiol interacts with the brain’s 

immune system components (e.g., glia, cytokines) to regulate the rates of neuronal 

apoptosis and proliferation in the cortex (McCarthy and Wright 2017). More recently, in 

human iPSC-derived brain organoids, steroids were seen to directly regulate neuron 

proliferation, synaptogenesis and alter the ratios between excitatory and inhibitory 
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neurons (Kelava et al. 2020). Therefore, autism could be linked to a ‘steroidopathy’ that 

is secondary to an underlying dysfunction of the central nervous system and the 

“conditioning” effects of prenatal sex steroids on the developing gonad and brain. 

In this thesis, direct effects of steroids on the brain could not be tested, but specific 

findings are consistent with these scenarios. First, a genetic correlation was observed 

between the common variance for autism and the genotypes associated with earlier age 

of menarche (Study 8). This link is mirrored in epidemiological data (Corbett et al. 2020), 

along with increased prevalence for a variety of steroid-related symptoms (Pohl et al. 

2014; Simantov et al. 2021). In addition, in the same prospective Cambridge cohort, in 

which high amniotic testosterone was seen to correlate to high autistic traits (Auyeung 

et al. 2009), an interaction with puberty was identified. In brief, the same association 

persists for adolescent autistic traits but only in individuals with earlier puberty onset 

and a faster rate of physical maturation (Dooley et al. 2022). Moreover, in this thesis, one 

of the few brain regions that was associated with both sex differences as well as autistic 

traits, was the infant thalamus (Study 6). Given the small size of the infants’ brains, this 

study’s parcellation method could not draw boundaries between the infant thalamus and 

smaller regions around it, so the observed associations may also include the adjacent 

hypothalamus; the primary location of GnRh neurons that regulate sex steroid hormone 

levels, as well as puberty onset. It is interesting to speculate that lower brain volumes, in 

the region, as indicated in Study 6, may affect inhibitory feedback loops (Figure 1.1), 

leading to increased signalling to the pituitary and steroidogenic excess that includes 

both androgens and estrogens (Pitteloud et al. 2008). Alternatively, more severe deficits 

in the region could lead to the opposite outcome (primary hypogonadism), as is the case 

in Klinefelter’s syndrome (Ohlsson et al. 2019). These two endocrine phenotypes may be 

associated with different kinds of autism (e.g., idiopathic vs syndromic) but would 

require clinical trials to establish with confidence (GnRh tests, aromatisation assays etc.). 

Future studies could shed further light into the links between sex steroids and 

neurodevelopment, by measuring the autistic traits of individuals with rare syndromes 

of gonadotropic resistance/dysregulation. These include complete/partial androgen 

insensitivity syndrome, aromatase excess syndrome, Kallmann syndrome and idiopathic 

cases of precocious puberty. Finally, additional epidemiological studies are needed in 

order to better describe and raise awareness among clinicians for the endocrine 
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comorbidities and steroid-related symptoms in autistic men and women (Simantov et al. 

2021). 

 

7.3 The role of the placenta and the prenatal environment 

Three recent discoveries, together with findings in this thesis, raise the possibility that 

steroid excess in autism may not be only attributed to the autistic person’s own genetics 

or neural substrates, but rather originate in the conditioning effects of the prenatal 

environment.  

The first of these discoveries is with regard to PCOS. Maternal PCOS increases the odds 

of autism in the children by 35 to 59%. This has now been replicated in independent 

cohorts around the world (Kosidou et al. 2016; Cherskov et al. 2018; Berni et al. 2018), 

as well as in a meta-analysis (Katsigianni et al. 2019). In addition, this appears to be 

independent of genetic factors, as shown by the lack of a genetic correlation using GWAS 

data in Chapter 5 and other epidemiological studies that found no familial clustering in 

their associations (Cesta et al. 2020). The ultimate cause of PCOS is unclear, but animal 

models for the condition have long suggested that the condition may be related to 

androgen levels in utero and be induced by exogenous administration of androgens 

prenatally. This has only been recently shown in humans in a rare clinical study of 

transgenerational susceptibility (Risal et al. 2019). In brief, PCOS in the mothers induces 

PCOS in offspring by affecting their differentiating ovaries and affecting their HPG axis for 

life. In autism, higher rates of PCOS have been found in both autistic women as well as 

their mothers (Cherskov et al. 2018), raising the possibility of similar prenatal 

conditioning occurring in the context of autism. 

Secondly, novel research on iPSC-derived brain organoids, as well as findings on iPSC-

derived neurons, show that sex steroid hormones have significant developmental effects 

on the fundamental processes of human brain development, namely cortical expansion, 

and synapse formation (Shum et al. 2015; Mukherjee et al. 2017; Sellers et al. 2020; 

Kelava et al. 2020). Specifically, testosterone was shown to favour the differentiation and 

proliferation of excitatory over inhibitory neurons, providing a pathophysiological 

pathway that is consistent with findings in autism (Kelava et al. 2020). 
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Third, a series of recently published studies have identified a novel pathway of the so-

called ‘placenta-brain axis’ in mice (Vacher et al. 2021). It was discovered that a placenta-

derived steroid that is derived from progesterone (i.e., allopregnanolone) was able to 

reach the rodent brain and affect neurodevelopment and regulate social behaviour in 

postnatal life. Targeted knockout experiments, as well as rescuing paradigms, confirmed 

that allopregnanolone signalling in the developing cerebellum was needed to maintain 

social attention. Interestingly, this effect interacted with sex, since knockout of the 

steroid’s downstream pathway affected male mice more than females.  

Together with the findings presented in this thesis, on elevated prenatal estrogens 

(Studies 1 & 2), their link to maternal hirsutism (Study 2) and an overlap of autism with 

placental sex differences (Studies 3 and 7), these lines of evidence suggest that autism 

may be linked to lifelong hyperandrogenic traits due to the prenatal ‘conditioning’ effects 

of sex steroids and the placenta (Figure 7.1).  

 

Figure 7.1: Proposed model of the prenatal interactions between fetal sex, the placenta 
and steroid system. Dotted lines indicate plausible but relatively unexplored 
pathophysiological links in the context of autism. PMW: prenatal masculinisation window 
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Both of these components (i.e., sex steroids and the placenta) could be mediating the 

effects of several other pregnancy complications, which have been shown to increase 

autism likelihood in other epidemiological studies. For example, pregnancy 

complications, such as gestational diabetes have been linked to autism (Wan et al. 2018) 

and often lead to an increase in fetal size and adiposity (Logan et al. 2017). In turn, this 

increase may be affecting endocrine pathways, , leading to compensatory increases in 

placental size (Desoye and Hauguel-De Mouzon 2007), as well as higher levels of estradiol 

via local aromatisation. These adaptative mechanisms may be clinically plausible but 

should be further investigated on the clinical and molecular level. Similarly, maternal 

PCOS has also been associated with decreased aromatase in the placenta (Maliqueo et al. 

2013), as well as higher BMI in the offspring (Bahri Khomami et al. 2019). It is also 

interesting to speculate that higher levels of placental angiogenic factors, such as the PlGF 

(Chapter 4) could increase the permeability of the fetal as blood brain barrier to 

circulating steroids, as this has been shown for the maternal side in rodents (Schreurs et 

al. 2012). Importantly, this multifactorial system would be expected to interact with fetal 

sex, since males produce more steroids during the prenatal masculinisation window 

(PMW) and via their placentas (e.g. DHEAS), but are also more prone to placental 

complications (e.g. implantation failures or hypertension) and placental dysfunction (e.g. 

due to X-linked variants)(Figure 7.2) (Welsh et al 2014; Gong et al. 2018; Verburg et al. 

2016). 

All of these pathophysiological pathways are speculative and should be investigated in 

detailed clinical studies, as well as in molecular studies of placental function in autism. In 

addition, the role of genetics should be further investigated, since autism-associated 

genotypes appear to be independent to the genes associated with steroid levels in 

postnatal life (Study 8) (Mitra et al. 2016). Autism-associated genetics may rather 

interact with placental function, as shown in this thesis (Study 7) and another study of 

the placental methylome (Zhu et al. 2019). Moreover, hormonal pathways that are linked 

to adiposity and inflammation should be further analysed, as they interact with sex 

steroid pathways (e.g., in the context of PCOS) and may also affect neurodevelopment via 

other hormones and cytokines, independently of steroids. Finally, sex differences in 

prenatal factors (e.g. placental insufficiency) may not be specific to autism, but also 
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extend to other neurodevelopmental conditions and be mediated by other clinical 

outcomes such as iatrogenic preterm delivery (Santos et al. 2020). 

7.4 The role of ‘maleness’ 

The prenatal testosterone theory was first proposed as a way to explain the sex ratio in 

diagnoses, but also as a potential explanation of male-type shifts in the cognitive and 

behavioural traits of autistic people (i.e., the ‘extreme male brain’) (Baron-Cohen et al. 

2005; Greenberg et al. 2018). As was discussed in Chapter 1, similar male-type shifts have 

been observed in the facial features, brain structures, biochemical profiles and 

connectivity patterns in autistic children and adults (Tan et al. 2020; Lai et al. 2013; 

Majewska et al. 2014; Floris et al. 2018). Atypical sex differentiation, with both male-type 

and female-type shifts in secondary sex characteristics, has also been noted, particularly 

after puberty (i.e., the ‘gender incoherence’) (Bejerot et al. 2012).  

It is possible that prenatal or lifelong exposure to atypical levels of sex steroids could 

result in these different patterns of sex differentiation (Chapter 1, section 1.5). However, 

caution is needed in discerning association from causation. There is still little 

experimental, ‘proof-of-concept’ evidence, which can show if excess “masculinisation” is 

sufficient to cause autism in animals or humans. It remains to be seen how sex steroids 

directly affect the autistic brain or the regions mediating the condition’s core traits 

(communication challenges and restricted interests). The data stemming from in vitro 

and animal model studies is certainly consistent with this (Lai et al. 2013), but more work 

is needed in humans to prove that male-type shifts extend beyond behavioural or 

structural patterns and to study how they interact with genes and hormones.  

In addition, there are still remaining epistemological questions, on the nature of autism 

itself, as a neurocognitive and behavioural construct. Years of research have proved that 

autism can be consistently diagnosed, and that it’s largely heritable (Gaugler et al. 2014). 

However, the condition’s heterogeneity in behaviour, physiology and genetics is 

considerable. In addition, there has been less progress in identifying reliable biomarkers 

and understanding how autistic traits relate not only to biological sex, but also to social 

gender (Lai and Szatmari 2020). Since autism is comprised by two separate behavioural 

domains, namely social (e.g., challenges in communication) and non-social (e.g., 

restricted interests), it’s possible that these interact differently with the underlying 
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biology, as well as with gender differences in cognition. Interestingly, two psychometric 

measures of these domains (empathising and systemising), were found to share little 

genetic correlation in the general population, despite their significant heritability 

(Warrier et al. 2019). So, the spectrum of autistic traits may be better conceptualised on 

two, rather than one axis, as described in earlier work by Baron-Cohen et al. on ‘brain 

types’ (Goldenfeld et al. 2005). However, employing this multi-dimensional framework 

in biomedical and clinical settings, will create new challenges, particularly with regard to 

diagnostic thresholds and their interactions with sex. In brief, more research is needed 

to understand how the underlying biology, as well as implicit gender biases, inform the 

variance in the two domains, but also how different diagnostic thresholds are set for each 

sex and for each domain. 

 

7.5 Concluding Remarks 

The effects of biological sex on neurodevelopment and autism likelihood remain as 

complex as the history of Psychiatry itself. Fortunately, autism researchers have 

acknowledged this and are committed in tackling any biases in the ways people’s 

behaviours are analysed and classified (Baron-Cohen 2017).  Undoubtedly autism as a 

condition, as well as the way it is diagnosed in males and females, will keep evolving. 

Nevertheless, the findings in this thesis show that perinatal differences between males 

and females are important and can predict autism-related outcomes in infancy and 

childhood. This does not mean that autism will or should ever be diagnosed before birth. 

Instead, this line of research may enable earlier and more reliable diagnoses postnatally, 

leading to awareness of co-occurring conditions, better provision of services, and 

improved learning outcomes for autistic people. Lastly, one can hope that this work not 

only contributes to the understanding of autism and infant neurodevelopment, but that 

it also may lead to an appreciation of the complexity, diversity, and unique evolution of 

our human brain.  
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Chapter 8  

Addendum: Evolutionary perspectives on prenatal sex differences 

and autism 

 

Preface: 

This chapter is written as an addendum to the main thesis (Chapters 1 - 7), since it had 

not been part of the original research plan and it goes beyond the scope of the main 

research question on autism likelihood. After the completion of this thesis’ studies, it 

became apparent that many of the findings, as well as recently published discoveries in 

the field, have evolutionary connotations that warrant further discussion. In particular,  

the proposed link between the placenta and the brain, may be better understood in the 

context of evolutionary pressures that have led to many human-specific adaptations. 
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8.1 The placenta and the endocrine regulation of the prenatal environment 

The placenta may have escaped the focus of clinicians and developmental neuroscientists 

for many years. But evolutionary scientists have been reporting on the tissue’s 

significance for decades. The shape, size and morphology of the placenta are considered 

very informative traits, in the context of the evolution, as they are often species-specific 

and quick to adapt to external pressures, in order to secure short-term and long-term 

viability (Power and Schulkin 2012). In the human placenta, comparative studies in 

mammals have identified the following important characteristics. 

Compared to most other mammals, anthropoid primates are amongst the few species that 

have a haemochorial placenta (Martin 2003). This means that their invading trophoblast 

cells reach deep in the endometrium and fuse with the maternal blood vessels, bathing 

the placenta in the maternal circulation. This brings the fetus and mother’s environments 

in direct contact that is only mediated by one cellular layer (the syncytiotrophoblast). The 

evolutionary significance of this morphology is unclear, as it has recently been shown to 

be an ancestral, rather than a derived state (Elliot and Crespi 2009). In humans, 

haemochorial placentas may be specifically allowing greater integration between 

maternal and fetal endocrinology, since the invading trophoblast cells have also acquired 

an active promoter sequence that allows the expression of aromatase, which is not 

present in other mammals with similar placentas (e.g. rodents) (Kamat et al. 1999). 

Hormonally, the placenta of anthropoid primates is also characterised by a novel ability 

to synthesise chorionic gonadotropin (CG in humans - hCG) in the first half of gestation. 

The gene for this peptide is derived from a duplication and modification of the gene for 

the beta subunit of thee luteinising hormone (LH) (Hallast et al. 2008). CG regulates the 

first phases of placentation (adhesion, implantation, and differentiation), while the 

syncytiotrophoblast cells are in the initial stages of invading the uterine wall. At this time, 

the cytotrophoblast layer is covering the entirety of the amniotic sac and blocking access 

to the maternal circulation, maintaining a transient state of hypoxia in the fetal 

compartment that may favour cell differentiation, rather than rapid, aerobic cell 

proliferation. Following a peak in the late first trimester, GC kickstarts placental 

steroidogenesis and then declines in later pregnancy. The role of maintaining 

placentation and preventing uterine rejection is then ‘passed on’ to progesterone, which 

gradually increases until initiation of labour (Kallen 2004). 
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The prenatal metabolic pathways that lead to the formation of progesterone and other 

steroids have also gone changes in primates, compared other mammals. The most 

characteristic trait regards an inability by the placenta to metabolise progesterone locally 

into DHEA (the source of all sex steroids), in the absence of expression of the necessary 

enzyme (CYP17A1) (Lockwood 2004). Instead, this task falls on the maternal and fetal 

adrenals, which are fully integrated into placental steroidogenesis. The adrenals utilise 

placental progesterone and form DHEAS. This steroid is then fed back into the placenta 

(via haemochorial transfer), leading to the synthesis of androgens (androstenedione and 

testosterone), which are in turn rapidly aromatised to estrogens (estrone and 

estradiol)(Kallen 2004)(Figure 1.1). This process is enhanced by the gradual regression 

of the cytotrophoblast layer, which results in more direct contact between the maternal 

and fetal circulations after mid-pregnancy. In addition, the fetal adrenal zone that 

produces DHEAS is expanded and never fully regresses after labour (in contrast to other 

mammals).  

The maternal and adrenal axes are further enhanced by another primate-specific 

adaption of placental signalling; the synthesis and release of placental CRH (Sirianni et al. 

2005). This potent hormone recruits the HPA/G axes of the mother and infant, 

stimulating the release of ACTH by their pituitaries and leading to a constant 

upregulation of steroidogenesis, that is evident in the gradual increases of both 

progesterone and estrogens throughout pregnancy. 

Based on these adaptations, the primate placenta can then be considered to have adapted 

into a ‘steroidogenic engine’ (Figure 7.1) that utilises the deep invasion of the 

trophoblast, in order to integrate the maternal and fetal endocrine capacities and bathe 

the developing fetus in estrogens. 

Comparative studies of prenatal endocrinology among primate species are rare. Yet both 

direct and indirect evidence suggests that the processes of prenatal steroidogenesis may 

be even more enhanced in humans (Figure 8.1): 

First, the human lineage has been found to have more duplication events for 

gonadotropin genes, leading to a greater number of functional hCG variants (Hallast et al. 

2008).  
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Second, the human placenta is considered to be more invasive than in other primates, 

leading to higher prevalence of related complications. Consistently, humans are the only 

species of primate known to exhibit hyperemesis during pregnancy (i.e., ‘morning 

sickness’); a condition that is now attributed to the cross-reactivity of very high levels of 

hCG with the thyroid (Haddow et al. 2008). This would indicate that humans also have 

higher levels of hCG, compared to other primates that have acquired the ability to 

synthesise this hormone. 

Third, humans have been found to have a much higher peak-level of estrogens in 

maternal circulation, than chimps and gorillas (Czekala et al. 1983; Smith et al. 

1999)(Figure 8.1). In fact, the human placenta is estimated to produce more estrogens 

over the course of a single pregnancy, than the entire amount produced over a woman’s 

lifetime, outside of pregnancy. If  this estrogenic excess is further confirmed in additional 

comparative studies, then it could potentially account for human susceptibility to 

estrogen-dependent conditions throughout life, such as endometriosis and breast cancer.  
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  Figure 8.1: Prenatal estrogenic excess in humans  
A: Comparative graph for urinary excretion of estrogen (mainly E1 and E2) during pregnancy in humans, 
orangutans and gorillas. Reprinted from: Czekala et al. 1983  
B: Comparative graph for urinary excretion of E2 in chimpanzees (squares) and gorillas (rhombi), 
peaking at ~21,000 pmol/L = 5720.5 pg/ml. Reprinted from: Smith et al. 1999 
C: Graph of prenatal steroid hormones in maternal serum of humans (clinical average), showing rapid 
linear elevation in estradiol levels, peaking at ~17,000 pg/mL = 62407 pmol/l. Source: Wikimedia 

Composite figures redacted for copyright reasons. Copyright holders are as indicated in the citations in the 

legend. 



 
Addendum: Evolutionary perspectives on prenatal sex differences and autism 

 

 158 

In brief, the regulation of the prenatal environment via placental steroid synthesis, has 

many primate-specific features. These may have gone further adaptation in humans that 

favours an excess in prenatal sex steroid synthesis. The adaptive molecular mechanisms 

of these adaptations may be varied and include multiple systems. For example, in many 

New World monkeys, George Chrousos was the first to describe a derived state of 

endocrine resistance to all steroid hormones (Chrousos 1999). This was shown to lead to 

high circulating levels of androgens, estrogens and corticosteroids, and was likely 

mediated by modifications in the way steroid-receptors bind to the genome, in tissue-

specific ways. 

The adaptive capabilities of the endocrine system and the placenta  have long been 

known in Evolutionary Science (Martin 2003; Power and Schulkin 2012). Yet, a 

revaluation of the role of the placenta in evolution may be needed, as new discoveries 

have been made regarding the tissue’s mediation of sex differences on the genomic level 

(Gong et al. 2018), lifelong conditioning for health-related outcomes (Calkins and 

Devaskar 2011) and, lastly, a link of the placenta to brain development and behaviour in 

sex-specific ways (Rosenfeld 2020; Vacher et al. 2021). 

 

8.2 Sex differences in the placenta and evolution 

Placental function is affected by the sex of the fetus (Verburg et al. 2016). Genetic 

differences start at conception and are mainly attributed to X-chromosome dosage effects 

of genes that escape inactivation (Gonzalez et al. 2018; Gong et al. 2018). This leads to 

differences in the levels of proteins involved in placental angiogenesis as early as the first 

trimester, with males having significantly lower levels, independently of placental weight 

(Brown et al. 2014). In Study 3, it was first shown that this pattern changes during the 

second trimester, as the placental growth-factor increased faster in males than in females, 

leading to significantly higher levels in the former. This phenomenon may be attributed 

to an interaction with the sex steroid system, as PLGF and DHEAS levels have been found 

to correlate in other experiments (Lowin et al. 2012). In addition, the timing coincides 

with the activation of the fetal testes and the prenatal androgen peak underlying the 

prenatal masculinisation window (Welsh, Suzuki, and Yamada 2014).  
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These genetic and proteomic observations are likely not independent to the clinical 

observations of sex differences in placental complications. Male fetuses are more likely 

to fail to implant in the first half of gestation, as well as exhibit placental hypertension, 

gestational diabetes and restrictions in intrauterine growth (Davis and Pfaff 2014; Murji 

et al. 2012). On a subclinical level, many of these sex differences have been attributed to 

altered ‘strategies’ regarding energy usage, particularly in the presence of maternal 

adversity, with males ‘prioritising’ nutrient uptake, compared to signs of adaptive 

changes in the placentas of females (Davis and Pfaff 2014).   

Over the years, there has been extensive analysis of these clinical differences “in light of 

evolution”. Maternal evolutionary pressures are qualitatively and quantitatively different 

to those of their male partners (Stanyon and Bigoni 2014). Mothers ought to balance the 

evolutionary benefits of procreation, with the substantial needs, in time and energy, for 

the gestation and breastfeeding of human children, who are in turn characterised by a 

more energy-demanding brain and a prolonged childhood, compared to other anthropoid 

primates. On the other hand, fathers benefit from high turn-over of conceptions (either 

with one or with more female partners) ensuring that each of their offspring survives to 

term. These differing evolutionary pressures are translated in the prenatal system via 

epigenetic regulation and parent-specific placental imprinting of several genes that 

regulate energy usage and growth (Lester and Marsit 2018; Wilkins and Haig 2003). 

Consistently, the susceptibility to preterm birth has been found to interact with maternal, 

rather than paternal genetic variance (Little 2009). 

More recently, the placenta was found to feature extensive X-chromosome inactivation 

and genetic mosaicism due to a transient state of genetic instability (Gonzalez et al. 2018; 

Gong et al. 2018; Coorens et al. 2021). Given karyotypic differences between the sexes, 

these phenomena may also mediate sex differences and be attributed to the different 

pressures (maternal and fetal) outlined above. Interestingly, it has been proposed that X-

linked dosage effects in the placenta may act as a means of indirect screening for 

aneuploidies, but also of the sex of the fetus, by the maternal decidua, leading to sex-

specific regulation of implantation. In addition, the regulation of early hCG synthesis by 

the placenta, is affected by genetic instability, to such a degree that hCG levels are now 

used for screening of aneuploidies (Wright et al. 2010). But hCG levels are also affected 

by the sex of the fetus (particularly in the 1st trimester) (Steier et al. 1999; Adibi et al. 
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2015). Consistently, in this thesis (Chapter 3) an interaction of hCG levels was observed 

with sex, when predicting an infants’ later autistic traits. In brief, the placenta functions 

as the ‘arena’ where maternal and paternal/fetal evolutionary interests collide. Placental 

sex differences in genetics and proteomics are likely affected by these pressures and may 

be mediating some of the adaptions that are unique to the human prenatal environment 

(Power and Schulkin 2012). 

The different evolutionary pressures for males and females, further interact on the social 

level, shaping mating strategies (e.g. transient monogamy vs harem polygamy) and 

cultural/anthropological norms (e.g. marriage contracts) (Dunbar and Fleagle 1999; 

Stanyon and Bigoni 2014). A recent proposal by Eric Keverne et al, has also identified the 

placenta as the mediator of transgenerational conditioning of the maternal and fetal 

HPG/A axes, in response to some of those pressures (Keverne 2013)(Figure 8.2). 

According to this theory, maternal crosstalk with the placenta via hormones, can shape 

maternal behaviour during pregnancy, as well as the future mating behaviours of the 

offspring by the lifelong ‘conditioning’ of their hypothalamus. This intriguing hypothesis 

is consistent with findings in this thesis (Chapter 3) and with the evidence for 

transgenerational transmission of PCOS between mothers and daughters (Risal et al. 

2019). However, the precise molecular details of such a mechanism remain unclear, as 

only one molecular pathway was identified by Keverne (Keverne 2015). It’s also not clear 

if the ‘conditioning’ effects of placental hormones on the fetal brain are restricted to 

maternal nurturing and mating behaviours, or whether they also affect 

neurodevelopment and cognition for both males and females. 

In light of recent findings on the placenta-brain axis (Vacher et al. 2021), as well as in this 

thesis (Chapters 2-4), it may be interesting to speculate that evolutionary pressures 

relating to sex differences and the placenta, may also have shaped the sex differentiation 

of human physiology and of the human brain. 
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Figure 8.2: Keverne E. - Transgenerational conditioning of maternal behaviour via the placenta.  

A: Transgenerational model as proposed by Eric Keverne, whereby maternal and placental hormones interact 
to affect the development of their counterparts in the offspring. Maternal imprinting proposed as evolutionary 
mechanism that mediates the evolutionary interests of the matriline. 

B: Neuroendocrine conditioning of maternal behaviour. Speculative examples include nurturing and 
reproductive behaviour in females, extending beyond their own estrous and offspring. Links of steroids and the 
placenta to the brain (e.g., downregulation of GnRH) still need to be proven in proof-of-concept experiments. 

Composite figures redacted for copyright reasons. Copyright holders are as indicated in the citations in the 

figurer legends. 
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8.3 Sex differentiation in human evolution 

Sexual selection has been a powerful force in the evolution of human physiology and 

anatomy. Since Darwin, evolutionary scientists often assumed that male competition in 

humans was enhancing sex differences and their secondary sexual characteristics, as is 

the case in many other species (e.g., the peacock). However, recent comparative studies 

in non-human primates, as well as extinct hominin species, have revealed the opposite 

may be true in modern humans (Stewart-Williams and Thomas 2013; Stanyon and Bigoni 

2014). Data on body weight, muscle mass, canine tooth length and other features, all 

indicate that male-typical sexual dimorphism in humans is reduced, compared to most of 

their primate relatives (Figure 8.3). On the other hand, human females have evolved 

specific post-pubertal adaptations, compared to their primate relatives, that favour 

consecutive reproductive cycles and mating outside of estrous. These adaptations have 

been attributed to the evolutionary effects of both polygyny and polyandry in human 

societies with increasing group sizes, leading to a ‘mutual mate choice’ model of mating, 

as well as a gradual shift from harem-like monogamy (e.g. in gorillas) to various degrees 

of pair-bonding between males and females (Johnstone et al. 1996).  

However, much less is known in terms of the molecular and physiological adaptations 

that underpin these shifts in sexual dimorphism.  Interestingly, many of the features of 

anatomically modern humans, could be attributed to the signalling of sex steroids and 

estrogens in particular. These include the following: 

1. Secondary sex characteristics in females. Contrary to other primates that ‘signal’ 

estrous with transient changes in physiology, human females have developed 

permanent changes in their anatomy (e.g., enlarged breasts), signalling post-pubertal 

maturity, independently to the monthly cycles of ovulation. Human breast 

development is estrogen-dependent, as shown in the preponderance of tumours that 

respond to hormone treatment, conditions that feature gynecomastia (e.g. aromatase 

excess), as well as GWAS studies of the trait (Eriksson et al. 2012) . 

2. Lack of hirsutism. Humans have evolved skin with a drastically reduced number of 

terminal hairs (i.e., fur), with the exception of the scalp. This trait may not be directly 

attributed to the pressures of sexual selection, but rather to the need for 

thermoregulation.  Nevertheless, the degree of hirsutism interacts evidently with sex 
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in humans, as well as the relative levels of androgens and estrogens in individuals of 

both sexes. For example, exogenous estrogen administration leads to a reduction in 

hirsutism, even in post-pubertal, chromosomally male humans. 

3. Elevated digit ratios. A comparative study of the 2D:4D digit ratio in anthropoid 

primates, as well as other hominin species, has revealed that humans have higher 

ratios, to all with the exception of the gibbon (Nelson and Shultz 2010). This trend 

was strongly predicted by mating strategies, since both gibbons and humans form 

pair-bonds and are more monogamous, compared to other primate societies and 

what the fossil records suggest for early hominins (Stanyon and Bigoni 2014). An 

elevation of the digit ratio is also consistent with previously mentioned data on 

prenatal estrogenic excess in humans (Figure 8.1) and may be linked to human 

adaptations in placental steroidogenesis leading to steroid excess (e.g., high hCG). 

4. Feminised facial features and neoteny. Similarly, to digit ratios, certain anatomical 

features on the face (e.g., brow ridge thickness, facial length) appear to have 

undergone gradual changes in hominins, that match a “juvenile” as well as more 

“female” phenotype. The evidence tying these traits to steroid hormone levels is more 

tentative (Whitehouse et al. 2015). Yet, the trend towards “craniofacial feminisation” 

did not appear to stop with Homo Sapiens speciation but continue to be evident in 

skeletal remains as recently as the Middle Pleistocene (Cieri et al. 2014). These 

findings are mirrored in the digit ratios of the same remains and, together with other 

studies, were interpreted by the authors as evidence of a “self-domestication” process 

in humans, whereby neoteny and a reduction in secondary sex characteristics 

correlate with increases in group sizes. 

5. Increased pelvic width in females. Even though many of the sexually dimorphic 

features in males are relatively reduced (compared to other primates), pelvic size is 

an exception to this and a rare example of an enhanced sex difference in human 

anatomy. The female pelvis undergoes considerable remodelling during puberty, 

increasing in width, compared to males. The opposite happens after menopause. The 

regulation of these patterns appear to be independent to the general sexual 

dimorphism for body size (e.g. femur length)(Kurki 2011). Evidence from human 

pelvic growth trajectories, rare genetic syndromes, as well as studies in other primate 

species and rodents, have confirmed that pelvic growth is dependent on estrogens, 

rather than growth hormones (Huseynov et al. 2016). The authors of the largest 
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comparative study among different primate species concluded that “the conserved 

mammalian endocrine system strongly constrains the evolution of the pattern of 

pelvic differences but enables rapid evolutionary change of the magnitude of sexual 

dimorphism.”(Fischer et al. 2021)  Therefore, humans appear to have acquired 

adaptations in terms of “degree”, rather than having developed an independent 

mechanism that increases pelvic sex differences. This is also consistent with 

previously mentioned findings on estrogenic excess in humans (Figure 8.1). Different 

kinds of evolutionary pressures act on the human pelvis, which has adapted to allow 

the birth of fetuses with larger heads, as well as to provide support to the pelvic floor 

during bipedalism.  

This link between estrogens and the adaptation of the human pelvis also relates to the 

development of the brain itself, since increases in pelvic width were necessary for giving 

birth to neonates with larger brains. Analysis of estrogen-responsive elements in the 

human genome, have also implicated estrogenic signalling to the evolution of brain size 

in humans (Shi et al. 2015). Assays using exogenous estradiol showed suppression of 

many microcephaly-associated genes. The same effect was noted when the sequences 

were added to assays of macaque and chimpanzee cell lines, prompting the authors to 

suggest that human advantages may be attributed to estrogenic excess and/or prolonging 

the developmental time-window for the effects of estrogens; a hypothesis that is 

consistent with previous theories on ‘neoteny’ (Somel et al. 2009).  

For this reason and in light of the findings in this thesis, it is interesting to speculate that 

the steroid-related and placenta-related physiological adaptations mentioned above, are 

also linked to neurodevelopment and the evolution of human-specific behaviours. 
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Figure 8.3: Reduction in sex differences in humans.  

A: Percentage of difference of male to female body size, in a series of fossil hominins, arrayed left-to-right 
by projected age of specimens and species. Reprinted from: Stanyon and Bigoni 2014  

B: Distribution of digit ratios, showing elevation in humans, compared to their closest Old-World 
relatives. The more distant gibbons (Hylobates) have even higher digit ratios. This pattern is associated 
with higher degrees of pair-bonding (PB: pair-bonding /NPB: non-pair-bonded).  

Reprinted from: Nelson and Shultz, 2010 

Composite figures redacted for copyright reasons. Copyright holders are as indicated in the 

citations in the figure legend. 
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8.4 Neurodevelopment and autistic traits in light of evolution 

Few human traits are as evidently derived, as the anatomical and functional properties 

of the human brain. Since the days of Darwin, the “faculties” of “man” have been 

extensively analysed, with much speculation on the evolutionary pressures that have 

shaped them through the years (Darwin 1875). The relative significance of each aspect of 

cognition may never be objectively evaluated and understood “in light of Evolution”.  It is 

certain though that: 1. Humans have the highest encephalisation quotient (deviation from 

predicted brain mass vs total body mass) than all other animals. 2. Humans form social 

groups that are larger than other primates, as well as extinct members of the genus Homo. 

When these two parameters are examined together in anthropoid primates and 

hominins, a correlation becomes apparent. Larger brains (and particular the size of the 

neocortex) are associated with larger group sizes (Dunbar 2009). This observation 

prompted the proposition of the ‘social brain’ theory of human brain evolution by Robin 

Dunbar et al, which attributes cortical expansion, to the requirements of increasingly 

complex social systems in ever growing hunter-gatherer groups and ultimately human 

societies. In recent years, many lines of evidence (e.g. on cognition and use of language) 

are in accordance with the ‘social brain’ theory (Dunbar 2016). This hypothesis has also 

offered a novel perspective, since social cognition and communication have been, for the 

first time, recognised as significant, human-specific traits, alongside other behaviours, 

such as ingenuity in toolmaking, representational painting/sculpting and ritualistic 

burials. 

Based on these hypotheses, it has become apparent that autism, as well as autistic traits 

in the wider population, posit an evolutionary dilemma.  Autism is a neurodevelopmental 

condition with a large heritable component (Gaugler et al. 2014), so it’s reasonable to 

assume that a part of its aetiology interacts with human evolution. Behaviourally, autism 

is diagnosed based on a phenotype that includes both social challenges (reduced social 

intent, attention, communication skills), as well as atypical non-social behaviours 

(repetitive habits, restricted interests). In particularly, traits relating to the social domain 

have been specifically linked to a reduction in cognitive empathy, which is the ability to 

anticipate, describe and understand other people’s emotional states and motivations ( 

Baron-Cohen et al. 2013).  
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According to the ‘social brain’ theory, autism would appear to be a condition that is not 

selected for by the prevailing forces of human evolution. This unfortunate notion would 

be consistent with other traits that often co-occur with the condition, such as language 

delay, intellectual disability, and challenges with establishing relationships and creating 

families.  However, autism and its related traits also give rise to aspects of cognition that 

society has long considered to be specific to humans, including analytical and detailed 

thinking, mechanical ingenuity, and the capacity to understand complex systems of cause 

and effect. In addition, autistic people’s attention to detail is often accompanied by 

creativity and “talents” that are considered specific to humans (e.g.  resourcefulness, 

drawing/painting, fantastical world-building etc.). These links between autism and 

human evolution have been emphasised recently in a book by Simon Baron-Cohen, in 

which autistic individuals were proposed to be the “pattern seekers” that helped early 

human societies become more efficient hunters, as well as the inventors of systemised 

agriculture (Baron‐Cohen 2020).  

Since autism liability is largely genetic, it may be easier to understand the condition “in 

the light of evolution”, by studying selection signatures in the genes that have been 

associated with the condition. So far, studies of both common and rare variance have 

produced mixed results. Rare variants that lead to autism, often correspond to conserved 

genes in mammals, that regulate the cell cycle, differentiation and take part in the 

formation of neuronal synapses (Banerjee-Basu and Packer 2010; Pembroke, Hartl, and 

Geschwind 2021). Some of these high-confidence autism genes have even been found to 

regulate the social behaviour of bees, prompting the study’s authors to describe this 

observation as evidence for “deep evolutionary conservation” in autism genetics 

(Shpigler et al. 2017). In addition, an analytical study of the properties of autism genes, 

reported that these are “evolutionary ancient”, with larger transcripts, a high density of 

noncoding elements and, lastly, an “intolerance” to variants compared to the rest of the 

genome (Casanova et al. 2019). However, rare variants in many of these genes often lead 

to intellectual disability (Banerjee-Basu and Packer 2010), and for this reason, may not 

be linked specifically to subclinical autistic traits, which still capture the majority of 

variance in the general population.  On the contrary, common genetic variance for autism 

and related traits, correlates to a large degree positively with IQ, educational attainment, 

and was found to correspond to genes that form human-specific functional networks 
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(Polimanti and Gelernter 2017). Moreover, human-accelerated regions (HARs) of the 

genome, which diverged recently in humans, show an enrichment for both autism-linked 

genes and genes relating to neural function (Doan et al. 2016). Therefore, based on its 

associated genetics, it remains unclear if autism represents a disruption of evolutionary 

conserved neuronal physiology, or a human-specific pattern of derived cognitive traits.  

Finally, it is important to note the polygenic variance, associated with autism, is as 

heterogeneous as the condition itself (Warrier et al. 2019). In order to understand autism 

in terms of evolution, we may then need to consider the condition on the neurocognitive 

and social level, as well as the way sex and sex-related differences interact with these 

variables and with human-specific evolutionary pressures. 

 

8.5 A theory on the evolution of the social brain via prenatal steroids 
 

According to the social brain theory, group sizes in hominins increased together with the 

size of their cortex. This trend may have continued in Homo Sapiens (Cieri et al. 2014) 

and arguably offered our species the comparative advantages that enabled mass 

emigration, natural resource management, and the formation of human societies around 

the world.  

The social brain theory is providing a link between two traits that can be robustly 

inferred from the paleoanthropological record, namely group size and brain size. 

However, the theory does not specify any of the physiological or behavioural adaptations 

that were required in order to enable an increase in both of the traits. As outlined above, 

several other theories have been put forward to account for these, based on studies of 

human-specific traits. For example, an elevation in digit ratios and a concurrent reduction 

in anatomical sex differences (Figure 8.3) has been proposed to be associated with a 

change in mating strategies (from male competition and polygamous harems to pair-

bonding), which itself can be attributed to the effects of large group sizes (polygyny and 

polyandry). In addition, placental hormones, and genetic imprinting, have been proposed 

to ‘condition’ maternal and offspring endocrinology, in order to enable maternal 

nurturing and female reproductive behaviours that extend beyond the immediate 

postnatal period and estrous (Figure 8.2). These proposals are consistent with apparent 
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increases in the total estrogenic capacities of the human placenta, compared to other 

primates (Figure 8.1).  

In this thesis, an association was discovered between maternal estrogen levels and 

autism/autistic traits in males (Studies 1 and 2). In addition, the sex of the child was 

shown to interact with this effect (Study 2) and be partly mediated by placental sex 

differences in angiogenesis (Study 3). There was no evidence that this effect extended 

postnatally, in the absence of the placenta (Study 4). On the contrary, autistic traits in 

infancy were associated with sex differences in neuroanatomy (e.g., reduced brain size, 

reduced volume in face-recognition cortical areas) that began prenatally (Studies 5 and 

6). A genetic predisposition for autism was linked to this (based on familial likelihood - 

Studies 5,6), but also showed overlap with placental sex differences (based on X-linked 

rare variants -Study 7) and with outcomes in later life relating to steroid signalling, such 

as early age of menarche and protection from androgenic alopecia (based on GWAS data 

- Study 8). In brief, prenatal estrogens, steroid-related traits and the placenta were 

associated with sex differences in neurodevelopmental outcomes, relating to autism.  

Based on these findings and the points outlined above, it may become possible to infer a 

more precise physiological framework for early neurodevelopment, in the wider context 

of the social brain theory of evolution (Figure 8.4). To this end, I propose that placental 

steroidogenesis and estrogens in particular: 

1. have evolved to reach higher levels prenatally, compared to other hominids. 

2. contribute to the rapid cortical expansion of the human neocortex. 

3. directly affect brain regions relating to social development, including face 

recognition, communicative intent, and empathy. 

4. contribute to a reduction in physiological sex differences, particularly in terms of 

male differentiation and male-type competition. 

5. contribute to human-specific physiological features, such as infant neoteny and 

female secondary characteristics that obscure estrous. 

6. have evolved due to matrilineal pressures to decrease male aggression, and 

infanticide, as well as to facilitate pair-bonding and to prolong the period of child-

rearing. 
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Figure 8.4: Evolution of the social brain via prenatal steroids. Circular diagram denotes co-evolution of 
interconnected systems, rather than a linear sequence of adaptations. Outer circle is based on the 
requirements stemming from the social brain theory and particularly the balancing between male and 
female competition in increasing group sizes. Inner circle refers to the placenta-brain link and recent 
data in human models of cortical expansion (Kelava et al. 2021) and pelvic growth (Huseynov 2016).  

Hypothesis: A reduction in male aggression and an increase in human empathy, pair-bonding and 
cooperation was mediated by the matriline and by adaptions that favoured placental estrogenic excess. 

T: testosterone, E2: estradiol, hCG: human choriogonadotropin, pCRH: placental corticotropin 
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Linking human speciation to the functions of estrogens and the placenta may also partly 

explain other aspects of human physiology. For example, recent adaptations in the 

system, including sex steroid excess, may be reducing the number of ovarian oocytes that 

are formed prenatally, or accelerating the rate of follicular atresia throughout life. These 

traits could then hasten menopause and induce the so-called “grandmothering” effect in 

human societies, which has arguably contributed significantly to their advancement (Kim 

et al. 2012). In addition, placental effects may have led to transgenerational, cumulative 

adaptations, leading to each successive generation carrying the hormonal conditioning of 

the previous ones. This is consistent with findings on PCOS transmission (Risal et al. 

2019), the proposal by Eric Keverne on specific molecular pathways (Keverne 2015), as 

well as recent discoveries on imprinting and the epigenetic effects of sex steroids 

(Stanyon and Bigoni 2014).  Therefore, the placenta could be leading to rapid adaptations 

that are not entirely dependent on genetic variance, shortening the evolutionary time 

that is required for the adaptation of the human HPG/A axis and related behaviours. If 

the proposed placenta-brain link is true, this feature could also explain the rapid cortical 

expansion in the human lineage, as well as indications that this is still continuing in Homo 

Sapiens (Cieri et al. 2014). Consistently, anecdotal reports in contemporary human 

populations have also noted an increase in placental weights over time (Pinar et al. 1996). 

Compared to their primate relatives, humans also feature higher rates of placenta-related 

pregnancy complications (e.g., hyperemesis, preeclampsia etc) and postnatal conditions 

(e.g., endometriosis), indicating that a derived state of steroidogenic excess may be 

leading to human-specific maladaptive traits. All of these speculations will need to be 

rigorously tested in animal models and large human cohorts. 

 

8.6: Autism as the result of excess adaptation  

This notion of a maladaptive trait due to prenatal adaptations, could also be extended to 

our understanding of autism. As mentioned before, it is not clear whether autism or 

autistic traits are selected for by the prevailing pressures that led to human speciation. 

Given the condition’s heterogeneity, on the genetic and behavioural level, it may be 

prudent to avoid “just-so” narratives and instead analyse the emergence of autism in the 

wider context of neurodevelopment.  
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The findings in this thesis and by others, have provided considerable evidence that 

prenatal sex steroid excess is associated with both autism and autistic traits in the 

children. The molecular impact of steroids on the developing brain (beyond sex 

differentiation) is unclear, but these appear to regulate the proliferation, differentiation, 

and migration of radial glial cells, in recent experiments involving human stem cell-

derived neurons and organoids (Kelava et al. 2020; Sellers et al. 2015). These neural 

precursors establish a scaffolding for the organisation of cortical columns, during the first 

stages of cortical expansion. This link to the development of the human neocortex is 

consistent with evidence that was outlined previously, on how placental steroidogenesis 

may have been a driving force for many human-specific adaptations (sections 8.1-2).  

It is then interesting to speculate that an excess in sex steroids may have been selected 

for in the human lineage, but also to occasionally lead to maladaptive phenotypes in cases 

when these adaptations go over and above physiological tolerance.  For example, under 

specific prenatal circumstances (e.g., maternal PCOS, inefficient aromatisation, androgen 

increases in the PMW), steroid excess could be having an adverse impact on this complex, 

derived process (e.g., reduced inhibitory connectivity between cortical layers). Initial 

data from testosterone administration on brain organoids are consistent with this 

hypothesis, but more work is needed to explore the interplay between the different 

stages of cortical expansion, the rates of excitation/inhibition and a role of 

auto/paracrine aromatisation in the human brain (Kelava et al. 2020).  

In an evolutionary context, the brain regions that are more affected by sex steroid excess, 

may coincide with the regions that have evolved more rapidly in humans. According to 

the social brain theory, these include cortical regions that enhance communication, 

empathy, as well as subcortical regions (e.g., amygdala) that regulate reactivity in social 

situations. Interestingly, in the context of autism, these domains have been found to be 

both hypo- and hyperactive. Most autistic people report challenges with social 

communication and the conscious understanding of their own and others’ thinking and 

motivations. But many also show high levels of affective empathy, and a social awareness 

that becomes so overwhelming that it results in avoidant behaviours from childhood (e.g. 

avoiding eye contact) (Baron-Cohen et al. 2000). In brief, there is considerable 

heterogeneity in the social cognition of autistic individuals, which could be related to an 

imbalance in the components that regulate interpersonal communication in humans (e.g., 
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social reactivity, empathy and communicative intent), rather than a simple deficit in all 

aspects of social development.  

It is then interesting to speculate that autism could be a maladaptive neurodevelopmental 

phenotype, which is partly attributed to a derived propensity for prenatal sex steroid 

excess and rapid expansion of the ‘social brain’ in humans. Male susceptibility, compared 

to females, could then be explained by both physiological differences (e.g., androgen 

excess in males due to the activation of the fetal testes), as well as in terms of Evolution, 

since endocrine adaptations may have been ‘designed’ to meet the evolutionary needs of 

the matriline, rather than those of the ‘male brain’ (Figure 8.2). 

 

8.7 Addendum Conclusion 

In the ‘Descent of Man’, Charles Darwin was the first to analyse human evolution in terms 

of sexual selection. In that book, he argued that the human brain may have evolved due 

to male competition and the attractiveness of “man’s intellect” to the opposite gender. He 

concluded that “man with all his noble qualities...still bears in his bodily frame the 

indelible stamp of his lowly origin” (Darwin 1875). Humans certainly carry the 

physiological characteristics of our close relatives. But the role of sex in human evolution 

may have been misunderstood in this regard. Although Darwin’s monumental legacy 

cannot be disputed, it is now increasingly recognised that his analyses had been affected 

by the biases of his time and the widespread belief in male pre-eminence over women. 

For better or for worse, there cannot be any certainty in the study of Evolution. 

Nevertheless, the findings in this thesis and recent discoveries on prenatal steroids, on 

the placenta and on human cognition, all raise an intriguing possibility; that the “noble 

qualities” of our species may not be attributable to the attractive intellect of “man”, but 

rather to the maternal conditioning and social capacities of women. 
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Appendix 
 

Appendix 1 provides details on the neurodevelopmental instruments for autistic traits 

that were used in this thesis. 

Appendices 2 - 5 include Supplementary Material from the first three studies on 

prenatal steroids and hormone markers (Chapters 2, 3 and 4 respectively).  
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Appendix 1 - Measures of autistic traits 
 

1.1 The Quantitative Checklist of Autism in Toddlers - (Q-CHAT) 
 
Reference: 
• Allison, C., Baron-Cohen, S., Wheelwright, S., Charman, T., Richler, J., Pasco, G., & 

Brayne, C. (2008). The Q-CHAT (Quantitative Checklist for Autism in Toddlers): a 

normally distributed quantitative measure of autistic traits at 18-24 months of age: 

preliminary report. J Autism Dev Disord, 38(8), 1414–1425.  
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1.2 The Autism Spectrum Quotient (AQ - Adult) 
 
Reference: 
• S. Baron-Cohen, S. Wheelwright, R. Skinner, J. Martin and E. Clubley, (2001) 

The Autism Spectrum Quotient (AQ) : Evidence from Asperger Syndrome/High 
Functioning Autism, Males and Females, Scientists and Mathematicians 
Journal of Autism and Developmental Disorders 31:5-17 

 

Responses that score 1 point are marked. Other responses score 0. For total score, sum all items.  
 

  definitely 
agree 

slightly 
agree 

slightly 
disagree 

definitely 
disagree 

1. I prefer to do things with others rather than 
on my own. 
 

  1 1 

2. I prefer to do things the same way over and 
over again. 
 

1 1   

3. If I try to imagine something, I find it very 
easy to create a picture in my mind. 
 

  1 1 

4. I frequently get so strongly absorbed in one 
thing that I lose sight of other things. 
 

1 1   

5. I often notice small sounds when others do 
not. 
 

1 1   

6. I usually notice car number plates or similar 
strings of information. 
 

1 1   

7. Other people frequently tell me that what I’ve 
said is impolite, even though I think it is 
polite. 
 

1 1   

8. When I’m reading a story, I can easily imagine 
what the characters might look like. 
 

  1 1 

9. I am fascinated by dates. 
 

1 1   

10. In a social group, I can easily keep track of 
several different people’s conversations. 
 

  1 1 

11. I find social situations easy. 
 

  1 1 

12. I tend to notice details that others do not. 
 

1 1   

 
 
  

http://docs.autismresearchcentre.com/papers/2001_BCetal_AQ.pdf
http://docs.autismresearchcentre.com/papers/2001_BCetal_AQ.pdf
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  definitely 
agree 

slightly 
agree 

slightly 
disagree 

definitely 
disagree 

13. I would rather go to a library than a party. 
 

1 1   

14. I find making up stories easy. 
 

  1 1 

15. I find myself drawn more strongly to people 
than to things. 
 

  1 1 

16. I tend to have very strong interests which I 
get upset about if I can’t pursue. 
 

1 1   

17. I enjoy social chit-chat. 
 

  1 1 

18. When I talk, it isn’t always easy for others to 
get a word in edgeways. 
 

1 1   

19. I am fascinated by numbers. 
 

1 1   

20. When I’m reading a story, I find it difficult to 
work out the characters’ intentions. 
 

1 1   

21. I don’t particularly enjoy reading fiction. 
 

1 1   

22. I find it hard to make new friends. 
 

1 1   

23. I notice patterns in things all the time. 
 

1 1   

24. I would rather go to the theatre than a 
museum. 
 

  1 1 

25. It does not upset me if my daily routine is 
disturbed. 
 

  1 1 

26. I frequently find that I don’t know how to 
keep a conversation going. 
 

1 1   

27. I find it easy to “read between the lines” when 
someone is talking to me. 
 

  1 1 

28. I usually concentrate more on the whole 
picture, rather than the small details. 
 

  1 1 

29. I am not very good at remembering phone 
numbers. 
 

  1 1 

30. I don’t usually notice small changes in a 
situation, or a person’s appearance. 
 

  1 1 

31. I know how to tell if someone listening to me 
is getting bored. 

  1 1 

32. I find it easy to do more than one thing at 
once. 

  1 1 
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  definitely 
agree 

slightly 
agree 

slightly 
disagree 

definitely 
disagree 

33. When I talk on the phone, I’m not sure when 
it’s my turn to speak. 
 

1 1   

34. I enjoy doing things spontaneously. 
 

  1 1 

35. I am often the last to understand the point of 
a joke. 
 

1 1   

36. I find it easy to work out what someone is 
thinking or feeling just by looking at their 
face. 
 

  1 1 

37. If there is an interruption, I can switch back to 
what I was doing very quickly.  
 

  1 1 

38. I am good at social chit-chat. 
 

  1 1 

39. People often tell me that I keep going on and 
on about the same thing. 
 

1 1   

40. When I was young, I used to enjoy playing 
games involving pretending with other 
children. 
 

  1 1 

41. I like to collect information about categories 
of things (e.g., types of car, types of bird, types 
of train, types of plant, etc.). 
 

1 1   

42. I find it difficult to imagine what it would be 
like to be someone else. 
 

1 1   

43. I like to plan any activities I participate in 
carefully. 
 

1 1   

44. I enjoy social occasions. 
 

  1 1 

45. I find it difficult to work out people’s 
intentions. 
 

1 1   

46. New situations make me anxious. 
 

1 1   

47. I enjoy meeting new people. 
 

  1 1 

48. I am a good diplomat. 
 

  1 1 

49. I am not very good at remembering people’s 
date of birth. 
 

  1 1 

50. I find it very easy to play games with children 
that involve pretending. 

  1 1 
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1.3 The Social Responsiveness Scale - Abridged version 

 
References:  

• Consantino JN. Social Responsiveness Scale (SRS), Manual. Los Angeles: Western 

Psychological Services; 2002. 

• Blanken, L. M. E., Dass, A., Alvares, G., van der Ende, J., Schoemaker, N. K., El Marroun, 

H., … Whitehouse, A. (2018). A prospective study of fetal head growth, autistic traits 

and autism spectrum disorder. Autism Res, 11(4), 602–612. doi:10.1002/aur.1921 

 

Probes were rated on a 4-point Likert scale: 

0 (not true) / 1 (sometimes true) / 2 (often true)/ 3 (almost always true) / 4 (true) 

 

1. Is unable to pick up on any of the meaning of conversations of older children or adults. 

2. Is slow or awkward in turn-taking interactions with peers.                                        

3. Is able to understand the meaning of other people’s tone of voice and facial expressions. 

4. Avoids eye contact or has unusual eye contact.                                                      

5. Does not attempt to interact with the other children when on the playground or in a group 

with other young children. 

6. Has strange ways of playing with toys.                                                                     

7. Has more difficulty than other children with changes in his/her routine. 

8. Is regarded by other children as odd or weird.                                                         

9. Has trouble keeping up with the flow of a normal interaction with other children. 

10. Has difficulty “relating” to peers.                                                                               

11. Has a restricted (or unusually narrow) range of interests.                                        

12. Is imaginative, good at pretending (without losing touch with reality). 

13. Has repetitive odd behaviors such as hand flapping or rocking.                             

14. Responds to clear, direct questions in ways that don’t seem to make any sense. 

15. Talks to people with an unusual tone of voice (for example, talks like a robot). 

16. Concentrates too much on parts of things rather than “seeing the whole picture” (for 

example, spins the wheels of a toy car, but doesn’t play with it as a car, or plays with doll’s 

hair but not with the whole doll). 

17. Is inflexible, has a hard time changing his/her mind.                                                

18. Gives unusual or illogical reasons for doing things.
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Appendix 2 - Study 1 Supplementary Material 
 
Laboratory Methods 

Prior to liquid chromatography tandem mass spectroscopy (LC-MS/MS), analytes were 

extracted from the amniotic fluid samples. Amniotic fluid was diluted with 125 μL of 

solution containing internal standards for mass spectroscopy. An Oasis WAX elution plate 

was used for solid phase extraction. Prior to addition of samples, the plate was washed 

with 200 μL of methanol (Fischer Scientific, Waltham, MA) and 200 μL of water purified 

with an in-house MilliQ purifier (EMD Millipore, Billerica, MA). The diluted amniotic fluid 

samples were added, followed by 200 μL 2% formic acid (Merck, Whitehouse Station, NJ) 

and 200 μL 10% methanol. The plate was dried under a vacuum for 1 hour, and then 

analytes were eluted twice with 25 μL of a solution containing 5% ammonium hydroxide 

(Sigma-Aldrich, St. Louis, MO) 45% acetonitrile (Sigma-Aldrich, St. Louis, MO), and 50% 

methanol. This extract was further diluted into 50 μL of water.  

35 μL of diluted extract was injected into the LC-MS/MS setup. The LC-MS/MS setup 

consisted of a Waters Acquity Ultra Performance Liquid Chromatography machine with 

an Acquity sample manager and an Acquity sample organizer, followed by Xevo TQ-S 

triple quadrupole mass spectrometer equipped with an electron spray ionization probe. 

Samples were separated on a Poroshell 120 Phenyl Hexyl 2.7μ column (Algilent, Santa 

Clara, CA) at 50∘ C. A linear gradient of 0.1% ammonium hydroxide in water (A) to 0.1% 

of ammonium hydroxide in methanol (B) was used to separate the analytes. The elution 

gradient followed a pattern of 0.5 min at 80% A and 20% B, 0.5 min at 50% A and 50% B, 

3.5 min at 30% A and 70% B, and 5 minutes at 100% B. The quadrupole mass 

spectrometer was operated in negative mode. Transitions and internal standards are 

given in Supplementary Table 1. Coefficients of variation (CV) were all 10% or less within 

the working range of the setup (50 pmol/L to 50 nmol/L). 
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Appendix Table 2.1: Transitions and internal standards used in mass spectroscopy 

 

Analyte Transition Internal Standard Transition 

17β-estradiol 271.2/145.1 17β-estradiol-D3 274.2/145.1 

estriol 287.2/171.1 

estrone 269.1/145 Estrone-D4 273.1/147.1 

estrone-sulfate 269.1/145.1 estrone-sulfate-D4 273.1/147.1 

 

Appendix Table 2.2: Descriptive statistics of estrogen data. IQR: interquartile range 
  

Control Case 
 

n=177 n=98  
median IQR median IQR 

Estriol  2106 [1122, 3091] 2548 [1698, 3399] 

Estradiol  181 [32, 330] 245 [70, 421] 

Estrone  664 [291, 1036] 877 [431, 1323] 

Estrone Sulfate  8895 [4541, 13249] 10605 [5283, 15926] 

 
 
Appendix Table 2.3: Pearson’s correlation matrix of amniotic fluid steroid hormones. Asterisk 
denotes statistical significance (q<0.05), following correction via FDR. 
T: Testosterone; A: Androstenedione; P: Progesterone; P-OH: 17OH-Progesterone; E2: Estradiol E-S: 
Estrone sulfate 
 

  A P-OH P Cortisol E2 Estriol Estrone E-S 

T 0.37278
* 

0.359* 0.29175
* 

0.2646* 0.0068 -0.0414 -0.0220 -0.0327 

A 1 0.3737* 0.59317
* 

0.2906* 0.0481 0.1415 0.2360* 0.0463 

P-OH  1 0.44315
* 

0.4355* -0.0488 0.2829* 0.1774* 0.0267 

P   1 0.2274* 0.10558 0.2584* 0.2974* 0.0969 

Cortisol    1 -0.0532 0.363* 0.2234* 0.0325 

E2     1 0.08792 0.5473* 0.4846* 

Estriol      1 0.5578* 0.1953* 

Estrone      
 

1 0.589* 
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Appendix Figure 2.1. Flowchart illustrating selection of final sample. The initial sample 
matches the sample from Baron-Cohen et al. (2015) prior to the application of data quality 
selection criteria (i.e., the second to last row in the cohort selection flowchart). We removed 
cases and controls which had insufficient remaining volume for estrogen analysis. Finally, 
we re-applied the data quality selection criteria used in Baron-Cohen et al. (2015) (e.g., 
removal of outliers >99th%, removal of duplicate assays not within 3SD), and obtained a 
final sample of 98 males with autism and 177 control males. 
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Appendix Figure 2.2. Beeswarm plots 
illustrating the distribution of testosterone, 

androstenedione, progesterone, cortisol, 

17-OH progesterone in the matched sample, 

as measured by Baron-Cohen et al. (2015). 
Error bars represent the interquartile 

range, and the black dot represents the 

median; (n CTR = 177, n ASC = 98). 
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Appendix 3 - Study 2 Supplementary Material 
 
Appendix Table 3.1: Assay details, as conducted for research purposes by the Core Biochemical 
Assay Laboratory (CBAL) of CUH NHS Foundation Trust. 

 
 Chemiluminescence 

Immunoassay Assays by 
DiaSorin 

Units of 
Measure
ment 

Lower 
limit of 
detectio
n 

Imprecision In-House 
Measurements 

Estradiol Estradiol II Gen No.310680 
(issued 6-2016) 

pmol/L 36.7 2.9% at 425 pmol/L, & 
1.9% at 1223 pmol/L 

Testosterone Testosterone No.310410 
(issued 12-2014) 

nmol/L 
 

0.17 4.9% at 6.37 nmol/L, & 
4.4% at 18.2 nmol/L 

DHEAS DHEA-S, No.310430, 
(issued 04-2016) 

ug/L 1.0 4.9% at 6.4 ųg/L, &  
4.4% at 18.2 ųg/L 

Progesterone Progesterone II Gen 
No.310690, (issued 06-
2016) 

ng/L 0.12 4.2% at 2.2 ng/L, &  
2.5% at 21.4 ng/L 

SHBG SHBG, No. 319020, (issued 
03-2017) 

nmol/L 0.2 9.9% at 43 nmol/L, & 
7.2% at 190 nmol/L 

 
 
Appendix Figure 3.1: Maternal AQ and Q-CHAT of the same mother-infant pairs, showing a high 
degree of correlation between them. 
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Appendix Table 3.2: Multiple regression model of the associations between maternal 
hirsutism score and AQ. 
 

 Coefficient SE Semipartial p-value 
Intercept 20.36 3.86  <0.0001 
Hirsutism 1.91 0.67 0.21 0.005 
PCOS -0.35 2.69 -0.01 0.90 
Hirs*PCOS 0.32 1.78 0.01 0.86 
Maternal Age -0.25 0.12 -0.16 0.04 
Autism in 
Family 

15.61 2.1 0.49 <0.0001 

   Adjusted 
R2=0.24 

Model 
p<0.0001 

 
Appendix Table 3.3: Pairwise correlation coefficients (Pearson’s r) for each pair of 
prenatal factors, with asterisks denoting statistical significance. 
  

DHEAS Progesteron
e 

Estradi
ol 

Testosteron
e 

hCG  PAPP-A  

DHEAS 1 
     

Progesterone -0.214* 1 
    

Estradiol 0.655*** 0.199* 1 
   

Testosterone 0.540*** -0.037 0.51*** 1 
  

hCG MoM 0.019 0.179 0.101 0.214* 1 
 

PAPP-A MoM -0.36*** 0.380*** -0.041 -0.159 0.048 1 

 
 
Appendix Figure 3.2: Heatmap and dendrogram of the loadings of each of the tested 
variables on latent factors. Factor 1 includes all sex steroids measured in the current study 
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Appendix Table 3.4: Associations between circulating hormones/peptides and maternal 
factors. 
 

 
 

Maternal PCOS Hirsutism Score 
(0 to 2+ areas) 

Maternal Age 

 Effect size p Effect size p Effect size p 
Estradiol D=1.06 0.008 D=0.47 0.034 r=-0.1 0.274 
Testosterone D=0.35 0.247 D=0.21 0.328 r=-0.37 <0.001 
DHEAS D=0.13 0.54 D=0.33 0.127 r=-0.30 <0.001 
Progesterone D=0.92 0.018 D=0.001 0.995 r=0.31 <0.001 
SHBG D=0.62 0.017 D=0.03 0.870 r=0.06 0.51 
FEI D=0.58 0.100 D=0.51 0.025 r=-0.17 0.08 
FTI D=0.03 0.888 D=0.25 0.268 r=-0.38 <0.001 
Steroid Factor D=0.50 0.135 D=0.50 0.028 r=-0.22 0.015 
hCG MoM D=0.07 0.762 D=0.11 0.542 r=-0.04 0.61 
PAPP-A MoM D=0.18 0.291 D=0.38 0.016 r=0.08 0.261 

 
Appendix Table 3.5: Sex differences among infant clinical characteristics 
 

 Males  Females    
 Mean SD Mean SD Coeff p 
Q-CHAT 30.36 8.13 29.63 7.58 -0.62 0.538 
Age at 
follow-up 

575.49 21.54 570.60 25.65 -1.26 0.210 

Birth Weight 3461.8 481.49 3363.35 538.99 -1.34 0.183 
Maternal age 32.68 4.83 32.16 4.27 -0.85 0.396 
Maternal AQ 14.15 8.06 15.04 8.18 0.751 0.453 
       
 Males  Females    
 N - with N - without N - with N - without Coeff p 
PCOS 17 87 9 106 3.02 0.082 
Autism in 
Family 

 9 95 8 107 0.05 0.83 

 
Appendix Table 3.6: Full model results of the association of FEI with maternal AQ 
 

 Coefficient SE Semipartial p-value 
Intercept 12.81 4.63  0.007 
FEI 1.15 0.50 0.22 0.023 
maternal age -0.06 0.13 -0.05 0.631 
PCOS 0.97 1.67 0.06 0.564 
   Adjusted 

R2=0.04 
Model p=0.055 
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Appendix Table 3.7: Full model of the association of estradiol (E2) with infant Q-CHAT 
 

 Coefficient SE Semipartial p-value 
Intercept 114.21 35.21  0.002 
Estradiol (E2) -4.00 2.31 -0.19 0.087 
Sex -72.96 37.27 -0.22 0.054 
E2 * Sex 8.27 4.08 0.23 0.036 
Infant Age -0.04 0.04 -0.12 0.287 
Birth Weight -0.002 0.002 -0.11 0.347 
Maternal Age -0.59 0.04 -0.30 0.007 
Maternal AQ 0.10 0.16 0.07 0.544 
PCOS -2.04 2.83 -0.08 0.473 
   Adjusted 

R2=0.09 
Model p=0.052 

Appendix Table 3.8: Multiple linear regression model tests for residual normality and 
model homoscedasticity. 

 AQ Q-CHAT 
 Normality of 

Residuals 
Homoscedasticity 
(Breusch-Pagan) 

Normality of 
Residuals 
(Shapiro-
Wilk) 

Homoscedasticity 
(Breusch-Pagan) 

Estradiol 
Test statistic W= 0.98 BP=1.19 W=0.98 BP=0.95 
p-value p=0.175 p=0.755 p=0.152 p=0.996 
Testosterone 
Test statistic W=0.98 BP=0.93 W=0.98 BP=12.8 
p-value p=0.105 p=0.817 p=0.154 p=0.119 
DHEAS 
Test statistic W=0.98 BP=1.09 W=0.98 BP=14.14 
p-value p=0.105 p=0.78 p=0.213 p=0.08 
Progesterone 
Test statistic W=0.98 BP=0.55 W=0.97 BP=9.80 
p-value p=0.09 p=0.91 p=0.05 p=0.27 
hCG MoM 
Test statistic W=0.96 BP=0.85 W=0.98 BP=10.58 
p-value p=0.0003 p=0.65 p=0.167 p=0.226 
PAPP-A MoM 
Test statistic W=0.96 BP=0.86 W=0.98 BP=12.36 
p-value p=0.0004 p=0.65 p=0.104 p=0.136 
 
Composite scores 
Free Estradiol Index 
Test statistic W=0.98 BP=1.68 W=0.98 BP=13.22 
p-value p=0.64 p=0.641 p=0.491 p=0.104 
Free Testosterone Index 
Test statistic W=0.98 BP=1.00 W=0.98 BP=11.72 
p-value p=0.08 p=0.801 p=0.129 p=0.164 
Steroid Factor 
Test statistic W=0.98 BP=0.58 W=0.99 BP=15.79 
p-value p=0.142 p=0.902 p=0.512 p=0.066 

 



Appendix 

 

 229 

Appendix Table 3.9: Sensitivity analysis for hormone-to-autistic trait associations, which 
excludes participants that conceived via IVF. Effects are marginally non-significant in 
multiple regression models (AQ-FEI: p=0.065 / QCHAT-E2: p=0.052) but the trend is 
consistent with the reported findings of the main study. 

 

  

 AQ 
 Standardi

sed 
Coefficien
t 

Standard 
Error 

Partial 
Correlation 
Coeff 

p - value 

Estradiol 

Pearson’s r=0.11   p=0.242 

MR 1: intercept r=11.63 12.29  p=0.35 

         : predictor r=0.70 1.24 r=0.05 p=0.58 

Testosterone 

Pearson’s r=0.11   p=0.25 

MR 1: intercept r=17.24 4.37  p=0.00 

         : predictor r=0.61 1.10 r=0.05 p=0.58 

FEI 

Pearson’s r=0.24   p=0.016 

MR 1: intercept r=14.10 4.55  p=0.002 

         : predictor r=0.92 0.50 r=0.18 p=0.065 

FAI 

Pearson’s r=0.20   p=0.041 

MR 1: intercept r=13.00 5.00  p=0.011 

         : predictor r=6.60 3.83 r=0.17 p=0.090 

 Q-CHAT 
Estradiol 
MR 1intercept: r=114.39 36.48  p=0.002 
        hormone: r=-3.87 2.45 r=-0.17 p=0.119 
         hormone-by-sex: r=8.19 4.19 r=0.21 p=0.052 
Testosterone 
MR 1intercept: r=81.70 29.61  p=0.010 
         hormone: r=-1.90 2.16 r=-0.10 p=0.380 
        hormone-by-sex: r=0.38 3.41 r=0.01 p=0.912 
FEI 
MR 1intercept: r=83.52 29.65  p=0.006 
         hormone: r=-0.78 1.47 r=-0.06 p=0.597 
         hormone-by-sex: r=1.89 1.77 r=0.11 p=0.289 
FAI 
MR 1intercept: r=79.34 29.73  p=0.009 
         hormone: r=2.05 8.94 r=0.02 p=0.819 
         hormone-by-sex: r=-10.04 11.87 r=-0.09 p=0.410 
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Appendix 4 - Study 3 Supplementary Material 

Appendix Figures 

Appendix Figure 4.1: Heatmap of the pairwise correlations of all assayed placental 
markers in maternal plasma. All values are Pearson's correlation coefficients, significant 
at p<0.001. t1: 1st trimester measurement / t2: 2nd trimester measurement. 
 

 

 

 

 

  

Appendix Figure 4.2: Values of sFlt-1 (log-transformed). Males diagnosed with autism 
have significantly lower levels of sFlt-1 in maternal plasma in the 2nd trimester (U-test: 
p=0.027). 

sFlt1_t2 

sF
lt

1_
t2
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Appendix Tables 

Appendix Table 4.1: Maternal characteristics in the Generation R cohort, their differences 
according to fetal sex (p-value for Mann Whitney U-test) and their association with z-scores 
of SRS Scores (values for univariate linear regression models). Further details in previous 
publications. *BMI at the start of pregnancy. 
 

 Age of child  
(months) 

Maternal age 
(years) 

Maternal BMI* Maternal 
Education 

Birth Weight 
(grams) 

  

Cohort mean=74.02  
SD=5.8  

mean=31.36  
SD=4.69 

mean=24.89 
SD=4.56 

1: Primary or 
less, n=151 
2: Secondary, 
n=1845 
3: Higher, 
n=3063 

mean=3409.5 
SD=563.7 

Males  mean=74.05 
SD=5.87 

mean= 31.41  
SD=4.72 

mean=24.80 
SD=4.49 

1: n=81 
2: n=912 
3: n=1547 

mean= 3470.4  
SD=580.14 

Females mean=73.98  
SD=5.71 

mean= 31.31  
SD=4.66 

mean=24.97 
SD=4.63 

1: n=78 
2: n=929 
3: n=1512 

mean= 3347 
SD= 539.3 

p for sex  0.651 0.420 0.123 0.534 <0.0001 

SRS Scores  

β to SRS 0.10 -0.127 0.087 -0.248 -0.058 

p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
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Appendix Table 4.2: Maternal characteristics in the Generation R cohort, and their 
correlation to placental marker concentrations in the 1st and 2nd trimester (via Pearson’s) . 
*BMI at the start of pregnancy. 
 

 Gestational 
age* 

Maternal age Maternal BMI* Placental 
Weight 

Birth Weight 

1st trimester  
PAI      

β 0.622 0.018 -0.161 0.07 0.012 
p-value < 0.0001 0.304 < 0.0001 < 0.0001 0.510 

  
PlGF 

β 0.713 0.019 0.007 0.059 0.008 
p-value < 0.0001 0.277 0.60 0.0001 0.644 

  
Sflt-1 

β 0.071 -0.027 -0.142 0.130 0.084 
p-value < 0.0001 0.123 < 0.0001 < 0.0001 < 0.0001 

  
 2nd trimester 

PlGF      
β 0.315 -0.01 -0.119 0.072 0.047 

p-value < 0.0001 0.541 < 0.0001 < 0.0001 0.003 
  

Sflt-1 
β 0.024 -0.084 -0.154 0.068 0.018 

p-value 0.044 1.046e-07 < 0.0001 < 0.0001 0.264 
  

 Longitudinal 
PlGF - e      

β NA -0.008 -0.10 0.047 -0.004 
p-value 0.645 < 0.0001 0.004 0.835 

 
 

Appendix Table 4.3: Full linear Regression models for sex differences of placental marker 
concentrations, controlling for placental weight and gestational age. Marker levels have 
been log-transformed. ‘PlGF-e’: the rate of PlGF increase between measurements 
 

1st trimester N Sex Placental 
Weight  

Gestational 
Age 

MR Model 

PAI-2 5900 β=-0.0715 β=0.0002 β=0.1268 Adj.R2=0.3952 
  p<0.0001 p<0.0001 p<0.0001 p<0.0001 

PlGF  5963 β=-0.0461 β=0.0002 β=0.2389 Adj.R2= 0.5174 
  p=0.0011 p < 0.0001 p < 0.0001 p= <0.0001 

sFlt-1  5951 β=-0.0859 β=0.0005 β=0.0227 Adj.R2=0.0289 
  p<0.0001 p<0.0001 p<0.0001 p<0.0001 

2nd trimester   
PlGF  7294 β=0.055 β=0.0002 β=0.1408 Adj.R2=0.098 

  p=0.0001 p<0.0001 p<0.0001 p<0.0001 
sFlt-1  7292 β=-0.0776 β=0.0003 β=0.0084 Adj.R2=0.0081 

  p<0.0001 p<0.0001 p=0.256 p<0.0001 
Longitudinal   

PlGF - e 5250 β=1.6421 β=0.0058 N/A Adj.R2=0.0036 
  p=0.0072 p=0.0051 p=0.0004 
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Appendix Table 4.4: Sensitivity Analyses for PlGF at the 2nd trimester, in association with autistic 

traits (SRS z-scores). Placental markers have been log-transformed and adjusted for placental 

weight and gestational age. Linear regression models for SRS also control for age of child at the 

time of SRS measurement. Model 1 covariates: age of child at SRS measurement. Model 2 

covariates: age of child at SRS measurement, maternal age, maternal BMI in the beginning of the 

pregnancy, maternal ethnicity, birth weight adjusted for gestational age and maternal education 

level. 

*European ethnicities include the following categories: Dutch, American-western, Asian-western, 

Turkish, European, Oceanian. 

**Complications excluded include: Pregnancy-induced Hypertension, Preeclampsia, Born small for 

gestational age and Spontaneous Preterm Birth.  

PlGF to SRS MALES FEMALES 

Cohort Subsets N β p Model 

Adj-R2 

N β p Adj-R2 

European 

ethnicities* 

        

Model 1 1037 0.012 0.849 0.006 1009 0.120 0.011 0.007 

Model 2  0.034 0.584 0.067  0.120 0.011 0.039 

No autism 

diagnosis 

        

Model 1 1884 0.072 0.154 0.020 1842 0.150 0.001 0.014 

Model 2  0.071 0.147 0.114  0.129 0.002 0.094 

No complications**         

Model 1 1707 0.059 0.325 0.008 1652 0.190 0.000 0.019 

Model 2  0.070 0.076 0.074  0.123 0.000 0.078 

 

 

  



Appendix 

 

 234 

Appendix Table 4.5: Full logistic Regression model of sFlt-1 levels, in association with a diagnosis 

of autism in both males and females. SFlt-1 levels have been log-transformed and adjusted for 

placental weight and gestational age at time of measurement. 

2nd trimester 

sFlt-1 to autism 

Autism Diagnosis 

N=59 males / N=9 females / N=7227 undiagnosed 

 Coefficient  SE z-value p-value 

Intercept β=--4.61 1.20 -3.84 0.0001 

Sex β=-4.76 1.64 -2.91 0.003 

sFlt-1 β=-0.53 0.26 -2.08 0.038 

sex*sFlt-1 β=1.66 0.83 2.00 0.045 

birth weight  β=0.02 0.01 1.23 0.219 

   Model AIC: 424.85 
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Appendix 5: Chapter 4 Power Analysis 
 

Based on the salivary testosterone distributions for males and females, their respective 

means and standard deviations, a power analysis was conducted using software G*Power 

(Appendix Figure 4.). For the projected effect size for Cohen’s D=0.55, a total sample size 

of n>86 would be required for a statistically significant result in two-tailed Student’s t-

test. This is consistent with previous publications (Appendix Table 4.) on salivary 

testosterone measurements, where no difference was found when n<35 (Auyeung et al, 

2012). 

Appendix Figure 5.1: Power analysis plot with the projected sample size required to achieve a 

statistically significant sex difference in salivary testosterone levels (n>86), given the properties of 

the measured distributions in Study 4 (Cohen’s D=0.55). Obtained via G*Power. 

 

 

 

 

 

 

 

 

 

 

Appendix Table 5.1: Comparison of sample sizes and significance of sex differences in the 

published studies of mini-puberty testosterone levels (T) and autistic traits in infants. 

 

  
Studies of salivary T 
 during mini-puberty  

n - 
males  

n - 
females 

Effect size p - value 

Auyeung et al 2012 
 15 20 d=0.31 p>0.05 

Kung et al 2016 
 39 47 d=0.55 p=0.01 

Study 4     

 18 15 d=0.55 p=0.14 
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