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Chapter 1: General Introduction v 

Abstract 

Substantial empirical evidence has implicated genetic and environmental factors in 

the causal pathways for Autism Spectrum Disorder (ASD). Chapter 1 summarizes 

this literature and identifies several research gaps that remain in our understanding of 

the causal pathways underpinning ASD. One theory that has gained empirical 

support is the Extreme Male Brain theory, which proposes a ‘hypermasculinized’ 

cognitive profile in autistic individuals, characterized by superior systemizing 

capabilities and limited empathizing abilities compared to typically developing 

individuals. The prenatal sex steroid hypothesis implicates exposure to masculinizing 

sex steroids (e.g. androgens) in-utero as a driver of organizational effects in the 

developing brain which may influence later traits. Positive relationships between 

masculinizing sex steroid levels and autistic-like traits have been found. 

Furthermore, on average, there is some evidence that males may outperform females 

in nonverbal abilities whilst showing poorer verbal abilities compared to females. A 

similar pattern of strengths and limitations is observed in autistic compared to 

typically developing individuals. A hypothesis has emerged that prenatal androgen 

levels may be negatively associated with verbal abilities and positively associated 

with nonverbal abilities. While this research has important potential implications for 

our understanding of typical and atypical development, there is limited literature that 

investigates associations of perinatal sex steroid levels with autistic-like traits and 

nonverbal and verbal abilities. 

Existing studies have focused predominantly on a single sex steroid 

(testosterone), but there is evidence that suggests other bioactive androgens and 
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estrogens influence early neurodevelopment. This thesis is novel in examining a 

range of bioactive estrogen and androgen levels in relation to autistic-like traits and 

verbal and nonverbal abilities. These associations were investigated in two Western 

Australian cohorts. The first was a general population pregnancy cohort, the Raine 

Study. The second was a high-risk infant sibling cohort, the PRegnancy Investigation 

of Siblings and Mothers of children with Autism (PRISM) study. In this latter cohort, 

a High Risk (HR) group comprised families that had at least one child with a 

diagnosis of ASD and a Low Risk (LR) group comprised families with at least one 

existing child with no family history of ASD. This thesis used a recently developed 

method for analyzing sex steroids by calculating androgen and estrogen composites 

(AC, EC), which comprise bioactive unbound androgens (testosterone, 

androstenedione and dehydroepiandrosterone) and estrogens (estrone, estradiol, 

estriol and estetrol) weighted by biological potency. 

The first aim of the thesis was to investigate the relationship between 

umbilical cord blood sex steroid levels and autistic-like traits in general population 

and high-risk sibling samples. In Chapter 2, we report that participants in the 

population cohort had AC and EC levels that did not relate significantly to autistic-

like traits in early adulthood (N = 372). In Chapter 4, we report that perinatal AC and 

EC levels were not associated with autistic traits at 12, 18 or 24 months of age in HR 

and LR siblings (N = 77).  

The second aim of the thesis was to investigate relationships of cord blood 

androgen and estrogen levels with verbal and nonverbal abilities in general 

population and high-risk sibling samples. Chapter 3 reports the general population 

cohort findings, which identified no relationships between perinatal AC and EC 

levels and nonverbal or verbal measures in 10-year olds (N = 464). Chapter 5 
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presents the investigation of the high-risk sample, which found no significant 

associations between perinatal AC and EC levels and scores on visuospatial and 

verbal measures in HR and LR siblings (N = 77). 

Overall, our findings do not support the hypothesis that prenatal exposure to 

cord blood sex steroids are related to autistic-like traits or to verbal or nonverbal 

abilities in both general population and familial-risk samples, and therefore do not 

support the EMB theory or the prenatal sex steroid hypothesis. The implications of 

these findings in the context of the broader literature and limitations of the study 

designs are discussed in Chapter 6. A critical appraisal of the EMB theory is 

discussed and we explore the validity of sex steroid exposure as a supporting 

biological explanation for the theory. It may be important moving forward to 

consider other factors that potentially influence the relationship between prenatal sex 

steroid levels and cognitive traits. These include sex differences in outcome 

measures, developmental time periods of sampling and genetic and biological factors 

(e.g. androgen receptors). 
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Preamble 

This thesis is presented as a series of empirical papers that have been 

published or have been written in manuscript format. For consistency, “we” was used 

throughout, even in sections that were not submitted as co-authored works. Two 

empirical papers (Chapters 2 and 3) have been published in peer-reviewed journals. 

Chapter 4 has been reviewed by co-authors and has been prepared to be submitted in 

the Journal of Autism and Developmental Disorders and Chapter 5 has been 

prepared for submission to Early Human Development and has been reviewed by the 

co-authors. To facilitate review, literature references for in-text citations can be 

found directly after each chapter. As the manuscripts were written as independent 

works, some definitions and terms are presented multiple times throughout the thesis. 

Based on journal formatting requests, various chapters use different formatting. This 

includes different heading levels, spelling (American spelling for American 

journals), referencing styles and other general formatting. The formatting in these 

chapters has remained in the format presented for publication. In Chapters 2 and 4 

the phrase ‘individuals with autism’ was used for publication and this has since been 

updated in other chapters to ‘autistic individuals’ in conjunction with updated 

person-first language preferred in the autism community. 
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1.1 Autism Spectrum Disorder: Core Symptoms, 

Comorbidities and the Broader Autism Spectrum 

Autism Spectrum Disorder (ASD) is a neurodevelopmental condition 

characterized by difficulties with communication and social interaction in addition to 

the presence of restricted repetitive behaviours, interests or activities. To meet 

diagnostic criteria, these symptoms must be present in early childhood and interfere 

with everyday functioning (American Psychiatric Association, 2013). Whilst the 

literature commonly identifies these core behaviours, ASD is highly heterogeneous 

in its behavioural presentation (Grzadzinski, Huerta, & Lord, 2013), and is also 

associated with a range of comorbidities. Common co-morbid conditions include 

intellectual disability (Lord et al., 2006), language deficits (Tager-Flusberg, Paul, & 

Lord, 2005) and other psychological disorders such as attention disorders, anxiety 

disorders, schizophrenia, personality disorders and mood disorders (Simonoff et al., 

2008; Vannucchi et al., 2014). Medical co-occurring conditions include seizures, 

identifiable genetic abnormalities (Herman et al., 2007), eating difficulties, sleep 

problems (Souders et al., 2009) and gastrointestinal difficulties (Geschwind, 2009). 

The multifaceted complexity of ASD in both its core symptomatology and associated 

comorbidities presents significant challenges in elucidating the full range of factors 

involved in its aetiology.  

Autistic-like traits are known to extend beyond the clinical population, and 

are observed in the general population. The presence of subclinical autistic-like traits 

in individuals outside of clinical ASD is known as the Broader Autism Phenotype 

(BAP; Folstein & Rutter, 1977; Losh, Childress, Lam, & Piven, 2008). The BAP has 

been studied mostly through relatives of those affected by ASD. For example, 
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relatives of those with ASD have been found to exhibit higher levels of autistic-like 

traits compared to matched groups in the domains of personality and social 

behaviour. Examples of these traits include untactful behaviour, aloof personality, 

rigidity, and anxiety (Micali, Chakrabarti, & Fombonne, 2004; Pickles et al., 2000), 

as well as increased rates of developmental language-related delays, impaired 

pragmatic language use and difficulties with verbal fluency and reading (Szatmari et 

al., 2000). Autistic-like traits can also be examined in the general population. 

Examining autistic-like traits in nonclinical family members and in the general 

population allows us to examine potential causal mechanisms in typically developing 

(TD) individuals. It also provides a practical way to investigate ASD symptoms 

rather than through clinical cases alone, who may be difficult to recruit (Bralten et 

al., 2017). 

1.2 Onset, Prevalence and Course 

Recent estimates of the prevalence of ASD are approximately 2.24% in the 

USA (Zablotsky, Black, Maenner, Schieve, & Blumberg, 2015), with similar 

estimates reported in Australia (Atladottir et al., 2015; Randall et al., 2016). This is a 

marked increase in comparison to initial prevalence studies in Europe and the United 

States in the 1960s and 1970s when estimates were 0.02 to 0.04% (Lotter, 1966; 

Rutter, 2005; Treffert, 1970). The mean age of ASD diagnosis in Australia is 

approximately 4 years of age (Bent, Dissanayake, & Barbaro, 2015), though there is 

accumulating evidence to suggest that prodromal indicators are apparent in infancy 

and can be reliably diagnosed by age 2 (Yirmiya & Charman, 2010). In Australia, 

ASD is diagnosed according to a comprehensive assessment outlined in a National 

Guideline specifying the need for both a diagnostic evaluation and a functional and 

support needs assessment (Whitehouse, Evans, Eapen, Prior, & Wray, 2017).  
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There is a clear male preponderance in ASD diagnosis, with recent estimates 

indicating that males are approximately three times more likely to be diagnosed with 

ASD compared to females (Loomes, Hull, & Mandy, 2017). Intriguingly, there is 

increasing evidence that ASD symptoms may vary in presentation between the sexes. 

For example, females have been shown to have fewer restricted and repetitive 

behaviours (Frazier, Georgiades, Bishop, & Hardan, 2014; Wilson et al., 2016) and 

are less likely to show the more ‘typical’ ASD cognitive profile of greater nonverbal 

skills compared to verbal skills (Ankenman, Elgin, Sullivan, Vincent, & Bernier, 

2014). recent large-scale study found that females with ASD had, on average, greater 

difficulties in the areas of social communication, cognitive and language abilities, 

poorer adaptive function, and externalizing behaviour and irritability compared to 

TD females (Frazier et al., 2014). While there are some studies showing gender 

differences in autistic symptoms, a recent systematic review has found, via meta-

analyses, that any sex differences in ASD were similar to those observed in typically 

developing individuals (Hull, Mandy & Petrides, 2017). 

The profile of different symptoms also appears to vary over the lifespan and 

between individuals (Vannucchi et al., 2014). For example, symptoms have been 

shown to improve modestly, with the overall number of symptoms declining between 

childhood and adulthood (Seltzer, Shattuck, Abbeduto, & Greenberg, 2004). Though 

there are some individuals who show little change in comparison to others, 

improvements with age have been salient in the areas of maladaptive behaviours 

(Shattuck et al., 2007) and restricted repetitive behaviours (Chowdhury, Benson, & 

Hillier, 2010). Changes in symptoms according to age are also influenced by other 

factors such as gender (Tonge & Einfeld, 2003), comorbid intellectual disability 

(McGovern & Sigman, 2005) and language difficulties (Shea & Mesibov, 2005). 
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Nevertheless, ASD is considered to be a lifelong condition (Howlin, Goode, Hutton, 

& Rutter, 2004; Shattuck et al., 2007), and is the leading cause of disability among 

all neurodevelopmental disorders (Baxter et al., 2015). The lifetime costs for 

supporting an individual with ASD are substantial (Barrett et al., 2012; Buescher, 

Cidav, Knapp, & Mandell, 2014). Given its early onset, lifetime course, widespread 

prevalence and societal costs, risk factor research is of paramount importance. 

Identifying risk factors is important not only from a theoretical perspective, but also 

for assisting early detection and helping to maximize positive outcomes for those 

affected and their families. 

1.3 Current Interventions 

Given the prevalence and impact of ASD, substantial effort has focused on 

evidence-based interventions that may reduce long-term disability in this population. 

Behavioural interventions commencing during early development currently have the 

most evidence in terms of promoting cognitive development and reducing long-term 

disability (Eldevik et al., 2009; Kasari, Shire, Factor, & McCracken, 2014; Rogers et 

al., 2014; Warren et al., 2011). Empirical evidence has focused on improving 

behavioural outcomes in the areas of cognition, social/emotional development, 

language, and fine and gross motor development (Dawson & Bernier, 2013). 

Common interventions include Comprehensive Treatment Models (CTMs). These 

CTMs consist of a framework aimed at developmental impact on the core features of 

ASD. Some evidence-based models include the Early Intensive Behavioural 

Intervention based on the Lovaas model (Lovaas, 1987), the Early Start Denver 

Model (Dawson et al., 2010), the Learning Experiences, An Alternative Program for 

Preschoolers and Parents model (LEAP; Hoyson, Jamieson, & Strain, 1984) and the 

Treatment and Education of Autistic and Communication-Handicapped Children 
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(TEACCH; Mesibov, Shea, & Schopler, 2005), amongst others. Interventions can 

also encompass specific goals or skills (Odom, Collet-Klingenberg, Rogers, & 

Hatton, 2010). Examples of these include discrete trial teaching, video modeling, 

prompting and pivotal response training which are often components of CTMs 

(Wong et al., 2015). Despite efforts to demonstrate the effectiveness of interventions, 

treatment intervention studies can be difficult to compare due to the heterogeneity 

found in treatment groups, length of follow-ups, sample size variation and outcome 

measures that are not uniform (Masi, DeMayo, Glozier, & Guastella, 2017; Ospina et 

al., 2008; Spreckley & Boyd, 2009). 

Pharmalogical interventions typically focus on comorbidities that often co-

occur with ASD, rather than the core ASD symptomatology. For example, 

risperidone and aripiprazole are often used to manage hyperactivity and disruptive 

behaviour (Accordino, Kidd, Politte, Henry, & McDougle, 2016). However, medical 

interventions remain a developing research area and there is currently relatively little 

evidence associated with them (McPheeters et al., 2011). Complementary and 

alternative medicine interventions are regarded as having poor evidence to support 

effectiveness (Whitehouse, 2013). There is little evidence to support the use of 

nutritional supplements or dietary therapies for children with ASD (Sathe, Andrews, 

McPheeters, & Warren, 2017). Given the benefits of early intervention before age 

three for behavioural treatment outcomes (Zwaigenbaum et al., 2015), examining 

early risk factors is integral to the prognosis of ASD. 

1.4 Aetiological Factors 

A key contribution of this thesis is to expand on our existing knowledge of 

biological factors that may underlie the development of ASD. Potential risk factors 

implicated so far are numerous and have received much attention in the literature. 
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Given the heterogeneity of symptoms and presentation of ASD, it is unsurprising that 

the aetiological research is similarly varied and encompasses a wide range of genetic 

and environmental factors. This section will first review some of the existing 

aetiological research. 

 Genetic Factors 

Considerable research has consolidated our understanding that there is a 

substantial genetic contribution to ASD (Folstein & Rutter, 1977; Hallmayer et al., 

2011; Ronald & Hoekstra, 2011; Sandin et al., 2014; Tick, Bolton, Happé, Rutter, & 

Rijsdijk, 2016). Twin studies have shown a consistently higher concordance for ASD 

amongst monozygotic compared to dizygotic twins (Bailey et al., 1995; Folstein & 

Rutter, 1977; Lichtenstein, Carlström, Råstam, Gillberg, & Anckarsäter, 2010; 

Rosenberg et al., 2009; Steffenburg et al., 1989). Monozygotic (or ‘identical’) twins 

share all of their DNA with their co-twin, whereas dizygotic (or ‘fraternal’) twins 

share the same environment, but approximately half of their co-twin’s DNA. A meta-

analysis of twin studies suggests that heritability estimates range from 64% to 91% 

(Tick et al., 2016). Furthermore, the sibling recurrence rate of ASD is estimated to 

vary from 6.1% to as high as 25% (Constantino, Zhang, Frazier, Abbacchi, & Law, 

2010; Grønborg, Schendel, & Parner, 2013; Ozonoff et al., 2011; Rosenberg et al., 

2009). The rate differs according to sex with male siblings having a substantially 

higher risk of recurrence than female siblings (Miles et al., 2005; Palmer et al., 

2017). This evidence suggests that there is a substantial influence of genetic factors 

in the development of ASD. 

Approximately 10% of individuals with ASD have a known genetic 

syndrome, such as Fragile X Syndrome, tuberous sclerosis complex, Rett syndrome 

and neurofibromatosis (Devlin & Scherer, 2012). Main genetic advances centre 
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around de novo copy number variants which are not inherited, but are newly 

occurring in offspring. These are thought to account for 5% of overall ASD liability 

(Cook Jr & Scherer, 2008; Glessner et al., 2009; Iossifov et al., 2014; Merikangas, 

Corvin, & Gallagher, 2009; Neale et al., 2012). Other areas of investigation include 

rare chromosomal abnormalities (Marshall et al., 2008; Xu, Zwaigenbaum, Szatmari, 

& Scherer, 2004), rare gene mutations and common genetic variants such as single-

nucleotide polymorphisms which account for approximately 20% of ASD liability 

(Devlin & Scherer, 2012; Klei et al., 2012; Lee et al., 2013; O’Roak et al., 2012). 

Reviewing more specific genetic factors in depth is beyond the scope of this thesis 

but a comprehensive review is provided by de la Torre-Ubieta, Won, Stein, and 

Geschwind (2016). 

 Environmental and Other Biological Factors 

According to recent research, up to 40-50% of variance in ASD may be 

related to environmental factors (Deng et al., 2015; Edelson & Saudino, 2009; 

Hallmayer et al., 2011; Modabbernia, Velthorst, & Reichenberg, 2017). This section 

summarizes some key external influences that may affect the development of ASD 

including obstetric, perinatal, prenatal and parental factors, environmental toxicants, 

and immune and gastrointestinal dysfunction.  

1.4.2.1 Obstetric, Perinatal and Prenatal Risk Factors 

There has been extensive research examining the possible influence of 

prenatal and perinatal risk factors in the biological pathways leading to ASD (Hisle-

Gorman et al., 2018; Kancherla & Dennis, 2006; Kolevzon, Gross, & Reichenberg, 

2007). A comprehensive meta-analysis of 64 studies indicated that the factors 

associated with the strongest evidence for a relationship with autism risk included 

cord complications, fetal distress, multiple births, abnormal presentation, birth injury 
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or trauma, gestational age, congenital malformation, hyperbilirubinemia, parity, 

maternal hemorrhage, birth injury, low 5-minute Apgar score, birth weight less than 

1500g, feeding difficulties at birth, neonatal anemia and meconium aspiration 

(Gardener, Spiegelman, & Buka, 2009, 2011). In particular, premature birth is 

considered a significant factor linked to the development of ASD (Kuzniewicz et al., 

2014; Lampi et al., 2012; Mahoney et al., 2013). Other salient factors linked to ASD 

include those associated with trauma such as hypoxia or ischemia (Modabbernia et 

al., 2017) with the conjecture that there may be injury of the developing brain and 

compromised fetal blood circulation (Getahun et al., 2017). A recent large sample 

study demonstrated that increased risk for developing ASD was particularly 

associated with infant epilepsy, maternal mental health and epilepsy medications 

(Hisle-Gorman et al., 2018). This empirical evidence suggests that obstetric, 

perinatal and prenatal factors are important to consider when examining the risk for 

ASD.  

1.4.2.2 Parental Factors 

Advanced parental age has been the focus of considerable research as a 

potential contributing factor to ASD and a recent meta-analysis found that every 10-

year increase in parental age (either maternal or paternal) increased the risk of ASD 

in offspring by 18-21% (Wu et al., 2017). Greater age disparity between parents was 

also related to a higher rate of ASD in a population cohort across five countries 

(Sandin et al., 2016). There are a range of potential mechanisms that may be related 

to the increased risk associated with parental age and ASD. It may be that there is an 

increased presence of de novo germ-line mutations as well as cumulative build-up of 

other occupational and environmental exposures in one or both parents (Parner et al., 

2012; Wu et al., 2017). 
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The uterine environment, which is often influenced by the health of the 

mother, is known to have a significant impact on the development of the fetus. In a 

recent meta-analysis involving 8,403 ASD cases among 509,167 participants, 

overweight mothers had an increased risk of offspring with ASD by about 28% 

(Wang, Tang, Xu, Weng, & Liu, 2016). Increased risk of ASD in offspring is also 

present for mothers with pre-gestational and gestational diabetes mellitus (Gardener 

et al., 2011; Lyall, Pauls, Spiegelman, Ascherio, & Santangelo, 2012; Xiang et al., 

2018). Suggested mechanisms that may underpin this relationship include increased 

fetal oxidative stress and inflammatory processes (Ornoy, Weinstein-Fudim, & 

Ergaz, 2016). Some links have also been made between maternal bacterial and 

genitourinary infection and risk of ASD whereby a small increase in risk associated 

with infection was found in a systematic review, with hospitalization for the 

infection further increasing this risk (Jiang et al., 2016) . Maternal autoimmune 

disease is associated with a small increase in ASD risk for offspring (Chen et al., 

2016). This is also the case where there is a family history of autoimmune disease 

(Wu et al., 2015) as autoimmune conditions can be passed from mother to child. It 

has been postulated that autoimmune disease may relate to inflammation by 

antibodies and cytokines (Brown et al., 2014). Recent research has examined the 

impact of pharmaceutical drug use (particularly in the first trimester) on the risk of 

ASD, which has resulted in drugs such as valproic acids, thalidomide and selective 

serotonin reuptake inhibitors (SSRIs) being implicated as potential risk factors 

(Christensen et al., 2013; Croen, Grether, Yoshida, Odouli, & Hendrick, 2011). It is 

apparent that inflammatory processes may be a common underlying factor that 

contributes to increased risk in these cases (Cheng, Eskenazi, Widjaja, Cordero, & 

Hendren, 2019). 
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1.4.2.3 Environmental Toxicants 

Exposure to toxicants such as polychlorinated biphenyls and polybrominated 

diphenyl ethers can have significant consequences for the development of ASD, 

predominantly due to endocrine disruption and neurotoxicity (Goines & Ashwood, 

2013; Quaak, Brouns, & Van de Bor, 2013). Other important toxicants that are 

relevant to ASD include prenatal exposure to pesticides (Philippat et al., 2018) and to 

heavy metals, diesel, residential proximity to freeways, ozone and chlorinated 

solvents (Lyall, Schmidt, & Hertz-Picciotto, 2013; Ornoy, Weinstein-Fudim, & 

Ergaz, 2015). Numerous large studies have found no evidence that assisted 

reproductive technology (Conti, Mazzotti, Calderoni, Saviozzi, & Guzzetta, 2013) or 

vaccinations (Gale, 2017; Uno, Uchiyama, Kurosawa, Aleksic, & Ozaki, 2015) are 

associated with the likelihood of an offspring being diagnosed with ASD. 

1.4.2.4 Immune and Gastrointestinal Dysfunction 

Abnormalities in immune systems of those affected by ASD have been 

identified (Edmiston, Ashwood, & Van de Water, 2017; Enstrom, Onore, Van de 

Water, & Ashwood, 2010; Estes & McAllister, 2015; Hsiao, 2013; Stubbs, 

Crawford, Burger, & Vandenbark, 1977). In particular, this research highlights 

associations of ASD with a hyperactive immune response. Brain function is affected 

by innate and adaptive immune system responses, which can then influence 

behaviour (Filiano, Gadani, & Kipnis, 2015). A recent review highlights the 

importance of both pre- and postnatal periods of cytokine dysregulation that may 

be contributing to immune dysregulation with advances being made into potential 

pharmacological interventions that target the immune system (Masi, Glozier, Dale, 

& Guastella, 2017).  

Gut functioning is known to be intertwined with the functioning of the 

immune system and it is unsurprising that dysfunction in the immune system of those 
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with ASD may implicate gastrointestinal dysfunction as another risk factor (Lammert 

et al., 2018). Research is beginning to emerge in the area of the brain-gut-

microbiome as a key factor in neurodevelopment and consequent behaviour (Wang 

& Kasper, 2014). Significant gastrointestinal complaints are present in 

approximately 30% of individuals with ASD and altered gut microbiomes have been 

found to be implicated in ASD (Rosenfeld, 2015). Increased ASD severity has been 

found to correlate with increased risk of gastrointestinal dysfunction problems. 

(Mayer, Padua, & Tillisch, 2014). Research in this area is still relatively new and 

further investigation is required into the mechanisms of the gut microbiome and its 

effect on the development of ASD. 

  Epignetics 

Given the heterogeneity and complexity observed in the known etiological 

pathways to ASD, the role of epigenetics in ASD development has also been 

examined. It is proposed that individuals may have genetic susceptibilities that are 

activated by particular environmental factors, particularly during developmentally 

sensitive periods. For example a recent study found that those with ASD-associated 

copy number variations whose mothers then went on to have infection or fever 

during pregnancy, exhibited significantly more severe behavioural phenotypes 

compared to individuals having either factor alone (Mazina et al., 2015). These 

studies demonstrate the complexities that can be observed when exploring 

aetiological factors in relation to ASD.  

The literature reviewed so far has explored a wide range of the genetic and 

environmental factors that may contribute to ASD. However, understanding of the 

full range of biological pathways remains elusive. Particularly, there is a clear 

absence of research linking behavioural and biological differences in ASD. While the 
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influence of perinatal, prenatal and obstetric factors in ASD have been discussed to 

some extent, there exist a myriad of other prenatal influences that may benefit from 

further exploration. The thesis expands on known early biological pathways by 

investigating the potential influence that bioactive sex steroid exposure in-utero may 

have on the developing brain. In doing so, this thesis expands on our knowledge of 

the potential link between biological markers and behaviour and cognition both in 

autistic and TD individuals. The cognitive and biological aspects of interest in the 

thesis are explained in the next section. 

1.5 Prenatal Testosterone and the Extreme Male Brain 

Theory 

Baron-Cohen (2002) proposed the Extreme Male Brain (EMB) theory of 

ASD (Baron-Cohen, 2002) as a way of linking biological observations to behavioural 

differences. This theory is supported by the clear male preponderance observed in 

those affected by autism and was developed with reference to Baron-Cohen’s 

(Baron-Cohen, 2002) broader Empathizing-Systemizing (E-S) theory. The E-S 

theory outlines that males typically outperform females on systemizing tasks and 

females typically outperform males on empathizing tasks. Systemizing is defined as 

“the drive to analyse the variables in a system, to derive the underlying rules that 

govern the behaviour of a system” whereas empathizing is considered to be “the 

drive to identify another person’s emotions and thoughts, and to respond to these 

with an appropriate emotion” (Baron-Cohen, 2002, p. 248). 

The EMB theory builds on this E-S theory with the proposition that autistic 

individuals have a ‘hypermasculinized’ cognitive style whereby they perform 

especially well on systemizing tasks and demonstrate substantial difficulties on 

empathizing tasks. In other words, individuals with ASD are considered to have a 
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more male pattern of cognitive performance in systemizing and empathizing than TD 

individuals. Recent evidence in the largest study to date of autistic traits shows that 

in fact males do have a tendency towards systemizing, females towards empathizing 

and that individuals with autism tend to exhibit a masculinized profile (Greenberg, 

Warrier, Allison, & Baron-Cohen, 2018). This is clear evidence in support of both 

the E-S and EMB theory. 

The EMB theory has also attracted criticism. It is argued that the improved 

performance of individuals with ASD on measures that demonstrate a sex bias in 

favour of males does not necessarily denote that sex or ‘maleness’ is responsible for 

the high scores in performance we see in individuals with ASD. It is argued that this 

idea may be flawed as a ‘brain’ or biological difference when there is limited 

evidence at present to suggest that male brains are structurally different to female 

brains. Instead it is proposed that this theory applies to behavioural differences based 

on self-report. These critiques highlight the value of exploring the possible biological 

mechanisms that may relate to the cognitive strengths and limitations observed in 

ASD in accordance with the EMB theory (Ridley, 2019).  

1.6 Prenatal Sex Steroid Hypothesis 

One of the mechanisms via which brain masculinization may occur is 

outlined under the prenatal sex steroid hypothesis. This hypothesis originated in 

animal studies where it has been demonstrated that testosterone is crucial for sex 

differentiation (Ehrhardt, 1985). Gonadal differentiation was found to coincide with 

a hypothesized ‘sensitive’ developmental window of brain development between 

weeks 8 and 24 of gestation (Finegan, Bartleman, & Wong, 1989; Sikich & Todd, 

1988). Therefore it was proposed that exposure to sex steroids (such as testosterone) 

during gestation exerts organisational effects on the brain. Organisational effects 
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refer to the formation of neural structures with more permanent effects whereas 

activational effects refer to short-term effects that are dependent on circulating levels 

of hormones (Phoenix, Goy, Gerall, & Young, 1959). Therefore, prenatal or perinatal 

effects of sex steroids may have consequent effects on the brain’s structure and 

function which may influence the development of traits and abilities later in life 

(McCarthy, 2010). It is important to note that periods of elevated testosterone are not 

restricted to the sensitive developmental window and that other critical periods may 

exist. For example, testosterone production is also heightened during a period 

postnatally, peaking at approximately 3–4 months, as well as during puberty (Smail, 

Reyes, Winter, & Faiman, 1981). 

Testosterone is considered to be the sex steroid that most heavily influences 

masculinization at both the gonadal and behavioural levels (Baron-Cohen, 

Knickmeyer, & Belmonte, 2005). Testosterone is a lipophilic molecule that moves 

through the blood brain barrier and cell membranes. It is able to bind with androgen 

receptors in cytoplasm and is then transported into the nucleus and binds on the 

hormone response element of DNA where it silences or activates the expression of 

genes and protein synthesis (Tsai & O'Malley, 1994). Though causal links are not 

clearly established, testosterone continues to be linked to behaviour, cognition and 

emotion (Celec, Ostatníková, & Hodosy, 2015). Recently, evidence has emerged that 

has in fact linked prenatal testosterone to aspects of the social brain in males. 

Increased prenatal testosterone was associated with dampening of functional 

connectivity between social brain subsystems in adolescent males, but not females 

(Lombardo, Auyeung, Pramparo, Quartier, Courraud, Holt, Waldman, Ruigrok, 

Mooney, & Lai, 2018; Lombardo, Auyeung, Pramparo, Quartier, Courraud, Holt, 

Waldman, Ruigrok, Mooney, & Bethlehem, 2018). Therefore, there is some research 
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to suggest that neural exposure to masculinizing hormones such as testosterone 

prenatally may influence the development of the brain in areas responsible for traits 

apparent in ASD. 

1.7 Sex Steroids and Autistic-Like Traits 

 Direct Measurement Techniques 

Whilst indirect measures of sex steroid exposure provide some evidence to 

support the prenatal sex steroid hypothesis, these methods are unable to directly 

quantify the link between levels of sex steroids and later autistic-like traits. It is 

therefore desirable to be able to also directly measure sex steroids and examine how 

they might be linked to brain development and function. However, obtaining samples 

prenatally or perinatally is not easy due to the often invasive nature of the procedures 

involved. Several methodologies have been explored in the literature, the most 

common being amniocentesis and umbilical cord blood sampling (Cohen-Bendahan, 

van de Beek, & Berenbaum, 2005). 

1.7.2.1 Amniocentesis Studies 

 Amniotic fluid sampling or amniocentesis is considered to be a 

beneficial method of sampling due to the timing during which samples can be 

obtained. Amniocentesis involves extracting amniotic fluid early in pregnancy and so 

typically occurs in a hypothesized developmentally sensitive window (weeks 8-24 of 

gestation). While the time period is favourable, amniocentesis is not a routine 

procedure and is carried out as a screening test for karyotopic abnormalities. Not 

only does it carry risks, but it is carried out on a limited sample of mothers who are 

not representative of the broader population and may have certain selective 

characteristics. Amniocentesis may also risk sample contamination as sex steroid 
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concentrations may be affected by fetal urination (Van de Beek, Thijssen, Cohen-

Kettenis, van Goozen, & Buitelaar, 2004). 

The main findings in amniocentesis samples so far have come out of the 

Cambridge Fetal Testosterone Project. Higher levels of testosterone in amniotic fluid 

have been linked to higher autistic traits on the Quantitative Checklist for Autism in 

Toddlers (Q-CHAT) in children aged 18 to 24 months (Auyeung, Taylor, Hackett, & 

Baron-Cohen, 2010) and on the CAST and the Child Autism Spectrum Quotient 

(AQ-Child) in 6-10 year olds (Auyeung et al., 2009).  Higher amniotic testosterone 

concentrations have also been linked to other social and communication markers 

such as decreased eye-contact in 1-year olds (Lutchmaya & Baron-Cohen, 2002), 

poorer quality of social relations and more restricted interests in 4-year olds 

(Knickmeyer, Baron‐Cohen, Raggatt, & Taylor, 2005) and reduced empathy in 6 to 

8-year old children (Chapman et al., 2006). Studies that involve the use of amniotic 

sampling have also more recently highlighted a range of different sex steroid 

concentrations as being linked to the risk for later diagnosis of ASD. For example 

sex steroids in the Δ4 sex steroid biosynthesis pathway (i.e. progesterone, 17α-

hydroxy-progesterone, androstenedione and testosterone) were shown to be elevated 

in the amniotic fluid of males who later received a diagnosis of ASD compared to 

those who did not (Baron-Cohen et al., 2014). In this same sample, estradiol, estrone, 

estriol and progesterone were found to increase the likelihood of an ASD diagnosis 

in boys (Baron-Cohen et al., 2019). Despite these significant results, one recent study 

presented results where CAST scores did not differ between girls with Congenital 

Adrenal Hyperplasia (CAH) and TD girls, and amniotic testosterone concentrations 

were not related to CAST scores in either sex or the two sexes combined (Kung et 

al., 2016). CAH is caused by an enzyme deficiency that interferes with cortisol 
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production, resulting in increased exposure to androgens mid-gestation. The result is 

that female fetuses with CAH are exposed to prenatal androgen levels similar to 

levels experienced by male fetuses (Wudy, Dörr, Solleder, Djalali, & Homoki, 

1999). These results from studies of amniotic fluid provide some evidence that 

prenatal sex steroids may be linked to the development of autistic-like traits later in 

life, but findings have not been entirely consistent. 

1.7.2.2 Umbilical Cord Blood Studies 

Another prominent methodology for measuring prenatal testosterone 

exposure is umbilical cord blood sampling. This involves the measurement of sex 

steroid concentrations in umbilical cord blood collected at birth. A major advantage 

of this approach is that it is much less invasive than amniocentesis, which enables 

data to be collected on a more representative population group. Amniocentesis also 

has risks associated with it and is becoming less and less used (Prefumo & Jauniaux, 

2016). A disadvantage of using cord blood to sample sex steroids is that 

concentrations are thought to reflect the hormone milieu during the late third 

trimester only, and so may not be representative of the intrauterine environment 

during the sensitive periods for brain development during the first and second 

trimester. However, animal research has found that the third trimester also represents 

a critical time for fetal brain development, and so the use of cord blood may provide 

a worthwhile complement to other methods of measuring prenatal hormone exposure 

(Van de Beek et al., 2004). Furthermore, umbilical cord blood levels of sex steroids 

are considered to more accurately reflect fetal circulation levels compared to 

amniotic samples (Hackmon et al., 2004). 

Findings in studies using umbilical cord blood samples when examining sex 

steroids in relation to autistic-like traits are limited. A study involving the Western 
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Australian Pregnancy Cohort (Raine) study showed a negative correlation in 467 

children between testosterone levels measured from umbilical cord blood and socio-

emotional engagement and vocabulary development in boys only (Farrant, Mattes, 

Keelan, Hickey, & Whitehouse, 2013). Another study involving the same cohort 

showed no relationships between testosterone levels and AQ scores in young 

adulthood (Whitehouse et al., 2012). In a recent study, it was found that testosterone 

levels in umbilical cord blood were not significantly associated with autistic traits in 

12-month old infants on the Social Responsiveness Scale (SRS) or in 36-month old 

children on the Autism Observation Scales for Infants (AOSI; Park et al., 2017). It is 

apparent that the findings from studies using cord blood samples generally fail to 

find association between sex steroids and autistic traits assessed later in life. The 

body of evidence in this area is limited, but also focuses on a limited set of sex 

steroids (most commonly testosterone) within predominantly population-based 

cohorts. These gaps in the current literature examining perinatal sex steroids in 

relation to autistic-like traits therefore provide a platform for the studies included in 

this thesis which are explained more thoroughly in Section 1.11. 

The preceding review has summarized some of the strengths and weaknesses 

of common methods of sex steroid sampling used in the literature. More extensive 

reviews of these methods are provided by Cohen-Bendahan et al. (2005) and Hollier, 

Keelan, Hickey, Maybery, and Whitehouse (2014). Having multiple methods of 

sampling available enhances our understanding of possible etiological mechanisms 

by enabling the examination of effects related to specific developmental time points 

(i.e. pre- and perinatal). There is unfortunately no current evidence to illuminate the 

nature of the relationship between perinatal umbilical cord blood levels of sex 

steroids and amniotic levels recorded earlier, prenatally. Umbilical cord blood 
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collected at birth was chosen in the studies reported in this thesis due to its minimal 

invasiveness and its benefits in accessing samples more broadly representative of the 

general population. Cord blood sampling is considered the best available method we 

have for practically measuring fetal levels of sex steroids during a typical pregnancy 

(Hickey et al., 2009; Sloboda, Hickey, & Hart, 2010).  

1.8 Sex Differences and Verbal and Nonverbal Abilities – 

Extending the EMB Theory 

As an extension to the EMB theory, it may be hypothesized that individuals 

with ASD outperform TD individuals on other male-typical tasks. Two areas of 

cognition which have been heavily debated in terms of sex differences are nonverbal 

abilities, such as visuospatial abilities, and verbal abilities (Halpern, 2013; Waber, 

1976). Traditionally the literature has shown male superiority in visuospatial skills 

including mental rotation and spatial visualization (Linn & Petersen, 1985; Voyer, 

Voyer, & Bryden, 1995). Female superiority, on the other hand, has been 

demonstrated in verbal skills such as vocabulary and verbal fluency (Galsworthy, 

Dionne, Dale, & Plomin, 2000; Hedges & Nowell, 1995; Hyde & Linn, 1988). 

Despite this, the findings are often of a small magnitude and are inconsistent. A 

recent meta-analysis supports more similarities between sexes than differences in 

general psychological profiles but nevertheless females were found to have a small 

advantage in terms of verbal abilities (depending on the skill assessed) whilst spatial 

abilities were found to be moderately superior in males (Hyde, 2016).  

If males tend to outperform females on visuospatial tasks then we would 

hypothesize based on the EMB theory that individuals with ASD would outperform 

TD individuals on the same visuospatial tasks. A recent meta-analysis in which 
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spatial ability was assessed via mental rotation tasks showed that individuals with 

ASD did in fact outperform TD individuals (Muth, Hönekopp, & Falter, 2014). We 

also would expect that verbal abilities would be markedly impaired in ASD. A meta-

analysis of 74 studies examining expressive and receptive language found that 

overall, individuals with ASD are significantly impaired in receptive and expressive 

language ability where they performed 1.52 SD and 1.55 SD below TD individuals 

(Kwok, Brown, Smyth, & Cardy, 2015). In addition we also tend to see pragmatic 

language deficits in ASD (Whyte & Nelson, 2015). Traditionally studies show 

poorer verbal intelligence for autistic individuals compared to TD individuals 

(Joseph, Tager‐Flusberg, & Lord, 2002; Mayes & Calhoun, 2008). These limitations 

in verbal abilities in autistic individuals is unsurprising given that a defining feature 

of ASD is a difficulty with communication skills (American Psychiatric Association, 

2013). It is important to note that individuals with an Asperger’s disorder diagnosis 

using the DSM-IV-TR criteria may be more likely to demonstrate higher verbal 

abilities compared to individuals with autistic disorder (Majiviona & Prior, 1999).  

1.9 Sex Steroids and Visuospatial Abilities 

Studies linking early sex steroid exposure to visuospatial abilities originated 

in animal models. Sprague Dawley rats exposed to perinatal estradiol showed 

improved spatial ability on a radial-arm maze task (Williams & Meck, 1991). In girls 

with CAH there has been some evidence to suggest that affected females perform 

better on visuospatial tasks such as mental rotation tasks, figural disembedding, or 

learning the layout of a virtual environment compared to TD females (Berenbaum, 

Bryk, & Beltz, 2012; Hampson & Rovet, 2015; Mueller et al., 2008; Resnick, 

Berenbaum, Gottesman, & Bouchard, 1986), whilst others have found no differences 

or the opposite pattern of results (Ehrhardt & Baker, 1974; Helleday, Bartfai, Ritzén, 
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& Forsman, 1994; Hines et al., 2003; McGuire, Ryan, & Omenn, 1975; Perlman, 

1973). A meta-analysis in the area suggests that CAH is most likely related 

positively to visuospatial abilities (Puts, McDaniel, Jordan, & Breedlove, 2008).  

Another methodology employed in this area is the use of same- and opposite-

sex twins to investigate the Twin Testosterone Transfer Hypothesis (TTT) (Heil, 

Kavšek, Rolke, Beste, & Jansen, 2011; Tapp, Maybery, & Whitehouse, 2011; 

Vuoksimaa et al., 2010). Under the TTT hypothesis, fetuses are expected to have 

higher levels of exposure to prenatal testosterone when their co-twin is male rather 

than female. In relation to visuospatial abilities, females with a male co-twin were 

found to outperform females with a female co-twin on mental rotation tasks (Cole-

Harding, 1988; Heil et al., 2011; Vuoksimaa et al., 2010), consistent with the TTT 

hypothesis.  

To date there has been limited investigation involving direct measurement of 

testosterone in relation to visuospatial abilities. Grimshaw, Sitarenios, and Finegan 

(1995) found that, in 7-year old girls, higher amniotic testosterone levels were related 

to improved mental rotation. Similarly, a more recent study demonstrated that 

testosterone concentrations recorded from second trimester amniotic fluid was 

positively related to visuospatial ability, in children (35 boys, 29 girls) aged 7–10 

years (Auyeung et al., 2012). However, a contrasting study found that for girls aged 

4 years, proficiency in block building was inversely related to prenatal testosterone 

levels (Finegan, Niccols, & Sitarenios, 1992). There has been one study involving 

umbilical cord blood and it reported that higher spatial ability was associated with 

lower perinatal testosterone levels for girls only (Jacklin, Wilcox, & Maccoby, 

1988). There appears to be a trend towards a positive relationship between androgen 

levels and visuospatial abilities from the literature summarized here, with effects 
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mainly being demonstrated in girls. However, the breadth of evidence at present is 

too limited to draw conclusions, particularly as there is only one study where 

umbilical cord blood samples were used. 

 Indirect Measurement Techniques 

One method of examining the effects of sex steroid exposure on development 

is by investigating conditions where atypical sex steroid exposure occurs, such as in 

the case of CAH. Females aged 12 to 45-years old with CAH have been found to 

exhibit more autistic traits on the Autism Spectrum Quotient (AQ) compared to their 

unaffected sisters (Knickmeyer et al., 2006). However, findings in this area have not 

always been consistent. A recent study involving 81children aged 4 to 11 years with 

CAH (43 females) and 72 unaffected relatives (41 females) showed that there were 

no significant differences in females with CAH and their unaffected relatives in their 

Childhood Autism Spectrum Test (CAST) scores (Kung et al., 2016). 

Women with conditions associated with increased levels of circulating 

androgens have also been studied as a means of informing this research area. For 

example, women with Polycystic Ovary Syndrome (PCOS) are also typically 

characterized by a high level of exposure to androgens compared to women without 

PCOS. Recent evidence suggests that maternal PCOS is associated with an increased 

risk of ASD in offspring compared to the risk for offspring of unaffected mothers 

(Kosidou et al., 2016). Similarly, women diagnosed with PCOS are also more likely 

to be diagnosed with ASD (Cherskov et al., 2018). Furthermore, mothers with a 

lifetime diagnosis of hirsutism (male patterns of facial hair growth due to 

hypothesized excess androgens) are reported to have a higher risk for ASD in their 

offspring (Lee et al., 2017). 

Another commonly employed method of investigating prenatal sex steroid 

exposure is to examine proxy measures such as the 2nd to 4th digit ratio (2D:4D). The 
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2D:4D ratio refers to the ratio of the lengths of the 2nd and 4th digit fingers 

respectively, and is purported to reflect exposure to prenatal androgens and 

estrogens. It is hypothesized that a lower 2D:4D is representative of higher levels of 

androgens prenatally. Consistent with this hypothesis, the 2D:4D ratio is lower, on 

average, in males compared to females (Manning, Scutt, Wilson, & Lewis-Jones, 

1998). Overall, studies have found that there are significantly lower 2D:4D ratios in 

individuals with ASD compared to TD individuals (Al-Zaid, Alhader, & Al-Ayadhi, 

2015; De Bruin, De Nijs, Verheij, Verhagen, & Ferdinand, 2009; Hönekopp, 2012; 

Teatero & Netley, 2013). However, a recent paper reporting a study of 6,000 

children did not find a relationship between a lower 2D:4D ratio and increased 

likelihood of ASD or higher levels of autistic traits (Guyatt, Heron, Knight, Golding, 

& Rai, 2015).While the majority of studies provide support of a positive link 

between low 2D:4D ratios and ASD, it is important to note that studies that have 

attempted to link this proxy measure to actual perinatal levels of sex steroids, have 

not shown  consistent relationships between the two (Hollier, Keelan, Jamnadass, et 

al., 2014; Lutchmaya, Baron-Cohen, Raggatt, Knickmeyer, & Manning, 2004; 

Richards, 2017).  

Though there are some inconsistencies, indirect relationships between 

androgens and ASD or autistic-like traits appear to be, for the most part, in favour of 

a positive association.  

1.10  Sex Steroids and Verbal Abilities 

There is some evidence to support a link between prenatal sex steroids and 

verbal abilities. In accordance with the TTT hypothesis, both males and females with 

a female co-twin – who were hypothesized to be exposed to lower levels of 
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androgens - were found to have higher vocabulary scores compared to twins with a 

male co-twin (Galsworthy et al., 2000; Van Hulle, Goldsmith, & Lemery, 2004).  

Using direct sampling methods, it was found that amniotic testosterone 

concentration had a curvilinear (inverted U-shape) relationship to language 

comprehension in 4-year old girls (Finegan, Niccols, & Sitarenios, 1992) and was 

inversely related to vocabulary size at 18 and 24 months for the two sexes combined 

(Lutchmaya & Baron-Cohen, 2002). In cord blood sampling studies, testosterone 

levels have been linked inversely to pragmatic language at age 10 years in girls 

(Whitehouse et al., 2010) and to size of expressive vocabulary in boys at age 2 years 

(Hollier et al., 2013). In another cord-blood study, higher testosterone levels were 

linked to language delay in 1 to 3-year old boys (Whitehouse et al., 2012). 

Interestingly, this study also revealed that higher perinatal testosterone levels were a 

protective factor for language development in the 1 to 3-year old girls (Whitehouse 

et al., 2012). From the research so far, it appears that verbal abilities and testosterone 

levels may have an inverse relationship, but it is also possible that in females, 

testosterone may be protective for language development. 

1.76 Selection of sex steroids and measurement methodologies 

Testosterone has been the primary focus of research examining the 

relationship between prenatal exposure to sex steroids and postnatal behavioural 

development. There is some evidence to substantiate a role of other androgens as 

well as estrogens in having organisational effects on the brain. For example, 

androstenedione (A4) is synthesized in the adrenal cortex as well as both gonads. A4 

is then circulated in the bloodstream and converted into testosterone or estrogens 

which contribute to the total bioactive androgens. There has been some notion that 
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these other androgens may contribute to androgen-related conditions such as PCOS 

(Zheng et al., 2018). 

Furthermore, in animal models, estrogens have been shown to have 

masculinizing effects through conversion by aromatase. Estradiol, for example, is 

one of the most active estrogens in humans and is formed from testosterone 

(Azcoitia, Yague, & García-Segura, 2011; Callard, Petro, & Ryan, 1978; Stoffel-

Wagner, Watzka, Schramm, Bidlingmaier, & Klingmüller, 1999). Estrogens are 

involved in regulating a host of processes including neural plasticity regeneration, 

pain processing and memory (Balthazart & Ball, 2012; Garcia-Segura, 2009). 

Estradiol may have defeminizing actions in male brains and androgens and estrogens 

may be coupled together in their pathways (Bakker & Baum, 2008). Estradiol levels 

have been associated positively, albeit weakly with aggressive behaviour which is 

common in ASD as well as a male-biased trait (Trainor, Finy, & Nelson, 2008; 

Ubuka & Tsutsui, 2014). The examination of other potentially bioactive sex steroids 

outside of testosterone and their potential impact on development is therefore an area 

of literature that would benefit from further investigation. 

1.11  Thesis Aims and Outline 

It is clear from the literature that there has been extensive investigation 

focused on piecing together the etiological factors underlying ASD. Significant 

advances have been made in understanding the genetic and environmental 

contributing factors. However, gaps still remain in our understanding and this thesis 

attempts to contribute to this body of research. 

We know that a significant male bias exists in the prevalence of ASD. Under 

Baron-Cohen’s (2002) EMB theory, neural hypermasculinity is a feature of the 

condition. The prenatal sex steroid hypothesis implicates early prenatal/perinatal sex 
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steroid exposure in the developing structure and function of the brain, with purported 

flow-on effects on cognition and behaviour in later life. There is now a growing 

literature examining sex steroid levels in relation to ASD, with research 

predominantly focused on testosterone, the most biologically potent of the 

masculinizing sex steroids.  

While the literature is growing, it is evident that gaps still exist. So far the 

findings suggest that there are some relationships between amniotic testosterone 

concentrations and autistic-like traits but that relationships between testosterone 

levels and autistic-like traits are less certain for research using umbilical cord blood 

samples. The few studies that have examined umbilical cord blood sex steroids in 

relation to autistic-like traits have been limited to general population samples, and 

further research using cord blood sampling is warranted.  

The second gap apparent in the literature is that in particular, visuospatial 

abilities have been examined only once in relation to umbilical cord blood sex 

steroid levels and only on three occasions in relation to steroids measured in 

amniotic fluid studies. There is some evidence to suggest that sex steroids may relate 

to verbal abilities in children, for both umbilical cord and amniotic fluid sampling, 

but it is not clear whether effects are sex specific and research to date has been 

limited to general population samples. These findings therefore prompt further 

examination.  

More research that examines prenatal exposure to sex steroids and the 

associations it may have with later developmental outcomes is needed. A major 

contribution of this thesis is the novelty of examining a range of bioactive estrogens 

and androgens. The majority of studies have focused on testosterone alone, despite 

evidence to support the potential influence of other biological neuroactive steroids on 
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the developing brain, and also evidence to support elevation of a range of steroids in 

individuals with ASD (Baron-Cohen et al., 2014; Baron-Cohen et al., 2019). 

Furthermore, another unique aspect of the current work is to investigate these 

relationships in not only a population sample, but also a high-risk infant sibling 

sample. 

Based on these knowledge gaps, the main aims of the thesis were: 

1. to investigate the relationship between umbilical cord blood androgen and 

estrogen levels and autistic-like traits in both general population and high risk 

infant sibling samples; and. 

2. to investigate the relationship between umbilical cord blood androgen and 

estrogen levels and verbal and nonverbal abilities in general population and 

high-risk infant sibling samples. 

 Thesis Methodology 

Previous research focused predominantly on testosterone. We firstly wanted to 

be able to examine a broad range of biologically active androgens and estrogens 

including Estrone (E1), Estradiol (E2), Estriol (E3), Estetrol (E4), testosterone, A4 

and Dehydroepiandrosterone (DHEA). In order to do so, I assisted in developing 

Androgen and Estrogen Composites (Hollier, Keelan, Jamnadass, et al., 2014). These 

composites weight the concentrations of the biologically active androgens or 

estrogens and sum them to form representations of overall androgenic or estrogenic 

biological activity. The development of this methodology was led by Dr. Lauren 

Hollier with assistance from myself. The published paper is provided in Appendix A. 

Our studies utilized liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

as the preferred method of measurement given its superiority in limits of 

quantification, specificity and reliability when examining steroids in human fluids 
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(Soldin & Soldin, 2009).To our knowledge this is the first investigation of net 

bioactive sex steroids in umbilical cord blood in relation to autistic-like traits and 

visuospatial and verbal abilities.  

When examining sex steroids in cord blood it is important to note that 

obstetric factors may also affect sex steroid measurements. Whilst these factors have 

not shown consistent relationships to sex steroid levels, some factors previously 

investigated include gestational age, labour, maternal smoking and alcohol use, 

parity, intrauterine infection and preeclapsia (Hickey, Hart, & Keelan, 2014; Keelan 

et al., 2012; Smith, Cloak, Poland, Torday, & Ross, 2003; Troisi et al., 2003). Hence 

these factors are also considered throughout the thesis. 

In order to examine relationships between perinatal sex steroid levels and 

subsequent development, this thesis employed two longitudinal study designs; one 

using a general population sample and the other using a high ASD risk infant sibling 

sample. The first two studies used a community-based population sample. 

Community-based samples provide access to a broad spectrum of participants where 

autistic-like traits exist. Other population-based studies have established that autistic-

like traits form a continuum, with similar causal pathways implicated for these traits 

and clinical ASD (Lundström et al., 2012; Robinson et al., 2011). Use of population-

based samples enables large samples which help to provide adequate statistical 

power to detect potential effects. By examining relationships in broad population-

based samples we can learn more about sub-clinical autistic-like traits and their 

potential relationship to the development of ASD. The current thesis accessed the 

Western Australian Pregnancy (Raine) cohort which is a large-scale prospective 

longitudinal population-based sample. 
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The second two studies utilized a high-risk infant sibling design. The use of 

prospective longitudinal designs of infant siblings of children with ASD is becoming 

an increasingly popular methodology in the literature. The recurrence of the ASD 

phenotype in siblings is estimated to vary from 6.1% to 25% (Constantino et al., 

2010; Grønborg et al., 2013; Ozonoff et al., 2011; Rosenberg et al., 2009) and so 

autistic traits are expected to be more pronounced, and more variable, in siblings of 

children with ASD compared to the general population. Secondly, we know that 

there is shared genetics between siblings and shared genetic susceptibility to ASD in 

the factors that may lead to the condition being expressed. Siblings are therefore 

more likely to also share common potential risk factors such as elevated androgen 

levels. High-risk infant siblings have a shifted distribution of the broader autism 

phenotype and are ideally suited to assess gradations in autism risk.Thus this at-risk 

sibling method provides a suitable way to investigate potential autistic-traits as they 

emerge in development (Szatmari et al., 2016).  

Compared to retrospective research, prospective research as used in at-risk 

studies overcomes limitations associated with asking parents to recall information. 

Prospective studies enable researchers to examine developmental trajectories from 

very early time-points in development. This methodology additionally enables the 

examination of the characteristics of siblings who do not go on to develop ASD. The 

current thesis involved the use of a high-risk infant sibling sample from the 

PRegnancy Investigation of Siblings and Mothers of children with autism (PRISM) 

cohort. This prospective cohort included two groups. The High Risk (HR) group 

consisted of families that had at least one existing child with a diagnosis of ASD and 

the Low Risk (LR) group comprised siblings drawn from families with no existing 

child with a diagnosis. 
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 Study Structure 

 The current thesis is structured around the two aims previously outlined. The 

first aim is addressed in Chapters 2 and 4, which report studies using the Raine and 

PRISM cohorts. The second aim is investigated in Chapters 3 and 5, for which the 

studies also used the two cohorts. An outline of the chapters is summarized in Table 

1. 
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Table 1. Chapter structure and outline 

Thesis chapter and aim Sample Sex steroids examined Outcome measures 

Chapter 2 

The relationship between perinatal 

cord blood sex steroids and autistic-like 

traits 

Raine cohort (N = 372) 

Age: 19-20 years 

Umbilical cord blood 

Androgen Composite 

Estrogen Composite 

Androgen: Estrogen Ratio  

Autism Spectrum Quotient (AQ) 

Chapter 3 

The relationship between perinatal 

cord blood sex steroids and verbal and 

nonverbal abilities 

Raine cohort (N = 464) 

Age: 10 years 

Umbilical cord blood 

Androgen Composite 

Estrogen Composite 

 

Raven’s Coloured Progressive Matrices (RCPM) 

Clinical Evaluation of Language Fundamentals-3 

(CELF-3) 

Peabody Picture Vocabulary Test-III (PPVT-III) 

Chapter 4 

The relationship between perinatal 

cord blood sex steroids and autistic-like 

traits 

PRISM cohort (N= 77) 

Age: 12-24 months 

Umbilical cord blood 

Androgen Composite 

Estrogen Composite 

 

Autism Detection in Early Childhood (ADEC) 

Autism Diagnostic Observation Schedule – Generic 

(ADOS-G) 

Repetitive Behaviour Scale – Revised (RBS-R) 

Chapter 5 

The relationship between perinatal 

cord blood sex steroids and verbal and 

visuospatial abilities 

PRISM cohort (N = 77) 

Age: 24 months 

Umbilical cord blood 

Androgen Composite 

Estrogen Composite 

 

Mullen Scales of Early Learning (MSEL) 

1. Visual Reception 

2. Receptive Language 

3. Expressive Language 
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Foreword to Chapters 2 & 3 

The next two chapters investigate both of the main aims of the thesis in a population 

cohort – the Raine cohort. This cohort is a longitudinal community sample and 

enables us to determine how relationships between sex steroid levels and autistic-

traits and verbal and nonverbal abilities may manifest in the general population. The 

first aim of this thesis is addressed in Chapter 2. Here, the sex steroid levels 

measured in umbilical cord blood at birth are examined in relation to autistic-like 

traits measured in young adulthood (ages 19 and 20). This chapter utilizes the novel 

Estrogen and Androgen Composites and determines if their levels relate to autistic-

like traits on the Autism-Spectrum Quotient scores. The second aim of the thesis is 

addressed in Chapter 3 where the Androgen and Estrogen Composite levels at birth 

are then examined in relation to verbal (measured by the Clinical Evaluation of 

Language Fundamentals-3 and the Peabody Picture Vocabulary Test-III) and 

nonverbal (measured by Raven’s Coloured Progressive Matrices) abilities at age 10. 
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2.1 Abstract 

Background: Prenatal androgen exposure has been hypothesized to be linked to 

autism spectrum disorder (ASD). While previous studies have found a link between 

testosterone levels in amniotic fluid and autistic-like traits, a similar relationship has 

not been found for testosterone in umbilical cord blood. However, it may be the net 

biological activity of multiple androgens and estrogens that influences postnatal 

effects of prenatal sex steroids. Accordingly, composite levels of androgens (A) and 

estrogens (E) were investigated, along with their ratio, in relation to autistic-like 

traits in young adulthood. 

Methods: Sex steroid data in umbilical cord blood were available from 860 

individuals at delivery. Samples were analyzed for androgens (testosterone, 

androstenedione, and dehydroepiandrosterone) and estrogens (estrone, estradiol, 

estriol, and estetrol). Levels of bioavailable testosterone, estradiol, and estrone were 

measured and used to calculate A and E composites and the A to E ratio. Participants 

were approached in early adulthood to complete the autism-spectrum quotient (AQ) 

as a self-report measure of autistic-like traits, with 183 males (M = 20.10 years, SD = 

0.65 years) and 189 females (M =19.92 years, SD = 0.68 years) providing data.  

Results: Males exhibited significantly higher androgen composites and A to E 

composite ratios than females. Males also scored significantly higher on the 

details/patterns subscale of the AQ. Subsequent categorical and continuous analyses, 

which accounted for covariates, revealed no substantial relationships between the 

A/E composites or the A to E ratio and the AQ total or subscale scores. 

 Conclusions: The current study found no link between the A/E composites or the A 

to E ratio in cord blood and autistic-like traits in the population as measured by the 
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AQ. These outcomes do not exclude the possibility that these sex steroid variables 

may predict other neurodevelopmental traits in early development. 
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2.2 Background 

Autism spectrum disorder (ASD) varies significantly in presentation among 

those affected [1]. It is therefore unsurprising that the etiology of ASD is thought to 

be similarly heterogeneous and multifaceted in nature. At present, much remains 

unknown about the factors that may underlie the disorder [2]. Research involving the 

identification of early markers is integral to improving our understanding of the 

mechanisms underlying the disorder and is likely to significantly impact intervention 

and outcomes for affected individuals [3].  

Males are approximately four times more likely than females to be diagnosed 

with ASD [4, 5]. The extreme male brain theory [6] posits that this may be because 

characteristics of ASD are on the extreme end of a spectrum of male-typical 

characteristics. A growing literature has investigated the factors that may trigger 

brain masculinization, in particular, by examining possible prenatal biological 

influences affecting brain development and later behavior. The organizational 

hypothesis proposes that prenatal sex steroid exposure affects fetal brain structure 

and function and consequently influences postnatal behavior [2]. It is proposed that 

greater exposure to testosterone (one of the most biologically active androgens) 

during a sensitive developmental period (weeks 8–24 of gestation) may have 

masculinizing effects on the fetal brain [7] and hence may be a precursor to autistic-

like traits. Circulating testosterone measured in blood samples has been found to be 

significantly higher in male fetuses than in female fetuses in utero [8].  

Prenatal exposure to androgens has been demonstrated to affect a wide range 

of developmental factors [9]. There is a plethora of research in animal studies that 

has revealed the effects of androgens as a masculinizing agent in both primate and 
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non-primate species [10–13]. Testosterone has primarily been the focus of research 

due to its biological potency (its ability to exert receptor-mediated changes in cellular 

or physiological function); however, there is also preliminary evidence that other 

androgens such as androstenedione (A4) may have masculinizing effects [14]. 

Dehydroepiandrosterone (DHEA) has also been suggested to be involved with weak 

masculinization [15]. In humans, evidence on the masculinizing role of androgens 

has come in part from research on individuals with congenital adrenal hyperplasia 

(CAH). CAH occurs as a result of a genetic abnormality that triggers an 

overproduction of androgens in utero. As a result, female fetuses are exposed to 

elevated androgen levels that fall within or above the male-typical range. These, and 

other studies, support the idea that elevated levels of androgens can result in brain 

and hence behavioral masculinization [16], though it has been argued that this 

research may not take into account social and sample characteristics that might 

influence these findings [17]. Often, the effects of testosterone on autistic-like traits 

have been investigated using indirect methods, such as hand digit ratios. The 2D:4D 

ratio refers to the ratio of the relative lengths of the second and fourth digits. This 

ratio has been used for over a century as an indirect measure of prenatal exposure to 

testosterone and estradiol, the primary biologically active sex steroid in females [18]. 

There is some evidence of this ratio being related to prenatal sex steroid levels in 

amniotic fluid [19]. It is posited to be related to adult endocrine system regulation 

traits such as aggression and sexual encounters [20]. Overall, indirect measures such 

as the 2D:4D ratio do not show consistent associations with autistic-like traits [7, 

21]. Furthermore, the validity of this marker as a representation of sex steroid 

concentrations is still debatable [22]. The digit ratio measure can be considered an 

insufficiently sensitive proxy for examining prenatal hormonal effects [23].  
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In contrast, other studies have attempted to examine prenatal testosterone exposure 

via direct measurement of sex steroids in amniotic fluid, collected by amniocentesis 

during the second trimester. This procedure typically occurs during a proposed 

sensitive time period when sex steroids are considered to have organizational effects 

on brain development [24]. Amniotic fluid testosterone concentrations have been 

found to be significantly greater in males compared to females [25].  

With regard to ASD, a group of studies conducted by Baron-Cohen and 

colleagues found that high levels of fetal testosterone in amniotic fluid were related 

to autistic-like traits in children aged 18 to 24 months for boys [26], decreased eye 

contact in 1-year-old children [27], increased restricted interests in 4-year-old boys 

[28], reduced empathy in 6- to 8-year-old children for boys [29], and greater autistic-

like traits in children aged 6 to 10 [30]. Furthermore, a more recent study in a large 

pregnancy cohort found a latent steroidogenic factor that included cortisol as well as 

all hormones in the Δ4 pathway (progesterone, 17α-hydroxy-progesterone, 

androstenedione, and testosterone) was significantly elevated in the amniotic fluid of 

males who later received diagnoses of ASD. However, testosterone alone was not 

found to be related to a later diagnosis of ASD [31]. However, amniocentesis is often 

carried out in older women or those with other risk factors and so the results may not 

be representative of the normal population [32].  

The literature suggests that there may be multiple sensitive periods during 

which sex steroids affect brain functioning and structure [33]. This position is further 

supported by research in animal models, which has found that the effects of sex 

steroids are not restricted to the first two trimesters [33–35]. Recently, studies from 

the Western Australian Pregnancy Cohort (the ‘Raine’ cohort) have measured sex 

steroid levels in umbilical cord blood at birth [36, 37]. Measuring sex steroids in cord 
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blood is useful because it can provide an indication of how sex steroids may play a 

role in brain development in late gestation. Furthermore, this method may enable 

more representative assessment of antenatal steroid exposure on a population level 

[23]. The cord blood analysis also permits direct assessment of circulating fetal 

steroid concentrations as opposed to amniotic fluid which primarily reflects fetal 

urinary testosterone excretion [32]. The third trimester is a period where dramatic 

brain growth occurs and is an important period for neuronal maturation, gyrification, 

and rapid axonal growth [38]. Umbilical cord sex steroids are known to relate to a 

range of informative childhood development markers, such as language development 

[39, 40], internalizing and externalizing behaviors [41], and spatial abilities [42], and 

are therefore worth examining in relation to autistic-like traits.  

Two studies conducted by our group using the Raine cohort cord blood 

samples showed that high levels of cord blood testosterone were associated with 

language delay in boys but not girls [40, 43]. In contrast, another study found no 

relationship between testosterone concentrations and autistic-like traits measured at 

age 19 or 20 years via the autism-spectrum quotient AQ [44].  

Previous studies have focused in general on androgens and testosterone in 

particular. However, there is evidence to suggest that estrogens, in particular 

estradiol, may promote masculinization, as has been demonstrated in rodent models 

[2]. It has been proposed that estradiol promotes cell survival, death, and 

proliferation in separate brain regions. It may facilitate new dendritic spine synapses 

in some brain regions but suppress them in others. The effects of estradiol may be 

mediated in part via epigenetic changes to the DNA and chromatin in processes that 

are region-specific but are still poorly understood [34]. 
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Though empirical evidence for the effects of estrogens on human neural 

development is lacking, androgen and estrogen exposure has been postulated to be 

responsible for a variety of sexually dimorphic neurodevelopmental and behavioral 

characteristics including reproductive function [35] and immune function [45]. Sex 

steroids interact with and may enhance or limit the effects of each other [46, 47]. The 

nature of potential interactions between androgens and estrogens remains to be 

investigated. Previous studies have investigated the relative amounts of androgens 

and estrogens in relation to the 2D:4D ratio. One study involved the ratio between 

testosterone and estradiol [19] while the other looked at the ratio between androgen 

and estrogen composites [48]. The relative amounts of androgens to estrogens 

therefore may be worth examining. 

The present research therefore sought to extend previous studies by 

expanding the number of sex steroids assessed through deriving androgen and 

estrogen composites using the novel method developed by Hollier et al. [23]. Sex 

steroid composites and their ratio were then used as possible predictors of autistic-

like traits in both the general population and a subset of individuals with ASD. Sex 

steroids were measured in umbilical cord blood collected at birth, and A and E 

composites and their ratio were calculated. The androgen composite weights the 

concentrations of testosterone, A4, and DHEA according to their relative biological 

potencies and binding affinities to sex-hormone binding globulin (SHBG). The 

estrogen composite weights the concentrations of estrone (E1), estradiol (E2), estriol 

(E3), and estetrol (E4) in a similar manner. Based on the free hormone hypothesis, 

bioavailable sex steroid concentrations were calculated for testosterone, estradiol, 

and estrone. While this method has been criticized on the basis of methodological 

inconsistency and unproved assumptions [49], it remains the traditional method for 
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examining bioactive sex steroids and is widely accepted [50]. For the present study, 

ASD diagnostic measures had been collected in childhood and the AQ had been 

administered in early adulthood. 

It is hypothesized that, based on previous masculinization studies, a high A 

composite (and possibly A to E ratio) would be associated with increased autistic-

like traits in the whole sample and that those individuals with a clinical diagnosis of 

ASD would have particularly high A and possibly high A to E ratios. Furthermore, it 

was expected that these associations would occur for outcome variables that 

demonstrate a sex difference. 

2.3 Methods 

Participants 

The Raine study is a longitudinal investigation of women and their offspring 

recruited from the public antenatal clinic at King Edward Memorial Hospital or 

surrounding private clinics, between May 1989 and November 1991. The sample 

consisted of 2900 women who had a specific gestational age (between 16 and 20 

weeks), English language skills, an expectation to deliver at King Edward Memorial 

Hospital, and an intention to remain in Western Australia to enable future follow-up 

of their child [51]. By the end of the recruitment period, 2868 live births (96 %) were 

available for follow-up. Informed consent was obtained from all mothers and 

offspring who participated. The Human Ethics Committee at King Edward Memorial 

Hospital and/or Princess Margaret Hospital for Children in Perth approved 

participant recruitment and all followups of the study families.  



 

Chapter 2 67 

Measures  

Sex steroid measurement  

Mixed arterial and venous umbilical cord blood was obtained at the birth of 

860 deliveries from the intensive ultrasound arm of the cohort which consisted of 

1415 singleton pregnancies in total. We confirmed absence of detectable maternal 

contamination by Mendelian concordance analysis of DNA from matched maternal 

and cord blood in ten randomly selected sample sets from the cohort using the 

Affymetrix genome-wide human single nucleotide polymorphisms array 6.0. 

Immediately after delivery, mixed umbilical arterial-venous (UA to UV ratio) cord 

blood was collected and allowed to clot and the resulting serum was frozen at −80 °C 

and stored without thawing until the present study was performed. Eight hundred and 

three cord blood samples (92.3 %) representing 407 male and 396 female infants had 

sufficient serum (after removal, aliquoting and archiving of 1 ml for future studies) 

for steroid analysis. In January 2010, these serum samples were thawed and analyzed 

for sex steroid content. 

Liquid chromatography-tandem mass spectrometry (LCMS/MS) was used to 

measure total testosterone (TT), A4, and DHEA as described by Keelan et al. [37]. 

E1, E2, E3, and E4 were measured by LCMS after solvent extraction, as described in 

detail by Hickey, Hart, and Keelan [36]. 

SHBG was measured by ELISA using a commercial kit (IBL International, 

Hamburg, Germany) according to the manufacturer’s instructions. All samples were 

measured in duplicate by a single operator using assay kits from the same batch. The 

inter-assay imprecision was 10 % were reanalyzed [37]. 



 

Chapter 2 68 

Calculation of bioavailable testosterone, estradiol, and estrone  

BioT (nmol/L), representing the fraction of total testosterone either free 

(unsequestered by SHBG) or bound to serum albumin, was calculated using the 

following formula [37] 

BioT = [free testosterone] + [albumin-bound testosterone] 

Free testosterone was calculated using the empirical method and formula 

described by Sartorius and colleagues [52]. Albumin levels were adjusted using 

published reference values to take into account the decrease in serum albumin 

concentrations with gestational age [53]. Bioavailable concentrations of E1 (BioE1) 

and of E2(BioE2) were calculated using the method described by Mazer [54] and 

adjusted accordingly as described in detail by Hollier et al. [23].  

Composite measures  

The calculated composites take into account the biological potency, binding 

affinity, and unbound proportion of the sex steroids. Each steroid is weighted 

according to its biological potency and the following formulas are used: 

Androgen composite = BioT + 0.1[A4] + 0.01[DHEA] 

Estrogen composite = BioE2 + 0.5[BioE1] + 0.1[E3] + 0.02[E4] 

The formulas used to calculate the composites are explained in detail in Hollier et al. 

[23]. The A to E ratio was calculated by dividing the androgen composite by the 

estrogen composite. 

ASD diagnosis  

Diagnoses were recorded at the 5-, 8-, 10-, 14-, and 17-year follow-ups by 

asking the parent if a diagnosis of ASD had ever been made by health professionals. 

Diagnoses were obtained based on the consensus of a speech-language pathologist, 

psychologist, and pediatrician as mandated in Western Australia. 
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Autism-spectrum quotient (AQ) 

The AQ was completed by participants at age 19 or 20 years with the 

exception of adults with a known diagnosis of any intellectual disability or ASD (due 

to ethical concerns). The AQ is a 50-item self-report questionnaire designed to 

measure autistic-like traits in the general population (Baron-Cohen et al. [55]). The 

items were scored on a 1–4 scale that has been shown to retain more information (see 

[56]) than the dichotomous scoring described by Baron-Cohen et al. [55]. In contrast 

to the subscale structure proposed by Baron-Cohen et al. [55], factor analyses of the 

AQ have identified varying factor structures [56–58]. In the current study, we 

divided items into the three subscales identified in a previous study of Western 

Australian young adults [59]: social skills (13 items), details/patterns (7 items), and 

communication/mindreading (8 items). For the current data set, internal reliability 

(α) for the scales was 0.63 for communication/mind-reading, 0.78 for 

details/patterns, and 0.85 for social skills. Scores for the items within each subscale 

were then summed to provide a quantitative measure of that particular autistic-like 

trait, with higher scores representing more autistic-like traits. 

Sample characteristics  

A number of additional variables were recorded at various time points. 

Sociodemographic variables (maternal age at conception, maternal education, family 

income) were recorded at 18 weeks’ pregnancy, antenatal variables (maternal 

smoking and alcohol consumption during pregnancy) at 34 weeks’ pregnancy, and 

obstetric variables (gestational age, offspring gender, parity, Apgar scores 5 min after 

delivery) at birth. Proportion of optimal birth weight was also calculated based on the 

ratio of the observed birth dimension to the optimal birth dimension for that 

individual neonate [60]. This provided a measure of the appropriateness of fetal 
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growth. Further investigation of these variables was carried out to assess the 

representativeness of the individuals whose cord blood sex steroids and AQ data 

were available compared to the broader cohort with sex steroid data.  

Statistical analysis  

As a preliminary check, a principal component analysis with a direct oblimin 

rotation was conducted on the seven sex steroid variables to determine if the 

androgensand estrogens formed two separate factors. As expected, the variables 

loaded on two components with the estrogens loading on the first component (range 

of loadings 0.76 to 0.88) and the androgens on the second (range 0.63 to 0.72), with 

cross loadings no higher than 0.46. The literature suggests that prenatal testosterone 

exposure may exert varying effects between sexes [43]. As a result, all subsequent 

analyses were carried out after segregating by sex.  

Our hypothesis was that the A composite (and perhaps the A to E ratio) 

contributes to between sex differences in autistic-like characteristics. Therefore, 

independent sample t tests were conducted in order to determine if sex differences 

existed. This was followed by correlational and hierarchical multiple linear 

regression analyses using the sex steroid variables to predict AQ scores. For the 

regression analyses, covariates that showed a correlation with the outcome variable 

(score on relevant AQ scale) at the level of p < .2 were included in the first block 

using the enter method, while each predictor variable (A, E or A to E ratio) was 

added in the second block.  

The data were then investigated categorically to determine whether sex 

steroid exposure was associated with high scores on the AQ and its subscales. High 

scores were defined as scores in the upper decile of a particular scale. Sex 

differences were examined via chi-square analyses, and scales that demonstrated a 
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significant sex difference were examined in relation to sex steroid composite values. 

For these scales, chi-square analyses were conducted separately for each sex by 

forming quartiles of androgen, estrogen, and A to E ratios and cross-tabulating these 

with high scores on the particular AQ scale. Any significant difference on any scale 

was followed up with multivariate logistic regression, following the same two-step 

procedure outlined for the multivariate linear regression analyses. For all analyses, 

an alpha level of 0.05 was adopted.  

Additional analyses of androgen levels, estrogen levels, and their ratios in 

individuals with an ASD diagnosis were conducted. Z score conversions of these 

values enabled them to be compared to the wider sample. 

2.4 Results 

Sample characteristics 

Sex steroid data were available for 860 children. Of these, 705 (82 %) 

provided additional diagnostic data at the 5-, 8-, 10-, 14-, or 17-year follow-ups. Of 

those who had sex steroid and postnatal diagnostic data available, 183 of 364 (50.2 

%) males and 189 of 341 (55.4 %) females also completed the AQ. Although age 

was significantly different for males (M = 20.10, SD = 0.65) and females (M = 

19.92, SD = 0.68) who completed the AQ, t(370) = 2.64, p = .01, this difference was 

small, Cohen’s d = 0.27. A chi-squared analysis was used to compare the 

characteristics of those who did and did not complete the AQ within the sample of 

those who had available sex steroid data. Table 1 presents the characteristics of the 

two groups. The mothers of those who did not complete the AQ were more likely to 

be younger, less likely to have completed secondary school, smoke cigarettes and 

drink alcohol while pregnant as well as earn an income less than the government-

defined poverty line of $AUD 24,000. However, there was no difference between 
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individuals who did and did not complete the AQ in terms of gestational age at birth, 

proportion of optimal 
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Table 1. Characteristics of those who did and did not complete the AQ 
Categorical variables Completed AQ  

(n = 372) 

Did not complete AQ  

(n = 333) 

 

 Number n (%) Number n (%) p value 

Maternal age at birth 364  321  <.01 

<20  19 (5.2)  32 (10)  

20-24  65 (17.9)  73 (22.7)  

25-29  90 (24.7)  108 (33.6)  

30-34  119 (32.7)  76 (23.7)  

35+  71 (19.5)  32 (10)  

Maternal education at pregnancy 364  321  <.01 

Completed secondary school  155 (42.6)  216 (67.3)  

Did not complete secondary 

school 

 209 (56.2)  105 (32.7)  

Family income below poverty 

line 

362  319  <.01 

Yes  115 (31.8)  149 (46.7)  

No  247 (66.4)  170 (53.3)  

Maternal smoking in pregnancy 364  321  <.05 

None  291 (79.9)  224 (69.8)  

1-10 cigarettes daily  42 (11.5)  56 (17.4)  

11+ cigarettes daily  31 (8.5)  41 (12.8)  

Maternal alcohol intake during 

preganancy 

364  321  <.05 

None  199 (54.7)  213 (66.4)  

Once a week or less  141 (38.7)  88 (27.4)  

Several times a week or more  24 (6.6)  20 (6.2)  

Gestational age 364  321  .87 

< 32 weeks  3 (0.8)  7 (2.2)  

32 to 37 weeks  64 (17.6)  48 (15.0)  

38 to 40 weeks  230 (63.2)  211 (65.7)  

> 40 weeks  67 (18.4)  55 (17.1)  

Proportion of optimal birth 

weight 

370  333  .39 

< 90  117 (31.6)  96 (28.8)  

90 to 110  206 (55.7)  184 (55.3)  

> 110  47 (12.7)  53 (15.9)  

Sex 372  333  .11 

Male   183 (49.2)  181 (54.4)  

Female  189 (50.8)  152 (45.6)  

Apgar score 364  320  .94 

Generally normal  351 (96.4)  309 (96.6)  

Fairly low  13 (3.6)  11 (3.4)  

Critically low  0  0  

Parity 372  333  .51 

0  167 (44.9)  159 (47.7)  

1  121 (32.5)  96 (28.8)  

>1  84 (22.6)  78 (23.4)  
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birth weight, parity or Apgar scores 5 min after birth. There was no significant 

difference between males who did or did not complete the AQ in androgen, t(362) = 

0.86, p = .39, estrogen, t(362) = 1.47, p = .14, or ratio, t(337.07) = 1.21, p = .23, 

composite values. Females who did versus did not complete the AQ did not differ 

significantly in androgen, t(339) = 1.09, p = .28, or estrogen, t(339) = 0.81, p = .42, 

composite values. However, females who completed the AQ (M = 0.0046, SD = 

0.0025) had a significantly lower A to E composites ratio than females who did not 

complete the AQ (M = 0.0064, SD = 0.0099), t(339) = 2.43, p < .05, Cohen’s d = 

0.25. 

Sex differences in sex steroid composite values and AQ scores  

Table 2 shows descriptive statistics for the sex steroid (androgen composite, 

estrogen composite, and A to E ratio) and AQ variables for males and females. 

Independent sample t tests were used to examine any sex differences after a 

logarithmic transformation was applied to any variables for which |skewness| >1. 

The results of these analyses are presented in Table 2. Analysis of the sex steroid 

composites and ratio revealed that males had significantly higher androgen levels 

compared to females (p < .01) and a higher A to E ratio (p < .05); however, there was 

no significant difference in estrogen levels between sexes. 

Analyses of the AQ scores revealed that males scored significantly higher 

than females on the details/patterns subscale (p < .01) and there was a trend towards 

significantly higher scores for males on the total AQ score (p = .05). No sex 

differences were found on the social skills or the communication/mindreading 

subscales. 

Sex steroid composite values and AQ scores  

Spearman’s rank order correlations were conducted to investigate  
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Table 2. Mean (SD) for sex steroid variables and autism-spectrum quotient (AQ) scores 

 Males (N = 183) Females (N = 189) p value Cohen’s d 

Androgen composite 0.45 (0.27) 0.39 (0.16) .003 0.27 

Estrogen composite 98.66 (46.20) 98.84 (45.19) .998 0.004 

Androgen to estrogen 

ratio 

0.0052 (0.0027) 0.0046 (0.0026) .02 0.23 

AQ      

    Total 104.49 (10.56) 102.10 (12.26) .05 0.21 

    Social skills 24.69 (5.58) 23.66 (5.86) .08 0.18 

    Details/ patterns 20.15 (4.64) 18.71 (4.34) .002 0.32 

    Communication/ 

     mindreading 

15.02 (2.88) 15.43 (3.50) .21 0.13 

relationships between the sex steroid variables and AQ variables separately for males 

and females. All correlations were non-significant as displayed in Table 3. Analyses 

were also conducted according to the original (dichotomous) AQ scoring and five-

subscale structure, but again no significant correlations were demonstrated. 

Categorical analyses  

Chi-square analyses revealed a sex difference in the proportion of individuals 

with high scores for one AQ subscale only. Males (13 %) were significantly more 

likely than females (5.3 %) to have a high score (i.e., fall in the upper decile) on the 

details/patterns subscale, χ2 = 6.85, df = 1, p < .01. No other sex differences were 

observed. Quartile cutoffs for androgen, estrogen, and A to E ratio composite values 

for males and females are shown in Table 4. Upper decile cutoffs for the subscales of 

the AQ were ≥118 (total score), ≥32 (social skills), ≥26 (details/ patterns), and ≥18 

(communication/mindreading). Chisquare analyses revealed that the proportion of 
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Table 3. Spearman’s correlations (p value) between sex steroid values and scores on the autism-spectrum quotient (AQ) for males and females 

 Androgen composite Estrogen composite A:E Ratio 

 Males Females Males Females Males Females 

Alternative scoring 

1. Total 

 

0.07 (.33) 

 

0.11 (.13) 

 

0.11 (.13) 

 

0.08 (.30) 

 

-0.02 (.83) 

 

0.03 (.71) 

2. Social Skills 0.01 (.90) -0.02 (.76) 0.06 (.41) -0.05 (.52) -0.01 (.94) 0.05 (.49) 

3. Patterns/ Details 0.01 (.87) -0.01 (.92) 0.01 (.91) 0.07 (.31) 0.03 (.69) -0.03 (.69) 

4. Communication/ Mindreading 0.06 (.46) 0.04 (.56) -0.01 (.92) 0.06 (.41) 0.02 (.81) -0.01 (.94) 

Table 4. Sex steroid quartile cutoffs for males and females 

 Androgen composite Estrogen composite A:E Ratio 

 Males Females Males Females Males Females 

Lower quartile < 0.33 < 0.29 < 64.15 < 65.53 < 0.0033 < 0.0029 

Quartile 2 0.33-0.41 0.29- 0.37 64.16-90.14 65.53- 90.94 0.0033- 0.0044 0.0029- 0.0040 

Quartile 3 0.42-0.51 0.37-0.46 90.15- 127.42 90.95-123.92 0.0045- 0.0066 0.0041- 0.0053 

Upper quartile > 0.51 > 0.46 > 127.42 > 123.92 > 0.0066 >0.0053 
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high scores on the details/patterns subscale of the AQ did not significantly vary as a 

function of androgen (χ2 = 2.62, df = 3, p = .45), estrogen (χ2 = .49, df = 3, p = .92), 

or ratio (χ2 = 3.20, df = 3, p = .36) quartiles in males. Similarly, in females, the 

proportion of high scores did not vary as a function of estrogen (χ2 = 1.93, df = 3, p 

= .59) or ratio (χ2 = 2.14, df = 3, p = .54) quartiles. However, the AQ details/patterns 

scores did vary significantly as a function of androgen quartiles (χ2 = 8.52, df = 3, p 

< .05, ϕ = 0.21) where females who fell in quartile 2 (the second lowest quartile) in 

androgen composite values were more likely (36.1 %) than the females in any other 

quartile to have a high score on the details/patterns AQ subscale. As a follow-up to 

the chi-square analysis for females, a binary logistic regression analysis was carried 

out to ascertain the effect of androgen quartile on the likelihood of scoring high on 

the details/patterns AQ subscale. The logistic regression model was statistically 

significant, χ2 (5) = 13.90, p < .05. The model explained 11.5 % (Nagelkerke R2 ) of 

the variance in details/patterns subscale scores and correctly classified 78.1 % of 

cases. Females whose androgen levels fell into quartile 2 were 0.34 times more likely 

to have a high score in the details/patterns subscale after controlling for covariates.  

Clinical ASD 

Five children had received a diagnosis of ASD. One male and one female had 

been diagnosed with autistic disorder and three males had been diagnosed with 

Asperger’s disorder. Table 5 presents sex-specific Z scores for the androgen, 

estrogen, and A to E values of the individuals with ASD. All but one of the Z scores 

indicated that sex steroid values were within one standard deviation of the 

sexspecific means. The only exception was a male diagnosed with Asperger’s 

disorder whose estrogen composite value was slightly more than one standard 

deviation below the mean (E = 43.12 nM/L, Z = −1.13).  
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Table 5. Cord blood sex steroid raw values and sex-specific Z scores for each individual diagnosed with ASD 

  Androgen composite Estrogen composite Ratio  

 Sex Raw value 

(nM/L) 

Sex- specific Z 

score 

Raw value 

(nM/L) 

Sex- specific Z 

score 

Raw value 

(nM/L) 

Sex -specific Z 

score 

Asperger 1 Male 0.41 -0.11 43.12 -1.13 0.0096 0.51 

Asperger 2 Male 0.33 -0.48 80.94 -0.31 0.0041 -0.26 

Asperger 3 Male 0.28 -0.68 68.60 -0.58 0.0041 -0.25 

Autism 1 Male 0.38 -0.26 98.04 0.06 0.0039 -0.29 

Autism 2 Female 0.31 -0.48 104.54 0.16 0.0030 -0.35 
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Sample attrition  

Previous analyses suggest those who completed the AQ may be biased in terms 

of socioeconomic factors compared to those who did not. As a result, final post hoc 

analyses examined whether total AQ scores varied according to these factors. 

Independent sample t tests were conducted and it was found that AQ scores were 

significantly higher, t(360) = 2.15, p < .05, for those participants whose mother was 

living below the poverty line during pregnancy (M = 105.19, SD = 11.38) compared 

to those whose mother was not (M = 102.39, SD = 11.63). Similarly, total AQ scores 

were significantly higher, t(360) = 1.93, p < .05, for the children of mothers who did 

not complete secondary education (M = 104.32, SD = 10.53) compared to the 

children of mothers who did complete secondary education (M = 101.96, SD = 

12.56). Analyses of variance showed that AQ scores did not differ significantly as a 

function of maternal age at conception, F(4, 359) = 0.21, p = .92, maternal smoking 

during pregnancy F(2, 361) = 0.95, p = .39, or alcohol consumption during 

pregnancy, F(2, 361) = 1.83, p = .16. 

2.5 Discussion 

The current study explored the relationship between perinatal sex steroids and 

autistic-like traits in young adulthood. To assess perinatal steroid exposure, 

composites of biologically active androgens and estrogens in umbilical cord blood 

were calculated, along with their ratio. This study is therefore unique in both its 

biological methodology (composite sex steroid calculation and umbilical cord 

sampling) and the nature of the longitudinal data collected (sample size and period 

over which data were collected). Males demonstrated significantly higher androgen 

and higher A to E composite ratios than females, though these effects were small. In 

contrast, estrogen levels did not differ significantly between sexes. The significant 
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sex differences in levels of androgens and A to E composite ratio are consistent with 

previous studies suggesting that males have elevated androgen levels perinatally 

compared to females [37]. 

In regard to sex differences on the AQ, males scored significantly higher than 

females on the details/patterns subscale. This contrasts with two previous studies that 

involved Dutch parent and student samples and a Scottish student sample. These 

studies showed significantly higher scores for males in the total AQ score and in the 

social skills subscale but not in the details/patterns subscale [57, 61]. The contrasting 

results found here may reflect cultural differences between samples. It may also be 

that the Raine cohort represents a more general population sample as opposed to the 

student and parent samples involved in the two previous studies.  

In contrast to our hypotheses, correlational and regression analyses of 

continuous variables revealed no significant relationships between sex steroid 

variables and AQ scores. In other words, composite indices of concentrations of 

androgens and estrogens that took into account a wider range of biologically active 

sex steroids, as well as their ratio, did not relate to the total AQ score or any of the 

three subscales. Interestingly, when the data were analyzed categorically, inclusion 

of covariates in the logistic regression resulted in a small effect being found for 

females, whereby those whose levels of androgens were in the second lowest quartile 

scored significantly higher than those who scored in the other quartiles on the 

details/patterns subscale. This result, however, is likely to be spurious given (a) the 

lack of sex differences found in the outcome measure, (b) the large number of 

analyses conducted, and (c) that animal models generally demonstrate linear 

relationships between androgens within the normal range and behavior. Therefore, 

the overall pattern of results indicate that the perinatal composites of androgens and 
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estrogens as well as their ratio are not significantly related to autistic-like traits at age 

19 and 20 in the general population. This further supports the null results found by 

Whitehouse et al. (2012) where testosterone concentrations were found to not 

significantly predict AQ scores in the Raine cohort. 

It was hypothesized that a high A composite (and possibly A to E ratio) would 

predict higher scores on the AQ and that those individuals with a clinical diagnosis 

would have particularly elevated A composites (and perhaps A to E ratios). In the 

current cohort, five participants had a known diagnosis of ASD. Contrary to 

expectations, those participants with an ASD diagnosis did not, overall, display 

atypical sex steroid values with all but one falling within one standard deviation of 

the mean for the wider sample. Hence, our findings did not support our primary 

hypothesis. 

There are several possible explanations for the lack of relationship between 

cord blood sex steroid measures and self-reported autistic-like traits on the AQ. First, 

it may be that prenatal sex steroids exert organizational effects predominantly during 

the theorized sensitive period that occurs in early gestation (weeks 8–24). Research 

conducted by Baron-Cohen and colleagues as part of the Cambridge Fetal 

Testosterone Project has so far demonstrated several relationships between early 

social markers and prenatal testosterone levels obtained via amniocentesis [27–30]. 

However, organizational effects may occur during several periods, and furthermore, 

these periods may change depending on the area of development in which the effects 

are exerted. 

Perhaps the sex steroid levels and interactions that affect aspects of brain 

development leading to certain autistic-like traits (e.g., those such as early social 

behaviors) occur early in gestation whereas sex steroids may influence other 
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neurodevelopmental characteristics (e.g., language development) later in gestation. 

For example, previous studies have found relationships between perinatal 

testosterone in cord blood and delay in early language development in boys [40, 43]. 

There is neural evidence to support the development of brain regions in the third 

trimester of pregnancy that are central to language. During this period, the 

appearance and growth of the gyri associated with the posterior and frontal areas, 

including perisylvian structures, occurs [62, 63]. These structures, including the 

planum temporal, pars triangularis, and the inferior frontal gyrus, are suggested to 

relate to language function [64, 65]. Furthermore, postmortem [66–68] and 

neuroimaging [69, 70] studies have found atypical perisylvian structures among 

children with developmental language difficulties. Therefore, the 

neurodevelopmental influence of steroids in the perinatal period may be informative 

for language development.  

Future investigation could further delineate the periods of gestation in which 

sex steroids may play a part in different aspects of brain development and determine 

how we might go about measuring the factors that contribute to this development in a 

non-intrusive and safe manner in order to be able to relate these factors to behavior 

later in life.  

Another potential explanation for these results is that the extent to which sex 

steroids are biologically active is not solely determined by potency and amount. The 

distribution and functionality of androgen receptors present in the fetus may also be 

important as receptors are responsible for the binding and translocation of androgens 

to the nucleus of cells. Furthermore, the functionality of these receptors is 

determined by the androgen receptor gene which affects the sensitivity of the fetus to 

androgens [71]. Studies have found that defects in this gene can result in complete or 



 

Chapter 2 83 

partial androgen insensitivity whereby complete insensitivity results in genotypic 

males presenting as phenotypic females [72, 73]. The cysteine, adenine, and guanine 

(CAG) repeat sequence in the androgen receptor (AR) gene, located at Xq11-12, has 

been known to affect serum testosterone levels. More repeats have been shown to be 

related to diminished androgen sensitivity and result in a negative feedback loop that 

increases androgen production [74]. Studies have demonstrated that AR-CAGn and 

serum testosterone levels are positively correlated in males [75] and inversely 

associated in females [76]. Similarly, estrogen uptake relies on the dispersion of 

estrogen-specific receptors. In addition, other sex steroids such as progesterone and 

xenoestrogens may have possible prenatal influences on the developing brain [77, 

78]. Examining sex steroid receptors, their genetic counterparts, and other possible 

influencing sex steroids is another important direction for research in understanding 

the complexities of prenatal brain development. 

Those individuals whose mother was living below the poverty line as well as 

children of mothers who did not complete secondary education had significantly 

higher AQ scores. This is consistent with a recent populationbased study in Sweden 

where low socioeconomic status was found to be a risk factor for ASD [79]. It may 

be that socioeconomic factors are a risk factor for genetic and or environmental 

vulnerabilities related to the broad autism phenotype. It is important to note that the 

direction of causation is unknown, and it may be that parents with autistic-like traits 

are less likely to complete secondary education and more likely to live below the 

poverty line. These parents may have children who are more likely to have autistic-

like traits. 

When examining sample attrition characteristics, it was found that the mothers 

of the individuals who did not complete the AQ were socioeconomically 
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disadvantaged and were more likely to be younger, less educated to a secondary 

level, have an income below the poverty line, smoke cigarettes, and drink alcohol 

while pregnant, relative to the mothers of those who did complete the AQ. However, 

sex steroid levels did not differ significantly between males who did and did not 

complete the AQ. In females, those who completed the AQ did have significantly 

lower A to E ratios compared to the women who did not complete the questionnaire, 

but this effect was only small. These results suggest socioeconomic status in the 

current study may have influenced drop out such that those with lower income were 

more likely to drop out before completing the AQ. 

2.6 Conclusions 

In summary, the current study provides no evidence to suggest that perinatal 

androgens, estrogens, or the A to E ratio sampled via cord blood predicts autistic-like 

traits in young adulthood. However, it does confirm expectations that higher 

androgen composite values and higher A to E ratios in males are present perinatally. 

It may be that different organizational effects occur early in gestation to those of late 

gestation, and that these are not evident in the circulating steroid profile at delivery. 

It is important to note that the nature of sex steroid receptors and genetic influences 

may play a part in brain development and hence the development of autistic-like 

traits.
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3.1 Abstract 

Sex differences in verbal and nonverbal abilities are a contentious area of research. 

Prenatal steroids have been shown to have masculinizing effects on the brain that 

may affect the development of nonverbal and verbal abilities in later life. The current 

study examined a wide range of biologically active sex steroids (both androgens and 

estrogens) in umbilical cord blood at birth in a large pregnancy cohort in relation to 

performance on nonverbal (Raven’s Coloured Progressive Matrices) and verbal 

(Clinical Evaluation of Language Fundamentals-3 and the Peabody Picture 

Vocabulary Test-III) measures at age 10 years. Overall, Androgen and Estrogen 

composites in cord blood were not found to be predictive of performance on verbal 

and nonverbal measures at age 10. These data suggest that late gestation sex steroids 

do not exert a major effect on nonverbal and verbal abilities in middle childhood.  

.  
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3.2 Background 

Sex differences in cognition have been a long standing subject of investigation 

[1-4]. One aspect of interest is that of sex differentiated performance in nonverbal 

versus verbal domains. Males have been found to outperform females in nonverbal 

tasks such as spatial perception, spatial visualization [5] and mental rotation tasks [6-

9]. Conversely, females have been shown to outperform males in the domain of 

verbal abilities [1] in tasks such as verbal fluency [10] and vocabulary [11]. 

However, there remains significant variation in the size and presence of effects that 

is dependent on the task and sample involved [5, 12, 13]. 

Possible causes for these cognitive sex differences have seen extensive research 

attention [1, 14]. There has been growing interest in the impact of biological 

influences, such as sex steroids, on the developing brain during prenatal life [15, 16]. 

Sex steroids are hypothesized to exert an ‘organisational effect’ on the fetal brain 

that has long lasting effects on cognition [17, 18]. Examining prenatal sex steroids in 

relation to cognition not only enhances our understanding of the mechanisms 

underlying typical brain development, but may also expand our knowledge of 

prenatal factors affecting atypical neurodevelopmental conditions such as Autism 

Spectrum Disorder [19-21].  

Previous research has linked sex steroids to nonverbal abilities [22-24]. In 

particular, androgens are hypothesized to have masculinizing effects on the fetal 

brain [15, 25]. Androgens may therefore contribute to improved performance in tasks 

that are typically associated with male superiority, such as nonverbal tasks. For 

example, females with congenital adrenal hyperplasia (a condition associated with 

high prenatal androgen exposure) have been shown to exhibit superior performance 

on tasks involving mental rotation [26-29]. In contrast, males with CAH show 
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impaired performance relative to controls [30]. Furthermore, direct measurement in-

utero of amniotic fluid testosterone has linked higher testosterone concentrations to a 

faster rate of rotation on a mental rotation task in girls, but a slower rate in boys [31]. 

Though the relationship between nonverbal abilities and sex steroids are not widely 

studied, a positive linear relationship has been found linking testosterone to 

nonverbal ability in males [32]. 

Whilst androgens have received the most attention in the literature, estrogens 

such as estradiol may promote brain masculinisation and/or defeminisation via 

aromatization (the conversion of androgens to estrogen), particularly in male rodents 

[33]. The relationship in humans between estrogens and nonverbal abilities is not as 

commonly examined.  Sprague Dawley rats exposed to perinatal estradiol 

demonstrated improved accuracy in spatial ability on a radial-arm maze task [34]. 

Furthermore, levels of circulating estradiol have been linked to improved mental 

rotation task performance in women [35].  

Prenatal sex steroids have less commonly been examined in relation to verbal 

abilities and findings are mixed. One study demonstrated an inverted u-shaped 

relationship between amniotic testosterone concentration and language 

comprehension and classification in 4-year-old girls, but not in boys [36]. Another 

study found that amniotic testosterone concentration was inversely related to 

vocabulary size at 18 and 24 months. However, this relationship was significant only 

when both sexes were examined together and not separately [37]. More recent 

studies involving the Western Australian Pregnancy (Raine) Cohort have 

demonstrated inverse relationships between perinatal bioavailable testosterone 

concentrations in umbilical cord blood and pragmatic language at age 10 in girls [38] 

and expressive vocabulary in boys at age 2 [39]. Higher cord-blood testosterone 
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concentration has also been linked to significant language delay in males between the 

ages of 1 and 3 [40]. Interestingly, in this last study, perinatal testosterone was a 

protective factor in females between the ages of 1 and 3 whereby it was associated 

with improved language.  

Overall, the existing research examining verbal and nonverbal abilities and sex 

steroids is inconsistent. There is significant variation in age of participants, sample 

size, sex steroid sampling method, and type of verbal and nonverbal abilities 

measured. The current study builds on previous literature in several ways. First, we 

examined a range of biologically active androgens including Androstenedione (A4) 

and dehydroepiandrosterone (DHEA), which have been associated with weak 

masculinizing effects [41, 42]. Moreover, these pro-hormones are also involved in 

sex steroid pathways that are closely linked to the synthesis of other androgens as 

well as estrogens [43]. We also investigated a range of biologically active estrogens 

(estrone, estetrol, estriol and estradiol). This enabled us to examine biologically 

active estrogens and androgens in relation to cognition. 

Secondly, we examined sex steroids in a large pregnancy cohort by directly 

measuring sex steroids in umbilical cord blood at birth. Direct methods of sampling 

steroids include amniotic fluid, maternal blood and umbilical cord blood sampling. 

Whilst these methods all have strengths and weaknesses (see [44-46], cord blood 

sampling is considered to be the most representative method whereby its 

comparatively less intrusive nature allows for the measurement of sex steroids in 

larger samples involving the general population.  

Finally, no study has yet investigated sex steroids in cord blood and examined 

their relationship to both nonverbal and verbal cognitive abilities in middle 

childhood. Hence the current study attempted to do this. Androgen and estrogen 
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composites were calculated according to a novel method proposed by Hollier et al. 

[47]. This method weights the biological activity of each steroid to form composites 

for both androgens and estrogens. These composites were then analysed in relation to 

verbal measures and nonverbal measures administered at age 10. Based on the 

existing literature it would be expected that females outperform males on verbal 

measures (CELF-3 and PPVT-III) and vice versa on the nonverbal measure (RCPM). 

In particular the RCPM has been found in a meta-analysis to demonstrate a small but 

significant advantage for males compared to females. The authors hypothesize that 

this may be due to the greater visualization component involved as compared to the 

original Standard Progressive Matrices in which sex differences are not apparent at 

age 10 [48]. In addition, the Androgen composite would be expected to negatively 

predict verbal scores and positively predict nonverbal scores and these effects may 

differ according to sex. The nature of the relationship between the Estrogen 

composite values and subsequent scores on verbal and nonverbal measures is 

unclear. 

3.3 Methods 

Participants 

Participants were recruited from the Raine study in Western Australia. The 

original samples involved 2,900 women recruited from the public antenatal clinic at 

King Edward Memorial Hospital or surrounding private clinics between May 1989 

and November 1991. The pregnant women had a gestational age of between 16 and 

20 weeks, delivered at King Edward Memorial Hospital, had English language skills 

and had the intention to remain in Western Australia for subsequent follow ups [49]. 

In total, 2,868 (96%) births were available for follow-up. Written informed consent 

was obtained from mothers and guardians who participated, this was documented on 
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paper and stored securely in a locked cabinet. The mothers provided consent when 

pregnant, parents or guardians at age 10. Participant recruitment, consent and all 

follow-ups were approved by the Human Ethics Committee at King Edward 

Memorial Hospital and/ or Princess Margaret Hospital for Children in Perth. 

Procedure 

Cord blood was obtained from offspring of the Raine cohort at birth. The 

children were seen at multiple time points (every 2-3 years) for comprehensive 

phenotyping. At age 10, participants completed the Clinical Evaluation of Language 

Fundamentals-3 (CELF-3) and the Peabody Picture Vocabulary Test third edition 

(PPVT-III) as verbal measures and the Raven’s Coloured Progressive Matrices 

(RCPM) as a nonverbal measure. 

Measures 

Sex steroid measurement 

Mixed arterial and venous umbilical cord blood was collected at the birth of 

860 deliveries as previously described [21]. Immediately after delivery, mixed 

umbilical arterial-venous (UA:UV) cord blood was collected, allowed to clot and the 

resulting serum was frozen at -80ºC and stored without thawing until the present 

study was performed. Eight hundred and three cord blood samples (92.3%) 

representing 396 female and 407 male infants had sufficient serum (after removal, 

aliquoting and archiving of 1 ml for future studies) for steroid analysis. In January 

2010, these serum samples were thawed and analysed for sex steroid content by 

liquid chromatography-tandem mass spectrometry described by Keelan et al. [50]. 

SHBG was measured by ELISA according to the manufacturer’s instructions (IBL 

International, Hamburg, Germany). The inter-assay imprecision was <4.5% (n = 25). 

Intra-assay variation was 5.2% (n = 860). Samples with an initial replicate coefficient 



 

Chapter 2 103 

of variation (CV) of >10% were reanalyzed [50]. The androgens measured were 

testosterone, androstenedione (A4) and dehydroepiandrosterone (DHEA). The 

estrogens examined were estrone (E1), estradiol (E2), estriol (E3) and estetrol (E4). 

Calculation of bioavailable testosterone, estradiol and estrone 

The following formula was used to calculate BioT (nmol/L), representing the 

fraction of total testosterone either free (unsequestered by SHBG) or bound to serum 

albumin [50]. 

𝐵𝑖𝑜𝑇 =  [𝑓𝑟𝑒𝑒 𝑡𝑒𝑠𝑡𝑜𝑠𝑡𝑒𝑟𝑜𝑛𝑒]  +  [𝑎𝑙𝑏𝑢𝑚𝑖𝑛 − 𝑏𝑜𝑢𝑛𝑑 𝑡𝑒𝑠𝑡𝑜𝑠𝑡𝑒𝑟𝑜𝑛𝑒] 

Free testosterone was calculated using the empirical method and formula 

described by [51]. Albumin levels were adjusted using published reference values to 

take into account the decrease in serum albumin concentrations with gestational age 

[52]. Bioavailable concentrations of E1 (BioE1) and of E2 (BioE2) were calculated 

using the method described by Mazer [53] and adjusted accordingly as described in 

detail by Hollier et al. (2014). 

Composite measures 

The calculated composites take into account the biological potency, binding 

affinity and unbound proportion of the sex steroids. Each steroid is weighted 

according to its biological potency and the following formulae are used:  

𝐴𝑛𝑑𝑟𝑜𝑔𝑒𝑛 𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =  𝐵𝑖𝑜𝑇 +  0.1[𝐴4]  +  0.01[𝐷𝐻𝐸𝐴] 

𝐸𝑠𝑡𝑟𝑜𝑔𝑒𝑛 𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =  𝐵𝑖𝑜𝐸2 +  0.5[𝐵𝑖𝑜𝐸1]  +  0.1[𝐸3]  +  0.02[𝐸4] 

The formulae used to calculate the composites are explained in detail in 

Hollier et al. (2014).  

The Clinical Evaluation of Language Fundamentals-3 

The Clinical Evaluation of Language Fundamentals-3 (CELF-3; [54]) is a 

widely used language assessment that measures expressive and receptive language 
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ability in individuals aged 6 to 21. The assessment takes approximately 30 to 45 

minutes to complete. In children older than 9, the test includes two domains, with 

four subscales measuring receptive language (Concepts and Directions, Semantic 

Relations, Word Classes, Recalling Sentences) and three subscales measuring 

expressive language (Sentence Assembly, Formulated Sentences, Recalling 

Sentences). The CELF-3 has been shown to have sound psychometric properties 

including high internal consistency (.83 - .95). As part of the analyses of the current 

study, sex differences in CELF-3 scores are examined. For this reason we elected to 

use raw scores as opposed to the sex-specific standard scores.  

The Peabody Picture Vocabulary Test third edition 

The Peabody Picture Vocabulary Test third edition (PPVT-III;[55]) is a 

commonly administered standardised test examining verbal ability including 

receptive vocabulary knowledge and comprehension. It is an individually 

administered, norm referenced test designed for individuals aged 2.5 to 90. There are 

204 items and each page consists of four black and white line drawings. The 

examiner instructs the participant to “Put your finger on ___, Show me ____, or 

Find” the named target stimulus. A raw score is calculated by summing scores across 

items and then a standard score (M= 100, SD= 15) is derived. The PPVT-III has 

sound reliability and validity [56, 57]. 

Raven’s Coloured Progressive Matrices  

Raven’s Coloured Progressive Matrices [RCPM; 58] is a widely used measure of 

nonverbal intelligence for individuals between the ages of 5 and 11. The test consists 

of 36-items that increase in difficulty. Each item consists of a matrix of geometric 

figures with one figure missing. Individuals then select an item from options below 
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that best fits the visual pattern of the matrix. The psychometric properties of this 

measure in children are considered generally sound [59]. 

Sample characteristics 

Sociodemographic variables (maternal age at conception, maternal education, 

family income) were recorded at 18 weeks’ pregnancy, antenatal variables (maternal 

smoking and alcohol consumption during pregnancy) at 34 weeks’ pregnancy and 

obstetric variables (gestational age, offspring gender, parity, and Apgar scores) at 

birth. Proportion of optimal birth weight (POBW) was also calculated to provide an 

indicator of appropriateness of fetal growth [60]. This was based on the ratio of the 

observed birth weight to the optimal birth weight for that individual [61].  

Statistical analyses 

Scores on the CELF-3 and PPVT-III were combined to form a composite 

verbal score. This composite score along with scores on RCPM were transformed to 

z-scores to provide standardized verbal and nonverbal ability scores. Those who 

completed measures at age 10 and those who did not were compared on sex steroid 

composites, and on obstetric, antenatal and sociodemographic variables. 

Independent-samples t-tests were conducted to compare the sexes on key sex steroid 

and verbal and nonverbal measures. Any subsequent analyses were sex specific. 

Correlation analyses were conducted to examine relationships between sex steroid 

and verbal and nonverbal measures in each sex. Spearman’s rho was used to examine 

monotonic relationships and curve estimation regression analyses were conducted in 

order to account for any quadratic relationships. Any significant correlations or 

regression models were followed up with a stepwise multiple regression to determine 

the predictive ability of the sex steroid composite in relation to the outcome 

variables. Any antenatal, obstetric or sociodemographic variable that significantly 
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correlated (p <.05) with the verbal or non-verbal measure was entered in the first 

block. The composite was entered in the second block and any quadratic 

relationships were also investigated by entering the quadratic term of the sex steroid 

composite in the third block of the regression analysis.  An alpha level of .05 was 

used for all statistical analyses. 

3.4 Results 

There were 860 children who had available sex steroid data of which 464 (227 

females and 237 males) provided follow-up information at age 10 years on the 

PPVT-III, RCPM and the CELF-3. There was no significant difference in age 

between males (M = 10.63, SD = 0.17) and females (M = 10.61, SD = .18) at the 10 

year follow up, t(462) = .67, p = .50. Chi-squared analyses were conducted to 

examine any differences between those who did and did not complete the measures 

at age 10 – these are presented in Table 1. Those individuals who did not complete 

the measures at age 10 were more likely to have younger mothers, mothers who 

smoked during pregnancy and have a family income below the poverty line. In 

contrast, there was no significant difference found in maternal education at 

pregnancy, maternal alcohol intake during pregnancy, gestational age, POBW, sex, 

5-minute Apgar score or parity. There were also no significant differences between 

completers and non-completers for females on the Androgen, t(426) = 1.14, p = .26, 

or Estrogen, t(426) = 0.42, p = .67, composite, and also for males on the Androgen, 

t(429) = 1.03, p = .31, or Estrogen, t(429) = .66, p = .51, composite.  

Sex differences on sex steroids and verbal and non-verbal measures 

Table 2 presents the outcome of independent-samples t-tests conducted to 

examine sex differences on sex steroid composites and verbal and nonverbal 

measures and subscales. Males had a significantly higher Androgen composite than 
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Table 1. Characteristics of those who did and did not complete age 10 measures 

Categorical 

variables 

Completed age 10 

measures (n =464) 

Did not complete age 10 

measures (n = 396) 

 

 N n (%) N n (%) p value 

Maternal age at birth 453  376  <.01 

<20  31 (6.8)  47 (12.5)  

20-24  84 (18.5)  93 (24.7)  

25-29  124 (27.4)  111 (29.5)  

30-34  140 (30.9)  84 (22.3)  

35+  74 (16.3)  41 (10.9)  

Maternal education 

at pregnancy 

453  379  .51 

Completed 

secondary school 

 170 (37.5)  134 (35.4)  

Did not complete 

secondary school 

 283 (62.5)  245 (64.6)  

Family income 

below poverty line 

452  369  <.01 

Yes  167 (36.9)  181 (49.1)  

No  285 (63.1)  188 (50.9)  

Maternal smoking in 

pregnancy 

454  372  <.05 

None  352 (77.5)  262 (70.4)  

1-10 cigarettes daily  62 (13.7)  55 (14.8)  

11+ cigarettes daily  40 (8.8)  55 (14.8)  

Maternal alcohol 

intake during 

preganancy 

454  372  .30 

None  273 (60.1)  242 (65.1)  

Once a week or less  156 (34.4)  109 (29.3)  

Several times a week 

or more 

 25 (5.5)  21 (5.6)  

Gestational age 453  376  .38 

< 32 weeks  8 (1.8)  9 (2.4)  

32 to 37 weeks  72 (15.9)  68 (18.1)  

38 to 40 weeks  291 (64.2)  246 (65.4)  

> 40 weeks  82 (18.1)  53 (14.1)  

Proportion of 

optimal birthweight 

462  395  .45 

< 90  133 (28.8)  127 (32.2)  

90 to 110  263 (56.9)  208 (52.7)  

> 110  66 (14.3)  60 (15.2)  

Sex 464  395  .52 

Male   233 (50.2)  198.2 (50.1)  

Female  231(49.8)  197 (49.9)  

Apgar score 453  375  .10 

Generally normal  441 (97.4)  357 (95.2)  

Fairly low  12 (2.6)  18 (4.8)  

Critically low  0  0  

Parity 464  394  .06 

0  203 (43.8)  198 (50.3)  

1  154 (33.2)  103 (26.1)  

>1  107 (23.1)  93 (23.6)  
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Table 2. Mean (SD) for sex steroid variables and verbal and non-verbal measures at age 10 for males and females. 

 Females (N = 231) Males (N = 233) p value Cohen’s d 

Androgen composite 0.38 (.16) 0.43 (.16) .001** 0.31 

Estrogen composite 94.73 (46.83) 97.68 (47.64) .50 0.06 

CELF-3 total score 97.31 (14.81) 94.75 (15.15) .07 0.17 

• Concepts and directions 24.53 (4.15) 24.24 (4.31) .45 0.07 

• Word classes 23.46 (4.57) 22.33 (5.41) .02* 0.23 

• Semantic relations 15.30 (4.17) 14.81 (4.59) .23 0.11 

• Sentence assembly 11.55 (4.20) 10.43 (4.63) .01* 0.25 

• Formulated sentences 29.43 (6.61) 28.82 (6.81) .33 0.09 

• Recalling sentences 47.47 (12.57) 46.32 (12.62) .34 0.09 

PPVT-III total standard score 103.17 (12.36) 103.65 (12.38) .68 0.04 

RCPM score 31.19 (3.57) 31.17 (3.35) .96 0.01 

Total verbal z-score 0.08 (1.82) -0.052 (1.81) .45 0.07 

Note:  PPVT-III = Peabody Picture Vocabulary Test – III, CELF-3 = Clinical Evaluation of Language Fundamentals -3, RCPM = Raven’s 

Coloured Progressive Matrices.*p <.05, **p< .01.
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females, while there was no sex difference in the estrogen composite. Females scored 

significantly higher than males on the Word Classes and Sentence Assembly 

subscales of the CELF-3 (all ps < .05). No other measures exhibited a significant sex 

difference (all ps >.05). 

Relationships between sex steroid composite values and verbal and nonverbal 

measures 

Table 3 shows the outcome of Spearman rank correlations conducted on sex 

steroid composites and nonverbal and verbal measures separately for each sex. In 

females, Androgen composite values were weakly negatively correlated with Total 

verbal standard scores and with the Concepts and Directions subscale scores of the 

CELF-3 (all ps < .05). For males, Androgen composite values were weakly 

negatively correlated with the Formulated Sentences subscale scores. All other 

correlations in males and females were non-significant (all ps >.05). Sex specific 

curve estimation regression analyses were carried out on all main outcome variables 

with no statistically significant effects (all ps > .05). 

Further hierarchical multiple linear regression analyses were conducted as a 

follow-up to the significant correlations. Covariates that significantly correlated with 

the outcome variable were included in the first step, the Androgen composite at the 

second step, and the quadratic Androgen composite at the third step of the model to 

account for possible non-linear effects. In females, Androgen composite values did 

not significantly predict total Verbal scores (Table 4) or scores on the Concepts and 

Directions subscale (see Table 5) over and above the variance accounted for by 

covariates. In males, the quadratic Androgen composite did significantly predict 

scores on the Formulated Sentences subscale over and above the variance accounted 

for by covariates (see Table 6).
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Table 3. Spearman’s correlations (p value) between sex steroid values and scores on measures for males and females 

 Androgen composite Estrogen composite 

 Males Females Males Females 

CELF-3 total score -.11 (.12) -.13 (.05) -.01 (.89) .03 (.71) 

• Concepts and directions -.07 (.29) -.16 (0.01)* -.02 (.81) -.01 (.86) 

• Word classes -.09 (.17) -.09 (.20) .06 (.37) .01 (.84) 

• Semantic relations -.04 (.55) -.10 (.13) -.02 (.79) .01 (.88) 

• Sentence assembly -.09 (.19) -.10 (.15) .03 (.69) -.02 (.82) 

• Formulated sentences -.15 (.02)* - .06 (.36) -.01 (.94) -.02 (.82) 

• Recalling sentences -.06 (.36) -.10 (.15) .08 (.22) .05 (.47) 

PPVT-III total standard score -.10 (.12) -.12 ( .08) -.09 (.90) .01 (.87) 

RCPM score -.002 (.98) .01 (.85) -.06 (.40) .06 (.33) 

Total verbal z-score -.11 (.10) -.14 (.04)* .04 (.51) .01 (.84) 

Note:  PPVT-III = Peabody Picture Vocabulary Test – III, CELF-3 = Clinical Evaluation of Language Fundamentals -3, RCPM = 

Raven’s Coloured Progressive Matrices. *p <.05 
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Table 4. Outcomes of hierarchical multiple regression analyses predicting the total verbal scores in females 

  B SE B Β R2 R2 change 

Step 1 Covariates only    .08  

Step 2 Constant .66 .33    

 Maternal education .65 .26 .17   

 Maternal income -.76 ..26 -.20   

 Androgen composite -1.35 .74 -.12   

     .10 .01, p = .07 

Step 3 Constant 1.22 .51    

 Maternal education .68 .26 .18   

 Maternal income -.73 .26 -.19   

 Androgen composite -4.27 2.17 -38   

 Quadratic androgen 

composite 

3.10 2.16 .27   

     .10 .01, p = .15 
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Table 5. Outcomes of hierarchical multiple regression analyses predicting the 

Concepts and Directions subscale score in females 

  B SE B Β R2 R2 change 

Step 1 Covariates only    .09  

Step 2 Constant 23.44 1.40    

 Maternal 

education 

1.24 .58 .15   

 Maternal income -1.40 .57 -.16   

 Maternal 

language 

.70 1.17 .04   

 Maternal race 1.86 .94 .14   

 Androgen 

composite 

-2.96 1.23 -.16   

     .11 .01, p = .08 

Step 3 Constant 24.01 1.62    

 Maternal 

education 

1.27 .59 .15   

 Maternal income -1.37 .58 -.16   

 Maternal 

language 

.75 1.17 .05   

 Maternal race 1.86 .94 .14   

 Androgen 

composite 

-6.14 4.84 -.24   

 Quadratic 

androgen 

composite 

3.45 4.85 .14   

     .11 .002, p = 

.48 
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Table 6. Outcomes of hierarchical multiple regression analyses predicting the 

Formulated Sentences subscale score in males 

  B SE B Β R2 R2 change 

Step 1 Covariates only    .13  

Step 2 Constant 25.43 2.65    

 Maternal 

education 

1.57 .95 .11   

 Maternal income -3.57 .96 -.25   

 Maternal race 2.97 1.67 .12   

 Birth weight 

category 

.92 .70 .09   

 Maternal alcohol 

consumption  

1.24 .75 .11   

 Androgen 

composite 

-1.82 2.83 -.04   

     .13 .002, p = .52 

Step 3 Constant 

Quadratic 

androgen 

composite 

29.85 

19.59 

3.29 

8.77 

 

.49 

  

 Maternal 

education 

1.61 .94 .11   

 Maternal income -3.32 .96 -.23   

 Maternal race 3.11 1.66 .12   

 Birth weight 

category 

.95 .69 .09   

 Maternal alcohol 

consumption  

1.31 .74 .11   

 Androgen 

composite 

-22.36 9.61 -.51   

     .15 .02, p = .03 
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3.7 Discussion 

The current study examined the relationship between sex steroids in umbilical 

cord blood and nonverbal and verbal abilities in middle childhood. As expected, 

androgen composite values were significantly higher in males than females. This 

supports commonly acknowledged sex differences in testosterone concentrations 

found prenatally and at birth, in both animal and human studies [62-64]. However, 

the Estrogen composite was not found to differ according to sex. This too is 

unsurprising given the limited effects found so far in the existing literature when 

examining estrogens both prenatally and perinatally [65, 66].  

Raw scores on the Word Classes and Sentence Assembly subscales of the 

CELF-3 were significantly higher for females than males, though this effect was 

small in magnitude. Whilst the CELF-3 subscale scores appear to trend towards a 

slight female advantage, statistically the majority of the verbal measures do not 

support a significant sex difference in performance. Age factors may explain, in part, 

the lack of sex differences in these results. For example, the variation between sexes 

in language ability appears to be most prominent at early preschool ages. A meta-

analysis found that verbal superiority in females was apparent in those younger than 

age 5 and older than 26 [10]. It may be that age effects interact with the type of 

verbal ability being assessed. For example, sex differences appear to be more 

pronounced in early vocabulary development [39, 67, 68]. Overall, these results 

support recent suggestions of the inconsistency of female superiority on language 

measures [13, 69].  

The lack of sex differences found on the RCPM is inconsistent with the 

common perception of superior nonverbal ability in males. Research on sex 

differences in this area tap into multiple components of nonverbal ability and tend to 
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show the most pronounced effects for mental rotation tasks [5]. Whilst previous 

meta-analyses found a small effect of male superiority in children aged 5-11 on the 

RCPM [48]. This may be attributed to age specific effects and ongoing maturation of 

the brain. For example, much of the prefrontal cortex development is thought to 

occur in middle childhood [70]. 

Higher Androgen composites were related to lower scores on the Concepts and 

Directions subscale and Total verbal z-score in girls. However, these relationships 

did not remain significant when covariates were taken into account. Language 

development does not occur solely in response to genetic and biological influences. 

Whilst the current study attempted to control for possible environmental covariates 

such as socioeconomic status, maternal language and race, language development 

occurs in response to complex environmental factors which influence subsequent 

performance [71-73]. Higher Androgen Composite values did demonstrate a u-

shaped relationship to Formulated Sentences subscale scores in males suggesting that 

the ability to produce grammatically correct sentences is highest in individuals with 

either high or low concentrations of androgens. However this effect was small as 

quadratic Androgen composite values accounted for approximately 2% of additional 

variance. There were no relationships found between estrogen or androgen 

composite values and the PPVT-III or RCPM scores. Overall, these results suggest 

that at age 10, perinatal androgen and estrogen were not related in any substantial 

way to verbal or nonverbal measures. 

There are a number of alternative explanations for the null results found in the 

current study. First, few of the outcome variables demonstrated sex differences. 

Prenatal sex steroids are more likely to be related to outcome measures that 

demonstrate clear differences between sexes [18]. The verbal and spatial measures 



 

Chapter 3 116 

used in the current study may therefore tap into areas in which cognitive sex 

differentiation is less pronounced and where the differentiation may be age or task-

related, as previously discussed. It should also be noted that verbal and nonverbal 

abilities are umbrella terms that encompass a range of sub-constructs that are, at 

present, still unclearly differentiated [74]. The current study is therefore only 

indicative of the specific abilities which these tasks measure.  

Future research could attempt to compartmentalize these areas further in order 

to untangle the areas of cognition in which sex steroids may play a part. This study 

therefore does not undermine the previous findings in cord blood linking prenatal 

testosterone to early language development [38, 39]. It should be noted that there is 

merit in continuing to use less invasive, more representative methods such as cord 

blood sampling and the examination of a wide scope of sex steroids, particularly 

using reliable methods such as mass spectrometry [50]. Further research of this kind 

would allow us to more accurately define the parameters under which these late 

gestation levels of hormones may influence certain aspects of cognition, such as 

verbal and nonverbal abilities. This research is informative in exploring the 

traditional male-female divide in verbal and nonverbal abilities and the possible 

mechanisms influencing early neurocognitive development.
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Foreword to Chapters 4 & 5  

A high-risk pregnancy cohort is the main sample examined in these next two 

chapters. The Pregnancy Investigation of Siblings and Mothers of children with 

autism cohort comprised two groups of participants. The high-risk group consisted of 

siblings who had an existing family member diagnosed with autism. The low-risk 

group was selected based on siblings who did not have a known history of autism or 

pervasive developmental disorders diagnosed in their family. The structure of this 

high-risk sibling methodology enabled the examination of the relationships between 

sex steroid levels and autistic-like traits and verbal and nonverbal abilites in children 

who may have a higher propensity for developing autistic-like traits.  

The first aim of the thesis is explored in Chapter 4 where Androgen and 

Estrogen Composite levels are hypothesized to be related to scores on measures that 

examine autistic-like traits (Autism Detection in Early Childhood, Autism Diagnostic 

Observation Schedule – Generic, Repetitive Behaviour Scale – Revised) at age 2.  

The second aim of the thesis is addressed in Chapter 5 where the umbilical 

cord blood levels of Androgen and Estrogen Composites are measured and examined 

in relation to scores on the Mullen Scales of Early Learning which assess verbal 

(receptive and expressive language subscales) and nonverbal (visual reception 

subscale) abilities at age 2. 
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4.1 Abstract 

We examined the association between bioactive androgen and estrogen levels in 

umbilical cord blood and autistic-like traits using a high-risk infant sibling design. 

The sample comprised 33 high-risk (HR) siblings and 44 low risk (LR) controls. 

Cord blood was collected at birth and androgen and estrogen composites were 

calculated based on biologically active weighted androgens (androstenedione, 

testosterone, dehydroepiandrosterone) and estrogens (estriol, estetrol, estradiol, 

estrone). HR and LR siblings were measured on autistic-like traits at 12, 18 and 24-

months of age. Bootstrappped multiple regression analyses show that sex steroid 

levels did not predict autistic-like trait outcomes at 12-24 months. These results 

provide further evidence that the hormone environment in late gestation is not 

significantly associated with autistic traits.  
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4.2 Introduction 

Autism Spectrum Disorder (ASD) is a neurodevelopmental condition 

characterized by difficulties in the areas of social interaction, communication and 

restricted, repetitive patterns of behavior, interests, and activities (American 

Psychiatric Association, 2013). Whilst significant progress has been made in 

understanding  the genetic and environmental factors associated with ASD, gaps still 

remain in our understanding of its aetiology (Chaste & Leboyer, 2012; Currenti, 

2010; Gross, 2018; Modabbernia, Velthorst, & Reichenberg, 2017). Given that early 

intervention has been associated with better long-term outcomes for autistic 

individuals (Boyd, Odom, Humphreys, & Sam, 2010; Charman, 2014; Koegel, 

Koegel, Ashbaugh, & Bradshaw, 2014), understanding developmental risk factors 

for ASD is an important research goal for advancing this field.  

A prominent theory that links the neurocognitive aspects of ASD with 

potential biological causes is the Extreme Male Brain (EMB) theory. The EMB 

theory was originally partly based on the male preponderance in the prevalence of 

ASD. Recent estimates show males being approximately three times more likely to 

be affected than females (Loomes, Hull, & Mandy, 2017). EMB theory proposes that 

there are sex differences in patterns of cognitive strengths and that individuals with 

ASD are more likely to be ‘hypermasculinized’ in their style of cognition (Baron-

Cohen, 2002). On average, males tend to show greater proficiency in systemizing 

whereas females on average are observed to have superior performance in 

empathizing. Systemizing is defined as ‘the drive to analyze the variables in a 

system, to derive the underlying rules that govern the behavior of a system’, whilst 

empathizing is ‘the drive to identify another person’s emotions and thoughts, and to 
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respond to these with an appropriate emotion’ (Baron-Cohen, 2002, p. 248). Relative 

to neurotypical individuals, autistic individuals demonstrate superior performance in 

systemizing and greater limitations in empathizing and hence are considered to 

display a hypermasculinized pattern of performance (Baron-Cohen, 2002; Baron-

Cohen, Knickmeyer, & Belmonte, 2005). Recent criticism of the theory has centered 

around a lack of clear empirical evidence for the ‘masculinization’ of the brains of 

autistic individuals (Ridley, 2019), leading to calls for further biological research 

investigating potential factors underpinning the proposed hypermasculinization of 

cognition and behavior. 

 Exposure to sex steroids during prenatal life is well known to exert 

organizational effects on the mammalian non-human brain and its consequent 

structure and function, however, this link in human studies is less clear (Ehrhardt & 

Baker, 1974; McCarthy, 2010; Nguyen, Ducharme, & Karama, 2017). The 

developing brain in males is exposed to higher levels of androgens than is the brain 

in females, and hence prenatal androgen exposure might contribute to sex differences 

in the prevalence of ASD and may also inform the mechanisms underlying ASD. It 

has been proposed that hypermasculinisation of neurocognition in ASD may be 

partly a consequence of exposure to elevated levels of steroids during pre/perinatal 

developmental periods (James, 2008). The developing brain is exposed to several 

androgenic sex steroids of which testosterone is the most potent, with direct effects 

on  neurodevelopment (Baron-Cohen et al., 2005; Celec, Ostatníková, & Hodosy, 

2015).  

Previous studies have attempted to assess prenatal sex steroid exposure by 

measuring sex steroid levels in amniotic fluid and determining their association with 

autistic-like traits. These reports have largely been based on a single longitudinal 
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study in the UK. The authors reported positive associations between  testosterone 

concentrations in amniotic fluid and autistic traits at age 18 and 24 months, using the 

Quantitative Checklist for Autism in Toddlers (Auyeung, Taylor, Hackett, & Baron-

Cohen, 2010) and at 6-10 years using the Childhood Autism Spectrum Test (CAST) 

and the Child Autism Spectrum Quotient (Auyeung et al., 2009). Other smaller 

studies have associated amniotic fluid testosterone concentrations with  reduced 

empathy in 6 to 8 year olds (Chapman et al., 2006), poorer quality of social 

relationships and more restricted interests in 4 year olds (Knickmeyer, Baron‐Cohen, 

Raggatt, & Taylor, 2005) and decreased eye-contact in 1 year olds (Lutchmaya & 

Baron-Cohen, 2002). However, independent replication of these findings have been 

inconsistent, with a recent study demonstrating no relationship between amniotic 

testosterone levels and CAST scores in 4 to 11 year old children in a small sample 

(Kung et al., 2016).  

Whilst amniotic fluid reflects the immediate physical environment of the 

developing fetus during the hypothesized developmentally ‘sensitive period’ during 

the first and second trimester (Finegan, Bartleman, & Wong, 1989), amniocentesis is 

associated with increased risk of pregnancy loss, so is only performed in high-risk 

pregnancies, usually to exclude fetal karyotypic abnormalities (such as Down 

Syndrome). The risk of karyotypic abnormalities is substantially greater in older 

mothers (Loane et al., 2013), and there is evindence that that the children of older 

parents are at greater risk for ASD (Wu et al., 2017). Hence, assumptions about the 

prenatal origins of ASD based on amniotic fluid from high-risk pregnancies may not 

be generalizable to the wider population and may be biased due to independent risk 

factors for ASD. In response to this limitation, other techniques for measuring pre- 

and perinatal hormone exposure have been pursued. One of this methods, the 



 

Chapter 4 130 

sampling of umbilical cord blood, does not require invasive testing and can be 

carried out in the general (low risk) population at the time of birth (Hollier, Keelan, 

Hickey, Maybery, & Whitehouse, 2014). Sampling sex steroids at varying 

developmental time points increases our understanding of the impact that sex 

steroids may be having on the developing brain across gestation.  

In previous studies, no significant relationships were found between levels of 

testosterone or androgen or estrogen composites in umbilical cord blood and autistic-

like traits as measured by AQ scores collected in young adulthood (Jamnadass et al., 

2015; Whitehouse, Mattes, Maybery, Dissanayake, et al., 2012). Testosterone levels 

in umbilical cord blood were also not related to autistic traits in 36-month old infants 

as assessed using the Social Responsiveness Scale or in 12-month old children as 

assessed using the Autism Observation Scales for Infants (Park et al., 2017). Overall, 

the studies that have examined a relationship between early exposure to sex steroids 

and autistic-like traits in umbilical cord blood are limited in number. Furthermore, 

the evidence of this relationship across sampling methods remains inconclusive. 

The sources of androgens to which the developing fetus is exposed include 

the gonads, adrenals and placenta (Baulieu, 2018). There is evidence that a range of 

bioactive androgens and estrogens may impact on prenatal neurocognitive 

development, though the human literature which demonstrates effects of other sex 

steroids on cognitive development is limited (Azcoitia, Yague, & García-Segura, 

2011; Callard, Petro, & Ryan, 1978; Stoffel-Wagner, Watzka, Schramm, 

Bidlingmaier, & Klingmüller, 1999; Zheng et al., 2018). Using a Danish sample (n= 

345), Baron-Cohen et al. (2014) examined concentrations of sex steroids in the Δ4 

(progesterone, 17α-hydroxy-progesterone, androstenedione and testosterone) sex 

steroid biosynthesis pathway and cortisol in amniotic fluid. Following a principal 
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component analysis, a latent steroidogenic factor was shown to be elevated in the 

amniotic fluid of males who later received a diagnosis of ASD (Baron-Cohen et al., 

2014). In the same sample, estradiol, estrone, estriol and progesterone were found to 

increase the likelihood of an ASD diagnosis in boys (Baron-Cohen et al., 2019)  

Our previous research has failed to find significant relationships of perinatal 

estrogen and androgen levels with autistic-like traits in young adults (Jamnadass et 

al., 2015). The aim of the present study was to determine the prospective association 

between a range of bioactive androgens (androstenedione, testosterone, 

dehydroepiandrosterone) and estrogens (estriol, estetrol, estradiol, estrone) in 

umbilical cord blood and autistic-like traits in toddlers using a high-risk infant 

sibling methodology. A previous population based study has validated that these 

androgens and estrogens load on two components, with the estrogens loading on the 

first component (range of loadings 0.76 to 0.88) and the androgens on the second 

(range 0.63 to 0.72), with cross loadings no higher than 0.46 (Jamnadass et al., 

2015). 

Prospective sibling studies have emerged as a useful paradigm to address 

mechanisms underlying heritable conditions with variable phenotypes such as ASD 

(Bailey et al., 1995; Robinson et al., 2016; Tick, Bolton, Happé, Rutter, & Rijsdijk, 

2016). The sibling recurrence rate of ASD is estimated to range between 6.1% and 

25% (Constantino, Zhang, Frazier, Abbacchi, & Law, 2010; Grønborg, Schendel, & 

Parner, 2013; Ozonoff et al., 2011; Rosenberg et al., 2009). The use of a sibling 

sample therefore increases the likelihood of the occurrence of ASD in the sample. 

These siblings would also then be more likely to overlap in potential risk factors 

which may lead them to express the condition (Szatmari et al., 2016). A sibling 

design also enables us to examine potential risk factors (such as sex steroid levels) in 
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children who are likely to share some genetic susceptibility. This approach allows us 

to track traits as they emerge in development and observe any differences in children 

who have a low versus a high risk of going on to develop significant traits 

(Newschaffer et al., 2012; Szatmari et al., 2016). This is the first known study to 

examine sex steroids and autistic-like traits using a prospective high-risk infant 

sibling sample methodology. 

The current study was a 2-year longitudinal design that involved two groups 

of siblings. The High Risk (HR) group consisted of families that had at least one 

child with a diagnosis of ASD and the Low Risk (LR) group consisted of families 

with at least one existing child, and where there was no family history of ASD. 

These two groups of siblings had umbilical cord blood collected at birth which was 

measured for androgen and estrogen levels. The children were then followed up 

postnatally and assessed for autistic-like traits at 12, 18 and 24 months. Based on the 

EMB theory it was hypothesized that HR children would exhibit higher levels of 

androgens and higher levels of autistic-like traits compared to LR children. Further, 

it was predicted that higher androgen levels would be associated with more 

pronounced autistic traits. Given that our understanding of the relationship between 

estrogens and autistic traits is limited, a directional hypothesis was not made for this 

relationship. 

4.3 Method 

Participants 

The sample comprised of pregnant women and their offspring recruited as 

part of the PRegnancy Investigation of Siblings and Mothers (PRISM) study of 

children with autism (Unwin et al., 2016). Mothers were recruited by advertising in 

newspapers or referral via their gynecologist or obstetrician and were accepted into 
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the study at any point in their pregnancy. The research was approved by the Child 

and Adolescent Health Service Ethics Committee.  

The PRISM sample was dichotomized into HR and LR groups. The HR 

group (n = 33) comprised of mothers who had an existing child with a diagnosis of 

Autistic Disorder, Asperger’s Disorder or Pervasive Developmental Disorder – Not 

Otherwise Specified (autistic probands) according to diagnostic criteria outlined in 

the DSM-IV (American Psychiatric Association, 2000). Autistic probands were 

administered the Autism Diagnostic Observation Schedule –Generic (ADOS-G; Lord 

et al., 2000) as part of the study protocol for research validation purposes. Five of the 

autistic probands did not meet criteria for ASD on the ADOS-G, although these cases 

were included because of their original clinical diagnosis confirmed by three health 

professionals including a speech pathologist, psychologist and pediatrician (a 

mandatory requirement for ASD diagnosis in Western Australia). The LR group (n = 

44) consisted of mothers who had an existing child of at least 3 years of age without 

a diagnosis of a developmental disorder as well as no history of ASD in other family 

members (non-autistic probands). Characteristics of the HR and LR groups are 

presented in Tables 1 and 2. Due to dropout and exclusion of cases due to other 

factors (for example, families who later reported developmental disorders in their 

families), the final sample size was 29 for the HR and 38 for the LR group. 

Procedure 

Informed consent was obtained from all individual participants included in 

the study at the point of recruitment. The umbilical cord blood was sampled at birth. 

Mothers were asked to complete questionnaires during pregnancy (at 18- and 36-

weeks’ gestation). Birth information on infant siblings was collected from hospital 

records and via mother’s retrospective report. Information collected included family 
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socio-demographics, pregnancy complications, medical history and the child’s 

development. 

Postnatally, the infants were assessed at four time points as part of the overall 

PRISM study. The current study examined data collected from the Autism Detection 

in Early Childhood (ADEC) assessment at 12 months, the the ADOS-G and the 

Repetitive Behavior Scale (RBS-R) at 24 months.  

Steroid analysis and bioactivity calculations 

Umbilical cord blood, collected at delivery, was allowed to clot and serum 

was separated, aliquoted and stored at -80oC until ready for analysis. SHBG levels 

were determined by ELISA using commercial kits (IBL International, Germany) 

according to the manufacturer’s instructions. Serum samples were shipped on dry ice 

to CPR Pharma Services Pty Ltd (Thebarton, South Australia) for steroid analysis. 

Testosterone, Δ4-androstenedione (A4), and dehydroepiandrosterone (DHEA) were 

measured by liquid chromatography-tandem mass spectrometry after solvent 

extraction as described in detail by Keelan et al. (2012). Estrone (E1), estradiol (E2), 

estriol (E3) and estetrol (E4) were measured by liquid chromatography-tandem mass 

spectrometry after solvent extraction as described in detail by Hickey, Hart and 

Keelan (2014). 

Calculation of bioavailable sex steroids and composite measures 

There is evidence to suggest that the bioactivity of major circulating sex 

steroids is affected by their binding to proteins such as albumin and sex hormone 

binding globulin (Pardridge, 1986). Therefore, the current study adjusted the 

measurement of concentrations of bioactive testosterone, estradiol and estrone to 

account for the binding to these proteins and  to determine their bioactive 

concentrations (Hickey et al., 2009; Keelan et al., 2012). Bioavailable testosterone 
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(BioT) represents free or albumin-bound testosterone and was calculated according 

to the procedure outlined by Keelan et al. (2012) following the methods of Sartorius, 

Ly, Sikaris, McLachlan, and Handelsman (2009). Albumin levels were adjusted for 

gestational age using published reference values (Zlotkin & Casselman, 1987). 

Biologically active estrone (BioE1) and estradiol (BioE2) levels were calculated 

according to the formula described by Mazer (2009) and adjusted accordingly as 

described in detail by Hollier, Keelan, Jamnadass, et al. (2014). 

Androgen and Estrogen Composites 

The Androgen Composite (AC) and Estrogen Composite (EC) were 

calculated according to the same procedures outlined by Hollier, Keelan, Jamnadass, 

et al. (2014) where each sex steroid is weighted depending on its biological potency 

and summed to form either an AC or EC. In addition to BioE1, BioE2 and BioT, the 

equation includes other biologically active androgens and estrogens including A4, 

DHEA, E3 and E4. Each composite takes into account binding affinity, unbound 

proportions of sex steroids and biological potency. Testosterone is considered the 

most biologically potent androgen and was weighted as 1 whereas A4 has 10% of the 

potency of testosterone, and DHEA has 1% (Anderson, 1974). E2 is considered the 

most biologically potent estrogen and was weighted as 1. E1 has only 50% of the 

potency of estradiol, E3 has 10% and E4 has 2% (Holinka, Diczfalusy, & Coelingh 

Bennink, 2008; Watkins, 2007). The following formulae were used: 

AC = BioT + 0.1[A4] + 0.01[DHEA] 

EC = BioE2 + 0.5[BioE1] + 0.1[E3] + 0.02[E4] 

Autistic Trait Measures 

Autism Detection in Early Childhood (ADEC) 
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The ADEC is a semi-structured clinician-administered Level 2 screening test 

of atypical behaviors in social-communication, sensory-motor, play and regulation 

skills. It consists of 16 items that are scored 0 to 2. A total score is then calculated 

with higher scores reflecting atypicality (Young, 2007). The ADEC has been shown 

to have high internal consistency, and adequate interrater reliability and test-retest 

reliability (Nah, Young, Brewer, & Berlingeri, 2014).  

Autism Diagnostic Observation Schedule - Generic (ADOS-G) 

The ADOS-G is a semi-structured (30-45 minute) standardized observational 

assessment of communication, reciprocal social interaction, and restricted and 

repetitive behaviors. It consists of four modules that are tailored to stage of 

development and language level. Certified examiners use planned social occasions 

(presses) and observe responses that are scored on a four-point scale ranging from 0 

to 3 (higher scores indicate atypicality). In addition to a total score, the current study 

used the revised ADOS-G algorithms which use Social Affect (SA) and Restricted 

and Repetitive Behaviors (RRB) components to generate a standardized severity 

score proposed by Gotham, Risi, Pickles, and Lord (2007) due to its improved 

diagnostic validity. The lower the severity score, the less impaired an individual. 

ADOS-G has been shown to have substantial test-retest, interrater and internal 

consistency reliability (Lord et al., 2000). 

Repetitive Behaviour Scales – Revised (RBS-R) 

The RBS-R (Bodfish, Symons & Lewis, 1999) is a 43-item parent/caregiver 

rating scale that measures the type and severity of repetitive behaviors. It covers 

areas including compulsions, restricted interests, rituals, sameness, self-injurious 

behaviors and stereotypy. Behavior is rated on a 5-point scale ranging from 0 

(behavior does not occur) to 5 (behavior occurs and is severe). A total raw score is 
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then calculated based on summing across endorsed items. The measure is considered 

to be psychometrically sound (Mirenda et al., 2010) and is shown to differ 

significantly between individuals with high and low risks of ASD (Wolff et al., 

2014). 

Statistical Analyses 

Pre-screening of sex steroid data was conducted. As highlighted in previous 

research (Baron-Cohen et al., 2014), sample concentration can be affected by 

storage-related factors and outliers are well known to occur. Sex steroid values were 

excluded if the concentration was three or more standard deviation units from the 

mean, given that these values greatly exceed maximum values which had previously 

been observed in a population study (Jamnadass et al., 2015).  

The HR and LR groups were compared on key parental (paternal and 

maternal age, smoking, alcohol, paternal and maternal education), and obstetric 

(method of delivery, infections/ complications, parity, gestational age) variables. 

There were no reported cases of pre-eclampsia in the samples. For continuous 

variables, independent-samples t-tests with bootstrapping (1000 samples) were used 

to estimate p values due to the non-normality of the data. Chi-square analyses were 

used for categorical variables. Where frequencies were less than five for any cell in 

the chi-square analyses, Fisher’s Exact Test was used. Two-way analyses of variance 

(ANOVAs) were run on the key sex steroid (AC and EC) and behavioral outcome 

measures (Total ADOS-G, ADOS SA, ADOS RRB, RBS-R  and ADEC scores), 

with sex (male, female) and risk group (HR, LR) as the between-groups factors. 

Analyses were also carried out with the exclusion of the 5 individuals in the HR 

group whose older siblings did not meet diagnostic criteria on the ADOS-G. 

Excluding these cases made no significant difference to the results reported. 
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Six siblings (4 males, 2 females) met criteria for being on the autism 

spectrum on the ADOS-G at 24-months (5 HR and 1 LR sibling). ‘Spectrum’ and 

‘Non-spectrum’ siblings were compared on sex, key sex steroids (AC and EC) and 

behavioral outcome measures (RBS-R  and ADEC). For continuous variables, 

independent-samples t-tests with bootstrapping (1000 samples) were used to estimate 

the p values due to the non-normality of the data. Chi-square analyses were used for 

categorical variables. Where frequencies were less than five for any cell in the chi-

square analyses, Fisher’s Exact Test was used.  

Multiple regression analyses were then conducted with sex steroids (AC and 

EC) as predictors and autistic-like trait measures (Total ADOS-G, ADOS SA, ADOS 

RRB, RBS-R  and ADEC scores) as the outcome variables. Where ANOVAs showed 

significant sex or risk group differences, sex and/or risk group was included in the 

first step of the regression analysis and the sex steroid composites were added in the 

second step. Due to the non-normality of the data, the ANOVA and regression 

analyses were carried out with bootstrapping (1000 samples) to estimate the p values. 

None of the parental or obstetric variables significantly correlated with the outcome 

variables and hence were not included in the regression analyses. An alpha level of 

.05 was used.  

4.4 Results 

Group comparisons on birth/parental variables 

Key parental and birth variables for the HR and LR infants are summarized in 

Tables 1 and 2. Children in the HR group were more likely to be male, χ2 (1, N = 

64), = 5.56, p =.02, and have more than one older sibling, χ2 (1, N = 64), = 24.05, p 

< .001, than children in the LR group. Mothers in the LR group were also 

significantly more likely to have a university education than those in the HR group, 
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χ2 (1, N = 64), = 5.87, p =.02. There were no statistically significant differences 

between the groups on any other parental (paternal and maternal age, smoking, 

alcohol, paternal education) or obstetric (method of delivery, 

infections/complications, gestational age,) variables (all p > .05). There were only 

two women who smoked during pregnancy (both in the HR group), and therefore no 

further analyses were carried out on this variable. 

Risk group and sex comparisons on sex steroid composites 

The means and standard deviations for participants in the HR and LR groups 

on sex steroid variables and measures of autistic-like traits are summarized in Table 

3. AC and EC levels did not differ significantly according to risk group or sex and 

there were no significant interactions between sex and risk group, largest F(1, 61) = 

1.03, p >.05. 

Individual levels of androgens and estrogens were also examined for risk 

group and sex differences. BioT levels did differ significantly according to sex, F(1, 

60) = 34.55, p = .001, η² = .37, whereby males had higher levels (M = 0.10, SD = 

0.05) than females (M = 0.04, SD = 0.03). However, these levels did not differ 

significantly according to risk group and there was no significant interaction between 

sex and risk group, largest F(1, 60) = 2.86, p > .05. DHEA levels also differed 
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Table 1. Parental characteristics of HR and LR groups 

Categorical variables High risk  Low risk   

 N n (%) N n (%) p value 

Maternal age (years) 29  37  .43 

20- 35  10 (34.5)  25 (67.6)  

> 35  19 (65.5)  12 (32.4)  

Paternal age (years) 29  37  .18 

20- 35  8 (27.6)  19 (51.4)  

> 35  21 (72.4)  18 (48.6)  

Maternal education 26  38  .02* 

Did not complete 

university 

 13 (50)  8 (28.1)  

Completed 

university 

 13 (50)  30 (78.9)  

Paternal education 26  38  .76 

Did not complete 

university 

 14 (53.8)  19 (50)  

Completed 

university 

 12 (46.2)  19 (50)  

Maternal alcohol intake 

during pregnancy  

26  38  .59 

None  21 (80.8)  21 (80.8)  

Monthly or less  7 (18.4)  3 (11.5)  

More than monthly  5 (13.2)  2 (7.7)  

Note: Due to missing data, sample sizes range from 26 to 38. *p <.05, **p< .01.
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Table 2. Obstetric characteristics of HR and LR groups 

Categorical 

variables 

High risk  Low risk   

 N n (%) N n (%) p value 

Gestational age 

(weeks) 

28  36  .86 

32 to 37  4 (14.3)  4 (11.1)  

38 to 41+  24 (85.7)  32 (88.9)  

Sex of fetus 29  38  .89 

Male   15 (51.7)  19 (50)  

Female  14 (48.3)  19 (50)  

Parity 27  37  < .001** 

1  8 (29.6)  33 (89.2)  

>1  19 (70.4)  4 (10.8)  

Delivery mode 28  36  .80 

Spontaneous  14 (50)  21 (58.3)  

Caesarian  12 (42.9)  13 (36.1)  

Vacuum  2 (7.1)  2 (5.6)  

Labour 28  36  .74 

Yes   19 (67.9)  23 (63.9)  

No  9 (32.1)  13 (36.1)  

Infections or 

complications 

27  36  .71 

Yes  10 (37)  15 (41.7)  

No  17 (63)  21 (58.3)  

Note: Due to missing data, sample sizes range from 27 to 38.  *p <.05, **p< .01 
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Table 3. Mean (SD) for males and females in the HR and LR groups on sex steroid variables and measures of autistic-like traits 

 High Risk Low Risk 

 Males (n = 15) Females (n =14) Males (n=19) Females (n = 19) 

AC (nmol/L) 0.31 (0.25) 0.30 (0.30) 0.29 (0.08) 0.25 (0.09) 

EC (nmol/L) 68.76 (42.43) 78.79 (41.29) 81.24 (40.54) 71.23 (34.32) 

BioT (nmol/L) 0.09 (0.05) 0.03 (0.03) 0.11 (0.05) 0.04 (0.03) 

12 month follow-up 

ADEC  

 

8.07 (3.47) 

 

7.08 (2.75) 

 

5.41 (1.87) 

 

5.68 (2.77) 

24-month follow-up 

RBS-R  

 

7.71 (14.18) 

 

3.08 (2.94) 

 

2.08 (2.64) 

 

1.50 (2.73) 

ADOS-G total  3.47 (3.96) 3.00 (3.59) 1.89 (2.25) 0.93 (0.96) 

SA  2.69 (2.10) 2.36 (1.69) 2.06 (1.23) 1.44 (0.81) 

RRB 1.77 (1.88) 1.91 (2.21) 1.19 (0.75) 1 (0) 

Note: AC = Androgen Composite, EC = Estrogen Composite, ADOS-G = Autism Diagnostic Observation Schedule – Generic, ADEC = Autism 

Detection in Early Childhood, RBS-R = Repetitive Behaviour Scale – Revised, Autism Diagnostic Observation Schedule – Generic, SA = Social 

Affect, RRB = Restricted and Repetitive Behaviours
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significantly according to sex, F(1, 60) = 6.39, p = .02, η² = .10, whereby females 

had higher levels (M = 5.36, SD = 3.44) than males (M = 3.09, SD = 1.43), but these 

levels did not differ significantly according to risk group and there was no significant 

interaction between sex and risk group, largest F(1, 60) = 1.97, p > .05. A4, BioE1, 

BioE2, E3 and E4 levels did not differ significantly according to risk group or sex 

and there were no significant interactions between risk group and sex, largest F 

(1,60) = 1.60, p >.05. 

Risk group and sex comparisons on autistic trait measures at 12, 18 and 24 months 

ADEC scores differed significantly according to risk group, F(1, 60) = 8.49, 

p = .008, η² = .12, with the HR group showing more atypical behavior (M = 7.60, SD 

= 3.14) than the LR group (M = 5.56, SD = 2.36). ADEC scores did not differ 

significantly according to sex and there was no significant interaction between risk 

group and sex, largest F(1, 60) = 0.83, p >.05.  

Children in the HR group had significantly higher ADOS-G total scores (M = 

3.28, SD = 3.75) than children in the LR group (M = 1.45, SD = 1.82), F(1, 54) = 

5.72, p = .03, η² = .10. However, ADOS-G scores did not differ according to sex, and 

the interaction between risk group and sex was also not significant, largest F(1, 54) = 

0.87, p >.05. There were no significant effects of sex, risk group, or their interaction 

on ADOS SA severity scores, largest F(1, 52) = 3.77, p >.05. ANOVA and 

regression analyses were unable to be carried out on ADOS RRB severity scores due 

to the limited variation in these scores (only 5 scores had values other than 1). RBS-

R scores did not significantly differ according to risk group or sex and there was no 

significant interaction between the two factors, largest F(1, 50) = 2.99, p >.05. 

Comparisons of spectrum and non-spectrum siblings on sex steroid composites and 

autistic-trait measures 
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 Spectrum and non-spectrum siblings did not have significantly different AC, t 

(36) = 1.47, p >.05 and EC, t (36) = 0.02, p >.05, levels. However, spectrum siblings 

(M = 9.67, SD = 1.63), did score significantly higher on the ADEC compared to non-

spectrum siblings (M = 6.34, SD = 2.75), t (36) = 2.84, p = 007. Similarly, spectrum 

siblings (M = 12.83, SD = 19.49) had higher scores on the RBS-R compared to non-

spectrum siblings (M = 2, SD = 2.72), t (36) = 3.17, p = 003. Siblings who were 

categorized as spectrum or non-spectrum did not differ significantly by sex, χ2 (1, N 

= 27), = 0,60, p > .05.  

Predicting autistic traits from sex steroid composites 

Multiple regression analyses revealed that sex steroid levels (AC and EC) did 

not significantly predict autistic-like traits on the ADOS-G, ADOS SA, ADEC  and 

RBS-R scores. The results are summarized in Tables 4 and 5. Table 4 shows 

hierarchical regression analyses using the enter method with risk group in the first 

step and the AC and EC added in the second step, with ADEC and ADOS-G scores 

as the outcome measures. Risk group was included as a variable in the first step as 

significant differences between risk groups on the ADEC and ADOS-G were 

reported. Table 5 shows the results of multiple regression analyses with the AC and 

EC as predictors and RBS-R and ADOS SA scores the outcome variables. Risk 

group was not included as a variable for these analyses due to a lack of differences 

found between the HR and LR groups in the ANOVAs. Regression analyses were 

also carried out on individual sex steroids and were not found to predict autistic-like 

traits on the outcome measures.
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Table 4. Outcomes of the hierarchical multiple regression analyses with ADEC and ADOS-G scores as the outcomes and risk group and 

androgen and estrogen composites as the predictors (N = 61) 

  Step 1 Step 2  

Outcome 

Measure 

 Risk Group Constant Risk Group Androgen Composite Estrogen Composite 

ADEC B 5.50 5.5 2.41 -2.23 .006 

SE B  0.40 1.00 .73 2.33 .009 

95% CI      

Lower Bound 0.93 3.87 0.99 -7.30 -0.01 

 Upper Bound 3.87 8.91 3.97 0.40 0.02 

ADOS-G B 2.05 .40 1.90 2.61 .003 

 SE B  .80 1.12 0.82 3.04 .01 

 95% CI      

 Lower Bound 0.48 -1.45 0.36 -4.22 -0.02 

 Upper Bound 3.74 4.07 3.61 6.90 0.02 

Note: ADOS-G = Autism Diagnostic Observation Schedule – Generic, ADEC = Autism Detection in Early Childhood.  
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Table 5. Outcomes of the hierarchical multiple regression analyses with RBS-R and ADOS-G SA severity scores as outcomes and 

Androgen and Estrogen composites as predictors (N = 61) 

Outcome Measure  Constant Androgen Composite Estrogen Composite 

RBS-R B 2.90 5.20 -.02 

 SE B  2.76 4.20 .03 

 95% CI    

 Lower Bound -0.50 -0.56 -.09 

 Upper Bound 8.91 20.90 .02 

ADOS SA B 1.48 1.57 .002 

 SE B  .63 1.64 .005 

 95% CI    

 Lower Bound 0.41 -3.21 -.01 

 Upper Bound 3.54 3.52 .01 

Note: RBS-R = Repetitive Behaviour Scale – Revised, ADOS-G = Autism Diagnostic Observation Schedule – Generic, SA = Social Affect.
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4.5 Discussion 

The current study investigated the potential relationships between umbilical 

cord blood levels of androgens and estrogens and autistic-like traits in young 

childhood using a prospective high-risk infant sibling design. It was predicted that 

children at high risk for ASD would have higher levels of umbilical cord androgens 

compared to controls. We did not identify any significant differences in AC or EC 

levels between individuals at high and low risk of ASD. Furthermore, individuals 

who were classified as being on the autism spectrum according to their ADOS-G 

scores, also did not have significantly different AC or EC levels relative to those who 

were classified as ‘nonspectrum’. Thus HR and LR infants may not differ in terms of 

their sex steroid levels at birth. The failure to demonstrate significantly higher AC 

levels in males compared to females may reflect the much smaller sample size in the 

current study (n = 77) in comparison to a previous population-based study (n = 372) 

in which this sex difference was demonstrated (Jamnadass et al., 2015). These 

present results therefore may reflect the study being underpowered rather than an 

absence of a sex difference in Androgen Composite levels. As expected, BioT levels 

were found to be significantly higher in males compared to females (Barry, 

Hardiman, Siddiqui, & Thomas, 2011; Keelan et al., 2012; Krogh et al., 2011; 

Simmons, France, Keelan, Song, & Knox, 1994). Other research also indicates a 

female bias for higher DHEA levels compared to males (Keelan et al., 2012). The 

lack of sex differences in umbilical cord estrogen concentrations is consistent with 

previous findings (Hickey, Hart, & Keelan, 2014).  

It was hypothesized that children at high risk for ASD would exhibit more 

autistic-like traits than children at low ASD risk. As expected, the risk groups did 

differ according to ADOS-G total scores and ADEC scores, with HR infants scoring 
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significantly higher on both of these outcome measures and therefore displaying 

higher levels of autistic-like traits. These results are consistent with other high-risk 

infant sibling studies which show small but significant differences in autistic-like 

traits between high and low risk infant siblings (Garon et al., 2009; Messinger et al., 

2013; Toth, Dawson, Meltzoff, Greenson, & Fein, 2007). However, other measures 

of autistic-like traits such as the RBS-R scores were not different in HR and LR 

siblings. Effects in less sensitive measures may have not been detected here because 

of limited statistical power with the modest sample sizes. 

The two-year longitudinal infant sibling design utilized here enabled 

prospective examination of the contribution of bioactive sex steroids in umbilical 

cord blood to autistic-like traits using various measures (ADEC, ADOS-G, RBS-R) 

collected at three time points in early development (12, 18 and 24 months). This 

study demonstrated that AC and EC levels did not significantly predict autistic-like 

traits in early childhood across these measures and time points. This is consistent 

with other cord blood studies where cord blood AC and EC levels were not related to 

autistic-like traits in young adulthood in a population cohort (Jamnadass et al., 2015; 

Whitehouse, Mattes, Maybery, Dissanayake, et al., 2012). Cord blood testosterone 

was also not related to autistic traits in 36-month old HR and LR infants as assessed 

using the Social Responsiveness Scale or in 12-month old children as assessed using 

the Autism Observation Scales for Infants (Park et al., 2017). Another study also 

found that amniotic testosterone was not related to CAST scores in children aged 4 to 

11 years (Kung et al., 2016). Together, this evidence suggests that there is no clear 

relationship between bioactive sex steroids and autistic traits in young children. 

Despite the null findings discussed above, some amniotic fluid studies have 

demonstrated a positive relationship between amniotic testosterone levels and 
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autistic traits on the Quantitative Checklist for Autism in Toddlers in children aged 

18 to 24 months (Auyeung et al., 2010) and on the CAST and Child Autism 

Spectrum Quotient (Auyeung et al., 2009) in 6 to 10 year olds. However, these 

studies come from a single research group and there is a lack of independent 

replication of the direct associations found between amniotic levels of sex steroids 

and autistic-like traits in humans. One possible consideration given this evidence 

could be that the developmentally sensitive window earlier on in gestation, at the 

time amniocentesis is performed, is more relevant for prenatal neural development in 

relation to autistic-like traits compared to the period immediately prior to birth, when 

umbilical cord blood is collected. It is possible that the association between sex 

steroid levels and autistic traits exists earlier in gestation and not at the later time 

points at which umbilical cord blood is collected. However, as mentioned previously, 

amniocentesis is carried out in selective samples. Cord blood levels are less invasive 

and can be obtained from a wide range of individuals. Umbilical cord blood 

sampling is therefore useful for obtaining levels of sex steroids in individuals who 

are not selected based on the risk of karyotopic abnormalities. Furthermore, sampling 

via cord blood provides us with information regarding the potential influence that sex 

steroid levels may have on the developing brain during late gestation(Hollier, 

Keelan, Hickey, et al., 2014). The measurement of sex steroids at different points of 

prenatal neurodevelopment is important for our currently limited understanding of 

how these steroids may impact the developing brain and later behavior and 

cognition.  

Overall, findings from the current study do not support the EMB theory or 

prenatal sex steroid hypothesis. Siblings at high risk of ASD did not appear to have a 

more masculinized sex steroid profile compared to low risk siblings and there was no 
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evidence that sex steroid levels related to later developmental outcomes. One 

possibility here is that prenatal levels of sex steroids may have varying effects on 

development across different time points in gestation (Tau & Peterson, 2010). 

Results reported here concern measures collected in the perinatal period and 

therefore these results do not invalidate prenatal findings. It may be that 

areas/networks of the brain that are responsible for other cognitive abilities such as 

language development continue to be affected by sex steroid levels in perinatal 

periods of development outside of the hypothesized developmentally sensitive 

window. For example, there is research which supports that growth in particular 

neural areas is related to language in the third trimester of pregnancy (Quarello, 

Stirnemann, Ville, & Guibaud, 2008). Furthermore, several studies have reported 

relationships between higher cord blood testosterone concentrations and poorer 

performance in language and communication outcomes (Farrant, Mattes, Keelan, 

Hickey, & Whitehouse, 2013; Hollier et al., 2013; Whitehouse, Mattes, Maybery, 

Sawyer, et al., 2012; Whitehouse et al., 2010). 

It may be that the effects of sex steroids on the brain are influenced by other 

factors such as genetic factors and androgen receptor functionality. Sensitivity to 

androgens is affected by the androgen receptor gene (Lubahn et al., 1988; Nowak, 

Diamond, Land, & Moffat, 2014). Males can present phenotypically as females if 

there are defects in this gene (Brinkmann, 2001; Lubahn et al., 1989). In particular, 

the cysteine, adenine, guanine (CAG) repeat sequence in the androgen receptor gene 

located at Xq11-12 has been implicated. Genetic polymorphisms may influence 

testosterone metabolism and have been found to relate to later cognitive outcomes 

(Celec et al., 2009; Celec et al., 2013). Other confounding factors that may affect the 

influence of sex steroids are the interactions between different sex steroids, sex 
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chromosomes, neurotransmitters, and other hormonal systems (Nguyen et al., 

2017).This area still requires further investigation but may contribute to the variation 

in results in the literature.  

There are some study limitations here that need noting. The samples are 

modest in size. Past studies have identified significant relationships between autistic-

like traits and prenatal/perinatal sex steroid levels (Auyeung 2009, 2010; Lutchmaya 

& Baron-Cohen, 2002; Knickmeyer et al., 2005; Chapman et al., 2006; Baron-Cohen 

et al., 2014). Based on an average effect size of r = .34 for these previous studies and 

to achieve power of .8 to detect an effect using an alpha level of .05, a sample size of 

81 participants was estimated using (G*power). The present study’s sample size was 

67, therefore the lack of a significant effect here may be indicative of inadequate 

power. It should be taken into consideration thatsome of the measures of autistic 

traits are intended to be used clinically on individuals with emerging diagnoses of 

ASD, as opposed to a high-risk sample. Furthermore, whilst autistic-like traits can be 

reliably detected by age 2, it may have been helpful to have a longer follow-up 

period as the likelihood of false positives is higher with a younger age group given 

the possible diversity of developmental trajectories at this age. The findings of this 

study should therefore be interpreted with caution. Despite these limitations, this 

study was unique in examining a range of cord blood sex steroids using a prospective 

longitudinal design with a high-risk sample. The range of steroids examined is 

important given that research has provided support for examining a range of sex 

steroids (Baron-Cohen et al., 2014; Baron-Cohen et al., 2019). The use of the high 

risk-sibling design enabled us to prospectively examine children who had a 

significantly higher risk of sharing both genetic as well as environmental risk factor 

susceptibility (Szatmari et al., 2016). Research that investigates the relationship 
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between perinatal sex steroids and later developmental outcomes is still limited due 

to the invasiveness involved in sampling (Van de Beek, Thijssen, Cohen-Kettenis, 

van Goozen, & Buitelaar, 2004). However, such studies are important in broadening 

our understanding of the aetiology of ASD, and the potential implications for 

identification and treatment. 
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5.1 Abstract 

Background: There is some evidence that, on average, females have superior verbal 

abilities compared to males and that males may have superior visuospatial abilities 

compared to females. There is also a degree of empirical support that autistic 

individuals may display a ‘hypermasculinized’ cognitive profile and hence may 

display typical male patterns of verbal and visuospatial abilities. Cognitive 

development may be affected by prenatal sex steroid exposures, but there have been 

few prospective studies. 

Aims: To measure the association between concentrations of bioactive androgens and 

estrogens in umbilical cord blood at birth and verbal and visuospatial abilities at age 

2 years in a high-risk infant sibling sample.  

Method: The sample comprised 33 children with an older sibling with ASD (‘high 

risk’ group) and 44 children with no family history of ASD (‘low risk’ group). 

Umbilical cord blood was collected at birth and analyzed using liquid 

chromatography-tandem mass spectrometry. Androgen (androstenedione, 

testosterone, dehydroepiandrosterone) and estrogen (estriol, estetrol, estradiol, 

estrone) composites were calculated. Children were assessed on the Mullen Scales of 

Early Learning (MSEL) at 2 years of age, which included verbal (expressive and 

receptive language) and visuospatial (visual reception) subscales.  

Results: Bootstrapped multiple regression analyses revealed that there were no 

significant associations between androgen or estrogen composite levels and MSEL 

subscale scores (p > .05). There were no sex differences in verbal or visuospatial 

measures.  
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Conclusions: In this study, there was no evidence that umbilical cord blood sex 

steroid levels influence the masculinization of cognitive traits in siblings at high and 

low risk for autism spectrum disorder.  
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5.2 Introduction 

Autism spectrum disorder (ASD) is a neurodevelopmental disorder with 

recent prevalence estimates between 1 and 2% of the general population (1, 2). The 

primary features of the condition include difficulties in social communication and 

restricted or repetitive behaviours and interests (3). Investigation into the causal 

mechanisms of ASD has important clinical implications in terms of understanding 

early identification pathways, and also for developing targeted interventions to 

reduce disability associated with the condition (4-7). 

 It is well established that there is a significant male bias in ASD diagnosis 

with approximately three times more males affected compared to females (8). The 

Extreme Male Brain (EMB) theory of ASD (9) emerged as a potential explanation 

for this observation which proposes that autistic individuals exhibit performance on 

tasks consistent with a ‘hypermasculinized’ profile. Males are considered to 

outperform females in systemizing tasks whilst females are said to outperform males 

in empathizing (10). Systemizing refers to “the drive to analyze the variables in a 

system, to derive the underlying rules that govern the behavior of a system”, whilst 

empathizing is defined as “the drive to identify another person’s emotions and 

thoughts, and to respond to these with an appropriate emotion” (9). It is argued that 

autistic individuals display superiority in systemizing along with difficulties in 

empathizing and hence have cognitive patterns which align with traits of 

hypermasculinity (11). While the EMB theory has generated a great deal of research 

activity, the theory has also received criticism. For example, it is questionable 

whether patterns of performance in empathizing and systemizing domains correlate 

with observable brain differences, and whether these neural differences exist in 
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autistic individuals (12). Examining biological mechanisms that may underlie 

purported behavioral patterns is therefore an important area of further investigation.  

There is evidence to suggest that, at the population level, there may be subtle 

cognitive differences between males and females. On average, males may show 

superior performance to females (male bias) in the area of visuospatial abilities (13-

15). Conversely, studies have shown that females have a comparative advantage in 

verbal abilities (15-18). These patterns of performance can be seen as early as 

toddlerhood where females show small but significant superiority in receptive and 

expressive language skills compared to males (17, 19). Despite this, the existence of 

a sex discrepancy is controversial and the magnitude of these differences is 

inconsistent across studies (20).  

Relative to neurotypical individuals, autistic individuals demonstrate superior 

visuospatial skills (21-23), though there have been a few studies that show limited 

visuospatial processing in some circumstances (24, 25). Language impairments are a 

cardinal feature of ASD, and there is now a wealth of evidence characterizing the 

broad range of language difficulties experienced by autistic individuals, including 

both structural and pragmatic language impairments (26-31). In accordance with the 

EMB theory, these patterns of results in verbal and visuospatial abilities found in 

ASD may reflect a more masculinized cognitive profile. 

One hypothesis that may account for the development of hypermasculinity of 

traits in ASD is the prenatal sex steroid hypothesis that implicates early prenatal 

exposure to sex steroids as having a significant impact on the developing brain’s 

structure and function (32). Studies in this area have focused on testosterone, which 

is considered to be the most biologically potent masculinizing sex steroid (33). 

Testosterone is a lipophilic molecule and influences the activation or silence of the 
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expression of protein synthesis and genes (34). Higher testosterone levels from 

second trimester amniotic fluid have been linked to a greater presence of autistic-like 

traits in children (35, 36) as well as to impairments in social and communication 

markers (37-39). In contrast, Kung et al. (2016) reported that concentrations of 

testosterone sampled in amniotic fluid did not have a significant relationship to levels 

of autistic-like traits. Similarly, research that has explored umbilical cord blood 

testosterone in relation to autistic-like traits has not found significant relationships 

between the two (40-43). 

Exposure to higher levels of prenatal testosterone has been linked to superior 

performance on visuospatial tasks. Females with congenital adrenal hyperplasia 

(CAH) are exposed to male-typical levels of androgens in-utero. A meta-analysis 

demonstrated that females with CAH have superior visuospatial task performance 

compared to typically developing individuals (44). There are a few studies which 

have examined amniotic fluid testosterone levels in relation to visuospatial abilities. 

Higher amniotic testosterone levels were related to improved mental rotation at age 7 

in girls (45) and were found to positively predict mental rotation abilities on an 

embedded figures task in 7 to 10 year olds in both boys and girls (46). However 

another study demonstrated that in girls aged 4 years, proficiency in block building 

was inversely related to prenatal amniotic testosterone levels (47). Only one study 

has used cord blood to investigate this relationship. Higher visuospatial ability was 

associated with lower perinatal testosterone levels for both sexes (48). These data 

highlight the inconsistencies in knowledge in this area.  

Conversely, higher prenatal testosterone levels have been linked to poorer 

performance on verbal tasks. Amniotic testosterone levels were negatively related to 

vocabulary size at 18 and 24 months in both sexes (37). In studies that have sampled 
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umbilical cord blood, bioavailable testosterone was related inversely to expressive 

vocabulary in boys at age 2 (49) and pragmatic language in girls at age 10 (50). 

Further studies have identified a positive correlation between testosterone 

concentrations in cord blood and language delay in 1 to 3-year old males (41). 

However, Whitehouse et al. (2012) also reported that perinatal testosterone appeared 

to be a possible protective factor in language development of females aged 1-3. 

Another study using cord blood reported that testosterone levels were not related to 

verbal abilities on the Peabody Picture Vocabulary Test in 5-year olds (40). 

Furthermore, in a recent population study, umbilical cord blood androgens and 

estrogens did not significantly predict outcome scores in verbal abilities and 

visuospatial abilities in 10-year old males or females (51).  

 The current study sought to extend the previous study by Jamnadass et al. 

(51) by examining how cord blood androgens and estrogens relate to verbal and 

visuospatial abilities in a high-risk sibling cohort. The use of prospective longitudinal 

designs of infant siblings of children with ASD is a well-established methodology in 

the study of autism. Siblings of individuals with ASD are at a significantly greater 

risk for ASD, with estimates of the sibling recurrence rate of ASD varying from 

6.1% to as high as 25% (52-55). Examining infant siblings allows us to increase the 

chances that a study sample will include children with ASD. It also enables us to 

examine risk factors in children who are likely to have a high overlap in genetic 

susceptibility, and hence a higher likelihood of overlap of other factors which may 

lead the sibling to express the condition (56). 

Previous research has used amniotic fluid samples to assess sex steroid levels. 

However, amniocentesis is an invasive procedure only performed in high-risk 

pregnancies, and therefore study populations with amniotic fluid samples are 
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unlikely to be representative of the general population. (57). In contrast, umbilical 

cord blood sampling is a non-invasive procedure, and can be collected from general 

population samples, which increases the likelihood that any findings may be 

representative of broader pregnancies. 

Beyond the measurement of testosterone, there is preliminary evidence that a 

range of bioactive estrogens and androgens may also impact neural development, 

though these associations are more prominent in animal models and less well 

supported in humans (58-61). A range of bioactive sex steroids (e.g. a latent 

steroidogenic factor underlying steroids in the Δ4 pathway and cortisol) has been 

found to be elevated in individuals who subsequently receive a diagnosis of ASD 

(62). Results from the same sample also indicate that estradiol, estrone, estriol and 

progesterone have a positive relationship with ASD diagnosis likelihood in boys (63) 

Consequently, this study examined a wide range of both biologically active androgen 

(androstenedione, testosterone, dehydroepiandrosterone) and estrogen (estriol, 

estetrol, estradiol, estrone) levels in relation to visuospatial and verbal abilities in 

toddlers at high and low risk for autism. 

The aim of this study was to investigate the relationship between perinatal 

androgen and estrogen levels and verbal and visuospatial abilities at age two years in 

a high-risk sibling sample. The high risk (HR) group comprised families that have at 

least one existing child with a diagnosis of ASD and the low risk (LR) group 

comprised families with at least one existing child and where there was no family 

history of ASD. Cord blood was collected at birth and children were tested using the 

Mullen Scales of Early Learning (MSEL), a developmental assessment, at 24-months 

of age. The MSEL comprises subscales that examine both verbal abilities (receptive 

and expressive language) and visuospatial abilities (visual reception). We 
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hypothesized that there will be a gender bias in verbal versus visuospatial domains 

whereby females (in both groups) will score higher than males on the expressive and 

receptive language subscales (19, 64) and conversely males will score higher than 

females on the visual reception subscale. Furthermore, we predicted that androgens 

in particular may be linked to higher scores on the visual reception subscale and 

lower scores on the expressive and receptive language subscales. Given the paucity 

of data linking estrogens and cognitive abilities, analyses investigating these 

variables were exploratory.  

5.3 Method 

Participants 

The PRegnancy Investigation of Siblings and Mothers of children with 

autism (PRISM) study recruited pregnant women and their offspring. Mothers were 

recruited by referral via their gynecologist or obstetrician or advertising in 

newspapers and were accepted into the study at any point in their pregnancy (65). 

Participants were grouped according to family history of ASD. The LR group (n = 

44) were pregnant women who had an existing child of at least 3 years of age 

without a diagnosis of a developmental disorder and where there was no history of 

ASD in other family members. The HR (n = 33) group comprised pregnant women 

who had an existing child with a diagnosis of Autistic Disorder, Asperger’s Disorder 

or Pervasive Developmental Disorder – Not Otherwise Specified according to 

diagnostic criteria outlined in the DSM-IV (66). Diagnosis of ASD in Western 

Australia has a standard protocol mandated by the State Government, and is based on 

the consensus of a psychologist, speech pathologist and pediatrician. Tables 1 and 2 

contain parental and birth characteristics of the HR and LR groups. Due to dropout 

and exclusion of cases due to other factors (for example, families who later reported 
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developmental disorders in their families), the final sample size was 29 for the HR 

and 38 for the LR group. 

Procedure 

Mothers were asked to complete questionnaires concerning their pregnancy, 

medical history, family and child’s development both during pregnancy (at 18 and 36 

weeks gestation) and following their child’s birth. Umbilical cord blood samples 

were collected at birth. Obstetric data were collected from hospital records and 

through the mother’s retrospective report. The Mullen Scales of Early Learning 

(MSEL) was administered to the high and low risk siblings at 24 months of age.  

Steroid analyses 

Umbilical cord blood, collected at delivery, was allowed to clot and serum 

was separated, aliquoted and stored at -80oC until ready for analysis. SHBG levels 

were determined by ELISA using commercial kits (IBL International, Germany) 

according to the manufacturer’s instructions. Serum samples were shipped on dry ice 

to CPR Pharma Services Pty Ltd (Thebarton, South Australia) for steroid analysis. 

Testosterone, Δ4-androstenedione (A4), and dehydroepiandrosterone (DHEA) were 

measured by liquid chromatography-tandem mass spectrometry after solvent 

extraction as described in detail by Keelan et al. (2012). Estrone (E1), estradiol (E2), 

estriol (E3) and estetrol (E4) were measured by liquid chromatography-tandem mass 

spectrometry after solvent extraction as described in detail by Hickey, Hart and 

Keelan (2014). 

Calculation of composite measures and bioavailable sex steroids 

Bioavailable testosterone (BioT) represents free or albumin-bound 

testosterone and was calculated according to the procedure outlined by Keelan et al., 

(67) and Sartorius et al., (68). Albumin levels were sourced from existing published 
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reference values according to gestational age (69). Bioavailable estrone (BioE1) and 

estradiol (BioE2) were calculated according to the formula described by Mazer (70) 

and adjusted accordingly as described in detail by Hollier et al. (71). 

Androgen and estrogen composites 

An Androgen Composite (AC) and Estrogen Composite (EC) were calculated 

by taking each sex steroid and weighting it depending on its biological potency then 

summing the androgens and estrogens separately to form the respective composites. 

This method is outlined in detail in Hollier et al., (71). As well as BioT, BioE1 and 

BioE2, the equation includes other biologically active androgens and estrogens 

including androstenedione (A4), dehydroepiandrosterone (DHEA), estriol (E3) and 

estetrol (E4). The composites account for unbound proportions of sex steroids, 

biological potency and binding affinity. The following formulae are used: The most 

biologically potent androgen, testosterone, was weighted 1, A4 was weighted at 10% 

of the potency of testosterone whereas DHEA has 1% of the potency of testosterone 

(72). Similarly, E2 is considered the most potent estrogen and hence is weighted as 1 

whereas E1 has 50%, E3 has 10% and E4 has 2% of the potency of E2 (73, 74). The 

formulae below were used: 

AC = BioT + 0.1[A4] + 0.01[DHEA] 

EC = BioE2 + 0.5[BioE1] + 0.1[E3] + 0.02[E4] 

Measures 

The MSEL (75) is a developmental test administered to children from birth to 

68 months of age. The test consists of five subscales: Visual reception (VR), fine 

motor, gross motor, receptive language (RL) and expressive language (EL). Age-

normed T scores can be calculated for each subscale. EL and RL subscale scores 

have been shown to be significantly lower in autistic individuals compared to 
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typically developing controls (76, 77). The MSEL is considered to be 

psychometrically sound (75).  

Statistical Analyses 

The sex steroid data were firstly screened for outliers, which are often 

observed in this type of research due to storage-related factors (62). Data were 

excluded if they were three or more standard deviation units from the mean. These 

deviations would be greater than would be considered accurate according to previous 

research (43).  

The HR and LR groups were compared on key parental (paternal and 

maternal education, paternal and maternal age, alcohol use, smoking), and obstetric 

(gestational age, method of delivery, parity, infections/complications) variables. 

There were no reported cases of pre-eclampsia in the samples. For continuous 

variables, independent samples t-tests with bootstrapping (1000 samples) were used 

to estimate the p values due to the non-normality of the data. Chi-square analyses 

were used for categorical variables with Fisher’s Exact Test used for the cases where 

any cell had an observed count of less than five. 

Two-way Analyses of Variance (ANOVAs) were run on the key sex steroid 

variables (AC and EC) and MSEL subscale scores at 24 months (VR, EL and RL 

scores), with sex (male, female) and risk group (HR, LR) as the between-groups 

factors. Multiple regression analyses were then conducted with sex steroids (AC and 

EC) as predictors and MSEL subscales (VR, EL, and RL scores) as the outcome 

variables. Where ANOVAs showed significant sex or risk group differences, sex 

and/or risk group was included in the first block of the regression analysis and the 

sex steroid composites were added in the second block. Due to the non-normality of 

the data, the ANOVA and regression analyses were carried out with bootstrapping 
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(1000 samples) to estimate the p values. None of the parental or obstetric variables 

significantly correlated with the outcome variables and hence were not included in 

the regression analyses. An alpha level of .05 was used. 

5.4 Results 

Group comparisons of birth/parental variables 

Tables 1 and 2 contain comparisons between the HR and LR groups on key 

parental characteristics and obstetric variables. These results, including group 

comparisons, are reported in detail in a previous manuscript being prepared for 

publication (78). The key findings of theprevious paper highlight that mothers in the 

LR group were significantly more likely to have a university education than those in 

the HR group and that children in the HR group were more likely to be male and 

have more than one older sibling than children in the LR group. There were no other 

statistically significant differences between groups on other parental (alcohol use, 

paternal and maternal age, paternal education) and obstetric (method of delivery, 

infections/ complications, gestational age,) measures (all p > .05).  

Risk group and sex comparisons on sex steroid composites 

Table 3 contains the means and standard deviations for participants in the HR 

and LR groups on sex steroid and MSEL scores. As stated in detail in our previous 

unpublished manuscript (78), AC and EC levels did not vary significantly according 

to risk group or sex and there were no significant interactions. 

Risk group and sex differences were examined for individual androgens and 

estrogens and full details are reported in our work prepared for publication (78). In 

summary of those results, BioT levels varied significantly according to sex, as males 

had higher levels than females. However, BioT levels did not differ significantly 

according to risk group and there was no significant interaction between risk group 
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Table 1. Parental characteristics of HR and LR groups as previously reported 

(78) 

Categorical variables High risk  Low risk   

 N n (%) N n (%) p value 

Maternal age  29  37  .43 

20- 35  10 (34.5)  25 (67.6)  

> 35  19 (65.5)  12 (32.4)  

Paternal age  29  37  .18 

20- 35  8 (27.6)  19 (51.4)  

> 35  21 (72.4)  18 (48.6)  

Maternal education 26  38  .02* 

Did not complete 

university 

 13 (50)  8 (28.1)  

Completed university  13 (50)  30 (78.9)  

Paternal education 26  38  .76 

Did not complete 

university 

 14 (53.8)  19 (50)  

Completed university  12 (46.2)  19 (50)  

Maternal alcohol intake during 

pregnancy  

26  38  .59 

None  21 (80.8)  21 (80.8)  

Monthly or less  7 (18.4)  3 (11.5)  

More than monthly  5 (13.2)  2 (7.7)  

Note: Due to missing data, sample sizes range from 26 to 38. *p <.05, **p< .01.
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Table 2. Obstetric characteristics of HR and LR groups as previously reported 

(78) 

Categorical variables High risk  Low risk   

 N n (%) N n (%) p value 

Gestational age (weeks) 28  36  .86 

32 to 37  4 (14.3)  4 (11.1)  

38 to 41+  24 (85.7)  32 (88.9)  

Sex of fetus 29  38  .89 

Male   15 (51.7)  19 (50)  

Female  14 (48.3)  19 (50)  

Parity 27  37  < .001** 

1  8 (29.6)  33 (89.2)  

>1  19 (70.4)  4 (10.8)  

Delivery mode 28  36  .80 

Spontaneous  14 (50)  21 (58.3)  

Caesarian  12 (42.9)  13 (36.1)  

Vacuum  2 (7.1)  2 (5.6)  

Presence of labour at birth 28  36  .74 

Yes   19 (67.9)  23 (63.9)  

No  9 (32.1)  13 (36.1)  

Infections or complications 27  36  .71 

Yes  10 (37)  15 (41.7)  

No  17 (63)  21 (58.3)  

Note: Due to missing data, sample sizes range from 27 to 38.  *p <.05, **p< .01.
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Table 3. Means (SDs) for males and females in the HR and LR groups on sex steroid and Mullen Scales of Early Learning measures 

 High Risk Low Risk 

 Males (n = 15) Females (n = 14) Males (n = 19) Females (n = 19) 

Androgen Composite (nmol/L) 0.31 (0.25) 0.30 (0.30) 0.29 (0.08) 0.25 (0.09) 

Estrogen Composite (nmol/L) 68.76 (42.43) 78.79 (41.29) 81.24 (40.54) 71.23 (34.32) 

Visual Reception (T score) 56.62 (15.29) 58.18 (18.01) 59.59 (8.63) 66.60 (7.03) 

Receptive Language (T score) 52.92 (12.13) 54.08 (15.75) 59.75 (5.66) 59.94 (6.43) 

Expressive Language (T score) 50.69 (11.79) 54.17 (10.65) 62.25 (10.12) 63.69 (9.60) 

Table 4. Outcomes of the hierarchical multiple regressions with expressive language scores as the outcome and risk group and Androgen 

and Estrogen composites as the predictors 

  Step 1 Step 2 

Outcome Measure Risk Group Constant Risk Group Androgen Composite Estrogen Composite 

Expressive 

Language 

B -10.78 66.03 -10.30 -9.32 -0.01 

SE B  2.84 4.63 2.81 11.91 0.03 

95% CI      

Lower Bound -16.77 57.06 -16.21 -29.90 -.09 

Upper Bound -3.87 71.31 -3.46 41.77 .07 
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and sex. DHEA levels did differ significantly according to sex, with females 

displaying high levels compared to males. However, DHEA levels did not differ 

significantly according to risk group, and there was no significant interaction 

between group and sex. A4, BioE1, BioE2, E3 and E4 levels did not differ 

significantly according to risk group or sex and there were no interactions.  

Risk group and sex comparisons on the MSEL at 24-months 

VR scores did not differ significantly according to risk group, F(1, 52) = 

2.90, p > .05. The RL scores did not vary significantly by risk group, although the 

effect came close to significance, F(1, 53) = 5.34, p = .06, with the HR group having 

lower scores. The EL scores differed significantly according to risk group, F(1, 53) = 

14.15, p < .001, η² = .21, with siblings in the HR group (M = 52.36, SD = 11.16) 

again scoring lower than those in the LR group (M = 63.10, SD = 9.73). RL, EL and 

VR scores did not differ significantly according to sex and there were no significant 

interactions between sex and risk group, largest F(1, 52) = 1.72, p > .05. 

Predicting MSEL scores from sex steroid composites 

A hierarchical regression was conducted using the enter method with risk 

group in the first step and the AC and EC added into the second step. Risk group was 

included as a variable in the first step as significant differences between risk groups 

on the expressive language subscale were reported. Table 4 shows the results of the 

regression with EL scores as the outcome measure and risk group, AC and EC as 

predictors. Table 5 displays the results of linear regressions using the enter method 

with the AC and EC as predictors and RL and VR scores as the outcome measures. 

Risk group was not included in these analyses as the RL and VR scores did not differ 

significantly according to risk group. Multiple regression analyses revealed that sex  
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Table 5. Outcomes of the hierarchical multiple regressions with MSEL scores as 

outcomes and Androgen and Estrogen composites as predictors. 

Outcome 

Measure 

 Constant Androgen 

Composite 

Estrogen 

Composite 

Visual 

Reception 

B 65.15 -18.47 0.003 

SE B  5.26 15.95 0.05 

95% CI    

Lower 

Bound 

54.62 -42.40 -0.10 

 Upper 

Bound 

72.61 13.49 0.14 

Receptive  

Language 

B 65.39 -20.20 -0.03 

SE B  4.51 11.74 0.03 

95% CI    

Lower 

Bound 

57.26 -38.36 -0.10 

 Upper 

Bound 

69.99 23.10 0.04 

steroid (AC and EC) levels did not significantly predict EL, VR or RL scores (See 

Tables 4 and 5). 

Regression analyses were also carried out on individual sex steroids, which 

were not found to predict MSEL subscale scores. Fine motor subscale scores were 

also analyzed for group differences and for relationships to sex steroid variables, but 

no significant effects were found (all p >.05).  

5.5 Discussion 

This study measured the association between androgen and estrogen concentrations 

in umbilical cord blood and verbal and visuospatial abilities at age 2years in children 

at high and low risk of ASD. We found no association between concentrations of 
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androgens and estrogens (in cord blood) and verbal or visuospatial abilities, as 

measured by the MSEL at age 2 years. Additionally, we found no sex differences for 

any of the verbal or visuospatial abilities measured. These findings are consistent 

with our previously published data showing no association between verbal and 

visuospatial abilities at age 10 years and androgen composite or estrogen composite 

levels at birth (51). Similarly, these findings are consistent with another study 

showing no association between umbilical cord testosterone concentrations and 

verbal skills on the Peabody Picture Vocabulary Test in 5-year olds (40).  

The results of this study contrast the majority of studies examining verbal 

abilities and prenatal sex steroid levels that suggest a potential inverse relationship 

between testosterone levels and verbal abilities. Cord blood testosterone levels have 

been found by others to be negatively related to expressive vocabulary scores in boys 

at age 2 years (49), pragmatic language in girls at age 10 years (50) and boys’ 

language in 1 to 3-year olds (41). Furthermore, previous research has demonstrated a 

possible protective role for prenatal cord blood testosterone levels in females (41) 

where bioavailable testosterone was found to be related to a reduced risk of language 

delay during the first three years of life. 

One explanation for differences between the current findings and the existing 

literature is that previous studies that outline significant associations between sex 

steroid levels and verbal abilities highlight a significant sex bias in the outcome 

measure with males scoring more poorly on the language measure compared to 

females (41, 49). In contrast, our data do not demonstrate sex differences on the 

language outcome measures (40, 51). It is suggested that outcome measures that do 

not demonstrate significant differences between males and females are less likely to 

demonstrate significant associations with prenatal sex steroid levels (79). If cognitive 
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traits do not present in a masculinized pattern then masculinizing sex steroids are less 

likely to be responsible for variation in those traits. 

The finding of no significant association between sex steroid levels at birth 

and visuospatial abilities in toddlers are in line with our previous null findings in a 

population study where Raven’s Colored Progressive Matrices scores in 10 year olds 

were not related to androgen or estrogen levels in umbilical cord blood (51). The 

only other study which has used cord blood to examine this relationship 

demonstrated a significant positive association in girls between perinatal testosterone 

levels and visuospatial skills as assessed on the kindergarten and first grade versions 

of the Primary Mental Abilities Test (48). It appears that the evidence linking sex 

steroid levels early in life to visuospatial abilities is therefore very limited with only 

two previously reported studies having used cord blood samples, and reporting 

contrasting results. Further investigation of this association in umbilical cord blood is 

needed to draw clear conclusions.   

An important consideration when examining sex steroids in-utero may be that 

other factors influence the sensitivity of an individual to sex steroids. For example, 

genetic factors can alter testosterone metabolism and influence cognition (80, 81). 

Gene defects in androgen receptors can also influence testosterone levels and 

influence the degree to which testosterone impacts neural development (82-85). 

There are a range of other factors that may also influence the relationship between 

sex steroid levels and cognitive traits. For example, hormones may interact to 

enhance or block the effects of other hormones, neurotransmitters may affect sex 

steroid levels and the functioning of other hormonal systems (e.g. the hypothalamic-

pituitary-adrenal axis)may also influence these levels (86). These biological 

mechanisms still remain poorly understood and advances in these fields will also 
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contribute to the study of the influence of early hormone exposure and 

neurocognitive development. 

The data presented in this study do not provide support for the EMB theory. 

The levels of androgens and estrogens in cord blood did not differ between the HR 

and LR groups as reported in our previous work prepared for publication (78). 

Despite the increased genetic susceptibility to ASD in the HR group, there does not 

appear to be a different perinatal androgenic or estrogenic level profile in these 

individuals compared to typically developing siblings who have no family history of 

ASD. This does not support the idea that individuals with a greater risk for ASD 

have a more masculinized underlying biological sex steroid profile that may 

influence neurocognitive development. This current finding aligns with other studies 

which have failed to find any association between cord blood sex steroid levels and 

autistic-like traits (42, 43, 87). These findings question the validity of prenatal sex 

steroid exposure as a clear biological explanation for the EMB theory, at least when 

measured in umbilical cord blood at birth in a modest sample of HR and LR infant 

siblings. 

There was an absence of significant sex differences in the sex steroid 

composite levels in the current sample, as reported in detail in our manuscript 

prepared for publication (78). In contrast, our previous population-based study (n = 

464) did identify a sex-difference in the androgen composite variable where males 

had significantly higher levels compared to females. The lack of significant sex 

difference in sex steroid composites observed in the current study may therefore have 

been influenced by the relatively smaller sample size used here (n = 77) (51).  

The lack of sex differences found between females and males on EL, RL or 

VR scores are inconsistent with a study that found females typically perform better 
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than males on the RL measure of the MSEL (19). However, MSEL subscale sex 

differences are not consistent, with two studies showing no sex differences in 

language or visual reception abilities on the MSEL in children (88, 89). It is apparent 

that the literature is contradictory in terms of the presence of sex differences, even on 

the same outcome measure such as the MSEL. The findings here provide support for 

sex similarities in cognition rather than differences (20). 

Limitations of this study include the relatively small sample size. There are 

existing effects found between sex steroid levels in umbilical cord blood and verbal 

abilities (Whitehouse et al., 2010; Hollier et al., 2013; Whitehouse et al., 2012) and 

nonverbal abilities (Jacklin, Wilcox, & Maccoby, 1988). Based on an average effect 

size of r =.30 for these previous studies and to achieve power of .8 to detect an effect 

using an alpha level of .05, a sample size of 104 participants was estimated using 

(G*power). As the sample size for the present study was 67, the absence of a 

significant effect of sex steroid levels on outcome measures may reflect inadequate 

power.It can also be noted that there is a reliance on the MSEL as the sole outcome 

measure for examining cognitive abilities here. A longer follow-up period may also 

have been useful in this study due to the possible wide variation in the trajectories of 

development of traits in toddlerhood. A limited sample size is a common 

consideration when recruiting for a high–risk longitudinal sibling study. Despite 

these limitations, our findings add to the body of literature addressing early life sex 

steroid exposures and subsequent cognitive abilities in young children both at high 

and low risk for ASD. Strengths of the study include the use of a high-risk infant 

sibling design which allows us to examine associations between sex steroid levels 

and cognitive outcomes for those children who may have a higher propensity for 

developing ASD and compare them to children who have no known genetic 
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susceptibility. We also used state-of-the-art LC-MS to analyze estrogens and 

androgens. Furthermore, the calculation of composites in this paper estimates 

bioactive components of steroids that are also weighted according to their biological 

potency. Our findings suggest that there is no clear relationship between perinatal 

androgens or estrogens and visuospatial or verbal abilities in HR or LR infant 

siblings. However, given the small sample size, these results should be interpreted 

with caution and as preliminary. Future research may benefit from examining these 

relationships in umbilical cord blood with outcome measures that have clear 

consistent sex differences.  
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This chapter presents an overview of the background and aims of this thesis 

outlined in Chapter 1, as well as a summary of the results from Chapters 2 to 5 and 

their relevance to the main aims of the thesis. Implications for the existing literature 

are explored. An overview of the main strengths and limitations of the thesis is 

presented followed by future directions for research. Finally, this chapter contains 

concluding remarks summarizing the key findings and significance of this thesis.  

6.1 Overview of the Background and Aims 

Chapter 1 outlined some key background literature relevant to the thesis. 

Autism Spectrum Disorder (ASD) is a complex neurodevelopmental condition, with 

considerable heterogeneity in both aetiology and phenotypic presentation. Autistic-

like traits are known to exist on a continuum in the general population. Importantly, 

there is a 3:1 male: female ratio for ASD prevalence (Loomes, Hull, & Mandy, 

2017). There is a strong genetic component to ASD with heritability estimates of 

64% to 91% (Tick, Bolton, Happé, Rutter, & Rijsdijk, 2016) and a sibling recurrence 

rate of 6.1% to 25% (Constantino, Zhang, Frazier, Abbacchi, & Law, 2010; 

Grønborg, Schendel, & Parner, 2013; Ozonoff et al., 2011; Rosenberg et al., 2009). 

A range of key environmental factors are identified in the epidemiological literature 

(Deng et al., 2015; Edelson & Saudino, 2009; Hallmayer et al., 2011). These factors 

include obstetric, perinatal and prenatal factors (Hisle-Gorman et al., 2018; 

Kancherla & Dennis, 2006; Kolevzon, Gross, & Reichenberg, 2007), parental factors 

(Parner et al., 2012; Wu et al., 2017), environmental toxicants (Goines & Ashwood, 

2013; Quaak, Brouns, & Van de Bor, 2013) and immune and gastrointestinal 

dysfunction factors (Edmiston, Ashwood, & Van de Water, 2017; Enstrom, Onore, 

Van de Water, & Ashwood, 2010; Estes & McAllister, 2015; Hsiao, 2013; Stubbs, 
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Crawford, Burger, & Vandenbark, 1977). It is clear from the review provided that 

there is a large and diverse scholarly literature exploring the aetiology of ASD. 

However, the ongoing investigation into early markers and underlying mechanisms 

of ASD remains imperative, and can contribute to clinical research goals including 

early identification and ongoing clinical management.  

The Extreme Male Brain (EMB) theory was highlighted as a potential 

explanation for the cognitive presentation observed in many indviduals with ASD 

(Baron-Cohen, 2002). This theory provides an account of autistic individuals 

demonstrating hypermasculinized patterns of performance in areas of systemizing 

and empathizing. Furthermore, the prenatal sex steroid hypothesis proposes that early 

sex steroid exposure in-utero may influence early neurodevelopment which 

consequently has flow-on effects to later cognition and behaviour. In particular, 

testosterone has been the focus of investigation as a potential neural masculinizing 

influence. Studies involving individuals with Congenital Adrenal Hyperplasia 

(CAH), Polycistic Ovarian Syndrome (PCOS) and those examining the 2D:4D ratio, 

provide indirect evidence to support a positive association between levels of 

masculinizing sex steroids and autistic-like traits (Al-Zaid, Alhader, & Al-Ayadhi, 

2015; De Bruin, De Nijs, Verheij, Verhagen, & Ferdinand, 2009; Hönekopp, 2012; 

Knickmeyer et al., 2006; Kosidou et al., 2016; Teatero & Netley, 2013). Studies 

which use amniocentesis as a direct sampling method also reinforce this relationship 

(Auyeung et al., 2009; Auyeung, Taylor, Hackett, & Baron-Cohen, 2010), though 

null effects have also been reported (Kung et al., 2016). Furthermore, there is 

evidence from research using amniotic samples that a range of sex steroids may be 

implicated in ASD (Baron-Cohen et al., 2014; Baron-Cohen et al., 2019). However, 

studies using an alternative method of sampling, umbilical cord blood, have so far 
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failed to support an association between sex steroid levels and autistic-like traits 

(Park et al., 2017; Whitehouse, Mattes, Maybery, Dissanayake, et al., 2012).  

There is evidence to support a sex discrepancy in cognitive abilities where 

females show superior verbal abilities (Galsworthy, Dionne, Dale, & Plomin, 2000; 

Hedges & Nowell, 1995; Hyde, 2016; Hyde & Linn, 1988) and males show 

superiority in nonverbal abilities including visuospatial abilities (Linn & Petersen, 

1985; Voyer, Voyer, & Bryden, 1995) compared to the opposite sex. However, these 

effects are not always consistently demonstrated and are sometimes small in 

magnitude (Hyde, 2016). Furthermore, autistic individuals demonstrate a similar bias 

to males whereby they outperform typically developing (TD) individuals in 

visuospatial tasks (Muth, Hönekopp, & Falter, 2014) and are more limited compared 

to TD participants in the verbal domain (Kwok, Brown, Smyth, & Cardy, 2015). 

There is an existing literature that outlines inverse relationships between testosterone 

levels and verbal abilities (Hollier et al., 2013; Lutchmaya & Baron-Cohen, 2002; 

Whitehouse, Mattes, Maybery, Sawyer, et al., 2012; Whitehouse et al., 2010), though 

this form of relationship is not found consistently in both sexes and there is an 

opposite effect sometimes found in females (Whitehouse, Mattes, Maybery, Sawyer, 

et al., 2012). In visuospatial abilities, a positive association with prenatal testosterone 

concentration has been reported (Auyeung et al., 2012; Grimshaw, Sitarenios, & 

Finegan, 1995), though this relationship is not consistent amongst the limited number 

of available studies (Finegan, Niccols, & Sitarenios, 1992; Jacklin, Wilcox, & 

Maccoby, 1988).  

Our review concluded that the existing literature on pre/perinatal sex steroid 

exposure and developmental outcomes in autistic-like traits and verbal and and 

nonverbal abilities is limited and inconsistent. Therefore, the current thesis sought to 
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examine the association between perinatal androgens and estrogens in relation to 

autistic-like traits and verbal and nonverbal cognitive abilities. The thesis is unique 

as it includes the use of androgen and estrogen composites which were recently 

developed (see Appendix A) and are calculated based on a range of estrogens and 

androgens which take into account unbound bioactive components and relative 

potency. In contrast to the studies in the thesis, most of the above mentioned 

literature has examined testosterone, a single androgen, in association to 

developmental outcomes. Furthermore, the thesis examines the relationships between 

sex steroid levels and cognitive and behavioural outcomes in two diverse samples 

including a high-risk cohort and a population cohort.  

The two main aims of the thesis were:  

1. to investigate the relationships between umbilical cord blood androgens and 

estrogens and autistic-like traits in both general population and high-risk 

infant sibling samples; and 

2. to investigate the relationships between umbilical cord blood androgens and 

estrogens and verbal and nonverbal abilities in general population and high-

risk infant sibling samples. 

6.2 Summary of Findings 

A summary of the studies and findings are presented in Table 1.  
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Table 1. Summary of studies and findings 

Thesis chapter and aim Sample Findings 

Chapter 2 

The relationship between perinatal cord blood 

measures (AC level, EC level and the A:E 

ratio) and autistic-like traits in young 

adulthood 

Raine cohort (N = 372) 

Age: 19-20 years 

Neither AC level, EC level or A:E ratio measured in umbilical cord 

blood were significantly related to scores on the Autism Spectrum 

Quotient at ages 19 and 20 

Chapter 3 

The relationship between perinatal AC and EC 

levels and verbal and visuospatial abilities at 

age 10 

Raine cohort (N = 464) 

Age: 10 years 

Umbilical cord blood AC and EC levels were not significantly related 

to nonverbal (Raven’s Coloured Progressive Matrices) and verbal 

(Clinical Evaluation of Language Fundamentals-3 and the Peabody 

Picture Vocabulary Test-III) abilities at age 10 

Chapter 4 

The relationship between cord blood AC and 

EC levels and autistic-like traits in a high-risk 

infant sibling study 

PRISM cohort (N= 77) 

Age: 12-24 months 

HR = 33, LR = 44 

AC and EC levels were not significantly related to autistic-like traits 

on the Autism Detection in Early Childhood at 12 months, the 

Autism Diagnostic Observation Schedule - Generic and Repetitive 

Behaviour Scale - Revised at 24 months. 

HR and LR groups did not differ significantly on composite steroid 

levels 

Chapter 5 

The relationship between cord blood AC and 

EC levels and verbal and visuospatial abilities 

at age 2 in a high-risk infant sibling study 

PRISM cohort (N = 77) 

Age: 24 months 

HR = 33, LR = 44 

Perinatal AC and EC levels did not significantly predict visuospatial 

(visual reception subscale) or verbal (expressive and receptive 

language subscales) abilities at age 2 on the Mullen Scales of Early 

Learning developmental assessment  

*Note: AC = Androgen Composite, EC = Estrogen Composite, A: E = Androgen: Estrogen, PRISM = PRegnancy Investigation of Siblings and 

Mothers of children with autism, HR = High Risk, LR = Low Risk.
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Chapters 2 and 4 addressed the first aim of the thesis. Chapter 2 examined 

perinatal cord blood androgen and estrogen levels in relation to autistic-like traits in 

young adulthood in a general population sample. Only one study had investigated 

this relationship in cord blood previously and this had been done with testosterone 

only. In that study, no significant relationship was found between perinatal 

testosterone concentration and scores on the Autism-Spectrum Quotient (AQ) at ages 

19 and 20 (Whitehouse, Mattes, Maybery, Dissanayake, et al., 2012). The novelty of 

the research reported in Chapter 2 in the context of previous literature is that it 

involved the use of the androgen composite (AC) and estrogen composite (EC). 

These composites were developed in the co-authored paper included in Appendix A 

and comprised a range of weighted bioactive androgens and estrogens. The sample 

used here was 464 participants from the Raine cohort who had available umbilical 

cord blood samples at birth. The cord blood was analyzed using LC-MS and the AC 

and EC were calculated based on a novel agorithm. Individuals were followed-up 

until the ages of 19 and 20 when they completed the AQ (Baron-Cohen, 

Wheelwright, Skinner, Martin, & Clubley, 2001). As expected, a significant sex 

difference was found in AC levels where males had significantly higher levels than 

females. Interestingly, males did not outscore females on the majority of the AQ 

subscales. The only subscale of the AQ that showed a significant sex difference was 

the details and patterns subscale where males did score significantly higher than 

females. Overall, AC and EC levels as well as their ratio were not significantly 

associated with AQ total or subscale scores. 

Chapter 4 also examined the second aim of the thesis by investigating the 

predictive ability of AC and EC levels in umbilical cord blood in relation to autistic-

like traits. In contrast to Chapter 2, the focus here was on looking at these traits in 
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young childhood (12-24 months) and this time using a high-risk infant sibling 

sample. This was the first study to examine both a range of estrogens and androgens 

in relation to autistic-like traits in a high-risk infant sibling cohort. The use of the 

high-risk cohort enabled the observation of sex steroid levels and autistic-like traits 

in both children without a family history of ASD as well as children with an 

increased susceptibility to ASD. The PRegnancy Investigation of Siblings and 

Mothers of children with autism (PRISM) cohort consisted of infant siblings who 

had an existing older sibling with a diagnosis of ASD (‘high risk’, HR) or had no 

known family history of ASD or any other developmental disorder (‘low risk’, LR), 

respectively. Seventy-seven children had umbilical cord blood samples available at 

birth and children were followed-up until 24-months. The Autism Detection in Early 

Childhood (ADEC) was completed at 12-months, the Autism Diagnostic Observation 

Schedule – Generic (ADOS-G) and Repetitive Behaviour Scale - Revised (RBS-R) 

at 24-months of age. The results showed no significant relationships between AC and 

EC levels and later autistic-like traits on the ADEC, ADOS-G or RBS-R. Whilst 

males had significantly higher levels of biologically active testosterone (BioT), they 

did not display higher AC levels compared to females. While the HR and LR groups 

did not differ significantly according to sex steroid levels, siblings in the HR group 

had higher scores, consistent with more pronounced autistic traits, on the ADOS-G 

and ADEC than those in the LR group. There was no statistically significant 

difference between males and females on any behavioural measure. 

The lack of significant associations between perinatal sex steroids and 

autistic-like traits presented in Chapters 2 and 4 is consistent with existing cord 

blood studies which also failed to find significant relationships between early sex 

steroid levels and autistic-like traits. One population study, that also used the Raine 
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sample, identified that cord blood testosterone levels were not related to AQ scores 

in young adulthood (Whitehouse, Mattes, Maybery, Dissanayake, et al., 2012). The 

only other high-risk infant sibling study (n = 137) that examined cord blood 

testosterone found that these levels were not related to Autism Observation Scales 

for Infants (AIOSI) scores in 12 month old children or to Social Responsiveness 

Scale (SRS) scores in 36-month old children (Park et al., 2017). The null effects for 

these two studies and the studies reported in Chapters 2 and 4 are also consistent 

with a study of amniotic fluid which failed to find an association between Childhood 

Autism Spectrum Test (CAST) scores and amniotic testosterone levels in 3-5 year 

olds (Kung et al., 2016). The main conclusions drawn from these two chapters are 

that there was no clear link between perinatal androgen or estrogen levels and 

autistic-like traits either in young adulthood in a population sample, or in young 

childhood in a high-risk infant sibling sample. We expected that siblings with a 

higher predisposition for ASD would have more autistic-like traits than those who 

were at low risk and this expectation was supported in the study reported in Chapter 

4. Overall, these results do not support the EMB theory or prenatal sex steroid 

hypothesis. It is important to note that the studies reported here sampled sex steroids 

during the perinatal period and hence represent a set of results which expand on 

findings in the perinatal rather than prenatal period. Potential explanations for these 

patterns of results are discussed in the implications sections. 

Chapters 3 and 5 addressed the second aim of the thesis. The study reported 

in Chapter 3 investigated whether AC and EC levels in umbilical cord blood 

predicted performance on nonverbal and verbal measures at age 10 years. This is the 

first study to conduct such an analysis. The study sample of 464 individuals was 

drawn from the larger Raine study cohort. Cord blood was collected at birth and 
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levels of estrogens and androgens were measured using liquid chromatography – 

mass spectrometry (LC-MS). AC and EC levels were calculated in the same way as 

described in the previous chapters. Participants completed a nonverbal measure 

(Raven’s Coloured Progressive Matrices or RCPM) and verbal measures (Clinical 

Evaluation of Language Fundamentals – 3 or CELF-3, Peabody Picture Vocabulary 

Test – III or PPVT-III) at age 10. The key results were that sex steroid levels did not 

exhibit a statisically significant relationship with verbal or nonverbal abilities at age 

10, with no observed associations between AC, EC and the range of psychometric 

tests (CELF-3, PPVT-III or RCPM scores). There was a slight advantage for females 

on the CELF-3, but the other measures showed no significant sex difference in 

scores. 

In this chapter the hypothesis that perinatal sex steroid concentrations would 

be associated with verbal and/or nonverbal measures in middle childhood was not 

endorsed. This outcome is not consistent with other studies which reported that 

umbilical cord blood testosterone levels related negatively to verbal abilities (Hollier 

et al., 2013; Lutchmaya & Baron-Cohen, 2002; Whitehouse et al., 2010). Another 

paper reported that there was evidence of a positive relationship with language delay 

in boys and conversely a negative relationship with language delay in girls 

(Whitehouse, Mattes, Maybery, Sawyer, et al., 2012). The present results also 

contrast with evidence of significant relationships between testosterone levels and 

visuospatial abilities reported by (Auyeung et al., 2012; Grimshaw et al., 1995). Sex 

differences in cognition were not supported by the findings here. The findings also 

demonstrate a lack of support for the prenatal sex steroid hypothesis, though this is 

limited to the perinatal as opposed to the prenatal period.Potential reasons for this are 

discussed in the implications sections.  
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The final experimental chapter of the thesis explored AC and EC levels and 

their association to verbal and visuospatial measures at age 2 years. While Chapter 3 

focused on broader nonverbal abilities, the study reported in Chapter 5 examined 

visuospatial abilities, which are shown to be an area of comparative strength in many 

children with ASD (Mitchell & Ropar, 2004; Muth et al., 2014; O’Riordan, 2004). 

Furthermore, there is a body of literature that supports an advantage for males 

compared to females in visuospatial abilities in particular (Linn & Petersen, 1985; 

Voyer et al., 1995). Studies demonstrate both positive associations (Auyeung et al., 

2012; Grimshaw et al., 1995) and negative associations (Finegan et al., 1992; Jacklin 

et al., 1988) between visuospatial abilities and prenatal testosterone levels. The study 

reported in Chapter 5 was the first to examine visuospatial abilities in relation to 

cord blood androgen and estrogen levels in a high-risk sibling cohort. The PRISM 

sample was used and involved 33 HR and 44 LR infant siblings. Infant siblings 

completed the Mullen Scales of Early Learning (MSEL) assessment at age 2. Verbal 

abilities were assessed using the expressive language (EL) and receptive language 

(RL) subscales of the MSEL whilst visuospatial abilities were measured using the 

visual reception (VR) subscale of the MSEL. AC and EC levels did not significantly 

predict EL, RL and VR scores. HR siblings did score significantly lower on the EL 

subscale compared to LR siblings, but did not score differently on the RL or VR 

subscales. Sex and risk group differences were not observed for AC and EC levels. 

These results do not support a relationship between perinatal sex steroids and 

verbal or visuospatial measures at age 2. The lack of relationships found between 

pre/perinatal sex steroid levels and visuospatial abilities is consistent with Chapter 3 

results, but is in contrast to two other studies which found that perinatal testosterone 

levels were inversely associated with spatial skills (Finegan et al., 1992; Jacklin et 
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al., 1988) and two studies which found testosterone levels were positively related to 

visuospatial abilities (Auyeung et al., 2012; Grimshaw et al., 1995). Explanations for 

these results in contrast to other studies are discussed further in the implications 

section of this chapter. We can conclude from the findings presented in Chapters 1 

and 3 that visuospatial and verbal abilities were not predicted by umbilical cord 

blood levels of bioactive androgens and estrogens both in the general population and 

in children who are at high and low risk of developing ASD. 

The first aim of this thesis was to investigate the relationship between 

umbilical cord blood androgen and estrogen levels and autistic-like traits in both 

general population and high-risk infant sibling samples. The results failed to support 

a relationship between the two in the general population in the study reported in 

Chapter 2 and in the high-risk infant sibling cohort in the study described in Chapter 

4. The second aim was to investigate relationships between umbilical cord blood 

androgen and estrogen levels and verbal and nonverbal/visuospatial abilities in a 

general population and a high-risk infant sibling sample. The findings of Chapter 3 

do not support any such relationships in the general population and the results in 

Chapter 5 also do not support any relationships in a high-risk infant sibling cohort.  

6.3 Implications for the EMB theory 

Under the EMB theory, autistic individuals are hypothesized to present with a 

hypermasculinized cognitive profile where they show superior performance in 

systemizing tasks and more limited performance in empathizing tasks compared to 

TD individuals. In our studies, the results show that there was not a notably 

hypermasculinized cognitive profile evident in HR siblings compared to LR siblings. 

Whilst HR participants did exhibit more autistic-like traits on the ADOS-G and 
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ADEC, they did not outperform LR siblings in visuospatial skills or have more 

limited RL skills than LR participants. However, HR siblings did have lower overall 

EL abilities at age 2 years compared to LR siblings. The lower EL scores found in 

HR siblings is unsurprising given that communication difficulties are one of the main 

facets of ASD. Autistic individuals do demonstrate significantly lower performance 

(1.52 SD and 1.55 SD below) compared to TD individuals in expressive language 

(Kwok et al., 2015). Therefore, we may expect that siblings who are at high-risk for 

ASD may similarly display lower language abilities compared to siblings who are at 

low risk.  

Evidence was presented here that demonstrates that siblings who are at a 

higher predisposition for ASD (HR siblings) do not display different sex steroid 

profiles in terms of their androgen and estrogen levels, compared to siblings with no 

family history of ASD (LR siblings). Therefore, the hypothesis that sex steroids 

measured in the perinatal period may be an underlying masculinizing biological 

mechanism that drives cognitive and behavioural patterns of hypermasculinity was 

not validated here.  

One possible reason that this mechanism may not have been supported in this 

thesis is that the EMB theory is limited in its generalizability. The EMB theory may 

be limited to empathizing and systemizing abilities specifically as opposed to being 

necessarily applicable to other masculinized traits (Greenberg, Warrier, Allison, & 

Baron-Cohen, 2018). Examples of empathizing have been found to include the 

ability to perspective-take, be cooperative and be altruistic (Nettle, 2007). An 

example of sytemizing may be identifying the rules of a numerical system, such as a 

train timetable, and being able to predict how that system works (Baron-Cohen, 

2010). While autistic individuals may have patterns of cognitive performance that 
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mirror male-typical performance on some cognitive tasks, this does not necessarily 

reflect cognitive hypermasculinization in ASD. In this thesis, males in both the Raine 

and PRISM cohort generally did not have higher levels of autistic traits compared to 

females, such as on the AQ, ADOS-G, ADEC and RBS-R. Recent reviews and other 

large sample studies show that males score higher on autistic traits compared to 

females on the AQ (Greenberg et al., 2018; Ruzich et al., 2015). However, the 

literature indicates that there may not be consistent sex differences across AQ 

subscales (Austin, 2005; Hoekstra, Bartels, Cath, & Boomsma, 2008). This may 

indicate that the higher AQ scores found for males in comparison to females may not 

be consistent. 

Other studies have suggested that sex differences in cognition may be 

unsubstantial. The inconsistencies in cognitive differentiation between males and 

females on cognitive tasks are summarized by Hyde (2016). This review presents 

evidence to suggest that there are some studies whilch demonstrate a verbal skill 

superiority in females and conversely a male superiority in nonverbal skills 

compared to the opposite sex. However, overall the evidence may suggest more 

support for sex similarities in cognition rather than differences. 

Another limitation in empirical support for the EMB theory is that the 

majority of the supportive findings that link prenatal sex steroids to autistic-like traits 

have been generated from the same research group and therefore lack independent 

replication, validation and generalizability (Greenberg et al., 2018).  Furthermore, 

whilst males are more likely to be diagnosed with ASD than females, there is 

evidence that current estimates of prevalence show a reduced bias towards males in 

comparison to previous estimates (Loomes et al., 2017). Sex biases in diagnoses of 

ASD may also be explained by alternative factors. For example, it may be that there 
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is a bias in diagnostic practices which account for males being diagnosed more 

frequently than females (Lai, Lombardo, Auyeung, Chakrabarti, & Baron-Cohen, 

2015; Postorino et al., 2015). However, it may also be that there are underlying 

genetic mechanisms that may influence this ratio. The female protective effect 

hypothesis implicates a genetic component that may protect girls from ASD. There is 

evidence from a large scale study to suggest that females require a greater etiologic 

load than males for the ASD phenotype to be expressed. In this study, siblings of 

female probands scored more highly on autistic traits than siblings of male probands 

(Robinson, Lichtenstein, Anckarsäter, Happé, & Ronald, 2013). Collectively, these 

findings indicate that there may be a significant role for diagnostic practices as well 

as genetic factors that influence rates of diagnosis of males compared to females for 

ASD.  

 Even though there was limited evidence for differences in cognition 

between males and females in this thesis, the results do support biological 

differences between males and females on particular sex steroids. For example, 

males have higher levels of perinatal androgens at birth. This sex difference was 

demonstrated in the Raine cohort (n = 860), but not in the PRISM sample (n = 77). 

This may partly be attributed to the smaller sample size in the PRISM sample. Males 

in the PRISM sample did have higher levels of BioT compared to females so there 

was not a complete absence of a sex difference in androgen levels. The sex 

differences here are consistent with those found for testosterone levels in the 

literature (Barry, Hardiman, Siddiqui, & Thomas, 2011; Keelan et al., 2012; Krogh et 

al., 2011; Simmons, France, Keelan, Song, & Knox, 1994). The higher levels of 

dehydroepiandrosterone found in females compared to males is also consistent with 

what we would expect from previous research (Keelan et al., 2012). A lack of 
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variation according to sex for estrogen levels is also to be expected based on the 

absence of sex differences in previous reports using umbilical cord blood (Hickey, 

Hart, & Keelan, 2014). These results consolidated the knowledge that males present 

with elevated androgen composite levels (at least in larger samples) and consistently 

elevated BioT levels. The results also highlight the limited understanding around the 

role of prenatal estrogen exposure in brain development. These findings provide 

support for sex steroids as a biological sex differentiator, but not as a potential 

contributing influence on cognitive masculinization. 

Despite the lack of evidence to support a biological basis for the EMB theory 

in this thesis, this does not invalidate existing evidence of relationships between 

testosterone levels and autistic-like traits in studies that used amniotic fluid sampling 

(Auyeung et al., 2009; Auyeung et al., 2010). This includes studies where 

amniocentesis was used to demonstrate that elevated sex steroid levels in the Δ4 

pathway (i.e., progesterone, 17α-hydroxy-progesterone, androstenedione and 

testosterone) were found in individuals who went on to receive ASD diagnoses  and 

also where elevated estrogen levels were found to be related to an increased risk of 

developing ASD (Baron-Cohen et al., 2014; Baron-Cohen et al., 2019). These studies 

support potential masculinizing influences of sex steroids at a different gestational 

time-point in selective samples. Furthermore, there is some additional biological 

evidence to support the EMB theory in that imaging studies have demonstrate that 

autistic females are somewhat masculinized in both brain structure and function 

(Beacher, Minati, et al., 2012; Beacher, Radulescu, et al., 2012; Floris, Lai, Nath, 

Milham, & Di Martino, 2018; Lai et al., 2013).  

The findings in this thesis add to the body of research in umbilical cord blood 

studies which show null results when examining the association between sex sterods 
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and autistic-like traits (Park et al., 2017; Whitehouse, Mattes, Maybery, Dissanayake, 

et al., 2012). This thesis does not invalidate the hypermasculinised patterns of 

cognitive performance of systemizing and empathizing found in ASD, but fails to 

support an underpinning biological mechanism – perinatal sex steroid exposure - that 

may drive this. The EMB theory therefore should be considered with caveats and 

limitations regarding its generalizability to traits outside of empathizing and 

systemizing and its broader explanatory power in ASD aetiology. 

6.4 Implications for the Prenatal Sex Steroid Hypothesis 

The findings here also have potential implications for the prenatal sex steroid 

hypothesis. According to this hypothesis, early exposure to sex steroids may 

influence early brain development in both structure and function which has enduring 

effects on the development of future traits and abilities. In this body of work, 

androgen and estrogen levels were not significantly related to autistic-like traits or to 

verbal and nonverbal abilities in the general population as well as in siblings at high 

or low risk of developing ASD. Therefore these results do not support this 

hypothesis. As mentioned earlier it is important to note that these findings are 

reflective of the perinatal period and may not invalidate prior results examining 

prenatal periods. These null findings were generally consistent across the population 

and high-risk infant sibling samples. A link between early exposure to sex steroids 

and later developmental outcomes was therefore not validated here. 

It is relevant to note that the findings of the four studies reported here did not 

provide evidence that males and females differed on the majority of measures of 

autistic traits or on verbal and nonverbal abilities. This in-part may help to explain 

why the prenatal sex steroid hypothesis was not supported. It is proposed that if there 
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is a lack of cognitive sex differences in outcome measures, it is less likely that 

associations between sex steroid levels and later developmental outcomes will be 

apparent (Auyeung, Lombardo, & Baron-Cohen, 2013). For example, studies which 

show that verbal abilities were linked to sex steroid levels, also demonstrate female 

superiority on those verbal measures compared to males (Hollier et al., 2013; 

Whitehouse, Mattes, Maybery, Sawyer, et al., 2012). Conversely the studies outlined 

in Chapters 3 and 5, in addition to another previous study (Farrant, Mattes, Keelan, 

Hickey, & Whitehouse, 2013), which do not demonstrate significant sex differences 

in the phenotype outcome measures also fail to report significant associations 

between sex steroid levels and verbal abilities. If there is no significant sex 

difference in the outcome measure, that particular trait may therefore be less likely to 

be associated with masculinizing steroid levels. Thus, it is plausible that variation in 

outcome across these studies may reflect the sensitivity of the particular language 

measures employed to sex differences and to the influence of sex steroids 

Another possible explanation for the lack of support for the prenatal sex 

steroid hypothesis is that the gestational period during which the sex steroids were 

sampled in our research, is outside the proposed neurodevelopmentally sensitive 

window of 8-24 weeks gestation (Finegan, Bartleman, & Wong, 1989). Consistent 

with this possible explanation, studies using amniotic fluid samples have 

demonstrated the most consistent relationships between testosterone concentrations 

and postnatal behavioural measurements. Significant relationships have been 

reported for autistic-like traits as assessed on the Quantitative Checklist for Autism 

in Toddlers (Auyeung et al., 2010), the CAST and the Autism Spectrum Quotient: 

Children’s Version (Auyeung et al., 2009), for the quantity of eye-contact 

(Lutchmaya & Baron-Cohen, 2002), for measures of social relations and restricted 
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interests (Knickmeyer, Baron‐Cohen, Raggatt, & Taylor, 2005) and also for 

measures of empathy (Chapman et al., 2006). These results contrast with the null 

findings reported for studies exploring relationships between umbilical cord blood 

studies and the AOSI, SRS and AQ (Park et al., 2017; Whitehouse, Mattes, Maybery, 

Dissanayake, et al., 2012). More recently, a study examining the relationship 

between  testosterone measured from amniotic fluid and the CAST with 3 to 5 year 

olds reported null results (Kung et al., 2016), suggesting that even the behavioural 

relationships previously observed with amnitioc fluid testosterone levels may not be 

as consistent as previously expected. It may be that the variation in outcome 

measures used to examine autistic-like traits may also contribute to the variations in 

results. 

Another consideration is that different structures within the brain develop at 

different time points across gestation (Tau & Peterson, 2010). For example, there is 

evidence that the cortical areas underpinning language production may develop 

relatively late in gestation (Quarello, Stirnemann, Ville, & Guibaud, 2008) and 

consequently the influence of sex steroids during this time period may be more 

relevant to language development. Previous research has identified significant, albeit 

inconsistent, relationships between language measures and testosterone levels 

sampled in cord blood on the Language Development Survey in boys at age 2 

(Hollier et al., 2013), pragmatic language items at age 10 in girls (Whitehouse et al., 

2010) and language delay on the Infant Monitoring Questionnaire in 1 to 3-year old 

boys (Whitehouse, Mattes, Maybery, Sawyer, et al., 2012). The studies in Chapters 3 

and 5 do not align with these previous results as there were no significant 

relationships between perinatal androgen levels and verbal abilities. However the 

findings here are supported by one study which did not observe a significant 
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relationship between cord blood testosterone levels and verbal abilities on the PPVT 

in 5-year olds (Farrant et al., 2013). It may be that the relationship between perinatal 

androgen levels and later language development is not robust and may vary 

according to the measure used to assess language. The significant effects that have 

been found so far do vary according to age and the outcome measure used, and they 

appear not to be consistent between sexes. 

The current thesis also reports no significant relationships between perinatal 

sex steroid exposure and measures of nonverbal cognitive development in both a 

population sample and a high-risk sibling cohort. This contrasts with the only other 

study of testosterone from umbilical cord blood, which identified an inverse 

relationship between perinatal androgen levels and spatial skills in girls as assessed 

on the kindergarten and first grade versions of the Primary Mental Abilities Test. 

(Jacklin et al., 1988).The present findings also contrast with outcomes from studies 

that used amniotic fluid samples. Testosterone levels were positively related to 

performance on the embedded figures task in 7-10 year olds (Auyeung et al., 2012) 

and mental rotation speed in 7 year old girls (Grimshaw et al., 1995), but  were 

negatively related to block building abilities in 4-year old girls (Finegan et al., 1992). 

It is evident that research in this area is limited and studies are too few to draw strong 

conclusions, particularly given the variation in tasks, age groups and hormone 

sampling methods in the studies to date.  

Another potential reason for the lack of significant results supporting the 

prenatal sex steroid hypothesis across the chapters is that the relationship between 

sex steroids and the developmental outcomes measured here are affected by other 

factors that are not accounted for or even fully understood. Genetic factors are 

considered to possibly modulate the effect of testosterone. Genetic polymorphisms 
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have been shown to influence testosterone metabolism and may affect its influence 

on cognition such as mental rotation (Celec et al., 2009; Celec et al., 2013). In 

particular, the androgen receptor gene has been shown to have an association with 

the biological actions of testosterone. The role of receptors is to assist in 

translocation and binding of androgens to the nucleus of cells. The functionality of 

the androgen receptor gene influences androgen sensitivity (Lubahn et al., 1988; 

Nowak, Diamond, Land, & Moffat, 2014). Gene defects are important as they can 

result in complete insensitivity where males can present phenotypically as females 

(Brinkmann, 2001; Lubahn et al., 1989). The cysteine, adenine, guanine (CAG) 

repeat sequence in the androgen receptor (AR) gene, located at Xq11-12 is 

considered to have an impact on serum testosterone levels. AR-CAGn and serum 

testosterone levels are positively associated in males (Krithivas et al., 1999), and 

negatively in females (Westberg et al., 2001). 

Another consideration is that levels of prenatal/ perinatalsex steroids are 

known to fluctuate over time. For example, sex steroids that the fetus is exposed to 

are known to fluctuate even within a day (Seron-Ferre, Ducsay, & Valenzuela, 1993; 

Walsh, Ducsay, & Novy, 1984). Therefore, sampling steroids from a single time 

point can limit the ability to capture these fluctuations. This knowledge impresses the 

importance of sampling sex steroids at several time points during gestation as a 

single time point is reflective of only a snapshot of the levels of sex steroids that the 

fetal brain may be exposed to. It is important to highlight that sex steroids can also 

convert from one form to another. For example testosterone can convert into 

estradiol via aromatase or dihydrotestosterone by reductase (Kuijper, Ket, Caanen, & 

Lambalk, 2013). This possibility emphasizes the value of examining a range of 

bioactive sex steroids. The study that examined the Δ4 sex steroid biosynthesis 
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pathway (i.e., progesterone, 17α-hydroxy-progesterone, androstenedione and 

testosterone) found that amniotic levels were elevated in individuals who later 

received a diagnosis of ASD compared to individuals who did not (Baron-Cohen et 

al., 2014). A recent study presented the first evidence that higher prenatal estrogen 

levels in amniotic fluid were related to an increased risk of ASD diagnosis (Baron-

Cohen et al., 2019). These studies validate the need for a greater understanding of a 

wide range of neuroactive steroids that may impact neurocognitive development in 

ASD, but also potentially in neurotypically developing individuals as well.  

6.5 Strengths of the Research Designs 

The designs of the studies included in this thesis include numerous strengths. 

The studies here analyzed a range of biologically active androgens and estrogens in 

all four studies using unique composites. The approach adopted here takes into 

account binding affinity by calculating the biologically active components of the sex 

steroids whilst also weighting each steroid according to its biological potency (see 

Appendix A). Furthermore, this thesis includes a broader range of sex steroids than 

typically examined, selected based on literature that has indicated neuroactive effects 

for a range of androgens and estrogens beyond testosterone (Azcoitia, Yague, & 

García-Segura, 2011; Callard, Petro, & Ryan, 1978; Stoffel-Wagner, Watzka, 

Schramm, Bidlingmaier, & Klingmüller, 1999; Zheng et al., 2018).  

Another strength of the study design is the use of different participant samples, 

which have allowed for us to build a broader range of evidence regarding the role of 

sex steroids in ASD. Examining traits in the general population enabled investigation 

of subclinical traits and how they may be associated with early sex steroid levels. It 

is understood that the underlying mechanisms that contribute to subclinical traits 
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have relevance for the mechanisms that may be involved in clinical samples 

(Lundström et al., 2012; Robinson et al., 2011). Population studies are also easier to 

recruit for and therefore enable accessibility to larger and more diverse samples 

compared to high-risk or clinical samples. For example, the Raine cohort described 

in Chapters 2 and 4 includes a wide breadth of individuals who were recruited via 

antenatal clinics where cord blood samples were available for 860 participants. These 

large samples recruited from clinics are more likely to be representative of the 

general population. High-risk infant sibling samples are informative in facilitating 

the comparison between TD individuals and children with an increased genetic 

liability for ASD on developmental outcomes and potential biological factors such as 

sex steroid levels. A major advantage of the high-risk design is that HR children are 

more likely to exhibit subclinical and clinical ASD symptoms than general 

population samples, and may also provide information on biological factors (such as 

sex steroid levels) implicated in ASD. Comparisons of HR and LR siblings therefore 

may provide greater power to identify relationships between sex steroid exposure 

and autistic traits or cognitive abilities than a study based on an unselected sample. 

Both designs used in this thesis were prospective longitudinal designs, which allow 

for the follow-up of individuals across time. The Raine study and PRISM studies 

were both conducted over a number of years ad thus enables us to investigate 

relationships at different time points.  

The umbilical cord blood sampling methods were also a strength of our research. 

These methods enable steroid levels to be sampled from a wider range of 

participants, and provide good representation of circulating steroid levels during the 

latter stages of fetal development (Hackmon et al., 2004). By comparison, 

amniocentesis is conducted only in pregnancies where there is a medical need, and 
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therefore studies using this methodology are unable to disentangle other medical 

factors from the hypothesized relationship between sex steroid levels and offspring 

development. Cord blood is thought to contain relatively equal venous and arterial 

blood which provides a good representation of the serum concentrations in 

circulation in the fetus, while the extent to which amniotic fluid is related to 

circulating fetal levels is not clear (Hollier, Keelan, Hickey, Maybery, & 

Whitehouse, 2014). 

The studies included in the thesis investigated a range of developmental 

outcomes at different ages. The four studies examined outcomes across the full 

developmental range from young childhood to middle childhood and early 

adulthood. Autistic-like traits were assessed using a variety of measures including 

the AQ, ADOS-G, ADEC and RBS-R. Verbal abilities were assessed using the 

MSEL (EL and RL subscales), PPVT-III and the CELF-3 whilst several nonverbal 

measures (RCPM and the MSEL VR subscale) were also assessed here. This 

strengthens the generalizability of the findings here to different age groups and 

outcomes.  

The sex steroid detection methodology used in this thesis (LC-MS) is also a key 

strength of the design. Several previous studies have used radioimmunoassay (RIA) 

to measure levels of sex steroids (Auyeung et al., 2009; Auyeung et al., 2010; Kung 

et al., 2016). The accuracy of this technique is questionable for low levels of 

testosterone in particular (Demers, 2010; Rosner, Auchus, Azziz, Sluss, & Raff, 

2006; Stanczyk, 2006; Stanczyk et al., 2003). In contrast, LC-MS is considered to be 

preferable particularly for being able to detect low concentrations (Demers, 2010; 

Vicente, Smith, Sierra, & Wang, 2006). LC-MS is currently the methodology of 

preference when analyzing sex steroids (Hollier et al., 2014).  
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6.6 Limitations of the Thesis Design 

There are also several limitations of the study designs that are important to 

consider. First, the high-risk sibling sample recruited for this study was relatively 

small in number. The recruitment challenges we faced are not unusual in this field, 

and relate to the the availability for recruitment of families with existing children 

with an ASD diagnosis within a timely fashion in a particular geographic area 

(Zwaigenbaum et al., 2007). In an attempt to counter the relatively small sample size, 

we made efforts to limit the number of outcome variables analysed, and also discuss 

the findings in the context of this limitation. 

The use of a high-risk sample may also mean that the monitoring of siblings 

with measures may alter developmental trajectories. Family environment may also 

contribute to the sibling’s development such as being affected by the experience of 

living in a family with a child with ASD (Szatmari et al., 2016). A recent review 

study presented results that show that autistic children who are recruited for 

prospective follow‐up have better outcomes than those who have been recruited via 

community referral or universal screening. Infants may learn from their experiences 

of being assessed. Similarly, parents may also learn new interaction skills by 

observing assessments conducted by professionals. In addition, these children may 

also be more likely to be enrolled in early intervention therapy. This benefit is 

defined as the ‘surveilleance effect’ whereby the process of participating in a 

prospective study increases developmental surveillance and may be attributed to the 

factors mentioned above (Micheletti et al., 2019).  

High-risk samples may suffer from some degree of self-selection bias that 

could possibly influence the results of studies. A considerate attempt to take into 

account parent characteristics that may differ according to risk group was made in 
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the thesis. However, there are other potential factors that may not have been 

accounted for such as increased sensitivity to developmental difficulties in HR 

families amongst other factors that may be unclear. Sibling recurrence risk is often 

found to be far higher in such cohorts (Ozonoff et al., 2011) compared to that 

reported in epidemiological studies (Groenberg et al, 2013). 

Whilst umbilical cord blood sampling is discussed as a strength, it also must be 

noted that this method samples hormones concentations outside the window of 

gestation (8-24 weeks) that is considered developmentally sensitive. The strengths 

and benefits of this methodology over other available methods have been discussed 

at length in previous chapters of the thesis. At the very least, the sampling of cord 

blood allows for the collection of data that represent an important complement to 

other studies in this area.  The use of LC-MS for steroid analysis  is associated with 

some limitations (Hollier et al., 2014). Marked variations in reported values have 

been observed across studies  (Hickey et al., 2009; Hill et al., 2014; Keelan et al., 

2012; Krogh et al., 2011), which may be due to differences in standardization and 

extraction efficiency (Hill et al., 2010; Hill et al., 2014). Another highlighted setback 

is that there may be inadequate chromatographic separation of steroid species that are 

similar prior to LC-MS. Other factors can also influence variation in values such as 

collection mode, labor onset and pregnancy complications (Hickey et al., 2014; 

Keelan et al., 2012). Given these considerations, this thesis utilized a range of 

parental and obstetric variables in analyses in order to account for these factors. Data 

points were excluded if they exceeded values which did not fall within the range of 

typical values previously observed in other studies.   

The variation in ages of participants and in the outcome measures used here 

can be considered a strength in terms of generalizability of findings, but may be a 
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limitation in terms of replication of findings in the literature. Whilst the studies here 

were exploratory, a consideration for future research may be to keep more variables 

consistent between studies in order to attribute findings to particular age groups or 

outcome measures more consistently, therefore enabling greater specificity in the 

nature of effects.  

6.7 Future Directions 

The findings of this thesis have implications for this area of research. No 

relationships between perinatal androgen and estrogen levels and autistic traits were 

identified here. Studies which examine these relationships in umbilical cord blood 

are limited to this thesis and two other studies (Park et al., 2017; Whitehouse, Mattes, 

Maybery, Dissanayake, et al., 2012), with the latter of these studies also using the 

Raine cohort. There do appear to be some consistent positive associations in 

amniotic studies where testosterone levels are related to autistic-like traits but these 

are predominantly derived from one research group’s study of a single participant 

cohort (Auyeung et al., 2009; Auyeung et al., 2010; Knickmeyer et al., 2005; 

Lutchmaya & Baron-Cohen, 2002). Even in amniotic fluid studies effects are 

inconsistent, with one study showing null results (Kung et al., 2016). It is evident 

that the literature (inclusive of our research) demonstrates consistent null findings 

when examining autistic-like traits in relation to sex steroid levels in umbilical cord 

blood. Studies using amniotic fluid sampling earlier in gestation appear more 

consistent but there are also null findings there. Examining the association of sex 

steroid exposure during early periods of gestation to autistic-traits may therefore be 

more relevant for future research than examining umbilical cord blood samples.  
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Only a few studies have examined the direct relationship between pre/perinatal 

sex steroids and visuospatial abilities (Auyeung et al., 2012; Finegan et al., 1992; 

Grimshaw et al., 1995), only one of which has utilized umbilical cord blood samples 

(Jacklin et al., 1988). The results of the existing studies of visuospatial abilities are 

conflicting in the direction of the relationship found. The association between 

pre/perinatal testosterone levels and verbal abilities are more consistent in terms of 

the presence of an effect. The evidence demonstrates negative associations (Finegan, 

Niccols, & Sitarenios, 1992; Hollier et al., 2013; Lutchmaya & Baron-Cohen, 2002; 

Whitehouse et al., 2010) except for a potential protective role for perinatal 

testosterone levels in girls (Whitehouse, Mattes, Maybery, Sawyer, et al., 2012). 

Questions remain as to the direction of effects and how they vary according to sex. 

Even though the current study reports a series of null relationships, it is 

recommended that future studies continue to include a range of sex steroids when 

examining potential steroids in relation to autistic traits or cognitive abilities. It is 

unlikely that a single hormone exerts an influence on early neurodevelopment but 

that there are other influential contributing sources that may influence later traits. As 

mentioned previously, sex steroid pathways (Baron-Cohen et al., 2014) and 

estrogens (Baron-Cohen et al., 2019) have been shown to be implicated in ASD. 

Importantly, genetics may play a role in the sensitivity of individuals to androgens 

and other sex steroids. Therefore, a wide range of steroids and also genetic factors 

would benefit from further exploration.  

Specificity in research going forward may also be of value as this area of 

research continues to grow. In particular, efforts could be focused on potentially 

delineating the specific aspects of ASD which may relate to certain steroids or 

hormonal pathways at particular timepoints. For example, language development 
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may be linked to umbilical cord blood androgens whilst both androgens and 

estrogens in amniotic fluid may be associated with autistic-like traits. 

Specificity may also be relevant when condiucting studies which sample sex 

steroids from different sampling timepoints across gestation. It is unclear at present 

how earlier levels of sex steroids measured in amniotic fluid and umbilical cord 

blood levels measured perinatally may relate to each other. The inherent limitations 

in relation to direct sampling during the prenatal period mentioned previously, may 

present a barrier to further research in this area. Nevertheless, if possible, 

investigating relationships between sex steroids sampled at different time-points is 

worth considering in future studies. 

In terms of methodological recommendations, both population and high-risk 

sample designs are useful methods as multiple methods are beneficial for generating 

a more complete picture of the relationships between sex steroid levels and later 

developmental behaviour and cognition than any single method.Our studies have 

used two diverse samples (high-risk and community-based) which have enabled us to 

draw conclusions in this area of research. Using diverse study designs is therefore 

recommended moving forward. Researchers may need to take statistical power into 

account in high-risk sibling samples. Using a high-risk sibling design with modest 

sample sizes may limit the detection of effects if the strength of the relationship is 

potentially weak (Zwaigenbaum et al., 2007). One way of overcoming this limitation 

is through data linking of international samples in order to increase the power and 

diversity of samples. Outcome measures should also be considered in future 

research. Outcome measures where clear and consistent sex differences can be 

demonstrated may be more useful compared to measures where gender biases are 

less pronounced (Auyeung & Baron-Cohen, 2012).  
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When examining biological pathways that may underlie the EMB theory, 

caution may need to be exercised in terms of the generalizability of the theory to 

cognitive traits outside of sytemizing and empathizing and the explanatory power of 

the theory in the aetiology of ASD. This theory should be examined in the context of 

the wider range of environmental and genetic risk factors. It may be that research 

efforts are better spent on risk factors that have been found to have a stronger and 

more consistent association with autistic-traits and cognition compared to early 

exposure to sex steroids. Despite this, exploratory research in a broad range of areas 

is important for our general understanding of potential factors that may influence 

both typical and atypical behaviour, cognition and neurodevelopment. This is true 

not just for conditions such as ASD, but also the broader literature that is inclusive of 

other conditions which may have similar developmental pathways.  

6.8 Concluding Remarks 

The evidence collected as part of this thesis does not support an association 

between bioactive cord blood androgen and estrogen levels and later autistic-like 

traits, or verbal and nonverbal abilities. The lack of relationship demonstrated here 

was consistent across both population and high-risk infant sibling cohorts and 

involved several developmental time points at which outcomes were assessed (i.e., 

with toddlers, children and young adults). This was the first time that a broad range 

of biologically weighted androgens and estrogens has been investigated in umbilical 

cord blood in relation to later developmental traits in both the general population and 

in siblings who have a high or low risk of going on to develop ASD. What can be 

concluded here is that these results do not support the EMB theory of ASD or the 

hypothesis that perinatal sex steroids are significantly related to autistic-like traits or 
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nonverbal and verbal abilities. . There was little evidence to suggest that traits of 

ASD are associated with an underlying masculinized biological profile that may 

drive behavioural and cognitive masculinization. This thesis questions not only the 

biological basis of this theory, but also highlights potential limitations of the theory’s 

explanatory value in ASD aetiology, though the findings are limited to the perinatal 

sampling period and therefore are not reflective of the prenatal period. Perhaps this 

research indicates that aetiological research efforts may be better focused on factors 

that are not linked to the EMB theory. Furthermore, our work did not provide support 

for the hypothesis that sex steroid levels measured in the perinatal period are related 

to autistic-like traits and verbal and nonverbal ability outcomes. Steroid levels were 

not predictive of later developmental traits inclusive of autistic traits and verbal and 

nonverbal abilities. These findings are important as, even though they focus on the 

perinatal period, they add to an area of research that is difficult to conduct due to the 

invasiveness of sampling fetal blood during gestation. Our efforts here add 

knowledge to an area where inconsistencies in results remain. It is clear that the 

aetiological factors involved in ASD are complex with many hypothesized factors 

that may contribute to the heterogeneous presentation. Null findings add critical 

information to the literature, and provide guidance about where to invest further 

research time and money. The current study adds this knowledge to the literature, 

and seeks to further hone our knowledge of both typical and atypical 

neurodevelopment, and how we can apply that knowledge to improve the lives of 

autistic individuals and their families. 
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Abstract 

Background  

Ratio of second digit length to fourth digit length (2D:4D) has been extensively used 

in human and experimental research as a marker of fetal sex steroid exposure. 

However, very few human studies have measured the direct relationship between 

fetal androgen or estrogen concentrations and digit ratio. 

Aims  

We investigated the relationships between both androgen and estrogen 

concentrations in umbilical cord blood and digit ratio in young adulthood. In addition 

we calculated measures of total serum androgen and total estrogen bioactivity and 

investigated their relationship to digit ratio. 

Study design 

Prospective cohort study.  

Subjects  

An unselected subset of the Western Australian Pregnancy Cohort (Raine) study 

(159 female; 182 male). 

Outcome measures  

Cord serum samples were collected immediately after delivery. Samples were 

assayed for androgen (testosterone, 4-androstenedione, dehydroepiandrosterone) 

and estrogen (estrone, estradiol, estriol, estetrol) concentrations using liquid-

chromatography mass-spectrometry. Digit ratio measurements were taken from hand 

photocopies at age 19-22 years. 
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Results  

For both males and females, there were no significant correlations between digit ratio 

and any androgen or estrogen concentrations considered individually, the 

testosterone to estradiol ratio, total androgen bioactivity measure or ratio of androgen 

to estrogen bioactivity (all p Umbilical Cord Sex Steroids and Digit Ratio 3 > .05). In 

males, but not females, total estrogen bioactivity was negatively correlated with left 

hand digit ratio (r = -.172, p = .02), but this relationship was no longer significant 

when adjusted for variables known to affect sex steroid concentrations in cord blood. 

Conclusions  

Our findings indicate that digit ratio is not related to fetal androgens or estrogens at 

late gestation. 
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Introduction 

Prenatal exposure to sex steroids has long been posited to influence human 

development (Collaer & Hines, 1995; Finegan, Bartleman, & Wong, 1989). 

However, the direct examination of sex steroid exposure has been limited due to 

inherent difficulties in obtaining biological samples during prenatal life. Currently 

there is no ‘gold standard’ approach to the measurement of fetal sex steroid 

concentrations (van de Beek, Thijssen, Cohen-Kettenis, van Goozen, & Buitelaar, 

2004). Obtaining samples of circulating human fetal sex steroids during early and 

mid gestation would require invasive fetal sampling (such as cordocentesis), which 

confers significant risks to the pregnancy. Amniotic fluid samples provide an 

approximation of circulating fetal hormones in mid-gestation by measuring the sex 

steroids that have entered the amniotic fluid via fetal urination or diffusion through 

fetal skin (Nagami, McDonough, Ellegood, & Mahesh, 1979). A significant 

limitation of this approach is that amniocenteses are performed only in high-risk 

pregnancies and therefore research samples are typically small and unlikely to be 

representative of the broader population. Alternatively, umbilical cord blood reflects 

fetal sex steroid concentrations at late gestation and can be easily collected from 

uncomplicated pregnancies following delivery. Studies have demonstrated consistent 

sex-differences in sex steroid concentrations in cord blood (Herruzo et al., 1993; 

Keelan et al., 2012; Maccoby, Doering, Jacklin, & Kraemer, 1979; Troisi, 

Potischman, Roberts, Harger, et al., 2003), suggesting that this approach can be used 

to examine the relationship between early-life sex steroid exposure and human 

development.  
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Previous studies by our group and others have demonstrated significant 

associations between umbilical cord testosterone concentrations and human 

development (Hollier, Keelan, Hickey, Maybery, & Whitehouse, 2014). Higher 

concentrations of cord serum testosterone were associated with reduced vocabulary 

in males at 2 and 5 years of age (Farrant, Mattes, Keelan, Hickey, & Whitehouse, 

2013; Hollier et al., 2013), increased risk of language delay in early childhood 

(Whitehouse et al., 2012), reduced spatial ability in 6 year old females (Jacklin, 

Wilcox, & Maccoby, 1988), and left hemisphere lateralisation of language in adult 

males (Hollier, Maybery, Keelan, Hickey, & Whitehouse, 2014). Sex differences in 

behaviour have also been associated with cord testosterone concentrations. Jacklin et 

al. (1983) reported that males with low cord serum testosterone concentrations were 

more timid. We have recently reported that higher cord testosterone concentrations 

are associated with behavioural problems in early childhood. Attention difficulties in 

males and withdrawal symptoms in females were both negatively related to cord 

blood testosterone levels (Robinson et al., 2013). Together, these data suggest that 

umbilical cord blood is a valid method for examining early-life sex steroid exposure.  

Characteristically, males have a longer fourth digit relative to their second 

digit, while women have comparable second and fourth digit lengths (Manning, 

Stewart, Bundred, & Trivers, 2004). A recent meta-analysis illustrated that although 

the sex difference is small, it is consistent across the published literature (Hönekopp 

& Watson, 2010). Differences in digit ratios compared to controls have been partially 

supported in clinical populations exposed to atypical levels of prenatal hormones. 

There is some evidence individuals with congenital adrenal hyperplasia (CAH), 

where the fetus is exposed to supraphysiological levels of androgens, have a lower 

2D:4D ratio (male pattern) than typically developing individuals (Brown, Hines, 
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Fane, & Breedlove, 2002; Ökten, Kalyoncu, & Yaris, 2002). However, the 

relationship was not consistently observed in both hands. In addition, a study 

conducted by Buck, Williams, Hughes and Acerini (2003) using radiographs found 

no significant difference in digit ratio between females with CAH and typically 

developing females. These findings cast doubt as to whether the 2D:4D ratio is a 

reliable proxy measure of fetal testosterone levels (Putz, Gaulin, Sporter, & 

McBurney, 2004). 

To date, only three relatively small prospective studies have investigated the 

relationship between fetal sex steroid exposure and digit ratio. Lutchmaya et al. 

(2004) examined the association between testosterone and estradiol levels in 

amniotic fluid collected mid-gestation with digit ratio recorded at 2 years of age in 

33 children (18 males, 15 females). A low 2D:4D ratio in the right hand was 

associated with high testosterone relative to estradiol levels. No significant 

relationship was found between digit ratio and testosterone or estradiol 

concentrations individually. These observations suggest that the 2D:4D ratio reflects 

the relative levels of prenatal androgens and estrogens. 

Ventura et al. (2013) further investigated the relationship between amniotic 

testosterone concentrations sampled during mid-gestation and digit ratio measured at 

birth in a sample of 106 children (54 females, 52 males). For females, but not males, 

amniotic testosterone levels were negatively related to the digit ratio of both hands. 

This finding provides further evidence that digit ratio may be related to sex steroid 

concentrations in utero. However, Ventura and colleagues did not measure estrogen 

levels, so it was not possible to examine whether the ratio of testosterone to estradiol 

levels was related to the digit ratio. 
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Hickey et al. (2010) provided an initial investigation into the relationship 

between cord testosterone concentrations and the 2D:4D ratio in a subset of females 

from the Western Australian Pregnancy Cohort (Raine) Study. No statistically 

significant relationship was found between umbilical cord blood testosterone 

concentrations and the 2D:4D ratio recorded for the females at 14 to 16 years of age 

(n = 82) or between maternal testosterone concentrations at 18 (n = 118) or 34 weeks 

(n = 114) of gestation and digit ratio. These findings suggest that variations in 2D:4D 

in females are not related to fetal testosterone concentrations late in gestation. 

However, the findings from Lutchmaya et al. (2004) suggest that it may be the ratio 

of androgen to estrogen concentrations that is related to digit ratio. Furthermore, both 

Hickey et al. (2010) and Lutchmaya et al. (2004) utilised radioimmunoassay (RIA) to 

analyse sex steroid concentrations. Increasing awareness of the limitations of RIA for 

the measurement of umbilical cord sex steroids has led to the adoption of mass 

spectrometry as the preferred approach (Keelan et al., 2012). Liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) can be more sensitive than 

RIA (Stanczyk & Clarke, 2010). Further, sex steroid measurements with LC-MS/MS 

are consistently lower than those derived by RIA, reflecting the superior specificity 

of the LCMS/MS technique (Demers, 2010; Hollier, Keelan, et al., 2014; Krogh et 

al., 2011; Soldin et al., 2005; Stanczyk & Clarke, 2010; Vicente, Smith, Sierra, & 

Wang, 2006). Although, Ventura et al. (2013) utilised LC-MS/MS to measure 

testosterone concentrations amniotic fluid, they examined only the relationship 

between testosterone and digit ratio. 

Present Study 

The aim of the current study was to investigate whether androgen and 

estrogen concentrations in cord blood, measured using LC-MS/MS, are related to 



 

Appendices 249 

digit ratios recorded in early adulthood for samples of both males and females from 

the Raine study. Most published studies of fetal sex steroid exposure have measured 

only the most biologically active sex steroids: testosterone, and estradiol, both of 

which are bound to sex hormone binding globulin (SHBG) which greatly attenuates 

their bioactivity. However, the human fetus is exposed to a number of other 

androgens and estrogens in the prenatal environment, some of which are not bound 

by SHBG and so exert significant bioactivity despite a relative lack of potency. 

Accordingly, in the present study we measured the adrenal androgens, Δ4- 

androstenedione and dehydroepiandrosterone, as well as estrone, estriol and estetrol. 

Using these data, combined with data on protein binding and relative potency, we 

derived total composite measures of bioavailable androgen and estrogen exposure. 

We were then able to test whether these variables or their ratio correlated with the 

2D:4D ratios. 

We predicted that testosterone concentrations and the testosterone to estradiol 

ratio would be negatively related to digit ratio, while estradiol levels would be 

positively related. Similarly, it was predicted that the androgen composite and the 

androgen to estrogen composite ratio would be negatively associated with digit ratio, 

while the estrogen composite would be positively related. 

Method 

Participants 

Participants were from the Western Australian Pregnancy Cohort (Raine) Study 

(www.rainestudy.org.au). Between May 1989 and November 1991, 2900 unselected 

pregnant women were recruited from the public antenatal clinic at King Edward 

Memorial Hospital in Perth, Western Australia, to study the effects of repeated 
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ultrasound on fetal and postnatal growth, development and pregnancy outcomes. 

Among the 2834 women with singleton pregnancies, 1415 were randomised to the 

intensive ultrasound arm of the study, which included umbilical cord blood 

sampling, and formed the population for the present analysis. Immediately after 

delivery, mixed umbilical arterial-venous (UA:UV) cord blood was collected, 

allowed to clot and serum was frozen at -80C and stored without thawing until the 

initial investigation by Keelan et al., (2012). Eight hundred and sixty blood samples 

had sufficient serum for steroid analysis. Of these samples, there were 820 

participants with complete androgen data (400 female; 420 male), and 853 

participants with complete estrogen data (425 female; 428 male). Among these 

participants, 341 (159 female; 182 male) had digit ratio measured between 19 and 22 

years of age. 

Steroid analysis 

Cord serum samples were thawed, aliquotted and shipped from Perth, Western 

Australia to Adelaide, South Australia for LC-MS/MS analysis (CPR Pharma 

Services Pty Ltd, Thebarton, SA); in total, samples were thawed and frozen less than 

three times following collection. Ten randomly selected cord blood samples 

confirmed the absence of detectable maternal contamination (Whitehouse et al., 

2012). Assay performance was determined to be unaffected by up to three freeze-

thaw cycles or 24 h at room temperature. Steroid analysis was performed blind to 

sample identity or characteristics. 

Total testosterone (TT), Δ4-androstenedione (A4), and dehydroepiandrosterone 

(DHEA) were measured by liquid chromatography-tandem mass spectrometry after 

solvent extraction as described in detail by Keelan et al. (2012). Estrone (E1), 

Estradiol (E2), Estriol (E3) and Estetrol (E4) were measured by liquid 
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chromatography-tandem mass spectrometry after solvent extraction as described in 

detail by Hickey, Hart and Keelan (2014). 

Sex hormone binding globulin (SHBG) was measured by ELISA using a 

commercial kit (IBL International, Hamburg, Germany) according to the 

manufacturer’s instructions. All samples were measured in duplicate by a single 

operator using assay kits from the same batch. Samples with an initial replicate CV 

of > 10% were reanalysed. The inter-assay imprecision (CV) was 4.5% (n = 25); 

intra-assay CV was 5.2% (n = 861). 

Calculation of bioavailable testosterone, estradiol and estrone 

We employed an empirical method for the calculation of free testosterone, 

validated for use in samples with low total testosterone and SHBG concentrations, 

described in detail by Keelan, et al. (2012) and Sartorius, et al. (2009). Bioavailable 

testosterone (BioT), representing the fraction of total testosterone either free 

(unsequestered by SHBG) or bound to serum albumin, was calculated by summing 

the concentrations of free testosterone and albumin-bound testosterone (Keelan et al., 

2012). Albumin levels were adjusted using published reference values to account for 

the decrease in serum albumin concentrations with gestational age (Zlotkin & 

Casselman, 1987).  

A significant proportion of both E1 and E2 are bound to SHBG (Anderson, 

1974). Therefore, the free and bioavailable proportion of E1 (BioE1) and of E2 

(BioE2) were calculated using the method described by Mazer (2009). 

𝑓𝐸1 =
𝐸1

1 + 3.60𝑒+04  ×  𝐴𝑙𝑏𝑢𝑚𝑖𝑛 ×  
10

69000
+ 9.38𝑒−02  ×  𝑆𝐻𝐵𝐺
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𝑓𝐸2 =
𝐸2

1 + 4.55𝑒+04  ×  𝐴𝑙𝑏𝑢𝑚𝑖𝑛 ×  
10

69000
+ 4.95𝑒−01  ×  𝑆𝐻𝐵𝐺

 

We could not account for binding to corticosteroid binding globulin (CBG) as it 

was not measured in our sample. In addition, since our fT and BioT levels were 

estimated using a slightly different method, we did not account for competitive 

binding effects. However, comparisons between our model and Mazer’s calculation 

illustrated very high correlations (r > .95). The bioavailable proportions were 

calculated using the standard formula: BioE1 = [fE1] + [albumin-bound E1] and 

BioE2 = [fE2] + [albumin-bound E2] where KALB was equal to 36,000 L/mol and 

45,500 L/mol respectively.  

Calculation of composite measures 

Studies of sex steroids typically examine only the most biologically potent of 

the androgens and estrogens, testosterone and E2, respectively. However, there are a 

number of other androgens and estrogens which, although they are not as 

biologically potent, are present in much higher concentrations and are not bound by 

SHBG and other binding proteins. To assess the potential significance of total sex 

hormone bioactivity, we calculated composite measures of androgens and estrogens, 

taking into account the biological potency, binding affinity and unbound fraction of 

each hormone.  

Each hormone was then weighted based on its biological potency. Since 

testosterone is the most biologically potent androgen, it was weighted as 1; A4 has 

10% of the potency of testosterone, and DHEA has 1% (Anderson, 1974). Neither is 

bound to SHBG. The formula for the androgen composite is as below: 

Androgen Composite = BioT + 0.1[A4] + 0.01[DHEA] 
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Similarly, for the estrogen composite calculation, E2, being the most 

biologically potent estrogen was weighted at 1. E1 has only 50% of the potency, E3 

has 10% and E4 has 2% (Holinka, Diczfalusy, & Coelingh Bennink, 2008; Watkins, 

2007). Neither E3 nor E4 are bound to SHBG. The composite calculation for 

estrogen is shown below:  

Estrogen Composite = BioE2 + 0.5[BioE1] + 0.1[E3] + 0.02[E4] 

Hormone ratios 

The ratio of testosterone to estradiol levels was calculated by dividing the BioT 

concentration by the BioE2 concentration (BioT:BioE2). Similarly, the androgen to 

estrogen ratio was calculated by dividing the androgen composite by the estrogen 

composite (A:E).  

Digit ratio 

Digit ratio was measured in the participants when they were young adults aged 

19-22 years. The lengths of the second and fourth fingers on the ventral surface of 

the left and right hand were measured from the basal crease of the digit to its tip 

using Vernier callipers, working from purpose-collected hand photocopies (Lanier 

LD 122 photocopier) under standardized and supervised conditions (Caswell & 

Manning, 2009). All measurements were made by one observer and repeated by a 

second observer blinded to the findings of the first. Digit ratio was calculated by 

dividing the length of the 2nd digit by the length of the 4th digit. Separate ratios were 

calculated for the left and right hand. In addition, the directional asymmetry (Dr-l) 

digit ratio was calculated by subtracting the left-hand digit ratio from the right-hand 

digit ratio. 
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Covariates 

The measurement of umbilical cord hormones may be affected by a number of 

obstetric and maternal factors. The presence and duration of labour and gestational 

age at delivery have been found to significantly impact the androgen and estrogen 

concentrations in cord blood (Hickey, et al., 2014; Keelan, et al., 2012). In addition, 

birth weight and the presence of ante-partum haemorrhage or preeclampsia 

significantly impact cord estrogen levels (Hickey, et al., 2014). These covariates 

were taken into account in the analysis. 

Statistical analysis 

Independent samples t-tests were used to test differences between males and 

females for hormone concentrations and other sociodemographic, antenatal and 

obstetric variables. Bivariate correlations were initially used to investigate the 

relationships between digit ratios, hormone concentrations and hormone ratios, 

separately for males and females. Any significant relationships were investigated 

further using hierarchical multiple regression analysis to control for covariates.  

Results 

Sex steroid composite analysis  

Examining the full sample for which sex steroid composites were available, 

revealed that males had a significantly higher androgen composite compared to 

females (males: n = 420, mean ± SD = .448 ± .224; females: n = 400, mean ± SD = 

.415 ± .197; t (818) = 2.24, p = .026); while, there was no difference between males 

and females for the estrogen composite (males: n = 428, mean ± SD = 96.06 ± 2.25; 

females: n = 425, mean ± SD = 96.07 ± 49.94; t (851) = -.005, p = .996). The 
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androgen and estrogen composites were positively correlated with one another, r = 

.288, p < .001.  

Digit ratio analysis 

Table 1 presents the characteristics of male and female participants who had both sex 

steroid and digit ratio data available (159 female; 182 male). Males had significantly 

lower left and right 2D:4D ratios compared to females. There were a number of 

significant sex differences in the hormone concentrations and ratios: females had 

higher levels of BioE1 and E4; while males had higher BioT levels, DHEA levels, 

androgen composites, BioT:BioE2 ratios and A:E ratios. Although there was no 

significant difference in the estrogen composite, it was higher in females than males. 

Given these statistically significant differences, the remainder of the analyses were 

conducted separately for males and females. 

We initially investigated the relationships of the BioT and BioE2 measures with the 

digit ratios. For both males and females, there were no significant correlations 

between the left, right or Dr-l digit ratio and BioT or BioE2 concentrations. 

Additionally, the BioT:BioE2 ratio was not significantly correlated with the left, right 

or Dr-l digit ratio (see Table 2). None of the other individual androgen or estrogen 

measures significantly correlated with the 2D:4D or Dr-l ratios. Data analysis then 

turned to the composite hormone measures. For females, neither the androgen nor 

estrogen composite was significantly correlated with the left, right or Dr-l digit ratio. 

For males, there was a significant negative correlation between the estrogen 

composite and the left 2D:4D ratio (r = -.172, p = .02), but not the right or Dr-l. 

Neither the androgen composite nor the A:E ratio were significantly correlated with 

the left, right or Dr-l digit ratio (Table 2).  
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Table 1. Characteristics of male and female participants. Between-sample 

comparisons are also provided. 

  Female  Male Comparison 

Digit Ratios n Mean (SD) n Mean (SD)  

Left 2D:4D 159 .967 (.033) 182 .957 (.031) t (339) = 3.040, p = .003 

Right 2D:4D 159 .976 (.033) 182 .962 (.031) t (339) = 3.874, p < .001 
Dr-l 159 .008 (.030) 182 .005 (.026) t (339) = 1.004, p = .316 

Estrogens      

BioE1 159 73.35 (37.53) 182 65.04 (30.53) t (339) = 2.255, p = .025 

BioE2 159 19.13 (9.96) 182 18.25 (8.86) t (339) = .864, p = .388 

E3 159 419.92 (193.18) 182 397.96 (193.43) t (339) = 1.046, p = .296 
E4 159 20.54 (9.45) 182 16.76 (7.56) t (339) = 4.098, p < .001 

Estrogen Composite 159 98.21 (42.32) 182 90.90 (37.41) t (339) = 1.693, p =  .091 

Androgens      

BioT 159 .078 (.040) 182 .133 (.064) t (339) = -9.308, p < .001 
A4 159 2.14 (.702) 182 2.14 (.760) t (339) = -.083, p = .934 

DHEA 159 8.39 (4.07) 182 6.95 (3.18) t (339) = 3.676, p < .001 

Androgen Composite 159 .376 (.124) 182 .417 (.118) t (339) = -3.110, p = .002 

Hormone Ratios      

Testosterone:Estradiol 159 .0050 (.0035) 182 .0091 (.0066) t (339) = -7.012, p < .001 

Androgens:Estrogens 159 .0044 (.0022) 182 .0053 (.0026) t (339) = -3.397, p = .001 

Continuous 
Covariates 

     

Maternal age at 

conception (years) 

159 28.79 (5.70) 182 28.78 (5.68) t (339) = .021, p = .983 

Gestational age at 
birth (weeks) 

155 39.15 (1.85) 171 39.40 (1.91) t (324) = -1.166, p = .245 

Apgar scores 5 

minutes after birth 

159 8.99 (.842) 182  8.99 (.685) t (339) = -.086, p = .932 

Birthweight (g) 159 3233 (528) 182 3320 (587) t (339) = -1.419, p = .157 

Categorical 

Covariates 

N n (%) N n (%)  

Maternal education at 
pregnancy 

159  182  χ2 = 3.44, df = 1, p = .064 

Completed 

secondary school 

 61 (38.4)  88 (48.4)  

Did not complete 

secondary school 

 98 (61.6)  94 (51.6)  

Smoking in pregnancy 156  177  χ2 = 1.77, df = 2, p = .413 

None  123 (78.8)  146 (82.5)  

1 – 10 cigarettes 
daily 

 16 (10.3)  19 (10.7)  

11+ cigarettes 

daily 

 17 (10.9)  12 (6.8)  

Alcohol consumption 

during pregnancy 

156  177  χ2 = .596, df = 2, p = .742 

None  87 (55.8)  93 (52.5)  
Once a week or 

less 

 58 (37.2)  73 (41.2)  

Several times a 
week or more 

 11 (7.1)  11 (6.2)  

Family income during 

pregnancy 

156  176  χ2 = .086, df = 1, p = .769 

<$24,000  52 (33.3)  56 (31.8)  

≥$24,000  104 (66.7)  120 (68.2)  

Parity 159  182  χ2 = .008, df = 2, p = .996 
0  71 (44.7)  81 (44.5)  

1  50 (31.4)  58 (31.9)  

>1  38 (23.9)  43 (23.6)  
Delivery Mode 159  182  χ2 = .969, df = 1, p = .325 

Labour  145 (91.2)  160 (87.9)  

No Labour  14 (8.8)  22 (12.1)  
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Table 2. Correlations (Pearson r values) between the left and right 2D:4D ratios and 

hormone concentrations, split by sex. 

 Left 2D:4D Right 2D:4D Dr-l 

 Male Female Male Female Male Female 

BioE2 -.108 -.129 -.045 -.077 .076 .052 

BioT .015 -.112 .058 -.047 .051 .068 

BioT:BioE2 .097 .033 .086 -.061 -.013 -.102 

Androgen 

Composite 

-.108 -.128 -.018 -.103 .107 .023 

Estrogen 

Composite 

-.172* -.140 -.132 -.080 .048 .062 

A:E .040 .087 .097 -.039 .068 -.135 

Note: *p < .05 

Table 3. Outcomes of hierarchical multiple regression analyses predicting the left 

2D:4D ratio (males only). 

  B SE B β R2 R2 change 

Step 1 Constant .979 .062    

 Gestational Age -5.04e-4 1.76e-3 -.031   

 Delivery Mode 2.61e-3 8.97e-3 .025   

 Birth weight -7.78e-7 5.49e-6 -.014   

 APH 7.20e-4 .011 .005   

 Preeclampsia 7.17e-3 .015 .039   

     .006  

Step 2 Constant .992 .062    

 Gestational Age -5.24e-4 1.75e-3 -.032   

 Delivery Mode -8.96e-4 9.10e-3 -.009   

 Birth weight -7.41e-7 4.45e-6 -.013   

 APH 5.21e-4 .011 .004   

 Preeclampsia 7.09e-3 .015 .038   

 Estrogen -1.24e-4 6.69e-5 -.147   

     .026 .020, p = .065 

Note: N=182 

 



 

Appendices 258 

To further examine the relationship between the left 2D:4D ratio and the estrogen 

composite in males, a hierarchical multiple regression analysis was conducted. The 

estrogen composite was added to a model where the covariates found to significantly 

influence estrogen levels in cord blood (Keelan et al., 2012), were entered first in 

predicting the left hand 2D:4D ratio. Although, the model was not significantly 

improved with the addition of the estrogen composite there was a trend towards 

significance (see Table 3). 

Discussion 

Our primary aim was to investigate the relationship between fetal sex steroid 

concentrations in umbilical cord blood at delivery and hand digit ratios in young 

adults. Based on the published literature on prenatal androgen and estrogen exposure 

and digit ratio, we hypothesized that testosterone concentrations and the testosterone 

to estradiol ratio would be negatively related to the 2D:4D and Dr-l ratio and 

estradiol concentrations would be positively related. However, we found no 

statistically significant relationship between bioavailable testosterone concentrations, 

bioavailable estradiol concentrations or the BioT:BioE2 ratio and the 2D:4D ratio of 

either hand or the Dr-l. These findings differ from those using amniotic fluid 

collected at mid-gestation to measure sex steroids, where both total testosterone and 

the ratio of total testosterone to total estradiol concentrations have been negatively 

associated with digit ratio (Lutchmaya, Baron-Cohen, Raggatt, Knickmeyer, & 

Manning, 2004; Ventura, Gomes, Pita, Neto, & Taylor, 2013). However, evidence 

supporting a relationship between amniotic fluid sex steroids and digit ratio are very 

limited.  Both studies have moderate sample sizes drawn from a selected population 

of high-risk pregnancies undergoing amniocentesis (Lutchmaya et al., 2004; Ventura 
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et al., 2013). In addition, there are a number of methodological differences between 

the previous studies and the current study.  

First, Lutchmaya and colleagues analysed males and females together, and 

although sex was controlled in the analyses, there is emerging evidence that males 

and females respond differently to circulating sex steroid concentrations (Vitale, 

Mendelsohn, & Rosano, 2009), as evidenced by different associations identified for 

males and females (Hollier et al., 2013; Knickmeyer, Baron-Cohen, Raggatt, & 

Taylor, 2005; Lutchmaya, Baron-Cohen, & Raggatt, 2002; Robinson et al., 2013; 

Whitehouse et al., 2012). Therefore, males and females should be separated in 

association analyses.  

Secondly, Lutchmaya et al. (2004) used RIA to measure sex steroid 

concentrations in amniotic fluid, which consistently overestimates testosterone 

concentrations and may suffer from interference (Keelan et al., 2012). Thirdly, 

although Ventura et al. (2013) utilised the preferred LC-MS/MS technique to 

measure sex steroid concentrations, the authors from both studies were limited by the 

availability of total sex steroid concentrations uncorrected for protein binding. Only 

the free fractions (unbound) of sex steroids are biologically active. Our data are 

based on LC-MS/MS measurements which are more accurate than RIA and we have 

calculated bioavailable testosterone and estradiol which adds strength to the quality 

of the data. 

Fourthly, amniotic fluid is collected during the second trimester and may 

reflect mid-gestation sex steroid concentrations, while cord blood collected at birth 

reflects late gestation sex steroid concentrations (Keelan et al., 2012). It is not known 

how circulating sex steroid concentrations change through prenatal life. One small 

study comparing mid-gestation fetal cord testosterone and amniotic fluid and 
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maternal plasma concentrations showed no significant associations (Rodeck, Gill, 

Rosenberg, & Collins, 1985). Further, it is uncertain when in gestation digit ratio is 

established. Experimental data has indicated that supraphysiological androgen 

exposure in early, but not late gestation, increased the length of the second digit and 

had no effect on the fourth digit in female rhesus monkeys, thereby resulting in a less 

male-like ratio (Abbott, Colman, Tiefenthaler, Dumesic, & Abbott, 2012). 

Conversely, in female mice, in utero exposure to supraphysiological concentrations 

of the potent androgen dihydrotestosterone or a blocking estrogen action increased 

the length of the fourth digit, but had no effect on the second digit, resulting in a 

more male-like digit ratio pattern. In male mice androgen antagonism or estrogen 

treatment in utero decreased the length of the fourth digit, but did not affect the 

second digit, creating a more female like digit ratio pattern (Zheng & Cohn, 2011). 

Further, Auger et al. (2013) found the exposure to low (i.e. environmental) levels of 

estrogenic and anti-androgenic endocrine disruptors in utero feminised digit ratios in 

male rats. The findings from these experimental studies demonstrate that prenatal sex 

steroid exposure can modulate fetal digit growth, and that digit ratio may reflect both 

androgen and estrogen exposure (Dean & Sharpe, 2013). Although it remains unclear 

when in gestation the digit ratio is established and the results from these 

experimental studies cannot necessarily be applied to human development.  

Two studies examined digit ratio in deceased human fetuses and found that 

the sexual dimorphism of the 2D:4D ratio is present by the second trimester (Galis, 

Ten Broek, Van Dongen, & Wijnaendts, 2010; Malas, Dogan, Hilal Evcil, & 

Desdicioglu, 2006). Additionally, both studies noted that digit ratio averages were 

smaller than those found in children and adults and the strength of the digit ratio sex 

difference varied across gestational age. These findings imply that both pre- and 
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postnatal developmental processes are involved in the determination of the digit ratio 

sex difference. To date only four studies, including the current study, have 

prospectively examined the relationship between digit ratio and fetal sex steroids in 

humans, and only Lutchmaya et al. (2004) and Ventura et al. (2013) have observed 

significant relationships. If circulating sex steroid levels are involved in determining 

digit ratio, the available evidence to date suggests that this relationship is not evident 

by late gestation. 

The second aim of the current study was to calculate composite measures of 

total androgen and total estrogen exposure, taking into account the bioavailable 

proportions and the potencies of the individual hormones, and investigate whether 

these measures were associated with digit ratio. Although testosterone and estradiol 

are the most biologically potent sex steroids, some of the less potent sex steroids 

(e.g. E1, E3, A4, DHEA) are present in much greater quantities and may also affect 

human development. Therefore, it is important to consider the effects of the less 

potent steroids as well as those of testosterone and estradiol. To the best of our 

knowledge the current study is the first to generate measures of total androgen and 

total estrogen exposure. We found a significant positive correlation between the 

androgen and estrogen composites, consistent with the well-established biosynthetic 

relationship between the two classes of steroids in pregnancy: androgens are 

converted to estrogens through the actions of placental aromatase, and both groups of 

steroids are strongly influenced by fetal steroid production. These novel composite 

measures will allow future researchers to examine the effects of total androgen and 

total estrogen exposure. 

We found no statistically significant relationship between the androgen 

composite, estrogen composite or A:E ratio and any of the digit ratios after control of 
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covariates. However, there was a trend towards a significant negative association 

between the estrogen composite and the left hand digit ratio in males. This trend is in 

the opposite direction to that predicted based on the findings of Lutchmaya et al. 

(2004). Very little research has focused on the effect of estrogen levels on the 

development of digit ratio. Although the theory proposed by Manning (2002) posits 

that it is the relative concentrations of androgens to estrogens which regulates digit 

ratio, most published research focuses solely on androgen exposure (McIntyre, 

2006), rather than the relative levels of androgens and estrogens. Few studies have 

examined the relationship between prenatal estrogen exposure and postnatal human 

development and most studies address the potential relationship with reproductive 

cancers in females (Troisi, Potischman, Roberts, Siiteri, et al., 2003; Troisi, 

Potischman, Roberts, Harger, et al., 2003; Troisi, Potischman, Roberts, Ness, et al., 

2003). The implications of this trend towards a significant negative association 

between the estrogen composite and the left hand digit ratio in males is not yet 

known, but our data do not support the prediction that digit ratio is positively 

associated with measures of estrogen bioactivity. 

It is important to note that the main limitation of the use of cord blood to 

examine the effect of prenatal sex steroid exposure on human development is that the 

periods of fetal neurodevelopment that are sensitive to sex steroid exposure may 

occur earlier in gestation (Cohen-Bendahan, van de Beek, & Berenbaum, 2005), and, 

as noted above, the relative concentrations of circulating bioactive sex steroids 

during gestation are not known. The current evidence shows a more marked sex 

difference in fetal testosterone concentrations in mid-gestation compared to levels 

measured at birth (Scott, Mason, & Sharpe, 2009). However, there is increasing 

recognition from experimental studies that the effect of prenatal sex steroid exposure 
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on postnatal development is not restricted to early fetal development and that sex 

steroid levels in the final trimester also contribute to fetal development (Roselli, 

Estill, Stadelman, Meaker, & Stormshak, 2011; Zambrano, Guzmán, Rodríguez-

González, Durand-Carbajal, & Nathanielsz, 2014). Furthermore, evidence from 

studies examining relationships between umbilical cord sex steroids and subsequent 

development (Farrant, Mattes, Keelan, Hickey, & Whitehouse, 2013; Hollier et al., 

2013; Jacklin, Maccoby, & Doering, 1983; Jacklin, Wilcox, & Maccoby, 1988; 

Robinson et al., 2013; Whitehouse et al., 2012), indicate that these sex steroid 

concentrations are informative markers for childhood development. . Currently, 

umbilical cord blood is the only practical means of assessing fetal sex steroid 

concentrations during uncomplicated pregnancies (Hickey et al., 2009; Hollier, 

Keelan, Hickey, Maybery, & Whitehouse, 2014; Sloboda, Hickey, & Hart, 2011).  

A key consideration in the interpretation of umbilical cord blood sex steroid 

concentrations is the modulating effect of obstetric and perinatal factors. 

Examinations of large unselected birth cohorts have found that the presence and 

duration of labour and gestational age at delivery significantly impact on cord 

androgen and estrogen concentrations (Hickey, et al., 2014; Keelan, et al., 2012). 

Birth weight and the presence of ante-partum haemorrhage or preeclampsia also 

modify cord estrogen levels (Hickey, et al., 2014). However, the influences of these 

factors can be mitigated through detailed phenotyping and statistical controls on 

longitudinal regression models, and we believe that this limitation does not 

significantly diminish the usefulness of cord blood in providing indices of late 

gestation circulating fetal sex steroids (Hollier et al., 2014).  

An easily accessible postnatal marker of prenatal sex steroid exposure is 

necessary to be able to examine the effect of prenatal sex steroid exposure on 
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postnatal development. Digit ratio is easy to measure, but its validity as an indicator 

of prenatal sex steroids is primarily based on associations with behavioural and 

physical sexually dimorphic traits (Cohen-Bendahan et al., 2005; McIntyre, Cohn, & 

Ellison, 2006), which vary across cultures and are strongly linked to social and 

behavioural norms. The exact relationship between prenatal sex steroid exposure and 

digit ratio is unclear. The current study is the largest prospective study of prenatal 

sex steroids and digit ratio, and the first to use the combination of LC-MS/MS and 

bioavailable fractions of sex steroids and properly adjust for pregnancy-related 

covariables. Therefore, our findings present highly accurate measurements from 

normal pregnancy.  

In conclusion, this population-based study of umbilical cord sex steroids and 

adult digit ratio found no statistically significant relationship between late gestation 

sex steroid exposure and the adult hand digit ratio. The current study also provides a 

new method of calculating and examining total androgen and estrogen exposure 

through composite calculations.  
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