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Abstract
Background: Autism spectrum conditions have been characterised as an extreme presentation of certain male-typical
psychological traits. In addition, several studies have established a link between prenatal exposure to testosterone and
cognitive sex differences in later life, and one study found that foetal testosterone (FT) is positively correlated to autistic
traits in 6 to 10 year-old children. In this study, we tested whether FT is positively correlated with autistic traits in
toddlers aged 18-24 months.
Methods: Levels of FT were analysed in amniotic fluid and compared with autistic traits, measured using the
Quantitative Checklist for Autism in Toddlers (Q-CHAT) in 129 typically developing toddlers aged between 18 and 24
months (mean ± SD 19.25 ± 1.52 months).
Results: Sex differences were observed in Q-CHAT scores, with boys scoring significantly higher (indicating more
autistic traits) than girls. In addition, we confirmed a significant positive relationship between FT levels and autistic
traits.
Conclusions: The current findings in children between 18 and 24 months of age are consistent with observations in
older children showing a positive association between elevated FT levels and autistic traits. Given that sex steroidrelated gene variations are associated with autistic traits in adults, this new finding suggests that the brain basis of
autistic traits may reflect individual differences in prenatal androgens and androgen-related genes. The consistency of
findings in early childhood, later childhood and adulthood suggests that this is a robust association.
Background
Autism, high-functioning autism, Asperger syndrome
(AS) and pervasive developmental disorder not otherwise
specified (PDD-NOS) are collectively referred to as
autism spectrum conditions (ASC). Recent research has
suggested that ASC represent the upper extreme of a collection of traits that are continuously distributed in the
population [1,2]. This continuum view provides a shift
away from the categorical diagnostic approach and
towards a quantitative approach for measuring autistic
traits.
The strong bias of ASC towards males is well established [3], with a clear male to female ratio, estimated at
4:1 for classic autism [4] and as high as 10.8:1 in individuals with AS [5]. The extreme male brain (EMB) theory of
autism proposes that ASC are an exaggeration of certain
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male-typical traits [6,7]. This theory has been extended to
explain both cognition and neuroanatomy in individuals
with autism [8]. It has been suggested that prenatal exposure to testosterone may be a key biological mechanism
for shaping sex differences in the brain, and may be
involved in the biased sex ratio found in these conditions
[8,9].
Although genetic sex is determined at conception, it is
the gonadal hormones (that is, androgens, estrogens and
progestins) that are responsible for differentiation of the
male and female phenotypes in the developing human
foetus [10]. Direct sampling of foetal serum or manipulation of foetal hormone levels would be very dangerous;
hence, researchers have used indirect methods of measuring prenatal hormone exposure to study effects on
later development.
One such indirect measure is the ratio between the
length of the second and fourth digits (2D:4D) of the
hand. This ratio has been found to be sexually dimorphic,
being lower in males than in females. The 2D:4D ratio is
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thought to be fixed by week 14 of foetal life, and has been
found to reflect foetal exposure to prenatal sex hormones
in early gestation [11,12]. Results from studies of 2D:4D
ratios as a proxy for FT levels show that children with
ASC have more masculinised digit ratios compared with
typically developing boys. These patterns have also been
observed in the siblings and parents of children with
ASC, indicating the possibility of a link between genetically based elevated FT levels and the development of
ASC [13,14]. Other evidence of a genetic link to ASC was
provided by a recent study, which showed that genes regulating sex steroids are associated with autistic traits, as
measured by scores on the Autism Spectrum Quotient
(AQ), in a typical adult sample [15]. A parallel study also
showed that genes regulating sex steroids are associated
with a diagnosis of AS in a case-control sample [15].
The medical condition of congenital adrenal hyperplasia (CAH) leads to abnormally high androgen levels, and
has provided researchers with a 'natural experiment' in
which to examine the effects of elevated androgen exposure. Girls with CAH have more autistic traits (measured
using the adult AQ) than their unaffected sisters [16].
Given that this condition is usually treated after birth,
this suggests that the higher AQ scores in such children
reflect elevated prenatal androgen levels. However, these
findings should be interpreted with caution, because
CAH carries a number of related problems (and requires
extensive treatment) which may affect the atypical cognitive profiles found in this population [17,18].
Some studies have also compared measurements of testosterone in umbilical cord (UC) blood with postnatal
development. A recent study using UC blood testosterone measurements examined pragmatic language ability
in girls followed up at 10 years of age. Results showed that
the higher a girl's free testosterone level at birth, the
higher the scores on a pragmatic language difficulties
questionnaire [19]. However, levels of FT are typically at
very low levels from about week 24 of gestation, and UC
samples can contain blood from the mother as well as the
foetus (and hormone levels may vary due to labour itself )
[20], so UC blood testosterone does not allow testing of
whether outcomes reflect FT per se.
Currently, the best method to examine the effect of FT
is to sample via amniocentesis the amniotic fluid surrounding the foetus. An advantage of amniotic fluid samples is that amniocentesis is often performed for routine
clinical purposes within a relatively narrow time period
that coincides with the hypothesised critical period for
human sexual differentiation between weeks 8 and 24 of
gestation [21]. This is also more direct than the 2D: 4D
method, as the hormones themselves can be assayed,
rather than relying on a proxy for these.
Several studies have linked elevated levels of FT in the
amniotic fluid with the masculinisation of certain behav-
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iours, beginning shortly after birth. Elevated FT has been
linked to reduced eye contact in infants, smaller vocabulary in toddlers, narrower interests at 4 years of age, less
empathy at 4 and 8 years, and increased systemizing (the
drive to analyse and construct systems) at 8 years [9,2226]. In addition, FT levels have been found to be positively correlated with the number of autistic traits in
older children (6-10 years old), using two independent
dimensional measures of autistic traits (the AQ-Child
version and the Childhood Autism Spectrum Test) [27].
The current study aimed to extend our understanding
of the effect of prenatal hormones on the development of
autistic traits, using a new measure for evaluating autistic
traits in toddlers. The Quantitative Checklist for Autism
in Toddlers (Q-CHAT) is a parent-report questionnaire
that evaluates autistic traits in toddlers between 18 and
24 months old [28]. Scores on this measure have shown a
near-normal distribution in a large general population
sample (n = 779), suggesting that it is a useful measure of
individual differences in autistic traits in toddlers [28]. In
the present study, the relationship between measurements of FT and scores on the Q-CHAT were examined.

Methods
This study was given ethical approval by the National
Health Service Suffolk Research Ethics Committee. Written informed consent was obtained from general practitioners (GPs) and participating parents.
Participants

Mothers were asked to participate in research at the time
of having an amniocentesis (between 2004 and 2006).
The medical records of approximately 700 amniocentesis
patients were examined, and participants were excluded
if: (1) there was a twin pregnancy; (2) amniocentesis
revealed chromosomal abnormality; (3) the child suffered
significant medical problems after birth or (4) records
were incomplete. Women whose GP gave consent (n =
283) were contacted for participation. The final sample
for this study included 129 participants (66 boys, 63 girls)
with complete data.
Outcome variable

The outcome variable was the Q-CHAT. This is a 25-item
parent-report screening measure developed to identify
toddlers at risk for development of ASC. This measure is
a major revision of the Checklist for Autism in Toddlers
(CHAT) which was a screening tool originally developed
for use by health professionals for children aged between
18 and 24 months. Instead of using a binary (yes/no) format, the Q-CHAT uses a five-point scale of frequency of
behaviour to allow a greater range of responses. The
items of the Q-CHAT aim to measure areas of toddler
development including joint attention (e.g., gaze-follow-
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ing, or using/following the index-finger pointing gesture),
pretend play, language development, repetitive behaviours, and social communication. A total score is
obtained with a minimum score of 0 and a maximum
score of 100 [28]. The instrument was designed to have a
broad range to best capture the dimensional nature of
autistic traits in a general population.
Predictor variable

The predictor variable was FT level. FT was measured
from amniotic fluid by radioimmunoassay (at Department of Clinical Biochemistry, Addenbrooke's Hospital,
Cambridge, UK) using a method that has been reported
previously [24,27]. Amniotic fluid was extracted with
diethyl ether. The ether was evaporated to dryness at
room temperature, and the extracted material redissolved
in an assay buffer. Testosterone was measured by a commercial assay ('Count-a-Coat'; Diagnostic Products Corp,
Los Angeles, CA, USA), which uses an antibody to testosterone coated onto propylene tubes and a 125-I labelled
testosterone analogue. FT level is expressed as nmol/L.
The detection limit of the assay using the ether-extraction method is approximately 0.05 nmol/L. The coefficient of variation (CV) for between-batch imprecision is
19% at a concentration of 0.8 nmol/L, and 9.5% at a concentration of 7.3 nmol/L. CVs for within-batch imprecision are 15% at a concentration of 0.3 nmol/L, and 5.9% at
a concentration of 2.5 nmol/L. This method measures
total extractable testosterone.
Control variables
Foetal estradiol (FE) levels

In rodents, conversion of FT to FE in the brain has been
shown to be one mechanism for masculinisation of
behaviour [29,30]. The role of estradiol in human development is unclear, and it has been suggested that testosterone directly influences sexual differentiation without
being converted [31,32]. Measurements of FE therefore
were included as a control variable to further examine
whether there were any relationships with the other variables.
Gestational age at amniocentesis (in weeks)

Amniotic fluid samples were collected between weeks 11
and 21 of gestation (mean ± SD 16.92 ± 1.83). This timing
coincides with the hypothesised critical period for human
sexual differentiation (between approximately weeks 8
and 24 of gestation [9,21]).
Maternal age

Maternal age was included because women undergoing
amniocentesis have a higher mean age than the general
childbearing population.
Level of education obtained by parents

The mean maternal and paternal education level was
computed. Parental education level was measured
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according to a five-point scale (1 = no formal qualifications, 2 = O level/General Certificate of Secondary Education (GCSE) or equivalent, 3 = A-level, Higher National
Diploma (HND) or vocational qualification, 4 = university degree and 5 = postgraduate qualification).
Presence of older siblings

Older siblings have been found in previous research to
have an effect on the social environment and influence
child development [33]. This variable was defined as
older brothers present in the home (or not) and older sisters present in the home (or not).
Child's age

The children included in the analyses were between 18
and 24 months of age (19.25 ± 1.52) at the time of QCHAT administration. Age was also included as a control
variable.

Results
FT levels

Three male outliers in FT levels (individuals who scored 3
SDs above the mean) were observed. A winsorizing procedure was used [34], in which the extreme values were
replaced by the highest observed level within 3SD from
the mean (1.55 nmol/L). No outliers were found when FT
levels were examined in girls. Winsorized FT levels
showed no outliers and acceptable skewness statistics for
both boys and girls, and were used in subsequent analyses. Independent samples t-tests showed significant sex
differences in winsorized FT levels t(110.93) = 8.71, P <
0.001 (equal variances not assumed), with boys (0.80 ±
0.36) showing higher levels than girls (0.34 ± 0.23).
Control variables

Examination of the univariate distributions of the control
variables showed that levels of FE were positively skewed
(skewness > 1) so a natural logarithmic transformation
was carried out. This reduced the skewness to < 1, and
transformed FE data were used in subsequent analyses.
No sex differences were observed in transformed FE levels (t(127) = 0.22, P > 0.05). All other control variables
showed acceptable distributions, with no outliers and no
sex differences (all P > 0.05).
Q-CHAT scores

Examination of the univariate distribution of Q-CHAT
scores revealed that it was not significantly skewed
(skewness < 1) for all cases together, or for boys and girls
separately, thus the raw scores were used in further analyses. Figure 1 shows the distribution of Q-CHAT scores.
Scores on the Q-CHAT showed significant sex differences (t(127) = 2.59, P = 0.01; equal variances assumed),
with boys (28.09 ± 7.30) scoring higher than girls (24.94 ±
6.52) (see Table 1 for descriptive information and QCHAT score correlations with FT and the control vari-
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Table 1: Descriptive information and correlations with Quantitative Checklist for Autism in Toddlers (Q-CHAT) scores
Combined group

Variable

Boys

Sex difference
effect size (d)

n

Mean

SD

Range

r

n

Mean

SD

Range

r

n

Mean

SD

Range

r

FT levela, nmol/Lc

129

0.59

0.41

0.05 to 2.28

0.40**

63

0.34

0.27

0.05 to 1.12

0.31*

66

0.82

0.42

0.15 to 2.28

0.36*

1.36

FE levela, pmol/L

129

307.12

186.29

108 to 1260

0.01

63

309.67

181.98

126 to 1260

0.06

66

304.70

191.68

108 to 1220

-0.01

0.03

Gestational age

120

16.92

1.83

13 to 26

-0.13

60

17.01

1.62

15 to 22.3

0.06

60

16.83

2.03

13 to 26

-0.25

0.10

Child age

129

19.25

1.52

18 to 24

-0.15

63

19.40

1.50

18 to 23

0.08

66

19.11

1.53

18 to 24

-0.19

0.19

Maternal age

129

35.67

4.21

21 to 46

0.06

63

35.81

4.26

24 to 46

-0.01

66

35.53

4.18

21 to 45

0.14

0.07

Parental education

127

3.56

1.05

1 to 5

-0.02

61

3.58

1.05

1 to 5

0.12

66

3.54

1.06

1 to 5

-0.13

0.04

Q-CHAT Scoreb

129

26.55

7.08

10 to 43

-

63

24.94

6.52

10 to 43

-

66

28.09

7.30

14 to 43

-

0.46

aIndicates

raw values.
difference is significant at the P < 0.05 level.
cSex difference is significant at the P < 0.01 level.
r = correlation value between each variable and Q-CHAT scores.
* P < 0.05 level
** P < 0.01 level
bSex
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Within-sex analyses showed that for girls, no variables
met the criteria for entry into the hierarchical regression
analyses except for FT level (r = 0.31, P < 0.05). This was
entered in the first stage using the stepwise method. FT
level was retained and produced a significant F change (F
change = 6.59, P < 0.05, ΔR2 = 0.10). For boys, gestational
age (r = -0.25, P < 0.20) and child age (r = -0.19, P < 0.20)
were entered in the first stage of the regression analysis.
Inclusion of FT level in the second stage also produced a
significant F change (F change = 9.60, P < 0.01, ΔR2 =
0.14) (see Table 2).

Figure 1 Distribution of Quantitative Checklist for Autism in Toddlers (Q-CHAT) scores.

ables). Effect sizes for sex differences were also computed
using 'Cohen's d'. A 'd' value of 0.2 is considered a small
effect size; a 'd' of 0.5, a medium effect size; and a 'd' > 0.8,
a large effect size [35].
Data were examined using a hierarchical multiple
regression analysis to determine potential predictors of
Q-CHAT scores. In the first stage, any predictor variable
showing a significant correlation with the outcome at the
P < 0.20 was entered into the analysis [36]. The only variable meeting this criteria was gestational age (r = -0.13, P
< 0.20), which was included in the first stage using the
enter method. FT level (r = 0.40, P < 0.001) and sex (r =
0.22, P < 0.05) were tested for entry in the second stage
using the stepwise method. The sex and FT level interaction (sex/FT interaction) was also tested for inclusion in
the third stage using the stepwise method. The second
stage retained FT levels (F change = 22.78, P < 0.001, ΔR2
= 0.16), whereas sex and the sex/FT interaction were
excluded from the final model (Figure 2).

Figure 2 Relationship between foetal testosterone (FT) level and
Quantitative Checklist for Autism in Toddlers (Q-CHAT) scores.

Discussion
This study examined the relationships between amniotic
measurements of FT and autistic traits measured using
the Q-CHAT. Sex differences were observed, with boys
scoring higher on the Q-CHAT than girls. These early sex
differences are consistent with other studies in young
children that have found a female advantage in eye contact [26], vocabulary development [25] and preference for
looking at faces [37,38]. They are also consistent with sex
differences on measures of autistic traits, both on the
Childhood Autism Spectrum Test [39], the Autism Spectrum Quotient (AQ)-Child version [40], the AQ-Adolescent version [41] and on the English version of the adult
AQ [1]. This pattern has also been observed cross-culturally using translated versions of the AQ [42-45].
FT levels were found to be approximately 2.5 times
higher in boys than girls, consistent with previous studies
using measurements of testosterone levels in amniotic
fluid [22,23,27,46-48]. FT level was the only variable that
was significantly related to Q-CHAT scores, both when
the sexes were combined and when girls and boys were
examined separately. Sex and the sex/FT interaction were
not retained in the final regression model, suggesting that
this is an effect of FT, rather than sex. No significant association between FT levels and FE levels was found, nor
was FE correlated with autistic traits, and nor was there
any association between child sex and FE levels (r = -0.02,
P > 0.05), providing evidence for a link between autistic
traits and FT levels rather than FE levels. This replicates
previous studies showing no link between FE levels and
behaviour [24-26,49,50].
The current study supports the idea that FT levels are
associated with autistic traits in toddlers. Like previous
research in older children showing a positive relationship
with FT levels and autistic traits in 6 to 10-year-olds [27],
these results at 18 to 24 months of age suggest that FT
levels are associated with aspects of early development
measured by the Q-CHAT, including sociability, early
play behaviour and joint attention. These findings across
different ages in development also suggest that the association between FT and autistic traits is robust. However,
owing to the correlational design of this study, these
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Table 2: Final regression model for quantitative checklist for autism in toddlers (Q-CHAT) scores
Outcome

Predictors

Final regression model
R2

Δ R2

B

SE

β

P

Gestational age

0.02

0.02

0.47

0.32

0.12

> 0.05

FT level

0.18

0.16

7.32

1.53

0.4

< 0.001

FT level

0.1

0.1

8.97

3.5

0.31

< 0.05

Gestational age

0.07

0.07

0.75

0.43

0.21

> 0.05

0.1

0.57

0.02

> 0.05

0.21

0.14

7.36

2.38

0.37

< 0.01

Group
Q-CHAT Score

Girls only
Q-CHAT Score
Boys only
Q-CHAT Score

Child age
FT level

results cannot be used to infer that FT is one of the causes
of autism. Causality can only be demonstrated by manipulation of FT levels, which in humans would be wholly
unethical. In addition, these studies only provide evidence for the role of FT in the development of autistic
traits in typically developing children. This association
remains to be tested in clinical samples, and a large-scale
collaboration is currently underway to obtain a sufficient
sample size to compare FT levels in cases of ASC versus
controls.
The majority of total circulating testosterone is bound
to sex hormone-binding globulin, and to albumin- and
cortisol-binding globulin, and only the remaining 1-2%
(the free fraction) is active [51]. In this study, the assay
used can only measure total extractable testosterone and
cannot be adapted to obtain measurements of free fraction testosterone levels. Whitehouse et al. (in press)
obtained measurements of both the total testosterone
and the free fraction testosterone concentrations using
UC blood samples, and investigated relationships to pragmatic language ability in girls [19]. Although the only significant relationship was observed between the free
fraction testosterone and pragmatic language ability, a
significant correlation was also observed between total
testosterone and the free fraction testosterone concentrations (r = 0.64, P < 0.01). This suggests that the measurements of total testosterone obtained in this study are still
useful.
It is also known that hormones fluctuate during the day
and between days, even in foetuses [52,53]. It is not possible to obtain repeated samples of FT because amniocentesis itself carries a risk of causing miscarriage (of about
1%) [54,55] so obtaining amniotic FT measures are
opportunistic, when the procedure is being carried out
for clinical reasons, with never more than a single measurement of FT at one time-point. The representative-

ness of a single sample of FT thus remains unclear, but
would be difficult to explore in an ethical manner. Given
the reported time course of testosterone secretion [56],
the most promising time to measure FT is probably at
prenatal weeks 8 to 24 [9,21,57], but this is still a relatively
wide range. The inferences we can therefore draw about
the single measurement of FT are necessarily limited.
This sample of children whose mothers had undergone
amniocentesis is also not representative of the wider population (for example, maternal age is usually higher in
such samples). In this study, no relationship between
maternal age and Q-CHAT scores were observed, suggesting that the association found here may apply to all
pregnant women. For the reasons mentioned above, it
would be unethical to test this association in a randomly
selected sample of the child-bearing population [9].

Conclusions
We conclude that autistic traits are already sexually
dimorphic as young as 18 months of age, and that FT is a
significant predictor of autistic traits. The current findings are consistent with results in older (6 to 10 year-old)
children, which have also shown that FT levels are a significant predictor of autistic traits. These results point to
the importance of looking at factors that are involved
with FT levels (such as genetic polymorphisms [15]) to
understand the ultimate causes of individual variation in
number of autistic traits.
Competing interests
The authors declare that they have no competing interests.
Authors' contributions
BA conceived of and carried out the study, and drafted the manuscript. KT carried out the radioimmunoassays. GH participated in the recruitment of women
who had an amniocentesis. SBC contributed to the study design, obtained
funding for and coordinated the study, and helped to draft the manuscript. All
authors read and approved the final manuscript.

Auyeung et al. Molecular Autism 2010, 1:11
http://www.molecularautism.com/content/1/1/11

Acknowledgements
This work was supported by grants to SBC from the Nancy Lurie-Marks Family
Foundation and the MRC. BA was supported by a scholarship from Trinity College, Cambridge. We are grateful to the families who have taken part in this
longitudinal study over many years and to Rebecca Knickmeyer, Bhismadev
Chakrabarti, Carrie Allison, Liliana Ruta, Mike Lombardo, Melissa Hines, Ieuan
Hughes, and Richard Nash for valuable discussions. This study was conducted
in association with the NIHR CLAHRC for Cambridgeshire and Peterborough
NHS Foundation Trust.
Author Details
1Autism Research Centre, Department of Psychiatry, University of Cambridge,
Douglas House, 18B Trumpington Rd, Cambridge, CB2 8AH, UK, 2Department
of Clinical Biochemistry, Addenbrooke's Hospital, Cambridge, CB2 2QQ, UK
and 3Department of Foetal Medicine, Rosie Maternity Hospital, Robinson Way,
Cambridge, CB2 2SW, UK
Received: 1 March 2010 Accepted: 12 July 2010
Published: 12 July 2010
©
This
Molecular
2010
is
article
an
Auyeung
Open
Autism
is available
Access
et
2010,
al; licensee
from:
article
1:11 http://www.molecularautism.com/content/1/1/11
distributed
BioMed Central
underLtd.
the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

References
1. Baron-Cohen S, Wheelwright S, Skinner R, Martin J, Clubley E: The Autism
Spectrum Quotient (AQ): evidence from Asperger syndrome/high
functioning autism, males and females, scientists and mathematicians.
J Autism Dev Disord 2001, 31:5-17.
2. Constantino JN, Todd RD: Autistic traits in the general population. Arch
Gen Psychiatry 2003, 60:524-530.
3. Fombonne E: The epidemiology of autism: A review. Psychol Med 1999,
29:769-786.
4. Chakrabarti S, Fombonne E: Pervasive developmental disorders in
preschool children: Confirmation of high prevalence. Am J Psychiatry
2005, 162:1133-1141.
5. Gillberg C, Cederlund M, Lamberg K, Zeijlon L: Brief report: "the autism
epidemic". The registered prevalence of autism in a Swedish urban
area. J Autism Dev Disord 2006, 36:429-435.
6. Baron-Cohen S: The extreme male brain theory of autism. Trends Cogn
Sci 2002, 6:248-254.
7. Baron-Cohen S: The extreme male-brain theory of autism. In
Neurodevelopmental Disorders Edited by: Tager Flusberg H. Cambridge,
Massachusetts: MIT Press; 1999.
8. Baron-Cohen S, Knickmeyer R, Belmonte MK: Sex differences in the brain:
Implications for explaining autism. Science 2005, 310:819-823.
9. Baron-Cohen S, Lutchmaya S, Knickmeyer R: Prenatal Testosterone in Mind
Cambridge, Massachusetts: The MIT Press; 2004.
10. Larsen PR, Kronenberg HM, Melmed S, Polonsky KS, Eds: Williams Textbook
of Endocrinology 10th edition. Philadelphia: Saunders; 2002.
11. Lutchmaya S, Baron-Cohen S, Raggatt P, Knickmeyer R, Manning JT: 2nd
to 4th digit ratios, foetal testosterone and estradiol. Early Hum Dev
2004, 77:23-28.
12. Manning JT: Digit Ratio: a Pointer to Fertility behavior and Health New
Brunswick, NJ: Rutgers University Press; 2002.
13. Manning JT, Baron-Cohen S, Wheelwright S, Sanders G: The 2nd to 4th
digit ratio and autism. Dev Med Child Neurol 2001, 43:160-164.
14. Milne E, White S, Campbell R, Swettenham J, Hansen P, Ramus F: Motion
and form coherence detection in autistic spectrum disorder:
relationship to motor control and 2:4 digit ratio. J Autism Dev Disord
2006, 36:225-237.
15. Chakrabarti B, Dudbridge F, Kent L, Wheelwright S, Hill-Cawthorne G,
Allison C, Banerjee-Basu S, Baron-Cohen S: Genes related to sex steroids,
neural growth, and social-emotional behavior are associated with
autistic traits, empathy, and Asperger syndrome. Autism Res 2009,
2:157-177.
16. Knickmeyer R, Baron-Cohen S, Fane BA, Wheelwright S, Mathews GA,
Conway GS, Brook CG, Hines M: Androgens and autistic traits: a study of
individuals with congenital adrenal hyperplasia. Horm Behav 2006,
50:148-153.
17. Fausto-Sterling A: Myths of Gender New York: Basic Books; 1992.
18. Quadagno DM, Briscoe R, Quadagno JS: Effects of perinatal gonadal
hormones on selected nonsexual behavior patterns: A critical
assessment of the nonhuman and human literature. Psychol Bull 1977,
84:62-80.

Page 7 of 8

19. Whitehouse AJ, Maybery MT, Hart R, Mattes E, Newnham JP, Sloboda DM,
Stanley FJ, Hickey M: Foetal androgen exposure and pragmatic
language ability of girls in middle adulthood: implications for the
extreme male-brain theory of autism. Psychoneuroendocrinology .
DOI:10.1016/j.psyneuen.2010.02.007
20. Jacklin CN, Wilcox KT, Maccoby EE: Neonatal sex-steroid hormones and
cognitive abilities at six years. Dev Psychobiol 1988, 21:567-574.
21. Hines M: Brain Gender New York, New York: Oxford University Press, Inc;
2004.
22. Auyeung B, Baron-Cohen S, Chapman E, Knickmeyer RC, Taylor K, Hackett
G: Foetal testosterone and the child systemizing quotient. Eur J
Endocrinol 2006, 155:S123-S130.
23. Chapman E, Baron-Cohen S, Auyeung B, Knickmeyer R, Taylor K, Hackett G:
Foetal testosterone and empathy: evidence from the Empathy
Quotient (EQ) and the 'Reading the Mind in the Eyes' test. Soc Neurosci
2006, 1:135-148.
24. Knickmeyer R, Baron-Cohen S, Raggatt P, Taylor K: Foetal testosterone,
social relationships, and restricted interests in children. J Child Psychol
Psychiatry 2005, 46:198-210.
25. Lutchmaya S, Baron-Cohen S, Raggatt P: Foetal testosterone and
vocabulary size in 18- and 24-month-old infants. Infant Behav Dev 2002,
24:418-424.
26. Lutchmaya S, Baron-Cohen S, Raggatt P: Foetal testosterone and eye
contact in 12 month old infants. Infant Behav Dev 2002, 25:327-335.
27. Auyeung B, Baron-Cohen S, Chapman E, Knickmeyer R, Taylor K, Hackett G:
Foetal testosterone and autistic traits. Br J Psychol 2009, 100:1-22.
28. Allison C, Baron-Cohen S, Wheelwright S, Charman T, Richler J, Pasco G,
Brayne C: The Q-CHAT (Quantitative Checklist for Autism in Toddlers): a
normally distributed quantitative measure of autistic traits at 18-24
months of age: preliminary report. J Autism Dev Disord 2008,
38:1414-1425.
29. Breedlove SM: Sexual differentiation of the human nervous system.
Ann Rev Psychol 1994, 45:389-418.
30. MacLusky N, Naftolin F: Sexual differentiation of the central nervous
system. Science 1981, 211:1294-1303.
31. Hines M, Ahmed SF, Hughes IA: Psychological outcomes and genderrelated development in complete androgen insensitivity syndrome.
Arch Sexual Behav 2003, 32:93-101.
32. Hines M: Sexual differentiation of human brain and behavior. In
Hormones, Brain and behavior Volume IV. Edited by: Pfaff DW, Arnold AP,
Etgen A, Fahrbach S, Rubin RT. New York: Academic Press; 2002:425-462.
33. Nystul MS: Effects of siblings' sex composition on self-concept. J
Psychol 1981, 108:133-136.
34. Barnet V, Lewis T: Outliers in Statistical Data New York: Wiley; 1978.
35. Cohen J: Statistical Power Analysis for the Behavioral Sciences 2nd edition.
Hillsdale: New Jersey: Lawrence Erlbaum Associates; 1988.
36. Altman DG: Practical Statistics for Medical Research London: Chapman and
Hall; 1991.
37. Lutchmaya S, Baron-Cohen S: Human sex differences in social and nonsocial looking preferences, at 12 months of age. Infant Beha Dev 2002,
25:319-325.
38. Connellan J, Baron-Cohen S, Wheelwright S, Batki A, Ahluwalia J: Sex
differences in human neonatal social perception. Infant Behav Dev
2000, 23:113-118.
39. Williams JG, Allison C, Scott FJ, Bolton PF, Baron-Cohen S, Matthews FE,
Brayne C: The Childhood Autism Spectrum Test (CAST): sex differences.
J Autism Dev Disord 2008, 38:1731-1739.
40. Auyeung B, Baron-Cohen S, Wheelwright S, Allison C: The Autism
Spectrum Quotient: Children's Version (AQ-Child). J Autism Dev Disord
2008, 38:1230-1240.
41. Baron-Cohen S, Hoekstra R, Knickmeyer R, Wheelwright S: The AutismSpectrum Quotient (AQ) - Adolescent Version. J Autism Dev Disord 2006,
36:343-350.
42. Hoekstra RA, Bartels M, Cath DC, Boomsma DI: Factor structure, reliability
and criterion validity of the Autism-spectrum Quotient (AQ): a study in
Dutch population and patient groups. J Autism Dev Disord 2008,
38:1555-1566.
43. Wakabayashi A, Tojo Y, Baron-Cohen S, Wheelwright S: The AutismSpectrum Quotient (AQ) Japanese version: evidence from highfunctioning clinical group and normal adults. Jap J Psychol 2004,
75:78-84.

Auyeung et al. Molecular Autism 2010, 1:11
http://www.molecularautism.com/content/1/1/11

44. Wakabayashi A, Baron-Cohen S, Wheelwright S, Tojo Y: The AutismSpectrum Quotient (AQ) in Japan: a cross-cultural comparison. J
Autism Dev Disord 2006, 36:263-270.
45. Wakabayashi A, Baron-Cohen S, Uchiyama T, Yoshida Y, Tojo Y, Kuroda M,
Wheelwright S: The Autism-Spectrum Quotient (AQ) Children's Version
in Japan: a cross-cultural comparison. J Autism Dev Disord 2007,
37:491-500.
46. van de Beek C, Thijssen JHH, Cohen-Kettenis PT, van Goozen SH, Buitelaar
JK: Relationships between sex hormones assessed in amniotic fluid,
and maternal and umbilical cord blood: What is the best source of
information to investigate the effects of foetal hormonal exposure?
Horm Behav 2004, 46:663-669.
47. van de Beek C, van Goozen SHM, Buitelaar JK, Cohen-Kettenis PT: Prenatal
sex hormones (maternal and amniotic fluid) and gender-related play
behavior in 13-month-old infants. Arch Sexual Behav 2008, 38:6-15.
48. Grimshaw GM, Sitarenios G, Finegan JK: Mental rotation at 7 years:
Relations with prenatal testosterone levels and spatial play
experiences. Brain Cogn 1995, 29:85-100.
49. Knickmeyer R, Baron-Cohen S, Raggatt P, Taylor K, Hackett G: Foetal
testosterone and empathy. Horm Behav 2006, 49:282-292.
50. Knickmeyer R, Wheelwright S, Taylor K, Raggatt P, Hackett G, Baron-Cohen
S: Gender-typed play and amniotic testosterone. Dev Psychol 2005,
41:517-528.
51. Dunn JF, Nisula BC, Rodbard D: Transport of steroid hormones: binding
of 21 endogenous steroids to both testosterone-binding globulin and
corticosteroid-binding globulin in human plasma. J Clin Endocrinol
Metab 1981, 53:58-68.
52. Seron-Ferre M, Ducsay CA, Valenzuela GJ: Circadian rhythms during
pregnancy. Endocr Rev 1993, 14:594-609.
53. Walsh SW, Ducsay CA, Novy MJ: Circadian hormonal interactions among
the mother, fetus, and amniotic fluid. Am J Obstet Gynecol 1984,
150:745-753.
54. d'Ercole C, Shojai R, Desbriere R, Chau C, Bretelle F, Piechon L, Boubli L:
Prenatal screening: invasive diagnostic approaches. Childs Nerv Syst
2003, 19:444-447.
55. Sangalli M, Langdana F, Thurlow C: Pregnancy loss rate following routine
genetic amniocentesis at Wellington Hospital. N Z Med J 2004,
117:U818.
56. Smail PJ, Reyes FI, Winter JSD, Faiman C: The foetal hormonal
environment and its effect on the morphogenesis of the genital
system. In Pediatric Andrology Edited by: Kogan SJ, Hafez ESE. Boston:
Martinus Nijhoff; 1981:9-19.
57. Collaer ML, Hines M: Human behavioural sex differences: A role for
gonadal hormones during early development? Psychol Bull 1995,
118:55-107.
doi: 10.1186/2040-2392-1-11
Cite this article as: Auyeung et al., Foetal testosterone and autistic traits in
18 to 24-month-old children Molecular Autism 2010, 1:11

Page 8 of 8

