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Enduring prenatal androgen effects on the
female brain
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Structural sex differences in the brain have been reported as early as infancy. Prenatal androgens have been hypothesized to contribute
to these sex differences but the available evidence is inconclusive. Congenital adrenal hyperplasia (CAH) is a genetic variant that
causes high levels of androgens during gestation in females and more male-typical behaviour after birth, whereas androgen levels
and behaviour in males with CAH are largely typical. To assess whether prenatal androgens affect brain anatomy, we studied the lar-
gest CAH sample to date, matched pair-wise to a control group for sex, age, education and verbal intelligence. Anatomical sex differ-
ences were quantified using T1-weighted brain scans and a relevance-vector machine, which generated a continuous probabilistic
brain sex index. Females with CAH exhibited significantly more male-like brain characteristics than control females, whereas no dif-
ferences were observed between males with CAH and control males. This observed shift towards a male-typical brain anatomy in fe-
males with CAH supports the hypothesis that prenatal androgen exposure has formative effects on the human brain that persist into

adulthood.

School of Psychology, University of Auckland, Auckland 1142, New Zealand

Department of Diagnostic and Interventional Radiology, Jena University Hospital, Jena 07747, Germany
Department of Neurology, Jena University Hospital, Jena 07747, Germany

Department of Psychiatry and Psychotherapy, Jena University Hospital, Jena 07747, Germany

Department of Psychology, University of Cambridge, Cambridge CB2 1TN, UK

Department of Paediatrics, Addenbrooke’s Hospital, University of Cambridge, Cambridge CB2 0QQ, UK

The Weston Centre for Paediatric Endocrinology and Diabetes, Addenbrooke’s Hospital, University of Cambridge, Cambridge
CB2 0QQ, UK

8 Department of Endocrinology and Diabetes, University College Hospital London, London NW1 2BU, UK

9 Queen Elizabeth Hospital, Birmingham B15 2GW, UK

10 Department of Women’s and Children’s Health, Uppsala University, Uppsala SE-751 05, Sweden

11 Swedish Collegium for Advanced Study (SCAS), Uppsala 75238, Sweden

12 Laboratory of Neuro Imaging, School of Medicine, University of Southern California, Los Angeles 90033, USA

NN Lk W

Correspondence to: Eileen Luders, PhD
Department of Women’s and Children’s Health, Uppsala University, Uppsala SE-751 05, Sweden
E-mail: eileen.lueders@uu.se

congenital adrenal hyperplasia; development; gender; machine learning; sex

Received December 05, 2024. Revised September 15, 2025. Accepted October 11, 2025. Advance access publication October 14, 2025

© The Author(s) 2025. Published by Oxford University Press on behalf of the Guarantors of Brain.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.

920z Asenuer z| uo 1sanb Aq §5Z98Z8/96E1891/9///8|0111B/SWILIOOUIRIC/WO02 dNo dlwapee//:sdly Woll papEojuMO(]


https://orcid.org/0000-0001-8662-1809
https://orcid.org/0000-0002-9940-099X
https://orcid.org/0000-0001-5659-992X
mailto:eileen.lueders@uu.se
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/braincomms/fcaf396

2 | BRAIN COMMUNICATIONS 2025, fcaf396

F. Kurth et al.

Elevated prenatal androgens in women with congenital
adrenal hyperplasia (CAH) result in a shift towards a
more male-typical brain anatomy.

Estimated sex
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Introduction

Studies of non-human mammals have demonstrated that sex
hormones during early development contribute to sex-typical
characteristics, with lasting effects into adulthood.'” More
specifically, early testosterone exposure in female animals in-
creases subsequent male-typical behaviour and decreases sub-
sequent female-typical behaviour, with similar effects on
brain structure.'® Some evidence for a similar link in humans,
at least with respect to behaviour, comes from research on in-
dividuals with congenital adrenal hyperplasia (CAH). CAH is
a genetic variant that results in high concentrations of andro-
gens (including testosterone) during gestation in females, but
largely normal concentrations of androgens in males.’
Females with CAH show increased male-typical preferences
for toys, playmates and sexual partners as well as reduced sat-
isfaction with a female gender identity, while no such effects
are evident in males with CAH."* In contrast to the outcomes
of these behavioural studies, the few neuroimaging studies on
CAH have not yet yielded evidence that prenatal androgen ex-
posure results in more male-typical brains.>® However, defin-
ite conclusions are difficult because existing CAH research
was based on small sample sizes’ and potentially under-
powered studies (i.e. any significant effects might be small in
size as also shown for a number of sex differences independent
of CAH™'0),

Here we analysed data from the largest group of people
with CAH who have been studied to date® (z = 106), includ-
ing 53 women and men with CAH who were matched to 53
control women and men. More specifically, we applied a no-
vel multivariate machine learning approach capturing the
overall pattern of sex-specific characteristics throughout
the brain.'"'? We hypothesized that women with CAH

have a more male-typical brain anatomy than control wo-
men but a more female-typical brain anatomy than control
men. In contrast, given the lack of differences in behaviour
between men with CAH and control men as well as the large-
ly normal prenatal androgen levels in men with CAH,* we
expected a similar brain structure in men with CAH and in
control men.

Methods

A total of 53 individuals with classical CAH'? (33 females
and 20 males), aged between 18 and 45 years (mean + SD:
30.14.85 + 7.90 years) and 53 controls (33 females and 20
males), aged between 18 and 45 years (mean + SD: 30.35
+ 7.67 years) participated in the study. All participants
were recruited in the UK, through National Health Service
clinics, a national CAH support group, as well as flyers
and advertisements posted in hospitals, general practice
clinics or online. Participants with CAH were matched to
controls with respect to sex, age, level of education and ver-
bal intelligence, the last determined using the advanced vo-
cabulary test'* (Table 1). All participants were required to
be free from neurological or psychiatric disorders and to
have no contraindications to MRI. All participants provided
their informed consent. Approval for the study was obtained
from the National Health Service Research Ethics
Committee and the Health Research Authority in the UK
(protocol number 15/EM/0532) and from the University of
Auckland Human Participants Ethics Committee in New
Zealand (protocol number 020825).
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Table | Group demographics
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Control women Women with CAH Men with CAH Control men
N 33 33 20 20
Age (years) 31.8+85 31.1 +£8.6 285+6.6 279 +5.5
(18.3-45.3) (18.345.7) (19.343.4) (19.4-40.8)
Verbal Intelligence® 63+23 63+26 5.6+34 64+3.1
(1.8-11.0) (1.5-11.2) (2.0-12.5) (—1.0-13.5)
Highest level of education
GCSEs n==6 n==6 n=4 n=3
A levels n==6 n=>5 n=7 n=>5
Vocational training n=>5 n==6 n=1 n=4
Bachelor’s degree n=12 n=14 n=>5 n=7
Master’s degree n=4 n=2 n=3 n=1

GCSEs, General Certificates of Secondary Education. *Measured using the advanced vocabulary test.

All brain images were acquired on a Siemens 3 Tesla Skyra sys-
tem with a 32-channel head coil using the following para-
meters: TR =2300 ms, TE =2.98 ms, flip angle = 9°, matrix
size =256 x 240, 176 sagittal sections, voxel size=1x1x
1 mm?®. These T1-weighted images underwent preprocessing
via the CAT12 toolbox™ (version 12.8) and SPM12 (r7771).
More specifically, the images were corrected for magnetic field
inhomogeneities and tissue-classified into grey matter, white
matter and cerebrospinal fluid, as previously detailed.'™* In
addition, TIV was calculated as the sum of the whole-brain tis-
sue volumes of grey matter, white matter and cerebrospinal
fluid. Subsequently, the grey and white matter partitions were
spatially normalized to MNI space using 12-parameter affine
transformations. Finally, the normalized grey and white matter
segments were smoothed using an 8-mm FWHM Gaussian ker-
nel, and the image resolution was set to § mm.

The resulting images were then used to classify each
brain’s sex using a relevance vector regression machine,'®
as detailed elsewhere.'"'? The classifier was trained on an in-
dependent training set of 528 participants (299 females and
229 males) obtained from the IXI Database (https:/brain-
development.org/ixi-dataset).'” The input for the sex classi-
fication in the current study are the voxel-wise tissue
volumes, after performing a data reduction using PCA.'"-!?
The output of the sex classification is the so-called ‘brain
sex index’, a number representing the degree of femaleness/
maleness on a continuum, with 0 indicating the average fe-
male brain and 1 the average male brain.'"?

All analyses were performed in MATLAB using a general lin-
ear model. First, differences in brain sex were assessed using a
two-way ANCOVA, where the brain sex index was the de-
pendent variable, group (CAH/control) and sex (male/female)
the dependent variables and age as well as total intracranial
volume the covariates. The significant main effects and inter-
action were then followed up by comparing each of the four
groups (control women, women with CAH, men with CAH,

control men) with each other in the same model, which re-
sulted in six two-tailed post hoc tests. To safeguard against
an inflated type 1 error, a Bonferroni correction was applied
setting the threshold for significance at P < 0.0083 (i.e. 0.05/
6) for the post hoc tests. The assumptions for parametric statis-
tics were met by employing appropriate corrections for viola-
tions of non-sphericity'” and confirming the normal
distribution of the residuals by a Lilliefors test.

Preceding the main analysis described above, the perform-
ance of the sex classifier was evaluated. For this purpose, the
brain sex indices of the control sample were used to calculate
the receiver-operator characteristic and its area under the
curve. In addition, the brain sex index was binarized, with
values larger than 0.5 labelled as 1 (male) and smaller than
0.5 as 0 (female). These binarized classifications were then
used to calculate the classification accuracy (i.e. the number
of correctly classified brains divided by all classified brains)
when simply rounding the brain sex index.

Results

The performance of the sex classifier was evaluated using the
control sample; the classifier achieved an accuracy of 88.7%
and an area under the curve of the receiver-operator charac-
teristic of 0.992. The main effects of biological sex (female
versus male) and group (CAH versus control) were signifi-
cant (F[1,100] = 54.2; P<0.001 and F[1,100]=3.9; P=
0.031). In addition, there was a significant group-by-sex
interaction (F[1,100]=7.8; P=0.003), and appropriate
post hoc comparisons revealed neuroanatomical effects in
accordance with our prediction: Women with CAH ranged
in the middle between control women and control men (see
Fig. 1) and differed significantly from both groups (see
Table 2). In contrast, men with CAH did not differ signifi-
cantly from control men.

Discussion

Animal studies have led to the postulation of a sensitive per-
iod during early development where androgens have an
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Brain Sex Index

Control Women with Men with Control

Women CAH CAH Men
Figure | Estimated sex based on brain anatomy in
individuals with CAH and matched controls. Violin plots
depict the distribution of the brain sex indices for each group [control
women (n = 33), women with CAH (n = 33), men with CAH (n=
20), control men (n = 20)]. The black dots show the individual
indices, the gray boxes the group-specific interquartile range and the
whiskers the group-specific 1.5 interquartile range; the difference in
shading indicates the median. The red (blue) line is the average female
(male) brain sex index in the control group. The average brain sex
index of women with CAH ranged between control women and
control men and was significantly different from both groups after
Bonferroni correction (P < 0.0083). In contrast, the difference
between the two male groups (men with CAH versus control men)
was not significant (n.s.). Statistical details are given in Table 2.

Table 2 Group differences with respect to the brain sex
index (corrected for age and total intracranial volume)

Group Effect size Significance
comparisons (Cohen’s d) t (df) P)

Control women -1.75 —8.74 (100) <0.001*
versus control
men

Control women —0.69
versus women
with CAH

Women with CAH -0.82
versus men with
CAH

Control men versus 0.13
men with CAH

Women with CAH -0.94
versus control
men

Control women —1.58
versus men with
CAH

~3.47 (100) 0.003*

—4.08 (100) <0.001*

0.65 (100) 0414

—4.73 (100) <0.001*

—7.80 (100) <0.001*

“Significant after Bonferroni correction.

organizational impact on the human brain.>”>'® Studies of
individuals with CAH can provide evidence regarding the ef-
fect of natural variations in prenatal androgen exposure on
human development'® because CAH involves atypically
high concentrations of androgens during gestation in females

F. Kurth et al.

but not in males.” This is demonstrated in behavioural stud-
ies; for example, in comparison to same-sex controls, girls
and women with CAH exhibit increased male-typical and re-
duced female-typical characteristics and behaviours, includ-
ing toy and playmate preferences, sexual orientation and
gender identity.>? In contrast, boys and men with and with-
out CAH typically do not differ with respect to these charac-
teristics. Thus, if androgens have an organizational impact
on the human brain (i.e. as suggested by animal studies
and by behavioural studies in humans), one would expect
differences in brain anatomy when comparing women with
CAH to control women (women with CAH would have
more male-typical brains), but not when comparing men
with CAH to control men.

Interestingly, this was never confirmed in humans in prior
structural neuroimaging studies, where effects of CAH were
either observed in both sexes or where women with CAH did
not appear more male-typical.> This may be explained by
small sample sizes (CAH is a rare disorder occurring only
in approximately 1 in 15 000 live births®) and/or by the mag-
nitude of sex differences for specific brain regions (effect sizes
are small in general”'%). Moreover, factors other than an-
drogens, such as oestrogens, genes, glucocorticoids (which
are used for treatment) as well as social factors, >3 are like-
ly to exert effects in addition. Consequently, any masculiniz-
ing effects due to prenatal androgens—that might be small to
begin with—may remain below the threshold of detection. It
is important to note though that while effect sizes on a uni-
variate level might be small or even minute, a multitude of
such small univariate effects might amount to large effects
when regarded as a multivariate  pattern  (see
Supplementary Fig. 1). Indeed, sex differences in patterns
across the entire brain are larger and allow differentiating be-
tween male and female brains with high accuracy.'’>!%1%2!
In addition, when the expression of sex differences in these
multivariate patterns is assessed as a continuous rather
than binary variable, even partial effects as expected with
prenatal androgen exposure can be detected. Another advan-
tage of a continuous measure of sex differences is that it is in
line with current theories that posit sexual differentiation to
be the result of a complex interaction of genetic, hormonal,
epigenetic and social factors.>?22¢

With respect to the outcomes of the current study, the ob-
served lack of significant differences between men with CAH
and control men is in line with reports of largely normal pre-
natal androgen levels in males with CAH.? Conversely, the
detected differences between women with CAH and control
women is in line with reports of increased prenatal androgen
levels in females with CAH.""*'3*” Furthermore, the current
findings correspond to results from behavioural studies
showing a more male-typical behaviour in girls and women
with CAH but generally not in boys and men with CAH.*’
While direct associations between a more male-typical brain
anatomy and more male-typical behaviour remain to be es-
tablished, our findings support the view that prenatal andro-
gens play a role in shaping the human brain during early
development. This may also explain (at least partly—as
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genetic and environmental influences will be at play as
well®*®) why brains of boys and girls in the general popula-
tion show structural differences even before the onset of pu-
berty when sex hormone levels rise.""***° Given that all
participants in the present study were adults, the findings
in women with CAH also suggest that the effects of prenatal
androgen are enduring, which mirrors findings from animal
studies testing the effects of early androgen exposure in non-
human mammals."”"® To our knowledge, this is the first
study to provide neuroimaging evidence supporting theoret-
ical predictions of masculinized brains in women with CAH
and suggesting that prenatal androgens have lasting organ-
izational effects on the human brain.

Supplementary material

Supplementary material is available at Brain Communications
online.
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