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The present study investigates the relationship of circulating sex hormone levels and
gender role to gray matter volumes in sexually dimorphic brain areas and explores,
whether these relationships are modulated by biological sex (as assigned at birth based
on sexual anatomy) or oral contraceptive (OC) use. It was hypothesized that testosterone
and masculinity relate positively to gray matter volumes in areas that are typically larger
in men, like the hippocampus or cerebellum, while estradiol/progesterone and femininity
relate positively to gray matter volumes in the frontal cortex. To that end, high resolution
structural MRI scans, sex hormone levels and gender role self-assessments were
obtained in a large sample 89 men, 89 naturally cycling (NC) women, and 60 OC users.
Men showed larger regional gray matter volumes than women in the cerebellum and
bilateral clusters spanning the putamen and parts of the hippocampi/parahippocampi
and fusiform gyri. In accordance with our hypotheses, a significant positive association
of testosterone to hippocampal volumes was observed in women irrespective of OC
use. Participant’s self-reported femininity was significantly positively associated with
gray matter volumes in the left middle frontal gyrus (MFG) in men. In addition several
differences between OC-users and NC women were identified.
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INTRODUCTION

Sex differences in brain structure and function have long been a matter of debate and have
attracted considerable research interest, as they are assumed to underlie sex differences in behavior
(e.g., Cosgrove et al., 2007; Andreano and Cahill, 2009). For instance, sex differences in the
brain are thought to explain sex differences in cognition, or the differential vulnerability for
neurodevelopmental and psychiatric disorders in men and women.

Sex differences in brain structure have repeatedly been reported, with consistencies in some
areas, but inconsistencies in others (see Ruigrok et al., 2014 for a meta-analysis). Regional gray
matter volumes change with age at a different rate in males and females, both during development
(Gur and Gur, 2016) and during aging (Jäncke et al., 2015). These age-related changes account
for some of the variability between studies. Recent meta-analyses (Ruigrok et al., 2014) and more
large-scale studies (Ritchie et al., 2018) arrive at similar conclusions. In adults, larger regional
volumes in males compared to females are consistently reported in subcortical areas, including the
hippocampus, amygdala, basal ganglia and nucleus accumbens, in parts of the parahippocampal
gyrus, in the cerebellum and the posterior cingulate cortex (PCC). Larger regional volumes
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in females compared to males are consistently reported in frontal
areas, including the anterior cingulate cortex (ACC).

It can be speculated whether males’ larger
hippocampal/parahippocampal volumes play a role in their
frequently reported advantage in spatial tasks (Andreano and
Cahill, 2009; Levine et al., 2016) or whether females’ larger
volumes in frontal areas play a role in their frequently reported
advantage in verbal tasks (Andreano and Cahill, 2009) or self-
control (e.g., Chapple et al., 2010; Hosseini-Kamkar and Morton,
2014). However, the relationship between structure and function
is not always as clear-cut, and the larger volume of a brain area
doesn’t necessarily lead to better performance in tasks involving
this area. As a counter-example, the hippocampus has also been
implicated in verbal memory tasks and larger hippocampal
volumes relate to better verbal memory performance in females
(Protopopescu et al., 2008). Also in females, larger volumes
of the fusiform face area relate to better performance in a
face-recognition task (Pletzer et al., 2015a). Nevertheless,
these areas show regionally larger volumes in men (e.g.,
Pletzer et al., 2010), while women outperform men in verbal
memory and face-recognition tasks (see Andreano and Cahill,
2009 for a review).

Sex differences in brain morphology are thought to result
from organizational effects of sex hormones on the brain during
development – both prenatally and during adolescence (Kelly
et al., 1999; Cosgrove et al., 2007). At a smaller scale, sex
hormones appear to also exert activational effects on the brain
throughout our adult life span, the most prominent example
being menstrual cycle-dependent changes (Protopopescu et al.,
2008; Lisofsky et al., 2015; Barth et al., 2016; Pletzer et al., 2018).
The hippocampus has consistently been reported to increase
gray matter volumes during the high estradiol pre-ovulatory
phase (Protopopescu et al., 2008; Lisofsky et al., 2015; Barth
et al., 2016; Pletzer et al., 2018), while an increase in right basal
ganglia volumes has been observed in the high progesterone
luteal phase (Protopopescu et al., 2008; Pletzer et al., 2018).
In good accordance, animal studies also report increases in
hippocampal spine density in response to estradiol (Woolley
and McEwen, 1993, 1994). Furthermore, animal studies have
also found similar estradiol-dependent changes in spine-density
in the frontal cortex (e.g., Hao et al., 2006). These changes
are more subtle and short-lived, but suggest that sex hormones
continuously reshape our brain, particularly in areas, that are
rich in sex hormone receptors (Barth et al., 2015). Apart from
brain areas involved in the regulation of neuroendocrine axes
(i.e., hypothalamus), areas with a particularly high density of
sex hormone receptors include the hippocampus, the frontal
cortex and the cerebellum (Barth et al., 2015). These are the
same areas that show the strongest sexual dimorphism (Cosgrove
et al., 2007; Ruigrok et al., 2014). Nevertheless, only few studies
have addressed whether circulating levels of sex hormones relate
to gray matter volumes in these areas across participants. For
instance it has been demonstrated, that cross-sex hormone
treatment in male-to-female and female-to-male transsexuals
alters their brain structure toward the proportions of the aspired
sex (Hulshoff Pol et al., 2006; Guillamon et al., 2016). However, it
has not been addressed whether subjects with higher circulating

testosterone levels also display larger volumes in brain areas
known to be larger in men, and whether vice versa, subjects with
higher circulating estradiol levels, display larger volumes in brain
areas known to be larger in women. Furthermore, it is unclear,
how this association may be modulated by the biological sex
of participants.

Due to the accumulating knowledge of sex hormone actions
on the human brain and age-related changes therein, sex
hormones have been implicated as one potential cause for
sex differences in cognitive functions (e.g., Kelly et al., 1999).
Particularly regarding spatial abilities, a role of testosterone has
been repeatedly discussed (Hooven et al., 2004; Driscoll et al.,
2005; Hausmann et al., 2009; Courvoisier et al., 2013). However,
most contemporary models of sex differences in cognitive
functions follow a psychobiosocial approach and consider not
only biological factors, like sex hormones, but also socialization
(e.g., Hausmann et al., 2009; Levine et al., 2016). One social
factor that has been implicated in sex differences, is gender
role. Gender role refers to the predominant views of what’s
typically male or typically female in a given society (e.g., Eagly
and Koenig, 2006). The extent to which a person identifies
with typically male characteristics, is referred to as masculinity.
The extent to which a person identifies with typically female
characteristics, is referred to as femininity. Unlike biological sex,
gender roles are neither dichotomous nor mutually exclusive.
Rather masculinity and femininity are assessed on two different
continuous scales (e.g., Bem, 1974). While typical males score
high on masculinity and low on femininity and typical females
vice versa, a substantial proportion of individuals show no
such gender-typical identification (Bem, 1974). About 30% of
individuals score high on both masculinity and femininity, and
are considered androgynous (e.g., Vafaei et al., 2016).

According to the gender role mediation hypothesis (Nash,
1979), the extent to which a person identifies with the societal
expectations toward their biological sex transfers to their
behavior, and may explain sex differences in a variety of domains,
including cognitive abilities. In line with this hypothesis, a
recent meta-analysis found for instance, that higher masculinity
relates to better spatial performance in both men and women
(Reilly and Neumann, 2013). However, while the actions of sex
hormones on cognitive functions are thought to result from
their actions on the brain, the relationship of gender role to
brain structure and function has hardly been addressed. Only
a handful of studies have assessed brain structure in untreated
transgendered individuals (see Guillamon et al., 2016 for a
review) and homosexuals (Ponseti et al., 2007; Abé et al., 2014;
Manzouri and Savic, 2018), both groups that usually show
low gender role conformity. In general, these studies suggest
little differences between untreated transsexuals or homosexual
and non-transsexual heterosexuals. However, these studies are
characterized by small sample sizes and a certain variability in the
inclusion criteria for the transsexual or homosexual groups. Thus,
it remains unclear whether participants with higher masculinity
show a more male-typical brain morphology, i.e., larger gray
matter volumes in brain areas that are typically larger in men.
Vice versa, it has not been assessed whether participants with high
femininity show a more female-typical brain morphology, i.e.,
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larger gray matter volumes in brain areas that are typically larger
in women. However, a few findings do stand out. For instance,
Luders et al. (2012) report larger cortical thickness in the left
MFG of untreated male-to-female transsexuals compared to non-
transsexual men. Abé et al. (2014) report smaller hippocampal
volumes in homosexual men compared to heterosexual men. It
can thus be speculated that, at least in men, gender identity is
reflected to some extent in brain morphology. For instance, brain
structure has been related to personality (e.g., Riccelli et al., 2017),
and our understanding of what’s masculine and what’s feminine
relies to a great extent on personality traits (Bem, 1974; Gruber
et al., in press). Accordingly, most measures assessing masculinity
and femininity include personality dimensions, like expressivity
on the femininity scale and assertiveness on the masculinity scale
(e.g., Eagly and Koenig, 2006). It is thus possible, that a person’s
perception of how masculine or feminine they are, depends in
part on their brain morphology and chemistry. A recent fMRI
study has assessed brain activation in men and women during
the processing of gender-related attributes (Hornung et al., 2019),
as are used to assess gender role (Gruber et al., in press). They
found stronger activation for gender-congruent attributes in the
amygdala and putamen (Hornung et al., 2019). The present study
focuses on brain morphology.

The aim of the present study is to assess whether circulating
levels of sex hormones and/or participants masculinity and
femininity relate to gray matter volumes in brain areas that show
a high density of sex hormone receptors and have been described
as sexually dimorphic. To address these questions, a hypothesis-
driven region-of interest (ROI) based approach is combined
with more exploratory whole-brain analyses. The hippocampus
was selected as a brain area with high density of sex hormone
receptors that is typically larger in men. The middle frontal
gyrus (MFG) was selected as a brain area with high density of
sex hormone receptors that is typically larger in women. To
that end, high-resolution structural MRIs, saliva samples and
gender role ratings were obtained from a large sample of 89
men and 149 women. It was hypothesized, that testosterone and
masculinity relate positively to gray matter volumes in areas that
are typically larger in men, like the hippocampus or cerebellum,
while estradiol/progesterone and femininity relate positively to
gray matter volumes in the frontal cortex. It was also explored
whether these relationships are modulated by biological sex.

An important factor to consider, when addressing these
questions, is hormonal contraceptive use in women. Oral
hormonal contraceptives (OC) contain synthetic estrogens and
progestins that do not only influence a woman’s endogenous
hormonal milieu (e.g., Wiegratz et al., 2003). Previous work
has outlined potential OC-dependent effects on gray matter
volumes in sexually dimorphic brain areas (Pletzer et al., 2010,
2015a; De Bondt et al., 2013; Petersen et al., 2015) and on
gender role (Pletzer et al., 2015b). Across different cultures,
OC-users describe themselves as more feminine compared to
non-users (Pletzer et al., 2015b), even though several studies
indicate that their behaviors and brain activation patterns may
in fact be more comparable to men (e.g., Nielsen et al., 2011;
Pletzer et al., 2014). Accordingly, effects of OC-use will also be
assessed in all analyses.

MATERIALS AND METHODS

Participants
As add-on to three different neuroimaging studies, 89 men (mean
age: 24.18 ± 4.44 years), 89 naturally cycling women (mean
age: 24.02 ± 3.94 years), and 60 women using oral hormonal
contraceptives (OC; mean age: 21.42 ± 2.46 years) completed
self-ratings for their masculinity/femininity.

In all three studies, participants were right-handed, Caucasian,
aged between 18 and 35 years, heterosexual, had no diagnosis of
psychological, neurological or endocrinological disorders and no
brain tissue abnormalities on the structural MRI. The majority of
participants were university students who had completed general
qualification for university entrance. All naturally cycling women
had a regular menstrual cycle of 21 to 35 days length (mean
duration: 29.36 ± 2.91 days).

Among them a subsample of 54 men (mean age:
24.33 ± 4.37 years) and 51 naturally cycling women (mean
age: 24.12 ± 4.26 years) also completed a standardized gender
role questionnaire. For those 51 women, mean cycle duration
was 29.11 days (SD = 3.05).

Naturally cycling women and men did not differ in age (both
|t| < 0.26; both p > 0.79), but hormonal contraceptive users were
significantly younger than the other two groups (both t > 4.87,
both p < 0.001).

Ethics Statement
The studies were approved by the University of Salzburg’s ethics
committee and conform to the Code of Ethics of the World
Medical Association (Declaration of Helsinki). Informed written
consent was obtained from all participants.

Procedure
Study 1 investigated brain responses to different risk taking tasks
(Pletzer and Ortner, 2016). Study 2 investigated sex differences in
brain responses to numerical and attention tasks (Pletzer, 2016;
Pletzer and Harris, 2018) and included only naturally cycling
women. Study 3 was a resting state study (currently unpublished).

In all three studies, participants gave one saliva sample before
entering the scanner and one saliva sample after scanning, both
via the passive drool method. Questionnaires were completed on
site immediately after the scanning session as to not interfere
with the main research question of the studies. Self-ratings were
included in all three studies, the GERAS was completed by
participants of Study 2 and some participants of Study 1.

Among the 89 naturally cycling women in the whole
sample, 58 were scanned in their luteal cycle phase (11-3 days
before the onset of the next menses are counted backwards;
mean cycle day: 22.03 ± 3.98). The remaining 31 women
were unavailable during their luteal cycle phase and scanning
sessions were scheduled during or shortly after the next menses
(mean cycle day: 7.25 ± 4.07). Among the 60 hormonal
contraceptive users in the whole sample, 39 used contraceptives
containing androgenic progestins (Levonorgestrel, Desogestrel,
Dienogest, Gestoden), while 16 used contraceptives containing
anti-androgenic progestins (Drospirenon, Cyproteronacetat,
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Chlormadinonacetat). Five women were unable to provide
information about the hormonal contraceptives they were using.

As expected, progesterone [t(84) = 6.78, p < 0.001] significantly
higher during the luteal cycle phase compared to the early
follicular cycle phase, while testosterone and estradiol did not
differ between cycle phases (both t < 1.29, both p > 0.20).
However, in accordance with our previous studies hippocampal
volumes did not differ significantly between menses and luteal
cycle phase (both t < 0.50, both p > 0.61; compare Pletzer
et al., 2018), MFG volumes were only by trend higher in the
luteal cycle phase (both t < 1.91, both p = 0.06; compare Pletzer
et al., 2018) and masculinity/femininity ratings did not differ
significantly between menses and luteal cycle phase (all |t| < 1.54,
all p > 0.13; compare Pletzer et al., 2015a). Furthermore, there
were no differences between pill-types in masculinity/femininity
self-ratings, sex hormones or GM-volumes (all |t| < 1.58, all
p > 0.13). Accordingly, NC-women and OC-users were not split
into sub-groups for the analyses.

Among the 51 naturally cycling women in the subsample,
41 were scanned in their luteal cycle phase (mean cycle day:
21.78 ± 3.85), while 10 were scanned in their menses (mean cycle
day: 8.80 ± 4.60). Again, the NC group was not split by cycle
phase due to the small number of participants in their menses.

Hormone Analysis
Prior to analysis, saliva samples were stored frozen at −20◦

and centrifuged twice at 3000 rpm for 15 min and 10 min,
respectively. As recommended by the ELISA kit instructions,
aliquots from both samples were then pooled to account for
fluctuation in hormone release and saliva production and obtain
a more stable measure of hormone levels throughout the
scanning session. Estradiol, progesterone and testosterone levels
were assessed using DeMediTec1 salivary ELISA kits (DES6644,
DES6633, and DES6622). All samples were assessed in duplicates
and assessment was repeated for samples showing coefficients of
variation (CV) above 25%. For estradiol, sensitivity is 1.4 pg/ml,
intra-assay CV is 8.5%, inter-assay CV is 7%. For progesterone,
sensitivity is 5 pg/ml, intra-assay CV is 7%, inter-assay CV is
9%. For testosterone, sensitivity is 2.2 pg/ml, intra-assay CV is
7.5%, inter-assay CV is 9%. For three participants (two men,
one OC), hormone levels were not assessed due to visible blood
contamination. Hormone levels of more than three SD above the
group mean were discarded prior to analyses (E: two men, one
OC, two NC; P: two OC, two NC).

Questionnaires
Gender Role Self-Assessment
On a nine-point Likert-Scale, participants were asked to rate how
masculine or feminine they perceived themselves in comparison
to (other) men, (other) women, or the general population. The
same scale was already employed by Pletzer et al. (2015b). The
three comparisons were performed to take into account the
fact that women tend to compare themselves to other women,
while men tend to compare themselves to other men (Pletzer
et al., 2015b). These ratings represent subjective measures of

1http://www.demeditec.com

masculinity and femininity and depend on the participant’s
personal understanding of these concepts. As outlined by Pletzer
et al. (2015b), the concepts of masculinity and femininity vary
between cultures and possibly also subcultures, e.g., depending
on education or generation.

Gender-Related Attributes Scale (GERAS)
To additionally obtain a more objective measure of masculinity
and femininity, a subsample of participants also performed
the gender related attributes scale (GERAS). The GERAS was
developed by Gruber et al. (in press) as a standardized measure
to assess gender role via attributes that are typically perceived
as masculine or feminine in middle European cultures. It has
been well-validated and shows excellent internal consistency and
reliability (Gruber et al., in press). It extends previous sex/gender
role inventories (e.g., Bem Sex Role Inventory – Bem, 1981;
Personal Attributes Questionnaire – Spence et al., 1975) by
including not only personality traits, but also cognitive abilities
and interests that are typically associated with the male or female
gender on three subscales: (i) personality subscale, (ii) cognitions
subscale – 14 items (7 masculine, 7 feminine), and (iii) interests
subscale – 16 items (8 masculine, 8 feminine). The personality
subscale consists of 20 traits (both positive and negative), 10 of
which are typically associated with the male (e.g., dominant, bold)
and 10 with the female gender (e.g., warm-hearted, sensitive).
Participants are asked to rate how often they think these traits
apply to them. The cognition subscale consists of 14 cognitive
skills (7 masculine, 7 feminine), for which previous studies have
demonstrated sex differences favoring men (e.g., find a way) or
women (e.g., find the right words). Participants are asked to
rate how well they think they are able to perform these tasks.
The interests subscale consists of 16 activities, 8 of which are
stereotypically preferred by men (e.g., boxing, drinking), the
other 8 are stereotypically preferred by women (e.g., dancing,
talking). Participants are asked to rate how interested they would
be to engage in these activities. All ratings are performed on a
seven-point Likert-scale. For each subscale, separate masculinity
and femininity scores are obtained by averaging the ratings
for masculine and feminine items, respectively. The overall
masculinity and femininity scores are obtained by averaging the
masculinity and femininity scores of the three subscales.

MRI Data Acquisition and Analysis
All three studies were performed on the same scanner (Siemens
Magnetom Trio Tim 3 Tesla) at the Christian Doppler Klinik
(Salzburg, Austria). All studies included the same scanning
sequence to obtain a high resolution structural scan using a
T1-weighted sagittal 3D MPRAGE sequence (TR = 2300 ms,
TE = 2.91 ms, TI delay of 900 ms, FOV 256 mm, slice
thickness = 1.00 mm, flip angle 9◦, voxel size 1.0 × 1.0 × 1.0 mm,
160 sagittal slices). Images were segmented into gray matter,
white matter and csf partitions using cat12 standard procedures
and templates. SPM12 tissue probability maps and European
brain templates for affine regularization were used during the
initial SPM12 affine registration, light affine preprocessing and
moderate (0.5) strength of local adaptive segmentation, skull
stripping and final clean-up for CAT12 segmentation. Images
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were spatially normalized to the same stereotactic space (MNI
template) and voxel size for normalized images was set to 1.5 mm.
To control for individual differences in brain size, brain segments
were modulated using non-linear normalization parameters.

For ROI-based analyses, gray matter volumes were extracted
from the left and right hippocampus, as well as the left and right
MFG using the get_totals script by G. Ridgeway2. Masks were
constructed via the wfu-pickatlas toolbox, using aal-masks for
the hippocampus and 10 mm spheres around the coordinates
that showed the strongest sex difference favoring women for the
MFG. The extracted gray-matter volumes were analyzed using
JASP 0.8.1.1 (see section “Statistical Analysis”).

For the more exploratory, whole-brain analyses, gray matter
partitions were smoothed using a 12 mm Gausian kernel.
The smoothed images were entered into SPM12 second level
analyses. Total intracranial volume (TIV) and age were entered
as covariates in all analyses. In a first step, men, naturally cycling
women and OC users were compared using a one-way ANOVA
design. Sexually dimorphic brain areas were identified by defining
contrasts comparing men to both female groups. In addition
contrasts comparing OC-users to NC women were also defined.
In a second step, whole brain multiple regression designs were
used, to identify areas sensitive to sex hormone levels or gender
role. These whole brain regression analyses were performed
separately for each group. A primary uncorrected threshold of
p < 0.001 and a secondary cluster-level family wise error (FWE)
corrected threshold of pFWE < 0.05 were used.

Statistical Analysis
Statistical analysis was performed using JASP 0.8.1.1. Since age
differed significantly between NC and OC women, age was
controlled in all analyses. For analyses of brain volumes, TIV
was entered as additional covariate. Accordingly, ANCOVAs
were used to compare endocrine measures, behavioral measures
and brain volumes between groups, while multiple regression
analyses were used to relate endocrine and behavioral measures
to gray matter volumes. For group comparisons in the whole
sample the omnibus test comparing all three groups (men, NC,
OC) is reported in the text and pairwise comparisons are listed
in Table 1. For pairwise comparisons an FDR-correction of
p-values was used.

Since previous work has outlined OC-dependent effects not
only on gray matter volumes (Pletzer et al., 2010, 2014; Petersen
et al., 2015), but also on sex hormone levels (Wiegratz et al.,
2003) and on gender role (Pletzer et al., 2015b), the following
analyses approach was chosen for ROI-based multiple regression
analyses. In a first step it was assessed, how men differed from
naturally cycling women, by accounting for biological sex in the
analyses, but excluding OC-users. In a second step, naturally
cycling women were compared to OC-users by accounting for
OC-use in the analyses, but excluding men. Multiple regression
analyses modeled age and TIV, sex hormones/gender role,
and biological sex/OC-use, as well as their interactions as
independent variables. If significant interactions were observed,

2http://www0.cs.ucl.ac.uk/staff/gridgway/vbm/get_totals.m

separate partial correlations controlling for age and TIV were
performed for each group to clarify.

RESULTS

Endocrine Results
In the whole sample (Table 1), testosterone, progesterone
and estradiol levels differed significantly between groups [T:
F(2,232) = 78.05, p < 0.001, η2 = 0.40; P: F(2,227) = 19.26,
p < 0.001, η2 = 0.15, E: F(2,220) = 5.99, p = 0.005, η2 = 0.05].
Post hoc comparisons revealed that testosterone levels were
significantly higher in men compared to women irrespective
of their hormonal status. Progesterone and Estradiol levels
were significantly higher in NC women compared to men.
Testosterone and progesterone levels were significantly higher in
NC women compared to OC users.

Behavioral Results
Gender Role Self Assessment
In the whole sample (Table 1), significant group differences
were observed in both self-rated masculinity [F(2,234) = 119.44,
p < 0.001, η2 = 0.51] and self-rated femininity [F(2,234) = 108.23,
p < 0.001, η2 = 0.48]. Men rated themselves as significantly
more masculine and significantly less feminine than women
irrespective if their hormonal status. Women on hormonal
contraceptives rated themselves as significantly more feminine
and significantly less masculine than naturally cycling women.

In men masculinity and femininity self-ratings showed a
highly significant negative interrelation (r = −0.55, p < 0.001).
Similarly in NC women a moderate negative association
was observed between masculinity and femininity self-ratings
(r = −0.23, p = 0.03). In OC women no significant association
between masculinity and femininity self-ratings was observed
(r = −0.19, p = 0.15). The correlation in men was significantly
stronger than in the female groups (both Z > 2.52, both
p < 0.012). Correlation coefficients did not differ significantly
between NC and OC women (Z = 0.25, p = 0.80).

GERAS
Also in the GERAS, men reached significantly higher masculinity
and significantly lower femininity scores compared to NC
women. Differences were strongest for the interests subscale and
weakest for the cognition subscale (Table 2). The masculinity
and femininity subscales of the GERAS were not significantly
interrelated in either men or NC women (both |r| < 0.15,
both p > 0.30).

In men, self-rated masculinity correlated significantly with
masculinity scores as assessed by the GERAS (r = 0.43, p = 0.001),
while self-rated femininity did not correlate with femininity as
assessed by the GERAS (r = −0.14, p = 0.33). In NC women, self-
rated masculinity did not correlate with masculinity as assessed
by the GERAS (r = 0.09, p = 0.54), while self-rated femininity
correlated significantly with femininity as assessed by the GERAS
(r = 0.34, p = 0.01). Taking into account GERAS subscales,
the best predictor of men’s self-rated masculinity and women’s
self-rated femininity was the personality subscale (Table 3).
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TABLE 1 | Average hormone levels and masculinity/femininity self-assessment for men and women.

Whole sample men women NC women OC Men vs. NC Men vs. OC NC vs. OC

(n = 89) (n = 89) (n = 60) F p F P F p

Testosterone (pg/ml) 105.58 ± 53.24 48.43 ± 20.92 37.62 ± 18.09 87.14 < 0.001 78.12 < 0.001 9.86 0.002

Estradiol (pg/ml) 2.76 ± 1.02 3.11 ± 1.15 3.31 ± 0.94 4.45 0.05 12.90 < 0.001 0.61 0.44

Progesterone (pg/ml) 65.58 ± 55.32 136.05 ± 116.63 62.96 ± 47.82 26.20 < 0.001 0.27 0.60 13.49 < 0.001

Masculinity (self) 6.49 ± 1.16 3.83 ± 1.39 3.08 ± 1.76 188.84 < 0.001 187.54 < 0.001 4.58 0.03

Masculinity vs. men 5.80 ± 1.30 2.26 ± 1.10 1.88 ± 1.04 372.11 < 0.001 333.84 < 0.001 2.40 0.12

Masculinity vs. women 7.52 ± 1.56 5.20 ± 1.74 3.98 ± 2.11 85.42 < 0.001 124.31 < 0.001 11.27 0.001

Femininity (self) 3.60 ± 1.66 6.02 ± 1.51 6.93 ± 0.95 263.11 < 0.001 183.05 < 0.001 16.63 < 0.001

Femininity vs. men 4.48 ± 1.98 7.30 ± 1.70 8.05 ± 1.24 102.27 < 0.001 139.13 < 0.001 8.65 0.004

Femininity vs. women 2.54 ± 1.57 5.31 ± 1.71 6.33 ± 1.56 126.75 < 0.001 192.63 < 0.001 12.38 < 0.001

TIV 1582 ± 115.53 1400 ± 99.46 1400 ± 107.73 127.53 < 0.001 98.58 < 0.001 < 0.01 0.97

WM 559.9 ± 47.87 486.8 ± 47.48 479.5 ± 49.81 0.62 0.43 1.25 0.81 0.70 0.80

GM 756.0 ± 55.15 694.7 ± 52.04 688.3 ± 55.40 1.58 0.21 4.12 0.08 9.88 0.006

HippocampusL 4.60 ± 0.33 4.27 ± 0.38 4.13 ± 0.40 0.97 0.33 6.82 0.03 5.18 0.04

HippocampusR 4.15 ± 0.34 3.86 ± 0.32 3.77 ± 0.30 < 0.01 0.98 2.98 0.18 5.94 0.06

MFG_L 1.38 ± 0.25 1.34 ± 0.25 1.35 ± 0.28 2.72 0.30 0.21 0.65 0.35 0.55

MFG_R 1.24 ± 0.25 1.29 ± 0.21 1.31 ± 0.26 19.22 < 0.001 9.69 0.004 < 0.01 0.98

Age was controlled in all comparisons. P-values were FDR-corrected. NC, naturally cycling. OC, oral contraceptive user. MFG, middle frontal gyrus. L, left; R, right.
Significant effects are highlighted in bold font.

Sex hormone levels were not correlated with masculinity
or femininity scores (either self-rated or assessed with
the GERAS) in either men, NC-women or OC-women
(all |r| < 0.17, all p > 0.20).

Neuroimaging Results
Group Differences
In the whole sample (Table 1), significant group differences in
TIV were observed [F(2,234) = 80.53, p < 0.001, η2 = 0.41]. Post
hoc comparisons revealed that TIV was significantly larger in
men compared to women, but did not differ between naturally
cycling women and OC users. Controlling for age and TIV, the
three groups did not differ significantly in overall WM volumes
[F(2,233) = 0.89, p = 0.41, η2 = 0.002], but group differences were

TABLE 2 | Average hormone levels and GERAS scores for 54 men and 51
naturally cycling (NC) women.

Subsample Men (n = 54) women NC (n = 51) F p

Testosterone (pg/ml) 113.57 ± 62.45 43.96 ± 18.63 56.69 < 0.001

Estradiol (pg/ml) 2.40 ± 0.73 2.90 ± 1.00 8.37 0.005

Progesterone (pg/ml) 52.52 ± 53.67 153.75 ± 139.71 24.12 < 0.001

Masculinity (GERAS) 4.54 ± 0.63 4.09 ± 0.70 14.21 < 0.001

Masculinity personality 4.38 ± 0.63 4.14 ± 0.78 3.18 0.07

Masculinity cognition 4.76 ± 0.94 4.37 ± 0.96 4.29 0.04

Masculinity interests 4.49 ± 0.94 3.76 ± 1.17 13.92 < 0.001

Femininity (GERAS) 4.26 ± 0.59 4.92 ± 0.54 35.51 < 0.001

Femininity personality 4.66 ± 0.73 5.09 ± 0.74 8.53 0.004

Femininity cognition 4.81 ± 1.04 5.16 ± 0.68 3.93 0.05

Femininity interests 3.29 ± 0.82 4.53 ± 0.83 58.33 < 0.001

Age was controlled in all comparisons.

identified in GM volumes [F(2,233) = 6.25, p = 0.002, η2 = 0.02].
Men and NC women did not differ in GM volumes, after age
and TIV were accounted for. However, OC users had significantly
smaller overall GM volumes than NC women.

In the ROI analyses, significant group differences were
observed in the left hippocampus [F(2,233) = 4.00, p = 0.02,
η2 = 0.03] and the right MFG [F(2,233) = 11.74, p < 0.001,
η2 = 0.07]. Pairwise comparisons revealed that OC users showed
significantly smaller gray matter volumes in the left hippocampus
than NC women. Men showed significantly smaller volume in
the right MFG than women irrespective of their hormonal status.
No significant group differences were observed in the right
hippocampus [F(2,233) = 2.66, p = 0.07, η2 = 0.02] and the left
MFG [F(2,233) = 1.28, p = 0.28, η2 = 0.01].

At the whole-brain level, regional volume differences between
men and women (both groups) are depicted in Figure 1.
Controlling for age and TIV, men showed larger GM-volumes
than women in the cerebellum ([34, −78, −20], 16405 voxels,
T = 6.86, pFWE < 0.001) and a large cluster spanning the bilateral
putamen, hippocampi, parahippocampi and amygdalae [(26, −3,
−9), 7319 voxels, T = 5.00, pFWE = 0.005]. Women showed larger
GM volumes than men in the frontal pole [(−18, 68, −4), 4241
voxels, T = 5.01, pFWE = 0.005], right MFG [(36,18,27), 627
voxels, T = 5.01, pFWE = 0.004; Table 1] and right IFG [(46,50,10),
2491 voxels, T = 4.95, pFWE = 0.006].

Controlling for age and TIV, OC users showed significantly
smaller regional GM-volumes than naturally cycling women in
the right parahippocampal/fusiform gyrus [(28, −14, −42), 1882
voxels, T = 5.29, pFWE = 0.001; Figure 2].

Sex Hormones and GM-Volumes
In men and NC women, sex hormones were not related to TIV,
overall GM or WM volumes (all |r| < 0.17, all p > 0.11). In
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TABLE 3 | Interrelation between sex-role self-assessment and GERAS-scores.

Masculinity (self) Femininity (self)

Men R2= 0.21, F = 4.62, p = 0.006 R2= 0.06, F = 1.18, p = 0.33

β t P β t P

Personality 0.32 2.42 0.019 0.14 0.87 0.387

Cognition 0.10 0.76 0.452 −0.27 −1.85 0.071

Interests 0.23 1.81 0.076 −0.08 −0.56 0.577

Women R2= 0.02, F = 0.38, p = 0.76 R2= 0.19, F = 3.71, p = 0.02

β t P β t P

Personality 0.03 0.18 0.859 0.32 2.15 0.03

Cognition 0.15 0.94 0.351 −0.09 −0.69 0.491

Interests −0.04 −0.26 0.794 0.18 1.21 0.234

Significant effects are highlighted in bold font.

FIGURE 1 | Sex differences in regional gray matter volumes. Areas with larger
regional volumes in men are depicted in blue (Cerebellum,
Hippocampus/Parahippocampus, Amygdala, Putamen). Areas with larger
regional volumes in women are depicted in red (frontal pole, middle/inferior
frontal gyrus).

FIGURE 2 | Differences in regional GM volumes between naturally cycling
women and OC users. Areas with smaller regional volumes in OC users are
depicted in green.

OC users, estradiol levels were significantly related to TIV and
overall GM and WM volumes (all r > 0.25, all p < 0.05; results
not shown), but there was no association between testosterone
or progesterone levels and TIV/GM/WM (all |r| < 0.20, all
p > 0.13). The higher the estradiol levels of OC users, the larger
were their brains.

In the ROI-based analyses of sex hormones, significant
sex × testosterone interactions were identified in the hippocampi,
which are attributable to the fact that testosterone related more
positively to hippocampal volumes in women (left: r = 0.26,

p = 0.02; right: r = 0.16, p = 0.15) than in men (left: r = 0.07,
p = 0.53; right: r = −0.14, p = 0.19; Figure 3 and Table 4).
This association did not differ between OC-users and NC
women (Table 5).

For the left MFG, a significant interaction between OC-
use and testosterone was observed (Table 5). This interaction
resulted from a negative association to testosterone in OC women
(r = −0.27, p = 0.04), but non-significant association in NC
women (r = 0.13, p = 0.25).

No additional associations to sex hormones were observed in
whole-brain analyses.

Gender Role and GM-Volumes
In men and NC women, neither self-rated nor GERAS-
masculinity or femininity were related to total TIV, GM or WM
volumes (all |r| < 0.15, all p > 0.17). In OC users, self-rated
femininity was negatively related to TIV (r = −0.25, p = 0.05;
results not shown).

Neither Self-rated nor GERAS masculinity or femininity were
related to GM-volumes in any ROI and there were no differences
in these associations depending on biological sex or OC-use
(all |b| < 0.26, all |t| < 1.98, all p > 0.05).

Whole-brain analyses revealed no associations between
gender role as assessed by the GERAS and GM volumes in any
brain area. In men larger GM volumes in the left MFG were
significantly positively related to higher femininity ratings [(−32,
36, 22), k = 721 voxels, T = 5.01, pFWE = 0.015; Figure 4].
The more GM in the left MFG, the more feminine did men
consider themselves. Masculinity self-ratings were not related
to GM volumes in any area. In NC-women and OC-users
masculinity and femininity self-ratings were not related to GM
volumes in any area.

DISCUSSION

The present study set out to (i) investigate the relationship of
circulating sex hormone levels and gender role to gray matter
volumes in sexually dimorphic brain areas and explore, whether
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FIGURE 3 | Relationship of testosterone to hippocampal gray matter volumes. A positive relationship was observed in women (left: r = 0.26, p = 0.02; right:
r = 0.16, p = 0.15) but not in men (left: r = 0.07, p = 0.53; right: r = –0.14, p = 0.19). Women with higher Testosterone levels, showed larger hippocampal gray
matter volumes. This association was irrespective of oral contraceptive (OC) use, i.e., both naturally cycling women and OC users are included in the female data
depicted. For illustrative purposes, the x-scale was cut at 150 pg/ml of Testosterone. Note that male values reached up to 350 pg/ml.

TABLE 4 | Relationship of sex hormones to gray matter volumes in the hippocampus and middle frontal gyrus (MFG) while controlling for biological sex.

HippocampusL HippocampusR MFG_L MFG_R

b t b t b t b T

Sex 0.10 0.97 0.02 0.21 0.24 1.99∗ 0.30 2.55∗∗

Age −0.02 −0.33 −0.05 −0.73 –0.19 –2.54∗ -0.21 –2.81∗∗

TIV 0.55 6.56∗∗∗ 0.64 7.69∗∗∗ 0.39 3.92∗∗∗ 0.51 5.23∗∗∗

Estradiol −0.11 −1.56 −0.10 −1.43 −0.03 −0.34 −0.07 −0.88

Progesterone −0.01 −0.15 0.10 1.07 −0.03 −0.22 0.16 1.44

Testosterone 0.37 2.88∗∗ 0.12 0.92 0.16 1.07 −0.18 −1.19

Sex × Estradiol −0.01 −0.09 0.03 0.37 −0.02 −0.26 0.06 −0.72

Sex × Prog 0.05 0.58 −0.06 −0.66 −0.13 −1.19 −0.14 −1.35

Sex × Test 0.26 2.44∗ 0.22 2.05∗ 0.19 1.50 −0.10 −0.83

MFG = middle frontal gyrus. L, left; R, right. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001. Significant effects are highlighted in bold font.

TABLE 5 | Relationship of sex hormones to gray matter volumes in women, while controlling for OC-use.

HippocampusL HippocampusR MFG_L MFG_R

b t b t b t b T

OC-use −0.20 −1.48 −0.17 −1.35 –0.46 –3.09∗∗
−0.10 −0.66

Age −0.01 −0.17 −0.07 −0.91 –0.18 –2.05∗
−0.14 −1.55

TIV 0.51 6.97∗∗∗ 0.60 8.50∗∗∗ 0.24 2.93∗∗ 0.37 4.48∗∗∗

Estradiol −0.10 −1.03 −0.08 −0.85 −0.05 −0.46 −0.004 −0.04

Progesterone 0.04 0.49 0.05 0.63 −0.16 −1.60 −0.002 −0.02

Testosterone 0.25 2.40∗ 0.17 1.68 0.16 1.37 −0.13 −1.10

OC × Estradiol 0.02 0.24 0.02 0.27 0.15 1.49 0.05 0.46

OC × Prog −0.01 −0.13 −0.05 −0.54 0.15 1.44 −0.01 −0.13

OC × Test −0.15 −0.93 −0.09 −0.57 –0.51 –2.90∗∗
−0.02 −0.09

MFG = middle frontal gyrus. L = left, R = right. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Significant effects are highlighted in bold font.

these relationships are modulated by (ii) biological sex and (iii)
OC-use. Indeed, a variety of associations between sex hormones
and gender role to gray matter volumes were observed, that
were dependent on either biological sex or OC-use. The fact that
gender role and sex hormones showed no significant interrelation

in this sample underlines the view of gender role as a social
construct and provides the opportunity to study their influence
on gray matter volumes independently.

In accordance with our hypothesis, testosterone related
positively to gray matter volumes in the hippocampi (Figure 3),
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FIGURE 4 | Association between femininity (Fem) and gray matter volumes in the left middle frontal gyrus (MFG). A positive relationship was observed in men
(r = 0.44, p < 0.001), but not in women (r = 0.07, p = 0.42). The larger the left MFG, the more feminine did men consider themselves.

i.e., brain areas showing a sexual dimorphism favoring men.
These findings are in good accordance with studies in
transsexuals, demonstrating that cross-sex hormone treatment
alters brain structure toward the proportions of the aspired sex
(Hulshoff Pol et al., 2006; see Guillamon et al., 2016 for a review).
Furthermore, they are in good accordance with animal studies,
demonstrating a testosterone-dependent increase in synaptic
spine density in the hippocampus (e.g., Leranth et al., 2003).
The association was significantly stronger in women compared
to men, but did not differ significantly between NC women and
OC-users, even though the strongest associations were observed
in NC women. This observation is consistent with the animal
literature showing testosterone actions on hippocampal spine
density via local conversion to estradiol also only in females (see
Atwi et al., 2016 for a review).

Furthermore, in line with our hypothesis, a positive
association between self-rated femininity and gray matter
volumes in the left MFG, i.e., a brain area typically larger in
women, was observed in men. Men, who perceive themselves
as more feminine, show larger left MFG volumes. This is in line
with a previous study reporting larger cortical thickness in the
left MFG of untreated male-to-female transsexuals compared
to men (Luders et al., 2012). This association probably reflects
an important role of the MFG in personality traits and other
characteristics, typically considered as feminine. Results of
the present study support the assumption that gender role
self-concepts are largely driven by personality (compare Table 3).
As an example, conscientiousness (Schmitt et al., 2008), which is
typically higher in women, was shown to relate to gray matter
volumes in the lateral prefrontal cortex (DeYoung et al., 2010).

It is an interesting observation that female brain structure
relates more strongly to sex hormone levels than male brain
structure, while male brain structure relates more strongly
to gender roles than female brain structure. While several
associations between gray matter volumes and testosterone were
observed in women, no significant association to sex hormones

were observed in men. Based on this observation it can be
speculated whether the female brain is more susceptible to sex
hormone influences, which is plausible given the continuous
plasticity required to respond to hormonal fluctuations along
the menstrual cycle (e.g., Pletzer et al., 2018; see Sundström
Poromaa and Gingnell, 2014 for a review) or during other
hormonal transition periods (e.g., pregnancy, menopause, see
Barth et al., 2015 for a review). Notably, however, no associations
to estradiol or progesterone were observed in women, even
though such influences have been demonstrated in within-
subjects designs in women (Barth et al., 2016; Pletzer et al.,
2018). It is possible that gray matter volumes are not so
much dependent on the absolute circulating hormone level,
as measured in the present study, but respond to sudden
changes in hormone levels as can only be assessed in within-
subject designs.

Vice versa, no association between gender role and brain
structure was observed in women. This finding is in line with
previous research on transsexual and homosexual participants.
Altered regional brain morphology was only observed in
untreated male-to-female transsexuals and male homosexual
participants (Luders et al., 2012; Abé et al., 2014) not in
female-to-male transsexuals or female homosexual participants
(Guillamon et al., 2016; Manzouri and Savic, 2018). Furthermore,
a stronger association of personality traits to brain structure
in men compared to women has also been previously reported
(Nostro et al., 2016). One research question that arises from
this observation is whether the stability of personality traits
or gender role constructs differs between men and women. If
women’s gender role self-concept is more flexible over time,
a relationship to brain structure is not to be expected. While
this has hardly been assessed for personality or gender identity,
a higher flexibility in women has been reported regarding
sexual orientation (Kinnish et al., 2005), which may explain
the lack of brain structural differences between homosexual and
heterosexual women (Manzouri and Savic, 2018).
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However, apart from the relationship of self-reported
femininity to the left MFG volumes in men, no association
between masculinity or femininity (neither self-rated, nor
questionnaire-based) and brain structure was observed. Again,
this is in line with previous literature on transsexual individuals
reporting that before sex hormone treatment their brain
morphology largely corresponds to their natal sex (Guillamon
et al., 2016). While personality traits have been successfully
related to brain morphology, it is important to keep in mind, that
the gender role self-concept develops at the interplay between
an individual’s traits, abilities and interests on the one hand and
social norms on the other hand. While some traits may relate to
different brain structures, the same traits and abilities may result
in different perceptions of masculinity/femininity in different
cultural contexts. Furthermore – as the factorial structure of
the GERAS shows – gender role is a multi-facetted construct
spanning a variety of traits, abilities and interests, which cannot
all be pinpointed to the same brain area. It is, however, possible,
that in the left MFG several of the traits contributing to femininity
intersect. The fact that men tend to show stronger lateralization
of brain functions may also have contributed to this finding (e.g.,
Hausmann and Güntürkün, 1999, 2000).

Finally, some important differences between naturally cycling
women and OC-users have been identified. In interpreting these
differences it is important to keep in mind, that the results
reported here represent between-group comparisons. It is thus
possible that the groups of OC-users and NC-women differ
for other reasons than their OC-use. First, OC users show
significantly lower testosterone and progesterone levels than
NC women, which is probably a result of the downregulation
of the HPG-axis by synthetic steroids (Wiegratz et al., 2003).
Estradiol levels did not differ significantly between OC-user
and NC women. This may be due to the fact that none of
the NC-women tested in the present study were in the pre-
ovulatory phase, when estradiol levels peak, but may also be
the result of some cross-reactivity between the synthetic ethinyl-
estradiol and the antibodies used for estradiol assessment.
Second, the finding that OC-users rate themselves as more
feminine and significantly less masculine compared to naturally
cycling women was replicated (Pletzer et al., 2015b). This
observation does not necessarily imply a hormonal modulation
of gender role. There are various non-hormonal reasons why
women on OCs may perceive themselves as more feminine.
On the one hand, the daily intake of a pill controlling one’s
reproductive functions may act as a constant reminder of one’s
own femininity. It is also possible, that the heightened femininity
is not a result of the OC-use, but that women who consider
themselves more feminine are more likely to choose OCs as
a contraceptive method. This is probably related to the fact
that a majority of women start OC-use when entering a long-
term relationship. Accordingly, the increased femininity may
be a result or a pre-requisite of OC-users different relationship
status. Note, however, that relationship status was not assessed in
the present study.

Furthermore, several differences in brain volume results
between OC-users and NC women were observed. The fact
that OC-users show larger TIV is likely attributable to chance

in sampling, which represents another issue in between-
group comparisons. More importantly, OC-users show smaller
regional GM volumes than NC women in the hippocampi
and parahippocampal gyri. These results are in contrast to
previous studies demonstrating larger gray matter volumes
of OC-users compared to non-users in the hippocampus,
parahippocampus and fusiform gyri (Pletzer et al., 2010,
2015a; De Bondt et al., 2013). These inconsistencies between
studies highlight the importance of longitudinal study designs
to disentangle effects of OC-use from other variables that
might differentiate OC-users and NC-women in cross-sectional
designs. The inconsistencies may be a result of different
actions of the various progestin compounds contained in
different OCs. The majority of OC-users in the present study
used OCs containing androgenic progestins, i.e., progestins
that are derived from 19-nortestosterone and thus able to
bind to testosterone receptors. Previous findings of increased
parahippocampal/fusiform volumes were observed in users of
anti-androgenic progestins (Pletzer et al., 2015a). A reduction
of GM-volumes, has previously been reported for androgenic
progestins, albeit in the MFG (Pletzer et al., 2015a). Comparably,
in the present study, OC-users show smaller left MFG-volumes
with higher testosterone levels.

In summary, our study corroborates findings of activational
effects of sex hormones on brain morphology in adults,
demonstrating that – at least in women – testosterone promotes
a more male-like brain morphology and estradiol a more female-
like brain morphology. In addition our study also demonstrates
for the first time an association between a more feminine gender
role and a more female-like brain morphology in men. Finally
our study identifies differences in gender role and gray matter
volumes between OC-users and naturally cycling women.
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