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Background: Basal cortisol concentrations vary between men and women. Likewise, previous findings suggest
stress-related cortical thickness alterations. Thus, we aimed at elucidating sex differences in the association
between serum cortisol concentrations and cortical thickness.

Methods: Data of 2594 participants (55.55% male; mean age = 53.55 years + 13.17 years) of the general pop-
ulation were used to investigate sex differences in basal serum cortisol concentrations and associations of serum
cortisol concentrations with global and regional cortical thickness. The validity of the results was tested by
including sex hormone concentrations as a biological and childhood maltreatment and depressive symptoms as a
psychological confounder.

Resuits: Basal serum cortisol concentrations were higher in men than in women (§ = —0.158, t(2575) = -6.852, p =
9.056e-12). Sex differences in serum cortisol concentrations were diminished by including serum concentrations
of testosterone, estrone, or estradiol in the models. In men but not in women, serum cortisol concentrations were
inversely associated with the global cortical thickness (men: p = —0.064, t(1412) = -3.010, p = .003; women: p =
—0.016, t131) = -0.607, p = .544). Additionally, these effects were observed in eleven cortical regions after
adjusting for multiple testing. The associations were independent of childhood maltreatment and depressive
symptoms.

Conclusion: Sex differences in serum cortisol concentrations and the association between serum cortisol con-
centrations and cortical thickness suggest important sex-specific effects of stress on the brain. Future studies
should integrate the interaction between the hypothalamic-pituitary-adrenal (HPA) axis and hypothalamic-
pituitary-gonadal (HPG) axis in sex-stratified analyses.

1. Introduction with traumatic experiences such as the holocaust or childhood

maltreatment (Fogelman and Canli, 2018; Yehuda et al., 2009). Ac-

A major function of the hypothalamic-pituitary-adrenal axis (HPA
axis) is to activate and regulate the cortisol secretion by the adrenal
gland in response to stressful experiences. However, even in the absence
of acute stress, cortisol secretion varies in a circadian rhythm (diurnal
slope). A flatter diurnal slope was related to numerous mental and
physical diseases such as major depression, inflammation, obesity,
cancer and even mortality risk (Adam et al., 2017). Additionally, lower
basal urinary, blood and saliva cortisol concentrations were associated

cording to Heim et al. (2008), the traumatic experiences might cause a
higher sensitization of the HPA axis associated with lower basal cortisol
concentrations which lead to a disinhibition of the stress response and
thus an amplified stress reactivity indicated by higher cortisol concen-
trations during an acute stress response.

Under basal conditions, glucocorticoids as cortisol are binding to the
mineralocorticoid receptor (MR) with a high affinity. Increasing gluco-
corticoid concentrations are related to a higher affinity for and stronger
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activation of the glucocorticoid receptor (GR) (Joels and de Kloet, 2017;
Mifsud and Reul, 2018). Integrating the sensitization theory of Heim
et al. (2008), chronic exposure to high cortisol concentrations might
lead to long-term potentiation of the MR and GR systems which reduces
basal cortisol concentrations. Simultaneously, the negative feedback to
increased cortisol concentrations is slowed resulting in higher cortisol
concentrations during an acute stress response (Deppermann et al.,
2014; Pariante, 2006).

Accordingly, synaptic and morphological changes after chronic
stress have been reported for several subcortical areas and the prefrontal
cortex (Pittenger and Duman, 2008; Rajkowska, 2000). Chronic stress
was related to a downregulation of the brain-derived neurotrophic fac-
tor (BDNF), a neurotrophin with synaptogenic properties (Jeanneteau
and Chao, 2013). Further, neurotoxic effects of chronically high gluco-
corticoids are mediated by reduced GR activity, dendritic atrophy and
neuronal loss (Rajkowska, 2000; Groeneweg et al., 2011; McEwen,
2004). In rats, the number of neurons in the forebrain was reduced after
repeated injection of corticosterone (Alonso, 2000). In humans,
increased cortisol concentrations in Cushing’s syndrome patients were
associated with global brain atrophy (Simmons et al., 2000; Patil et al.,
2007; Gnjidi¢ et al., 2008). Similarly, a regional reduction of gray matter
volume and cortical thickness in depressed patients was related to
higher blood and saliva cortisol concentrations (Drevets, 2004; Liu et al.,
2015; Lebedeva et al., 2018). Besides, reduced cortical thickness has
been associated with childhood maltreatment (Kelly et al., 2013; Wang
et al., 2016).

According to a review of Gray et al. (2017), sex differences in
cortisol-associated structural brain changes were predominantly
demonstrated in the hypothalamus, hippocampus, amygdala and pre-
frontal cortex of rodents. The authors concluded widespread neuronal
effects of sex and stress hormones and suggested future studies to widen
the range of researched brain regions, e.g. on cortical thickness (Gray
et al., 2017). Stomby et al. (2016) reported small sex-dependent asso-
ciations between area under curve saliva cortisol concentrations and
cortical thickness of the caudal middle frontal gyrus and the right pars
opercularis in 200 elderlies (>54 years). Although the interaction effects
did not stand the adjustment for multiple testing, a positive association
between cortisol concentrations and cortical thickness was observed in
post-hoc analyses in healthy women but not in men (Stomby et al.,
2016).

Sex differences in the associations between brain alterations and
cortisol concentrations are likely to be explained by sex hormones, at
least in part. The HPA axis interacts with the hypothalamic-pituitary-
gonadal (HPG) axis, particularly by reducing the luteinizing hormone
and via the activation of GR and estrogen receptors (Gray et al., 2017;
Bourke et al., 2012; Juster et al., 2011). Thus, progesterone directly
competes with cortisol for GR (Bourke et al., 2012). Estradiol inhibits
the GR activation and decreases the GR expression (Gray et al., 2017).
Further, estradiol was reported to increase the cortisol release via es-
trogen receptors in rats (Bourke et al., 2012; Weiser and Handa, 2009).
In line, brain regions associated with the regulation of the HPA axis also
have higher densities of estrogen receptors (Juster et al., 2011). Pro-
gesterone and estradiol are frequent compounds of oral contraceptives
(OC) (Hertel et al., 2017; Eick et al., 2021). Accordingly, higher basal
cortisol concentrations were reported in OC users (Hertel et al., 2017;
Eick et al., 2021; Oinonen and Mazmanian, 2002). In free circulating
women, higher basal cortisol concentrations were reported in the luteal
phase, characterized by higher progesterone and estrogen concentra-
tions, compared to the follicular phase (Baker and Driver, 2007; Gen-
azzani et al., 1975; Shibui et al., 2000). Finally, after the administration
of hydrocortisone, a decrease of testosterone concentrations, a precursor
of estradiol, was already demonstrated in 1983 (Cumming et al., 1983).
Later, various animal models also demonstrated inhibition of cortisol
release by high testosterone concentrations (Bourke et al., 2012; Juster
et al., 2011).

Although the interaction between the HPA and HPG axis was
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discussed before (Gray et al., 2017; Bourke et al., 2012; Hertel et al.,
2017; Baker and Driver, 2007; Cumming et al., 1983), sex hormone
concentrations have rarely been included as potential confounders in
previous work (Juster et al., 2011, 2016). Stalder et al. (2017) reported
higher hair cortisol concentrations in men than in women. In contrast,
Liu et al. (2017) did not support any sex differences of baseline saliva
cortisol concentrations and even reported higher cortisol reactivity in
men than women after a social stress test and during recovery. Inte-
grating sex hormones, Juster et al. (2016) demonstrated flatter saliva
diurnal slopes for men only when adjusting for testosterone and estrogen
concentrations.

In the present study, data of 1441 men and 1153 women of the
population-based Study of Health in Pomerania (SHIP) was used to
investigate associations between basal serum cortisol concentrations
and cortical thickness. According to previous reports, we expected an
inverse association between serum cortisol concentrations and cortical
thickness (Alonso, 2000; Simmons et al., 2000; Patil et al., 2007; Gnjidi¢
et al., 2008; Drevets, 2004; Liu et al., 2015; Lebedeva et al., 2018).
Integrating the well-described interaction of the HPA and HPG axis
(Gray et al., 2017; Bourke et al., 2012; Hertel et al., 2017; Baker and
Driver, 2007; Cumming et al., 1983), we further expected sex differences
in these cortisol-cortical thickness associations. Although the results of
Stomby et al. (2017) (Stomby et al., 2016) were based on a smaller
elderly sample, we assumed stronger associations between cortisol
concentrations and cortical thickness in women. In support of the val-
idity of the cortical thickness analyses in our sample, we aimed to
replicate previously reported sex differences in our basal serum cortisol
concentrations as well as inverse associations of the basal cortisol con-
centrations with depressive symptoms and childhood maltreatment
(Fogelman and Canli, 2018; Heim et al., 2008). In a subsample (N =
720), the influence of serum concentrations of testosterone, estrone and
estradiol on these sex differences was tested.

Previous studies investigating associations between cortisol con-
centrations and brain alterations were mostly based on animal models or
patient samples (Alonso, 2000; Simmons et al., 2000; Patil et al., 2007;
Gnjidi¢ et al., 2008; Drevets, 2004; Liu et al., 2015; Lebedeva et al.,
2018; Gray et al., 2017). Further, particularly integrating potential sex
differences, previous studies majorly focused on associations between
cortisol concentrations and volumes of subcortical structures neglecting
cortical structures (Gray et al., 2017). Developmental trajectories during
childhood and adolescents (7-23 years) were reported to be
sex-dependent in cortical surface and cortical volume but not in cortical
thickness (Wierenga et al., 2014). However, sex-dependent develop-
mental trajectories might impact sex-dependent associations between
cortisol concentrations and cortical structure during adulthood.
Although the interaction of the HPA and HPG axis is well-described,
integrating sex hormones into the analyses of sex differences in
cortisol concentrations was rarely done before (Juster et al., 2011,
2016). Therefore, our study aimed to close these gaps by researching sex
differences between cortisol concentrations and cortical thickness in a
large epidemiological sample. Whereas previous studies focused on
animal models, patient samples and subcortical volumes without taking
potential sex differences into account (Gnjidic et al., 2008; Drevets,
2004; Gray et al., 2017), the present study was based on a large
population-based sample focusing on sex-specific associations with
cortical thickness. Rather than focusing on specific brain regions, we
included the thickness of the whole neocortex aiming to extend previous
results on GR-associated regions (Pittenger and Duman, 2008; Rajkow-
ska, 2000; Alonso, 2000). The focus on sex differences particularly in-
tegrates the interaction of the HPA and HPG axis (Gray et al., 2017;
Bourke et al., 2012; Hertel et al., 2017; Baker and Driver, 2007; Cum-
ming et al., 1983). Thus, the study adds important information to the
sex-specific neuroscience of stress in general and cortisol in particular.



J. Klinger-Konig et al.

2. Materials and methods
2.1. Study population

Data from the Study of Health in Pomerania (SHIP) (Volzke et al.,
2011; John et al., 2001) was used. The SHIP baseline sample (SHIP-0:
1997-2001; N = 4308) was drawn from local registries in the north-east
of Mecklenburg-West Pomerania in Germany. In parallel to the
10-years-follow-up (SHIP-2: 2008-2012; N = 2333), all participants
included in SHIP-0 and still alive in 2006 were invited to take part in the
Study of Life Events and Gene-Environment-Interaction in Depression
(SHIP-LEGEND: 2007-2010; N = 2400), which aimed to phenotype
psychiatric dimensions. From 2008 till 2012, examination in a second,
independent cohort, drawn from local registries of the same local area
(SHIP-TREND-0: 2008-2012; N = 4420), were performed (Volzke et al.,
2011). Note that participants of SHIP and SHIP-TREND are not
overlapping.

Subjects from SHIP-2 and SHIP-TREND-0 were invited to participate
in whole-body magnetic resonance imaging (MRI). Head MRI was ac-
quired from 1163 participants in SHIP-2 and 2154 participants in SHIP-
TREND-0 that were free of any of the exclusion criteria for MRI scanning
(e.g. cardiac pacemakers, pregnancy) (Hegenscheid et al., 2013). For
885 participants (491 men) in SHIP-2, cortical thickness, serum cortisol
concentrations and covariates (see section 2.6) were available. Analo-
gous data were available for 1709 participants (950 men) in
SHIP-TREND-0.

The data collection in both cohorts as well as all statistical analyses
were performed according to the Declaration of Helsinki, including
written informed consent of all participants. All examinations and
methods of the SHIP studies were approved by the institutional review
board of the University Greifswald.

2.2. Interview and medical examination

During a computer-assisted face-to-face-interview, sociodemo-
graphic variables, smoking status (yes/no) and alcohol consumption
were assessed. Alcohol consumption was defined as the average intake
per day over the last 30 days (grams of ethanol per day) according to
Baumeister et al. (2005). Participants were asked to report medication
intake during the past week or to bring their packing containers or drug
prescription sheet. Compounds were recorded and categorized accord-
ing to the Anatomical Therapeutic Chemical (ATC) classification
(ATC-Index, 2007). Participants reporting the use of sex hormones (ATC
GO03), locally applicated contraception (ATC GO2B) or corticosteroids for
systemic use (ATC HO2) were excluded from the analyses (SHIP-2: N =
126; SHIP-TREND-0: N = 270) as was one pregnant woman in
SHIP-TREND-0. During a medical examination, body weight and height
were measured with calibrated scales in light clothes. Height was
measured to the nearest 1 cm. Waist circumference was measured to the
nearest 0.1 cm using an inelastic tape midway between the lower rib
margin and the iliac crest in the horizontal plane, with the participant
standing on both feet. The waist-height-ratio (WHtR) was calculated as
an estimate of central obesity and body fat (Swainson et al., 2017).

2.3. Psychometric data

Self-reporting questionnaires were handed over to the participants,
including the Childhood Trauma Questionnaire (CTQ) (Bernstein et al.,
2003) in both cohorts, the Beck Depression Inventory-II (BDI-II) (Wintjen
and Petermann, 2010) in SHIP-LEGEND and the Patient Health Question-
naire (PHQ-9) (Kroenke and Spitzer, 2002) in SHIP-TREND-0. The CTQ
uses 28 items to assess childhood maltreatment on five subscales: emo-
tional/physical/sexual abuse and emotional/physical neglect. According to
Bernstein et al. (2003) (Bernstein et al., 2003), childhood maltreatment can
be categorized as “none”, “mild”, “moderate” or “severe” on each subscale
individually. Here, a dichotomous variable indicating any childhood
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maltreatment was defined as “yes” if “moderate” or “severe” childhood
maltreatment was reported on any of the subscales (Hauser et al., 2011).
Further, a summary score was calculated to indicate the overall severity of
childhood maltreatment.

The BDI-II and the PHQ-9 assess depressive symptoms according to
the criteria of a major depressive disorder of the DSM-IV. To ensure the
comparability between the BDI-II and PHQ-9 scores, the PHQ-9 score
was transformed into a BDI-II score according to Wahl et al. (2014). The
BDI-II summary score indicates the severity of depressive symptoms.
Additionally, a dichotomous variable identifying “moderate” or “severe”
depressive symptoms was defined by BDI-II summary scores higher than
19 (Wintjen and Petermann, 2010).

2.4. Whole blood measurements

Blood samples were taken from the cubital vein. Serum and plasma
samples were stored at —80 °C in the Integrated Research Biobank of the
University Medicine Greifswald and used in accordance with its regu-
lations (Winter et al., 2020). As cortisol secretion is influenced by the
circadian rhythm, participants were excluded from the analyses if the
time of blood sampling was before 7:00 am or after 1:00 pm (SHIP-2: n
= 5). Note, that participants of SHIP-TREND-O but not SHIP-2 were
asked to fast before blood sampling. Hence, fasting time was longer in
SHIP-TREND-0 (mean (M) = 10:00 h, standard deviation (SD) = 4:53 h)
than SHIP-2 (M = 3:09 h, SD = 2:46 h).

Glycated hemoglobin (HbAlc) concentrations were quantified by
high-performance liquid chromatography (Bio-Rad Diamat, Munich,
Germany). White blood cell count (WBC), red blood cell count (RBC)
and platelet count (PLT) were measured on the XT2000, XE 5000 or
SE9000 analyzers from Sysmex (Sysmex Deutschland GmbH, Norder-
stedt, Germany) or on the Advia 2120i (Siemens Healthcare Diagnostics,
Eschborn, Germany).

Serum cortisol was measured using a chemiluminescence-
immunoassay on the AVIDA CENTAUR XP (Siemens Healthcare Di-
agnostics, Eschborn, Germany). The coefficients of variation for the
cortisol measurements were 5.74% and 6.94% for low and high dose
control material in SHIP-2 and 9.11% and 7.47% for low and high dose
control material in SHIP-TREND-0, respectively.

The measurement of testosterone, estrone and estradiol concentra-
tions has been described in detail before (Haring et al., 2012; Seyfart
et al., 2018). Sex hormone concentrations were measured from frozen
aliquots using liquid chromatography-mass spectrometry. For limits of
quantification and inter- and intra-assay coefficients of variation please
see Seyfart et al. (2018) (Seyfart et al., 2018). Note that, the assessment
of testosterone, estrone and estradiol concentrations was part of a
multi-omics assessment only conducted in a non-diabetic subsample of
SHIP-TREND-0. Thus, no sex hormone concentrations were available for
the participants of SHIP-2. For SHIP-TREND-0, testosterone concentra-
tions were available for 377 men and 343 women of the present study
sample; estrone concentrations were available for 329 men and 335
women and estradiol concentrations were available for 328 men and
167 women.

2.5. Magnetic resonance imaging

For structural magnetic resonance imaging (MRI) data of the head,
participants were scanned with a 1.5-Tesla MRI scanner (MAGNETOM
Avanto; Siemens Healthcare, Erlangen, Germany) with a T1-weighted
magnetization prepared rapid acquisition gradient-echo (MPRAGE)
sequence and the following parameters: axial plane, repetition time = 1900
msec, echo time = 3.4 msec, flip angle = 15° and the original resolution of
1.0x1.0x1.0mm>, matrix 256x176, bandwidth 130Hz/Pixel. Cortical
reconstruction was performed with the Freesurfer image analysis suite,
which is documented and freely available for download online (http://sur
fer.nmr.mgh.harvard.edu/) (Winter et al., 2020). Briefly, this processing
includes removal of non-brain tissue, automated Talairach transformation,
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intensity normalization, tessellation of the gray matter white matter
boundary, automated topology correction, and surface deformation to
optimally place the gray/white and gray/cerebrospinal fluid borders. The
cerebral cortex is then being parceled with respect to gyral and sulcal
structure according the Desikan-Killiany atlas (34 regions per hemisphere)
(Desikan et al., 2006). Here, we consider the average thickness of each
cortical region and the whole cerebral cortex. Quality control was con-
ducted by visual inspection in accordance with the ENIGMA protocol (http:
//enigma.ini.usc.edu/protocols/imaging-protocols/).

2.6. Statistical analyses

All statistical analyses were carried out in the combined sample of
SHIP-2 and SHIP-TREND-0 using R 4.0.4. Data of the cohorts were
combined. Following previous studies, ordinary least square regression
models were used adjusted for cohort, sex, age, sex*age, time of blood
sampling, fasting time, smoking status, alcohol consumption, HbAlc,
WBC, RBC, PLT and WHtR (Hertel et al., 2017; Swainson et al., 2017;
Enzinger et al., 2005; Janowitz et al., 2015; Karama et al., 2015).
Non-linear modelling of the covariates was used if analyses of variances
comparing linear and non-linear covariate modulation revealed a
significantly lower residual sum of squares for the non-linear model.
Thus, restricted cubic splines (RCS) were used with four knots (5th,
35th, 65th and 95th percentiles) to model non-linear relationships with
age, time of blood sampling and fasting time.

For a basic validation of our serum cortisol concentrations and
cortical thickness data, we aimed to replicate associations with sex and
age. Thus, higher cortisol concentrations and lower global cortical
thickness were expected in men than in women (Genazzani et al., 1975;
Stalder et al., 2017; Gordon et al., 2016; Kaji et al., 2008). However,
larger age effects were expected in women for the cortisol concentra-
tions and in men for the cortical thickness (Cowell et al., 1994; Salat
et al.,, 2004). Here, the main effect of sex and a non-linear sex--
age-interaction on serum cortisol concentrations and cortical thickness
were analyzed. A significance level of p-value <.05 was used for all
analyses. The significance of the non-linear age effects was calculated
using an F-test with 3 degrees of freedom representing the splines. Af-
terwards, as the focus of the present analyses was on potential sex dif-
ferences, all analyses were recalculated sex-stratified.

Sex hormone concentrations might partly explain observed differ-
ences between men and women, as female sex hormones were associated
with increased cortisol release (Bourke et al., 2012; Weiser and Handa,
2009) whereas testosterone concentrations were inversely associated
with cortisol concentrations (Bourke et al., 2012; Juster et al., 2011;
Cumming et al., 1983). Thus, testosterone, estrone and estradiol con-
centrations were added as covariates in extended analyses.

To test the collinearity between sex and the sex hormone concen-
trations, testosterone, estrone and estradiol concentrations were
regressed on the remaining confounders (including sex), respectively.
According to Senaviratna and Cooray (2019) (Senaviratna and Cooray,
2019), the Tolerance and Variance Inflation Factor (VIF) was calculated.
Results of the collinearity analyses are presented in the supplement.

For a psychopathological validation of the serum cortisol concentra-
tions, we aimed to replicate inverse associations between cortisol concen-
tration and childhood maltreatment as well as depressive symptoms
(Bourke et al., 2012; Juster et al., 2011; Cumming et al., 1983). Further, the
effects of childhood maltreatment and depressive symptoms were assumed
to add up (Heim et al., 2008). In sex-stratified analyses, all associations
were expected to be found in women but not in men (Meewisse et al.,
2007). A significance level of p-value <.05 was used for all analyses.

To test our main hypotheses, global cortical thickness, as well as the
cortical thickness of 34 regions were regressed on serum cortisol con-
centrations. For analyses including the global cortical thickness, a sig-
nificance level of p-value<.05 was used. To adjust for multiple testing
focusing on the cortical thickness of 34 regions, a False Discovery Rate
(FDR) < 0.05 was used instead of a p-value based significance threshold
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(Benjamini and Hochberg, 1995). All analyses were recalculated
sex-stratified to investigate potential sex differences.

Finally, as childhood maltreatment and depression are known to be
associated with lower cortical thickness as well as lower cortisol con-
centrations (Lebedeva et al., 2018; Kelly et al., 2013; Wang et al., 2016),
the influence of childhood maltreatment and depressive symptoms on
the associations between serum cortisol concentrations and cortical
thickness were tested in extended analyses.

3. Results

Table 1 presents the descriptive statistics of the whole sample and for
men and women separately. Note that women had more severe
depressive symptoms (men: M = 6.24, women: M = 8.08, p = 1.118e-
13) and higher rates of moderate/severe depressive symptoms than men
(men = 2.44%, women = 4.90%, p = .001). Similarly, the prevalence of
any childhood maltreatment was higher in women than in men (men =
11.84%, women = 16.60%, p = 9.467e-04). In contrast, no differences
were observed in the severity of childhood maltreatment (men: M =
33.11, women: M = 33.73, p = .122).

3.1. Validation of serum cortisol concentrations and cortical thickness
data

Validating our single-occasion serum cortisol concentrations, we
replicated higher serum cortisol concentrations in men than in women
(B = —0.158, t2s75) = -6.852, p = 9.056e-12). Additionally, higher
global cortical thickness in women compared to men was replicated (8
= 0.178, tse2) = 8.957, p = 6.267e-19). The associations remained
stable even after including testosterone, estrone and estradiol concen-
trations as covariates. A detailed overview of the results of the validation
analyses is provided in the supplementary material part A and Table 52
and illustrated in Fig. S2 and Fig. S3.

Besides, to validate the serum cortisol concentrations in a psycho-
pathological background, lower serum cortisol concentrations were
associated with more severe childhood maltreatment (f = —0.081,
t(2403) = -4.350, p = 1.419e-05) and more severe depressive symptoms
(B = —0.042, to413) = -2.172, p = .030). Adding the predictors simul-
taneously to the regression analyses validated the association between
serum cortisol concentrations and childhood maltreatment (f = —0.075,
taa01) = -3.845, p = 1.238e-04). However, the association between
serum cortisol concentrations and depressive symptoms was no longer
significant (f = —0.018, t(2401) = -0.894, p = .371). As expected, both
associations were stronger in women than in men. A detailed overview
of the results of the psychopathological validation is provided in the
supplementary material part B and illustrated in Fig. S4.

3.2. Associations of serum cortisol concentrations with cortical thickness

In the whole sample, higher serum cortisol concentrations were
associated with a lower global cortical thickness (f = —0.046, t(s58) =
-2.699, p = .007; Table 2). Further, associations with serum cortisol
concentrations were found in four cortical regions. Another twelve
cortical regions demonstrated marginal significant results (p < .1). An
overview of the associations between serum cortisol concentrations and
cortical thickness for the whole sample is presented in Table 2. The
B-values of the associations between serum cortisol concentrations and
the thickness of the cortical regions for men and women separately are
presented in Fig. S1.

Sex-specific analyses revealed no association between serum cortisol
concentrations and global cortical thickness or any single cortical region
in women (Table 2). In men, lower global cortical thickness was asso-
ciated with higher serum cortisol concentrations (§ = —0.064, t1412) =
-3.010, p = .003). Further associations with serum cortisol concentra-
tions were found in eleven cortical regions. A marginal significance level
was reached in seven additional cortical regions. An overview of the sex-
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Table 1
Descriptive statistics.
Whole Sample Men Women
N Mean (SD) N Mean (SD) N Mean (SD) p-value

Age (Years) 2594 53.55 (13.17) 1441 52.25 (13.89) 1153 55.17 (12.02) 1.035e-08
Serum Cortisol (nmol/1) 2594 313.14 (114.98) 1441 336.07 (113.86) 1153 284.49 (109.87) 8.745e-31
Global Cortical Thickness (mm) 2581 2.32(0.13) 1431 2.30(0.13) 1150 2.33(0.11) 2.092e-08
Childhood Maltreatment Severity® 2426 33.39 (9.44) 1349 33.11 (8.19) 1077 33.73 (10.80) 122

Any Childhood Maltreatment (Yes) 2429 13.96% 1351 11.84% 1078 16.60% 9.467e-04
Depressive Symptoms Severity” 2436 7.06 (5.97) 1355 6.24 (5.31) 1081 8.08 (6.56) 1.118e-13
Moderate/Severe Depressive Symptoms (Yes) 2436 3.53% 1355 2.44% 1081 4.90% .001
Fasting Time (h:min) 2594 7:40 (5:23) 1441 7:16 (5:15) 1153 8:10 (5:29) 2.730e-05
Time of Blood Sampling (h:min) 2594 9:17 (0:59) 1441 9:14 (0:59) 1153 9:20 (0:59) .003
Waist-Height-Ratio 2594 0.53 (0.07) 1441 0.54 (0.06) 1153 0.52 (0.08) 2.162e-11
Current Smoking (Yes) 2594 22.71% 1441 24.64% 1153 20.29% .009
Alcohol Consumption (g/day) 2594 9.70 (13.25) 1441 13.76 (15.71) 1153 4.62 (6.32) 2.735e-82
HbAlc (%) 2594 5.35 (0.68) 1441 5.37 (0.69) 1153 5.32(0.68) .064

WBC (Gpt/1) 2594 5.85 (1.67) 1441 5.89 (1.76) 1153 5.79 (1.55) .116

RBC (Tpt/1) 2594 4.67 (0.40) 1441 4.85 (0.37) 1153 4.44 (0.32) 5.724e-166
PLT(Gpt/1) 2594 223.07 (52.02) 1441 210.86 (48.11) 1153 238.32 (52.71) 3.449e-41

HbA1lc = glycated hemoglobin; WBC = white blood cell count; RBC = red blood cell count; PLT = platelet count.
p-values determined by 2-sided t-Test for continuous and 2-sided Fisher’s Exact Test for dichotomous variables.

2 Childhood Trauma Questionnaire Summary Score (Range: 25-125).

b Becks Depression Inventory-II Summary Score (Range 0-63).

Table 2
Associations between serum cortisol concentrations and cortical thickness.

Whole Sample Men Women

N B FDR N B FDR N B FDR
Global Cortical Thickness 2581 -.046 i .007 1431 -.064 i .003 1150 -.016 .544
Banks Superior Temporal Sulcus 2585 -.043 + .068 1433 -.054 + .058 1152 -.031 944
Caudal Anterior-Cingulate Cortex 2571 .047 + .068 1429 .013 .687 1142 .096 .102
Caudal Middle Frontal Gyrus 2564 -.065 x .006 1423 -.080 i .007 1141 -.036 944
Cuneus Cortex 2586 -.028 .255 1438 -.034 .291 1148 -.016 944
Entorhinal Cortex 2576 .004 .843 1430 -.003 .909 1146 .007 944
Frontal Pole 2583 -.011 .634 1435 -.017 .582 1148 -.006 944
Fusiform Gyrus 2579 -.029 .223 1435 -.054 + .058 1144 .008 944
Inferior Parietal Cortex 2560 -.054 * .034 1414 -.073 * .014 1146 -.030 944
Inferior Temporal Gyrus 2582 -.047 + .053 1437 -.065 * .030 1145 -.022 944
Insula 2590 -.025 312 1438 -.051 + .089 1152 .014 944
Isthmus-Cingulate Cortex 2583 -.069 w .006 1434 -.082 i .007 1149 -.047 944
Lateral Occipital Cortex 2573 -.049 + .053 1426 -.072 * .028 1147 -.016 944
Lateral Orbitofrontal Cortex 2546 -.021 .367 1411 -.023 441 1135 -.019 944
Lingual Gyrus 2540 -.033 153 1408 -.043 110 1132 -.012 944
Medial Orbito Frontal Cortex 2513 -.025 312 1399 -.046 .110 1114 .006 944
Middle Temporal Gyrus 2561 -.047 + .051 1424 -.055 * .046 1137 -.039 944
Paracentral Lobule 2576 -.006 .783 1428 -.011 .687 1148 .004 944
Parahippocampal Gyrus 2586 -.020 438 1436 -.031 .356 1150 -.003 944
Pars Opercularis 2579 -.045 + .053 1433 -.058 * .042 1146 -.022 944
Pars Orbitalis 2585 -.052 * .034 1435 -.083 ol .007 1150 -.007 944
Pars Triangularis 2567 -.038 + .068 1425 -.038 136 1142 -.038 944
Pericalcarine Cortex 2536 -.008 723 1405 -.021 .520 1131 .010 944
Postcentral Gyrus 2534 -.027 .233 1400 -.040 .136 1134 -.010 944
Posterior-Cingulate Cortex 2587 -.010 .655 1439 -.020 .520 1148 .003 944
Precentral Gyrus 2562 -.037 + .089 1425 -.053 + .058 1137 -.006 944
Precuneus Cortex 2551 -.031 .170 1409 -.046 + .089 1142 -.011 944
Rostral Anterior Cingulate Cortex 2574 .016 .552 1432 -.012 .687 1142 .051 944
Rostral Middle Frontal Gyrus 2574 -.045 + .051 1428 -.068 * .014 1146 -.012 944
Superior Frontal Gyrus 2549 -.040 + .068 1407 -.046 + .077 1142 -.032 944
Superior Parietal Cortex 2558 -.042 + .068 1412 -.066 * .030 1146 -.008 944
Superior Temporal Gyrus 2515 -.033 .140 1395 -.046 + .089 1120 -.018 944
Supramarginal Gyrus 2565 -.041 + .068 1423 -.056 * .046 1142 -.019 944
Temporal Pole 2523 -.015 .552 1406 -.017 .585 1117 -.017 944
Transverse Temporal Cortex 2513 -.012 .634 1394 -.026 441 1119 -.002 944

*** FDR<0.001. ** FDR<0.01. * FDR<0.05. + FDR<.1; NOTE: For global cortical thickness, the FDR equals the p-value.
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Fig. 1. Association between serum cortisol con-
centrations and global cortical thickness in 1431
men (blue) and 1150 women (orange).
Higher serum cortisol concentrations were associ-
ated with lower global cortical thickness in men (
= 0.064, ta412) = -3.010, p = .003) but not in
women (fp = —0.016, t1131) = -0.607, p = .544).
Sex Note, however, that there was no statistically sig-
nificant sex*depressive symptoms effect (§ = 0.044,
teass7) = 1.359, p = .174). Analyses and curves were
adjusted for cohort, sex, age (non-linear), sex*age
(non-linear), time of blood sampling (non-linear),
fasting time (non-linear), smoking status, alcohol
consumption, glycated hemoglobin, white blood cell
count, red blood cell count, platelet count and
waist-height-ratio. The gray shaded area reflects the
95% confidence interval. (For interpretation of the

— Men
— Women

200 400 600

Cortisol (nmol/l)

version of this article.)

specific associations between serum cortisol concentrations and cortical
thickness is presented in Table 2 and Fig. 1. The results for men are
additionally visualized in Fig. 2.

Extended Analyses. Including the severity of childhood maltreatment
and the severity of depressive symptoms as covariates replicated most of
the associations for the whole sample and men (Table S1).

4. Discussion

The present study investigated the association between serum
cortisol concentrations and cortical thickness in a large epidemiological
sample, particularly focusing on potential sex differences. We observed
inverse associations between serum cortisol concentrations and regional
cortical thickness in men but not in women. These results integrate
higher cortisol concentrations in men (Stalder et al., 2017) with previ-
ous findings on adverse effects of high cortisol concentrations on the
brain [e.g. Rajkowska et al., 2000; Gnjidic et al., 2008; Liu et al., 2015].
This way, the present study added results on sex-dependent associations
between cortisol concentrations and cortical thickness in the general
population to previous knowledge on associations between cortisol
concentrations and subcortical volumes in animals and patients (Gray
et al., 2017). The focus on potential sex differences in these associations
using such a large and age-heterogenic sample is unique.

In detail, our data revealed higher serum cortisol concentrations to
be associated with lower global cortical thickness and lower thickness in

references to colour in this figure legend, the reader
is referred to the Web version of this article.)

Fig. 2. Associations between serum cortisol con-
centrations and cortical thickness in 1431 men.

For cortical regions with an FDR < .05, B-values
reflecting the strength of the association between
serum cortisol concentrations and cortisol thickness
are presented, namely rostral middle frontal gyrus,
caudal middle frontal gyrus, pars orbitalis, pars,
supramarginal gyrus, superior parietal cortex, infe-
rior parietal cortex, middle temporal gyrus, inferior
temporal gyrus and isthmus-cingulate cortex, lateral
occipital cortex. Numeric $-values and correspond-
ing p-values are presented in Table 2. Analyses were
adjusted for cohort, age (non-linear), time of blood
sampling (non-linear), fasting time (non-linear),
smoking status, alcohol consumption, glycated he-
moglobin, white blood cell count, red blood cell
count, platelet count and waist-height-ratio. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the Web

16 cortical regions. The cortical regions mainly clustered in the frontal,
temporal and parietal cortex. Although previous research mainly
focused on associations between cortisol concentrations and subcortical
structures, some studies also reported associations between higher
cortisol concentrations and lower GR activity as well as reduced cell
proliferation in the prefrontal cortex (Pittenger and Duman, 2008;
Rajkowska, 2000; Alonso, 2000; Gray et al., 2017). The prefrontal cortex
was reported to inhibit the corticotrophin-releasing hormone and thus
the cortisol release (Deppermann et al., 2014) which would fit the in-
verse association between cortisol concentrations and cortical thickness
in our data. In line, early maternal deprivation induced lower GR mRNA
concentrations in the frontal cortex of mice (Avishai-Eliner et al., 1999).
Interestingly, this effect was stronger in males than in females. Early
stress was also associated with lower concentrations of BDNF (Jeanne-
teau and Chao, 2013). Schulte-Herbriiggen et al. (2007) demonstrated
lower concentrations of BDNF in the parietal cortex in mice with
genetically reduced GR expression. Early and chronic stress is assumed
to dramatically increase glucocorticoid concentrations which might lead
to long-term potentiation of the GR system (Deppermann et al., 2014;
Pariante, 2006). Assuming this potentiation to be associated with brain
alterations, an overproduction of corticosterone was associated with
lower anterior cingulate volumes in rats (Cerqueira et al., 2005). Anal-
ogous, Andela et al. (2015) reported lower cortical volume and larger
ventricles in patients with Cushing’s syndrome. Cushing’s syndrome is
often comorbid with depressive disorders (Gray et al, 2017).
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Postmortem, a reduced number and size of glia cells in the anterior
cingulate cortex as well as reduced GR mRNA expression in the frontal
and temporal cortex were reported in depressed patients (Cotter et al.,
2001; Webster et al., 2002). In rats, antidepressant treatment increased
the GR mRNA expression in the hippocampus but not the parietal cortex
(Seckl and Fink, 1992). However, another study associated a higher
corticosterone exposure in rats due to social defeat with a late decrease
in GR binding affinity in the parietal cortex (Buwalda et al., 2001).
Hence, the latency and the size of the effect of high cortisol concentra-
tions might differ in various brain regions. Although increased cortisol
concentrations impact the GR activity and morphology in cortical
structure, the exact mechanisms and effects particularly on cortical
thickness are still elusive.

In sex-stratified analyses, we observed associations between serum
cortisol concentrations and cortical thickness in men but not in women.
As demonstrated before and replicated here, serum cortisol concentra-
tions were higher in men than in women (Stalder et al., 2017). As the
entry of circulating cortisol to the brain is hampered by the blood-brain
barrier, one might assume that high cortisol concentrations are needed
to induce cortical thinning. Thus, lower serum cortisol concentrations in
women might explain the missing associations between cortisol and
cortical thickness in females in the present work. In line, Kaji et al.
(2008) reported cortisol concentrations to be associated with thinner
cortex in premenopausal women with Cushing’s syndrome but not in
healthy premenopausal or postmenopausal women. Further, Juster et al.
(2016) reported greater diurnal variation in saliva cortisol concentra-
tions in women which have also been associated with more cortical
thickness and thus, would counteract the inverse effects of higher basal
cortisol concentrations on cortical thickness.

Higher cortisol concentrations have been related to lower cortical
thickness before (Liu et al., 2015; Kaji et al., 2008; Kremen et al., 2010)
but sex differences, so far, have not been clearly identified. On the one
hand, our results fit previous findings of Kremen et al. (2010) who re-
ported inverse associations between saliva cortisol concentrations and
cortical thickness of the prefrontal cortex in a male sample. On the other
hand, Stomby et al. (2016) reported only small sex differences in the
associations between regional cortical thickness and saliva cortisol
concentrations, too small to reach significance in 100 elderly women
and 100 elderly men. In contrast to Stomby et al. (2016), our data were
based on more than 2500 participants including a wider age range
(21-90 years vs. 55-80 years). Additionally, the present analyses were
based on an epidemiological sample. In contrast, Liu et al. (2015)
investigated the association between cortical thickness and serum
cortisol concentrations in depressed patients but observed inverse as-
sociations independent of sex. The severity and range of depressive
symptoms were low in our sample. Nevertheless, adjusting for depres-
sive symptoms and childhood maltreatment did not affect our results.

Our data supported higher cortical thickness in women and stronger
age-related cortical thinning in men (Cowell et al., 1994; Savic and
Arver, 2014; Sowell et al., 2007). Regionally, sex differences in cortical
thickness were reported in the frontal, parietal and temporal cortex
before (Sowell et al., 2007). These regions match the cortical regions
associated with cortisol concentrations in our data. Further, Savic and
Arver (2014) reported an inverse association between cortical thickness
and testosterone concentrations as well as a positive association be-
tween cortical thickness and estradiol concentrations both in the pari-
etal cortex. Hence, sex differences in the associations between cortisol
concentrations and cortical thickness observed in our study match sex
differences reported before and might be influenced by an interaction of
the HPA and HPG axis.

Juster et al. (2016) reported sex differences in saliva cortisol con-
centrations only after adjusting for testosterone concentrations. In
contrast, including testosterone, estrone or estradiol concentrations in
our data reduced the sex differences in serum cortisol concentrations.
Using basal serum cortisol concentrations in our study instead of diurnal
slope and stress-reactive saliva cortisol concentrations (Juster et al.,
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2016) might partly explain the discrepancy. In the interpretation of our
results, however, a possible collinearity issue between sex and testos-
terone concentrations need to be concerned. Nevertheless, collinearity
was of no concern for estrone and estradiol concentrations and results
including testosterone, estrone and estradiol concentrations were
similar to each other. Analogous to the sex differences in serum cortisol
concentrations, the interaction between the HPA and HPG axis might
partly explain the associations between serum cortisol concentrations
and cortical thickness. Nevertheless, testosterone, estrone and estradiol
concentrations were only available for a subset of the present sample.
The statistical power of the reduced sample, however, was too small to
replicate the associations between serum cortisol concentrations and
cortical thickness (data not presented). Thus, we could not evaluate the
statistical meaning of adding the sex hormone concentrations to these
association analyses. No doubt, the analyses would be of prime impor-
tance to understand the relationship between cortisol concentrations
and cortical thickness in more detail and to deepen the insight into
neurobiological effects of the interaction between the HPA and HPG
axis.

Besides the biological sex, the experience of severe and chronic stress
(Fogelman and Canli, 2018; Yehuda et al., 2009) and mental symptoms
(Heim et al., 2001, 2008; Meewisse et al., 2007) have been repeatedly
reported to influence basal cortisol concentrations. According to Heim
et al. (2008), blunted basal cortisol concentrations after lasting external
(e.g. childhood maltreatment) or internal stress (e.g. depressive symp-
toms) depict an increased sensitization of the HPA axis. This biological
adjustment could also lead to the protection of other biological systems.
Thus, lower serum cortisol concentrations were demonstrated to be
associated with higher cortical thickness in our data. Interestingly, some
of the cortical regions associated with serum cortisol concentrations in
men in our analyses have been associated with stress or trauma before:
Wrocklage et al. (2017) reported lower cortical thickness in the
isthmus-cingulate cortex and the superior parietal cortex to be associ-
ated with higher PTSD symptomatology. Michalski et al. (2017)
observed the thickness of the rostral middle frontal gyrus to be inversely
associated with perceived stress. Corbo et al. (2016) reported cortical
thinning within the rostral middle frontal cortex, the pars orbitalis, the
pars triangularis, the superior temporal gyrus and the superior parietal
cortex after combat exposure.

High cortisol concentrations due to childhood maltreatment lead to a
sensitization of the HPA axis during childhood and adolescents, prob-
ably including neuronal changes (Heim et al., 2008; Groeneweg et al.,
2011). Hence, lower cortical thickness after childhood maltreatment
might be a long-term result of early adaptation (Kelly et al., 2013; Wang
et al., 2016). Simultaneously, childhood maltreatment is strongly asso-
ciated with major depression (Kessler, 1997; Paykel, 2001). In our data,
the effect of childhood maltreatment on serum cortisol concentrations
was independent of depressive symptoms. In contrast to previous reports
(Yehuda et al., 2009; Heim et al., 2001, 2008), however, the association
between depressive symptoms and serum cortisol concentrations was
not independent of childhood maltreatment. Whereas childhood
maltreatment precedes cortical thickness in adulthood, causality be-
tween cortical thickness and depressive symptoms cannot be evaluated
in cross-sectional analyses as done in the present study. In patients with
depression, higher cortisol concentrations were associated with more
severe courses and treatment resistance (Fischer et al., 2017; Stetler and
Miller, 2011). Higher cortisol concentrations in saliva and blood had
been associated with lower cortical thickness in depressed patients (Liu
et al., 2015; Lebedeva et al., 2018) mirroring the present results in the
general population. Although the present study replicated the inverse
associations between serum cortisol concentrations and childhood
maltreatment (Fogelman and Canli, 2018) and depressive symptoms
(Heim et al., 2001, 2008), these relations did not explain the association
between serum cortisol concentrations and cortical thickness. Never-
theless, the severity and range of childhood maltreatment and depres-
sive symptoms were low in our sample.
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Integrating the interaction of the HPA and HPG axis (Gray et al.,
2017; Juster et al., 2016; Woods et al., 2006) with the theory of sensi-
tization of the HPA axis (Heim et al., 2008), greater variation in female
sex hormone concentrations was related to more depressive symptoms
(Vivian-Taylor and Hickey, 2014; Ryan et al., 2009). Further, childhood
maltreatment has been associated with several negative female-specific
health outcomes such as higher rates of amenorrhea, lower fertility and
delayed menopause (Allsworth et al., 2004; Jacobs et al., 2015). Thus,
due to more pronounced variation in the hormonal concentrations,
women might have a higher vulnerability to basal cortisol alterations
influencing the relation of basal cortisol concentrations and cortical
thickness (Juster et al., 2016).

Sex differences in the associations between basal cortisol concen-
trations and cortical thickness have been hardly researched so far
(Stomby et al., 2016) and thus, our study adds important information to
the literature, particularly as it is based on a large epidemiological
sample. Thorough adjustment for multiple potential confounders is
another unique characteristic of the present work. Earlier studies
investigating sex-specific associations with cortisol concentrations were
based on rather small sample sizes (Stomby et al., 2016; Stalder et al.,
2017) or included patients with selected diseases as functional somatic
disorders or PTSD (Meewisse et al., 2007; Tak et al., 2011). In contrast,
our analyses were based on more than 2500 individuals from the general
population. At least part of our analyses included serum concentrations
of testosterone, estrone and estradiol which is novel, particularly based
on a sample size of more than 500 participants. Although the interaction
between the HPA and HPG axis was discussed before (Gray et al., 2017),
sex hormone concentrations were rarely included in analyses focusing
on cortisol concentrations so far (Juster et al., 2016).

4.1. Limitations

The present results were based on cross-sectional analyses using a
large sample size. Thus, no causal conclusions can be drawn from a
statistical point of view. All analyses were based on basal serum cortisol
concentrations. Neither cortisol reactivity to stress tests nor longitudinal
cortisol concentrations were available.

Serum cortisol and sex hormone concentrations were determined in
single blood samples obtained in the mornings. As SHIP is focusing on a
comprehensive assessment of the individual’s general health status
rather than hormonal variations, no additional blood sampling was
available. The exact time of blood sampling was included in the
regression analyses and modelled non-linearly to adjust for effects of the
circadian rhythm. The serum cortisol concentrations were validated in a
multi-omics study including cortisol-related transcriptome before
(Hertel et al., 2017). Unfortunately, there was no information on the
wake-up time of the participants and thus, we were unable to adjust for
this confounding effect. Additionally, information about physical ac-
tivity directly before the blood sampling was not available.

An interaction between sex hormones and the HPA axis was dis-
cussed before, partly by activating the same receptors or paralleled re-
ceptor density (Gray et al., 2017; Bourke et al., 2012; Juster et al., 2011).
Further, sex differences in cortisol concentrations were reported after
the adjustment for sex hormone concentrations hinting at potential
suppressor effects (Juster et al., 2016). Thus, the effects of sex hormones
and cortisol might add up or inhibit each other. Therefore, we decided to
add sex hormones as potential confounders in the present analyses
instead of testing potential interaction effects. Nevertheless, potential
interaction effects should also be tested in future studies. Additionally, a
possible collinearity problem between testosterone concentrations and
sex was observed in our data. This should be kept in mind in future
studies by focusing on various sex hormone concentrations and heading
to sex-separated analyses as partly provided in our study.

Although we excluded OC users from the analyses, pre- and post-
menopausal women were included without researching potential dif-
ferences between them. Moreover, no detailed information about the
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stages of the menstrual cycle was included for premenopausal women.
According to a review of Baker and Driver (2007), results on varying
cortisol concentrations during the menstrual cycle are inconsistent
including, on the one hand, studies reporting no variation in basal
cortisol concentrations (Liening et al., 2010) and, on the other hand,
studies observing lower basal cortisol concentrations in the follicular
than in the luteal phase (Genazzani et al., 1975; Shibui et al., 2000). As
the present study aimed to focus on sex differences rather than altering
cortisol concentrations due to the menstrual and reproductive cycle in
women, our analyses were not forced in this direction. Nevertheless,
future studies investigating these associations are highly important.

Finally, sex-differences were observed for smoking status and alcohol
consumption which are not tied to the biological sex but are associated
with altered HPA axis activity. Although we adjusted all analyses for
these confounders, we cannot rule out that the observed sex differences
in the serum cortisol concentrations might partly rely on sex differences
in these two variables. Further, we had neither information on the age of
onset or duration of the childhood maltreatment nor about lifetime
depression history or duration of depressive symptoms.

4.2. Conclusions

The present study demonstrated sex-specific associations between
serum cortisol concentrations and cortical thickness. In advantage to
previous studies primarily investigating associations between cortisol
concentrations and subcortical regions (Gray et al., 2017; Kremen et al.,
2011), our analyses focused on cortical thickness. Associations clustered
in the frontal, temporal and parietal cortex. All of these regions were
associated with stress-induced alterations in GR activity and GR mRNA
expression before (Avishai-Eliner et al., 1999; Schulte-Herbriiggen et al.,
2007; Cerqueira et al., 2005; Cotter et al., 2001; Webster et al., 2002;
Buwalda et al., 2001). However, future studies including cortical surface
or comparing effects in cortical and subcortical regions, as well as
studies focusing on regions with a high GR density are important to
validate our results.

Childhood maltreatment and depressive symptoms, often discussed
in relation to cortisol concentrations and cortical thickness (Fogelman
and Canli, 2018; Heim et al., 2008; Liu et al., 2015; Wang et al., 2016),
did not diminish the inverse association between serum cortisol con-
centrations and cortical thickness in our male sample. Although the
interaction of the HPA and HPG axis was demonstrated to be very
important for the sex differences in basal serum cortisol concentrations,
the present data were not applicable to test similar influences on the
association between serum cortisol concentrations and cortical thick-
ness. Future studies are needed to close this gap.
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