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Sex-related differences are tied into neurodevelopmental and lifespan processes,
beginning early in the perinatal and developmental phases and continue into adulthood.
The present study was designed to investigate sexual dimorphism of changes in gray
matter (GM) volume in post-adolescence, with a focus on early and middle-adulthood
using a structural magnetic resonance imaging (MRI) dataset of healthy controls from the
European Network on Psychosis, Affective disorders and Cognitive Trajectory (ENPACT).
Three hundred and seventy three subjects underwent a 3.0T MRI session across
four European Centers. Age by sex effects on GM volumes were investigated using
voxel-based morphometry (VBM) and the Automated Anatomical Labeling atlas regions
(RQI). Females and males showed overlapping and non-overlapping patterns of GM
volume changes during aging. Overlapping age-related changes emerged in bilateral
frontal and temporal cortices, insula and thalamus. Both VBM and ROI analyses revealed
non-overlapping changes in multiple regions, including cerebellum and vermis, bilateral
mid frontal, mid occipital cortices, left inferior temporal and precentral gyri. These
findings highlight the importance of accounting for sex differences in cross-sectional
analyses, not only in the study of normative changes, but particularly in the context
of psychiatric and neurologic disorders, wherein sex effects may be confounded with
disease-related changes.
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INTRODUCTION

A vast literature (Ruigrok et al., 2014; Guebel and Torres, 2016;
Marques et al., 2016; Gur and Gur, 2017), has come to recognize
that the human brain, like many other biological organs, exhibits
sexual dimorphism. An established finding is that men, on
average, have a larger total brain volume compared to women,
and the differences between sexes are reported in cortical and
subcortical structures throughout the lifespan (Qiu et al., 2013;
Ruigrok et al., 2014). The recent meta-analysis from Ruigrok
et al. (2014) described several differences in brain volumes
between males and females. Specifically, they observed that males
showed higher gray matter (GM) volume in selective brain
regions, including the amygdala, hippocampus, insular cortex,
putamen, anterior parahippocampal gyri, posterior cingulate
gyri, precuneus, temporal poles, and cerebellum, whereas females
had higher GM volumes in the frontal pole, inferior and
middle frontal gyri, pars triangularis, planum temporale/parietal
operculum, anterior cingulate gyrus, insular cortex, and Heschl’s
gyrus (Ruigrok et al, 2014). These findings were partially
confirmed in a more recent investigation that employed a
single dataset with a very large sample of more than 5,000
healthy subjects (Ritchie et al., 2018). Indeed, the authors
found that males generally showed larger regional volumes and
cortical surface areas, while females appeared to be characterized
by greater cortical thickness. After adjusting for global head
measures, males showed greater volume in amygdala, putamen
and in a set of cortical regions, with maximum difference in
the left isthmus cingulate cortex, and an excess of surface area
in more cortical regions. Conversely, females showed greater
volume in cortical regions compared to males, with the greatest
difference in favor of females in the right superior parietal
cortex. Regarding the differences in white matter (WM), females
showed lower fractional anisotropy and higher tract complexity
compared to males. However, the complex relationship between
sex and brain changes is yet to be fully understood, since
maturational changes in the brain and many different factors,
such as age and hormonal status, may interact with sex in the
different stages of adult life.

These sex differences are hypothesized to begin in the
perinatal and developmental phases of life, and indeed males
typically show larger brains at birth, with increases in GM and
WM volume, irrespective of head size (Gilmore et al., 2007).
Moreover, sex-dependent trajectories determine differential
timeframes of maturation between males and females. Most
notably, during neurodevelopment, cerebral volume peaks earlier
in females, but the rate of WM structural change is significantly
greater in males (Lenroot et al., 2007; Tiemeier et al., 2010).
Differences in the peak size of subcortical structures, such as
the amygdala and the hippocampus, have also been observed in
a sample ranging from 1 month to 25 years of age (Uematsu
et al, 2012). These differential trajectories, which proceed
throughout adolescence and adulthood following non-linear
courses (Hedman et al., 2012), are suggested to be a product
of an interaction between biology and the environment, with
additional influences of sex chromosome genes, epigenetic
mechanisms or sex hormones, acting via receptors throughout

the developing and adult brain (McCarthy and Arnold, 2011;
Lombardo et al., 2012; Koolschijn et al.,, 2014; Nguyen et al.,
2017).

To date, however, most of the studies investigating sex effect
on brain structures focused on samples in the early or late phases
of their life (Gennatas et al., 2017; Ritchie et al., 2018). Indeed,
only few investigations focused on the interaction between sex
and age in the early and middle adulthood, usually thought as
more stable periods (Guo et al., 2016). Understanding how sex
differences impact on brain maturation is of crucial importance,
as it may point toward the identification of sex-specific biological
and environmental mechanisms that lead to the observed sex
differences regarding both prevalence and features of mental
diseases, such as psychiatric disorders (Venkatesh et al., 2008),
and would also help understanding behavioral sex differences
(Gur and Gur, 2017).

Thus far, although some studies assessed the interaction
between sex and ages on brain structural changes during post-
adolescence and middle adulthood, when disabling psychiatric
disorders like schizophrenia begin to manifest (Immonen et al.,
2017), the findings are still far to be conclusive. Indeed, given
the differences between studies, results comparing such sex-age
interactions during midlife (Guo et al, 2016) and between
first and late adulthood (Jancke et al, 2015) are difficult
to integrate. For instance, while the longitudinal study from
Guo et al. (2016) reported differential regional brain changes
between sexes (even after covarying for total brain volume
changes), the cross-sectional study from Jancke et al. (2015)
mostly attributed such differences to the influence of brain size.
However, these inconsistencies might be due to the differences
in the methodological approach employed by the individual
studies. Indeed, Guo et al. (2016) employed a small but very
well-characterized cohort while the study by Jancke et al. (2015)
pooled together individuals from different cohorts, reaching a
large but not homogenous sample. Moreover, neuroimaging
studies (Taki et al., 2011; Ritchie et al., 2018) exploring the
sex by age interaction effects on the brain reported significant
differences in selective brain regions, especially in temporal,
occipital (Taki et al., 2011), and frontal (Ritchie et al., 2018)
lobes. However, also in this case, some heterogeneities have been
observed between these studies. Indeed, the study by Ritchie et al.
(2018) focused mostly on a sample of healthy subjects in their
middle or late adulthood (mean age = 61 years old), phases where
hormonal modifications, due to menopause (Zhang et al., 2016),
might have acted as confounders, ultimately masking the real
interaction between sex and age. In contrast, the study carried out
by Taki et al. (2011) stratified their sample into decades, giving a
broader picture spanning from early twenties to late sixties.

In view of the continuing uncertainty of the nature of sexual
dimorphism on maturational changes in brain structure, our
main aim was to investigate such dimorphism from the post-
adolescence to middle adulthood phase, a period where the
rate of neurobiological change is stable compared to other
developmental phases, which are characterized by rapid changes
in brain volumes (namely, adolescence and old age).

Using a structural magnetic resonance imaging (MRI)
dataset of healthy subjects from the European Network
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on Psychosis, Affective disorders and Cognitive Trajectory
(ENPACT) (Maggioni et al., 2017), we investigated sexual
dimorphism in GM volume maturation trajectories by means
of both voxel-based and region-based approaches, with the final
goal of identifying (i) common and distinct patterns of brain
structural changes throughout adulthood, (ii) differential areas of
accelerated aging between sexes.

MATERIALS AND METHODS

Participants

Structural MRI (sMRI) images from 385 left- and right-handed
healthy individuals (191 females, 194 males, 30.38 £ 9.26 years,
18-62 years range) were used, being collected from four Clinical
Research Centers adhering to the ENPACT network. Exclusion
criteria included personal or family history of psychiatric
illnesses, personal history of substance or alcohol abuse,
intellectual disability or neurological disorders. All subjects
provided a written informed consent to the protocol, which was
drawn up in accordance with the Declaration of Helsinki and
approved by the competent local Ethics committees. After visual
inspection and quantitative quality check of the original and pre-
processed images (described in section MRI Data Processing),
373 subjects were selected for the statistical analyses, including
183 females (30.82 £ 9.74 years) and 190 males (29.78 £ 8.52
years) without significant age differences (T = 1.09, p = 0.28).
Based on the available information (364 subjects), education
years were comparable between females (15.19 £ 2.91) and
males (14.54 £ 3.55) (T = 1.9, p > 0.05). Details on sample
demographics, MRI scanner type and acquisition parameters for
each participating Center can be found in Table 1.

MRI Data Processing

The entire dataset was processed at the University of Milan using
the open-source Statistical Parametric Mapping software (version
12, https://www.fil.ion.ucl.ac.uk/spm) (Friston, 2003) running
on Matlab R2018a (The Mathworks, Inc., Natick). Additional
in-house Matlab scripts including functions from the Statistics
and Machine Learning toolbox were developed to optimize
the analyses. The Linux-based open-source Freesurfer image
analysis suite (version 5.3.0, http://surfer.nmr.mgh.harvard.edu/)
(Fischl, 2012) was also used for the preliminary intensity
normalization step.

Pre-processing

The raw sMRI data from all subjects were visually inspected
to identify images affected by gross movement or intensity
inhomogeneity artifacts. All images were imported in Freesurfer
and subjected to a Non-parametric Non-uniform intensity
Normalization (N3) to correct for intensity inhomogeneity
artifacts. As in Maggioni et al. (2017), this correction step was
introduced to reduce artifactual intensity variations in the images
(which can be acquisition-specific), thereby enhancing the
accuracy and reliability of subsequent brain tissue segmentation
for the multi-site dataset. The resulting images were then
imported in SPM12 for voxel-based morphometry (VBM)
analysis. The images were manually reoriented to align with

the anterior-posterior commissure line on the horizontal axis.
After a second bias field correction, the images were classified
into GM and WM, cerebrospinal fluid (CSF), bone, soft
tissue and air/background using SPM12 segmentation, which
combines bias correction, tissue classification and registration
to tissue probability maps in a single generative model. For
each subject, the GM, WM, and CSF tissue maps in native
space were converted into binary masks and integrated to
estimate the subjects total intracranial volume (ICV). The
subjects GM and WM tissue class images were imported in
the DARTEL (Diffeomorphic Anatomical Registration Through
Exponentiated Lie algebra) toolbox. DARTEL estimates a non-
linear deformation field for registering the GM and WM images
of all participants. The non-linear registration procedure results
in a group tissue map template and in warped versions of the
tissue images aligned to the template. The registered GM images
were normalized to the standard Montreal Neurological Institute
(MNI) space via affine registration, spatially smoothed with a 3D
4 mm Full Width at Half Maximum (FWHM) Gaussian blurring
kernel, and modulated using the Jacobian of the deformation
field, which allows to preserve the original amount of signal from
each voxel and to extract volume measures. A final quality control
on the resulting GM images was performed using the VBM8
toolbox (Kurth et al., 2010) modules. After visual inspection of
the registration across images, we assessed the image intensity
homogeneity in terms of covariance and excluded the images
with an overall covariance below two standard deviations.
A group-specific optimal threshold GM mask was computed
from the pre-processed images using the SPM masking toolbox
(Ridgway et al., 2009).

Voxel-Based Design Specification and Statistical
Inference
A voxel-wise GM volumetric comparison of age effects
among sexes was performed using a mass-univariate General
Linear Model (GLM) design in SPM12. Using a full factorial
experimental design, the voxel-level GM volumes were modeled
in terms of two main interacting factors: (a) Acquisition site
(1. JUH, 2. UVSSR, 3. UHMYV, 4. VUH) and (b) sex (1. females,
2. males). GM volume measures were assumed to be independent
and with unequal variance between levels. Age was included as
regressor of interest in the model and modeled as interacting
with sex. The global nuisance effects of total tissue volumes
were accounted for by dividing, subject by subject, the GM
image intensities with the individual ICV value. Due to this
proportional scaling, statistical inference was performed on the
normalized GM volume measures. The group-specific optimal
threshold GM mask was used as explicit mask in the analysis.
The GLM full factorial design specification was followed by
the voxel-level estimation of the model coefficients via restricted
maximum likelihood (REML) algorithm. The sex-specific effects
of age on local GM volumes were assessed by making inference
on the corresponding model coeflicients with one-sided t-tests
in both directions. In addition, a conjunction analysis was
conducted to extract overlapping age-related changes in GM. In
the former analyses, the significance threshold was set to p = 0.05
after peak-based Family Wise Error (FWE) multiple comparison
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TABLE 1 | ENPACT network demographics and image acquisition by Center.

Site Acronym # females # males Age [years] Age [years] MRI scanner MRI Voxel Size Matrix Size
females males Sequence (mm?)

Jena University JHU 57 54 Mean: 30.37 Mean: 27.26 3D 3T Siemens Tx1x1 256 x 256 x
Hospital, Jena, SD: 8.94 SD: 6.56 T1-weighted Tim Trio 192
Germany Median: 27 Median: 25 MPRAGE scanner

Range: 20-55 Range: 20-54
University Hospital UHMV 43 62 Mean: 29.35 Mean: 28.76 3D 3T Philips 0.94 x 0.94 256 x 256 x
Marqués de SD: 8.83 SD: 7.05 T1-weighted Intera scanner  x 1 160
Valdecilla, Median: 28 Median: 27.5 FFE
Santander, Spain Range: 18-50 Range: 19-49
University UVSSR 32 35 Mean: 35.31 Mean: 34.77 3D 3T Philips 0.9 x 0.9 x 256 x 256 x
Vita-Salute San SD: 12.63 SD: 13.01 T1-weighted Gyroscan 0.8 220
Raffaele, Milan, Median: 29.5 Median: 30 MPRAGE Intera scanner
Italy Range: 22-60 Range: 19-62
University Hospital VUH 51 39 Mean: 29.75 Mean: 30.44 3D 3T Magnetom 1 x 1 x 1 256 x 256 x
of Verona, Verona, SD: 8.79 SD: 6.11 T1-weighted Allegra Syngo 160
Italy Median: 28 Median: 29 MPRAGE Siemens

Range: 19-62 Range: 21-46 scanner

SD, standard deviation; MRI, magnetic resonance imaging; MPRAGE, Magnetization Prepared Rapid Acquisition Gradient Echo,; FFE, Fast Field Echo.

correction, >200 voxels. Then, age by sex interactions were
assessed through one-sided t-tests on the difference between
the female- and male-specific age beta coeflicients. Following
an exploratory approach, the significance threshold was set to
p = 0.001, >100 voxels. The choice of a less conservative cluster-
based correction was motivated by the expected smaller size
of the interaction effects compared to the main factor effects.
The neuroanatomical location of the VBM clusters was defined
using the Automated Anatomical Labeling (AAL) atlas (Tzourio-
Mazoyer et al., 2002). Non-linear age by sex interaction effects on
GM volumes were assessed in a secondary GLM analysis, which
modeled age effects as quadratic (in interaction with sex).

Region-Based Volume Estimation, Design
Specification, and Statistical Inference

Global and region of interest (ROI) analyses were performed
to explore age by sex effects on global brain measures (total
GM volume and ICV) and a priori defined anatomical regions
(N = 116 AAL ROIs). Using Matlab in-house scripts, the GM
volume in each AAL ROI was estimated by a summation of
the GM density values of the voxels within the ROI. Total
GM volume was calculated as the sum of AAL ROI volumes.
The AAL ROI and total GM volumes were used as response
variables in GLM designs that included sex, center, age and ICV
as predictors, with age and sex interacting. In ICV analysis,
ICV was modeled in terms of sex, center, and age (interacting
with sex). As in the VBM analysis, we ran a secondary ROI
GLM analysis that considered quadratic age effects (in interaction
with sex). For each ROI, the model coefficients were estimated
through least-squares fitting of the link between the response
variable (ROI volume) and the model predictors. Inference on
the interaction between age and sex was performed through
two-sided ¢-tests on the GLM coefficient relative to the product
of age and sex predictors. Significance was set to p = 0.05,
with and without multiple comparison correction based on

the Bonferronis method with N equal to the number of
AAL ROls.

RESULTS
Voxel-Based Morphometry

The brain clusters showing significant GM volume changes
with age, in females and males separately, are illustrated in
Figure 1, left and central panels. The neuroanatomical labeling,
extension, and statistical details of the VBM cluster peaks are
reported in Tables 2A,B. No age-related GM volume increases
emerged in either sexes (p < 0.05, pFWE, >200 voxels). In
females, aging was associated with spread bilateral GM volume
reductions that involved the frontal cortex, especially the superior
medial portion, the cingulate and insular cortices, the precentral
and postcentral gyri and the temporo-parieto-occipital region,
especially the angular gyri (p < 0.05, pPFWE, >200 voxels).
Bilateral age-related GM volume reductions emerged also at the
subcortical level, in the putamen and caudate and in a wide
portion of the cerebellum. In males, aging was associated with
bilateral GM volume decreases in the frontal cortex, especially in
mid orbitofrontal gyrus, left inferior and superior temporal gyri,
right middle temporal gyrus, insular and mid cingulate cortices
and thalami (p < 0.05, pFWE, >200 voxels). The conjunction
analysis showed that females and males experienced common
age-related GM volume reductions in most of the frontal clusters
emerged from the separate analyses of females and males, and in
the bilateral thalami, insular, and mid cingulate cortices (p < 0.05,
pFWE, >200 voxels) (Table 2C and Figure 1, right panel).

The age by sex interaction analysis identified a set of brain
clusters with different age-related GM volume changes between
the two sexes (p < 0.001, >100 voxels), which are shown in
Figure 2. Females showed enhanced age-related GM volume
reductions in bilateral portions of the cerebellum and vermis
compared to males (Table3A, orange clusters in Figure 2).

Frontiers in Aging Neuroscience | www.frontiersin.org

4 February 2021 | Volume 13 | Article 622054


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Delvecchio et al.

Sexual Dimorphism on Brain Maturation

TABLE 2 | Sex-specific and conjunction VBM results.

Contrast # Voxels P (pFWE) Peak T X, Y, Z (mm) AAL region
Sex-specific analysis A. 53,400 <0.001 9.68 51,32, -9 Inferior orbitofrontal, R
Age negative, females 225 <0.001 7.76 45, —44, 53 Inferior parietal, L
932 <0.001 7.70 —53, —68, 26 Angular, L
346 <0.001 7.67 36, —2, 57 Mid frontal, R
273 <0.001 7.49 —56, -9, 38 Postcentral, L
503 <0.001 7.44 45, -39, 48 Inferior parietal, R
625 <0.001 7.26 -2,-6,5 Thalamus, L
533 <0.001 7.22 51, —66, 29 Mid occipital, R
413 <0.001 719 48, —14, 42 Precentral, R
259 <0.001 77 -6, 18,6 Caudate, L
403 <0.001 7.05 11,3, 20 Caudate, R
233 <0.001 6.87 47,12, 29 Inferior frontal, opercular, R
423 <0.001 6.84 —-2,-81, -5 Calcarine, L
1,080 <0.001 6.59 —15, —56, —54 Cerebelum 8, L
B. 9,655 <0.001 8.33 -39, 56, 0 Mid orbitofrontal, L
Age negative, males 437 <0.001 7.28 63, —29, -3 Mid temporal, R
734 <0.001 6.98 44,6, 3 Insula, R
940 <0.001 6.90 -39, -5, 11 Insula, L
846 <0.001 6.79 —6, —24, 45 Mid cingulum, L
351 <0.001 6.69 -50, —60, —17 Inf temporal, L
216 <0.001 6.36 0,-9,8 Thalami
252 <0.001 6.33 —42, -8, -9 Sup temporal, L
Conjunction analysis C. 5,894 <0.001 7.95 —38, 56, 0 Mid orbitofrontal, L
Age negative, males 821 <0.001 7.20 3,39, —11 Mid orbitofrontal, R
and females
629 <0.001 6.89 -39, -5, 11 Insula, L
503 <0.001 6.71 8,32, —21 Rectus, R
651 <0.001 6.67 0, =27, 41 Mid cingulum
584 <0.001 6.67 41,8,2 Insula, R
210 <0.001 6.36 0,-9,8 Thalami

VBM, voxel based morphometry; x, y, z (mm), coordinates in MNI space; T, T-statistics; P(oFWE), p-value, peak-based family wise error corrected; AAL, Automated Anatomical Labeling.

Conversely, males exhibited higher age-related GM volume
reductions in bilateral mid frontal and occipital cortices and
in left precentral and inferior temporal gyri (Table 3B, cyan
clusters in Figure 2). The scatterplots in Figure 2 illustrate the
relation between age and GM volume in the clusters within the
right cerebellum and right mid frontal cortex, showing the most
salient age-related changes in females (vs. males) and males (vs.
females), respectively. The secondary non-linear GLM analysis,
which modeled age effects as quadratic instead of linear, showed
interaction effects in the same brain regions (results not shown).

Region of Interest Analysis

Total GM volume and ICV did not exhibit age by sex effects
(p < 0.05). The assessment of age by sex interactions on
the AAL ROI volumes showed no results after Bonferroni’s
correction (N = 116), but some trends emerged (Table 4,
section “Linear age model”). In females, aging was associated
with more pronounced GM volume reductions than in males
in the bilateral VIII lobule of the cerebellar hemisphere and
in lobules VI and VII of the vermis. Conversely, in males,

aging induced enhanced GM volume reductions compared to
females in left precentral gyrus, inferior and middle portions
of right temporal cortex and right inferior occipital cortex.
All these ROIs except from the left precentral gyrus exhibited
age by sex trend effects also when quadratic age effects were
modeled instead of linear ones (Table4, section “Quadratic
age model”). The emerged tendencies can be appreciated
by looking at Figure 3 scatterplots, which show age-related
GM volume changes in these AAL ROIs, for females and
males separately.

DISCUSSION

Life is change and change is an immutable characteristic of the
lifespan of an individual, at both neurobiological and behavioral
levels. Interestingly, neuroanatomical changes seem to occur also
in phases of life considered stable, as suggested by our study,
which identified age-related GM volume changes in a multi-site
sample of healthy individuals in their early-to-middle adulthood.
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females

wise error.

age-related GM volume reduction

males

FIGURE 1 | VBM resullts, age-related GM volume changes. Brain clusters showing significant GM volume reduction during adulthood in females (left panel), males
(central panel), and in both genders (right panel) (o < 0.05, pFWE, >200 voxels). VBM, voxel-based morphometry; GM, gray matter; pFWE, peak-based family

females and males

age by sex interaction effects on GM volume
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FIGURE 2 | VBM resullts, age by sex interactions. Top: Brain clusters showing significant age by sex interaction effects (p < 0.001, >100 voxels). The clusters with
enhanced age-related changes in females and males are represented in orange and cyan colors, respectively. Bottom: scatterplots showing normalized GM volume
changes with aging in females (orange) and males (cyan) in two exemplar clusters.

In the present study, voxel-based and region-based
approaches were used in concert to provide a detailed assessment
of the patterns of sexual dimorphism. Both sets of analyses
suggest that patterns of sexually dimorphic maturational
changes endure even in a relatively stable phase of the life
span, such as young and middle adulthood (Guo et al., 2016).
These findings are not surprising, especially because sex

differences in brain structure have been consistently observed
at different lifetime phases, including infancy (Knickmeyer
et al., 2014), adolescence (Gennatas et al., 2017) and late
adulthood (Ritchie et al, 2018). Thus, our results further
highlight that the brain volume is continuously changing,
with sexual dimorphism being more evident in some regions
than others.
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TABLE 3 | Age by sex interactions from VBM analysis and ROI analysis on VBM clusters.

VBM contrast # Voxels VBM peak
X, ¥, Z (mm) AAL region T P (unc)
A. 755 24, —60, —44 Cerebelum 8, R 5.51 <0.001
Age negative, females > 1,766 —27, -85, —44 Cerebelum 8, L 5.0 <0.001
males 121 —57, —45, —38 Cerebelum crus 1, L 4.59 <0.001
275 6, —63, -9 Vermis 4 3.93 <0.001
292 5, —78, —24 Vermis 7 and 8 3.32 <0.001
B. 237 48, 2, 56 Mid frontal cortex, R 3.65 <0.001
?egr:;:sgaﬁva males > 114 —29, —75, 41 Mid occipital cortex, L 3.57 <0.001
208 —53, 5, 36 Precentral gyrus, L 3.50 <0.001
121 —35, 57, 14 Mid frontal cortex, L 3.34 <0.001
165 33, —92, 24 Mid occipital cortex, R 3.19 =0.001
145 —-50, —56, —21 Inferior temporal gyrus, L 3.14 =0.001

VBM, voxel based morphometry; ROI, region of interest; x, y, z (mm), coordinates in MINI space; T, T-statistics on age by sex interaction contrast; P (unc), p-value, uncorrected; P (Bonf),
p-value after Bonferroni’s correction (N = 11); AAL, Automated Anatomical Labeling; n.s., not significant.

TABLE 4 | Age by sex interactions from ROl analysis on AAL atlas regions.

AAL region Linear age model Quadratic age model Age by sex interaction side
T P (unc) P (Bonf) T P (unc) P (Bonf)

Cerebelum 8, L 2.22 0.027 n.s. 2.08 0.038 n.s. Enhanced age effects in females
Cerebelum 8, R 2.05 0.041 n.s. 212 0.034 n.s.

Vermis 6 2.19 0.029 n.s. 217 0.031 n.s.

Vermis 7 2.50 0.013 n.s. 2.49 0.013 n.s.

Precentral, L 2.10 0.037 n.s. 1.66 n.s. n.s. Enhanced age effects in males

Inf occipital, R 2.49 0.013 n.s. 2.44 0.015 n.s.

Mid temporal, R 2.34 0.020 n.s. 2.5 0.013 n.s.

Inf temporal, R 2.21 0.028 n.s. 2.2 0.027 n.s.

T, T-statistics on age by sex interaction contrast; P (unc), p-value, uncorrected; P (Bonf), p-value after Bonferroni’s correction (N = 116); RO, region of interest; AAL, Automated

Anatomical Labeling; n.s., not significant.

Age-Related GM Patterns in Females
In females, aging was associated with bilateral GM volume
reductions in cortical, including frontal, cingulate, insular
cortices and the temporo-parieto-occipital junction, and
subcortical, especially putamen and caudate, as well as cerebellar,
areas. Overall, these results aligned with the evidence reported
by previous literature showing selective GM volume deficits in
female subjects in healthy populations (Ritchie et al., 2018).
Notably, in our results, the more diffused age-related
reductions in females were located in areas considered key
regions for emotion recognition and processing, such as the
temporo-parietal junction (Lettieri et al., 2019), which are part
of the fronto-limbic pathway where sex-dependent differences
were often observed (Kong et al., 2014; Lungu et al,, 2015). A
recent study (Abbruzzese et al., 2019) suggested that emotion
recognition might be influenced by both age and gender and
linked such differences to differential cognitive abilities and
exploration strategies among sexes. These findings could be
attributed to differences between men and women in sex steroid
hormones, as many studies reported a link between emotional

processing and testosterone, estrogen, and progesterone (Bos
et al., 2013; Toffoletto et al., 2014).

Importantly, our findings might be of interest also for clinical
psychiatric populations, given that the post-adolescence period is
critical for such diseases’ onset (Kelly et al., 2016). Also, strong
sex-dependent differences are well described in major depression
in terms of prevalence, symptoms (Salk et al., 2017), and
neurobiological alterations (Yang et al., 2017; Jenkins et al., 2018),
with females resulting more affected than males. Therefore,
increasing our understanding of how brain structures evolve
through post-adolescence and middle adulthood in healthy
subjects might help in further describe the onset and progression
of psychiatric disorders.

Similarly, sex differences have been often reported in the
incidence of late-life neurological disorders, including dementia,
where being a woman is considered one of the major risk
factors for late-onset Alzheimer disease (Farrer et al., 1997;
Ferretti et al., 2020). Moreover, these sex-specific effects were
more pronounced in women in peri- and, even more, in
post-menopause, suggesting a role of sex hormones and
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age by sex trends on AAL ROI volumes
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FIGURE 3 | ROl results, age by sex interactions. Scatterplots (and 2nd order fits) showing normalized GM volume changes with aging in females (orange) and males
(cyan) in the AAL ROlIs with age by sex trend effects (p < 0.05). ROI, region of interest; AAL, Automated Anatomical Labeling.

aging. However, such differences might arise earlier in the
life span, and years before menopausal hormonal changes.
In conclusion, although these results need to be confirmed
by longitudinal studies, they might represent a first step
in a more detailed understanding of how our brain ages
through the years, thus opening new possibilities for the
understanding of neurodevelopmental disorders and prevention
of neurodegenerative diseases.

Age-Related GM Patterns in Males

In males, aging was associated with bilateral GM volume
reductions in the frontal cortex, in the three major temporal
gyri, insular, and mid cingulate cortices. Also in this case, these
results are in line with recent evidence reporting a steeper
volume decline in males in temporal regions (Ritchie et al,
2018). One potential explanation of such specificity is the effect,
in specific areas, of sex-biased gene expression (Kang et al,
2011) or other protective genetic or hormonal factors that
might “buffer” females from potential brain volume alterations,
especially against neurodevelopmental disorders (Jacquemont
et al., 2014). Among those, one candidate is the hypothesized
“female-protective” mechanism that involves a major genetic
stability against mutations in females, conferred by the second
copy of the X chromosome (Reinhold and Enggqvist, 2013).
Notably, frontotemporal areas showed also great sexual
dimorphism in fMRI studies conducted on emotional tasks
(Hofer et al., 2007; Repple et al., 2018). Specifically, prefrontal
regions are involved in the top-down emotional control and a
recent study on healthy subjects pointed out the differential role
of these areas in men and women as a possible neurobiological
mechanism explaining the different response between sexes to

anger and aggressive impulses, usually considered more “manly”
behaviors (Repple et al., 2018). Moreover, both prefrontal and
temporal areas present sex-driven functional and structural
asymmetry (Hofer et al, 2007; Guadalupe et al, 2015) and
temporal gyri have been also described among the most
dimorphic areas of the brain, showing one of the strongest
sex-linked asymmetries, especially in males.

Finally, the possibility that the healthy brain might also help
us in shedding a light on brain disorders is also valid for the
results observed in our group of male subjects. Indeed, GM
abnormalities in the temporal gyri have been often associated
with psychotic syndromes, especially with schizophrenia (Ohi
et al.,, 2016; Delvecchio et al., 2017; Squarcina et al., 2017), which
is a disorder where sexual dimorphism is well-described, with
male individuals showing earlier onset, more severe course of the
illness, and poorer long-term prognosis compared to matched
females (Kelly et al., 2016).

Therefore, overall these findings point toward the hypothesis
that temporal regions might represent regions of specific fragility
in males.

Differences in Age-Related GM Changes

Between Males and Females

Voxel-based and region-based analyses were combined to
identify age by sex interaction effects on GM volume. The results
showed that females had enhanced age-related GM volume loss
in bilateral portions of the cerebellum and vermis, while males
exhibited higher age-related GM volume loss in portions of
frontal, occipital, and temporal gyri. Our findings are in line with
previous literature showing sex differences in cerebellum and
frontotemporal areas (Ruigrok et al., 2014; Ritchie et al., 2018),
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with males usually showing greater volumes in cerebellum, while
females having greater volumes in frontal regions.

The finding regarding cerebellum is especially interesting.
Far from being just a regulator of movement and balance, this
structure is known to have roles in cognition and emotions
in healthy individuals (Hofer et al., 2007). Moreover, recent
literature suggested that the cerebellum may play a key role in
modulating cognitive dysfunctions in Alzheimer (Jacobs et al.,
2018), a typically female disease (Ferretti et al,, 2020). The
widespread cognitive deficits observable in Alzheimer patients
seem to be under cerebellar modulation and dependent from
cerebro-cerebellar circuits linked with the cerebral associative
and paralimbic regions (Jacobs et al., 2018). Therefore, the
enhanced reduction of cerebellar GM volume in relation to
age observed in our female subjects might suggest a specific
vulnerability for neurodegenerative diseases, rooted in sex-
dependent differences in brain maturation.

Finally, it is important to point out that sex differences in
brain structures are a product of the interplay of biological
and environmental influences on brain development (McCarthy
and Arnold, 2011). Animal and human studies have shown the
influence of steroid hormones, sex chromosomes (Arnold and
Chen, 2009), and the immune system (Lenz et al, 2013) on
the development of neural sexual differentiation, starting from
the prenatal period. In addition, environmental factors, such as
stress and maternal infections (Bale et al., 2010), and postnatal
factors, such as early childcare, have been also found to influence
brain development (Giedd et al., 2012). As it was hypothesized
(Pletzer, 2019), testosterone and estradiol/progesterone might
differentially affect GM volumes in areas that are usually larger
in males, such as hippocampus or cerebellum, or in females, such
as the frontal lobe (Ruigrok et al., 2014; Ritchie et al., 2018). In
this regard, our results seem to confirm such hypothesis, with
females showing a greater effect of age on cerebellum and males
on frontotemporal areas. Moreover, our results highlight how the
brain is in constant remodeling throughout adulthood, even in
a period of relative stability (Guo et al., 2016). This notion is in
line with the literature on developmental sex differentiation of
the brain that suggested the impact of genes on sex hormones
both during the development and in the adults brain (McEwen
and Milner, 2017).

Limitations and Future Perspectives

While evaluating the presented results, some limitations should
be considered. The major limitation to our study is its
cross-sectional design. Longitudinal studies—able to assess the
reduction in GM volumes over time and the association of
brain maturation trajectories with the onset of psychiatric and
neurodegenerative disorders—are needed to understand the
deep and intertwined effects of sex and age. The unequal
distribution of subjects within the considered age range,
with the majority of subjects in the early adulthood phase,
might have limited the power of identifying age differences
within and between sexes, undermining the age by sex
interaction effects in some brain regions. On the other hand,
this unbalance might have reduced the confounding effects
of menopause or associated hormone replacement therapy

on the brain (Zhang et al, 2016). Age by sex influences
on local GM volume mainly emerged at the trend level,
thus need to be reproduced on independent datasets. The
use of a linear model design might have undermined the
identification of more complex relations between the predictor
variables, including age and sex, and local GM volumes. At
the same time, this essential design facilitated the extraction
and interpretation of the complex interaction effects. Future
analyses using more flexible approaches, including smooth non-
parametric regression models, are planned to confirm and extend
the obtained results. A further extension is represented by
surface-based analyses, both vertex- and region-wise, which
provide a complementary perspective of age by sex effects
on GM morphology. Handedness was not considered as an
inclusion/exclusion criterion. Therefore, although the effect of
handedness on brain morphology is controversial, we cannot rule
out its impact on structural brain changes observed in our group
of healthy individuals. Finally, no behavioral measures were
available for our sample and therefore we could not correlate
brain alterations with behavioral data to have a clearer picture
of how age and sex shape brain structure and function and in
turn behavior.

CONCLUSIONS

As neurological and psychiatric research moves toward the
ideals of precision medicine (Pigoni et al., 2019), it is getting
everyday more necessary to have a clear, nuanced understanding
of similarities and differences in brain structures and functions
across the sexes. The potential effects of genes and hormones
on brain sex differences are likely active at multiple points
across the lifespan, representing a constant set of influences that
interact with the environment in a complex and intertwined
manner. For these reasons, it is of great importance to study
sex differences in human brain at different developmental
phases and to explore how they interact with normal and
pathological aging. Indeed, a better comprehension of how the
brain ages in post-adolescence and middle-adulthood and the
different trajectories between males and females might help
us in disentangling the different expression of psychiatric and
neurologic disorders that interact to a higher extent with sexual
dimorphic aspects in specific phases of life. Specifically, our
results corroborate the notion that the interaction between age
and sex occur even a relatively stable period of life, from
early to middle adulthood. Finally, despite the presence of
heterogeneities, especially in terms of enrollment and methods
employed (e.g., strength and type of MRI scanner, voxel-based
vs. ROI-based approaches), these findings might prove important
while studying the neural basis of the known differences between
males and females in the risk of developing psychiatric and
neurologic disorders.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Frontiers in Aging Neuroscience | www.frontiersin.org

February 2021 | Volume 13 | Article 622054


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Delvecchio et al.

Sexual Dimorphism on Brain Maturation

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by local research ethics committees. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

PB: conceptualization, funding acquisition, supervision,
and writing—review and editing. GD: writing-original draft
and supervision. EM: writing-original draft, data curation,

REFERENCES

Abbruzzese, L., Magnani, N., Robertson, I. H., and Mancuso, M. (2019). Age
and gender differences in emotion recognition. Front. Psychol. 10:2371.
doi: 10.3389/fpsyg.2019.02371

Arnold, A. P, and Chen, X. (2009). What does the “four core genotypes” mouse
model tell us about sex differences in the brain and other tissues? Front.
Neuroendocrinol. 30, 1-9. doi: 10.1016/j.yfrne.2008.11.001

Bale, T. L., Baram, T. Z., Brown, A. S., Goldstein, J. M., Insel, T. R., McCarthy, M.
M., et al. (2010). Early life programming and neurodevelopmental disorders.
Biol. Psychiatry 68, 314-319. doi: 10.1016/j.biopsych.2010.05.028

Bos, P. A, van Honk, J, Ramsey, N. F., Stein, D. J, and Hermans,
E. J. (2013). Testosterone administration in women increases amygdala
responses to fearful and happy faces. Psychoneuroendocrinology 38, 808-817.
doi: 10.1016/j.psyneuen.2012.09.005

Delvecchio, G., Pigoni, A., Perlini, C., Barillari, M., Ruggeri, M., Altamura,
A. C, et al. (2017). Sexual dimorphism of the planum temporale in
schizophrenia: a MRI study. Aust. N. Z. ]. Psychiatry 51, 1010-1019.
doi: 10.1177/0004867417702748

Farrer, L. A., Cupples, L. A., Haines, J. L., Hyman, B., Kukull, W. A., Mayeux,
R, et al. (1997). Effects of age, sex, and ethnicity on the association between
apolipoprotein E genotype and Alzheimer disease. A meta-analysis. APOE
and Alzheimer Disease Meta Analysis Consortium. JAMA 278, 1349-1356.
doi: 10.1001/jama.1997.03550160069041

Ferretti, M. T., Martinkova, J., Biskup, E., Benke, T., Gialdini, G., Nedelska, Z., et al.
(2020). Sex and gender differences in Alzheimer’s disease: current challenges
and implications for clinical practice: position paper of the Dementia and
Cognitive Disorders Panel of the European Academy of Neurology. Eur. J.
Neurol. 27,928-943. doi: 10.1111/ene.14174

Fischl, B. (2012). FreeSurfer.
doi: 10.1016/j.neuroimage.2012.01.021

Friston, K. J. (2003). “Statistical parametric mapping,” in Neuroscience Databases,
ed R. Kétter (Boston, MA: Springer), 237-250.

Gennatas, E. D., Avants, B. B., Wolf, D. H., Satterthwaite, T. D., Ruparel, K., Ciric,
R, et al. (2017). Age-related effects and sex differences in gray matter density,
volume, mass, and cortical thickness from childhood to young adulthood.
J. Neurosci. 37, 5065-5073. doi: 10.1523/JNEUROSCI.3550-16.2017

Giedd, J. N., Raznahan, A., Mills, K. L., and Lenroot, R. K. (2012). Review:
magnetic resonance imaging of male/female differences in human adolescent
brain anatomy. Biol. Sex Differ. 3:19. doi: 10.1186/2042-6410-3-19

Gilmore, J. H., Lin, W., Prastawa, M. W, Looney, C. B,, Vetsa, Y. S., Knickmeyer,
R. C, et al. (2007). Regional gray matter growth, sexual dimorphism,
and cerebral asymmetry in the neonatal brain. J. Neurosci. 27, 1255-1260.
doi: 10.1523/JNEUROSCI.3339-06.2007

Guadalupe, T., Zwiers, M. P., Wittfeld, K., Teumer, A., Vasquez, A. A,
Hoogman, M., et al. (2015). Asymmetry within and around the human
planum temporale is sexually dimorphic and influenced by genes involved in
steroid hormone receptor activity. Cortex 62, 41-55. doi: 10.1016/j.cortex.2014.
07.015

Neuroimage 62, 774-781.

methodology, and formal analysis. AP: writing-original draft.
BC-E IN, FB, CG, HS, SP, MR, MB, CP, and MGR: data curation
and writing—review and editing. VAD: conceptualization,
supervision, and writing—review and editing. All authors
contributed to the revision process of the manuscript and
approved the final version of it.

FUNDING

This study was partly supported by grants from the Italian
Ministry of Health (GR-2018-12367789 to EM, RF-2016-
02364582 to PB).

Guebel, D. V., and Torres, N. V. (2016). Sexual dimorphism and aging in the
human hyppocampus: identification, validation, and impact of differentially
expressed genes by factorial microarray and network analysis. Front. Aging
Neurosci. 8:229. doi: 10.3389/fnagi.2016.00229

Guo, J. Y. Isohanni, M., Miettunen, J., Jaaskelainen, E., Kiviniemi, V.,
Nikkinen, J., et al. (2016). Brain structural changes in women and men
during midlife. Neurosci. Lett. 615, 107-112. doi: 10.1016/j.neulet.2016.
01.007

Gur, R. C,, and Gur, R. E. (2017). Complementarity of sex differences in brain
and behavior: from laterality to multimodal neuroimaging. J. Neurosci. Res. 95,
189-199. doi: 10.1002/jnr.23830

Hedman, A. M., van Haren, N. E,, Schnack, H. G., Kahn, R. S., and Hulshoff
Pol, H. E. (2012). Human brain changes across the life span: a review of
56 longitudinal magnetic resonance imaging studies. Hum. Brain Mapp. 33,
1987-2002. doi: 10.1002/hbm.21334

Hofer, A., Siedentopf, C. M., Ischebeck, A., Rettenbacher, M. A., Verius, M., Felber,
S., etal. (2007). Sex differences in brain activation patterns during processing of
positively and negatively valenced emotional words. Psychol. Med. 37, 109-119.
doi: 10.1017/S0033291706008919

Immonen, J., Jaaskelainen, E., Korpela, H., and Miettunen, J. (2017). Age at onset
and the outcomes of schizophrenia: a systematic review and meta-analysis.
Early Interv. Psychiatry 11, 453-460. doi: 10.1111/eip.12412

Jacobs, H. I L., Hopkins, D. A., Mayrhofer, H. C., Bruner, E., van
Leeuwen, F. W., Raaijmakers, W., et al. (2018). The cerebellum in
Alzheimer’s disease: evaluating its role in cognitive decline. Brain 141, 37-47.
doi: 10.1093/brain/awx194

Jacquemont, S., Coe, B. P., Hersch, M., Duyzend, M. H., Krumm, N., Bergmann,
S., et al. (2014). A higher mutational burden in females supports a “female
protective model” in neurodevelopmental disorders. Am. J. Hum. Genet. 94,
415-425. doi: 10.1016/j.ajhg.2014.02.001

Jancke, L., Merillat, S., Liem, F., and Hanggi, J. (2015). Brain size, sex, and the aging
brain. Hum. Brain Mapp. 36, 150-169. doi: 10.1002/hbm.22619

Jenkins, L. M., Kendall, A. D., Kassel, M. T., Patron, V. G., Gowins, J. R., Dion,
C., et al. (2018). Considering sex differences clarifies the effects of depression
on facial emotion processing during fMRI. J. Affect. Disord. 225, 129-136.
doi: 10.1016/j.jad.2017.08.027

Kang, H. J., Kawasawa, Y. I, Cheng, F.,, Zhu, Y., Xu, X,, Li, M,, et al. (2011).
Spatio-temporal transcriptome of the human brain. Nature 478, 483-489.
doi: 10.1038/nature10523

Kelly, D. L., Rowland, L. M., Patchan, K. M., Sullivan, K., Earl, A., Raley, H., et al.
(2016). Schizophrenia clinical symptom differences in women vs. men with and
without a history of childhood physical abuse. Child Adolesc. Psychiatry Ment.
Health 10:5. doi: 10.1186/s13034-016-0092-9

Knickmeyer, R. C., Wang, J., Zhu, H., Geng, X., Woolson, S., Hamer, R. M., et al.
(2014). Impact of sex and gonadal steroids on neonatal brain structure. Cereb.
Cortex 24, 2721-2731. doi: 10.1093/cercor/bht125

Kong, F., Zhen, Z., Li, J., Huang, L., Wang, X,, Song, Y., et al. (2014). Sex-related
neuroanatomical basis of emotion regulation ability. PLoS ONE 9:€97071.
doi: 10.1371/journal.pone.0097071

Frontiers in Aging Neuroscience | www.frontiersin.org

February 2021 | Volume 13 | Article 622054


https://doi.org/10.3389/fpsyg.2019.02371
https://doi.org/10.1016/j.yfrne.2008.11.001
https://doi.org/10.1016/j.biopsych.2010.05.028
https://doi.org/10.1016/j.psyneuen.2012.09.005
https://doi.org/10.1177/0004867417702748
https://doi.org/10.1001/jama.1997.03550160069041
https://doi.org/10.1111/ene.14174
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1523/JNEUROSCI.3550-16.2017
https://doi.org/10.1186/2042-6410-3-19
https://doi.org/10.1523/JNEUROSCI.3339-06.2007
https://doi.org/10.1016/j.cortex.2014.07.015
https://doi.org/10.3389/fnagi.2016.00229
https://doi.org/10.1016/j.neulet.2016.01.007
https://doi.org/10.1002/jnr.23830
https://doi.org/10.1002/hbm.21334
https://doi.org/10.1017/S0033291706008919
https://doi.org/10.1111/eip.12412
https://doi.org/10.1093/brain/awx194
https://doi.org/10.1016/j.ajhg.2014.02.001
https://doi.org/10.1002/hbm.22619
https://doi.org/10.1016/j.jad.2017.08.027
https://doi.org/10.1038/nature10523
https://doi.org/10.1186/s13034-016-0092-9
https://doi.org/10.1093/cercor/bht125
https://doi.org/10.1371/journal.pone.0097071
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Delvecchio et al.

Sexual Dimorphism on Brain Maturation

Koolschijn, P. C., Peper, J. S., and Crone, E. A. (2014). The influence of sex
steroids on structural brain maturation in adolescence. PLoS ONE 9:€83929.
doi: 10.1371/journal.pone.0083929

Kurth, F., Luders, E., and Gaser, C. (2010). VBM8 Toolbox Manual. Jena: University
of Jena.

Lenroot, R. K., Gogtay, N., Greenstein, D. K., Wells, E. M., Wallace, G. L.,
Clasen, L. S., et al. (2007). Sexual dimorphism of brain developmental
trajectories during childhood and adolescence. Neuroimage 36, 1065-1073.
doi: 10.1016/j.neuroimage.2007.03.053

Lenz, K. M., Nugent, B. M., Haliyur, R., and McCarthy, M. M. (2013). Microglia are
essential to masculinization of brain and behavior. J. Neurosci. 33, 2761-2772.
doi: 10.1523/JNEUROSCI.1268-12.2013

Lettieri, G., Handjaras, G., Ricciardi, E., Leo, A., Papale, P., Betta, M., et al. (2019).
Emotionotopy in the human right temporo-parietal cortex. Nat. Commun.
10:5568. doi: 10.1038/s41467-019-13599-2

Lombardo, M. V., Ashwin, E., Auyeung, B., Chakrabarti, B., Lai, M. C., Taylor, K.,
et al. (2012). Fetal programming effects of testosterone on the reward system
and behavioral approach tendencies in humans. Biol. Psychiatry 72, 839-847.
doi: 10.1016/j.biopsych.2012.05.027

Lungu, O., Potvin, S., Tikasz, A., and Mendrek, A. (2015). Sex differences in
effective fronto-limbic connectivity during negative emotion processing.
Psychoneuroendocrinology 62, 180-188. doi: 10.1016/j.psyneuen.2015.
08.012

Maggioni, E., Crespo-Facorro, B., Nenadic, I., Benedetti, F., Gaser, C., Sauer,
H., et al. (2017). Common and distinct structural features of schizophrenia
and bipolar disorder: the European Network on Psychosis, Affective
disorders and Cognitive Trajectory (ENPACT) study. PLoS ONE 12:e0188000.
doi: 10.1371/journal.pone.0188000

Marques, A. A., Bevilaqua, M. C., da Fonseca, A. M., Nardi, A. E., Thuret,
S., and Dias, G. P. (2016). Gender differences in the neurobiology of
anxiety: focus on adult hippocampal neurogenesis. Neural Plast. 2016:5026713.
doi: 10.1155/2016/5026713

McCarthy, M. M., and Arnold, A. P. (2011). Reframing sexual differentiation of the
brain. Nat. Neurosci. 14, 677-683. doi: 10.1038/nn.2834

McEwen, B. S., and Milner, T. A. (2017). Understanding the broad influence of
sex hormones and sex differences in the brain. J. Neurosci. Res. 95, 24-39.
doi: 10.1002/jnr.23809

Nguyen, T. V., Ducharme, S., and Karama, S. (2017). Effects of sex steroids in
the human brain. Mol. Neurobiol. 54, 7507-7519. doi: 10.1007/s12035-016-
0198-3

Ohi, K., Matsuda, Y., Shimada, T., Yasuyama, T., Oshima, K., Sawai, K,
et al. (2016). Structural alterations of the superior temporal gyrus in
schizophrenia: detailed subregional differences. Eur. Psychiatry 35, 25-31.
doi: 10.1016/j.eurpsy.2016.02.002

Pigoni, A., Delvecchio, G., Madonna, D., Bressi, C., Soares, J., and
Brambilla, P. (2019). Can Machine Learning help us in dealing with
treatment resistant depression? A review. J. Affect. Disord. 259, 21-26.
doi: 10.1016/j.jad.2019.08.009

Pletzer, B. (2019). Sex hormones and gender role relate to gray matter
volumes in sexually dimorphic brain areas. Front. Neurosci. 13:592.
doi: 10.3389/fnins.2019.00592

Qiu, A., Fortier, M. V., Bai, J., Zhang, X., Chong, Y. S., Kwek, K, et al.
(2013). Morphology and microstructure of subcortical structures at birth:
a large-scale Asian neonatal neuroimaging study. Neuroimage 65, 315-323.
doi: 10.1016/j.neuroimage.2012.09.032

Reinhold, K., and Enggvist, L. (2013). The variability is in the sex chromosomes.
Evolution 67, 3662-3668. doi: 10.1111/evo.12224

Repple, J., Habel, U., Wagels, L., Pawliczek, C. M., Schneider, F,
and Kohn, N. (2018). Sex differences in the neural correlates of
aggression. Brain Struct. Funct. 223, 4115-4124. doi: 10.1007/s00429-018-
1739-5

Ridgway, G., Omar, R., Ourselin, S., Hill, D., Warren, J., and Fox, N. (2009). Issues
with threshold masking in voxel-based morphometry of atrophied brains.
NeuroImage 44, 99-111. doi: 10.1016/j.neuroimage.2008.08.045

Ritchie, S. J., Cox, S. R., Shen, X., Lombardo, M. V., Reus, L. M., Alloza, C.,
et al. (2018). Sex differences in the adult human brain: evidence from 5216 UK
biobank participants. Cereb. Cortex 28, 2959-2975. doi: 10.1093/cercor/bhy109

Ruigrok, A. N., Salimi-Khorshidi, G., Lai, M. C. Baron-Cohen, S,
Lombardo, M. V., Tait, R J, et al. (2014). A meta-analysis of sex
differences in human brain structure. Neurosci. Biobehav. Rev. 39, 34-50.
doi: 10.1016/j.neubiorev.2013.12.004

Salk, R. H., Hyde, J. S., and Abramson, L. Y. (2017). Gender differences in
depression in representative national samples: meta-analyses of diagnoses and
symptoms. Psychol. Bull. 143, 783-822. doi: 10.1037/bul0000102

Squarcina, L., Castellani, U., Bellani, M., Perlini, C., Lasalvia, A., Dusi, N,
et al. (2017). Classification of first-episode psychosis in a large cohort of
patients using support vector machine and multiple kernel learning techniques.
Neuroimage 145(Pt. B), 238-245. doi: 10.1016/j.neuroimage.2015.12.007

Taki, Y., Thyreau, B., Kinomura, S., Sato, K., Goto, R., Kawashima, R,, et al. (2011).
Correlations among brain gray matter volumes, age, gender, and hemisphere in
healthy individuals. PLoS ONE 6:e22734. doi: 10.1371/journal.pone.0022734

Tiemeier, H., Lenroot, R. K. Greenstein, D. K, Tran, L. Pierson, R,
and Giedd, J. N. (2010). Cerebellum development during childhood and
adolescence: a longitudinal morphometric MRI study. Neuroimage 49, 63-70.
doi: 10.1016/j.neuroimage.2009.08.016

Toffoletto, S., Lanzenberger, R., Gingnell, M., Sundstrom-Poromaa, I, and
Comasco, E. (2014). Emotional and cognitive functional imaging of estrogen
and progesterone effects in the female human brain: a systematic review.
Psychoneuroendocrinology 50, 28-52. doi: 10.1016/j.psyneuen.2014.07.025

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O,
Delcroix, N, et al. (2002). Automated anatomical labeling of activations in SPM
using a macroscopic anatomical parcellation of the MNI MRI single-subject
brain. Neuroimage 15, 273-289. doi: 10.1006/nimg.2001.0978

Uematsu, A., Matsui, M., Tanaka, C., Takahashi, T., Noguchi, K., Suzuki, M.,
et al. (2012). Developmental trajectories of amygdala and hippocampus
from infancy to early adulthood in healthy individuals. PLoS ONE 7:¢46970.
doi: 10.1371/journal.pone.0046970

Venkatesh, B. K., Thirthalli, J., Naveen, M. N., Kishorekumar, K. V., Arunachala,
U., Venkatasubramanian, G., et al. (2008). Sex difference in age of onset
of schizophrenia: findings from a community-based study in India. World
Psychiatry 7:173-176. doi: 10.1002/§.2051-5545.2008.tb00191.x

Yang, X., Peng, Z., Ma, X., Meng, Y., Li, M., Zhang, J., et al. (2017). Sex
differences in the clinical characteristics and brain gray matter volume
alterations in unmedicated patients with major depressive disorder. Sci. Rep.
7:2515. doi: 10.1038/541598-017-02828-4

Zhang, T., Casanova, R, Resnick, S. M., Manson, J. E., Baker, L. D., Padual,
C. B, et al. (2016). Effects of hormone therapy on brain volumes changes
of postmenopausal women revealed by optimally-discriminative voxel-based
morphometry. PLoS ONE 11:¢0150834. doi: 10.1371/journal.pone.0150834

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Delvecchio, Maggioni, Pigoni, Crespo-Facorro, Nenadi¢, Benedetti,
Gaser, Sauet, Roiz-Santiafiez, Poletti, Rossetti, Bellani, Perlini, Ruggeri, Diwadkar
and Brambilla. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org

February 2021 | Volume 13 | Article 622054


https://doi.org/10.1371/journal.pone.0083929
https://doi.org/10.1016/j.neuroimage.2007.03.053
https://doi.org/10.1523/JNEUROSCI.1268-12.2013
https://doi.org/10.1038/s41467-019-13599-z
https://doi.org/10.1016/j.biopsych.2012.05.027
https://doi.org/10.1016/j.psyneuen.2015.08.012
https://doi.org/10.1371/journal.pone.0188000
https://doi.org/10.1155/2016/5026713
https://doi.org/10.1038/nn.2834
https://doi.org/10.1002/jnr.23809
https://doi.org/10.1007/s12035-016-0198-3
https://doi.org/10.1016/j.eurpsy.2016.02.002
https://doi.org/10.1016/j.jad.2019.08.009
https://doi.org/10.3389/fnins.2019.00592
https://doi.org/10.1016/j.neuroimage.2012.09.032
https://doi.org/10.1111/evo.12224
https://doi.org/10.1007/s00429-018-1739-5
https://doi.org/10.1016/j.neuroimage.2008.08.045
https://doi.org/10.1093/cercor/bhy109
https://doi.org/10.1016/j.neubiorev.2013.12.004
https://doi.org/10.1037/bul0000102
https://doi.org/10.1016/j.neuroimage.2015.12.007
https://doi.org/10.1371/journal.pone.0022734
https://doi.org/10.1016/j.neuroimage.2009.08.016
https://doi.org/10.1016/j.psyneuen.2014.07.025
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1371/journal.pone.0046970
https://doi.org/10.1002/j.2051-5545.2008.tb00191.x
https://doi.org/10.1038/s41598-017-02828-4
https://doi.org/10.1371/journal.pone.0150834
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Sexual Regional Dimorphism of Post-Adolescent and Middle Age Brain Maturation. A Multi-center 3T MRI Study
	Introduction
	Materials and Methods
	Participants
	MRI Data Processing
	Pre-processing
	Voxel-Based Design Specification and Statistical Inference
	Region-Based Volume Estimation, Design Specification, and Statistical Inference


	Results
	Voxel-Based Morphometry
	Region of Interest Analysis

	Discussion
	Age-Related GM Patterns in Females
	Age-Related GM Patterns in Males
	Differences in Age-Related GM Changes Between Males and Females
	Limitations and Future Perspectives

	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


