A large scale study on the effects of sex on gray matter asymmetry
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Abstract

Research on sex-related brain asymmetries has not yielded consistent results. Despite its importance to
further understanding of normal brain development and mental disorders, the field remains relatively
unexplored. Here we employ a recently developed asymmetry measure, based on the Dice coefficient, to
detect sex-related gray matter asymmetries on a sample of 457 healthy participants (266 men and 191
women) obtained from 5 independent databases. Results show that women's brains are more globally
symmetric than men's (p < 0.001). Although the new measure accounts for asymmetries distributed all
over the brain, several specific structures were identified as systematically more symmetric in women,
such as the thalamus and the cerebellum, among others structures, some of which are typically involved
in language production. These sex-related asymmetry differences may be defined at the
neurodevelopmental stage and could be associated with functional and cognitive sex differences, as well

as with proneness to develop a mental disorder.

Keywords: structural neuroimaging; global asymmetry; Dice coefficient; neurodevelopment; sex

differences; language



Introduction

It is well known that, despite most organisms being expected to develop with bilateral symmetry, their
brains and internal organs present some systematic asymmetries (Corballis, 2009). In the case of human
brains, some cerebral functions have been identified as being lateralized, i.e., dominated by one of the
hemispheres. For example, language and spatial attention have long been thought to be dominated by the
left and the right hemispheres, respectively (Corballis, 2009; Gotts et al., 2013). Hemispheric dominance
may have some evolutionary advantages; first, processing speed would increase as unilateral
computations are supposedly faster than computations involving both hemispheres. In addition,
hemispheric dominance avoids duplication of functions and redundancy of neural circuits (Corballis,
2009). To what extent these lateralization patterns stem from hemispheric neuroanatomical differences is
not fully understood, although there have been some attempts to increase understanding in this area

(Vernooij et al., 2007; Biduta and Krdliczak, 2015).

A genetics approach to brain asymmetries has not yielded important results, possibly due to small sample
sizes, but also due to the fact that, in transcriptomic studies, thousands of genes are tested and the
detection of subtle genetic changes is unlikely (Pletikos et al., 2014). Only those studies focusing on
specific, constrained brain regions of interest that are expected, given their neuroanatomical and
functional properties, to display different genetic expression patterns have yielded significant results
(Guadalupe et al., 2015; Karlebach and Francks, 2015; Muntané et al., 2017). It has also been suggested
that brain asymmetries could, to some extent, be the consequence of stochastic, epigenetic, or
environmental mechanisms, among others (Pletikos et al., 2014). These supposedly slight random, non-
systematic, asymmetries, may be grouped and quantified under the term fluctuating asymmetry, which is
used as an estimator of the broader term developmental stability. Developmental stability refers to the
ability of a given organism to buffer its development against genetic and environmental disturbances

(Clarke, 1998).

Although it is known that there are brain differences between men and women, studies examining sex
differences at a neurobiological level are scarce (McCarthy et al., 2012). Such studies are important to
further understanding of normal brain development, as well as behavioral pathologies and mental
disorders (McCarthy et al., 2012). The study of structural asymmetries is an excellent test-bed on which

to examine possible effects of sex differences; simultaneously, the study of sex-related structural



asymmetries helps to point up specific brain regions likely to show genetic differences. Most studies have
focused on detecting sex-related asymmetry differences in specific brain regions known to show a high
degree of asymmetry, and most of them agree in that greater asymmetries are observed in men compared
to women (for a review, see Toga and Thompson, 2003). Some reports utilizing a whole-brain approach,
i.e., without prioritizing specific brain regions, are also available; however, results so far are inconsistent.
Indeed, previous work utilizing a voxel-wise computation did reveal significant gray matter asymmetries
in a range of cortical structures such as the angular gyrus and the planum temporale, but with no effects of
sex (Watkins et al., 2001). On the other hand, later work by Kovalev et al. (2003) found the male brain to
be more asymmetric than the female brain when considered as a whole and after performing a 3D texture
analysis. Particular regions in which men were more asymmetric than women included the lateral
orbitofrontal gyrus, the superior temporal gyrus, the precentral gyrus, the posterior cingulate, the
thalamus, and Heschl's gyrus, among others (Kovalev et al., 2003). Recently, a very large, multi-site
study analyzed sex differences in the asymmetry of subcortical brain structures. This study found that
only the globus pallidus and the putamen were significantly more asymmetric in men than in women
(Guadalupe et al., 2016). The lack of consistent findings could be due, in part, to differences in the
statistical procedures and quantification methods employed. Additionally, it has to be considered that
most of the previous work on sex-related brain asymmetries was conducted more than 10 years ago, when
neuroimaging techniques were not as sophisticated as today. The improvement of these techniques may

allow more subtle differences to be detected which may have gone unnoticed in the past (Mendrek, 2015).

To facilitate neuroscientific work examining the relative effects of sex, a series of recommendations have
been formulated (Rippon et al., 2014). These guidelines were formulated to ensure that the application of
neuroimaging technology to the study of sex-based questions was carried out in a manner that would
ensure that findings would have wide utility. These guidelines are based in three fundamental areas, i.e.,
the utilization of whole-brain model analysis, the use of an adequately large sample size to reliably
identify any differences, and ensuring that corrections for brain volume differences are always carried

out.

Here we report a study of sex-related structural asymmetries following these guidelines. Furthermore, we
will employ a recently developed asymmetry measure based on the Dice coefficient. The Dice coefficient
was originally proposed in the field of ecology as a means of quantitatively measuring the degree to

which two species were associated in nature (Dice, 1945). The purpose of such a measure is to offer a



global view of the brain by accumulating all the local cerebral asymmetries found, hence accounting for
all the random, subtle, variations that may be present, as well as for the expected systematic asymmetries.
This measure was adopted in a recent study to compare global structural asymmetry differences between
patients with schizophrenia and healthy controls (Ntfiez et al., 2017). Our aim was to detect and quantify
global brain asymmetry and analyze differences between men and women. Based on previous literature,
we expected women to be more globally symmetric than men. In addition to global asymmetry, we also
sought to explore whether there are specific regions presenting localized asymmetry differences between

SEXES.

Materials and methods

Participants

A total of 457 healthy participants, 266 men and 191 women, were included in this study. Participants
were included only if they had not been diagnosed with any mental disorder. Some of these participants
(n = 53) were recruited by us from the general population, by posting advertisements in the public access
areas of the Parc Sanitari Sant Joan de Déu hospital campus, located in Barcelona, Spain. The rest of the
participants were obtained from 4 open-access databases available for download from schizconnect.org
and openfmri.org. In particular, the data used were gathered from the 'NU Schizophrenia Data and
Software Tool (NUSDAST)' (n = 182), the 'Mind Clinical Imaging Consortium (MCIC)' (n = 95) (Gollub
etal., 2013), and the 'Center of Biomedical Research Excellence (COBRE)' (n = 86) (Cetin et al., 2014)
databases available at schizconnect.org, as well as from the database with accession number 'ds000115' (n
=41) (Repovs et al., 2011) at openfmri.org. For all the participants, age was compared between men and
women by means of a T-test for independent samples. This analysis showed that men were significantly

older than women (men = 33.38 + 13.00 years old; women = 30.37 £+ 12.57 years old, p = 0.013).

Data acquisition

MRI data for the participants from our center were acquired using a General Electric 1.5 Tesla Signa HDe

scanner (General Electric Healthcare, Milwaukee, WI, USA) at Parc Sanitari Sant Joan de Déu. For each



participant, a high-resolution T1-weighted FSPGR structural image with the axial plane parallel to the
AC-PC axis was acquired using the following parameters: 2 mm slice thickness, TR = 12.24 ms, TE =
3.84 ms, FOV =24 cm, acquisition matrix = 512 x 512, flip angle = 20°, voxel size = 0.47 x 0.47 x 2.00
mm?®. The protocol included the acquisition of other experimental images not used in the present study.
Data for the rest of the participants included in this study were acquired using different scanners, namely,
a Siemens 1.5 Tesla Vision, a Siemens 1.5 Tesla Sonata, a Siemens 1.5 Tesla Avanto, and a Siemens 3
Tesla Trio. Acquisition parameters followed to obtain the structural image of the rest of participants are
presented in the Table S1 of the Supplementary Material. Given this variability, a new qualitative
variable, assigning a different value to each database included, was created to use as a covariate for all the

analyses performed in this study (see section Statistical analysis for further information).

Data processing

All neuroimaging data were analyzed with SPM8 (Wellcome Department of Imaging Neuroscience,
London; www.fil.ion.ucl.ac.uk/spm) running under MATLAB (Release 2009a, The MathWorks, Inc.,
Natick, Massachusetts), following an adaptation of a recently published protocol to analyze gray matter
asymmetries (Kurth et al., 2015). The following procedure was performed independently for each one of
the databases included in the study. First of all, gray matter and white matter of the participants were
segmented. The gray and white matter segments were then flipped, i.e., a new image was created with the
left and right hemispheres reversed. This process allowed the creation of a symmetric DARTEL
anatomical template (one per database, 5 in total) from the original and flipped gray and white matter
segments of the participants. Finally, the original and flipped gray matter segments for each participant
were registered to the newly created symmetric DARTEL template in order to align the gray matter of all
the participants belonging to the same database in a common normalized space. Aiming to prevent
volume changes as a consequence of the registration process, the gray matter segments were modulated,

as suggested by Kurth et al. (2015).



Data analysis

Once the modulated gray matter segments were warped into the corresponding symmetric DARTEL
template, the Dice coefficient of the modulated original and flipped images (i.e., between left and right
hemispheres) was calculated for each participant. This coefficient was originally used in ecology to
quantify the degree of association between different species (Dice, 1945). The Dice coefficient was

obtained according to the following formula:

2litNiz|

[i1inel+i2ine]

in which, in our case, i/ and i2 are the images containing the original and flipped gray matter segments,
respectively, and i/;, and i2;, are the total intensity values for each image (i.e., total gray matter volume).
The intersection for each voxel was considered as the minimum intensity value between the two images.
This was later multiplied by 2 and divided by the sum of the total intensities of the two images. This
formula was implemented using the nii_dice.m' MATLAB script (https://github.com/neurolabusc). The
result was a single Dice score, which was used as a measure of global brain asymmetry for each
participant. It has to be noted that the Dice coefficient takes into account those asymmetries due to gray
matter intensity differences, as well as those due to shape (i.e., structural coincidence) differences. The
Dice coefficient score ranges from 0 to 1, with higher values indicating a higher degree of symmetry. In
addition, the total gray matter volume of each hemisphere was computed for each participant. The
left/right hemisphere gray matter volume ratio was then obtained by dividing the gray matter volume of

the left hemisphere by the gray matter volume of the right hemisphere.

Generation of Dice asymmetry images

Individual Dice asymmetry images were obtained for all the participants by applying the formula
presented previously (see section Data analysis). This permitted having a voxel-by-voxel graphical
representation of the Dice coefficient corrected for total gray matter volume. An example of this graphical
representation is depicted in Fig. 1. All the individual Dice asymmetry images of men and women were
used to create a composite image of the degree of asymmetry for each sex separately. These composite

images were then subtracted from each other to generate images depicting inter-group differences in



asymmetry. Furthermore, these images were statistically analyzed in order to identify significant localized
asymmetry differences between men and women. However, due to the nature of the Dice coefficient,
which relies on both gray matter intensity and shape to quantify asymmetry, it is unsigned; therefore, it is

not possible to deem one of the hemispheres as responsible for a given asymmetry.

Statistical analysis

First of all, in order to insure that the potentially significant differences in gray matter asymmetry were
not due to uneven volume of gray matter between hemispheres, the left/right hemisphere gray matter
volume ratio was compared between men and women by means of an ANCOVA, with sex as the
between-subject factor, and age and database number as covariates. Handedness (right-handed or non-
right-handed) was also compared between men and women, by means of a chi-square test, in order to rule
out possible structural differences due to manual lateralization. After that, a comparison of global gray
matter asymmetry between men and women was performed by means of an ANCOVA conducted for the
gray matter Dice scores previously calculated (see section Data analysis), with sex as the between-subject
factor, and age, database number, left/right ratio, and handedness as covariates (these two last covariates
were included only if left/right ratio and handedness were different between men and women). Lastly, the
individual Dice images previously generated (see section Generation of Dice asymmetry images) were
smoothed and included in a two-sample T-test to search for statistically significant symmetry differences
between men and women. Age, database number, left/right ratio, and handedness, if needed, were
included as covariates. A gray matter explicit mask with a 40% gray matter probability threshold was
applied, in order to discard those voxels with a low probability of actually representing gray matter. The
men > women and the women > men contrasts were then conducted. A voxel-wise threshold, FWE
corrected p < 0.05 at voxel level, was applied. Overall, age was included as a covariate since it could have
an impact on brain asymmetry (Kovalev et al., 2003). Database number was also included as a covariate
to control for potential differences owing to how the study was performed and the scanner used to acquire

structural images.



Results

Global brain asymmetry

The left/right hemisphere gray matter ratio controlling for age and database number showed that men had
a significantly lower left/right ratio (i.e., greater gray matter volume in the right hemisphere compared
with the left) than women [F(1, 453) = 5.21, p = 0.023, ?> = 0.011]. Therefore, it was added as a covariate
in the subsequent analysis. In contrast, handedness showed no differences between men and women (y* =
0.008, p = 0.928); moreover, it did not have significant effects on global gray matter asymmetry (p =
0.879). Hence, handedness was not included as a covariate in the analyses. The ANCOVA for the global
gray matter Dice scores controlling for age, database number, and left/right ratio showed that women
(0.835 £ 0.013) had significantly more symmetric global gray matter than men (0.825 + 0.015) [F(1, 452)
=55.69, p <0.001, 0> = 0.077]. A graphical representation of these differences is depicted in Fig. 2A and
B, while a plot of the predicted individual values for global gray matter asymmetry, separated by sexes,
can be seen in Fig. 2C. A statistical analysis of these differences showing specific and localized regions in
which the asymmetry was significantly different between men and women is summarized in Table 1 and
depicted in Fig. 3. It is important to note that age also had a big impact on global gray matter asymmetry,
as it was significantly positively associated with asymmetry in both men and women [F(1, 452) =211.80,
p <0.001, n? = 0.294]. Neither left/right hemisphere gray matter volume ratio (p = 0.478) nor database

number (p = 0.237) showed significant effects.

Global cerebellar asymmetry

Given the apparent important contribution of the cerebellum to the asymmetry differences between men
and women, it being a relatively large structure, we decided to perform additional analyses and explore
asymmetry sex differences in the cerebellum in isolation. For this purpose, the cerebellum was segmented
from the gray matter images after they had been warped to the corresponding symmetric template. The
Dice asymmetry coefficient for these images was then calculated exactly as described in section Data
analysis. Analysis of the left/right cerebellar hemisphere gray matter volume ratio controlling for age and
database number showed that men also had relatively less gray matter volume on the left cerebellar

hemisphere as compared with women [F(1, 453) =5.32, p=10.021, n? = 0.011]. Moreover, the analysis



seeking for global cerebellar gray matter asymmetry differences between men and women yielded similar
results to those presented in the previous section for the whole brain, namely that women (0.882 + 0.022)
presented significantly more symmetric global cerebellar gray matter than men (0.872 + 0.023) [F(1, 452)
=13.12, p <0.001, n?> = 0.024]. Even though the cerebellum is a highly symmetric structure when
compared to the whole brain (mean Dice coefficient of all the participants for the cerebellum was 0.876 =
0.023, whereas for the whole brain it was 0.829 + 0.015), excluding the cerebellum from the analysis of
gray matter global asymmetry for the whole brain did not change the results presented in the previous
section, as women still had significantly more symmetric global gray matter than men [F(1, 452) = 55.02,

p <0.001, 12 = 0.078].

Discussion

In the present study we analyzed sex differences in global and regional brain asymmetry in a large sample
of participants, employing a recently developed asymmetry measure based on the Dice coefficient. Our
main finding shows that women's brains are globally more symmetric than men's. This is in agreement
with our hypothesis and with previous studies analyzing sex-related asymmetry differences between
hemispheres (Yiicel et al., 2001; Kovalev et al., 2003). A deeper analysis showed that this general finding
arises from broad asymmetry differences, distributed all over the brain, although some specific, localized,
cerebral regions were identified as significantly more symmetric in women than in men. Among these
regions, the cerebellum, the frontal cortex, the thalamus, the caudate nucleus, the hippocampus, and the
insula stood out. Conversely, a smaller number of regions were significantly more symmetric in men than
in women, namely, the lingual gyrus, the occipital fusiform gyrus, the temporal pole, and the anterior and
posterior cingulate gyrus. We did not find, however, the sex-related asymmetries encountered by
Guadalupe et al. (2016) in the globus pallidus and the putamen, nor that in Heschl's gyrus found by Good
et al. (2001), likely due to methodological differences in data analysis and asymmetry measurement.
More precisely, the work by Guadalupe et al. (2016) employs a different software for image pre-
processing and segmentation than the one employed in the present study, and they use the Asymmetry
Index to quantify asymmetries, which differs from the Dice coefficient. As for the study of Good et al.
(2001), they only take into account volume differences of brain structures to quantify asymmetry, without

considering shape differences.
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Some of our findings are consistent with previous studies finding women to be more symmetric in regions
such as the thalamus (Kovalev et al., 2003; Kang et al., 2015) or the hippocampus (Savic, 2014), and men
to be more symmetric in the anterior cingulate gyrus (Pujol et al., 2002). How these structural
asymmetries relate to differences in cerebral functions between men and women is yet to be explored;
however, sex-related functional asymmetry differences have been found in some of the regions pointed up
as showing structural asymmetry differences between sexes in the present study, such as the hippocampus
when performing a spatial memory task (Frings et al., 2006), and the fusiform cortex when processing
faces (Proverbio et al., 2006). Interestingly, a mask of those regions that were significantly more
symmetric in women than in men was uploaded to NeuroVault (www.neurovault.org), a web-based
repository that permits the decoding of statistical maps of human brains (Gorgolewski et al., 2015).
According to NeuroVault, language function, especially its production, is what seems to be particularly
represented in those regions. Although sex-related language differences are obvious, whether or not these
differences are due, at least partially, to sex-related asymmetry differences merits further research. A
similar analysis, with a mask of the regions in which men were more symmetric than women, was
performed; in this case, those regions appear to be associated mainly with dementia and
neurodegenerative diseases. This result is harder to interpret; however, it could be behind the fact that
men seem to be protected by testosterone from Alzheimer's disease (Filova et al., 2013) and are less

affected than women by Alzheimer's disease and other dementias (Mazure and Swendsen, 2016).

Added to the above, the case of the cerebellum alone deserves special attention. According to our
findings, the cerebellum on its own follows the same pattern encountered for the whole brain, as it was
also more globally symmetric in women than in men. Although this might appear striking at first, since
the cerebellum is a relatively large structure separated from the rest of the brain, its strong
interconnectivity with supratentorial regions (Strick et al., 2009) adds biological sense to our finding. This
is even truer if we take into consideration that the regions it most robustly connects with, namely, the
thalamus and the frontal cortex (Ramnani, 2006), are among those we also found to be more symmetric in
women than in men. In fact, a relationship between cerebral and cerebellar asymmetries has been already
shown (Wang et al., 2013). Wang et al. (2013) also noted that cerebellar asymmetries were less prominent
than supratentorial asymmetries, which is consistent with our findings. Furthermore, although the entire
cerebellum was significantly more symmetric in women than in men, an additional analysis showed that

the specific cerebellar Crus II region was the only one to display significant sex differences. Interestingly,
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this exact region has been previously reported to show sex-related asymmetry differences (Fan et al.,
2010), and seems to be interconnected with the prefrontal cortex and to be involved in cognitive functions
(Stoodley and Schmahmann, 2010; Stoodley et al., 2012). Crus II also appears to have clinical and
developmental relevance, as gray matter reductions in this region have been associated with autism
(D'Mello et al., 2016). It is important to note, however, that suppressing the cerebellum in the analyses

did not alter results on global gray matter for the rest of the brain.

The broad distribution pattern of sex-related structural differences underlines the importance of
considering the brain as a whole when assessing cerebral asymmetries, rather than focusing on specific,
localized brain structures, which, nevertheless, are also accounted for when calculating global asymmetry.
Moreover, it is important to take into account that smaller, subtler, sex-related asymmetry differences
may exist without reaching statistical significance, while still contributing to increased global asymmetry
differences. Overall, these results support the utility of the asymmetry measure based on the Dice
coefficient presented here, since it accumulates all the cerebral asymmetries, from the smallest to the
largest, into a single number, and is able to show significant global brain asymmetry differences between

SEXES.

Those specific, localized, regions identified as presenting sex-related asymmetries could be a good
starting point for transcriptomic studies as they are likely to present genetic differences. However, the
mainly global, non-localized, nature of asymmetry differences between men and women found here may
be harder to explain. From a developmental point of view, these global differences could be better
explained by the concept of fluctuating asymmetry, i.c., they may be due to subtle early genetic or
environmental perturbations, from which women would be more protected than men. This would be in
agreement with other studies assessing fluctuating asymmetry differences between men and women from
facial traits, which found women to be more symmetric than men (Simmons et al., 2004; Ozener et al,
2010). In this regard, and with the exception of systematic cerebral asymmetries, there would be at least
two reasons to expect the brain to develop in a symmetric way to a given extent; first, most brain
structures are found bilaterally, and second, one of the most important tasks of the brain is to
communicate with the body, which is expected to develop symmetrically, through the motor and sensorial
systems. Therefore, and even when for functionality purposes some regions may need to be asymmetric,
it would be desirable for the brain to preserve a considerable degree of symmetry. Not being able to

preserve as much symmetry as women, men could hypothetically be exposed to a higher risk of
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developing certain mental disorders. In fact, a reduction of global gray matter symmetry was also shown
in patients with schizophrenia, which is more prevalent in men, when compared to healthy controls
(Nudez et al., 2017). Conversely, too much symmetry could be associated with a higher risk of
developing those mental disorders that are more prevalent in women, such as depression and anxiety
disorders. In this regard, a positive association between gray matter symmetry and anxiety symptoms has
also been observed (Nuiez et al., 2017). How global asymmetry varies in other mental disorders, and
whether sex-related structural asymmetries are different in the context of these disorders, are interesting

topics that future studies may address.

Finally, there were other complementary findings worth mentioning. Although both sexes had greater
gray matter volume in the right hemisphere than in the left, this difference was significantly more
pronounced in men than women. However, this did not account for the intrinsic sex-related asymmetry
differences we found. Neither did age, although it had a very important effect on global gray matter
asymmetry, as asymmetry increased with age in men and women. Even though other studies have
analyzed the impact of age on brain asymmetry (Kovalev et al., 2003), it would be of interest for future
studies to further explore this topic using new methodological approaches. Since brain development can
last into the late twenties, and changes in gray matter are not linear (Toga et al., 2006), the effects of age
on brain asymmetry would be ideally studied in separate age groups. Lastly, handedness did not appear to
have any effect on global gray matter asymmetry, which is consistent with a previous report by
Ocklenburg et al. (2016) that did not find brain asymmetry differences related to handedness between

left- and right-handers.

This study presents some noteworthy strengths. First, sample size is relatively large and was obtained
from different and independent sources, thereby increasing the generalizability of the results. Second,
brain asymmetry calculation was based on a recently validated protocol (Kurth et al., 2015), whose
adaptation resulted in a useful tool that has proven capable of quantifying both global and regional
cerebral asymmetry. Third, by using this measure in a whole-brain approach, we managed additionally to
deal with the brain asymmetry issue in an unbiased manner. Conversely, we lacked information on the
educational and IQ levels of the participants — variables that may have an effect on gray matter (Haier et
al., 2004); therefore, their effects on brain asymmetry could not be assessed, thus representing the main
limitation of this study. The inability to identify which hemisphere is responsible for a given asymmetry

may be considered as a limitation of the Dice asymmetry measure presented in this study.
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In conclusion, in the present study we showed that women's brains are globally more symmetric than
men's. The distribution of these asymmetry differences between men and women is very broad and
extends all over the brain, although some specific, localized, regions were identified as showing a greater
degree of asymmetry differences between sexes, with most of them being more symmetric in women. The
asymmetry measure employed in this study has proved successful in identifying brain asymmetry
differences between sexes. Overall, these findings suggest that asymmetry differences may be defined at
the neurodevelopmental stage, and could be associated with some of the usually reported functional and
cognitive differences between men and women, as well as with their predisposition to developing a

mental disorder.
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Table 1 Localized significant asymmetry differences between women and men. List of the cerebral
regions found to show significant asymmetry differences between women and men, after controlling for
age, database number and left/right hemisphere volume ratio. A voxel-wise threshold, FWE corrected p <

0.05 at voxel level, was used

Fig. 1 Graphical representation of the asymmetry measure based on the Dice coefficient. For
demonstration purposes, a comparison between a) a woman with one of the highest Dice scores (0.8441)
included in the study, i.e., one of the most symmetric participants, and b) a man with one of the lowest
Dice scores (0.8059), i.e., one of the most asymmetric participants. In both cases, multiple axial structural
gray matter slices, with and without the superimposed graphical Dice coefficient, as well as a whole and
coronal 3D view of the brain, are depicted. Both participants were 23 years old, had the same left/right
hemisphere volume ratio (0.988) and were selected from the same database. Therefore, asymmetry
differences were not due to age, left/right ratio, or database number. In this figure, only those regions with
a Dice score greater than 0.5 are shown. It may be appreciated that the most symmetric participant (a) has
a larger proportion of her brain colored than the most asymmetric participant (b). Note that both sides of
the graphical Dice coefficient are symmetric. See section Generation of Dice asymmetry images of the

text for further information

Fig. 2 Graphical representation of asymmetry differences between women and men. a) multiple axial
slices are depicted showing which cerebral regions were more symmetric in women than men (top), and
which regions were more symmetric in men than women (bottom). These differences are also depicted in
b) a 3D view of the whole brain, including a basal view and a coronal section, showing where women
were more symmetric than men (top) and where men were more symmetric than women (bottom). For
illustration purposes, only those regions with asymmetry differences larger than 25% of the maximum
difference are shown. For more information on how these images were generated, see section Generation
of Dice asymmetry images of the text. ¢) Plot of all the individual predicted values, after controlling for
age, database number, and left/right hemisphere volume ratio, for global gray matter symmetry calculated

with the Dice coefficient, comparing women with men. The box depicts the quartiles of each distribution
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Fig. 3 Localized significant asymmetry differences between women and men. Multiple axial slices are
depicted showing localized regions in which asymmetry differences between women and men were
significant, after controlling for age, database number, and left/right hemisphere volume ratio. a) Regions
in which women were significantly more symmetric than men; b) regions in which men were
significantly more symmetric than women. For illustration purposes, an uncorrected voxel-level threshold
defined by p < 0.0001 and a cluster extent threshold defined by a FWE corrected p < 0.05 was used. See

Table 1 for further information
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Table 1

Table 1. Localized significant asymmetry differences between women and men. List of the cerebral
regions found to show significant asymmetry differences between women and men, after controlling for
age, database number and left/right hemisphere volume ratio. A voxel-wise threshold, FWE corrected p <

0.05 at voxel level, was used.

Cluster size and FWE-corrected

- Cluster peak MNI coordinates Associated region
cluster-level significance

Women more symmetric than men

1132 (< 0.001) 6,-13,3 Thalamus
769 (<0.001) 51,-12,33 Postcentral gyrus
447 (<0.001) 14, 8,9 Caudate
321 (<0.001) 5,-78,-42 Cerebellum Crus 11
295 (0.001) 37,-39,44 Supramarginal gyrus
266 (0.001) 20, 26, -18 Medial orbital gyrus
250 (0.001) 36,-7,0 Insula
197 (0.002) 52,15, 32 Middle frontal gyrus +
45,12,24 Inferior frontal gyrus
99 (0.006) 29, -31,-9 Hippocampus
*563 (0.003) 46, -45, 8 Middle temporal gyrus
*485 (0.005) 3,63, 11 Superior frontal gyrus +
27, 66,2 Frontal pole
*168 (0.048) 28, -84, 24 Superior occipital gyrus +
33,-73,27 Middle occipital gyrus

Men more symmetric than women

1079 (< 0.001) 2,-84,-16 Lingual gyrus +
36, -82, -21 Occipital fusiform gyrus
946 (< 0.001) 21,2,-47 Inferior temporal gyrus +
21, 14, -44 Temporal pole
130 (0.004) 2,-40, -6 Posterior cingulate gyrus
121 (0.005) 2,23,-3 Anterior cingulate gyrus
42 (0.0106) 3,-96, 15 Cuneus

* The asterisk denotes the use of an uncorrected voxel-level threshold defined by p < 0.0001 and a cluster extent threshold defined
by a FWE corrected p < 0.05
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Table S1. Acquisition parameters followed by each one of the centers included in the study.

Database Voxel size TR TE Flip angle
Parc Sanitari Sant Joan de Déu 15T 0.47 x 0.47 x 2.00 mm? 12.24 ms 3.84 ms 20°
NUSDAST 15T 1x1x1mm? 20 ms 5.4 ms 30°
MCIC 15T 0.625 x 0.625 x 1.5 mm’ 12 ms 4.76 ms N/A

3T 0.625 x 0.625 x 1.5 mm? 2530 ms 3.79 ms N/A
COBRE 3T 1x1x1mm? 2530 ms 1.64-9.08 ms 7°
ds000115 3T 1x1x1mm’ 2400 ms 3.16 ms 8°




