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Abstract

While the role of individual experience and environment in shaping human brain
morphology is highly investigated and recognized, recent evidence suggests that some
aspects of brain structure are determined during fetal development and remain largely
unaffected by postnatal events. In recent years, the investigation of these early-
determined differences in brain structure, as well as their potential influence on
behavior and cognitive processes, has raised growing interest. This dissertation
provides a systematic investigation on two main sources of early-determined
differences in brain structure, namely the cortical folding process and biological sex.
In particular, we aim at investigating whether and how the organization of cortical
sulci influences cognitive processes, brain activity, and brain structure by means of
multimodal neuroimaging techniques. Moreover, we investigate differences between
males and females in brain structure by adopting multiple measures of cortical
morphology, in order to provide a comprehensive picture of sex differences across the

cerebral cortex.
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1. Introduction

1.1 General overview

Despite sharing most of the macroscopic morphological features, brains exhibit
large anatomical variability among individuals. It is only recently that the introduction
of in vivo neuroimaging techniques led to the astonishing discovery that individual
experience and external factors shape brain morphology on a large-scale level. Perhaps
it is useful to think of the brain as the product of a cumulative natural selection process.
Indeed, from an evolutionary perspective, the advantage of a brain that changes along
with experience is evident: making predictions in a complex world is a risky business,
and “one way for genes to solve the problem of making predictions in rather
unpredictable environments is to build in a capacity for learning. [...] The advantage
of this sort of programming is that it greatly cuts down the number of detailed rules
that have to be built into the original program; and it is also capable of coping with
changes in the environment that could not have been predicted in detail” (Dawkins,
1989, p. 56).

Past research has mainly focused on investigating how environmental factors modulate
the relationship between the brain and behavior. However, while each unique history
of learning and experience significantly contributes to individual variability in brain
structure, some aspects of brain morphology are determined by factors, such as genes
and hormones, that operate prenatally. In recent years, the investigation of early-
determined differences in brain structure, as well as their potential influence on
behavior and cognitive processes, has raised growing interest. Following this line of
research, this dissertation examines the interaction between brain, behavior, and
environment from a different perspective. In particular, we will investigate two factors
that influence neuroanatomical variability operating during fetal life, namely the
cortical folding process and biological sex, and how they may possibly influence
cognitive abilities. Exploring these factors may help to shed light on two key sources
of interindividual variability in both brain morphology and cognitive abilities.

Evidence suggests that early-determined and longitudinally stable patterns of cortical
morphology such as folding (or sulcal) patterns may reflect pre-natal events that

influence the development of cognitive abilities in childhood and adult life among the
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healthy population. In particular, recent studies have linked specific cortical folding
patterns with advantages in cognitive abilities (e.g., better inhibitory control and
reading ability). Similarly, abnormal distribution and morphology of brain sulci have
been associated with symptoms and cognitive impairments of some psychiatric
disorders such as schizophrenia. In this dissertation, we investigate whether and to
what extent cortical folding patterns influence cognitive abilities, brain activity, and
brain structure (both cortical morphology and structural connectivity) in the healthy
population by means of multiple neuroimaging techniques. In addition to cortical
folding, biological sex is another source of brain anatomical variability that operates
during pre-natal life through the combined action of steroid hormones and sex-
chromosome genes. A number of studies have shown that individual variability in
cognitive abilities and in the phenotypical manifestation of many psychiatric and
neurological disorders are influenced by sex. In this dissertation, we explore
differences between males and females in brain structure by adopting multiple
measures of cortical morphology that collectively provide a comprehensive picture of
sex differences across the cerebral cortex. Such a picture may help to understand the
neural correlates of the recurrently reported sex-related differences in cognitive
abilities.

11



1.2 Executive summary

In Chapter 1, we first introduce the human brain cortex, its structure and
development. In the following paragraphs, we focus on the most prominent features of
the human brain cortex, that is brain gyri and sulci, and overview different models of
cortical gyrification. Then, we examine folding patterns variability and describe two
examples of sulcal patterns, namely the paracingulate sulcus and the left
occipitotemporal sulcus, with a particular focus on previous evidence suggesting an
association between the morphological organization of these sulci and cognitive
abilities. In the second part of Chapter 1, we introduce sex differences in brain
structure. In particular, we examine evidence from the theory of evolution and genetics
that helps us to understand why and how males and females may have developed
differences in brain morphology. The importance of examining sexual dimorphism in
brain structure is emphasized by reviewing evidence of differences between males and
females in cognitive abilities and the phenotypical manifestation of psychiatric and
neurological disorders. Then, we describe previous evidence of sex differences in brain
morphology. At the end of Chapter 1, we introduce three experiments that have been
recently published on peer-reviewed journals. The first two experiments focus on the
relationship between sulcal patterns variability and cognitive ability, while the third
experiment examines sex differences in brain morphology. The main purpose of this
dissertation is summarized in Chapter 2. In Chapter 3, we report the results of each
experiment, which are later discussed in Chapter 4. Finally, Chapter 5 provides a

detailed description of the materials and methods of each experiment.
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1.3 The cerebral cortex and cortical folding

1.3.1 Cortical folding

The most prominent features of the human brain are the cerebral cortex and its
folds, consisting in fissures (i.e., sulci) and ridges (i.e., gyri).
The cerebral cortex consists of a thin ribbon of gray matter (GM) surrounding the
underlying white matter (WM). The GM contains approximately ~20% of all brain
neurons (Azevedo et al., 2009) supported by glial cells and blood vessels, whereas the
WM consists of myelinated axons stemming from, or directed to, the overlying GM.
The GM mantle extends approximately 2500 cm? with a thickness varying from 2.5 to
4 mm (Matelli & Umilta, 2007).
The cerebral cortex is organized horizontally in six layers (i.e., laminar organization),
which differ in the type of cell population and their distinctive connections with
cortical and subcortical regions, and vertically into columns, consisting of cells
synaptically interconnected across the horizontal layers (i.e., columnar organization)
(Mountcastle, 1997).
In relation to the body size, the human brain is larger than that of most mammals,
mainly due to the great expansion of the cerebral cortex, and in particular the prefrontal
cortex (Toro et al., 2008; Van Essen et al., 2019). Comparative neuroimaging studies
highlighted the exceptional expansion of the human prefrontal cortex compared to
other primates (Glasser et al., 2014), and recent findings show that the human
prefrontal cortex size deviates significantly from what we would expect if it was a
simple scaled-up version of the monkey brain, suggesting that the development of the
executive functions mediated by this cortical region may have played a crucial role in
human evolution (Smaers et al., 2017)..
The size of the cerebral cortex is strictly related to its volume, i.e., the gray matter
volume (GMV). However, the GMV is the product of two genetically and
phenotypically distinct structural properties: the cortical surface area (SA) and the
cortical thickness (CT) (Panizzon et al., 2009). The former refers to the area occupied
by the surface of the cortex (Kaczkurkin et al., 2019), the latter refers to the thickness
of the layers of the cerebral cortex, measured as the distance between the WM surface
and the pial surface. Evidence suggests that the development of the SA and the CT is
driven by two distinct processes, as specified by the Radial Unit Hypothesis (RUH) of

13



cortical expansion (Rakic, 1995), according to which the number of columns
determines the SA, while the number of cells within each column determines the CT.
Overall, the cortical development can be decomposed in two distinct processes:
tangential expansion (i.e., an increase in the number of columns), which leads to
increased SA, radial expansion (i.e., an increase in the number of cells within each
column), which determines an increase in CT. Tangential expansion without a
significant change in the number of neurons within each columnar unit would result in
the expansion of the SA, whereas the opposite mechanism would lead to an increment
in CT (Rakic, 1995). The remarkable size of the human cerebral cortex is determined
by the disproportionate expansion of the cortical SA, which makes the human cerebral
cortex profusely folded (Toro et al., 2008). This data is in line with evidence showing
that the cortical volume is more closely related to SA than to CT (Winkler et al., 2010).
While the mechanisms that regulate the growth of the cerebral cortex are well
understood, the neural processes underpinning the development of sulci and gyri (i.e.,
the process of “cortical folding” or “gyrification™) are still a topic of intense debate. In
this section, we will summarize the neural developmental processes that ultimately
lead to the arrangement of the cerebral cortex. Then, we will review the main

hypothesis of cortical folding.

1.3.2 Brain development

In humans, the neural tube closes during the fifth week of gestation (Budday et
al., 2015). In this phase, stem neuroepithelial cells (NECs) (i.e., founder progenitor
cells) (Bayer & Altman, 1991) form a single layer at the center of the neural tube.
Since the region of the neural tube where the NECs are located will become the
ventricles, this region is usually referred to as ventricular zone (VZ). The proliferation
of the NEC:s is determinant for the final number of neurons and is directly linked to
the degree of folding. Between weeks 4th and 5th of gestation, NECs undergo to
symmetrical division in two new progenitor cells, thus increasing exponentially their
pool size (Budday et al., 2015; Miyata et al., 2010). Accordingly, already at the early
stages of brain development, the abundance of NECs is much greater in human than
in mouse embryo, reflecting human greater brain size and folds complexity (Fernandez
et al., 2016).
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Around the 5th week, prior to the start of neurogenesis, NECs gradually shift from
symmetrical to asymmetrical division. In particular, NECs divide in one new
progenitor cell, plus a neuron or an intermediate progenitor cell (IPC) (Pontious et al.,
2007). The new progenitor cell remains in the VZ, whereas the IPCs form the
subventricular zone (SVZ2), situated above the VZ (Haubensak et al., 2004), and start
dividing in either two IPCs or two neurons. In species with a folded brain® the
expansion of the SVZ is accompanied by its subdivision into an outer layer (OSVZ)
and an inner layer (ISVZ) (Fernandez et al., 2016).

Around weeks 6 and 7, neurons that have formed in the VZ and SVZ start migrating
to the cortical surface along radial glial guide cells (i.e., radial migration; Rakic, 1972)
(Budday et al., 2015). The migration follows an inside-out pattern: the earlier
generation neurons form the deepest layers of the cortex, whereas later neurons form
the more superficial layers. This process eventually leads to the development of the
six-layered cerebral cortex (Stiles & Jernigan, 2010).

Gyrification of the human brain starts around 20 weeks of gestation and follows a
specific hierarchical order (Dubois et al., 2019). The formation of the sulci starts at the
central region of the brain (central sulcus), then spreads posteriorly towards temporo-
parietal-occipital lobes and anteriorly towards the frontal lobes (Dubois et al., 2008).
The primary sulci (e.g., central sulcus, superior temporal sulcus) are the first to appear
before 30 weeks of gestation (~ 20 weeks), whereas secondary sulci (e.g., orbital
sulcus, olfactory sulcus) start to form after 30 weeks of gestation (~32 weeks), and
tertiary sulci (e.g., tertiary sulci of the prefrontal cortex; see Voorhies et al., 2021)
around term (~ 38 weeks) (Clouchoux et al., 2012; Dubois et al., 2019). Tertiary sulci
are often the shallowest and smallest class of cortical folds, and their development
continues after birth, further complicating the pattern of the cortical folds (Dubois et
al., 2019). Of note, the primary sulci are highly hereditable and emerge in consistent
locations and orientations across individuals, while secondary and tertiary sulci are
characterized by a significant variability among individuals (Cachia et al., 2021;
Ronan & Fletcher, 2015).

! Folded brains are referred to as gyrencephalic, in contrast to lissencephalic brains, which instead exhibit a smooth
surface.
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Cortical folding is mostly determined in utero. However, changes on the brain surface
can be seen throughout the lifespan. Cao et al. (2017) have recently shown that the
degree of folding of the human brain decreases non-linearly from the age of 4 to 83,
and that this process can be modeled with a logarithmic function of age. It is however
important to bear in mind that although measures of sulcal anatomy such as sulcal
depth, width or length can change with age and experience, the inter-hemispheric
distribution of cortical folds and the presence and location of a sulcal interruption have

been proven to be stable over time (Cachia et al., 2016, 2021).

1.3.3 Models of cortical folding

Several models have been proposed to explain the development of cortical
folds. These hypotheses tend to focus either on forces external to the developing cortex
or on intrinsic forces. In this section, the main hypothesis of cortical folding will be

examined.

The external constraint hypothesis

The external constraint hypothesis has been one of the first attempts to provide a
biomechanical explanation of cortical folding. The main idea of this hypothesis is that,
while cortical tissue grows, the skull offers resistance to its outward expansion, thus
forcing the cortex to fold onto itself (Le Gros Clark, 1945).

However, evidence against this hypothesis showed that cortical folding in animal
models occurs even without the constraints imposed by the skull (Welker, 1990).
Furthermore, skull development seems to be influenced by brain expansion, rather than
the opposite. For instance, in hydrocephaly, abnormal brain size determines an
enlargement of the skull (Barkovich et al., 2012).

The axonal tension hypothesis

The axonal tension hypothesis (ATH) (Van Essen, 1997) proposed that tension exerted
by cortico-cortical axons deforms the cortex, generating gyri and, for geometric
necessity, sulci. In particular, brain regions more strongly connected by axons, which
are subjected to greater pressure, would be drawn together to form gyri. In contrast,
regions poorly connected would drift apart to form the opposite banks of the sulci

(Figure 1a).

16



However, the ATH has been challenged by contrary evidence observed in animal
models (Xu et al., 2010). In testing the ATH on the developing ferret brain, it has been
observed that the primary forces exerted by axons are mostly located in the subcortical
WM, which is too deep to generate the tension necessary for cortical folding (Xu et
al., 2010). Furthermore, it has been shown that there is no significant axonal tension
between the walls of developing gyri, as postulated by the ATH (Van Essen, 1997).
Overall, these results suggest that axonal tension is not sufficient to initiate, sustain, or
maintain cortical folding. However, according to more recent models, cortico-cortical
axons may still play a central role in the gyrification process. For instance, by exerting
radial tension within gyri that would limit the expansion of the cortex (Toro & Burnod,
2005) or by influencing the maturation of neuronal populations (see next section; see
also Ronan & Fletcher, 2015).

The differential tangential expansion hypothesis

In 1975, Richman proposed that cortical folding is driven by the greater radial growth
of superficial layers (i.e., supra-granular layers) compared to deep layers (infra-
granular layers) of the cerebral cortex, which would eventually forces the cortical
surface to fold (Richman et al., 1975). In line with this model, named the “differential
growth hypothesis” (Figure 1b), it has been shown that the abundance of progenitor
cells in the SVZ (especially in the OSVZ) in gyrencephalic species is associated to
increased surface expansion and degree of folding (Reillo et al., 2011). Crucially, the
neurons that forms in the SVZ predominantly populate the upper layers of the cortex,
thus suggesting that increased supra-granular compared to infra-granular expansion
would be determinant for cortical folding (Poluch & Juliano, 2015; Reillo etal., 2011).
However, this model has been challenged by several contrary evidence. For instance,
the fact that disrupting the neurogenesis in the upper layers of the cortex does not affect
cortical folding (Ronan & Fletcher, 2015).

More recently, a modified version of this hypothesis, named the “differential tangential
expansion hypothesis”, has been proposed. According to this hypothesis, tangential
expansion of the cortex increases the tangential pressure, which has to be dissipated
through the formation of gyri and sulci (Ronan et al., 2014; Toro & Burnod, 2005; Xu
et al., 2010) (Figure 1c). This model is in line with the observation that neurons
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migrating prior to gyrogenesis follow a conical trajectory that increases the tangential
spread of neurons across the developing cortex (Borrell & Reillo, 2012).

However, this hypothesis has been criticized because it does not account for the high
consistency of cortical folding across individuals (i.e., pattern specificity), as well as
their correlation with cytoarchitecture and their heritability.

Trying to account for these limitations, a recent model by Ronan & Fletcher (2015)
suggested that the pattern-specificity of cortical folds is determined by non-uniform
(i.e., differential) cortical expansion, which in turn reflects non-uniform
cytoarchitecture patterns across the cortex. In fact, surface expansion is ultimately
driven by non-uniform regional cytoarchitecture (i.e., proliferation and growth of cells
and their connections), meaning that if non-uniform patterns of regional
cytoarchitecture are consistent across the individuals, surface expansion and
consequently folding patterns will also be consistent (Ronan & Fletcher, 2015).

The differential tangential expansion hypothesis has recently gained consensus (e.g.,
Fernandez et al., 2016; Kroenke & Bayly, 2018; Ronan & Fletcher, 2015), and is
supported by evidence showing that the proliferation of cortical progenitor cells varies
across the cortex, being more abundant in cortical regions that undergo to greater
surface expansion (Reillo et al., 2011). Moreover, it has been shown that limiting
neurogenesis in the upper layers of the parietal cortex, which is usually more extended
and folded than the temporal cortex, reduces the extension and the degree of folding
in the parietal (but not temporal) cortex (Poluch & Juliano, 2015). Another
corroboration comes from early-enucleation studies (i.e., removal of the eyes in a
developing fetus before the innervation of thalamo-cortical axons, thus influencing the
cytoarchitecture of the visual cortex). In fact, early enucleation determines a
significant reduction in extension and an increase in gyrification of the primary visual
cortex (V1). This finding directly links cortical folding to cytoarchitecture, suggesting
that an altered pattern of cytoarchitecture would be reflected in altered surface
expansion and consequently gyrification (Dehay et al.,, 1991). Of note, despite
contradicting the ATH in the specific mechanisms that underlie gyrification, this
hypothesis suggests that cortico-cortical and thalamo-cortical axons may still play a
central role in cortical folding, by influencing regional maturation of cortical regions
(Kroenke & Bayly, 2018; Ronan & Fletcher, 2015).
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(a) Axonal Tension Hypothesis

psilateral cortico-cortical
inections which connect
ns are under tension,
causing buckling Regions strongly connected
cause formation of gyri;
less strongly-connected
regions separated by

sulci

(b) Radial Expansion Hypothesis

Supragranular
layer

Infragranular layer

Expansion in the supragranular
layers exceeds that of the
infragranular layers, causing
buckling

Tangential expansion causes
an increase in pressure,
which is dissipated

through buckling

Stable patterns of folding
result from stable patterns of
expansion - predominately
driven by cytoarchitecture

Figure 1. Models of cortical folding. A) Axonal tension hypothesis: tension exerted by cortico-
cortical axons pulls together strongly connected regions to form gyri. Regions poorly
connected are drifted apart to form sulci (Van Essen, 1997); b) Radial expansion hypothesis:
greater expansion of supra-granular relative to infra-granular layers forces the cortex to fold
(Richman et al., 1975); c¢) Differential tangential expansion hypothesis: tangential expansion
of the cortex generates tangential pressure, which is dissipated through buckling (Ronan &
Fletcher, 2015). The figure is adapted with permission from Ronan & Fletcher (2015).
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1.3.4 Summary

Gyri and sulci are the most prominent features of the human brain cortex. The
gyrification process starts in the later phases of the fetal development, around 20 weeks
of gestation, and follows a hierarchical order. Primary sulci, which are highly
hereditary and characterized by constant locations and orientations across individuals,
are the first to appear. Then, the secondary and tertiary sulci develop, which are
characterized by significant variability across individuals. Several models have been
proposed to explain the development of cortical folds, including the external constraint
hypothesis, the axonal tension hypothesis, and the differential tangential expansion
hypothesis. In particular, the differential tangential expansion hypothesis claims that
tangential expansion of the cortex generates tangential pressure, which is dissipated
through the formation of gyri and sulci. Evidence that the inter-hemispheric
distribution of cortical folds and the presence of sulcal interruptions are determined in
utero and remain stable over time has prompted researchers to investigate the

association between cortical folding patterns and cognitive abilities.
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1.4 Folding pattern variability

It is now recognized that structural features of the cortical sheet are associated
with inter-individual variability in cognitive abilities (Kanai & Rees, 2011; Schnack
et al., 2015; Vuoksimaa et al., 2015) and psychiatric disorders (Birur et al., 2017,
Giedd & Rapoport, 2010; Zhang et al., 2018).

However, growing evidence suggests that subtle variations in the intra-uterine
environment that influence brain development are associated with postnatal cognitive
abilities (Dawes et al., 2015; Raznahan et al., 2012) and later development of
psychiatric disorders (Schork et al., 2019; Sey et al., 2020). Based on these findings,
in recent years increasing interest has raised around brain structural features that could
serve as an indirect marker of intra-uterine events that constrain, to some extent, later
development of cognitive abilities (e.g., Cachia et al., 2017, 2018; Del Maschio et al.,
2019). An excellent candidate for this purpose appears to be the folding (or sulcal)
pattern of brain sulci.

While quantitative measures of cortical morphology (e.g., CT, gyrification index,
sulcal depth) vary consistently with age (Cachia et al., 2016; Li et al., 2014; Li et al.,
2011; Raznahan et al., 2011) and experience (Del Maschio, Fedeli, et al., 2019), the
same is not true for cortical folding patterns. Indeed, the topology (e.g., interrupted vs
continuous; Cachia et al., 2018) and the spatial organization (e.g., "power-button”
shape; Mellerio et al., 2015) of brain sulci is determined in utero (Mangin et al., 2010)
and has been proven to be stable over time (Cachia et al., 2016, 2021; Tissier et al.,
2018). Some initial evidence suggests that folding patterns may represent an ideal
proxy for prenatal events.

In this section, we will examine two cases of folding pattern variability that have been
reported to be linked with differences in cognitive abilities, specifically the

paracingulate sulcus and the left occipitotemporal sulcus.

1.4.1 Paracingulate sulcus

The cingulate cortex is located in the brain’s medial wall of each hemisphere,
above and adjacent to the corpus callosum. The cingulate cortex extends rostro-
caudally from the rostrum to the splenium of the corpus callosum, and is delimited

ventrally by the callosal sulcus, and dorsally by the cingulate sulcus (CS) (Heilbronner
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& Hayden, 2016). Due to its functional and structural heterogeneity, the cingulate
cortex is usually divided in distinct subregions. In particular, according to a widely
accepted parcellation based on cytoarchitectural, histological, structural, and
functional data, the cingulate cortex can be divided rostro-caudally into four
subregions: anterior cingulate cortex (ACC), midcingulate cortex (MCC), posterior
cingulate cortex (PCC), and restrosplenial cingulate cortex (RSC) (Vogt et al., 2005;
Vogt & Gabriel, 1993). Since the sulcal variability of the cingulate cortex mainly
affects the ACC and the MCC (Amiez et al., 2018), in this section we will focus on
these two subregions.

Anterior cingulate cortex

The ACC is the most rostral region of cingulate cortex, extending below (subgenual
ACC) and above (pregenual ACC) the genu of the corpus callosum (Palomero-
Gallagher et al., 2009). In terms of structural connectivity, the ACC is extensively
connected to brain regions involved in emotion regulation (e.g., amygdala), autonomic
functions (e.g., hypothalamus), memory (e.g., hippocampus), and reward processing
(e.g., orbitofrontal cortex, ventral striatum) (Stevens et al., 2011). These findings are
supported by functional magnetic resonance imaging (fMRI) data, suggesting that the
ACC may be greatly involved in affective processing (Stevens et al., 2011). In
addition, the most ventral and rostral portion of the ACC, corresponding to the
ventromedial prefrontal cortex, plays a crucial role in the default mode network
(DMN). The DMN is a group of interconnected regions, including medial and lateral
parietal, medial prefrontal, and medial and lateral temporal cortices, whose activation
increases at resting state and decreases during goal-directed task performance
(Raichle, 2015). For this reason, the DMN activity has been associated to spontaneous
cognition (e.g., mind wandering, daydreaming, and stimulus-independent thoughts)
(Raichle, 2015). Importantly, the functional integrity and connectivity of the DMN is
correlated to normal cognitive functioning (e.g., Mak et al., 2017), as well as to the
occurrence of psychiatric (e.g., major depressive disorder; Sheline et al., 2009) and

neurological disorders (e.g., Alzheimer’s disease; Jones et al., 2011).
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Midcingulate cortex

The MCC extends caudally from the ACC until the marginal sulcus. It is structurally
connected with the dorsal striatum (caudate and putamen), parietal cortex, premotor
and primary motor cortices, precentral gyrus, and dorsal prefrontal cortex (Beckmann
et al., 2009; Stevens et al., 2011). The connectivity pattern of the MCC unveils its
functional specialization. Indeed, as confirmed by fMRI studies (Stevens et al., 2011),
the MCC is extensively involved in motor and high-order executive functions (Efs)
(also referred to as cognitive control; Diamond, 2013). Accordingly, the activation of
the MCC has been associated to circumstances of conflict monitoring (Botvinick et
al., 2004), which involve the presence of interfering information or multiple competing
responses simultaneously activated. The MCC would then participate (in concert with
other regions) in conflict detection and resolution, by focusing attentional resources
on task-relevant output and by adapting the behavior to optimize the performance
(Botvinick et al., 2004; Hung et al., 2018). In particular, the MCC has been
functionally related to inhibitory control, a core component of EFs (Miyake &
Friedman, 2012), which is the ability to stop unwanted thoughts or actions with or
without intention (Hung et al., 2018; Zhang et al., 2017). In line with functional
findings, the morphology (i.e., GMV, SA and CT) of the MCC has shown to be
associated with cognitive performance in tasks that relies upon EFs, such as Flanker
and Stroop tasks (Fjell et al., 2012; Takeuchi et al., 2012; Westlye et al., 2011).

Note that despite being two distinct regions in terms of cytoarchitecture (Vogt et al.,
1995), structural connectivity (Beckmann et al., 2009) and functional properties
(Stevens et al., 2011), the MCC and the ACC are not separated by a clear anatomical
landmark. In fact, the term MCC was originally introduced to identify the dorsal
portion of the ACC (Vogt & Gabriel, 1993). Moreover, the sulcal variability of the
cingulate cortex impacts both the ACC and the MCC (Amiez et al., 2018), and the
term “ACC” is still widely used to indicate both regions. For this reason, and to avoid
any confusion about labeling, throughout this manuscript we will use the term “ACC”
to indicate the ACC, the MCC, as well as the whole ACC-MCC complex.
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Sulcal variability of the ACC

The ACC is dorsally delimited by the CS, a primary sulcus emerging early during fetal
development (< 30 weeks of gestation) and present in all individuals with stable
location and orientation (Amiez et al., 2018; Chi et al., 1977; Dubois et al., 2008).
However, a secondary sulcus running dorsal and parallel to the CS, named
paracingulate sulcus (PCS) (Ono et al., 1990), has been observed in at least one
hemisphere in 30-60% of individuals (Paus et al., 1996; Ycel et al., 2001), and recent
findings suggest that it may be a recent evolutionary acquisition in primates (Amiez et
al., 2019). The great variability of the PCS is due to the timing of its ontogenesis. Being
a secondary sulcus, the PCS emerges later during fetal development ( > 30 weeks of
gestation), hence it is more likely to be subject to intra-uterine environmental factors
(Amiez et al., 2018; Clouchoux et al., 2012). The PCS sulcal pattern and its inter-
hemispheric distribution is presumably determined in utero (Mangin et al., 2010), and
evidence suggests that its morphological organization is not affected by postnatal brain
maturation (Cachia et al., 2016; Tissier et al., 2018).

The occurrence of the PCS is the primary anatomical landmark for identifying two
distinct sulcal patterns of the ACC: a “single” pattern when only the CS is present, and
a “double parallel” pattern when the PCS is present in addition to the CS (Ono et al.,
1990). In addition, the variable inter-hemispheric incidence of the PCS determines four
anatomical patterns, two symmetrical and two asymmetrical. The symmetrical patterns
occur when the PCS is bilaterally absent (i.e., “double absence” pattern; Figure 2A) or
present (i.e., “double presence” pattern; Figure 2B); the asymmetrical patterns occur
when the PCS is present in only one hemisphere (i.c., “leftward asymmetry” when the
PCS is present only in the left hemisphere, Figure 2C; “rightward asymmetry” when
it is present only in the right hemisphere, Figure 2D). A number of studies showed that
the leftward asymmetry is the most common pattern among the general population
(Amiez et al., 2018; Leonard et al., 2009; Paus et al., 1996; Yicel et al., 2001). The
greater occurrence of the left asymmetry is likely determined by weak genetic and
stronger intra-uterine environmental factors, as demonstrated by Amiez et al. (2018).
The importance of the prenatal environment is revealed by twin-studies, showing that
the leftward asymmetry is more frequent in monozygotic and dizygotic twins (sharing

100% and 50% of their genotype, respectively), as compared to non-twin siblings (also
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sharing 50% of their genotype, but developing in a different intra-uterine environment)
(Amiez et al., 2018).

Left Right

Double absence
A Single presence Single presence

Double presence
B Double presence Double presence

Leftward asymmetry

C Double presence Single presence

Rightward asymmetry

D Single presence Double presence

Figure 2. Anterior cingulate cortex (ACC) sulcal patterns, based on the inter-hemispheric
presence (Double presence) or absence (Single presence) of the paracingulate sulcus (PCS).
A) Double absence pattern (the PCS is bilaterally absent); B) Double presence pattern (the
PCS is bilaterally present); C) Leftward asymmetry pattern (the PCS is present in the left
hemisphere and absent in the right hemisphere); D) Rightward asymmetry pattern (the PCS is
absent in the left hemisphere and present in the right hemisphere).
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In recent years, a growing number of studies investigated whether the contribution of
the ACC to EFs, with particular emphasis on inhibitory control, is modulated by its
sulcal organization (Borst et al., 2014; Cachia et al., 2014, 2017; Del Maschio,
Sulpizio, et al., 2019; Tissier et al., 2018). Collectively, these studies suggest that
asymmetrical patterns — in particular the leftward asymmetrical pattern — are
associated to greater cognitive efficiency as compared to symmetrical patterns. This
effect has been reported in 5-years-old children performing the animal Stroop task
(Cachia et al., 2014), as well as in 9-years-old children and young adults performing
the color-word Stroop task (Borst et al., 2014; Tissier et al., 2018), and in adults
engaged in the Flanker task (Cachia et al., 2017; Del Maschio, Sulpizio, et al., 2019).
Overall, these findings suggest that PCS asymmetry may confer an advantage in tasks
requiring to suppress interfering information and prepotent but inappropriate
responses. However, these results should not be interpreted as a cue for a deterministic
relationship between sulcal organization and cognitive abilities. In fact, PCS
asymmetry has been found to explain only 14-27% of variability in behavioral
interference scores in the animal and color-word Stroop tasks (Borst et al., 2014;
Cachia et al., 2014; Tissier et al., 2018). Furthermore, the putative advantage of PCS
asymmetry is modulated by environmental factors such as the bilingual background.
In particular, bilingual and monolingual speakers showed reversed patterns of
structure-function relationship during a Flanker task: asymmetrical compared to
symmetrical sulcal patterns were associated with a performance advantage in
monolinguals and a performance disadvantage to bilinguals and vice versa (Cachia et
al., 2017; Del Maschio, Sulpizio, et al., 2019). The relevance of the PCS sulcal pattern
on cognitive processes has also been reported in the clinical population. For instance,
abnormal morphology and reduced leftward asymmetry of the PCS have been linked
to EFs impairment (Fornito et al., 2006; Ytcel et al., 2002), as well as to the presence
of specific symptoms (e.g., hallucinations; Garrison et al., 2015, 2019) in patients with
schizophrenia. Similarly, anomalies in PCS patterns have also been observed in the
obsessive-compulsive disorder (Shim et al., 2009) and bipolar disorder (Fornito et al.,
2007).

From a functional perspective, a few studies examined whether the sulcal organization

of the ACC modulates the topology of task-related neurofunctional activity. In a verbal
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fluency task, Crosson and colleagues (1999) showed that when the PCS was present,
cingulate activation was centered on the PCS. On the other hand, when the PCS was
absent, clusters of cingulate activation were centered on the CS. The same result has
been reported by Amiez et al. (2013) for the feedback-related activity of the ACC
during a trial-and-error learning task. Further studies showed that the ACC sulcal
pattern impacts local brain activity during saccadic and tongue movements (Amiez &
Petrides, 2014) and pain processing (Jahn et al., 2016). Furthermore, a recent resting-
state functional connectivity study showed that the occurrence of the PCS, in concert
with age, modulates the functional connectivity pattern of the ACC (Fedeli et al.,
2020).

The relationship between PCS morphological variability and cognitive processes may
reflect structural changes in the ACC on a micro-structural level (i.e., cytoarchitecture;
Vogt et al., 1995) that take place early during fetal development. For instance, it is
possible that the sulcal organization of the ACC may influence the extension and the
connectivity pattern of the entire region by altering mechanisms of axonal tension (Van

Essen, 1997) or tangential surface expansion (Ronan & Fletcher, 2015).

1.4.2 Left Occipitotemporal sulcus
The visual word form area

Reading ability relies on an extended left-lateralized network of brain regions
in both children and adults, including the inferior frontal gyrus (extending into the
middle and precentral gyri), which is involved in several language processes (e.g.,
speech planning and production); the temporoparietal cortex, that plays a key role in
mapping orthographic into phonological representations and serves as an interface
between multimodal sensory and motor regions; the ventral occipitotemporal cortex
(vOTC), which is linked to the prelexical processing of orthographic representations
within visual words (Houdé et al., 2010; Martin et al., 2015).
In particular, reading has been associated to a specific region within the left lateral
occipitotemporal sulcus (OTS), a secondary sulcus running antero-posteriorly on the
inferior surface of the temporal lobe, separating the inferior temporal gyrus laterally
from the fusiform gyrus medially. This region, termed the “visual word form area”
(VWFA) (Cohen & Dehaene, 2004), shows a selective activation to visually presented

words compared to other categories of stimuli (Dehaene & Cohen, 2011; Lerma-
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Usabiaga et al., 2018). It has been shown that the functional specialization of the
VWEFA emerges progressively with reading acquisition (Brem et al., 2010; Dehaene-
Lambertz et al., 2018; Dehaene et al., 2010) and across different cultures and script
types (Bolger et al., 2005).

It has been proposed that the VWFA may rise by coaptation of pre-existing cortical
tissue involved in visual objects recognition characterized by a combination of
structural properties that makes this site optimal for the analysis of visual letter patterns
(Dehaene & Cohen, 2011). In particular, the VWFA may have a privileged position in
communicating orthographic visual information from the visual cortex (e.g., V1) to
language regions. This hypothesis has been supported by an fMRI study showing that
the left lateral OTS is functionally segregated in two subregions with distinct
cytoarchitecture: a posterior region associated with low-level visual information
processing (i.e., bottom-up processing), and an anterior region related to lexical
information processing (i.e., top-down processing), representing the gateway between
the visual and language systems (Lerma-Usabiaga et al., 2018).

Note that in many studies the term “VWFA” refers indifferently to the left lateral OTS
and to the left fusiform gyrus (FG). This ambiguity is related to the topology of the
lateral OTS, which is adjacent to the inferior temporal gyrus laterally and to the
fusiform gyrus medially, such that in fMRI studies reading-related activation clusters
may encompass both the left lateral OTS and the FG. Throughout this manuscript we
will use the labels “VWFA”, “lateral OTS” and “OTS” interchangeably, and we will
refer separately to the FG. This choice is in line with the original definition of VWFA
(Cohen & Dehaene, 2004; Dehaene et al., 2010), with structural connectivity studies
in which the left lateral OTS is used as an anatomical proxy of the VWFA (Bouhali et
al., 2014; Lerma-Usabiaga et al., 2018), and with recent studies on folding pattern
variability in which the VWFA is identified within the left lateral OTS (Cachia et al.,
2021).

The relationship between reading ability and cortical morphology

When it comes to examining the relationship between reading ability and cortical
morphology, it must be noted that no study has specifically focused on the left OTS.
In addition, there is still debate on whether there is a linear relationship between

reading ability and structural properties of the left vOTC. For instance, Pernet et al.
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(2009) reported a positive correlation between GMV in the left FG and reading skills
in typically reading adults, while Johns et al. (2018) did not replicate this result.
Moreover, Torre & Eden (2019) observed a significant correlation between reading
ability and GMV in the same region, although this effect was present only in female
participants. For what concerns other indices of GM morphology, such as CT and SA,
findings are also inconsistent. While Torre et al. (2020) observed a positive association
between reading ability and CT in the left FG, other studies did not replicate this result,
reporting no association between reading ability and local CT (Frye et al., 2010;
Goldman & Manis, 2013), a significant association with other reading-related brain
regions (e.g., superior temporal cortices, angular gyri) (Blackmon et al., 2010; Johns
et al., 2018), or even a negative correlation between reading ability and CT in the left
FG (Blackmon et al., 2010). Similarly, no association (Torre et al., 2020) or a negative
association (Frye et al., 2010) have been reported between reading ability and SA in
the left FG.

In addition to “classic” structural indices such as CT and SA, Kristanto et al., (2020)
recently showed that individual differences in reading ability can also be predicted by
a measure of sulcal morphology such as sulcal depth (SD). No significant association
was reported between reading ability and SD in the left OTS. However, a more
pronounced SD in auditory areas was found to be related to better reading ability, while
the SD of the right motor cortex was negatively correlated with reading performance
(Kristanto et al., 2020).

The relationship between reading ability and structural connectivity

Connectivity studies revealed a consistent and reproducible structural connectivity
pattern within the VWFA. Overall, the VWFA is posteriorly connected to visual
regions (e.g., left occipital pole, calcarine fissure, and contralateral occipital lobe)
(Bouhali et al., 2014), and anteriorly to left brain regions related to language
processing. Specifically, the VWFA communicates with perisylvian regions (e.g.,
inferior frontal gyrus and superior temporal gyrus) through the superior longitudinal
fasciculus (SLF); orbitofrontal cortex through the inferior fronto-occipital fasciculus
(IFOF); lateral occipital and inferior parietal lobes, including the angular gyrus,
through the ventral occipital fasciculus (vOF); anterior, inferior and medial temporal
regions through the inferior longitudinal fasciculus (ILF) (Bouhali et al., 2014; Chen
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et al., 2019; Yeatman et al., 2013, 2014). Of note, connections between VWFA and
left superior temporal regions through the SLF seem to be particularly relevant for
reading. Indeed, the developmental rate of this pathway was significantly modulated
by reading skills in a longitudinal study conducted on a sample of children aged 7-12
(Yeatman et al., 2012). Moreover, structural connectivity between the VWFA and the
left superior temporal sulcus (STS) uniquely predicted reading ability in a sample of
adult participants (Chen et al., 2019). Another longitudinal study examined VWFA
functional activation and structural connectivity pattern in children at age 5, before
they learned to read, and again at age 8, after they learned to read (Saygin et al., 2016).
This study revealed that the specific pattern of structural connectivity (but not the
functional specialization) of the VWFA could be already observed in 5 years old
children. Notably, after the follow-up the VWFA developed functionally and its
location in a particular child at age 8 could be predicted from that child’s connectivity

fingerprints at age 5 (Saygin et al., 2016).

Sulcal variability of the left OTS

Being a secondary sulcus, the lateral OTS starts developing after 30 weeks of gestation
(Nishikuni & Ribas, 2013) and is characterized by large individual morphological
variability. In particular, the lateral OTS can be present with two distinct sulcal
patterns, “continuous” or “interrupted”, with a higher rate of the interrupted with
respect to the continuous pattern (60% and 52% interruption rate for the left and right
OTS, respectively) (Ono et al., 1990).

In line with findings showing a relationship between PCS asymmetry and Efs (Cachia
et al., 2021), and with evidence suggesting that the presence of early-developed
patterns of structural connectivity biases the subsequent localization of functional
activation (Saygin et al., 2016), in recent years some studies investigated whether the
sulcal organization of the left OTS constrains subsequent development of reading
ability.

The potential relationship between left OTS sulcal pattern and reading ability has been
examined in 10-years-old children (Borst et al., 2016). In this first experiment,
participants with an interrupted left (but not right) OTS had significantly better reading
abilities than participants with a continuous left OTS (Borst et al., 2016) (Figure 3).
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This result was later replicated in a sample of adult participants (Cachia et al. 2018).
In particular, the effect was specific to the posterior portion of the left OTS, that is,
better reading skills were associated to a posterior, but not anterior, interruption of the
left OTS. Crucially, the posterior part of left OTS hosts the VWFA. Moreover, the age
of reading acquisition significantly modulated the effect of the left OTS sulcal
organization. Indeed, the relationship between posterior interruption and reading
ability was found in literate, but not ex-illiterate, participants. Of note, the effect of left
OTS sulcal pattern accounted for a significant but small portion of the variability in
reading ability (4.25%), while most of the variance was explained by environmental
factors (e.g., socioeconomic status) (60.25%). It has been proposed that the sulcal
pattern of the left OTS may be an indirect marker of increased cortical tissue or
connectivity within the VWFA (Ronan & Fletcher, 2015). Recently, however, Roell
et al. (2021) failed to replicate these findings, reporting no significant association
between the left OTS sulcal pattern and reading ability in a large sample of children.

Left OTS

Continuous Interrupted

Figure 3. Left occipitotemporal sulcus (OTS) folding patterns. Continuous left OTS (left
panel); Interrupted left OTS (right panel). The same pattern can be observed in the right OTS
(not represented).
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1.4.3 Summary

Folding patterns are supposed to reflect pre-natal processes that constrain and
influence the development of cognitive abilities. An example of folding patterns
variability is represented by the PCS, a secondary sulcus that runs dorsal and parallel
to the CS on the medial surface of at least one hemisphere. The variable occurrence
and inter-hemispheric distribution of the PCS are determined in utero and are largely
unaffected by brain maturation and environmental influences. Moreover, the
occurrence of the PCS is partially influenced by hereditary factors and recent evidence
suggests that this sulcus represents a recent evolutionary acquisition in the human
species. The inter-hemispheric distribution of the PCS determines symmetric (i.e.,
PCS present or absent in both hemispheres) or asymmetric patterns (i.e., PCS present
in one hemisphere and absent in the other). PCS asymmetry has been related with an
advantage in response inhibition assessed by means of tasks that require EFs, such as
the Stroop and the Flanker tasks. In addition, altered morphology and distribution of
the PCS have been linked with cognitive impairments in some psychiatric disorders,
such as the schizophrenia. From a functional perspective, distinct PCS patterns have
been associated with differences in neurofunctional activity during verbal production,
trial-end-error learning, pain processing, saccadic and tongue movements.
More recently, the sulcal organization of the left OTS, which can be continuous or
interrupted, has been linked to reading ability. The posterior part of the left OTS
contains the VWFA, a brain region whose activity has been specifically associated
with the recognition of words and letters during reading tasks. The presence of a left
OTS interruption, and in particular a posterior interruption, has been related with better
reading ability in childhood and adult life. An increasing number of evidence suggests
that early-determined and longitudinally stable morphological features of brain sulci
influence cognitive abilities. However, there is another source of brain anatomical
variability that operates prenatally before the cortical folding process. This is
biological sex, whose influence is determined by genetic and hormonal mechanisms

that have been set up during the entire evolution of the human species.
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1.5 Sex differences in brain structure

Sex represents an important factor of inter-individual variability in cognitive
abilities and in the phenotypical manifestation of many psychiatric and neurological
disorders. Therefore, a full comprehension of sex differences in brain structure might
significantly contribute to shed light on a key source of variability in both the healthy
and diseased brain. In this dissertation, we will use the term “sex” in its biological
meaning, indicating an individual’s combined sex-chromosome complement (XX in
females, XY in males) and gonadal phenotype, and we will distinguish biological sex
from gender, a cultural concept that incorporates the self-perception of one’s sex. In
the present section, we describe the mechanisms that presumably cause sex differences
in the brain structure. Then, we focus on the main sex differences in cognitive abilities
and psychiatric and neurological disorders. Finally, we provide an overview of the

extant evidence of sex differences in brain structure.

1.5.1 Evolution and sexual selection

Although the theory of evolution is beyond the scope of this work, it’s worth
mentioning what Charles Darwin and modern evolutionary biologists say about
differences between sexes, as it could provide useful insights to explain why sex
differences in brain structure have developed.
Sex differences have been a topic of interest in biological disciplines since Darwin’s
second book The Descent of Man, and Selection in Relation to Sex (Darwin, 1871),
where he presented for the first time the idea of sexual selection. Darwin stated that
evolution proceeds following two mechanisms: natural selection and sexual selection.
The former is based on an organism’s ability to survive and consents diffusion of traits
that confer ecological advantages; the latter is based on an organism’s reproductive
success and consents the diffusion of traits whose advantages are restricted to the
mating context (e.g., anatomical ornaments) (Darwin, 1871). In particular, the sexual
selection theory was originally introduced to explain the evolution of anatomical or
behavioral traits that were apparently useless or harmful for survival, but which
nevertheless increased reproductive success (for instance, the male peacock’s tail). In

general, the spread of sexually dimorphic traits that enhance same-sex (e.g., male-
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male) competition or cross-sex (e.g., male-female) attractiveness can be explained by
sexual selection.

The basic idea of this theory is that males and females are confronted with similar
ecological problems, but they are subject to quite different selection pressures in the
mating context (Andersson, 1994; Darwin, 1871; Fisher, 1930). In this section, we will
take mammals, the group humans belong to, as main example. In mammals, females
make a greater physiological commitment to rearing the offspring compared to males.
Therefore, after successfully mating, females take no advantage of additional
copulations, and their reproductive success is rather determined by resource
availability and acquisition (Clutton-Brock & Huchard, 2013). On the other hand,
males could increase their offspring by additional copulations, hence their
reproductive success is limited only by access to mates and number of mating
opportunities (Andersson, 1994). Accordingly, in order to maximize their reproductive
success, males and females developed different reproductive strategies, on which
selection acted in sex-specific ways. Of note, according to this model, sex differences
are not a consequence of “maleness” or “femaleness”, but rather depend on sex-
specific reproductive problems and selection pressures in mating (Gaulin, 1995).
While the evolution of conspicuous sexually dimorphic traits, like ornaments and
weapons, is easily explained by sexual selection, the mechanisms that drove the
development of less visible sexual dimorphisms, including sex differences in brain
structure, are less intuitive. Nonetheless, just as any other organ or anatomical
structure, the brain can be a potential target of sexual selection. Hence, we should
expect to observe sex differences in brain structure whenever males and females were
subject to sex-specific adaptive problems and selection pressures throughout the
history of the species.

Sexual selection is able to provide an effective explanation of several sex differences
in mammals’ behavior, including aggressive behavior and spatial ability. For example,
greater aggressive behavior in males could have been selected as a consequence of
male-male competition for mating opportunities (Lindenfors & Tullberg, 2011). On
the other hand, the mechanisms that led to the evolution of sex differences in spatial
ability are more complex. It has been proposed that greater spatial ability has

specifically evolved in the sex with a higher reproductive rate (i.e., males) since it
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would benefit more from the ability to navigate in the environment and locate members
of the opposite sex (Gaulin, 1995). Another theory states that sex differences in spatial
ability developed as a consequence of labor division, especially after the start of
agriculture (i.e., the “hunter-gatherer” theory): female gatherers had to orient in stable
and circumscribed food sites, while male hunters had to move across long distances
(Silverman et al., 2007).

Obviously, if sexual selection shaped human behavior, this must have been achieved
at some neural and metabolic costs, hence influencing brain development in sex-

specific ways.

1.5.2 Genes, hormones, and environment

Evolution and sexual selection theories provide a useful framework for
explaining why sex differences in brain structure could have been developed, but
genetic and hormonal mechanisms can explain how these differences emerge during
ontogenesis.
The first event determining the sexual differentiation of the embryo is generally
considered the expression of the Sry gene encoded in the mammalian Y chromosome,
which initiates testicular differentiation (the absence of the Sry gene determines the
differentiation of the ovaries). Gonads differentiation is of remarkable importance as
it determines sex differences in the concentration of and exposure to steroid hormones
(e.g., androgens and estrogens), which play a crucial role in determining embryo
biological sex through the differentiation of the organism’s tissues.
The current view of how steroid hormones affect brain structure has been largely
influenced by the organizational-activational hypothesis (McCarthy & Arnold, 2011).
Early organizational effects take place during sensitive, usually prenatal, periods and
are responsible for permanent and irreversible masculinization or femininization of the
brain. The main role in this process is played by androgens, which are the main
responsible for the masculinization of the brain, since the development of the female
brain represents the default state (McCarthy et al., 2017; McCarthy & Arnold, 2011).
An additional wave of organizational effects also occurs during the puberty.
Activational effects of steroid hormones determine the expression of sex-specific
behaviors in adulthood, by affecting the neural substrate shaped and organized in the

earlier sensitive periods.
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Steroid hormones play a crucial role in determining sex differences in the human brain,
as demonstrated by experimental evidence showing that steroid hormone level
variations during fetal development (Lombardo et al., 2012) and puberty (Liao et al.,
2021; Peper et al., 2011) are associated to modifications in brain morphology.
Similarly, it has been shown that ovarian hormones fluctuation during females’
menstrual cycle (Dubol et al., 2021) and gender-affirming hormonal therapies (Kranz
et al., 2020) modulates the structure of brain regions.

However, not all sex differences in brain structure are orchestrated by steroid
hormones. Indeed, in recent years growing interest has surrounded the specific effects
of sex-chromosome genes, which can directly influence brain morphology without the
intermediation of steroid hormones (Arnold, 2012; McCarthy & Arnold, 2011;
Raznahan & Disteche, 2021).

Indeed, sex-chromosome complement modulates brain structure in different ways,
such as male-specific expression of Y-chromosome genes; sex-specific expression of
X-linked genes, due to X-chromosome inactivation in females?; different parental
origin of X-chromosome genes in males (only maternal) and females (either maternal
or paternal) (Raznahan & Disteche, 2021). Evidence of direct effects of sex-
chromosomes on brain structure comes from genetic disorders characterized by an
altered sex-chromosome count (i.e., sex chromosome aneuploidy syndromes). In
particular, it has been shown that X-chromosome supernumerary (i.e., excessive
number of the X-chromosomes) is associated with reduced structural features of brain
structure (e.g., total brain volume, total cortical volume), whereas Y-chromosome
supernumerary (i.e., excessive number of Y-chromosomes) is associated with
increased structural features of the brain (Raznahan et al., 2016). This trend is
consistent with findings in the healthy population, where males usually exhibit larger
brain size than females (see section 1.4.5; but also Ruigrok et al., 2014). In addition,
alteration of X- or Y-chromosome dosage modulates the GMV in cortical and
subcortical regions (Lenroot et al., 2014; Raznahan et al., 2016; Skakkebeak et al.,

2014). Interestingly, recent studies observed that X- and Y-chromosome dosage

2 X-chromosome inactivation is the silencing of one X-chromosome in female mammalian cells in order to equalize
the dosage of X-chromosome genes between XX females and XY males (Panning, 2008). However, a relatively
large number of X-linked genes escapes silencing, so that a larger proportion of X-linked genes is expressed in
females compared to males (Fernandez et al., 2016).
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alterations have both convergent and divergent (i.e., sex-specific) effects (for a
comprehensive review, see Raznahan & Disteche, 2021). Brain structures where X-
and Y-chromosome alterations exhibit convergent affects correspond to regions
associated with socio-communicative and socio-emotional processing (Raznahan et
al., 2016), while specific effects have been found in structures that usually exhibit
differences between males and females in the healthy population (Raznahan &
Disteche, 2021).

In addition to genetic and hormonal effects, environmental factors also play a crucial
role in determining sex differences in brain morphology. Indeed, males and females
have different experience throughout the lifespan that affect brain organization
(Decasien et al., 2022; McCarthy & Arnold, 2011). For instance, pregnancy experience
has been related to an overall reduction in GMV (Cardenas et al., 2020), especially in
brain regions associated to social processing, presumably due to a further
specialization of social cognition networks through mechanisms of synaptic pruning
(Hoekzema et al., 2017). Sex differences can be found in many sociodemographic
domains, including education and occupation, which presumably interact with genes
through epigenetic mechanisms, which makes it particularly difficult to disentangle
their specific effects on brain structure (Decasien et al., 2022; McCarthy & Arnold,
2011).

1.5.3 Sex matters: sex differences in cognitive abilities and psychiatric and
neurological disorders

Sex differences in cognitive abilities

Sex differences in cognitive domains have been extensively documented in the
general population (e.g., see Gur & Gur, 2017). Overall, males perform better than
females in visuospatial (De Frias et al., 2006; McCarrey et al., 2016; Moreno-Brisefio
et al., 2010) and motor abilities (Shah et al., 2013), and in mathematical reasoning
(Ball et al., 2014). On the other hand, females outperform males in verbal abilities
(Jack et al., 2015; McCarrey et al., 2016) and social cognition tasks, such as emotion
identification (De Frias et al., 2006; Gur et al., 2012). Accordingly, females also
exhibit higher levels of empathy than males from infancy to adulthood, suggesting that
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this difference may be the product of some evolutionary process, rather than the result
of postnatal events (Christov-Moore et al., 2014).

However, these differences should not be interpreted as deterministic, as they are
presumably influenced by environmental factors, such as educational differences
between males and females. For instance, it has been shown that reducing the
educational gap between males and females also decreases sex-specific advantage in
some cognitive abilities (e.g., male advantage in mathematical reasoning) (Weber et
al., 2014).

Sex differences in psychiatric and neurological disorders

In the clinical population, many psychiatric (e.g., schizophrenia, major depressive
disorder), neurodevelopmental (e.g., autism spectrum disorders, dyslexia, attention
deficit hyperactivity disorder), and neurodegenerative (e.g., Alzheimer’s disease)
disorders are characterized by sex differences in prevalence, age at onset,
symptomatology, and response to treatment (e.g., see Kaczkurkin et al., 2019;
McCarthy et al., 2017). In what follows, we provide a description of the most

consistent sex differences observed in the clinical population.

Schizophrenia

Males compared to females with schizophrenia typically show an earlier age at onset,
more severe negative symptoms and cognitive impairments, and worse treatment
response (Gobinath et al., 2017; Li et al., 2016). Sex differences in the phenotypical
manifestation of schizophrenia may involve sex-chromosomes and steroid hormones.
For instance, some evidence suggests that estrogens may play a neuroprotective role
against schizophrenia in females, in line with females’ second incidence peak during
menopause, which is characterized by a decrease of estrogen levels (Li et al., 2016).
Moreover, sex-specific alterations in brain structure have been found in schizophrenia
patients. For example, male compared to female patients exhibit a greater reduction in
total intracranial volume (TIV) (Bora et al., 2011) and local GMV in several brain
regions, including bilateral insula, left inferior and medial frontal cortices, and
thalamus (Haijma et al., 2013).
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Autism Spectrum Disorders

Males show a higher prevalence in neurodevelopmental disorders, in particular the
Austim Sprectrum Disorders (ASD) (Ferri et al., 2018). Evidence regarding the
influence of sex-chromosomes and steroid hormones is promising but still
inconclusive and warrants more study (Ferri et al., 2018). One of the most promising
theories that accounts for sex differences in ASD is the “extreme male brain” (EMB)
theory, which attributes the male preponderance in ASD to a hyper-masculinized
version of the male brain, possibly due to alterations in fetal testosterone levels (Baron-
Cohen et al., 2011). Interestingly, this hypothesis is grounded on evidence suggesting
that females score higher in empathy and social cognition tasks (Empathy Quotient;
EQ), while males are more adept at tasks requiring to analyze a system in terms of the
rules that govern it, in order to predict the behavior of the system itself (Systemizing
Quotient; SQ) (Baron-Cohen et al., 2005). According to the EMB theory, people with
ASD would be characterized by an extreme male profile, i.e., extremely low EQ scores
and extremely high SQ scores (Baron-Cohen et al., 2011; Ferri et al., 2018). While this
hypothesis refers to a psychological level, supporting evidence has been found in some
aspects of neuroanatomy and brain functional connectivity. Indeed, the typical
neuroanatomical sex differences observed in the general population seem to be
attenuated or absent between males and females with ASD (Beacher et al., 2012). For
instance, while healthy males compared to females usually show larger brain size
during infancy (Gilmore et al., 2007; Lenroot et al., 2007), this difference is absent in
ASD patients, with males and females both showing an equal overgrowth of brain size
during the same time period (Courchesne et al., 2011). Another study observed that
the functional connectivity within the DMN is equally reduced in males and females
with autism compared to controls, whereas in the healthy population females usually

show higher DMN intra-connectivity than males (Ypma et al., 2016).

Major depressive disorder

Among affective and anxiety disorders, the most consistent sex difference is the higher
prevalence in females, compared to males, in the major depressive disorder (MDD)
(Rubinow & Schmidt, 2019). Moreover, females exhibit more internalizing symptoms

and attempts of suicide, whereas males show higher risk of substance abuse, aggressive
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behavior and completed suicide due to the use of more lethal suicidal methods
(Rubinow & Schmidt, 2019).

Magnetic resonance imaging (MRI) studies investigating the neural underpinnings of
sex differences in MDD observed sex-specific alterations in local GMV. For instance,
GMYV of limbic regions was selectively reduced in females with MDD, whereas GMV
of striatal regions was reduced only in males with MDD, compared with sex-matched
healthy controls (Kong et al., 2013). More recently, Yang et al. (2017) reported smaller
GMV in bilateral middle temporal gyrus and left ventromedial prefrontal cortex in
males with MDD, while female patients exhibited smaller GMV in the left lingual
gyrus and dorsomedial prefrontal cortex, compared with sex-matched healthy controls.
Similarly, in another study females with MDD had significantly lower SA and GMV
in bilateral prefrontal regions than female controls, while males with MDD had
significantly higher SA and GMV in the same regions than male controls (Hu et al.,
2022).

Again, steroid hormones are likely to play a crucial role in sex-specific manifestations
of MDD. Evidence pointing in this direction comes from sex-specific mood disorders
(e.g., postpartum depression and premenstrual dysphoric disorder), which are
presumably triggered by changes in ovarian hormone levels (Schmidt et al., 1998).
Moreover, steroid hormones influence brain networks development and regulation,
such that environmental events are differentially processed (e.g., females experience
emotional stimuli as more arousing than males; Andreano & Cahill, 2009) (Rubinow
& Schmidt, 2019). On a genetic level, findings suggest that some genes are
differentially expressed in males and females with MDD (Labonté et al., 2017).
Finally, genes and hormones create a neural substrate that interacts with environment,

resulting in susceptibility of resilience to stressful stimuli (Rubinow & Schmidt, 2019).

Alzheimer’s disease

Females show higher prevalence in Alzheimer’s disease (AD), as well as faster
cognitive decline after diagnosis and higher rates of brain atrophy (Ferretti et al.,
2018). Experimental evidence concerning sex difference in the levels of AD
biomarkers (e.g., accumulation of amyloid-f and tau proteins) is overall inconsistent
(Ferretti et al., 2018; Mielke, 2020). However, a recent longitudinal study observed a

significant interaction between sex and AD biomarkers, such that for a given level of
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amyloid-p concentration, females showed greater hippocampal atrophy and cognitive
decline (e.g., memory and EFs) than males (Koran et al., 2017). This result is in line
with other findings suggesting that the link between AD neuropathology and its
clinical expression could be stronger in females than males. In particular, a seminal
paper by Barnes et al. (2005) showed that for each additional unit of AD
neuropathology females were more likely to express dementia than males (Barnes et
al., 2005). In the same study, females also showed more global AD neuropathology
than males (Barnes et al., 2005). This result has been recently replicated in an autopsy
study, where females compared to males had an overall higher increase of AD
neuropathology with age, especially in the hippocampus (Liesinger et al., 2018).

Of note, prevalence and effects of AD risk factors (e.g., cerebro- and cardiovascular
disease, depression, sleep disorders, and low socio-economic status) vary between
females and males, with some evidence suggesting the presence of female-specific risk
factors (e.g., pregnancy, menopause) (Ferretti et al., 2018). Moreover, sex differences
in AD presumably result from interaction between biological and environmental
factors (e.g., education and occupational level) (Malpetti et al., 2017). The potential
influence of the environment is supported by the cognitive reserve theory, which was
originally introduced to account for the discrepancy between the pathology and the
clinical outcome in AD patients (Stern, 2002, 2012).

1.5.4 Sex differences in global brain structure

Sex differences in overall brain size are highly consistent across studies. Males
show larger total brain volume (TBV) at birth (Knickmeyer et al., 2017), in line with
male-bias in fetal head circumference (Broere-Brown et al., 2016). This difference
holds throughout childhood, adolescence, and adulthood (Brain Development
Cooperative group, 2012; Ritchie et al., 2018; Ruigrok et al., 2014; Sowell et al.,
2007). Notably, it has been proposed that sex difference in TBV would be explained
by larger body size in males (e.g., height) (Eliot et al., 2021). However, recent studies
showed that brain size is disproportionally greater in males compared to females above
and beyond sex differences in height (Ritchie et al., 2018; Williams et al., 2021b).
Sex differences in TBV hold when examining GM and WM separately (Ritchie et al.,
2018; Ruigrok et al., 2014), despite these two tissue classes follow generally opposing

trajectories of volume change with increasing age. In particular, cortical and
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subcortical GMV follows an inverted U-shaped trajectory, reaching their peak during
puberty, then decreasing and stabilizing during adulthood (Giedd et al., 2015; Mills et
al., 2016; Narvacan et al., 2017; Peper et al., 2020) (although subcortical compared to
cortical structures show reduced loss of volume with age; see Tamnes et al., 2013). On
the other hand, WM volume continues to grow throughout adolescence up until 30
years of age, then it stabilizes and begins to decline during late adulthood (Giedd et
al., 2015; Lenroot et al., 2007; Mills et al., 2016; Peper et al., 2020). Studies
investigating sex differences in developmental trajectory reported overall inconsistent
results (Peper et al., 2020), with some studies suggesting later age-at-peak volumes in
males (Giedd et al., 2015; Lenroot et al., 2014; Raznahan et al., 2011, 2014), and others
reporting no sex difference (Giedd et al., 2015; Narvacan et al., 2017; Wierenga et al.,
2014).

1.5.5 Sex differences in regional gray matter
Gray matter volume

The investigation of sex differences in regional GMV has raised many
problems, due to the overall larger body and brain size in males compared to females
(Eliot et al., 2021). When regional GMV values are not adjusted to account for these
differences, males usually show larger volume in all brain regions, whereas these
differences are significantly reduced once that an appropriate correction is applied
(Sanchis-Segura et al., 2019). In addition, regional differences observed comparing
males and females are significantly influenced by the method used to correct for the
brain size (Sanchis-Segura et al., 2019, 2020). A recent review by Eliot et al. (2021)
stated that, when accounting for sex-dimorphism in brain size, differences between
males and females in the volume of cortical and subcortical regions are null or
negligible (Eliot et al., 2021).
However, these results have been disconfirmed by recent findings showing that, when
applying a proper correction to account for variations in brain size, sex differences in
cortical and subcortical volumes are still consistently and systematically observed
(Williams et al., 2021a, 2021b). Recent studies that used large samples and state-of-
the-art statistical approaches, revealed highly reproducible sex differences in regional
GMV. In particular, Williams et al. (2021a) examined volumetric sex differences in a
sample of ~ 40,000 from the UK Biobank Dataset (Miller et al., 2016). In this study,
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they observed that 42% (62/148) of cortical brain regions were larger in males (largest
difference in the right occipital pole), while 24% (35/148) were larger in females
(largest difference in the right postcentral gyrus). Overall, these results are in line with
previous large cohort studies (Lotze et al., 2019; Ritchie et al., 2018; Ruigrok et al.,
2014) and reveal a pattern of sex differences where females have larger volume in
fronto-parietal regions, and males in occipito-temporal regions (Lotze et al., 2019).
For what concerns subcortical structures, males usually show greater putamen,
amygdala and pallidum (Liu et al., 2020; Ritchie et al., 2018; Williams et al., 2021a),
while more mixed results have been found for other subcortical regions. For instance,
some studies reported greater thalamus in females (Ruigrok et al., 2014) and others in
males (Williams et al., 2021a). Similarly, inconsistent findings have been reported for
the hippocampus (males > females: Liu et al., 2020; Lotze et al., 2019; females >
males: Williams et al., 2021a). Finally, some studies observed greater caudate (Liu et
al., 2020) and accumbens (Ritchie et al., 2018; Williams et al., 2021a) in females,
while most studies did not report sex differences in these regions (e.g., see Lotze et al.,
2019; Ruigrok et al., 2014).

A recent conjunction analysis performed on the results from three large cohort studies
(Figure 4A-4C) revealed a consistent pattern of sex differences, indicating that
putamen, amygdala, hippocampus, and temporal pole are larger in males, while
cingulate, superior parietal, and lateral prefrontal cortices are larger in females (Figure
4D). In addition, only small clusters showed opposing directions between studies
(Decasien et al., 2022) (Figure 4E). A pioneering structural MRI study in neonates
showed that sex differences in local GMV can be already observed at birth, and that
some of these differences are in line with those detected in adulthood (Knickmeyer et
al., 2017). For instance male neonates had larger GMV in left medial temporal cortex
and anterior inferior temporal gyrus, while females had larger GMV in posterior
middle temporal gyri and parietal cortex (Knickmeyer et al., 2017).
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Figure 4. Sex differences in regional gray matter volume across three independent cohorts.
A) Results from the Human Connectome Project (HCP) cohort in Liu et al. (2020) (N = 976);
B) Results from the UK Biobank (UKB) cohort in Liu et al. (2020) (N = 1176); C) Results from
the Study of Health in Pomerania (SHIP) cohort in Lotze et al. (2019) (N = 2838). D)
Conjunction analysis showing overlapping sex differences among the three cohorts. Color
indicates whether overlapping results have been found in 1, 2, or 3 of these cohorts (cool
colors = F > M; warm colors = M > F). E) Regions that showed inconsistent sex differences
across these cohorts. The figure is adapted with permission from Decasien et al. (2022)
according to the Creative Commons license (http://creativecommons.org/licenses/by/4.0/).
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Surface area and cortical thickness

On average, males exhibit higher total SA than females, and vice versa females have
higher mean CT than males (Williams et al., 2021a). In terms of brain regions, sex
differences in SA and CT do not display a consistent and reproducible pattern as
observed for the GMV. Overall, males compared to females have greater SA in several
brain regions even after adjusting for the total SA, although the effect sizes and the
spatial location of the differences vary across studies. For instance, Ritchie et al. (2018)
found that 18 regions had higher SA in males, while only 9 regions showed higher SA
in females. Similarly, Williams et al. (2021a) observed greater SA in males in 50
regions, whereas females had higher SA in 34 regions. Findings from CT studies are
more mixed. Indeed, some studies reported that sex differences in CT were balanced
in both directions (i.e., M > F and F > M) (Ritchie et al., 2018; Williams et al., 2021a).
On the other hand, other studies observed thicker cortex in males compared to females
in most brain regions (Duerden et al., 2020; Escorial et al., 2015), or found only
minimal differences, suggesting that males and females may be more similar in CT
than in other indices of cortical structure (Wierenga et al., 2014).

1.5.6 Sex differences in white matter and structural connectivity

Microstructural changes in WM bundles are usually addressed by fitting a
model to diffusion-weighted (DW) imaging data. The most used model is the diffusion
tensor (diffusion tensor imaging; DTI), consisting of an ellipsoid that indicates the
direction and the rate of diffusion of water molecules in the brain. Two commonly
reported parameters of diffusion tensor imaging are fractional anisotropy (FA) and
mean diffusivity (MD). MD reflects the overall diffusion, while FA describes the
degree of anisotropy or the direction of the diffusion of water molecules (i.e., how
much water molecules are constrained in one direction) and is linked to axon diameter,
fiber density, and myelination (Jones et al., 2013; Soares et al., 2013). When
investigating sex differences in microstructural properties of WM, males usually show
higher FA and lower MD in several WM bundles (e.g., cortico-spinal tract, cingulum,
superior longitudinal fasciculus) in adulthood (Lebel et al., 2012; Ritchie et al., 2018)
and childhood (Herting et al., 2012; Lebel et al., 2010). However, some studies
reported higher FA in females (Bava et al., 2011) or even no sex difference (Krogsrud
et al., 2016).
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Rather than investigating individual WM bundles, some studies analyzed the whole
structural connectome as a complex network. Using this approach, it has been shown
that females compared to males have overall higher connectivity within the cerebral
cortex, as well as increased efficiency in information processing both locally and
across remote cortical regions (Gong et al., 2009; C. Yan et al., 2011). Moreover,
males showed greater within-hemispheric connectivity in all supratentorial regions,
whereas between-hemispheric connectivity was greater in females. On the other hand,
cerebellar connections, which exert their influence on ipsilateral motor behavior
communicating with contralateral supratentorial areas, exhibited the reversed pattern
(i.e., greater between-hemispheric connectivity in males) (Ingalhalikar et al., 2014).
These results suggest that higher within-hemispheric supratentorial connectivity and
between-hemispheric cerebellar connectivity in males may facilitate linking between
perception and coordinated action. In contrast, higher between-hemispheric
supratentorial connectivity in females may facilitate the communication between
analytical processing of the left hemisphere and intuitive processing of the right

hemisphere (Ingalhalikar et al., 2014).

1.5.7 Greater male variability in brain structure

Robust evidence suggests that males show greater variability than females at
both upper and lower extremes of the distribution, meaning that male brains vary more
than female brains. This finding has been consistently reported for cortical and
subcortical GMV, SA and WM organization across the lifespan (Ritchie et al., 2018;
Wierengaetal., 2018, 2020; Williams et al., 2021a). In contrast, contradictory findings
have been reported for the CT, with some studies suggesting greater variance in males
(Wierenga et al., 2020), others greater variance in females (Williams et al., 2021a),
and still others no difference between males and females (Ritchie et al., 2018;
Wierenga et al., 2018). It has been proposed that the higher representation of male
brains at both extremities of the distribution, rather than mean differences in brain
structures, may explain the higher prevalence of several developmental disorders in
males compared to females. Furthermore, the greater male variability in brain structure
has been linked to the presence of only one X-chromosome in males and to the mosaic

of X-chromosome inactivation in females, which would cause the X-linked genes
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relating to brain morphology to be expressed in 100% of male cells and 50% only of

female cells (Peper et al., 2020).

1.5.8 Summary

Biological sex represents a source of brain anatomical variability the operates
mostly during prenatal life. The theory of sexual selection and the modern genetics
help us to understand why and how sex differences in brain morphology have
developed. On the one hand, the theory of sexual selection states that males and
females were subject to sex-specific adaptive problems and selection pressures
throughout the history of the species leading to the evolution of sexually dimorphic
traits, which include the brain. On the other hand, the genetics demonstrated that
steroid hormones play a crucial role in determining sex differences in the human brain
during fetal life. Additionally, specific effects of sex-chromosome genes can directly
influence brain morphology. The investigation of sex differences in brain morphology
assumes importance when we consider evidence showing that males and females in
the healthy population differ with respect to cognitive abilities. In particular, females
outperform males in verbal abilities, social cognition and empathy, whereas males
perform better in visuospatial and motor tasks, as well as in mathematical reasoning.
In the clinical population, males and females differ in the prevalence, age at onset,
symptomatology and response to treatment of many psychiatric and neurological
disorders (e.g., schizophrenia, autism spectrum disorders, major depression,
Alzheimer’s disease). Sexual dimorphism in brain structure presumably underpins
these repeatedly reported sex differences in cognitive abilities and
psychiatric/neurological disorders. Robust evidence from neuroimaging studies
indicates that males have larger brain size than females. When investigating sex
differences in the GMV of brain regions, a consistent and reproducible pattern emerges
after accounting for greater male brain size. Specifically, females have larger volume
in fronto-parietal regions, and males in temporo-occipital cortices, as well as some
subcortical areas (e.g., putamen). However, the GMV is a composite measure resulting
from the product between SA and CT. When examining these two components

separately, a more mixed pattern of results has been reported.
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1.6 Experiment 1 (Introduction): “Cingulate cortex morphology impacts
on neurofunctional activity and behavioral performance in interference

tasks”

Previous in this dissertation (see section 1.3.1), we overviewed experimental
evidence concerning the relationship between the PCS sulcal pattern and cognitive
processes, with particular emphasis on inhibitory control. A core dimension of
inhibitory control is response inhibition (RI1), defined as the ability to withhold and
override inappropriate responses that compete for limited cognitive resources (Hung
et al., 2018; Zhang et al., 2017). Several studies suggest that PCS asymmetry versus
symmetry increases efficiency in RI, as revealed by tasks that involve RI such as the
Stroop and the Flanker tasks. Specifically, a PCS asymmetry advantage has been
observed in 5-years-old children using the animal Stroop task (Cachia et al., 2014), as
well as in 9-years-old children and adults using the color-word Stroop task (Cachia et
al., 2014; Tissier et al., 2018). Similarly, advantage in RI associated with asymmetric
PCS was also reported for the Flanker task (Cachia et al., 2017; Del Maschio, Sulpizio,
etal., 2019).

Functional neuroimaging studies showed that the variable occurrence of the PCS
modulates brain functional connectivity at rest (Fedeli et al., 2020), along with the
topology of neurofunctional activity during word generation (Crosson et al., 1999),
decision-making (Amiez et al., 2013), saccadic and tongue movements (Amiez &
Petrides, 2014), and pain processing (Jahn et al., 2016). However, despite the central
role played by the ACC in inhibitory control (Hung et al., 2018; Zhang et al., 2017)
and the advantage in RI associated with asymmetric PCS distribution, no study has so
far investigated whether the ACC folding pattern modulates the neurofunctional
activity associated with this crucial component of the EFs.

Therefore, the main goal of Experiment 1 is to investigate whether the repeatedly
reported PCS asymmetry advantage in RI is associated with difference in
neurofunctional activity during tasks that involve EFs, and specifically inhibitory
control. We adopted the Attention Network Task (ANT) (Eriksen & Eriksen, 1974;
Fan et al., 2002, 2005) and the Numerical Stroop task (Bush et al., 1998; Windes,
1968) to investigate, respectively, the Flanker effect and the Numerical Stroop task

during an fMRI scanning session. Importantly, these two tasks have been related to
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distinct dimensions of inhibitory control, namely the “Attention Constraining” and the
“Attention Restraining” (Unsworth et al., 2009; Unsworth & Spillers, 2010). The ANT
requires participants to indicate the direction of a central horizontal arrow, surrounded
on both sides by arrows flanked in the opposite or in the same direction. In this task,
participants must constrain their attention on the target stimulus presented among
distractors and suppress the interfering information, hence resorting to Attention
Constraining. On the other hand, in the Numerical Stroop participants are required to
identify the number of digits or alphabetical characters within a sequence of items,
while suppressing automatic responses based on the value of the numbers. In this task,
participants are instructed to refrain from an automatic (but inappropriate) response
(i.e., the number values) in favor of a novel, goal-directed, response (i.e., the number
of the items), thereby resorting to Attention Restraining (Unsworth et al., 2009;
Unsworth & Spillers, 2010).

In the present study, we classified the ACC sulcal patterns of 42 participants as either
symmetric or asymmetric. Then, we compared the reaction times (RTs) and the
neurofunctional activity of individuals with symmetric and asymmetric PCS profile.
Based on previous findings, we expect that individuals with an asymmetric (vs
symmetric) PCS profile would exhibit a marked advantage in RI in terms of response
speed (i.e., RTs). Furthermore, we would expect to observe a similar advantage
associated with PCS asymmetry when examining the temporal dynamic of inhibitory
control by means of delta plots. In terms of functional activity, we expect to observe
greater activation in medial frontal regions, including the ACC and PCS, in individuals
with symmetric PCS. Indeed, greater cognitive load and task difficulty are typically
associated with increased activation of these regions. Finally, we correlated brain
neurofunctional activity and RTs to test the relationship between ACC functional

activity and behavioral responses.
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1.7 Experiment 2 (Introduction): “The relationship between reading

abilities and the left occipitotemporal sulcus: a dual perspective study”

As mentioned in the section 1.3.2, reading engages a network of left-lateralized
brain regions, including the inferior frontal gyrus, the temporoparietal cortex, and the
vOTC (Houdé et al., 2010; Martin et al., 2015). In particular, reading has been
associated to a region within the left OTS, namely the VWFA, which exhibits a
selective activation to visually presented words compared to other categories of stimuli
(Cohen & Dehaene, 2004; Dehaene et al., 2010).

A number of experiments investigated whether reading ability is associated to
morphological features (e.g., GMV, SA and CT) and structural connectivity of
reading-related brain regions, with particular focus on the left vOTC. However,
findings concerning a linear relationship between reading ability and cortical
morphology in the left vOTC are overall inconsistent (e.g., see Torre et al., 2020; Torre
& Eden, 2019). In addition to “classic” structural indices such as CT and SA, evidence
regarding a relationship between reading ability and measures of sulcal morphology
such as SD are lacking, and the availably results did not suggest a significant
relationship in the left vOTC (Kristanto et al., 2020). Of note, no study has specifically
addressed the relationship between cortical morphology and reading ability in the left
OTS.

On the other hand, connectivity studies focusing on the left OTS consistently found
that this area is extensively connected to language-related brain regions, including left
perisylvian regions (e.g., inferior frontal and superior temporal gyri) (Bouhali et al.,
2014; Yeatman et al., 2013). In particular, connections between the left OTS and
superior temporal regions, which are presumably involved in mapping the
orthographic into phonological representations, seem to be associated to reading
ability (Chen et al., 2019; Yeatman et al., 2012).

Recent studies proposed that early-determined and life-stable folding patterns of the
left OTS may influence later development of reading ability. In particular, it has been
proposed that interruption — particularly a posterior interruption — of the left OTS may
be associated to better reading ability in children (Borst et al., 2016) and adults (Cachia
et al., 2018). Significantly, it has been shown that sulcal pattern variability in specific
brain regions may affect cortical morphology. For example, variability of the PCS is

50



associated to variations in GMV, SA and CT of the adjacent cingulate cortex (Fornito
et al., 2008).

To summarize, studies investigating the relationship between reading ability and brain
structure have so far examined two distinct research questions: how reading ability is
related to brain morphology (Torre et al., 2020; Torre & Eden, 2019) and structural
connectivity (e.g., Yeatman et al., 2012), and whether prenatal and life-stable
individual differences in the folding pattern of the left OTS, hosting the VWFA, are
related to (and may possibly modulate) reading ability (Cachia et al., 2018; Roell et
al., 2021).

Currently, no study has examined the relationship between reading ability and cortical
morphology by focusing on the left OTS and simultaneously examining the two
research questions above described. The goal of Experiment 2 is to adopt a twofold
approach to investigate the relationship between the left OTS and reading ability in a
sample of 86 healthy adult participants drawn from the Wu-Minn Human Connectome
Project (HCP) dataset (Van Essen et al., 2013). First, we tested whether reading skills
predict the GM morphology (as indexed by GMV, CT, SA, and SD) and the structural
connectivity of the left OTS. Based on previous mixed findings, we expect that cortical
morphology may either be associated or not with reading ability. On the contrary, we
hypothesize that reading ability would modulate the structural connectivity of the left
OTS, in particular with left-lateralized brain regions involved in language and reading
processing. Then, we examined whether the sulcal organization of the left OTS
modulates reading skills in the adult life. In accordance with previous findings, we
expect that the posterior interruption of the left OTS would be associated with better
reading ability. Related to this second goal, and based on the evidence suggesting a
relationship between folding patterns and brain structure (Fornito et al., 2008), we
investigated whether the folding pattern of the left OTS correlates with the
morphometric properties and the structural connectivity of this region. We hypothesize
that the sulcation pattern of the left OTS would be associated with differences in the

cortical morphology and the structural connectivity of the sulcus.
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1.8 Experiment 3 (Introduction): “Investigating sexual dimorphism in
human brain structure by combining multiple indexes of brain morphology

and source-based morphometry”

Sex differences in cognitive abilities (Gur & Gur, 2017) and in
neurological/psychiatric disorders (e.g., Rubinow & Schmidt, 2019) arguably reflect
differences in brain structure between males and females. Evolutionary biology and
genetics suggest that these differences developed as a consequence of sex-specific
selective pressures that took place during the evolution of the human species.
Moreover, these differences are likely to emerge during the ontogenesis as a result of
genetic and hormonal mechanisms, that epigenetically interact with environmental
factors throughout life (Decasien et al., 2022; Raznahan & Disteche, 2021).
Neuroimaging studies repeatedly reported highly consistent and reproducible patterns
of sex differences in volume. In particular, males usually exhibit greater brain size and
greater GMV in occipito-temporal and subcortical regions (e.g., putamen), whereas
females show greater volume in fronto-parietal regions (e.g., Decasien et al., 2022).
When examining the two determinants of GMV (i.e., SA and CT), males usually show
overall higher SA in most cortical regions (Williams et al., 2021a), while studies on
CT reported more mixed findings (Ritchie et al., 2018; Wierenga et al., 2014)

In Experiment 3, we aimed at investigating sex differences in a sample of 829
participants drawn from the Wu-Minn HCP dataset (Van Essen et al., 2013). In order
to characterize different and complementary aspects of brain morphology, we
investigated sexual dimorphism in GM structure by combining distinct facets of
cortical morphology, namely GMV, SA, and CT.

In addition, we provide supplemental information on cortex morphology by measuring
the cortical complexity, which was quantified using the fractal dimension (FD), a
parameter employed to describe the geometry of complex natural systems
(Mandelbrot, 1967). In particular, the FD represents an estimate of shape complexity
that summarizes in a single numeric value the roughness and the irregularity of a
natural object, so that the more irregular an object is, the higher its FD value. In light
of evidence that the brain has fractal properties (e.g., self-similarity) at the microscopic
and macroscopic levels (Di leva et al., 2014, 2015) the use of the FD has increasingly

been prompted as a measure of cortical folding complexity. According to previous
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studies, the FD is associated with cognitive abilities (Im et al., 2006; Mustafa et al.,
2012). Furthermore, the FD differs significantly between clinical (e.g., schizophrenia
and Alzheimer’s disease) and non-clinical populations (Yotter et al., 2011; King et al.,
2009, 2010), and varies across the lifespan in healthy individuals (Kalmanti & Maris,
2007; Madan & Kensinger, 2016).

In addition, we used the source-based morphometry (SoBM) (Xu et al., 2009) to
address sex differences in GMV. This technique represents a multivariate extension of
the voxel-based morphometry (VBM), and uses the independent component analysis
(ICA) (Xuetal., 2009) to identify brain regions with similar patterns of variance. Then,
these regions are grouped into independent components (ICs) of GM covariance that
are supposed to correspond, to some extent, to resting-state 1Cs (Segall et al., 2012).
To determine whether there is a group difference in an IC, statistical analyses are
performed on the loading coefficients, i.e. scalar values representing how an individual
component is expressed in each participant (Gupta et al., 2019). So far, no study has
used the SoBM to address sex differences in GMV.

Overall, SoBM offers several advantages with respect to VBM. For instance, because
it takes into account covariation between voxels and provides information from a
network perspective, GM structures within the same IC are supposed to reflect shared
morphological features (Kasparek et al., 2010). Moreover, it also acts as a spatial filter
in order to identify and remove artifacts from real brain signals (Xu et al., 2009).
Based on previous findings (see Chen et al., 2007; Ruigrok et al., 2014; Williams et
al., 2021a), we predict that both males and females will show regional differences in
GMV, with a greater number of regions showing increased GMV in males compared
to females, rather than vice versa.

Moreover, we expect that the SoBM will provide more detailed information about sex
differences in GMV. Specifically, in line with prior findings, we expect females to
show larger volume in fronto-parietal regions, and males to exhibit larger volume in
occipito-temporal and subcortical regions.

With regard to SA, we expect to observe greater SA throughout the cerebral cortex for
males. Moreover, we expect differences in CT to be balanced in both directions.
Finally, the only study (Luders et al., 2004) that used the FD to characterize sex

differences in cortical complexity found higher FD in females in the superior frontal
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and parietal lobes bilaterally and in the right inferior frontal lobe (Luders et al., 2004).
Our results might corroborate and further expand these previous findings.

In conclusion, we expect that using different techniques and multiple measures, which
can capture different and complementary aspects of brain morphology, would provide

the best multidimensional and realistic picture of sex differences in GM structure.
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2. Aim of the work

It is now unanimously recognized that the brain can reorganize itself at both
structural and functional levels as a response to environmental factors (e.g., learning
and experience), and this phenomenon greatly contributes to individual differences in
brain structure and functional activity. However, some aspects of brain structure are
determined by factors, such as genes and hormones, that operate during fetal
development and are partly responsible for the individual variability in brain
morphology. These early-determined features of the brain may constrain the postnatal
development of cognitive abilities providing a differentiated neural substrate on which
the environment can operate in specific ways. In this dissertation, we examine the
dynamic interplay between the brain, behavior and environment by exploring two
main sources of individual neuroanatomical variability that are operate during prenatal
life, namely the cortical folding process and biological sex, and how they may possibly
be related to interindividual differences in cognitive abilities.

Inter-subject differences in longitudinally stable gyro-sulcal patterns, such as the PCS
and left OTS, have been recently linked to differences in functional activity, brain
structure, and cognitive performance (e.g., inhibitory control and reading ability).
Moreover, biological sex is a factor that shapes the human body from fetal
development onwards. This includes conspicuous as well as less visible characteristics
of the organism such as the brain. Evolution theory and genetics are informative about
why and how sex differences in brain structure have developed during phylo- and
ontogenesis. Crucially, a number of evidence suggests that males and females differ in
some cognitive abilities, and that the mechanisms underlying some of these differences
can be found in brain structure.

In Experiment 1, we used fMRI to investigate whether the ACC sulcal morphology is
associated to different patterns of brain activity while performing tasks that rely upon
EFs. In Experiment 2, we investigated the dynamic interplay between reading ability
and the structure (morphology and structural connectivity) of the left OTS, hosting the
VWEFA, and examined the putative association between the sulcal morphology of the
left OTS and reading ability. In Experiment 3, we explored sex differences in cortical
morphology by adopting different neuroimaging techniques that provide distinct and

complementary information about brain structure.
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3. Results

3.1 Experiment 1 (Results)

In this section, we present the results of the Experiment 1, which investigated
the association between ACC sulcal pattern and inhibitory control, addressed by using
the ANT and the Numerical Stroop task. First, we describe the ACC sulcal patterns
distribution among the study sample. Then, we report, for each task, the clusters of
neurofunctional activation detected by comparing tasks conditions (i.e., incongruent,
congruent, neutral) and individuals with different PCS profiles (i.e., PCS asymmetry
and PCS symmetry). For this purpose, we adopted a state-of-the-art approach to fMRI
analysis, the surface-based fMRI, which is supposed to provide a more precise
anatomical localization of the clusters of neurofunctional activity compared to the
standard volumetric approach (Brodoehl et al., 2020). In terms of behavioral
performance, we outline for each task the effects of Condition and ACC sulcal pattern
on RTs. Additionally, we report the results of delta plotting, which enables to describe
the temporal dynamics of cognitive processes by plotting task effects as a function of
response speed (De Jong et al., 1994; Ridderinkhof, 2002; Ridderinkhof et al., 2004).
Then, we report results of brain-behavior correlations. At the end of the paragraph, we
provide a short summary of the results. Detailed statistical procedures are reported in
Section 5.1.

ACC sulcal patterns classification

PCS asymmetry was observed in 20 participants (47.62%), while PCS symmetry was
present in 22 participants (52.38%). Among participants with asymmetric sulcal
patterns, leftward asymmetry was reported for 12 participants (28.57%), and rightward
asymmetry for 8 (19.05%). With regards to symmetric patterns, a double PCS presence
was observed in 8 participants (19.05%), and a double PCS absence in 14 participants
(33.33%). Sulcal patterns were equally distributed with respect to symmetry and
asymmetry (x>(1) = 0.09, p = 0.76). Moreover, participants with symmetric and
asymmetric profiles did not differ in age, gender, handedness, education,
socioeconomic status (SES), fluid intelligence quotient, and visuo-spatial working
memory (all ¥®s < 1; all ps > 0.3; all ts < 1).
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Neuroimaging analyses

ANT. Irrespective of ACC sulcal pattern, the incongruent vs congruent contrast
revealed significant activation in fronto-occipital regions, including the right
paracingulate gyrus and orbitofrontal cortex, the bilateral precentral gyrus, the left
ventral inferior temporal gyrus, and the right lateral occipital cortex. The incongruent
vs neutral contrast resulted in a similar pattern, including the bilateral paracingulate
gyrus, superior frontal gyrus, orbitofrontal cortex, and fusiform gyrus. The congruent
vs neutral contrast showed increased activation of bilateral occipital regions and the
left superior parietal lobule. No significant effect of ACC sulcal patterns was observed.

Results are reported in Experiment 1; Figure 1 and Experiment 1; Table 1.

Numerical Stroop. Irrespective of ACC sulcal pattern, the incongruent vs congruent
contrast showed the activation of frontal, insular, parietal, and occipital regions,
including the left paracingulate gyrus, the right superior frontal gyrus, the bilateral
anterior cingulate, orbitofrontal and insular cortices. The incongruent vs neutral
contrast resulted in the increased activation of frontal, parietal, and occipital regions,
including the bilateral pre- and postcentral gyri, the right paracingulate gyrus and
orbitofrontal cortex. The congruent vs neutral contrast did not reveal significant
results. When examining the effect of ACC sulcal patterns in the incongruent vs neutral
contrast, PCS symmetry compared to PCS asymmetry revealed increased activation of
the right paracingulate gyrus and the left superior frontal gyrus. Results are reported

in Experiment 1; Figure 2 and Experiment 1; Table 2.

S7



ANT

Incongruent > Congruent

Experiment 1; Figure 1. Significant clusters of neurofunctional activity during the
Attention Network Task (ANT). Results at the cluster level are corrected for multiple
comparisons using the Family-Wise Error (FWE) correction. Thresholds: p-FWE < 0.05 at
the cluster level, and p < 0.001 uncorrected at the vertex level. The figure is adapted with
permission from Fedeli et al. (2022) according to the Creative Commons license
(http://creativecommons.org/licenses/by/4.0/).
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ANT

Region (Harvard— Cluster K T z Peak
Contrast Hemisphere Oxford) p-FWE (mm® value score p-unc X y z
Lateral Occipital Cortex,
R inferior division <0.001 2151 8.3 6.32 <0.001 52 —-68 -8
Inferior Temporal Gyrus,
L temporooccipital part <0.001 2006 8.26 6.3 <0.001 —42 -62 -3
R Precentral Gyrus <0.001 233 6.89 558 <0.001 32 -4 46
L Precentral Gyrus <0.001 279 555 476 <0.001 —-24 -5 49
Incongruent> Postcentral Gyrus 0.004 39 527 458 <0.001 —46 —28 35
Congruent
L Precentral Gyrus 0.019 31 467 416 <0.001 -57 6 32
R Paracingulate Gyrus <0.001 82 427 3.86 <0.001 6 23 47
R Frontal Orbital Cortex 0.008 35 424 384 <0001 31 25 -7
R Precentral Gyrus 0.002 43 4.03 3.67 <0.001 46 8 35
R Occipital Pole <0.001 238 13.03 Inf <0.001 11 -96 -5
Occipital Fusiform
L Gyrus <0.001 3019 1241 Inf <0.001 -21 —-82 -—18
Occipital Fusiform
R Gyrus <0.001 2762 9.74 6.97 <0.001 24 -78 -14
R Middle Frontal Gyrus <0.001 400 876 654 <0.001 33 -2 50
L Superior Frontal Gyrus <0.001 849 8.3 6.32 <0.001 —-22 -4 49
L Frontal Orbital Cortex <0.001 249 6.75 551 <0.001 -31 26 -6
R Paracingulate Gyrus <0.001 359 6.47 534 <0.001 5 17 43
Incongruent > ]
Neutral R Frontal Orbital Cortex <0.001 534 624 52 <0.001 26 14 -—19
L Paracingulate Gyrus 0.048 27 6.07 51 <0.001 —-10 45 12
Juxtapositional Lobule
L Cortex <0.001 163 57 486 <0.001 -5 5 45
R Precentral Gyrus <0.001 107 544 469 <0.001 47 9 29
Juxtapositional Lobule
Cortex <0.001 50 514 449 <0.001 -6 -7 49
Superior Frontal Gyrus 0.012 34 449 4.03 <0.001 13 10 66
Intracalcarine Cortex 0.01 35 432 39 <0.001 15 -6l 6
Occipital Fusiform
L Gyrus <0.001 439 12.26 Inf <0.001 —19 —-83 -13
Occipital Fusiform
R Gyrus <0.001 279 117 771 <0.001 23 =79 —12
R Occipital Pole <0.001 94 11.62 7.68 <0.001 11 -96 -7
C"ﬁiﬁ‘:;” R Occipital Pole <0.001 90 563 4.81 <0.001 30 -93 8
L Superior Parietal Lobule 0.025 30 484 428 <0.001 —27 —54 46
R Intracalcarine Cortex 0.15 21 457 409 <0.001 15 =78 11
L Lateral Occipital Cortex 0.013 33 455 407 <0.001 —-26 —-83 17
L Intracalcarine Cortex <0.001 50 416 378 <0001 -6 —87 3

Experiment 1; Table 1. Significant clusters of neurofunctional activity during the Attention
Network Task (ANT). Significance threshold is set at p-uncorrected < 0.001 at the vertex
level, and p-FWE < 0.05 at the cluster level. For each cluster, only the local maximum is
reported. Coordinates are based on MNI standard template. L = Left hemisphere; R = Right

hemisphere.
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A Numerical Stroop task

Incongruent > Congruent

Symmetry > Asymmetry
(Incongruent > Neutral)

Experiment 1; Figure 2. Significant clusters of neurofunctional activity during the
Numerical Stroop task. A) Significant activations resulting from comparing task conditions.
B) Significant activations resulting from the contrast PCS symmetry vs PCS asymmetry.
Results at the cluster level are corrected for multiple comparisons using Family-Wise Error
(FWE) correction. Thresholds: p-FWE < 0.05 at the cluster level, and p < 0.001 uncorrected
at the vertex level. The figure is adapted with permission from Fedeli et al. (2022) according
to the Creative Commons license (http://creativecommons.org/licenses/by/4.0/).

60



Emotional Stroop Task

Contrast Hemisphere Region (Harvard— Cluster K T z Peak X y z
Oxford) p-FWE (mm® value score p-unc
Precentral Gyrus <0.001 2902 116 7.68 <0.001 —34 —-23 46
Occipital Fusiform - _ 001 706 72 576 <0001 —-28 —79 —14
Gyrus
Precentral Gyrus <0.001 313 718 574 <0.001 —-56 9 23
Lateral Occipital
Cortex, inferior <0.001 732 714 572 <0.001 38 -8 -9
division
Precentral Gyrus <0.001 122 6.67 546 <0.001 5, 11 32
Central Opercular — _o 00 78 646 533 <0001 —-49 —21 21
Cortex
Lateral Occipital
Cortex, superior <0.001 729 6.27 522 <0.001 -28 —-67 31
division
Cingulate Gyrus, — _ 001 199 623 519 <0001 4 27 16
anterior division
SuperiorFrontal  _ 001 410 614 514 <0001 24 -8 58
Gyrus
Frontal Orbital
Cortex <0.001 104 6.08 5.1 <0.001 28 18 16
Insular Cortex <0.001 120 576 4.9 <0.001 40 14 -7
Frontal Orbital <0001 79 562 481 <0001 26 15 —18
Cortex
Juxtapositional
Lobule Cortex <0.001 247 557 478 <0.001 8 3 46
Insular Cortex <0.001 54 548 472 <0.001 -—37 9 -4
Incongruent > .
Congruent Supramarglna_l
Gyrus, posterior <0.001 494 547 471 <0.001 37 =37 42
division
Paracingulate Gyrus  0.007 36 531 461 <0001 —12 46 2
Lateral Occipital
Cortex, superior <0.001 134 528 458 <0.001 30 -74 23
division
Precuneous Cortex  0.004 39 507 444 <0.001 4 —66 46
Intracalcarine <0.001 163 492 434 <0001 -12 -77 10
Cortex
Cingulate Gyrus, _
anterior division <0.001 207 485 428 <0.001 2 31 19
Intracalcarine <0.001 147 476 423 <0.001 7 -73 10
Cortex
Cingulate GyIus, 516 3 476 422 <0001 -2 -24 43
posterior division
Precuneous Cortex  0.011 34 472 419 <0.001 -4 -57 32
Cingulate Gyrus,
posterior division <0.001 54 472 419 <0.001 -2 =50 21
Lateral Occipital
Cortex, superior
division <0.001 190 4.68 4.16 <0.001 29 —-62 53
Angular Gyrus 0.036 28 4.67 4.16 <0.001 41 -57 17
Insular Cortex 0.001 44 426 3.85 <0.001 -35 -4 16
Superior Parietal
Lobule <0.001 76 4.09 3.72 <0.001 28 —48 50
Inferior Frontal
Gyrus, pars <0.001 67 533 462 <0.001 —-45 16 9
opercularis
Incongruent > Postcentral Gyrus <0.001 91 531 46 <0.001 46 —30 46
Neutral Supramarginal
Gyrus, anterior <0.001 691 521 454 <0.001 —-52 —-30 46

division
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R Occipital Pole 0.043 28 518 452 <0.001 28 —-94 -12
Angular Gyrus <0.001 72 506 443 <0.001 -54 -57 33
Superior Temporal
R Gyrus, posterior 0.003 42 494 435 <0.001 63 —24 -5
| . division
>
Moo o Precentral Gyrus ~ <0.001 155 492 433 <0001 -49 8 33
R Angular Gyrus 0.002 44 464 413 <0.001 39 -55 43
Inferior Frontal
L Gyrus, pars 0.004 40 396 363 <0.001 -52 20 15
opercularis
Congruent > B _ B B B B B B B B
Neutral
Stroop
(Incongruent >
Neutral)
) Superior Frontal
Symmetric > L Gyrus 0.013 33 501 436 <0.001 —4 46 46
Asymmetric
R Paracingulate Gyrus 0.002 43 4.84 424 <0.001 5 3 30

Experiment 1; Table 2. Significant clusters of neurofunctional activity during the
Numerical Stroop task. Results obtained by comparing task conditions and by contrasting
PCS asymmetry > PCS symmetry are reported. Significance threshold is set at p-uncorrected
< 0.001 at the vertex level, and p-FWE < 0.05 at the cluster level. For each cluster, only the
local maximum is reported. Coordinates are based on MNI standard template. L = Left
hemisphere; R = Right hemisphere.
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Behavioral analyses

ANT. When examining the effect of Condition on RTs, we observed a significant effect
(x? (2) = 1657.79, p < 0.001). In particular, we detected faster responses for neutral
(mean RTs = 552 ms + 126) compared to congruent trials (mean RTs = 571 + 129; b
= - 18.84, SE = 2.86, t = — 6.59), and faster responses for congruent compared to
incongruent trials (mean RTs = 667 ms + 150, b = — 95.75, SE = 2.86, t = — 33.45).
No effect of ACC sulcal pattern was observed (? (1) = 0.92, p = 0.34), nor a two-way
interaction between ACC sulcal pattern and Condition (x® (1) = 3.2, p = 0.2). Delta
plots are reported in Experiment 1; Figure 3. Delta plots show that the incongruent >
congruent effect (i.e., incongruency effect) increased linearly for individuals with
asymmetric patterns and nonlinearly for individuals with symmetric patterns, which
exhibit a flatter slope that decreases in the fifth quantile associated with the slowest
responses. Similarly, the incongruent > neutral effect (i.e., interference effect)
increased linearly for individuals with asymmetric patterns and nonlinearly for
individuals with symmetric patterns, with a slope that flattened in the last quantile. The
congruent > neutral effect was constant for individuals with asymmetric PCS, with an
almost flat slope across all the quantiles, while the same effect increased linearly for

individuals with symmetric PCS.
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Experiment 1; Figure 3. Delta plots for the Attention Network Task (ANT). Effects are
plotted as a function of quantiles. Incong = Incongruent; Cong = Congruent; Neu = Neutral.
The figure is adapted with permission from Fedeli et al. (2022) according to the Creative
Commons license (http://creativecommons.org/licenses/by/4.0/).
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Numerical Stroop task. The effects of ACC sulcal pattern and Condition on RTs were
tested, revealing a significant effect of Condition (32 (2) = 348.12, p < 0.001). In
particular, we detected faster responses for congruent (mean RTs = 639 ms + 155)
compared to neutral trials (mean RTs = 673 ms + 164; b =—33.59, SE=3.54,t=—
9.5), and faster responses for congruent compared to incongruent trials (mean RTs =
707 ms £ 172; b =—66.91, SE = 3.55, t = — 18.84). No effect of ACC sulcal pattern
was observed (y? (1) = 2, p = 0.16), nor a two-way interaction between ACC sulcal
pattern and Condition (3% (1) = 3.2, p = 0.2). Delta plots are reported in Experiment 1;
Figure 4. The incongruent > congruent effect (i.e., incongruency effect) increased
almost linearly for both individuals with asymmetric and symmetric patterns. The
incongruent > neutral effect (i.e., interference effect) increased nonlinearly in
individuals with an asymmetric PCS, with the slope flattening from the third quantile
onwards, and linearly in individuals with symmetric PCS. The neutral > congruent
effect remained stable across all quantiles for both individuals with symmetric and

asymmetric PCS.

Brain-behavior correlation

In order to explore the effect of PCS symmetry detected in the incongruent > neutral
contrast of the Numerical Stroop task, a correlation analysis was performed between
brain activity and RTs associated with the incongruent > neutral effect (interference
effect). Using the significant clusters resulting from the incongruent > neutral contrast
in Numerical Stroop, the mean Blood Oxygenation Level Dependent (BOLD) signal
was extracted for each participant. Then, a correlation analysis was performed between
the mean BOLD activity and the interference effect associated with the slowest
responses (corresponding to the fourth and fifth quantiles of the delta plots).
Correlations were performed independently for individuals with asymmetric and

symmetric sulcal patterns. No significant correlation was observed.
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Experiment 1; Figure 4. Delta plots for the Numerical Stroop task. Effects are plotted as a
function of quantiles. Incong = Incongruent; Cong = Congruent; Neu = Neutral. The figure
is adapted with permission from Fedeli et al. (2022) Creative Commons license
(http://creativecommons.org/licenses/by/4.0/).
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Summary

The incongruent > congruent and incongruent > neutral contrasts in the ANT activated
a bilateral pattern of frontal and occipital regions, including paracingulate, precentral
and inferior frontal gyri, as well as lateral occipital and ventral occipitotemporal
regions. In the same task, the congruent vs neutral contrast showed increased activation
of bilateral occipital regions and left superior parietal lobule. Analyses on RTs
revealed a significant effect of Condition (neutral > congruent > incongruent). No
effect of ACC sulcal patterns was observed in neuroimaging or behavioral analyses.
The delta plots of the ANT showed that PCS asymmetry was associated with an
increase of the incongruency and interference effects as a function of response speed,
whereas individuals with PCS symmetry showed a reduction of the same effects,
pointing toward an advantage of PCS symmetry. In the Numerical Stroop task, the
incongruent > congruent contrast resulted in the activation of frontal, insular, parietal,
and occipital regions, including the ACC and the paracingulate gyrus, while the
incongruent > neutral contrast revealed the activation of a similar pattern of regions,
but no significant activation of medial frontal areas was detected. We found evidence
that ACC sulcal organization affects brain functional activity associated with RI during
the Numerical Stroop task. Specifically, PCS symmetry compared to PCS asymmetry
was associated with increased neurofunctional activity of the medial frontal regions
(i.e., left superior medial frontal gyrus and right paracingulate gyrus) in the
incongruent > neutral contrast (i.e., interference effect) of the Numerical Stroop task.
Analyses on RTs revealed a significant effect of Condition (congruent > neutral >
incongruent), but no effect of ACC sulcal patterns. Visual inspection of the delta plots
generated for the same task revealed that PCS symmetry was associated with an
increase of the interference effect as a function of response speed, whereas PCS
asymmetry was associated with a reduction of the same effect in correspondence with
the last quantiles (i.e., slowest responses), pointing toward a PCS asymmetry

advantage. No significant brain-behavior correlation was found.
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3.2 Experiment 2 (Results)

In this section, we first present results concerning the association between
reading ability and left OTS morphology and structural connectivity. Then, we present
findings concerning whether the left OTS sulcal organization is correlated with i)
reading ability; ii) left OTS morphology; iii) left OTS structural connectivity. The
morphology of the sulcus was characterized using distinct indices of cortical structure,
specifically GMV, SA, CT, and SD. In order to account for individual differences in
brain size, each index was properly corrected using the corresponding measure of
global brain structure (i.e., TIV for GMV; total SA for SA; average CT for CT).
Structural connectivity analyses were performed using the Network-Based Statistics
(NBS) Connectome toolbox (Zalesky et al., 2010). The effects of interest were tested
using a range of network-forming thresholds: 2.4 — 2.8 (in line with recent studies,
e.g., Beareetal., 2017; Celik et al., 2020; DeSerisy et al., 2021). In the present section,
we report only networks detected using a primary threshold of 2.6 (further details about
the NBS statistical approach are reported in section 5.2). Effects of left OTS sulcal
organization were examined by considering the possible effect of the position of the
interruption (i.e., anterior and/or posterior interruption). At the end of the paragraph,

we provide a short summary of the results.

Reading-related morphometric measures of left OTS

Reading ability was not associated with morphometric indices extracted from the left
OTS (all ps > 0.05).

Reading-related connectivity of left OTS

Using thresholds 2.4, 2.5, 2.6 and 2.7, reading ability was positively associated with a
set of nodes connected to the left OTS (p-family-wise error (FWE) corrected < 0.05).
No significant networks were observed at threshold 2.8 (p-FWE > 0.05). Using a
primary threshold of 2.6, we detected a network of regions positively associated with
reading ability (p-FWE = 0.032), including the left superior temporal regions, insula,
orbitofrontal cortex, and putamen (Experiment 2; Figure 1). The nodes included in the
network and the corresponding t-values are reported in Experiment 2; Table 1.
Network detected using other primary thresholds are reported in the Appendices (see

Appendices; Experiment 2; Figure S1).
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Experiment 2; Figure 1. Reading-related network. Anatomical labels were adopted from the
Destrieux Atlas (Destrieux et al., 2010). OTS = occipitotemporal sulcus; STG = superior
temporal gyrus; TTS = temporal transverse sulcus; Put = putamen; 1ISG = insular short gyrus;
OHS = orbital H-shaped sulcus; L = left hemisphere; R = right hemisphere. The figure is
adapted with permission from Del Mauro, Del Maschio et al. (2022).

Node T-value

LH Insular short gyrus 2.77

LH Superior temporal gyrus 3.02

LH Orbital H shaped sulcus 2.90

LH Temporal transverse 2.93

sulcus

LH Putamen 2.62

Experiment 2; Table 1. Reading-related network. For each node of the network is reported
the corresponding t-value. Each node is connected to the left lateral occipitotemporal sulcus
(OTS). Anatomical labels were adopted from the Destrieux Atlas (Destrieux et al., 2010); LH
= left hemisphere.

Effect of left OTS sulcal pattern on reading
The sulcal organization of the left OTS was not significantly associated with reading
ability. In particular, neither the anterior nor posterior interruption was associated with

reading proficiency (all ps > 0.05).
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Effect of left OTS sulcal pattern on morphometric measures

The posterior organization of the left OTS was significantly associated with the SD of
the sulcus (t = 3.898, p-Bonferroni < 0.001). In particular, posterior continuation,
rather than interruption, was correlated to increased SD of the left OTS. Similarly, the
SA of the sulcus was higher when the posterior branch of the left OTS was continuous,
rather than interrupted (t = 4.94, p-Bonferroni < 0.001). Moreover, the two-way
interaction between posterior and anterior sulcal patterns had a significant effect on
the SA of the left OTS (t = -2.589, p-Bonferroni = 0.045). The plot of the interaction
is reported in Experiment 2; Figure 2. The plot suggests that a posterior interruption
of the sulcus, independently from the pattern of the anterior OTS (i.e., double-
interrupted and posterior-interrupted patterns), was associated to lower SA, compared
to double-continuous and anterior-interrupted (posterior continuous — anterior
interrupted) patterns, with the latter showing the highest SA. No significant effect of
sulcal patterns was observed on GMV and CT (p > 0.05).

800

Left anterior OTS sulcal pattern

— Continuous
Interrupted

Left OTS SA (mean)
~
o
o

—

600

Continuous Interrupted

Left posterior OTS sulcal pattern

Experiment 2; Figure 2. Posterior x Anterior sulcal patterns two-way interaction. The mean
surface area (SA) is reported on the Y-axis. The posterior sulcal pattern of left
occipitotemporal sulcus (OTS) is reported on the X-axis. The anterior sulcal pattern is
indicated by colors: black = continuous; gray = interrupted. Double-interrupted and
posterior-interrupted (posterior interrupted — anterior continuous) patterns are associated to
lower SA, compared to double-continuous and anterior-interrupted (posterior continuous —
anterior interrupted) patterns. Anterior-interrupted pattern exhibit the highest SA. The figure
is adapted with permission from Del Mauro, Del Maschio et al. (2022).
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Effect of left OTS sulcal pattern on structural connectivity

Using thresholds 2.4, 2.5 and 2.6, posterior interruption was significantly associated
with a set of nodes connected to the left OTS (p-FWE < 0.05). No significant effect
was observed at thresholds 2.7 and 2.8. Using a primary threshold of 2.6, the network
associated with posterior interruption (p-FWE = 0.042) included the left precuneus,
the right inferior temporal sulcus and the right calcarine sulcus (see Experiment 2;
Figure 3; Experiment 2; Table 2). Networks observed using thresholds 2.4 and 2.5 are
reported in the Appendices (see Appendices; Experiment 2; Figure S2). No main effect
of anterior sulcal pattern was observed, nor a two-way interaction between anterior

and posterior sulcal patterns (p-FWE > 0.05).
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Experiment 2; Figure 3. Network associated with posterior occipitotemporal sulcus (OTS)
interruption. Anatomical labels were adopted from the Destrieux Atlas (Destrieux et al.,
2010). OTS = occipitotemporal sulcus; PRC = precuneus; CS = Calcarine sulcus; ITS =
inferior temporal sulcus; L = left hemisphere; R = right hemisphere. The figure is adapted
with permission from Del Mauro, Del Maschio et al. (2022).

Node T-
value
LH Precuneus 3.09
RH Inferior temporal sulcus 2.98
RH Calcarine sulcus 2.74

Experiment 2; Table 2. Network associated with posterior occipitotemporal sulcus (OTS)
interruption. For each node, the corresponding t-value is reported. Each node is connected
to the left OTS. Anatomical labels were adopted from the Destrieux Atlas (Destrieux et al.,
2010). LH = left hemisphere; RH = right hemisphere.
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Summary

Reading proficiency scores were not associated with cortical morphological (i.e.,
GMV, SA, CT, and SD) of the left OTS, hosting the so-called VWFA. However,
reading ability significantly predicted the connectivity strength between the left OTS
and a network of left-lateralized brain regions involved in language and reading
processing, including insula, orbital sulcus, superior temporal gyrus, temporal
transverse sulcus, and putamen. This result indicates that reading skills might be
associated with the communication of the left OTS with other regions involved in
reading. In contrast with our hypothesis, we did not detect a significant association
between posterior interruption of the left OTS and reading ability. Nonetheless, we
observed that the posterior interruption of the left OTS was associated with lower SA
and SD of the sulcus and increased structural connectivity between the left OTS and

the right inferior temporal sulcus, the right calcarine sulcus, and the left precuneus.
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3.3 Experiment 3 (Results)

Sex differences in global brain structure and cortical regions

In this section, we describe sex differences using distinct indices of cortical
morphology. First, we report sex differences in global brain structure, as addressed by
TBV, total SA, average CT, and FD of the cortical ribbon. With regards to sex
differences in brain regions, we first describe the results of the analysis performed on
the global brain structure and on the cortical regions using four indices of cortical
morphology (i.e., GMV, SA, CT and FD) without correcting for brain-general
differences between males and females. Then, we report the results of this analysis
after applying a proper correction to account for sex differences in global brain
structure. In particular, local morphometric values were linearly corrected using the
appropriate global measure, namely TBV for GMV, total SA for SA, average CT for
CT, and FD of the cortical ribbon for FD. For each analysis, we also report the largest
effect sizes calculated with the Cohen’s d. Note that negative effect sizes denote higher
brain measures in males, and vice versa. Also note that the definition of the cortical
regions is based on the whole-brain parcellation atlas provided by Destrieux et al.
(2010), which includes 148 regions of interest (ROIs) (Appendices; Experiment 3;
Figure S1). At the end of the paragraph, we provide a short summary of the results.

Further details on statistical analyses are reported in Section 5.3.

Sex differences in global brain structure. Males had significantly larger TBV (d = -
1.48) and total SA (d = -1.42) than females. No difference emerged for average CT
and FD of the cortical ribbon (p > 0.05) (Experiment 3; Table 1).
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Sample Females Males
(N = 829) (N = 380) (N = 449)
Mean + Mean + Mean +
) ) )
1253379 « 1168788 = 1324969 +
TBV (mm) 127226.3 93021.81 106722.6
; 175562.8 £ 164007.6 £ 1853422 &
Total SA (mm*) 17881.64 13591.39 15019.73
) 263+ 263+ 264+
Average CT (mm’) 0.08 0.08 0.09
. 258+ 258+ 258 ¢
FD of the cortical 0.01 0.01 0.01

ribbon

Experiment 3; Table 1. Descriptive statistics of global brain structure. Mean and standard
deviation (SD) of total brain volume (TBV), total surface area (SA), average cortical thickness
(CT), and fractal dimension (FD) of the cortical ribbon are reported for the entire sample,
and for males and females separately.

Sex differences in cortical regions. We found only limited sex differences in GMV and
SA. In terms of cortical GMV, males compared to females had larger volume in 13
ROIs. In particular, large differences were found in the left (d = -0.44) and the right
short insular gyri (d = -0.4). Other regions with larger volume in males included
occipital poles, orbital sulci, and the left rectus.

On the other hand, 8 ROIs were larger in females compared to males. The largest
differences were located in the left superior parietal gyrus (d = 0.31) and the occipital
sulcus (d = 0.29). Other regions with larger volume in females included the right
superior parietal gyrus, the postcentral gyrus, and the bilateral superior frontal sulcus
(Experiment 3; Figures 1A) (a table including all the regions significantly different
between males and females is reported in Appendices; Experiment 3; Table S1).
With regards to SA, we observed significant sex differences in 10 ROls, which largely
corresponded to the regions where we detected significantly different volumes. In
particular, 6 ROIs had greater SA in males (right occipital pole; d =-0.28), and 4 ROIs
had greater SA in females (left superior occipital sulcus; d = 0.3) (Experiment 3;
Figures 1B) (a detailed list of significantly different regions is reported in Appendices;
Experiment 3; Table S2).

On the other hand, CT displayed broad differences in both directions and distributed
across the entire cerebral cortex. Specifically, 30 ROIs showed higher thickness in

males compared to females (right inferior segment of the circular sulcus of the insula;
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d = -0.67), and vice versa 30 ROIs were thicker in females compared to males (left
angular gyrus; d = 0.46) (Experiment 3; Figures 1C) (a detailed list of significantly
different ROIs is reported in Appendices; Experiment 3; Table S3).

When examining differences in FD, all but 11 ROIs exhibited higher FD in males
(left short insular gyrus, d = -1.04) (Experiment 3; Figures 1D) (a list of the ROIs
where no significant sex difference was detected is reported in Appendices;
Experiment 3; Table S4).

Cohen's d cortical thickness Cohen's d fractal dimension

06 04 02 00 02 04 06 1.0 05 00 05 1.0

Experiment 3; Figure 1. Sex differences across regions of interest (corrected). Sex
differences in gray matter volume (A), surface area (B), cortical thickness (C), and fractal
dimension (D). The colormap is based on the direction and intensity of effect sizes. Color green
indicates higher local values for males (i.e., negative effect sizes), while color orange indicates
higher local values for females (i.e., positive effect sizes). The figure is adapted with
permission from Del Mauro, Del Maschio, Sulpizio, et al. (2022).
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Source-based morphometry

Among the 57 ICs included in the statistical analysis, 26 components were found to be
significantly different as a function of sex (note that a significant group difference in
an IC indicates that one group has a higher GMV in that component compared to
another). Each component was converted into Z scores and thresholded at |[Z > 3.5| in
order to display only clusters that were strictly related to their IC. The ICs are presented
here divided into groups with similar spatial topography. For each group, we report
either the mean effect size, or the effect size of each IC included in the group. Negative
effect sizes denote higher GMV in males. Only representations of two groups of ICs
are reported in this section as main examples. Further details about the SoBM
technique are reported in Section 5.3. Detailed results are reported in Appendices;
Experiment 3; Table S5.

Subcortical components (IC1, IC14, IC17). Females showed higher GMV in bilateral
thalamus (IC1; d = 0.22) and caudate (IC14; d = 0.34). Males exhibited larger GMV
in bilateral putamen (IC17; d = -0.33) (Experiment 3; Figure 2).

Frontal components (IC13, IC27, 1C29, IC36, 1C49, IC75). Females showed larger
volume in all frontal components, (e.g., ACC, medial orbitofrontal cortex, dorsolateral
and ventrolateral prefrontal cortex) (mean d = 0.27) (Appendices; Experiment 3;
Figure S2).

Temporal and parahippocampal components (IC3, IC19, 1C21, 1C43). Males
exhibited higher volume in lateral and medial temporal regions (e.g., inferior temporal
cortices, fusiform gyri) (IC3, IC19, 1C21) (mean d = -0.4). Females showed higher
volume in the right superior temporal cortex, encompassing the inferior parietal lobule
(IC43) (d =0.27) (Appendices; Experiment 3; Figure S3).

Parietal and pre-postcentral components (IC18, I1C31, IC51, I1C73). Females had
larger volume in the inferior parietal lobules, pre- and postcentral gyri (mean d = 0.32)
(Experiment 3; Figure 3).

Posterior components (IC5, IC16, 1C44; 1C50). Precuneus and posterior/middle
cingulate cortex were larger in females (IC5, IC44; mean d = 0.22), as well as superior
and medial occipital regions (IC50; d = 0.21). Males exhibited larger volume in the
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most inferior and rostral aspects of the occipital lobes, including calcarine scissure and
lingual gyri (IC16; d = -0.93) (Appendices; Experiment 3; Figure S4).

Cerebellar components (1C4, IC42, IC45, IC48, and 1C64). All cerebellar components
were larger in males compared to females (mean d = -0.32) (Appendices; Experiment
3; Figure S5).

Subcortical components
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Experiment 3; Figure 2. 1Cs grouped as subcortical components. Females showed larger
gray matter volume (GMV) in IC1 and IC14, while males showed larger GMV in the 1C17.
Colormap is based on Z-score thresholded at |Z > 3.5|. The figure is adapted with permission
from Del Mauro, Del Maschio, Sulpizio, et al. (2022).
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Parietal and pre-postcentral components
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Experiment 3; Figure 3. ICs grouped as parietal and pre-postcentral components. Females
showed larger gray matter volume (GMV) in all parietal and pre-postcentral components.
Colormap is based on Z-score thresholded at |Z > 3.5|. The figure is adapted with permission
from Del Mauro, Del Maschio, Sulpizio, et al. (2022).
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Summary

Males compared to females showed larger TBV and total SA. When examining brain
cortical regions, males and females exhibited only small differences in GMV and SA.
Overall, males displayed larger values of these indices in bilateral insula, occipital
pole, and orbital frontal cortex, whereas females showed larger values in superior
parietal and occipital regions. With regards to CT, we did not observe a significant sex
difference in the average CT. In the cortical regions, differences between males and
females were more extended and equally distributed in both directions (males >
females and females > males) with respect to GMV and SA. In particular, males had
thicker cortex in the insular, temporal, and ventral cortices, while females displayed
higher thickness in frontal, parietal, and medial regions. Values of FD were larger in
males across the whole cortex. Analyses of structural ICs extracted by means of the
SoBM revealed that males had larger GMV in cerebellar and temporal regions, as well
as the occipital poles and putamen. In contrast females exhibited larger volume in

frontal, parietal and cingulate cortices, as well as caudate and thalamus.
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4. Discussion

4.1 General discussion

In the present dissertation, we investigated two key sources of brain anatomical
variability, namely cortical folding patterns and biological sex. These factors are
determined during fetal development by the effects of genes and hormones. In fact, on
the one hand, recent evidence suggests that cortical folding patterns are arguably
influenced by genetic and intra-uterine environmental factors (Amiez et al., 2018); on
the other hand, a number of studies have demonstrated that steroid hormones and sex-
chromosome genes can directly influence brain morphology in utero (McCarthy et al.,
2017). In addition, both cortical folding patterns and biological sex are supposed to
influence the development of cognitive abilities, although this relationship is far from
being fixed and determined over time (e.g., see Cachia et al., 2018; Del Maschio,
Sulpizio et al., 2019; Gur & Gur, 2017). In this dissertation, we described three
experiments. The first two experiments examined the relationship between brain
function, brain structure, and cognitive abilities by adopting early-determined and
longitudinally stable individual differences in sulcal patterns as a proxy for intra-
uterine events that might influence cognitive abilities. In particular, Experiment 1
focused on the anatomical variability of the PCS, and Experiment 2 examined the
sulcation patterns of the left OTS.

In Experiment 1, we aimed at investigating whether PCS patterns (i.e., PCS symmetry
and PCS asymmetry) were associated with differences in neurofunctional activation
and behavioral performance during tasks that require inhibitory control, namely the
ANT and the Numerical Stroop task. When examining the effect of ACC sulcal
patterns on brain activity and behavioral performance of the ANT, no significant result
was found. This result is in contrast with our hypothesis and with previous experiments
where PCS asymmetry was associated with an advantage in RI assessed by means of
the Flanker task (Cachia et al., 2017; Del Maschio, Sulpizio, et al., 2019). This
discrepancy may be attributed to differences in the overall study design and in the
group classification. Indeed, Cachia et al. (2017) adopted a two-level classification of
ACC sulcal patterns (i.e., leftward asymmetry and symmetry), whereas Del Maschio,

Sulpizio, et al. (2019) classified their sample using a four-level index. We suggest that,
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in both studies, sample inhomogeneity may have resulted in the overestimation of the
leftward asymmetry pattern.

Visual inspection of the delta plots showed that incongruent > congruent and
incongruent > neutral effects (i.e., incongruency and interference effects, respectively)
increased linearly in individuals with PCS asymmetry and non-linearly in individuals
with PCS symmetry. In particular, the latter group was characterized by the leveling-
off of the slope in the last quantiles (i.e., slower responses). This pattern has typically
been associated with a reduction in RI during the Flanker task (Pratte, 2021;
Ridderinkhof et al., 2005; Tieges et al., 2009). According to the activation-suppression
hypothesis (Ridderinkhof, 2002; Ridderinkhof et al., 2004, 2005), incongruent trials
activate inappropriate and automatic responses that have to be selectively inhibited.
This selective inhibition would require time to build up in order to become effective.
Hence, incongruent trials would lead to large interference when responses are fast (i.e.,
positive-going slope in correspondence with the first quantiles); on the contrary,
selective inhibition processes would have time to develop when responses are slow,
thus reducing the interference of the automatic incorrect responses (i.e., leveling-off
of the slope in the last quantiles). Contrary to our expectations and to previous findings
(Cachia et al., 2017; Del Maschio, Sulpizio, et al., 2019), the leveling-off of the slope
observed in individuals with a symmetric PCS profile indicates that these participants
were more efficient at suppressing incongruent responses in the slowest quantiles
compared to individuals with PCS asymmetry. The PCS symmetry advantage
observed herein may be interpreted in terms of the relationship between brain
morphological symmetry and structural connectivity. Indeed, evidence suggests that
the Flanker task may be associated with bilateral information processing, and
specifically with symmetric neurofunctional activity and connectivity in prefrontal
regions (Chen et al., 2018). Moreover, brain symmetry has been associated with
greater transcallosal structural connectivity, which would enable faster inter-
hemispheric information transfer compared to brain asymmetry (Doron & Gazzaniga,
2008; Nowicka & Tacikowski, 2011; Toga & Thompson, 2003). Therefore, we
hypothesize that PCS symmetry may be associated with greater transcallosal structural
connectivity and a more efficient bilateral information transfer and integration, which

would lead to a greater RI efficiency during the ANT.
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For what concerns the Numerical Stroop task, we observed a significant difference in
the incongruent > neutral contrast when comparing the brain neurofunctional activity
of individuals with different ACC sulcal patterns. In particular, PCS symmetry
compared to PCS asymmetry was associated with greater activation of medial frontal
regions, including the left superior frontal gyrus and the right paracingulate gyrus. This
result is consistent with our hypothesis and with prior findings showing a PCS
asymmetry advantage in inhibitory control during the Stroop task (Borst et al., 2014;
Tissier et al., 2018). Indeed, increased functional activity of these regions has been
associated with greater task difficulty and cognitive load (Kolling et al., 2016; Shenhav
et al., 2014), and thus it may reflect greater effort in inhibiting automatic incorrect
responses for participants with a symmetric PCS profile. This effect may be interpreted
in terms of brain asymmetry and hemispheric specialization. In fact, evidence suggests
that the Stroop task may rely upon partially lateralized processes (Chen et al., 2018).
It has also been proposed that PCS asymmetry compared to PCS symmetry may be
associated with faster lateralized intra-hemispheric information transfer (Cachia et al.,
2014), which is supposed to be more efficient compared to processing and combining
inter-hemispheric information (Doron & Gazzaniga, 2008; Nowicka & Tacikowski,
2011; Toga & Thompson, 2003). Therefore, we suggest that individuals with PCS
asymmetry may take advantage of a more efficient inhibitory control during the
Numerical Stroop task as a consequence of faster lateralized intra-hemispheric
information transfer. In contrast, symmetric PCS profiles would be associated with
slower inter-hemispheric information transfer and integration. Higher functional
activity in medial frontal regions in the symmetric group may thus reflect the difficulty
of integrating information processed by both simultaneously activated hemispheres.
Indeed, the process of updating and combining interhemispheric information would
arguably be time-consuming. We hypothesize that the asymmetric advantage
recurrently reported during the Stroop task is likely a result of the increased cost
associated with updating and combining information processed by the two
hemispheres in individuals with a symmetric PCS profile (Borst et al., 2014; Cachia et
al., 2014; Tissier et al., 2018). Differences in brain functional activity between
individuals with different inter-hemispheric PCS distribution have been found only for

the incongruent > neutral contrast. Possibly, incongruent > congruent and incongruent
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> neutral effects may reflect different processes that underpin this specific version of
the Stroop task. According to these results, individuals with distinct ACC sulcal
patterns might have a modest but measurable difference in brain neurofunctional
activity.

When examining the effect of ACC sulcal patterns on the RTs of the Numerical Stroop
task, no significant result was found. Visual inspection and interpretation of the delta
plots are consistent with the differences in brain activity herein reported. Indeed, the
incongruent > neutral (interference) effect increased non-linearly in individuals with
asymmetric PCS pattern, with the slope leveling-off and decreasing in the slow
quantiles. This pattern may suggest a reduction of the interference effect and a more
efficient inhibition of incorrect automatic responses as a function of response speed in
the asymmetric group. On the contrary, the same effect increased linearly in
individuals with symmetric PCS pattern, pointing toward an increasing interference
effect as a function of quantiles, possibly due to greater effort to combine responses
from both simultaneously active hemispheres.

Collectively, these results suggest that the strength and the direction of the association
between ACC sulcal organization and EFs may depend on the degree of symmetric or
asymmetric processing required by the task adopted. Moreover, a significant group
difference in neurofunctional activity found only in the Numerical Stroop task
indicates that individuals with an asymmetric PCS would have a more pronounced
advantage when performing functionally asymmetric tasks.

Despite the delta plots suggesting that individuals with symmetric and asymmetric
PCS patterns may differ with respect to the temporal dynamic of inhibitory processes,
we did not replicate previous findings reporting a PCS asymmetry advantage in terms
of response speed (e.g., Cachia et al., 2017; Del Maschio, Sulpizio, et al., 2019; Tissier
etal., 2018). Although the use of delta plots may have revealed aspects that could have
gone unnoticed in the previous experiments, we also note that these discrepancies may
depend on differences in the experimental design and in the criteria adopted for sulcal
patterns classification.

Similarly, in the Experiment 2 we failed to replicate previous findings reporting an
association between posterior interruption of the left OTS, hosting the VWFA, and
better reading ability (Borst et al., 2016; Cachia et al., 2018). We suggest that the
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sociodemographic characteristics of the sample (i.e., small age range and the high
educational level) and the specific task adopted to measure reading ability may account
for the lack of a relationship between left OTS sulcal variability and reading ability. In
particular, the TORRT, adopted herein as well as in other studies investigating the
neural correlates of reading skills (Chen et al., 2019; Kristanto et al., 2020), is supposed
to reflect both reading ability and verbal intelligence (Gershon et al., 2014; Grober &
Sliwinski, 1991). In contrast, other recent studies have used reading fluency measures
(i.e., number of words correctly read per minute) (Cachia et al., 2018), which might
reflect more specific, low-level processes. Therefore, it is possible that our measure of
reading proficiency, capturing multiple aspects concerning reading ability and verbal
intelligence (Gershon et al., 2014; Grober & Sliwinski, 1991), may be less suited to
detect the relationship between left OTS sulcal organization and reading ability as
compared to the measure of reading fluency adopted by previous studies (Borst et al.,
2016; Cachia et al., 2018).

Despite disconfirming previous results, we observed that the posterior interruption of
the left OTS was correlated with lower SA and SD, indicating a close relationship
between the morphology of the left OTS and the sulcal organization of the posterior
branch of the sulcus. This result is consistent with evidence related to other brain sulci
such as the PCS. Specifically, it has been shown that the occurrence of the PCS is
associated with variability of gray matter morphology (e.g., SA; Fornito et al., 2008)
and functional connectivity profiles (Fedeli et al., 2020) in the adjacent cingulate and
parancingulate cortices. Additionally, we found that posterior interruption of the left
OTS was correlated with increased connectivity between the sulcus and the left
precuneus, the right calcarine sulcus, and the right inferior temporal sulcus. This is the
first evidence that distinct sulcal patterns of brain sulci may be associated with
differences in structural connectivity. It would be tempting to hypothesize that a
posterior interruption of the left OTS may facilitate controlateral information transfer
between left OTS and right hemisphere visual regions, in line with the evidence
showing that the posterior aspects of the left OTS are structurally connected with both
ipsi- and controlateral visual areas (Bouhali et al., 2014). Note, however, that no
significant network was observed using thresholds above 2.6 (i.e., 2.7 and 2.8), and

thus this result should be considered carefully.
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Moreover, the interpretation of these findings is not straightforward due to the lack of
a specific association between left OTS sulcal organization and reading ability.
Therefore, we limit ourselves to suggest that differences in morphology and
connectivity trajectories between distinct sulcal configurations of the left OTS may
reflect fine-graded changes in the cortical cytology (Fischl et al., 2008; Lerma-
Usabiaga et al., 2018; Palomero-Gallagher et al., 2008). Recent models of gyrification
indicate that corticogenesis may be driven at a cytoarchitectonic level by non-uniform
patterns of cellular growth and proliferation, as well as by the formation of cortico-
cortical connections that influence the regional maturation of neuron populations
(Ronan & Fletcher, 2015). One might speculate that distinct sulcation patterns of the
left OTS may result from differences in neurons proliferation and connectivity patterns
that ultimately influence the morphology of brain gyri and sulci during fetal
development.

Adopting a different perspective, we also examined whether reading ability was
associated with the morphology and structural connectivity of the left OTS. We did
not observe a significant effect of reading skills on the morphological features (i.e.,
GMV, SA, CT, and SD) of the left OTS, suggesting no linear relationship between
reading ability and GM structure of this region in typically reading adults.

On the other hand, we observed that reading ability significantly predicted the
structural connectivity pattern of the left OTS. Specifically, reading scores were
positively associated with increased structural connectivity linking the left OTS to the
left insula, the orbitofrontal cortex, the putamen, the superior temporal gyrus (STG),
and the temporal transverse sulcus. According to prior works, these regions are
presumably involved in language and reading processes. In particular, the bilateral
insula is implicated in reading (Bolger et al., 2005; Kristanto et al., 2020) and is
significantly reduced in volume in patients with dyslexia (Richlan et al., 2013).
Furthermore, the anterior VWFA exhibits a preferential connectivity with the left
insula and the left STG as well as with other left perisylvian regions (see Bouhali et
al., 2014). Converging evidence suggest a stable linking between the left OTS and the
left superior temporal cortex. For instance, a longitudinal study conducted on children
aged 7-12 reported that the linking between left OTS and left STG — connected through

the ILF — increases with age and reading proficiency (Yeatman et al., 2012).
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Moreover, the structural connectivity between the VWFA to the left STS was the only
predictor of reading skills in a sample of adult participants (Chen et al., 2019). Overall,
prior findings suggest that the left superior temporal cortex plays a significant role in
language, and particularly in the phonological processing (Leonard & Chang, 2014;
Skeide & Friederici, 2016). Specifically, connections between left OTS and superior
temporal regions may play a critical role in the mapping of orthographic into
phonological representations during reading (Chen et al., 2019). Moreover, evidence
indicates that the ability to efficiently recognize written language may depend on the
appropriate functional tuning of these regions (Blomert, 2011). The left putamen also
participates in phonological processing during reading (Cherodath et al., 2017; Preston
et al., 2010; Tettamanti et al., 2005), as suggested by the finding that the information
transferred from the anterior left OTS to the left putamen increases during oral reading
(Seghier & Price, 2010). Additionally, a structural connectivity analysis comparing the
connectivity patterns of the VWFA and the left FFA in a sample of 5-years-old
children revealed that the VWFA was more connected with the left putamen (Saygin
etal., 2016).

It is worth noting that we also detected increased connectivity between the left OTS
and the left orbital sulcus. Despite not being implicated in reading per se, the
orbitofrontal cortex (OFC) may play a key role in the top-down processes guiding
visual object recognition (Bar et al., 2006; Matsumoto & Kakigi, 2014). Indeed, the
activation of the left OFC precedes that of the ventral occipitotemporal regions
implicated in visual recognition (Bar et al., 2006). Additionally, the VWFA and the
left FFA are equally connected to the left OFC, suggesting that this region plays a non-
category-specific role in visual recognition (Bouhali et al., 2014). As a result of our
study, we observed an increased linking between left OTS and OFC, associated with
a greater reading ability, which may indicate a reinforcement of top-down processes
that facilitate the visual recognition of written words.

This study provides new insights into the relationship between left language-related
regions and left OTS. In particular, we found that reading skills predict structural
connectivity, rather than gray matter morphology (as measured by CT, etc.), of the left
OTS in typically reading adults. In accordance with the hypothesis that the functional

specialization of the VWFA may be primarily determined by its proximity — and

86



specific connectivity — to language regions (Bouhali et al., 2014; Dehaene & Cohen,
2011), we suggest that reading skills may be closely linked with the communication
of the so-called VWFA with other regions that are critical to reading.

In Experiment 3, we examined another source of prenatally determined differences in
brain structure, which is biological sex. As already mentioned, sex differences in brain
morphology are determined in utero by the combined action of sex-chromosome genes
and steroid hormones (McCarthy et al., 2017). Crucially, sexual dimorphism in brain
structure arguably underlies differences between males and females in cognitive
abilities and in the phenotypical manifestation of psychiatric/neurological disorders.
In addition, previous studies found that the distribution and morphological
characteristics of the PCS may differ between males and females (Clark et al., 2009;
Leonard et al., 2009; Yicel et al., 2001). These findings might suggest that early-
determined features of brain structure associated with cortical folding and sex might
be influenced by similar genetic mechanisms and intrauterine events.

In accordance with previous results (Ritchie et al., 2018; Williams et al., 2021b,
2021a), we observed higher TBV and total SA in males. However, only limited
differences in local values of GMV and SA were detected. These results indicate that
larger male brain size accounts for most differences in GMV and SA. In addition, in
line with our initial hypothesis, males compared to females showed larger values of
GMV and SA in a greater number of brain regions than females compared to males.
Of note, sex-related differences in these two measures displayed similar spatial
distributions, which may indicate a correlation between these indices.

With regard to the CT, the average thickness was not significantly different between
males and females. Statistical analyses performed on brain cortical regions revealed
extensive differences between sexes throughout the cortex. These findings indicate
that sex-related differences in CT may be broader than those observed in other aspects
of cortical morphology (e.g., GMV and SA), and that they may depend on region-
specific, rather than whole-brain, differences. In accordance with prior studies, we
observed the largest effect sizes in the right insula for males, and in the inferior parietal
cortex for females (Ritchie et al., 2018). Moreover, our results are in line with Ritchie
etal. (2018) and Williams et al. (2021a), who found that regional values of CT differed

equally between males and females.
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We suggest that these findings could provide some hint regarding the nature of distinct
indices of cortical morphology. In particular, our results indicate that SA and CT are
partially independent measures, as claimed by the RUH of cortical expansion (Rakic,
1995) and confirmed by genetic studies (Panizzon et al., 2009), and that GMV and SA
are more associated with each other than with CT (Winkler et al., 2010).

One of the main novelties of this study is the use of the FD as index of cortical
morphology. We found that the FD was higher in males across the whole cortex. The
only study examining FD differences between males and females found that females
had higher levels of FD bilaterally in superior frontal and parietal lobes (Luders et al.,
2004). It is worth noting that the FD has been found to be strongly correlated with
other metrics of cortical morphology (e.g., CT; see King et al., 2010). However,
evidence suggests that it may also be sensitive to other aspects of GM structure (Madan
& Kensinger, 2016). Therefore, combining the FD with other indices of cortical
morphology may lead to a more comprehensive understanding of the sex differences
in GM structure, rather than simply providing redundant information. We propose that
higher male FD may reflect different features of GM structure compared to other
metrics such as GMV, SA and CT. However, this result should be considered with
caution. Indeed, the number of studies using this measure is relatively limited, and
future research is needed to explore the relationship between FD and other aspects of
cortical morphology.

In addition to these analyses based on a pre-defined cortical parcellation, we
implemented the SoBM to investigate sex differences in GMV by adopting a voxel-
wise approach based on the ICA. The pattern of sex differences that emerged from the
analyses of the structural ICs is highly consistent with our hypothesis and with
previous findings (e.g., Lotze et al., 2019). Indeed, females were found to have larger
frontal and parietal volumes, along with the precuneus and the cingulate cortices.
Compared to females, males had larger volumes in the lateral and medial temporal
regions (i.e., fusiform and inferior temporal gyri, and parahippocampal cortex), as well
as the cerebellum. These results support evidence that females have higher volume in
fronto-parietal regions, whereas males have higher volume in temporal and cerebellar
regions (Chen et al., 2007; Lotze et al., 2019; Ruigrok et al., 2014).
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The absence of cognitive and behavioral measures represents a limitation of this study.
However, we hypothesize that differences in structural 1Cs may partially reflect sex-
specific advantages reported for some cognitive abilities. For instance, it is worth
noting that regions where females showed higher GMV are also core components of
the DMN, including medial prefrontal cortex, posterior cingulate cortex/precuneus,
and inferior parietal lobules (Raichle, 2015). Therefore, our results may expand prior
findings reporting higher functional connectivity in females within the DMN (Biswal
et al., 2010; Ritchie et al., 2018). Crucially, the DMN has been proposed to play a
crucial role in social cognition (Amft et al., 2015; Mars et al., 2012). Greater volume,
as well as higher functional connectivity (Biswal et al., 2010; Ritchie et al., 2018), in
the regions that form the DMN may underpin the putative female advantage in social
cognition (Gur & Gur, 2017).

Similarly, larger male volume in regions subserving motor functions, specifically the
cerebellum and the putamen bilaterally (Caligiore et al., 2017; Koziol et al., 2014;
Marchand et al., 2008), may be related to the putative male advantage in motor tasks
(Gur & Gur, 2017). While this result is in line with prior studies (Rijpkema et al., 2012;
Ruigrok et al., 2014), we did not observe higher volume in frontal motor cortices for
males as reported previously (Lotze et al., 2019; Ruigrok et al., 2014).

The results of this study partially support evidence of higher occipital lobe volumes in
males. Indeed, we observed higher volume for males in inferior and lateral occipital
regions, including the calcarine scissure and the lingual gyri (see also Chen et al., 2007;
Lotze et al., 2019). Crucially, the large effect size observed for this component (d = -
0.93) suggests the presence of broad group differences in these regions. Females, on
the other hand, displayed larger volumes within the superior and medial occipital
regions, including the calcarine scissure and the cuneus. Future studies should explore
whether such structural differences between males and females are associated with
differences in the visual system (Vanston & Strother, 2017) or in visuospatial abilities
(Gur & Gur, 2017; Moreno-Brisefio et al., 2010).
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4.2 Future directions

Despite being a promising tool, the relationship between sulcal patterns and
cognitive abilities should be further delineated. For instance, future studies may
investigate this association by adopting a longitudinal approach. In fact, although the
sulcal patterns are life-stable characteristics of brain structure, longitudinal studies
may reveal whether this relationship changes over time as a consequence of
environmental influences. In addition, the use of structural equation modeling or path
analysis should be considered to investigate the potential indirect effects of folding
patterns on cognitive abilities. For instance, folding patterns may not directly influence
cognitive abilities, but rather impact on the morphology, connectivity or
neurofunctional activity of other brain regions, which in turn may affect cognitive
abilities.

In experiment 1, we reported that ACC sulcal patterns modulate the topology of
functional brain activity during the Numerical Stroop task, which is reflected in the
temporal dynamic of the inhibitory process. While completing this dissertation, we are
performing a new neuroimaging experiment that investigates the relationship between
ACC sulcal patterns and EFs, and in particular inhibitory control, in a sample of
bilingual speakers. Indeed, numerous evidence suggests that bilinguals rely upon EFs
to detect linguistic conflicts, inhibit linguistic intrusions, and switch from one language
to another (i.e., language switching) (Abutalebi & Green, 2008, 2016; Green &
Abutalebi, 2013), and therefore language background should be considered alongside
ACC sulcal morphology as a factor that may influence inhibitory control. In particular,
language switching involves the activation of several regions underpinning EFs,
including prefrontal and parietal regions, as well as the ACC (Abutalebi & Green,
2008). The aim of this experiment is to investigate whether the occurrence and inter-
hemispheric distribution of the PCS modulate the brain neurofunctional activity
associated with language switching during a picture-naming task, as well as the
structural connectivity of the cingulate and paracingulate cortices.

Previous findings showed that altered morphology and distribution of the PCS are
associated with lower executive functioning in patients with schizophrenia (Fornito et
al., 2006). We suggest that the results of Experiment 1, showing differences between

PCS patterns in the neurofunctional activity and temporal dynamic of inhibitory
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processes, may provide useful insights to understand the relationship between ACC
sulcal patterns and altered cognitive control in schizophrenia.

In Experiment 2, we did not find a significant association between sulcal patterns of
the left OTS and reading ability. However, we are currently working on a new
experiment whose main goal is to elucidate this relationship using a measure of reading
fluency, which has been previously associated with the left OTS sulcal pattern (Cachia
et al., 2018), instead of the TORRT adopted herein. In this new experiment, we also
aim at examining whether the sulcal organization of the left OTS modulates the
functional connectivity and neurofunctional activity patterns of the VWFA while
performing a reading task.

Finally, in Experiment 3 we explored sex differences in brain morphology. We found
that males had increased FD throughout the cerebral cortex. We suggest that future
studies should clarify the neurobiological meaning of the FD, how it relates to other
indices of cortical morphology, and what are the implications of the sex differences in
FD reported hereby. Moreover, we showed that the SOBM may represent a valuable
instrument to investigate sex differences in GMV. In our study, we did not provide
cognitive and behavioral measures. However, our results may provide useful insights
for future studies that aim at investigating the neural correlates of the repeatedly
reported sex differences in cognitive abilities and psychiatric/neurological disorders.
Further investigations may also examine whether structural ICs are associated with

specific cognitive abilities and psychiatric/neurological disorders as a function of sex.
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4.3 Conclusions

In the present dissertation, we investigated early-determined differences in
brain structure and their relationship with cortical morphology, structural connectivity,
brain functional activity, and cognitive abilities. In two experiments we focused on the
sulcal pattern variability of the PCS and left OTS. Taken together, our results provide
novel insights into how individual differences in cortical folding patterns relate to brain
functional activity, cortical morphology, structural connectivity, and cognitive
abilities. Our results showed that the folding pattern variability of the ACC is related
to individual differences in the topology of neurofunctional activity associated with
inhibitory control, which is reflected in the temporal dynamic of cognitive processes.
Moreover, we found that the sulcal organization of the left OTS modulates the
morphology and the structural connectivity pattern of the sulcus. In both studies, we
failed to replicate previous findings suggesting that specific sulcal patterns may confer
an advantage in inhibitory control (in terms of response speed) and reading ability
(e.g., Cachia et al., 2017, 2018; Tissier et al., 2018). These discrepancies presumably
reflect differences in the experimental design (e.g., the tasks adopted) and in the
criteria adopted for the sample classification (e.g., two- or four-level PCS
classification), as well as differences in the socio-demographic characteristics of the
participants (e.g., age and educational level). Crucially, the small (although
significant) variance in behavioral performance accounted for by sulcal patterns
variability (e.g., see Borst et al., 2014; Cachiaet al., 2018; Tissier et al., 2018) suggests
that contingent factors related to experimental design and sample characteristics might
represent powerful confounding factors that should be taken into account in future
studies. It is also important bearing in mind that the influence of sulcal patterns on
cognitive abilities appears to be modulated by experiential factors, such as bilingual
background, as showed by Cachia et al. (2017) and Del Maschio, Sulpizio, et al.
(2019). Overall, despite new and promising findings that add to the available data, we
found some inconsistencies with previous studies that should be taken into account for
future investigations. Although we were not able to replicate the association between
reading ability and left OTS folding patterns, we observed that reading ability
significantly predicted the structural connectivity pattern of the left OTS. This result

highlights the great importance of the individual experience as a source of individual
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variability in brain morphology, compared to which the role played by folding patterns
appears to be limited. Nonetheless, our findings suggest that sulcal patterns represent
a source — albeit limited — of variance and should be taken into account in future
investigations.

We also explored brain structural differences between males and females by means of
multiple indices and techniques that collectively provide a multidimensional picture
of the brain structure. The origin of the sex differences in brain structure reported
herein must presumably be traced back to genetic and hormonal events that take place
during fetal development. Crucially, previous evidence showed that the distribution
and morphological characteristics of the PCS are different among males and females
(Clark et al., 2009; Leonard et al., 2009; Yiicel et al., 2001). This finding suggests that
some of the pre-natal events above may partially overlap with those that influence the
morphology of brain sulci during the gyrification process. Our results showed that
MRI techniques and neuroimaging analysis tools provide the instruments to investigate
distinct facets of brain morphology, each bringing unique and valuable information.
Overall, we observed limited sex differences in GMV and SA, with a greater number
of regions showing increased GMV or SA in males compared to females, rather than
vice versa. On the other hand, sex differences in CT were more extended and equally
distributed in both directions. In addition, FD values were higher in males throughout
the cerebral cortex. We also speculated that sex differences in structural 1Cs may
partially reflect differences between females and males in some cognitive abilities. For
instance, female-biased structural 1Cs include regions that play a crucial role in the
DMN, and may underlie the repeatedly reported female advantage in social cognitive
skills (Amft et al., 2015; Biswal et al., 2010; Gur & Gur, 2017). Similarly, higher male
volume in motor regions (i.e., putamen and cerebellum) may be associated with the
putative male advantage in motor tasks (Caligiore et al., 2017; Gur & Gur, 2017;
Koziol et al., 2014).
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5. Materials and methods

5.1 Experiment 1 (Materials and methods)

Participants

Forty-two Italian young adult participants volunteered to participle in the study.
One subject was excluded from the sample due to white matter hyperintensity,
resulting in a final sample of 42 participants (mean age = 25.19 + 4.89; 30 F). All
participants had no history of psychiatric or neurological disorders, had normal or
corrected-to-normal vision, and were right-handed (Oldfield, 1971). For each
participant, sociodemographic and cognitive measures were collected, including SES
(The MacArthur Scale of Subjective Social Status,

https://macses.ucsf.edu/research/psychosocial/subjective.php#measurement), years of
formal education, fluid intelligence quotient (Raven’s Standard Progressive Matrices
for adults) (Basso et al., 1987), and visuo-spatial working memory (Corsi test)
(Monaco et al., 2013). No participants were discarded because of low intelligence
quotient or low working memory score. Descriptive statistics of sociodemographic and
cognitive measures are reported in Experiment 1; Table 3. The study was carried out
in accordance with the Declaration of Helsinki and with the ethical approval from the
Human Research Ethics Committee of the Vita-Salute San Raffaele University, Milan,

Italy. All participants gave written informed consent.

Mean * St.Dev.

Personal Income 1.52+0.77
Family Income 3.62+£1.08
Education 16.62 £ 1.45
(Years)

Raven’s Matrices 33.54 £2.52

(corrected scores)
Corsi test 6.27 +£1.16

Experiment 1; Table 3. Descriptive statistics of sociodemographic and cognitive measures.
Mean and Standard Deviation (St.Dev.) are reported for Socio-Economic Status (SES),
including Personal and Family incomes, years of formal education, Raven’s Matrices and
Corsi test.
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Procedure

Participants performed the ANT and the Numerical Stroop task inside an MRI scanner.
The order of the tasks was counterbalanced across participants, and the two tasks were
separated from each other by the acquisition of a T1-weighted image (T1w) (duration
= 7.83 minutes).

The ANT (Fan et al., 2002, 2005), which we adapted from Abutalebi et al. (2012), is
an extension of the Flanker task (Eriksen & Eriksen, 1974) that allows to investigate
three distinct dimensions of attentional functions: alerting, orienting and executive
control. Alerting is the ability to reach and sustain an alerted state; orienting represents
the ability to select specific information from an input based on its relevance; executive
control is the ability to select the appropriate response among two or more conflicting
responses conjointly activated. Since previous experiments investigated the
relationship between ACC sulcal patterns and executive control, with a particular focus
on RI (Cachia et al., 2017; Del Maschio, Sulpizio, et al., 2019), the present study
examined only the executive control dimension of this task, and therefore alerting and
orienting functions were not considered in the following analyses. Each participant
completed two runs, separated from each other by a small break of ~30 s, each
including 96 trials and lasting 7 m and 43 s. In addition, the two runs were preceded
by a practice session of 16 trials. In each trial, participants were presented with a
central horizontal arrow flanked on each side by two horizontal arrows oriented in the
same direction with respect to the central arrow (e.g., >————) (i.e., congruent
trials), in the opposite direction with respect to the central arrow (e.g., »—«———)
(i.e., incongruent trials), or by two lines (e.g., — — — — -) (i.e., neutral trials). Trials
were equally distributed among conditions (i.e., 32 trials for each condition).
Participants were asked to indicate as fast and accurately as possible the direction of
the central arrow, by pressing the left or the right button of an MR-compatible response
box in the MRI scanner (Experiment 1; Figure 5). Trials were preceded by a fixation
cross (+) at the center of the screen (duration = 400 ms), and by a visual cue (duration
= 100 ms). In each condition, 50% of trials were presented above the fixation cross
(up), and 50% below the fixation cross (down). In addition, four visual cue conditions
were adopted: in the “no cue” condition, participants saw only the central fixation cross

for 100 ms in addition to the original duration of 400 ms; in the “center cue” condition,
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an asterisk (*) was presented at the center of the screen for 100 ms in place of the
fixation cross; in the “double cue” condition, two asterisks were simultaneously
presented above and below the fixation cross for 100 ms, corresponding to the two
possible target positions; in the “spatial cue” condition, an asterisk was presented
above or below the fixation cross for 100 ms (spatial cues always correctly anticipated
the target position). Trials were randomly interspersed in an event-related sequence.
Target stimuli lasted 1700 ms. Following participant’s response, target stimuli
remained displayed on the screen until the end of the presentation time. Trials were
interleaved by a black screen and the inter-stimulus interval (ISI) was jittered
following Dale’s exponential function (Dale, 1999) (mean ISI = 2797.66 ms; min 1ISI
= 1873; max IS = 4964 ms).

The Numerical Stroop task (Stroop, 1935; Windes, 1968) was adapted from Hernandez
et al. (2010). Each participant completed two runs, separated from each other by a
small break of ~30 s, each including 108 trials and lasting 7 m and 48 s. in addition,
the two runs were preceded by a practice session of 16 trials. In each trial, participants
were presented with a sequence of one, two, three or four identical numbers (or
alphabetical characters). In the congruent trials, the number of digits corresponded to
the number values (e.g., 1; 22; 333; 444); in the incongruent condition, the number of
digits was different from the number values (e.g., 2; 44; 111; 3333); in the neutral
condition, a sequence of alphabetical characters was presented (e.g., G; ZZ; MMM,
ZZZZ7Z). Trials were equally distributed among conditions (i.e., 36 trials in each
condition). Participants were asked to indicate as fast as possible the number of items
that composed the sequence, by pressing one of four buttons on a MR-compatible
response box in the MRI scanner (Experiment 1; Figure 6). Trials were preceded by a
fixation cross (+) at the center of the screen (duration = 500 ms). Trials were randomly
interspersed in an event-related sequence and interleaved by a black screen and the ISI
was jittered following Dale’s exponential function (Dale, 1999) (mean ISI =
1770.11 ms; min I1SI = 1036 ms; max ISI = 4113 ms).
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Attention Network Task (ANT)

Congruent

Incongruent

Neutral

|
|
f
|
|

Experiment 1; Figure 5. Conditions of the Attention Network Task. Participants were
presented with a central horizontal arrow flanked on each side by two horizontal arrows
oriented in the same direction with respect to the central arrow (top row), in the opposite
direction with respect to the central arrow (middle row), or by two lines (bottom row).

Numerical Stroop Task

Congruent

333

Incongruent

4

Neutral

2777

Experiment 1; Figure 6. Conditions of the Numerical Stroop Task. Participants were
presented with a sequence of one, two, three or four identical numbers (top and middle rows)
or alphabetical characters (bottom row). The number of digits corresponded to the number
values (top row) or was different from the number values (middle row).
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MRI acquisition

MRI acquisition was performed at the Centro di Eccellenza Risonanza Magnetica ad
Alto Campo (C.E.R.M.A.C., Unit of Neuroradiology) San Raffaele Hospital, Milan
(Italy) with a 3 Tesla Philips Ingenia CX MR scanner (Philips Medical Systems, Best,
Netherlands) with a 32 channels SENSE head coil. For both the ANT and the
Numerical Stroop tasks, functional scans were acquired with a fast speed Echo Planar
Imaging (EPI) sequence (Echo Time [TE] = 33 ms; Repetition Time [TR] = 2000 ms;
Flip Angle = 85°; number of volumes per run = 236 (ANT); 256 (Numerical Stroop);
Field of View [FOV] = 240 x 240; matrix size = 80 x 80; 35 axial slices per volume;
slice thickness = 3; interslice gap = 0.75; voxel size = 3 x 3 x 3; Phase Encoding
direction [PE] = A/P; SENSE factor = 2; whole brain coverage). In order to optimize
EPI image signal, each run was preceded by five dummy scans. A high-resolution
Magnetization Prepared Rapid Gradient Echo (MPRAGE) T1w anatomical image was
acquired for each participant with the following parameters: TR =9.9 ms, TE =4.9 ms,
Flip Angle = 8°, FOV = 269 mm, matrix size = 384 x 384, number of axial slices =
243, slice thickness = 1.4 mm, voxel size = 0.7 x 0.7 x 0.7 mm 3, Phase Encoding
direction (PE) = A/P, SENSE factor = 2, with whole brain coverage.

ACC sulcal pattern classification

The origin of all Tlw images was manually set to match the bicommissural line
(anterior commissure-posterior commissure; AC-PC). Sulcal pattern classification was
carried out following the procedure described by Garrison et al. (2019). T1w images
were visually inspected on MANGO (Multi-image Analysis GUI, v4.0,

http://ric.uthscsa.edu/mango/mango.html), and the PCS was identified as the sulcus

running dorsal and parallel to the CS. The anterior limit of the PCS was set on the
sagittal plane at x = -5 for the left hemisphere and x = +5 for right hemisphere, starting
from the point at which the sulcus begins to move on a rostro-caudal direction along
the imaginary extension of the AC-PC line. The posterior limit of the PCS was
identified as a line passing through the posterior commissure and perpendicular to the
AC-PC line. The PCS was measured and classified as either present (PCS > 20 mm)
or absent (PCS <20 mm). In case of interrupted PCS, fragments were considered for
the computation of the total length only if the interruptions were < 19 mm.

Interruptions were not included in the computation of the PCS total length. Participants
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were classified as asymmetric when the PCS was present in one hemisphere and absent
in the other, and symmetric when the PCS was bilaterally present or absent.

fMRI preprocessing

The surface-based fMRI pipeline described by Brodoehl et al. (2020) was adopted for
both the ANT and the Numerical Stroop task. The surface-based fMRI is supposed to
enhance the anatomical precision of clusters of neurofunctional activity compared to
the standard volumetric preprocessing. Evidence suggests that the use of spatial
smoothing in volumetric processing is associated with an increase in signal
contamination between contiguous (but functionally distinct) regions of the brain (Yan
et al., 2009). For instance, this happens for the cingulate and paracingulate gyri when
the PCS is present, since these two regions lie adjacent in the folded cortex (i.e.,
volumetric space) but separate in the unfolded cortex (i.e., surface space). Therefore,
surface-based fMRI may allow disentangling the specific functional contributions of
neighboring regions in the ACC by accounting for individual variability in sulcal
organization. Additionally, the relatively large smoothing kernel used in the classic
volumetric pipeline (e.g., 8 x 8 x 8 mm?) can often result in bilateral activation of ACC
since the left and right ACC are very close to one another. Even though this procedure
improves the signal-to-noise ratio, it increases the risk of functional activity spreading
between hemispheres. By using a smaller smoothing kernel (3 x 3 x 3 mm?®), surface-
based fMRI may prevent inter-hemispheric contamination of ACC functional activity.
Preprocessing pipeline included the following steps: individual surface estimation;
slice-timing correction of functional data; spatial realignment and coregistration to
skull-stripped and bias-corrected T1w images; General Linear Model (GLM)
estimation; mapping of functional contrast-images in the native volumetric space onto
the individual surface; normalization and smoothing. T1w images were segmented and
skull-stripped by means of the Computational Analysis Toolbox v12 (CAT12;
http://www.neuro.uni-jena.de/cat/index.html) (Gaser et al., 2022). Specifically,
individual structural images were segmented into GM, WM and cerebrospinal fluid
(CSF), resulting in separate images for each tissue class. CAT12 segmentation
approach adopt a spatial adaptive non-local mean (SANLM) denoising filter, and a
local adaptive segmentation (LAS) approach that applies a local intensity

transformation of tissue classes to correct for regional inhomogeneities and intensity
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variations. Additionally, an Adaptive Maximum A Posterior (AMAP) technique
(Rajapakse et al., 1997) and a Partial Volume Estimation (PVE) (Tohka et al., 2004)
were carried out in order to obtain a more accurate segmentation. Central surface
reconstruction was carried out for each hemispheres by adopting a projection-based
thickness (PBT) computational approach included in CAT12 (Dahnke et al., 2013).
The central surface mesh, consisting in vertex connected by edges (instead of voxels),
is calculated as the average distance between the inner (GM/WM) and outer (GM/CSF)
boundaries of the brain surface. Functional volumes were slice-time corrected using
the first slice as reference point, then realigned to the first volume and unwarped to
correct for motion artifacts and geometric distortions. Realigned functional volumes
were coregistered to the bias-corrected and skull-stripped structural image. Then,
functional volumes of each task were entered into a separated GLM. The BOLD signal
was modelled with the canonical hemodynamic response function (HRF). Serial
correlations were accounted for using the AR (1) model during parameter estimation.
Trial onsets for the incongruent, congruent, and neutral conditions of each task were
entered into the model, while realignment parameters were included as nuisance
covariates. Based on previous fMRI studies (Blasi et al., 2006; Geissler et al., 2020;
Huang et al., 2020), the following t-contrasts were estimated for both tasks:
incongruent > congruent, incongruent > neutral, and congruent > neutral. Then,
contrast-images resulting from first-level analysis were mapped onto each individual
central surface. Surface images were resampled to the standard 32 k HCP template
provided by CAT12, and smoothed with a 3 x 3 x3 Full-Width at Half-Maximum
(FWHM) gaussian kernel (Brodoehl et al., 2020).

Statistical analyses

Behavioral analyses. Statistical analyses were run to test the effect of the ACC sulcal
pattern on executive performance (i.e., inhibitory control). Since accuracy scores were
very high for both ANT (mean accuracy = 99.65%) and Numerical Stroop task (mean
accuracy = 99.10%) (i.e., ceiling effect), only RTs were considered for the analyses.
All behavioral analyses were performed on R v.4.0.2. using the Imer function
implemented in the Ime4 package (De Jong et al., 1994; Ridderinkhof, 2002).

For each task, participants’ RTs to correct responses were entered into a linear mixed-

effects model as dependent variable. Task conditions (congruent, incongruent, and
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neutral), ACC sulcal patterns (PCS symmetry and PCS asymmetry), and their two-way
interaction were entered into the model as predictors, with the participants modelled
as random intercepts. Likelihood ratio tests were performed to test the significance of
the fixed effects. Each fixed effect was tested for its significance by comparing a model
which included the fixed term of interest against a model in which it was not present.
Fixed effects were retained when increased the goodness of fit. In case of significant
interactions, all the lower-order terms involved were retained. Coefficients were
considered significant when t > |2|.

In addition, RTs were sorted by speed from fastest to slowest in bins of equal size (i.e.,
quantiles) in order to investigate differences in the distribution of RTs between
conditions by means of delta plots (De Jong et al., 1994; Ridderinkhof, 2002;
Ridderinkhof et al., 2004). Delta plots are informative about the temporal dynamics of
cognitive processing by plotting task’s effect size (i.e., difference between the RTs of
different task conditions) as a function of response speed (i.e., quantiles) (Ridderinkhof
et al., 2004), and have been used to investigate executive control between populations
or across experimental conditions. For instance, by visually comparing the slopes of
the incongruency effect (i.e., incongruent > congruent) between quantile points, delta
plots can reveal difference in the modalities and extent of inhibitory control processes
taking place during the task. In particular, the incongruency effect associated with
interference tasks (e.g., Simon, Flanker and Stroop tasks) usually decreases as RTs
lengthen. Specifically, delta plots typically show an initial increase of the
incongruency effect (i.e., the slope increases) associated with faster responses,
followed by a decrease of the incongruency effect (i.e., the slope flattens or decreases)
in the rightmost part of the distribution associated with slower responses (Burle et al.,
2014; Pratte, 2021; Ridderinkhof et al., 2005; Ridderinkhof et al., 2004). The reduction
of the incongruency effect for the slowest responses is supposed to reflect the use of a
slow but effective mechanism of inhibition (Pratte, 2021; Ridderinkhof et al., 2005;
Ridderinkhof et al., 2004).

Delta plots were used here to examine whether the temporal dynamics of the inhibitory
control differ between individuals with different ACC sulcal patterns. For each
participant, the RTs of correct responses in each condition were grouped into five bins

based on the response speed. In particular, for a given participant in a specific
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condition, the 1% quantile included the fastest 20% of the responses; the 2" quantile
included the next fastest 20%, and so on until the 5" quantile, which included the
slowest 20% of the responses. Based on previous studies, the following effects were
computed for each task separately to explore the temporal dynamic of RI:
incongruency (incongruent > congruent) effect (Ridderinkhof et al., 2005) and
interference (incongruent > neutral) effect (Shao et al., 2015). For illustrative purposes,
the congruent and the neutral conditions were also compared. A delta plot representing
task effects as a function of RT quantiles was generated independently for each task

and for individuals with symmetric and asymmetric PCS profiles separately.

Neuroimaging analyses. Smoothed and resampled individual surfaces were entered
into a GLM. First, one-sample t-tests were used to investigate the effects of task
conditions irrespective of ACC sulcal pattern. Then, a full factorial design was
estimated to investigate differences in brain activity between individuals with
asymmetric and symmetric PCS profiles. Since we were only interested in
investigating the impact of ACC sulcal organization on the functional activity of the
cingulate/prefrontal cortex, analyses were performed within an inclusive mask created
using the following bilateral regions from Harvard-Oxford atlas (Smith et al., 2004):
Cingulate Gyrus, anterior division; Paracingulate Gyrus; Superior Frontal Gyrus;
Frontal Pole. Atlas regions were mapped onto surface with CAT12 using the standard
32k HCP template as reference. Based on previous evidence suggesting that the PCS
distribution may vary among males and females (Leonard et al., 2009; Yicel et al.,
2001), and that education impact on Stroop RTs (Van der Elst et al., 2006), sex and
years of formal education were entered as nuisance covariates into the model. Since
age was highly correlated with years of formal education (r = 0.61; p < 0.001), this
variable was not included into the model to avoid multicollinearity. Significance
threshold was set at p-FWE < 0.05 at the cluster level, and p-uncorrected < 0.001 at

the vertex level (note that surface-based fMRI is based on vertex, rather than voxels).

Brain-behavior correlations. A correlation analysis was performed to address whether
the functional activity of each participant, extracted from significant clusters resulting
from the group contrasts, was correlated to mean RTs associated with that effect in the
two tasks. In addition, the same correlation was performed considering mean RTs from

the 4™ and 5" quantiles (corresponding to the slowest responses), since flattening of
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the slope for these quantiles is typically associated with the efficiency of RI
(Ridderinkhof et al., 2005; Ridderinkhof et al., 2004; van den Wildenberg et al., 2010).
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5.2 Experiment 2 (Materials and methods)

Participants

A sample of 100 young adult participants was drawn from the Wu-Minn HCP
dataset (Van Essen et al., 2013). The sample is available as a pre-defined group of
unrelated participants on ConnectomeDB (https://db.humanconnectome.org), the
online dissemination platform for the HCP (Hodge et al., 2016). Participants had no
psychiatric or neurological disorders (Van Essen et al., 2013). Sociodemographic
variables, including age, years of formal education, and income were collected for each
participant by means of the Semi-Structured Assessment for the Genetics of
Alcoholism (SSAGA; Bucholz et al., 1994). Participants rated their income on a 9-
point Likert scale, indicating which category best matched their current economic
situation. Left-handed participants (Edinburgh Handedness Questionnaire < 0;
Oldfield, 1971) were excluded from the sample, leading to a final sample of 86
participants (F = 46). The descriptive statistics of sociodemographic variables are

reported in Experiment 2; Table 3.

Reading proficiency

The NIH Toolbox Oral Reading Recognition Test (TORRT) (Gershon et al., 2014)
was used to assess English reading proficiency in the adult population. It is worth
noting that reading ability as assessed by the TORRT is influenced by a variety of
factors, including general and specific cognitive skills related to reading, level of
exposure to written material, and whether the individual’s environment provided the
opportunity to develop basic or complex reading skills (Gershon et al., 2013). This test
was administered using the computer adaptive testing (CAT) approach, which allows
for adjusting the difficulty of the items according to the individual's ability. In this
task, participants were instructed to pronounce as accurately as possible single printed
letters or words, including irregular and low-frequency words, without any time
limitations. Scores are automatically calculated. Higher scores indicate better reading
ability (details on score conversion are reported in Gershon et al., 2014). Descriptive

statistics of the TORRT scores are reported in Experiment 2; Table 3.
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Mean + St.Dev.
(range)
Age 29.24 + 3.64
(22-36)
Education (Years) 15+1.88
(11-17)
Income 5.02+£2.09
(1-8)
TORRT (age-adjusted) 105.82 £ 14.34
(71-130)

Experiment 2; Table 3. Descriptive statistics of sociodemographic variables and reading
ability. Mean, standard deviation (St.Dev.) and range are reported for participants’ age, years
of formal education, income, and NIH Toolbox Oral Reading Recognition Test (TORRT)
scores. TORRT scores were adjusted for age.

Image acquisition
T1w and DW images were included in the HCP dataset. A detailed description of the

acquisition protocols is reported in Glasser et al. (2013) and Sotiropoulos et al. (2013).

Structural MRI preprocessing

A detailed overview of the structural preprocessing pipeline performed by the HCP is
reported in Glasser et al. (2013). Briefly, distortion correction, bias correction, and
registration to the MNI space were performed by means of the FMRIB Software
Library (FSL) v.5.0.9 (Jenkinson et al., 2012). Using Freesurfer v.5.2 (Fischl, 2012),
the segmentation of the T1w images was carried out, and then the individual white and
pial surfaces were generated and registered to the fsaverage template using the
standard folding-based surface registration (Glasser et al., 2013). Three indexes of
cortical morphometry were extracted from the individual surfaces, and specifically
from the left OTS as defined by Destrieux brain parcellation (Destrieux et al., 2010):
GMV (mm?), SA (mm?) and CT (mm). The SA was calculated as the sum of the areas
of all vertices within a brain region, while the CT was measured as the average distance
between the GM/WM boundary and the pial surface (note that the GMV is the product
between SA and CT) (Vuoksimaa et al., 2015).

In order to obtain a reconstruction of the central surface for each participant, raw T1w
images were further preprocessed using CAT12 standard pipeline (Gaser et al., 2022).
Then, the SD (mm) of the left OTS, defined as the Euclidean distance between the

central surface and its convex hull, was extracted from each individual central surface.
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Diffusion MRI preprocessing

Minimally preprocessed DW images were provided by the HCP. Preprocessing steps
were performed using FSL v.5.0.9 (Jenkinson et al., 2012), including b0 intensity
normalization, EPI distortion correction, eddy current and subject motion correction,
and resampling of DW images to 1.25 mm native structural space. A detailed
description of the HCP’s DW images preprocessing pipeline is reported in Glasser et
al. (2013). Additional preprocessing steps were carried out by using MRtrix3, an open-
source software optimized for processing, analysis, and visualization of DW data
(Tournier et al., 2019). For each participant, the Fiber Orientation Distribution (FOD)
(Tournier et al., 2019) was estimated using the Dhollander algorithm, which adopt a
multi-shell multi-tissue constrained spherical deconvolution (MSMT-CSD; Jeurissen
et al., 2014) approach to decompose DW images signal in separate tissue contribution
(i.e., WM, GM and CSF), while accounting for potential biases occurring in voxels
with partial volumes (Dhollander et al., 2016, 2019). Intensity normalization was also

performed to correct for global intensity differences.

Anatomical Constrained Tractography and connectome construction

Anatomical Constrained Tractography (ACT) and connectome construction were
carried out using MRtrix3 (Tournier et al., 2019). ACT (Smith et al., 2012) enables to
enhance biological plausibility of streamline generation (e.g., by rejecting streamlines
that terminates in the CSF). ACT requires T1w images to be segmented into five
different tissue types (i.e., cortical GM, subcortical GM, WM, CSF, and pathological
tissue), which were registered to diffusion space using FSL. For each participant, 1
million streamlines were generated, seeding from the GM/WM boundary, using the
Second-order Integration over Fiber Orientation Distributions (iIFOD2), a probabilistic
algorithm that takes the FOD images previously generated as input (Tournier et al.,
2010). In order to overcome the non-quantitative nature of the streamlines, spherical-
deconvolution informing filtering of tractograms (SIFT2) (Smith et al., 2015) was
performed to assign a weight to each streamline, thus obtaining a biologically accurate
measure of fiber connectivity whilst retaining the complete streamlines reconstruction.
Using Freesurfer, a volumetric parcellation image based on the Destrieux atlas
(Destrieux et al., 2010), including cerebellum and subcortical structures, was created

and registered to each participant’s tractogram in diffusion space. Finally, a 164x164
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structural connectivity (SC) matrix was generated for each participant, whose cells
contain the sum of the streamline weights, scaled by regional volume, connecting each

node and representing the strength of the structural connectivity between each node.

OTS identification and sulcal pattern classification
Sulcal surface was generated for each participant by means of the standard
preprocessing pipeline of the Morphologist toolbox implemented in BrainVISA v.5

(https://brainvisa.info/web/). Based on the sulcal surface, the left and right OTS were

identified and classified as either continuous or interrupted depending on the
continuous or fragmented morphology of the sulcus (Cachia et al., 2018). To
investigate the possible effect of the position of the OTS interruption, we identified
whether the interruption was located in the anterior and/or posterior branch of the
sulcus (the latter hosting the VWFA). The Y-coordinate of the posterior extremity of
the brainstem was used as anatomical criterion to define the anterior and posterior
branches of both the left and right OTS (Cachia et al., 2018) (Experiment 2; Figure 4).
Note that, when the OTS was interrupted and both the anterior and posterior fragments
crossed the posterior extremity of the brainstem, the OTS was classified as both
anteriorly and posteriorly interrupted. The classification of the left and right OTS was
carried out independently by two blind co-authors (GDM and NDM). Six participants
had ambiguous OTS folding patterns, which rendered identification of the sulcal
pattern particularly difficult. However, inter-rater agreement was above 95%. Since all
ambiguous cases were resolved by author JA, participants were maintained in the
sample for subsequent analyses. The distribution of the sulcal patterns in the sample is
reported in Experiment 2; Table 4.

107


https://brainvisa.info/web/

Continuous OTS Interrupted OTS Interrupted OTS
Posterior Anterior

Experiment 2; Figure 4. Example of continuous or interrupted occipitotemporal sulcus
(OTS). Sulcal interruption was classified as located either in the anterior or posterior part of
the sulcus. The Y-coordinate of the posterior extremity of the brainstem (red dashed line) was
used as anatomical criterion to define the anterior and posterior part of the sulcus. The same
procedure has been used for the left and right OTS. The figure is adapted with permission
from Del Mauro, Del Maschio et al. (2022).

Left OTS Right OTS

Anterior Posterior Anterior Posterior
Continuous 54 43 50 35
Interrupted 32 43 36 51

Experiment 2; Table 4. Distribution of left and right occipitotemporal sulcus (OTS). The
anterior and posterior parts of the sulcus are classified as either continuous or interrupted.

Statistical analyses
Correlation analyses. To avoid multicollinearity in the subsequent analyses, Pearson’s
correlations were computed between reading proficiency scores, education, age, and

income. Results are reported in Experiment 2; Table 5.
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Reading Income  Age Educatio

proficiency nal
history
Reading proficiency  _ r=0.1 r=-001 r=0.37*
Income r=0.1 _ r=037* r=0.44*
Age r=-0.01 r=037* _ r=0.13
Education (Years) r=0.37* r=044* r=013 _

Experiment 2; Table 5. Correlation analyses. Pearson’s correlation analyses between
reading proficiency, years of formal educational, age, and income. R = Pearson’s correlation
coefficient; * = significant correlation (p < 0.05).

Effect of reading ability on the morphology of the left OTS. All statistical analyses on
morphometric measures were performed on R v.4.0.2. To investigate the effect of
reading proficiency on the morphology of the left OTS, a separate GLM was estimated
for each morphometric index, namely GMV, CT, SA, and SD. The morphometric
index was entered into the model as dependent variable and the reading proficiency as
predictor. Based on evidence that males and females differ in brain morphology
(Williams et al., 2021a) and that SES impacts on brain structure (Brito et al., 2014),
sex and income were included into the model as nuisance variables. In order to account
for individual differences in brain-general morphology, a measure of global brain
structure was also entered into the model as nuisance covariate (TIV for GMV, total
SA for SA, average CT for CT).

Effect of reading ability on the structural connectivity of the left OTS. The NBS
Connectome toolbox v.1.2 (Zalesky et al., 2010) running on Matlab v.2019a was used
to investigate the effect of reading ability on the structural connectivity of the left OTS.
In the NBS Connectome toolbox, hypotheses about human connectome are tested
using connectivity matrices, which are analyzed using a nonparametric permutation-
based statistical approach to deal with the multiple comparison problem on graphs.
Because we were interested in studying the relationship between reading ability and
structural connectivity of the left OTS, we restricted the analysis to this region by

setting the cells of the previously calculated SC matrices (containing the sum of the
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streamline weights connecting each pair of nodes) to 0, except for the row and the
column corresponding to the left OTS. The NBS Connectome toolbox requires the
statistical model to be specified as a GLM. Therefore, these newly generated matrices
were entered into a GLM as dependent variable, whereas reading proficiency scores
and the model intercept were included as regressors. Based on evidence that income
and sex influence white matter connectivity (Bell et al., 2021; Ingalhalikar et al., 2014),
these variables were entered as nuisance covariates into the model. We tested the effect
of reading proficiency on the structural connectivity pattern of the left OTS. In the
NBS analysis, a user-defined t-value is used as primary threshold to independently test
the effect of interest at each connection (i.e., edge) (Zalesky et al., 2010). Note that the
threshold value affects the specificity, but not the sensitivity of the NBS method (see
Fornito et al., 2016). As recommended by NBS guidelines, primary-thresholds were
selected to balance network extension (i.e., avoiding excessive connections) with
effect strength (see Zalesky et al., 2010). In addition, since the value of the primary
threshold can significantly affect the results, we tested the effect of reading proficiency
a range of thresholds (in line with recent studies, e.g., Beare et al., 2017; Celik et al.,
2020; DeSerisy et al., 2021): 2.4, 2.5, 2.6, 2.7 and 2.8. Supra-threshold connections
are used to identify connected components (i.e., connected clusters in the topological
space). To determine the significance of the components, 5,000 permutations were
performed and a FWE corrected p-value of 0.05 was used. The FWE-corrected p-value
was estimated based on the component intensity, calculated as the sum of the test
values of each of connection within the component, which is suited to detect strong
and focal effects confined to few connections (Zalesky et al., 2010).

Effect of the left OTS sulcal pattern on reading ability. To investigate the effect of the
left OTS sulcal pattern on reading ability, reading proficiency scores were entered as
dependent variable in a GLM with two dichotomous predictors: left anterior OTS
(continuous vs interrupted) and left posterior OTS (continuous vs interrupted).
Moreover, the sulcal pattern of the right OTS was included into the model as nuisance
variable with two other dichotomous variables: right anterior OTS (continuous vs
interrupted) and right posterior OTS (continuous vs interrupted). Based on the results
of a previous study (Cachia et al., 2018), the income was also entered into the model

as nuisance variable. Since males and females did not differ significantly in reading
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proficiency scores (p > 0.05), sex was not included into the model as nuisance variable.

Statistical analyses were performed on R v.4.0.2.

Effect of left OTS sulcal pattern on morphometric measures. To investigate whether
the sulcal pattern of the left OTS is associated with the morphology of the sulcus, a
separate GLM was estimated for each morphometric index (i.e., GMV, CT, SA, and
SD). The morphometric index was entered into the model as dependent variable. Two
dichotomous variables (i.e., left anterior OTS: continuous vs interrupted; left posterior
OTS: continuous vs interrupted) were included as predictors, while income and sex
were entered as nuisance variables (Brito et al., 2014; Williams et al., 2021a). The
effect of anterior and posterior sulcal patterns was explored. To account for individual
differences in brain-general morphology, a measure of global brain structure was
included into the model as nuisance covariate (TIV for GMV, total SA for SA, average
CT for CT). All results were corrected for multiple comparisons using Bonferroni

correction.

Effect of the left OTS sulcal pattern on structural connectivity. The effect of the left
OTS sulcal pattern on the structural connectivity of the sulcus was investigated by
means of the NBS Connectome toolbox (Zalesky et al., 2010), following the same
procedure described above. SC matrices were entered into the GLM as dependent
variable, with left anterior and posterior OTS sulcal patterns (continuous vs
interrupted), income (Bell et al., 2021), sex (Ingalhalikar et al., 2014), and the model
intercept as regressors. First, the main effects of anterior and posterior sulcal patterns
were tested. Then, the interaction between anterior and posterior sulcal patterns was

examined by adding the interaction term into the model.
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5.3 Experiment 3 (Materials and methods)

Participants

The sample of this study was provided by the Wu-Minn HCP dataset (Van
Essen et al., 2013), including 1206 participants with no history of psychiatric or
neurological disorders. We excluded participants who: (1) did not have MRI data; (2)
had missing information; (3) had an Edinburgh Handedness Questionnaire score < 0
(Oldfield, 1971). In addition, in line with evidence suggesting that the use of hormonal
contraceptive might have a considerable impact on female’s brain structure (Lisofsky
et al., 2016; Pletzer et al., 2010), we also excluded female participants that declared to
use birth control methods or did not report this information.
The final sample included 829 participants (380 F). Independent sample t-tests were
performed to test differences between females and males in sociodemographic
variables. Females were significantly older than males (t = 7.43, p < 0.001), while no
difference emerged between the two groups for years of formal education and income
(p > 0.05). Descriptive statistics of sociodemographic variables are reported in

Experiment 3; Table 2.

Sample Females Males
(N =829) (N =380) (N = 449)
Mean + St.Dev. Mean + St.Dev. Mean + St.Dev.

(range) (range) (range)
Age 28.77 £ 3.75 29.79 + 3.65 27.91+3.61

(22-36) (22-36) (22-36)
Education 14.85+1.81 1491 +1.84 14.8+1.78
(Years) (11-17) (11-17) (11-17)
Income 498 +£2.19 499 +£221 498 +2.16

(1-8) (1-8) (1-8)

Experiment 3; Table 2. Descriptive statistics of sociodemographic variables. Mean, standard
deviation (St.Dev.) and range of sociodemographic variables are reported for the entire
sample, and for males and females separately.
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Image acquisition
T1w images were included in the HCP dataset. A detailed description of the acquisition

protocols is reported in Glasser et al. (2013).

Preprocessing

Detailed information on structural preprocessing is reported in Glasser et al. (2013).
T1w images were preprocessed using FSL version 5.0.9 (Jenkinson et al., 2012) and
FreeSurfer version 5.2 (Fischl, 2012). In summary, the structural preprocessing
pipeline included the following steps: distortion and bias correction; registration to
MNI space; segmentation of the volume into predefined structures; reconstruction of
white and pial cortical surfaces; registration of the surfaces to the fsaverage template

using the standard folding-based surface registration (Glasser et al., 2013).

Estimation of cortical measures

For each measure of interest (i.e., GMV, SA, CT and FD), we extracted local values
for the 148 cortical regions of the Destrieux cortical parcellation (Destrieux et al.,
2010), and an index of global brain structure, including TBV, average CT, total SA,
and FD of the cortical ribbon.

The FD was calculated using the calcFD toolbox, a publicly available Matlab toolbox
designed to measure the fractal dimensionality of a 3D structure using the intermediate
files resulting from the FreeSurfer pipeline (Madan & Kensinger, 2016;

https://github.com/cMadan/calcFD) (a definition of the other morphometric indices is

reported in paragraph 5.2).

Source-based morphometry
The Group ICA of an fMRI Toolbox (GIFT; https://trendscenter.org/software/qgift/)

was used to identify networks of GM covariance. Prior to performing SoBM,

segmented GM images were generated using CAT12 (http://www.neuro.uni-
jena.de/cat/index.html) (Gaser et al., 2022). GM images were resampled to 2 x 2 x 2
mm voxels (Segall et al., 2012) and smoothed with an 8 x 8 x 8 mm FWHM Gaussian
kernel. The number of ICs was automatically computed by GIFT using the ‘minimum
description length’ (MDL) criterion (Li et al., 2007). The ICA was performed using
the Infomax algorithm (Bell & Sejnowski, 1995). The ICA algorithm generates two

matrices: a subject by component matrix (i.e., mixing matrix) and a component by
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voxel matrix (i.e., source matrix). The mixing matrix represents the contribution of
each participant to each individual component (expressed as loading coefficients),
whereas each voxel's contribution to an individual component is represented by the
source matrix (Xu et al., 2009). In order to increase components stability, we adopted
the ICASSO algorithm (http://research.ics.aalto.fi/ica/icasso/). Using this approach,
the ICA was performed 100 times using bootstrapping and permutations. ICASSO
produced a quality index (Iq) ranging from 0 to 1, which reflects the compactness and
repeatability of each component. Based on this index, components with low stability
and repeatability were identified and excluded for subsequent analyses. Then,
statistical analyses were performed by extracting from the mixing matrix of each

component the loading coefficients of the participants.

Statistical analyses

Sex differences in global brain structure and cortical regions. All statistical analyses
were performed on R v4.0.2. For each measure of interest, a GLM was estimated with
morphometric values as dependent variable and sex as group factor. Based on previous
evidence showing that age impacts brain structure (Gennatas et al., 2017), this variable
was included into the model as nuisance covariate. To control whether regional
differences were a by-product of a brain-general difference between males and
females, a measure of global brain structure was also included into the model as
nuisance variable (Ritchie et al., 2018): TBV for GMV, total SA for SA, average CT
for CT, and FD of the cortical ribbon for FD.

P-values of each index were independently adjusted using the false-discovery rate
(FDR) correction. Cohen’s d was calculated as the t-value multiplied by 2 and divided
by the square root of the degrees of freedom (Ritchie et al., 2018). Note that negative
t-values and effect sizes denote higher brain measures in males. For each cortical
measure and cortical region, effect sizes were projected onto the fsaverage template
using the fsbrain library running on R v4.0.2 (Schéafer & Ecker, 2020).

Source-based morphometry. We extracted 95 ICs according to the MDL criterion (Li
et al., 2007). Before running statistical analyses, the Iq was used to assess the
repeatability of each component (Ig > 0.9). Thirty-five 1Cs were excluded due to this

criterion (Iq < 0.9). Three components including large white matter clusters were also
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excluded, leading to a final number of 57 ICs. Sex differences were tested separately
for each IC. Loading coefficients were entered into a GLM as dependent variable, with
sex as group factor and TBV and age as nuisance variables. Negative t-values and
effect sizes indicate higher GMV in males. All p-values were adjusted for multiple

comparisons using FDR correction.
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7. Appendices

7.1 Experiment 2

Threshold = 2.4 Threshold = 2.5 Threshold = 2.7

Appendices; Experiment 2; Figure S1. Reading-related networks observed at thresholds 2.4,
2.5 and 2.7 (p-FWE < 0.05). Anatomical labels from the Destrieux Atlas (Destrieux et al.,
2010) were adopted. OTS = occipitotemporal sulcus; STG = superior temporal gyrus; TTS =
temporal transverse sulcus; Put = putamen; ISG = insular short gyrus; OHS = orbital H-
shaped sulcus; L = left hemisphere; SIP = sulcus intermedius primus; Planum = planum
polare; R = right hemisphere; L = left hemisphere; R = right hemisphere. The figure is
adapted with permission from Del Mauro, Del Maschio et al. (2022).

Threshold = 2.4 Threshold = 2.5
b . k\.; 2 .
L R L R

Appendices; Experiment 2; Figure S2. Network associated with posterior occipitotemporal
sulcus (OTS) interruption at thresholds 2.4 and 2.5 (p-FWE < 0.05). Anatomical labels from
the Destrieux Atlas (Destrieux et al., 2010) were adopted. OTS = occipitotemporal sulcus;
PRC = precuneus; CS = Calcarine sulcus; ITS = inferior temporal sulcus; L = left

hemisphere; R = right hemisphere. The figure is adapted with permission from Del Mauro,
Del Maschio et al. (2022).
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7.2 Experiment 3
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Appendices; Experiment 3; Figure S1. Destrieux atlas (Destrieux et al., 2010). The figure is
adapted with permission from Del Mauro, Del Maschio, Sulpizio, et al. (2022).
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Frontal components
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Appendices; Experiment 3;
Figure S2. ICs grouped as
frontal components.  All
frontal components showed
larger gray matter volume
(GMV) in females. Colormap
is based on  Z-score
thresholded at |Z > 3.5|. The
figure is adapted with
permission from Del Mauro,
Del Maschio, Sulpizio, et al.
(2022).



Temporal components
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Appendices; Experiment 3; Figure S3. ICs grouped as temporal and parahippocampal
components. Males showed larger gray matter volume (GMV) in IC3, 1C19 and 1C21, while
females showed larger GMV in the 1C43. Colormap is based on Z-score thresholded at |Z >
3.5]. The figure is adapted with permission from Del Mauro, Del Maschio, Sulpizio, et al.
(2022).
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Posterior components
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Appendices; Experiment 3; Figure S4. ICs grouped as posterior components. Females
showed larger gray matter volume (GMV) in IC5, 1C44 and IC50, while males showed larger
GMV in the IC16. Colormap is based on Z-score thresholded at |Z > 3.5|. The figure is adapted
with permission from Del Mauro, Del Maschio, Sulpizio, et al. (2022).
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Cerebellar components
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Appendices; Experiment 3; Figure S5. ICs grouped as cerebellar components. All the
componentss showed larger gray matter volume (GMV) in males. Colormap is based on Z-
score thresholded at |Z > 3.5|. The figure is adapted with permission from Del Mauro, Del
Maschio, Sulpizio, et al. (2022).
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ROIs Hemisphere p-FDR T-value Cohen's d

Long insular gyrus and central insular sulcus L 0.01069 -3.2991 -0.2297198
Short insular gyri L <0.001 -6.3562 -0.442589
Superior parietal lobule (lateral part of P1) L <0.001 4.471 0.31132048
Straight gyrus (gyrus rectus) L 0.02298 -3.0346 -0.2113024
Horizontal ramus of the anterior segment of the lateral L -2.8457 -0.1981491
sulcus (or fissure) 0.03479

Occipital pole L 0.00722 -3.4753 -0.2419888
Superior frontal sulcus L 0.02807 2.9541 0.20569712
Intraparietal sulcus (interparietal sulcus) and transverse L 3.4377 0.2393707

parietal sulci 0.0076

Superior occipital sulcus and transverse occipital sulcus L <0.001 4.1959 0.29216497
Medial orbital sulcus (olfactory sulcus) L <0.001 -4.3834 -0.3052208
Transverse temporal sulcus L 0.00323 3.7706 0.26255088
Subcentral gyrus (central operculum) and sulci R 0.00657 | 32267 -0.2455679
Long insular gyrus and central insular sulcus R <0.001 -4.5086 -0.3139386
Short insular gyri R <0.001 -5.8665 -0.4084906
Lateral occipito-temporal gyrus (fusiform gyrus, O4-T4) R 0.03479 -2.8345 -0.1973692
Superior parietal lobule (lateral part of P1) R 0.00339 3.7279 0.25957764
Postcentral gyrus R 001717 3.1416 0.21875295
Occipital pole R <0.001 -4.4445 -0.3094753
Superior frontal sulcus R 0.03886 2.7827 0.19376236
Lateral occipito-temporal sulcus R 000923 -3.3616 -0.2340718
Medial orbital sulcus (olfactory sulcus) R 003479 | 28651 -0.1995

Appendices; Experiment 3; Table S1. Sex differences across regional values of gray matter
volume corrected for total brain volume. Only regions significantly different between sexes
are reported. Regions of interest (ROIs), hemisphere, corrected p-values (p-FDR), t-values
and effect sizes (Cohen’s d) are reported. Notes that negative t-values and effect sizes indicate
higher regional values in males.

ROIs Hemisphere p-FDR T-value Cohen'sd
Superior parietal lobule (lateral part of P1) L 0.01896 3.3332 0.232094
Occipital pole L 0.00712 -3.7457 -0.26082
Superior segment of the circular sulcus of the insula L 0.01019 -3.5945 -0.25029
Intraparietal sulcus (interparietal sulcus) and transverse L 0.04677 2.9604 0.206136

parietal sulci

0.00173 4.4099 0.307066
0.00678 -3.8309 -0.26675
0.02638 3.1838 0.221691
0.00324 -4.1088 -0.2861

0.01642 -3.4164 -0.23789
0.02638 -3.1656 -0.22042

Superior occipital sulcus and transverse occipital sulcus

Short insular gyri

Superior parietal lobule (lateral part of P1)

Occipital pole

Superior segment of the circular sulcus of the insula

Q| | Wl B O

Lateral occipito-temporal sulcus

Appendices; Experiment 3; Table S2. Sex differences across regional values of surface area
corrected for total surface area. Only regions significantly different between sexes are
reported. Regions of interest (ROIs), hemisphere, corrected p-values (p-FDR), t-values and
effect sizes (Cohen’s d) are reported. Notes that negative t-values and effect sizes indicate
higher regional values in males.
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ROIs Hemisphere p-FDR T-value Cohen's d
Subcentral gyrus (central operculum) and sulci L 002275 -2.6655 -0.1856016
Transverse frontopolar gyri and sulci L 0.0026 3.4087 0.2373514
Anterior part of the cingulate gyrus and sulcus L 0.01806 2.7699 0.19287108
Middle-anterior part of the cingulate gyrus and sulcus L <0.001 5.231 0.36424009
Middle—posterior part of the cingulate gyrus and sulcus L <0.001 4.3411 0.3022754
Middle frontal gyrus (F2) L 002994 | 29642 0.17854797
Superior frontal gyrus (F1) L <0.001 5.8039 0.40413172
Long insular gyrus and central insular sulcus L <0.001 -6.3794 -0.4442044
Short insular gyri L <0.001 -5.4739 -0.3811535
Angular gyrus L <0.001 6.6595 0.46370806
Supramarginal gyrus L 000 | SOBLL | 035380239
Superior parietal lobule (lateral part of P1) L <0.001 4.2204 0.29387094
Postcentral gyrus L <0.001 5.1212 0.3565946
Straight gyrus (gyrus rectus) L <0.001 -4.091 -0.2848607
Subcallosal area, subcallosal gyrus L <0.001 -4.3831 -0.3051999
Polar plane of the superior temporal gyrus L <0.001 -6.7833 -0.4723284
Inferior temporal gyrus (T3) L 0.02261 -2.6811 -0.1866878
Temporal pole L <0.001 4.8987 0.34110169
Calcarine sulcus L 0.01223 -2.9166 -0.203086
Marginal branch (or part) of the cingulate sulcus L <0.001 4.269 0.29725501
Inferior segment of the circular sulcus of the insula L <0.001 -7.1572 -0.4983634
Inferior frontal sulcus L 0.02275 -2.6702 -0.1859289
Superior frontal sulcus L 0.03021 2.5477 0.17739906
Sulcus intermedius primus (of Jensen) L 0.03005 | 2°°61 0.17798396
Intraparietal sulcus (interparietal sulcus) and transverse L 3.1016 0.2159677
parietal sulci 0.00685
Superior occipital sulcus and transverse occipital sulcus L 0.03595 24541 0.17088159
Anterior occipital sulcus and preoccipital notch (temporo- | L 2.378 0.16558267
occipital incisure) 0.0435
Medial orbital sulcus (olfactory sulcus) L <0.001 -5.7581 -0.4009426
Postcentral sulcus L <0.001 5.2947 0.36867559
Subparietal sulcus L <0.001 3.8631 0.26899176
Transverse temporal sulcus L <0.001 5.9895 0.41705525
Inferior occipital gyrus (03) and sulcus R 0.0025 -3.4267 -0.2386048
Transverse frontopolar gyri and sulci R <0.001 4.1246 0.28720028
Anterior part of the cingulate gyrus and sulcus R 0.03049 2.5303 0.17618748
Posterior—dorsal part of the cingulate gyrus R <0.001 -3.7496 -0.2610886
Posterior—ventral part of the cingulate gyrus (isthmus of R -6.7161 -0.4676492
the cingulate gyrus) <0.001
Middle frontal gyrus (F2) R 0.0178 2.7816 0.19368576
Superior frontal gyrus (F1) R <0.001 3.9438 0.27461098
Long insular gyrus and central insular sulcus R <0.001 -4.3438 -0.3024634
Short insular gyri R <0.001 -6.1494 -0.4281893
Lateral occipito-temporal gyrus (fusiform gyrus, 04-T4) R <0.001 -6.007 -0.4182738
Angular gyrus R 0.00536 3.1811 0.22150337
Superior parietal lobule (lateral part of P1) R 0.00191 3.5066 0.24416828
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Postcentral gyrus R <0.001 4.6563 0.32422312
Subcallosal area, subcallosal gyrus R 0.00142 -3.5933 -0.2502053
Lateral aspect of the superior temporal gyrus R 0.00348 -3.3199 -0.2311682
Polar plane of the superior temporal gyrus R <0.001 -9.3509 -0.6511131
Inferior temporal gyrus (T3) R <0.001 -4.3815 -0.3050885
Middle temporal gyrus (T2) R 0.00104 -3.6821 -0.2563885
Temporal pole R <0.001 3.8241 0.26627615
Calcarine sulcus R <0.001 -4.9405 -0.3440123
Inferior segment of the circular sulcus of the insula R <0.001 -9.6973 -0.6752333
Superior segment of the circular sulcus of the insula R 0.00375 -3.2917 -0.2292046
Posterior transverse collateral sulcus R 0.03049 -2.5254 -0.1758463
Intraparietal sulcus (interparietal sulcus) and transverse R 5.3997 0.37598685

parietal sulci <0.001
Orbital sulci (H-shaped sulci)

-2.5272 -0.1759716

R 0.03049
Postcentral sulcus R 0.01699 2.804 0.1952455
Inferior part of the precentral sulcus R 0.03595 -2.4541 -0.1708816
Inferior temporal sulcus R 0.02094 -2.7137 -0.1889578
Superior temporal sulcus R <0.001 -4.7952 -0.3338949

Appendices; Experiment 3; Table S3. Sex differences across regional values of cortical
thickness corrected for average cortical thickness. Only regions significantly different
between sexes are reported. Regions of interest (ROIls), hemisphere, corrected p-values (p-
FDR), t-values and effect sizes (Cohen’s d) are reported. Note that negative t-values and effect
sizes indicate higher regional values in males.

ROls Hemisphere p-FDR T-value Cohen'sd
Superior parietal lobule (lateral part of P1) L 0.05297 -1.965 -0.13683
Superior parietal lobule L 0.1143 -1.5945 -0.11103
Vertical ramus of the anterior segment of the lateral sulcus | L 0.05216 -1.9747 -0.1375
(or fissure)
Intraparietal sulcus (interparietal sulcus) and transverse | L 0.24137 1.1806 0.082206
parietal sulci
Superior occipital sulcus and transverse occipital sulcus L 0.09264 -1.7 -0.11837
Anterior occipital sulcus and preoccipital notch (temporo- | L 0.05608 -1.9373 -0.1349
occipital incisure)
Transverse temporal sulcus L 0.53313 -0.629 -0.0438
Superior parietal lobule (lateral part of P1) R 0.15109 -1.4479 -0.10082
Inferior frontal sulcus R 0.06026 -1.9028 -0.13249
Intraparietal sulcus (interparietal sulcus) and transverse | R 0.69722 0.3892 0.0271
parietal sulci
Temporal transverse sulcus R 0.08667 -1.7348 -0.1208

Appendices; Experiment 3; Table S4. Regional values of fractal dimension (FD) (corrected
for FD of the cortical ribbon) where no significant sex difference was detected. Only regions
not significantly different between sexes are reported. Regions of interest (ROIs), hemisphere,
corrected p-values (p-FDR), t-values and effect sizes (Cohen’s d) are reported.
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ICs p-FDR T-value Cohen'sd

IC1 0.00438 3.1785 0.22132233
IC3 <0.001 -5.8084 -0.4044451
IC4 <0.001 -6.6603 -0.4637638
IC5 0.01242 2.7738 0.19314264
IC13 0.01142 2.8139 0.19593485
IC14 <0.001 4.9934 0.34769575
IC16 <0.001 -13.3582 -0.9301457
IC17 <0.001 -4.8424 -0.3371815
IC18 <0.001 3.8022 0.26475123
IC19 0.00748 -2.9745 -0.2071176
IC21 <0.001 -8.5977 -0.598667

1C27 0.0493 2.2719 0.15819481
1C29 <0.001 4.2191 0.29378042
IC31 0.00133 3.542 0.24663322
IC36 <0.001 6.3793 0.44419744
1C42 <0.001 -5.0017 -0.3482737
IC44 0.00132 3.5598 0.24787266
IC45 0.00534 -3.0918 -0.2152853
1C47 0.00882 2.9099 0.20261943
1C48 <0.001 -4.4557 -0.3102551
1C49 0.00137 3.5188 0.24501778
I1C50 0.00534 3.0913 0.2152505

IC51 <0.001 5.6585 0.39400737
1C64 <0.001 -3.7702 -0.262523

IC73 <0.001 5.4354 0.37847268
IC75 <0.001 4.2775 0.29784687
1C43 <0.001 3.9697 0.27641443

Appendices; Experiment 3; Table S5. Sex differences across independent components (I1Cs)
estimated with the source-based morphometry. Only significant results are reported. For
each component, we reported the corrected p-value (p-FDR), the t-values and the effect size
(Cohen’s d). Negative t-values and effect sizes indicate higher regional values in males.
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