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Résumé: Chez I'homme, le cerveau se plisse
principalement in utero, pendant le troisieme
trimestre de grossesse : la surface du cortex au
moment de la naissance a terme présente alors des
creux (sillons) et des bosses (gyri) dont la forme reste
relativement stable au cours de la vie. Les motifs de
plissement du cerveau, bien qu'uniques a chaque
individu, présentent une organisation globalement
cohérente au sein de I'espece, permettant d'identifier
et de comparer les sillons entre individus. La
variabilité en forme des sillons et ses relations avec la
spécialisation fonctionnelle (que le contexte soit
pathologique ou non) sont de plus en plus étudiées
dans le cerveau mature, mais les études dans le
cerveau en développement restent rares a cause de
nombreuses difficultés soulevées par la neuro-
imagerie du tout-petit.

Pendant mon doctorat, j'ai étudié les dynamiques de
forme du plissement cortical sur la base de données
d'imagerie par résonance magnétique (IRM) acquises
longitudinalement dans une cohorte de nouveau-nés
extrémement prématurés, imagés vers l'age
équivalent a 7 mois de grossesse et a I'dge équivalent
de la naissance a terme. J'ai adapté une méthode
établie pour le cerveau adulte de caractérisation de
la forme des sillons au contexte complexe du
développement, et je 'ai appliquée a quatre régions
corticales distinctes : le sillon central, la scissure
sylvienne, et les régions périsylvienne et frontale
inférieure, ces deux derniéres n'ayant été explorées
qu'a l'dge équivalent du terme du fait de leur
apparition tardive dans le cerveau.

A travers mes travaux, j'ai tout d'abord décrit la
variabilité en forme du sillon central et de la scissure
sylvienne. Ceci m'a amenée a découvrir que la forme
de ces plis est cohérente entre les deux ages, ce qui
suggeére un encodage précoce. J'ai par ailleurs évalué
si la forme du sillon central permettait de prédire le
devenir moteur des sujets : faute d'étre significative,

elle a néanmoins suggéré la pertinence
fonctionnelle de certaines signatures sulcales.

Tout en étant concordantes avec I'état de l'art, mes
observations sur le sillon central et la scissure
sylvienne ont permis de détailler les motifs
spécifiques et la chronologie d'encodage de leur
forme précoce. En ciblant la scissure sylvienne et
ses régions environnantes, j'ai émis I'hypothése de
dynamiques différentes entre I'opercularisation
(processus menant au recouvrement du lobe
insulaire par les lobes frontaux, pariétaux et
temporaux) et la sulcation (processus menant a la
formation des sillons) : mes observations ont alors
suggéré une avance de I'hémisphere gauche dans
le cadre de |'opercularisation, contre une avance de
I'hémisphére droit pour la sulcation.

Par ailleurs, jai capturé des asymétries
conséquentes entre hémisphéres cérébraux, en
détaillant les caractéristiques de formes dans
chacun des objets sulcaux considérés : ces travaux
ont ainsi contribué a une meilleure compréhension
des asymétries précoces qui pourraient étre liées
au développement de la latéralisation fonctionnelle
du cerveau en liens avec la latéralité manuelle ou la
perception du langage.

De maniére a compléter mes contributions,
différentes directions devraient étre explorées,
dont la description de la variabilité des motifs des
sillons et leurs relations avec le fonctionnement
cérébral a des stades plus tardifs de
développement de I'enfant et dans le cerveau de
l'adulte, la quantification des altérations de
plissement liées a la prématurité, et l'investigation
plus approfondie des rapports entre
opercularisation et sulcation, qui pourraient
interagir ensemble au cours du développement.
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Abstract : In the human, the folding of the brain
takes place mostly in utero, during the last trimester
of pregnancy, resulting in a convoluted cortical
surface at term, displaying furrows (sulci) and crests
(gyri), whose patterns remain relatively stable
throughout life. The same global folding
organization is found between individuals, allowing
to identify and compare matching sulci, while the
more refined individual folding pattern is unique. The
variability of sulcal folding pattern and its relations to
functional specialization (both in health and
pathology) are increasingly investigated in the
mature brain, while studies in the developing brain
are still scarce because of the many challenges of
early-life neuroimaging.

During my PhD, | have investigated the dynamics of
folding pattern based on longitudinally acquired
magnetic resonance imaging (MRI) images from a
cohort of extremely preterm infants, imaged once
around the equivalent of 7 months of pregnancy, and
once at term-equivalent age (TEA). | have adapted a
pipeline established for adult sulcal shape
characterization to the context of developing folds
and applied it to four sulcal objects: the central
sulcus, the sylvian fissure, and the perisylvian region
and the inferior frontal region (these last two were
only investigated at TEA because of their late
appearance in the brain).

Throughout my works, | have described the shape
variability observed in the central sulcus and the
sylvian fissure at both ages. This led me to observe a
consistent encoding of pattern between both ages,
suggesting an early expression of sulcal shape
features. | have incidentally tested if the central
sulcus's shape was able to predict later motor
outcome: even though it did not achieve significant
results, it still seemed to suggest some functional
relevance in sulcal signatures.

My observations on the central sulcus and sylvian
fissure were concordant with the state of the art
and detailed additional pattern specificities and the
chronology of shape encoding. My focus in and
around the sylvian fissure additionally led me to
hypothesize a different dynamic in opercularization
(the process leading to the burial of the insular
cortex under the frontal, parietal and temporal
lobes) from that in sulcation (the process leading to
the formation of sulci): opercularization seemed to
show an advance in the left hemisphere while
sulcation has previously been reported to show an
advance in the right hemisphere.

Moreover, | have captured hemispheric
asymmetries and  detailed their  shape
characteristics in each fold-related object or region
considered. These studies have therefore
contributed to shedding more light on early-life
asymmetries.,, which could be linked to the
functional lateralization of the brain regarding
handedness or language perception.

In order to complement my contributions,
additional investigations should be led in different
directions, including the description of pattern
variability and its links with brain function in later
developmental stages in the child and the adult,
the quantification of prematurity-induced sulcal
alterations, and the further investigation of the
relation between opercularization and sulcation
processes, which might interact together during
development.
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INTRODUCTION

The folding of the brain results from complex and intricate phenomena
which are yet to be fully understood. Basic inter-studies comparisons
reveal that mammal brains show an intriguing variability of folding,
ranging from an absence of folds in small mammals such as mice, to a
complex folded surface with individual shape variability as in the hu-
man, with in-between situations, as in the ferret, whose brain is folded
in a manner that does not vary between individuals. This raises ques-
tions about the implications of brain folds (which globally increase in
complexity with the size of the brain) in brain function, especially since
alterations of cortical folding have been related to neurological adver-
sities. Yet, the specificities of human brain folding are still poorly un-
derstood for a number of reasons. Its complex variability, which dis-
plays individual traits within a common global architecture, has been
out of reach because of previous computational limitations. Moreover,
in the absence of functional implications, the investigation of its non-
pathological variability did not carry out much meaning. In addition,
the fact that its development happens mostly in utero made its obser-
vation overwhelmingly complicated.

Modern-day neuroscience technologies offer new opportunities to in-
vestigate cortical folding in the human and its functional implications.
The possibility for precise non-invasive in vivo imaging of the brain,
notably through magnetic resonance imaging (MRI), opened the door
to large cohort studies, necessary to assess global brain pattern varia-
bility. In parallel, the emergence of functional neuroimaging enabled
the investigation of brain function and its anatomical correlates, lead-
ing to new insights about folding implications. Thus emerged the field
of sulcal analysis, which set out to explore the cryptic variability of brain
folding patterns, through the study of the geometry of the crests (gyri)
and furrows (sulci) of the cerebral cortex. Additionally, the evolution of
computational power and the advent of sophisticated computational
methods paved the way for refined sulcal pattern studies.

The brain folds in a manner that is globally stable within mankind. This
allows to give a nomenclature to the different fissures and sulci, to
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compare them, and to assess abnormal gyrification patterns. Conse-
quently, a growing literature has begun describing sulcation and in-
vestigating its implications. | propose to differentiate subdomains fo-
cusing on complementary sulcal questions. Evolutionary sulcal neuro-
science focuses on the inter-species variability in sulcation suggesting
potential correlates to the specificities of human cognition. Clinical sul-
cal neuroscience quantifies aberrations in sulcal patterns correlated to
neuropathologies. Cognitive sulcal neuroscience assesses the links be-
tween cognitive abilities and sulcal landmarks. More generally, sulcal
neuroscience investigates global sulcal shape variability and its general
links to function.

As mentioned previously, in the human, cortical folding develops in
utero. It can be divided in two distinct processes, opercularization and
three successive sulcation waves, which we will detail later, which are
due to concurrent cellular, genetic and biomechanical events. The fold-
ing pattern remains globally stable after birth, in such a way that pat-
tern alterations observed in the adult brain relay valuable developmen-
tal informations. Yet, this information has to be explored in light of
neurodevelopmental processes, which are challenging to investigate.
The investigation of folding dynamics in the very young brain, histori-
cally restrained to post mortem fetal studies, is becoming increasingly
successful, thanks to the development of methodologies dedicated to
the very young brain, going as far as precise in vivo fetal MRI. Since the
majority of sulcation takes place during the third trimester of gesta-
tion, the fetus is the optimal model to study the development of sul-
cation. However, it is challenging to assess sulcation longitudinally in
the fetus since repeated MRI scanning outside clinical requirements
are not recommended (and not allowed in France) for ethical consid-
erations. Moreover, the act of birth has an impact on brain shape and
hydrance, making difficult the longitudinal comparability of pre- and
post-natal evaluations of folding.

Hence, the current thesis focused on a population of infants born ex-
tremely preterm scanned longitudinally, in order to investigate folding
dynamics in the very young brain at a first age during early sulcation
and at a second age, close to normal-term birth, when the general
folding pattern approaches a relatively developed configuration. The
purpose of this thesis is to contribute to the characterization of the
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dynamics of folding pattern in the developing brain, through the
means of three full-length articles:

|.  Chapter I: A review of the state of the art addressing, in a first
time, the reasons and methods for sulcal pattern studies in the
human brain, and in a second time, the current knowledge on
cortical folding in the developing brain through model, post
mortem and MRI exploration

[l. Chapter Ill: An original research article investigating the devel-
opment of the central sulcus through advanced shape consid-
erations and its link to later motor development, providing in-
sights about an early sulcation phenomenon and its relation to
function.

lll. Chapter IV: An original research article addressing early asym-
metries in and around the developing sylvian fissure through
advanced shape characterization, providing insights about the
process of brain opercularization, an early folding mechanism
distinct from sulcation.

Chapter Il is consecrated to the contextualisation of my PhD in terms
of motivation and methods available independently from my contri-
butions. After the presentation of these three articles and their respec-
tive implications, | discuss in Chapter V the additive value of my con-
tributions in the understanding of early-life brain folding pattern, some
resulting considerations about general human folding pattern, as well
as discussing the validity and limits of the methods employed. | will
finally conclude on the perspectives opened by this PhD thesis.
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CHAPTER |: DEVELOPMENT OF CORTICAL FOLDS IN THE
HUMAN BRAIN: AN ATTEMPT TO REVIEW BIOLOGICAL
HYPOTHESES, NEUROIMAGING INVESTIGATION AND
MODELLING STUDIES. (FULL-LENGTH ARTICLE 1)

7.1

CONTEXTALIZATION

In order to locate the contribution of the original research articles that
| wrote during my PhD within the current body of literature on sulcal
pattern and sulcal development, | propose the following article as a
review of the state of the art on sulcal pattern investigation. This review
gives an overview of the rich universe of sulcal studies, capturing the
ever-growing scope of application of this discipline, supported by a
multi-domain research effort. In its first half, after introducing reasons
why we study cortical folding, | review different methods and
approaches that have been developed for adult sulcal studies, and |
then interrogate the specificities of human sulcation. The second half
is dedicated to the development of sulci in the human, first explaining
our current understanding of the mechanisms responsible for brain
opercularization and sulcation, then observing the methodological
advances and the opportunities they open for sulcal studies, and finally
summarizing our current understanding on cortical folding in the
earliest stages of life.

The following article is not yet published. It is intended for submission
to the Flux special issue of the Developing Cognitive Neuroscience
journal (submission scheduled in July 2022).
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7.2

7.2.1

FULL-LENGTH ARTICLE

Investigating cortical folding in the adult

7.2.1.1 Why investigate cortical folding in the adult ?

A notorious characteristic of the human brain is its involuted shape,
displaying ridges (gyri) and furrows (sulci). The resulting pattern is
globally stable across individuals, which allows us to identify analogue
sulci within the population and to compare them (Fig. 1). Yet, even
though one can identify the same sulcus in two different brains, the
shape and orientation of this sulcus will differ. It has actually been
demonstrated that our “cortical foldingprints” are unique and allow
individual identification (Duan et al., 2019a; Duan et al., 2020).

The first reason to investigate the outer shape of the brain and the
specificities of its sulcation is for descriptive anatomy. In the end of the
19th century, the chronology of appearance of the different sulci
(which we will detail in the next section, consecrated to the
development of cortical folding) has been established through
thorough post mortem observation of foetuses, as well as their
evolution after birth with specimens ranging from childhood to
adulthood (Cunningham, 1892). This memoir described with increased
attention the sylvian fissure, the insula, the central sulcus, the
intraparietal sulcus, and the frontal lobe sulci. This seminal work was
the starting point of brain sulcal descriptive anatomy. Advances in
neuroimaging now allows the scientific community to investigate this
subject further, in vivo, with more reliable measures on larger cohorts.
A meticulous description of anatomical specificities and variability of
the human brain sulci has been undertaken. Different sulci have been
described in terms of strict morphological variability across individuals:
the cingulate and paracingulate sulci (Paus et al, 1996), the
orbitofrontal sulci (Chiavaras et al, 2001), the precentral sulcus
(Germann et al., 2005), the occipital sulci (laria & Petrides, 2007; laria
et al, 2008), the collateral sulcus (Huntgeburth & Petrides, 2008;
Huntgeburth & Petrides, 2012; Huntgeburth & Petrides, 2016), the
postcentral sulcus (Zlatkina & Petrides, 2010), the caudal rami of the
superior temporal sulcus (Segal & Petrides, 2012), the rhinal sulcus
(Huntgeburth & Petrides, 2016), the sulcus diagonalis and the anterior
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Figure 1: A. Sulcal nomenclature (Borne, 2019) represented on a
thresholded statistical probabilistic anatomy map (Perrot et al., 2011) of
a lateral (left) and medial (right) view of a left hemisphere. B. Lateral
(left) and medial (right) views of two labelled left hemispheres.

Acronyms: S.Or.: orbital sulcus, S.F.orbitaire.: frontal orbary sulcus, S.F.mar-
ginal.: marginal frontal sulcus, S.F.inf.ant.: anterior inferior frontal sulcus,
S.F.inf.: inferior frontal sulcus, S.F.inter.: intermediate frontal sulcus, S.F.sup.:
superior frontal sulcus, F.C.L.r.ant.: anterior ramus of the sylvian fissure,
F.C.L.r.asc.: ascending ramus of the sylvian fissure, F.C.L.r.diag.: diagonal ramus
of the sylvian fissure, S.Pe.C.inf.: inferior precentral sulcus, S.Pe.C.inter.: inter-
mediate precentral sulcus, S.Pe.C.sup.: superior precentral sulcus, S.Pe.C.mar-
ginal.: marginal precentral sulcus, S.Pe.C.median.: median precentral sulcus,
S.C.: central sulcus, F.C.L..r.retroC.tr.: transverse retrocentral ramus of the syl-
vian fissure, F.I.P.Po.C.inf.: inferior postcentral sulcus, S.Po.C.sup.: superior
postcentral sulcus, S.Pa.sup.: superior parietal sulcus, S.GSM.: sulcus of the su-
pra-marginal gyrus, F.I.P.r.int.1: first interior ramus of the intraparietal sulcus,
S.T.s.ter.asc.ant.: anterior terminal ascending branch of the superior temporal
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sulcus, F.L.P.r.int.2: second interior ramus of the intraparietal sulcus, F.I.P.: in-
traparietal sulcus, S.T.s.ter.asc.post.: posterior terminal ascending branch of the
superior temporal sulcus, OCCIPITAL: occipital sulci, S.T.i.post: posterior infe-
rior temporal sulcus, S.0.T.lat.post.: posterior lateral occipito-temporal sulcus,
S.0.T.lat.med.: medium lateral occipito-temporal sulcus, S.T.i.ant.: anterior in-
ferior temporal sulcus, S.T.s.: superior temporal sulcus, F.C.L.r.sc.post.: poste-
rior sub-central ramus of the sylvian fissure, S.C.sylvian.: central sylvian sulcus,
F.C.L.r.sc.ant.: anterior sub-central ramus of the sylvian fissure, S.T.pol.: polar
temporal sulcus, INSULA: insula, F.C.L.p.: posterior sylvian fissure, F.C.L.a.: an-
terior sylvian fissure, S.Olf: olfactive sulcus, S.R.inf.: inferior rostral sulcus,
S.R.sup.: superior rostral sulcus, S.F.int.: internal frontal sulcus, S.F.polaire.tr.:
transverse polar frontal sulcus, F.C.M.ant.: anterior cingulate sulcus, S.intraC-
ing.: intracingulate sulcus, S.F.median.: median frontal sulcus, S.Call.: subcallo-
sal sulcus, S.p.C.: paracentral sulcus, S.C.LPC.: paracentral lobule central sulcus,
F.C.M.post.: posterior cingulate sulcus, S.Pa.sup.: superior parietal sulcus, S.s.P:
sub-parietal sulcus, S.Pa.int.: internal parietal sulcus, S.Pa.t.: transverse parietal
sulcus, F.P.O.: occipitoparietal sulcus, S.Cu.: cuneal sulcus, S.0.p.: occipitopolar
sulcus, F.Cal.ant.-Sc.Cal.: calcarine sulcus, S.Li.post.: posterior intralingual sul-
cus, S.Li.ant.: anterior intralingual sulcus, S.0.T.lat.int.: internal occipitotem-
poral sulcus, F.Coll.: collateral sulcus, S.O.T.lat.ant.: anterior lateral occipi-
totemporal sulcus, S.Rh.: rhinal sulcus, S.T.pol.: polar temporal sulcus, ventricle:
ventricle.

ascending ramus of the sylvian fissure (Sprung-Much & Petrides,
2018). Aside from strict anatomical description, looking into sulcation
is useful for inter-subject alignment. In order to compare brain features
(either morphological, microstructural or functional) between any
number of individuals, a necessary step is to align brains in order to
analyse analogous regions. Historically, because of the variability of
folding patterns across individuals, brain registration was handled by
spatial volume normalisation to a standard space implying little to no
sulcal constraint, and resulted in template brains with blurry contours.
This was not optimal since sulcation is an important marker for
individual architecture and that such registration techniques dimmed
out this individual variability. Therefore, numerous methods of brain
registration involving sulci in a more or less direct manner have been
developed. The context of the use of sulci as landmarks has already
been detailed previously (Mangin et al., 2015a; Mangin et al., 2016),
but we will give a quick overview of the major tools for brain
registration and present the most recent solutions. We can
differentiate two types of registration approaches taking sulci into
account: those that aim for a global sulcal consistency and those that
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try to match specific sulci together. To integrate global sulcal
consistency, templates of average folding patterns have been built
iteratively by using 2-D spherical representations of the cortex
minimizing sulcal mismatch, as implemented in CIVET (Lyttelton et al.,
2007 ) and FreeSurfer (Fischl, 2012). Their volumetric counterparts are
ANTS (Avants et al, 2011) and DARTEL (Ashburner, 2007). Through
curvature information, sulcal considerations have also been integrated
in multi-modal surface matching (MSM), alongside myelin maps and
resting-state networks (Robinson et al., 2014; Robinson et al., 2018). In
terms of specific sulcal matching, both 2-D (HIPHOP; Auzias et al,
2013) and 3-D (DISCO, Auzias et al., 2011) approaches have been
developed in order to focus on the diffeomorphic registration of
individual folding patterns, matching corresponding pre-labeled sulci
while producing correct alignments of grey and white matter volumes
(Fig. 2). This sulcal approach, combined with the classic 3-D anatomical
registration approach DARTEL (Ashburner, 2007), provides a valuable
registration approach for heterogeneous datasets, such as datasets
including in vivo and post mortem imagery at different developmental
stages (Lebenberg et al., 2018).

TARGET

AFFINE

Figure 2: Comparison between the registration of two hemi-
spheres using either affine or sulcally-constrained (DISCO) regis-
trations (courtesy of Auzias et al., 2011)
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Last but not least, the investigation of cortical sulcation is motivated
by the search for anatomo-functional correlates. This correlation is
actually one of the motivations for sulcal-based registration. A recent
study has reviewed the currently assessed links between sulcation and
brain function, cognition and behaviour, which praised the multi-dis-
ciplinary investigation on the matter, yet concluded that our under-
standing of sulco-gyral link to function is still in its infancy (Jiang et al.,
2021). In whole-brain studies, the match between regions delimited by
sulci and architectonic areas, defined by localizable changes in either
cytoarchitecture or myeloarchitecture (Brodmann, 1909; Vogt & Vogt,
1911), has been tested on histological data, and proved to be globally
reliable, but with decreasing performance with increasing folding com-
plexity in relation to brain development (i.e. cortical areas delineated
by primary folds such as the central sulcus or the calcarine sulcus show
a better link between sulcal-defined regions and Brodmann areas than
the ones delineated by tertiary folds) (Fischl et al., 2008). Moreover,
comparing subjects registration either in the Talairach space or using
curvature-based cortical alignment showed that the latter technique
issued significantly increased consistency in inter-subject functional
activations, with better alignment in cortical regions delineated by pri-
mary folds once again (Frost & Goebel, 2012). Region- or sulcus-spe-
cific studies have also linked functional activation and sulcation in dif-
ferent brain areas: around the precentral gyrus (Fig. 3; Yousry, 1997;
Amiez et al., 2006; Sun et al., 2016; Germann et al., 2019; Eichert et al,,
2021), around the postcentral sulcus (Zlatkina et al., 2016), around the
angular gyrus (Segal & Petrides, 2013), around the superior temporal
sulcus (Sun et al., 2016), in the ventromedial prefrontal cortex (Lopez-
Persem et al,, 2019), and in the anterior cingulate cortex (Huster et al.,
2009).
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Figure 3: Group-average functional activations for motor (red)
and reading (blue) tasks mapped with fMRI and superposed on
the main variability trait of the central sulcus (courtesy of Sun et
al.,, 2016). Note that the functional hand activation follows the
hand knob’s ascension along the axis, and that the reading activa-
tion moves farther away from the central sulcus as the second
knob appears.

7.2.1.2 Methods to investigate sulcation

Now that we summarized the main reasons for exploring sulcal pat-
terns, let us explore the means developed to do so. We can dissociate
two types of methodologies: those that address the shape variability
of sulci in a global approach, quantifying the shape of all the sulci in a
given region or in the whole brain, and those that look into sulcus-wise
shape variability, focusing on a given sulcus and assessing its shape
variability within a given cohort. A challenge about these sulcus-spe-
cific shape studies is that they require accurate sulcal identification
compared to the global approaches, which can rely on geometric con-
siderations to quantify sulcation. Here, we will describe both method-
ologies, but following this section, we will mostly focus our attention
on sulcus-wise shape variability.

7.2.1.2.1 Methods to investigate global shape variability

Without the necessity of identifying specific sulci, the standard method
for quantifying regional or whole-brain sulcation specificities is to
compute global or regional gyrification indices. Initially relying on 2D
coronal slices of frozen brains, the "historical” gyrification index is com-
puted by dividing the pial length of the region of interest by the length
of the outer envelope of the same region (Zilles et al, 1988). This
method historically mostly relied on manual delineation of both of the
surfaces, which has since then been automated (Moorhead et al.,
2006). The gyrification index was subsequently refined by computing
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it on 3D cortical reconstructions in order to ensure a better reconstruc-
tion of the pial surface and an easier interpretation of gyrification
anomalies, including finer topological representations of anomalies
and better capture of buried sulci (Schaer et al., 2008).

To go further in detail with regional gyrification, it is necessary to use
a parametrization method on the brain to quantify individual gyrifi-
cation. Such a method has been elaborated by spherical inflation in
order to represent the whole cortex on a sphere, which is a simple par-
ametrizable surface (Fig. 4; MacDonald et al., 1994; Fischl et al., 1999).
Such spherical parametrisation paved the way to curvature-based
methods, for example to estimate local gyrification more robustly
(Luders et al., 2006). Furthermore, this concept of whole brain folding
parametrization for fold analysis has been optimized through the def-
inition of the depth potential function, which is both a faster and more
precise folding parametrization process. This function is useful for reg-
istration with sulcal constraints as well as for detection of local sulca-
tion differences between groups (Boucher et al., 2009).

Figure 4: Spherical coordinate system mapped onto a variety of
surface representations, from left to right: spherical, pial, inflated,
and flattened spherical (courtesy of Fischl et al., 1999)

A more specific field has been derived from these depth parametriza-
tion methods: the study of sulcal roots or sulcal pits. The sulcal root
model is based on the hypothesis that sulcation develops from stable
elementary folds appearing during the fetal stage (see next section),
with sulci resulting from the merging of these stable elementary folds.
This implies that the variability of sulcal pattern is due to variations in
the way sulcal roots merge and not to their initial position or number,
which is stable across individuals. These sulcal roots can thereafter be
inferred by investigating the resulting curvature of sulcal walls and
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fundi (Cachia et al., 2003; Régis et al., 2005). A similar yet slightly dif-
ferent concept is that of sulcal pits, which are defined as the local depth
maxima of sulci, in order to provide more stable landmarks than sulci
(Fig. 5; Lohmann et al., 2008; Im et al., 2010). A precursor approach for
sulcal pits used the watershed algorithm to automatically extract sulcal
regions (Rettmann et al.,, 2002). The two objects (sulcal roots and pits)
are very similar and vary mostly in terms of concept: the sulcal roots
are defined as the first atomic folding entities, which happen to get
buried in the deepest parts of the sulci during development, while the
sulcal pits are defined as the deepest parts of sulci, which are inferred
to match the earliest, most stable folding units. The sulcal pit automatic
extraction method has thereafter been refined to ensure increased in-
ter-subject reliability and to extract pits from shallower folds than the
initial method (Auzias et al., 2015). The method is suited for whole
brain studies of variability and asymmetry in the presence of plis de
passage (gyri buried inside a sulcus connecting its two walls), which
have been quantified in regard to their heritability (Le Guen et al,
2018). In continuity of the detection of sulcal pits, the structural graph-
based morphometry (SGBM) framework has been elaborated, repre-
senting folding patterns as pit-graphs, in order to be able to quantify
folding shape differences and to spatially scale these differences
(Takerkart et al., 2017). The latest curvature-based approach for de-
scribing regional patterns of sulcation is based on multi-view curvature
features (Duan et al., 2019b). The method derives multiple curvature
features from a curvature map by decomposing it by frequency and by
building a gyral crest map, leading to an extensive description of cor-
tical folding. This method is then pushed further to generate clusters
of region-specific typical folding patterns, which we will address in the
section about sulcus-specific shape characterization since it implies re-
gional labelling which is similar to sulcus labelling.
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Figure 5: Sulcal pits of an individual brain projected on an aver-
aged surface template (courtesy of Im et al., 2010)

Specialized methods for whole brain analysis have also been devel-
oped based on other parametrization approaches relying on curva-
ture maps. Based on the mean curvature of the grey-white interface,
computed using curvature and diffusion flow (Desbrun et al., 1999), the
spectral analysis of gyrification (SPANGY) has been developed to ques-
tion and quantify the spectral distribution of the global and local
shapes of the brain, including the folding patterns (Germanaud et al.,
2012). This tool highlighted that different folding frequencies might
correspond to the different waves of cortical folding, with lower fre-
quencies corresponding to the primary sulci and increasing frequency
corresponding to secondary, then tertiary folding (Dubois et al., 2019).
Adopting a different approach, a more refined tool than the local gyr-
ification index has been derived from curvature maps: the local shape
complexity index. This index measures local shape complexity by com-
puting the surface shape index (Koenderink & van Doorn, 1992) in the
whole brain and computing the local variance of this index, offering
finer and more localized shape complexity quantification (Kim et al.,
2016a).

To transition between global shape variability approaches and sulcus-
specific approaches requiring sulcal identification and labelling, let us
present a global approach relying on sulcal identification: the subclin-
ical abnormal gyration pattern (Régis et al., 2011). This method relies
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on automatic labelling of sulci integrating a confidence metric for la-
belling. A number of neural networks trained on manually labelled
control brains identify sulci on patient brains expected to show abnor-
mal gyrification. Abnormal gyration patterns are thereafter identified
by splitting the confidence metric by sulcus, and by selecting the sulci
with scores inferior to the fifth percentile of sulcal scores of the training
brains.

7.2.1.2.2 Methods to investigate sulcus-specific shape variability

Before addressing the methods for shape characterization of specific
sulci, let us have a quick overview on the current methods for sulcal
identification and labelling. Obviously, the most natural yet time-
consuming method for sulcal labelling is manual labelling by a trained
expert based on reference atlases (Ono et al.,, 1990; Petrides, 2019).
Manual labelling is still widely used despite the advances in automated
labelling, either for correction of automatic labelling in variable or ill-
defined sulci, because the great variability of cortical folding patterns
makes it impossible to achieve perfect automatic performances, or for
the definition of more refined specific labels for sub-sections of sulci.
Yet, manual labelling is complex and sometimes ambiguous, even for
trained experts, and it is not sustainable for studying large cohorts. This
motivated the development of increasingly reliable automated label-
ling methods, which in addition improve reproducibility compared to
non-experts. The different approaches for sulcal automatic labelling
have been reviewed a few years ago (Mangin et al., 2015b). As many
methods have been developed, we do not pretend to be exhaustive
on the matter. Typical approaches include using a congregation of
neural networks trained on manually labelled brains (Riviere et al.,
2002), or graph matching using shape, orientation, location, and
neighbourhood information (Yang & Kruegel, 2009). Another method
was developed by using a Bayesian framework based on a probabilistic
atlas (Perrot et al., 2011), and a more recent whole-brain approach
achieves a better preformance using convolutional neural networks,
both in accuracy and computation time (Borne et al., 2020). It should
be noted that sulcus-specific methods are also developed to focus on
specific elements of brain folding, such as the paracingulate sulcus for
example (Yang et al., 2019).
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Once the conundrum of sulcal labelling is resolved, the shape varia-
bility of specific sulci can be assessed. Examples of applications of
different methods are highlighted below, but are by no means exhaus-
tive of the very abundant literature in the domain. Simple metrics are
useful for shape characterization and readily used in literature thanks
to their automatic extraction in the openly-distributed brain analysis
software BrainVISA (https://brainvisa.info). Using this software, sulci
are defined through a watershed algorithm based on MRI intensities
which detects a surface within the cerbrospinal fluid filling up the
folds, the superior limit being delimited by the brain hull (Mangin et
al., 2004a). Recent studies have characterized sulcal shape in terms of
length alone (Yang et al., 2019), length and depth (Hotier et al., 2017;
Mangin et al,, 2020), length and surface area (Hopkins et al., 2014),
depth and width (Kochunov et al., 2005), and a combination of length,
mean depth, width, and surface area (Pizzagalli et al., 2020). Another
metric that can be derived from these automatically extracted
measures is the local sulcal index, defined as the ratio between a sul-
cus’s surface area and the outer cortical area (Cachia et al., 2008; Sar-
razin et al., 2018).

These methods offer basic shape metrics but fail to capture more ad-
vanced shape properties such as pattern and location. An option to
include pattern information in the sulcal analysis is by eye. Still today,
visual classification of patterns in post mortem brains is informative
(Wysiadecki et al, 2021). Either directly based on the MRI images
(Steinmetz, 1990; Chiavaras & Petrides, 2000; Germann et al., 2005;
Amiez et al,, 2006; Zlatkina & Petrides, 2010; Huntgeburth & Petrides
2012; Sprung-Much & Petrides, 2018; Lopez-Persem et al.,, 2019; Ei-
chert et al., 2021), or on volumetric reconstructions of the brain
(Mellerio et al., 2015; Cachia et al., 2016; Cachia et al., 2017; Gay et al.,
2017; Cachia et al.,, 2018; Del Maschio et al., 2019), in vivo visual classi-
fication of sulcal pattern is more practical to link it to function. Yet, the
visual assessment directly based on MRI images normally requires
manual tracing and identification of the sulci. Thankfully, automated
methods for tracing are being developed in specific regions, such as in
the occipito-temporal cortex (Snyder et al., 2019). On volumetric rep-
resentations, sulcal detection and labelling are more advanced, as
stated earlier. For example, the occipito-temporal sulcus of a cohort
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has been manually classified between continuous, interrupted in the
anterior part, and interrupted in the posterior part. The length of the
interruption was also captured, and both the pattern and the length of
this sulcus were associated to reading skills (Cachia et al., 2018). The
sulcal shape investigation using more than simple metrics is also pos-
sible with automated methods. While comparing schizophrenia sub-
jects with inner and outer-space hallucinations, after the observation
of a significant difference in voxel-based morphometry around the
right superior temporal sulcus, a group of researchers decided to com-
pare the relative positioning of this sulcus in each group (Plaze et al.,
2011). Thus, they superimposed the sulci on a Montreal Neurological
Institute (MNI) referential and, at a given depth, averaged the position
of each subgroup’s superior temporal sulci using barycentres. By doing
so, they demonstrated that patients suffering from outer space hallu-
cinations had a significantly higher superior temporal sulcus in the
right temporoparietal junction than patients suffering from inner space
hallucinations.

Another option to characterize shape with more detail than length or
depth is by quantifying its shape features. An interesting approach,
applicable on continuous sulci without branching, is quasi-isometric
length parametrization (Fig. 6; Coulon et al,, 2015). Applied to the cen-
tral sulcus, it is able to quantify the position of the extremities of the
hand knob (a characteristic bulk of the central sulcus), and therefore to
compare the hand knob’s location in different subgroups. It also opens
up the possibility for depth parametrization along the sulcus, with
which it is possible to observe subtle regional depth variations, for in-
stance in the main branch of the superior temporal sulcus (Leroy et al.,
2015) or in the central sulcus (Gajawelli et al., 2021). Alternatively, the
sulcal depth profile, which we already addressed in the section about
global shape variability, can also be used for shape characterization in
a given sulcus such as the superior temporal sulcus (Le Guen et al.,
2018).
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dorsal ventral
Figure 6. lllustration of the pipeline for quasi-isometric shape par-
ametrisation. a) Central sulcus’s mesh; b) Fielder vector and its ex-
trema; ¢) initial length parametrization; d) medial axis; e) quasi-
isometric length parametrisation; f) resulting sulcal profile with L1
and L. the hand-knob marker positions. Stripes indicate isocon-
tours (courtesy of Coulon et al., 2015).

In order to go further into shape characterization, we can also rely on
machine learning to extract pattern information from a given pop-
ulation. A first approach consists of extracting 3-D moment invariants
as descriptors of sulcal shape (which have interesting mathematical
properties but are not easily interpretable) and classifying the results
through dimension reduction using a principal component analysis
(PCA), interpreting shape variability afterwards (Mangin et al., 2004b;
Sun et al., 2007). The concept of classifying sulci based on shape dis-
similarity was then pushed further by capturing the overall shape sim-
ilarity between the sulci, rather than limiting the comparison to a finite
number of parameters (the 3D moment invariants), and by adopting a
dimensionality reduction algorithm more suited to the differentiation
of sulcal shape (Sun et al., 2009). The overall shape similarity is then



captured by considering every possible pair of sulci in the cohort, ap-
plying a pairwise registration using the iterative closest point algo-
rithm, and computing the residual distance after registration as the
dissimilarity metric between the sulci. After aggregating the resulting
metrics from the whole cohort, the Isomap algorithm (Tenenbaum,
2000) is applied for dimension reduction, which leads to the extraction
of dimensions capturing the main shape variability of the studied sul-
cus. For example, this method captured a transition from a “single
knob” (sulcus with one hump) to a “"double knob” (sulcus with two
humps) configuration of the central sulcus (Sun et al., 2012; Sun et al.,
2016). The approach based on multi-view curvature feature briefly in-
troduced before in the global shape characterization section also gen-
erates regional shape clustering, which do not strictly correspond to
sulci yet yield valuable information about sulcation (Duan et al., 2019b).
Once the multi-view curvature features are computed, by extracting
the features from a specific region of interest, it is possible to compute
the folding difference between every pair of subjects, and convert the
resulting inter-subject distance matrices into similarity matrices. Then
the matrices are fused together into a matrix containing both shared
and complementary information from the cohort, on which is applied
an “affinity propagation” clustering method (Frey and Dueck, 2007)
which automatically sets the number of clusters. The resulting clusters
differentiate subtypes of folding patterns, allowing description of the
variability of folding patterns in the brain in a discontinuous approach.

7.2.1.3 Specificities of sulcation of the human brain

Now that we have discussed why and how we study cortical folding,
let us have a rapid overview of what we now know about sulcation of
the human brain, without mentioning either its cause or its develop-
ment, which will be addressed in the second section of this manuscript.
The human brain is not the only one with convolutions; in fact, many
mammals show cortical folding, with their specificities depending on
the species (Fig. 7; Van Essen et al.,, 2019). Studying the gyrification
process and variability across animals contributes preciously to the un-
derstanding of sulcation in general, and has been historically investi-
gated in parallel to human sulcation (Gratiolet, 1854; Cunningham,
1892; Welker, 1990). In this perspective, studying animals is motivated
by two main reasons: to investigate the evolutionary process of brain
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folding, and to be able to proceed to invasive experimental set-ups
(such as gene knock-out or corticectomy) which are essential to ex-
plore and better understand the mechanisms driving the folding pro-
cess but are unacceptable in the human for obvious ethical reasons.

7.2.1.3.1 Comparative description of brain folding across mammal brains

Several reviews detail the evolution of cortical folding across species
and discuss the underlying mechanisms, either as the main topic (Zilles
et al,, 2013) or as a subtopic in the context of biological considerations
(Borrell, 2018; Llinares-Benadero & Borrel, 2019). Interesting facts in-
clude the observation that gyrification index linearly increases with
brain volume, but with different scales depending on the order (Zilles
et al., 2013), that different experimentations on animals led to the ap-
pearance of folds on an initially flat brain, but some of them did not
produce plausible underlying organisation (Borrell, 2018), and that
gyrencephaly is an ancestral mammalian trait, lost by some species
since then (Llinares-Benadero & Borrell, 2019).

Human: 1500g, 86 billion neurons

Chimpanzee: 380g Diverged
28 billion neurons ~5-7 MYA

AM

& -
\‘-,.

Capybara
(rodent)

-

Macaque: 87g Marmoset: 8g Mouse: 0.4g
6 billion neurons 630 million neurons 70 million neurons

Diverged Diverged Rodents diverged
25 - 30 MYA ~35 MYA ~75 (60 — 100) MYA

Figure 7: Scaled pictures of brains of four primate and two rodent
species. Size ratios (in yellow) are based on brain weight (courtesy
of Van Essen et al., 2019).
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To interrogate the specificities of the human brain, the most relevant
animal comparison is found in non-human primates. A recent review
of literature gives a comprehensive depiction of the primate brain evo-
lution, including a section on gyrification and one on sulcal anatomy
(Friedrich et al., 2021). We here summarize the main findings about
sulcal shape in non-human primates and the way in which the human
brain differs from theirs. An interesting concept was inferred from a
comparison including macaques, human term-born infants, and adults
(Hill et al., 2010). It pointed out that regional expansion of cortical sur-
face area is similar during human development and primate evolution,
and consequently suggested that regions of recent evolutionary ex-
pansion may benefit from maturing after birth, either for post-natal
environment integration, or to prioritize early-life resources on regions
optimizing early-life survival. Focusing more specifically on sulci, dif-
ferent studies have quantified either the similarities or the differences
in the shape or patterns of sulci across species. In particular, the or-
bitofrontal cortex showed the same pattern variability in humans and
macaques, even though the human brain showed some additional
sulci inducing more complex configurations (Chiavaras & Petrides,
2000). The central sulcus's morphology was compared within ten spe-
cies of primates (including humans), which suggested that the central
sulcus’s surface area showed a linear trend relative to the overall cor-
tical area, within all primates except for the human (Hopkins et al.,
2014). Moreover, the middle frontoparietal "pli de passage™ (a buried
gyrus within the central sulcus which has been observed in the human)
was only present in great apes and was deeper than humans’ for chim-
panzees, gorillas and bonobos but not for orangutans, suggesting a
more prominent “pli de passage” in humans and orangutans, and
therefore possibly a greater connectivity and sensory-motor integra-
tion between the pre and post-central gyri.

Moreover, comparisons between humans and chimpanzees unveiled
human-specific sulcal asymmetries. Using sulcal depth profiles on
the superior temporal sulcus, a rightward depth asymmetry (i.e. a sig-
nificantly more important depth in the right than in the left hemi-
sphere) in the superior temporal asymmetrical pit (STAP), was present
in humans as soon as birth, as well as in children and adults, while it
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was absent in chimpanzees (Leroy et al., 2015). Comparing length, po-
sitioning and bending of the sylvian fissure, it was shown that the left-
ward length asymmetry found in human adults was not reciprocated
in the chimpanzee, with notably the sylvian fissure ending more pos-
teriorly in the left hemisphere than the right only in humans (Hou et
al., 2019). This study also reported a more frequent bifurcation of the
sylvian fissure in humans, which tends to show an upward posterior
branching, when chimpanzees show a less frequent bifurcation rate,
and favour a configuration where the ascending ramus faces anteriorly.
Nevertheless, it should be reminded that other asymmetries are shared
between different species. For example, handedness was historically
believed to be human-specific, including its anatomical correlates in
terms of sulcal depth (with a deeper contralateral central sulcus in the
region of the hand). Similar handedness-related depth asymmetries
have been demonstrated in great apes (Hopkins et al., 2014) and olive
baboons (Margiotoudi et al., 2019). Similarly, a recent study dismissed
a sulcal asymmetric landmark previously thought to be human-spe-
cific, by identifying it in the chimpanzee, and assessing its functional
relevance compared to humans: the paracingulate sulcus (Amiez et al.,
2021). This finding led to a more in-depth study of the chimpanzee's
cingulate cortex, which observed that the chimpanzee's oro-facial mo-
tor control was linked to the presence of a paracingulate sulcus, and
identified asymmetries in the depth of the cingulate sulcus, with a left-
ward asymmetry in its anterior part and a rightward one in its posterior
part (Hopkins et al., 2021). Similarly, a recent study reported a leftward
asymmetry of the planum temporale (adjacent to the sylvian fissure) in
the macaque brain, undermining the proposition that leftward planum
temporale asymmetry constitutes a human-specific developmental
marker for language development (Becker et al., 2020). These different
observations highlight the relative complexity of the human brain
compared to its closest phylogenetic cousins, with a differentiation
mostly found in higher-order (associative) cortical regions, such as the
lateral temporal or parietal cortices, or the prefrontal cortex, and the
fact that cortical asymmetries are not all human-specific
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7.2.1.3.2 Folding specificities in the human brain

Let us now return to the human brain and have an overview of its fold-
ing specificities, from broader to finer considerations. A first global ob-
servation is that the degree of gyrification scales with brain size.
Larger brains show more augmentation in surface area than in cortical
thickness, even if both increase (exponent after log-regression inferior
to one third for the cortical thickness, superior to two thirds for the
surface area), and this increase in surface area is due to a higher num-
ber of folds rather than deeper folds (Im et al., 2008). This allometric
scaling of gyrification compared to brain size is also valid locally on
small cortex patches (Leiberg et al., 2021). Through spectral decompo-
sition of folding, this positive allometric scaling was quantified for total
folding power, and it showed different values based on the folding
waves (Germanaud et al., 2012): the contribution of primary folding
was constant, that of secondary folding increased similarly to total
folding power, and that of tertiary folding increased almost twice as
much, inducing additional pattern elements.

Still on a general point of view, as aforementioned, one of the speci-
ficities of the human brain lies in some of its asymmetries, yet it is
important to keep in mind that some asymmetries are also found in
great apes, implying that the notion of hemispheric asymmetry is not
strictly human-specific. In a pioneer sulcal shape study, the mean
shape and evolution of major sulci has been assessed in children, ad-
olescents and adults, which revealed shape asymmetries in the supe-
rior temporal sulcus, sylvian fissure, and postcentral sulcus at the three
ages, with an important increase of asymmetry in the sylvian fissure
between childhood and adulthood (Fig. 8; Sowell et al., 2002). A right-
ward asymmetry in the superior temporal sulcus’s depth (around mid
length, under Heschl's gyrus), the superior temporal asymmetrical pit
(STAP) has been demonstrated to be human specific by comparison
with chimpanzees (Leroy et al., 2015). Through a whole-brain sulcal pit
and depth profile study, it was evidenced that the rightward asym-
metry of the STAP is associated with more frequent interruptions of
the left superior temporal sulcus through “plis de passage” (Le Guen et
al., 2019). More globally, more “plis de passage” were detected in the
left hemisphere along the whole superior temporal sulcus (except in
its polar extremity), the superior part of the postcentral sulcus, and the

37



polar part of the inferior temporal sulcus. In the right hemisphere,
more “plis de passage” were captured in the posterior part of the intra-
parietal sulcus and in the superior part of the precentral sulcus. This
extended a previous study which already compared the relative distri-
bution of sulcal pits in both hemispheres, and reported that the left
hemisphere shows one more sulcal pit than the right one because the
frequency of pits was too low in the anterior but not polar region of
the right superior temporal sulcus (Im et al., 2010). This study addition-
ally reported differences in sulcal pit distributions depending on the
hemisphere: in the left one, the upper part of the postcentral sulcus,
parts of the superior temporal sulcus, and the lower part of the cal-
carine sulcus; in the right one, the upper part of the parieto-occipital
sulcus. In addition, the pits of the posterior part of the right superior
temporal sulcus were more spatially variable than the left one’s. Inci-
dentally, to complement these anatomical observations about sulcal
pit distribution with related functional findings, it has been reported
that the depth pits of the superior temporal sulcus within the STAP are
landmarks for the position of voice functional peaks along the length
of the superior temporal sulcus, and that while not statistically signifi-
cant, there was a trend towards a higher activity on the right side, sug-
gesting a link between anatomical and functional asymmetries (Bodin
et al., 2018).

Child Adolescent Adult

Figure 8: Superposition of the average sulcal shape profile of the
left and right hemisphere at during childhood, adolescence and
adulthood. The colour bar indicates average sulcal displacement
asymmetry (courtesy of Sowell et al., 2002).

7.2.1.3.3 Sulcal patterns as proxy of early developmental mechanisms

These sulcal patterns, globally matching within the population yet spe-
cific to each individual, happen to remain stable during lifespan. Yet, it
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should be noted that during childhood, a length increase of the left
inferior frontal sulcus and a posterior shifting of the left precentral sul-
cus have been reported (Blanton et al,, 2001), and that during adoles-
cence, the cortex flattens, inducing reduced sulcal depth and increased
sulcal width mostly in the frontal and occipital cortices (Aleman-Gomez
et al,, 2013). During adulthood, sulci widen and become shallower with
age, with a significant sex effect, inducing a more pronounced effect
in males in the superior temporal, collateral, and cingulate sulci (Ko-
chunov et al., 2005). Yet, this does not seem to affect significantly the
sulcal patterns that appear early on; a striking example is the longitu-
dinal stability of the pattern of a variable tertiary sulcus — namely the
paracingulate sulcus — which has been tested in a longitudinal cohort
of subjects spanning ages 7 to 32 years, and has been reported to be
fixed in childhood in every single case (Cachia et al., 2016).

This longitudinal stability of folding patterns erects sulcal pattern as a
lead macroscopic anatomical proxy for in utero development (Man-
gin et al,, 2010; Cachia et al., 2021). Thanks to this longitudinal stability,
sulcal pattern has been reported to correlate to prenatal dispositions
to cognition, response to later-life neurological adversities, and pre-
disposition to psychiatric or neurological disorders. In terms of healthy
cognitive variability, a number of studies have focused on the shape of
the anterior cingulate cortex (ACC) regarding the presence or absence
of a paracingulate sulcus in one or both hemispheres. With a battery
of verbal and spatial tasks as assessment, adults with a leftward asym-
metry in the ACC (i.e. a strictly more pronounced paracingulate sulcus
in the left hemisphere than in the right) showed better performances
than those with symmetrical or rightwards asymmetrical ACC (Fornito
et al, 2004; Fornito et al., 2008). Using the Stroop test, it was found
that a leftward asymmetrical ACC pattern leads to a better inhibitory
control in adults (Huster et al., 2009), in children (Borst et al., 2014) and
to a higher cognitive control efficiency in children (Cachia et al., 2014).
Using the Flanker test, monolinguals with a leftward asymmetrical ACC
pattern showed better cognitive control efficiency, while the opposite
trend happened in bilinguals (Cachia et al., 2017; Del Maschio et al.,
2019). In addition to the ACC, an asymmetry of the inferior frontal sul-
cus's pattern (either interrupted or continuous) also led to a better in-
hibitory control both in children and young adults (Tissier et al., 2018).
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The folding pattern of the occipito-temporal sulcus (OTS, either con-
tinuous, interrupted anteriorly, or posteriorly), for its part, has been as-
sociated with reading accuracy (Cachia et al., 2018). Adults with a left
OTS interrupted in the posterior region (matching the functional local-
ization of the visual word form area) showed a better reading fluency
than adults with a continuous left OTS; additionally, the length of this
interruption correlated with the reading skills (Fig. 9). In the lateral pre-
frontal cortex, the sulcal depth of specific tertiary sulci was associated
with individual differences in reasoning scores (Voorhies et al., 2021).
This corpus of evidence demonstrates the intricate relation between
sulcal pattern and normal cognitive development such as cognitive
control or reading efficiency, in which individual environment can play
a part, such as bilingualism.
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Figure 9. Relationship between the interruption of occipitotem-
poral sulcus (OTS, in blue) and reading ability. For the different
individual hemispheres, the black dashed line represents the fron-
tier between an anterior or posterior interruption. The error bars
depict one standard error to the mean, and the * highlights the
significantly different result (at p<0.05) between interrupted and
continuous sulci (courtesy of Cachia et al., 2018).

At the interface of normal and pathological development lies the sus-
ceptibility to neurological adversities. In the context of schizophre-
nia, the shape of the superior temporal sulcus in the right temporopa-
rietal junction (functionally related to the "where” auditory pathway)

40



presented opposite deviations between subjects with inner space hal-
lucinations and outer space hallucinations compared to healthy con-
trols (Plaze et al., 2011). Under the hypothesis that both of these dis-
placements of the right superior temporal sulcus can be observed in
the general population (inducing an average positioning of the control
subjects between the inner and outer space positioning), it can be in-
terpreted that this whole folding variability is normal, but yet relates to
the inner or outer perception of auditory hallucinations if they occur.
Again in the schizophrenia spectrum, it was reported that a specific
orbitofrontal sulcal pattern (medial orbital rostral and caudal regions
disconnected with a continuous lateral orbital sulcus) in the right hem-
isphere is related to the absence of transitioning to psychosis in sub-
jects at high risk, suggesting that displaying this pattern is advanta-
geous against transition to psychosis (Lavoie et al., 2014). In the con-
text of cerebral autosomal dominant arteriopathy with subcortical in-
farcts and leukoencephalopathy (CADASIL; a severe cerebral small ves-
sel disease), the severity of the disability affecting subjects has been
associated with the shape of the central sulcus, and more specifically
with cumulative shape of the left and right central sulci in terms of
height and size of the hand knob (higher and smaller hand-knobs were
linked to more severe outcomes; Jouvent et al., 2016). Such variability
of the central sulcus’s shape appears as non-pathological since it con-
curs with that observed in a control cohort (Sun et al., 2012), yet it
appears to be related to the severity of outcome in this pathological
situation (Jouvent et al., 2016), suggesting an association between sul-
cal shape and a motor reserve in which to draw from in case of adver-
sarial events.

In terms of links between pathological outcomes and sulcal pattern,
we transition from a sulcal variability which can be considered as nor-
mal, with an impact on outcome in case of an adversarial context, to a
sulcal pattern variability which is pathological, as suggested by the fol-
lowing non-exhaustive examples. In Turner syndrome subjects, the
right intraparietal sulcus shows decreased maximal depth and a ten-
dency towards reduced length, with additional pattern anomalies such
as missing portions, aberrant branches or ending, unusual interrup-
tions and a lack of downward convexity, accompanied by an anterior
displacement of the central sulcus (Molko et al., 2003). In the context
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71.2.2

of congenital unilateral limb absence, the central sulcus contralateral
to the absent limb is significantly flatter than in acquired amputation
and control situations, which implies that folding pattern signatures
can be specific to developmental events (Sun et al., 2017). Contrarily
to typical control subjects, ramifications of the precentral sulcus merg-
ing into the central sulcus have been reported in type 2 focal cortical
dysplasia, a subtype of epilepsy (Mellerio et al., 2015), as well as a sym-
metrical sylvian fissure in length in patients suffering from Huntington
disease, along with sulcal widening in different sulci (Mangin et al.,
2020). Sulcal widening is not our focus since it relates to neurodegen-
erative processes, while the absence of length asymmetry in the sylvian
fissure is certainly related to altered neurodevelopmental events.

This overview of folding studies suggests that sulcal patterns, which
develop mainly in utero, are a reliable biomarker for neurodevelop-
ment, be it in health or in pathology.

Folding progression during development

In the human, the folding of the brain occurs mainly in utero, during
the third trimester of pregnancy. Before detailing its chronology of ap-
pearance and specificities (2.3), first of all | had a general overview of
the current knowledge on folding mechanisms (2.1), and | then re-
viewed the specific MRI-based methods which have been developed
to investigate the developing brain, be it in the foetus or the neonate
(2.2).

7.2.2.1 Folding mechanisms

A number of different scientific fields have tried to understand why the
brain folds for certain but not all mammals and have brought to light
concurring mechanisms. Before assessing their causes, let us differen-
tiate two different types of folding: the brain opercularization and sul-
cation. Opercularization is due to a greater development of the frontal,
parietal and temporal lobes compared to the insular lobe, inducing a
folding of these regions over the insula (implying that the frontal and
parietal lobes become neighbours to the temporal lobe, over the in-
sula), and resulting in the Sylvian Fissure. On the reverse, sulcation per
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se seems to be due to intricate cellular phenomena inducing a me-
chanical buckling within a given region, resulting in the apparition of
sulci.

Cellular biology, genetics and biomechanics have proposed different
models to describe and explain these folding mechanisms, initially in-
vestigated separately. A number of reviews have brought together
these different findings, which | have summarized here in order to gain
a better overall understanding of the process. Among them, some have
focused on the combination of cellular biology and biomechanics
(Lewitus et al., 2013; Ronan et al,, 2015), including a dual perspective
review with both a cellular biology (Borrell 2018) and a biomechanistic
(Kroenke & Bayly, 2018) point of view, with comments from the other
perspective. Others have rather focused on the combination between
cellular biology and genetic processes, which seem to orchestrate the
biological events leading to cortical folding (Sur & Rubenstein, 2005).
More recent reviews have combined the three approaches for a more
global understanding of the overall folding mechanisms (Fernandez et
al., 2016 ; Llinares-Benadero & Borrell, 2019). Here, we will summarize
the main cellular, genetic and biomechanical events underpinning cor-
tical folding.

7.2.2.1.1 Cellular biology

In terms of cellular biology, a comprehensive review precisely depicts
the detailed organization of the fetal and neonatal brain (Kostovi¢ et
al., 2019). Here, we will focus on processes which are directly linked to
cortical folding. A first observation is that in the mature brain, the cor-
tex is thicker in gyral crests and thinner in sulcal fundi. The morphology
and distribution of the cortex’s components differ between crests and
fundi: in crests, the “column and layer” neuronal organization is more
precise, the density of cell bodies is lower, the myelinated fibres are
denser, oriented more vertically, and the pyramidal neurons show a
vertically oriented configuration, with longer and more elaborated
dendrites than their counterparts in sulcal fundi (Llinares-Benadero &
Borrell, 2019). In gyrencephalic species, these specificities arise from
the multiple neurogenetic events concurring in the developing brain,
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including neuronal and glial cell proliferation and migration. Regard-
ing proliferation, in the ferret, a heterogeneous rate of neurogenesis
has been reported in the developing cortical mantle, with regions of
higher neuronal density matching future gyral crests and regions of
lower neuronal density matching future sulcal fundi, resulting in a ho-
mogeneous neuronal density across the cortex in the mature brain
(Rockel et al., 1980). Migration is also an important factor in sulcation:
the inhibition of intercellular adhesion of migrating cortical neurons
induces folding without progenitor cell amplification in mice (a nor-
mally lissencephalic species), while preserving layered organization
and radial glial morphology (del Toro et al., 2017). Incidentally, a recent
review article has assessed different animal models inducing cortical
folding and differentiated the ones which resulted in realistic folding
properties from those which did not (Borrel, 2018). The migration of
neurons during neurodevelopment from the ventricular and subven-
tricular proliferative zones to the cortical mantel is guided by radial
glial cells. These also seem involved in cortical folding: in lissencephalic
species, the radial glial cells are parallel, while they are distributed in a
heterogeneous manner in gyrencephalic species, with fan-shaped con-
figurations in the regions undergoing greater folding expansion induc-
ing a greater tangential expansion of radially migrating neurons (Lli-
nares-Benadero & Borrell, 2019). This divergence of radial glial cells
can be linked to the relative abundance of basal radial glial cells in
gyrencephalic species compared to lissencephalic ones, whose cell so-
mas are located both in the inner and outer subventricular zones where
they undergo mitosis. The large number of basal glial cells, which ex-
tend their basal fibre in the pre-existing radial glial scaffold, cause a
divergence in it (Fig. 10). A recent review further suggests that the sub-
plate (a transient layer between the cortical plate and the intermediate
zone — future white matter) may drive cortical folding through direc-
tional cues to guide fibres (Rana et al., 2019).
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a Lissencephalic species (rodent) b Gyrencephalic species (ferret)
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Figure 10. lllustration of cellular organisation during cortical de-
velopment in the embryonic stage and resulting gyrification in the
adult in a. a lissencephalic species and b. a gyrencephalic species
(courtesy of Llinares-Benadero & Borrell, 2019). CP: cortical plate;
IZ: intermediate zone; SVZ: subventricular zone; VZ: ventricular
zone; OSVZ: outer subventricular zone; ISVZ: inner subventricular
zone; aRGC: apical radial glial cell; bRGC: basal radial glial cell; IPC:
intermediate progenitor cell.

7.2.2.1.2 Genetics

These biological events seem to be thoroughly genetically con-
strained. For example, as mentioned above, the ferret brain shows het-
erogeneous neurogenesis rates along the germinal layers which seem
to match the future location of sulci and gyri: genetic patterning has
concurrently been observed, with specific genes displaying similarly
heterogeneous degrees of expression which matched future folds, and
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which were associated to differences in proliferation and neuronal mi-
gration (Llinares-Benadero & Borrell, 2019). In link to the operculariza-
tion mechanism, in the human, it was reported that the frontal, parietal
and temporal lobes show differences in transcriptome compared to
the insula, including genes related to neuronal proliferation and differ-
entiation (Mallela et al., 2020). These are refined clues that genetics
and cellular mechanisms linked to folding are intertwined. Previously,
less refined clues suggested the implication of genetics in cortical fold-
ing. For example, in pathology, an association has been reported be-
tween bilateral frontoparietal polymicrogyria (inducing abnormally
small and numerous gyri in the frontal and parietal regions) and the
mutation of a given gene encoding a G-protein coupled receptor (Piao
et al., 2004). In the general population, males have been reported to
show longer sulci than females after correcting for brain size (while sex
chromosome dosage did not show specific impacts on overall folding
architecture; Fish et al., 2016).

More generally, the heritability of various sulcal metrics have been
tested, which led to conclude that earlier forming sulci show higher
heritability and that the most heritable sulcal metric is sulcal width (Piz-
zagalli et al.,, 2020). Although these different results suggest some ge-
netic implication in cortical folding, it seems far from explaining the
complexity of sulcal shape: when comparing monozygotic twins to
dizygotic twins, it was observed that while brain size is highly heritable,
the heritability of sulcal pattern is lower, even though monozygotic
twins show more similar patterns than dizygotic twins (Bartley et al,
1997). The higher sulcal similarity between monozygotic twins have
been reproduced comparing them to unrelated pairs of subjects using
sulcal graph matching based on sulcal pits (Im et al., 2011). It is inter-
esting to assess genetic constraints using the sulcal pits model, since
sulcal pits or roots have been hypothesized to be anatomical correlates
of the "protomap” folding model, according to which the early cells of
the embryonic vesicle carry their intrinsic program for species-specific
cerebral regionalization (protomap: Rakik, 1988; link to sulcal roots:
Régis et al., 2005). To go further, the heritability of deep sulcal pits has
been tested, and it was shown to have some small yet relevant sym-
metric genetic influences on the left and right hemispheres (Le Guen
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et al,, 2018). Moreover, this study reported a specific heritability asym-
metry across the two hemispheres, in the superior temporal sulcus,
with the left one being more genetically constrained. Further investi-
gation found an association between the anatomy of superior tem-
poral regions and a given genomic region, in the depth of the left STAP
(Le Guen et al,, 2019). A recent review focusing on sulcal pits and the
developing brain suggested a link between the stability of sulcal pits
distribution and the stability of the human-specific protomap (Im &
Grant, 2019). From this corpus of evidence, we can conclude that ge-
netic influence is crucial for the formation of folds, but not sufficient to
explain the variability of folding patterns in the human brain.

7.2.2.1.3 Biomechanics

The missing piece of the puzzle is perhaps biomechanics. Diverse bio-
mechanical models considering different tissues with different visco-
elastic properties have been proposed to simulate cortical folding, and
recent models have highlighted that changing some parameters (such
as initial geometry, or cortical thickness) induce folding variations
which can both justify intra and inter-species variability. A number of
reviews have discussed the different models in relation to supporting
or opposing evidence from a number of fields, including animal, math-
ematico-physical, and computational models (Toro & Burnod, 2005;
Bayly et al.,, 2014; Garcia et al,, 2018; Kroenke & Bayly, 2018; Foubet et
al., 2019; Heuer & Toro, 2019; Van Essen 2020). We tried to summarize
these different theories here.

In computational modelling of brain folding, the classic approach is
to consider the brain before sulcation as composed of two layers: the
outer layer representing the cortical plate, and the inner layer repre-
senting the tissue between the cortical plate and the proliferative ven-
tricular surface, i.e. the intermediate zone (Kroenke & Bayly, 2018).
Theories for cortical folding can be dichotomized between those which
consider that the governing forces arise from either the outer or the in-
ner layer. A first hypothesis of outer-layer governing forces is that the
skull and meninges constrained the outer expansion of the cortex,
forcing it to fold in order to fit in its container. This theory was dis-
proved, notably through the observation of gyration after relieving
cranial pressure in cats (Welker, 1990). Another outer-layer governing
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forces theory, which is, this time, well supported by a number of do-
mains, is that of tangential and greater expansion of the outer zone
compared to the inner zone, the differential expansion of the two
zones inducing a mechanical buckling which results in cortical folding
(Toro & Burnod, 2005). This theory is supported by biophysical models
using swelling gels (Tallinen et al.,, 2014; Tallinen et al., 2016) and nu-
merical simulations (Xu et al., 2010; Tallinen et al.,, 2016). The con-
sistency of this theory and experimental results pushed further inves-
tigation on how different parameters of such models imply variations
in sulcation which concur with observations, including stiffness, growth
rate, initial cortical plate thickness, and initial geometry (Wang et al.,
2019; Wang et al., 2021). Independently from the two-layer model, ad-
ditional computational efforts have been deployed to model the vari-
ability of brain folding pattern through reaction-diffusion mechanisms
based on Turing morphogens to mimic the differential growth of sulci
and gyri (Lefevre & Mangin, 2010). This model resulted in develop-
mentally consistent patterning of the brain and in variations in sulcal
pattern matching some observed in real-life (such as sulcal interrup-
tions).

In terms of inner-layer governing forces, a first hypothesis was that
radial growth of the inner zone occurs at different rates, and that gyri
arise from more growth of the inner zone than in sulci. This has been
disproved: if gyri were formed by the inner zone pushing the outer
zone outwards, a compressive radial force should arise at the centre of
gyri, while a tensile force is observed (Xu et al.,, 2010). Another inner-
zone governing forces theory, more popular than the previous one, is
the axon tension theory. In its original form, it hypothesized that the
tension along axons pulled the sulcal walls together, inducing folds
(Van Essen, 1997). Axonal tension has indeed been reported in the de-
veloping ferret brain, yet not in the direction which would induce fold-
ing (Xu et al.,, 2010), apparently disproving the axon tension theory.
Nevertheless, an updated version of the tension-based morphogenesis
has been proposed with the “differential expansion sandwich plus”
(Van Essen, 2020), which offers to solve the apparent contradiction be-
tween tension-based models and experimental observations.

In any case, biomechanical forces may fill in the last brick of cortical
folding dynamics, with plausible causes for inter-individual variability.
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Yet, it should not be reduced to the final brick, coming after cellular
and genetic considerations, since all three are deeply intertwined: me-
chanical forces, in turn, affect cellular activity. Biological forces affect
geometry through mechanical stress, impacting the pathways of mor-
phogens and signalling molecules (Foubet et al,, 2019; Heuer & Toro
2020). Therefore, even though at first, these different fields were
brought together mainly to validate or invalidate a given model based
on its compatibility with the other fields, it appears that the mecha-
nisms are not only concurrent but also interactive, and recent reviews
advocate the combination of the three domains to understand the
complex mechanisms at play (Fernandez et al., 2016 ; Llinares-Be-
nadero & Borrell, 2019).

In order to validate the different models proposed to explain folding
mechanisms, refined in vivo analysis of human development have to
be conducted. These require specific methodological developments
because of the many hurdles in acquisition and processing of fetal and
neonatal MRI.

7.2.2.2 Specific methods for the analysis of cortical folding through MRI in
the foetus/neonate brain

Now that we have clarified the current understanding of the folding
mechanisms, we will address the difficulties of studying sulcation in
vivo in the foetus, newborn (post-natal age below 28 days) or infant
(below 1 year of age) through the means of MRI (it should be noted
that MRI is not the exclusive means of anatomical imaging in these
populations, as, for example, ultrasound allows sulcal investigation to
some extent, though limited; Ginsberg et al., 2021). Recent reviews
have brilliantly assessed the situation and explored the limits and per-
spective of early-life neuroimaging (Vasung et al., 2019; Li et al,, 2019),
with the second one focusing more on computational developments
to adapt methodologies developed for more mature brains to the in-
fant brain. In order to summarize the difficulties arising from the study
of early folding, we discussed some considerations concerning acqui-
sition of MRI data, segmentation, registration, and some ulterior com-
putational methods which have required methodology adaptations.
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The present listing of methodologies requiring special attention be-
cause of specificities of the developing brain is far from exhaustive. Our
purpose here was mostly to highlight the reach of methodological
complexities induced by the study of the brain during its major folding
dynamics, and to sensitize the reader to hidden bias that may be ne-
glected when projecting adult methodologies to such young brains.

7.2.2.2.1 MRI acquisition

MRI acquisition in the foetus is complex for a number of reasons, in-
cluding the size of the object imaged, requiring a high spatial resolu-
tion in order to capture the details of brain structures, the presence of
the foetus in the womb, which both prevents the operator from choos-
ing the angle of acquisition and induces important movement artefacts
since the foetus can freely move during the acquisition, added to the
motions of the womb due to the mother’s breathing, to the presence
of the mother’s tissues, and the maturational stage and the water en-
vironment of the brain, which is responsible for lower contrast in brain
images between grey and white matter tissues (for review, see: Stud-
holme, 2015). This requires the development of ultra-short imaging
sequences (less than 30 seconds) to minimize motion.

In the neonate, the motion complexity caused by the in utero environ-
ment is relieved, especially around birth when the baby can easily be
put to sleep during acquisition (after been fed). Yet the problems of
brain size and maturational stage remain, requiring special efforts in
resolution and contrast. The immaturity of the cerebral tissues and the
high water content of the brain in the neonate reverses the classic adult
contrasts. T2 weighted sequences are generally preferred in infants be-
fore 4-6 months of age as it enables a better contrast between grey
and white matter than T1w MRI, even though it generally suffers from
thicker slices (Dubois et al., 2014). The period between 6 months and
a year is particularly challenging since the maturation of cerebral tis-
sues and myelination of the white matter induce a reversal of contrast,
which temporarily blurs the frontier between grey and white matter,
heterogeneously within different regions which mature at different
tempos. Yet in the scope of this review, we will focus on the fetal and
early neonate period, before this challenging time-window.
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7.2.2.2.2 Pre-processing and tissue segmentation

In fetal MR, the first step is to correct 3D head movements during fast
multi-slice imaging, enabling general fetal imagery rather than limiting
fetal studies to small subsets with limited movements. This can be
achieved through the use of super-resolution tools, increasing contrast
and resolution in T2 weighted imagery (Rousseau et al., 2006;
Gholipour et al., 2011; Kuklisova-Murgasova et al., 2012; Rousseau et
al., 2013 ; Fig. 11). Motion correction (Cordero-Grande et al., 2018) and
super-resolution tools are also suited for neonatal imagery
(Makropoulos et al., 2018a).

Figure 11. lllustration of reconstructed fetal brain MRI images.
Top row: axial, middle row: sagittal, bottom row: coronal, left col-
umn: original images, middle columns: reconstructed images us-
ing local sparse interpolation, right columns: super-resolution re-
construction coupled with non-local denoising (courtesy of Rous-
seau et al., 2013)
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After acquisition, correction of motion artefacts and reconstruction of
super-resolved images, the MRI images need to be segmented to al-
low analyses, by differentiating the different components of the image
(such as grey matter, white matter and cerebrospinal fluid) based on
their contrasts and morphology. This process needs special adjust-
ments in the very young brain for the same reasons as stated above:
the objects are small for the resolution (inducing reduced precision as
well as partial volume effects), the images are altered by motion, which
cannot always be corrected during pre-processing, and the ongoing
maturational process induces contrast specificities. Segmentation can
be operated manually, yet to gain time and improve consistency and
reproducibility in group studies, automatic segmentation methods are
required, both in the foetus and neonate (for review, see: Makropoulos
et al, 2018b). There are two main categories of segmentation pipe-
lines, either atlas-based or not. For concision, we will prevent from de-
tailing the technicalities of atlas construction, but it should be noted
that impressive efforts are deployed to build ever more refined atlases,
in the foetus, the preterm, and the neonate (Kuklisova-Murgasova et
al., 2011; Wu et al,, 2021). Once produced, brain atlases (which can be
sophisticated probabilistic atlases computed over a group or within a
given age-range, but also single subject labelled images) are useful for
segmentation: they can be used (through registration) to initialize tis-
sue delineation in MRI images, as a source of spatial information to
guide local tissue labelling, enhancing intensity-based subsequent tis-
sue recognition (in the foetus: Habas et al., 2010; in the preterm: Car-
doso et al., 2013; Kim et al., 2016b; Liu et al,, 2016; in the TEA preterm:
Anbeek et al,, 2013; in the term-born neonate: Prastawa et al.,, 2005;
Shi et al,, 2010; Wang et al., 2011; Wang et al., 2015). The direct use of
atlas registration for segmentation can be achieved using longitudi-
nally acquired images and through extrapolation of neonatal tissues
based on images of the same brain at 1 or 2 years old, but this method
is restricted to longitudinally-acquired datasets (Shi et al., 2010). Apart
from this specific case, the methods following atlas priors are diverse,
such as level set methods (Wang et al., 2011), expectation-maximisa-
tion algorithms (Cardoso et al, 2013; Makropoulos et al., 2014;
Makropoulos et al., 2018), multi-atlas texture patches and joint proba-
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bility-based label fusion (Kim et al., 2016b), combination of expecta-
tion-maximisation and patch-based methods (Liu et al., 2016), or fuzzy
c-means thresholding (Bae et al., 2021).

Inclusion of multi-modal images for refined segmentation has also
been achieved in the neonate (Wang et al., 2015). The use of atlases
(which can be costly to create, in terms of manual segmentation, num-
ber of images required, and age-specificity requirements) is conven-
ient for prior definition, but can be problematic if the image requiring
registration differs too much from the template. In particular, for sulcal
studies, the selection of an appropriate template in terms of sulcal var-
iability can be challenging. Automatic segmentation can also be
achieved without relying on atlases, through intensity based classifica-
tion with topological constraints and mathematical morphology-based
tools (in the foetus: Gholipour et al,, 2011; in the preterm: Moeskops
etal., 2015; in the term-born neonate: Hill et al., 2010; Leroy et al., 2011;
Gui et al., 2012). These methods can require manual interventions, such
as manual selection of parameters (which are necessarily age-depend-
ent; Hill et al., 2010), identification of labels after automatic tissue-type
classification because of maturational discrepancies (Gholipour et al.,
2011). They can also use geometrical properties and anatomical
knowledge to constrain the registration (Leroy et al., 2011; Gui et al.,
2012; Moeskops et al., 2015). An interesting way to compare such
methods is through benchmarks: the NeoBrainS12 challenge proposed
comparisons of various methods cited here, among others, based on
images acquired on preterm infants at 30 and 40 weeks of post-men-
strual age (w PMA) (ISgum et al,, 2015). More recently, deep learning
algorithms have gained popularity in the field of segmentation. In this
line, a recent article proposing an open dataset of manually segmented
fetal brains (including healthy and pathological subjects), offered a
benchmark of ten different segmentation algorithms which were pro-
duced by four different teams, and which included a multi-atlas seg-
mentation approach (which repeatedly applies atlas based segmenta-
tions using multiple individual images as atlases) along with a number
of deep learning approaches, based on multiple 2D U-Nets, 3D U-Nets,
or mask R-CNN deep neural networks (Payette et al., 2021).
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The resulting segmentations allow the extraction of different objects
and measures useful for subsequent analyses, including cortical sur-
faces necessary for sulcal detection.

7.2.2.2.3 Sulcal detection, identification and analysis

Sulcal detection in the very young brain is challenging because of its
rather smooth configuration in its early developmental stages. Their
detection, usually based on local curvature properties, can be biased
by acquisition noise, and classic object-based approaches used in the
adult are not always suitable. Moreover, automatic sulcal labelization
is challenging in the foetus because of age-related changes in brain
size, sulcation, and relative position and size of cortical regions (Fig 12).
Hence the development of an automated sulcal labelling for the fetal
brain is particularly challenging: with the help of fetal atlases, spatial
probability maps have been elaborated and after capturing the simi-
larity between an individual’s folding pattern and the corresponding
age-matched template, sulcal labelling was attained with the sulcal ba-
sin approach (Yun et al,, 2019). For sulcal pit extraction, the changes in
brain size prevent from using fixed threshold parameters (as in Im et
al., 2010). The detection of sulcal pits in the infant therefore required
to perform “exhaustive searching from a range of each parameter”
based on infant images with manually labelled sulcal pits (Meng et al,,
2018).
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Fetuses 28.4 weeks GA 30.4 weeks GA 31.9 weeks GA 33 weeks GA

Preterm 28.1 weeks GA 30 weeks GA 32 weeks GA 33.3 weeks GA
new borns (born 27 weeks) (born 28.7 weeks) (born 29 weeks) (born 31.6 weeks)

Figure 12. Representation of axial MRI slice and corresponding
volumetric reconstructions of cortical meshes at multiple ages in
the fetus (Top rows) and in the preterm (bottom rows) (courtesy
of Lefevre et al., 2016)

Sufficiently-refined sulcal detection methods allow for the investiga-
tion of global folding dynamics during development. A tool dedicated
to the analysis of gyrification (SPANGY; presented in 1.2.1: Methods to
(nvestigate global shape variability) has been applied to the developing
brain, leading to a refined comparison of sulcal dynamics between the
preterm and term newborn (Dubois et al., 2019). The SPANGY tool re-
lies on spectral decomposition of folding pattern in 7 spectral bands
(BO to B6), in which BO to B3 capture the global shape of the brain and
B4, B5, and B6 seem to match sulci corresponding to primary, second-
ary and tertiary folding waves. Another approach, focused on pattern
clustering, inferred similarity between multi-view curvature features
(decomposed curvature maps at multiple spatial-frequency scales and
gyral crest curves) using a similarity network fusion method and a hi-
erarchical affinity propagation clustering approach (Duan et al., 2019b;
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Fig. 15). This allowed for folding pattern clustering in the neonate, un-
covering representative folding patterns in several brain regions.

7.2.2.2.4 Registration methods

Group studies require the images to be comparable, which is achieved
through registration between subjects. Brains with sufficient anatom-
ical landmarks are compatible with classic MRI registration methods,
developed for the adult brain but eventually transposed to the infant,
such as atlas-driven registrations using a neonate atlas rather than an
adult one (Hill et al., 2010). Yet, when aligning either poorly folded
brains or brains at different developmental stages, special care should
be taken. Specifically, in the young fetus, anatomical landmarks are
missing for surface based registration requiring volume-based ap-
proaches to ensure consistent inter-subject registration, such as volu-
metric group-wise registration of tissue mass (Habas et al., 2012). Al-
ternatively, when more anatomical landmarks are present, it is possible
to adapt existing methods to the fetal brain when the objects they are
based on are detectable. For example, the DISCO tools for registrating
adult brains as presented in 1.1: Why investigate cortical folding in the
adult have been adapted to enable preterm, infant and adult brain reg-
istration (Lebenberg et al., 2018). Alternately, the HIP-HOP tool (a land-
mark-based registration approach; Auzias et al.,, 2013) is compatible
with early-stage sulcation pattern, since it does not impose the regis-
tration of specific sulci together by instead optimizing the match be-
tween sulci and iso-coordinates in a whole-brain approach, therefore
managing the coregistration of brains with fewer and less developed
sulci (Fig. 13; Auzias et al., 2015). Similarly, joint-spectral matching
techniques (Lombaert et al., 2013) are compatible with the matching
of brains which show different growth and folding stages: applied to
preterm images acquired at 30w PMA and 40w PMA, registrations are
qualitatively satisfactory and show consistency between lobe-specific
matching and whole-brain white matter matching (Orasanu et al,
2016). Registration based on spectral surface matching to a fetal sur-
face atlas has been demonstrated to present improvements in sulcal
alignment compared to 3D alignment methods and similar ones yet
cheaper computationally than spherical demons (Wright et al., 2015).
Multi-modal surface matching (MSM, Robinson et al., 2014), consider-
ing sulcal, curvature and myelin features, has also been refined in order
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to upgrade its regularization penalty, inducing improved alignment,
and making it suited for longitudinal neonatal registration between 33
and 41w PMA (Robinson et al., 2018).

Figure 13. Representation of the HIP-HOP method applied to fetal
brains. A. Each sulcus is mapped to a rectangular domain B. Su-
perposition of 15 individuals after unconstrained mapping C. cor-
responding model with constrained mapping (courtesy of Auzias
et al., 2015)

The development of refined methods to enable precise in vivo imaging
and preprocessing of fetal and neonatal brain development allow for
an increasingly precise investigation of the developing brain.

7.2.2.3 Progression of sulcation in the developing human brain

Now that the context of sulcal studies in the developing brain has been
set, we will detail the progression of sulcation in the human, relying on
both post mortem and in vivo data obtained in foetuses, in preterm
and full-term neonates and infants, and focusing on the current
knowledge about folding dynamics in the developing brain, before 2
years of age. We will finally review the folding specificities related to
premature birth. A review on fetal and postnatal development of the
cortex addresses cortical folding in a subsection (Dubois & Dehaene-
Lambertz, 2015), and a review specifically explores it in the light of sul-
cal pits (Im & Grant, 2019).
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7.2.2.3.1 Chronology of the development of folds

Let us first expose the chronology of folds’ development. The first ob-
servations about the developing folds were made on post mortem
specimens. A pioneer study explored 207 serially sectioned brains after
excluding brains with obvious malformations, and reported the age of
apparition of major fissures and sulci (Chi et al., 1977a). These develop
in three successive folding waves, the primary folds appearing from
20w PMA , the secondary folds from 32w PMA, and the tertiary folds
from 38w PMA (Chi et al., 1977a; Feess-Higgins & Laroche, 1987). This
question was thereafter reinvestigated using MRI in different popula-
tions, including post mortem foetuses (Chi et al., 1977b; Hansen et al.,
1993), in vivo foetuses (Garel et al., 2001; Habas et al., 2012), and ex-
tremely preterm neonates, in which hemispheric differences in appari-
tion were also reported (Dubois et al., 2008a). The results of these dif-
ferent studies are summarized in Table 1. The chronology of folding
reported are not strictly the same between studies (we can highlight a
lag in the study by Dubois et al., 2008a, which may be due to the min-
imal depth required to detect a forming sulcus with their methodology,
along with partial volume effects present in MRI and not in post mor-
tem visual inspections, and the possibility of damaged or deformed
post mortem specimen) yet relay similar trends, which are further con-
firmed by additional studies which did not explicitly detail the chronol-
ogy of appearance of specific folds, but describe the time-line of sul-
cation by region.

The relative speed of sulcation has been assessed in the different brain
regions (Fig 14; in the foetus: Habas et al., 2012; Wright et al,, 2014; in
the preterm: Dubois et al., 2008a; Kim et al., 2016b), and these report
that the dynamic of sulcation is slower (and linear) in the insula and
anterior temporal region compared to the other regions, which show
a non-linear folding increase between 20 weeks of gestational age (w
GA) and 40w GA) (Wright et al.,, 2014). Sulcation first develops in the
area just around the central sulcus and the medial occipital regions,
before the parietal, occipital, and posterior temporal regions, which
themselves show advances in sulcation compared to the frontal and
anterior temporal regions (in the preterm: van der Knaap et al., 1996;
Dubois et al., 2008a; in the term-born neonate: Hill et al., 2010). When
comparing growth rates by measuring cortical folding features such as
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sulcal depth and mean curvature, the ordering of regions is as follows:
posterior temporal, parietal, fusiform and parahippocampal, occipital,
frontal, temporal medial, and cingulate (in the foetus: Wright et al.,
2014; in the preterm: Kim et al.,, 2016b). As a result, at the age equiva-
lent to full-term birth (~40w GA), all primary and secondary sulci are
formed, as well as the majority of tertiary sulci; the overall sulcal shape
is the same in neonates and adults and shows the same folding varia-
bility, with the exception of less convoluted anterior cingulate and an-
terior temporal cortices, and a higher sulcal depth variability of the mid
temporal sulcus in neonates than in adults (Hill et al., 2010).

- 26.7w - 0.015 27.9w - 0.037 28.6w - 0.043 30.0w - 0.047
u
-0i1

30.1w - 0.071 30.3w - 0.095 30.0w-0.112 31.0w-0.129

32.0w-0.149 30.7w - 0.154 32.4w-0.172 33.3w-0.195
34.0w - 0.224 34.4w-0.243 35.0w - 0.279 35.7w - 0.345
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Figure 14. Reconstructions of inner cortical surface of preterm
newborns of different gestational ages (left number) and whole-
brain sulcation index (right number). Colours indicate surface cur-
vature (courtesy of Dubois et al., 2008a)
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Table 1: Chronology of appearance of sulci according to different
studies, ordered by apparition age in Chi et al., 1977a

Sulcus or fissure |Date of apparition (w GA/PMA)
Chi et al., 1977a Hansen et |Garel et al,, |Dubois et al,|Habas et
post mortem, visual |al., 1993 2001 2008, al., 2012
post  mor-|in vivo, |in vivo, pre-
tem, MRI MR, fetal |term, MRI
Left/Right
Interhemispheric |10 8-13
fissure
Transverse cere- |10
bral fissure
Callosal sulcus 14 8-13
Sylvian fissure 16 8-13
Calcarine sulcus |16 14-17 22-23
Olfactory sulcus |16 14-17 32/34
Parieto-occipital |16 14-17
sulcus
Insula’ 18 22
Cingulate sulcus |18 14-17 Posterior?: Posterior:
22-23 20
Anterior: anterior: 23
22-23
Rhinal sulcus 23
Central sulcus® |20 18-22 24-25 24
Superior tem- 23 18-22 Posterior: |27/26.7 25/24
poral sulcus 26,
anterior:
30
Collateral sulcus 23 18-22 24-25 29/30 24
Uncinate sulcus 30/30
Precentral sulcus* 24 22-25 26 29/29 27
Postcentral  sul- 25 22-25 27 28/27 27
cus®
Superior  frontal [25 22-25 24-25 30/29 24
sulcus
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Sulcus or fissure

Date of apparition
(w GA/PMA)

Chi et al., 1977a Hansen et|Garel etal., |Dubois et al,|Habas et
post mortem, visual |al., 1993 2001 2008, al., 2012
post  mor-|in vivo, |in vivo, pre-
tem, MRl |MRI, fetal |term, MRI
Left/Right
Intraparietal sul- 26 22-25 27 30/29
cus
Inferior temporal 26 22-25 30 30/29
sulcus®
Occipital sulcus 27 22-25
Inferior frontal |28 26-29 26 30/30
sulcus
Occipito-teporal (30 26-29 29
sulcus’
Secondary cingu- 32 31
lar sulci*
Secondary occipi- 34 32
tal sulci*
Insular sulci* 34-35 33

Some sulci are given different names. We adopted the nomenclature from section
1.1, but the other possible names are the following: 1: Circular sulcus, 2: Marginal

sulcus, 3: Rolandic sulcus, 4: Prerolandic sulcus, 5: Postrolandic sulcus, 6: middle tem-

poral sulcus, 7: inferior temporal sulcus. *groups of sulci preventing us from using

matching nomenclature
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7.2.2.3.2 Evolution of folding pattern

These shape asymmetries, captured at different ages, are sometimes
transient and characteristic of a maturational delay between hemi-
spheres, and sometimes permanent in the sense that they remain
asymmetric throughout life: hence the use for an assessment of the
evolution of pattern. In terms of global folding measures (by that, we
mean non sulcus-specific, including measures such as local gyrification
indices), the region-wise evolution of curvature measures have been
reported between 22 and 39w GA in the foetus (Wright et al., 2014),
and longitudinally, yet with surprisingly opposite results, in the pre-
term between 30w and 40w PMA: one study reported the highest gyr-
ification change in the parietal and occipital lobes (Moeskops et al.,
2015), while the other one reported that these two regions showed the
least increase of folding, and that the highest gyrification change was
observed in the prefrontal and temporal lobes (Orasanu et al., 2016).
These discordant results are probably due to methodological discrep-
ancies between the two studies, as, for example, region-averaged val-
ues are used in Moeskops et al., 2015, which may decrease noise ef-
fects against a loss in precision. After normal-term birth, sulcation is
reported to evolve differently between 0-1 year and 1-2 years of age,
and unsurprisingly to show that sulcation rates decrease with develop-
ment (Li et al, 2014). The increase of sulcal complexity was similarly
reported between 6 months and 2 years of age (Kim et al., 2016b). Even
though the different cortical regions show delayed sulcal growth, the
global stability of the folding pattern between birth and 2 years of age
has been assessed using sulcal pits, whose location and concentration
were kept almost unchanged (Meng et al., 2014). Moreover, a study
assessed whether brains which looked alike at birth evolved similarly
at 1 year of age, and obtained relevant correlations (Rekik et al., 2018),
suggesting that dynamic consistency of folding pattern is extendable
to inter-subject considerations. On a more sulcus-focused approach,
some studies reported sulcus-specific measures on a number of sulci,
either in a longitudinal setting on preterm, reporting the relative
growth of sulci in terms of length and surface area between 30 and
40w PMA (Kersbergen et al., 2016), or in a cohort of foetuses ranging
from 20 to 28w GA, reporting the evolution of mean curvature (Habas
et al., 2012). These studies give valuable overview of sulcation on the
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whole-brain-scale. Using a multi-age fetal atlas, a study focusing on
the links between genetics and opercularization beautifully character-
ized the growth dynamics around the insula through Jacobian vector
fields in foetuses between 21 and 38w GA, showing the volumetric ex-
pansion of the frontal, temporal and parietal opercula (Mallela et al.,
2020).

7.2.2.3.3 Asymmetries in the developing brain

In terms of hemisphere-wise development, the right hemisphere
shows sulcal complexity earlier than the left one (Chi et al., 1977a; Du-
bois et al., 2008a; Habas et al., 2012). This sulcation delay is the most
striking developmental asymmetry. Yet, the left hemisphere globally
catches up to the right one later on. This approximate 2-week lag may
explain the increased inter-individual variability observed in the right
hemisphere between 27 and 36w PMA (Dubois et al., 2010). During the
perinatal period, two sulcal asymmetries are most consistently re-
ported: the left Sylvian Fissure is longer and less curved than the right
one (post mortem: Chi et al., 1977a; in the foetus: Habas et al., 2012; in
the preterm: Dubois et al., 2010; Kersbergen et al,, 2016; in the term-
born neonate: Hill et al, 2010; Glasel et al., 2011), and the superior
temporal sulcus — more specifically its medium part — is deeper in the
right hemisphere (in the foetus: Habas et al., 2012; in the preterm: Du-
bois et al., 2008a; Dubois et al., 2010; Kersbergen et al., 2016; in the
term-born neonate: Hill et al,, 2010; Glasel et al.,, 2011; Li et al., 2014;
Bozek et al,, 2018). Interestingly, Glasel et al., 2011 reported an absence
of correlation between the rightward superior temporal sulcus and
leftward sylvian fissure asymmetries, suggesting a difference in mor-
phogenetic processes inducing both phenomena. Additional sulcal
asymmetries have been reported using classical length and depth
measures: in terms of right-deeper-than-left asymmetries, we can
name the dorsolateral portion of the right central sulcus, as soon as
27w GA (Habas et al., 2012) and in the full-term neonate (Li et al., 2014),
the insula in the preterm infant at term-equivalent age (TEA) (in terms
of surface rather than depth; Kersbergen et al, 2016), the inferior
frontal sulcus at 30w PMA and TEA in the preterm (Kersbergen et al.,
2016), and the lateral occipito-temporal sulcus in full-term neonates
(Bozek et al., 2018). In terms of leftward asymmetries, we can mention
the parieto-occipital sulcus at 26w GA in the fetus (Habas et al., 2012),
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and the anterior part of the temporal lobe, both medial and lateral, in
the term born infant (Bozek et al., 2018). One asymmetry showed an
inter-study reversal of trend with age: the superior frontal sulcus has
been reported to be deeper in the left hemisphere at 27w GA (Habas
et al,, 2012) but deeper in the right hemisphere at 40w PMA (Kersber-
gen et al.,, 2016).

Finer asymmetries can be captured by looking further into shape and
pattern: capturing only sulcal length, the asymmetries of the Sylvian
fissure are limited to a longer left Sylvian fissure (Chi et al., 1977b),
while a voxel-based analysis also showed a longer left sylvian fissure,
both extending more anteriorly and posteriorly (Dubois et al., 2010).
Looking into the localization of sulcal pits, hemispheric differences
have been revealed in the neonate: the superior temporal sulcus
showed more anterior pits in the right temporal pole, the superior part
of the postcentral sulcus, a sulcal pit cluster on the left and not on the
right, and the left central sulcus, higher sulcal pits than its right coun-
terpart (Meng et al,, 2014). This central sulcus asymmetry can be par-
alleled with the asymmetry previously reported in the adult (Sun et al,
2012). In a mix of TEA preterm and term-born neonates, pattern-spe-
cific asymmetries have also been reported in the superior temporal gy-
rus and in the cingulate cortex, in which some pattern occurrences
seem to develop only in a given hemisphere (Duan et al., 2019b; Fig.
15).
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Figure 15. Representative gyral patterns captured in the (pink) left
and (purple) right hemisphere matched by similarity in the (a) su-
perior temporal gyrus, (b) precuneus, (c) inferior frontal gyrus, (d)
cingulate cortex. Note the dissimilarity between the 3™ feature
superior temporal gyrus in both hemispheres and between the 2™
and 3" features in the cingulate cortex (courtesy of Duan et al.,
2019b).

7.2.2.3.4 Folding alterations linked to prematurity

To be exhaustive, we have presented jointly results of cortical folding
observed in the foetus, in the premature infant, and in the term-born
infant. Yet, it should be noted that some clinical conditions lead to
folding alterations, even in the case of non-pathological situations: for
example, being a twin was associated with a delay in folding dynamics
(Chi et al., 1977a; Dubois et al., 2008b). More importantly, altered sul-
cation has been reported in premature infants and children. Prem-
aturity per se is a motive of altered sulcal dynamics because of the dif-
ference between in utero and ex utero environment during sulcal de-
velopment. When compared to same-age foetuses, the preterm brain
without any obvious brain anomaly still shows less cerebrospinal fluid,
more pronounced folds, and a more compact global shape (Lefévre et
al., 2016; Fig 12). This study additionally reported that preterm birth is
linked to increases in intensity and sharpness of folding, as well as al-
tered sulcal shape; this is modulated by GA at birth. When comparing
extremely preterm newborns to moderate preterm newborns, ex-
tremely premature infants showed reduced cortical growth in a num-
ber of different regions (namely: the superior frontal, occipital, basal
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temporal, precuneus, right superior and middle temporal and parahip-
pocampal gyri as well as the right central sulcus area; Kim et al.,
2016b). Yet, this study design did not allow the authors to differentiate
direct effects of prematurity on sulcation from indirect effects linked
to adversarial situations linked to prematurity, as it did not exclude
preterm subjects with brain injuries or clinical factors susceptible to
alter cortical development. Additionally, the regions reported did not
overlap with those observed in an alternative study set-up, comparing
extremely preterm infants — selected to exclude periventricular leuko-
malacia, intra-ventricular haemorrhage of grade Ill and IV, focal brain
lesions and persistent ventricular dilatation at TEA — with term-born
controls, reporting reduced grey matter in the bilateral temporal lobes,
pre and post-central gyri, orbitofrontal cortex, amygdala, para-hippo-
campal gyrus, hyppocampus and left insula (Padilla et al., 2015). Finally,
when comparing extremely preterm neonate at TEA and term-born ne-
onates, the TEA preterms showed a less complex gyrification (captured
through the whole cortex convolution index: Ajayi-Obe et al., 2000; the
gyrification index: Engelhardt et al., 2015; Shimony et al, 2016; the
folding power in B4, B5 and B6 spectral bands: Dubois et al., 2019). A
specificimpact on the insula, superior temporal sulcus, and ventral pre-
and postcentral sulci was reported (Engelhardt et al., 2015), compatible
with the observation that the B4 spectral wave, most likely correspond-
ing to primary sulci, shows the most significant decrease in TEA pre-
terms compared to term-born infants, suggesting that sulci develop-
ing during the period of preterm birth are most impacted, when later
developing sulci are still impacted but less, probably because of the
condition of their ex utero development (Dubois et al., 2019).

In addition to the environmental difference between in utero and ex
utero brain development, extreme prematurity is often associated with
clinical disturbances which may affect normal brain development, in-
cluding sulcal development, such as gestational age at birth, multiple
pregnancies, intra-uterine growth restriction (IUGR), early-life severe
illness indicators (such as necessity for prolonged mechanical ventila-
tion, exposure to critical illness in the first 24 hours of life, and early
exposure to steroids), and presence of brain injuries. Gestational age
at birth impacts sulcal development in preterms, with decreasing di-
vergence from control fetal development with increasing gestational
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age at birth (Lefévre et al,, 2016). In extremely preterm populations,
being part of a multiple pregnancy led to a delayed but harmonious
maturation (Dubois et al., 2008b; Kersbergen et al., 2016). IUGR, either
reported as such, as low birth-weight according to GA, or as smaller
head circumference at birth, was linked to a discordant folding trajec-
tory, either through disproportionate alterations in sulcation index
compared to a decreased surface and volumetric growth (Dubois et al.,
2008b), or through lower gyrification index and cortical surface area
(Engelhardt et al., 2015), but also through decreased Sylvian fissure
and insula surface area at 30w PMA, and smaller left insula, left supe-
rior temporal sulcus, and bilateral central sulcus at TEA (Kersbergen et
al., 2016). In terms of early-life severe illness indicators, decreased cor-
tical surface area was also reported in infants with higher critical iliness
in the first 24 hours, exposure to postnatal steroids, and to prolonged
mechanical ventilation (Engelhardt et al., 2015). Prolonged mechanical
ventilation was linked to reduced surface area of the insula and sylvian
fissure as well as to reduced depth in the right central sulcus at 30w
PMA, and to a smaller right superior temporal sulcus and a shallower
left precentral sulcus at TEA (Kersbergen et al., 2016). Finally, different
types of brain injuries were reported in links to altered sulcation. Ex-
tremely preterm infants with cortical grey matter anomalies showed
increased cortical thickness and decreased cortical folding at TEA,
which was more pronounced than at 30w PMA (Moeskops et al., 2015).
This concurs with the observation that preterms with brain injury can
be differentiated from those without (Shimony et al,, 2016). Severe in-
traventricular haemorrhage (IVH) was reported to only be associated
with a reduced presence of secondary sulci at 30w PMA (Kersbergen
et al, 2016), in agreement with another study which linked IVH,
periventricular leukomalacia, and ventriculomegaly to reduced cortical
folding before 31w PMA but not later (Kim et al., 2020).

Imaging the developing brain is essential to understand the mecha-
nisms underlying its formation and patterning. Multi-domain efforts
are undertaken to describe early sulcal development and investigate
its causes and implications. Methodological advances pave the way for
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the characterization of normal sulcal pattern variability in the develop-
ing brain, fundamental to both abnormal trajectory detection and the-
oretical understanding of cortical organization.
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7.3

TRANSITION

This article gives a general overview of the current understanding on
sulcal pattern development, and an interesting picture of the
interdisciplinarity required to investigate it. We can notice that the
corpus of sulcal pattern studies per se is not very dense. As can be
understood from the review, this field is relatively recent, mostly
emerging in the 21st century with advances in MRI. Moreover, the
technology enabling sulcal studies in the developing brain was also
lacking in the past, greatly hindering the possibilities of early folding
pattern investigation. Yet, the increasing understanding of
relationships between sulcation and function, be it in health or in
pathology, calls for a specific effort to explore its developmental
dynamics.

This effort has been remarkably undertaken by seeking answers to a
series of questions, which | would summarize as why, when and how
does the human cerebral cortex fold. Out of those three questions, the
“when” is the best solved: post mortem pre-MRI fetal studies already
provided valuable observations on the chronology of folding
(Cunningham, 1892; Chi et al., 1977a), which have since then been
refined in typically developing newborns and in the context of
premature birth. Yet, it should be noticed that this chronology is
assessed in terms of apparition of the sulci and not in terms of pattern
encoding. This induces a currently poor understanding of the timings
at which specific shape characteristics emerge. The “why” has inspired
multiple hypotheses from different domains, which, combined
together, pave the way for an integrative theory of cortical folding,
combining genetic, cellular and biomechanical processes.

The "how", however, is still vastly unexplored. Some common features
within groups of infants have been reported, such as early length
asymmetries in the sylvian fissure and depth asymmetries in the
temporal sulcus. In parallel, hypotheses justifying the common pattern
have been proposed, such as the sulcal roots theory and joint sulcal
pits model, and seem to be supported by experimental data. Yet,
studies assessing the variability of folding patterns, and even more so
in the very young brain, are scarce. They are nonetheless fundamental
both for a better understanding of the ins and outs of adult sulcal
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pattern, and for potential early interventions if we can infer
neurodevelopmental adversities from sulcal development.

In this context, | have oriented my PhD mostly to address this third
question: How does the sulcal pattern emerges? through the
observation of developing sulci in a cohort of longitudinally scanned
preterm infants. The context of my PhD will be exposed in the following
Chapter .
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CHAPTER |l: CONTEXTUALIZATION OF THE SULCAL
PATTERN STUDIES AND PRESENTATION OF THE COHORT

8.1

My PhD subject is born from my supervisors’ collaboration in the CEA
NeuroSpin neuroimaging center: Dr. Jean-Frangois Mangin and Dr.
Denis Riviere are specialized in adult sulcal studies, while Dr. Jessica
Dubois is specialized in neurodevelopment. A previous collaboration
between Dr. Jessica Dubois and the team of Pr. Manon Benders
(Wilhelmina’'s Children Hospital, University Medical Center, in Utrecht,
Netherlands) led to an investigation exploring basic sulcal measures,
such as length or depth, in a longitudinally acquired preterm cohort,
and relating them to later functional outcome (Kersbergen et al., 2016).
This study inspired my supervisors about the potential of this setting
for more in-depth sulcal pattern exploration, and led them to the
proposition of a PhD project on the dynamics of cortical folding
pattern and to the renewal of the collaboration with Pr. Manon
Benders, based on the preterm dataset they acquired and shared with
us.

Thus, at the start of my PhD, | had access to MRI images fully
preprocessed for sulcal studies of a longitudinally-acquired preterm
cohort. Moreover, | was introduced to the in-house brain anatomy
software, BrainVISA (https://brainvisa.info), essential for sulcal analysis.
To contextualise the different contributions of my PhD, in this chapter
| aim to present the data and methods which were anterior to my
contribution, which are at the basis of both of my original research
articles, along with some specific adjustments | had to foresee to.

PRESENTATION OF THE COHORT

The cohort that | have studied during my PhD is composed of 71
infants born extremely preterm (51% males), between 24 and 28 weeks
of gestational age (w GA), and recruited at the Wilhelmina's Children
Hospital, University Medical Center, Utrecht, between 2008 and 2012.
Perinatal clinical data was recorded in these infants, and a longitudinal
follow-up allowed the team to assess their motor and cognitive
outcome at around 2 years of age with the Bayley Scales of Infant and
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Toddler Development, third edition (BSITD-IIl), and their motor
performances at 5 years of age through the movement Assessment
Battery for Children, 2" edition, Dutch version (MABC-2-NL), as well as
their handedness. The perinatal clinical characteristics and fine motor
follow-up of the study participants at 5 are detailed in Table 1.
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Table 1: Perinatal clinical characteristics and fine motor follow-up

of the study participants (n=71)

Gestational age at birth (weeks)

Characteristics Mean + Standard deviation (range) or N
(percentage)
Perinatal clinical characteristics ‘
Sex, male 36 (51%)

\26.5 + 1.0 (24.4 - 27.9)

Birth-weight z-score

\0.4 + 0.8 (-2.5-1.8)

Presence of severe IVH (grade 3 or4): 8 (11%)
number of infants

Presence of broncho-pulmonary dyspla- 20 (39%)
sia: number of infants

Age at MRI scans

PMA at early acquisition (weeks)

PMA at term-equivalent age acquisition
(weeks)

Fine motor follow-up at 5-years

\30.7 + 0.9 (28.7 - 32.7)
rmz + 0.6 (40.0 - 42.7)

Manual lateralization

Handedness: number of infants
(left / ambidextrous / right) (n=70)

18/2/50(26/3/71%)

Corrected handedness*: number of
infants (left / right) (n=57)

7 /50 (12 / 88%)

Fine motor assessment (n=66)

Age at mABC

5 years 9 months + 4 months (4y 6m —
6y 7m)

mMABC manual dexterity standard-
ized score

77 £24(3-14)

mABC manual dexterity outcome:
number of infants (poor/border-

15/16/35(23 /24 /53%)

line/good)
IVH: intra-ventricular hemorrhage. PMA: post-menstrual aqe.
*Corrected handedness excludes ambidextrous and left-handed

children having both parents

right-handed. mABC:. Movement

Assessment Battery for Children.
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8.2

During their initial stay at the hospital, these preterm infants were
scanned twice with MRI: once around 30 weeks of post-menstrual age
(w PMA) (28.7 = 32.7w, mean: 30.7 + 0.9w) and again around term
equivalent age (TEA) (40.0 — 42.7w, mean: 41.2 + 0.6w). For each scan,
MR imaging was performed on a 3-Tesla MR system (Achieva, Philips
Medical Systems, Best, The Netherlands). The protocol included T2-
weighted imaging with a turbo-spin echo sequence in the coronal
plane (at early MRI: repetition time (TR) 10.085 ms; echo time (TE) 120
ms; slice thickness 2 mm, in-plane spatial resolution 0.35 x 0.35 mm;
at TEA: TR 4847 ms; TE 150 ms; slice thickness 1.2 mm, in-plane spatial
resolution 0.35 x 0.35 mm).

PREPROCESSING OF THE DATA

A major part of the data processing performed on the resulting MRI
images was operated by the previous team working on this data, as
detailed in Kersbergen et al, 2016, and as summarized in the
“preprocessing of brain images” section of my contribution on the
central sulcus (Chapter ).

Extract from Kerbergen et al.,, 2016:

“In order to assess the folding stage and measure changes in cortical
sulci, a dedicated approach was implemented by taking benefit of the
complementarity of three previously validated methods that enable 1)
reliable brain tissue segmentation of preterm images (Moeskops et al,
2015), 2) relevant 3D reconstructions of inner cortical surfaces in infants
(Leroy et al, 2011), and 3) sulci identification in the adult brain (Fischer
et al, 2012). First, T2-weighted images were segmented with a recently
developed automatic segmentation method, defining masks of the
cortical grey matter, unmyelinated white matter and cerebrospinal fluid
(n the extracerebral space (Moeskops et al,, 2015). In short, this method
uses supervised voxel classification on T2-weighted images in three
subsequent stages. In the first stage, voxels that can be easily assigned
to one of the three tissue types are labelled. In the second stage,
dedicated analysis of the remaining voxels is performed. The third stage
(s used to resolve possible inconsistencies resulting from the first two
tissue-specific segmentation stages by performing multi-class
classification (Moeskops et al., 2015). Before the segmentation, a brain
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mask was automatically generated based on the T2-weighted image
using the Brain Extraction Tool (BET) from the FMRIB Software Library
(FSL) (Smith, 2002). For both early and TEA segmentations, the same set
of features was used.

This method has been evaluated on images of preterm infants acquired
at both early and term equivalent age, and has been validated by
comparison with several manually segmented scans, as described in
detail in Moeskops et al. (2015). The probabilistic segmentations
resulting from the second stage were used to subsequently reconstruct
inner cortical surfaces of both hemispheres, by adapting the anatomical
pipelines of the BrainvVISA® software (Baby and Morphologist
pipelines) (Leroy et al, 2011, Mangin et al,, 2004). Probability maps for
the tissues of interest (cortical grey matter, unmyelinated white matter
and cerebrospinal fluid) (Moeskops et al,, 2015) were combined within a
single feature map to maximize the contrast between grey and white
matter. This optimized feature field was used in the stage of homotopic
deformation of coupled surfaces (Leroy et al, 2011), which computes a
mask of white matter with homotopic properties and reconstructs 3D
meshes of inner cortical surfaces. While this method is already robust to
partial volume effects and loss of tissue contrast due to maturation up
to six months after birth (Leroy et al, 2011), we further increased its
performance by using probability maps as an extra feature. Where
necessary, the resulting automatic segmentations and meshes were
manually corrected to obtain biologically relevant surfaces. Corrections
were performed by two of the authors (KIK and NHPC), with one author
(KIK) judging all the final segmentations and meshes. For these
corrections the result of the automatic segmentation, the cortex mesh
and the MR image with maximum tissue contrast were compared. Errors
were detected onto the 3D mesh, carefully checked using the MR image
and corrected in the segmentation image using the software editing tool.
Training sessions with both authors took place to secure correction was
done the same way, and repartition of segmentations was done in a
random way, preventing systematic bias. Segmentation correction
occurred during a relatively short period, which prevents risk of
significant drift in segmentation rating. From the final meshes, sulcal
objects were automatically detected in the places where folding was
sufficiently pronounced (i.e. no sulci was identified at the level of small
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dimples) (Fischer et al., 2012).”

After segmentation of the brain images and delimitation of the inner
cortical surface using the BrainVISA suite combining the Baby
(unreleased) and morphologist pipelines, the sulci were defined as the
set of voxels equidistant to the walls of two neighbouring gyri, with the
brain hull (defined as the morphological closing of the outer cortical
surface) as upper bound (Mangin et al., 1995). Even though a first sulcal
extraction had been performed for the previous study, | noticed the
need for more sensitivity in this step because of dimples not being
captured as sulci and the limited sylvian fissure extraction in brains in
an early opercularization stage. Together with my colleague Clara
Fischer, we then tuned the sulcal extraction parameters, in order to
increase the morphological closing of the brain hull, and to allow very
small sulci to be detected by lowering the minimal sulcal size threshold
(which was initially set to discard artefacts in the adult brain). The
increase of the morphological closure of the brain hull ensured a
stricter closing of "open regions”, either for small dimples with very
light slopes, or for the insular region, to ensure a consistent capture of
the sylvian fissure in brains at different opercularization stages. We
then applied an automatic sulcal recognition pipeline developed for
the adult (Perrot et al., 2011) to the resulting sulci, and | performed
manual corrections to the resulting sulcal labelization on the entire
cohort (2 acquisitions x 71 brains), after having received appropriate
training. The resulting whole-brain labelization was discussed with Dr.
Denis Riviere and Dr. Jean-Frangois Mangin who are experts on sulcal
labelization. We were particularly careful on the definition of the
central sulcus and sylvian fissure to identify homologous items
between individuals, and also tried to ensure a global validity of
labelization across the whole brain for further analyses.

After their labelization, the different sulci relevant for my studies were
extracted, after registering the brains to the Talairach space, in order
to normalize the brains’ size before comparing their sulci, in order to
remove the scaling factor due to difference in brain size throughout
the cohort. The registration to the Talairach space, which is a referential
intended for adults, could be discussed in regard to models developed
for the neonate, but the general purpose of the brain normalization
was fulfilled through the affine Talairach registration (i.e. adjusting the

103



8.3

brains to a common coordinate system) so | did not pursue the task of
refining the registration to infant templates.

PRE-EXISTING SHAPE CHARACTERIZATION PIPELINE

In order to quantify the shape variability of the different sulcal
elements that | have investigated, | was given access to the shape
characterization pipeline previously developed by my team and used
in adult sulcal studies (Sun et al., 2012; Sun et al., 2016). The pipeline
has been re-developed during my PhD in order to make it more flexible
and ergonomic. Consequently, the results from Chapter Il were
generated using the original version of the pipeline, while the results
from Chapter IV were obtained from the new version. The pipeline is
detailed in each original research article, with adjustments specific to
each sub-studies, which will be detailed in the corresponding chapters.

The global framework of the shape characterization pipeline is as
follows: sulcal objects are extracted, then right objects are mirror
flipped in order to match their left counterparts. Then, the dissimilarity
between every pair of sulcal object is computed by capturing the
residual distance after rigid pairwise registration. This was originally
entirely managed by the Iterative Closest Point algorithm (ICP; Besl &
McKay, 1992), but using the ICP distance as a post-registration metric
induced strong biases in the case ofimportant size differences between
objects, which was an issue in my setting since the 30w PMA sulcal
items were significantly smaller than their 40w PMA counterparts.
Therefore, | propose to adapt the pipeline to register each pair of sulci
using the ICP algorithm, and to replace the ICP distance by the
Wasserstein distance, an optimal transport metric which did not carry
the same bias. The resulting dissimilarity metrics were stored in a
square matrix of size NitemsxNitems with Nitems the number of sulcal
objects considered. For each pair of sulci, 2 registrations were
computed (sulcus 1 to sulcus 2 and sulcus 2 to sulcus 1), resulting in
two measures. The matrix was symmetrised to keep only the minimum
value out of the two distances, therefore capturing the dissimilarity
metric of the best registration. Such a matrix captures the global shape
variability of the sulcal objects, but is of too high dimension for
interpretation. We therefore operated a dimensionality reduction
using the Isomap algorithm (Tenenbaum, 1999), which has been
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demonstrated to efficiently discriminate sulcal shape (Sun et al., 2009).
This algorithm can be tuned by two parameters, k, the number of
nearest neighbours to build the neighbourhood graph before applying
the dimension reduction through multi-dimensional scaling, and d, the
number of dimensions on which to project the data. With no previously
recommended selection technique for these parameters applicable to
infants’ data, | had to devise a methodology with the help of a
mathematician colleague and friend of mine from Cambridge
University, Marin Ballu, to infer the optimal parameter choice from the
data, which | have detailed in Annex 1 of the Chapter Ill original
research article.

Resulting from this processing, we obtained a set of d-dimensional
coordinates for each sulcal object. By projecting the objects on each
dimension, we obtained d dimensions positioning sulcal objects
according to their main shape variability. These raw Isomap results
were used for visualisation, as they ensured to capture the most
variability and therefore to gain interpretability, but all statistical
analyses were led after correcting the Isomap results for age at
acquisition: through Pearson correlations, we noticed that the
discrepancy of PMA at acquisition had some effect on Isomap
positioning. We therefore considered the residuals of Isomap positions
after correction for PMA, obtained by solving the linear model:

d, ;(subj, hemisphere)
= 0y; X PMA;(subj) + B,; + 1,;(subj, hemisphere)

with dn,i the raw position of the sulci from the i-week acquisition (i= 30
or 40) on the n" dimension of the Isomap, PMA; the post-menstrual age
at the i-week acquisition, an,; and B, constants estimated by the model,
and rn; the sulci’s residual position on the nth dimension after correction
for PMA at the i-week acquisition.

We thereafter defined the Isomap positions corrected for PMA as
follows:

R, i(subj, hemisphere) = r,;(subj, hemisphere)+ < d,; >

with <dni> the mean position of the sulci from the i-week acquisition
(i= 30 or 40) on the n'" dimension of the Isomap.
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These Isomap positions corrected for PMA were thereafter used to
compare group-wise positioning on the different dimensions, through
Spearman correlations and Wilcoxon signed-rank tests.

For visualization, the easiest option is to project each sulcal object on
its coordinate and to visualize the shape variability encoded on the
dimension by simply looking at the sulcal objects. Nevertheless, this
option is not suitable for our context because of their number and
shape variability. | therefore used the Moving Average (MA) method
from Sun et al., 2016, which did not need specific adaptation in the
context of my studies. For a given Isomap dimension, ten equidistant
coordinates are computed iteratively to span as much of the
dimension as possible while setting a minimum requisite number of
sulci closest to the extrema coordinates to prevent from too few sparse
sulci to shape the extreme MAs. These ten coordinates are the
coordinates of the MAs, which are computed by weighting the sulcal
objects (represented as point clouds) depending on their distance to
the moving average’s coordinate, then summing them, then
convolving the sum with a 3D Gaussian, and finally thresholding the
result. The resulting MAs capture the average shape of sulcal objects
surrounding their coordinates, allowing a substantially clearer
interpretability of the shape features encoded by each dimension.

The pre-existing preprocessed dataset, neuroimaging software for
image analysis, and shape characterization pipeline, offered me a
turnkey start to sulcal shape characterization in the developing brain.
In return, | had to stay very attentive to the ins and outs of every step
of the pipeline, both to ensure my correct understanding of the
methods that | did not conceive, and to identify potential
shortcomings of the adult-oriented method when applied to the
developing brain. My technical contributions to the shape
characterization pipeline used in the following chapters were the
following: with the assistance of Clara Fischer, the better detection of
small and shallow sulci from the segmented images; relying on the
advice of my supervisors, the manual correction of automatic sulcal
labelization; with the help of Marin Ballu, the switch of residual
distance after ICP pairwise registration, and the choice of optimal
parameters for the Isomap algorithm based on the data; following
another advice from my supervisors, the correction for discrepancy of
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age at acquisition before statistical modeling. Additionally, |
contributed to the testing of the new implementation of the shape
characterization pipeline, which is still undergoing development
upgrades (https://github.com/neurospin/point-cloud-pattern-

mining).

My additional PhD contributions resided in the application of this
shape characterization pipeline and the interpretation of the results,
which are presented in the following chapters, through two original
research articles and a general discussion about their potential
implications in links to the state of the art presented in Chapter I.
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CHAPTER |1l: SHAPE VARIABILITY OF THE CENTRAL SULCUS
IN THE DEVELOPING BRAIN: A LONGITUDINAL DESCRIPTIVE
AND PREDICTIVE STUDY IN PRETERM INFANTS. (FULL-
LENGTH ARTICLE 2)

9.1

CONTEXTUALIZATION

The central sulcus was my first candidate for sulcal shape investigation,
for multiple reasons. First, it is an early developing primary sulcus
already relevant to extract at 30w PMA, enabling me to consider
dynamic folding pattern through longitudinal analyses at 30 and 40w
PMA. Second, its main shape feature's variability has already been
assessed in the adult (Sun et al,, 2012; Sun et al,, 2016), using almost
the same methodology as the one | aimed to apply in this study. This
allowed me to gain insight from a previous study, and motivated my
early works through questions that | have subsequently tried to
answer: can we find the main adult variability in the developing brain?
Is the asymmetrical shape feature captured in the adult already
encoded at birth or does it develop later on? Third, a specific research
effort on the maturation of the sensory-motor area in the developing
brain was led by my supervisor Dr. Jessica Dubois, and by looking into
the central sulcus, which is central to this area, | could both contribute
to the team'’s neuroscientific questions and benefit from state-of-the-
art inputs to understand and discuss the implications of my study.
Fourth, it is a well-defined sulcus with generally no branching or
interruptions (except in some cases which were not represented in the
current cohort), therefore, compared to other sulci such as the superior
temporalor the lateral occipito-temporal sulci which can show a variety
of complex configurations, the chances of mislabelling and comparing
anatomically incompatible objects in this sulcus were very low.

The main purpose of my research on the central sulcus was to qualify
and quantify its shape variability, and to assess its longitudinal pattern
development and interhemispheric asymmetries. This work was
iterative in terms of algorithmic refinements, and led to a first poster
presentation at the Organisation for Human Brain Mapping (OHBM)
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international conference in Rome, Italy, in 2019 (using the minimal ICP
distance for the pre-dimension reduction shape variability matrix,
which induced bias because of the variability in size between the sulci),
then to a poster, a proceedings article and a selected oral presentation
at the Perinatal, Preterm and Paediatric Image Analysis (PIPPI)
workshop of the Medical Image Computing and Computer Assisted
Intervention Society (MICCAI) conference in Shenzhen, China, in 2020
(using the maximal ICP distance to counter the shape discrepancy bias,
but increasing the potential imperfect registration bias). | was
incidentally awarded the “Best Presentation Award" at this occasion. |
implemented the method for Isomap parameter selection and the use
of the Wasserstein distance after these first two works, thus reaching
the methodological refinement stage of the presented article.

In order to complement the sulcal shape analysis, | was offered to
investigate its links to motor outcome thanks to the longitudinal
follow-up of the infants from this cohort, operated by Pr. Benders's
team, who granted me access to follow up scores of handedness and
motor outcome based on the movement Assessment Battery for
Children (mABC), 2nd edition, Dutch version (mABC-II-NL). This led me
to the conceptualisation of a method to interrogate sulcal pattern
relevance in fine motor outcome at 5 years of age.

These works led to an invited oral presentation at the Néobrain 2
conference, in Reims, France, in 2021, and to the following full-length
original research article, which published in the Neurolmage journal.
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Abstract

Despite growing evidence of links between sulcation and function in
the adult brain, the folding dynamics, occurring mostly before normal-
term-birth, is vastly unknown. Looking into the development of cortical
sulci in infants can give us keys to address fundamental questions:
what is the sulcal shape variability in the developing brain? When are
the shape features encoded? How are these morphological parameters
related to further functional development?

In this study, we aimed to investigate the shape variability of the
developing central sulcus, which is the frontier between the primary
somatosensory and motor cortices. We studied a cohort of 71
extremely preterm infants scanned twice using MRI — once around 30
weeks post-menstrual age (w PMA) and once at term-equivalent age,
around 40w PMA —, in order to quantify the sulcus’s shape variability
using manifold learning, regardless of age-group or hemisphere. We
then used these shape descriptors to evaluate the sulcus’s variability
at both ages and to assess hemispheric and age-group specificities.
This led us to propose a description of ten shape features capturing
the variability in the central sulcus of preterm infants. Our results
suggested that most of these features (8/10) are encoded as early as
30w PMA. We unprecedentedly observed hemispheric asymmetries at
both ages, and the one captured at term-equivalent age seems to
correspond with the asymmetry pattern previously reported in adults.
We further trained classifiers in order to explore the predictive value of
these shape features on manual performance at 5 years of age
(handedness and fine motor outcome). The central sulcus’s shape
alone showed a limited but relevant predictive capacity in both cases.
The study of sulcal shape features during early neurodevelopment may
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9.2.3

participate to a better comprehension of the complex links between
morphological and functional organization of the developing brain.

Introduction

The folding of the brain is highly complex: it shows similar patterns
within all humans, yet it is unique for each individual. Even though its
general aspect has been studied and described centuries ago
(Cunningham, 1892), the inter-individual variability in sulcation has
historically been eluded due to its complexity. More recently, this topic
has made its appearance in literature, but in the vast majority of cases,
this variability was addressed as a problem for group studies and the
purpose was to dim it out (Fox et al., 1985). In the last few decades, we
have witnessed the emergence of studies focusing on the description
of sulcal pattern variability (Ono et al., 1990; Welker, 1990; Mangin et
al., 2015). This new trend can be explained by multiple advances,
among which the ones in magnetic resonance imaging (MRI), allowing
non-invasive imaging of the brain of both pathological and healthy
subjects, and the advances in machine learning, which enables the
scientific community to address complex questions which used to be
out of the reach of human comprehension.

Different observations have suggested that the shape of sulci can be
linked to function, both in healthy and pathological cases. The most
obvious examples reside in pathologies with strong sulcal
malformation, such as lissencephaly (resulting in a flat brain with no
sulci) or polymicrogyria (resulting in supernumerary unusually small
convolutions). In less obviously sulcation-linked pathologies, a vast
quantity of studies have investigated basic shape markers such as
sulcal length or depth, easily quantifiable (Cachia et al., 2008). Subtle
alterations in folding have also been highlighted based on complex
shape variability, embedded in the pattern of folds in some
neurological and psychiatric diseases, such as epilepsy or
schizophrenia (Plaze et al., 2011; Mellerio et al., 2015). Variations in
sulcal patterns linked to function have also been observed in healthy
populations. For instance, the sulcal pattern of the anterior cingulate
cortex has been reported to predict cognitive control performance
across lifespan, and the favorable pattern for cognitive control has
been reported to be the opposite in the monolingual and bilingual
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populations (Cachia et al., 2017).

These different elements give us keys to address fundamental
questions about sulcation: can we differentiate a healthy variability in
the folding pattern of the brain versus a pathological one? What are
the functional implications of this variability?

To explore these questions, we focused this study on a single sulcus,
to characterize its folding pattern during development and to look into
its relationships with clinical and functional outcomes. The central
sulcus was an excellent candidate for this purpose. First of all, it is a
primary fold that appears as early as 20 weeks of GA during
development (Chi et al, 1977), with potential long-lasting
developmental alterations in cases of early disturbance during
gestation or perinatal period (e.g. early brain injury, preterm birth).
Moreover, it appears to be very stable across individuals, which makes
it easy to identify even in very young preterm infants. Secondly, the
central sulcus represents the anatomical border between two highly
specialized cortical regions: the primary motor and somatosensory
cortices. A detailed functional organization has been described into
both areas (i.e. somatotopic motor and sensory maps) in adults
(Penfield and Rasmussen, 1950; Germann et al., 2019), such that we
can identify precise correspondent subregions of the central sulcus
related to specific body parts. Some studies have already shown strong
relationships between the central sulcus shape and some functional
characteristics in adults (Sun et al., 2012; Sun et al., 2016; Germann et
al, 2019; Mangin et al.,, 2019). For example, the location and shape of
the upper knob of the central sulcus, commonly referred to as the
"hand-knob”, has been related to the functional hand region (Yousry
et al., 1997; Sastre-Janer et al., 1998; Sun et al., 2016), with differences
observed between left and right-handers (Sun et al., 2012).

It should be noted that during the third trimester of pregnancy, the
brain undergoes drastic changes, on both the macroscopic and
microscopic scales. Many concurrent events occur, key to the
development of the brain structure and function, among which the
development of sulcation, with the brain progressively switching from
the state of slightly dimpled to a well-folded state (Dubois et al., 2019;
Kostovic et al., 2019). At full-term birth, the brain of an infant roughly
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resembles that of an adult in terms of complexity and advancement of
folding, and even though the shape of the sulci keeps on evolving
throughout infancy and lifetime, the changes remain subtle compared
to the ones observed during late gestation. Therefore, since sulcation
is well developed at full-term birth, one can wonder when the general
sulcal patterns emerge. In order to look into this question in normal
development, it would seem sensible to study sulcal development in
healthy fetuses. Yet, longitudinal studies of sulcation on healthy
fetuses are currently highly challenging because of the difficulties
encountered in acquisition and processing of fetal images at a
sufficient resolution to study subtle shape variations in folding.
Moreover, it has been reported that birth affects the shape and folding
of the brain (Lefevre et al., 2016), which makes it even more challenging
to consider longitudinal studies comparing pre- and post-natal
images. Therefore, an interesting alternative is to study the shape of
sulci in preterm neonates before full-term equivalent age, even though
their sulcation is somehow altered by prematurity (Bouyssi-Kobar et
al., 2016; Dubois et al., 2019).

Studying the sulcation at different time-points in infants born preterm
allows us to investigate longitudinally the dynamics of early sulcation,
and to explore the effects of early brain adversities on these
mechanisms. Very preterm infants are at risk of a wide variety of
neurodevelopmental disorders, including motor disabilities and
cerebral palsy (Korzeniewski et al, 2018; Pascal et al, 2018). The
sensorimotor cortex is already well developed and connected at full-
term birth, while it is still vastly developing in the case of very preterm
births. Extreme prematurity therefore exposes the sensorimotor cortex
to adversities when it is most vulnerable, and still growing, which could
have parallel effects on function and sulcation (Yamada et al., 2016).

In a previous study, we assessed the relationship between early cortical
changes and neurodevelopmental outcome in extremely preterm
infants, using basic shape markers (sulcal surface area and mean
depth) (Kersbergen et al., 2016). This study reported some links
between sulcation and outcome, particularly between the inferior
frontal sulcus and receptive language score at 2 years of age. But no
links were captured between the central sulcus and the motor
outcome, suggesting that basic shape markers might not be sufficient
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to capture relevant folding variability for the motor outcome.
Regarding the sensorimotor region, early developmental disturbances
have long-term consequences on brain morphology. For example,
congenital one-hander adult participants showed a significantly flatter
central sulcus in the contralateral hemisphere compared to both
individuals with acquired upper-limb amputation and control subjects
(Sun et al., 2017). This suggested that the mature sulcus’s shape is
influenced by early sensorimotor activity and by the development of
brain connectivity. This led us to the hypothesis that some specific
folding variability observed in the central sulcus of preterm infants,
resulting from premature birth and strong differences in ex utero
perceptions, movements and environment, might be characteristic of
deviations in normal brain development impacting their functional
outcome. Therefore, quantifying the links between the early central
sulcus’s shape and the infant’'s motor outcome at a later age could
allow both a better understanding of the early functional implications
of shape variability and the identification of early informative
biomarkers for earlier diagnosis and accurate follow-up of these at-risk
infants.

In this study, our aim was therefore to capture the early central sulcus’s
shape variability from a longitudinal cohort of extremely preterm
infants, and to link it to their fine motor outcome at 5 years of age. In
order to do so, we used longitudinally acquired MRI data at two
specific ages: one at around 30 weeks of post-menstrual age (w PMA),
when the central sulcus is already present but at an early stage of
development, and one around term-equivalent age (TEA, at around
40w PMA), when the central sulcus is well developed. We then
characterized the shape variability of the central sulcus in this cohort,
explored the relationships between its shape at 30w PMA and at 40w
PMA, and investigated the shape predictive capacity on the motor
development of children evaluated at around 5 years of age.
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9.2.4 Materials and methods
9.2.4.1 Subjects and preprocessing of brain images

9.2.4.1.1 Cohort and collection of clinical and outcome data

The study was carried out on a retrospective longitudinal cohort of
extremely preterm infants (Kersbergen et al., 2016). Permission from
the medical ethics review committee was obtained for this study. A
total of 71 subjects (51% males) from the Wilhelmina's Children
Hospital, University Medical Center, Utrecht, born between 24 and 28
weeks of gestational age were included.

In agreement with our previous study (Kersbergen et al., 2016), the
perinatal clinical factors of interest retained for the analyses were the
gestational age at birth (GA), the birth-weight z-score (BWZ) computed
according to the Dutch Perinatal registry reference data (Visser et al,,
2009), and the presence of an intra-ventricular hemorrhage (IVH,
dichotomized between absent or mild (no IVH or IVH of grades 1 - 2
according to the Papile scale) and severe (grades 3 - 4)). We also
recorded the presence of broncho-pulmonar dysplasia (BPD).

Around five years of age (age range: 4 years and 6 months — 6 years
and 7 months, mean: 5 years and 9 months + 4 months), the children’s
handedness was assessed by a trained pediatric physical therapist who
asked them first either to write their name or draw a picture, and
secondly to pick up a coin placed at the center of the table. If the two
tasks were done using the same hand, the hand preference was set to
either left or right, otherwise it was reported as mixed. The parents
were then asked if this hand preference matched that observed at
home while writing or drawing. If the parents disagreed, the hand
preference was set to mixed. At the same age, 66 out of the 71 children
underwent the Movement Assessment Battery for Children, 2nd
edition, Dutch version (MABC-2-NL). The scores were corrected for age
at evaluation. The assessment included tests for balance,
aiming/catching and manual dexterity. See Sup. Info., Table 1 for the
description of these clinical factors and outcome scores.
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9.2.4.1.2 MRI data acquisition

The infants were scanned twice soon after birth: once around 30w PMA
(28.7 = 32.7w, mean: 30.7 = 0.9w) and again around term equivalent
age (TEA) (40.0 - 42.7w, mean: 41.2 + 0.6w). For each scan, MR imaging
was performed on a 3-Tesla MR system (Achieva, Philips Medical
Systems, Best, The Netherlands). The protocol included T2-weighted
imaging with a turbo-spin echo sequence in the coronal plane (at early
MRI: repetition time (TR) 10.085 ms; echo time (TE) 120 ms; slice
thickness 2 mm, in-plane spatial resolution 0.35 x 0.35 mm; at TEA: TR
4847 ms; TE 150 ms; slice thickness 1.2 mm, in-plane spatial resolution
0.35 x 0.35 mm).

9.2.4.1.3 Preprocessing of brain images

The preprocessing of MRI images was performed following the
methodology already described in a previous study (Kersbergen et al.,
2016): after generating a brain mask, T2-weighted images were
segmented into three classes (grey matter, unmyelinated white matter
and cerebrospinal fluid) using supervised voxel classification
(Moeskops et al., 2015). By adapting the BabySeg and Morphologist
anatomical pipelines of the BrainVISA software (BrainVISA suite,
https://brainvisa.info), these segmentations allowed a reconstruction
of the inner cortical surfaces of both hemispheres, and the extraction
of objects depicting the sulci. A summary of the pipeline and the
resulting 3D visualizations of the left hemisphere of a subject are
presented in Figure 1.
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A. T2w image C. 3D reconstruction
of inner cortical
surface

Acquisition 1:
PMA = 31w 1d

Acquisition 2:
PMA=41w 1d |

Figure 1. Summary of pipeline for sulcal extraction. A: sample T2-
weighted coronal MRI. B: corresponding segmentation of the left
hemisphere, showing the boundary between white (dark grey)
and grey (light grey) matter. The sulci are represented in blue,
except for the central sulcus, in red. C: 3D representation of the
reconstructed surface of the white matter. Red ribbon: central
sulcus.

9.2.4.2 Characterization of the central sulcus’s shape

9.2.4.2.1 Purpose of shape characterization

The purpose of shape characterization on the central sulcus is first to
identify the shape features covering the main variability across infants
(descriptive approach), and second to quantify the individual
specificities relative to these shape features (comparative approach).
The method used for shape characterization is inspired by a method
already deployed on adults (Sun et al., 2016). A previous study in this
cohort (Kersbergen et al., 2016) already addressed the link between
sulcation (including the central sulcus) and clinical outcome, but using
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simpler metrics to quantify sulcal shape, such as surface area or depth.
The added value of the current study is to improve the accuracy of
sulcal shape assessment.

9.2.4.2.2 Sulci extraction

First, all the cortical folds were extracted using the Morphologist
toolbox of the BrainVISA software in the two serial images of each
subject. Each fold was materialized by the skeleton of the volume of its
cerebrospinal fluid, namely a set of voxels sampling a surface
equidistant to the walls of the two adjacent gyri (Mangin et al., 1995).
Each sulcus of the anatomical nomenclature corresponds to a set of
the elementary folds extracted during this initial stage. The sulci labels
were then identified automatically using a Bayesian pattern
recognition strategy (Perrot et al,, 2011). Finally, the central sulci labels
were manually checked and corrected when necessary by one of the
authors (HV). In order to dim out the important variability in cerebral
size and shape, particularly between the two sessions of investigation
(early at ~30w PMA, vs TEA at ~40w PMA), the obtained central sulci
representations were transformed to the Talairach space using an
affine transformation. The right sulci were finally mirrored relative to
the interhemispheric plane in order to facilitate the comparison with
the left ones.

9.2.4.2.3 Sulci co-registration

The previous step led to the extraction of 284 central sulci (71 subjects
x 2 hemispheres x 2 acquisitions). The dissimilarity between any two
given sulci was then computed in the following way: sulcus A was
registered to sulcus B using a rigid transformation, using the Iterative
Closest Point algorithm (ICP) (Besl & McKay, 1992), and the residual
distance da-g between the two sulci after registration was captured
using the Wasserstein distance (Dobrushin, 1970). This choice of
distance differed from the original approach (Sun et al., 2016) where
the residual distance was captured using directly the distance from the
ICP algorithm. In this study, this was a problem due to the fact that we
were manipulating sulci of different size, in spite of the affine
normalization to the Talairach space. Indeed, the length of the central
sulcus relative to the brain size differs between the two time steps.
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Hence, using the ICP method, to register sulcus A on sulcus B, each
point of sulcus A was matched to a point of sulcus B, but not every
point of sulcus B was assured to have a match from sulcus A (as some
points from sulcus B have been ignored for the registration). The
residual distance minimized by the ICP registration was the sum of
distances between the points in sulcus A and their match from sulcus
B. This was satisfactory for the registration, but not to capture the
dissimilarity between the two sulci, because it would have
underestimated the distance when registering a small sulcus to a big
one (e.g. if only the lower half of sulcus B exactly matched the point
cloud from a shorter sulcus A, the upper half of sulcus B would have
been completely ignored and the resulting distance would have been
zero, even though sulcus A and B actually differed geometrically). The
Wasserstein distance solved this problem by capturing the distance
between the whole set of points from both sulci. Thus, we used the ICP
algorithm for registration and then captured the resulting Wasserstein
distance as the dissimilarity metric using the POT python toolbox
(Flamary & Courty, 2017). After aligning sulcus A to sulcus B and
capturing da-g, sulcus B was registered to sulcus A using the same
method, resulting in the residual distance ds-a. To mitigate the effect
of a potential poor registration, the resulting dissimilarity metric was
chosen as dag = min(da-g, ds-a).

9.2.4.2.4 Use of distance matrix as shape descriptor for the whole cohort

This allowed us to build a 284x284 dissimilarity matrix, capturing the
shape variability of the central sulci over the whole cohort through
pairwise distances between sulci. In order to capture the main shape
features of the whole cohort, we chose to operate a non-linear
dimension reduction algorithm, the Isomap (Tenenbaum, 2000), which
is detailed in the next section.

These first steps are summarized on Figure 2.
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Figure 2. Summary of the preparatory steps for shape
characterization.
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9.2.4.2.5 Choice of parameters for the Isomap algorithm

The Isomap algorithm builds a matrix of geodesic pairwise distances
using an input dissimilarity matrix, by constructing a graph linking each
sulcus to its k nearest neighbors, with k an adjustable parameter. The
geodesic distance between any pair of sulci is then defined as the sum
of the distances traveled by following the shortest path in the graph.
A Multi-Dimensional Scaling algorithm is then applied to this geodesic
distance matrix, to project the input data (the sulci) on a lower-dimen-
sion space of dimension d. Practically, the output consists of the coor-
dinates of each sulcus on d axes representative of each dimension.

This algorithm requires two parameters: the number of nearest
neighbors k used to build the neighborhood graph, and the number
of dimensions d on which to project the geodesic distance matrix. The
methods used to choose the k and d parameters are detailed in Annex
1, and resulted in the choice of k = 11 and d = 10.

9.2.4.2.6 Visualization of the shape characteristics (descriptive approach)

To help interpreting the shape characteristics encoded by each se-
lected Isomap dimension computed from the whole cohort, we used
moving averages of the embedded sulci. In order to maximize the
readability of these moving averages, we separated the sulci at 30w
PMA from those at 40w PMA. This was necessary since the 30w PMA
sulci are less developed than the 40w ones, and averaging both age-
groups together for visualization would thus mix flatter and curvier
sulci, making the shape interpretation complex. After separating the
groups, the first step was to project the sulci on an axis, based on their
Isomap coordinates for each dimension, after a rigid alignment of each
sulcus to the most neutral one, namely the sulcus minimizing the av-
erage distance to the whole set. This resulted in d axes with the sulci
ordered by shape characteristics. As this visualization was difficult to
interpret, we used moving averages computed for a set of ten regularly
spaced coordinates to help us identify the shapes encoded for each
dimension. First, the range for the moving averages’ coordinates was
defined iteratively, in order to cover as wide a span as possible for each
dimension while ensuring that at least 10% of the sulci at each time
point (n=14) could be closest to the extreme coordinates, in order to
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prevent from building moving averages from very few sparse sulci on
the borders of the dimensions. After computing the ten resulting mov-
ing averages' coordinates, each moving average was constructed by
weighting the sulci (represented as point clouds) depending on their
distance to the moving average’s coordinate, then summing them,
then convolving the sum with a 3D Gaussian, and finally thresholding
the result. The resulting shape was an average of the sulci’'s shape in
close vicinity to its location. Once the moving averages were gener-
ated at both ages, we used the 40w PMA moving averages to interpret
the shape characteristics encoded on each dimension. A reading key
for shape description and a dimension description resulting from this
method is illustrated on Figure 3.

Hand knob
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Dim. 1

Length and curvature
From short and flat sulci to long and curvy sulci.

Figure 3. A: Reading key for shape description of the central sulcus
with a two-knob configuration. The height of the hand-knob is
defined as the vertical distance from the bottom of the sulcus to
the deepest region of the hand-knob. B: Representation of the
first Isomap dimension. In blue (resp. green): 30w PMA (resp. 40w
PMA) sulci and moving averages. Top: sulcal projection. Middle:
30w PMA moving averages. Bottom: 40w PMA moving averages.
Simple shape descriptors are given under the sulcal projection,
more detailed descriptors are given in the lower box.
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9.2.4.3 Analyses of the developmental evolution (comparative approach for
the two age-groups)

9.2.4.3.1 Correction for age discrepancy at MRI acquisition

We hypothesized that the PMA variability around each MRI acquisition
time-point could bias the shape characteristics. Therefore, we tested if
the coordinates for any Isomap dimension correlated with PMA at ac-
quisition, independently for each age-group but together for left and
right sulci (see Sup. Info., Table 2). The resultant correlations (going up
to 0.30 for dimension 1 at 30w PMA) confirmed the importance of cor-
recting the dimension coordinates for PMA at MRI acquisition in each
group, before conducting further analyses.

For this purpose, we decided to perform the quantitative analyses on
the Isomap dimensions after correction for PMA in each group: instead
of using the raw Isomap coordinates for each dimension as the input
for the subsequent analyses, we used their residuals after correction
for PMA (that we centered on the age-group mean position on the
Isomap in order to restore the information about inter-age-group po-
sitioning). The residuals were computed by solving, independently for
each age-group, the linear model:

dn, i(subj, hemisphere) = an, i x PMA(subj) + Bn, i + rn, i(subj, hemisphere)

with dy, ; the raw position of the sulci from the i-week acquisition (i=
30 or 40) on the n" dimension of the Isomap, PMA; the post-menstrual
age at the i-week acquisition, an, i and B, i constants estimated by the
model, and r,, ; the sulci’s residual position on the n" dimension after
correction for PMA at the i-week acquisition.

Therefore, the shape characteristics considered in the following anal-
yses, and which we refer to as Isomap positions corrected for PMA,
were defined as:

Rn, i(subj, hemisphere) = rn, i(subj, hemisphere) + <dh, i>

with <dn,i> the mean position of the sulci from the I-week acquisition
(i= 30 or 40) on the n" dimension of the Isomap.
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9.2.4.3.2 Comparison of the subjects’ positioning on the different
dimensions

In the following, individual sulci from the two age-groups (i.e.
30w and 40w acquisitions) were considered separately, as well as left
(L) and right (R) sulci. For each Isomap dimension, we investigated the
relative positioning of the subgroups using two tests: a Wilcoxon
signed-rank test to investigate whether the two age- or hemisphere-
groups differed in positioning on a specific dimension (suggesting a
difference in the shape of the sulci throughout development or be-
tween hemispheres), and a Spearman correlation to assess whether the
two age- or hemisphere-groups showed correlated shape features
(suggesting early and stable shape patterns throughout development
or between the hemispheres). We conducted these tests between ages
for each hemisphere (L30 vs L40, R30 vs R40), and between hemi-
spheres at each age (L30 vs R30, L40 vs R40). Applying a correction for
multiple comparisons with the Bonferroni approach would have led to
a statistical threshold at 0.00125 for an alpha level at 0.05 because of
the 40 tests performed (4 age-and-hemisphere-specific tests x 10 di-
mensions tested). However, as the Bonferroni method may be consid-
ered as too restrictive, we focused on results with p-values under the
threshold computed for each age-and-hemisphere-specific test, thus
only compensating for the number of dimensions, resulting in a statis-
tical threshold at 0.005. Only the results with p-values below or in the
same range as this corrected threshold are described in the Results
section. The whole test results are available in Sup. Info., Table 3 for
Wilcoxon signed rank tests and Table 4 for Spearman correlations.

9.2.4.4 Handedness and fine motor outcome predictability

9.2.4.4.1 Purpose of prediction of handedness and fine motor outcome

We aimed to predict the children’s handedness and fine motor out-
come (manual dexterity score from the mABC scale) assessed at 5 years
of age, based on the early shape of the central sulcus, with a cross-
sectional approach. We therefore performed two different analyses,
aiming to classify either left versus right handers, or children with poor
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versus good fine motor outcome, using three sets of features: 1) a se-
lection of early clinical factors (without sulcal considerations), 2) the
shape features of the central sulci (without clinical considerations), en-
coded by the Isomap positions corrected for PMA, and 3) the combi-
nation of both. The purpose of using these three sets of features was
to be able to compare the predictive capacity of these different fea-
tures, and more specifically to assess whether sulcal shape is a better
predictor for motor development than early clinical factors, and
whether the combination of both outperforms the two previous clas-
sifiers, suggesting a complementary influence of early morphological
and clinical features on the long-term motor development.

9.2.4.4.2 Dichotomization of the motor classes

The cohort was dichotomized for each motor characteristic: right ver-
sus left handedness, and poor versus good fine motor outcome (man-
ual dexterity).

Children born preterm display a significantly higher occurrence of non-
right handedness than full-term children (odds ratio 2.12) according to
a meta-analysis (Domell6f et al.,, 2011). Studying handedness in pre-
term children may be a potentially important index reflecting hemi-
spheric organization and sensorimotor functions ensuing neurodevel-
opmental disturbances. Thus, we hypothesised that among the left-
handed children in our cohort, some would be “natural” left-handers
while the others may express a non-right-hand preference following a
disruption in the lateralized early brain organization associated with
premature birth. Since a previous study reported links between hand-
edness and the shape of the central sulcus on healthy adults (Sun et
al, 2012), we decided to focus on typical handedness by maximizing
the proportion of “natural” left-handers (n=7 left-handers with at least
one left-handed parent (Bryden et al., 1997), subsequently referred to
as "left-handers”) to compare with right-handed (n=50) children. We
thus excluded children with missing data (n=1), ambidextrous children
(n=2) and left-handers for whom both parents were right-handers
(n=11). Compared to the whole cohort, the first prediction study thus
focused on infants supposed to be representative of the normal pop-
ulation in terms of handedness.
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In terms of fine motor assessment provided by the mABC score, we
focused on the manual dexterity subscore, which assessed three tasks:
posting coins, threading beads, and drawing a trail. We chose to focus
on this score because links between functional activation of the hand
and the shape of the central sulcus (more specifically the height of the
hand-knob) have already been reported in adults (Sun et al., 2016), and
we therefore suspected that, compared to the other two mABC sub-
tests — aiming/catching and balance - it was the subtest with the most
direct link to the central sulcus'’s shape.

We dichotomized the children group according to their poor and good
fine motor outcome, removing children with borderline results from
the classification. For the mABC total score, a score inferior or equal to
the 5 percentile indicates definite motor problems; between the 6
and 15" percentiles indicates borderline performance; and strictly
above the 15™ percentile indicates normal motor development (van
Heerwaarde et al., 2020). Since for the manual dexterity subscore no
percentile cut-offs have been assessed, we used the same cut-offs in
our study population, with the corresponding standard scores for each
percentile range: children whose standard score ranked between 1 and
5 were assigned to the poor fine motor outcome group (n=15), chil-
dren who ranked strictly above 7 were assigned to the good fine motor
outcome group (n=35), and children ranking 6 or 7 (n=16) were con-
sidered as borderline and were not included in the classification anal-
yses. Compared to the whole cohort, the second prediction study thus
focused on a mixed group of infants with either healthy or pathological
motor development.

9.2.4.4.3 Subgroup differentiation and feature choice

In terms of clinical factors, the retained variables were the following:
gestational age at birth, the birth-weight z-score, the presence of a
severe intra-ventricular hemorrhage, and the presence of broncho-
pulmonar dysplasia. All the continuous variables were normalized, and
the categorical variables were binary, encoded as 0 or 1.

In terms of shape features of the central sulcus, the features retained
were the Isomap positions corrected for PMA at scan, on the 10 rele-
vant Isomap dimensions. We once again considered separately the
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L30, R30, L40 and R40 subgroups, because of the high variability in
sulcal shapes at both ages, and because we expected that inter-hemi-
spheric asymmetries in shape might play a role on handedness and
fine motor outcome.

The classifiers were trained once per age and hemisphere subgroup,
except for the classifiers using the clinical factors as only features, since
the clinical factors considered are neither age nor hemisphere depend-
ent.

9.2.4.4.4 Cross-validated training of subgroup-specific classifiers

We used a linear Support Vector Classifier (SVC) to assess the predic-
tive capacity of the shape and clinical features on the handedness and
fine motor outcome. We parametrized the SVC to take into account
the imbalance between classes (either 7 vs 50 or 15 vs 35) by weighting
the regularization parameter by the inverse of class frequency in the
input data. Due to the small size of the groups (either 57 or 50 sulci for
handedness or fine motor outcome respectively), we took two precau-
tions to limit the chances of overfitting our model: we used the prede-
termined regularization value (C=1), and we used a Stratified Shuffled
Cross-Validation (number of folds: 5, number of repeats: 10) to evalu-
ate the performance of the algorithm. We then evaluated the balanced
accuracy (the average of correctly predicted samples for both classes)
and Area Under the Receiving Operator Curve (ROC AUC). For the best
classifier using only sulcal shape for prediction, we plotted the ROC
and Precision-Recall (PR) curves, next to the ROC and PR curves ob-
tained for the clinical factors alone for comparison. In order to assess
the predictive value of these classifiers, we added to the ROC curves
the mean ROC and 95% confidence interval obtained after performing
1000 chance models on the data.

9.2.4.45 Observation of most-weighted features

For the classifiers using only sulcal shape which showed the best
performance, we were interested in the most relevant shape features
in the training of the classifiers. Therefore, during the cross-validation,
we stored the coefficients attributed to each Isomap dimension. After
the cross-validation, we looked into the consistency of coefficient
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9.25

attribution depending on the training/testing set using a box plot
picturing the coefficient attributed to each Isomap dimension for every
iteration of the cross-validation. More importantly, we assessed which
shape features were the most discriminative for each outcome. The
dimensions corresponding to these specific shape features were
described in more detail.

Results
9.2.5.1 Characterization of the central sulcus’ shape

9.2.5.1.1 Visual Isomap results

For brevity concerns, we only present, in the following sections, the
visual representations of the dimensions relevant in the performed
analyses. The detailed descriptions for all 10 dimensions (not corrected
for age, to improve interpretation) are shown in Annex 2.

9.2.5.1.2 Age dependency of Isomap positioning

The Pearson correlation coefficients between age at MRI acquisition
and raw Isomap position (not corrected for age) are reported for the
30w PMA and 40w PMA sulci separately in Sup. Info., Table 2. The high-
est correlation observed was r=0.30 for the first Isomap dimension at
30w PMA, the dimension coding for length and global curvature of the
sulci. Along with the other coefficients observed, the correlations sug-
gested that the Isomap position of sulci is somewhat affected by PMA,
which justified our decision to correct for it in subsequent analyses.

9.2.5.1.3 Hemispheric comparisons for each age-group

The Wilcoxon signed-rank test results obtained by comparing the
PMA-corrected positioning of left and right sulci on each Isomap di-
mension, for each 30w and 40w PMA group, highlighted in Sup. Info.,
Table 3.A. two dimensions (one per age-group) with significant hemi-
spheric asymmetry (Sup. Info., Table 3.A, Figure 4). At 30w PMA, di-
mension 3 (coding for the curvature of the hand-knob at fixed height)
suggested that left central sulci were roughly flatter than the right
ones. At 40w PMA, dimension 8 (coding for the switch from a single to
a double-knob configuration) also showed some asymmetry, with

129



more left central sulci in the double knob configuration and more right
central sulci in the single knob configuration.

In terms of Spearman correlations (Sup. Info., Table 4.A), four dimen-
sions showed a significant correlation between the left and right cen-
tral sulci: dimension 1 at both ages, dimension 5 and 2 at 30w PMA,
and dimension 3 at 40w PMA. These results suggest that at 30w PMA,
left and right central sulci show a coherent encoding of length, curva-
ture (dimension 1), wrapping around (dimension 5) and height (dimen-
sion 2) of the hand-knob, and depth of the second knob (dimension
2). At 40w PMA, left and right central sulci seem to show consistent
sulcal length (dimension 1) and depth of the hand-knob at low fixed
height (dimension 3).
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Figure 4. Representation of left (green) versus right (red) central
sulci distribution on the two dimensions showing statistically sig-
nificant hemispheric asymmetries (Dim. 3 and 8), with t the Wil-
coxon signed-rank test statistic. Upper rows: density plot of sulcal
distribution along the dimension. Lower rows: sulcal projection
and corresponding moving averages (in grey). On the 30w PMA
representation of Dim. 3, the 40w moving averages (in white) are
shown for shape interpretation purposes.

9.2.5.1.4 Age-group comparisons of the hemisphere-specific shape
characteristics

Wilcoxon signed-rank tests performed to compare PMA central sulci
characteristics (Sup. Info., Table 3.B) identified several dimensions with
different positions at 30 versus 40w (Sup. Info., Table 3.B). Two dimen-
sions (1 and 5) were highlighted on both hemispheres, suggesting that
sulci on both hemispheres are roughly shorter, flatter, and show a
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more wrapped-around hand-knob at 30w PMA compared to 40w
PMA. Two other dimensions were relevant only for one hemisphere:
dimension 4 for the left hemisphere, with shallower and lower hand-
knob at 40w than at 30w, and dimension 2 for the right hemisphere,
with a higher hand-knob and a deeper second knob at 40w PMA com-
pared to 30w PMA.

Out of the 10 dimensions of interest, we observed relevant trends in
Spearman correlation between the PMA-corrected Isomap positioning
at 30w and 40w PMA on 8 dimensions (Sup. Info., Table 4.B). The three
dimensions showing the strongest correlations between both ages are
presented in Figure 5. Dimension 4 was observed on both hemispheres
and encoded a variation of height and depth of the hand-knob, as well
as the presence and depth of the second knob (i.e. from double-
knobbed sulci with deeper and higher hand-knobs, to sulci with a
single, lower, and shallower hand-knob). On the left hemisphere,
dimension 2 showed correlations between 30w and 40w PMA in the
height of the hand-knob and the depth of the second knob. On the
right hemisphere, the highest correlation was observed on dimension
8, correlating the sulci depending on their single-knob or double-knob
configurations, with no height shift of the hand-knob. This suggested
that between 30 and 40w PMA, most of the early morphological
characteristics (8 dimensions over 10) tend to evolve into a more
complex but consistent encoding (i.e. a sulcus with a single, low and
shallow hand-knob at 30w will most often show the same
characteristics at 40w, rather than a double-knob configuration).
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Figure 5. Representation of the three dimensions showing the
strongest correlations between 30w (blue) and 40w (green) PMA
central sulci, with p the Spearman correlation coefficient. For each
dimension, the sulcal projections were represented in the upper

rows, and the age-specific moving averages on the lower rows.
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9.2.5.2 C(lassification of handedness and fine motor score based on sulcal
shape features

9.2.5.2.1 Discrimination by shape for left- vs right-handers: classifiers’
performance

The support vector classifiers were trained to differentiate right-handers
(n=50) from left-handers (n=7). The cross-validated scores of the classifiers
considering either clinical factors, age- or hemisphere-specific shape features

(corrected for PMA) or both, are shown in Table 1.

Table 1. Cross-validated scores for handedness classification.
Scores obtained using 1) clinical factors; 2) sulcal shape features
(positions corrected for PMA on the 10 dimensions), for each age
and hemisphere subgroup; and 3) combination of both (clinical
factors and sulcal shape features), for the handedness
discrimination at 5 years of age. The bold values are the ones
equal or superior to the baseline, i. e. the values obtained for the
clinical factors alone.

Subgroup Balanced |ROC AUC
accuracy

1) Clinical factors 0.55 0.59
(baseline)
2) Sulcal shape L30 0.57 0.61
| R30 0.38 0.35
| L40 0.44 0.49
| R40 0.43 0.33
3) Combination of L30 0.53 0.65
clinical factors and
sulcal shape
| R30 0.64 0.65
| L40 0.48 0.57
| R40 0.43 0.37

ROC AUC: Area Under the Receiving Operator Curve. L: left hemisphere; R: right hem-

isphere. 30: 30w PMA; 40: 40w PMA.
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The best classifier (highest balanced accuracy and ROC AUC) was
obtained using the combination of clinical factors and sulcal shape
features at 30w PMA on the right hemisphere. Yet, the performances
obtained with these shape features alone were quite low. In contrast,
the best classifier using only shape features was the one obtained at
30w PMA on the left hemisphere, and it exceeded the performance of
the classifier using only clinical factors, while adding the clinical factors
to these shape features also provided a quite relevant classifier. That is
why we further focused on the classifier obtained with shape features
of left sulci at 30w PMA alone. The ROC and PR curves of this classifier
(and correspondent curves obtained for clinical factors alone as a
comparison) are shown in Figure 6.
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Figure 6. ROC and PR curves obtained for clinical factors alone and

sulcal shape factors alone at 30w PMA on the left hemisphere. Tar-
get: handedness

For this classifier, we further wondered which shape features were con-
sidered relevant in differentiating left-handers and right-handers. Us-
ing the different folds of the repeated stratified cross-correlation, we
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aggregated the coefficients attributed to each Isomap dimension and
generated the box plot presented in Figure 7.
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Figure 7. Box plot of the coefficients attributed to each Isomap
dimension during the cross validation for the handedness
classification with sulcal shape factors alone at 30w PMA on the
left hemisphere. Coefficients for the dimensions were obtained
for each iteration of a 5-fold 10-times repeated stratified cross-
validation training of the SVC for handedness. Dimension 10
weighted generally more than the other dimensions throughout
this cross-validation.

Most Isomap dimensions were reasonably consistent in weight
through the cross-validation. The 10" dimension was clearly and al-
most systematically the most informative. The visual interpretation of
this dimension (Figure 8) suggested that the most discriminative traits
for handedness were the length of the hand-knob and the orientation
of its upper part. Compared to right-handers, the left-handers tended
to have a left central sulcus at 30w PMA with a longer hand-knob, with
its upper part bending backwards.
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Figure 8. Representation of the dimension weighting the most for
handedness classification using sulcal features at 30w PMA in the
left hemisphere. The sulcal projections of the subjects used in the
classification were represented (right handers in grey and left
handers in red), as well as the age-specific moving averages (in
dark grey). The 40w PMA moving averages (in white) are also

shown for shape interpretation purposes.
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9.2.5.2.2 Discrimination by shape for the fine motor outcome: classifiers’
performances

The support vector classifiers were trained to differentiate subjects
with poor fine motor outcome (n=15) from subjects with good motor
outcome (n=35), again considering either clinical factors, age-and-
hemisphere specific shape features (corrected for PMA) or both. The
cross-validated scores of the classifiers are shown in Table 2.

Table 2. Cross-validated scores for fine motor outcome classifica-
tion.

Scores obtained using 1) clinical factors; 2) sulcal shape features
(positions corrected for PMA on the 10 dimensions), for each age
and hemisphere subgroup; and 3) combination of both (clinical
factors and sulcal shape features), for the fine motor outcome dis-
crimination at 5 years of age. The bold values are the ones equal
or superior to the baseline, i. e. the values obtained for the clinical
factors alone.

Subgroup Balanced ROC AUC
accuracy

1) Clinical factors 0.58 0.59
(baseline)
2) Sulcal shape alone [L30 0.62 0.66
| R30 0.45 0.44
| L40 0.40 0.38
| R40 0.62 0.66
3) Combination of|L30 0.59 0.61
clinical factors and
sulcal shape
| R30 0.48 0.50
| L40 0.46 0.41
| R40 0.57 0.64

ROC AUC: Area Under the Receiving Operator Curve. L: left hemisphere; R: right hem-

isphere. 30: 30w PMA; 40: 40w PMA.
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Two classifiers scored a tie for balanced accuracy and ROC AUC, using
the sulcal shape features alone: the left hemisphere at 30w PMA and
the right hemisphere at 40w PMA. We chose to focus on the one with
the best recall (proportion of correctly identified poor fine motor out-
come, the most interesting clinical issue), which was the one for the
right hemisphere at 40w PMA (recall = 0.61 against recall = 0.53 for
30w PMA left hemisphere). For this classifier, the ROC and PR curves
are shown in Figure 9. The results for the classifier obtained at 30w
PMA on the left hemisphere using only the sulcal shape features are
presented in Annex 3.
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Figure 9. ROC and PR curves obtained for clinical factors alone
and sulcal shape factors alone at 40w PMA on the right hemi-
sphere. Target: fine motor outcome.

This latter resulting classifier performed better than a random classi-
fier, and again we addressed the question of the relevance of the dif-
ferent shape features in the classification.
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Using the different folds of the repeated stratified cross-correlation,
we aggregated the coefficients attributed to each feature and gener-
ated the box plot presented in Figure 10.
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Figure 10. Box plot of the coefficients attributed to each Isomap
dimension during the cross validation for the fine motor outcome
classification with sulcal shape factors alone at 40w PMA on the
right hemisphere. Coefficients for the dimensions were obtained
for each iteration of a 5-fold 10-times repeated stratified cross-
validation training of the SVC for fine motor outcome. Dimensions
4 and 10 weighted generally more than the other dimensions
throughout this cross-validation.

Once again, the dimensions were rather consistent in weight through
the cross-validation. Dimension 10 was the most relevant dimension,
but dimension 4 seemed to have a comparable role in the classifica-
tion, so we considered both dimensions for the shape description (Fig-
ure 11). The visual interpretation of these dimensions suggested that
children presenting a poor fine motor outcome at 5 years of age tend
to have a right central sulci at 40w PMA with a shorter but higher and
deeper hand-knob, with a superior sulcal part leaning frontally.
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Depth of the hand-knob increasing with height, depth of second knob
From sulci with deeper and higher hand-knobs to sulci with shallower and lower
hand-knobs. Note that the second knob, deep at first, fades out along the axis.

Figure 11. Representation of the two dimensions weighting the
most for fine motor outcome in the classification at 40w PMA in
the right hemisphere. For each dimension, the sulcal projections
of the subjects used in the classification were represented (good
outcome in grey, poor outcome in red), as well as the age-specific
moving averages (lower row, in light grey).

Discussion

This study 1) longitudinally described the shape characteristics and
variability of the central sulcus in extremely preterm infants at 30 and
40w PMA; 2) brought to light hemispheric asymmetries at each age; 3)
showed a close developmental relationship between the sulcal shape
at both postnatal ages; and 4) unraveled links between the perinatal
shape of the central sulcus and the later handedness and fine motor
outcome in this cohort of children born extremely preterm.
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9.2.6.1 How to study cortical folding

Different approaches have been developed and used to study the com-
plexity and implications of cortical folding, but few have described its
variability, and even fewer specifically in the developing brain. Sulcal
information has been collected through various means and for multi-
ple purposes. The simpler sulcal information includes basic geometric
measures, such as length, surface area or mean depth after sulcal ex-
traction, as proxies for shape (Kersbergen et al., 2016). More sophisti-
cated ones include the use of mean depth profiles (Gajawelli et al,
2021), the calculation of local or global gyrification indices (Cachia et
al., 2008) or focus on sulcal pits (Régis et al., 2005; Im & Grant, 2019).
Such studies addressed general brain development issues, such as nor-
mal development in the fetus (Vasung et al., 2019) or in the preterm
newborn (Moeskops et al., 2015; Orasanu et al., 2016; Garcia et al,,
2018), and more specific adversarial development questions, such as
early neurodevelopmental events linked to pathological outcomes
(Mellerio et al., 2015). Compared with previous studies, the approach
developed in this article additionally describes and quantifies the inter-
individual sulcal variability.

In relation to this issue of inter-subject variability, the historical
method relied on visual examination and description of sulcal mor-
phology (Ono et al.,, 1990) but implied long, subjective and potentially
biased examination processes, and resulted in small sample sizes.
Newer methods have been developed to automate both sulcal extrac-
tion and shape characterization. They can either use a clustering ap-
proach or a continuous approach. Clustering methods try to identify a
finite number of shape patterns to characterize a given sulcus. This ap-
proach seems appropriate for structures presenting great variability,
such as the sulci from the anterior cingulate cortex (Del Maschio et al.,
2019), or the gyri from different regions using multi-view curvature
features (Duan et al., 2019). These clustering approaches are hardly
suited for the study of the central sulcus because of the simplicity of
its configuration: generally uninterrupted and without branches, ex-
cept for a few individual exceptions (Mangin et al., 2019). Moreover,
the clustering methodology is not suited for a longitudinal comparison
of shape. Therefore, we opted for a continuous approach in our study.
Some continuous approaches of sulcal shape description have relied
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on morphologic landmarks, such as the superior temporal asymmet-
rical pit in the superior temporal sulcus (Leroy et al., 2015), or the oc-
cipital bending of the Sylvian fissure (Hou et al., 2019). Both of these
studies used these landmarks to quantify the difference in sulcation
between humans and chimpanzees in order to highlight human spec-
ificities, and therefore did not focus on intra-species variability. An-
other continuous approach was the one previously used to study the
central sulcal shape in adults (Sun et al., 2012; Sun et al.,, 2016). We
chose to adapt this method to the developmental context of our study,
in order to obtain a detailed characterization of the central sulcus's
shape, requiring neither prior assumptions about distinct clusters nor
the definition of anatomical landmarks, as well as allowing multiple-
age comparison.

The method retained, using pairwise coregistration of sulci to
capture the shape dissimilarity within the cohort, allowed us to explore
multiple shape characteristics of the central sulcus and therefore to
capture its variability with unprecedented precision, leading to the ob-
servation of new specificities of this sulcus. In particular, the previous
study assessing sulcal specificities on the same cohort using basic
shape features reported a single significant hemispheric asymmetry in
the central sulcus at 30w PMA — involving depth of the central sulcus
but not surface area — and none at 40w PMA (Kersbergen et al., 2016).
Our method, capturing multiple shape features, allowed us to reveal
hemispheric asymmetries both at 30 and 40w PMA.

9.2.6.2 How does preterm birth affect cortical folding around the central
sulcus

In order to capture the early folding dynamics of the developing brain,
it would be ideal to study longitudinal data from fetal period to full-
term birth, but using a mix of fetal and post-natal data is slippery be-
cause birth per se seems to affect the shape and folding of the brain
(Lefevre et al.,, 2016). Therefore, we chose to longitudinally study sulcal
features in extremely preterm infants in order to investigate early brain
development. Yet, prematurity has been reported to provoke altera-
tions in sulcation: compared to term-born neonates, very preterm in-
fants at term-equivalent age showed decreased sulcation index and
folding power specifically in primary sulci (Shimony et al., 2016; Dubois
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et al,, 2019), confirming that a very preterm population may not reflect
perfectly typical folding of the central sulcus.

In this context, different studies have focused on the sulcation varia-
bility in the neonate. In particular, recent studies described the major
sulcal or gyral patterns of cortical folding in newborns — including the
central sulcus — using clustering approaches based either on deep sul-
cal pits (Meng et al., 2018) or on multi-view curvature features (Duan
et al, 2019). Yet, to the best of our knowledge, the present study is the
first to describe qualitatively and quantitatively the shape variability of
the central sulcus in the preterm neonate, and more importantly to
address the question of longitudinal shape evolution between early
folding and the resulting sulcation pattern at term-equivalent-age.

In terms of qualitative morphological description of the central sulci,
we presented a visual representation of the shape variability through
10 dimensions, and we concurrently suggested corresponding shape
descriptions (see Annex 2). The scope of this work has yet to be ex-
plored in future studies: to what extent does the shape variability re-
ported in this study describe globally the neonate population (includ-
ing fetal and term-born populations)? What fraction of this variability
is specifically associated either to prematurity or to related early patho-
logical events? Since this first approach was exploratory, we decided
to analyze the whole cohort regardless of clinical characteristics which
can impact brain development (e.g. low gestational age, being a twin)
(Dubois et al., 2008; Kersbergen et al., 2016) or other factors which
might have a slight influence on our sulcal asymmetry observations
(e.g. the positioning of the infant in the scanner: on the side at 30w
PMA versus on the back at 40w PMA). To investigate the question fur-
ther, it would be interesting to compare the difference in shape of the
central sulcus between a preterm population at term-equivalent-age
and healthy term-born subjects, in order to differentiate prematurity-
related variability from typical variability. It would also be informative
to investigate the effects of clinical conditions on early sulcation by
differentiating subgroups of patients. Nevertheless, our cohort was too
small to provide reliable results on this question. The application of our
approach to other large databases, such as the developing Human
Connectome Project (dHCP) (Makropoulos et al. 2018), is therefore an
interesting prospect, but was beyond the scope of the current study.
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In terms of quantitative shape description, we reported an early en-
coding of most shape features, with eight out of ten dimensions show-
ing a statistically relevant correlation between 30 and 40w PMA. The
fact that the early shape of the central sulcus remained mostly con-
sistent despite the later development of secondary sulci —which mostly
happens between 30w and 40w PMA (Dubois et al., 2019) — was in-
formative about the interactions between folding waves. The second-
ary folding wave does not seem to drastically affect the central sulcus’s
characteristics. To illustrate this, we could have suspected that the
wrapping around the hand-knob (illustrated by dimension 5) might be
affected by the secondary folding of the superior frontal sulcus (which
might constraint the gyrus adjacent to the superior part of the central
sulcus to retract dorsally and “push back” the upper part of the central
sulcus, “unwrapping” the hand-knob). Yet, the correspondent Spear-
man correlation coefficients (0.38 and 0.32 for left and right hemi-
sphere respectively) indicated that this feature evolved consistently
between its 30w and 40w PMA encoding. The only two features show-
ing low (p = 0.19) or very low (|p| < 0.1) correlations between the two
age-groups on both hemispheres were dimensions 7 and 10, namely
the height of the hand-knob at fixed depth and the orientation of the
upper part and length of the hand-knob. These two specific features
may have a delayed developmental dynamic or may present significant
morphological changes between the two ages, which would explain
why the 30w PMA encoding of these features did not foreshadow their
40w PMA counterparts. The knob height and the upper part orienta-
tion may depend on a shorter or longer period of elongation of the
top of the central sulcus, which occurs between 30w and 40w PMA
(Mangin et al., 2019).

Looking into the correlations between hemispheres, we also investi-
gated hemispheric asymmetries in the central sulcus. A previous study
on the same cohort reported solely a rightwards sulcal depth asym-
metry at 30w PMA, and no hemispheric asymmetries in terms of sur-
face area in the central sulcus, at both ages (Kersbergen et al., 2016).
In this study, using more complex shape characterization techniques,
we identified one dimension per age-group showing a statistically sig-
nificant asymmetry. At 30w PMA, right central sulci showed a generally

145



deeper hand-knob than left ones (dimension 3). This could be ex-
plained by the earlier maturation of the right hemisphere compared to
the left one (Chiron et al., 1997), and by the earlier sulci formation in
the right hemisphere (Chi et al., 1977; Dubois et al., 2008; Habas et al.,
2012). Yet, with an earlier maturation of the right central sulci, we could
have expected a length asymmetry, which would have been encoded
on dimension 1 — which did not show a significant asymmetry. An in-
terpretation would be that at 30w PMA the left central sulci have
caught up to the right ones in terms of length, and the relative matu-
rational advance of the right central sulci is therefore expressed in
terms of depth of the hand knob rather than length of the sulcus. At
40w PMA, the left central sulci favoured a “double-knob” configuration
(versus “single-knob” configuration for the right ones) (dimension 8).
This finding is consistent with a previous study on adults, which re-
ported a visually similar main shape variability (from single to double-
knob configuration with hand-knob height increase), and asymmetry
(Sun et al., 2012). After evaluating hemispheric asymmetries, we chose
not to assess the relative positioning of ipsi- versus contralateral sulci
on the isomap dimensions, for two reasons. First, the results would
have been redundant because of the low proportion of left-handers in
this cohort leading to a significant overlap between contralateral (vs.
ipsilateral) and left (vs. right) hemispheres. Secondly, we would have
had to limit the study to the subjects with a suspected “natural” lat-
eralization, implying both handedness hypotheses and a loss in statis-
tical power.

9.2.6.3 To what extent s the central sulcal shape relevant to predict
handedness and fine motor outcome?

A number of recent studies have investigated the predictability of ad-
versarial developmental outcomes linked to prematurity. The purpose
is to identify biomarkers in order to set up appropriate subject-specific
interventions to counter or reduce the effects of neurodevelopmental
afflictions. Several studies have focused on term-equivalent-age neu-
roimaging in order to evaluate the predictive capacity of either ana-
tomical (Woodward et al., 2006), diffusion (Spittle et al., 2011) or func-
tional imaging (Della Rosa et al., 2021) on motor and cognitive out-
comes. A few studies have also investigated data acquired earlier than
term-equivalent-age, and checked which has a better predictive power
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between early, term-equivalent, or the difference between them in
case of longitudinal studies. Examples of such studies included motor
outcome prediction, using volumetric measures relative to whole brain
volumes (Gui et al,, 2019), diffusion tensor parameters (Roze et al.,
2015), or computing anatomical features such as cortical surface area
or gyrification indices (Moeskops et al., 2017). All these studies focused
on whole brain analysis to predict outcome. Yet, because of important
methodology discrepancies, the results we obtained are hardly com-
parable.

We chose to investigate the predictive ability of the central sulcus’
shape on motor development, in the continuity of our shape character-
ization and description approach, in order to interrogate its functional
relevance. In particular, we observed that the best shape feature to
discriminate handedness was the length and backwards bend of the
hand-knob of the left central sulcus at 30w PMA, and that a poor fine
motor outcome at 5 years was mostly linked to a higher, deeper, but
shorter right hand-knob, with the sulcal upper part bending forwards,
at 40w PMA. To the best of our knowledge, we are the very first to
assess the predictive capacity of sulcal shape during early develop-
ment. We decided to use a classifier trained on the clinical factors that
have been reported as relevant for motor outcome prediction in pre-
vious studies (Anderson et al., 2006; Kersbergen et al., 2016) as a
benchmark to evaluate whether some shape features were relevant in
classifying motor outcome, but other clinical factors might have been
relevant to include, such as white matter injuries or venous infarctions.
By extension we aimed to assess if motor neurodevelopmental adver-
sities showed a signature in the central sulcus. In this “proof-of-con-
cept” study, no classifier showed a strictly significant performance
when compared to the 95% confidence interval of a chance prediction.
Yet, the ROC curves of the best classifiers were close to the upper
boundary of this 95% confidence interval, and the standard deviation
of the cross-validation showed that multiple folds actually showed a
better performance, leading us to stipulate that a few early sulcal fea-
tures, in some hemisphere- and age-specific groups, contain func-
tional information. Still, the results were not strictly significant and,
moreover, approximately half of the results reported showed a ROC
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AUC inferior to 0.5 (indicating a classifier performing worse than ran-
dom). This can be due to an absence of relevant data to predict motor
outcome in the shape of the central sulcus on specific groups, or to a
methodological choice taken in this article: the predictors are probably
under-fitted. Because of the size of the cohort and the small propor-
tion of either left-handers or poor-manual-dexterity-outcomes, the
decision was taken to prevent from operating feature selection or al-
gorithmic tuning such as regularization in order to prevent from over-
fitting. We can also question the way we decided to dichotomize out-
comes.

A limitation to our classification is that the data is globally prepro-
cessed before entering the K-Fold cross-validation process (i.e. the Iso-
map dimensions are computed using the whole cohort before the clas-
sification process). This is discouraged as it induces bias in the classifi-
cation. The recommended method would be to produce new Isomap
dimensions at each fold, using only the training set. Yet, we chose to
pursue the first method nonetheless, to enable interpretation: if we
generated new Isomap dimensions at each fold, we would be unable
to associate a given feature to each dimension, and dimensions would
risk swapping within different folds. This would have prevented us
from grasping the relevant shape features.

In terms of handedness, we observed that the left hemisphere was
more informative than the right one, and the only relevant classifier
using only shape features was obtained at 30w PMA, where left-
handers tend towards a backwards bend of the superior part of the left
central sulcus and a longer hand-knob (dimension 10). The result con-
cerning the length of the hand-knob could suggest that, while the
shape of the hand-knob is mostly driven by the hand area in the dom-
inant hemisphere, the bulk of the hand-knob in the non-dominant
hemisphere could be influenced by the adjacent functional areas (such
as the immediate upper portion corresponding to the arm), justifying
its wider sprawl. On the right hemisphere, it is surprising to observe
that at 30w PMA, the right hemisphere combined with clinical factors
performed well whereas the right hemisphere alone showed a very
poor performance. This seems to suggest that the 30w PMA right cen-
tral sulcus was only predictive in light of the clinical factors. This ob-
servation, in addition to the fact that the best classifier scores were
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obtained by combining sulcal shape and clinical factors, probably in-
dicates that we did not succeed in retaining only “natural” left-handers
(i.e. subjects who were most likely to present this handedness inde-
pendently from the pathological implications of extreme prematurity).
As indicated in the Methods section, for the analysis we considered as
left-handers only the left-handed children who had at least one left-
handed parent (taking into account a genetic factor was an attempt to
retain as much “natural” left-handers as possible). Interestingly, the
number of left-handers obtained with this criterion corresponds to the
range usually observed in the general population (7/71: 9.9%). Never-
theless, it has been reported that additive genetic effects only accounts
for a quarter of the variance in handedness (Medland et al., 2009),
therefore this left-hander-selection-choice is somewhat arbitrary.
However, recent studies reported that paternal non-right-handedness
was significantly related to left-hand preference in children (van
Heerwaarde et al,, 2020; Fagard et al., 2021). In our study, all the se-
lected left-handers happened to have a left-handed father, comforting
our criteria choice. Still, there is no way to confirm that the 7 left-
handers that we studied for the laterality analysis are “natural” left-
handers. To look into this, we observed a condition which can alter
lateralization towards left-handedness: left-hemisphere IVH. The ex-
cluded left-handers showed a higher prevalence of left-sided IVH than
the selected left-handers (see Sup. Info., Table 5), suggesting that our
criteria for selection was relevant to an extent. Yet, the selected left-
handers showed a higher prevalence of left-sided IVH than the right-
handers, as well as a globally worse MRI anomaly classification using
the Kidokoro scale (Kidokoro et al., 2013) (see Sup. Info., Table 5).
Therefore, we might not have succeeded in filtering adversarial left-
handedness. In order to dim out pathological variability, further studies
should focus on cohort selection, either by selecting preterms depend-
ing on clinical factors, or by looking into predictability of handedness
through the central sulcus’s shape on term-born neonates.

In terms of motor outcome prediction, we observed relevant sulcal sig-
natures at both ages. We aimed to investigate fine motor outcome
(and not global motor score) in order to focus on the development of
manual dexterity, as we were interested on the central sulcus’ shape
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that is highly characterized by the hand-knob, whose shape is associ-
ated with hand activation (Sun et al., 2016; Germann et al., 2019; Man-
gin etal., 2019). We should highlight that in the mABC-II, the subscores
have not been thoroughly tested for psychometric relevance, contrarily
to the global score (Hirata et al., 2018). They still have been reported
to be acceptably relevant in different studies, especially for the manual
dexterity and balance subscores (Ellinoudis et al., 2011). It is for all
these reasons that we specifically chose to focus only on the manual
dexterity subscore. Before addressing the shape features relevant to
predict this outcome, we can notice that the most predictive hemi-
sphere switches between 30 and 40w PMA, with the left hemisphere
scoring better at 30w PMA and the right one at 40w PMA. This is sur-
prising when shape features were observed to evolve consistently be-
tween the two ages. We can highlight the fact that both classifiers’
most weighted shape feature is dimension 10, which specifically shows
very low correlations between 30 and 40w PMA on both hemispheres,
and therefore does not seem to evolve consistently during this period.
Moreover, we can hypothesize that at 30w PMA, not enough time has
passed since birth for the anatomical adversarial consequences of ex
utero development after premature birth to have formed (this hypoth-
esis should be mitigated by the fact that we do not know the cause of
premature birth, and that alterations could have started before birth).
Then, according to a previous review on lateralization in fetuses (Hep-
per, 2013), 90% of the subjects would be supposed to be genetically
right-handers, which would explain why the left hemisphere (suppos-
edly dominant for 90% of the group) was observed as the most pre-
dictive of motor outcome. If the adversities from preterm birth then
develop anomalies in sensorimotor development which induce
“pathological” left-handedness, then the proportion of right-handers
would decrease. In fact, in the poor fine motor outcome group, 7 sub-
jects were left-handed and 8 right-handed, and therefore the left hem-
isphere could no longer be considered as dominant at 40w PMA, with
the “pathological” left-handers pulling the results towards the right
hemisphere. In terms of shape interpretation, the most weighted shape
feature for fine motor outcome (dimension 10) was observed at 40w
PMA on the right hemisphere, suggesting a narrower hand-knob cor-
responding to the left hand in infants with poor fine motor outcome.
This could suggest a compensation for a less functional right hand for
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right-handers, and an abnormal development of the dominant hemi-
sphere for left-handers, but this hypothesis needs to be investigated
more thoroughly, especially since we had a mix of left- and right-
handers for the fine motor outcome classification. Interestingly, this
same 10" dimension was the most weighted for the handedness on
the left 30w PMA central sulcus (tendency to a longer hand-knob and
an upper part of the sulcus bending backwards in left handers). This
might suggest a less precise location of the right-hand region at 30w
PMA. Although relevant for both motor classifications, this 10" dimen-
sion shows no significant correlation between 30 and 40w PMA sulci:
the early 30w shape encoded in the sulcus does not evolve to the cor-
responding shape at 40w PMA. A recent study refined the somatomo-
tor mapping of the central sulcus and differentiated the central sulcus
in 5 segments (Germann et al.,, 2019). Here, the upper part of the sul-
cus, bending forwards to backwards along the dimension, fits the first
segment reported in that study, and the second segment corresponds
to the hand area and comprises the hand-knob area. Segments one
and two are reported to be separated by a narrow gyral passage link-
ing the precentral and postcentral gyrus. It is possible that this buried
gyrus develops mostly between 30 and 40w PMA and would justify the
discordant expression of this feature at 30 and 40w PMA.

To sum up, this study, based on an original method for sulcal
investigation, allowed us to describe the central sulcus’ shape
variability and consistency at 30w and 40w PMA in a cohort of infants
born extremely preterm and to make exploratory investigations of the
functional relevance of these features. To complement our study, it
would be relevant to compare the central sulcal shape of preterm
infants at TEA with that of term-born newborns imaged right after
birth, in order to assess whether prematurity-induced patterns are
captured by our method. It is interesting to note that both for
handedness and fine motor outcome, the left central sulcus at 30w
PMA seemed to carry relevant information, which suggests that these
functional aspects are already partially encoded at this early age. This
opens perspectives about the possibility to target subjects at risk of
abnormal motor development very early on and to mitigate this risk
through early interventions.
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9.2.8 Supplementary information

Supplementary Table 1: Perinatal clinical characteristics and fine motor

follow-up of the study participants (n=71)

Characteristics

Mean + Standard deviation
(range) or N (percentage)

‘Perinatal clinical characteristics
‘ Sex, male

‘ Gestational age at birth (weeks)

36 (51%)
26.5 + 1.0 (24.4 - 27.9)

‘ Birth-weight z-score

04 £08(-25-1.8)

number of infants

Presence of severe IVH (grade 3 or 4): num- 8 (11%)
ber of infants
Presence of broncho-pulmonary dysplasia: 20 (39%)

Age at MRI scans
PMA at early acquisition (weeks)

PMA at term-equivalent age acquisition
(weeks)

30.7 £ 0.9 (28.7 - 32.7)
412 + 0.6 (40.0 — 42.7)

Fine motor follow-up at 5-years

Manual lateralization

Handedness: number of infants (left /
ambidextrous / right) (n=70)

18/2/50(26/3/71%)

Corrected handedness*: number of in-
fants (left / right) (n=57)

7 /50 (12 / 88%)

Fine motor assessment (n=66)

Age at mABC

5 years 9 months + 4
months (4y 6m — 6y 7m)

mABC manual dexterity standardized
score

7.7 £24(3-14)

mABC manual dexterity outcome: num-
ber of infants (poor/borderline/good)

15/16 /35 (23 /24 /53%)

IVH: intra-ventricular hemorrhage. PMA: post-menstrual age. *Corrected handedness ex-

cludes ambidextrous and left-handed children having both parents right-handed. mABC:

Movement Assessment Battery for Children
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Supplementary Table 2: Pearson correlations between Isomap posi-
tions and PMA at MRI acquisition (n=71)

"
At 30w PMA At 40w PMA
Dimension 1 0.30 0.13
Dimension 2 -0.01 -0.08
Dimension 3 -0.13 0.15
Dimension 4 0.11 -0.05
Dimension 5 -0.13 -0.14
Dimension 6 0.24 -0.04
Dimension 7 0.04 0.19
Dimension 8 0.15 0.14
Dimension 9 -0.01 0.16
Dimension 0.22 0.13
10
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Supplementary Table 3: Wilcoxon signed-rank tests between either
left / right hemisphere (A.) or 30w / 40w PMA (B.), for Isomap PMA-

corrected positions (n=71)

Wilcoxon signed-rank test: t (p-value)

A. Hemispheric compari-

B. Age-group comparison

son

L30 vs R30 L40 vs R40 L30 vs L40 R30 vs R40
Dimen- 959 (0.068) 1022 (0.142) 3.0 (3.107'%) 0.0 (2.10°"3)
sion 1
Dimen- 1044 1276 (0.991) 882.0 (0.023) [774.0 (0.004)
sion 2 (0.180)
Dimen- 757 1110 (0.336) 903.0 (0.032) |978.0 (0.086)
sion 3 (0.003)
Dimen- 941 (0.053) 1113 (0.344) 627.0 (2.10%) 1129.0 (0.393)
sion 4
Dimen- 878 (0.022) 1137 (0.419) 1606.0 (1.10%) 686.0 (7.10%)
sion 5
Dimen- 1133 1152 (0.470) 1165.0 (0.517) |1178.0 (0.567)
sion 6 (0.406)
Dimen- 1169 947 (0.058) 986.0 (0.094) 849.0 (0.014)
sion 7 (0.532)
Dimen- 1242 775 (0.004) 804.0 (0.007) [1138.0(0.422)
sion 8 (0.837)
Dimen- 1208 1254 (0.891) 1099.0 (0.305) |1212.0 (0.705)
sion 9 (0.689)
Dimen- 1132 881 (0.023) 871.0 (0.020) 1066.0 (0.224)
sion 10 (0.403)

Bold values verify p-value<0.005. L: left hemisphere; R: right hemisphere. 30: 30w

PMA (early scan); 40: 40w PMA (term-equivalent-age scan).
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Supplementary Table 4: Spearman correlations between either left /
right hemisphere (A.) or 30w / 40w PMA (B.), for Isomap PMA-cor-

rected positions (n=71).

‘Spearman correlation: p (p-value)

%. Hemispheric comparison

B. Age-group comparison

\ \Lao vs R30 40 vs R40 130 vs L40 R30 vs R40
Dimension 0.607 (2.10°0.385 (9.10%) 0.232 (0.051)  0.428 (2.10%
1 8)

Dimension 0.407 (4.10°0.232 (0.051) 0.458 (6.10°)  0.329 (0.005)
2 4

Dimension 0.222 (0.063) 0.351 (0.003) 0.307 (0.009)  0.353 (0.003)
3

Dimension 0.254 (0.032) 0.283 (0.017)  0.512 (5.10°)  0.414 (3.10%)
4

Dimension 0.411 (3.10°0.327 (0.005)  0.376 (0.001) 0.317 (0.007)
5 4

Dimension 0.216 (0.070) 0.150 (0.213)  0.284 (0.017)  0.383 (0.001)
6

Dimension 0.188 (0.116) 0.249 (0.036)  0.081 (0.500)  0.191 (0.111)
7

Dimension 0.212 (0.076) 0.186 (0.120)  0.246 (0.039)  0.522 (3.10°°)
8

Dimension 0.157 (0.190) 0.123 (0.308)  0.294 (0.013)  0.334 (0.004)
9

Dimension 0.158 (0.189) 0.264 (0.026)  -0.024 (0.842)  -0.063 (0.599)
10

Bold values verify p-value<0.005. L: left hemisphere; R: right hemisphere. 30: 30w

PMA (early scan); 40: 40w PMA (term-equivalent-age scan).
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Supplementary Table 5: Additional perinatal characteristics reported
for right-handers, selected left-handers and excluded left-handers

(based on parental handedness) (n=68)

Characteristics N (percentage)
Handedness Right-handers Selected left-  Excluded left-
class (n=50) handers (n=7) |handers (n=11)
Presence of left 12 (24%) 2 (29%) 4 (36%)
IVH (any grade):
number of in-
fants
Kidokoro classes
Normal 25 (50%) 1 (14%) 3 (27%)
Mild 20 (40%) 6 (86%) 7 (64%)
Moderate 4 (8%) 0 (0%) 1 (9%)
Severe 1 (2%) 0 (0%) 0 (0%)

IVH: intra-ventricular hemorrhage
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9.2.9 Annex 1: Parameter selection for the Isomap algorithm

Method to choose the intrinsic dimensionality of the manifold dop: for
a given k

Let Maist be the input distance matrix. A distance matrix of D-dimen-
sional Gaussian vectors was computed, with the same average square
distance as Mqist, which we called Manq. Using a loop, we computed the
reconstruction error eqist of the Isomap fitted on Maist and the recon-
struction error eand Of the Isomap fitted on Myand for the whole range
of possible number of components for the Isomap, so for de[1,
dim(Mudist)]. We then considered the number of components maximiz-
ing the ratio erand/ edist as the intrinsic dimensionality of the manifold
(see Supplementary Figure 1.1.A).

Method to choose the number of nearest neighbors k

Using the previous method, we computed the intrinsic dimensionality
of the manifold for each possible k in our study, so for k€[1, 283]. The
choice of k was based on the following considerations:

1. In order to prevent short-circuits in the manifold, k should be rather
small.

2. The smallest value to consider for k is the smallest value allowing
the nearest neighbors graph to be connected = kmin = 2.

3. Such a small k is not suited for our study since we wish to intercon-
nect 30w sulci with 40w sulci and reciprocally. The number of inter-
age-subgroup connections grows with k (see Supplementary Figure
1.1.B).

4. Our purpose was to choose a k small enough to prevent short-cir-
cuits in the manifold, but high enough to capture accurately the com-
plexity of the dataset. In order to get an idea of the range of k which
corresponds to this criterion, we have plotted the graph of reconstruc-
tion error depending on k (see Supplementary Figure 1.1.C).

We observed an interesting reconstruction error drop between k=5
and k=20, so this is the scope we focused on.
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Supplementary Figure 1.1. A. Reconstruction error ratio depend-
ing on dimension d for a fixed k (here, k=11, leading to an intrinsic
dimensionality of 14). B. Number of sulci with at least one nearest
neighbor of the other age-group depending on k. Orange: 30w
sulci, blue: 40w sulci. C. Reconstruction error based on k.

5. In this scope, we have observed that the Isomap results did not differ
drastically, as can be seen using the correlation matrices for the Isomap
projections using different values for k, as shown in Supplementary
Figure 1.2.
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Supplementary Figure 1.2. Correlation matrices between the posi-
tioning of the sulci on the dimensions obtained using
ke{5,10,15,20}. The correlation values suggest that most dimen-
sions are not drastically altered by different choices of k in this
scope.

6. In order to select a specific k within this range, we looked into the
residual variance graph based on k, as shown in Supplementary Figure
1.3.
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Supplementary Figure 1.3. Residual variance depending on k.

We observed a local minimum for k=11 and therefore chose this value.
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Method to choose the relevant number of dimensions for our study

According to Supplementary Figure 1.1.A, the intrinsic dimensionality
for k=11 was 14. Looking back into this figure, we observed that the
reconstruction error ratio reached a plateau. The fact that erana/€aist did
not change around this plateau suggested that the additional data
gained on the input distance matrix was not significantly higher than
the random distance matrix. Therefore, in order to capture the most
relevant dimensionality reduction in the data, we considered that even
though the intrinsic dimensionality of the manifold was the one max-
imizing this ratio, the relevant dimensionality to consider in this study
was the first d for which the curve stopped growing significantly. Here,
by looking at the derivative from figure Supplementary Figure 1.4, we
considered the relevant dimensionality d=10:
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0.3 4

0.2 1
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T T T T T T
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dimension

Supplementary Figure 1.4. Derivative of the reconstruction error
ratio for k=11 depending on d

Confirmation that the observations for k=11 (and d=10) are stable for
neighboring values of k

To confirm that this decision is not inducing too much bias in our ob-
servations, we computed the correlation matrices for the Isomap pro-
jections using k=10 and k=12 to compare with k=11, represented on
Supplementary Figure 1.5.
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Supplementary Figure 1.5. Correlation matrices between the posi-
tioning of the sulci on the dimensions obtained using k=10 and
k=11 (left), and k=11 and k=12 (right).
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These correlations matrices confirmed that the choice of parameter
k=11 does not excessively affect the projection results.
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9.2.10 Annex 2 : Representation of the 10 Isomap dimensions

For each dimension, the sulcal projections were represented as well as
the age-specific moving averages (blue = 30w PMA, green = 40w
PMA). A description for the shape feature captured is suggested for
each dimension. Additionally, the information about statistical tests for
each dimension (Wilcoxon signed-rank test and Spearman correlation
for L30, R30, L40 and R40) is summarized in the table next to it (Vfor a
p-value < 0.005, ~ for a p-value between 0.05 and 0.005, and x for a
p-value > 0.05).

The reading key for shape description (Figure 3.A) is reminded on Sup-
plementary Figure 2.1.

Hand knob
Length*

Supplementary Figure 2.1. Reading key for shape description of
the central sulcus with a two-knob configuration. The height of
the hand-knob is defined as the vertical distance from the bottom
of the sulcus to the deepest region of the hand-knob. *Measures
relative to the hand-knob.
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9.2.11 Annex 3: Analysis of the second-best mABC fine motor outcome
classifier obtained at 30w PMA on the left hemisphere using sulcal
shape features alone.

Two classifiers using sulcal shape features alone scored a tie in terms
of ROC AUC for fine motor outcome classification. The one with the
highest recall (right hemisphere, 40w PMA) was presented in the main
section. Here is presented the analysis of the other classifier, obained
at 30w PMA on the left hemisphere.

In order to address the best-scoring classifiers for fine motor outcome,
the comparison for ROC and PR curves between the baseline classifier
and the left hemisphere 30w PMA sulcal shape features’ classifier is
presented here.

ROC curve for clinical Precision-Recall curve
factors alone for clinical factors alone
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Supplementary Figure 3.1. ROC and PR curves obtained for clinical
factors alone and sulcal shape factors alone at 30w PMA on the
left hemisphere. Target: fine motor outcome
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Using the different folds of the repeated stratified cross-correlation,
we aggregated the coefficients attributed to each feature and gener-
ated the box-plot (Supplementary Figure 3.2).

7140 .

dir;l dir:12 dinll3 dimld dirln5 dir;16 dilrr|7 dirlnB diran dinl110

Supplementary Figure 3.2. Box plot of the coefficients attributed
to each Isomap dimension during the cross validation for the fine
motor outcome classification with sulcal shape factors alone at
30w PMA on the left hemisphere. Coefficients for the dimensions
were obtained for each iteration of a 5-fold 10-times repeated
stratified cross-validation training of the SVC for fine motor
outcome. Dimension 5 weighted generally more than the other
dimensions throughout this cross-validation.

The most weighted feature appeared to be dimension 5, represented
in Supplementary Figure 3.3. Compared to right-handers, the 30w PMA
left central sulcus of left-handers tended to have a more wrapped-
around hand-knob.
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Supplementary Figure 3.3. Representation of the dimension
weighting the most for fine motor outcome classification using
sulcal features at 30w PMA in the left hemisphere. The sulcal pro-
jections of the subjects used in the classification were represented
(good outcome in grey, poor outcome in red), as well as the age-
specific moving averages (in dark grey). The 40w PMA moving av-
erages (in white) are shown for shape interpretation purposes.
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9.3

TRANSITION

This article stems from the adaptation of an originally adult-oriented
shape characterization pipeline for the application to a longitudinal
developmental context. As a result, ten different shape features
representative of the cohort’s variability of the central sulcus have been
identified, and they have additionally been tested for consistency of
inter-age shape evolution, inter-hemispheric asymmetries and
predictive ability on fine motor outcome at 5 years of age. We
characterized the sulcal shape variability at 30 and 40w PMA, we
observed relevant trends in the shape encoding of 8 out of the ten
shape features at both ages, and we captured one asymmetrically
expressed shape feature by age-group. This led to a specific
investigation of the traits uncorrelated between ages, and to speculate
on developmental events inducing a loss of asymmetry between 30
and 40w PMA on the dimension which only captured asymmetry at
30w PMA and inducing later-than-30w-PMA-encoding of the specific
shape features which showed low correlations between the two ages.

| was the first investigator of this original research article, and my
contributions to the adaptation of the originally adult-oriented shape
characterization pipeline have been detailed in Chapter Il. | have
thereafter led the design and application of the prediction, with the
valuable support of different team-members and collaborators from
Utrecht. My supervisors monitored the advance of the experimental
design. Discussions with machine-learning colleagues from my team
helped me devise a rigorous approach to prevent from overfitting my
data (special thanks to Louise Guillon, Clément Poiret and WenQi Shu-
Quartier-Dit-Maire), and very importantly, discussions with clinical
experts both from my team and from Utrecht allowed me to
manipulate the data in a clinically relevant manner (special thanks to
Sara Neumane, Hugo Peyre, Maria-Luisa Tataranno and Nusa Stopar).
This was essential since | have no clinical formation and both the
choice of relevant outcome measures, and the choice of clinical
parameters were challenging in the absence of sufficiently similar
previous studies to orient my decision. Besides, the 95% chance
interval of the classifiers was added to my study thanks to a comment
from one of its reviewers. | was delighted by this comment as the
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reviewer not only signalled his doubt on the validity of my classifiers
(which | also considered as not very convincing and addressed as such
in the initial version) but also suggested a general idea on how to
assess this chance interval. This required some additional thinking and
implementation, but | am grateful to have had the opportunity to
quantify the general relevance of these classifiers.

During the article, | argued that because of the small number of
individuals in the cohort, | prevented from adjusting any parameter
and that the resulting classifiers were therefore underfitted. This
statement is erroneous: even though adjusting the parameters to
optimize the classifiers’ performances would have led to overfitting the
data, it is incorrect to conclude that the data is underfitted because the
parameter was left to default. It is probably underfitted, yet this should
be confirmed by observing the behaviour of the classifier by varying
the regularisation parameter.

In the end, although these classifiers did not yield sufficient results to
be categorical on the matter of early sulcal encoding of later
neurodevelopmental outcomes and adversities, they still suggested
some relevance of sulcal pattern on the subject, which is a first step in
the direction of using sulci as biomarkers in the developing brain.
These classifications concluded my studies on the central sulcus, after
which | chose to investigate another early developing fold of the
human cerebral cortex: the Sylvian Fissure.
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10

CHAPTER IV: EXPLORING THE EMERGENCE OF
MORPHOLOGICAL ASYMMETRIES AROUND THE BRAIN'S
SYLVIAN FISSURE: A LONGITUDINAL STUDY OF SHAPE
VARIABILITY IN PRETERM INFANTS. (FULL-LENGTH
ARTICLE 3)

10.1

CONTEXTUALIZATION

After the in-depth study of the central sulcus’s shape, the sylvian
fissure was an excellent second candidate to study the development
of cortical folding pattern. Once again, it is an early encoded fold which
is already sufficiently developed at 30w PMA to consider a longitudinal
shape assessment. Contrarily to the central sulcus, the sylvian fissure
may display branches, which makes it slightly more complex to define
a labelling permitting rigorous inter-subject comparison, but it still is
a fold with little labelization error margins compared to many others.
Additionally, some of its variability in shape has been previously
reported through its inter-hemispheric asymmetries at different ages,
including in the preterm (Dubois et al., 2010; Kersbergen et al., 2016),
inciting me to quantify its shape variability in more details. Moreover,
looking into the sylvian fissure allowed me to complement my first
study about a fold fathered by the sulcation process (the central sulcus)
with a fold fathered by the opercularization process (the sylvian
fissure).

The shape characterization of the sylvian fissure at 30 and 40w PMA,
following the same methodology as the central sulcus, led to a fist
poster presentation at the OHBM 2020 virtual conference. The
important asymmetries captured in this first step led me to question
the patterning implications of opercularization on the perisylvian
region. In parallel, | was appealed by exploring the relevance of the
shape characterization pipeline on more complex sulcal objects than
single, mostly mono-branched folds. This led me to conceptualize a
sulcal extraction method which would allow me to assess consistent
region-wise inter-individual variability in pattern around the sylvian
fissure rather than classical sulcus-wise pattern variability, at 40w PMA.
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Already by studying the sylvian fissure, and even more so when
assessing the asymmetries around it, | joined the research efforts to
characterize anatomical asymmetries of regions functionally linked to
language. After validating the region-wise approach on sulcal
elements from the general vicinity of the sylvian fissure and defined as
the perisylvian region, | therefore decided to adapt this new method
to assess the region-wise variability of sulci around the functionally-
defined Broca's area, by looking into sulcal objects from the inferior
frontal region.

The combination of pattern asymmetry considerations in the sylvian
fissure, perisylvian region, and inferior frontal region, led to the
redaction of the following full-length original research article, intended
for submission to the Cerebral Cortex journal.
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10.2.2 Abstract

Brain folding patterns vary within the human species, but some folding
properties seem to be common across individuals. Among them, the
previously-reported asymmetry of the sylvian fissure between hemi-
spheres may be related to the leftward functional lateralization for lan-
guage processing. Contrarily to the other folds of the brain (sulci), the
sylvian fissure develops through the process of opercularization, with
the frontal, parietal and temporal lobes growing over the insular lobe.
In this study, we investigated refined shape features of the sylvian fis-
sure and their longitudinal development in 71 extremely preterm in-
fants (mean gestational age at birth: 26.5 weeks) imaged once before
and once at term-equivalent age (TEA). We additionally assessed
asymmetrical sulcal patterns at TEA in two regions neighbor to the syl-
vian fissure: the perisylvian and inferior frontal regions. While repro-
ducing state-of-the-art observations of strong asymmetries, our re-
sults suggested an early encoding of its main asymmetrical shape fea-
tures. Regarding the perisylvian and inferior frontal regions, the asym-
metrical global shape features that we observed seemed representa-
tive of a left-hemisphere advance in opercularization, contrasting with
the previously-reported right-hemisphere advance in sulcation. This
added novel insights about the processes governing early-life brain
folding mechanisms, potentially linked to the development of lan-
guage-related capacities.

10.2.3 Introduction

Compared to other species, one of the specificities of the human brain
lies in its anatomical asymmetries, implying a different macroscopic
configuration of the left and right hemispheres. Not all asymmetries
which have been reported in the human are human-specific (Amiez et
al, 2021), yet a consensus is reached on some of them, including the
Yakovlevian torque (Hou et al., 2019; frontal forward warping of the
right hemisphere and dorsal backwards warping of the left
hemisphere), asymmetries in the Sylvian Fissure’s shape (Hou et al.,
2019), and a depth asymmetry in the superior temporal sulcus (STS)
(Leroy et al., 2015).

These human-specific asymmetries have been described through the
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study of cortical folds (including fissures and sulci) since these objects
can be reliably identified for comparisons within and between
individuals. In particular, in the adult, the Sylvian Fissure has been
reported to be shorter and more anteriorly bending in the right
hemisphere than the left one (Lyttleton et al., 2009), and right-
hemisphere STS have been reported to be deeper than left ones in
their middle part, under Heschl's gyrus (Leroy et al., 2015), with specific
relationships to genetic constraints (Le Guen et al., 2019). These
asymmetries are considered to be linked to the functional lateralization
of brain networks.

The most renown functional lateralization of the human brain is the
one observed for language processing, which can be roughly
dissociated between a ventral stream for speech perception and a
dorsal stream for speech production (Hickok and Poeppel, 2007), both
involving the perisylvian regions (brain regions located around the
Sylvian Fissure). The primary auditory cortex is located in Heschl's
gyrus, within the temporal wall of the Sylvian Fissure. Just behind, the
planum temporale ensures the spectrotemporal analysis of sounds.
Posterior to the planum temporale is Wernicke's area, responsible for
speech comprehension. Also involved in speech production are Broca's
area, located in the inferior frontal gyrus of the left hemisphere, and
the parieto-temporal region, just along the posterior extremity of the
Sylvian Fissure, which ensures the transformation of sensory encoding
of sounds for the motor system. The language ventral stream has been
reported to show mostly bilateral activations across hemispheres,
while the dorsal stream presents a strong leftward functional
asymmetry (Hickok and Poeppel, 2007): about 90% of the general
population processes word generation through the left hemisphere
(Knecht et al.,, 2000). The relationship between this strong functional
lateralization and the anatomical asymmetries of the perisylvian
structures are still under investigation (Sprung-Much et al., 2021).

In parallel, correlations between functional specialization and
anatomical properties have already been demonstrated using sulcal
pattern as an anatomical landmark (Mangin et al., 2015; Jiang et al,
2021), with recent studies showing interesting population-wise
tendencies. For example, an asymmetrical configuration of either the
anterior cingulate cortex (inducing a more prominent paracingulate
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sulcus in the left hemisphere than in the right), or the inferior frontal
sulcus's pattern (with one continuous and one interrupted,
interdependently of the hemisphere) seem to be related to a better
inhibitory control in children and adults (Tissier et al., 2019). The central
sulcus has been reported to show shape asymmetries related to
handedness including height considerations about the “hand-knob” (a
specific bump of the central sulcus; Sun et al., 2012), and the height of
this "hand-knob” seems intertwined with the height of the hand
functional activation (Sun et al.,, 2016). This same study demonstrated
anatomo-functional links between sulcal patterns around the Sylvian
Fissure and a task related to language: the location and size of
functional activations induced by silent reading are linked to the
pattern of sulci in the precentral gyrus, and along the superior
temporal sulcus, depending on the pattern of the neighboring sulci.
This leads us to consider that shape asymmetry of folds around the
Sylvian Fissure might carry out valuable links to function and should
be investigated further, including by getting a finer understanding of
its early-life development.

This leads us, in a first time, to clarify the developmental phenomenons
leading to the formation of the Sylvian Fissure and its neighboring
sulci. The Sylvian Fissure forms through the process of
opercularization: differential growth of the frontal, parietal and
temporal cortices and underlying white matter, compared to the
insular cortex, which induces the growth of these regions over the
insula (Kostovic¢ et al., 2019). On the reverse, sulci surrounding the
Sylvian Fissure form through the classical sulcation process, supposed
to rely on several mechanisms among which the larger expansion of
cortical grey matter compared to white matter (Llinares-Benadero et
al., 2019). In terms of relative chronology, opercularization starts earlier
than sulcation, as the start of invagination of the insula happens as
soon as 14 to 16 weeks of gestational age (w GA), while the first sulci
to form first emerge around 22w GA in fetuses (Habas et al., 2012). In
terms of anatomical asymmetries throughout development, the right
hemisphere shows an advance in sulcation, with an approximate two
weeks lag with the left hemisphere (Dubois et al., 2008, Habas et al.,
2012).

Going back to language-related perisylvian regions, the Sylvian
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Fissure’s asymmetries reported in the adult have been observed as
being already present in childhood from 7 years of age and
adolescence, and to increase with age (Sowell et al, 2002).
Asymmetries both in the Sylvian Fissure and the STS have been
accounted for in the infant brain (Hill et al., 2010; Glasel et al., 2011),
and to a certain extent in the preterm (Dubois et al., 2008; Dubois et
al., 2010; Kersbergen et al., 2016) and fetal brain (Habas et al., 2012).
This raises questions on how these asymmetries emerge in the very
young brain. Studying folding mechanisms in the preterm is then
particularly interesting as it allows for longitudinal analyses including
developmental stages happening before normal-term birth without
being impacted by brain modifications induced by birthing (Lefévre et
al., 2016). It should still be noted that prematurity has been linked to
altered gyrification (Bouyssi-Kobar et al., 2016; Dubois et al., 2019).

In this context, the purpose of this study was to investigate
developmental asymmetries of the Sylvian Fissure and regions around
it, through MRI acquisitions of a cohort of infants born extremely
premature and imaged longitudinally at two ages, once before full-
term birth and once at term-equivalent age. To explore regions that
anatomically match the aforementioned language-related regions, we
decided to focus on three folding pattern proxies, focused on the
Sylvian Fissure, the perisylvian region, and the inferior frontal region.
The Sylvian Fissure and perisylvian region proxies (defined as the
congregation of sulci from the inferior frontal, inferior parietal and
superior temporal lobes neighboring the Sylvian Fissure, belonging to
a series of different functional regions) have been included in our study
in particular to investigate the process of opercularization which
modulates the whole folding patterns surrounding the Sylvian Fissure.
Additionally, we included the inferior frontal region (selecting sulci
from the inferior frontal gyrus) because of its anatomical
correspondence to Broca's region in the left hemisphere and thus its
specific relevance in language lateralization.
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10.2.4 Material and methods

10.2.4.1 Cohort

The present study was conducted on a longitudinal retrospective co-
hort of 71 infants born extremely preterm (gestational age at birth:
26.5 = 1.0 weeks, range: 24.4 — 27.9 weeks) admitted in the intensive
care unit of the Wilhelmina Children’s Hospital in Utrecht (the Nether-
lands) between June 2008 and March 2013 (Kersbergen et al., 2016).
Clinical specificities about this cohort are detailed in Table 1. Approval
for this study was granted by the medical ethics committee.

Table 1. Perinatal clinical characteristics of the study participants

Characteristics Mean + Standard devia-

tion (range) or N (percent-

age)
Perinatal clinical characteristics
\ Sex, male 36 (51%)
‘ Gestational age at birth (weeks) 26.5 + 1.0 (24.4 - 27.9)
‘ Birth-weight z-score 04 + 08 (-2.5-1.8)

Presence of severe IVH (grade 3 or 4): num-{8 (11%)
ber of infants

Presence of broncho-pulmonary dysplasia: 20 (39%)
number of infants

Age at MRl scans

PMA at early acquisition (weeks) 30.7 + 0.9 (28.7 - 32.7)

PMA at term-equivalent age acquisition41.2 + 0.6 (40.0 —42.7)
(weeks)
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10.2.4.2 MRI acquisitions

Each subject underwent two MRI acquisitions, one around 30 weeks of
post-menstrual age (w PMA) (30.7 + 0.9, range: 28.7 - 32.7) and one
around 40w PMA (41.2 £ 0.6, range: 40.0 - 42.7) corresponding to term
equivalent age (TEA). The images were acquired on a 3-Tesla MR sys-
tem (Achieva, Philips Medical Systems, Best, The Netherlands). The
protocol included T2-weighted imaging with a turbo-spin echo se-
quence in the coronal plane (MRI at ~30w PMA: repetition time (TR)
10,085 ms; echo time (TE) 120 ms; slice thickness 2 mm, in-plane spatial
resolution 0.35 x 0.35 mm; MRI at ~40w PMA: TR 4847 ms; TE 150 ms;
slice thickness 1.2 mm, in-plane spatial resolution 0.35 x 0.35 mm).

10.2.4.3 Image preprocessing

The MRI brain images underwent preprocessing in order to reconstruct
the 3D volumes of the brain as described in (Kersbergen et al., 2016,
de Vareilles et al., 2022). The T2-weighted images were first of all seg-
mented in three classes: cerebrospinal fluid, unmyelinated white mat-
ter and grey matter using supervised voxel classification (Moeskops et
al., 2015). Using the BrainVISA software (https://brainvisa.info) and
combining the Morphologist (publicly available) and BabySeg (internal
toolbox adapted for infant brain segmentation) toolboxes, we were
able to reconstruct the inner cortical surface of both hemispheres and
extract items depicting the sulci. A summary of the segmentation pipe-
line for sulcal extraction is presented Figure 1.
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https://brainvisa.info/

A. T2 images C. 3D reconstruction
of inner cortical
surface

Acquisition 1:
PMA = 30w 1d

Acquisition 2:
PMA = 41w 3d

Figure 1. lllustration of the segmentation pipeline. A: Sample T2-
weighted coronal MRI. B: Corresponding segmentation on the left
hemisphere, showing the boundary between white (dark grey)
and grey (light grey) matter. The sulci are represented in cyan, ex-
cept for the Sylvian Fissure, in deep blue. C: Resulting reconstruc-
tion of inner cortical surface. Deep blue ribbon: Sylvian Fissure
(main branches), cyan ribbons: other sulci.

10.2.4.4 Sulcal extraction and labelization

Based on the white matter segmentation and the resulting reconstruc-
tion of the inner cortical surface, sulci were materialized as the surface
created by the set of voxels equidistant to the walls of two adjacent
gyri (Mangin et al., 1995). Once extracted, the sulci were automatically
labeled using a Bayesian pattern recognition strategy (Perrot et al.,
2011). Finally, the labelling was manually checked and corrected when
necessary by one of the authors (HV) using open access software Anat-
omist (Riviere et al., 2022). In particular and as detailed below, we fo-
cused on the labelling of the 1) Sylvian Fissure and its branches, 2) sulci
of the perisylvian region, and 3) sulci of the infero-posterior region of
the frontal lobe (supposed to correspond, at the anatomical level, to
Broca's region defined functionally).
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10.2.4.4.1 Selection of anatomical landmarks for the Sylvian Fissure

In order to study the development of the Sylvian Fissure longitudinally,
our aim in the selection of its anatomical landmarks was to capture
comparable proxies at 30 and 40w PMA. For this reason, we excluded
the anterior part of the Sylvian Fissure, which was not reliably extracted
from 30w PMA brain reconstructions. Then, we selected the Sylvian
fissure's landmarks to include: 1) the main part of the fissure,
ascending from the insula, which was given a specific label, 2) the
branches stemming from this main part that appear posteriorly to the
central sulcus, under the condition that they are anchored at mid-
depth or deeper of the main path of the fissure and that they reach the
surface of the brain to create a visible sulcus, and 3) ramifications of
the main part of the fissure appearing posteriorly to the postcentral
gyrus, either on the parietal or temporal lobe. The other branches of
the Sylvian Fissure which do not meet the criteria (such as the anterior
branches diving in the inferior frontal gyrus, the sulci buried in the
insula, and the buried sulcus in the planum temporale) were labeled
and considered independently from the Sylvian Fissure in this study.
These criteria were chosen to capture analogous proxies for the Sylvian
Fissure at 30 and 40w PMA since the excluded sulci were absent from
30w PMA images, while early post-central ramifications were
occasionally captured. Figure 2 illustrates our choice of Sylvian Fissure
proxy definition in preterm infants at 40w PMA.

10.2.4.4.2 Selection of anatomical landmarks for the perisylvian region

In order to study the sulcal specificities around the Sylvian Fissure, we
first considered selecting all sulci neighboring the sylvian fissure, but
this approach was problematic because a number of sulci neighboring
the sylvian fissure reach farther than the perisylvian region (such as the
precentral, central and post-central sulci for example). Moreover, the
sulcal pattern variability sometimes led sulci which do not usually
neighbor the sylvian fissure to extend up to the perisylvian region. We
therefore chose to include sulcal items based on their distance to the
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sylvian fissure, by opting for an inclusion of probabilistically pruned
point clouds of neighboring sulci, with the pruning weighted by the
distance to the Sylvian Fissure. First of all, to extract sulcal elements
defining the perisylvian region, we defined a list of labels which can be
assigned to any sulcus susceptible to neighbor the Sylvian Fissure (e.g.
inferior frontal sulcus, intraparietal sulcus, superior temporal sulcus;
see the complete list of sulci labels in Annex 1). The subsequent steps
were carried out independently for each individual and each hemi-
sphere, after affinely registering the brains to the Talairach space.

First, we extracted the sulci corresponding to the predetermined list as
a point cloud. We computed a 3-D distance map capturing the Euclid-
ean distance to the Sylvian Fissure's main part (even though we had
excluded the Sylvian Fissure from the point cloud of selected sulci). We
used a binomial draw on each of the cloud points, using a Gaussian
probability p based on its distance to the Sylvian Fissure's main part.
Let X be a point from the point cloud, p(X) its probability of being se-
lected and d(X) its distance to the Sylvian Fissure. We defined p(X) as:

PO = exp(— * d(X)?)

with o® the variance (i.e. o the standard deviation), an adjustable con-
stant to constraint the size of the region selected. The o® parameter was
adjusted visually, after examination of the point cloud resulting of a
range of different values on two given subjects, with considerations
about the ratio of relevant versus irrelevant sulci captured, and validated
by visual examination of the resulting point clouds of the whole cohort.

In the perisylvian study, it resulted in 6°=80mm? (6=8.94mm).

This resulted in a point cloud sampling the sulci neighboring the Sylvian
Fissure based on their distance to its main part. These steps are sum-
marized on Figure 2. This pipeline was only applied to 40w PMA brain
reconstructions because of insufficient sulcation at 30w PMA.

10.2.4.4.3 Selection of anatomical landmarks for the inferior frontal region
The method to focus more specifically on the inferior frontal region
was similar to that used for the perisylvian region, but was operated

separately and differed on two aspects. First, the initial sulcus list was
centered around the area, therefore including the anterior branches of
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the Sylvian Fissure (horizontal ramus, ascending ramus, diagonal sul-
cus), the inferior frontal sulcus and the inferior and intermediary part
of the precentral sulcus. These are classically considered as the ana-
tomical landmarks of Broca's area, delineating the pars orbitalis, the
pars triangularis, and the pars opercularis. Secondly, the sampling of
the point cloud was based on the most anterior point of the posterior
Sylvian Fissure, as it is the junction of its anterior branches in most
classical configurations (this point was automatically within the points
of the Sylvian Fissure based on their spatial coordinates), rather than
the whole main part. Once again we selected o® by hand after visual
examination, resulting in 6*°=240mm? (o=15.49mm). These steps are
illustrated on Figure 2. Once again, this pipeline was only applied to
40w PMA brain reconstructions because of insufficient sulcation at 30w
PMA.
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Figure 2. lllustration of the different proxies studied on the left
hemisphere of a preterm infant at 40w PMA. Top: Definition of
the sulcal elements included and excluded from the Sylvian Fis-
sure proxy. Deep blue: main part, cyan: included secondary
branches, pink: excluded secondary branches, grey: folds ex-
cluded from the study. Bottom: Description of the method for se-
lection of perisylvian and inferior frontal region proxies. Left:
Summary of steps to generate the point cloud of a subject on a
given hemisphere. Right: lllustration on an infant’s left hemi-
sphere: A. Full hemisphere with labeled sulci, B. Sulci retained
based on inclusion list. Cyan: sulci included, black (sulcal element
or star): element of the Sylvian Fissure used to create the distance
map, white: elements of the Sylvian Fissure ignored for the dis-
tance map computation, C. Resulting point cloud and probabilistic
selection of points based on their distance to the relevant Sylvian
Fissure element.
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10.2.4.5 Pipeline for shape characterization

For each sulcal proxy of this study (even the complex ones relying on
point clouds), we used a similar methodology for shape characteriza-
tion as the one used in a previous study of infants’ central sulci (de
Vareilles et al., 2021), derived from a method previously applied to
adults (Sun et al., 2016). As detailed below, this included the following
steps: folding pattern proxies registration, computation of shape dis-
similarity matrix and dimensionality reduction.

First, every subjects’ brain was affinely aligned into the Talairach space,
and after extracting the relevant folding pattern proxies from both
hemispheres (referred to as proxies in the following), the right ones
were mirror-flipped to be comparable to the left ones. In order to cap-
ture the shape variability from the whole cohort, a pairwise coregistra-
tion using the Iterative Closest Point (Besl & McKay, 1992) was applied
to every pair of proxies.

For the perisylvian and inferior frontal region, the retained proxies pre-
sented too much shape variability for simple pairwise registration to
ensure anatomical consistency: without further anatomical anchoring,
proxies extracted from very dissimilar brains could achieve optimal
registration while matching together incompatible sulci. Therefore, we
chose to add items derived from the main part of the Sylvian Fissure
exclusively for the registration step. For that matter, in the analysis of
perisylvian region, we added the whole Sylvian Fissure in the point
clouds for the registration steps. In the analysis of inferior frontal re-
gion, including the whole Sylvian Fissure would have driven the regis-
tration based on its posterior part (which is very large compared to the
inferior frontal region proxy), while we were interested in matching the
anterior parts of the Sylvian Fissure between subjects. We therefore
included only an anterior subpart of the Sylvian Fissure, which we se-
lected with the same method as the original point cloud, but with
0°=480mm? (0=21.91mm), in order to ensure that this bigger sulcal
element would be consistently registered between subjects. As a result,
the registrations were computed with point clouds obtained by includ-
ing at least a part of the Sylvian Fissure in addition to the sulci list be-
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fore sampling, and the corresponding transformations were then ap-
plied to the original point clouds, which did not include the Sylvian
Fissure (see Sup. Fig S1).

After this step, anatomically consistent pairwise registrations of the in-
itial proxies were achieved, which allowed us to compute the residual
Wasserstein distances after coregistration and to store them in a ma-
trix. The resulting matrix therefore captured the shape dissimilarity of
the cohort but was of high dimension Nitemsx Nitems With Nitems the num-
ber of proxies considered (Nitems= 71 subjects x 2 hemispheres x num-
ber of acquisitions). As the Sylvian Fissure folds very early on during
brain development, its shape was characterized longitudinally, includ-
ing the proxies from both 30 and 40w PMA acquisitions (Nitems = 71
subjects x 2 hemispheres x 2 acquisitions = 284). On the contrary,
folding patterns of the perisylvian and inferior frontal regions are al-
most not visible at 30w PMA, so the shape of the corresponding prox-
ies was investigated exclusively at 40w PMA (Nitems= 71 subjects x 2
hemispheres = 142).

The Isomap algorithm (Tenenbaum et al., 2000) was then applied for
dimension reduction, resulting in Ndim dimensions capturing the main
shape variability from this matrix. This pipeline is summarized in Figure
3. The relevant number of dimensions d as well as the number of near-
est neighbors k retained for the Isomap algorithm were determined
according to the methodology developed for the central sulcus in in-
fants (see de Vareilles et al., 2021, Annex 1). For the Sylvian Fissure, the
resulting parameters were d = 6 and k = 7, for the perisylvian region,
they were d = 10 and k = 7, and for the inferior frontal region, d = 8
and k =7.
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Figure 3. Summary of the general pipeline for shape characteriza-
tion, illustrated on a left hemisphere 30w PMA Sylvian Fissure
proxy (deep blue) and a right hemisphere 40w PMA Sylvian Fis-
sure proxy (cyan).
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10.2.4.6 Correction for discrepancies in age at MR/

Even though the subjects were aimed to be imaged at the same age
(either around 30w or 40w PMA), there was some age differences be-
tween the subjects (up to 4 weeks), which might have an impact on the
folding shape given the considered periods of development. There-
fore, before any additional analysis, we tested if some of the shape
variability we captured was linked to the infant’s age by computing the
Pearson correlations between positions of each folding pattern proxy
on the isomap dimensions and the infants’ age at MRI, combining left
and right folding pattern proxies, as presented in Sup. Table S1 (for the
Sylvian Fissure, this test was conducted separately for the 30w and 40w
PMA groups).

To prevent from considering effects which could be due to this age
difference as intrinsic shape variability, we corrected all of the positions
on isomap dimensions for age at MRI by considering the residual po-
sitions ry as the shape characteristics of interest in the following nu-
merical — but not visual — analyses (referred to as Isomap positions cor-
rected for PMA). Such corrected positions r, were computed by solving
the following linear model, for the 30 and 40w PMA groups inde-
pendently:

dn (subj, hemisphere) = oy x PMA(subj) + Bn + ra (subj, hemisphere)

with d, the raw position of the folding pattern proxies on the n' di-
mension of the Isomap, PMA the post-menstrual age at MRI, a, and S
constants estimated by the model.

We did not apply this correction to the visualization results, since they
were intended to enable us to decipher the overall shape variability
captured by the isomap algorithm (even if some of that variability was
relayed by age differences).

10.2.4.7 Analyses and visualization of inter-hemispheric asymmetries

As the main aim of this study was to characterize the inter-hemispheric
asymmetries of folding patterns, for each proxy, we focused on the
dimensions discriminating left and right hemispheres, out of the Ngim
dimensions capturing the shape variability. Only dimensions showing
a statistically significant Wilcoxon signed-rank test between left and
right folding pattern proxies (after Bonferonni correction) are detailed.
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For the analysis of the Sylvian Fissure (1), the Wilcoxon signed-rank
tests were applied separately to the 30w and 40w PMA proxies; we
additionally tested for Spearman correlations between the positions of
30w PMA and 40w PMA proxies on the dimensions that appeared to
be asymmetric at either 30 or 40w PMA.

Once the asymmetrical dimensions from the Isomap algorithm were
identified, the visualization of the resulting shape features were ob-
tained through the means of moving averages, which capture the local
average shape of sulci at ten equidistant locations along the dimension
(for details on their construction, see de Vareilles et al., 2021). For the
longitudinal study of the Sylvian Fissure (1), for visualization purposes,
moving averages were generated independently for 30w and 40w PMA
proxies even though the Isomap dimension of interest was computed
considering the two ages together. Moreover, to highlight the differ-
ence of distribution between left and right sulcal items, we computed
graphs of left versus right hemisphere distribution along the dimen-
sion, through the means of kernel density estimates. An example of
sulcal projection with corresponding moving averages at both ages is
presented on Figure 4 for the Sylvian Fissure, with a sample of left ver-
sus right hemisphere distribution graph at 40w PMA. In the following,
only moving averages and distribution graphs (either for the left and
right hemisphere proxies or for the 30w and 40w PMA proxies) will be
presented to describe the isomap dimensions.
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Figure 4. Example of folding pattern proxies and isomap representations.
A) Visualization of the first isomap dimension of the Sylvian Fissure.
Transparent: sulcal projections. Opaque: corresponding moving aver-
ages. B) At 40w PMA, representation of the left versus right hemisphere
proxies distribution. Top: sulcal projection, Middle: left versus right
hemisphere distribution graph, Bottom: moving averages. Deep blue:
30w PMA, cyan: 40w PMA, light green: left hemisphere, Dark green:
right hemisphere.

10.2.4.8 Analysis of inter-region shape correlations

In order to assess whether the proxies’ patterns captured in the
different sulcal regions tended to match, we computed the Spearman
correlations between the Isomap positions of the 40w PMA sylvian
fissure, the perisylvian region proxy, and the inferior frontal region
proxy. The p-values obtained were corrected according to the
Bonferroni method.

10.2.5 Results

10.2.5.1 Longitudinal analysis of the Sylvian Fissure shape characteristics

The Sylvian Fissure’'s shape variability was investigated by considering
the 30 and 40w PMA proxies together. Out of the 6 dimensions of in-
terest, 3 showed asymmetries at both ages, and the 3 others showed
asymmetries only at one age (cf. Sup. Table S2.A). Actually, the 3 di-
mensions showing consistent asymmetries across development
showed significant correlations between the positioning of the 30 and
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the 40w PMA proxies on both hemispheres (cf. Sup. Table S3). A read-
ing key for the shape description of the Sylvian Fissure is presented on
Figure 5, and the 6 isomap dimensions obtained on the Sylvian Fissure
are represented on Figure 6. At both ages, left Sylvian Fissures tend to
be longer, flatter or even bending backwards, and to branch more than
right Sylvian Fissures. Additionally, compared to the right Fissures, the
left Sylvian Fissures at 30w PMA showed a narrower knob in the pos-
terior part and a shorter anterior part relatively to the posterior part.
At 40w PMA exclusively, the left Sylvian Fissures showed a deeper knob
than their right hemisphere counterparts.

J
nd (7

Anteriof part

Figure 5. Reading keys for the shape of the Sylvian Fissure, pre-
sented on A. a 40w PMA left Sylvian Fissure and on B. a 40w PMA
right Sylvian Fissure after mirror-flip. The posterior part may (as
in A.) or may not (as in B.) contain a knob, which itself may occupy
all of the posterior part (as in A.) or only part of it (not repre-
sented). In B. no knob is observed, thus the width and depth of
the knob would be null.
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Figure 6. Description of each of the 6 isomap dimensions obtained
on the Sylvian Fissure. Left versus right hemisphere distribution
plots of the Sylvian Fissure are represented at 30w PMA (1) and
40w PMA (2), along with the respective moving averages. On the
40w PMA column (2), a deep blue interval was indicated under the
40w PMA moving averages to locate the span of the correspond-
ing 30w PMA moving averages. 30w versus 40w PMA distribution
plots are further superposed for the Sylvian Fissures, combining
left and right proxies (3). In each column, bold contours indicate
dimensions showing a statistically significant left vs right hemi-
sphere proxies’ positioning (for 1 and 2, see Sup. Table S2). When
significant, the hemisphere-specific Spearman correlation (p30-40)
is indicated under the 30w versus 40w PMA position comparisons
(3, see Sup. Table S3). Deep blue: relative to 30w PMA proxies,
cyan: relative to 40w PMA proxies, dark green: relative to right
hemisphere proxies, light green: relative to left hemisphere prox-
ies.

201



10.2.5.2 Shape asymmetries of the perisylvian region at term-equivalent age

Out of the 10 dimensions relevant to describe the shape characteristics
of the perisylvian region, only the first one was asymmetric, but very
significantly (cf Sup. Table S2.B). This dimension is represented on Fig-
ure 7 (Fig 7.A), as well as a reading key for the perisylvian region (Fig
7.B). On this dimension, 1) left proxies show a higher density of sulci in
the inferior frontal region than right ones, 2) left proxies have a nar-
rower gap between the frontal and temporal lobes than right proxies,
and 3) the temporo-parietal region of left proxies is less curvy than
that of right ones. Incidentally, right perisylvian region proxies seem to
have been drawn from hemispheres with curvier Sylvian Fissures while
left ones from hemispheres with flatter Sylvian Fissures. This suspicion
was visually confirmed by projecting the individual Sylvian Fissures on
this perisylvian region’s isomap dimension and generating the result-
ing moving averages (Fig 7.C): the dimension seems to capture a shift
from an upward to a backward orientation of the Sylvian Fissure.

This was also confirmed by the significant negative correlation (cf Sup.
Table S4) between the perisylvian region’s dimension and the 40w
PMA sylvian fissure's 15 (length), 3™ (backwards to upwards orientation
of the posterior part), and 5™ (depth of the supra-marginal knob) di-
mensions. The highest correlation was captured on the 3™ dimension.
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1. Density of the frontal sulci
2. Opening of the anterior perisylvian region
3. Curvature of the posterior perisylvian region

B. Right hemisphere
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Figure 7. Representation of the first isomap dimension obtained
for the perisylvian region at 40w PMA. A. Reading key for the peri-
sylvian region, based on the projection of the two extreme mov-
ing averages (representative of the right hemisphere: dark green;
representative of left hemisphere: light green) and illustration of
their main differences, illustrative of the shape features captured
(dark grey, representative of the right hemisphere, light grey, rep-
resentative of the left hemisphere). B. Left (light green) versus
right (dark green) hemisphere distribution plot of the perisylvian
folding pattern proxies along with the corresponding moving av-
erages (cyan). C. Moving averages obtained by projecting the Syl-
vian Fissures on the perisylvian region isomap dimension.

10.2.5.3 Shape asymmetries of the inferior frontal region at term-equivalent
age

Again, out of the 8 dimensions highlighted in the analysis of the infe-
rior frontal region shape characteristics, only the first dimension
showed a statistically highly significant hemispheric asymmetry (cf Sup.
Table S2.C), represented on Figure 8.
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Figure 8. Representation of the first isomap dimension obtained
for the inferior frontal region at 40w PMA. Left (light green) ver-
sus right (dark green) hemisphere distribution plot of the distri-
bution of the inferior frontal region proxies, along with the corre-
sponding moving averages, from a sideways view (A) and an an-
terior front-side view (B). Two eye indicators are represented in
(A) to illustrate the orientation of the anterior frontal view (B).

The shape characteristics of this isomap dimension was quite complex
to interpret probably because of the high inter-individual variability.
Nevertheless, on the side view of this dimension, we observed a hole
in the superior part of the moving averages which was predominant in
the left hemisphere compared to the right. More importantly, on the
anterior frontal view, we observed that the left hemisphere proxies pre-
sented a deeper inferior part of the moving average — capturing the
anterior horizontal ramus — and a thinner upper part — capturing the
anterior part of the inferior frontal sulcus — than their right counterpart,
along with a different angle between the inferior and upper part of the
moving averages, switching from acute on the left hemisphere to per-
pendicular or even slightly obtuse on the right one.

By correlating the inferior frontal region’s Isomap dimension with the
sylvian fissure’s and perisylvian region’s Isomap dimensions, we found
statistically significant links with 4 dimensions of the sylvian fissure (the
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15t 2nd, 31 and 5™ ¢f Sup. Table S4), the strongest one being with the
3" dimension once again, encoding for the backward to upward
orientation of the posterior part of the fissure. It showed a significant
negative correlation with the perisylvian region dimension (p = -0.47,
p-value = 5.107°).

10.2.6 Discussion

In this study, we investigated the early shape asymmetries of the Syl-
vian Fissure, the perisylvian region, and the inferior frontal region, in a
cohort of extremely preterm infants. The Sylvian Fissure was investi-
gated in a longitudinal manner, enabling us to qualify and quantify its
early shape at 30w PMA and to evaluate the shape evolution dynamic
until the age of normal-term birth. We then captured asymmetries in
multiple interpretable shape features, and we could assess how early
and how linearly they develop between 30w and 40w PMA. Around
term-equivalent age, the analysis of the perisylvian region unveiled an
important shape asymmetry between the hemispheres, which we sug-
gest is due to an advance in opercularization on the left hemisphere
compared to the right. Focusing on the inferior frontal region, we cap-
tured a novel strong hemispheric asymmetry that would deserve inter-
est to better understand the development of functional lateralization
for language processing.

10.2.6.1 Methodological considerations

Before detailing the different findings of this study and their implica-
tions, we will discuss some methodological choices. The scientific op-
portunity of studying the early development of the 30w PMA sylvian
fissure led us to necessary arrangements for the definition of its proxy.
We had to exclude the anterior part of the sylvian fissure (posterior to
the precentral gyrus) and the circular sulcus of the insula because the
limited progress of opercularization at 30w PMA prevented us from a
reliable segmentation for longitudinal comparison.

We kept this focus in mind when choosing the sulci to preselect for the
perisylvian region proxy at around TEA. We selected all the sulci neigh-
boring the Sylvian Fissure from the frontal, parietal and temporal lobes,
except for the sulci from the extreme anterior frontal and temporal
cortices, then excluding the orbitofrontal sulci and the polar temporal
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sulcus, in order to focus on the lateral view of the perisylvian region,
and to focus on objects neighboring the Sylvian Fissure proxy, which
did not extend anteriorly. Because of the variability of sulcal configu-
rations represented in this cohort, we preferred to preselect a list of
sulci and weight their inclusion by their distance to the sylvian fissure
rather than including them whole. This allowed us to ensure that even
in chaotic circumstances, we would efficiently capture the relevant sulci
(close to the Sylvian Fissure), and that irrelevant sulcal elements would
be sufficiently weighted out to be negligible. The same method was
applied to select a relevant proxy for the inferior frontal region.

In addition to the list of sulci preselected before weighting their inclu-
sion in the study, two choices impacted our final perisylvian and infe-
rior frontal proxies selection: the Sylvian Fissure-derived items selected
to weight the inclusion of sulci (the sylvian fissure’s main branch for
the perisylvian region, and the most anterior point of the sylvian fissure
for the inferior frontal region), and the choice of . For the perisylvian
region, we chose to retain only the main part of the Sylvian Fissure -
and not the branch posterior to the central sulcus for example- in order
to select an anatomical object with the lowest inter-individual variabil-
ity. In the inferior frontal region, using only the most anterior point of
the Sylvian Fissure proxy was optimal to capture gyri specifically
around this marker, allowing for the inferior parts of the precentral gy-
rus and the relevant part of the inferior frontal sulcus to both be in-
cluded, and with a similar weight.

In terms of @? its manual selection was decided in order to ensure that
each selected region would capture relevant landmarks: neither too
few nor too many sulci selected, which would either result in an incom-
plete or a too broad depiction of the two regions assessed. For exam-
ple, in the perisylvian region, we aimed at selecting only the parts of
the superior and inferior temporal sulci which were adjacent to the Syl-
vian Fissure. These kinds of consideration led to a value of ¢®> which
could be fine tuned within a range corresponding to this type of crite-
rion. Yet, we argue that small variations of 6®> would have led to very
similar proxies and therefore equivalent results, and that big variations
of a® would change the specific focus of the study.
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10.2.6.2 Asymmetries linked to the Sylvian Fissure’s shape

Taking into consideration these methodological decisions, let us focus
now on the findings we have reported. First of all, multiple shape fea-
tures with hemispheric asymmetries were observed in the Sylvian Fis-
sure, at 30w and 40w PMA. Three shape features captured asymmetries
at both ages: the left Sylvian Fissure tends to be longer, flatter or
curved backwards, and to branch more than their right counterparts,
as soon as 30w PMA and ongoing at 40w PMA. Additionally, at 30w
PMA only, the ratio between the lengths of the anterior part and the
superior part of the fissure was smaller on the left than on the right
side. And at 40w PMA only, the left Sylvian Fissure presented a deeper
supra-marginal knob than the right one. The length asymmetry of the
Sylvian Fissure (along with an asymmetry in surface area which we did
not quantify here) has already been reported in multiple studies, either
directly through the Sylvian Fissure (in the adult: Lyttleton et al., 2009;
comparatively in the child, adolescent and adult: Sowell et al., 2002; in
the preterm newborn: Kersbergen et al., 2016), or, for its posterior ex-
tent, through the length asymmetry of the planum temporale, an adja-
cent gyral structure (in the adult: Lyttleton et al., 2009; in the full-term
newborn: Glasel et al., 2011; in the preterm newborn: Dubois et al.,
2010). This length asymmetry is reported to be due to the left Sylvian
Fissure extending both more anteriorly and more posteriorly than its
right counterpart (Dubois et al., 2010), and to increase with age (Sowell
et al., 2002). The curvature asymmetry has also previously been re-
ported in the adult (Lyttleton et al., 2009; the posterior ascending ra-
mus being more anterior in the right hemisphere), comparatively in the
child, adolescent and adult (Sowell et al., 2002), in the full-term new-
born (Glasel et al., 2011), and in the fetus (Habas et al., 2012; the pos-
terior temporal operculum being more concave in the right hemi-
sphere). To the best of our knowledge, the tendency of the left Sylvian
Fissure to bend backwards and to branch more than the right one is
previously unreported, all the more so in the developing brain. Never-
theless, the backward bend might be paralleled with a pattern-ori-
ented study of the parietal opercular region (Steinmetz et al., 1990),
which reported a configuration of the posterior part of the Sylvian Fis-
sure — only observed in the left hemisphere — without a posterior as-
cending ramus, suggesting a flat or bending backwards Sylvian Fissure.
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Interestingly, it should be noted that these three shape features cap-
turing asymmetries at both 30 and 40w PMA are the only ones that
showed significant positive correlations between the two ages, sug-
gesting an early asymmetry encoding and a development according
to the early shape predisposition.

We further observed two asymmetries encoded only at 30w PMA: the
width of the knob, and the ratio between the anterior part of the Syl-
vian Fissure and its posterior part. These seem to encode transient
shape encoding differences and we suggest that they might reflect dif-
ferences in developmental trajectories between left and right hemi-
sphere sylvian fissures. At 40w PMA only, an asymmetry was captured
in the depth of the knob of the posterior part of the Sylvian Fissure.
This knob is located under the supramarginal gyrus, and its deepening
in the left hemisphere is most likely due to a bigger supramarginal gy-
rus in the left hemisphere, which has been reported repeatedly in the
adult (Lyttleton et al., 2009; Kong et al., 2018) and infant (Li et al., 2014).
Interestingly, this observation is consistent with the fact that, in the
nomenclature we use, the only sulcus which is not defined bilaterally
but only in the left hemisphere is specific to the supramarginal gyrus
(Perrot et al.,, 2011; Borne et al., 2020). Not capturing this asymmetry
at 30w PMA suggests that the differential development of the supra-
marginal gyrus between the two hemispheres is progressing between
30w and 40w PMA.

Visually, the shape asymmetries of the Sylvian Fissure in terms of cur-
vature and length in its posterior region seem to have overlapped on
those captured in the perisylvian region: right Sylvian Fissures are more
curvy and shorter than their left counterparts, and these same curva-
ture and posterior extension seem to be captured in the perisylvian
region. This was confirmed by the significant correlations captured be-
tween the perisylvian and three of the sylvian fissure Isomap dimen-
sions. This might rely on the fact that the opercularization process,
leading to the Sylvian Fissure formation, also displaces all the sur-
rounding folding regions. This mix between a less curved and more
posteriorly extended left perisylvian region is compatible with a previ-
ous study which reported increased distances in the left hemisphere
between the bottom point of the central sulcus and both of the pos-
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terior extremities of the Sylvian Fissure and the superior temporal sul-
cus in the full-term infant (Glasel et al, 2011). While we could visually
expect the perisylvian dimension to correlate with the sylvian fissure’s
shape, it was not specifically the case for the inferior frontal region,
whose pattern should a priori not be specifically impacted by the shape
of the sylvian fissure. Yet, we observed significant correlations with 4
of its dimensions, which happened to be the 4 sylvian fissure dimen-
sions showing asymmetrical configurations at 40w PMA, as well as with
the perisylvian region isomap dimension. This suggested a consistent
encoding of asymmetrical shape features in these three regions.

10.2.6.3 Opercularization is more advanced in the left hemisphere

In the perisylvian region, apart from the previous asymmetric shape
features derived from the Sylvian Fissure, two additional characteristics
were captured: the size of the gap between the frontal and anterior
temporal sulci (smaller on the left), and the density of sulci in the
frontal region (higher on the left). The volume of the part correspond-
ing to the superior temporal sulcus appeared to be greater on the con-
figurations corresponding to left rather than right hemispheres, even
though the trend was not linear along the axis. These characteristics
pointed towards an advance in opercularization in the left hemisphere
compared to the right one, since an advance in opercularization means
bringing closer together the frontal and temporal lobes and conse-
quently bringing closer to the Sylvian Fissure both the superior tem-
poral sulcus and the sulci of the inferior frontal lobe. With the retained
methodology, this would have induced a greater inclusion of inferior
frontal and superior temporal sulci, matching the trends captured in
the perisylvian region moving averages. Incidentally, we interpreted
the greater consistency in capturing more sulci in the frontal lobe, rel-
ative to temporal lobe, as being due to the organization of inferior
frontal sulci, globally perpendicular to the Sylvian Fissure, while the su-
perior temporal sulcus is globally parallel to the Sylvian Fissure. There-
fore, using our methodology, even a small advance of the inferior
frontal lobe towards the insula would have induced more sulcal ele-
ments to be captured, while a small advance of the temporal lobe
would have led to weight slightly more the inclusion of the superior
temporal sulcus but not to capture additional sulcal elements. These

209



suggestions were supported by the fact that the sulcation develop-
mental asynchrony globally favors the right hemisphere (Chi et al,
1977; Dubois et al., 2008a; Habas et al., 2012).

Therefore, the observation of asymmetries in the perisylvian proxy sup-
port the hypothesis of an advanced or more pronounced operculari-
zation process in the left hemisphere, which would contrast with a
more advanced folding process on the right side.

The asymmetry captured in the inferior frontal region proxy is relatively
coherent with these findings as it seems to capture a more prominent
anterior part in the left compared with the right hemisphere, corre-
sponding to the horizontal ramus of the Sylvian Fissure being buried
deeper in the frontal cortex in the anterior frontal view. We interpreted
the thinner superior part in the left hemisphere, corresponding to a
shallower anterior part of the inferior frontal sulcus, as being related
to the advance in sulcation of the right hemisphere. The encoded
asymmetry may therefore relay concurrent expressions of two different
mechanisms, with opercularization favouring the left hemisphere and
sulcation favouring the right hemisphere. Surprisingly, contrarily to the
perisylvian proxy, the inferior frontal region moving averages did not
specifically capture more inferior frontal sulci on the left hemisphere.
This may have been due to the difference in o between the two re-
gions, inducing a more comprehensive capture of inferior frontal sulci
in the inferior frontal region proxy, which might have limited the addi-
tional capture of inferior frontal sulci due to a small displacement of
the frontal lobe, or to the parameters retained to threshold the moving
average, which may have pruned out this variability. Nevertheless, the
shape asymmetry captured in the inferior frontal gyrus proxy, suggest-
ing more deeply buried anterior rami of the sylvian fissure, was sup-
ported by the observation that the anterior region of the sylvian fissure
(bordering the inferior frontal gyrus) seemed larger on the left hemi-
sphere using voxel-based analyses on preterm infants between 24 and
36w PMA (Dubois et al., 2010). Our method proved the presence of a
leftward asymmetry in this region which was previously inconsistently
reported (Sprung-Much et al.,, 2021). This asymmetry could be funda-
mental for the development of language lateralization since it is the
anatomical region corresponding to Broca’s area.
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10.2.6.4 Perspectives

This opercularization advance was foreshadowed by previous studies.
The study reporting a more extended anterior and posterior sylvian
fissure in the left hemisphere in the preterm suggested that it might
either capture a developmental asynchrony or an intrinsically different
structural morphology between left and right sylvian fissure develop-
ment (Dubois et al., 2010). Both seemed to be the case in the present
study. In a study comparing maturation indices hemisphere-wise along
a set of sulci around the sylvian fissure, the most leftward asymmetries
were captured in the anterior precentral cortex and in the pars oper-
cularis, and may have captured a maturational advance linked to oper-
cularization, even though they did not reach statistical significance
(Leroy et al., 2011). Studying the maturation of opercular cortices in
larger cohorts might therefore capture maturational asymmetries. Mi-
crostructural investigations show more consistent leftward asymmetry
tendency in the inferior frontal region corresponding to Broca’s area
than macroscopical investigations (Sprung-Much et al., 2021). Moreo-
ver, based on a human fetal brain atlas between 21 and 38w GA, a
recent study demonstrated the link between differential genetic ex-
pression in the opercular cortices compared to the insular cortex, sug-
gesting an important genetic control over opercularization (Mallela et
al, 2020). The asynchronous development of opercularization could
therefore be linked to an asymmetrical genetic regulation of opercu-
larization. Therefore, microstructural and genetic investigations should
be undertaken in the context of opercularization in order to quantify
its specificities, since its dynamics seem different from those of sulca-
tion.

Alternatively, the current study focused on preterm infants to investi-
gate early folding development, yet the observations at 40w PMA
could and should be reproduced on term-born neonates to assess nor-
mal folding development, since extreme prematurity is associated to
pathology and atypical cortical development, including in sulcation
(Shimony et al., 2016; Dubois et al., 2019). In the preterm, the relation-
ship between opercularization dynamics, prematurity, and anatomo-
functional links to language should also be investigated further, as
prematurity has been reported to affect both the lateralization of lan-
guage (in neonates: Kwon et al,, 2015; in adolescents: Scheinost et al.,
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2015; in adults: Tseng et al., 2019) and language scores (in children:
Barnes-Davis et al., 2020; in adolescents: Scheinost et al., 2015; in
adults: Tseng et al., 2019). In these studies, the only reported link to
anatomy was not related to altered brain folding, but to a significant
decrease in callosal connectivity accompanied by an increase in non-
callosal connectivity; this non-callosal connectivity was positively cor-
related to language assessments in children born preterm but not in
controls (Barnes-Davis et al., 2020). Language scores were additionally
reported to correlate with language lateralization specifically in the
population which was born very preterm (Scheinost et al., 2015), sug-
gesting developmental adversities affecting jointly lateralization and
efficiency of language networks. To assess links between folding de-
velopment and language scores, an analysis between numerous sulcal
metrics in the Sylvian Fissure and superior temporal sulcus (area,
depth, and sulcal index) in the present cohort reported significant cor-
relations to receptive language outcome assessed at around 2 years of
age (Kersbergen et al.,, 2016).

Therefore, to complement our study, it would be most
informative to investigate further the specificities of opercularization,
either through the observation of pattern dynamics at more time-
points, through maturational or microstructural considerations, or
through the evaluation of asymmetrical genetic regulation. Our
method should further be applied to control term-born neonates to
quantify the extent to which observations of early asymmetries in
perisylvian regions in preterm infants correspond to a normal
variability. A functional investigation would also be informative to
assess whether the fine shape of any of the three proxies that we have
investigated relates to later language outcomes.
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10.2.8 Annex 1 : List of sulci preselected for the perisylvian region, ordered by
lobe (except for the Sylvian fissure)

'Frontal lobe:

Inferior frontal sulcus

Inferior and intermediary parts of the precentral sulcus
Central sulcus*

Parietal lobe:

Inferior part of the post-central sulcus

Intraparietal sulcus (including ramifications)
Sulcus of the supra-marginal gyrus

Temporal lobe:

Superior temporal sulcus (including ramifications)
Inferior temporal sulcus

Polar temporal sulcus

Sylvian Fissure Area: (Sylvian Fissure branches excluded from the Sylvian Fissure
proxy)

Planum temporale sulcus

Transverse retrocentral ramus

Posterior sub-central ramus

Anterior sub-central ramus

Ascending ramus

Diagonal sulcus

Horizontal ramus

Any item which did not fit any sulci label was labeled as unknown. The
unkown labeled items were included in the preselected list. *sulci be-
tween lobes were affected arbitrarily to one of its neighboring lobes
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10.2.9 Supplementary materials

Sup. Table S1. Pearson correlations between Isomap positions and
PMA at MRI for the three studies (n=71)

"
Sylvian Fissure Perisylvian re- Inferior frontal
gion region
At 30w PMA At 40w PMA At 40w PMA At 40w PMA
Dimension 1 0.38 0.12 -0.14 -0.01
Dimension 2 0.04 -0.21 0.07 0.00
Dimension 3 0.02 -0.13 -0.02 0.03
Dimension 4 -0.14 0.00 0.06 0.14
Dimension 5 -0.15 -0.03 0.03 0.07
Dimension 6 0.16 0.02 0.02 -0.15
Dimension 7 - - -0.06 -0.10
Dimension 8 - - 0.00 0.00
Dimension 9 - - 0.20 -
Dimension - - 0.06 -
10
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Sup. Table S2. Wilcoxon singed-rank test statistics and Bonferonni cor-

rected p-value applied to the left versus right hemisphere isomap po-

sitions corrected for PMA

Stat (corrected p-value)

A. Sylvian Fissure B. Perisylvian re-|C. Inferior
gion frontal region
30w PMA 40w PMA 40w PMA 40w PMA
Dimension 1 558 (2.10°390 (2.10°¢) 224 (2.10®) 75 (4.10™")
4
)

Dimension 2 772 (0.02) 629 (1.10°3) 1177 (5.63) 913 (0.29)
Dimension 3 400 (3.10°258 (3.108) 1203 (6.68) 1111 (2.71)

°)
Dimension 4 596 (6.10°834 (0.07) 993 (1.02) 1098 (2.42)
‘)
Dimension 5 995 (0.62) 693 (4.10°%) 964 (0.72) 939 (0.42)
Dimension 6 725 (9.10°1131 (2.40) [1202 (6.63) 1090 (2.25)
’)
Dimension 7 - - 1247 (8.59) 1140 (3.43)
Dimension 8 - - 1113 (3.44) 1116 (2.83)
Dimension 9 - - 1205(6.76) -
Dimension - - 1163 (5.10) -
10

Bold values verify corrected p-value<0.05
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Sup. Table S3. Spearman correlations (statistics and Bonferonni cor-
rected p-value) between the 30 and 40w PMA isomap positions cor-

rected for PMA, for the Sylvian Fissure analysis

p (corrected p-value)

Left hemisphere

Right hemisphere

Dimension 1 0.47 (2.10%) 0.44 (8.10%)
Dimension 2 0.61 (1.107) 0.47 (2.10%)
Dimension 3 0.75 (2.10°"3) 0.59 (5.107)
Dimension 4 0.17 (1.01) 0.29 (0.08)
Dimension 5 0.01 (5.65) 0.13 (1.76)
Dimension 6 -0.23 (0.34) -0.35 (0.02)

Bold values verify corrected p-value<0.05

Sup. Table S4. Spearman correlations (statistics and Bonferonni cor-
rected p-value) of the 40w PMA Isomap positions corrected for PMA

between the sylvian fissure, perisylvian region, and inferior frontal re-

gion proxies

Sylvian fissure Perisylvian region Inferior frontal region
Dimension 1 0.37 (4.10°®) -0.27 (0.006)
Dimension 2 0.30 (0.002) -0.27 (0.007)
Dimension 3 -0.42 (1.10°%) 0.41 (3.10)
Dimension 4 0.04 (3.92) -0.18 (0.17)
Dimension 5 0.20 (0.12) -0.16 (0.38)
Dimension 6 -0.15 (0.49) 0.13 (0.64)

Bold values verify corrected p-value<0.05
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Supplementary Figure S1. Representation of the sulcal items used
for registration (left panel) and for the analyses of shape charac-
terization (right panel). For the Sylvian Fissure, one sulcus per age-
group was represented and the corresponding age-group was
specified. Note that the dark blue point clouds are included in
their cyan counterparts.
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10.3 TRANSITION

This contribution precisely described the developing shape variability
of the sylvian fissure at 30 and 40w PMA, and described its
asymmetries at both ages, along with the asymmetries of the
perisylvian and inferior frontal regions at 40w PMA. While the results
on the sylvian fissure were concordant with previous literature and
proposed a more comprehensive characterization of its asymmetrical
shape features, the results on the perisylvian and inferior frontal
regions were new by construction. The combination of these three
sub-studies at 40w PMA led to the observation that the
opercularization process seemed to affect these regions differentially
depending on the hemisphere, and we inferred that the
opercularization process seems to show an advance in the left
hemisphere both at 30 and 40w PMA.

Since this contribution relied mostly on methods which had already
been developed and adapted for the developing longitudinal setting
of my PhD studies on the central sulcus, the most demanding
methodological developments for this contribution were, first, the
definition of a sulcal extraction method ensuring inter-individual
anatomical consistency of compared objects, along with the
conceptual assessment of the potential biases of the approach, and
secondly, the tuning of the moving averages to capture interpretable
shapes for the studies of the perisylvian and Broca regions. This second
aspect highlighted the limits of the moving averages approach, which
best represent the shape variability along one direction when it can be
encoded in a mix of 3D features. This was especially tricky in more
complex objects such as regional folding objects as presented in this
contribution.

While conceptualizing this contribution and as proposed in the study
by Kersbergen et al., 2016, | originally intended to link these results to
language outcomes in the cohort, which were assessed at the age of 2
or 2.5 years old. Yet, because fewer subjects had a later-assessed
language outcome (n=34) than those having a later-assessed motor
outcome (MABC: n=66; handedness: n=70), the prediction approach
developed in the central sulcus’s context was not applicable. | also did
not assess links to language because of a lack of time at the end of my
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PhD, but | intend to assess basic correlations between language
outcome and perisylvian pattern for the relevant subset of subjects,
before submitting the article for publication.

This original research article concluded my PhD original research
contributions, with interesting insights on the opercularization
process, complementing my first contribution which investigated
dynamics linked to the sulcation process.
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11

CHAPTER V: GENERAL DISCUSSION

11.1

During my PhD, | was offered the opportunity to enter the worlds of
the developing human brain and cortical folding pattern. Both of these
domains are in their youth because of previous technical difficulties,
among which feasibility of data acquisition, and computational
limitations. Multiple breakthroughs in different domains, such as the
MRI technology and its successive improvements, or the development
of computational power and machine learning, have opened up
possibilities to explore new horizons, even on questions which could
seem already well explored such as the brain’s macroscopical anatomy.
The recent discoveries on a number of implications of sulcal pattern
consecrates the importance of better understanding its development.
While considerable efforts have been devoted to the investigation of
its underlying mechanisms, not enough attention has been accorded
to the pattern of the developing sulci. The different articles presented
in this thesis have tried to contribute to a better understanding of the
development of cortical folding patterns.

STUDYING CORTICAL FOLDING PATTERN

The study of cortical folding pattern was initially constrained to be
purely descriptive, based on post mortem specimens in which
functional correlates could only be hypothetical (in the adult:
Cunningham, 1892; during development: Chi et al, 1977a). These
studies relied on small numbers of subjects which limited the
possibility to capture the complex variability within the human species,
and post mortem fetal studies allowed for a physio-pathological
description of cortical folding, only representative of normal cortical
folding in a limited extent (Chi et al., 1977a; Hansen et al., 1993). The
breakthrough of in vivo non-invasive brain imaging, through MRI
among others, paved the way for large cohort studies of normal
variability in brain folding patterns. This remained a challenging task
because of the important inter-individual variability, which often
makes it complex to identify with certainty corresponding items in
different brains. The first efforts were therefore oriented towards the
most securely identified sulci on a strictly anatomical point of view,
therefore favouring primary sulci, and those neighbouring regions with
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well-defined functional implications (such as the sylvian fissure: Sowell
et al,, 2002; or the central sulcus: Sun et al,, 2012). The same principles,
with the added value that previous studies on mature brains had been
led, have motivated my choice of folds in the developing brain.
Nevertheless, both in the developing and developed brains, the
pattern of many other sulci should be investigated, as they represent
an interesting window into early neurodevelopment (Cachia et al.,
2018; Del Maschio et al., 2019).

The central sulcus is a very interesting candidate for sulcal pattern
investigation: its position and pattern are very stable across the general
population, making it easy to identify, and its two neighbouring gyri
(primary motor and somatosensory) show a somatotopic
representation, offering a unique functional interpretability of regional
shape specificities (Germann et al., 2019). In the adult, its main pattern
variability feature was identified as switching from a single-knob to a
double knob configuration (Sun et al,, 2012; Sun et al.,, 2016), and in
the neonate, three possible configurations were proposed on the basis
of sulcal pits using a clustering approach, with either two or three sulcal
basins, compatible with the single-to-double knob observed in the
adult (Meng et al., 2018). When characterizing the shape of the central
sulcus in the preterm infant at 30 and 40w PMA using a continuous
approach, we managed to describe not one but 10 variability features
representative of its main shape variability within this time-window.
The shape variability features globally concerned the length of the
sulcus, the height, depth, length, and wrapping around of the hand-
knob, the presence of a second knob, and the orientation of the central
sulcus's upper part. A striking resemblance was observed between the
8th dimension of the current study and the 1st dimension captured in
the adult (Sun et al, 2012; Sun et al, 2016), and both seemed
consistent with the observations in the neonate (Meng et al., 2018),
suggesting that the main adult variability trait is already encoded at
TEA, but that other early shape features take the lead for traducing
shape variability in the developing brain. It should still be reminded
that post-birth sulcal pattern evolution has been reported (through
parametrized sulcal depth) between 12 and 60 months of age
(Gajawelli et al., 2021), and that even though we considered TEA
acquisitions as representative of an almost mature cortex, minor
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11.2

pattern evolutions still take place after birth.

Regarding the sylvian fissure, the length and orientation of posterior
part in relation to the planum temporale are its most frequently
reported shape variability features, notably between the two brain
hemispheres (post mortem: Chi et al., 1977a; in the foetus: Habas et al.,
2012; in the preterm: Dubois et al., 2010; Kersbergen et al., 2016; in the
term-born neonate: Hill et al., 2010; Glasel et al., 2011; in the child,
adolescent and adult: Sowell et al., 2002). In the contribution presented
in this thesis, the shape variability features captured concerned the
length of the fissure, the general orientation of its posterior part, its
branching, the width and depth of the supra-marginal knob, and the
relative length of its inferior and posterior parts. The two first features
were therefore concordant with existing literature, as well as the width
and depth of the supra-marginal knob (indirectly, through the
observation of the volume of the supra-marginal gyrus; Lyttleton et al.,
2009) while the relative length of its anterior and posterior parts were
previously unreported. These previously unreported shape features
may reflect 1) the fact that the sylvian fissure’s shape variability has
never been captured in such detail, 2) the fact that the sylvian fissure’s
shape variability has mostly been explored in the light of its
asymmetries, while two of our novel findings did not show hemispheric
asymmetries at TEA, and 3) the fact that the cohort studied is based on
extremely preterm infants which still can't be considered as typical
subjects.

HOW RELEVANT IS OUR METHODOLOGICAL APPROACH ?

As detailed in the state of the art section, different methods have been
developed to study sulcal pattern, either for the assessment of
variability within a given sulcus or for regional considerations. During
my PhD, | have chosen to use and adapt the continuous shape
characterization pipeline previously validated in the adult brain, in
which the captured shape features happened to relate to functional
observations, as a proof of relevance (Sun et al,, 2012; Sun et al., 2016).
The continuity of pattern expression appeared as a model closer to
reality concerning the central sulcus and sylvian fissure, and | argue
that in clustering (and therefore discontinuous) configurations (Meng
et al., 2018; Duan et al.,, 2019), a continuity can be found between the
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different proposed clusters, and that in-between configurations are
bound to happen. Our continuous approach prevented us from
assuming that we could differentiate clusters in the sulcal pattern of
the central sulcus and sylvian fissure, but with the counterpart of
making shape description more challenging. Compared to
parametrized approaches, the Isomap-based shape characterization
derived the main shape variability from the studied cohort, while a
parametrized method would have required to choose a shape feature
to investigate; therefore, we preferred this method in the context of
our exploratory studies.

The previous adult studies using the same core methodology limited
its analyses to the first Isomap dimension, which was sufficiently
relevant to pursue meaningful sulcal studies (Sun et al., 2012; Sun et
al, 2016; Sun et al, 2017). In the case of our longitudinal
developmental studies, the first Isomap dimension tended not to be
very informative since it captured length variability in both cases, even
though the affine Talairach registration compensated the brain size
difference. This variability was both due to the PMA difference at each
acquisition and to the age-gap between the two groups. Therefore, |
had to rethink the scope of applicability of the Isomap dimensionality
reduction and find a reliable way to assess the number of dimensions
relevant to each of my studies. This allowed me to project the data on
multiple dimensions and to capture a number of shape features in each
case, resulting in unprecedented exhaustiveness of pattern
description.

A limit of Isomap algorithm method, which first creates a
neighbourhood graph from the data and then projects the data based
on the geodesic distances extracted from this neighbourhood graph,
is that it is not perfectly suited for projection of new elements on an
existing dimension. A posteriori projection of a new element on an
existing dimension is feasible based on nearest neighbour
considerations, yet the new element would not be included in the
topology of the original manifold. Therefore, only the shape features
captured using the original dataset would be assessed in the new
element — even if this new element expressed another shape feature
previously uncaptured. Therefore, in order to capture the same shape
features in the 30 and 40w PMA central sulci using this method, while
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accurately capturing the shape variability from both subgroups, | had
no other choice but to compute the shape variability by including both
ages. As a result, the shape variability features observed with this
method captured the shape variability from the two regrouped age-
groups. Therefore, the order of the Isomap dimensions — which, in
addition, cannot be described in terms of explained variance because
of the non-linearity of the Isomap algorithm — are representative of the
whole group shape variability and should not be extrapolated at either
30 or 40w PMA. To illustrate this, while length is the most variable
feature within the 30 and 40w PMA central sulci (thus identified as the
first dimension when the analysis was run on both groups together),
an early run of the shape characterization pipeline on the 40w PMA
central sulci alone did not capture length as the first Isomap
dimension.

Nevertheless, the shape variability captured by investigating 30 and
40w PMA sulci together was relevant to capture their global shape
variability also within each group. Because of the greater complexity of
40w PMA sulci, it is likely that the Isomap dimensions were mostly
driven by them, and thanks to the global resemblance between 30 and
40w PMA central sulci or sylvian fissures, the shape features encoded
in each subgroup were relevant to the other subgroup, which justified
our methodological choice. A further assessment of sulcal shape
variability in the age-specific subgroups in addition to the combined
age-groups would have been redundant and not very informative, and
we rapidly discarded this option.

Independently from the algorithmic choice, a noteworthy experimental
decision was to base our studies on extremely preterm infants,
including infants with neurological adversities such as intra-ventricular
hemorrhage (N= 8 over 71 with grade 3 and 4 IVH). Independently of
their clinical condition,the preterm infants at TEA have been reported
to have, compared to the term-born neonate, a specific lesser depth
of the insula as well as pre- and post-central sulci (Engelhardt et al,
2015), all of which are neighbours to the sulci and fissures explored
during my PhD. Therefore, the sulcal shape variability captured in this
cohort of extremely premature infants might reflect some atypical
folding patterns, yet, both for the central sulcus and sylvian fissure, it
is the most detailed shape characterization in the very young infant,
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including a time point before normal-term birth. This was both an
opportunity for an approximation of folding dynamics during this
period of intense folding, and for prematurity-oriented analyses of
neurodevelopmental adversities impacting the sulcal pattern,
specifically in the context of fine motor outcome at 5 years of age in
relation to the central sulcus shape (Chapter IlI).

In the context of outcome prediction, even though identifying a
reliable sulcal biomarker for motor outcome would have a great impact
on preterm well-being as it could justify early interventions, the
assessment presented in the central sulcus article had little clinical
ambition and was very exploratory. Because of the limits of projecting
a new element to the Isomap dimensions, the generalization of the
classifiers using the previously captured Isomap dimensions for fine
motor outcome prediction would have been hazardous. This
motivated me to make methodological choices which did not
maximise the classifiers’ performances, since my main objective was to
obtain as unbiased observations as possible on the potential relevance
of sulcal shape for motor outcome. As a result, while some sulcal
shape-based predictors performed better than the one trained on
clinical factors (which | chose as a baseline), both for handedness and
fine motor outcome, none performed strictly above a 95% chance
interval, but they still seemed to be a relevant trend suggesting a
relationship.

Both the cohort-specific property of the Isomap method and the
voluntary absence of fitting of the outcome classifiers were justified in
an exploratory approach. In the event of the capturing of shape
features which would seem relevant to explore in a broader context
and with new subjects, | recommend the identification of the shape
feature through the Isomap method, and, if possible, the
generalization of the feature’s identification on a broader cohort based
on a parametrization approach, as proposed in the central sulcus, for
example (Cykowski et al, 2008). In the meantime, the approach
retained allowed not only to describe the shape features encoded, but
also to quantify the features captured, allowing for quantitative
analyses to be led to explore their longitudinal development and
interhemispheric asymmetries.
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11.3 EARLY SULCAL DEVELOPMENT

Early sulcal development has been reported through the relative
chronology of appearance of different sulci (Chi et al., 1977a; Hansen
et al., 1993; Garel et al., 2001; Dubois et al., 2008a; Habas et al., 2012).
Fewer studies have assessed the post-appearance dynamics of cortical
folding by looking into the evolution of specific sulci. In the foetus, the
evolution of the mean curvature of specific sulci within the 20-28w GA
age range has been reported (Habas et al., 2012), and the evolution of
volumes around the sylvian fissure were dynamically explored on the
basis of a fetal atlas covering the 21 to 38w GA time window (Mallela
et al,, 2020). In the preterm, the evolution of the length and surface
area of a set of sulci was assessed in a longitudinal setting between 30
and 40w PMA (Kersbergen et al, 2016). Yet, the longitudinal
assessment of sulcal pattern (more complex than length or surface
area) was previously unexplored in the time-window before normal-
term birth.

Our quantitative shape characterization method allowed me to
investigate this topic. When testing the correlations between the 30
and 40w PMA central sulci and sylvian fissures, most were significant
or showed relevant trends, suggesting that a majority of the shape
features present at TEA are already encoded at 30w PMA, during early
sulcal pattern development. This contributed to a better
understanding of the chronology of folding pattern, as we
demonstrated through these two examples that the development of
secondary sulci and to a lesser extent of tertiary sulci (developing
respectively starting from 32 and 38w GA) affect in a minor extent the
general pattern of primary folds.

In the central sulcus, 8 out of 10 shape features showed relevant trends
in shape encoding across age groups on both hemispheres. They
suggested an overall consistent development of its length, combined
size and height of the hand-knob, wrapping around the hand knob,
and presence of a second knob. In the sylvian fissure, only 3 out of 6
shape features showed relevant and interpretable correlations
between groups, suggesting more later-than-30w-PMA encoding of
shape features than in the central sulcus. The consistently evolving
shape features concern length and orientation of its posterior part,
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which match the generally reported asymmetries, and strengthen the
idea that these are encoded early and evolving accordingly.

In addition to identifying the sulcal features which developed
consistently between the two ages, our analyses revealed additional
features which appeared within this time window. In the central sulcus,
these were the length and size-independant-height of the hand knob,
as well as the orientation of its superior part. The later encoding of
these shape features seems consistent with a delayed elongation of
the upper part of the central sulcus (Cunningham, 1892). In the sylvian
fissure, the 4th dimension (left hemisphere) and the 5th dimension
(bilaterally) showed a rather low correlation between age groups, while
the 6th dimension showed trends towards a negative correlation,
which we failed to interpret. These quantified the length and depth of
what | name the supra-marginal knob, and which seems to gain in
amplitude independently from its 30w PMA encoding.

A question that arose was whether the process governing the most
posterior part of the sylvian fissure, within the parietal cortex rather
than marking the limitation between the temporal and parietal
cortices, and posterior to the planum temporale as defined in Altarelli
et al, 2014, was linked to opercularization or to sulcation. We
suggested that it may be closer to sulcation, as the 4th dimension,
encoding the length of the supra-marginal knob, showed a higher (and
almost significant) correlation in the right hemisphere compared to the
left one. This could be interpreted as related to the prenatal sulcation
advance of the right hemisphere, leading to an already encoded length
of the intra-parietal part of the sylvian fissure on the right but not on
the left hemisphere at 30w PMA. This type of consideration was
induced by our findings in the sylvian fissure, perisylvian and inferior
frontal regions, which seemed to indicate different dynamics in
opercularization compared to sulcation.

DIFFERENT DYNAMICS BETWEEN THE OPERCULARIZATION AND
SULCATION PROCESSES

The process of opercularization has not yet been thoroughly
investigated. The sylvian fissure's shape is a proxy for it, but the
assessment of its asymmetries has globally been treated as being
similar to that of sulci. Yet, the early appearance of importantly
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asymmetric shape features, highly reproducible throughout the
population, yet specific to the humankind (when compared to one of
our closest phylogenetic cousin, the chimpanzee; Hou et al., 2019),
tends to suggest a more important genetic control on the sylvian
fissure than classical sulci. Genetic factors specifically linked to
opercularization have recently been explored using a 23w GA fetal
atlas, along with the relative expansion of perisylvian regions on an
atlas spanning from 21 to 38w GA (Mallela et al., 2020). This study did
not assess interhemispheric asymmetries in opercularization, which
would have been very informative since our study on the perisylvian
regions suggested a leftward advance in this process, which would
probably be apparent in its genetic encoding.

Our hypothesis on different dynamics of opercularization and sulcation
spawned from observations in the perisylvian and inferior frontal
regions, after the first hints were captured through the sylvian fissure’s
early developmental dynamics. Both regions showed a single
asymmetrical shape feature which was very pronounced and captured
as the first dimension. The asymmetry in the perisylvian region
captured a reduced gap between inferior frontal and superior temporal
sulci in the left hemisphere compared with the right, with ventral
inferior frontal sulci closer to the sylvian fissure, as well as a flatter
posterior temporoparietal configuration. In the inferior frontal region,
the asymmetry seemed to capture a deeper anterior horizontal ramus
and a shallower ventral extremity of the inferior frontal sulcus in the
left hemisphere. Apart from the shallower ventral inferior frontal
sulcus, which may be due to the right-hemisphere advance in
sulcation, we interpreted these shape features as representative of a
differentially expressed and a more advanced opercularization process
in the left hemisphere than in the right, inducing a greater overgrowth
of the frontal and temporal lobes over the insula.

The fact that strong shape asymmetries were captured in the 40w PMA
sylvian fissure, perisylvian region, and inferior frontal region made us
question the inter-object correlations. Significant correlations were
found between these three objects, specifically between the
asymmetrical dimensions. At first, the correlations between the inferior
frontal region and the sylvian fissure could seem unexplainable
because of the a priori absence of relation between the shape of the
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posterior sylvian fissure and the depth of the ventral sulci from the
inferior frontal region. Yet, the three objects’ combined evidence seem
to link the differential expression of left versus right opercularization
to combined effects in the burying of the anterior horizontal ramus,
the convergence of inferior frontal sulcus and the anterior part of the
superior temporal sulcus, and the length and orientation of the
posterior sylvian fissure along with the depth of its supramarginal
knob.

This led us to question the differences between asymmetries in terms
of opercularization and sulcation. Directly linked to the
opercularization process, asymmetries in the insular region are
reported as soon as 23w GA, with a more convex frontoparietal
operculum and a more concave posterior temporal operculum on the
right hemisphere (Habas et al., 2012). The most important asymmetries
of the developing brain are along the sylvian fissure (Chi et al., 19773;
Chi et al,, 1977b; Dubois et al., 2010; Hill et al., 2010; Glasel et al., 2011;
Habas et al., 2012; Kersbergen et al., 2016) and in the superior temporal
sulcus’s depth (Dubois et al., 2008; Glasel et al., 2011; Habas et al., 2012;
Leroy et al., 2015), yet these two asymmetries have been reported to
be uncorrelated (Glasel et al., 2011). This could have been due to a
different genetic control in these two areas, especially since
asymmetrically expressed genes have been identified specifically in the
perisylvian cortices (Sun et al., 2005), and linked to the asymmetry of
the planum temporale (Carrion-Castillo et al, 2020). This was
supported by the observation that the gene expression profile of the
pre-folded brain was significantly different in the developing opercular
cortex (corresponding to the future frontal, parietal and temporal
lobes) compared to the insular cortex (Mallela et al., 2020).

An asymmetrical genetic expression has also been related to the
superior temporal sulcus’s asymmetry in adults (Le Guen et al., 2018),
in a similar location as in the infant (Leroy et al, 2015). With the
absence of correlation between the rightward superior temporal
sulcus’s asymmetry and the leftward asymmetry of the posterior part
of the sylvian fissure (Glasel et al., 2011), we hypothesized that different
genetic cues lead these two asymmetries, which would be consistent
with different dynamics of opercularization and sulcation in the left
and right hemisphere, which are themselves coherent with the left
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advance we observed in opercularization and previously-reported
right advance in sulcation.

We therefore suggested that opercularization and sulcation may be
orchestrated by an overall different genetic, cellular and biomechanical
agenda, which could explain the different dynamics of these two
processes, with opercularization showing a left-hemisphere advance
and strong, early encoded leftward asymmetries, while sulcation would
show a right-hemisphere advance and early rightward asymmetries
(Habas et al.,, 2012).

BRAIN ASYMMETRIES AND FUNDTIONAL LATERALIZATION

Asymmetries in cortical folding have been reported as soon as 22w GA
in the fetal brain (Habas et al., 2012), and the two most reported ones
are in the sylvian fissure (leftward asymmetry of local folding appearing
as soon as 22w GA) and in the superior temporal sulcus (rightward
asymmetry appearing at 26w GA). Both of these asymmetries are
consistently reported in the developing brain (sylvian fissure: Chi et al.,
1977a; Chi et al., 1977b; Dubois et al,, 2010; Hill et al., 2010; Glasel et
al., 2011; Habas et al., 2012; Kersbergen et al., 2016; superior temporal
sulcus: Chi et al., 1977b; Dubois et al., 2008a; Glasel et al., 2011; Duan
et al,, 2019) as well as in the more mature human brain (sylvian fissure:
Sowell et al., 2002; superior temporal sulcus: Leroy et al, 2015) and
therefore seem to be encoded early and durably during development.
Asides from the opercularization-linked asymmetries addressed in the
previous section, additional asymmetries have been reported in the
very young brain: in the cingulate sulcal complex, and in the central
sulcus. The cingulate sulcus was reported to show pattern
configuration asymmetries in the neonate (Duan et al., 2019), which
were similarly reported at later ages and have been functionally related
to cognitive control efficiency (Del Maschio et al., 2019). In this thesis,
the pattern of the central sulcus was reported to be asymmetric to
some extent in the TEA preterm infant, which was similarly reported at
a later age and functionally linked to handedness and hand activation
(Sun et al,, 2012; Sun et al., 2016).

Reciprocally, lateralized functional activations are observed in these
asymmetrical anatomical regions. The sylvian fissure, inferior frontal
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region, superior temporal sulcus, and more generally the perisylvian
region have been demonstrated to participate, among others, in the
dorsal stream of language for speech production, which was reported
to show a strong leftward functional lateralization (Hickok and
Poeppel, 2007): about 90% of the general population processes word
generation through the left hemisphere (Knecht et al., 2000). The
central sulcus is adjacent to the primary motor regions, which are
lateralized in adults (with roughly 90% of the population being right-
handed). It has also been shown that the anterior cingulate cortex, for
its part, is the place of lateralized activations in the context of response
inhibition (Serrien et al., 2013), but this functional lateralization is less
clearly defined and understood than those of language and
handedness.

These anatomo-functional laterality considerations made me wonder
whether early sulcal shape pattern could be predictive of later
functional lateralization. This question was previously investigated by
correlating simple sulcal metrics and functional outcome at 2 years of
age, which revealed a link between receptive language performance
and the bilateral sylvian fissure, bilateral superior temporal sulcus, and
left insula at TEA (Kersergen et al., 2016). We additionally investigated
the anatomo-functional lateralization in the central sulcus, regarding
handedness assessed at 5 years of age, through the training of
classifiers using hemisphere and age-specific Isomap dimensions. The
best and only relevant classifier based on sulcal shape alone was
obtained using the 30w PMA left central sulcus and its most weighted
shape feature suggested a combination of a longer hand-knob and a
backwards bend of its superior part for left-handers, which we found
challenging to interpret functionally. While the classifier's score was
better than that obtained with clinical factors alone, it did not show a
strictly above-chance performance; additionally, despite our best
efforts, we seem to have captured left-handedness related to preterm
pathology, since the best performances were achieved by classifiers
trained with both clinical factors and sulcal shape features.

This raised additional questions about the representativeness of the
cohort studied compared to a control folding situation: prematurity
has been related to altered lateralization, both in terms of handedness
(for meta-analysis, see Domello6f et al, 2011) and language (in
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neonates: Kwon et al.,, 2015; in adolescents: Scheinost et al., 2015; in
adults: Tseng et al, 2019). Moreover, white matter injuries in
prematurity have also been related to altered motor and language
outcomes (Guo et al., 2017). We have nonetheless chosen to include
all the subjects to capture shape variability because excluding these
subjects would have . Therefore, in the absence of evidenced causal
relationships between prematurity, structural development and
functional outcomes, early sulcal shape investigations based on
preterm cohorts should be interpreted carefully and considered as
exploratory towards the understanding of normal development.

CONCLUSION AND PERSPECTIVES

The cortical folding pattern in the human has received increasing
attention as a signature for early neurodevelopmental trajectories. A
finer understanding of its developmental dynamics would therefore be
valuable both for its general understanding and to uncover and
investigate abnormal folding situations and their functional correlates.
Throughout this thesis that was based on a longitudinally scanned
cohort of extremely premature infants, | have contributed to a finer
description of the folding variability of the central sulcus and sylvian
fissure at early ages, and to the demonstration of early encoded shape
features and asymmetries in these objects. | have also tested whether
early sulcal pattern was predictive for later outcome, and additionally
captured region-wise asymmetries in the perisylvian region revealing
a difference in dynamics between the process of sulcation and
opercularization.

As detailed in the previous sections, sulcal pattern exploration is a
beautiful way to address early neurodevelopment, especially since it
mostly develops in utero and stays globally stable throughout lifespan.
In order to gain a better understanding of both normal and
pathological variability in brain folding, and their implications on brain
functions, multiple directions might be investigated in the future.

A better general understanding of the variability of cortical folding
pattern both in the developing and mature brain is a necessary starting
block, and numerous efforts are under-way in that direction.
International efforts are converging towards a more precise definition
and observation of sulcal specificities, including their relation to
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underlying white matter. A recent call was issued to address the
specific question of “plis de passage”, which are gyri buried within a
given sulcus, and which may contribute to a better understanding of
sulcal variability (Mangin et al., 2019). In parallel, many new functional
correlates of pattern variability are to be discovered, which could lead
us to useful findings in terms of general understanding of brain
function and clinical applications. In particular, sulcal pattern has
already been proven to be relevant to psychiatry and neurology, and
we can hope that their further investigation will lead to improvement
in diagnosis and general patient care.

To gain a better understanding on normal development of cortical
folding pattern, my contributions should be complemented by sulcal
or fissure shape analysis in term-born control neonates, to better grasp
the extent of sulcal variability linked to adversarial events in links with
prematurity that were captured in my studies. This is already possible
thanks to the deployment of rich open-source neonatal datasets such
as the Developing Human Connectome Project
(http://www.developingconnectome.org/), but | did not have the time
to pursue this investigation during my PhD. Moreover, investigating
the relationship between cortical folding pattern and related white
matter and cortical maturation would bring additional insights to
cerebral anatomy. If ethically approved, and thanks to the remarkable
efforts in fetal image processing, reproducing a similar methodology
on fetal brains scanned longitudinally would bring additional insights
on normal sulcal development during the preterm period but in “real
typical” subjects compared to premature infants.

On the reverse, to identify early markers of prematurity-induced
neurodevelopmental adversities, considering larger preterm cohorts is
required to account for the important inter-individual variability and
assess the predictive ability of sulcal pattern on functional outcomes
in a more refined manner than proposed on the central sulcus. Indeed,
having more subjects would allow to tune the classifiers and proceed
to feature selection, as well as including both left and right sulci
together as an input, which would most likely bring a more convincing
predictive capacity and a more interpretable outcome than what we
did ...

On another note, the question of the difference between sulcation and
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opercularization should be investigated further. Previous studies
reporting leftward asymmetries in the sylvian fissure foreshadowed a
different developmental agenda and the contributions of this thesis
reported additional evidence. Genetic assessments have already been
undertaken to investigate opercularization (Mallela et al.,2020), but
additional endeavours should be considered to pinpoint the
mechanisms behind its asymmetrical development. A finer
understanding of the process of opercularization could additionally
benefit the biomechanical modelling of cortical folding.
Microstructural investigation could also contribute to a better
understanding of this phenomenon. The variability in opercularization
and early asymmetries of perisylvian regions should also further be
interrogated in the light of receptive language lateralization and
outcome, as it might yield relevant neurodevelopmental information.

To conclude, sulcal variability is present in every fold of the brain, and
to this date, only a few have been thoroughly investigated as only a
few teams worldwide are interested in this question. Our methods are
extendible to the rest of the brain, maybe requiring some
methodological adaptation depending on the sulcus. Nevertheless, as
outlined during this thesis, different approaches can be proposed
solutions to adapt the methodology to challenging questions. So far,
the patterning of secondary and tertiary sulci have received little
attention, while they may carry valuable functional information (Miller
et al., 2021). Current efforts should therefore be sustained in order to
achieve a global comprehension of the implications of the variability
of cortical folding pattern.
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RESUME DES TRAVAUX DE THESE

12.1

12.2

LISTE DES ABBREVIATIONS

AET : age équivalent du terme de la grossesse
APM (s APM) : age post-menstruel (semaines d'age post-menstruel)
IRM : imagerie par résonnance magnétique

SVC : classifieur a support vectoriel
INTRODUCTION

Le plissement du cerveau, qui fait apparaitre en surface des creux
(sillons) et des bosses (gyri), est un phénomene complexe qui donne
lieu a la fois a une certaine homogénéité sur I'ensemble du cerveau
dans l'espece humaine, et a une variabilité inter-individuelle encore
peu explorée. La question de la variabilité en forme du plissement du
cerveau a longtemps été éludée a cause de sa complexité et de son
observation exclusivement post mortem, qui limitait I'interprétabilité
des potentielles relations entre anatomie sulcale (liée aux sillons) et
fonctionnement cérébral.

Récemment, les avancées technologiques permises par lI'avenement
de l'imagerie cérébrale non invasive et essentielles aux neurosciences
ont permis de réaborder cette question in vivo. Notamment I'imagerie
par résonance magnétique (IRM), a la fois anatomique et fonctionnelle,
a permis d'envisager des études a grande échelle nécessaires pour la
quantification de la variabilité globale de la forme des sillons chez
I'numain. Par ailleurs, les avancées technologiques en termes de
puissance de calcul et d'algorithmie computationnelle ont ouvert la
voie a des études avancées de la forme des sillons, permettant entre
autres de mettre en évidence des relations entre certains motifs de
plissement et certaines spécificités fonctionnelles.

Dans ce contexte, il est souhaitable et pertinent d’envisager une
meilleure compréhension du développement de la forme des sillons,
lequel prend majoritairement place in utero pendant le troisieme
trimestre de grossesse et reste globalement stable apres la naissance.
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Au cours de ma these, j'ai étudié le développement de différents plis
ou régions du cerveau a I'aide de données d'imagerie par IRM acquises
longitudinalement aupres d'une cohorte de 71 nourrissons nés
prématurés extrémes (nés entre 24 et 28 semaines d'age gestationnel)
et imagés aux alentours de 30 semaines d’'age post-menstruel (s APM)
et de 40s APM, qui correspond a I'age équivalent du terme (AET) d'une
grossesse typique (9 mois). Ces travaux ont donné lieu a trois articles
(deux études expérimentales, dont une parue et une a soumettre, et
un article de revue de la littérature a soumettre) qui seront présentés
dans les sections suivantes.

ETAT DE L'ART

Afin de contextualiser mes travaux au vu des connaissances actuelles
dans les différents domaines en liens avec ma these, j'ai tout d'abord
proposé un article d'état de I'art portant sur I'investigation des motifs
de plissement, et qui s'articule autour de deux sections : la premiere
partie porte sur I'étude de la variabilité sulcale dans le cerveau mature,
et la deuxieme partie sur le plissement au cours du développement.

Dans la premiere section portant sur le plissement dans le cerveau
mature, j'ai tout d'abord détaillé les différentes raisons pour lesquelles
il est pertinent de s'intéresser a la variabilité du plissement. Cet intérét
se justifie a la fois a des fins purement descriptives, mais aussi dans le
contexte de recalages inter-individuels (pour lesquels la prise en
compte de la variabilité de forme sulcale permet de mieux respecter
les spécificités anatomiques individuelles), ou pour investiguer les liens
potentiels entre la forme des sillons et le fonctionnement cérébral,
notamment la spécialisation des aires corticales. Ensuite, j'ai donné un
apercu des différentes méthodes développées pour investiguer la
variabilité des motifs de plissement dans le cerveau mature, en
présentant d'abord les méthodes globales et régionales, et dans un
deuxieme temps les méthodes « sillon-spécifiques » qui s'intéressent
a la variabilité d'un pli en particulier. Enfin, j'ai interrogé la littérature
sur les spécificités que semble présenter le plissement humain, au
regard des études comparées entre humains et autres mammiferes
dont les primates non-humains, notamment en termes d'asymétries
entre les hémispheres cérébraux.

La deuxieme section, consacrée au développement des sillons, s'ouvre
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sur la compréhension actuelle que nous avons des mécanismes
induisant le plissement : question posée selon une triple approche
mélant biologie cellulaire, génétique et biomécanique, qui permet
d'explorer des mécanismes qui s'averent complémentaires et
interdépendantes dans la genese du plissement. Ensuite, j'ai rappelé
les difficultés en lien avec I'imagerie du tout-petit, a la fois chez le
foetus et chez le nouveau-né, afin d'aborder les différentes avancées
méthodologiques permettant aujourd’hui d’'étudier finement le
cerveau en développement par IRM. Enfin, jai résumé les
connaissances actuelles en termes de développement sulcal chez
I'hnumain, a travers sa chronologie d'apparition, sa dynamique
évolutive et ses asymétries, avant de conclure sur les altérations de
plissement observées en lien avec la prématurité.

Nous avons lintention de soumettre cet article a la revue «
Developmental  Cognitive  Neuroscience »  (spécialisée en
neurosciences cognitives développementales) a l'occasion d'une
édition spéciale faisant suite aux symposiums organisés dans le cadre
du congres international « Flux » 2021.

METHODES ET COHORTE ETUDIEE

Le deuxieme chapitre de ma thése est consacré a la description de ma
cohorte d'étude et des méthodes employées pour |'étude de la
variabilité en forme sulcale au sein de cette cohorte. Ce chapitre m'a
permis de préciser |'étendue de mes contributions méthodologiques
au regard de ce qui avait déja été traité ou implémenté par d'autres
membres de mon équipe ou d'équipes partenaires en amont de ma
these.

La cohorte étudiée est composée de 71 sujets (51 % de gargons) d'age
gestationnel a la naissance compris entre 24 et 28 semaines, et recrutés
a I'hopital « Wilhelmina's Children Hospital, University Medical Center
», a Utrecht (Pays-Bas), entre 2008 et 2012. Ces sujets ont été imagés
deux fois pendant leur séjour en unité de soin intensive néonatale, une
premiere fois aux alentours de 30s APM et une seconde fois aux
alentours de 40s APM. Les sujets ont bénéficié de suivis ultérieurs au
cours desquels ont entre autres été évalués leurs scores moteurs,
langagiers, et leur latéralité manuelle, entre 24 et 30 mois, puis a 5 ans.
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Le prétraitement des images IRM a été opéré en amont de mes études,
conformément a la méthodologie détaillée dans Kersbergen et al,
2016. Apres segmentation des images (différenciant substance
blanche, substance grise et liquide cérébro-spinal), les sillons sont
définis comme les surfaces équidistantes aux murs de deux gyri
adjacents, délimitées par le haut par la fermeture morphologique de
la surface corticale externe (Mangin et al., 1995). Dans le cadre de mes
études, la détection des sillons a été rendue légérement plus sensible
pour mieux capturer certains plis en cours de développement, et j'ai
corrigé a la main les résultats d'étiquetage automatique grace au
logiciel BrainVISA.

Pour évaluer la variabilité en forme des plis que j'ai étudiés, jai
bénéficié d'une méthode implémentée préalablement par mon équipe
pour I'étude du plissement adulte (Sun et al., 2012; Sun et al.,, 2016), et
que j'ai d0 adapter au contexte du cerveau en développement. En
résumé, apres recalage des cerveaux dans l'espace de Talairach pour
compenser la variabilité en forme due aux différentes tailles globales
du cerveau, j'ai extrait les objets d'intérét pour chacune de mes études,
dans les hémispheres gauches et droits des sujets aux deux ages. J'ai
retourné les objets droits de maniere a ce qu'ils soient dans la méme
orientation que les gauches, puis jai calculé une mesure de
dissimilarité entre chaque paire d'objets de la cohorte en les recalant
deux-a-deux et en calculant la distance résiduelle issue du recalage
(j'ai d( optimiser la distance choisie a ma problématique). Les mesures
de dissimilarités calculées ont ensuite été rassemblées dans une
matrice capturant la variabilité en forme de la cohorte. J'ai ensuite
utilisé un algorithme de réduction de dimension, [Ilsomap
(Tenenbaum, 1999), pour projeter ces données en plus faible
dimension, et j'ai été amenée a élaborer une méthode pour choisir les
parametres a retenir pour cet algorithme. Pour chacune des
dimensions obtenues, j'ai pu projeter les objets individuels sur leurs
coordonnées respectives, et, interpréter la caractéristique de forme
capturée par l'algorithme, a I'aide de moyennes glissantes calculées
sur les sujets le long de la dimension.

Les dimensions d'lsomap (corrigées par modele linéaire pour les
difféerences d'age a l'acquisition) ont ensuite été utilisées pour
comparer les positionnements relatifs de différents sous-groupes
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(définis en fonction de l'age ou de I'hémisphere) le long des
dimensions, permettant d'évaluer les corrélations entre les deux ages
et les positionnements relatifs des objets issus d’hémispheres droits
par rapport aux gauches.

RESULTATS OBSERVES SUR LE SILLON CENTRAL

Cette méthode a tout d'abord été appliquée au sillon central, région
intéressante a étudier au regard des capacités motrices des sujets dans
la mesure ou ce sillon délimite les régions motrice et somatosensorielle
primaires (dans les gyri pré- et post-centraux) qui présentent la
particularité d'une organisation somatotopique (les différentes parties
du corps y étant représentées selon I'homonculus) (Penfield and
Rasmussen, 1950; Germann et al., 2019). Etudier ainsi le sillon central a
30 et a 40s APM a permis de décrire la variabilité précoce de forme de
ce dernier ainsi que de tester sa capacité prédictive sur le devenir
moteur de I'enfant a 5 ans, en termes de latéralité manuelle et de
motricité fine évaluée par le movement Assessment Battery for
Children (mABC).

Dix caractéristiques de forme ont été capturées dans le sillon central
en développement, concernant principalement la taille du sillon, la
hauteur, longueur et profondeur de la bosse caractéristique du sillon
central au niveau de la région de représentation de la main (« hand-
knob »), et la présence d'une deuxieme bosse. Parmi ces 10
caractéristiques de forme, 8 montraient une corrélation (ou tout du
moins une tendance) entre les deux ages, suggérant un encodage
précoce (a 30s APM) de la majorité des caractéristiques de forme du
sillon central. De plus, une dimension a montré une distribution
asymeétrique a 30s APM, mais pas a 40s, indiquant que la bosse était
plus profonde a droite qu'a gauche de maniere précoce mais plus a
I’AET. Ceci peut s'interpréter comme une avance développementale de
cette caractéristique a droite qui est ensuite compensée par la gauche
avant I'AET, ce qui serait cohérent avec l'avance de sulcation
préalablement rapportée au niveau de I'hémisphére droit. A 40s APM,
une autre dimension a montré une asymétrie, encodant un passage
d'une configuration a une seule bosse pour les sillons droits a une
configuration a deux bosses pour les sillons gauches, d'une facon
similaire a I'asymétrie capturée chez I'adulte (Sun et al., 2012).
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Dans un deuxieme temps, afin de tenter de prédire la latéralité ou le
devenir moteur des sujets a 5 ans a partir des caractéristiques de forme
du sillon central, j'ai entrainé un classifieur a support vectoriel (SVC)
avec pour entrées les coordonnées d'lsomap par groupe d'age et par
hémisphere, afin de limiter le nombre de paramétres en liens avec la
taille limitée de la cohorte. J'ai comparé les performances de ces
classifieurs avec celle d'un classifieur prenant pour entrée une sélection
de facteurs cliniques connus pour avoir un impact sur le devenir
comportemental et clinique des enfants nés prématurément, et jai
également évalué la complémentarité entre ces facteurs cliniques et
les parametres de forme. Les résultats obtenus n‘ont pas été
entierement concluants, peut-étre a cause des limites suivantes : la
faible taille de ma cohorte m'a empéchée de paramétrer I'algorithme,
de sélectionner les parameétres pertinents ou de considérer
conjointement les sillons gauches et droits. Bien que non-significatifs,
ces résultats semblaient suggérer une capacité prédictive de la forme
sulcale sur le devenir moteur a 5 ans.

Ces travaux ont donné lieu a la publication d'un article dans la revue
Neurolmage (de Varellles et al., 2021).

RESULTATS OBSERVES AU NIVEAU DE LA SCISSURE SYLVIENNE

A la suite du sillon central, j'ai orienté mes travaux autour de la scissure
sylvienne, qui présente la particularité de ne pas étre un sillon
puisqu’elle se forme par recouvrement du lobe insulaire par les lobes
frontal, pariétal et temporal (processus d'opercularisation). Par ailleurs,
cette région est le siege d'une majorité des aires corticales impliquées
dans le traitement du langage, dont une partie présente une
latéralisation fonctionnelle favorisant I'hémisphere gauche (Hickok
and Poeppel, 2007).

Tout en reproduisant des asymétries déja décrites dans la littérature,
quant a la longueur (plus longue a gauche) et la courbure (plus
courbée a droite) de la scissure sylvienne (Chi et al., 1977b, Dubois et
al., 2010), ma méthodologie m'a permis de décrire une caractéristique
de forme asymétrique supplémentaire : sa tendance dans I'hémisphere
gauche a se courber vers |'arriere et a avoir une branche pariéetale. J'ai
de plus constaté I'encodage de ces trois caractéristiques asymétriques
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des 30s APM, qui restent stables a 40s APM. Une quatrieme
caractéristique semblait asymétrique a I'AET : la profondeur de la bosse
supramarginale (plus profonde a gauche), dont I'asymétrie n'est pas
encore observée a 30s APM. J'ai également capturé deux asymétries
transitoires a 30s APM qui ne perdurent pas jusqu'a 40s APM,
suggérant que la forme de cette scissure évolue pendant cette période
avec des dynamiques différentes dans les deux hémispheres.

Je me suis ensuite intéressée a la forme générale que prennent les
sillons autour de la scissure sylvienne a 40s APM, en sélectionnant un
ensemble de points appartenant aux sillons proches d'elle dont
I'inclusion a été pondérée par leur distance a elle (pondération
Gaussienne). L'objet résultant capture les éléments de sillons proches
de la scissure sylvienne et permet d'étudier ce que je nomme dans la
suite la région périsylvienne. La premiere dimension de I'lsomap de
cette région a démontré une forte asymétrie, capturant un phénomene
de plus grande proximité des lobes frontal et temporal dans
I'némisphere gauche par rapport au droit, ainsi que la plus forte
courbure a droite de la partie postérieure de la scissure sylvienne, qui
impacte la disposition les sillons avoisinants.

Avec une méthodologie similaire, j'ai choisi de m'intéresser a la région
frontale inférieure par intérét pour l'aire fonctionnelle associée, I'aire
de Broca, impliquée dans la production du langage et latéralisée a
gauche chez 90 % des étres humains (Knecht et al., 2000). J'ai donc
défini un objet représentatif de la région frontale inférieure en
pondérant l'inclusion de ses sillons constitutifs (en incluant les
branches de la scissure sylvienne) par leur distance au point de
branchement antérieur de la scissure sylvienne. La premiére dimension
d’'Isomap de |'objet résultant a a nouveau capturé une forte asymétrie,
semblant encoder I'enfoncement du rameau horizontal antérieur (plus
enfoui a gauche) et la profondeur du sillon frontal inférieur (plus
profond a droite).

En corrélant les dimensions des différents objets d'étude, j'ai de plus
observé des liens entre les dimensions asymétriques, suggérant une
dynamique de forme divergente entre I'hémisphere gauche et droit.
La combinaison des observations de forme de la scissure sylvienne, de
la région périsylvienne et de la région frontale inférieure m'ont menée
a émettre I'hypothese que le processus d'opercularisation présenterait
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12.7.1

une dynamique de formation différente du processus de sulcation, se
traduisant notamment par une l'avance de I'hémisphére gauche sur
I'hnémisphere droit, selon un ordre inverse a celui recensé pour la
sulcation.

Cette étude a mené a un article qui n'est pas encore soumis mais que
nous avons l'intention de soumettre a la revue Cerebral Cortex.

DISCUSSION
L'étude du plissement cortical

L'étude du plissement cortical étant un champ d'étude relativement
récent, l'effort de recherche a tendance a favoriser les sillons et
scissures primaires, qui se forment en premier, sont plus profonds, et
dont l'identification est généralement moins ambigué que celle des
sillons issus des vagues secondaire (a partir de 32s APM) et tertiaire (a
partir de 38s APM) de plissement (Chi et al., 1977a ; Feess-Higgins &
Laroche, 1987). En étudiant le sillon central et la scissure sylvienne, j'ai
suivi cette mouvance, également pour des raisons de chronologie
d'apparition de ces plis, qui peuvent étre extraits des 30s APM, et pour
obtenir des résultats interprétables au vu de la littérature préexistante.
J'ai ainsi qualifié la forme du sillon central de maniere détaillée a 30 et
40s APM, observé une asymétrie de motif sulcal a 40s APM qui n’avait
pas été mis en évidence par simple comparaison de longueur sulcale
dans la méme cohorte (Kersbergen et al., 2016), et qui ressemble
vivement a I'asymétrie capturée chez I'adulte (simple ou double « knob
») (Sun et al, 2012). Au niveau de la scissure sylvienne, nous avons
retrouvé des asymétries signalées au préalable (en termes de longueur
et de courbure ; Chi et al., 1977b ; Dubois et al., 2010), observé de
nouvelles asymétries (tendance a se courber en arriére et a avoir une
branche, profondeur de la bosse supramarginale hémisphere gauche),
et rapporté des caractéristiques de variabilité en forme qui semblent
dépendre de I'hémisphere a 30s APM mais pas a 40s, suggérant une
asymeétrie développementale précoce qui est compensée avant I'AET.
Par ailleurs, pour le sillon central comme la scissure sylvienne, les
corrélations entre 30 et 40s APM ont suggéré un encodage précoce de
la majorité des caractéristiques de forme.
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12.7.2 Considérations sur la pertinence méthodologique

Mes choix méthodologiques ont été faits avec un objectif exploratoire.
L'utilisation de I'algorithme d’lsomap a rendu chacune de mes études
spécifiques a la cohorte, dans la mesure ou I'on ne peut pas projeter
de nouveau sujet sur une dimension d’lsomap préétablie. Cette
méthode nous a cependant permis de qualifier et quantifier la
variabilité en forme de nos différents objets d'étude de maniere
continue (sans opérer de groupement de type « clustering ») et de
facon tres détaillée. En contrepartie, I'applicabilité clinique des
classifieurs de devenir moteur étant intrinsequement tres limitée, j'ai
opté pour un paramétrage prudent des classifieurs di a la taille réduite
de la cohorte, ce qui pourrait expliquer leurs faibles performances. Ces
études exploratoires ont néanmoins permis d'identifier une
caractéristique de forme d'intérét qui pourrait par la suite étre étudiée
a plus grande échelle, sur de nouvelles cohortes, a I'aide de méthodes
de paramétrisation non dépendantes de la cohorte d'étude (par
exemple Cykowski et al., 2008).

12.7.3 Le développement sulcal précoce

Les observations faites sur le sillon central et la scissure sylvienne
suggerent une continuité globale de I'encodage des caractéristiques
de forme des plis primaires entre 30 et 40s APM, ainsi qu'un faible
impact de la croissance des sillons secondaires et tertiaires sur la forme
des sillons et fissures primaires. Pour la scissure sylvienne, j'ai observé
une caractéristique de forme postérieure a la région de l'insula qui
montrait une corrélation entre 30s et 40s APM plus importante dans
I'némisphere droit, et j'ai émis I'hypothése qu'elle découlerait d'un
phénomene de sulcation plutét que d'opercularisation.

12.7.4 Une dynamique différente entre opercularisation et sulcation

La question de la différence de dynamique et d'asymétries entre
sulcation et opercularisation s'est posée a l'occasion des études
régionales que j'ai menées pendant cette these, en lien avec la forme
fine de la scissure sylvienne. Les asymétries de la région périsylvienne
rapportées de maniere trés reproductibles chez I'humain, et différentes
de celles observées chez le chimpanzé (Hou et al., 2019), pointent vers
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un controle génétique important des changements morphologiques
observés au niveau de cette région. Les fortes asymétries que j'ai
capturées dans les régions périsylvienne et frontale inférieure, en lien
avec les asymétries de la scissure sylvienne, semblent pointer vers une
avance d'opercularisation dans ['hémisphere gauche. Or une
précédente étude avait montré une absence de relation entre
I"asymétrie de longueur de la partie postérieure de la scissure sylvienne
et celle de profondeur du sillon temporal supérieur (Glasel et al., 2011),
laissant deviner un controle génétique différent entre processus de
sulcation (observé pour le sillon temporal supérieur) et celui
d’'opercularisation (engendrant la scissure sylvienne).

12.7.5 Liens entre asymétries interhémisphériques et latéralisation
fonctionnelle

Parmi les asymétries précoces du cerveau en développement, les plus
fréquemment rapportées sont |I'asymétrie de la scissure sylvienne en
faveur de la gauche et I'asymétrie du sillon temporal supérieur en
faveur de la droite. En plus des asymétries liées a I'opercularisation que
nous avons abordées précédemment, deux asymétries
supplémentaires de motifs de plissement ont été identifiées : au niveau
du cortex cingulaire (Duan et al,, 2019), et du sillon central (démontré
dans cette these). Ces régions anatomiques sont toutes en lien avec
des régions fonctionnelles latéralisées : le sillon temporal supérieur et
la scissure sylvienne peuvent étre rattachés au traitement du langage,
le sillon central a la latéralisation motrice, et les sillons cingulaires a la
latéralisation des réponses inhibitrices (Serrien et al., 2013), bien que
de maniere moins clairement définie que pour le langage et la
motricité. Ayant acces aux données de latéralité manuelle a 5 ans des
sujets de la cohorte d'étude, j'ai tenté de mettre en relation cette
information fonctionnelle/comportementale avec le motif de
plissement du sillon central. Cependant, malgré une tentative de
sélectionner les sujets présentant une latéralité manuelle « naturelle »
(non liée a des phénomenes pathologiques), les résultats obtenus ont
montré une complémentarité des facteurs cliniques avec les
caractéristiques de forme, suggérant un impact des adversités liées a
la prématurité sur la latéralité des sujets. Ceci a remis en perspective le
caractere non-représentatif de ma cohorte d'études vis-a-vis d'un
développement typique des enfants, la prématurité extréme étant
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conue comme ayant un impact sur la latéralisation fonctionnelle
(Domellof, 2011 ; Tseng et al., 2019). Nous ne pouvons donc exclure
que la naissance prématurée et les affections périnatales qui y sont
liées, ont eu un impact direct ou indirect sur les résultats observés. La
prématurité extréme a effectivement été démontrée comme ayant un
impact sur la latéralisation fonctionnelle (Domelléf, 2011 ; Tseng et al,,
2019).

12.7.6 Conclusion et perspectives

Au cours de ma these, j'ai contribué a affiner la description des
caractéristiques de forme du sillon central et de la scissure sylvienne,
ceci au cours du développement et de maniére longitudinale : ceci m'a
permis de mettre en évidence leur encodage précoce ainsi que des
asymeétries importantes entre hémispheres. J'ai par ailleurs évalué la
capacité prédictive de la forme du sillon central sur le devenir moteur
des enfants, et j'ai capturé des asymétries régionales au niveau des
régions périsylviennes qui suggerent une différence de dynamique
développementale entre opercularisation et sulcation.

Pour aller plus loin, il faudrait poursuivre I'effort de description de la
variabilité en forme des sillons et de ses relations avec la spécialisation
et la latéralisation fonctionnelles dans le cerveau mature, reproduire
mes études sur des nouveau-nés sains nés a terme pour identifier
I'étendue de la variabilité typique, mais aussi sur de plus grandes
cohortes de prématurés pour investiguer davantage les liens entre
plissement, prématurité et devenir fonctionnel. La question des
différences entre opercularisation et sulcation devrait étre également
approfondie, ainsi que les liens entre asymétries morphologiques des
régions périsylviennes et développement de la latéralisation
fonctionnelle pour le traitement du langage. Enfin, les méthodes
présentées dans cette thése pourraient étre élargies a d'autres sillons
et régions d'intérét, notamment aux sillons secondaires et tertiaires,
dont les motifs pourraient étre vecteurs d'information fonctionnelle
précieuse (Miller et al., 2021).
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“Mieux vaut regarder la ou on ne va pas,
parce que, la ou on va,
on saura ce qu'il y a quand on y sera”
Proverbe Shadok, Jacques Roussel

“Better look at where we are not headed,
because, where we are going,
we will know what there is when we get there”
Shadok proverb, Jacques Roussel
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