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ARTICLE INFO ABSTRACT

Keywords: The folding of the human brain mostly takes place in utero, making it challenging to study. After a few pioneer

Sulcus studies looking into it in post-mortem foetal specimen, modern approaches based on neuroimaging have allowed

I(jyriﬁcation the community to investigate the folding process in vivo, its normal progression, its early disturbances, and its

Netusei relationship to later functional outcomes. In this review article, we aimed to first give an overview of the current
eonates . . . . ) . . . .

Prematurity hypotheses on the mechanisms governing cortical folding. After describing the methodological difficulties raised

MRI by its study in fetuses, neonates and infants with magnetic resonance imaging (MRI), we reported our current
understanding of sulcal pattern emergence in the developing brain. We then highlighted the functional relevance
of early sulcal development, through recent insights about hemispheric asymmetries and early factors influ-
encing this dynamic such as prematurity. Finally, we outlined how longitudinal studies have started to relate
early folding markers and the child’s sensorimotor and cognitive outcome. Through this review, we hope to raise
awareness on the potential of studying early sulcal patterns both from a fundamental and clinical perspective, as
a window into early neurodevelopment and plasticity in relation to growth in utero and postnatal environment of
the child.

1. Introduction

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. Yet, even though one
can identify the same sulcus in two different brains, the shape and
orientation of this sulcus will differ. This calls for an investigation of the
variability of cortical folding and its significance. Historically, the study
of cortical folds was undertaken in the context of descriptive anatomy (e.
g. Cunningham, 1892), and it is still nowadays investigated in this light,
with advances in neuroimaging now allowing in vivo observations, with
more reliable measures on larger cohorts (e.g. Sprung-Much and Pet-
rides, 2018).

Since a few years, the study of sulci has taken a new turn, once again
thanks to the advancement of neuroimaging, with the consideration of
links between sulcal pattern and functional activations: many cerebral
responses have been located in specific anatomical regions, which may
themselves be constrained by gyral and sulcal patterns. The inter-
individual folding variability (as illustrated in Fig. 1, along with an
atlas of folds (Borne, 2019) with the nomenclature used in this review,
detailed in Table 1) might then partly explain the variability observed in
functional activations across subjects. Such potential links evidenced the
importance of taking the folding variability into account for
inter-subject alignment to match analogous functional regions in
different brains (for review, see Mangin et al., 2015a; Mangin et al.,
2016). This also led to an effort in the search for anatomo-functional
correlates. Recently, some links have been demonstrated between

Abbreviations: IUGR, intra-uterine growth restriction; IVH, intraventricular haemorrhage; MRI, magnetic resonance imaging; SPANGY, spectral analysis of gyr-
ification; TEA, term-equivalent age; w GA, weeks of gestational age; w PMA, weeks of post-menstrual age.
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sulcation and brain function, cognition and behaviour (for review, see
Jiang et al., 2021), and, in some specific regions, linked sulcal pattern to
the localization of functional activations, as for example the location of
activations for hand movements and silent reading in relation to the
shape of the central sulcus (Sun et al., 2016). This raises questions about
whether the formation of folds might be related to the emerging func-
tional specialization during development.

Before diving in the core subject of the current review, the devel-
opment of cortical folds, let us address some fundamentals about the
folded brain. In terms of general post-natal development of the brain, 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 surface area is similar during human
development and primate evolution, and consequently suggested that
regions of recent evolutionary expansion may benefit from maturing
after birth, either for post-natal environment integration, or to prioritize
early-life resources on regions optimizing early-life survival. This study
was an elegant example of the use of comparative description of brain
features between different species to gain insights on the human brain
development, and this concept has also been applied to the evolution of
cortical folding across species (for review, see Zilles et al., 2013; Van
Essen et al., 2019).

In terms of general considerations on the folding of the human brain,
a first global observation is that the degree of gyrification scales with
brain size. Larger brains show more augmentation in surface area than in
cortical thickness following an allometric scaling law, showing more
folds (Im et al., 2008; Germanaud et al., 2012). Moreover, globally the
sulcal pattern remains stable during the lifespan, with only minor
changes reported during childhood (Blanton et al., 2001). During
adolescence, the cortex flattens, mostly in the frontal and occipital
cortices (Aleman-Gomez et al., 2013). During adulthood, sulci widen
and become shallower with age, more importantly in men for a set of
sulci (Kochunov et al., 2005). Yet, this does not seem to affect signifi-
cantly the sulcal patterns that appear early on; a striking example is the
longitudinal stability of the pattern of a variable tertiary sulcus — namely
the paracingulate sulcus — which was reported to be fixed in every single
subjects from 7 to 32 years of age (Cachia et al., 2016).
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This longitudinal stability of folding patterns erects sulcal pattern as
a lead macroscopic anatomical proxy for in utero development (Mangin
et al., 2010; Cachia et al., 2021). In this sense, sulcal pattern has been
reported to correlate to prenatal dispositions to cognition (e.g. the
pattern of the occipitotemporal sulcus relates with reading accuracy;
Cachia et al., 2018), response to later-life neurological adversities (e.g.
the pattern of orbitofrontal sulci is related to transition to psychosis in
at-risk patients; Lavoie et al., 2014), and flat-out developmental anom-
alies in links with pathologies (e.g. congenital one handers show a
significantly flatter central sulcus contralateral to the absent limb than
for acquired amputation and control situations; Sun et al., 2017).

The use for sulcal pattern as a proxy for in utero development makes
it crucial to have a clear understanding of why, how and when the
different cortical folds emerge, and their relation to function. We
therefore attempt to review the different elements of answer to these
questions. In a first part, we describe our current understanding of the
mechanisms at play, as well as the progression of cortical folding in the
developing brain after having summarized the complexities of early-life
MRI studies. In a second step, we highlight the possible links between
sulcation and function development at a very early age, first through
asymmetry studies, then considering early deviations in folding, and
finally looking into longitudinal development studies in preterm infants.

2. Folding mechanisms and progression in the human brain
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: opercularization and sulcation.
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 insula), and resulting
in the Sylvian Fissure. On the reverse, sulcation per se seems to be due to
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Table 1

Detailed names for sulci and fissures in Fig. 1.A.

acronym sulcus/fissure name
F.C.L.a. anterior Sylvian fissure
F.C.L.p. posterior Sylvian fissure
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
F.C.L.r.retroC.tr. transverse retrocentral ramus of the Sylvian fissure
F.C.L.r.sc.ant. anterior sub-central ramus of the Sylvian fissure
F.C.L.r.sc.post. posterior sub-central ramus of the Sylvian fissure
F.C.M.ant. anterior cingulate sulcus
F.C.M.post. posterior cingulate sulcus
F.Cal.ant.-Sc. calcarine sulcus
Cal.
F.Coll. collateral sulcus
F.LP. intraparietal sulcus
F.LP.Po.C.inf. inferior postcentral sulcus
F.LP.r.int.1 first interior ramus of the intraparietal sulcus
F.IP.r.int.2 second interior ramus of the intraparietal sulcus
F.P.O. occipitoparietal sulcus
INSULA insula
OCCIPITAL occipital sulci
S.C. central sulcus
S.C.LPC. paracentral lobule central sulcus
S.C.Sylvian. central Sylvian sulcus
S.Call. subcallosal sulcus
S.Cu. cuneal sulcus
S.F.inf. inferior frontal sulcus
S.F.inf.ant. anterior inferior frontal sulcus
S.F.int. internal frontal sulcus
S.F.inter. intermediate frontal sulcus
S.F.marginal. marginal frontal sulcus
S.F.median. median frontal sulcus

S.F.orbitaire.
S.F.polaire.tr.
S.F.sup.
S.GSM.
S.intraCing.
S.Li.ant.
S.Li.post.
S.0.p.
S.0.T.lat.ant.
S.0.T.lat.int.
S.0.T.lat.med.
S.0.T.lat.post.
S.Olf

S.0r.

S.p.C.
S.Pa.int.
S.Pa.sup.
S.Pa.sup.
S.Pa.t.
S.Pe.C.inf.
S.Pe.C.inter.
S.Pe.C.marginal.
S.Pe.C.median.
S.Pe.C.sup.
S.Po.C.sup.
S.R.inf.
S.R.sup.

S.Rh.

S.

S.T.i.ant.
S.T.i.post
S.T.pol.
S.T.pol.

S.T.s.
S.T.s.ter.asc.ant.

S.T.s.ter.asc.
post.
ventricle

frontal orbary sulcus

transverse polar frontal sulcus
superior frontal sulcus

sulcus of the supra-marginal gyrus
intracingulate sulcus

anterior intralingual sulcus
posterior intralingual sulcus
occipitopolar sulcus

anterior lateral occipitotemporal sulcus
internal occipitotemporal sulcus
medium lateral occipito-temporal sulcus
posterior lateral occipito-temporal sulcus
olfactive sulcus

orbital sulcus

paracentral sulcus

internal parietal sulcus

superior parietal sulcus

superior parietal sulcus

transverse parietal sulcus

inferior precentral sulcus
intermediate precentral sulcus
marginal precentral sulcus
median precentral sulcus

superior precentral sulcus
superior postcentral sulcus
inferior rostral sulcus

superior rostral sulcus

rhinal sulcus

sub-parietal sulcus

anterior inferior temporal sulcus
posterior inferior temporal sulcus
polar temporal sulcus

polar temporal sulcus

superior temporal sulcus

anterior terminal ascending branch of the superior temporal

sulcus

posterior terminal ascending branch of the superior temporal

sulcus
ventricle
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given region, resulting in the apparition of sulci.

As detailed in the next sections, cellular biology, genetics and
biomechanics have proposed different models to describe and explain
these folding mechanisms, initially investigated separately and sum-
marized here in order to gain a better overall understanding of the
process.

2.1.1. Cellular biology

In terms of cellular biology, a comprehensive review precisely
depicted the detailed organization of the foetal and neonatal brain
(Kostovic et al., 2019). Here, we focus on processes which are directly
linked to cortical folding. A first observation is that in the mature brain,
the cortex 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 and
Borrell, 2019). In gyrencephalic species, these specificities arise from the
multiple neurogenetic events concurring in the developing brain,
including neuronal and glial cell proliferation and migration. Regarding
proliferation, in the ferret, a heterogeneous rate of neurogenesis has
been reported in the basal germinal zones, inducing, in the developing
cortical plate, regions of higher neuronal density and regions of lower
neuronal density. These were reported to respectively match future
gyral crests and future sulcal fundi, eventually resulting in a homoge-
neous neuronal density across the cortex in the mature brain, due to
more folding and area expansion in the higher neuronal density regions
(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 with induced
cortical folding and differentiated the ones which resulted in realistic
folding properties from those which did not (Borrell, 2018). Radial glial
cells, which guide the migration of neurons from the ventricular and
subventricular proliferative zones to the cortical mantel, 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 configurations in the regions
undergoing greater folding expansion inducing a greater tangential
expansion of radially migrating neurons (Llinares-Benadero and 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 somas are located both in the inner
and outer subventricular zones where they undergo mitosis. The large
number of basal glial cells, which extend their basal fibre in the
pre-existing radial glial scaffold, cause a divergence in it (Fig. 2. A). A
recent review further suggested that the subplate (a transient layer of
neurons between the cortical plate and the intermediate zone — future
white matter, Fig. 2. B) may drive cortical folding through directional
cues to guide fibres (Rana et al., 2019).

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
which were associated to differences in proliferation and neuronal
migration (Llinares-Benadero and Borrell, 2019). In link to the oper-
cularization mechanism, in the human, it was reported that the frontal,
parietal and temporal lobes show differences in transcriptome compared
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to the insula, including genes related to neuronal proliferation and dif-
ferentiation (Mallela et al., 2020). The ratio between subplate and
cortical plate thicknesses during foetal development has been correlated
to regional gene expression levels (Vasung et al., 2021). 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 folding. For example, in pathology, an association
has been reported between bilateral frontoparietal polymicrogyria
(inducing abnormally small and numerous gyri in the frontal and pari-
etal 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 genetic heritability of various sulcal metrics has
been tested, which led to the conclusion that earlier forming sulci show
higher heritability and that the most heritable sulcal metric is sulcal
width, at least during ageing (Pizzagalli et al., 2020). Although these
different results suggested some genetic 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 be-
tween monozygotic twins have been reproduced comparing them to
unrelated pairs of subjects using sulcal graph matching based on sulcal
pits (Im et al., 2011) (as discussed below, these pits are local depth
maxima of sulcal basins, identified by watershed algorithms; Mangin
et al., 2015b). It is interesting to assess genetic constraints using such a
model, since sulcal pits or roots have been hypothesized to be anatom-
ical 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: Rakic, 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 symmetric genetic influences on the left and right hemispheres
(Le Guen et al., 2018). Moreover, this study reported a specific herita-
bility asymmetry across the two hemispheres, in the superior temporal
sulcus, with the left one being more genetically constrained. Further
investigation found an association between the anatomy of superior
temporal regions and a given genomic region, in the depth of the left
superior temporal asymmetrical pit (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 and Grant, 2019). From this corpus of
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ferret at the embryonic stage (courtesy of Lli-
nares-Benadero and Borrell, 2019), and in B. in
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stages (courtesy of Kostovic et al., 2019). aRGC:
apical radial glial cell; bRGC: basal radial glial
cell; CP: cortical plate; CX: cortex; IPC: inter-
mediate progenitor cell; ISVZ: inner sub-
ventricular zone; IZ: intermediate zone; MZ:
marginal zone; OSVZ: outer subventricular
zone; SP: subplate; SVZ: subventricular zone;
VZ: ventricular zone; WM: white matter.
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evidence, we can conclude that genetic influence is crucial for the for-
mation of folds, but not sufficient to explain the variability of folding
patterns in the human brain.

2.1.3. Biomechanics

The missing piece of the puzzle is perhaps biomechanics. Diverse
biomechanical models considering different tissues with different
viscoelastic 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, physical
mathematics, and computational models (Toro and Burnod, 2005; Bayly
et al., 2014; Garcia et al., 2018a; Kroenke and Bayly, 2018; Foubet et al.,
2019; Heuer and 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 and Bayly, 2018).
Models for cortical folding can be dichotomized between those which
consider that the governing forces arise from either the outer or the
inner layer. A first model of outer-layer governing forces is based in the
hypothesis that the skull and meninges constrained the outer expansion
of the cortex, forcing it to fold in order to fit in its container. This hy-
pothesis was disproved, notably through the observation of gyration
after relieving cranial pressure in cats (Welker, 1990). Another
outer-layer governing forces model relies on the hypothesis that the
tangential expansion is greater for the outer zone than for the inner
zone, inducing a mechanical buckling which results in cortical folding
(Toro and Burnod, 2005). Contrarily to the former hypothesis, this hy-
pothesis is supported by biophysical models using swelling gels (Talli-
nen et al., 2014; Tallinen et al., 2016) and numerical simulations (Xu
et al.,, 2010; Tallinen et al., 2016). By building a smooth brain mimic
with either layered gels or simulation (using quantitative measurable
parameters), and expanding the outer layer (by swelling for gels) faster
than the inner layer, the resulting convolutions resemble the folding of
the developing brain (Tallinen et al., 2016). The consistency of this
hypothesis and experimental results pushed further investigation 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, additional
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computational efforts have been deployed to model the variability of
brain folding pattern through reaction-diffusion mechanisms based on
Turing morphogens to mimic the differential growth of sulci and gyri
(Lefevre and Mangin, 2010). This model resulted in developmentally
consistent patterning of the brain and in variations in sulcal pattern
matching some observed in real-life (such as sulcal interruptions).

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 has been observed (Xu et al., 2010). Another
inner-zone governing forces theory, more popular than the previous one,
relies on the hypothesis of axonal tension. The seminal article suggested
that the tension along axons pulled the sulcal walls together, inducing
folds by pulling together strongly connected cortical regions while
allowing more weakly connected regions to drift apart (Van Essen,
1997). Axonal tension has indeed been reported in the developing ferret
brain, yet not in the direction which would induce folding (Xu et al.,
2010), apparently disproving the axon tension hypothesis. Nevertheless,
an updated version of the tension-based morphogenesis has been pro-
posed with the “differential expansion sandwich plus” (Van Essen,
2020), which offers to solve the apparent contradiction between
tension-based models and experimental observations. In it, the contri-
bution of different cells and different cortical and subcortical layers to
the folding of the brain are detailed, inducing either radial, tangential or
pathway-specific tension depending on the type of cell and region. All in
all, the role of white matter in cortical folding is most likely complex and
should not be overlooked.

These biomechanical models greatly inform on folding mechanisms,
but do not seem to be sufficient by themselves to account for the
complexity of the phenomenon as well as the similarities and dissimi-
larities observed across individual brains. Indeed, these biomechanical
models have to be parametrized based on biological phenomenons (and,
by extension, on genetic ones), both for initial conditions and dynamics.
In any case, biomechanical forces may fill in the last brick of cortical
folding dynamics, with plausible causes for inter-individual variability.
Yet, it should not be reduced to the final brick, coming after cellular and
genetic considerations, since all three are deeply intertwined: mechan-
ical forces, in turn, affect cellular activity. Biological forces affect ge-
ometry through mechanical stress, impacting the pathways of
morphogens and signalling molecules (Foubet et al., 2019; Heuer and
Toro, 2019).

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 mechanisms are
not only concurrent but also interactive, and recent reviews advocate
the combination of the three domains to understand the complex
mechanisms at play. Among them, some have focused on the combina-
tion of cellular biology and biomechanics (Lewitus et al., 2013; Ronan
and Fletcher, 2015; Striedter et al., 2015), including a dual perspective
review with both a cellular biology (Borrell, 2018) and a biomechanistic
(Kroenke and 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 and 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 and Borrell, 2019). All in all, these
models become meaningful when confronted to in-vivo observations.
Refined in-vivo imaging of the human brain is currently best achieved
through magnetic resonance imaging (MRI), especially during devel-
opment. It should be noted that it 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). Nevertheless, MRI-based developmental analyses require
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specific methodological implementations because of the many hurdles
in acquisition and processing of fetal and neonatal MRI.

2.2. Investigating early cortical folding through MRI

Now that we have clarified the current understanding of the folding
mechanisms, we aim to address the difficulties of studying sulcation in
vivo in the fetus, newborn (post-natal age below 28 days) or infant
(below 1 year of age) through the means of MRI. Recent reviews have
brilliantly assessed the situation and explored the limits and perspective
of early-life neuroimaging (Vasung et al., 2019; Li et al., 2019; Dubois
et al., 2021), with the second one focusing more on computational de-
velopments to adapt methodologies implemented for the adult brains to
the infant brain. In order to summarize the difficulties arising from the
study of early folding, we here highlight some considerations regarding
acquisition and processing of MRI data, and some ulterior computa-
tional methods which have required methodological adaptations.

2.2.1. MRI acquisition and processing

The first hurdle to overcome is MRI acquisition, most complex in the
fetus, but also challenging in the neonate and in the infant (cf. Table 2.
A). Then, it is necessary to reconstruct the image, to compensate for low
image spatial resolution relatively to the brain structure size and to
correct motion-related artefacts particularly in fetus images resulting
from fast multi-slice imaging (cf. Table 2. B).

After that, the MRI images need to be segmented to allow analyses, by
differentiating the different components of the image into supposed
cerebral tissues (such as grey matter, white matter and cerebrospinal
fluid) and structures (e.g. lobes, sub-cortical structures) based on their
contrasts, morphology and sometimes location. 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 fetus and neonate (cf. Table 2. C; for review, see:
Makropoulos et al., 2018b). 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-menstrual age (w PMA) (Isgum et al., 2015). A recent article pro-
posing an open dataset of manually segmented foetal brains (including
healthy and pathological subjects) also offered a benchmark of ten
different segmentation algorithms which were produced by four
different teams, and which included a multi-atlas segmentation
approach 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).

The resulting segmentations allow the extraction of different objects
and measures useful for subsequent analyses, including cortical surfaces
necessary for sulcal detection. Sulcal analysis can be apprehended on
either a whole brain or regional level (which are further qualified as
global approaches), or in a sulcus-specific approach, in which case the
sulcus of interest has to be identified prior to the analysis. In global
approaches, curvature-based methods allow a parametrization of
folding to assess inter-individual differences (e.g. Luders et al., 2006;
Boucher et al., 2009). In the very young brain, sulcal detection is chal-
lenging because of its rather smooth configuration in its early develop-
mental stages. Before even assessing sulcal metric, this can make it
challenging to define borders for region-wise analyses (cf. Table 2. D). In
sulcus-specific approaches, their detection, usually based on local cur-
vature properties (Dubois et al., 2008a), can be biased by acquisition
noise, and classic object-based approaches used in the adult are not al-
ways suitable. For example, in the adult, the sulcal pits approach is
based on such curvature properties, with sulcal pits defined as the local
depth maxima of sulcal basins, in order to provide more stable land-
marks than sulci (Fig. 3. A; Lohmann et al., 2008; Im et al., 2010). It is
particularly interesting to evaluate sulcal pits in the very young brain, as
the sulcal pits are closely related to the sulcal roots model, which
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Table 2
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Overview of methods to overcome technical difficulties in the analysis of early-life MRI data for brain folding explorations.

MRI step

Technical difficulties

Method

References (non-exhaustive list)

A. Image acquisition

Fetus in the womb: angle of acquisition, field of
view, mother’s tissues, fetal movements, mother’s
breathing

Brain structure size relatively to image spatial
resolution

Contrast changing with maturation

Ultra-short imaging sequences
of T2-weighted images

Reviews:
Fetus:Studholme (2015)
Fetus, neonate and infant: Dubois et al. (2014)

B. Image
reconstruction

Head movements
Low spatial resolution compared with brain size

Motion correction
Inhomogeneities correction
Super-resolution

Fetus:Rousseau et al. (2006);Gholipour et al. (2011);
Kuklisova-Murgasova et al. (2012);Rousseau et al. (2013)
Neonate:Cordero-Grande et al. (2018);Makropoulos et al.
(2018a)

C. Segmentation of
brain tissues

Head movements
Low spatial resolution
Contrast changing with maturation

Atlas-based segmentation relying
on spatial registration

Fetus:Habas et al. (2010)

Preterm infant:Cardoso et al. (2013);Kim et al. (2016b);Liu
et al. (2016)

TEA preterm infant:Anbeek et al. (2013);Makropoulos et al.
(2014)

Term-born neonate:Prastawa et al. (2005);Shi et al. (2010);
Wang et al. (2011);Wang et al. (2015);Bae et al. (2021)

Intensity-based segmentation
with topological constraints

Fetus:Gholipour et al. (2011)

Preterm infant:Dubois et al. (2008a);Moeskops et al. (2015)
Term-born neonate:Hill et al. (2010);Leroy et al. (2011);Gui
et al. (2012)

Deep-learning benchmark

Fetus:Payette et al. (2021)
Infants:Zhao et al. (2022)

D. Brain parcellation

Brain too smooth so little sulcal landmarks between
anatomical regions

Intrinsic geometric information

Fetus:Lefevre et al. (2018)

Evolution of cortical parameters

Fetus:Xia et al. (2019)

Atlas-based

Term-born neonate:Adamson et al. (2020)

E. Sulcal detection

Folds barely deepened so difficult to detect given the
image spatial resolution

Local curvature properties
Adjusting parameters

Fetus:Im and Grant (2019);Auzias et al. (2015)
Preterm infant:Dubois et al. (2008a),Bouyeure et al. (2017)
Term-born neonate:Meng et al. (2018)

F. Automated sulcal
identification

Brain and region size, intensity and localization of
sulcation changing with age

Use of foetal atlas
Local curvature properties

Fetus:Yun et al. (2019)

G. Registration

Anatomical landmarks missing

Volumetric group-wise
registration

Fetus:Habas et al. (2012)

Sulcal matching

Preterm, term and adult:Lebenberg et al. (2018)
Fetus:Auzias et al. (2015)
Preterm and TEA preterm:Orasanu et al. (2016)

Spectral surface matching

Fetus:Wright et al. (2015)

Multi-modal surface matching

Preterm and term-born infants:Robinson et al. (2018)
Preterm infants (longitudinal):Garcia et al. (2018b)

TEA: term-equivalent age

hypothesises that sulcation develops from stable elementary folds
appearing during the foetal stage, with sulci resulting from the merging
of these stable elementary folds (Cachia et al., 2003; Régis et al., 2005;
Auzias et al., 2015). Yet, for sulcal pit extraction in term-born neonates,
the changes in brain size prevent from using fixed threshold parameters,
as in the adult (cf. Table 2. E).

For sulcus-specific approaches, as suggested above, an additional
difficulty lies in labelling of the sulci to isolate the object of interest. In
the adult, manual labelling by trained expert based on reference atlases
(Ono et al., 1990; Petrides, 2019) is still widely used, but different ap-
proaches for automatic sulcal labelling have been developed (for review,
see Mangin et al., 2015b), because manual labelling is complex and
sometimes ambiguous, even for trained experts, and it is not sustainable
for studying large cohorts. Yet, automatic sulcal labelling is challenging
in the fetus and early preterm because of age-related changes in brain
size, sulcation, and relative position and size of cortical regions (cf.
Fig. 1. C and D and Fig. 5). Hence the development of an automated
sulcal labelling for the foetal brain is particularly challenging (cf.
Table 2. F).

Group studies further require the images and cortical surfaces to be
spatially comparable, which is achieved through registration between

subjects. Brains with sufficient anatomical 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 devel-
opmental stages, special care should be taken (cf. Table 2. G). Never-
theless, some methods are compatible or made compatible with the
absence of anatomical landmarks, such as the HIP-HOP tool, a 2D sulcal
matching approach initially developed for the adult to diffeomorphi-
cally register pre-labelled sulci and allow correct alignments of grey and
white matter volumes (Auzias et al., 2013). This method does not
impose the strict match of specific sulci together but instead optimizes
the match between sulci and iso-coordinates in a whole-brain approach,
and is therefore compatible with the developing brain, despite its fewer
and less developed sulci (Fig. 3. B, Auzias et al., 2015).

As a whole, these refined methods enable precise in-vivo imaging
and pre-processing of foetal and neonatal brains and further allow for an
increasingly precise investigation of the developing brain, especially in
terms of folding.
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Fig. 3. Illustration of methods based on sulcal considerations. A. Sulcal pits of an individual adult brain projected on an averaged surface template (courtesy of Im
et al., 2010). B. Representation of the HIP-HOP method applied to foetal brains. Left. Each sulcus is mapped to a rectangular domain; Top right. Superposition of 15
foetal individuals after unconstrained mapping; Bottom right. Corresponding model with constrained mapping (courtesy of Auzias et al., 2015).

2.2.2. Sulcal analysis methods’ adaptation

Sulcal detection methods might allow for the investigation of folding
dynamics during development but this requires particular refinements.
Global folding approaches developed in the adult can sometimes be
transposed to the developing brain. For example, the spectral analysis of
gyrification (SPANGY) has been developed to question and quantify the
spectral distribution of the global and local shapes of the brain,
including the folding patterns (Germanaud et al.,, 2012). Initially
assessed on the adult, it has been applied to the developing brain,
leading to a refined comparison of sulcal dynamics between the preterm
and term newborn (cf. Fig. 7. B; Dubois et al., 2019). Very much like a
Fourier analysis does for temporal signals, the SPANGY tool relies on the
spectral decomposition of the cortical surface curvature on a basis of
elementary patterns of increasing spatial frequencies, defined at the
level of individual brain. This results in the decomposition of folding
pattern in 7 spectral bands of increasing frequencies (BO to B6), in which
BO to B3 bands capture the global shape of the brain while B4, B5, and
B6 bands account for the folds shaping with increasing spatial details. By
labelling each vertex of the cortical surface according to the locally
determinant frequency band, such analysis applied to neonates and in-
fants suggested that B4, B5, and B6 bands match sulci corresponding to
primary, secondary and tertiary folding waves that develop non linearly
in the preterm and early post-term periods (cf. Fig. 4. B). 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 hierarchical affinity propagation clus-
tering approach (Duan et al., 2019). This allowed for folding pattern
clustering in the neonate, uncovering representative folding patterns in
several brain regions.

In terms of sulcus-specific approaches, in the adult, numerous

methods have been used, to analyse simple metrics (e.g. Pizzagalli et al.,
2020), local sulcal index (e.g. Sarrazin et al., 2018), pattern or locali-
zation information (e.g. Cachia et al., 2018), or shape features (e.g.
Coulon et al., 2015). Some of these metrics are difficult to implement in
the developing brain, such as the local sulcal index, for which the sulci
are not deep enough to ensure reliable ratios, and others require
methodological adaptations. For example, methods which can rely on
the stability of the overall sulcal object’s size in adults, may need
computational adaptation when applied to the developing brain to ac-
count for the difference in sulcal size between two time-points during
early life (e.g. in the adult: Sun et al., 2016 vs in the preterm infant: de
Vareilles et al., 2022).

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 aim to detail the progression of sulcation in the human
brain, relying on both post-mortem and in-vivo data obtained in fetuses,
in preterm and term-born neonates and in infants, and focusing on the
current knowledge about folding dynamics in the developing brain,
before 2 years of age. A review on fetal and postnatal development of the
cortex addresses cortical folding in a subsection (Dubois and
Dehaene-Lambertz, 2015), and a review specifically explores it in the
light of sulcal pits (Im and Grant, 2019).

2.3.1. Chronology of the development of folds

Let us first expose the chronology of folds’ development. The first
observations about the developing folds were made on post-mortem
foetal 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). They develop
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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 and Laroche, 1987). This
question was thereafter reinvestigated using MRI in different pop-
ulations, including post-mortem fetuses (Chi et al., 1977a; Chi, . et al.,
1977b; Hansen et al., 1993), in-vivo fetuses (Garel et al., 2001; Habas
et al., 2012), and extremely preterm neonates (Dubois et al., 2008a), in
which hemispheric differences in the folds apparition were additionally
reported. The results of these different studies are summarized in Table 3
and visualized in Fig. 4. 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 minimal depth required to
detect a forming sulcus with their methodology, along with partial
volume effects present in MRI but not in post-mortem visual inspections,
and the possibility of damaged or deformed post-mortem specimen) yet
relay similar trends, which were further confirmed by additional studies
not explicitly detailing the chronology of appearance of specific folds,
but describing the time-line of sulcation by region.

In addition, the relative speed of sulcation has been assessed in the
different brain regions (Fig. 5. A; in the fetus: Habas et al., 2012; Wright
et al., 2014; in the preterm: Dubois et al., 2008a; Kim et al., 2016b), and
these studies reported 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 oc-
cipital 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.,

Table 3
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2010). When comparing growth rates by measuring cortical folding
features such as sulcal depth and mean curvature, the ordering of re-
gions is as follows: posterior temporal, parietal, fusiform and para-
hippocampal, occipital, frontal, temporal medial, and cingulate (in the
fetus: Wright et al., 2014; in the preterm: Kim et al., 2016b). As a result,
at the age equivalent to full-term birth (~40w GA), all primary and
secondary sulci are formed, as well as the majority of tertiary sulci: then
the overall sulcal shape is the same in neonates and adults and shows the
same folding variability (cf. Fig. 1 B. and C.), with the exception of less
convoluted anterior cingulate, anterior temporal cortices, and mid
temporal sulcus where a higher sulcal depth variability is observed in
neonates than in adults (Hill et al., 2010).

2.3.2. Emergence of folding patterns

In terms of global folding measures (by that, we mean non sulcus-
specific, including measures such as local gyrification indices), the
allometric scaling law between cortical surface area and cerebral vol-
ume showed a decreased scaling exponent with decreased gestational
age at birth in a preterm population ranging from 22 to 29w GA
(Kapellou et al., 2006). Region-wise, the evolution of curvature mea-
sures have been reported between 22 and 39w GA in the fetus (Wright
et al., 2014), and longitudinally, yet with surprisingly opposite results,
in the preterm between 30w and 40w PMA: one study reported the
highest gyrification change in the parietal and occipital lobes (Moeskops
etal., 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 values
were used in Moeskops et al., 2015, which may decrease noise effects

Chronology of appearance of sulci according to different studies, ordered by age of appearance in the princeps study Chi et al. (1977a).

Sulcus or fissure Age of appearance (w GA/PMA)

Chi et al. (1977a)
post-mortem, visual

Hansen et al. (1993)
post-mortem, MRI

Garel et al. (2001)
in-vivo, MRI, fetal

Dubois et al. (2008a),
in-vivo, preterm, MRI

Habas et al. (2012)

Left/Right
Interhemispheric fissure 10 8-13
Transverse cerebral fissure 10
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 sulcus 16 14-17
Insula’ 18 22
Cingulate sulcus 18 14-17 Posterior?: 22-23 Posterior: 20
anterior: 22-23 anterior: 23
Rhinal sulcus 23
Central sulcus® 20 18-22 24-25 24
Superior temporal sulcus 23 18-22 Posterior: 26, 27/26.7 25/24
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 sulcus® 25 22-25 27 28/27 27
Superior frontal sulcus 25 22-25 24-25 30/29 24
Intraparietal sulcus 26 22-25 27 30/29
Inferior temporal sulcus® 26 22-25 30 30/29
Occipital sulcus 27 22-25
Inferior frontal sulcus 28 26-29 26 30/30
Occipito-temporal sulcus’” 30 26-29 29
Secondary cingular sulci* 32 31
Secondary occipital sulci* 34 32
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 temporal sulcus, 7: inferior temporal sulcus. *groups of sulci preventing us from using

matching nomenclature
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Fig. 4. Chronology of the apparition of folds illustrated on a left hemisphere (lateral and medial views), corresponding to ages reported in Table 3. The main sulci
range from early (green) to late (deep blue) development as detailed in the reference article Chi et al. (1977a).
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Fig. 5. Evolution of cortical folding in the human brain
(Courtesy of Dubois et al., 2019). A. Reconstructions of
inner cortical surface of preterm newborns of different
post-menstrual ages (left number) and whole-brain sulca-
tion index (right number). The colours outline the surface
curvature. The surfaces are displayed with the same spatial
scale. B. Illustration of the evolution of folding based on
SPANGY analysis and plots of spectral band power as a
function of post-menstrual age (B4, B5 and B6 can be
considered as proxies of primary, secondary and tertiary
folding respectively).
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against a loss in precision. between 6 months and 2 years of age (Kim et al., 2016a). Even though
After normal-term birth, sulcation was reported to evolve differently the different cortical regions show asynchronous sulcal growth, the
between 0 and 1 year and 1-2 years of age, with sulcation rates decreasing global stability of the folding patterns between birth and 2 years of age
with development (Li et al., 2014) and sulcal complexity increasing has been assessed using sulcal pits, whose location and concentration
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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 specific
measures on a number of sulci, either in a longitudinal setting in preterm
infants, reporting the relative growth of sulci in terms of length and
surface area between 30 and 40w PMA (Kersbergen et al., 2016), or in
the assessment of fetuses ranging from 20 to 28w GA, reporting the
evolution of mean curvature (Habas et al., 2012). These studies have
given valuable overview of sulcation on the whole-brain-scale. More
pattern-oriented studies on the former preterm cohort reported an
important conservation of pattern both in the central sulcus (de Vareilles
et al., 2022) and in the Sylvian fissure (De Vareilles et al., 2023), sug-
gesting an early encoding of the shape specificities of these two primary
folds from 30w PMA. Using a multi-age fetal atlas, a study focusing on
the links between genetics and opercularization precisely characterized
the growth dynamics around the insula through Jacobian vector fields in
fetuses between 21 and 38w GA, showing the volumetric expansion of
the frontal, temporal and parietal opercula throughout this develop-
mental period (Mallela et al., 2020).

These folding processes, which concur with other developmental
mechanisms, could be important in the development of functional
specialization, seeing that sulcal anatomo-functional correlates are
observed in the adult (Jiang et al., 2021).

3. Functional relevance of early sulcal development

Studies linking early cortical folding and functional development are
scarce. Yet, since sulcal patterns emerging before the age of one year
have been linked to cognitive (e.g. Cachia et al., 2018), functional (e.g.
Sun et al., 2016) and pathological outcomes (e.g. Gay et al., 2017) at
later ages, it seems that essential information is encoded at a young age.
Before novel studies reach to investigate this subject further, the func-
tional relevance of cortical folding specificities is here questioned with
the lens of functional lateralization and deviations from the typical
developmental trajectory.

3.1. Early asymmetries in folding across hemispheres

Functional lateralization is a major characteristic of the human
brain, in particular regarding the language, sensorimotor and face pro-
cessing networks that develop early on to sustain the behavioural ac-
quisitions of infants (Dehaene-Lambertz and Spelke, 2015). The extent
to which the emergence of this lateralization is based on early
anatomical substrates during development has come to the fore in recent
years, leading to recent studies on inter-hemispheric asymmetries.
Findings suggest a general functional dominance of the right hemisphere
except for linguistic stimuli, as well as an earlier overall development of
the right hemisphere compared to the left one (Bisiacchi and Cainelli,
2022). One of the developmental mechanisms studied in terms of
asymmetries is the brain folding as several correlations in the adult brain
have been demonstrated between functional lateralization and asym-
metries in sulcation (e.g. Sun et al., 2016; Tissier et al., 2018), suggesting
anatomo-functional relationships in asymmetrical sulci. In terms of
hemisphere-wise development, the right hemisphere shows folding
onset and sulcal complexity earlier than the left one (Chi et al., 1977a;
Dubois et al., 2008a; Habas et al., 2012). This sulcation asynchrony across
brain hemispheres 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). Conversely, the left hemisphere has recently
been reported to show advance in opercularization, which could explain
the lasting length asymmetry of the Sylvian fissure (De Vareilles et al.,

10
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2023) and suggests fundamentally different dynamics in operculariza-
tion versus sulcation.

During the perinatal period, two sulcal asymmetries are most
consistently reported: the left Sylvian Fissure is longer and less curved
than the right one (Fig. 6. A; post-mortem: Chi et al., 1977a; in the fetus:
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 right superior temporal sulcus — more specifically its medium part — is
deeper in the right hemisphere (Fig. 6. B; in the fetus: Habas et al., 2012;
in the preterm: Dubois et al., 2008a; Dubois et al., 2010; Kersbergen
et al., 2016; in the term-born neonate: Hill et al., 2010; Glasel et al.,
2011; Lietal., 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, which sup-
ports the idea of a difference in morphogenetic processes inducing both
phenomena (i.e. sulcation on one hand versus opercularization on the
other hand). These early asymmetries may be related to the early func-
tional specialization for language perception and processing, which is re-
ported to be asymmetrically observed as soon as birth in the planum
temporale (Dehaene-Lambertz et al., 2006).

Additional sulcal asymmetries during development have been reported
using classical length and depth measures. In terms of rightward
asymmetries, we can name the dorsolateral portion of the right central
sulcus, as soon as 27w GA (Fig. 6. C; in the fetus: Habas et al., 2012; in
the term-born neonate: Li et al., 2014), the insula in the preterm infant at
term-equivalent age (TEA) (in terms of surface rather than depth; Ker-
sbergen et al., 2016), the inferior frontal sulcus at 30w PMA and TEA in
the preterm infant (Kersbergen et al., 2016), and the lateral occipito-
temporal sulcus in term-born 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), and the anterior part of the
temporal lobe, both medial and lateral, in the term born infant (Bozek
et al., 2018). The superior frontal sulcus has been reported to show a
reversed asymmetry with age, being deeper in the left hemisphere at
27w GA (Habas et al., 2012) but deeper in the right hemisphere at 40w
PMA (Kersbergen et al., 2016).

Finer asymmetries can be captured by looking further into shape and
pattern. When focusing on sulcal length, the descriptions for the Sylvian
fissure are limited to a longer left Sylvian fissure (Chi, . et al., 1977b),
while a voxel-based analysis better characterized that it extends more
anteriorly and posteriorly than the right fissure (Dubois et al., 2010),
and a sulcal shape analysis additionally reported that left fissures tend to
be flatter and to branch more than their right counterparts both at 30w
PMA and TEA, and that the left supramarginal gyrus tends to be more
profoundly anchored in the Sylvian fissure than the right at TEA (Fig. 6.
A; De Vareilles et al., 2023). Looking into the localization of sulcal pits,
hemispheric differences have also 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 showed a sulcal pit
cluster on the left but not on the right side; and the left central sulcus’
pits were more dorsal than its right counterpart (Meng et al., 2014). This
central sulcus asymmetry can be paralleled with the asymmetry previ-
ously reported in the adult brain (Sun et al., 2012), and newly reported
in the preterm infant at TEA (Fig. 6. C; de Vareilles et al., 2022): the
single to double-knob configuration, with right central sulci preferring
the single-knob configuration, and the left ones favouring the
double-knob configuration. In the adult, this specific asymmetry was
related to handedness, with significant differences in
single-to-double-knob configurations in left-handers compared to
right-handers (Sun et al., 2012). The observation of a similarly asym-
metrical shape feature in the neonate raises questions about potentially
early functional specialization regarding handedness. This last study (de
Vareilles et al., 2022) additionally reported a hand-knob depth asym-
metry at 30w PMA, while a previous study capturing only length and
surface area failed to capture an asymmetry at 30w PMA (Kersbergen
et al., 2016), highlighting the additional information gained through
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Fig. 6. Main sulcal asymmetries in the developing brain. A. Sylvian fissure. 1. Curvature asymmetries are reported in the fetus at 27w GA comprising the posterior
end of the Sylvian fissure (courtesy of Habas et al., 2012), and grey and white matter leftward volume asymmetries in the preterm between 27 and 36w PMA
(courtesy of Dubois et al., 2010). 2. Sulcal asymmetries are captured from childhood to adulthood and increase with age (courtesy of Sowell et al., 2002); in the
preterm, asymmetric shape features have been captured at 30 and 40w PMA (representation of 40w PMA shape features with asymmetrical distributions; courtesy of
De Vareilles et al., 2023). B. Superior temporal sulcus. 1. Curvature asymmetries are reported in the fetus at 27w GA comprising the superior temporal sulcus
(courtesy of Habas et al., 2012), and grey and white matter rightward volume asymmetries in the preterm between 27 and 36w PMA (courtesy of Dubois et al.,
2008a). 2. In the child and the adult, an asymmetry is captured in the Superior Temporal Asymmetrical Pit (courtesy of Leroy et al., 2015); in the preterm, rightwards
surface asymmetries have been reported at 30 and 40w PMA (courtesy of Kersbergen et al., 2016); at term, asymmetrical gyral patterns have been reported in the
superior temporal gyrus (courtesy of Duan et al., 2019). C. Central sulcus. 1. Limited curvature asymmetry is reported in its superior extremity at 27w GA in the fetus
(courtesy of Habas et al., 2012). 2. In the adult, asymmetrical shape feature captured (Sun et al., 2012) and associated with localization of functional activations
(hand activation and silent reading on the left central sulcus; image courtesy of Sun et al., 2016); at term-equivalent age in the preterm, a similar shape feature is
captured, with a right hemisphere tendency towards a single-knob configuration and a left hemisphere tendency towards a double-knob configuration (courtesy of de
Yareilles et al., 2022). w GA: weeks of gestational age; w PMA: weeks of post-menstrual age; L: left; R: right; STS: superior temporal sulcus; CS: central sulcus.

shape characterization. In a mix of TEA preterm and term-born neo- 3.2. Early deviations in cortical folding

nates, pattern-specific asymmetries have also been reported in the su-

perior temporal gyrus and in the cingulate cortex, in which some pattern Another aspect suggesting the functional relevance of the early
occurrences seem to develop only in a given hemisphere (Fig. 6. B; Duan folding process is that its trajectory might be altered early on by some
et al., 2019). pre- or post-natal perturbations and in relation with later functional

consequences. Even though we have presented jointly results of cortical
folding observed in the fetus, in the premature infant, and in the term-
born infant, it should be noted that some clinical conditions lead to
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folding alterations, even in the case of non-pathological situations.
Without addressing pathologies of sulcation, such as lissencephaly or
polymicrogyria (addressed in Massimo and Long, 2022), some condi-
tions should be mentioned: as a non-pathological example, being a twin
was associated with a delay in folding dynamics (Chi et al., 1977a;
Dubois et al., 2008b). In pathological circumstance, both pathologies
with important anatomical brain alterations (such as agenesis of the
corpus callosum; Tarui et al., 2018, or ventriculomegaly; Benkarim
et al., 2018) or with genetic origins (such as Down’s syndrome; Yun
et al., 2021) have been reported to influence sulcation in the fetus. In
terms of onset of folding alterations, by comparing early images of fe-
tuses which would show abnormal folding pattern after birth with
control fetuses, it was reported that while showing normal gyrification
indices at early scan, the subjects which would present folding anoma-
lies already significantly differed from templates, mostly in terms of
location and depth pattern of sulcal basins, indicating early onset of
sulcal pattern deviations (Im et al., 2017).

In preterm infants, in addition to the environmental difference be-
tween in-utero and ex-utero brain development (Fig. 7. A; Lefevre et al.,
2016), extreme prematurity is often associated with clinical disturbances
which may affect normal brain development, including sulcal appear-
ance, such as gestational age at birth, multiple pregnancies, intra-uterine
growth restriction (IUGR), early-life severe illness indicators (such as
necessity for prolonged mechanical ventilation, exposure to critical
illness in the first 24 h of life, and early exposure to steroids), and
presence of brain injuries. Gestational age at birth was shown to impact
sulcal development in preterm infants, with decreasing divergence from
control fetal development with increasing gestational age at birth
(Fig. 7A; Lefevre et al., 2016). In extremely preterm populations, being
part of a multiple pregnancy led to a delayed but harmonious matura-
tion (Dubois et al., 2008b; Kersbergen et al., 2016). IUGR, either re-
ported as such, as low birth-weight according to GA, or as smaller head
circumference at birth, was linked to a discordant folding trajectory,
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 superior temporal
sulcus, and bilateral central sulcus at TEA (Kersbergen et al., 2016).

In terms of early-life severe illness indicators, higher critical illness in
the first 24 h, exposure to postnatal steroids, and to prolonged me-
chanical ventilation were related to decreased cortical surface area in
infants (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. Extremely 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 preterm infants with brain injury can be differentiated from those
without (Shimony et al., 2016). Severe intraventricular 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). In this same study (Kim et al., 2020), at
term-equivalent age, no difference was found in cortical folding
captured through sulcal depth between these subjects and both
non-injured preterm and term-born infants, but they showed altered
organization of cortical folds.

More generally, altered sulcation has been reported in premature
infants and children. Prematurity per se seems to be a motive of altered
sulcal dynamics because of the difference between in-utero and ex-utero
environment during sulcal development. When compared to same-age
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fetuses, the preterm brain without any obvious brain anomaly still
shows less cerebrospinal fluid, more pronounced folds, and a more
compact global shape (Fig. 7A; Lefevre et al., 2016). This study addi-
tionally reported that preterm birth is linked to an increase in intensity
and sharpness of folding, as well as altered sulcal shape, and this
observation was modulated by GA at birth.

Compared to moderate preterm newborns, extremely premature in-
fants showed reduced cortical growth in a number of different regions
(namely: the superior frontal, occipital, basal temporal, precuneus, right
superior and middle temporal and parahippocampal 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 alter-
native study set-up, comparing extremely preterm infants — selected to
exclude periventricular leukomalacia, intra-ventricular haemorrhage of
grade III and IV, focal brain lesions and persistent ventricular dilatation
at TEA — with term-born controls: this study reported reduced grey
matter in the bilateral temporal lobes, pre and post-central gyri, orbi-
tofrontal cortex, amygdala, para-hippocampal gyrus, hippocampus and
left insula (Padilla et al., 2015). Finally, when compared with term-born
neonates, extremely preterm infants at TEA 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 corresponding to different
spectral bands: Dubois et al., 2019; Fig. 7B). A specific impact on the
insula, superior temporal sulcus, and ventral pre- and postcentral sulci
was also reported (Engelhardt et al., 2015), compatible with the
observation that the B4 spectral band, most likely corresponding to
primary sulci wave, showed the most significant decrease in TEA pre-
term infants compared to term-born infants, suggesting that sulci
developing during the period of preterm birth are most impacted, while
later-developing sulci are still impacted but less (Dubois et al., 2019).
When comparing adults who were born very preterm to aged-matched
control adults, alterations in folding of the frontal, temporal, parietal,
and occipital regions were reported (either through an increase of ab-
solute mean curvature: Hedderich et al., 2019; or through a decrease in
local gyrification index: Papini et al., 2020). In both cases, more
important deviations from control adults were associated with lower IQ
scores, suggesting intertwining between sulcation and cognitive
development.

3.3. Relation to functional development in the preterm infant

Reading the adult studies showing relationships between functional
activations and folding and the infant studies describing early alter-
ations in folding patterns suggests that this anatomical characteristic
might also convey some functional information during development. To
the best of our knowledge, the only studies assessing the relationship
between early cortical folding and later functional outcome have been
conducted on preterm infants (Kapellou et al., 2006; Dubois et al.,
2008b; Kersbergen et al., 2016; de Vareilles et al., 2022). While these
studies do not allow us to differentiate typical folding dynamics from
prematurity-induced ones, they are currently the only access we have to
correlations between sulcal shape and later functional outcome. The two
former studies (Kapellou et al., 2006; Dubois et al., 2008b) have assessed
global folding metrics and their link to later cognitive development,
either at 2 years of age using Griffiths Mental Development Scales:
Revised 1996 (Kapellou et al., 2006) or at term-equivalent age using the
Assessment of Preterm Infant’s Behaviour (APIB) (Dubois et al., 2008b).
Both reported a link between a decreased cortical surface area at birth
and lower cognitive scores.

The two latter studies (Kersbergen et al., 2016; de Vareilles et al.,
2022) have focused on specific sulci in a cohort of longitudinally
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scanned preterm infants at 30 and 40w PMA. Using surface area, mean
depth and sulcation index as sulcal measures, as well as their increase
between the two assessments, significant associations were found be-
tween a number of sulci and motor, cognitive and language scores
assessed at 2 or 2.5 years of age with the Bayley Scales of Infant and
Toddler Development, third edition (BSID-III), through the use of a
general linear model (Kersbergen et al., 2016). More precisely, for motor
outcome, at 30w PMA, relationships were reported for gross motor
outcome and the inferior frontal sulcus (in terms of surface area, depth
and sulcal index) and the right superior frontal sulcus (depth). For fine
motor outcome, effects were reported at 40w PMA for the right
post-central sulcus (surface area) and the right superior temporal sulcus
(depth). For cognition, relationships were observed for the depth in-
crease of the left Sylvian fissure and superior frontal sulcus between both
ages. In terms of language outcome, at 30w PMA, effects were reported
for the left inferior frontal sulcus (surface area and sulcal index for
receptive scores, surface area only for expressive scores). At 40w PMA,
effects were reported for receptive scores in the Sylvian fissure (surface
area, depth and sulcal index in both hemispheres), the superior temporal
sulcus (right surface area and sulcal index, depth in both hemispheres),
the left insula (surface area and sulcal index), and the inferior frontal
sulcus (depth in both hemispheres), while only the left Sylvian fissure
(depth) showed an effect on expressive language outcome.

The absence of relationships observed between basic measures in the
central sulcus and motor outcome led another study to question the
relevance of sulcal pattern to predict later motor outcome (de Vareilles
et al., 2022). After quantifying the main shape features for the central
sulci of the preterm cohort at both ages (as detailed in the methods
section, part c.), the shape features of either the left or right hemisphere,
at either 30 or 40w PMA, were used as an input for a support vector
classifier, to predict motor development assessed at around 5 years of
age, either in terms of manual laterality (left or right handedness) on one
hand, or normal and pathological fine motor outcome using the Move-
ment Assessment Battery for Children, 2nd edition (MABC-2) on the
other hand. Even though none of the resulting classifiers demonstrated
significant predictive capacity, some showed a trend towards signifi-
cance and most performed better than a baseline classifier trained using
clinical factors which were previously indicated as important for pre-
diction of motor outcome (Anderson and Doyle, 2006; Kersbergen et al.,
2016). These classifiers suggested that sulcal pattern of the central sul-
cus at 30w PMA on the left hemisphere was the most relevant for pre-
dicting handedness and that both left sulcus at 30w PMA and right
sulcus at 40w PMA were most relevant for predicting adversarial fine
motor outcome, and visual indications about sulcal pattern features
linked to the different outcomes were subsequently inferred.

4. Conclusion

More studies should focus on the early folding of the brain and its
consequences, including functional relevance of early folding pattern in
term-born infants. The first sulco-functional studies being focused on
premature cohorts, such studies of typical development would inform
both on the normal progression and inter-individual variability, and on
the sulcation divergences incurred by prematurity. Moreover, should
longitudinal studies be carried on longer periods, assessing sulcal evo-
lution before, at and long after birth, we could get a better under-
standing of the broader sulcal development process, as even though the
most striking folding changes occur before two years of age, we cannot
consider the two-year-old brain as mature. Additionally, sulcal studies
should be undertaken and reproduced on bigger cohorts, which is
starting to be possible thanks to current trends and advances in open
data, including the acquisition and sharing of valuable datasets (e.g. for
the neonatal brain: the developing Human Connectome Project, http://
www.developingconnectome.org/), and the incentive to publish
experimental processes and codes.

It is essential to carry on the recent efforts made in multi-modal
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sulcal considerations. Because of our yet limited understanding of the
ins and outs of sulcation, it seems crucial to assess the relationship be-
tween different but intertwined concepts, such as for example the
maturation of microstructure in relation to the development of sulci (e.g.
for cortical microstructure: Wang et al., 2017; Lebenberg et al., 2019;
Dubois, 2021). Similarly, combining functional and anatomical imaging
has already proven to be relevant in the adult (e.g. Sun et al., 2016;
Germann et al., 2019) and should be assessed in the neonate. Genetic
imaging combined to anatomical MRI (e.g. Mallela et al., 2020; Vasung
et al., 2021) is also a promising topic to better understand the funda-
mentals of cortical folding. Recent studies have paved the way for the
assessment of these considerations, and the increased efforts in sulcal
studies bode well for the future comprehension of the folding of the
brain.
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