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a b s t r a c t 

Despite growing evidence of links between sulcation and function in the adult brain, the folding dynamics, occur- 

ring 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 participate to a better comprehension of the complex links between morphological and 

functional organization of the developing brain. 
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. Introduction 

The folding of the brain is highly complex: it shows similar pat-
erns within all humans, yet it is unique for each individual. Even
hough its general aspect has been studied and described centuries ago
 Cunningham, 1892 ), the inter-individual variability in sulcation has
istorically been eluded due to its complexity. More recently, this topic
as made its appearance in literature, but in the vast majority of cases,
his variability was addressed as a problem for group studies and the
urpose was to dim it out ( Fox et al., 1985 ). In the last few decades, we
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ave witnessed the emergence of studies focusing on the description of
ulcal pattern variability ( Ono et al., 1990 ; Welker, 1990 ; Mangin et al.,
015 ). This new trend can be explained by multiple advances, among
hich the ones in magnetic resonance imaging (MRI), allowing non-

nvasive imaging of the brain of both pathological and healthy subjects,
nd the advances in machine learning, which enables the scientific com-
unity to address complex questions which used to be out of the reach

f human comprehension. 
Different observations have suggested that the shape of sulci can be

inked to function, both in healthy and pathological cases. The most ob-
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ious examples reside in pathologies with strong sulcal malformation,
uch as lissencephaly (resulting in a flat brain with no sulci) or polymi-
rogyria (resulting in supernumerary unusually small convolutions). In
ess obviously sulcation-linked pathologies, a vast quantity of studies
ave investigated basic shape markers such as sulcal length or depth,
asily quantifiable ( Cachia et al., 2008 ). Subtle alterations in folding
ave also been highlighted based on complex shape variability, embed-
ed in the pattern of folds in some neurological and psychiatric diseases,
uch as epilepsy or schizophrenia ( Plaze et al., 2011 ; Mellerio et al.,
015 ). Variations in sulcal patterns linked to function have also been
bserved in healthy populations. For instance, the sulcal pattern of the
nterior cingulate cortex has been reported to predict cognitive control
erformance across lifespan, and the favorable pattern for cognitive con-
rol has been reported to be the opposite in the monolingual and bilin-
ual populations ( Cachia et al., 2017 ). 

These different elements give us keys to address fundamental ques-
ions about sulcation: can we differentiate a healthy variability in the
olding pattern of the brain versus a pathological one? What are the
unctional implications of this variability? 

To explore these questions, we focused this study on a single sul-
us, to characterize its folding pattern during development and to look
nto its relationships with clinical and functional outcomes. The cen-
ral sulcus was an excellent candidate for this purpose. First of all, it
s a primary fold that appears as early as 20 weeks of GA during de-
elopment ( Chi et al., 1977 ), with potential long-lasting developmental
lterations in cases of early disturbance during gestation or perinatal
eriod (e.g. early brain injury, preterm birth). Moreover, it appears to
e very stable across individuals, which makes it easy to identify even in
ery young preterm infants. Secondly, the central sulcus represents the
natomical border between two highly specialized cortical regions: the
rimary motor and somatosensory cortices. A detailed functional orga-
ization has been described into both areas (i.e. somatotopic motor and
ensory maps) in adults ( Penfield and Rasmussen, 1950 ; Germann et al.,
019 ), such that we can identify precise correspondent subregions of the
entral sulcus related to specific body parts. Some studies have already
hown strong relationships between the central sulcus shape and some
unctional characteristics in adults ( Sun et al., 2012 ; Sun et al., 2016 ;
ermann et al., 2019 ; Mangin et al., 2019 ). For example, the location
nd shape of the upper knob of the central sulcus, commonly referred
o 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
ifferences observed between left and right-handers ( Sun et al., 2012 ). 

It should be noted that during the third trimester of pregnancy, the
rain undergoes drastic changes, on both the macroscopic and micro-
copic scales. Many concurrent events occur, key to the development of
he brain structure and function, among which the development of sul-
ation, with the brain progressively switching from the state of slightly
impled to a well-folded state ( Dubois et al., 2019 ; Kostovi ć et al., 2019 ).
t full-term birth, the brain of an infant roughly resembles that of an
dult in terms of complexity and advancement of folding, and even
hough the shape of the sulci keeps on evolving throughout infancy and
ifetime, the changes remain subtle compared to the ones observed dur-
ng late gestation. Therefore, since sulcation is well developed at full-
erm birth, one can wonder when the general sulcal patterns emerge. In
rder to look into this question in normal development, it would seem
ensible to study sulcal development in healthy fetuses. Yet, longitudinal
tudies of sulcation on healthy fetuses are currently highly challenging
ecause of the difficulties encountered in acquisition and processing of
etal images at a sufficient resolution to study subtle shape variations in
olding. Moreover, it has been reported that birth affects the shape and
olding of the brain ( Lefèvre et al., 2016 ), which makes it even more
hallenging to consider longitudinal studies comparing pre- and post-
atal images. Therefore, an interesting alternative is to study the shape
f sulci in preterm neonates before full-term equivalent age, even though
heir sulcation is somehow altered by prematurity ( Bouyssi-Kobar et al.,
016 ; Dubois et al., 2019 ). 
2 
Studying the sulcation at different time-points in infants born
reterm allows us to investigate longitudinally the dynamics of early
ulcation, and to explore the effects of early brain adversities on these
echanisms. Very preterm infants are at risk of a wide variety of neu-

odevelopmental disorders, including motor disabilities and cerebral
alsy ( Korzeniewski et al., 2018 ; Pascal et al., 2018 ). The sensorimo-
or cortex is already well developed and connected at full-term birth,
hile it is still vastly developing in the case of very preterm births. Ex-

reme prematurity therefore exposes the sensorimotor cortex to adver-
ities when it is most vulnerable, and still growing, which could have
arallel effects on function and sulcation ( Yamada et al., 2016 ). 

In a previous study, we assessed the relationship between early cor-
ical changes and neurodevelopmental outcome in extremely preterm
nfants, using basic shape markers (sulcal surface area and mean depth)
 Kersbergen et al., 2016 ). This study reported some links between sul-
ation and outcome, particularly between the inferior frontal sulcus and
eceptive language score at 2 years of age. But no links were captured
etween the central sulcus and the motor outcome, suggesting that basic
hape markers might not be sufficient to capture relevant folding vari-
bility for the motor outcome. Regarding the sensorimotor region, early
evelopmental disturbances have long-term consequences on brain mor-
hology. For example, congenital one-hander adult participants showed
 significantly flatter central sulcus in the contralateral hemisphere com-
ared to both individuals with acquired upper-limb amputation and con-
rol subjects ( Sun et al., 2017 ). This suggested that the mature sulcus’s
hape is influenced by early sensorimotor activity and by the develop-
ent of brain connectivity. This led us to the hypothesis that some spe-

ific folding variability observed in the central sulcus of preterm infants,
esulting from premature birth and strong differences in ex utero percep-
ions, movements and environment, might be characteristic of devia-
ions in normal brain development impacting their functional outcome.
herefore, quantifying the links between the early central sulcus’s shape
nd the infant’s motor outcome at a later age could allow both a better
nderstanding of the early functional implications of shape variability
nd the identification of early informative biomarkers for earlier diag-
osis and accurate follow-up of these at-risk infants. 

In this study, our aim was therefore to capture the early central sul-
us’s shape variability from a longitudinal cohort of extremely preterm
nfants, and to link it to their fine motor outcome at 5 years of age. In
rder to do so, we used longitudinally acquired MRI data at two specific
ges: one at around 30 weeks of post-menstrual age (w PMA), when the
entral sulcus is already present but at an early stage of development,
nd one around term-equivalent age (TEA, at around 40w PMA), when
he central sulcus is well developed. We then characterized the shape
ariability of the central sulcus in this cohort, explored the relationships
etween its shape at 30w PMA and at 40w PMA, and investigated the
hape predictive capacity on the motor development of children evalu-
ted at around 5 years of age. 

. Material and methods 

.1. Subjects and preprocessing of brain images 

.1.1. Cohort and collection of clinical and outcome data 

The study was carried out on a retrospective longitudinal cohort of
xtremely preterm infants ( Kersbergen et al., 2016 ). Permission from the
edical ethics review committee was obtained for this study. A total

f 71 subjects (51% males) from the Wilhelmina’s Children Hospital,
niversity Medical Center, Utrecht, born between 24 and 28 weeks of
estational age were included. 

In agreement with our previous study ( Kersbergen et al., 2016 ), the
erinatal clinical factors of interest retained for the analyses were the
estational age at birth (GA), the birth-weight z-score (BWZ) computed
ccording to the Dutch Perinatal registry reference data ( Visser et al.,
009 ), and the presence of an intra-ventricular hemorrhage (IVH, di-
hotomized between absent or mild (no IVH or IVH of grades 1 - 2 ac-
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Fig. 1. Summary of pipeline for sulcal extraction. A: sam- 

ple 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 repre- 

sented in blue, except for the central sulcus, in red. C: 3D rep- 

resentation of the reconstructed surface of the white matter. 

Red ribbon: central sulcus. 
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ording to the Papile scale) and severe (grades 3 - 4)). We also recorded
he presence of broncho-pulmonar dysplasia (BPD). 

Around five years of age (age range: 4 years and 6 months – 6 years
nd 7 months, mean: 5 years and 9 months ± 4 months), the children’s
andedness was assessed by a trained pediatric physical therapist who
sked them first either to write their name or draw a picture, and sec-
ndly to pick up a coin placed at the center of the table. If the two
asks were done using the same hand, the hand preference was set to ei-
her left or right, otherwise it was reported as mixed. The parents were
hen asked if this hand preference matched that observed at home while
riting or drawing. If the parents disagreed, the hand preference was

et to mixed. At the same age, 66 out of the 71 children underwent
he Movement Assessment Battery for Children, 2 nd edition, Dutch ver-
ion (MABC-2-NL). The scores were corrected for age at evaluation. The
ssessment included tests for balance, aiming/catching and manual dex-
erity. See Sup. Info., Table S1 for the description of these clinical factors
nd outcome scores. 

.1.2. MRI data acquisition 

The infants were scanned twice soon after birth: once around 30w
MA (28.7 − 32.7w, mean: 30.7 ± 0.9w) and again around term equiv-
lent age (TEA) (40.0 − 42.7w, mean: 41.2 ± 0.6w). For each scan, MR
maging was performed on a 3-Tesla MR system (Achieva, Philips Medi-
al Systems, Best, The Netherlands). The protocol included T2-weighted
maging with a turbo-spin echo sequence in the coronal plane (at early
RI: repetition time (TR) 10.085 ms; echo time (TE) 120 ms; slice thick-

ess 2 mm, in-plane spatial resolution 0.35 × 0.35 mm; at TEA: TR
847 ms; TE 150 ms; slice thickness 1.2 mm, in-plane spatial resolu-
ion 0.35 × 0.35 mm). 

.1.3. Preprocessing of brain images 

The preprocessing of MRI images was performed following the
ethodology already described in a previous study ( Kersbergen et al.,
016 ): after generating a brain mask, T2-weighted images were seg-
ented into three classes (grey matter, unmyelinated white mat-

er and cerebrospinal fluid) using supervised voxel classification
 Moeskops et al., 2015 ). By adapting the BabySeg and Morpholo-
ist anatomical pipelines of the BrainVISA software (BrainVISA suite,
ttps://brainvisa.info ), these segmentations allowed a reconstruction of
he inner cortical surfaces of both hemispheres, and the extraction of ob-
3 
ects depicting the sulci. A summary of the pipeline and the resulting 3D
isualizations of the left hemisphere of a subject are presented in Fig. 1 .

.2. Characterization of the central sulcus’s shape 

.2.1. Purpose of shape characterization 

The purpose of shape characterization on the central sulcus is first to
dentify the shape features covering the main variability across infants
descriptive approach), and second to quantify the individual speci-
cities relative to these shape features (comparative approach). The
ethod used for shape characterization is inspired by a method already
eployed 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 simpler
etrics to quantify sulcal shape, such as surface area or depth. The

dded value of the current study is to improve the accuracy of sulcal
hape assessment. 

.2.2. Sulci extraction 

First, all the cortical folds were extracted using the Morphologist
oolbox of the BrainVISA software in the two serial images of each sub-
ect. Each fold was materialized by the skeleton of the volume of its
erebrospinal fluid, namely a set of voxels sampling a surface equidis-
ant to the walls of the two adjacent gyri ( Mangin et al., 1995 ). Each
ulcus of the anatomical nomenclature corresponds to a set of the ele-
entary folds extracted during this initial stage. The sulci labels were

hen identified automatically using a Bayesian pattern recognition strat-
gy ( Perrot et al., 2011 ). Finally, the central sulci labels were manually
hecked and corrected when necessary by one of the authors (HV). In
rder to dim out the important variability in cerebral size and shape,
articularly between the two sessions of investigation (early at ∼30w
MA, vs TEA at ∼40w PMA), the obtained central sulci representations
ere transformed to the Talairach space using an affine transformation.
he right sulci were finally mirrored relative to the interhemispheric
lane in order to facilitate the comparison with the left ones. 

.2.3. Sulci co-registration 

The previous step led to the extraction of 284 central sulci (71 sub-
ects × 2 hemispheres × 2 acquisitions). The dissimilarity between any
wo given sulci was then computed in the following way: sulcus A was

https://brainvisa.info
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Fig. 2. Summary of the preparatory steps for shape characterization. 
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egistered to sulcus B using a rigid transformation, using the Iterative
losest Point algorithm (ICP) ( Besl and McKay, 1992 ), and the resid-
al distance d A →B between the two sulci after registration was captured
sing the Wasserstein distance ( Dobrushin, 1970 ). This choice of dis-
ance differed from the original approach ( Sun et al., 2016 ) where the
esidual distance was captured using directly the distance from the ICP
lgorithm. In this study, this was a problem due to the fact that we were
anipulating sulci of different size, in spite of the affine normalization

o the Talairach space. Indeed, the length of the central sulcus relative
o the brain size differs between the two time steps. Hence, using the
CP method, to register sulcus A on sulcus B, each point of sulcus A
as matched to a point of sulcus B, but not every point of sulcus B was
ssured to have a match from sulcus A (as some points from sulcus B
ave been ignored for the registration). The residual distance minimized
y the ICP registration was the sum of distances between the points in
ulcus A and their match from sulcus B. This was satisfactory for the
egistration, but not to capture the dissimilarity between the two sulci,
ecause it would have underestimated the distance when registering a
mall sulcus to a big one (e.g. if only the lower half of sulcus B exactly
atched the point cloud from a shorter sulcus A, the upper half of sul-

us B would have been completely ignored and the resulting distance
ould have been zero, even though sulcus A and B actually differed ge-
metrically). The Wasserstein distance solved this problem by capturing
he distance between the whole set of points from both sulci. Thus, we
sed the ICP algorithm for registration and then captured the resulting
asserstein distance as the dissimilarity metric using the POT python

oolbox ( Flamary and Courty, 2017 ). After aligning sulcus A to sulcus B
nd capturing d A →B , sulcus B was registered to sulcus A using the same
ethod, resulting in the residual distance d B →A . To mitigate the effect

f a potential poor registration, the resulting dissimilarity metric was
hosen as d A,B = min(d A →B , d B →A ). 

.2.4. Use of distance matrix as shape descriptor for the whole cohort 

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

These first steps are summarized on Fig. 2 . 

.2.5. Choice of parameters for the Isomap algorithm 

The Isomap algorithm builds a matrix of geodesic pairwise distances
sing an input dissimilarity matrix, by constructing a graph linking each
ulcus to its k nearest neighbors, with k an adjustable parameter. The
eodesic distance between any pair of sulci is then defined as the sum
f the distances traveled by following the shortest path in the graph. A
ulti-Dimensional Scaling algorithm is then applied to this geodesic dis-

ance matrix, to project the input data (the sulci) on a lower-dimension
pace of dimension d . Practically, the output consists of the coordinates
f each sulcus on d axes representative of each dimension. 

This algorithm requires two parameters: the number of nearest
eighbors k used to build the neighborhood graph, and the number of di-
ensions d on which to project the geodesic distance matrix. The meth-

ds used to choose the k and d parameters are detailed in Annex 1, and
esulted in the choice of k = 11 and d = 10. 

.2.6. Visualization of the shape characteristics (descriptive approach) 

To help interpreting the shape characteristics encoded by each se-
ected Isomap dimension computed from the whole cohort, we used
oving averages of the embedded sulci. In order to maximize the read-

bility of these moving averages, we separated the sulci at 30w PMA
rom those at 40w PMA. This was necessary since the 30w PMA sulci
re less developed than the 40w ones, and averaging both age-groups
ogether for visualization would thus mix flatter and curvier sulci, mak-
ng the shape interpretation complex. After separating the groups, the
4 
rst step was to project the sulci on an axis, based on their Isomap coor-
inates for each dimension, after a rigid alignment of each sulcus to the
ost neutral one, namely the sulcus minimizing the average distance to

he whole set. This resulted in d axes with the sulci ordered by shape
haracteristics. As this visualization was difficult to interpret, we used
oving averages computed for a set of ten regularly spaced coordinates

o help us identify the shapes encoded for each dimension. First, the
ange for the moving averages’ coordinates was defined iteratively, in
rder to cover as wide a span as possible for each dimension while en-
uring that at least 10% of the sulci at each time point ( n = 14) could
e closest to the extreme coordinates, in order to prevent from build-
ng moving averages from very few sparse sulci on the borders of the
imensions. After computing the ten resulting moving averages’ coor-
inates, each moving average was constructed by weighting the sulci
represented as point clouds) depending on their distance to the mov-
ng average’s coordinate, then summing them, then convolving the sum
ith a 3D Gaussian, and finally thresholding the result. The resulting

hape was an average of the sulci’s shape in close vicinity to its loca-
ion. Once the moving averages were generated at both ages, we used
he 40w PMA moving averages to interpret the shape characteristics
ncoded on each dimension. A reading key for shape description and a
imension description resulting from this method is illustrated on Fig. 3 .
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Fig. 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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.3. Analyses of the developmental evolution (comparative approach of the 

wo age-groups) 

.3.1. Correction for age discrepancy at MRI acquisition 

We hypothesized that the PMA variability around each MRI acquisi-
ion time-point could bias the shape characteristics. Therefore, we tested
f the coordinates for any Isomap dimension correlated with PMA at ac-
uisition, independently for each age-group but together for left and
ight sulci (see Sup. Info., Table S2). The resultant correlations (going
p to 0.30 for dimension 1 at 30w PMA) confirmed the importance of
orrecting the dimension coordinates for PMA at MRI acquisition in each
roup, before conducting further analyses. 

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

 𝑛,𝑖 ( 𝑠𝑢𝑏𝑗, ℎ𝑒𝑚𝑖𝑠𝑝ℎ𝑒𝑟𝑒 ) = 𝛼𝑛,𝑖 × 𝑃 𝑀 𝐴 𝑖 ( 𝑠𝑢𝑏𝑗 ) + 𝛽𝑛,𝑖 + 𝑟 𝑛,𝑖 ( 𝑠𝑢𝑏𝑗, ℎ𝑒𝑚𝑖𝑠𝑝ℎ𝑒𝑟𝑒 ) 

ith d n, i the raw position of the sulci from the i-week acquisition (i =
0 or 40) on the n th dimension of the Isomap, PMA i the post-menstrual
ge at the i-week acquisition, 𝛼n, i and 𝛽n, i constants estimated by the
odel, and r n, i the sulci’s residual position on the n th dimension after

orrection for PMA at the i-week acquisition. 
5 
Therefore, the shape characteristics considered in the following anal-
ses, and which we refer to as Isomap positions corrected for PMA, were
efined as: 

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

ith < dn,i > the mean position of the sulci from the I-week acquisition
i = 30 or 40) on the n th dimension of the Isomap. 

.4. Comparison of the subjects’ positioning on the different dimensions 

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

.5. Handedness and fine motor outcome predictability 

.5.1. Purpose of prediction of handedness and fine motor outcome 

We aimed to predict the children’s handedness and fine motor out-
ome (manual dexterity score from the mABC scale) assessed at 5 years
f age, based on the early shape of the central sulcus, with a cross-
ectional approach. We therefore performed two different analyses, aim-
ng to classify either left versus right handers, or children with poor ver-
us good fine motor outcome, using three sets of features: (1) a selection
f early clinical factors (without sulcal considerations), (2) the shape
eatures of the central sulci (without clinical considerations), encoded
y the Isomap positions corrected for PMA, and (3) the combination of
oth. The purpose of using these three sets of features was to be able
o compare the predictive capacity of these different features, and more
pecifically to assess whether sulcal shape is a better predictor for motor
evelopment than early clinical factors, and whether the combination
f both outperforms the two previous classifiers, suggesting a comple-
entary influence of early morphological and clinical features on the

ong-term motor development. 

.5.2. Dichotomization of the motor classes 

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

Children born preterm display a significantly higher occurrence of
on-right handedness than full-term children (odds ratio 2.12) accord-
ng to a meta-analysis ( Domellöf et al., 2011 ). Studying handedness in
reterm children may be a potentially important index reflecting hemi-
pheric organization and sensorimotor functions ensuing neurodevelop-
ental disturbances. Thus, we hypothesised that among the left-handed

hildren in our cohort, some would be “natural ” left-handers while the
thers may express a non-right-hand preference following a disruption
n the lateralized early brain organization associated with premature
irth. Since a previous study reported links between handedness and
he shape of the central sulcus on healthy adults ( Sun et al., 2012 ), we
ecided to focus on typical handedness by maximizing the proportion of
natural ” left-handers (n = 7 left-handers with at least one left-handed
arent ( Bryden et al., 1997 ), subsequently referred to as “left-handers ”)
o compare with right-handed ( n = 50) children. We thus excluded chil-
ren with missing data ( n = 1), ambidextrous children ( n = 2) and left-
anders for whom both parents were right-handers ( n = 11). Compared
o the whole cohort, the first prediction study thus focused on infants
upposed to be representative of the normal population in terms of hand-
dness. 

In terms of fine motor assessment provided by the mABC score, we
ocused on the manual dexterity subscore, which assessed three tasks:
osting coins, threading beads, and drawing a trail. We chose to focus
n this score because links between functional activation of the hand
nd the shape of the central sulcus (more specifically the height of the
and-knob) have already been reported in adults ( Sun et al., 2016 ), and
e therefore suspected that, compared to the other two mABC subtests
aiming/catching and balance – it was the subtest with the most direct

ink to the central sulcus’s shape. 
We dichotomized the children group according to their poor and

ood fine motor outcome, removing children with borderline results
rom the classification. For the mABC total score, a score inferior or
qual to the 5th percentile indicates definite motor problems; between
he 6th and 15th percentiles indicates borderline performance; and
6 
trictly above the 15th percentile indicates normal motor development
 van Heerwaarde et al., 2020 ). Since for the manual dexterity subscore
o percentile cut-offs have been assessed, we used the same cut-offs in
ur study population, with the corresponding standard scores for each
ercentile range: children whose standard score ranked between 1 and
 were assigned to the poor fine motor outcome group ( n = 15), chil-
ren who ranked strictly above 7 were assigned to the good fine motor
utcome group ( n = 35), and children ranking 6 or 7 ( n = 16) were con-
idered as borderline and were not included in the classification anal-
ses. Compared to the whole cohort, the second prediction study thus
ocused on a mixed group of infants with either healthy or pathological
otor development. 

.6. Subgroup differentiation and feature choice 

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

In terms of shape features of the central sulcus, the features retained
ere the Isomap positions corrected for PMA at scan, on the 10 rele-
ant Isomap dimensions. We once again considered separately the L30,
30, L40 and R40 subgroups, because of the high variability in sulcal
hapes at both ages, and because we expected that inter-hemispheric
symmetries in shape might play a role on handedness and fine motor
utcome. 

The classifiers were trained once per age and hemisphere subgroup,
xcept for the classifiers using the clinical factors as only features,
ince the clinical factors considered are neither age nor hemisphere
ependent. 

.7. Cross-validated training of subgroup-specific classifiers 

We used a linear Support Vector Classifier (SVC) to assess the predic-
ive capacity of the shape and clinical features on the handedness and
ne motor outcome. We parametrized the SVC to take into account the

mbalance between classes (either 7 vs 50 or 15 vs 35) by weighting
he regularization parameter by the inverse of class frequency in the in-
ut data. Due to the small size of the groups (either 57 or 50 sulci for
andedness or fine motor outcome respectively), we took two precau-
ions to limit the chances of overfitting our model: we used the prede-
ermined regularization value (C = 1), and we used a Stratified Shuffled
ross-Validation (number of folds: 5, number of repeats: 10) to evalu-
te the performance of the algorithm. We then evaluated the balanced
ccuracy (the average of correctly predicted samples for both classes)
nd Area Under the Receiving Operator Curve (ROC AUC). For the best
lassifier using only sulcal shape for prediction, we plotted the ROC
nd Precision-Recall (PR) curves, next to the ROC and PR curves ob-
ained for the clinical factors alone for comparison. In order to assess
he predictive value of these classifiers, we added to the ROC curves the
ean ROC and 95% confidence interval obtained after performing 1000

hance models on the data. 

.7.1. Observation of most-weighted features 

For the classifiers using only sulcal shape which showed the best
erformance, we were interested in the most relevant shape features in
he training of the classifiers. Therefore, during the cross-validation, we
tored the coefficients attributed to each Isomap dimension. After the
ross-validation, we looked into the consistency of coefficient attribu-
ion depending on the training/testing set using a box plot picturing the
oefficient attributed to each Isomap dimension for every iteration of
he cross-validation. More importantly, we assessed which shape fea-
ures were the most discriminative for each outcome. The dimensions
orresponding to these specific shape features were described in more
etail. 
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Fig. 4. Representation of left (green) versus right (red) central sulci distribution on the two dimensions showing statistically significant hemispheric asymmetries 

(Dim. 3 and 8), with t the Wilcoxon 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. 
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. Results 

.1. Characterization of the central sulcus’ shape 

.1.1. Visual Isomap results 

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

.1.2. Age dependency of Isomap positioning 

The Pearson correlation coefficients between age at MRI acquisition
nd raw Isomap position (not corrected for age) are reported for the 30w
MA and 40w PMA sulci separately in Sup. Info., Table S2. The highest
orrelation observed was r = 0.30 for the first Isomap dimension at 30w
MA, the dimension coding for length and global curvature of the sulci.
long with the other coefficients observed, the correlations suggested

hat the Isomap position of sulci is somewhat affected by PMA, which
ustified our decision to correct for it in subsequent analyses. 
7 
.1.3. Hemispheric comparisons for each age-group 

The Wilcoxon signed-rank test results obtained by comparing the
MA-corrected positioning of left and right sulci on each Isomap dimen-
ion, for each 30w and 40w PMA group, highlighted in Sup. Info., Table
.A. two dimensions (one per age-group) with significant hemispheric
symmetry (Sup. Info., Table S3, Fig. 4 ). At 30w PMA, dimension 3 (cod-
ng for the curvature of the hand-knob at fixed height) suggested that
eft central sulci were roughly flatter than the right ones. At 40w PMA,
imension 8 (coding for the switch from a single to a double-knob con-
guration) also showed some asymmetry, with more left central sulci in
he double knob configuration and more right central sulci in the single
nob configuration. 

In terms of Spearman correlations (Sup. Info., Table 4.A), four di-
ensions showed a significant correlation between the left and right

entral sulci: dimension 1 at both ages, dimension 5 and 2 at 30w PMA,
nd dimension 3 at 40w PMA. These results suggest that at 30w PMA,
eft and right central sulci show a coherent encoding of length, curvature
dimension 1), wrapping around (dimension 5) and height (dimension
) of the hand-knob, and depth of the second knob (dimension 2). At
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Fig. 5. Representation of the three dimensions showing the strongest correlations between 30w (blue) and 40w (green) PMA central sulci, with 𝜌 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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0w PMA, left and right central sulci seem to show consistent sulcal
ength (dimension 1) and depth of the hand-knob at low fixed height
dimension 3). 

.2. Age-group comparisons of the hemisphere-specific shape characteristics

Wilcoxon signed-rank tests performed to compare PMA central sulci
haracteristics (Sup. Info., Table S3) identified several dimensions with
ifferent positions at 30 versus 40w (Sup. Info., Table 3.B). Two dimen-
ions (1 and 5) were highlighted on both hemispheres, suggesting that
ulci on both hemispheres are roughly shorter, flatter, and show a more
rapped-around hand-knob at 30w PMA compared to 40w PMA. Two
ther dimensions were relevant only for one hemisphere: dimension 4
or the left hemisphere, with shallower and lower hand-knob at 40w
han at 30w, and dimension 2 for the right hemisphere, with a higher
and-knob and a deeper second knob at 40w PMA compared to 30w
MA. 
t

8 
Out of the 10 dimensions of interest, we observed relevant trends
n Spearman correlation between the PMA-corrected Isomap position-
ng at 30w and 40w PMA on 8 dimensions (Sup. Info., Table S4). The
hree dimensions showing the strongest correlations between both ages
re presented in Fig. 5 . Dimension 4 was observed on both hemispheres
nd encoded a variation of height and depth of the hand-knob, as well
s the presence and depth of the second knob (i.e. from double-knobbed
ulci with deeper and higher hand-knobs, to sulci with a single, lower,
nd shallower hand-knob). On the left hemisphere, dimension 2 showed
orrelations between 30w and 40w PMA in the height of the hand-knob
nd the depth of the second knob. On the right hemisphere, the highest
orrelation was observed on dimension 8, correlating the sulci depend-
ng on their single-knob or double-knob configurations, with no height
hift of the hand-knob. This suggested that between 30 and 40w PMA,
ost of the early morphological characteristics (8 dimensions over 10)

end to evolve into a more complex but consistent encoding (i.e. a sulcus
ith a single, low and shallow hand-knob at 30w will most often show

he same characteristics at 40w, rather than a double-knob configura-
ion). 
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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 accuracy ROC AUC 

1) Clinical factors (baseline) 0.55 0.59 

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 clinical factors and sulcal shape L30 0.53 0.65 

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 hemisphere. 30: 30w PMA; 40: 40w PMA. 

Fig. 6. ROC and PR curves obtained for clinical factors alone and sulcal shape factors alone at 30w PMA on the left hemisphere. Target: handedness. 

3

s

3

p

 

h  

o  

s  

T
 

t  

a  

w  

c  

o  
.3. Classification of handedness and fine motor scores based on sulcal 

hape features 

.3.1. Discrimination by shape for left- vs right-handers: classifiers’ 

erformance 

The support vector classifiers were trained to differentiate right-
anders ( n = 50) from left-handers ( n = 7). The cross-validated scores
f the classifiers considering either clinical factors, age- or hemisphere-
9 
pecific shape features (corrected for PMA) or both, are shown in
able 1 . 

The best classifier (highest balanced accuracy and ROC AUC) was ob-
ained using the combination of clinical factors and sulcal shape features
t 30w PMA on the right hemisphere. Yet, the performances obtained
ith these shape features alone were quite low. In contrast, the best

lassifier using only shape features was the one obtained at 30w PMA
n the left hemisphere, and it exceeded the performance of the classi-
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Fig. 7. Box plot of the coefficients attributed to each Isomap dimension dur- 

ing the cross validation for the handedness classification with sulcal shape fac- 

tors 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. 
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er using only clinical factors, while adding the clinical factors to these
hape features also provided a quite relevant classifier. That is why we
urther focused on the classifier obtained with shape features of left sulci
t 30w PMA alone. The ROC and PR curves of this classifier (and corre-
pondent curves obtained for clinical factors alone as a comparison) are
hown in Fig. 6 . 

For this classifier, we further wondered which shape features were
onsidered relevant in differentiating left-handers and right-handers.
ig. 8. Representation of the dimension weighting the most for handedness classi

rojections of the subjects used in the classification were represented (right handers 

ark grey). The 40w PMA moving averages (in white) are also shown for shape inter

10 
sing the different folds of the repeated stratified cross-correlation, we
ggregated the coefficients attributed to each Isomap dimension and
enerated the box plot presented in Fig. 7 . 

Most Isomap dimensions were reasonably consistent in weight
hrough the cross-validation. The 10th dimension was clearly and al-
ost systematically the most informative. The visual interpretation of

his dimension ( Fig. 8 ) suggested that the most discriminative traits for
andedness were the length of the hand-knob and the orientation of its
pper part. Compared to right-handers, the left-handers tended to have
 left central sulcus at 30w PMA with a longer hand-knob, with its upper
art bending backwards. 

.4. Discrimination by shape for the fine motor outcome: classifiers’ 

erformances 

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

Two classifiers scored a tie for balanced accuracy and ROC AUC,
sing the sulcal shape features alone: the left hemisphere at 30w PMA
nd the right hemisphere at 40w PMA. We chose to focus on the one
ith the best recall (proportion of correctly identified poor fine motor
utcome, the most interesting clinical issue), which was the one for the
ight hemisphere at 40w PMA (recall = 0.61 against recall = 0.53 for
0w PMA left hemisphere). For this classifier, the ROC and PR curves
re shown in Fig. 9 . The results for the classifier obtained at 30w PMA
n the left hemisphere using only the sulcal shape features are presented
n Annex 3. 

This latter resulting classifier performed better than a random clas-
ifier, and again we addressed the question of the relevance of the dif-
erent shape features in the classification. 

Using the different folds of the repeated stratified cross-correlation,
e aggregated the coefficients attributed to each feature and generated

he box plot presented in Fig. 10 . 
fication using sulcal features at 30w PMA in the left hemisphere. The sulcal 

in grey and left handers in red), as well as the age-specific moving averages (in 

pretation purposes. 
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Table 2 

Cross-validated scores for fine motor outcome 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 fine motor outcome 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 accuracy ROC AUC 

1) Clinical factors (baseline) 0.58 0.59 

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 clinical factors and sulcal shape L30 0.59 0.61 

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 hemisphere. 30: 30w PMA; 40: 40w PMA. 

Fig. 9. ROC and PR curves obtained for clinical factors alone and sulcal shape factors alone at 40w PMA on the right hemisphere. Target: fine motor outcome. 
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Once again, the dimensions were rather consistent in weight through
he cross-validation. Dimension 10 was the most relevant dimension,
ut dimension 4 seemed to have a comparable role in the classi-
cation, so we considered both dimensions for the shape descrip-
ion ( Fig. 11 ). The visual interpretation of these dimensions suggested
11 
hat children presenting a poor fine motor outcome at 5 years of
ge tend to have a right central sulci at 40w PMA with a shorter
ut higher and deeper hand-knob, with a superior sulcal part leaning
rontally. 
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Fig. 10. Box plot of the coefficients attributed to each Isomap dimension dur- 

ing 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 strat- 

ified 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. 
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. Discussion 

This study (1) longitudinally described the shape characteristics and
ariability of the central sulcus in extremely preterm infants at 30 and
0w PMA; (2) brought to light hemispheric asymmetries at each age; (3)
howed a close developmental relationship between the sulcal shape at
oth postnatal ages; and (4) unraveled links between the perinatal shape
f the central sulcus and the later handedness and fine motor outcome
n this cohort of children born extremely preterm. 

.1. How to study cortical folding 

Different approaches have been developed and used to study the
omplexity and implications of cortical folding , but few have described its
ariability, and even fewer specifically in the developing brain. Sulcal
nformation has been collected through various means and for multiple
urposes. The simpler sulcal information includes basic geometric mea-
ures, such as length, surface area or mean depth after sulcal extraction,
s proxies for shape ( Kersbergen et al., 2016 ). More sophisticated ones
nclude the use of mean depth profiles ( Gajawelli et al., 2021 ), the cal-
ulation of local or global gyrification indices ( Cachia et al., 2008 ) or
ocus on sulcal pits ( Régis et al., 2005 ; Im & Grant, 2019 ). Such stud-
es addressed general brain development issues, such as normal devel-
pment 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
ore specific adversarial development questions, such as early neurode-

elopmental events linked to pathological outcomes ( Mellerio et al.,
015 ). Compared with previous studies, the approach developed in this
rticle additionally describes and quantifies the inter-individual sulcal
ariability. 

In relation to this issue of inter-subject variability, the historical
ethod relied on visual examination and description of sulcal morphol-

gy ( Ono et al., 1990 ) but implied long, subjective and potentially bi-
sed examination processes, and resulted in small sample sizes. Newer
ethods have been developed to automate both sulcal extraction and

hape characterization. They can either use a clustering approach or a
12 
ontinuous approach. Clustering methods try to identify a finite num-
er of shape patterns to characterize a given sulcus. This approach seems
ppropriate for structures presenting great variability, such as the sulci
rom the anterior cingulate cortex ( Del Maschio et al., 2019 ), or the gyri
rom different regions using multi-view curvature features ( Duan et al.,
019 ). These clustering approaches are hardly suited for the study of
he central sulcus because of the simplicity of its configuration: gen-
rally uninterrupted and without branches, except for a few individual
xceptions ( Mangin et al., 2019 ). Moreover, the clustering methodology
s not suited for a longitudinal comparison of shape. Therefore, we opted
or a continuous approach in our study. Some continuous approaches of
ulcal shape description have relied on morphologic landmarks, such
s the superior temporal asymmetrical pit in the superior temporal sul-
us ( Leroy et al., 2015 ), or the occipital bending of the Sylvian fissure
 Hou et al., 2019 ). Both of these studies used these landmarks to quan-
ify the difference in sulcation between humans and chimpanzees in
rder to highlight human specificities, and therefore did not focus on
ntra-species variability. Another continuous approach was the one pre-
iously used to study the central sulcal shape in adults ( Sun et al., 2012 ;
un et al., 2016 ). We chose to adapt this method to the developmen-
al context of our study, in order to obtain a detailed characterization
f the central sulcus’s shape, requiring neither prior assumptions about
istinct clusters nor the definition of anatomical landmarks, as well as
llowing multiple-age comparison. 

The method retained, using pairwise coregistration of sulci to cap-
ure the shape dissimilarity within the cohort, allowed us to explore mul-
iple shape characteristics of the central sulcus and therefore to capture
ts variability with unprecedented precision, leading to the observation
f new specificities of this sulcus. In particular, the previous study as-
essing sulcal specificities on the same cohort using basic shape features
eported a single significant hemispheric asymmetry in the central sul-
us at 30w PMA – involving depth of the central sulcus but not surface
rea – and none at 40w PMA ( Kersbergen et al., 2016 ). Our method, cap-
uring multiple shape features, allowed us to reveal hemispheric asym-
etries both at 30 and 40w PMA. 

.2. How does preterm birth affect cortical folding around the central 

ulcus? 

In order to capture the early folding dynamics of the developing
rain, it would be ideal to study longitudinal data from fetal period
o full-term birth, but using a mix of fetal and post-natal data is slip-
ery because birth per se seems to affect the shape and folding of
he brain ( Lefèvre et al., 2016 ). Therefore, we chose to longitudinally
tudy sulcal features in extremely preterm infants in order to investi-
ate early brain development. Yet, prematurity has been reported to
rovoke alterations in sulcation: compared to term-born neonates, very
reterm infants at term-equivalent age showed decreased sulcation in-
ex and folding power specifically in primary sulci ( Shimony et al.,
016 ; Dubois et al., 2019 ), confirming that a very preterm pop-
lation may not reflect perfectly typical folding of the central
ulcus. 

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

In terms of qualitative morphological description of the central sulci,
e presented a visual representation of the shape variability through
0 dimensions, and we concurrently suggested corresponding shape de-
criptions (see Annex 2). The scope of this work has yet to be explored
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Fig. 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). 
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n future studies: to what extent does the shape variability reported
n this study describe globally the neonate population (including fetal
nd term-born populations)? What fraction of this variability is specif-
cally associated either to prematurity or to related early pathological
vents? Since this first approach was exploratory, we decided to analyze
he whole cohort regardless of clinical characteristics which can impact
rain development (e.g. low gestational age, being a twin) ( Dubois et al.,
008 ; Kersbergen et al., 2016 ) or other factors which might have a slight
nfluence on our sulcal asymmetry observations (e.g. the positioning of
he infant in the scanner: on the side at 30w PMA versus on the back
t 40w PMA). To investigate the question further, it would be interest-
ng to compare the difference in shape of the central sulcus between a
reterm population at term-equivalent-age and healthy term-born sub-
ects, in order to differentiate prematurity-related variability from typ-
cal variability. It would also be informative to investigate the effects
f clinical conditions on early sulcation by differentiating subgroups of
atients. Nevertheless, our cohort was too small to provide reliable re-
ults on this question. The application of our approach to other large
atabases, such as the developing Human Connectome Project (dHCP)
 Makropoulos et al. 2018 ), is therefore an interesting prospect, but was
eyond the scope of the current study. 

In terms of quantitative shape description, we reported an early en-
oding of most shape features, with eight out of ten dimensions show-
13 
ng a statistically relevant correlation between 30 and 40w PMA. The
act that the early shape of the central sulcus remained mostly consis-
ent despite the later development of secondary sulci – which mostly
appens between 30w and 40w PMA ( Dubois et al., 2019 ) – was in-
ormative about the interactions between folding waves. The secondary
olding wave does not seem to drastically affect the central sulcus’s char-
cteristics. To illustrate this, we could have suspected that the wrapping
round the hand-knob (illustrated by dimension 5) might be affected by
he secondary folding of the superior frontal sulcus (which might con-
traint the gyrus adjacent to the superior part of the central sulcus to
etract dorsally and “push back ” the upper part of the central sulcus,
unwrapping ” the hand-knob). Yet, the correspondent Spearman corre-
ation coefficients (0.38 and 0.32 for left and right hemisphere respec-
ively) indicated that this feature evolved consistently between its 30w
nd 40w PMA encoding. The only two features showing low ( 𝜌 = 0.19)
r very low (| 𝜌| < 0.1) correlations between the two age-groups on both
emispheres were dimensions 7 and 10, namely the height of the hand-
nob at fixed depth and the orientation of the upper part and length
f the hand-knob. These two specific features may have a delayed de-
elopmental dynamic or may present significant morphological changes
etween the two ages, which would explain why the 30w PMA encoding
f these features did not foreshadow their 40w PMA counterparts. The
nob height and the upper part orientation may depend on a shorter or
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onger period of elongation of the top of the central sulcus, which occurs
etween 30w and 40w PMA ( Mangin et al., 2019 ). 

Looking into the correlations between hemispheres, we also investi-
ated hemispheric asymmetries in the central sulcus. A previous study
n the same cohort reported solely a rightwards sulcal depth asymme-
ry at 30w PMA, and no hemispheric asymmetries in terms of surface
rea in the central sulcus, at both ages ( Kersbergen et al., 2016 ). In
his study, using more complex shape characterization techniques, we
dentified one dimension per age-group showing a statistically signifi-
ant asymmetry. At 30w PMA, right central sulci showed a generally
eeper hand-knob than left ones (dimension 3). This could be explained
y the earlier maturation of the right hemisphere compared to the left
ne ( Chiron et al., 1997 ), and by the earlier sulci formation in the right
emisphere ( Chi et al., 1977 ; Dubois et al., 2008 ; Habas et al., 2012 ).
et, with an earlier maturation of the right central sulci, we could have
xpected a length asymmetry, which would have been encoded on di-
ension 1 – which did not show a significant asymmetry –. An interpre-

ation would be that at 30w PMA the left central sulci have caught up to
he right ones in terms of length, and the relative maturational advance
f the right central sulci is therefore expressed in terms of depth of the
and knob rather than length of the sulcus. At 40w PMA, the left cen-
ral sulci favoured a “double-knob ” configuration (versus “single-knob ”
onfiguration for the right ones) (dimension 8). This finding is consis-
ent with a previous study on adults, which reported a visually similar
ain shape variability (from single to double-knob configuration with
and-knob height increase), and asymmetry ( Sun et al., 2012 ). After
valuating hemispheric asymmetries, we chose not to assess the relative
ositioning of ipsi- versus contralateral sulci on the isomap dimensions,
or two reasons. First, the results would have been redundant because of
he low proportion of left-handers in this cohort leading to a significant
verlap between contralateral (vs. ipsilateral) and left (vs. right) hemi-
pheres. Secondly, we would have had to limit the study to the subjects
ith a suspected “natural ” lateralization, implying both handedness hy-
otheses and a loss in statistical power. 

.3. To what extent is the central sulcal shape relevant to predict 

andedness and fine motor outcome? 

A number of recent studies have investigated the predictability of
dversarial developmental outcomes linked to prematurity. The purpose
s to identify biomarkers in order to set up appropriate subject-specific
nterventions to counter or reduce the effects of neurodevelopmental
fflictions. Several studies have focused on term-equivalent-age neu-
oimaging in order to evaluate the predictive capacity of either anatomi-
al ( Woodward et al., 2006 ), diffusion ( Spittle et al., 2011 ) or functional
maging ( Della Rosa et al., 2021 ) on motor and cognitive outcomes.
 few studies have also investigated data acquired earlier than term-
quivalent-age, and checked which has a better predictive power be-
ween early, term-equivalent, or the difference between them in case of
ongitudinal studies. Examples of such studies included motor outcome
rediction, using volumetric measures relative to whole brain volumes
 Gui et al., 2019 ), diffusion tensor parameters ( Roze et al., 2015 ), or
omputing anatomical features such as cortical surface area or gyrifica-
ion indices ( Moeskops et al., 2017 ). All these studies focused on whole
rain analysis to predict outcome. Yet, because of important methodol-
gy discrepancies, the results we obtained are hardly comparable. 

We chose to investigate the predictive ability of the central sulcus’ shape

n motor development , in the continuity of our shape characterization and
escription approach, in order to interrogate its functional relevance.
n particular, we observed that the best shape feature to discriminate
andedness was the length and backwards bend of the hand-knob of the
eft central sulcus at 30w PMA, and that a poor fine motor outcome at 5
ears was mostly linked to a higher, deeper, but shorter right hand-knob,
ith the sulcal upper part bending forwards, at 40w PMA. To the best
f our knowledge, we are the very first to assess the predictive capacity
f sulcal shape during early development. We decided to use a classi-
14 
er trained on the clinical factors that have been reported as relevant
or motor outcome prediction in previous studies ( Anderson et al., 2006 ;
ersbergen et al., 2016 ) as a benchmark to evaluate whether some shape

eatures were relevant in classifying motor outcome, but other clinical
actors might have been relevant to include, such as white matter in-
uries or venous infarctions. By extension we aimed to assess if motor
eurodevelopmental adversities showed a signature in the central sul-
us. In this “proof-of-concept ” study, no classifier showed a strictly sig-
ificant performance when compared to the 95% confidence interval
f a chance prediction. Yet, the ROC curves of the best classifiers were
lose to the upper boundary of this 95% confidence interval, and the
tandard deviation of the cross-validation showed that multiple folds
ctually showed a better performance, leading us to stipulate that a few
arly sulcal features, in some hemisphere- and age-specific groups, con-
ain functional information. Still, the results were not strictly significant
nd, moreover, approximately half of the results reported showed a ROC
UC inferior to 0.5 (indicating a classifier performing worse than ran-
om). This can be due to an absence of relevant data to predict motor
utcome in the shape of the central sulcus on specific groups, or to a
ethodological choice taken in this article: the predictors are probably
nder-fitted. Because of the size of the cohort and the small proportion
f either left-handers or poor-manual-dexterity-outcomes, the decision
as taken to prevent from operating feature selection or algorithmic

uning such as regularization in order to prevent from overfitting. We
an also question the way we decided to dichotomize outcomes. 

A limitation to our classification is that the data is globally pre-
rocessed before entering the K-Fold cross-validation process (i.e. the
somap dimensions are computed using the whole cohort before the
lassification process). This is discouraged as it induces bias in the clas-
ification. The recommended method would be to produce new Isomap
imensions at each fold, using only the training set. Yet, we chose to
ursue the first method nonetheless, to enable interpretation: if we gen-
rated new Isomap dimensions at each fold, we would be unable to as-
ociate a given feature to each dimension, and dimensions would risk
wapping within different folds. This would have prevented us from
rasping the relevant shape features. 

In terms of handedness , we observed that the left hemisphere was
ore informative than the right one, and the only relevant classifier us-

ng only shape features was obtained at 30w PMA, where left-handers
end towards a backwards bend of the superior part of the left central
ulcus and a longer hand-knob (dimension 10). The result concerning
he length of the hand-knob could suggest that, while the shape of the
and-knob is mostly driven by the hand area in the dominant hemi-
phere, the bulk of the hand-knob in the non-dominant hemisphere
ould be influenced by the adjacent functional areas (such as the im-
ediate upper portion corresponding to the arm), justifying its wider

prawl. On the right hemisphere, it is surprising to observe that at 30w
MA, the right hemisphere combined with clinical factors performed
ell whereas the right hemisphere alone showed a very poor perfor-
ance. This seems to suggest that the 30w PMA right central sulcus
as only predictive in light of the clinical factors. This observation,

n addition to the fact that the best classifier scores were obtained by
ombining sulcal shape and clinical factors, probably indicates that we
id not succeed in retaining only “natural ” left-handers (i.e. subjects
ho were most likely to present this handedness independently from

he pathological implications of extreme prematurity). As indicated in
he Methods section, for the analysis we considered as left-handers only
he left-handed children who had at least one left-handed parent (taking
nto account a genetic factor was an attempt to retain as much “natural ”
eft-handers as possible). Interestingly, the number of left-handers ob-
ained with this criterion corresponds to the range usually observed in
he general population (7/71: 9.9%). Nevertheless, it has been reported
hat additive genetic effects only accounts for a quarter of the variance in
andedness ( Medland et al., 2009 ), therefore this left-hander-selection-
hoice is somewhat arbitrary. However, recent studies reported that pa-
ernal non-right-handedness was significantly related to left-hand pref-



H. de Vareilles, D. Rivière, Z.-Y. Sun et al. NeuroImage 251 (2022) 118837 

e  

o  

f  

t  

“  

c  

T  

t  

o  

l  

h  

t  

T  

h  

s  

i  

t
 

n  

n  

u  

h  

h  

2  

b  

g  

a  

t  

r  

s  

o  

b  

3  

f  

c  

i  

3  

e  

t  

i  

b  

t  

c  

o  

b  

t  

o  

f  

m  

o  

g  

l  

w  

h  

f  

P  

s  

c  

h  

f  

o  

fi  

s  

c  

s  

c  

b  

r  

i  

r  

d  

H  

t  

o  

a  

g  

t  

w  

P
 

t  

c  

p  

v  

t  

t  

p  

i  

c  

s  

t  

s  

m

D

 

d
 

c  

c  

(  

b

F

 

a  

U  

2  

N  

D  

I  

0
 

(  

h

C

 

a  

M  

Z  

S  

I  

R  

o  

M  

J  

v  
rence in children ( van Heerwaarde et al., 2020 ; Fagard et al., 2021 ). In
ur study, all the selected left-handers happened to have a left-handed
ather, comforting our criteria choice. Still, there is no way to confirm
hat the 7 left-handers that we studied for the laterality analysis are
natural ” left-handers. To look into this, we observed a condition which
an alter lateralization towards left-handedness: left-hemisphere IVH.
he excluded left-handers showed a higher prevalence of left-sided IVH
han the selected left-handers (see Sup. Info., Table S5), suggesting that
ur criteria for selection was relevant to an extent. Yet, the selected
eft-handers showed a higher prevalence of left-sided IVH than the right-
anders, as well as a globally worse MRI anomaly classification using
he Kidokoro scale ( Kidokoro et al., 2013 ) (see Sup. Info., Table S5).
herefore, we might not have succeeded in filtering adversarial left-
andedness. In order to dim out pathological variability, further studies
hould focus on cohort selection, either by selecting preterms depend-
ng on clinical factors, or by looking into predictability of handedness
hrough the central sulcus’s shape on term-born neonates. 

In terms of motor outcome prediction , we observed relevant sulcal sig-
atures at both ages. We aimed to investigate fine motor outcome (and
ot global motor score) in order to focus on the development of man-
al dexterity, as we were interested on the central sulcus’ shape that is
ighly characterized by the hand-knob, whose shape is associated with
and activation ( Sun et al., 2016 ; Germann et al., 2019 ; Mangin et al.,
019 ). We should highlight that in the mABC-II, the subscores have not
een thoroughly tested for psychometric relevance, contrarily to the
lobal score ( Hirata et al., 2018 ). They still have been reported to be
cceptably relevant in different studies, especially for the manual dex-
erity and balance subscores ( Ellinoudis et al., 2011 ). It is for all these
easons that we specifically chose to focus only on the manual dexterity
ubscore. Before addressing the shape features relevant to predict this
utcome, we can notice that the most predictive hemisphere switches
etween 30 and 40w PMA, with the left hemisphere scoring better at
0w PMA and the right one at 40w PMA. This is surprising when shape
eatures were observed to evolve consistently between the two ages. We
an highlight the fact that both classifiers’ most weighted shape feature
s dimension 10, which specifically shows very low correlations between
0 and 40w PMA on both hemispheres, and therefore does not seem to
volve consistently during this period. Moreover, we can hypothesize
hat at 30w PMA, not enough time has passed since birth for the anatom-
cal adversarial consequences of ex utero development after premature
irth to have formed (this hypothesis should be mitigated by the fact
hat we do not know the cause of premature birth, and that alterations
ould have started before birth). Then, according to a previous review
n lateralization in fetuses ( Hepper, 2013 ), 90% of the subjects would
e supposed to be genetically right-handers, which would explain why
he left hemisphere (supposedly dominant for 90% of the group) was
bserved as the most predictive of motor outcome. If the adversities
rom preterm birth then develop anomalies in sensorimotor develop-
ent which induce “pathological ” left-handedness, then the proportion

f right-handers would decrease. In fact, in the poor fine motor outcome
roup, 7 subjects were left-handed and 8 right-handed, and therefore the
eft hemisphere could no longer be considered as dominant at 40w PMA,
ith the “pathological ” left-handers pulling the results towards the right
emisphere. In terms of shape interpretation, the most weighted shape
eature for fine motor outcome (dimension 10) was observed at 40w
MA on the right hemisphere, suggesting a narrower hand-knob corre-
ponding to the left hand in infants with poor fine motor outcome. This
ould suggest a compensation for a less functional right hand for right-
anders, and an abnormal development of the dominant hemisphere
or left-handers, but this hypothesis needs to be investigated more thor-
ughly, especially since we had a mix of left- and right-handers for the
ne motor outcome classification. Interestingly, this same 10 th dimen-
ion was the most weighted for the handedness on the left 30w PMA
entral sulcus (tendency to a longer hand-knob and an upper part of the
ulcus bending backwards in left handers). This might suggest a less pre-
ise location of the right-hand region at 30w PMA. Although relevant for
15 
oth motor classifications, this 10 th dimension shows no significant cor-
elation between 30 and 40w PMA sulci: the early 30w shape encoded
n the sulcus does not evolve to the corresponding shape at 40w PMA. A
ecent study refined the somatomotor mapping of the central sulcus and
ifferentiated the central sulcus in 5 segments ( Germann et al., 2019 ).
ere, the upper part of the sulcus, bending forwards to backwards along

he dimension, fits the first segment reported in that study, and the sec-
nd segment corresponds to the hand area and comprises the hand-knob
rea. Segments one and two are reported to be separated by a narrow
yral passage linking the precentral and postcentral gyrus. It is possible
hat this buried gyrus develops mostly between 30 and 40w PMA and
ould justify the discordant expression of this feature at 30 and 40w
MA. 

To sum up, this study, based on an original method for sulcal inves-
igation, allowed us to describe the central sulcus’ shape variability and
onsistency at 30w and 40w PMA in a cohort of infants born extremely
reterm and to make exploratory investigations of the functional rele-
ance of these features. To complement our study, it would be relevant
o compare the central sulcal shape of preterm infants at TEA with that of
erm-born newborns imaged right after birth, in order to assess whether
rematurity-induced patterns are captured by our method. It is interest-
ng to note that both for handedness and fine motor outcome, the left
entral sulcus at 30w PMA seemed to carry relevant information, which
uggests that these functional aspects are already partially encoded at
his early age. This opens perspectives about the possibility to target
ubjects at risk of abnormal motor development very early on and to
itigate this risk through early interventions. 
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