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ABSTRACT

In the context of the study of brain morphogenesis, we present
here a framework for surface-based group analysis using lo-
cal cortical features in the neonate brain. We propose to detect
and match local maxima from curvature and depth profiles of
sulcal fundi. Such entities could have a key role to under-
stand the variability of the brain morphology. We also de-
scribe a cortical localization tool dedicated to the developing
brain. The proposed method is performed on a dataset of 25
preterm newborns and has detected consistent entities at the
group level, both from cortical curvature and depth maps.

Index Terms— developing brain – cortical folding – in-
tersubject variability – structural analysis

1. INTRODUCTION

The morphology of the cerebral cortex is highly complex and
variable across individuals. In the past cortical folds have
been studied conjointly with functional areas, connectivity
and clinical data [1] and raised a renewal of interest as pre-
dictors of underlying cytoarchitecture [2] or pathologies [3].
Nevertheless the architectural organization of the cortex and
the gyrification process are still poorly understood. Besides,
imaging the developing brain has lately opened the possibility
to follow the ontogenesis of the folding patterns step by step
[4] and to study the brain at a stage where the intersubject
variability is emerging [5].

This motivates the search for stable elementary units [6]
or deep sulcal landmarks [7] modeling the cortex topography.
However, very few methods extend this search to the devel-
oping brain where the folding patterns are still appearing.
For instance existing works describe the sulcation process
either by computing displacement fields on meshes [8], us-
ing spatiotemporal atlases [9], longitudinal registration [10]
or by statistical analysis of region-based folding descriptors
[11, 12]. In this work, we adapted a surface-based graph
matching technique to extract from cortical curvature and
depth maps sets of local maxima with spatial stability and
groupwise reproducibility. We demonstrate its efficiency on a

database of 25 preterm newborns of various gestational ages.
We present results for two primary folds i.e. the Central (CS)
and Superior Temporal Sulci (STS), both among the first to
appear during sulcogenesis. We then define an anatomically-
informed cortex-based referential adapted to the developing
brain, which we use to evaluate the spatial distribution of
these detected maxima.

2. MATERIALS AND METHODS

2.1. Data Preparation

For both hemispheres, gray and white matter are segmented
and inner cortical surfaces are meshed from the T2-weighted
images (mean number of vertices: 3700 +/- 1000) using tools
from BrainVisa [4]. Mean curvature and depth maps are esti-
mated from each mesh. Gaussian scale-spaces [13] are con-
secutively computed by iteratively smoothing each map along
the mesh in order to track local maxima with cross-scale sta-
bility and get rid of noise. These maxima are then merged
across scale levels following a simple geodesic distance cri-
terion. The latter is estimated with respect to the spatial dis-
tribution of maxima in each subject independently in order to
fusion close ones considered as same objects, while preserv-
ing relevant objects apart from one another. Merged maxima
are then considered as individual candidates i.e. as inputs in
the analysis described below.

2.2. Structural Group Analysis

Group analysis is performed using an object-based graph
matching method adapted from [13]. In [13], intersubject
matching is achieved using cortex-based coordinates. In this
present method subjects are nonlinearly registered in 3D
space using SPM8 [14]. A group graph G is initially built as
follows : individual candidates, i.e. merged maxima, from
each of the NS subjects are taken as nodes {s} and edges
{c} = Csim are set between nodes if they belong to distinct
subjects and are close enough (< 10mm) in the reference
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space. A label field X is then optimized over the graph, rely-
ing on a detection model with rules on measure values (e.g.
curvature or depth), stability in scale-space, relative positions
and intersubject reproducibility. In the optimal realization of
X , nodes carrying the same positive label identify the same
group structure (zero is the non-interest class). By model-
ing X as a Markov Random Field, its best configuration is
obtained by minimizing the sum of four energy terms :

U(X|Y ) =
∑

s∈G

Vd(ys|xs) +
∑

s∈G

Ve(xs) +
∑

c∈Csim

Vsim(c) +
∑

i∈[[1,NS ]]
Gi⊂G

Vps(Gi)

(1)

Fig. 1. Potentials of the energy : [m1,m2] (resp. [e1, e2] and
[d1, d2]) is an interval defined on the value of the measure of
interest (curvature or depth) (resp. cross-scale lifetime e and
intersubject distance d). These parameters were tuned empir-
ically except m1 and m2, defined from the data real distribu-
tion. K{} denominates the weights associated to the various
potentials: with Kd=0.4, Ke = 0.2, Ksim = 1.0, Kps = 4.0,
we choose to give higher influence to spatial intersubject con-
text than to measures. At this early stage of development,
some folding areas may have low curvature/depth which is
compensated by group-level information.

with Y being the input data, xs the label carried by node
s, ys the data associated to s. Vd and Ve encourage, respec-
tively, maxima with high measures (curvature or depth) and
those with high scale-space lifetime, to carry positive labels.
Vsim favors the detection of pairs of maxima with low Eu-
clidean distance and Vps penalizes every label l (among a set
L of possible labels) appearing more than once in the same
subject’s subgraph Gi (Fig. 1). Minimization of the energy
function is achieved by Gibbs sampling with simulated an-
nealing. The analysis results in distinct sets of maxima with
positive labels. The model promotes any label covering the
whole group of NS subjects but still concedes the creation of
subgroups.

2.3. Anatomically-Informed Surface-Based Cortical Ref-
erential for the Developing Brain

Spatial normalization is often discussed over its effect on sub-
sequent intersubject analyses [15], especially regarding corti-
cal structures. In the foregoing, spatial normalization is per-
formed using 3D nonlinear normalization which is suitable
with the low folding degree in the premature brain. How-
ever, evaluating the spatial distribution of the local maxima
using a different common space is a way to measure results

Fig. 2. (left) Surface-based referential defined on the devel-
oping cortical surface – (right) Flat map of the same cortical
surface with numbered sulci superimposed

robustness. In this context, a cortical referential dedicated
to the developing anatomy was implemented using a coordi-
nate diffusion process adapted from [16]. A first step con-
sists in manual segmentation over each hemisphere mesh of
the insula and the corpus callosum area using a new inter-
active landmark editor developed in the BrainVisa/Anatomist
package[17]. Both structures are assigned with specific val-
ues (0 for the corpus callosum, 180 for the insula) in the sys-
tem as being the two poles of a latitudes/longitudes referen-
tial. The CS and the STS are also delineated. A longitude and
a latitude maps are then computed by solving a constrained
heat equation over the mesh, as in [16]. In those maps, the
CS has always the same longitude and the STS, insular and
cingular poles, have always the same latitude, thus defining
an intersubject matching. Every mesh node therefore gets as-
signed with a latitude/longitude couple. This subsequently
allows to build flat maps of the neonatal cortex.

3. RESULTS

The intrasubject spatial distribution of local maxima was es-
timated during the merging step by varying the distance crite-
rion, named δ, and counting the number of maxima nm after
merging, in the CS and STS regions on curvature and depth
maps (Fig. 3). In each case, nm’s standard deviation across
subjects exhibits an initial rapid fall (δ < 4mm) followed by a
slower decay to finally reach convergence (δ > 16mm; mean
n̄m = 1 deviation σ = 0) when all maxima have fusioned in
one single cluster. With respect to this, we retain δ = 4mm

as a reasonable distance parameter for the merge.
Structural group analysis was performed both on cortical

curvature and depth maps, left and right hemispheres (Fig. 4
and 5). Curvature analysis reveals a set of 4 maxima found in
most subjects both along the CS and the STS in both hemi-
spheres (Fig. 4). Depth analysis results in two sets of stable
maxima along the CS and the STS. A third label is also car-
ried by a subgroup of subjects in the posterior part of the STS
(Fig. 4 in purple, last row).

Intersubject spatial distribution of the labeled curvature
maxima for the CS was assessed (Fig. 5) using both the 3D
nonlinear reference space and surface-based referential (sec-
tion 2.3). The different clusters are associated to quite specific
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Fig. 3. Spatial distribution of maxima: number of maximanm

across subjects (blue boxplots, left y axis) for various values
of the distance criterion δ (x axis). Standard deviation of this
number across subjects is shown as a red curve (right y axis).

local domains. These tend to slightly overlap, due to the re-
maining intersubject variability even after normalization.

4. DISCUSSION

In the context of brain development, sulci first appear as
small grooves on the cortical surface : one of these can hence
be identified as an emerging sulcus if frequently observed
across subjects. With respect to this, structural analysis is
able to overcome intersubject variability by jointly relying on
individual and group-level information. In particular, such
a model might shift the labels in one subject with regard to
the others as long as it can improve group-level global con-
sistency, even when better local pairwise matching might be
found. Moreover, in contrast with other approaches, such an
analysis provides results directly on each subject’s anatomy
and makes no use of any average template which is bound
to smooth off individual features. Accessing results on in-
dividual representations is indeed of essential interest when
dealing with anatomical questions.

The two depth maxima detected in the CS region are con-
sistent with previous observations in adults [18, 7] and may
be related to sulcal ’roots’ [19, 8]. Two maxima are detected
in each subject along the STS (three in a subset of subjects)
: in this case, both the emerging state of this sulcus and the
poor estimation of depth in this area might underestimate the
number of identifiable units. On this matter, future work will
investigate the correlation between number of units and ges-
tational age. Four units were detected by curvature analysis,
in each hemisphere, both in the CS and the STS regions. Joint
analysis with diffusion-weighted data would help to compare
these e.g. using connectivity-based parcellations. Curva-
ture and depth maps contain information of different natures
which explains the differences in group analysis results in
numbers and positions of detected units (Fig. 4) : curvature
globally embeds more details on the surface local geometry
and is more sensitive, especially on the sulcal walls, than
depth which rather describes the existence of pits [7].

Fig. 4. Detected maxima for the cortical curvature (top) and
depth (bottom) along the Central Sulcus (rows 1,3) and the
Superior Temporal Sulcus (rows 2,4) on both hemispheres:
each sphere color corresponds to a label. Four subjects among
the most illustrative cases are shown for each series of images.

Fig. 5. (left) Group results of the curvature analysis (top) and
depth analysis (bottom) presented on a template surface: each
color corresponds to a label (in depth analysis only the two
most reproducible labels are represented) – (right) Dispersion
plots of detected curvature maxima along the left CS in 3D
and 2D referentials
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Finally, comparing the spatial distribution of the detected
curvature maxima between volume and surface-based refer-
entials highlights specific local domains associated with the
maxima in both systems (Fig. 5). The dispersion in 3D space
implies that the analysis overcame intersubject variability
successfully. On the other hand, these same labeled entities
show consistent localization on a cortical referential defined
by anatomical markers, suggesting that they are spatially sta-
ble along the CS anatomical axis and that this stability is not
a side effect of the sole iconic normalization process. This
referential in its current version is actually a starting point
towards an iterative extension of the structural analysis to
other cortical regions using anatomical coordinates.

5. CONCLUSIONS

In this paper, we adapted the framework of structural anal-
ysis, originally proposed for fMRI data [13], to the search
for common elementary units in developing brains. In com-
parison to existing works, this graph matching method aims
at retrieving objects with cross-subject jittering positions, di-
rectly over each anatomy. Besides, we implemented a corti-
cal localization tool for the developing brain embedding user-
defined constraints along emerging landmarks. Surface-based
approaches are still new to early brain development and such
a framework suggest new insights on how cortical morpho-
genesis may be addressed.

Curvature and depth analyses of data coveringmost stages
of sulcogenesis hence suggest the existence of stable entities
possibly associated to meaningful landmarks of the cortex to-
pography. Their interpretation remains to be linked to other
concepts e.g. sulcal roots, pits, growth seeds [7, 8, 19] as well
as to underlying connectivity. Future work will expand struc-
tural analysis to the study of longitudinal changes and will
assess the relevance of new constraints in the cortical referen-
tial in order to find entities across the entire surface.
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