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A Primal Sketch of the Cortex Mean Curvature:
A Morphogenesis Based Approach to Study
the Variability of the Folding Patterns

A. Cachia*, J.-F. Mangin, D. Riviére, F. Kherif, N. Boddaert, A. Andrade, D. Papadopoulos-Orfanos, J.-B. Poline,
I. Bloch, M. Zilbovicius, P. Sonigo, F. Brunelle, and J. Régis

Abstract—In this paper, we propose a new representation of the ison of brain populations. They allow the study of the influence
cortical surface that may be used to study the cortex folding process of various parameters (sex, dominant hemisphere, cognitive
and to recover some putative stable anatomical landmarks called features, genetic features, pathology, etc.) on the anatomical

sulcal rootsusually buried in the depth of adult brains. This repre- L . .
sentation is a primal sketch derived from a scale space computed substratum[13]-[17]. Longitudinal studies of brain matura-

for the mean curvature of the cortical surface. This scale-space tion or aging process have also received increasing attention
stems from a diffusion equation geodesic to the cortical surface. [18]-[20]. The complexity and the interindividual variability
The primal sketch is made up of objects defined from mean cur- of the cortical folding patterns, however, is still a challenging
vature minima and saddle points. The resulting sketch aims first issue for these tools. Indeed, nobody really knows how to

at highlighting significant elementary cortical folds, second at rep- . . .
resenting the fold merging process during brain growth. The rele- match the cortical folds across brains and at which extent such

vance of the framework is illustrated by the study of central sulcus & matching is relevant from a neuroscience point of view.
sulcal roots from antenatal to adult age. Some results are proposed ) o
for ten different brains. Some preliminary results are also provided A. Spatial Normalization

for superior temporal sulcus. Most of the brain anatomy analysis methods rely on the
Index Terms—Morphometry, spatial normalization, sulcogen-  concept of spatial normalization, which consists in warping all
esis, variability. the brains toward a template endowed with a three-dimensional
(3-D) (volumetrical) or a two-dimensional (2-D) (spherical) co-
l. INTRODUCTION ordinate system. This referential then underlies further statistical
. .studies. This coordinate-based spatial normalization paradigm
HE ADVENT of methods dedicated to the automalig s made a tremendous impact on morphometry strategies

analyS'S of Iarge.databases of magpetlc resonance IMag&rase of its versatility. A number of different normalization
(MRIs) images of brain anatomy has raised a large mteresté

th . v [11-1121. Th tools. ind R;orithms, however, are used throughout the world, each one
€ nheuroscience community [ H ]. These toals, indeq otentially leading to different results. For instance, the widely
provide new ways of addressing issues related to the COMP&Stributed SPM  software (http://lwww.fil.ion.ucl.ac.uk/spm/

[4], [7]) allows the user to choose the template or the number
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36 week foetus Two sulcal roots
Raw data

Fig. 1. Top: A map of the first fetal cortical folds (sulcal roots) of the tempore -
lobe [25]. The folds are numerated according to their date of appearance dui /
the fetal sulcogenesis. Different merging events between these sulcal roots . . "
white matter white matter central sulcus

lead to very different folding patterns at adult age. Bottom left: The superi
temporal sulcus is supposed to stem from the merge of four different sul 18 months Adult
roots. Bottom right: The usual merging events leading to the superior tempc
sulcus have not occurred.

bundle of converging arguments, stemming from ontogenes
phylogenesis, and architectonic considerations, have led to
pothesize that a simple and stable organization of the foldir
related to the fetal stage, may underlie the apparently varial
and intricate sulcal patterns of adult cortices [21], [25]. Indeed, , _ )
he first cortical folds that appear on the fetus cortex. call Fig. 2. E\_/olutlon of the central sulcus' shape during brain growth. Top:
the firs pp . N tenatal images allow the reconstruction of the fetus cortex surface on
sulcal roots seem to be especialtable(in number, position, which shallow dimples corresponding to negative mean curvature areas are
and orientation) across individuals. During the following gyré]ighlight_ed in dark. At that stage, the central sulcus is made up of two sulcal
. h th lcal ts b buried int ots. Middle left: 18 months after birth, the gyrus separating the two sulcal
expansion, however, these _Su cal roots _ecome uried into robts is still visible on white matter surface. Middle right: At adult stage, only
depth of the cortex after having merged with each other to buithht deformations of the central sulcus walls give clues on the presence of a
larger folds. Becauseariable merging eventsan occur, dif- buried gyrus. Bottom: In some rare brains described in literature, the two sulcal
! ._ropts of the central sulcus have not merged [30], [31].

ferent sulcal patterns can be observed at adult age (see Flg.off.
The more usual patterns have led to the standard sulcus nomen-
clature [23], but some brains are very difficult to read accordirtg make the link between all the possible configurations. This
to this nomenclature, either because the main sulci are split ip@per aims at developing a method inferring this primal pat-
pieces or worst because the sulcal root merge events have ta from local information about the curvature of sulcal walls
ated unusual sulci. and fundi, which gives clues about the localization of the sulcal

One of the simplest examples of sulcus, which will be used toots. Surface curvature, indeed, embeds more information than
illustrate the method described in this paper, is the central sul¢bhe geodesic depth that has been previously proposed to segment
(seeFig. 2). Thislarge sulcusis avery interesting landmark on ghgci into smaller units [35], [36].
cortical surface because it is the limit between motor and somestn the following, we propose a new representation of the cor-
thesic areas. Hence, the study of its shape has been the subjetitafsurface that may be used to study the cortex folding process
numerous studies [17], [26]-[29]. The central sulcus is supposaad to recover putative stable anatomical landmarks, the sulcal
to be made up of two sulcal roots that merge in almost all casesraots, usually buried in the depth of adult brains. This represen-
very rare cases, however, this merge does not occur and the ¢atien is a primal sketch [37], [38] derived from a scale space
tral sulcus is split in the middle by a gyrus [30], [31]. Neverthel39], [40] computed for the mean curvature of the cortical sur-
less, in most of the noninterrupted cases, this gyrus is still visifkce. This scale-space stems from a diffusion process geodesic
on the walls of the sulcus [32]-[34]. This gyrus initially sepato the cortical surface. The primal sketch is made up of objects
rating the two sulcal roots, indeed, has just been buried into ttiefined from mean curvature minima and saddle points, like in
depth of the cortex. Hence, a stable simple fetal pattern segonavious approaches [41], [42]. The resulting sketch aims first
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at highlighting significant elementary folds, second at repr
senting the fold merging process during brain growth. y
The long term aim of the method consists in recovering a
tomatically a map of the sulcal roots from any adult brain. Th
map would provide an appealing set of landmarks to match d
ferent adult folding patterns. The sulcal roots could then be uscu
to add some reliable constraints into standard warping a'Qf?g. 3. Approximation of the mean curvature from an irregular mesh [60].
rithms [43]-[46]. Such a map could also be used to study brainanda, denote, respectively, the triangle angles and argasprrespond to
development from antenatal MR images. Statistics on suld2g dinedral angles between the normaJsthe edge lengths are noted
root chronology of appearance may indeed become a precious
tool for early detection of development problems. Some intdd5]. In this paper, mean curvatur&§ is proposed as a richer
esting cognitive or clinical information could also be embeddetescriptor (than the depth) of the various features that can be
into the variable merging events occurring between the sulediserved along sulcus bottoms and walls, which is illustrated
roots. Finally, since the sulcal roots are defined as indivisibie Fig. 8: fold bottoms appear as local minima Bf, while
cortical folds, they could be used to overcome the problem igyrus crowns appear as local maxima. Hence, buried gyri sep-
duced by sulcus interruption in algorithmic approaches relyirgating twosulcal roots appear as areas of positive curvature
on one-dimensional (1-D) lines [47] or 2-D meshes [48], [49]along the sulcus walls. Other curvature related features, such
as Koenderink’s curvature metric C (the L2 norm of the prin-
Il. FOLDING PROCESS ANDCURVATURE cipal curvatures, or the logarithm thereof) or the maximum prin-
al curvature, may be interesting for our purpose and should

, L . o
The first stagg of the mthod consists in extractm_g a Smoo&Einvestigated in the future. It should be noted that an isophote
mesh representing the cortical surface of each hemisphere fr

T1-weiahted MR.i Thi hi d dwith th I an curvature related measure (Lvv) has also been proposed
aTl-weighte image. This mesh is endowed with the actyg distinguish sulci from gyri [48]. While this approach could

spherical topology qf thi§ surfacg, Wh.iCh aIIows. the impleme%-e used to get a mean curvature estimation related to our cor-
tation of geodesic diffusion and inflation operations. tical surface representation (which may be considered as one
given isophote), its main interest is in the definition of gyrus
and sulcus skeletons as surfaces of singularities [74].

A first sequence of treatments provides a binary maskin this paper, mean curvature is directly estimated from the
of each hemisphere cortex with spherical homotopy. Thiiesh thanks to its relative smoothness. We used an approxima-
sequence, which includes bias correction [50], brain masikn proposed in [60] and [61] that takes into account some local
segmentation [51], hemisphere mask segmentation [52], an@perties of the mesh, as triangle anglesand areas:;, di-
detection of the gray/white interface [53], is freely availablgedral angleg}; between normala_} and edge lengths (see
on “http://anatomist.info.” A standard facet tracking algorithnfig. 3). This method may be considered as less robust than the
is used to compute a first spherical mesh made up of facetsual quadratic patch-based approaches, but was chosen in this
from the cortex mask [54]. Then, the center of each facghper for its lower computational burden. It should be noted that
is connected to the center of the neighboring facets in ordefs too soon to claim that one kind of curvature-based map is
to yield a spherical mesh of triangles. This algorithm, whichore adapted to our purpose than another one.
preserves the initial spherical topology, relies on a look-up table
of configurations like in the standard marching cube algorithr.. Fetus and Baby Brains
Finally, a decimation including smoothing is performed t0 The previous chain of processing is used when the brain
discard stair artifacts related to the underlying discretizatiofsg reached a high level of myelinization of axons, namely for
The decimation algorithm is inspired by the algorithm used e than two years old brains. At this stage, indeed, standard
the visualization toolkit (VTK) package [55]. The embeddeq_yyeighted images based on inversion recovery sequences
smoothing operation iteratively moves the nodes toward thejf,e 4 good contrast between gray and white matter, leading to
neighborhood gravity center, which may be related to SOM§ accurate definition of the cortical inner surface. Since the
usual surface evolution processes [58]. _ _most interesting part of the folding process is during antenatal

This mesh construction includes some smoothing operatiagfigge, however, we have initiated a research program aiming

that may remove some interesting anatomical information. Neye herforming longitudinal studies from antenatal MR images
ertheless, this smoothing process is required to get initial @gstained from clinical studies.

ceptable surface representations and reliable mean curvaturg, ihe case of antenatal and small baby brains, however,
estimations. In the future, surface evolution approaches coyld axon myelinization is still in progress, which means that
provi_dg alternative scale-space computation that might be Iqsls-weighted images show more or less contrast between gray
restrictive. and white matters according to the brain areas. Therefore, we
have adapted the previous chain of processing to T2-weighted
images, which provide a better contrast (see Fig. 2) [62].
Different approaches can be used to describe and study flsefortunately, T2-weighted images usually have a larger
details of the cortical surface folding patterns. Depth maxingdice thickness, especially with antenatal imaging, where
have been used to detect a concept similar to sulcal rootsaicquisitions have to be very fast because of the fetus frequent

A. Spherical Triangulation of Cortical Hemispheres

B. Mean Curvature Estimation



CACHIA et al: PRIMAL SKETCH OF THE CORTEX MEAN CURVATURE 757

motions and for his mother comfort. Since the fetus brains amentation is used to inflate the cortical surface for visualization
very small, this is leading to partial volume problems in thpurpose [59].
definition of the cortical inner surface. Hence, we have chosenin the following, the scale space of the curvature map is
to study the cortex outer surface, which is located between tb@mputed from the heat equation [40] geodesically to the
cerebro spinal fluid and the brain tissues. It should be notexhrtical surface. This is an arbitrary choice made to experiment
however, that the structural study of the folding process can Wéh the anatomical structural ideas mentioned above. A few
done from the cortex outer surface as from the inner surface,eperiments using inflated versions of the initial surface to
far as the surface representation is reliable. compute the geodesic diffusion have shown few consequences
The current segmentation toolbox is semiautomatic andads the sulcal structures of interest in the scale space. Some
still far to yield perfect results. Anyway, designing a perfect surore studies have to be done, however, to get a better idea
face detection method is a challenge because of the frequentddithe influence of the intrinsic curvature of the cortex on the
tifacts induced by fetus motions and the various contrast modiffusion process [65]. In the future, the behavior of alternative
fications during the myelinization. Nevertheless, for a few fetugnisotropic diffusion schemes [66] could also be considered.
brains, the detected surfaces are sufficiently clean to visualfzer instance, further work could consist in looking for the
small dimples bound to become cortical folds as connected co#ffusion scheme maximizing the similarity across subjects of
ponents of nega‘[ive curvature (See F|g 2) These images a"%w structural representations inferred from the individual scale
us to question the first sulcal root maps, which had been i®Races.
ferred from various descriptions of the literature (see Fig. 1) The heat equation, which corresponds to a parabolic partial
[25]. Unfortunately, the various weaknesses of the current gtfferential equation (PDE), lends itself with relative ease to
quisition process lead to an awful percentage of success: Gfé9g adapted for the specific case of an irregular 2-D lattice
acquisition over 100 can provide a meaningful cortical surfag&nbedded in a 3-D space [63], [64].
representation. Hence, we are currently working on faster acqui- ) ]
sition schemes using new MR sequences [56] and multicoil &~ Numerical Implementation
proaches [57], because the main problem to be solved is motiorThe numerical implementation of the heat equation is carried
between slices. In the future, longitudinal acquisitions at sevemlt as an iterative process of the form
time steps could allow to follow the folding process subject by

subject, provided that such studies are ethically acceptable. H(M, t+6t) - H(M, t) _ RH(M, 1) 1)
ot ’
IIl. SCALE SPACE OF THECURVATURE MAP for each nodé/ and each temporal iteration stéfywhereA H

The curvature map of the cortical surface contains much dé-the Laplacian estimate at the nofig of the field of values
ometrical information that may be related to the anatomical elé-€-, the mapi of the curvature). .
ments that have to be detected (sulcal roots, buried gyri). Thesd N€ implementation of PDEs on irregular lattices can lead
elements, however, correspond to different levels of scale (d8&0mplex numerical problems; ticausalityproperty usually
Fig. 9). Moreover, a scale-based point of view is required to di€duired by the scale-space framework may be lost because of

tinguish anatomical elements from noise features bound to &ycréte phenomena. This point s beyong the scope of this paper

pear in curvature approximations, due to segmentation/triangflﬁ‘-d WOUId. require furthgr s'.[ud.y. .
lation artifacts, or biased estimations of the discrete curvaturel)_ Spatial Para_meterlzatlon.Th(_e fact that the cortical I‘."‘t'
(see Fig. 8). The scale-space paradigm has been developet(ﬁcfeoIS empedded Into avolum_e raises a question concerning the
. . roper axis system upon which to base the estimation of the
deal with such problems where all the scales may be of |nter<$st. . L . .
ocal partial derivatives. A conflict exists between the need to
employ three spatial coordinates in the Euclidean space to ob-
tain an ambiguity-free description of the position of each node,
Two alternative approaches can be used to create a familyaoid the wish to perform a strictly surface-based smoothing. The
curvature maps evolving toward smoothness, either a diffusidefinition of a coordinate system intrinsic to the surface would
process geodesic to the cortical surface [63], [64], or a geometitow for a strictly 2-D-based smoothing. This implies a parame-
evolution of the surface itself [58]. Surface evolution accordinigrization, i.e., the definition of a mapping functiensuch that
to a function of curvature has been widely used in image anék, y, z) = m(u, v), v andv being the new coordinates that
ysis to describe 3-D shapes. The standard implementation of thilew to refer to every point in the surface without ambiguity.
kind of evolution using the level set framework, however, is ndthe diffusion equation is then solved alom@ndwv, in a strictly
adapted to our goal. This framework, indeed, allows topologic2iD fashion.
modifications of the tracked isosurface and provides no constanf possible parameterization would consist in the application
parameterization that may be used to simply track objects acro$sa flattening procedure to the cortical lattice representation
scales. Amesh-based implementation, in return, may be used&#]. This way, the flattened cortex would be contained in a
the evolution process, but would not necessarily be providipdane, and the parameterized coordindtesv) would corre-
the causality property required to deal with the scale space [39pond simply to théz’, ') coordinates of the plane in question.
[40]. At each iteration, indeed, some curvature estimation errdd®wever, cortical flattening leads to a significant amount of

would be made. It should be noted, however, that such an impfeetric distortion (10%—20% in average, locally attaining much

A. Geodesic Diffusion of the Curvature Map
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cause of the cortex spherical topology. Using the mapping tc — Saddle poim B“““g‘°91!‘?f”"’;; —
sphere would be an alternative solution [8], but spherical coc _::f_f:;,';:i_i:::_/a
dinates include two poles leading to some other difficulties. /0N \
2) Local Planar Parameterizationin view of this, the NP /
adopted parameterization was a simpeal transformation \ - / e
that maps each surface element (a node and its first neighbt Local minimum \ /
into a plane, while keeping unchanged both the edge distan | “1‘ /
and the angular proportions between the edges. This “nei¢/ .y /
borhood parameterization” [69], [70] amounts to locally flatte™ g e
the surface element, and avoids the severe areal distortion _— — e 4
would result from an expliciglobal flattening.
An individual mapping functionn; is, thus, defined for each

nodes, independently of the surrounding surface elements. An . . .
! P y g E,I]CG. This approach amounts to solving, for each node, a linear

arbitrarily oriented orthogonal referential is defined for eac : . . . ; )
. system involving the relative positions of the node and its neigh-
surface element, centered at its central node, and all the requir L . o

ors and the corresponding field value differences. It is still a

estimations, notably local Laplacian, are based on this new GO

ordinate system. This local-based approach is made pOSSIBrrge-dﬁferences method, in the sense that the partial derivatives

since, for each iteration step of the numerical solution of tHee estimated by differences between field values in neighboring

diffusion equation, the estimations involve only the differencenso'nts’ but its range of application is extended to any arbitrarily

between the values associated with each node and its nedrr(re%gular grid. The resolution of the system, for each node, is

: done in a least-squares fashion
neighbors.

3) Estimation of the Laplacian OperatorThe adopted D=A1lH ©)
(finite-difference) approach [71], [72] assumes that the field,
implicitly described by the functiod (u, v), is now sampled ~ This system of equations is solvedcefor each nodeat the
with an irregular planar lattice composed of interconnectdginning of the diffusion process.

higher values [6], [59]) and requires the introduction of cuts b Y"‘W’“

[ 3
|
|
|
|

Fig. 4. Definition of GLBs from local minima and saddle points (2-D case).

nodes. A Taylor series expansion around a given painta(.) Practically, the estimation of the Laplacian operator at each
has the form mesh node entails the multiplication of the pseudoinverse esti-
9 A9 9 a2 mation (A~) of the matrixA by the vector containing the differ-
H,=H.+h; OH., + k; OH., + h_L 9 }ic k_L 8 ]i"' ential data{ — ., us — uc, -- -, Uy, — ue), With m denoting
Ou Ov 2 Ou ) 2 v the number of neighbors [71]
+k~}4%+0(63) 2
illi auav o aQH( aQH( m
AH,; = 5 + 5 :Zw,;*(u,;—uc) (4)
where H. = H(ue, v.), H; = H(u;,v;), 0H./0u, and ou v P

0H./0v denote the partial derivative off(u, v) at point

(ties Vo), hi = ui — ue, ki = v; — v,, ands = /hZ + k2. with w; = A3, + A, whereA,, denotes the element on thed
Writing (2) for a surface element consisting of a cenlin€ andith column of the pseudoinverse matrix.

tral lattice node, located atu., v.), and its neighbors

(ui, v;) i = 1,2, ...,mleads to IV. PRIMAL SKETCH OF THE CURVATURE MAP
A primal sketch is constructed from the curvature map using
AD - H = [0] the algorithm proposed by Lindeberg in [42]. This primal sketch
where is expected to exhaustively describe the structure of the scale
s 1o space of the curvature map and, therefore, to pinpointits relevant
hi Ky hi k1 hik embedded objects. These objects are valleys of the curvature
L 2 2 landscape existing during a range of scales. In the following, we
e _2 present briefly the main steps of the primal sketch construction.
A. Gray-Level Blobs (GLBSs)
- At each level of scale (i.e., diffusion tinty some 2-D objects
' T calledgray-level blobgGLBs) are extracted from the smoothed
H=[Hy-H., Hy—He, ..., Hy — H.] curvature map. Each GLB is a basin, which may represent a
and the five derivatives a{, v,) are cortical fold at this level of scale. One GLB is defined for each
re local minimum. The GLBs spatial extent (a set of lattice nodes)
OH, OH, 9*H, 0°H. O°H, T is defined fro_m a watgr rise Iikg aIgorithm. _The v_vater 'pouring
D= ou’ v 0w %0 9ud . from each minimum fills a basin, which altitude is defined by
u v u v uov . . . .
the lowest surrounding saddle point (see Fig. 4). In practice,
In this fashion, estimates of the 2-D LaplacighH (u, v) = each minimum is given a different label that marks a growing

(0?H/0u*)+ (9> H/9v?)) are obtained at each node of the latarea. The growing is performed altitude by altitude, following
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s+ds ——, T TS
s I # cjl
@ (b) © (d)

(e)
Fig.5. The basic matching relations between GLBs through the scales. (a) Plain link. (b) Annihilation. (c) Merge. (d) Creation. (e) Split. TheabBseted

in a SSB withplain links

t (scale)

Grey-level blobs 2> o A\ T - /C;LT/
‘ICZ SZ e N é; i
. @) (b) ©

Fig. 7. lterative construction of the scale space. Example of cases requiring an
adaptive sampling.

12 are expected to correspond to some anatomical structures em-
bedded in the curvature map.

C. Adaptive Sampling of the Scale Space

! Due to the discrete sampling of the scale parameter, situ-

ations different from the five described in Fig. 5 may occur
(see Fig. 7). In this case, an adaptive sampling provides an
intermediate scale level at which this problematic situation can
be overcome. Events in the linear scale space have been shown
to arise logarithmically: the computed intermediate scale
between; andt, verifies, thenin(¢) = In(¢1) + In(¢2)/2, i.e.,

t = /11 * t2. A limit in the number of successive refinements
must be fixed, and it may happen that this number is not
sufficient to solve a particular problematic situation. However,
Fig. 6. Definition of the SSBs from the GLBs. GLBs belonging to the samégaching the limit in the number of successive refinements
chain can be seen as different instances of a same SSB. The organizatiogohot of great importance since the missed SSBs have an

the primal sketch in the space and through the scale yields an explicit struct P :
multiscale description of the sulcal topography (from Cowbal. [67]). ngltremely short fifetime” and can then be considered as not
significant [42].

the water rise idea. An area begins to grow when it is reached

by the water. When two growing areas with different labels get V. RESULTS AND DISCUSSION
in touch, their growing is stopped. The surrounding areas, how-
ever, are marked by a background label and the background fo1-
lows the water rise. When a growing area gets in touch with theFigs. 9 and 10 provide a glimpse on the primal sketch fo-
background area, its growing is stopped too. When the highesiked on the central sulcus of an adult brain. The structure of
altitude has been reached, the lattice is made up of GLB suppahis subsketch is consistent with our initial aims. First, the three
and background area. Inversing the rise of water could allow thgjhest SSBs are linked by an event which seems to correspond
definition of some GLBs for each local maximum, which couldo the merge of the central sulcus sulcal roots described by neu-

Central Sulcus Primal Sketch

also be of interest to study the gyral patterns. roanatomists [21]. Second, the spatial localization of the two
sulcal roots related blobs are separated by a buried gyrus, re-
B. Scale-Space Blobs (SSBs) vealed by a slight deformation of the central sulcus wall, as

Each GLB is defined by two extremal points, a local mindescribed by the model. Moreover, the two sulcal roots have a
imum and a saddle point, whose behaviors in the scale-spémeger life time throughout scales than noise related blobs.
are well known from a theoretical point of view. The GLBs ap- A fine analysis of the lowest part of the sketch (the superior
pear or disappear according to four possible events chifad  sulcal root), however, shows that some instabilities may stem
cations 1) creation (a GLB appears); 2annihilation (a GLB from spurioussplit events induced by the elongated shape of
disappears); 3nerge(two GLBs merge into one); and 4plit the sulcus related blobs [41]. These splits, however, are not nec-
(one GLB splits into two GLBs) (see Fig. 5). Between two oéssarily spurious and may be related to what we call “the castle
these events, it is possible, with a spatial overlap criterion, weall effect.” Let us imagine a landscape with a castle wall shape,
track a GLB from one scale to a slightly coarser or finer on@eamely a wall with two thick towers as extremities. If the alti-
The chains of GLBs linking two bifurcations (see Fig. 6) detude of the wall is higher than the tower altitudes at the begin-
fine multiscale objects callestale-space blob&SSBs), which ning of the smoothing process (a weird castle indeed), the whole
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Mean curvature Signed distance to neighbor's barycenter

Fig. 8. Mean curvature of the cortex inner surface (adult brain), mapp
on itself (left) and on an inflated version [59] (right). Red (negative) are¢
correspond to sulci, while blue (positive) areas correspond to gyri.

buried gyrus

W
DY

Cenral Sulcus Central Sulcus

buried gyrus

- - ®

buried gyrus

)
e oo

Fig. 9. Some isophotes of cortical surface mean curvature at different scafeig, 11. Top: Two different curvature-based maps: left, the mean curvature
mapped on itself (top) and on an inflated version (bottom). Central sulc@stimation used throughout the paper; right: the signed distance to the barycenter
includes two curvature minima at middle scale, and finally only one minimuf the neighbors in the surface mesh. Middle: The GLBs at one level of scale
at highest scale. The middle scale minima will correspond to two blobs ipcated before the merge of the central sulcus roots. Bottom: The structure of
the final primal sketch. The saddle point which separates these two blobghie upper parts of the central sulcus primal sketches are isomorphic, while the
located at the level of the buried gyrus related clues. Hence, these blobs riiyrcations occur at slightly different times.

correspond to central sulcus sulcal roots.

Fig. 10. Subsketch of the primal sketch focused on the central sulcus ai
Each GLB is represented by its contour. The contour is moved toward the outs
brain by an homothetic factor related to the logarithm of the scale. Each SSB
its own color. Red points correspond to the curvature minima from which tl
GLB growth begins. Purple points between two blobs and green points betw:t
one blob and the background, correspond to points stopping blob growth. 1 &2
position and the organization of the SSBs located in the central sulcus z(##

match with the sulcal root-based model of this sulcus.

o . _ Fig. 12. Left: The part of the primal sketch corresponding to the left superior
edifice is represented by only one blob. Because of their thickmporal sulcus for three different brains. The putative four sulcal roots of

ness, however, the tower altitudes decrease at a lower rate tpifrnodel have been labeled in these graphs (see Fig. 1). The structure of the
h Il altitude duri hi H ft. hile the i subsketches is slightly different across individuals, which may reflect some
the wall altitude during smoothing. Hence, after a while, the INftrerences during the folding process. It should be noted that the subsketches

tial blob is split into two tower related blobs. In should be notegare not necessarily connected trees, and that the superior temporal sulcus is

that this kind of events respects the causality property, whiept necessarily represented by a SSB. Right: The cortical surface of the three
v th . f | | Wh h, corresponding brains. The positive mean curvature has been mapped with a red

prevents only the creation o n_eW _eve sets. €n such everly,, map in order to highlight putative gyri buried in the sulcus walls. The

however, occur because of noise induced by some weaknes&szations of the curvature minima corresponding to the putative sulcal roots

of the numerical scheme relative to the irregularity of the mesfve been superimposed on the 3-D rendering (red and green rectangles).

the primal sketch may need some postprocessing. An interesting

alternative, based on a finite-element method (FEM), avoidimgatrices, can be found in [64] and is under investigation. It may

local planar parameterization and inversion of ill conditionedvercome some of these problems.
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5 0l
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e/
$=80.64(1.91) $=40.21(1.60)
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Fig. 13. Variability of the central sulcus folding pattern among eight adult (top) and two child brains (bottom). For each subject, a mesh ofitireecsueace,
mapped with its mean curvature, highlights the deep buried sulcal shape. Pinpointed blobs, mapped on a slightly inflated version of the supfacsedte s
correspond to the two putative central sulcus sulcal roots (inferior and superior); the indicated scale (with its logarithm in brackets) dortbsfroschle of
apparition.

B. Stability Relative to Curvature-Based Feature flated version of the surface, for the sake of visualization (see
g- 13). For each brain, the scale has been chosen slightly be-
e the event leading to the merge of the two sulcal roots into
e whole central sulcus. In each case, the two GLBs are located

we are interested in is stable across various curvature-ba28POth sides of the central sulcus wall deformations looking
features. In order to illustrate this idea, the central sulcus prim4€ @ Puried gyrus. It should be noted that the spatial extent
sketch computed from our mean curvature estimation has b&&d€ GLBS is not supposed to have an accurate localization
compared to an equivalent sketch computed from a map of fAAVer Ded!catgd buried gyrus dgtecﬂon algprlthms |n|t|§1I|zed
distance between each nodé and its mesh neighborhoodby the localization of the GLB minima could indeed provide a

barycenterB = 3" M;, signed by the scalar product betweeR€tter result for further studies. The goal of the primal sketch
— v ) ) is mainly structural: highlighting the fetal structure of the adult
MB and the normal at nod&/ (see Fig. 11). While some

o / folding patterns.
variability could be observed among the objects extracted at ap

the lowest levels of scale, the highest part of the sketches rgly Discussion
on isomorphic sets of bifurcations defining the same candidate
for the central sulcus roots.

Several choices made to perform the studies described in i
paper are arbitrary (mean curvature and heat equation). We
pothesize, however, that the structural anatomical informati

The previous results have shown that some hidden informa-
tion about the morphogenesis of the cortical folding patterns
could be recovered from the remaining curvature of the surface
at adult age. This information could help to overcome the prob-
The primal sketch has been built from ten different left hemiems related to the interindividual variability of these patterns.
spheres in order to check if the two sulcal root model of th@ur results, however, are related to one of the simplest sulci,
central sulcus could be highlighted as an invariant of the cortard more work is required to analyze whether the current primal
morphogenesis. The supports of the two GLBs supposed to csiketch structure is sufficient to highlight a stable organization of
respond to the two putative sulcal roots are mapped on an the sulci made up of more sulcal roots. For instance, it has to be

C. Reproducibility Across Individuals
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proved that the primal sketch scale space blob set includes(aik time,z the linear coordinate, anil a constant). Assuming
the sulcal roots that have to be localized. The link between fethht the temperature field (in our case the mean curvature field)
sulcal roots and their putative primal sketch analogue, indeésl,sampled by a regularly-spaced grid (with spatial sampling
may be more intricate than for the central sulcus case, becagtpAz), a finite-differences approach to approximate the par-
several merge events are then involved. This could call for thiel derivatives yields

development of more sophisticated anisotropic scale spaces.
It —ur pu

While a first manual exploration is required to try to match 4 T (zj, ty) (6)
the primal sketch-based representations with our current sulcal At ot
root maps (see Fig. 12), an automatic strategy should be de- ujyy —2uf +ujy 0%u
vised to get a more reliable generic model. Few approaches have (Az)? ~ or2 (), tn) ™

been proposed for such inference of high level models under- i )

lying the brain anatomy. Some ideas could stem from simil4fiere At is the temporal sampling step, andf stands for
work done from skull crest lines [73]. Another attractive direc¢(Z;; tn). i-€., the value of the function at the nodg and

tion consists of Markovian models for the comparison of prim&t the instant,,. Using this, approximate valugg;® of the
sketches developed to match activation maps across individJHf2ction (as opposed to the exact valugg can be computed.
[67]. The underlying idea consists in labeling simultaneously3HPstitutingU for u in (6) and (7), we have

Igrge nu_mber of sketches,_ea_ch Iabel_ corresponding to an en- U = U 4y n UM+ U ) @)

tity relatively stable across individuals in terms of shape, local- J ! 1 ! !

ization and surrounding. Finally, when such a sulcal root-basetherer = KAt/(Ax)?.

generic model will have been inferred from a set of brains, auto-A highly important concept in this context is theincation
matic labeling methods might be used to match it with any nesyror (so called because a truncation of a Taylor series is implied
primal sketch [35], [74]. It should be noted, besides, that th® approximations such as the ones above described) [76], [77].
group analysis of geodesic scale-spaces of 2-D maps paintedae truncation errof}" is simply the remainder of (8) whein

the cortical surface is a generic tool, which may be of interestreplaced by the exact solutian The numerical resolution of

in other contexts such as in functional MRI/positron emissidhe PDE will be saicconsistenif the truncation error tends to
tomography studies with statistical maps [63], [67], or for theero asAz and At tend to zero. In other words, consistency

study of cortical thickness maps [68]. ensures that finer meshes and smaller iteration time steps will
always lead to more accurate approximations of the actual PDE
VI. CONCLUSION solutions at each time step and at each node.

In this paper, we have shown that new approaches to theWh”e obviously a very desirable feature, consistency does

understanding of the variability of brain structure can be drgpt guarantee that the resolution will be stable. §tability to

vised taking into account the variability of the brain morphoge e attained, the actual errefi(= Up —u7) musttend to zero as

esis. Such approaches could overcome the difficulties of icorm:e truncation erroff; tends to zero, otherwise the errors will

template-based methods to deal with structurally different pz!l?—nd to propagate _rapldly _ano_l the_fmal results will be devq|d of
se. The evolution sz;l in time is related to the truncation

terns. The new structural multiscale-based representation of . . )

sulcal folding patterns presented in this paper will be used ggrorn the following way [76]:

infer a finer grained than usual generic model of the human cor- et = (1- 20)e + el | +vel_y — TIAL 9)
tical surface [21], [25]. Such a model would greatly improve

our current understanding of the cortex variability, and help for The important point is that the coefficients of the terfison
finding stable anatomical landmarks. These landmarks wouldihe right add up to unity and that, provided that 1/2, they
useful, for instance, employed as geometrical deformation caare all positive. This way, the error at time steg 1 is bounded
straints in warping processes [43]-[46], or for defining reliabley £ = max{[e}|, j = 0, 1, ...} in the following way:
parcellations of the cortical surface [75]. In the future, longitu- ntl . .
dinal time series of brain images will be of great help to val- lej 1 < B+ [T7| A (10)

idate our approach. Hence, long-term studies of brain growthrys is 4 sufficient condition for stability [76]. Thus, a valid

processes will be used both as answers to neuroscience qyeserical implementation of this simple parabolic equation
tions and as inspiration for new methodological development,o,id require that = K (At/(Az)?) < 1/2.

The present case differs from the example above in two
APPENDIX points: 1) the (2-D) mesh is not regular (nonuniform internodal
separation) and 2) the estimation of the partial derivatives, al-
though based on finite differences, relies upon the least-squares
The numerical resolution of the previous PDE must fulfiltesolution of a linear system. These specificities must be
convergenceandstability criteria to give satisfactory results. accounted for in a discussion of the appropriate stability
Without loss of generality, let us consider a 1-D heajuidelines.

Stability of the Numerical Scheme

diffusion-like (parabolic) PDE The PDE to solve at each node location has the form
du(w, 1) 0%u(z, t) Oulw, y, 1) _ o o (Pul, y, 1) | Pulw, y, 1) 1
ot K ) ®) ot 'O Ox? + dy? - (1)
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The approximate resulf satisfies this procedure may not be enough to guarantee a reasonably
- - low value for the criticalA¢. In such cases, an intervention at
At (02U  92Un the level of the lattice configuration may be required.
Urtt -t = = | — + (12) : : : -
i j 2 \ 9x2 dy? For typical examples of cortical lattices submitted to node

decimation (resulting number of nodes20 000-25 000), the
fulfillment of the left-hand condition in (15) requiredt’s of
~0.5-0.7. However, practice revealed thafs as high as one

led to stable systems, showing that the error can be bounded
even in cases where the sufficient condition for stability is

where@iﬁjﬂ /02 stands for “estimated partial derivative Gf
at node(z;, y;) and time point,,” (similarly for y). The error
et can be written as

— _— violated.
g At <82U}? 82U}1> _ ot The right-hand condition in (15) is apparently more difficult
J J 2 ox? 0y? J to fulfill. However, the several violations that were identified
= = in the tested lattices were not an obstacle to a stable numerical
At (OPuj  O%uj + ™ At (13) ‘resolution, showing that the fulfillment of the first condition is
2 Ox? dy* 720 in itself enough to guarantee a satisfactory bounding of the error.

The application of postprocessing procedures (e.g., deci-
Combining (13) and (4) leads to mation) to the lattice may lead to situations in which node
neighbors are fewer than the number of variables estimated
locally. This number will be five in the case of the second-order
Taylor expansion necessary to estimate the Laplacian, or four if
isotropy is assumed and t#8 f, /0 9y term is considered to
+ g Z e (A]T_ + A]T_) -7 ﬁ (14) be zero, asin the currentimplementation. A deficit of neighbors
2 = " 2 will lead to indeterminacy of the corresponding linear system,

which means that the solution will not be unique. One of

whereA; (respectivelyA; ) stand for “the element containedthe options to pick one among the infinity of solutions, thus,
in the third (with respect to the fourth) line arith column optained is to select the solution with the smallest norm. This
of the pseudoinverse matrix pertaining to the node locatedigthe condition implied by the Moore—Penrose pseudoinverse
(z;, y;),”ande? stands for “the error at thith neighbor of the [79] based resolution that we adopted. This was shown to be
node located atz;, y;), at instantt,,.” A sufficient condition a sensible option in practice: provided that the nodes with
for the error to be bounded is that the coefficients affecting adlss than four neighbors constitute a smalllfo) proportion
of thee™ add up to unity (which is clearly the case) and that theyf the total number of nodes, the final results do not differ
are all positive. Denoting;, = A7+ A , this translates as  significantly from those obtained in a situation of system

determinacy all over the lattice.

At o~ _ _
L= 5 Y (A5, +45,)

=1

et =

n
J €;
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