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Abstract. In the context of inter-subject brain surface matching, we
present a parameterization of the cortical surface constrained by a model
of cortical organization. The parameterization is defined via an harmonic
mapping of each hemisphere surface to a rectangular planar domain that
integrates a representation of the model. As opposed to previous confor-
mal mapping methods we do not match folds between individuals but
instead optimize the fit between cortical sulci and specific iso-coordinate
axis in the model. Experiments on both hemispheres of 34 subjects are
presented and results are very promising.
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1 Introduction

The rise of surface-based methods for neuroimaging data analysis in the past 10
years has brought a new range of methods in the area of multi-subject compar-
isons: inter-subject surface matching. Such methods allow to define a common
referential in which to perform group studies and inter-subject comparisons. The
difficulty comes from the fact that, contrary to volume-based methods, the do-
main on which the data is defined is different from one subject to another. If
one wants to register geometrical information or anatomical landmarks on the
cortical surface between different subjects it is necessary to define a common
domain on which to perform the registration. This is why existing methods map
cortical surfaces to a standard geometry such as a sphere before registration.
This mapping is either isometric or conformal [5]. Registration after or dur-
ing the mapping generally optimize the matching of geometrical information
(e.g. convexity [14]) or anatomical landmarks [TOJT2/T38] but rarely embeds ex-
plicit information about the nature of the variability or stability of the cortical
anatomy across subjects.

Nevertheless, the idea of an intrinsic organization of the cortical surface around
which variability occurs has arisen [IJ3l4], and it has been shown that a model
of such organization can be used to perform cortical localization and implicitly
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solve the problem of inter-subject cortical surface matching [3/2]. In particular
in [2] a model is presented that embeds the concept of stable sulcal landmarks
conjointly with the notion of organization of these landmarks through specific
hypothesis of orientation and alignment of sulci. In this method, the authors pro-
pose a scheme of cortical organization, stating that a set of folds that correspond
to the first folding location during antenatal life are stable across individuals,
and that these folds are organized according to two orthogonal directions and
two poles, the insular pole and the cingular pole (Figlll). This model defines a
natural spherical parameterization of the cortical surface, and in the same paper
the authors propose an implementation of this model that computes a param-
eterization constrained by the model for any given cortical mesh and therefore
provide a cortical localization and an implicit inter-subject matching. Essen-
tially, this leads to a coordinate system in which the folds that are part of the
model always have the same coordinate (longitude or latitude, specified by the
model, Figll]), with a smooth interpolation of the coordinate fields between the
constraints. The drawbacks of this approach are that the two coordinate fields
are computed independently, the method is therefore unable to theoretically
guarantee the integrity of the coordinate system, and that there is no control
over the isometric or conformal properties of the resulting mapping.

In this paper we integrate the assumptions given by model presented in [2]
and propose a new method for mapping this model onto an individual corti-
cal surface. The relevance of the anatomical hypothesis underlying the model
will be investigated in future work. Indeed, we define a mapping that explicitly
minimizes angular distortions while matching cortical folds with the model, and
introduces a coupling of the two coordinate fields. The originality compared to
previous similar harmonic mapping methods (e.g. [T0/I2]) lies in the fact that
folds are not matched to a specific target (e.g. the same fold across subjects) but
instead are matched to an iso-coordinate axis of the 2D coordinate system.

In the next section we present our method, and in section [ the results of our
algorithm applied to a set of subjects are presented and discussed.

| | | E

Fig. 1. Left: insular and cingular poles shown on an inflated hemisphere. Right: flat
representation of the sulcus-based model of cortical organization.
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2 Method

We detail here our method to define a parameterization of the cortical mesh
under the sulcal constraints defined on Figlll We formalize the parameteri-
zation of the cortex as follows. Let us denote St € R? the cortical mesh.
The parameterization of S7 consists in finding a suitable domain 2 C R?
and a piecewise linear mapping h : S — {2 that is linear on each triangle
in St and continuous. Such a mapping is uniquely determined by the images
u = (U1,UQ) = h(U) = (h1(’l)1,1}27’1)3),h2(1}17’027’03)) € R2.

The first step is the definition of the parameterization domain, presented in
the next section.

2.1 Parameterization Domain

In contrast with previous approaches, the geometrical assumptions given by our
anatomical model impose some constraints on sulcal landmarks but also on the
insular and cingular poles, the later being defined around the corpus callosum.
While the cortex can be represented as a surface which topology is spherical,
i.e. closed without self intersection, the tessellation corresponding to an hemi-
sphere remains open as a hole is formed by the cut around the corpus callosum,
i.e. the cingular pole. When a parameterization is achieved on a spherical do-
main, this hole can be artificially closed but the closing influences the resulting
coordinate system. We alternatively suggest to consider the open hemi-cortical
representation for fitting our model.

The hemi-spherical cortical surface can then be subdivided into 3 anatomical
patches : the insular pole, the cingular pole and the rest of the neocortex. The
cingular pole, i.e. the corpus callosum, does not need to be parameterized, as it is
not cortex. The parameterization of the insular pole is quite straightforward as its
geometry is very close to a plane and is not detailed in the present contribution.
Both poles can be segmented automatically (e.g. as presented in [2]), so we focus
on the parameterization of the rest of the cortex which is the most challenging.

At this point, the neocortex is represented as a surface with two holes that has
the same topology as a cylinder (Figl). A cut in the surface linking the two poles
is mandatory to obtain the desired topology. We suggest to cut the neocortex
following the shortest geodesic path between the two poles. This artificial cut is
robustly located as illustrated on Fig[2l

We now suggest to decompose the parameterization of the neocortex into two
steps:

— We first define a mapping f : S — {2 from the surface of the neocortex
onto a 2D rectangle, which corresponds to the integration of the constraints
associated to the poles;

— and then include the sulcal constraints, which is thus reduced to a purely
2D deformation problem resulting in a second mapping g : 2 — (2.

The parameterization mapping h is then defined as the composition of f and g:
h=gof.
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Fig. 2. Each cortical surface is mapped onto a rectangle. Boundaries and sulcal con-
straints are colored: latitude constraints in blue, longitude constraints in red, insular
pole in cyan, cingular pole in green and cut between poles in pink. Mean curvature of
the original surface is shown in gray and 7 is the normal of the boundary.

2.2 Unconstrained Harmonic Mapping of the Neocortex onto a
Rectangle

Given the intrinsic orthogonal organization of the cortical surface [1I3] the map-
ping between the neocortex and the rectangular domain should minimize an-
gular distortions. Such mapping has been intensively studied and is denoted as
conformal or harmonic mapping. Several research groups have reported work
on conformal mapping from the cortical surface to a sphere [I1] possibly with
additional sulcal landmarks [T2]. Hurdal et al. [9] reported a discrete mapping
approach that uses circle packing to produce flattened images of cortical surfaces
on the sphere, the Euclidean plane, or the hyperbolic plane.

Here, we extend the method introduced to the computer graphics community
by Eck et al.[6] which consists in approximating a harmonic map using a finite
element method based on P1 basis functions. This technique consists in two
steps.

1. First fix the boundary mapping, i.e. fix fsg, = f° , by mapping the bound-
ary 0S5t homeomorphically to some convex polygon in the plane. Here this
parameterization domain is defined as a planar rectangle.

2. Find the piecewise linear mapping f : Sp — (2 which minimizes the Dirichlet
energy subject to the Dirichlet boundary condition fsg, = f°:

Ep(f) = 1/2 /S Vsn 1P (1)

Fixing the boundary remains however a major drawback in the context of our
model: the conformality of the mapping is not guaranteed and the orthogonality
of coordinate axis is lost near the boundary. We thus adapted this procedure
by relaxing the boundary constraints such that the points on the boundary can
move along the coordinate parallel to the boundary and only the four points in
the corners remain fixed (see Fig2 and Eq2l).
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Derivating the Dirichlet energy Ep(f) gives VEp(f) = —Ag, f and its min-
imization reduces to solving independently the two linear system of equations
which are Poisson equations with mixed boundary conditions:

ASTfl = O, S ST, ASTfQ = 07 S ST7
fi= [P on 6157 JdsSr Vfo.m =0 on 6,57 J0d3ST (2)
Vflﬁ =0on 6QST U54ST f2 = fg on 5QST U54ST

where ST = 6157 | 0257 J 9557 |J 45T is the domain boundaries as shown on
Fig[2The existence and uniqueness of the solution has been proved (e.g. in [7])
and Ag, can be discretized with the harmonic weights defined in [6]. Inverting
the two matrices involved in those two linear equations can be achieved in few
seconds with efficient linear algebra libraries.

2.3 Harmonic Mapping under Orthogonal Constraints

We now define two sets of constraints K;,; and Kj,,, corresponding to the sulcal
fundi specified in our anatomical model (as latitudes and longitudes respec-
tively). Contrary to other methods, we want to align those sulcal fundi onto
specific coordinates (longitude or latitude) and not to other landmarks.

The constrained mapping g : {2 — {2 that minimizes the angle distortion
is defined as the optimum of the following equation under the same boundary
conditions as in Eq[2

B(g) = Epl9) + 2Ep(0) =, [ [VsslP+ ) [ llatw) = plotu)lPdu )

lon
where p is defined as: p : (Zl) — (Zl > if u € Kion, p: (Zl> - (Zin) if
2 2 2 2

u € Kjqt, and p =Id otherwise. Ep(g) measures the distance between each sulcal
fundus and the corresponding target longitude (resp. latitude) coordinate value
ul®™ (resp. ul?) via the projection p. The derivative of the constraint energy
Ep(g) can be computed as:

VEp(g) =2(I — D;p)(g — p(9)) (4)

where Dyp is the adjoint operator applied to the derivative matrix of p, i.e.

or op\' 00
Dip(u) = | §u Juz | = (0 o> if u € Kion, Djp(u) = (0 1> ifue Kt (5)

8u1 aug

and Dgp = Id otherwise. We thus obtain
VE(g) = —Asy g9+ A1 — Dyp)(g — p(9)) (6)

and the energy is then minimized using a classical iterative gradient descend
scheme. Note that the projection of a point onto the corresponding axis p(g(u))
depends on its current location g(u) which is updated between two iterations.
This original data-driven term Fp(g) introduces a coupling between the two
coordinate fields, latitudes and longitudes.
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3 Results

We applied this parameterization process with A = 1 to the left and right cortical
surfaces of 34 subjects, for which sulci were identified manually by an expert after
an automatic extraction of cortical surfaces using the BrainVisal T1 processing
pipeline on T1-weighted MR images of the subjects. FigBl presents the mapping
on the rectangular domain of all sulcal fundi that are part of the model for all
34 subjects. Top row shows the result of the unconstrained conformal mapping
presented in section and bottom row shows the results of the constrained
mapping presented in section 2.3 It is visible that the mapping without sulcal

Left hemlsphere Right_hemisphere

__:*_*m—

Fig. 3. Sulcal constraints of the 34 subjects mapped onto the rectangular domain with
unconstrained mapping (top row) and with the model-driven mapping (bottom row).
The sulci are colored according to the model shown on FiglIl

constraints shows a reasonable orthogonality of “longitude” and “latitude” sulci,
which tends to advocate for the notions of orthogonal principal direction fields
introduced in [1I3], and illustrates the pertinence of the model presented in [2].
On the bottom row of Figl3, the effects of the model-driven harmonic mapping
are very clear. Sulci have been well aligned on the axis of the model. The implicit
inter-subject matching performed by our method can also be observed since
sulci show a good alignment across subjects. Residual variability is also visible,
often at the extremity of sulcal fundi for which the assumption of alignment
is sometime corrupted. It is also understood that this assumption is subject
to variability and cannot be systematically observed due to the complexity of
the folding process during growth, which is subject to many factors. The inter-
subject matching can also be checked on Figll in which the mean curvature has
been averaged across all subjects and is represented on a single cortical surface.
The major sulcal and gyral structures are well preserved: deep blue areas indicate
that the dispersion of sulci has been reduced, and red parts show that the crown
of gyri are matched across subjects although they are not part of the model.
The improved alignment of gyri shows that the coordinates are well interpolated
between sulcal constraints and that the harmonic properties of the mapping help
to align a number of gyri that are also subject to the orthogonal organization.
The density of the model constraints also shows its influence for instance in

!http://brainvisa.info
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Left hemisphere Right hemisphere

Fig.4. Mean curvature averaged across 34 subjects. Top row: after unconstrained
planar mapping; bottom row: after mapping constrained by the model.
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Fig. 5. The resulting parameterization, shown as a coordinate grid on the slightly
smoothed cortical surface of one hemisphere. In blue (resp. red), the sulci and axes of
the rectangular domain corresponding to latitude (resp. latitudes) constraints of the
model. The histogram of the angular distortion through all 34 left and right cortical
surfaces before (blue) and after (red) sulcal alignment is shown on the right.

the parietal lobe where the model lacks information [2] and the alignment of
curvatures is not as good.

The adaptation of the resulting coordinate grid to local anatomy can be seen
for one subject on Figll Iso-coordinate axes follow the local geometry and com-
ply with the sulcal constraints. See e.g. the Calcarine Fissure (CF) which is a
good predictor of the position of primary visual functional areas. Finally, Fig[Hl
also shows the control over angular distortions, as indicated by their distribution
through the 34 left and right cortical surfaces before and after the constrained
mapping.

4 Conclusion

We have proposed here an implementation of the cortical model presented in [2],
performed via a mapping to a planar domain. The harmonic aspect of our map-
ping allows to explicitly take into account the directional nature of the model,
based on the notion of orthogonality of sulcal axis. As opposed to previous har-
monic approaches, we do not match folds across subjects or between subjects
and a template, but instead we optimize the fit between cortical sulci and specific
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iso-coordinate axis in the model. Results show a good alignment of structures,
sulci and gyri, across subjects. The process should prove useful for cortical lo-
calization and surface matching in the context of surface-based group analysis
of functional and anatomical studies, although more work remains to be done,
in particular to compare our method to reference methods such as [14].
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