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methods analyse cortical curvature and use geodesic distance metrics to define
boundaries [4]. However, manual selection of neighbouring sulcus-pairs wag re-
quired to initiate segmentation of a gyrus, and did not resolve the difficultieg of
substantial inter-subject variation whereby a significant number of the gyri i,
one individual seem to have no clear matching gyri in another. In preliminary
experiments we found a voxel-based method for extracting gyral cores (5] to be
more robust and we based our approach on this.

Our framework allows matching of the important gyri across subjects. Ip
addition to supporting automated labelling, the gyral representation should al-
low inter-subject registration and may be used for quantitative studies of inter-
subject variability and inter-hemispheric differences.

2 Data and Pre-processing

Our input data consisted of 96 T1l-weighted MRI brain data of healthy human
volunteers acquired on a 3-Tesla magnetic resonance scanner (Bruker Medspec
300) using a MDEFT pulse sequence [6]. The within-plane spatial resolution was
set to 1 X Imm, the between plane resolution was approximately 1.5mm. All data
sets were rotated and shifted into a standard stereotactic coordinate system with
the origin residing halfway between CA and CP [1]. At the same time, the data
sets were resampled so that isotropic voxels of size 1 x 1 x 1mm? resulted. After
resampling, each data set consisted of 160 image slices that contained 160 x 200
voxels covering the entire brain. We restricted our attention to the large primary
gyri that can be identified in almost all healthy individuals on the lateral aspect
of hemispheres. Secondary, and particularly tertiary, cortical folds have a high
degree of inter-subject variability so that it is unrealistic to derive a valid model
for them.

3 Methods

In our algorithm, cortical folds are represented as 3D polygonal lines so that folds
extracted from a group of individuals form a cloud of such lines. The central idea
of our approach is to subject such data clouds to non-linear principal component
analysis so that a principal curve for each major gyrus results. A principal curve
captures the most salient shape features of a data cloud. Our gyral model is a
collection of such principal curves. In the following, we will present this sequence
of processing steps in more detail.

3.1 Representation of Gyri Using 3D Polygonal Lines

The initial steps for automatically extracting the polygonal line representation
of gyral cores are similar to those described in [5]. In the current work, we ex-
tend this approach to include extraction of the deep white matter surface, which
smoothly connects the fundi of the major sulci, and we express the depth of gy
as a proportion of the distance between the outer (closed) and inner (opened)
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white matter surfaces. The rationale behind this approach is that various re-
gions of the brain show marked differences in the depth of the cortical foldings.
For example, pre-frontal sulci are generally more shallow than parietal sulci. A
relative measure of depth as introduced here allows us to incorporate all major
folds into a common framework so that regional differences in sulcal depth play
a lesser role.

The algorithm consists of the following steps (fig. 1):

1. White matter segmentation.

2. Extraction of a superficial white matter surface (corresponding to the arach-
noid surface overlying the superficial grey matter) by 3D morphological clos-
ing of the segmented white matter [7], using a spherical 12 mm radius struc-
turing element,

3. Extraction of the deep white matter surface using a morphological opening
with a 8 mm diameter spherical structuring element.

4. 3D distance transform to define the depth from the closed white matter
surface (8].

5. 3D distance transform to define the distance from the opened white matter
surface.

MRimage ] e ”_ white maller
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Fig. 1. The processing chain for obtaining the gyral core graph

closed surface
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Fig. 2. Definition of relative depth
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6. Calculation of relative depth of any point as the ratio of the distance frop,
the superficial surface to the sum of the two distances (to superficial and
deep surfaces) (fig. 2).

7. Extraction of the gyri via a top-hat transformation (the white matter image
minus the result of a 3D morphological opening).

8. 3D topological thinning of the gyri (9],[10].

9. Extraction of the intersections of the thinned gyri at a series of relative
depths, to form *gyral cores”.

10. Representation of the intersection as an undirected graph. The nodes in the
graph correspond to voxels. Any two nodes are linked by an arc if their
corresponding voxels are 26-connected.

We call our representation the “core graph”. A path within the core graph is
called a “gyral core”. In the following, we will discuss some specific gyral cores
that are of interest because of their interindividual consistency.

3.2 Anatomical Labelling of Gyral Cores

At the 0.95 depth level, gyri appear geometrically simple. They are smoother
and less convoluted than at more shallow depth levels. This makes their identifi-
cation much easier. Therefore, we initially attach anatomical labels only to gyral
cores at the deepest depth level. These labels are then subsequently propagated
upwards to all other levels of depth. We selected gyri which show high consis-
tency across subjects to form the basis of the labelling scheme. These included
the precentral, postcentral, middle frontal, parietal, inferior temporal, and supe-
rior temporal gyri (fig. 3). At the deepest relative depth levels, it was clear that
the superior temporal gyral core was continuous with the opercular gyral bank

precentr.  postcentr

frontal

erisylvian

Fig. 3. Illustration of the gyral labelling procedure. Anchor points P1 and P2 mark the
endpoints of the perisylvian core. The perisylvian core is defined as the shortest path
in the core graph connecting P1 and P2. Other anchor points and the shortest paths
between them are used for identifying other gyri. To identify the pre- and postcentral
gyri, we additionally impose the constraint that the two gyri must be roughly parallel.
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above the circular sulcus of the insula, so we named this continuous gyral core
perisylvian (fig. 3).

We devised a semi-automatic algorithm for labelling the above named gyral
cores. For each of these six types of gyral cores we have devised a set of heuristic
rules to be used in the identification process. Dijkstra’s algorithm for finding
shortest paths in graphs is one of the key elements of our method. For instance,
to identify the perisylvian core, we first identify the two anchor points P1 and P2
that mark the anterior and posterior ends of this core. We then apply Dijkstra’s
algorithm for finding the shortest path in the core graph that connects P1 to P2.
P1 is defined as the most ventral point whose y-coordinate in the stereotactic
Talairach system is less than -10. P2 is defined by a similar rationale.

Once the core graph of a data set is anatomically labelled at the deepest
depth level, we can propagate its anatomical labels upwards to the next higher
depth level, and so on, until the graph is labelled at all depths. This process is
not very exact However, for the purpose of generating a generic model that is
representative of 96 individuals, it is not essential to obtain a highly accurate
labelling in each case.

3.3 Principal Curves

We have applied the anatomical labelling to all 96 data sets. In order to extract
a generic gyral model from these data, we integrated the labelled gyral cores
from all subjects into one data set using a common coordinate frame. We then
extracted principal curves from this combined data set in order to reveal the
generic structure of the data.

Principal curves are defined to be polygons which pass through the center of
an n-dimensional data cloud. The data cloud is assumed to have an elongated
shape so that a polygonal line can be considered to represent its most salient
shape features. Its mathematical formulation is the following [11].

Let X = {z1,...,zn},z; € B™ be a set of data points. A curve f is called a
principal curve of length L for X if f minimizes

A(f) = Elinf ||X - f(1)[1%]

the expected squared distance between X and the curve, over all curves of length
less than or equal to L. In [11], a suboptimal algorithm for learning principal
curves from training data X is described. The algorithm starts with a straight
line segment that is iteratively refined as new vertices are added. With each addi-
tion of a new vertex, the resulting polygon achieves a more precise representation
of the data. Figure 4 illustrates this process. For a more detailed description of
the algorithm see [11].

This process was performed for each of the six anatomical labels and for each
of the eight depth strata separately. More precisely, we extracted each of the six
different, type of anatomical labels from the combined data set in each depth
level separately, and applied the principal curve extraction method described
in [11].
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Fig. 4. Tllustration of the principal curve algorithm [11],

In the first iteration step, a
straight line segment is placed such that it runs thro

ugh the center of gravity of points

4 Results

We have applied the method for gyral core identification to all 96 data setg.
In table 1, a list of the identification rates is given. Note that some types of
gyral cores could be located in almost every data set while others were less
robustly identified. The main reason for failure are topological interruptions of |
the gyral stalks because the algorithm relies on finding paths in the gyral graph,
A disconnected gyral stalk produces a gap in the graph structure so that a 26-
connected path from one anchor point to the next does not exist. In cases where
the automatic identification failed, it was supplied manually. In some regions -
especially in the anterior part of the middle frontal gyrus - the gyral core was
only partially identifiable.

The resulting non-linear PCAs from eight depth levels were assembled into
one output set to create the averaged representation of human cortical gyri
(fig. 5). Note that the most shallow level of the representation is more convo-
luted than the deepest level (fig.5¢,d). Furthermore, an inter-hemispheric differ-
ence emerges in the vicinity of the planum temporale. This region is connected

to language processing, and it is well known that the left-hemispheric planum
temporale is larger than the right [12].

Table 1, Identification accuracy of the gyral labelling. The numbers represent the

absolute number of cases (out of a total of 96 data sets) in which the identification was
successful. In some cases, gyral cores could be only partially identified (see text).

Perisylvian, left | 96
Perisylvian, right| 96
Temporal, left 91
Temporal, right | 95
Parietal, left: 95
Parietal, right: 95

Frontal, left
Frontal, right
Pre- and postcentral, left | 92
Pre- and postcentral, right| 89
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Fig.5. The gyral model. 5a): the left hemisphere of the model in all its depth lev-
els, 1:perisylvian, 2: inferior temporal, 3:parietal, 4:postcentral, 5:precentral, 6:frontal,
7:dorsal rim. 5b): an inter-hemispheric comparison where the right hemispheric model
is flipped around the x-axis and superimposed onto the left hemisphere. The arrows
indicate a region of inter-hemispheric differences in the vicinity of the planum tempo-
rale. 5¢): the degree to which the model is representative of the population from which
it was derived. Each node in the model graph has a label that indicates how many of
the 96 inidividual labelled core graphs have a node of the same label within a 6 mm
neighbourhood around the model node. Note that some segments of the model graph
represent the data better than others, The anterior part of the middle frontal gyrus
has low values indicating a high degree of inter-individual variability. Fig. 5d compares
the deepest depth level of the model (red) with the most shallow level (green). Note
that the gyri at the shallow level are more convoluted than at the deepest level.

5 Discussion

We have presented a method of constructing an averaged representation of hu-
man cortical gyri from a large population of individuals. We restrict the study to
the gyri which are known from qualitative study of our data and from anatomical
texts to be the most consistent. The method is based on measuring relative depth
based on the deep white matter surface, on extraction of gyral cores which are
1-D structures in 3-D space at specific relative depths, and applying non-linear
Principal component analysis to the point sets to extract an average representa-
tion of the gyri. The model represents even quite subtle features of the cortical
folding; for example, inter-hemispheric differences around the planum temporale
are preserved. By comparing different strata of depth within the model, it is ev-
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ident that the cortical gyri generally become smoother and less convoly
depth. However, this appears not to hold for the precentral gyrus. T
also highlights areas of high inter-individual variability such as the ant
of the middle frontal gyrus.

In addition to allowing study of gyral variability across individuals and he.
tween hemispheres, the representation provides a framework which can be Used
for future work on non-rigid registration.
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