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Abstract Introduction: Parcellation of the corpus callosum (CC) in the midsagittal cross-section of the brain is of utmost

importance for the study of diffusion properties within this structure. The complexity of this operation comes
from the absence of macroscopic anatomical landmarks to help in dividing the CC into different callosal areas.
In this paper we propose a completely automatic method for CC parcellation using diffusion tensor imaging
(DTTI). Methods: A dataset of 15 diffusion MRI volumes from normal subjects was used. For each subject, the
midsagital slice was automatically detected based on the Fractional Anisotropy (FA) map. Then, segmentation
of the CC in the midsgital slice was performed using the hierarchical watershed transform over a weighted
FA-map. Finally, parcellation of the CC was obtained through the application of the watershed transform from
chosen markers. Results: Parcellation results obtained were consistent for fourteen of the fifteen subjects tested.
Results were similar to the ones obtained from tractography-based methods. Tractography confirmed that the
cortical regions associated with each obtained CC region were consistent with the literature. Conclusions: A
completely automatic DTI-based parcellation method for the CC was designed and presented. It is not based
on tractography, which makes it fast and computationally inexpensive. While most of the existing methods
for parcellation of the CC determine an average behavior for the subjects based on population studies, the
proposed method reflects the diffusion properties specific for each subject. Parcellation boundaries are found
based on the diffusion properties within each individual CC, which makes it more reliable and less affected
by differences in size and shape among subjects.

Keywords Corpus callosum, Diffusion tensor imaging, Magnetic resonance imaging, Parcellation, Watershed

transform.

Introduction

The corpus callosum (CC) is an important white
matter structure interconnecting the two hemispheres
of the brain. Several studies have already shown the
relation between alterations of the CC and diseases
such as Alzheimer’s (Thompson et al., 2003),
schizophrenia (Narr et al., 2000, 2002) and dyslexia
(von Plessen et al., 2002). Other studies have assessed
the relation of the callosal morphology to gender
(DeLacoste and Holloway, 1982; Witelson, 1989),
handedness (Witelson and Goldsmith, 1991) and age
(Johnson et al., 1994).

Due to its size, the CC is usually divided into
smaller regions to facilitate the study of specific
portions. These divisions are based on differences of
function or histological composition, information that
is not available through anatomical magnetic resonance
imaging (MRI) techniques. The subdivision of the
CC into a given number of regions, also known as
its parcellation, is a very important task with several
applications, from studies of the shape and area of
the CC section (Biegon et al., 1994; Habib et al.,
1991; Hampel et al., 1998; Johnson et al., 1994;
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Rumsey et al., 1996) to analysis of the properties inside
the structure (O’Dwyer et al., 2011; Park et al., 2011;
Rosas et al., 2010) and brain connectivity analysis
(Dougherty et al., 2005; Wahl et al., 2007).

As there are no visible landmarks to allow the
subdivision of the CC section in the midsagittal slice,
several geometrical schemes have been proposed to
perform this task (Duara et al., 1991; Larsen et al.,
1992; Rajapakse et al., 1996). One of the most
important geometrical partitioning schemes was
proposed by Witelson (1989), based on post mortem
connectivity studies performed in non-human primates
and humans. The histological study conducted by
Aboitiz et al. (1992), which assessed the fiber
composition in the brain with a light microscope,
revealed a pattern capable of differentiating the
obtained regions. Nevertheless, these studies only
reflected the average behavior for a given population.
When the proposed geometric schemes are used,
the CC is divided the same way for all subjects: in
the respective fractions of its maximum extent. The
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properties of each subject are not taken into account
in the parcellation.

The development of diffusion tensor imaging
(DTI) techniques has provided new information that
can be useful in the parcellation of the CC. Diffusion
tensor imaging (DTI) is a more recent modality of
MRI capable of identifying the direction of water
diffusion (Basser and Pierpaoli, 1996). Diffusion-
weighted MRI sequences acquired for different
gradient directions are used to determine the mobility
of the water molecules, which can be mathematically
represented by a tensor. The direction of the greatest
diffusion coefficient corresponds to the direction of the
fiber bundle, since the diffusivity of water molecules
depends on the principal orientation of the fiber tracts
within white matter. DTI makes possible the study
of the fiber structure in vivo (Basser et al., 1994) and
opens new possibilities for connectivity analysis.

The use of the diffusion properties allowed
achieving a parcellation result more representative
of the CC organization than conventional geometric
subdivision (Oh et al., 2005). The incorporation of
tractography into the parcellation study facilitated
the differentiation of the CC regions (Hofer and
Frahm, 2006; Huang et al., 2005; Park et al., 2008),
determining the cortical areas in which the callosal
fibers were projected.

Although these studies are not only based on
post-mortem or histological analysis and incorporated
important information from diffusion-MRI, the
resulting division schemes are still based on the
average of the studied population. And as in any of
the previous geometric schemes, the resulting CC
division is based only on its extent, without taking into
account the properties embodied in each subject’s MRI.

In opposition, the objective of this paper is to
present a method for CC parcellation in DTI specific
for each subject and that is at the same time consistent
for an entire population. The method uses the watershed
transform, and the choice of markers for the watershed
is based only on the diffusion properties inside the
CC. The method does not use tractography and was
designed to be automatic, simple, and fast.

Methods

The method for the parcellation of the CC presented
in this paper consists of the automatic segmentation
of the CC in the midsagittal slice of the brain and
its parcellation.

CC segmentation in the midsagittal slice

The automatic segmentation of the CC in the midsagittal
slice, presented in previous work (Freitas et al., 2011)
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includes the automatic determination of the midsagittal
slice of the brain, the weighting of the FA map, the
computation of the morphological gradient and the
watershed transform segmentation.

Determination of the midsagittal slice of the brain

The midsagittal slice of the brain is identified by the
diffusion properties observed in the interhemispheric
fissure: large areas corresponding to the cerebrospinal
fluid (CSF), with low FA values and the white matter
structures including the CC with high FA values.
Consequently, by computing the average FA for each
slice, after discarding values above a certain limit
FA4, ., the midsagittal slice is identified as the slice
with lowest average. This precept is true if we do not
take into account slices from extremities with small
cross-sectional area of the brain. Therefore, slices with
cross-sectional area below a certain minimum A4 .

min

are not considered as candidates for midsagittal slice.

Weighted FA map

The fractional anisotropy (FA) map is a scalar map
derived from diffusion-MRI that represents the degree
of anisotropy of water diffusion in each voxel, i.e., the
degree of existence of a preferential diffusion direction.
The FA map reflects a distinct diffusion property
inside the CC, since its fibers are highly organized
and the fractional anisotropy of the corresponding
voxels tends to be high.

As diffusion in the CC occurs mainly in the left-
right direction, since this structure connects the two
hemispheres of the brain, the FA values are weighted
by the projection e, of the main eigenvector in the
left-right direction to define new weighted values ¥, -
Wmﬂp =¢,*FA (1)

The objective is to use in segmentation as well in
parcellation, not only information about the relation
between the eigenvalues present in the FA map, but
also the main direction of the fiber bundles.

External morphological gradient

Since the watershed transform is usually performed
over a gradient image, the so-called external
morphological gradient is calculated to capture the
edges of the CC. The external morphological gradient
G, of an image f'is defined as the difference between
the dilated image and the original image f:

G (f)=reb-f 2

where @ denotes the dilation operation using a
structuring element b. In this case, we used the
elementary cross as the structuring element.
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Watershed transform

The watershed transform was introduced by Digabel
and Lantuéjoul (1978) and later used by Beucher
and Lantuéjoul (1979) for contour detection.
These introductory works described it as an image
segmentation method based on a gradient image,
where the gray levels are altitudes forming a surface
with catchment basins submitted to a flooding process.
When two basins touch, a watershed line is raised.

Over the years, several algorithms of watershed
have been proposed, according to different formal
definitions and applying different strategies. Kérbes and
Lotufo (2009) showed that most of the algorithms could
be described by the two basic graph exploring methods:
breadth-first and depth-first. The first watershed
algorithm based on a breadth-first method was given
by Beucher and Meyer (1992), using a max-cost
function implemented through a hierarchical queue.
This approach was later shown to be a special case
of Dijkstra’s generalized algorithm for shortest-path
forests called Image Foresting Transform (IFT) using
a cost function that is the maximum weight of the
edges on the path (Falcdo et al., 2004; Lotufo and
Falcao, 2000).

Under the image foresting transform (IFT)
framework, an image is described as a weighted
graph G = (V,A,w) consisting of a set V' of nodes
representing the image pixels, a set 4 of arcs weighted
by w, a function from 4 to some nonnegative scalar
domain. In this context, the watershed transform
(IFT-WT) creates a shortest-path forest (SPF), and
can be seen as a graph optimization problem. All
incident arcs to node v have the same weight, given
by the morphological gradient of image / at pixel v,
w(u,v) = G(v). The IFT-WT assumes that the path-
cost function f is used:

oo (1¥20ee0, ) =max{G(v),G (). G(v)} - (3)

In other words, the cost function used in the
IFT-WT is the maximum weight of the edges on the
path and the forest is a minimization of a maximum
function. In order to segment objects in an image
using the IFT-WT, at least one pixel per object is
selected to work as a seed. The IFT-WT returns a
SPF where each object is represented by a set of
trees rooted at seeds.

In classical watershed, all local minima of the
image are used as markers (seeds) for the watershed
transform, and the result usually presents over-
segmentation, which may not be appropriate for some
applications. The local minima can be filtered using
some criteria to obtain a more relevant result. This
approach is called watershed from markers (Grimaud,
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1992). One way to decrease the number of regions is
to use the so-called watershed from markers.

In this work, a hierarchical approach is considered
in order to properly choose the markers and retain
the most significant regions of the image. The local
minima with the highest contrast extinction values are
used as markers. The contrast extinction value of a
regional minimum, also known as the height extinction
value, is defined as the minimal climb required for
a path starting from a regional minimum to reach
another one with strictly lower altitude, the climb
being the difference in altitude between the highest
point in path and the regional minimum under study
(Beucher and Meyer, 1992).

The number n of markers in the watershed
transform and, consequently, the number 7 of regions
to be segmented is set to 50. Finally, the obtained
regions are grouped to achieve the final segmentation,
according to the weighted FA average of each region:
all regions within the CC present a high average, in
contrast to the regions outside the CC. A threshold
T = 0.2 of the weighted FA average computed for
each region is used to classify the regions that form
the CC. The sensibility of the proposed method to the
variation of both parameters (n and 7) were accessed
and discussed in previous work (Freitas et al., 2011).

CC parcellation

The section of the CC in the midsagittal slice is used
to determine the region of interest for the parcellation.
The parcellation is done using the watershed transform
from markers, based on same weighted FA map and
using also the external morphological gradient, this
time calculated only for the voxels inside the CC.

Weighted FA map

By using in the parcellation the same weighted FA
map presented in Equation 1, not only the information
about the relation between the eigenvalues is used (FA
map), but also the main direction of the fiber bundles
is taken into account (weighting factor). The weighting
in the parcellation is crucial and is what allows the
watershed to distinguish CC portions connected to
different cortex regions.

External morphological gradient

The external morphological gradient is again used,
this time in order to obtain the internal divisions of
the CC. As the weighted FA map for the voxels of
the CC are significantly higher than the voxels of the
background, the result for the voxels for the CC is not
affected by the voxels of the background. It would
not be desirable that the borders obtained inside the
CC were influenced by the voxels of the background.
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Watershed transform

The watershed transform is again calculated over the
external morphological gradient, this time to obtain
the division of the CC, based only on the diffusion
properties within the structure. The main difference
between the watershed used in the segmentation step
and parcellation is that the position of the markers
is determined not by the dynamics of the image,
but by points along the centerline of the CC, to
adapt to variations in size and shape of the CC. The
construction of the centerline of the CC follows the
method presented by Park et al. (2011), with minor
alterations.

First, the pixels corresponding to the border of the
CC are determined from its section in the midsagittal
slice (Figure 1a). These pixels are then divided into
superior and inferior borders from the extreme points
(Figure 1b). These points are determined automatically
according to the shape of the CC: in the posterior and
the anterior regions the extreme points are the most
inferior ones (in red). A curve representing each border
is calculated using a cubic spline (Figure 1b), with 200
equally spaced points. Pairs of corresponding points
along the curves are connected and the midpoint of
each segment is chosen to construct the centerline of
the CC (Figure 1c).

The 25", 80™, 115", 140™ and 170™ points along
the centerline of the CC (counting from the anterior
extremity) were chosen to originate the markers for
the watershed transform based on a study presented
in the next section. The arrows in Figure 2a indicate
the chosen points, each point representing a region of
the CC. The pixels in which these points are located

DTI-based parcellation of the corpus callosum through watershed

are assigned as markers for the watershed transform
(Figure 2b). The parcellation is then performed
using the watershed transform from these markers
(Figure 2c). It is important to emphasize that, despite
using the same anatomically roughly homologous
points for all subjects, the boundary between two
neighboring regions is still determined by the variation
in the diffusion properties along the CC of each subject.

Method rationale

The method proposed in this paper performs the
division of the CC with a particular choice of markers
for the watershed transform. The position of the
markers is determined from points chosen along the
centerline of the CC. The rationale for the choice and
positioning of the watershed markers is summarized
in this section.

Initial experiments were performed to evaluate the
parcellation of the CC using the watershed transform.
The hierarchical approach of the watershed transform
was used to divide the CC automatically using only
the diffusion information within the structure. The
markers chosen for the watershed transform were
the local minima with highest extinction values.
This approach was used to obtain the most important
regions in the interior of the CC, where there was no
control for the position of the markers. The parcellation
was performed for all fifteen subjects using the same
number of regions (np =3).

For eight of the fifteen subjects tested
(Figures 3a-h), the parcellation presented a visual
pattern: one region in the anterior end, one region in
the posterior end, and the central portion divided into
three regions: one larger in the anterior portion and

Figure 1. Steps of the construction of the CC centerline: (a) the determination of the voxels corresponding to the border of the CC, (b) the
division of the border into superior (green) and inferior (blue), with the calculation of the respective curves (yellow and cyan), and (c) the
connection of the corresponding points along the curves (cyan), with the selection of the midpoint of each segment to construct the center

line of the CC (red)(Color figure online).

Figure 2. Illustration of the markers for the watershed transform for a single subject: (a) points indicated along the centerline, (b) pixels and

(c) result of the watershed transform.
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two smaller in the posterior portion. For the remaining
subjects (Figures 3i-0), it was not possible to establish
a parcellation pattern similar to the one previously
observed (Figures 3a-h). Some problems, like the lack
of a small region anterior end (Figures 3i-j and 3n)
and the region in the posterior end split horizontally
(Figure 3k and 3m), led to an undesirable parcellation
for some subjects.

After the initial experiments with the parcellation,
an analysis comparing the diffusion properties inside
the CC and the preliminary parcellation results was
done. The analysis was carried out to understand
how the information in the FA map may help the
parcellation and to determine what led to different
results for some subjects. The objective of the study was
to establish a method for the placement of watershed
markers. The study followed the method presented
by Park et al. (2011), with minor alterations to make
it simpler, and looked for a relation between the CC
internal characteristics and the parcellation results
obtained by the initial approach. Differently from
the method used in Park et al. (2011), in our method
the bottom line points were determined exactly as the
top line points (200 equidistant surface points). Then
the FA was mapped onto the 200 midline points not
by searching for the maximum value along the line
connecting the top—bottom correspondence points,
but by using the FA value from the voxel closest to
the midline.

The construction of the centerline of the CC
followed the same steps previously described and
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depicted in Figure 1c. Four different scalar maps
obtained from DTI were used to assess the diffusion
characteristics inside the CC: axial diffusivity,
fractional anisotropy (FA), mean diffusivity (MD)
and radial diffusivity. These maps were evaluated
for all 15 subjects in the two hundred points along
the centerline of the CC. The mean value between
all subjects for each point, and for each scalar map,
was plotted in red in Figure 4. The curves above
and below the mean value represent the addition
and subtraction of the standard deviation calculated
between all subjects for each point.

The variation of the curves between subjects,
represented by the standard deviation in each point, is
small, and each curve presents clearly distinct regions
that can be related to the parcellation results. The
fractional anisotropy (Figure 4b) presents two peaks
at the extremities of the CC, and a deep valley next to
the peak in the posterior region. On the other hand,
mean diffusivity (Figure 4c) and radial diffusivity
(Figure 4d) present a complementary behavior. Axial
diffusivity (Figure 4a) is the only property among those
studied that does not present significant variation.

After plotting different diffusion properties for the
points along the centerline of the CC, the study focused
on the FA map, since it was used in the parcellation
and the other diffusion properties analyzed did not
add any new information that might explain the results
or help in this task. The objective was to determine
in which region of the parcellation the points along
the centerline were located, and thus determine

--

Figure 3. Result of the parcellation in five regions with the hierarchical approach. (a)—(h): for the first eight subjects the presented division
was visually similar; (i)—(0): for the remaining subjects the division did not followed the established pattern.
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Figure 4. Mean value profile plots of diffusion indices for the fifteen subjects: (a) axial diffusivity, (b) fractional anisotropy, (c) mean
diffusivity, (d) radial diffusivity. The x-axis represents the 200 points along the centerline of the CC.

the point corresponding to each boundary between
neighboring regions. Only the result for the subjects
whose parcellation followed the established pattern
(Figures 3a-h) were taken into account.

The points along the centerline that correspond
to the boundaries between neighboring regions
were calculated for all the chosen subjects. For each
boundary, the points obtained for all the subjects were
plotted over the curve of the FA map (Figure 5a). A blue
line represents the minimum point for a given division
among all subjects, while a green line represents the
maximum point. The range between the minimum and
the maximum points, in cyan, represents a particular
boundary inside the CC.

The process was repeated for other main existing
theoretical schemes (Witelson’s scheme, Aboitiz’s
scheme, Hofer and Frahm’s scheme), in order to
observe the diffusion properties together with the
location of the boundaries. Among the analyzed
schemes, the results from Hofer and Frahm (2006)
came closest to the method proposed here.

The changes in the FA map are directly related
to the position of the division between the regions
obtained from the parcellation by the proposed method
(Figure 5a) and by the method proposed by Hofer
and Frahm (Figure 5b). The divisions were always
placed in the area where the diffusion characteristics,
in this case the FA, change significantly. The analysis

inside the CC showed that there was information in
the FA map to allow its parcellation, even influenced
by the position of the watershed markers. The
close relation between the diffusion properties
and the boundaries between the regions in the
initial experiments presented the most important
improvement opportunities explored in the proposed
parcellation method.

For each of the five regions in the parcellation
scheme one point along the centerline of the CC
was chosen to represent it and to place one marker
for the watershed transform (arrows in Figure 6).
Regions I, IV and V were represented by the points of
minimum gradient within each region: 25", 140" and
170" point, respectively. Regions II and III present
no point of minimum gradient, therefore their central
point (80" and 115™) were chosen for the last two
watershed markers. While the boundary between
two neighboring regions was still determined by the
variation in the diffusion properties, the positioning
of the watershed markers is no longer determined
by the hierarchy of the local minima, but by the
diffusion properties in the CC, being less affected
by differences in shape and size of the CC. It is also
important to point out that, since these markers are
only starting points used by the watershed to find
borders between regions based on the weighted FA
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Figure 5. Location of the parcellation boundaries relative to mean value profile plots of the fractional anisotropy for the fifteen subjects:
(a) our method, (b) Hofer and Frahm method (2006). The x-axis represents the 200 points along the centerline of the CC. The range (cyan)
between the minimum point (blue) and the maximum point (green) referent to each division is overlaid to the original plot (Color figure online).

map, small variations in these points do not imply
in changes in parcellation results.

Results

Acquisition

The diffusion data used in the experiments were
acquired on a Siemens 3T Trio MR scanner using an
8-channel phased array head coil: diffusion images
with N = 30 diffusion encoding directions with
b = 1000 s/mm?, 2.0 mm isotropic voxel size, 63 slices,
TE = 95 ms, TR = 8700 ms. The test set consists of
15 volumes, acquired for 15 different normal subjects.

Parcellation

Parcellation of the CC into five regions was performed
for all fifteen subjects, to evaluate the performance
of the proposed approach, with the markers for the
watershed transform positioned at the 25, 80™, 115%,
140™ and 170" points along the centerline of the CC.
For the eight subjects who had the parcellation in

the preliminary experiments already following the
pattern (Figures 3a-h), the result from the proposed
method still followed the pattern (Figures 7a-h).
The parcellation also followed the pattern for most
other subjects (Figures 7i-n). For only one subject
(Figure 70) the parcellation was still different from the
pattern, with the second region from the anterior end
(in cyan) significantly smaller than in other subjects.

The parcellation result in the initial experiments
was visually similar only for eight of the fifteen
subjects and became similar for fourteen subjects with
the proposed approach, attesting to the importance
of the positioning of the markers.

Tractography

As parcellation should reflect the function of the
different regions of the CC, the evaluation of the
parcellation results was done through tractography
of the callosal fibers.

Fiber tracking was done using the MINC Diffusion
Tools (http://www.bic.mni.mcgill.ca/ServicesSoftware/
MINC). It runs with the FACT (Fiber Assignement
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by Continous Tracking) algorithm (Mori et al., 1999),
which uses the principal eigenvector direction for
tracking. The FA threshold was set to 0.15 and the
curvature constraint angle was set to 40 degrees
(Hofer and Frahm, 2006). The five regions resulting
from parcellation were used as seeds for tractography.
Tractography was performed to confirm to which area
of the cerebral cortex the fibers originating in the
regions resulting from parcellation were connected.
For each region of the CC a particular color was
assigned in the tractography result.

DTI-based parcellation of the corpus callosum through watershed

Tractography results confirm that the cortical
regions associated with each CC subdivision (Figure 8)
are consistent with the literature. Most of the fibers
in region I (green) of the CC are connected to the
prefrontal cortex. Regions II, IIT and IV (cyan, blue
and red, respectively) map to pre-motor, supplementary
motor, motor and sensory cortical areas. The exact
border between the fibers coming from different
regions cannot be determined, but Figure 8c shows
that the fibers are mapped similarly to Hofer and
Frahm (2006). Region V (yellow) is connected to the
parietal, occipital, and temporal cortices.
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Figure 6. Mean value profile plots of the FA map for the fifteen subjects. The x-axis represents the 200 points along the centerline of the
CC. The points which determine the position of the watershed makers are indicated by red arrows. The range (cyan) between the minimum
point (blue) and the maximum point (green) referent to each division obtained with the initial approach of the proposed method is overlaid
to the original plot.

Figure 7. Results of the parcellation in five regions with markers positioning: (a)-(h): for the eight subjects for which the parcellation using
the initial hierarchical markers selection followed the pattern; (i)-(0) for the remaining subjects, for which the parcellation using hierarchical
markers selection did not follow the pattern.
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Figure 8. Tractography results for a single subject overlaid in the midsagittal slice of the brain in the T1-weighted MRI.

Discussion

The proposed method was able to perform the
parcellation of the CC robustly for fourteen of the
fifteen subjects of the test set (Figures 7a-n). The
placement of the watershed markers based on fractional
anisotropy along the center line of the CC (Figure 6)
was essential to deal with the problem faced in the
placement of the markers in hierarchical watershed,
where the wrong placement of the markers led to
incorrect parcellation for some subjects (Figures 3i-0).

In accordance with previous study presented by
Hofer and Frahm (2006), the proposed method was

able to distinguish among five segments of the CC
based on the connectivity of the callosal fibers. The
obtained distribution of the regions was also similar
to the distribution observed using the scheme of Hofer
and Frahm (2006) (Figure 5). Most of the differences
come from the fact that the division made by our
method is specific to each subject, while the scheme
proposed by Hofer and Frahm divides all subjects
the same way.

Witelson (1989) also divided the CC into five
regions, but there are significant differences in the
anterior tip and the midbody area. While Witelson
defined region I as the anterior third, the first region
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we obtained is approximately half this size. On the
other hand, region II, which was defined by Witelson
as the remaining anterior half, is significantly larger
for our method. The differences were possibly caused
by shrinkage and deformation of the brain during
the post-mortem fixation procedure and the use of
non-human primate data

Oh et al. (2005) also use the diffusion properties
to cluster small subdivisions inside the CC into nine
regions. Despite the difference in the number of
regions between the methods, there is an excellent
correspondence in the main divisions obtained. The
three regions obtained by Oh et al. in the anterior end
are equivalent to the region obtained in the anterior
portion by our method. The same applies to the two
regions obtained by Oh et al. in the posterior end and
the posterior region obtained by us. The approximate
division of the CC in half is also present in both
approaches. Increasing the number of regions in the
watershed transform for our parcellation method leads
to an approximation of the results by Oh et al. (2005),
even with the markers determined by the hierarchy
of local minima. Due to our choice of the markers,
it is not possible to differentiate between the dorsal
and ventral areas of the CC.

As the other parcellation methods based on DTI
(Huang et al., 2005; Park et al., 2008) are not focused
on dividing the CC into distinct regions, the comparison
with our proposed method is not possible.

The evaluation of the diffusion properties along the
centerline of the CC (Figure 4) was important both to
give clues about the improvements to be made in the
presented method and to compare with other studies.
Diffusion properties, especially fractional anisotropy,
can reveal the microstructure of brain white matter
such as fiber diameter and density (Chepuri et al.,
2002; Oh et al., 2005).

The obtained distribution of fractional anisotropy
along the CC was similar for the entire test set, even
with its absolute value varying between subjects,
as previously reported (Hofer and Frahm, 2006).
Higher fractional anisotropy values were found in
the extremities of the CC. Lower FA observed in
the posterior midbody regions, which would be
connected to the primary motor and sensory cortical
areas, were also in accordance with the findings by
Hofer and Frahm (2006). The observed FA values are
in accordance with structural organization reported
by Aboitiz et al. (1992). The concentration of fibers
with a relatively small diameter in the anterior and
posterior portions of the CC is reflected in high FA
values. Less densely packed fibers with considerably
larger diameters, which are concentrated in the posterior
midbody, explain the low FA values in these regions.

The four diffusion properties we evaluated inside
the CC in Figure 4 (axial diffusivity, fractional

DTI-based parcellation of the corpus callosum through watershed

anisotropy, mean diffusivity, and radial diffusivity)
presented a very similar behavior to the work presented
by Park et al. (2011), even using a completely different
test set with non-interpolated data.

In the parcellation using the proposed method,
the position of the boundaries between neighboring
regions was closely related to the diffusion
properties, especially to the FA map (Figure 6).
As the determination of the watershed markers is
also based on the diffusion properties, the proposed
method should work correctly even when used on
new datasets, since it is expected that the diffusion
properties inside the CC remain unchanged.

The obtained parcellation for only one subject was
different from the common pattern, using not only
hierarchical marker selection (Figure 30) but also
markers based on diffusion properties (Figure 70).
Variations in the segmentation of the CC section in
the midsagittal slice, as for example larger anterior
end than in other subjects, may have affected the
placement of the watershed markers and caused the
parcellation to fail.

In contrast to most methods presented using DTI
(Hofer and Frahm, 2006; Huang et al., 2005; Park et al.,
2008), in which tractography was use to construct
the parcellation scheme, in this work tractography
was used for the validation of the proposed method.
The regions obtained in the parcellation were used as
seeds to show that the fibers coming from different
regions of the CC are mapped into different areas of
the cerebral cortex.

The tractography results presented in this paper
are still preliminary, since they were obtained for
a single subject, but the fiber tracking has already
shown that the subdivisions of the CC correspond
mostly to the expected cortex regions. The division
between the fiber bundles going to different regions
is not so clear as presented by Hofer and Frahm,
despite similarity of mapping to the cortical areas
(Figure 8). In fact, in some boundaries there are even
overlaps. But this is not different from results reported
by Hofer and Frahm (2006) and Huang et al. (2005).
Tractography is affected by partial volume effects,
crossing fibers, low resolution and unsolved issues
of the tractography algorithm. What is important to
point out is that our parcellation results do not rely
on tractography, but used it here only to enrich the
discussion of the results.

In summary, we proposed a completely automatic
method for the parcellation of the CC based on the
diffusion properties within the structure. It uses the
watershed transform and includes the determination of
the midsagittal slice, the CC segmentation in this slice
and an automatic positioning of watershed markers
based on FA along the centerline of CC.
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Since the method performs the parcellation based
on the diffusion information within the CC of each
subject, and not based on an average geometry for a
studied population, it is more reliable and less affected
by differences in size and shape among subjects.
Unlike recent studies, the proposed method does not
use tractography to map the cortex regions where the
callosal fibers are connected, which makes it fast and
computationally inexpensive.

The results obtained were consistent for fourteen
of the fifteen subjects tested, leading us to conclude
that a subject-specific parcellation is feasible.
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