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ABSTRACT: This paper presents a knowledge-driven
algorithm to identify and segment the central sulcus (CS)
from human brain MR images. The dataset is reformatted
along the anterior and posterior commissures (AC-PC)
plane first. Then, the 3D region within the two coronal
planes passing through the AC and PC is defined as the
region of interest (ROI) to search for all the sulci within it.
The CS is the sulcus with the largest volume within the
ROI. Together with the sulci, grey matter (GM) is
included for the region growing in order to deal with the
partial volume effect. The GM is removed through

skeletonization. Experimental results are given.
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1. INTRODUCTION

The central sulcus (CS) separates the frontal lobe from the
parietal lobe and is an important landmark to consider
when localizing brain lesions. Identification and
segmentation of the CS is frequently necessary for
diagnosis of various pathologic conditions in the brain [1].
Some existing methods recognize the CS by surface
arrangement of the sulci [2][6][8].

In this article, we present an automatic algorithm to
identify and segment the CS by 3D region growing. The
majority of the CS is between the coronal planes passing
through the anterior commissure (AC) and posterior
commissure (PC) [9] (Fig. 1). 3D brain MR data are
reformatted first. Then, the skull and other non-brain
tissues are removed. After defining the 3D region of
interest (ROI), we segment all the sulci within it by region

growing together with gray matter (GM). The CS is taken
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as the sulcus with the largest 3D volume. Skeletonization
is applied for the skeleton of the cerebrospinal fluid
(CSF)/GM segmented above. The final result is the union

of skeleton and CSF connected to the skeleton.

A~ AC PC CA-CP

a) b)
Fig. 1 The majority of the CS is between AC and PC: a)

top view; (b) statistical location of the CS for 20 cases.

2. METHOD

2.1 Data reformatting

The data are 3D MR volumetric images (Fig. 2a). For each
volume, its coordinates of the AC and PC and the
midsagittal plane (MSP) are known beforehand.

For the reformatted volume, it will have an isotropic voxel
size 1 mm’ and the following directions of axes: the
normal vector of the MSP as the X direction, the line
connecting the AC and PC as the Y direction, and the cross

product of the X and Y axes as the Z direction.

2.2 Obtaining the mask of brain tissues

The skull is removed in a way similar to that proposed in
[7]. Then, 2 thresholds corresponding to the remaining
voxels are determined using the Otsu’s method [5] to
specify the gray level range of white matter (WM), GM
and CSF.
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The next is to get the mask of the brain tissues which
contains the CS. A line parallel to the MSP in an axial
slice with a certain distance (5-15 mm) to the MSP will
have several intersections with the voxels whose gray
levels belong to WM. These intersections are taken as the
seeds of WM to perform a 3D region growing of WM.
Choose the component with the largest 3D volume as WM.
3D dilation with 5x5x5 structuring elements (SE) is
applied on WM followed by opening. The result is the
mask of WM with the sulci (the CS included) and GM.

Fig. 2 a) an original axial slice; b) CSF from thresholding;
c) the coarse CS grown with CSF and GM; d) skeleton of

the coarse CS.

2.3 Segmentation and identification of the CS

As the majority of the CS is between the coronal planes
passing the AC and PC, the 3D region between these two
coronal planes is defined as the ROL.

2.3.1 Reference slice

Denote Nacpc as the slice number of the axial slice
passing the AC and PC, Nryoprissue the slice number of the

top axial slice with brain tissue. Based on our test, the

suitable slice number of the axial reference slice (to initiate

region growing) can be selected as N, where:
le —X NAC—PC + =X NTopTissue
6 6

2.3.2 3D look-up table of the boundary voxels

Due to the partial volume effect, sulci may be broken in
MR images, so GM is used to aid the segmentation of sulci.
We set a 3D look-up table of the boundary voxels of the
brain tissue to control the 3D region growing [4].

2.3.3 3D region growing

3D region growing is applied to find all the voxels for each
sulcus so that its volume can be obtained.

Assume that x = Xysp is the equation of the MSP. In the
reference slice we select 2 lines x;=Xyspt20 and X,
=Xmsp-20. There are several intersected voxels with the 2
lines and the sulci within the region between (and near) the
AC and PC. Set these intersected voxels as the seeds for
the 3D region growing. The criteria for region growing
include: 1) the gray level of the voxel must be within the
range of the gray level of CSF or GM; 2) the z coordinate
of the voxel should not go beyond the range from the z
coordinate of the AC to the top axial slice of the brain
tissue; 3) the y coordinate of the voxel must be in the range
from the yac to 30 mm posterior to ypc (yac and ypc are y
coordinates of the AC and PC respectively); and 4) the
voxel should not go beyond the region defined by the
boundary look-up table.

2.3.4 Removal of over-segmentation

Over-segmentation is handled through selection of initial
slice and constrained removal described below.

A suitable initial slice is assumed as: there is only a single
segment of the CS per hemisphere in this slice and its
adjacent slices, and the difference in the area of the CS
segmented per hemisphere between this slice and each of
its adjacent slices will not exceed a certain value, say,
30%.

Hence, the processing is as follows. Start from the initial
slice M: set its adjacent slice N. Calculate the number of
the segment(s) of the CS per hemisphere in slice N: if this
number is more than one, take the segment in slice N

which matches the CS in slice M most and remove the
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other segment(s) in slice N. Then calculate the difference
in the area of the CS between slice M and N. If the
than  30%,

over-segmentation in slice N; else dilate the CS in slice M

difference is smaller there is no
using a 3x3 SE and process “and” operation between this
dilated area and the CS in slice N; take the matching part
as the CS component in slice N.

Then take N as the reference slice and process its adjacent
slice(s) in a similar way.

The CS thus far achieved is called the refined 3D CS.

©) d)
Removal of
with

Fig.3

over-segmentation

over-segmentation: a)
multiple  segments; b)
over-segmentation with a single segment; c) removal of a);

and d) removal of b).

2.3.5 2D region growing

2D region growing is applied to get more accurate CS
component in each axial slice.

Dilation with a 3x3 SE is applied to the mask of brain
tissues in axial slices (2D). The refined CS above is used
as the seeds, which is grown within 2D dilated mask with
the similar criteria used in previous 3D region growing.
After applying the algorithm for over-segmentation

removal, the coarse CS is achieved (Fig. 2c¢).

2. 4 Skeletonization and final CS

Among all the GM in the coarse CS, only some should be
kept to connect the CS while the other should be removed.
Skeletonization is applied to remove the GM from the
coarse CS to get the final CS [3]. The CSF voxels based on
thresholding (Fig. 2b) connected to the skeleton are added
to the skeleton (Fig. 2d) to yield the final CS.

3. RESULTS
To evaluate our algorithm we use a set of T1-weighted
phantom data (http://www.bic.mni.mcgill.ca/brainweb/)
with noise (0, 1%, 3%, 5%, 7% and 9%) and
inhomogeneity (0, 20% and 40%). The CS could be

identified and segmented in 16 out of 18 datasets.

Fig. 4 The final CS: 2 axial slices with CS overlaid (a, b),
and c) the complete CS in 3D.

Figs 4a, b, and ¢ show the final CS in 2 axial slices and the
complete CS in 3D, respectively. Compared with manual
approaches, the result of our algorithm is visually correct

as confirmed by brain anatomy experts.
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4. DISCUSSION AND CONCLUSION
It is manifested that the CS has the largest 3D volume
within the ROI. Take the dataset with no noise and
inhomogeneity for example, the biggest 3D volume of the
sulci within the ROI on the left and right hemispheres are
6176 and 5507 mm’ respectively.
Among the 18 datasets, the CS is successfully identified
and segmented from 16 datasets. The 2 failed cases are all
with high noise level (9%).
Sensitivity to noise. When the noise level is smaller than
9%, it does not have visible influence on the identification
and segmentation. However, when the noise level is 9%,
over-segmentation occurs and the algorithm may fail.
Sensitivity to inhomogeneity. The algorithm is quite
insensitive to inhomogeneity. It can identify and segment
the CS at the inhomogeneity levels 0, 20% and 40% along
with additional noise levels 0, 1%, 3%, 5%, and 7%.
Influence of GM. GM is helpful in region growing to
connect the broken sulci due to the partial volume effect.
Although the GM can cause over-segmentation, its
influence can be eliminated through employing the
knowledge of possible shapes of CS and skeletonization.
Advantages. This algorithm is fully automatic. As the
algorithm is based on the combination of image processing
technique and anatomical knowledge, it may well be
extended to other imaging sequences and other modalities.
Limitation. This algorithm has not been tested against

patient-specific data yet.

To conclude, we have presented a knowledge-driven
method for identification and segmentation of the CS from
MR images. Comparing the 3D volume proves to be an
effective way to identify the CS. Incorporating GM for
assisting segmentation of CS proves to be an efficient way
to deal with the partial volume effect in brain MR images.
Experiments suggest that the algorithm is quite robust to

noise and inhomogeneity.
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