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Abstract

This paper proposes a computer-aided system for seg-
menting the frontal, parietal, temporal, and occipital
lobes from 3-D human brain 3.0 T IR-FSPGR MR images.
Because there is no conventional definition about the
cerebral lobes inside the cerebrum, the first work of this
research is to define the cerebral lobes using anatomical
landmarks, which are the central sulcus, Sylvian fissure,
parieto-occipital sulcus, and anterior and posterior com-
missures. The proposed system finds the boundary by
using a fuzzy rule-based active contour model with re-
spect to the anatomical landmarks. For investigating the
ability of the reproducibility of the proposed system, MR
images of three healthy subjects were analyzed by three
beginners and one expert using the proposed system.
Each operator segmented ten times per one serial dataset
for each subject. Experimental results showed that the
system segmented the cerebral lobes with high reproduci-
bility for any subjects and any users.

1. Introduction

Diffuse brain atrophy is observed across the whole
cerebrum as the progress of dementia such as the Alz-
heimer's disease (AD) and the frontotemporal dementia
(FTD), but the atrophy doesn't occur at the same rate
across the cerebrum [1][2]. The medial temporal and
parietal lobes, for example, atrophy mainly in early stage
of AD. In FTD, atrophy is particularly severe around the
frontal lobe and the temporal tip. To quantitatively vali-
date the difference of the rate of atrophy across the
cerebrum, we should measure the volume and surface
area of each cerebral lobe.

The cerebrum is composed of the frontal, parietal,
temporal, and occipital lobes. Generally, the cerebral
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lobes are classified on the cerebral cortex (e.g., [3]). For
example, the frontal lobe is surrounded by the Sylvian
fissure and the central sulcus. However, we cannot meas-
ure the volume and surface area according to the
conventional definition of the cerebral lobes because the
boundary inside the cerebrum is not defined.

A few approaches to define the cerebral lobes inside
the cerebrum have been discussed. Zeng et al. defined the
cerebral lobes inside the cerebrum [4]. In this definition,
the boundary between the parieto-temporal and the oc-
cipital lobes is inadequate, because the boundary varies
with the subject. In addition, because these definitions
were given to manually measure the volume of the cere-
bral lobes, they are still not enough for designing a
computer-aided segmentation method. We also showed a
definition of the frontal lobe [5]. However, the other
cerebral lobes, which are the parietal lobe, temporal lobe,
and occipital lobe, are not discussed.

There are two approaches for segmenting cerebral
lobes using three-dimensional (3-D) volumetric data. One
is a manual delineation and the other is an automated
segmentation. Manual delineation has low reproducibility
due to the lack of rules for segmenting lobes, especially
inside the cerebrum. Because it is time-consuming and
needs much effort, it is impossible to analyze the large
numbers of subjects. In contrast, although automated
segmentation can analyze the large numbers of subjects
with few operators’ effort, there are a few studies on seg-
mentation of cerebral lobes. Ref. [6] and [7] showed a
method using a statistical parametric mapping (SPM)
software. SPM is the commonly used software for analy-
sis of the brain function [8]. They prepare some MRI
templates that are labeled manually into four cerebral
lobes. The MRI templates are transformed to the sub-
ject’s brain using a normalization process of SPM. The
cerebrums of the subject are segmented into each lobe
using the transformed MRI template. Performance of this
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(a) Cerebral surface. (b) Interior cerebrum.
Figure 1. Anatomical atlas of the cerebrum.

method depends on the accuracy of normalization by
SPM, which often causes estimation errors. We have
proposed a method using a fuzzy rule-based active con-
tour model (ACM) and user-given anatomical landmarks
[5]. The method could segment the frontal lobe with high
reproducibility (variability of the frontal lobe’s volume
among ten trials for a given dataset is within 0.95 %.).
However, the method was not applied to segment the pa-
rietal lobe, temporal lobe and the occipital lobe.

In this paper, we propose a computer-aided segmenta-
tion system of the cerebral lobes in 3.0 T inversion
recovery fast spoiled GRASS (IR-FSPGR) MR images
using fuzzy rule-based ACM. Our system has original
landmarks, which are the central sulcus, Sylvian fissure,
parieto-occipital sulcus, anterior commissure (AC) and
posterior commissure (PC). For investigating the ability
of the reproducibility of the proposed system, MR images
of three healthy subjects were analyzed by one expert and
three beginners using the proposed system.
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2. Materials

Two healthy female subjects (Subject 1, and 2, ages
40.517.8 years old, mean + SD) and one healthy male
subject (Subject 3, 42 years old) were recruited. They all
gave informed consent according to the guidelines ap-
proved by the local Ethical Committee at the BF Research
Institute, Inc.

MRI studies were performed on a 3.0 T Signa LX
VH/i Scanner (GE Medical Systems, Milwaukee, WI)
with a circularly polarized head coil as both transmitter
and receiver. Images were acquired by a coronal 3-D IR-
FSPGR with a repetition time (TR) of 10.7 ms, an actual
echo time (TE) of 1.9 ms, and an inversion time (TI) of
600 ms. The field of view (FOV) was 220 mm square.
The matrix was 256 by 256. Each volume dataset con-
sisted of 124 separated slices whose thickness was 1.5
mm with no gap. Voxel size was 0.86x0.86x1.5 mm”.

We constructed the MR volume of the brain, which
consisted of 256x256x124 voxels. In our system, the MR
images appeared and were treated as intensity images.
The intensity for all voxels of all intracranial structures
ranged between 0 and 4095. The acquired datasets were
classified into the left and right cerebral hemispheres,
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cerebellum, and brain stem by the automated human brain
MR image segmentation algorithm [10].

3. Definition of the cerebral lobes

The cerebrum consists of the frontal lobe, parietal lobe,
temporal lobe, and occipital lobe illustrated in Fig. 1 (a)
[3]. Generally, the cerebral lobes are classified on the
cerebral cortex. The frontal lobe is segmented by the cen-
tral sulcus and Sylvian fissure. The parietal and temporal
lobes are classified by Sylvian fissure. The central sulcus
is the boundary between the frontal and parietal lobes, and
the Sylvian fissure is the boundary between the fronto-
parietal and temporal lobes. However, this classification
can be achieved only on the cerebral cortex. That is, there
is no index to classify the cerebral lobes inside the cere-
brum. In this paper, we define the cerebral lobes using
the anatomical landmarks not only on the cerebral surface
but also inside the cerebrum.

The frontal lobe is defined to be a region whose sec-
tion is formed by the union of all line segments composed
of the middle point of the AC-PC line and the points on
the closed curve derived from the central sulcus and the
Sylvian fissure [5]. AC and PC are well-known anatomi-
cal points denoted in Fig. 1 (b).

In this paper, the occipital lobe is defined to be a poste-
rior region segmented by a section, which is formed by
extending the parieto-occipital sulcus so that the sulcus
crosses the longitudinal fissure of cerebrum vertically.

After segmenting the frontal and the occipital lobes
from the cerebrum, the remaining region is divided into
the parietal lobe and the temporal lobe by using the Syl-
vian fissure. The boundary is determined by projecting
the Sylvian fissure to the longitudinal fissure of cerebrum
vertically. Because the posterior tail of the Sylvian fis-
sure is often unclear, the fissure should be extended so
that it reaches the parieto-occipital sulcus.

4. Segmentation of the cerebral lobes

Segmenting the cerebral lobes is performed with the
following four steps:

1) Set the anatomical landmarks.

2) Segment the frontal lobe [5].

3) Segment the occipital lobe.

4) Segment the parietal and temporal lobes.
Because the proposed method segments the cerebral lobes
according to the anatomical landmarks, which are the
central sulcus, the Sylvian fissure, parieto-occipital sulcus,
AC and PC, users manually give these landmarks at the
first step. To make users easily set the landmarks we
have developed a graphical user interface (GUI). The
second step segments the frontal lobe by means of the
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algorithm described in Ref. [S]. The algorithm uses the
AC, PC, central sulcus, and Sylvian fissure as the land-
marks for segmentation. Third step generates a section
using the parieto-occipital sulcus, and then segments the
occipital lobe at the section. Finally, we remove the seg-
mented the frontal and occipital lobes from the cerebrum,
and decompose the remaining region into the parietal and
temporal lobes according the Sylvian fissure. In the fol-
lowing, we describe the details of the developed GUI, and
the algorithms for segmenting the occipital, parietal and
temporal lobes.

4.1 Graphical user interface to set the landmarks

Our system runs according to the anatomical land-
marks given by users. This enables it to process any data
like postoperative/atrophied brains. In this work, we de-
velop a GUI so that users easily set the anatomical
landmarks. The GUI consists of two interfaces using a
shaded surface display (SSD) and a multi-planar recon-
struction (MPR). Using the SSD interface, users can set
the 3-D sulcus by drawing lines on the 2-D SSD images.
Although sulci are structurally complex, there are some
proper angles where users easily recognize them on the
cerebral surface. Because these angles vary by user and
by subject, the interface should be configured so that the
user can select proper angles to recognize the sulci on the
SSD image. Using this interface, the Sylvian fissure and
the central sulcus are given. The MPR interface consists
of three sectional images, which are a coronal, a sagittal,
and an axial images. Using this MPR interface, the user
can set any point on 3-D space. The AC, PC and the pa-
rieto-occipital sulcus are given by using this interface.

4.2 Segmentation of the occipital lobe

We segment the occipital lobe according to the parieto-
occipital sulcus given by the user. Because the user-given
curves are not set at the deepest point of the parieto-
occipital sulcus, our system drops the curves into the
deepest point using the fuzzy rule-based ACM (the details
are described in the following paragraph). Then the de-
tected parieto-occipital sulcus is extrapolated so that the

(c) Feature value fqge.
Figure 2. Feature values. In (b) and (c), the smaller values of intensity
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sulcus crosses over the whole cerebrum. The boundary
surface of the occipital lobe inside the cerebrum is deter-
mined by projecting the extended parieto-occipital sulcus
to the longitudinal fissure of cerebrum vertically.

The parieto-occipital sulcus is detected by fitting the
user-given curve into the deepest point using the fuzzy
rule-based ACM. The fuzzy rule-based ACM, which is
proposed in Ref. [5], is a fuzzy logic based extension of
the conventional ACM [9]. The principal advantage of
the fuzzy rule-based ACM is that it can easily implement
physicians’ anatomical knowledge with fuzzy if-then
rules.

In the fuzzy rule-based ACM, a fitting curve is given
by w(t)=(z(¢), (¢)) (1 <z < n), where n is the number of
nodes composing the curve. At first, initial nodes of v(7)
are determined by selecting the points at the 2 pixel inter-
val. Then the nodes of the curve are moved so that the
curve detects the parieto-occipital sulcus. We then evalu-
ate whether the curve detects the parieto-occipital sulcus
or not by estimating a fuzzy degree belonging to the pa-
rieto-occipital sulcus. The fuzzy degree is estimated by a
mean of fuzzy degrees of every node, and it is given by

1 n
==t s (1
noo

where ¢ and y, are fuzzy degrees belonging to the parieto-
occipital sulcus for the curve of interest and for node ¢,
respectively. The fuzzy degree for the node of interest, u;,
is estimated by using knowledge about the parieto-
occipital sulcus:

(1) The parieto-occipital sulcus runs smoothly.

(2) The parieto-occipital sulcus has low intensity.

(3) The parieto-occipital sulcus has high gradient of

intensity.

To evaluate a node of interest with respect to this
knowledge, we define three features of the node, fi, fine
and fi4.. The first feature, f;,, estimates the smoothness
of the curve at the node of interest, and is given by:

; { dv(r)] |d*v(0) j /f .

dt dr’

This feature gives the lower value when the node v;
moves to node v;;; as shown in Fig. 2 (a). The second
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feature, f.., evaluates the intensity at the node, and is
given by:

Sine =15 3)] Sine s - (3)
This feature takes the lower value when the node moves
to a voxel with the lower intensity as shown in Fig. 2 (b).
The third feature, f;4., estimates the strength of edge, and
is given by:

Setge = |V] (x,y )| / Sedge max 5 “)
where V is a gradient operator. This feature gives the
lower value when the node moves to a voxel with the
higher gradient of intensity as shown in Fig. 2 (c). In the
above definitions, fiu max fiine max ANA fodge max are normali-
zation parameters given by the user. Using these three
features, we derive the following two fuzzy IF-THEN
rules from the knowledge about the parieto-occipital sul-
cus:

[Rule 1]

IF  (fi is Small) AND (fj;, is Small) AND
(feage 18 Large)

THEN U is Large.

[Rule 2]

IF  (fi, is Large) AND (f};,. is Large) AND
(fedge 18 Small)

THEN 1 1s Small.

Small and Large are fuzzy languages defined by member-
ship functions shown in Fig. 3. The fuzzy IF-THEN rules

are carried out by a MIN-MAX implementation technique.

The consequent fuzzy degree, £, is the center of gravity

of the obtained fuzzy sets. The fuzzy IF-THEN rules are
applied to every node, and then the fuzzy degree belong-
ing to the parieto-occipital sulcus of the curve of interest
is calculated by Eq. (1) for each node. By iterating with
moving nodes so that the fuzzy degree, x4, is maximized,
the parieto-occipital sulcus will be detected.

The detected parieto-occipital sulcus is not still enough
for segmenting the occipital lobe because the sulcus does
not cross over the whole cerebrum. For example, because
the superior tail of the sulcus is often unclear, it is impos-
sible to detect the whole sulcus. Therefore, we
extrapolate the detected sulcus so that the sulcus crosses
over the whole cerebrum.

Using the obtained parieto-occipital sulcus that com-
pletely crosses over the cerebrum from the inferior to the
superior, we determine the boundary between the occipi-
tal lobe and both the parietal and temporal lobes.
According to our definition about the occipital sulcus, the
boundary is formed by projecting the obtained parieto-
occipital sulcus to the longitudinal fissure of cerebrum
vertically. To estimate the longitudinal fissure of cere-
brum, we first find the contact points of the right and left
cerebral hemispheres by raster scan on axial planes (x-z
plane). Secondly, the contact points are projected on 2-D
plane and a line approximating the contacting points is
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calculated by using a linear least square method (LSM).
Then, the longitudinal fissure of cerebrum is obtained by
extending the approximated line for y-direction. Conse-
quently, a section is obtained by projecting the parieto-
occipital sulcus to the longitudinal fissure of cerebrum,
and then the occipital lobe is segmented at the obtained
section.

4.3 Segmentation of the parietal and temporal
lobes

The remaining region after removing the frontal lobe
and the parietal lobe from the cerebrum is composed of
the parietal and temporal lobes. Therefore, the parietal
and temporal lobes can be segmented by determining the
boundary between them. According to our definition, the
boundary is determined by projecting the Sylvian fissure
to the longitudinal fissure of cerebrum.

However, because the Sylvian fissure does not reach
the parieto-occipital sulcus in almost of cases, we ex-
trapolate the Sylvian fissure so that the sulcus crosses the
cerebrum from the anterior to the parieto-occipital sulcus.
The extrapolation is done for each cerebral hemisphere
separately, and the details are described below. At first,
the Sylvian fissure detected by fuzzy rule-based ACM is
projected on a 2-D plane. Second, the Sylvian fissure is
extrapolated by means of the LSM using a quadratic func-
tion on the 2-D projection plane. Third, the extrapolated
Sylvian fissure is projected on the 3-D cerebral surface.
Finally, we drop the projected Sylvian fissure on the cere-
bral surface into the deepest point of the sulci by the
fuzzy rule-based ACM. The fuzzy IF-THEN rules and
conditions are the same as those used to detect the pa-
rieto-occipital sulcus.

The boundary between the parietal and temporal lobes
are found by projecting the extrapolated Sylvian fissure to
the longitudinal fissure of cerebrum, and the parietal and
temporal lobes are segmented at the obtained boundary.

5. Experimental results and discussion

MR images acquired from Subject 1 were analyzed by
the proposed system for demonstrating the ability of seg-
menting the cerebral lobes. A screenshot of the
configured GUI system is shown in Fig. 4. This figure
shows a screenshot of the SSD interface. Using this GUI
system, a user gave the central sulcus and Sylvian fissure.
Then, the user gave the AC and PC points, and the pa-
rieto-occipital sulcus using the MPR interface. For
running the fuzzy rule-based ACM, three parameters,
which are fiu maxs fiine max ANA fogge max, Were set at 20, 100
and 50, respectively. The same parameters were used
across all of our experiments. The computation time for
segmentation (not including pre-processing, i.e., segmen-
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Figure 5. User-given curve is matched to the
parieto-occipital sulcus by fuzzy rule-based
ACM.

tation of the brain, and decomposing the brain portions)
was less than 15 s running on a workstation (Silicon
Graphics Fuel™, R14000, 500MHz, 1024MB, SGI). Fig.
5 shows a part of the cerebrum. In this figure, a user-
given curve and the fitted curve are described in white
solid lines. The user-give curve was fitted at the parieto-
occipital sulcus. Coronal and sagittal images of the la-
beled volume data are shown in Fig. 6. The cerebral
lobes were correctly segmented at the proper sulci. In this
figure, we can confirm the Sylvian fissure (A) between
the parietal and the temporal lobes, and parieto-occipital
sulcus (B) between the occipital and the temporal lobes.
3-D SSD images of the segmented cerebral lobes are
shown in Fig. 8. These images are visually appropriate
compared with Fig. 1 (a). As shown in Fig. 7, the
boundaries between the parietal and temporal lobes of the
right and left cerebral hemispheres are not same shape
because the shape of the Sylvian fissure of the right and
left cerebral hemispheres are not same.

We weighed the variability of volumes of cerebral
lobes when the system was operated by an expert and
three beginners. The expert got well used to our system
and could easily detect the central sulcus and Sylvian fis-
sure on the SSD interface, and the parieto-occipital sulcus
and the AC and PC points on the MPR interface. Begin-
ners were collected who were not familiar with our
system and the location of the anatomical landmarks.
Therefore, the beginners were trained on how to use the
system about ten minutes, and were instructed on the ana-
tomical landmarks before testing our system. Both of the
expert and the three beginners segmented individually ten
times per one dataset of the subject.
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(a) Coronal images. (b) Sagittal images.
Figure 6. The result of segmentation (2-D). (A):
the Sylvian fissure, and (B): the parieto-occipital
sulcus.

Figure 7. Segmentation results. The cerebrum is
segmented into the frontal lobe (light gray), pa-
rietal lobe (dark gray), temporal lobe (gray), and
occipital lobe (dim gray).

The variabilities of the volumes within a user and
across inter users were investigated. Fig. 8 shows mean
and SD of volume (block graph) of the cerebral lobes that
were segmented by four users. The graphs showed that
for any subjects and for all cerebral lobes, (1) the vari-
abilities of the volumes within a user were small, and (2)
those across the users relatively were small, however, is
larger than those within a user. These results confirmed
that by using the proposed system we could segment the
cerebral lobes with high reproducibility even if the user is
beginner.

6. Conclusion

We have proposed a computer-aided system for seg-
menting the cerebral lobes from 3.0 Tesla IR-FSPGR MR
images. To design the system, we first defined the cere-
bral lobes geometry using the anatomical landmarks. To
our knowledge, this will be the first approach to define
the cerebral lobes inside the cerebrum.
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The segmentation of the cerebral lobes was performed
with the fuzzy rule-based ACM according to the anatomi-
cal landmarks, which are given by a user on the SSD and
MPR interfaces. The algorithm drops the user-given sulci
into the deepest point. This leads the system to produce
stable segmentation results. The ability of the reproduci-
bility of the proposed system was evaluated by applying
the system to three healthy subjects in which four users
operated. The experimental results confirmed that our
system could segment the cerebral lobes with high repro-
ducibility even if the user is a beginner, and even if the
user differs by each experiment.

There are a few differences between the boundaries
segmented by the proposed system and the conventional
wisdom at the posterior cerebrum. In the future, we will
apply another definition of the occipital lobe so that the
system segments the cerebral lobes more stably and more
adequately to the conventional wisdom. In addition, a
method for automatically detecting the Sylvian fissure
and parietooccipital sulcus will be studied.
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