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A novel automated brain region extraction method in
single channel MR images for visualization and analysis
of a human brain is presented. The method generates a
volume of brain masks by automatic thresholding using a
dual curve fitting technigue and by 3D morphological
operations. The dual curve fitting can reduce an error in
curve fiting to the histogram of MR images. The 3D
morphological operations, including erosion, labeling of
connected-components, max-feature  operation, and
dilation, are applied to the cubic volume of masks
reconstructed from the thresholded brain masks. This
method can automatically extract a brain region in any
displayed type of sequences, induding extreme slices, of
SPGR, T1-, T2, and PD-weighted MR image data sets
which are not required to contain the entire brain. In the
experiments, the algorithm was applied to 20 sets of MR
images and showed over 097 of similarity index in
comparison with manual drawing.

|. Introduction

MR images are widely used to norvinvasively examine
a brain or body of a human. Segmentation of a brain
region in MR images is an important step for visualization
and volume analysis of regions of interest(ROI's). Many

computer-assisted definitions of ROI's require segmentation
of the whole brain from the head MR images, either
because the whole brain is the ROl such as in
Azhiemer's studies or because automatic ROl extraction
using statistica methods is made easier if the skull and
scalp have been removed(1],[2].

Reported methods for automatic segmentation of the
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brain region have used image processing techniques such
as histogram analysis[3],[5],{7], morphological operations[4],
anisotropic filtering[5], template matching[6],[7], etc. These
methods can be applied to segmentation of the brain
region of limted kinds of MR images. Brummer et
al[4][5] use histogram analysis and morphology to
generate 3D brain masks. This method misses brain
tissue in extreme slices and indudes nonbrain tissues in
others[1]. Furthermore, thresholding is achieved by curve
fiting with a Gaussian curve to the top-half of the
intensity histogram. In many cases, the top-haif of the
histogram does not have a Gaussian curve as shown in
Fig. 5. Snell et al[6] use an active surface template to
find the intracranial boundary in MRI volume of the head.
The method used high-resolution isotropic 3D MRI data
set to test his agorithm. Such MRI scans are generally
not performed dinically. The method may fail for images
that do not contain the entire brain[5,6]. The method of
Atidns ef alft] can work well on adally displayed
muitispectral sequences and on axial and coronal 3D
Ti-weighted SPGR sequences. Its performance depends
on displayed slice types, which are generally adal,
coronal, and sagittal. SPM[7] segments the images using
the templates and the modified mixture model algorithm in
the process of registration between MR images and PET
images. After aligning the images containing the whole
brain, one should determine the offine transformations that
map between the images and the templates. Because the
modified mixture model algorithm fit the weighted intensity
distribution with a probability density function for each
duster, the algorithm can cause emors in extracing the
brain region as shown in Fig. 5.

in this paper, we propose a novel technique for
autornatic segmentation of a brain region in single channel
T1, T2, PD, and SPGR MR images for visualization and
analysis. Our method can overcome weaknesses of above
methods using automatic thresholding by a dua curve
fitting and 3D morphological operations in a cubic volume
of masks reconstructed from thresholded images. The
automatic thresholding is improved by the dua curve
fitting with two Gaussian curves to the histogram. The

cubic volume of masks is generated from the head masks
thresholded on MR images for the 3D morphological
operations, including erosion, labeling of
connected-components, max-feature operation, and dilation
in 3D. The 3D morphological operations applied to the
cubic volume of masks do not require a specific displayed
type of slices or MRI data sets to contain the entire
brain.

The proposed method assumes requirements as follows.
1) The volume of masks generated for a ROl can be repr
esented as one connected-component volume. 2) The volu
me of masks of the ROl separated from the head MR im
ages is the largest in the volumes labeled as connected-c
omponents. 3) Intensity distribution of the brain region can
be partially modeled as a Gaussian curve. Generally, abo
ve three assumptions are acceptable for MR images of th
e brain for clinical and research purpose. Assumption 1) a
nd 2) are acceptable because a ROI in the head is the |
argest connected-component area such as a cerebrum or
cerebellum in MR images composed of several sequential
slices. Assumption 3) is acceptable because the left and ri
ght part of the top-half of the histogram of the brain regio
n in MR images can be modeled as a Gaussian curve, n
ot aways for the whole histogram.

ll. Automatic Segmentation of a Brain Region

Our method for automatic segmentaion of a brain
region in MR images is composed of mask generation
steps of head masks, initial brain masks, intermediate
brain masks, and final brain masks as shown in Fig.1.
The dual curve fitting for automatic thresholding is applied
to the top-half of the histogram of a set of MR images to
generate brain masks. The intermediate brain masks are
generated by applying 3D morphological operations to a
cubic volume of masks reconstructed from the initial brain
masks.

1. Generation of head masks
Head masks are generated by removing a background
noise using the method of Brummer et al[4]. The method
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based on the fact{11] that a MRI scanner gives a white
noise with Gaussian distribution. Henkelman{12] proved a
background noise of MR images to be Rayleigh
distribution represented as Eq. (1),

MRI Data Set
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Head Mask
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Boundary Tracing and
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Fig. 1. Segmentation procedure of the proposed method
for automatic segmentation of a brain region in
MR images of a head.

n="% exp ——21;27) (1),

where f and o is intensity and standard deviation of a
noise, respectively. The thveshold = is determined[4,5] by
minimizing ¢, in Eq. (2),

e Bgh+ 20 ®

&(f) = hf)—nf) ®)

where A(f) is a histogram of MR images, and f is
Rayleigh  distibution  funcion  fitted to .
Levenberg-Marquardt’s fitting technique{10], a non-linear
least square fitting, is used for automatic thresholding. A
typical histogram distribution of T1, T2, and PD MR
images, and an example of Rayleigh curve fitted to the
histogram are shown in Fig. 2. A final head mask as
shown in Fig. 3 is generated by boundary tracing and
region fillingl9) after removing background noise by
morphological filtering{9}.
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Fig. 2. (a) Typical histograms of T1-, T2-, and
PD-weighted MR images, and
(b) Typical histogram of background noise and its
best-fitted Rayleigh curve.
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(b) The initial head mask produced using automatic
thresholding by curve fitting.

{c} Removing a background noise by morphological
filtering.

(d) The final head mask generated using boundary
tracing and region filling.

2. Dual curve fitting

The brain region in the histogram of head MR images
within the head masks is dominant as shown Fig. 4
because the brain region is larger than the other tissues
in the MR images of the head. Brummer et al4]
generated an initial brain mask using automatic
thresholding by curve fitting with a Gaussian curve to the
histogram within the head mask.
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Fig. 4. Typical histograms of the MR images within
the head masks.

But, fiting error can occur as shown in Fig. 5 because
pixel distribution of the brain region in MR images may
not have Gaussian distibution in many cases as shown
in Fig. 4. Therefore, we fry to achieve separately fitting
with two Gaussian curves for the left and right side of the
top-half of the histogram within the head masks. We call
the fitting a dual curve fitting.
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Fig. 5. Gaussian curve fitting with large emor to
the top-half of the histogram of PD-weighted
images for automatic thresholding.
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The dual curve fitting means that two Gaussian curves
are independently fitted to two parts, the left and right
pan, of the histogram as shown in Fig. 7 and 8,

Inifiadl brain masks are generated by autornatic
thresholding using the dual curve fitting to the histogram
of MRI data sets within the head masks. For the fitting
parts, the top-halff2] is selected from the histogram as
shown in Fig. 6 and 7 (a), and the left part, h(f, and
the right part, h«(f), of the top-half histogram are chosen
as shown in Fig. 7 (b).
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(b) the dominant brain region found in the histogram.

Fig. 6. Finding lower bound of the deminant brain region
in the histogram of the MR images of the head
for dual curve fitting.

To begin with, a dominant part, hyf), of the histogram
within the head masks is chosen like in Eq. (4) and Fig.
6 for a dual curve fitting with two Gaussian curves,

hb(f): h(f), fzfmin
@

0, otherwise

where fny is determined as Eq. (5), N is a range of pixel
value, and T is a constant. The f, means the position
with minimum value of the histogram as shown in Fig. 6

(@.

for (1= frme; <N i++) {
flagmin - 1:
forG=14 j<i+ T j++) {
ifC h(2)> h(j) ) {
flagmin =0;
break;
} (5
}
if ( flagmn ) {
min — %

break;

Smax = arg ;nax h(hH ©

The top-half of the histogram can be found as Eq. (7)
and Fig. 7 (a) from the dominant part of the histogram

extracted by Eq. (4),

hmax = max hb(f),
ht(f)= hb(f), hb(f)thax/Z -
0, otherwise
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(b} the left and right curve selected.
Fig. 7. Selection of the left and right curve of the top-half
of the histogram for-dual curve fitting.

The left and right part, f(f and h«f), of the top-half
h{f) of the histogram are determined by Eq. (8) as shown
in Fig. 7 (b). The left and right part of the histogram
range from frin and from 10 frae and fra, respectively, as
shown in Fig. 7 (b). The fun frax e lowest and highest
pixel value in the top-half histogram, respectively. The
fraxt, T @re the first position with local maximum away
from foin, frae respectively. The left and right part of the
histogram are selected as Eq. (8),

hL(f): h(f)y fminsfS fmaxL

0, otherwise

helf)= h(f), F2fmur and B(D=h /8

®
0, otherwise
where
fmin = arg min ht(f) > 0
f
max = k(H>
Jé arg m?x AH>0 _ o

The dual curve fitting with two Gaussian curves to the
left part h{f and the right part h«( extracted above can
be achieved as shown in Fig. 8.
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Fig. 8. Dual curve fitting, in which two Gaussian curves
are used, to the top-half of the histogram of
(@ T, (b) T2, and (c) PD images.

The threshold levels depending on the degree of
dustering are determined from two Gaussian curves fitted
to the left and right part of the top-half of the histogram.
In our case, the threshold levels are f= 120 within
which the area under the fitted Gaussian curve of that
range is 95.9%.
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Table 1. Determinations of threshold levels to generate
initial brain masks for T1, T2, PD, and SPGR

MR images.
T Tx
T1-weighted ui. 201 ur+ 2onr
T2-weighted “r 201 o
PD-weighted w20 sr+t 2onr
SPGR ui. 201 Ur+ 20g

The threshold levels for T1, T2, PD, and SPGR MR
images are described in Table 1, where T, T are the

left and right threshold level, 1;, wrp ad o7, op

are mean values and standard deviations of the left and
right Gaussian curve fitted to the top-half histogram,
respectively, as shown in Fig. 8. The upper threshold is
not used for T2-weighted MR images because the pixel
values of gray matter are higher than the other tissues.
The initial brain masks obtained by automatic thresholding
using the dual curve fitting for T1, T2, PD, and SPGR
MR images are shown in Fig. 9.

(b) initiad brain masks
Fig. 9. Generation of initial brain masks for T1-, T2- and
PD-weighted image:

3. 3D morphological operations

In this paper, 2D morphological operations like erosion,
dilation[9], labeling of connected- componentsf4], and
max-feature operationfd] are extended to 3D operations to
separate slightty connected regions in the initial brain
masks obtained in the previous step. The 3D
morphological operations are -applied to a cubic volume of
masks, as shown in Fig. 10 (b), generated by
interpolation from the initial brain masks, as shown in Fg.
10 (a), because the thicdness between the initial brain
masks is large. The cubic volume of masks consisting of
cubic wvoxels can be achieved by applying cubic

interpolation function R, at the range of (<<|x| <2
like Eq. (10)(8},(9],

axd® —5axd*+8ad —da, 1<|x<2

where weighting factor a=—1/2 proposed by Keys[8].

slicl /

thickrless / \
\\ \

AN
4'< — pixel size

(@ Emors in 3D momhological operations or in
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application of Brummer's method to a volume of
MR images dinically used may be occurred
because the slice thickness between masks is
larger than pixel size. Morphological operations in
Brummer's method[4] is achieved in 2D to perform
the overlap test for generating 3D wvolume of
masks.

slice [

/
thickness; (
\

\
N

N

~—* [ pixel size

{b) Our 3D morphological operations in the cubic volume
of masks can overcome erors introduced by the
overlap test of Brummer's method because the volume
of masks oonsists of cubic voxels.

Fig. 10. Segmentation in the volume of masks according
to slice thickness:

Errors in 3D morphological operations or in application
of Brummer's method[d] to a volume of MR images
dinically used may be occured because the slice
thickness between masks is much larger than pixel size
as shown in Fig. 10 (a). Morphological operations in
Brummer's method[4] is achieved in 2D to perform the
overlap test for generating 3D volume of masks. Our 3D
morphological operations in the cubic volume of masks
can overcome errors infroduced by the overlap test of
Brummer’s method because the volume of masks consists
of cubic voxels as shown in Fig. 10 (b).

Fig. 11. (b) represents the cubic volume of masks with
the size of 256 x256x256 generated from the volume of
the iniial brain masks with the size of 256x256x20. The

procedure of the 3D morphological operations applied to
the cubic volume of masks for extracting the brain region
is as follows: erosion(Fig. 11 (c)), labeling of the
connected-components, max-feature operation(Fig. 11 (d)),
and dilation (Fig. 11 (e)) in a sequence. The erosion and
dilation of Nyopy iterations are applied to the cubic volume
of masks. After labeling of the connected-components is
applied to the cubic volume of masks eroded by N
operations, max-feature operation[4] is applied to the cubic
volume of masks to select the largest volume of the
connected-components fabeled in above process. The
max-feature operation means a selection of the largest

‘oonnectedoomponent in the labeled cubic volumes, in

which the max-feature is the brain region in our case.
The dilations of Ny iterations are applied to the volume
of masks selected by the max-feature operation. Fig. 11
(c) and (e) depicts the cubic volume of masks applied
with 3D morphological erosion and  dilation{Nyop=4),
respectively. Fig. 11 (d) is the largest volume of masks
selected using the max-feature operation after labeling of
connected-components.  Fig. 11 (f) represents the
corresponding  slice extracted from the cubic volume of
masks of Fig. 11 (e).

{b) reconstructed cubic volume
of masks

{¢) 3D morphologically eroded (d) the largest volume after
volume(Nmorph=4) labeling of
connected-components in 3D
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{e) 3D morphologically dilated
volume(Nmorph=4).

{f) intermediate brain
mask depicted in
white region.

Fig. 11. Generation of intermediate brain masks:

Operation kemel of 3x3x3 is used for 3D
morphological erosion and dilation operations, in which the
parameter of N, is empirically determined and typically
Nrop=4. In a case of the connection between brain and
skull with blood vessels, the pant can be separated by
increasing the parameter of N But, higher | V— ]
distort the brain region. The parameter of Npp=4 will be
good choice in 3D erosions and dilations for extracting
the brain region of MR images.

In morphological operations, thresholding by the dual
curve fitting(T DCF) can be adapted to the images within
the volume of masks for refinement in intermediate
ségrrentation stage. For example, TDCF can be used,
after each erosion or dilation operation, or before each
labeling and max-feature operation, as shown in Fig. 12,
in which TDCF in erosions provided better separation
between brain and skull.

(b) 4 erosion operations without TDCF

(c) 4 erosion and TDCF operations, followed by labeling
of the connected components and max-feature operation.

Fig. 12 TDCF in erosions{Nmorph=4) provides better
separation between brain and skuli(ieft: 2D view,
right: 3D view):

If there is connection between brain and skull with
blood vessels after morphological operations, the part can
be easily separated by manually editing one or two slices
at the step of erosion. The manual editing, labeling of the
connected oompdnents, and max-feature operation are
repeatedy applied until nonbrain region is defeted, where
labeling. of the connected components and max-eature
operation are to check separation of the part for reducing
user's labor in manual editing as shown in Fig. 13,

(©)
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Fig. 13. The connection between brain and skull after
erosions(Nmorph=4) can be easily separated by
manually editing one or two slices at the step of
erosion. The manual editing, labeling of the
connected components, and max-feature operation
are repeatedly applied untl nonbrain region is
deleted, where labeling of the oconnected
components and max-feature operation are to
check separation of the part for reducing user's
effort in manual editing.

(@ The connection after erosions was

(b) separated by deleting small biob only in the
third window among three slices(top three
windows) in a sequence.

(0 The separated nonbrain region was deleted
by labeling of the connected components and
max-feature operation. Each volume of masks
was displayed in rendering at the bottom window.

Manual editing is performed on the 2D display window
of left side in Fig. 14 and its result is viewed on the 3D
display window of right side in Fig. 14.

Ry Vg AR G oo

Fig. 14. This is our software module, which has display
windows and control or option buttons, for

automatic segmentation of a brain region in MR
mages using automatic thresholding and 3D
morphological operations. Three windows of left
side are to display original images and masks in
2D, and are to perform manual editing. Head or
brain masks are displayed on the window of right
side in 3D.

The 3D morphological operations applied to the cubic
volume of masks for automatic segmentation of the brain
region in head MR images do not require a specific
displayed type of slices and do not require the MRI data
sets to contain the entire brain.

4. Mask refinement

The final brain masks are generated by automatic
thresholding using the dual curve fitting to the top-half of
the histogram of the regions within the cubic volume of
masks extracted by the 3D morphological operations. This
procedure can remove nonbrain regions included in
process of the 3D morphological operations.

The dual curve fiting and 3D morphological operations
described in above secion are again applied to separate
brain regions slightly connected to the skull or to remove
nonbrain regions. The cubic volume of brain masks after
applied with morphological operations in the generation
step of intermediate brain masks contains nonbrain
regions as shown in Fig. 15 (a).

_10_



=2 / w2 MRYAIA AFsske Hods 24

240 4

Histogram in intermediate brain mask

200 Gaussian curve fitting to lefi half histogram
00 4

Gausslan turve fitting to right half hislogram
150

160 ,V%
140 o Y

/N
120 4 K

>
S
c
3 - i1
T too] / Y
L'
> 20 /
€0 -
40 4
20 ] \
9 T
0 200 400
Intensity

Fig. 15. (a) Intermediate brain masks depicted in a white
curve as a mask boundary, and (b) the
histogram of the MR images within the
intermediate masks and two Gaussian curves
fitted by the dual curve fitting method.

The procedure of the mask refinement erases nonbrain
regions and fills the holes in the masks. Nonbrain regions
within the volume of masks are erased by automatic
thresholding and the 3D morphological operations because
the cubic volume of masks contains most of the brain
region as shown in Fig. 15 (b). Thresholding is
automatically achieved by the dual curve fiting to the
top-half of the histogram of regions within the volume of
masks. The 3D morphological operations of Npp=1~2
are applied to the volume of masks. The holes in the
masks are filled using boundary tracing and region filling
technique{9] as shown in Fig. 16.

(b) the mask after automatic thresholding.

(c) boundary tracing and region filling.
Fig. 16. Generation of the final brain mask:

Table 2. MR images used in the experiments.

pixel size|slice thickness| TE TR

Tl-weighted | 0.82 mm| 7.00 mm 12 ms | 500 ms

T2-weighted | 0.82 mm 7.00 mm 102 ms | 3733 ms

PD-weighted| 0.82 mm 7.00 mm 17 ms |3733 ms

14500

ms

SPGR 0.86 mm 1.5 mm 3500 ms

lll. Experimental Results

Qur algorithm for automatic segmentation of a brain
region was implemented, as shown in Fig. 14, using C
language, X Window System, and Mofif library under
UNIX environment on the SUN UltraSPARC I workstation.
The method was applied to segment a brain region in
SPGR, T1, T2, and PD MR images of human heads. MR
images for experiments were acquired on GE 1.5 Tesla
Signa scanner in steady state with typical parameters as
shown in Table 2. T1, T2, and PD MR images, which are
the image size of 256x256 with 20 slices, are usually
dlinically used for diagnosis of patients in hospital. A set
of SPGR MR images consists of about 120 slices.

(a) Original images(sagittal T1-weighted, coronal T2 -
weighted, axial PD-weighted, and axial SPGR MR image)

11 -
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(b) head masks.

() volumes of masks reconstructed from intermediate
brain masks.

{g) final brain masks.

(d) cubic volumes of masks reconstructed from initial
brain masks.

(h) volumes of masks reconstructed from final brain
masks.

Fig. 17. Segmentation of a brain region in MR images
of a head by the proposed method.

The brain masks generated by our method for coronal,
sagittal, and axial MR images are shown in Fig. 17. Fig.
17 (a) represents sagittal T1, coronal T2, axial PD, and
axial SPGR MR image, respectively. Fig. 17 (b),(c),(e),and
() depicts head masks, thresholded brain masks,

(e) intermediate brain masks.

-12 -
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morphologically operated masks, and refined masks,
respectively. Fig. 17 (d),(f), and (h) are volume rendered
images of the volume of masks generated from each
steps. The head masks were achieved by automatic
thresholding using curve fiting with Rayleigh curve to the
histogram. The cubic volume of masks reconstructed using
the cubic interpolation functions consists of 256 x 256 x 256
voxels with 8 bits per voxel. The kernel used in 3D
morphological operations was the size of 3x3x3. Mask
refinement was achieved by again applying the dual curve
fitting and the 3D morphological operations to the volume
of images within the volume of intermediate masks to
erase nonbrain regions obtained in the previous 3D
morphological operations.

Quantitative comparisons of segmentation results were
measured by Zijdenbos[13]'s similarity index S represented
as Eq. (11} in which A and A are two binary images,
respectively, and Sc{0~1].

STETAlTIA] o

Results segmented by the proposed method were
compared with the brain regions manually drawn by
dinical experts. Comparisons for three orthogonally
displayed image sets of T2 MR images showed that the
proposed method could be applied to any displayed type
of MR images and could well segment extreme slices of
image sets as shown in Fig. 18 ().
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(a) For coronal, sagittal, and axial T2-weighted
images.

e
=
e
3,
o
;:
T
- 1

-
e
e
$

4=
-

Simifarity Index

e Axiai SPGR

0.0 T T T T
° 20 a© 80 a0 100

Slice Number

(b) for axial SPGR images.
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—a—T2-welghted
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T e PR
(c) for axial T1-, T2-, and PD-weighted images.
The slice number increases from left to right, from
back to front, and from bottom to top in the head.
The approximate posiion of each slice in this
figure can be found at each volume of masks in
Fig. 17.

Fig 18. Comparisons, in similarity index, of the brain
regions segmented by ow method with
manually drawn images in MR images of a
head.

Segmentation results by our method for axia SPGR,
T, T2, and PD MR images were compared with brain
regions manually drawn by dinicdl experts in similarity
index, and provided over 0.95 of similarity index for the
images as shown in Fig. 18 (b) and (c). Comparisons of
the brain regions segmented by our method with manually
segmented brain regions for 20 sets of MR images were
shown over 0.97 of similarity index as shown in Table 3.
The execution tme is within 3 minutes on the SUN
UtraSPARC Il workstation. Nonbrain regions obtained in
automatic segmentaion can be manudly edited in
morphological operation or mask refinement stage. Manual
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editing in the stage of 3D morphological operations can
be achieved with less effort than in mask refinement
stage because mouse operations for editing in the
morphological stage is less often than in the mask
refinement stage.

Table 3. Comparisons, in similarity index, of the brain
regions segmented by our method with manually
drawn images in 20 sets of MR images of a

head.
Similarity Index
TI1-weighted 0.972%0.005
T2-weighted 0.978+0.006
PD-weighted 0.975+0.004
SPGR 0.977+0.005
IV. Conclusion

We proposed a novel technique for automatic
segmentation of a brain region in single channel MR
images for visualization and analysis of a human brain. In
the method, the brain region is segmented by automatic
thresholding using the dual curve fiting and by 3D
morphological operations in a cubic volume of masks
reconstructed from thresholded images. The dual curve
fiting can reduce an emor in curve fitting to the histogram
of MR images. The 3D morphological operations, inciuding
erosion, labeling of connected-components, max-feature
operation, and dilation, were applied to the cubic volume
of masks reconstructed from the thresholded brain masks.
This method can automatically segment the brain region
in any displayed type of sequences, induding extreme
slices, of SPGR, Ti-, T2-, and PD-weighted MR image
data sets which are not required to contain the entire
brain. In the experiment, comparisons of the brain regions
segmented by our method with manually segmented brain
regions for 20 sets of coronally, sagittally, and axially
displayed T1, T2, PD, and SPGR MR images were
shown over 0.97 of simiarty index. This showed our
method will be a useful technique to segment a brain

region in the MR images for visualization and analysis.
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