Journal of X-Ray Science and Technology 11 (2003) 193-204 193
10S Press

Modified fast marching and level set method
for medical image segmentation

Fuping Zhu and Jie Tian

Medical Image Processing Group, Institute of Automation, Chinese Academy of Sciences, Beijing P.O.
Box 2728, 100080, China

Tel.: +86 10 62532105; Fax: +86 10 62527995

Abstract. In this paper, an interactive segmentation method that combines fast marching and level set method is proposed. Level
set segmentation involves solving the energy-based active contour minimization problems by the computation of geodesics or
minimal distance curves. First, by selecting the seed point, the fast marching method is used to extract rough boundaries of
the interested object. We modified the traditional fast marching method to capture the weak edges by introducing watershed
transform. Then, the contour obtained from the fast marching method mentioned above is regarded as an initialization and the
level set method is used to finely tune the contour. The algorithm is demonstrated on some medical images: segmentation of
knee tissues in CT image and segmentation of brain tissues in MR image. The results show that this method can remove the
small regions obtained from fast marching method and converge the desired boundary.

1. Introduction

Segmentation is one of the bottlenecks of many image analysis and computer vision tasks ranging
from medical image processing to robot navigation. Most of the further analysis, such as surgical
planning, navigation, simulation, diagnosis and therapy evaluation relies on the results of the segmentation
procedure. But image segmentation remains an open research problem and is a very difficult problem
in practice. Due to the importance and difficulty of image segmentation, it has attracted great effort of
many investigators since the seventies last century.

Currently, the numerous existing approaches of image segmentation may be classified into two main
categories: boundary-based and region-based. In the boundary-based approaches, Edge detection is the
earliest of the boundary-based methods, based on local gradients [1,19]. Threshold segmentation [20] is
another common method. Active contours [2] have been introduced for segmenting deformable objects,
by defining the internal and external functional and minimizing the functional whose local maximum
is located at the object boundary. But, active contours are relatively noise sensitive, and their results
depend on the initialization and they are not sufficiently topologically adaptive. In the region-based
approaches, techniques, such as seeded region growing [3] or split-and merge were firstly introduced.
Region growing methods generally require the desired regions to be homogeneous with respect to certain
specified features in advance. Research on region-based segmentation methods has focused on either the
design of feature measures and growing criteria or algorithm efficiency and accuracy.
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Level set method, developed by Osher and Sethian [4], based on the theory and numeric of weak
solutions to surface propagation, has been used in the formulation of several region or boundary based
approaches for image segmentation and offers highly robust and accurate techniques for tracking inter-
faces moving under complex motions. Level set segmentation involves solving the energy-based active
contour minimization problems by the computation of geodesics or minimal distance curves [5-7,14].
The main idea of level set method is to represent a curve as the zero level set of a higher dimensional
surface [8]. The entire surface is evolved to minimize a metric defined by the curvature and image
gradient.

To segment an object from a medical image, in this paper, we use the idea of the fast marching and level
set technique. First, the rough boundaries of interested object are extracted by fast marching method.
The extracted edges are regarded as an initialization of level set method. We modified the traditional
fast marching method in order to escape the error results. Then, the level set method is used to finely
tune and smooth the contour acquired by fast marching method. The organization of this paper is as
follows. Section 2 briefly introduces basic level set theory. Section 3 presents modified fast marching
method. Section 4 gives the fine segmentation by level set method. We present some results using the
new segmentation method in Section 5, followed by the conclusion and discussion in Section 6.

2. Basiclevel set theory

The main idea of level set method is to represent a closed &\tyeon the plane as the zero level
set of a higher dimensional functi@n The motion of the curve is then embedded within the motion of
the higher dimensional surface. Liétt) be the closed interface or front propagating along its normal
direction. This closed interfadé(t) can either be a curve in 2-D space or a surface in 3-D space.

Let ®(x,t = 0), wherec RY be defined byb(x,t = 0) = d, whered is the signed distance from
positionz to I'(0) and the plus (minus) sign is chosen if the pairis outside (inside) the initial front
41'(0) [9]. An Eulerian formulation is produced for the motion of this surface propagating along its
normal direction with speed’, whereF' can be a function of the surface characteristics (such as the
curvature, normal direction etc.) and the image characteristics (e.g. the gray level, gradient etc.). The
equation of the evolution ob, inside which our surface is embedded as the zero level set is then given
by the following equation:

O, + F|VE| =0 1)

The major advantages of using this method over other active contour strategies include the following [10].
First, the evolving level set functioh(z, t) remains a function, but the propagating frdiit) may change
topology, break, merge and form sharp corneré &volves. Second, the intrinsic geometric properties
of the front may be easily determined frabn For example, at any point of the front, the normal vector is
given byn = V®. Finally, the formulation is unchanged for propagating interfaces in three dimensions.
One of the most popular level set algorithms is the so-called fast marching method. Now consider the
special case of a surface moving with spded- 0 (the case wheré’ is everywhere negative is also
allowed). We then have a monotonically advancing front whose level set equation is of the following
form:

|VT|F =1 (2)

This simply says that the gradient of arrival time is inversely proportional to the speed of the surface.
There are two ways of approximating the position of the moving surface: iteration towards the solution
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by numerically approximating the derivatives in Eq. (1) or explicit construction of the solution function
T from Eqg. (2). Fast marching method depends on the latter approach.

Equation (2) is one form of the Eikonal equations. Sethian proved that it is equivalence to solve the
following quadratic equation in order to get the arrival tifief the Eq. (2). The detailed approximating
scheme refers to [8,11,12].

1/2
[max(Di;xT, 0)? + min(D}*T, 0)? + max(D,'T,0)* + min(D,T,0)?| "~ = 1/F, 3)

WhereD* and D~ are backward and forward difference operators:

(4)

Do = Tawt )T g prp — e Tey1)
DT = w&pﬂqp — w

The steps of the traditional fast marching method are as follows:
1. Initializing step:

1) Alive points: Let A be the set of all grid point$i 4, j4 } which represents the initial curve. In
our algorithm, Alive points are the seeded points users assign to. See Fig. 1;

2) Narrowband points. Let Narrowband points be the set of all grid point neighbors of A. In our
algorithm, those are the 4-nearest points of the seeded point§’(8gf) = 1/F(z,y). See
Fig. 1;

3) Faraway points: Let Faraway points be the set of all others grid pointsy}. SetT'(z,y) =
TIME_MAX, See Fig. 1;

2. Marching forwards:

1) Begin loop: Let {uin, jmin) D€ the point in Narrowband with the smallest value for T;

2) Add the point {uin, jmin) t0 A; remove it from Narrowband;

3) Tag as neigthFS any pOianH{n - 1’jmin)a (imin + 1ajmin)a (iminajmin - 1)1 (iminajmin + 1)
that are either in Narrowband or Faraway. If the neighbor is in Faraway, remove it from that list
and add it to the set Narrowband;

4) Recompute the values @f at all neighbors according to Eq. (3), selecting the largest possible
solution to the quadratic equation;

5) Return to top of Loop.

3. Modified fast marching method

From the steps of traditional fast marching method mentioned above, we know that all the pixels should
be visited under the worst condition. During the course of fast marching method, how many points are
visited on earth? This depends on the definition of the speed function and the selection of parameter
value. In [12], R.Malladi defined the following speed function:

Fz,y) = e VG0 (5)

WhereI(x,y) is the original imageV is the gradient operatoty, * I(z,y) is a Gaussian smooth
operator for the original image,< « < 1 is a weighting constants.
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Fig. 1. Alive, Narrowband and Faraway points Fig. 1 (a) is the initialization procedure of fast marching method. The black grid
point is the alive point. The gray grid points are narrowband points, and the white grid points are faraway points. Figures 1 (b)
and 1 (c) is the marching procedure of fast marching method. In Fig. 1 (b) and (c), B and C are regarded as another two alive
points.

seeded point blurred edge cross edge

(a) (b)

Fig. 2. Segmentation results of traditional fast marching method cross the blurred edge Fig. 2(a) is an original image of CT
knee. Those places that the green arrows point to are the seeded point and the blurred edge; Figure 2(b) is the segmentation
results that cross the blurred edge.

From Eqg. (5), we can know that the speed functitfx, y) only depends on the edge information of
the image, that is the gradient information. Because the speed function does not make full use of the
global information of the image, for the blurred edge in the image, it is difficult to get good segmentation
results. Figure 2 is an example.

Figure 2(a) is an original image of CT knee. Those places that the green arrows point to are the seeded
point and the blurred edge; Figure 2(b) is the segmentation results that cross the blurred edge. Certainly
this relies on the definition of the speed function and the selection of parameter value. The key of fast
marching method is the definition of speed function. Due to the fact that speed function only depends
on the gradient information (edge information), not the global information of the image region, it is easy
to make mistakes in segmenting the blurred image boundary.

In general, it is well known that the image is composed of many small regions. Each region is
of homogeneity, such as the contiguous intensity value, the similar texture structure. It is crucial for
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Fig. 3. The nearby region8; and R, of Watershed transformation.

the final segmentation result to make full use of the region information. So, we introduce watershed
transform [13] to over-segment the original image into many small regions.

The merit of introducing watershed transform lies in three aspects. Firstly, for fast marching method,
let the seeded point be in the interior of the small region, we only need to calculate the arrival time of
the seeded point to the boundary pixels. For the other pixels of the interior of the small region, due
to the homogeneity with the seeded point, it is not necessary to calculate the arrival time of the seeded
point to these pixels. So the algorithm’s speed improves greatly. Secondly, the segmentation accuracy
can be improved since the final segmentation results are bounded to be potential boundaries of objects.
Finally, the statistical similarity degree of the nearby regions is a good reference of speed function of
fast marching method.

Let the over-segmentation regions Be, R», R3, ..., R,, n is the number of the over-segmentation
region. Let the statistical feature of the regiBpbe: {SF; ;|1 < i < n,1 < j < m}. Where m s the
number of features in the sei/F; ; is the mean gray value of the region afid; » is the variance of
the region. The number of features used can be decided according to the character of the image. For
example, if some objects in the image have apparent textures, texture features can be included in the
feature set of the region. In our experiment, ofily; ; andSF; » are used.

Figure 3 shows the nearby regioRs and R», after the image is watershed transformed. The seeded
point (Alive point) locates in the regioR;. The red line in Fig. 3 is the common boundary of the region
Ry andR,. p1, p2 andps are the pixels of the common boundary, whilg ¢» andqs are the pixels of
the other boundary of the regidgy,.

When the seeded poigrt arrive at the common boundary of the regiBn and R,, we can calculate
the statistical featureSF; ; and SF» ; of the regionR; and R,, and calculate the similarity degree
between the regioR; andR; as the following equation:

1
Smij = —3 31 [SFim — SFjml (6)
WhereSm; ; is the similarity degree between the regiBn and Ry, m is the number of the statistical

feature of the regio®; andR;, Sm; ,,, is the statistical feature of the regidt), Sm; ,,, is the statistical
feature of the regio;. We can define the speed function of the common boundary pixels of the region
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R; andR;, after getting the similarity degree between the regiarand R»:
Fij= e—ﬂ\smi,ﬂ (7)

Whereg is positive parameter0(< 6 < 1)
In summary, the steps of modified fast marching method are as follows:

1. Initialize step:

1) Alive points: Let the seeded point and the interior pixels of the region where the seeded point
locates be the alive point¥(z,y) = 0;

2) Narrowband points: Let the boundary pixels of the region where the seeded point locate be the
narrowband pointsl'(z,y) = 1/F(z,y);

3) Faraway points. Let the set of all others grid pointse,y} be faraway pointsy'(z,y) =
TIME_MAX;

2. Marching forwards:

1) Begin loop: Let(7, j) be the point in Narrowband with the smallest valuefoiand the regions
that the poini(i, j) locates in bek; andR;;

2) Mark the point(z, j) to alive point, remove it from Narrowband, calculate the similarity degree
between the regioRk; andR;;

3) Mark all of boundary points of the poiit, 7) that are either in Narrowband or Faraway. If the
boundary point is in Faraway, remove it from the Faraway and add it to the Narrowband,;

4) Recompute the values of T of all boundary points of the p@int according to Eq. (3);

5) Return to top of Loop.

4. Fine segmentation by level set method

The main characteristic of the level set method is its ability to pick up the right topology of the
shape we are segmenting. The accuracy of the segmentation process depends upon where and when the
propagating hypersurface needs to stop. For the fast marching method, the segmentation results rely on
the definition of speed function to a greater degree. Whether the speed function adopts the definition of
Eq. (5) or Eq. (7), there is a tunable parametar 3 which determines the value of speed function. It
is important and also difficult to select the adaptive parameter value. So, on the condition of specified
parameter value, it is necessary to use level set method to finely tune the rough contours obtained from
fast marching method. In addition, through fast marching method, we can get the rough front and the
location of each pixel. That is, we can determine where each pixel locates. It is useful and convenient
to calculate the signed distance of the following level set method which is from each pixel to the front
boundary.

The application of level sets in medical segmentation of medical imagery becomes extremely popular
because of its ability to capture the topology of shapes in medical imagery. Since the proposal of level set
method, many researchers [15-18] have succeeded in applying level set method to image processing and
computer vision. The motion equation of level set method is given by Eq. (1). Now we can discretize it
by finite difference approximation on a regular grid.

At first, from time and space we discretize the motion equation as follows:

t+1 _ gt
9o _ o - @), @
ot At
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2 2

oo\? (0D ol - o ol

S 9\ o [ Dl — Timly T+l — Pyl
(V@) ~ (31‘) —l—(ay) < N ) +< Ay 9)

Wherei andj are the discrete coordinates of each pixel. So, the Eq. (1) is turned into the following
equation:

2 2
Pt . . — Pt | . Pt . . — Pt .
@t+1 — (bt ) F(K t+1,y i—1yg 5,j+1 5,j—1 At 10

] 2¥} + ( ) 2Ax + 2Ay ( )
WhereF is a scalar speed function. General speaking, the speed furicttpends on the following
three terms:

1) Local properties of the front, such as the local curvature;
2) External parameters related to the input data (image gradient for instance);
3) Additional propagation terms.

Here, we adopt the speed function defined in [12] to tune the rough contour came from fast marching
method. It includes two terms. The first one is to use a regularization term to uniformly penalize and
smooth regions of high curvature. The second term is the driving force that molds the initial surface into
desired anatomical shapes. Specifically, the equation of motion is as follows:

@, + k;(1—cH)|V®| - VP -V =0 (11)
Where,
k; 1 (12)

1 +|VG, * I(z,y)|

The second term denotes the projection of a force vector on the surface normal. This force is regarded
as the gradient of an external field:

P(xvy) - _‘VGU * I((L‘,y)’ (13)

Where coefficientt > 0, controls the strength of this attraction>> 0. WhereH is the mean curvature
given by the following equation:

. Dy @ + By @7 — 204, P, Dy
(D2 + D7)3/2

(14)

In summary, the overall steps to segment a medical imagery are as follows:

1) Perform basic image filtering and enhancement, such as applying anisotropic diffusion filtering to
the original image to eliminate the noise and enhance the edge;

2) Obtain an over-segmentation of medical imagery by watershed method;

3) Get the rough contour by modified fast marching method,;

4) Use level set method defined in Eq. (11) to tune initial boundary.
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Fig. 4. Segmentation of the knee bone tissue Fig. 4 (a) is a MR imagery of a brain, the seed points are selected in the left
and right middle of white matter region (indicated by the arrow); (b) over-segmentation by watershed transform; (c) rough
segmented results by modified fast marching method; (d) fine segmented results by level set method.

5. Experiment results

This method was used in the medical image processing system (3DMED: http://www.3dmed.net/)
developed by our lab. It has successfully segmented scores of CT images and MR images. Experimental
results show that the proposed method can produce better segmentation results. Some representative
images are shown in Figs 4,5, 6 and 7.

Figure 4 shows the segmented results of brain white matter performed on the MR imagery. The first
one is the original MR image, and the seed points are indicated by the arrows. The second one is
the over-segmented result by the watershed transform. Figure 4 (c) and (d) present the rough and fine
results by the fast marching and level set method separately. Compared to the results of fast marching
method, the proposed segmentation method is able to capture the more smoothed boundary. Figure 5
presents segmented result of CT knee. From Fig. 5 (c), we can see that the modified fast marching
method converge the blurred edges corresponding to Fig. 2. But at the same time, it produces some small
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(c) (d)

Fig. 5. Segmentation of the knee fat tissue Fig. 5 (a) is a CT imagery of a patient’s knee, the seed point is selected in the
middle of knee fat region (indicated by the arrow); (b) over-segmentation by watershed transform; (c) rough segmented results
by modified fast marching method; (d) fine segmented results by level set method.

regions. Figure 5 (d) not only gives a smoothed contour, but also merges some small regions. Figure 6
gives the same conclusion as Fig. 5.

Figure 7 gives segmented results of brain tumor from Harvard Medical School who provided Brain
Tumor Segmentation Database. All images are scanned with a slice thickness of 1.5 mm. The MR
datasets consist @6 x 256 matrix, with 124 slices. The voxel size 0s9375 x 0.9375.5 mm in all
cases. Figure 7 (a)—(d) are same as Figs 5 and 6. We compare our segmented result to expert manual
result. See Fig. 7 (e) and (f).

6. Conclusion

In this paper, we proposed a practical two-stage method integrating fast marching with level set
method, and applied it to segment medical images. First, fast marching method is used to extract the
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Fig. 6. Segmentation of the brain tissue Fig. 6 (a) is a MR imagery of a brain from the ISBR (http://neuro-www.mgh. har-
vard.edu/cmalibsr); the seed point is selected in the middle of brain tissue region (indicated by the arrow); (b) over-segmentation
by watershed transform; (c) rough segmented results by modified fast marching method; (d) fine segmented results by level set
method.

rough contours. Then level set method is utilized to finely tune the initial boundary. Moreover, Traditional
fast marching method was modified by the use of watershed transform. Experiment results show that
the method is feasible in medical imaging and deserves further research. It could be used to segment the
white matter, brain tumor and other small and simple structured organs in CT and MR images. In the
future, we will integrate level set method with statistical shape analysis to make it applicable to more
kinds of medical images and have better robustness to noise.
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