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Abstract—Computed Tomography is one of the most valuable
modalities of medical imaging and is used in the diagnosis of a
wide range of pathologies. In many cases, it is necessary to obtain
a precise segmentation and a 3D visualization of certain organs,
tissues, nodules or regions in the tomography. However, manual
delimitation is a very time-consuming process and advanced
applications are needed to perform this process automatically.
Active contours intend to fit an initial approximation to the most
relevant edges around the starting contour. Most approaches of
active contours assume that all points in the initial approximation
are close to the final solution and that similar conditions can
be set to all the sections of the contour, which is frequently
a false assumption. For that reason, we have developed a
new approach, in which different terms are used and adapted
according to the evolution of the contour. Balloon, regularizing
and attraction terms are combined and extended to 3D, avoiding
the need for a close initial approximation and reducing human
intervention. Furthermore, a multiscale framework is added to
tackle the heterogeneity of the images and the variability of the
approximations. The combination of these terms allows obtaining
a more precise segmentation of the tomography.

Keywords—segmentation; computed tomography; active con-
tours.

I. INTRODUCTION

Computed tomography (CT) is a medical imaging tech-
nique which generates tomographic images or slices from
computer-processed X-rays. The cross-sectional images which
are obtained can be used for diagnostic and therapeutic pur-
poses. For an appropriate assessment of a radiological study,
or for the extraction of certain measurements, the segmentation
of the corresponding organs, tissues, or regions is frequently
needed.

Different approaches have been proposed to perform this
kind of segmentations, from graph-based algorithms [1] to
atlas-based systems [2] and region-growing schemes [3]. Some
methods are fully automated [4], some others require human
intervention [5].

Active contours are a very useful tool for adjusting a
contour to the edges in an image [6][7][8]. The basic idea
underlying active contours consists in making a contour evolve
locally according to certain features of the neighborhood of
each contour point. Several problems arise when applying this
technique to computed tomography. First, an initial approxi-
mation is required, but manual initialization is an extremely
time-consuming task, since each 3D image consists of a large
amount of 2D images. Second, these images present noise,
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heterogeneities and blurred edges, which makes it necessary
to include additional terms to separate regions without clearly
defined edges. Finally, local minima may stop the evolution
on wrong edges.

Some variations have been proposed to tackle these prob-
lems in different types of images, but handling all of them
is still a challenging task. Among these works, we can find
some approaches applied to textured regions and areas without
clearly defined edges, using region descriptors or statistical in-
formation [9][10][11][12][13]. If we focus on medical images,
similar approaches using texture descriptors and statistical
information have been applied in [14][15]. Active contours
have also been used to deal with other kinds of problems,
such as object tracking and motion estimation [16] or tensor
images [17].

In this work, we propose a multistage approach in which
human intervention has been considerably reduced. First, we
filter the images by means of a 3D anisotropic filter. We
adapt the ideas of the classical Perona-Malik equation [18] to
the diffusion of computed tomographies. Afterward, an initial
approximation is obtained from a single inner point of the
region we want to segment by combining some terms in the
active contours approach. These terms include balloon forces
to expand the region, regularizing terms to smooth the contour
and include small holes, and attraction terms to fit the contour
to the edges. Finally, we introduce a multiscale framework
to refine the segmentation and adapt it to the edges in the
image. To tackle the problem of irregular edges and variable
distance from the initial segmentation to the actual contour,
this framework includes different scales in the attraction term,
so that the diffusion depends on the magnitude of the gradient
in the region. These multiscale active contours allow a better
adaptation to the particular features of each area.

This paper is organized as follows: Section II introduces the
underlying ideas of active contours and the classical approach
used in their application. In Section III, the 3D anisotropic
filtering is presented. The three types of morphological active
contours (balloon, regularizing and attraction terms) which are
combined in this work are presented in Section IV, whereas
the multiscale approach used to improve the segmentation
is explained in Section V. Section VI explains the post-
processing of the 3D contour points to obtain the final volume
and Section VII summarizes our main conclusions and future
work.
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II. GEODESIC ACTIVE CONTOURS

Geodesic active contours, also known as snakes, are based
on the minimization of the following energy with respect to
the contour C:

EgaC(C):/Cga(C(S))dSa (1

where C': [0, L] — R?, L > 0, is a rectifiable curve parame-
terized by arc-length s, and ds denotes the arc-length element.
The function g, (z,y) is used to stop the evolution of the
snake when it approaches the edges. It is a smooth decreasing
function of the modulus of the gradient of a regularized version
of the image I(x,y) on which the segmentation is performed,
and acts as an edge detector. As in [7], we can use:

1
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where [, represents the convolution of the original image
I with a Gaussian kernel with standard deviation o. The
parameter o controls how contrasted the edges must be to stop
the evolution. On the other hand, o determines how much [
is smoothed, so that increasing its value will blur the image,
reducing noise but also details. To minimize the energy in (1),
we can use a gradient descent curve evolution written as:

5B gaclC)

Ci = 5C
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where w-";ié(c) represents the first variation of Fg,.. Com-

puting the first variation of E, we obtain (see [7]) the curve
evolution equation:

Cy = (kgo — (Vgo,n))n, “4)

where « denotes the curvature of C. To write the level set
formulation of (4), we introduce a function u(t,z,y) as an
implicit representation of C'(¢). Usually, to construct the initial
snake u(0, x,y), a set of points determining a parameterization
of a polygon Py(3) = (z0(3),yo(5)) are manually selected.
Afterward, u(0,x,y) is defined in such a way that Py(5)
corresponds to the zero level set of u(0,x,y). In our case,
instead of manually defining P, (5) by means of several points
outlining the contour, we apply the morphological snakes
described in Section IV from a single inner point (manually
selected by the user) and consider the curve P;(3) obtained
when finishing the process. This way, we can define u(0, z, y)
as the signed distance function to P;(§) (positive inside,
negative outside), or simply consider two different values for
the inner and outer regions.

With this approach, the level set formulation of the geo-
metric curve evolution in (4) is given by:
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If we expand this equation, we obtain the following ex-
pression, in which the first term controls the smoothness of the
contour and the second one makes the contour evolve toward
the highest gradients:
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The parameter A > 0 has been introduced to balance the
contribution of both terms. If we increase the value of A\,
the attraction term will have a higher contribution and the
contour will try to fit to the highest gradients in the current
configuration. On the other hand, decreasing its value will
round the contour, making it tend to a more regular outline.
When an initial approximation is available, geodesic active
contours permit to improve the pre-segmentation, since the
contour adapts to the minimum of the energy in (1). As
mentioned above, this pre-segmentation must be relatively
close to the real contour of the region to segment. Otherwise,
the effect of the second term in (6) will not be enough to
overcome the regularizing effect of the first term and, instead
of approaching the real edges, the snake will be rounded and
will tend to reduce.

From this general scheme of active contours, we propose
a three-stage process to segment the computed tomography
images. First, the tomography is filtered using an anisotropic
3D filter. Second, three types of morphological operations are
combined to obtain an initial approximation of the contours.
Finally, a multiscale scheme for active contours is introduced
to refine the approximation and improve its accuracy.

III. THREE-DIMENSIONAL ANISOTROPIC FILTERING

Balloon forces allow obtaining an initial approximation
from a seed point, but they need a relatively homogeneous
region to expand, in which irrelevant or spurious edges have
been removed or reduced. With the aim of reducing noise,
but preserving the edges, we first apply a 3D adaptation of
Perona-Malik filtering [18]:

up = div (k ([|Vul]) Vu), ©)

where we use:

k(x)= e P, (8)

This kind of approaches, which diffuse the image but
preserve the most important edges, are usually applied to single
2D images. However, as we deal with a series of uniformly
spaced images, we can apply them in three dimensions, so
that the noise reduction process also takes into account the
neighbors in the previous and next images in the CT, i.e.,
the values at the same position in the neighboring images.
Since the distance between two consecutive images may not
be the same as the distance between the pixels within an
image, different weights can be assigned to the neighbors in
the different coordinates. This way, we filter the 3D image as
a whole, and not each slice separately.

Depending on the similarity of the various elements in the
3D image, their contrast and texture, the value of 3 in (8) can
be adapted, as well as the number of iterations in the following
discrete approach:
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where M (u? 717@) is the result of convolving at each point

(i,4,k) in the iteration n with the 3 x 3 x 3 mask whose
coefficients are:

Citajk = Kitajk +kijk
Cijvak = Kijrar + Kijr
Cijktra = Kijrva + Kijk
Cijk = —kiv1,56 — ki—1,j6 — Kij+1,k
—kKij—1,k — Kijk+1 — Kijrk—1 — 6K 5k (10)

and a € {—1,1}. The values of k; ; are obtained from (8)
as follows:

ki,j,k — e BlIVullijk (11)

Figure 1. Image filtering: (a) sample slice of a CT, (b) gradient obtained from
the original image, (c) result of the 3D anisotropic filter, (d) gradient obtained
from the filtered image, (e) manually delimited regions corresponding to the
liver (red), the spleen (green) and a vertebra (yellow).
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An increase of [ preserves more edges, but also noise.
Therefore, its value must be adapted to the amount of noise
present in the image and the relevance of the edges to be
considered.

Figure 1 shows a slice of the result of applying this type
of filter to a computed tomography of the abdominal region.
As observed, the edges which are obtained from the filtered
image are clearer, which makes them more suitable for a
semi-automatic process. Noise and irrelevant edges have been
reduced and the morphological snakes can act faster and more
precisely to approach the actual edges.

IV. MORPHOLOGICAL SNAKES

The extraction of the initial approximation is one of the
most important drawbacks of active contours. Manual delimi-
tation is extremely time-consuming, even more when dealing
with 3D images, as in our case. In particular, when working
with large series of images in a computed tomography, it is
almost unfeasible and hardly reproducible. As an example, in
Figure 1(e), the regions corresponding to the liver, the spleen
and a vertebra have manually been delimited. This corresponds
to a single image from a large series of two-dimensional
images contained in a three-dimensional CT scan. The use
of region-growing algorithms is too risky when the limits
are not clearly defined. This is the reason why, in order to
obtain an initial pre-segmentation from a single point, we use
a combination of different morphological operators based on
[19]]20]. These filters have been extended to three dimensions
and applied considering the whole tomography. Instead of
adopting the classical level-set approach with a range of values
and a limit to separate the inner and outer regions, we work
with only two values, so that the points are either inside or
outside the snake according to a binary scheme.

In the first stage of the active contours, we use a balloon
force which aims at growing from the initial seed while the
magnitude of the gradient is lower than a certain threshold (we
must be cautious with this threshold to avoid growing beyond
the limits of the region we want to segment). This can be
expressed with the following PDE:

ou _

ot
where ¢ (I) is the stopping function described in (2). This
PDE can be used for both, expanding or contracting contours,
depending on the sign of v. In order to discretize this expres-
sion, we consider the dilation and erosion operators (Dy; and
FE;, where d stands for discrete) as follows:

Dgu™ (x) ifg({)(z)>tand v >0
u"t (2) = { Equ™ (x) ifg(I)(z)>tand v <0
u™ (x) otherwise

g (Dwllull, (12)

(13)
where t is a threshold to determine when the evolution must
be stopped. As our intention consists in expanding from the
seed point, we make use of the first case, i.e., dilation.

However, balloon forces by themselves cannot provide
precise and satisfactory contours. Therefore, when we have
approached the edges and the magnitude of the gradient starts
increasing, two more terms are introduced. One of them is
a regularizing term which aims at smoothing the edges and
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filling the holes of the segmentation, avoiding an extremely
irregular contour. This is obtained by controlling the curvature
of the contour as follows:

ou ) Vu
sl (a (;22)). aw

In order to implement this kind of regularization, we
consider the SI; and IS, operators:

($ta0) (@) = sup (| int )

SeB (15)
IS u) (z) = inf sup u
(ISqu) (z) = inf L (y))

where sup is the supremum or least upper bound and inf is the
infimum or greatest lower bound (h is a scale factor). The base
B is a set of 9 planes (since we work with a 3D image, we
deal with 9 planes instead of the 4 lines used in [19] and [20]),
which cover all the possible planes within the neighborhood of
the point which is being considered. The combination of both
operators generates a smoother contour by performing erosion
and dilation processes as follows:

if g(I)(x) >t

otherwise (16)

() = { (S1q0 ISqu") ()
u” (x)

Finally, the third term is an attraction term, similar to that

described in Section II (second term in (6)), although, in this

case, the levels are only two, i.e., inside and outside the contour

(1 or 0), and the condition to expand, contract, or remain

constant depends on the product of the gradient of the current
snake and that of the stopping function g:

ou
5 = V9 (I) 7 u, 17)

which is discretized as follows:
1 it vu"(z)vg)(z)>0
(2)
ke (z) = 0

otherwise
(18)

Since the first iterations are supposed to be quite far away
from the final result, we start by applying only the balloon
term to speed up the process, and then introduce the other two
terms and combine all of them.

Figure 2 illustrates the result of applying these three types
of snakes from a single point for the segmentation of the liver.
Although it is a 3D segmentation, we show a single image
as a sample. As observed, the segmentation is not completely
satisfactory, since the balloon force has been stopped by the
proximity of the edges, the smoothing term has rounded the

Copyright (c) IARIA, 2013.  ISBN: 978-1-61208-310-0

Figure 2. Final contour obtained for the liver using the morphological snakes
in an image belonging to a computed tomography.

contour and the attraction term has not been strong enough to
fit the contour to the edges in all its segments. For this reason,
the multiscale approach described in the next section has been
introduced to refine the results.

V. MULTISCALE ACTIVE CONTOURS

As explained in Section II, the value of o determines how
far the edges can be from the approximation to be reached. If
the initial segmentation is too coarse, we need to use a high
value of o, but, as we approach the edges, it should be lower to
prevent the contour from being too rounded and poorly defined.
Using higher values in the first iterations and lower ones in
the last steps works properly if the distance from the current
approximation to the actual contour is homogeneous along the
snake.

Since it is usual that some segments of the snake are far
away from the actual contour, while others are already close
to it, we use a multiscale implementation, considering higher
values of o in the most homogeneous regions and reducing it
when the edges are nearby. This way, the scale varies not only
across the iterations, but also from one region to another in
the same iteration. However, it is computationally expensive
to work simultaneously with a large number of different scales.
Therefore, we use a combination of a reduced set of them in
a single stopping/attraction term:

1

\/1 + ozé:o (wn ||VL,”H2)

where the weights w,, depend on the magnitude of the gradient
computed on the smoothed image.

g(I) =

; 19)

In fact, we use four scales and four blending functions
which determine their weights, with the constraint that the
sum of all of them is 1 for every gradient value. In the
most homogeneous regions, large scales have a higher weight.
Therefore, further edges can be reached and the probability
of being stopped by a local minimum is reduced. When the
magnitude of the gradient increases, the weight of the small
scales is also increased. As a consequence, the contour can be
refined according to the more detailed information.

Figure 3 shows how this approach improves the result of
the segmentation of the liver, the spleen, the liquid in the
stomach and a vertebra. Although the images which are shown
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Figure 3. Final contours for: (a) the liver, (b) the spleen, (c) the liquid in
the stomach, and (d) a vertebra, obtained after using the multiscale approach.

correspond to a single slice, the process is carried out in the
whole tomography, adapting the snake according to the edges
in all the slices. As observed, the combination of different
scales, which simultaneously contribute to adjust the contour,
allows adapting the evolution of the snake to the particular
features of each region, instead of trying to find global values
for the entire 3D image.

VI. THREE-DIMENSIONAL PROCESSING AND CONTOUR
COMBINATION

The case of computed tomographies is a special one, since
the 3D images are a combination of 2D images and, not only
may the distance between the slices be different to the distance
between the pixels in each 2D image, but it may also vary from
one scan to another.

As mentioned above, we try to minimize human interven-
tion and, at the same time, accelerate the process as much
as possible. To this aim, when the seed point is selected to
apply the morphological snakes, it is advisable to choose it in
one of the central slices, in order to reduce the distance to the
furthest edges in the volume. However, the thresholds for these
morphological snakes must be chosen carefully to prevent the
expansion from flooding other regions.

The final segmentation is given by a set of 3D points,
which belong to the planes determined by the slices in the
tomography. Figure 4 illustrates some slices of the 3D segmen-
tation of the liver obtained from a single point in a computed
tomography. Since the active contours are applied in the 3D
image, a single point allows reaching the edges in the whole
tomography. The balloon forces provide an initial volume,
which is later refined by using the attraction, smoothing and
multiscale terms.
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Figure 4. Final contours obtained for the liver in different slices of a computed
tomography.

In order to represent the final segmentation in a more
intuitive way, a triangulation process is applied by joining the
3D contour points. This allows building a 3D reconstruction of
the region of interest and performing a further analysis when
it is needed (e.g., measurements or shape analysis). Figure 5
illustrates the triangulation for a section of the liver. Figure 6
shows a 3D volume representation of the spleen.

Figure 5. Triangulation of a section of the liver obtained from the 3D contour
points.
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Figure 6. 3D representation of the spleen generated from the triangulation
of the 3D segmentation.

As observed, introducing several scales in the active con-
tours allows adapting the snake to the edges according to
the rough and detailed information simultaneously, instead of
predefining a single scale to work with.

VII. CONCLUSION AND FUTURE WORK

In this paper, we have presented a method for obtaining
a 3D segmentation of a region in a computed tomography
by using an adaptive combination of different approaches for
the active contours technique. Trying to tackle this problem
with a single scheme would be very difficult, but adapting
the contribution of the different terms to the needs of each
stage and area allows obtaining quite satisfactory results. A
combination of morphological operators, including balloon
forces, regularizing filters and attraction terms, is used to
extract a segmentation of the region of interest in a 3D image
from a single seed point.

Furthermore, the use of different scales makes it possible
to cope with those situations in which the contour is not
uniformly close to the edges, accelerating the expansion in
the most homogeneous regions and refining the contour when
the final result is nearby. These multiscale active contours
provide a framework to adapt the conditions of the snake to
the particular area on which it is being computed. In this way,
it is easier to deal with irregular edges and heterogeneous
regions, since we make use of both, the coarse and the detailed
information.

The results which have been obtained prove the efficiency
of this approach and encourage its use for the semi-automatic
analysis of medical images. The fact that the slices in the
tomography are filtered and processed as a whole 3D image
provides more consistent results and allows a further analysis
for feature extraction, measurement or any other task which is
required.

Future work includes accelerating the process and introduc-
ing some anatomical information which can help identify and
distinguish the organs or tissues, as well as the application of
this framework to the analysis of certain particular pathologies.
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