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Abstract—This work addresses the segmentation of two-
dimensional polyacrylamide gel electrophoresis images
containing overlapping protein spots. A novel segmentation
approach is proposed, which is capable of detecting spot
boundaries within the region of overlap. The proposed
approach is based on the observation that the spot boundaries
in the overlap region are associated with local intensity minima.
The experimental evaluation of the proposed approach
demonstrates that it is capable of identifying multiple
overlapping spots, as opposed to state of the art segmentation
approaches. Moreover, it results in more accurate spot
delineations, when compared to Progenesis SameSpots.

Index Terms—Segmentation, 2D-PAGE Images, Overlapping
Spots

[. INTRODUCTION

wo-dimensional polyacrylamide gel electrophoresis (2-

D PAGE) is widely considered as a high-throughput

technique in the field of proteomics [1]. It allows for the
separation of thousands of complex protein mixtures
expressed in a cell, tissue or biological system. The proteins
are represented in the gel as spots of various sizes, according
to their isoelectric points and their molecular masses.
Detection and quantification of such spots may reveal
alterations in protein expression within a given biological
system. However, their excessive amount, poses the need for
utilization of computer assisted image analysis.

2-D PAGE image analysis consists of different
operations, including segmentation and protein expression
quantification. Segmentation is crucial since its accuracy
affects subsequent image analysis operations. However, it is
complicated by the presence of noise, the inhomogeneous
background and the highly overlapping protein spots.

State-of-the-art 2-D PAGE image segmentation
approaches involve stepwise thresholding [2], morphology-
based techniques [3], edge detection [4]-[5] and watersheds
[6]. Stepwise threshold, morphology-based and edge
detection approaches fail to accurately segment protein spots
due to the presence of noise and artifacts, whereas
watersheds result in over-segmentation and require
additional filtering and inner markers [7]-[9]. Level set-
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based active contour models [10]-[12], which have been
widely used in image segmentation, tend to cope with the
problems mentioned above. An active contour-based
segmentation approach has recently been proposed for the
segmentation of 2-D PAGE images [13]. The approach is
evaluated with PDQuest, a known commercial 2-D PAGE
image analysis software package. The experimental results
provided, reveal the efficiency and preciseness of this
segmentation approach as far as the identification of non-
overlapping protein spots in a gel image is concerned.
However, it totally fails to detect the actual boundaries of
overlapping protein spots, which is an open issue in 2-D
PAGE image segmentation.

In this work, a novel 2-D PAGE active contour-based
segmentation approach is proposed, aiming to detect the
actual boundaries of protein spots in the presence of
overlapping regions. The proposed approach is based on the
observation that the spot boundaries in the overlap region are
associated with local intensity minima. This association is
considered within a novel active-contour based framework
so as to allow the separation of the overlapping spots. To the
best of our knowledge, a 2-D PAGE active contour-based
segmentation approach coping with the presence of
overlapping spots has not yet been proposed.

The rest of this paper is organized as follows: Section 11
describes the Chan-Vese model, Section III describes the
proposed segmentation approach in terms of the overlapping
protein spots, Section IV presents the obtained results,
whereas the conclusions of this study are summarized in
Section V.

II. THE CHAN-VESE MODEL

The Chan-Vese model as posed in [12] has the form of a
minimization problem: Let Q be a bounded open subset of
R? and 9Q its boundary. We seek for the infimum of the
energy functional F(c*,c™,C):

F(c*,c™,C) = u- Length(C)
+ 4 [lugCey)—c* [* dvdy

inside(C)

M

+4, .“ uy(x,y)—c \2 dxdy

outside(C)

where u, :Q — R is the input image, C(s):[0,]] > R* is a
piecewise parameterized curve, ¢* and ¢~ represent the
average value of u( inside and outside the curve and
parameters 4 >0 and 4,4, >0 are weights for the
regularizing term and the fitting terms, respectively.
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The energy functional F(c¢*,¢”,C) is derived from the
general Mumford-Shah functional Fus(u,C) [14]:

Fus(u,C) = u- Length(C)
+ Ay (x, y)=u(x, ) [ ey
Q

2
+ [ 1VuCx, ) [ dxdy
Q/C
Following the level set approach [8], CcQ is

represented as the zero level set of a function ¢:Q — R,
such that:

C={(x,y)e Q:4(x,y) =0},
inside(C) = {(x,y)e Q: ¢(x,y) >0}, (3)
outside(C) = {(x,y) e Q: ¢(x,y) < 0}

Using the Heaviside function H and the one-

dimensional Dirac measure §o denoted as:

1,620
0,¢<0 |

d
H(¢) = oo(¢p) = d_¢H(¢) 4)

the average foreground (inside the contour) and background
(outside the contour) intensities ¢; and ¢, are determined
by:
[ty (e, ) H (@(x, y))dxdy
¢ (p)=*
1 [ H(@(x, y))dxdy
Q
[t G, )1 = H((x, y)))dxdy

e, (9) = &
[ A= H(@(x, y))ddy

(6))

where H is the Heaviside function. By keeping ¢; and ¢,
fixed, and minimizing F with respect to ¢, the associated
Euler-Langrange equation for ¢ is deduced. Finally, ¢ is
determined by parameterizing the descent direction by an
artificial time ¢ > 0, and by solving the following equation:

0 .V . _
L5 (¢)[ﬂ'dlv(vg)—/1 (g =) + A {1ty —¢,)*1=0

(7
where o0 1is the one-dimensional Dirac measure and

te (0,00),(x,y)e Q.

As it is evident in Eq. (7), the evolution of the Chan-Vese
active contour model is guided by the average intensities ¢;
and ¢,, inside and outside the contour, respectively. This
region-based active contour formulation is appropriate for
the detection of the external spot boundaries, since the
average intensity of protein spots is higher than the one of
the background. However, it is not appropriate in cases of

spot overlap, since in such cases, boundaries are generally
not defined by differences in average intensity between the
overlapping spots.

III. PROPOSED SEGMENTATION APPROACH

The proposed segmentation approach is based on the
observation that in 2-D PAGE images, spot boundaries
within regions of overlap are associated with local intensity
minima, with respect to a certain direction. This is evident in
the example of Fig. 1, where intensity / is illustrated as a
function of the position d, over a line segment, which
crosses two overlapping spots in a 2-D PAGE image.

d

Fig. 1. An example of intensity / as a function of position d, over a line
segment, which crosses two overlapping spots in a 2-D PAGE image. Red
dots illustrate local minima.
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Fig. 2. Multiple directions utilized for local minima detection

The multiple directions considered appropriate for local
minima detection in terms of globalization of the problem
are illustrated in Fig. 2.



The spot boundary detection algorithm consists of the
following steps:

FOR #=0tomstep s

* SCAN the 2-D PAGE image with parallel straight line
segments of direction 6

* LOCATE the local minima of intensity, for each
parallel straight line segment,

* SELECT local minima which:
- are minima over a sub-segment of width exceeding a
minimum w
- are associated with points of intensity
1> T, where T is a threshold value

END FOR

* MARK as white each point of the 2-D PAGE image
associated with selected local minima

* APPLY the Chan-Vese active contour model and mark
as white the generated contour points

* SUPERSEDE all points marked as white in the
previous two steps, so as to generate the end segmentation
result.

It should be noted that local minima of intensity are
selected if they are minima of a sub-segment with width
exceeding a minimum w. Thus, local minima expressed as
short-width intensity fluctuations, which can be attributed to
noise, are avoided. In addition, a local minimum is selected
if it is associated with intensity / higher than a threshold
value 7, so as to exclude local minima associated with
background clutter.

IV. RESULTS

A number of experiments were performed aiming to the
assessment of the proposed approach for the segmentation of
2-D PAGE images containing overlapping spots. The 2-D
PAGE images were obtained in a digital format at 8-bit
gray-level depth. Figure 3 illustrates an example of a 2-D
PAGE image used in the experiments.

Fig. 3. 2-D PAGE image

The utilized algorithms were implemented in Microsoft
Visual C++ and executed on a 3.2 GHz Intel Pentium
workstation. A preliminary set of experiments was
performed, considering that the variation of model
parameters affects the segmentation accuracy, In accordance
with the results of these preliminary experiments, parameters
w and T were set to 3 and 100 respectively, whereas active

contour parameters A", A~ and u were set to 1, 2 and 0.01,

respectively.

Figure 4 illustrates examples of segmentation results
obtained by the application of the standalone Chan-Vese
active model and by the proposed segmentation approach on
2-D PAGE images containing overlapping protein spots.
Figures 4(a-c) depict three sub-images of such a 2-D PAGE
image. Figures 4(d-f) depict the segmentation results of the
standalone Chan-Vese active contour model. Figures 4(g-1)
depict the segmentation results of the proposed approach.

It is evident that the standalone Chan-Vese active contour
is not capable of detecting spot boundaries within regions of
overlap. As a result, multiple overlapping spots are
identified as one. On the contrary, the proposed
segmentation approach is capable of identifying multiple
overlapping spots.

The segmentation results of the proposed approach have
been qualitatively compared with the results obtained from a
renowned 2-D PAGE image analysis software package
called Progenesis SameSpots [15]. The results of the
application of this software package on the overlapping
spots of Fig. 4 are illustrated in Fig. 5. It should be noted
that for this application, the 2-D PAGE images had to be
inverted. It can be observed that Progenesis SameSpots
merely detects overlapping spots without accurately
identifying their boundaries, as it is the case with the
proposed approach. In addition, Progenesis SameSpots often
results in oversegmentation, as in the example of Fig. 5(b),
where it has detected four protein spots, although there are
only three actual spots.



@
Fig. 4. (a-c) original sub-images of 2-D PAGE images containing
overlapping protein spots, (d-f) segmentation results obtained by the
standalone Chan-Vese active contour model, and (g-i) segmentation
results obtained by the proposed approach.
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(a) (b) (c)
Fig. 5. Example segmentation results obtained from the application of
Progenesis SameSpots software package on the overlapping spots of

Fig. 4.

V. CONCLUSIONS

In this work, a novel 2-D PAGE image segmentation
approach is proposed, aiming to detect the actual boundaries
of protein spots in the presence of overlapping spot regions.
The proposed approach is based on the observation that the
spot boundaries in the overlap region demonstrate local
intensity minima. These minima are detected with respect to
multiple directions and the extracted boundaries are
superseded over the external spot boundaries, as detected by
the Chan-Vese active contour.

The experimental results lead to the conclusion that the
proposed segmentation approach is capable of identifying
overlapping spots, providing an expansion to the standalone
Chan-Vese active contour model. Moreover, it results in
more accurate spot delineations, when compared to
Progenesis SameSpots.
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