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Abstract: Segmentation of two dimensional electrophoresis (2DE) gel image is a challenging task due to
presence of non-linear backgrounds, horizontal and vertical streaks, and irregular spots. The watershed
method is a powerful tool for medical image segmentation, but it produces over-segmented results
due to presence of noise and non-linearity. The solutions available in literature have failed to give
satisfactory results in case of gel images. This paper presents a novel method for segmentation of 2DE
gel images. The pitfalls of the watershed transform have been addressed through spot characterization
in the wavelet domain. The wavelet transform is an important multi-scale analysis tool for the images.
The proposed method utilizes the best features of both the watershed and the wavelet transforms in
which connected maxima set corresponding to each watershed region has been introduced and
computed in the wavelet domain. This allows us for accurate detection of the spots in each watershed
region. Experimental results on the set of real gel images demonstrate that our method outperforms the
commercialized software. Our method has also an advantage of single threshold parameter selection.
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l. INTRODUCTION

Two dimensional electrophoresis is an important
technique for analyzing protein expression and for

images through image analysis. A typical gel
image is shown in Fig. 1. The objective is to

enhancing data quality in the field of proteomics.
Proteomics is the field that studies a Multi-protein
system, focusing on the interplay of multiple
proteins as functional components in a biological
system. By this technique, a very large number of
proteins can easily and simultaneously be
separated, identified and characterized. This is
important for understanding protein function and
thus enables the development of new and more
effective drugs. The first step in a typical

proteomics analysis workflow is protein
separation, followed by quantification and
differential expression analysis. Despite its
limitations, 2D gel electrophoresis (2DGE)

remains the most widely used protein separation
method. Using 2DGE, individual proteins in a
mixture are resolved in the first throughout this
document and gel dimension according to their
molecular weight and in the second dimension
according to their isoelectric point.

A very important task in a proteomics study is the
correct analysis and interpretation of 2D gel
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extract the protein spots in gel images from the
uneven background which has sharp edges, e.g.
lines, artifacts and streaks in some area. Due to
some technical problems such as the system
nonlinearities in gel formation and image
acquisition, inevitably there appear overlapped
protein spots, saturated spots, faint spots,
nonlinear intensity and narrow lines on the gels
which make the task more difficult. Several
methods have been referred to in the literature,
they all can be seen as variants of the watershed
method and their results depend very much upon
the sensitivity of parameter selections and post-
processing thereafter.

In this paper, a novel method for segmentation of
gel images as shown in fig.1 has been presented.
First, the watershed transform and quincunx
wavelet transform are applied on the image and
then spot characteristics have been formulated
through a set of rules. Our approach seems to
outperform the commercialized software, for
which we have presented some results.
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Fig.1. A Typical 2DE Gel Image

I. THE QUINCUNX WAVELET TRANSFORM

The wavelet transform decomposes the signal in
terms of a family of functions generated from a
prototype function, called the mother wavelet, by
dilation and translation operations. The quincunx
wavelet transform is the simplest two- dimensional
non-separable decomposition. It uses non-
separable and non-oriented filters followed by the
non-separable sampling as presented by the
following matrix:

Dq:’i —11

The determinant of the matrix Dqg has an absolute
value of two, and therefore, the corresponding
critically sampled filter bank will have two
channels. Furthermore, the input image is
decomposed with the multiresolution scale factor
of , resulting in one low-resolution subimage
and one non-oriented wavelet subimage. The
quincunx wavelet transform is more isotropic than
separable 2D wavelet transform and yields fewer
artifacts. That is why we prefer to use the
quincunx wavelet transform. The undecimated
version of the transform is used since the same
size of image is obtained at each scale and it is
easy to map watershed regions on it. The desirable
properties of the quincunx wavelet are perfect
reconstruction (PR), linear phase, good frequency
selectivity, and satisfactory vanishing moments.
Designing non-separable filter banks with all these
properties is a challenging task. Therefore, instead
of wusing the standard canonical polyphase
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structure, the lifting factorization is often more
convenient to design and implement the Quincunx
filter bank. The lifting structure guarantees PR,
and the so-called predict and update lifting steps
can be used to increase the order of the polyphase
matrix (and thus of the filters) while maintaining
PR.

We have used quincunx interpolating filter banks
having 4 primal and 4 dual vanishing moments,
designed by Kovacevic and Sweldens, and based
on the lifting scheme. We have found that using 4
primal and 4 dual vanishing moments, results are
better than using 2 primal and 2 dual vanishing
moments. For the undecimated version, we
remove the decimation operator from the quincunx
lifting scheme and the N-times quincunx
upsampled versions of predict and update filters
are used, where N represents decomposition level.
This way for higher decomposition levels, the
corresponding filter support widens.

Il. THE WATERSHED TRANSFORM

The watershed transform is a powerful tool for
medical image segmentation. It is a region growing
algorithm that analyzes an image as a topographic
surface. The grey level ‘h’ of a pixel (x, y) of the
image becomes the elevation ‘h’ of a point (X, vy,
h). In this way, the image surface can be seen as
full of mountains and valleys. Let us pierce a hole
in all local minima and immerse it into a lake.
Water will fill up the valley starting at these local
minima, and at all points where waters coming
from two or more valleys will meet, dams are built.
As a result, the surface is partitioned into different
regions separated by dams. The regions so formed
are called catchment basins and the dams are called
watershed lines. Numerous techniques have been
proposed to compute the watershed. The advantage
of the watershed approach is that it produces
closed, adjacent and accurate contours. However,
the watershed transform often leads to over-
segmentation.

There are two main approaches in the literature to
overcome this problem. The first is region
merging, i.e. merge the adjacent region according
to some similarity criteria. Images containing large
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and nonlinear variations in intensities of pixels
often lead to poor results due to the difficulty of
choosing optimized and varying similarity criteria.
Gel images are typical examples of non-stationary
signals and the region merging approach does not
yield satisfactory results. Another approach to
overcome over-segmentation is use of markers. A
marker is a connected component on an image.
Internal markers are associated with the objects of
interest and external markers are associated with
the background. These markers are imposed as
minima on the image and all other minima are
suppressed. Then the watershed algorithm is
applied on the image. The disadvantage of this
method is that the accuracy of the result depends
upon the accurate placements of markers and
number of markers. For the gel image containing
irregular spots with varying intensities, it is mostly
difficult to find out accurate markers.

111. SPOT CHARACTRIZATION AND
SEGMENTATION

Spot characteristics have been analyzed in the
watershed and wavelet domains. First, a watershed
transform is applied on the low resolution image
of the same size and region information is
imposed on to the original image. A low
resolution image is used to reduce over-
segmentation, which is also beneficial in reducing
processing requirements. The resolution should
not be too low as it causes a problem in the spot
detection. The image is segmented into
homogeneous regions called catchment basins
(CB). Each catchment basin may contain spots as
well as a background. We define two subsets
within catchment basins and apply rules of Novel
Method on those subsets. We can get segmented
image.
IV. NOVEL METHOD

In Novel Method Connected maxima set is
defined. Connected maxima set is nothing but
collection of some coefficient which satisfies
criteria of Novel Method which is explained in
section (VII). There may be more than one
connected maxima set in an image. That
connected maxima set divided into Horizontal and
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vertical connected maxima sets and that are
identified by using some rules which is explained
in section (V1) in four steps.

These rules in Novel Method are used to identify
overlapping spots. So, Novel Method gives us
accurate detection of the spots.

VI. BLOCK DIAGRAM

Original Image

\ 4
De-noising

v

Quincunx Wavelet
Transform

A 4

Watershed Transform
on Low scale image

A 4

Segmentation using
Novel Method

A 4
Post Processing

Fig. 2. Block Diagram

Our methodology is depicted in Fig. 2. First
we take the 2DE Gel image. Original image is
conations lot of noise that is removed by de-
noising the original image. Wavelet Transform is
used to de-noise the image. Then again the
quincunx wavelet transform is applied to the
denoised image up to the decomposition level J=3.
The low resolution image at scale J is used for
watershed segmentation and detail components of
scale 2 and 3 are used for computing the scale
product. The low resolution image is used to
reduce over-segmentation. Wavelet transform is
segmented the image in homogenous parts and
each part may contains background and spot which
Is segmented by using watersheld transform. Then
apply Novel Method for further segmentation. In
Novel Method set of rules is given which is shown
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in next section (VII). Novel Method gives us
accurate spots and solves the overlapping problem.
The last step is post-processing step contains
morphological operations (erosion followed by
dilation using disk shaped structure) to remove
remaining streaks and to improve the results.

VIl. OUR METHODOLOGY

The 1image is segmented into homogeneous
regions called catchment basins (CB). Each
catchment basin may contain spots as well as a
background. We define two subsets within
catchment basins and apply rules of Novel Method
on those subsets, that rules given below.

Let {my} be the minima of image | and {CB (m)}
be the associated catchment basins. Each
catchment basin may contain spots as well as a
background. We define two subsets within
catchment basins as following Steps:

Step 1: Let F and B be two subsets in a catchment
basin CB (my) suchthat F N B=@. We say F is a
set of pixels belonging to spots of image I, if

(1) For any (xs, ys) ¢ Fandany (x,, ¥») € B

I (Xt o) <1 (Xb, Yb)-

Where I(X, y) denotes the grey value of pixel
p(X, y) in image I.
(2) There exists an optimal ‘h’, such that
threshold
of I at level h is defined as

Ta(D={p|1(p) < h}
And F=CB (m,) n Tx (1) @)

It is clear from definition 1 that to distinguish F
from other parts of the image I, we need to find
out the optimum value of h.

Image | is further decomposed using the quincunx
wavelet transform and detail coefficients Wj at
scale j are given by

@)

©)

Where #iis a wavelet at scale j and * denotes the
convolution.

To de-correlate the noise across wavelet scales, we
introduce the term “scale product” as follows:

Wi(x,y)=1* ¥i(x,y)
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Step 2: The scale product Pj j+1 shows the
correlation between wavelet coefficients of
adjacent scales j and j+1 and defined as

Pjj+1(X,Y)=Wi(X,y). Wjs1(Xxy) (4)

Watershed catchment basins are mapped onto P;,
j+1 and corresponding to each CB(my), coefficients
of Pj, j+1 are found and denoted as S;, j+1 (mx). Now

a connected maxima set for S; j+1 (my) is defined as
follows:

Step 3: A connected maxima set CM; (my) is a
collection of that coefficient {cq’s} of Sj j+1 (M)
which satisfies any of the following criteria:

(1) Cq = {max; (Cj) | Cj € (Sj j+1 (Mk) - Lr£i CM;
(mi) o (5)
r

(2) Cq is in neighborhood of CM; (my) and it is
largest of its neighbors. Also Cq has at least (k-2)
neighbors having value less than it (assuming k-
neighborhood operation).

In a Sj j+1 (M), there may be more than one
connected maxima set. Horizontal and vertical
connected maxima sets are identified using the
following step.

Step 4: A connected maxima set CM; (my) is a
horizontal connected maxima set HCM; (my) if 3¢
>0 Such that wc qe CM; (my) and wcqe CM; (My), |
Yoo T Ve | <e

Similarly, a connected maximum set is a vertical
connected maxima set VCM; (my) If 3 € > 0 Such
that vecqe CM; (M) and weqe CM; (my), | 5~ 5
| < €, Where “*<=~*%2” is coordinate of cq in Pj j+1.
(We are taking € = 1 in our experiments).

The vertical and horizontal connected
maxima sets are less likely to be the features of a
spot, therefore these are neglected and the union
of the connected maxima set is defined as follows:

UCM (my) = .J.UE-{E.'LI (my) | ¥, CM; () = HCOM; (my)
and CM: (m) = VCM,; (mg )]

(6)
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The coefficient Cnax Which has a maximum value
among the coefficients of all connected maxima
sets in UCM (my) is selected.

(7)

Cax = max {cq | cg € UCM (my)}

Let us denote the coordinates of Cmax In Pj j+1 as
(Femzr+ Yemaze * Now, the threshold of 1 at level ‘h’
introduced in definition 1 can be found out. A
simple strategy is used for determining optimal
value of ‘h’ and it gives the accurate results. The

strategy is stated as follows:
h={Ixv) I(x,v)eCB (mglx=x, .= 7
- - “max

Hd
)

(8)
After this, pixels can be clearly classified as a
membe of either F or B.

For any subset X = CB (my) in the image I, the
corresponding scale product coefficients Coeff(X)
is found as:

CoeffiX)= {cq | tg € 51.5+1 (1), £q
=P, j+1 [:-c::_: 3'::_) andl [:-c::_: 3'::_) e X} (9)
Where ““e2:¥e3’ s the coordinate of the coefficient
Cq In the scale product Pj, j+1.
The mean M(X) and the k-th order centre
moment k(X) of the wavelet coefficients

corresponding to a subset X = CB (my) is
calculated as follows:

M = ——

numel (X

[E ICDEffI-:"::l:l] (10)

e = —
! numel [X)

[Zi (Coeff(X) - M(X)¥] (11)

Where numel(X) is the number of elements in the
subset X and Coeffi(X) is the i" element of the set
Coeff(X).

To distinguish between artifacts and spots, a
simple criterion based on the second and the third
order center moments, has been formulated.
According to this, if the second and/or the third
order moments of F are more distinguishable than
that of B, then F can be considered as a true spot.
The criterion has been successfully used in our
experiments and can be stated as follows:
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Dist (F, B = r':'::,LL_-':F:l 1, B)) + () - 1 (B)) ]
(12)
For a catchment basin CB (mk), if Dist(F, B) > T,
then F is considered as a spot, otherwise it is
considered as an artifact (where T is a single
threshold used for each catchment basin).

VIIl. EXPERIMENTAL RESULTS

8-bit gray level images of size 1024 x 1024 and of
size 512x 512 have been used as shown in Figure
3. The segmentation that we have achieved is
clearly more accurate than that of the popular
commercialized software Delta 2D. The
segmentation result of a gel image is shown in Fig.
3. The results of commercialized software
including Delta 2D depends upon three or more
sensitivity parameters. As an advantage our
method uses a single threshold parameter. This
method is also employed to detect faint spots but
artifacts are problems as they are in case of
commercialized software. The number of artifacts
(false spots) and missing spots have been found
less as compared to Delta 2D. Missing spots
include the spots that are not detected at all or that
are detected as a part of other spots. False spots
are the artifacts detected by the software since
they pass all conditions of the software to prove
themselves as spots. In Figure 6, a part of the gel
image has been shown with missing spots and
false spots. To compare our method with Delta
2D, we define the °‘spot efficiency’ factor as
follows:

Total zpotdetected-NoofFalze spotz

Spot Efficency = Total spots detected+No.of mizzed spots (13)

Clearly, if the number of false spots is more, the
spot efficiency will be less and if the number of
missing spots is more, spot efficiency again will be
less. For a method, spot efficiency will be 1
(100%) if and only if no false spot is detected and
no real spot is missed. Table I summarizes the

results using our method and using Delta 2D.
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Missing Spots

& -_c

\False Spots

(@) Delta 2D Method (b) Novel Method
Fig 6. A part of gel image showing some missing spots
and false spots using Delta 2D and using our method.

IX. CONCLUSION

4 ; A Novel Method to detect protein spots in 2DE
. : gel images has been presented. The over-
\ B segmentation problem of watershed transform has
i, Pt g™ . _ * .+« been addressed with spot characterization in the
; s * 3554 wavelet domain as well as in the watershed
' vy 5 : . domain itself. As an advantage over
commercialized software, our method uses only
single threshold parameter. Detection of faint
Fig. 4. Segmentation of Gel Image using Novel spots without introducing artifacts is still a
Method problem for our method as well as commercialized

software. Our future work will concentrate on it.
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