Protein Spot Detection in 2D-GE Images using Morphological Operators
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Abstract

This work addresses the detection of protein spots
in 2D gel electrophoresis images. A novel morphology-
based approach is proposed, which utilizes the dilation
operator for the localization of regional intensity
maxima associated with protein spots. A disk-shaped
structuring element (SE) is selected in agreement with
the prevalent roundish shape of the majority of protein
spots. Thus, spots within rectangular-shaped streaks
are correctly detected. SE size is set considering that a
certain radius value allows the discrimination of
individual spots located in complex spot regions as
well as small-sized spots. Moreover, spurious intensity
maxima associated with noise are ignored by applying
regional intensity constraints. The results of the
experimental evaluation lead to the conclusion that the
proposed approach detects more actual protein spots
and less false spots than a renowned 2D-GE image
analysis software package. Furthermore, it does not
require user intervention.

1. Introduction

Two-dimensional gel electrophoresis (2D-GE) is
the leading proteomics technique, being capable to
reflect the molecular anatomy of any biological
sample. This technique radically changed the field of
protein research [1], facilitating applications which
range from disease prognosis, medical diagnosis and
drug development to the monitoring of environmental
pollution.

The process of 2D-GE involves the placement of a
biological sample on a strip of polyacrylamide gel,
which consists of a pH gradient. This gradient imposes
the so called isoelectric focusing (IEF), which
separates proteins according to their isoelectric points.
The strip is subsequently placed on a sodium dodecyl
sulfate polyacrylamide gel (SDS PAGE) and an
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electric field is applied. At this stage, the proteins
migrate until being immobilized at a position
associated with the protein molecular weight.

2D-GE results in a digital grayscale image
containing a few hundred up to several thousands of
dark protein spots on a bright background or vice
versa. Each spot reflects the presence of a certain
amount of an individual protein. The analysis of 2D-
GE images is either performed manually by biologists
or with the assistance of software packages. However,
manual analysis is tedious, time consuming and
subjective [2-3], whereas most state-of-the-art software
packages require manual editing and correction of
software-generated results. These issues pose the need
for robust, efficient and objective computer-assisted
methods to enhance this key technology.

Additional issues arising in 2D-GE image analysis
include the inhomogeneity of the background, the
presence of rectangular-shaped streaks as well as the
abundance of overlapping protein spots. Methods
based on stepwise thresholding [4] and watersheds [5]
aim to cope with these issues. However, the former fail
in the presence of the inhomogeneous background [6]
whereas the latter leads to the detection of false spots
[7]. An active contour-based 2D-GE image analysis
approach has been proposed by the authors in [8].

Morphology-based methods have been successfully
employed in image analysis [9], including applications
on a wide range of biomedical images such as: electron
micrographs of muscle cross-sections [10], gastric
tumor pathologic cell images [11] and digital color eye
fundus images [12]. These methods allow the
extraction of image components, useful in the
representation of region shape such as boundaries,
skeletons and convex hulls, by probing the image with
an appropriately defined structuring element (SE).

In this work, a novel morphology-based approach is
developed for the detection of protein spots in 2D-GE
images. The dilation image operator is utilized for the
detection of regional intensity maxima, which are
associated with protein spots. This morphological



operator, although well known in image analysis
literature, has not previously been employed in this
application. A disk-shaped SE is applied on the image,
adjusted to the dominant roundish shape of protein
spots. Thus, protein spots located within rectangular
streaks are correctly detected. SE is selected small-
sized in order to allow the detection of local maxima
associated with small spots, even in cases where such
small spots overlap with larger spots. Moreover,
regional intensity constraints are imposed in order to
avoid spurious intensity maxima associated with noise.
It should be noted that the proposed approach does not
require user intervention.

The remainder of this paper is organized in four
sections. Section 2 provides a brief background of the
utilized aspects of mathematical morphology whereas
Section 3 describes the main components of the
proposed approach. Section 4 demonstrates the
experimental results obtained, including quantitative
comparisons with PDQuest (Bio-Rad), a well-known
2D-GE image analysis software package [13]. Finally,
Section 5 discusses the conclusions of this work.

2. Mathematical Morphology

2.1. Dilation Operator

Let E be an Euclidean space, 4 a grayscale image in
E and B a SE. The dilation image operator, denoted as
A @ B, is defined, in the general case, by:

D(4,B) = (A® B)(x) = sup[4(y) + B(x—y)] (D

yEE

where sup denotes the supremum and x, y are elements
of E (pixels in the case of a digital image) [14]. The SE
plays the exact same role with the convolution kernel
in the linear filter theory. Figure 1 illustrates the
dilation image operator on an image 4 with a SE B.

Figure 1. The dilation image operator on
image A with SE B.
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The shape and size of the SE are selected according
to the shape and size of the objects of interest,
respectively. For roundish-shaped small objects the SE
is selected as disk-shaped with a radius smaller than
the one of the object, aiming at detecting a large
amount of regional intensity maxima [15]. Figure 2
illustrates a disk-shaped SE of radius 3.
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Figure 2. A disk-shaped SE of radius 3.

2.2. Regional Intensity Maxima

Regional intensity maxima are connected
components of pixels with a constant intensity value,
bounded from pixels of lower intensity value. A
regional intensity maximum M at elevation ¢ is defined
by:

{VpEM , I(p)=t }
VpESgs (MH\M, I (p)<t
where p is the pixel location, /( p ) is the intensity of p
and Jgg is the region generated by the dilation of M
according to the SE.

In the case of a 2D-GE image a regional intensity
maximum is associated with a bright protein spot on a
dark background, often corresponding to saturated spot
region.

2

3. Proposed Morphology-based Approach

Based on the observation that the majority of the
regional intensity maxima is associated with protein
spots, the proposed approach aims to detect such
maxima. The algorithm comprises of the following
steps:

1. the four nearest neighbors (4NN) median filter is
applied on the input 2D-GE image [16], so as to
minimize the detection of background intensity
peaks,



2. the image is dilated with a disk-shaped SE
approximating the dominant roundish shape of
protein spots. The typical size of a protein spot
ranges from 20 to 300 pixels. Therefore, the radius
of the disk r is selected smaller than the smallest
protein spot radius, as determined by observation.

3. the image is scanned so as to detect regional
intensity maxima associated with protein spots. The
selected maxima should satisfy the following
constraints:

their intensity should be equal to or higher than
the intensity over a ¢ Xg adjacent region whose
size should be equal to or higher than 20 pixels,
so as to include salient maxima associated with
spots and avoid extremely local maxima
associated with noise,
pixel intensity over a wxw neighborhood
should exceed a threshold value 7, so as to
avoid spurious maxima associated with
background peaks and artifacts. The threshold
value is selected equal to or higher than the
faintest spot’s intensity.

Figure 3 depicts: (a) a part of a real 2D-GE image,
(b) the dilated image of Fig. 3(a) with a disk-shaped
SE and (c) the binary image identifying the locations of
the selected regional intensity maxima.

4. Results

The Biomedical Research Foundation of the
Academy of Athens provided real 2D-GE images.
Each such image is accompanied by three annotated
images, which were manually edited by expert
biologists, in order to allow quantitative evaluations of
the proposed approach. The ground truth images,
which were used in the experiments, resulted from the
majority rule applied on each triad of annotated
images. The proposed algorithm has been implemented
in Matlab R2009b and executed on a 3.2 GHz Intel
Pentium workstation. Parameters 7, ¢, w and T of the
proposed approach were experimentally determined as
4, 4, 3 and 75 respectively for each image that was
utilized. The values of the parameters did not need to
change since the 2D-GE images used for the
experiments were produced from the same 2D-GE
experiment.

Figure 4 illustrates the detection results obtained by
the proposed approach on a real 2D-GE image,
whereas Fig. 5 illustrates the detection results obtained
by PDQuest image analysis software package on the
same image. PDQuest parameters were set by an expert
biologist, following his experience.
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Figure 3. (a) a real region of a 2D-GE image,
(b) the dilated image and (c) the binary image
identifying the locations of selected regional
intensity maxima.



Figure 4. Detection results obtained by the
proposed approach on a real 2D-GE image.

Figure 5. Detection results obtained by
PDQuest software package on the 2D-GE
image of Fig. (4).
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Figure 6. (a) ground truth image of Fig. 3(a),
(b) detection results obtained by the proposed
approach and (c) detection results obtained
by PDQuest software package.

Figure 6(a) illustrates the ground truth image of
Fig. 3(a), whereas Fig. 6(b) and Fig. 6(c) illustrate the
detection results obtained by the proposed approach
and PDQuest image analysis software package,
respectively. It is evident that considering the ground



truth, the proposed approach manages to detect more
actual protein spots than PDQuest.

The detection results were quantified by means of
the detection accuracy (DA) [17], which is defined as:

TP

DA- —— G)
TP+ FN

where true positives (7P) and false negatives (FN) are
defined as correctly detected and missed actual spots,
respectively. 7P and FN were calculated on the basis
of the ground truth images.

Considering the detection results illustrated in Fig.
6, it can be derived that the proposed approach detects
105 true positive (7P) and 25 false negative (FN)
protein spots, whereas PDQuest detects 67 TP and 68
FN protein spots, respectively. These quantitative
results verify that the proposed approach: a) correctly
detects much more actual spots than PDQuest, b)
detects much less false spots than PDQuest. Table I
presents the calculated 7P and FN spots, as detected by
the proposed approach (Fig. 6(b)) and PDQuest (Fig.

6(c)).
TABLE |

Detection Results

TP FN DA
Proposed Approach 105 25 81%
PDQuest 67 68 50%

In a total of approximately 20.000 actual protein
spots appearing in 10 2D-GE images provided, the
proposed approach achieves a DA of 85.4+4.7%,
whereas PDQuest obtains a DA of 554+8.9%.

Figure 7 illustrates: detailed ground truth (a;-a,),
detection results of the proposed approach (b;-b,) and
of PDQuest (ci-c;), over detailed sub-images of Fig. 6,
containing overlapping spots (a;-c;) and vertical
streaks (a,-cy). In cases of complex regions consisting
of multiple overlapping spots, unlike PDQuest (Fig.
c1), the proposed approach is capable of detecting each
individual spot (Fig. b;), as allowed by the selection of
the small size of r of the disk-shaped SE. Moreover, it
efficaciously locates spots within vertical streaks (Fig.
b,), which is not the case with PDQuest (Fig. ¢;).

5. Conclusions
In this work, a novel morphology-based approach is

proposed, aiming at the detection of protein spots in
2D-GE images. Several issues arise in the analysis of
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such images, including the inhomogeneity of the
background, the presence of noise and complex regions
containing overlapping spots, as well as the presence of
rectangular-shaped streaks.

Aiming to cope with these issues, the proposed
approach utilizes the dilation image operator for the
location of regional intensity maxima associated with
protein spots. The SE is selected disk-shaped in
agreement with the dominant roundish shape of the
majority of spots. This allows the correct detection of
spots located within streaks. Additionally, the size of
the disk-shaped SE is set to a relatively small value, so
as to allow the detection of local maxima associated
with small spots, even in cases where such small spots
overlap with larger spots. Furthermore, intensity
constraints are imposed on the selection of regional
maxima, in order to select salient maxima and avoid
spurious ones, which are associated with noise.

The detection results obtained by the proposed
approach and PDQuest image analysis software
package were quantitatively compared considering
ground truth images provided by expert biologists. The
proposed approach evidently outperforms PDQuest in
terms of detection accuracy, as it correctly detects
much more 7P and misses much less FN. Moreover,
unlike PDQuest, it does not require user-intervention.
Future perspectives of this work involve the
development of an integrated 2D-GE image analysis
system for the identification of protein spots.

(ar) (b1) (c)

(a2) (b2) (c2)
Figure 7. (a;-a;) Detailed ground truth, (bs-b,)
detection results of the proposed approach
and (cs-cy) detection results of PDQuest,
containing overlapping spots (a;-c;) and
vertical streaks (a,-C).
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