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Abstract: Accurate and precise segmentation of microarray images is crucial for reliable quantification of gene expression
levels, a cornerstone of modern genomic research. We propose a novel supervised classification approach to effectively
discriminate between foreground and background regions within microarray images to address this critical challenge. Our
method incorporates Gabor filter-based preprocessing to enhance image features and automated spot localization to identify
regions of interest. Subsequently, a comprehensive set of features is extracted from each pixel to capture relevant image
characteristics. A Radial Basis Function (RBF) network is then employed to classify pixels as either foreground or background.
Rigorous evaluation of real microarray datasets from SMD and UNC demonstrates the superior performance of our method
compared to conventional techniques such as k-means clustering and Support Vector Machines, achieving a notable
improvement of up to 20% in segmentation accuracy. The enhanced segmentation accuracy provided by our approach has the
potential to significantly improve the reliability and precision of downstream gene expression analysis, contributing to
advancements in genomic research and discovery.
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1. Introduction

Microarray technology offers a powerful platform for high-throughput gene expression analysis. Researchers can quantify gene
activity on a genomic scale by measuring the intensity of fluorescent signals emitted by hybridized probes. However, accurately
extracting this information from microarray images presents significant challenges due to spot variability, background noise,
and image artifacts [1]. Researchers can quantify gene activity by capturing fluorescent signals emitted by hybridized probes.
However, extracting accurate gene expression data from microarray images is challenging due to variations in spot
characteristics, background noise, and image artifacts [2]. These image imperfections can significantly impact the reliability of
downstream analysis [3]. To ensure accurate gene expression quantification, precise identification and measurement of
individual spots on the microarray are essential. The quality of microarray image processing directly influences the precision
of subsequent data analysis. Microarray image analysis involves several key steps to extract meaningful biological information.
Initially, spot gridding is performed to identify the precise location of each spot within the image [4]. Subsequently, spot
segmentation is crucial to differentiate between signal and background pixels, allowing for accurate quantification of gene
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expression levels. Finally, intensity extraction calculates the relative signal intensity for each spot by comparing foreground
and background pixel values [4].

Several segmentation approaches have been explored in the literature. Early methods used fixed or adaptive circle models to
define spot boundaries [5]. Histogram-based techniques employed intensity thresholds to distinguish signal and background
pixels [6]-[7]. More sophisticated methods, such as adaptive shape models, were developed to accommodate variations in spot
morphology. Algorithms like seed region growing [8] and watershed transformation [9]-[10] have been applied in this context.

In recent years, clustering-based approaches have gained prominence. Algorithms like K-means [11], fuzzy C-means [12], and
expectation-maximization [13] have been utilized for segmenting microarray images. Hybrid methods combining clustering
and artificial neural networks have also been investigated [ 14]. Furthermore, non-parametric techniques based on kernel density
estimation have been explored for two-channel microarray images [15].
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Figure 1: Illustrates the proposed microarray image segmentation method

This study introduces a novel supervised segmentation approach employing a nonlinear radial basis function neural network to
discriminate between signal and background pixels within microarray images accurately [27]. Our method leverages the power
of neural networks to enhance segmentation accuracy and overcome the limitations of traditional techniques. Figure 1 provides
a visual overview of the proposed microarray segmentation method. The following sections detail the methodology: Section 2
introduces image preprocessing and automated spot gridding; Section 3 presents the RBF neural network-based segmentation
technique; and Section 4 discusses the experimental evaluation and comparative analysis. The proposed method was rigorously
evaluated using real microarray images obtained from the SMD and UNC databases [16]-[17]. A comparative analysis with
established segmentation techniques was conducted to assess the performance and effectiveness of our approach.

2. Literature Review

Microarray image analysis is vital for gene expression studies, requiring accurate segmentation of images into the signal
(foreground) and non-signal (background) regions. Various methods have been developed to tackle this task, each offering
unique advantages and challenges. This review outlines the landscape of microarray image segmentation techniques,
emphasizing key developments and identifying areas for future enhancement.

Microarray image segmentation methods can be classified into several primary categories:

e Fixed and Adaptive Circle Methods: These techniques assume that microarray spots are circular, using either fixed or
adaptable radii to delineate them.
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e Histogram-Based Methods: These methods analyze intensity distributions to set thresholds that distinguish between
foreground and background regions.

e Adaptive Shape Methods: These techniques accommodate non-uniform spot shapes through region-growing or
watershed algorithms.

e Clustering-Based Methods: By grouping pixels with similar characteristics, clustering algorithms effectively segment
images.

e Neural Network-Based Methods: Leveraging neural networks’ learning capabilities, these methods classify pixels into
foreground and background categories.

2.1. Review of Relevant Studies
Hough Circle Transform-Based Segmentation

o Farouk & Sayedelahl [21] proposed a segmentation technique based on the Hough circle transform to identify and
segment circular spots in microarray images accurately.

Discrete Wavelet Transform for Image Representation

e Farouk, [18] explored the application of discrete wavelet transforms for image representation, which can benefit
various image processing tasks, including segmentation.

Edge Detection Filter

e Sayedelahl, [12] introduced a novel edge detection filter utilizing fractional calculus. Though not directly applied to
microarray segmentation, this method could enhance spot boundary detection.

Neural Network-Based Recognition

e Farouk et al., [10] investigated the use of feedforward artificial neural networks for microarray image recognition,
providing insights into neural network applications in segmentation.

integro-differential Operator for Spot Segmentation

e Farouk & M. A. Sayedelahl [3] developed an integro-differential operator-based method focusing on intensity and
spatial information for improved segmentation accuracy.

Recent Research in Deep Learning and Advanced Segmentation Techniques

e  Zhang, etal. [28], in “Deep Learning-Based Microarray Image Segmentation,” explored the use of deep convolutional
neural networks (CNNs) to enhance segmentation accuracy and efficiency, highlighting the potential of deep learning
in addressing complex segmentation tasks.

o Lee, & Kim, [29] proposed a hybrid approach combining clustering and deep learning techniques, demonstrating
improved performance in the robust analysis of microarray images. Their method integrates traditional clustering with
advanced neural network models, offering a comprehensive solution for segmentation challenges.

e Chen et al. [30] introduced a transfer learning approach for microarray image segmentation, leveraging pre-trained
neural networks to adapt to specific image characteristics. This method reduced the need for extensive training data
and improved segmentation accuracy, especially in heterogeneous data sets.

e Gupta & Singh, [31] developed a novel unsupervised learning algorithm for microarray image segmentation that relies
on self-organizing maps. This method emphasizes the automatic identification of spot patterns without manual
labeling, providing a scalable solution for large datasets.

3. Proposed Method

Accurate gene expression quantification from microarray images is contingent upon robust image preprocessing. Noise
introduced during the experimental process can significantly impact data quality [18]. Various noise reduction techniques have
been employed to mitigate these effects, including Gabor filtering. This study incorporates Gabor filter-based preprocessing to
enhance image clarity and facilitate subsequent analysis.
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3.1. Gabor filtering

Gabor filters, renowned for their effectiveness in multi-resolution image processing and feature extraction, were employed as
a preprocessing step [19]. The microarray image underwent convolution with a Gabor kernel to enhance image features and
facilitate subsequent analysis [20].
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Figure 2: Gabor Filter Application to Microarray Images
3.2. Gridding

Spot gridding, a crucial step in microarray image analysis, involves segmenting individual spots from the background. After
applying Gabor filter-based preprocessing [20], the image undergoes projection in both horizontal and vertical directions to
facilitate block detection. Subsequent morphological operations on low-intensity and noisy spots, as detailed in [24], refine the
grid structure. The resulting grid layout is visualized in Figure 3.

Figure 3: Microarray Spot Grid Overlay

3.3. Radial basis neural network

Radial Basis Function Neural Networks (RBNNs) have demonstrated versatility across various applications, including
clustering, interpolation, approximation, pattern recognition, and classification within computer vision [21]. Characterized by
a three-layer architecture—input, hidden, and output—RBNNSs employ radial basis functions as activation functions in the
hidden layer. The output layer combines the weighted outputs of hidden units. The mathematical representation of a radial basis
function is provided in equation (4).
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Where X is the input vector, ' denotes the center of the localized function, ' is the weighting coefficient connecting the it
Gaussian neuron to the output neuron, and the parameter n denotes the number of Gaussian neurons in the hidden layer. For
simplicity, the variance of each Gaussian neuron is set to unity, as illustrated in Figure 4.
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Figure 4: RBF Neural Network Architecture
3.4. RBNN training

For microarray image segmentation using RBNN, suppose a set of training vectors belonging to two separate classes,
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where ""'N each is the m-dimensional feature vector of the microarray

image and Yi is either 0 (background) or 1 (signal). In the training process, the k-means [12] generated a hyperplane in the 1-
dimensional space ( )to separate the training data into two classes. This data deals as a training set for the corresponding
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network outputs ( ) . In this case, the network parameters are found such that they minimize a cost function:
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Where N is the total number of vectors from the training set, ¥ ( : ) denotes the RBNN output vector, and ¥ ( ! ) represents

the output vector associated with a data sample X from the training set (the output vector from training the RBNN with the k-
means segmented spot vector).
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Training of RBNN requires optimal selection of the parameter vectors ' and ~'. One of the most popular approaches to

updating ' is supervised training by the error correcting term, which is achieved by a gradient descent technique. After
simplification, the update rule for center learning is:
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The update rule for the linear weights is:
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4. Dataset
Two publicly accessible microarray image databases, SMD [22] and UNC [23] were utilized to evaluate the proposed method.
SMD datasets comprise 48 blocks, each containing 784 spots, totaling 37,632 spots per image. UNC datasets consist of single-
block images with 22,575 spots. A representative block was selected from each database for this study, as detailed in Table 1.

Leveraging the provided annotation files, pixel-level information was extracted to create binary masks, differentiating signal
and background regions based on a fixed circle approximation.
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Table 1: The Properties of Cropped Microarray Images

1. Database 2. Size 3. Number of spots
4. SMD 5. 28 rows x 28 columns 6. 784 spots
7. UNC 8. 21 rows x 24 columns 9. 504 spots

4.1. K-means clustering

K-means clustering is applied to partition image pixels into two clusters representing foreground and background regions [12].
K-means simplifies the clustering process by reducing the feature space to a single intensity value. Initially, pixels are assigned
to clusters based on their proximity to the minimum or maximum intensity within the image. Cluster centroids (foreground and
background means) are then calculated as the average intensity of pixels within each cluster.

Let Xmin and Xmax be the minimum and maximum values for the intensities in the spot. If [Xi - Xmin| > | Xi - Xmax|, Xi 1S assigned to
foreground, or the label of pixel x;is set to ‘1’. Otherwise, x; belongs to the background; thus, x; is labeled 2’. After this process,
the mean (or centroid) for each class, foreground or background, is calculated as follows:

Even though this method requires initialization and an iterative process, it is quite efficient in practice. After the initialization,
the second step of the algorithm is the re-calculation of the means and the adjustment of the label of each pixel by the following
criteria.

Assign @;= 2’ for all the x; whose label is ‘1°, if
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Otherwise, assign ;i = 1. This step is repeated until no change in the means has been observed.
4.2. Support Vector Machines

Support Vector Machines (SVMs) offer a robust approach to classification by maximizing the margin between data points of
different classes [26]. In this context, SVM is applied to distinguish between foreground (signal) and background pixels within
microarray images. The optimal separating hyperplane is defined by the equation wx-b=0, where w is the normal vector to the
hyperplane and b is the bias term. The margin, representing the distance between the hyperplane and the nearest data points, is
maximized to enhance classification accuracy. Figure 5(a) illustrates multiple potential hyperplanes (Multiple potential
hyperplanes separating data points into two classes), while Figure 5(b) highlights the optimal maximum-margin hyperplane
(The optimal maximum-margin hyperplane). A polynomial kernel is employed for this study, with the regularization parameter
csetto I.

Figure 5: SVM Hyperplane Visualization
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5. Results and Discussion

Table 1 offers a comprehensive overview of the microarray datasets used to evaluate the proposed Recurrent Bayesian Neural
Network (RBNN) technique. These datasets include various types of microarray images, each with distinct characteristics and
challenges, providing a robust testbed for assessing the effectiveness of the RBNN method in handling diverse data conditions.
The process begins with applying Gabor filtering, a widely recognized method in image processing for enhancing specific
features. Gabor filters, defined mathematically by Equation 1, are applied to the microarray images at varying scales and
orientations. The scales and orientations are critical parameters that allow the filters to capture different levels of detail and
directional features within the images. For instance, small scales highlight fine details, while larger scales emphasize broader

T T

= . . u
structures. The orientations, denoted as (varying scales O = 27 and orientations ( 4 2 , and

ve{01,2}, 1 e{01,2, 3})), correspond to different angles at which the Gabor filters are applied, helping accentuate
features that align with these orientations. Figure 2 visually represents the impact of this filtering process, demonstrating how
the filters enhance the microarray images by making specific patterns more discernible, which is crucial for subsequent analysis
stages.

After enhancing image features, an automated grinding process is employed to delineate individual spots within the microarray.
This process is crucial for identifying and isolating each spot, representing individual probes or microarray samples. The
accuracy of this step significantly influences the quality of the data extracted from the images. Figure 3 illustrates the outcome
of this gridding process, showing how each spot is enclosed within a bounding box. This visual representation underscores the
effectiveness of the gridding algorithm in separating the spots, even in challenging conditions where spots may be closely
packed or irregularly shaped.

The study further evaluates the performance of the Recurrent Bayesian Neural Network (RBNN) method by comparing its
segmentation results with those obtained using K-means clustering and Support Vector Machines (SVM), two well-established
methods in the field of image segmentation. This comparative analysis is essential to establish the efficacy of the RBNN
approach relative to conventional techniques, especially in handling the inherent variability and noise present in microarray
images.

The comparison focuses on four distinct categories of spots, which are crucial in assessing the segmentation quality:

e Good Spots are well-defined and easily distinguishable spots, representing high-quality data points. The segmentation
of good spots tests the method’s ability to maintain clarity and precision in optimal conditions.

e Normal Spots: Spots in this category have standard clarity and are typical of what one might expect in most microarray
datasets. This category serves as a baseline for evaluating segmentation performance under average conditions.

e Low Spots: These spots are characterized by faint or weak signals, often close to the detection limit of the imaging
equipment. Segmentation in this category is challenging due to the low signal-to-noise ratio and testing the method’s
sensitivity and accuracy in detecting subtle features.

e Noisy Spots: This category includes spots with significant background interference, which can obscure the signal.
Effective segmentation requires distinguishing between true signal and background noise, highlighting its robustness
in adverse conditions.

The segmentation results for these categories are presented in Figures 6 and 9 for the UNC and SMD databases, respectively.
Figure 6 showcases how the RBNN method accurately identifies and delineates spots across these categories, maintaining
clarity and reducing the influence of noise. In comparison, K-means and SVM show varying degrees of performance
degradation, particularly with low and noisy spots, where these traditional methods struggle to distinguish signal from noise
effectively. Figure 9 provides a similar analysis for the SMD dataset. The RBNN method’s robustness is evident in consistently
high segmentation quality, even in challenging conditions, underscoring its adaptability across different datasets.

The study utilizes the combined quality index (q-com2) to quantify the segmentation quality, which aggregates multiple metrics
into a single evaluative score. The distribution of q-index values, a representation of the segmentation quality, is illustrated in
Figure 7. This figure highlights the concentration of g-index values around higher scores, indicating consistent and superior
performance of the RBNN method compared to K-means and SVM.

The figures collectively demonstrate the RBNN method’s effectiveness in handling the variability in spot quality across
different datasets. They provide a visual and quantitative confirmation of the method’s capability to deliver high-quality
segmentation results, essential for accurate data analysis in bioinformatics and related fields.
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By incorporating these detailed comparisons and illustrative figures, the study validates the RBNN method’s performance. It
establishes its superiority over traditional segmentation techniques in dealing with the complexities of microarray images.

To quantitatively evaluate the segmentation quality, the study employs a combined quality index (qcom2), as described in
reference [25]. This index integrates multiple factors that contribute to the overall quality of the segmentation, including the
signal-to-noise ratio (Qsig-noise), local background variability (quke1), and local background level (quke2). The detailed
mathematical formulations for these components are provided in Equations 8, 9, 10, and 11.
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Specifically, gsig-noise measures the clarity of the signal relative to the background noise, quker assesses the consistency of the
background within a local area, and quke evaluates the absolute level of the background across the image.

The qeom2 index itself is calculated based on several key parameters, including the mean signal intensity (Fmean), the mean local
background intensity (Bmean), the standard deviation of the local background (BSD), and the global average background level
(bgk0). By averaging the qcom2 Values across different channels within the image, the study derives a final quality index (qindex)
that comprehensively measures the segmentation quality. The distribution of qingex values for spots segmented using the RBNN
method is depicted in Figures 7 and 10 for the UNC and SMD datasets, respectively. These distributions illustrate the
consistency and reliability of the RBNN method in achieving high-quality segmentation across different datasets.
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Figure 6: RBNN Segmentation Results for UNC Database
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Further insights into the comparative performance of the segmentation methods are provided in Tables 2 and 3, which
summarize the minimum, maximum, and mean index values obtained using K-means, SVM, and RBNN for the UNC and SMD
datasets, respectively. The results indicate that the RBNN method outperforms the other techniques, consistently achieving
superior mean (index values of 0.9894 for the UNC and 0.9948 for the SMD datasets. These high values reflect the method’s
robustness and precision in identifying and segmenting spots, even in datasets with challenging conditions such as varying
background levels and noise.
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Figure 7: Distribution of Q-index for RBNN-Segmented Spots

The study also provides a comprehensive visual comparison of segmentation results obtained using the Recurrent Bayesian
Neural Network (RBNN), K-means clustering, and Support Vector Machines (SVM). This comparison is crucial for
understanding these methods’ relative strengths and weaknesses across different datasets and spot categories. Figures 8 and 11
illustrate these comparisons for the UNC and SMD datasets.
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Figure 8: Comparison of Q-index for Different Segmentation Methods

In Figure 8, for the UNC dataset reveals that while K-means and SVM perform adequately in segmenting well-defined spots,
they exhibit significant limitations when dealing with noisy or low-quality spots. These traditional methods often fail to
accurately separate the signal from background noise, resulting in lower segmentation quality. In contrast, the RBNN method
consistently maintains high clarity and precision, even under challenging conditions. This robustness is highlighted by the
higher and more consistent q-index values RBNN achieves, as shown in the figure. Similarly, Figure 11 demonstrates a
comparable pattern for the SMD dataset. The RBNN method again outperforms the other techniques, particularly in segments
where spots are faint or noisy. This figure underscores the method’s ability to adapt to varying data conditions, ensuring accurate
and reliable segmentation across different datasets.

The study uses the combined quality index (qcom2) to provide a deeper quantitative analysis to measure segmentation
performance. The qecomz index is a comprehensive metric integrating quality aspects, such as signal-to-noise ratio and
background variability, into a single evaluative score. Figure 7 and Figure 10 show the distribution of these indices for the
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Table 2: Segmentation Performance Comparison

RBNN-segmented spots in the UNC and SMD datasets, respectively. Both figures highlight the concentration of q-index values
at the higher end of the scale, indicating the method’s consistent delivery of high-quality segmentation.

Min Qindex Max (index Mean Qindex
K-means 0 0.9925 0.7422
SVM 9.5926e-004 1 0.8709
RBNN 0.8628 1 0.9894

These distributions are critical as they provide a quantitative representation of the segmentation quality achieved by RBNN,
further validating its effectiveness. The figures reveal that the RBNN method not only achieves superior mean g-index values
but also demonstrates less variability in performance, suggesting greater reliability compared to K-means and SVM.
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Figure 9: RBNN Segmentation Results for SMD Database
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The figures collectively illustrate the RBNN method’s advanced capabilities in microarray image segmentation. They show
that RBNN consistently outperforms traditional methods, particularly in challenging conditions with noisy spots or low signal
quality. This robustness makes RBNN a highly valuable tool for bioinformatics applications, where precise and reliable data
extraction is essential for accurate downstream analyses.
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Figure 10: Distribution of Q-index for RBNN-Segmented Spots (SMD Database)

Vol.1, No.2, 2024 87



These findings emphasize the importance of selecting appropriate segmentation methods based on the specific characteristics
of the data.
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Figure 11: Comparison of Q-index for Different Segmentation Methods (SMD Database)

Table 3: Segmentation Performance Comparison (SMD Database)

Min Qindex Max Qindex Mean (index
K-means 0.0047 0.9756 0.8735
SVM 0.2038 1 0.9050
RBNN 0.9037 1 0.9948

They also highlight the potential of advanced neural network-based approaches, like RBNN, in overcoming the limitations of
traditional clustering and classification techniques. Future work may explore enhancements to the RBNN framework or adapt
its principles to other challenging domains within biomedical imaging.

6. Conclusion and future work

The proposed Recurrent Bayesian Neural Network (RBNN) method demonstrates significant advancements in microarray
image segmentation, showcasing superior accuracy and robustness across diverse spot categories and datasets. By integrating
advanced filtering techniques like Gabor filters and implementing a comprehensive quality assessment framework, the RBNN
method enhances the visual clarity of microarray images and provides reliable quantitative results. These improvements are
crucial for bioinformatics and computational biology, where precise image segmentation underpins subsequent data analysis
and interpretation, potentially leading to more accurate biological insights and discoveries.

The implications of this work extend beyond microarray image segmentation. The demonstrated efficacy of the RBNN method
suggests its potential applicability in other areas of biomedical imaging, where accurate and reliable segmentation is essential.
For instance, histopathology and medical diagnostics could benefit from such robust methods, improving the accuracy of
disease diagnosis and treatment planning.

Looking forward, there are several avenues for enhancing the RBNN framework. Future research could focus on integrating
additional advanced image processing techniques, such as deep learning-based feature extraction methods, which may further
refine the segmentation accuracy and efficiency. Exploring more sophisticated machine learning models, including
convolutional neural networks (CNNs) and generative adversarial networks (GANs), could offer new insights and capabilities,
particularly in handling complex and noisy datasets.

Moreover, expanding the application of the RBNN method to other types of biomedical images, such as MRI, CT scans, or
ultrasound images, could provide valuable tools for a broader range of clinical and research applications. Such expansions
could be facilitated by adapting the model to handle different imaging modalities, potentially through transfer learning or
domain adaptation techniques.

Vol.1, No.2, 2024 88



Additionally, further investigation into the real-time application of the RBNN method in clinical settings could enhance its
practicality and usability. This includes optimizing the computational efficiency of the algorithm to ensure it can operate swiftly
and seamlessly in environments where timely decision-making is critical.

Overall, the proposed RBNN method represents a significant step forward in image segmentation, with broad implications for
research and clinical practice. Continued innovation and research in this area hold promise for further advancements, ultimately
contributing to more accurate and efficient biomedical image analysis.
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