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ABSTRACT: Global mortality rates are greatly impacted by malignancies of the brain and nervous system. Although,
Magnetic Resonance Imaging (MRI) plays a pivotal role in detecting brain tumors; however, manual assessment is
time-consuming and susceptible to human error. To address this, we introduce ICA2-SVM, an advanced computational
framework integrating Independent Component Analysis Architecture-2 (ICA2) and Support Vector Machine (SVM)
for automated tumor segmentation and classification. ICA2 is utilized for image preprocessing and optimization,
enhancing MRI consistency and contrast. The Fast-Marching Method (FMM) is employed to delineate tumor regions,
followed by SVM for precise classification. Validation on the Contrast-Enhanced Magnetic Resonance Imaging (CE-
MRI) dataset demonstrates the superior performance of ICA2-SVM, achieving a Dice Similarity Coefficient (DSC) of
0.974, accuracy of 0.992, specificity of 0.99, and sensitivity of 0.99. Additionally, the model surpasses existing approaches
in computational efficiency, completing analysis within 0.41 s. By integrating state-of-the-art computational techniques,
ICA2-SVM advances biomedical imaging, offering a highly accurate and efficient solution for brain tumor detection.
Future research aims to incorporate multi-physics modeling and diverse classifiers to further enhance the adaptability
and applicability of brain tumor diagnostic systems.

KEYWORDS: Brain image segmentation; MR brain enhancement; independent component analysis; brain tumor

1 Introduction

In medical science, tumors are a major concern and are classified as either malignant or benign
neoplasms. These growths span over 200 distinct types, each with the potential to affect the human body
in various ways [I]. Among them, brain tumors are particularly critical, as they involve the abnormal
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proliferation of brain tissue, leading to disruptions in essential brain functions. Alarmingly, the mortality
rate from brain tumors has seen a dramatic increase of 300% over the past three decades, as reported by the
National Brain Tumor Foundation (NBTF) [2]. If left untreated, brain tumors pose a severe threat to life [3].
The complexity of these tumors presents significant challenges for healthcare professionals in their efforts to
accurately diagnose and treat affected patients.

The survival of individuals with brain tumors heavily relies on early detection and timely treatment [4].
However, diagnosing brain tumors through biopsy is a challenging process, requiring surgical intervention
that carries inherent risks. This highlights the critical need for non-invasive diagnostic methods. MRI has
emerged as the most reliable technique for identifying brain tumors, providing detailed insights into the
brain’s internal structures. Utilizing magnetic fields and radio waves, MRI offers a non-invasive approach to
detecting and analyzing brain tissue abnormalities [5].

Brain MRI plays a critical role in diagnosing and classifying brain tumors, providing essential insights
into brain abnormalities. By employing advanced imaging techniques, MRI generates input vectors that
assist radiologists in distinguishing between normal brain structures and various tumor types. These images
are invaluable for detecting structural changes caused by surgeries or neurological conditions such as
epilepsy [6,7]. MRI also serves as a vital tool for predicting abnormalities and differentiating between tumor
types, offering precise, high-resolution views of the brain intricate tissues [8,9]. Diagnosing tumors from
medical images is error-prone and relies heavily on radiologists’ expertise. The diversity of pathologies and
specialist fatigue underscore the need for computer-assisted interventions, which have shown promise in
aiding brain tumor identification and classification [10,11].

This research introduces a novel enhancement method to improve contrast in brain MRI images,
refining image clarity and enabling more accurate tumor detection and diagnosis. By providing sharper
and higher-quality images, this approach enhances diagnostic precision and aids healthcare professionals
in making informed treatment decisions. The work focuses on an in-depth analysis of FAST Independent
Component Analysis (ICA) architectures I and II, evaluating their performance and comparing them to
existing techniques. Statistical and visual analyses were conducted to identify the architecture with superior
image enhancement capabilities, simplifying the detection of brain tumors in MRI scans. By advancing
medical imaging quality, this research contributes to more precise diagnoses, facilitating timely and effective
treatment and offering valuable insights to improve patient care and outcomes.

Furthermore, ICA and Fast ICA techniques have been widely applied in biomedical imaging, demon-
strating their effectiveness in contrast enhancement. In retinal imaging, these methods have been utilized to
enhance vessel visibility and detect abnormalities such as diabetic retinopathy and contributing to improved
diagnostic accuracy [12,13]. Similarly, in ultrasound imaging, Fast ICA has been employed to reduce speckle
noise, thereby improving the clarity of cardiac and vascular structures [14]. These applications underscore
the adaptability of ICA-based techniques, showcasing their value in addressing diverse imaging challenges
across various medical domains.

In this research work, the FAST Independent Component Analysis (FAST ICA) algorithm [15] was
utilized due to its proven effectiveness in various fields, including medical imaging, image segmentation,
digital image fraud detection, and facial recognition. The primary objective was to enhance brain MRI
images by mitigating noise generated during the image acquisition process. Two commonly used ICA
architectures, ICA1 and ICA2, were evaluated to determine the optimal design for brain MRI images.
Through a detailed comparison, ICA2 was identified as the superior architecture, excelling in contrast
enhancement and image clarity.
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This study introduces a comprehensive processing pipeline for brain MRI enhancement and classifi-
cation, integrating multiple techniques to optimize image quality and diagnostic accuracy. The dual-phase
enhancement technique, centered on ICA2, plays a key role in improving contrast and reducing noise.
The first phase focuses on noise suppression, while the second phase enhances contrast and overall image
clarity. However, the novelty of this work extends beyond ICA-based enhancement, incorporating filtering,
segmentation, and classification to ensure an effective end-to-end solution. The key contributions of this
study are as follows:

1. Developed a complete image processing framework that integrates noise reduction, ICA-based contrast
enhancement, filtering, segmentation, and classification for improved brain MRI analysis.

2. Conducted a comparative assessment of ICAl and ICA2, demonstrating ICA2’s effectiveness in isolating
independent components and reducing noise more efficiently.

3. Implemented a dual-phase enhancement method, significantly improving image clarity, which enhances
segmentation precision.

4. Applied segmentation using the Fast Marching Method (FMM) and classification with a Support Vector
Machine (SVM) to ensure accurate tumor detection and differentiation.

By integrating image enhancement, segmentation, and classification, this pipeline provides a structured
and efficient approach to brain MRI analysis, ensuring higher accuracy and performance compared to
traditional single-step methods. The effectiveness of this approach was validated through brain tumor seg-
mentation and classification, where the enhanced images significantly improved detection accuracy. Utilizing
Support Vector Machine (SVM) for classification, the refined images demonstrated better precision in
identifying tumor regions. The application of ICA2 within a dual-phase framework enhanced brain structure
visualization, leading to more accurate segmentation and classification. This comprehensive methodology
strengthens diagnostic accuracy, offering a reliable solution for automated brain tumor analysis.

The novelty of this research lies in its tailored enhancement approach for brain MRI scans, which
improves the accuracy and reliability of brain tumor detection. While MRI is a widely used diagnostic tool,
achieving high-quality images is essential for detecting abnormalities. This study uniquely evaluates ICA1
and ICA2, establishing ICA2 as the optimal architecture for contrast enhancement and noise reduction.
Furthermore, the integration of computational intelligence techniques highlights the value of computer-
assisted methods in brain tumor diagnosis. This innovative approach supports healthcare professionals in
minimizing diagnostic errors and optimizing treatment planning.

Additionally, the study validates the enhancement technique by applying it to real-world segmentation
and classification tasks. Through rigorous testing with classifiers, including SVM, the method demonstrated
its capability to improve brain structure visualization and enhance the accuracy of tumor detection.
The practical application of this approach underscores its functionality and reliability in clinical scenar-
ios. This research encompasses critical stages, including evaluating ICA architectures, implementing the
enhancement process, and analyzing its impact. The computer-aided diagnosis (CAD) system developed
is specifically designed for brain tumor detection, offering valuable insights for enhancing brain MRI
images. This system represents a significant advancement in medical imaging, paving the way for improved
diagnostic and treatment outcomes.

The article is organized as follows: Section 2 reviews prior studies, Section 3 describes the proposed
model, Section 4 outlines the datasets and experimental setup, Section 5 discusses the results, and Section 6
concludes the research.
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1.1 Related Work

The classification of various forms of brain disorders using MRI scans has been the subject of several
efficient and detailed investigations over the last couple of years. The majority of these studies performed
more effective on a small brain MRI dataset. On bigger testing datasets, however, their assessments decreased
proportionately. As a consequence, it is necessary to develop a reliable and accurate framework that produces
successful classiffication assessment based on a vast brain database for MRI.

Jia et al. [16] reported a completely autonomous brain tumor segmentation approach based on CNN
and support vector machines. Additionally, segmentation was carried out in depth using a number of
approaches, including structural, morphological, and relaxometry. However, Yamanakkanavar et al. [17]
noted that the approaches used in this framework were somewhat less significant when a greater number of
MRI images were used. Since it is difficult for these techniques to correctly identify anomalies in the brain
MRI images [17]. Additionally, Nayak et al. [18] reported a modified CNN-based model for the analysis of
brain cancers. Forensic-based investigation algorithms (FBIA), material generation algorithms (MGA), and
sunflower optimization techniques were used by the authors in addition to CNN. They reported that they had
the MRI dataset greatest classification accuracy. However, initializing and early convergence might have a
significant negative impact on Sunflower Optimization Algorithm (SFOA). Additionally, Single-slice inputs
are used to establish MGA calculations, which theoretically limits the amount of data that the algorithm
can access.

Likewise, developed an advanced technique for the classification of different brain conditions using an
MRI database [19]. In order to improve classification performance on the MRI dataset, the author employed
dense EfficientNet, a convolutional neural network-based method, together with mix-min normalization.
The model computational speed is slowed down by the large number of operations used in this method [20].
The same integrated approach was developed by [21] who used MRI and CT images to classify brain tumors
based on CNN and a semantic segmentation model connected to GoogleNet.

For classifying brain tumors, Veeramuthu et al. [22] developed an integrated strategy in which they
combined an image-based classifier with a feature-based classifier. Additionally, their reported strategy was
built on deep CNN. The authors obtained a similar rate of classification. However, this method needs a
substantial amount of training data and correctly designed deep networks [23]. Similar to this, Wahlang
et al. [24] introduced an advanced approach for the classification of age, gender, and brain MRI data. To
accurately distinguish between abnormal and normal MRIs, authors used deep CNN, SVM, ResNet, AlexNet,
and LeNet. The majority of the trials were conducted in a static context, however, the method performed
better on a tiny dataset. Similar to this, Shenbagarajan et al [25] suggested an effective MRI dataset-based
brain classification system. When features were retrieved using textual and shape methods, including active
contour depending on region, their system performed well. However, the region-based approach basic flaw,
is its sensitivity to initialization, which results in improper segmentation of the area of interest [26].

Gab Allah et al. [27] reported a progressive growing generative adversarial network (PGGAN) architec-
ture and an integrated system based on the Visual Geometry Group 19-layer CNN (VGG19) feature extractor
aimed at brain tumor classification using an MRI dataset. The authors successfully classified data from an
MRI dataset that was made accessible to the public.

The PGGAN model, however, is unable to produce images of high resolution using this method [28].
Additionally, this method could fail to provide new examples of objects in the right condition [29].
Mahalakshmi et al. [30], put up another cutting-edge technique that included procedures including prepro-
cessing, classification, feature extraction, and segmentation. After applying a Wiener filter, edge detection
helped to enhance the image. A mean-shift clustering method was employed for the segmentation of the
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tumor. The gray levels co-occurrence matrix (GLCM) was used to derive the feature from the segmented
tumor, and SVM was used for the classification. The resulting features are determined by comparing the
differences of related pixels. However, the sizes of these differences were not taken into consideration [31].

Aaraji et al. [32] reported a cutting-edge system for classifying Alzheimer’s disease based on MRI
scans [32]. In this architecture, the preprocessing stage included enhancing the associated MRI image,
and the postprocessing step involved segmenting the brain tissues. In addition, several deep learning (DL)
methods (such as CNN) were used for the classification of relevant illnesses. Over fitting is a challenge for
the convolutional neural network [33]. Additionally, a small dataset has been used to test and verify this
technique. Similarly, on a large brain MRI database. However, SWLDA is a linear technique that can only be
applied to a limited subset of binary classification problems [34].

Zahid Rasheed et al. [35] present a new method that integrates image improvement methods, including
adaptive histogram equalization and Gaussian blur-based sharpening through Contrast Limited Adaptive
Histogram Equalization (CLAHE), along with a proposed model for classifying tumor kinds such as pituitary,
meningioma glioma tumor and non-tumor cases. The algorithm underwent testing with benchmark data
and was evaluated against pre-established models like MobileNetV2, InceptionV3, VGGI19, ResNet50, and
VGGI6, achieving impressive outcomes, including an Fl-score of 97.90%, a sensitivity of 97.85%, a precision
of 97.85%, and overall accuracy of 97.84%. However, limitations include reliance on the quality and variety
of training data, potential challenges with generalization to new datasets, and significant computational
resources required for training and deployment. Further validation of various datasets is necessary to ensure
robustness and generalizability. Abdusalomov et al. used a large image dataset to address brain tumor
detection in MRI scans. Applying transfer learning to refine the YOLOv7 model significantly improved its
ability to detect pituitary, gliomas, and meningiomas, tumors. The DL model reached an outstanding 99.5%
accuracy, successfully identifying and localizing brain tumors in MRI scans. However, further research is
needed to ensure the model’s effectiveness in detecting smaller tumors, highlighting the need to improve
detection systems continually. This study aims to improve diagnostic tools to benefit both healthcare
providers and patients in combating brain cancer.

Aamir et al. [36] proposed an automated technique to detect brain tumors using MRI. The method
involves preprocessing MRI images, extracting features with two pre-trained deep learning models, and
combining these features through the PLS (the partial least squares) method. Tumor regions are pinpointed
via agglomerative clustering, standardized, and classified by the core network. This technique achieved a
classification accuracy of 98.95%, outperforming existing methods. However, further validation of various
datasets is needed to ensure their robustness and generalizability. Several studies on the classification of brain
disorders using MRI have shown limitations when applied to larger datasets.

1. Approaches based on CNN and support vector machines have faced difficulties maintaining their
significance with increasing dataset sizes. They also encountered problems such as early convergence
and limited data access due to single-slice inputs.

2. Integrating image- and feature-based classifiers has shown promise but requires substantial training
data and well-designed deep networks for optimal performance. Advanced techniques such as PGGAN
architecture and statistical methods have demonstrated their potential but face challenges such as
limited resolution and sensitivity to pixel differences.

3. Methods combining image enhancement and classification have achieved notable results but have faced
challenges regarding training data quality, generalization, and computational resources.

In response to these limitations, this research seeks to create a comprehensive system for brain disease
classification using MRI data. Using a symlet-wavelet technique, the proposed framework extracts the
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important characteristics from brain MRI images. In addition, LDAI was used to reduce the features space
size, and logistic regression is used for classification. When compared to previous papers, the proposed
method produced excellent classification outcomes.

2 ICA

ICA is a robust computational technique utilized for the linear transformation of images and signals.
Its primary objective is to decompose a mixture of statistically dependent signals or images into their
independent components, with each component being statistically distinct. This is achieved by identifying
a set of mixing coefficients that reconstruct the original signals or images as a linear combination of
the independent components. This concept is modeled mathematically, as demonstrated by Eq. (1) in the
research study. Using this model, ICA estimates the independent components by solving for both the mixing
matrix and the source signals based on the observed mixed signals.

X = AS. ey

Eq. (1) presents the core ICA framework, which consists of two primary vectors: the mixed signal
vector X and the independent component vector S. These vectors are stochastic, having zero mean and unit
variance. The mixing matrix A is a square, unidentified matrix that combines the independent components.
Importantly, the components in vector S are assumed to follow a non-Gaussian distribution, a fundamental
requirement for ICA. Accurately estimating non-Gaussianity is critical for extracting the independent
components. Without it, effectively identifying the original separate components becomes challenging.

The ICA process relies on observations from the mixed signal vector X, aiming to approximate the
unknown elements, namely the mixing matrix A and the independent component vector S. Once the mixing
matrix A is estimated, its inverse, represented by W, can be computed. The independent components S can
then be reconstructed from the mixed signals X using Eq. (2). This reconstruction facilitates the isolation and
identification of the original independent sources, revealing their underlying structure and characteristics.

S=A"'X=WX. (2)

The approximation of matrix W is typically performed using the FASTICA algorithm [15], which
employs a fixed-point iteration method to extract individual independent components. To extract
multiple components, FASTICA must be executed iteratively n times, producing independent vectors
w1, W2, W3, ..., w,. However, these vectors may exhibit significant correlation, which can lead to conver-
gence issues. To address this, the vectors are decorrelated or orthogonalized after each iteration using
the Gram-Schmidt Orthogonalization method [37]. This step ensures the uniqueness and accuracy of the
independent components.

In this study, two distinct ICA architectures, referred to as ICAl and ICA2, are employed to
extract feature vectors from Brain MRI images. These architectures are designed to evaluate ICA’s
effectiveness in improving image contrast and extracting meaningful independent components from
complex signal combinations.

2.1 ICA Architecture 1 (ICA1) for Brain MRI Images

The ICAI framework, brain MRI images are organized into a data matrix where each row represents
an individual MRI scan, treated as an independent component. Fig. | illustrates this structure, with MRI
images modeled as stochastic variables and their individual pixels regarded as observations or data points.
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This arrangement allows the ICA algorithm to identify statistical dependencies among pixels and derive the
underlying independent components.

Architecture 1 Architecture 2
Image Sources of (iﬂ Image i Sources of
_ Pixel i Pixel i i i
3 Pixel 1
Imae 1 E
. : ; Pixel 2———3»
Image 2 : ‘
: v ) E Pixel n———3»
P tamaaa J :
Image n Image Estimation Independent Image Estimation Independent
Data Coefficient Image Data Coefficient Coefficicent
Matrix w Matrix Matrix S Matrix w Matrix Matrix 5
ICA 1 treats images as trials and pixels as variables. ICA 2 treats pixels as trials and images as variables.

Both architectures separate input data into statistically independent components.

Figure 1: Diagrammatic representation of Independent Component Analysis (ICA) architectures applied to brain MRI
image enhancement. ICA Architecture 1 (ICA1) processes entire images as separate trials, with individual pixels treated
as variables. In contrast, ICA Architecture 2 (ICA2) considers each pixel as a trial and treats entire images as variables.
The estimation coeflicient matrix W is utilized in both architectures to extract statistically independent components
from the input data. This distinction enables ICAI and ICA2 to enhance image contrast and suppress noise differently,
contributing to improved brain MRI analysis

The data matrix X is constructed by combining n independent brain MRI images, with each column
corresponding to a pixel and each row representing pixel values across different images. The objective of
ICALl is to decompose the matrix X into two parts: the coefficient matrix W and the source matrix S. The
coefficient matrix W, calculated using the FASTICA method, provides a linear transformation to separate the
mixed signals in X into statistically independent components. For this to work, W must be a square matrix,
ensuring the number of independent components matches the number of observed pixels. The source matrix
S represents the independent basis images that contribute to the observed data matrix X, revealing patterns
intrinsic to the MRI images without statistical overlap.

In ICAL, training samples are represented as column vectors of images, forming a data matrix X with
dimensions m x n, where m is the number of observations (pixels) and # is the number of images. To
proceed, the data matrix is transposed into Y = X T creating a mixed matrix of row data. Each row vector in
Y corresponds to a specific pixel from the images. The ICA1 implementation involves the following steps:

The implementation of ICAI involves the following steps:
m
1. Centering Phase: The mean vector y; is computed as y; = = 3 y;. Each column vector y; is then
j=1

centered by subtracting y, yielding a zero-mean row data matrix y;. This ensures the data is normalized
and ready for subsequent processing.
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2. Whitening Phase: The centered matrix is whitened using Principal Component Analysis (PCA).

m
The covariance matrix £; = -- 3 y;y;" is decomposed to identify its orthonormal eigenvectors V =
j=1

Vi, V2, ..., v, and corresponding eigenvalues. Whitening is achieved through the transformation:
_1
Hicai= VD2, 3)

where Hjcy, is the whitened matrix, V' is the matrix of eigenvectors, and D contains the eigenvalues
raised to —3. This step eliminates correlations among components, preparing the data for ICAL
3. Transformation Phase: The centered matrix y, is transformed using the whitening matrix H:

yica = H Jy, (4)

where y oAl represents the transformed data, further optimizing it for the ICA process.

4. The whitened matrix Hjcy; is subjected to ICA, producing Sy, a matrix containing independent compo-
nents arranged row-wise, represented as S; = W;y. The coefficient matrix W; captures the independent
basis images. Projecting the vertically centered data matrix y, onto the independent eigenvectors of the
basis images gives:

e T
Zicai = y»S1- =Yy Wi (5)

The matrix Zjc4; contains the independent components of the brain images, with the number of
components determined by user requirements.

These components represent distinct features in the brain, such as structural variations or functional
activity. By isolating these features, ICA aids in tasks like image enhancement, noise reduction, and anomaly
detection. These insights are particularly valuable for diagnosing neurological conditions and advancing
medical imaging research.

2.2 ICA2

The ICA2 framework organizes the data matrixX into column vectors, with each column representing
an individual image. A significant distinction from ICALl is that the data matrix in ICA2 is transposed. This
transformation reconfigures the data, treating images as trials and pixels as variables, which is essential for
ICAZ2’s analysis. The transposed structure ensures compatibility with the ICA2 methodology and facilitates
the accurate extraction of independent components by analyzing pixel-level variations. Fig. 1 depicts the
ICA2 model, highlighting the rearranged roles of variables and trials. Assuming the data matrix X =
X1, X2,..., %, has dimensions m x n, where n represents the number of samples and m the number of
variables (pixels), ICA2 employs two primary preprocessing stages: centering and whitening.

1. Centering of ICA2: In the centering stage, the mean vector p; is computed as:
1 . n
#ICA2=;Z]=1 Xj. (6)
This mean is subtracted from each column of X, resulting in a centered matrix X,,. The operation

can be expressed as (x; — frca2) — X; — Xj,. This step standardizes the pixel data, ensuring that each
has a mean value of zero.
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Whitening OF ICA2: The next step is whitening, which eliminates linear correlations between variables.
This involves calculating the covariance matrix, deriving eigenvectors and eigenvalues, and transform-
ing the data such that its components are uncorrelated and standardized. Whitening prepares the data
for independent component extraction by ICA.

Independent Component Extraction: Following preprocessing, ICA2 computes the independent coef-
ficients, represented as:

Stcaz = WiH'. (7)

Here, S;c s is the transformation matrix, and H” represents the transposed whitening matrix. The
independent images are obtained by projecting the horizontally centered data matrix Xj, onto these
coeflicients:

Zicaz = Sicar Xn.- (8)

This projection isolates statistically independent components, providing meaningful insights into
the data.

The extracted components reveal distinct patterns and structures within the image dataset, correspond-

ing to features such as anatomical or functional variations. By leveraging pixel-level independence, ICA2

enhances the analysis of complex image datasets and supports tasks like feature extraction, denoising, and
structural pattern identification.

3 Materials and Proposed Method

3.1 Material: Contrast-Enhanced MRI Database

The term “Contrast-Enhanced MRI database” commonly refers to a collection of images obtained via

contrast-enhanced MRI (CE-MRI) methods, which play a vital role in analyzing biological structures. In
CE-MRI procedures, contrast agents are introduced during scans to enhance the visibility of specific tissues
or pathological conditions within MRI brain images. Key points regarding CE-MRI datasets (the database
can be accessed from Brain Tumor CE-MRI Dataset) and their applications:

1.

Various imaging methods, such as contrast-enhanced T1-weighted sequences, are employed to capture
CE-MRI datasets. These enhanced T1-weighted sequences enable the visualization and measurement of
the distribution of contrast agents in tissues over time.

CE-MRI datasets are often assembled for research purposes during clinical studies. Notably, public
repositories and research institutions such as ADNI (The Alzheimer’s Disease Neuroimaging Initiative)
(ADNI) and the TCIA (The Cancer Imaging Archive) host MRI databases, including CE-MRI data
together with various imaging techniques.

CE-MRI data collections largely consist of three-dimensional image sets collected over various intervals
following the contrast agent injection. These datasets may include reference anatomical sequences, as
well as additional pre-contrast images and dynamic post-contrast series.

CE-MRI is frequently employed for the evaluation of brain tumors and delineation of tumor boundaries
in brain tumor imaging. Contrast-enhanced sequences help identify regions bearing tumors within
brain MRI images, supporting the processes of diagnosis, therapeutic planning, as well as therapy
efficacy assessment.

This dataset includes 3064 T1-weighted images with contrast enhancement, collected from 233 subjects,
encompassing three specific brain tumor categories: pituitary (930 images), gliomas (1426 images),
meningiomas tumors (708 images) [38].
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6. The CE-MRI dataset we use is source from the CE-MRI Image Database, compiled by Nanfang Hospital
in Guangzhou, China, and the General Hospital at Tianjin Medical University, China, spanning the years
2005 to 2010. This collection contains 3064 images from 233 subjects, featuring 930 pituitary tumors,
708 meningiomas, and 1426 gliomas. The images are at a resolution of 512 x 512 pixels, with each pixel
measuring 0.49 x 0.49 mm?, and a slice gap of Imm. Tumor identification within these images was
manually performed by three highly skilled radiologists. Fig. 2 displays several examples from the CE-
MRI image database. The dataset was partitioned with 70% allocated for training and 30% for testing.
Tumors within these images were manually annotated by three experienced radiologists.

(b)

Figure 2: Illustration of brain types in CE-MRI images: (a) shows a meningioma brain tumor. (b) shows a glioma brain
tumor. (c) shows a pituitary brain tumor

3.2 Proposed Method

This research introduces a structured approach to brain MRI analysis, aimed at improving image
quality, enhancing segmentation accuracy, and optimizing classification performance. The methodology is
organized into three key stages: pre-processing, main processing, and post-processing, each contributing to
the overall workflow.

The pre-processing stage focuses on refining MRI images by reducing noise, enhancing contrast, and
preserving essential features. Independent Component Analysis (ICA) is applied using ICA1 and ICA2,
where statistical and visual evaluations determine the most effective approach for improving image clarity.
Additionally, Anisotropic Oriented Diffusion filtering is employed to suppress noise while maintaining
critical anatomical structures, ensuring high-quality images for subsequent analysis.

The main processing stage involves tumor segmentation using the Fast Marching Method (FMM),
which precisely identifies tumor boundaries based on intensity variations in the enhanced images. This step
is essential for accurate tumor localization, forming the basis for classification.

The post-processing stage refines the segmented output and classifies tumor regions using a Support
Vector Machine (SVM), effectively distinguishing between normal and abnormal brain tissue. The integra-
tion of enhancement, segmentation, and classification within this pipeline ensures a systematic and efficient
approach to brain tumor detection, significantly improving diagnostic precision. The complete process is
visually represented in Fig. 3, illustrating the logical transition from image enhancement to segmentation
and classification.
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Pre-Processing Steps

Brain MRI Images

Brain MRI Images
Brain MRI Images . Coherence
Acquisition Enl(::ln:f:::nt (Anistropic Oriented
L ) Diffusion Filter)
Brain Tumor Brain Tumor
];';' ectiol @ ' Classification - Segmentation
(SVM) (FMM)
Post-Processing Step Main-Processing Step

Figure 3: Flowchart illustrating the proposed methodology for brain MRI processing. The pre-processing phase
involves image acquisition, enhancement through ICA1 and ICA2 to improve contrast, and coherence enhancement
using the Anisotropic Oriented Diffusion Filter for structural refinement. The main processing phase focuses on
tumor segmentation utilizing the Fast Marching Method (FMM) to accurately delineate tumor boundaries. The post-
processing phase incorporates classification using a Support Vector Machine (SVM) to identify and categorize tumors.
This integrated framework ensures a systematic approach to brain MRI analysis, facilitating improved visualization,
segmentation, and classification

Throughout this research work, our primary goal is to demonstrate the performance of the proposed
methodology in enhancing brain MRI scans and detecting brain tumors. By achieving improved image
quality and accurate tumor detection, we aim to significantly contribute to medical imaging, benefiting both
patients and healthcare professionals. The results of this study hold immense promise for enhancing brain
tumor diagnosis and treatment, ultimately leading to improved patient outcomes and overall quality of life.
Each step of our approach is meticulously elaborated with scientific evidence in the subsequent sections,
providing a robust foundation for our research findings.

3.2.1 Pre-Processing: Image Refinement and Enhancement

Enhancing Contrast through ICA

ICA was employed to enhance contrast and improve the visibility of brain tumors in MRI scans. The
process commenced with meticulous preprocessing of the data to ensure high-quality inputs for analysis.
This included removing noise and artifacts to minimize distortions, followed by intensity normalization
to standardize brightness and contrast levels across the dataset. Regions of interest (ROIs) were identified
based on areas exhibiting abnormal contrast uptake or structural irregularities indicative of tumors. These
ROIs were then structured into a data matrix, providing a robust foundation for the subsequent ICA-based
analysis. The ICA algorithm was applied to this matrix to decompose the data into independent components,
each representing distinct sources within the brain. Components displaying unusual intensity distributions
or spatial patterns consistent with tumor-related anomalies were prioritized. These components played a
pivotal role in reconstructing enhanced images, offering improved clarity and contrast that made tumors
more distinguishable from surrounding brain tissues.

Two ICA configurations were evaluated in this study. The first, ICAl, employed a standard ICA algo-
rithm to extract independent components. While ICA1 demonstrated baseline improvements in contrast, its
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general approach did not fully leverage tumor-specific features. In contrast, ICA2 incorporated additional
constraints and prior knowledge regarding the intensity patterns and spatial distributions typically associated
with tumors. This tailored methodology allowed for a more precise separation of tumor signals from normal
brain structures, resulting in superior enhancement of tumor visibility. The outcomes of both configurations
were compared, with the results presented in Fig. 4. The visual and quantitative evaluations reveal that ICA2
significantly outperformed ICAl, achieving approximately 50% greater contrast enhancement. Furthermore,
the application of an anisotropic-oriented diffusion filter further improved the contrast to an average level
of 82.45, ensuring a coherent representation of various regions in the brain MRI images.

Figure 4: The effectiveness of the proposed pre-processing procedures was evaluated across distinct Independent
Component Analysis (ICA) architectures using Brain MRI images acquired from the Axial, Coronal, and Sagittal
planes. The initial column illustrates the unprocessed original images, demonstrating an average contrast level of 50.54.
Shifting to the subsequent column, the outcome of applying ICAL1 to the images displays an improved average contrast,
registering at 65.32. Progressing to the third column, the images resulting from the application of ICA2 exhibit a more
pronounced enhancement in contrast, yielding an average contrast of 76.45. Lastly, the fourth column showcases the
outputs of utilizing an anisotropic Oriented Diffusion filter, which not only achieves an average contrast of 82.45 but
also contributes to coherent representation among various regions within the Brain MRI images

These findings underscore the significant advantages of ICA2 in enhancing contrast and tumor visibility.
The enhanced images not only facilitate accurate tumor detection but also improve segmentation and
classification tasks, essential for clinical diagnosis and treatment planning. The ability of ICA2 to highlight
diverse intensity levels and provide a broader histogram distribution further demonstrates its effectiveness
in analyzing brain MRI data. The experimental results indicate that ICA2 offers a marked improvement over
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ICALl in terms of contrast enhancement and the visualization of brain tumors. Its ability to integrate tumor-
specific features and produce highly detailed outputs makes ICA2 a valuable tool for advanced brain MRI
analysis, supporting more accurate and reliable clinical decision-making.

Coherence of Brain MR Images: Anisotropic Oriented Diffusion Filter

Within the scope of enhancing Brain MRI scans, we introduce an Anisotropic Oriented Diffusion Filter,
a technique aimed at diminishing noise and augmenting the quality of all regions within these images. This
advanced filtering methodology, inspired by [39], consists of a systematic sequence of steps, the results of
which can be observed in the fourth column of Fig. 4. The comprehensive process unfolds in the following
phases:

1.  Second Moment Matrix Computation: For every individual pixel within the MRI image, a second-
moment matrix is calculated. This matrix encapsulates statistical information about the pixel’s
immediate neighborhood, allowing for a more localized understanding of image features.

2. Diffusion Matrix Construction: A diffusion matrix is formed for every pixel, encoding information
about the neighboring pixel intensities. This matrix contributes to controlling the diffusion process and
maintaining structural integrity during noise reduction

3. Intensity Variation Assessment: Using the expression V (DVL), the changes in pixel intensity are
evaluated for each pixel. This step ensures that intensity variations are understood in the context of local
image characteristics.

4. TIterative Image Updating: The heart of the process lies in an iterative image updating procedure,
described by a differential equation:

ft+At:ft+AtXV(DVf)- (9)

Here, f'**! represents the image at a subsequent time step, At denotes the time increment, and
V (DV f) captures the spatial gradient of the diffusion-modulated gradient image.

This application of the Anisotropic Oriented Diftusion Filter leads to a refined portrayal of Brain MRI
scans. By enhancing coherence and structure within various image regions, this technique contributes to
a more comprehensive evaluation of intricate brain structures. The output of this filter is vividly depicted
in the fourth column of Fig. 4, showcasing its positive impact on the visual quality and coherence of Brain
MRI images.

3.2.2 Main Processing: Tumor Segmentation

Brain Tumor Segmentation

The Fast-Marching Method (FMM)), originally introduced by James Sethian, offers a powerful approach
to analyze image and signal boundary conditions. Based on numerical analysis, FMM finds application in
various fields, much like the level-set algorithm in image processing [40]. In our context, we exploited the
capabilities of the FMM algorithm for brain tumor segmentation, leveraging its mathematical framework
and tailor-made procedure to improve brain image analysis.

At the heart of this technique is the mathematical representation of FMM, which serves as the basis
for its application. The FMM algorithm involves a complex interplay of numerical methods to efficiently
calculate arrival times or distances in a given domain, helping to identify boundaries and shapes. This allows
the adaptability of FMM to tasks such as segmentation, where determining the boundary of a region of
interest is crucial. The mathematical representation encapsulates the complex relationships between the
various components of the FMM algorithm, ensuring its accuracy and efficiency in practical scenarios.
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In the specific context of brain tumor segmentation, the FMM algorithm procedure includes several
steps suitable for brain images. This involves iteratively calculating distances or times of arrival between
starting points and various image locations, effectively delineating the tumor region. By leveraging the
principles of FMM, we can achieve accurate and automated segmentation, which is fundamental for effective
diagnosis and treatment planning in neuroimaging. Essentially, the mathematical representation of FMM
underpins its versatility and efficiency in image analysis. At the same time, its tailor-made procedure for
brain tumor segmentation attests to its practical importance in medical imaging.

The Eikonal Eq. (10), encapsulates a fundamental relationship crucial to FMM’s functionality. It states
that the magnitude of the gradient of a function, denoted by V), is inversely proportional to a factor
represented by f(x). This relationship holds true for locations x within the domain Q. In essence, the
equation defines an association linking the rate at which the function changes with function’s values and the
factor f(x) associated with that location.

This equation’s significance in the FMM context is profound. It governs how information spreads
and influences neighboring points in the computational process, effectively guiding the “marching” of the
method. As FMM involves calculating distances or arrival times from specific starting points to other
points in the domain, the Eikonal Equation influences how these distances are computed and propagated
through the domain. This dynamic interplay between the gradient magnitude and the factor f(x) underpins
FMM’s efficiency in calculating distances and delineating boundaries in various applications, including brain
tumor segmentation.

To comprehend FMM’s functioning comprehensively, understanding the Eikonal Equation’s role is
pivotal. It forms the mathematical basis through which FMM navigates and computes distances, enabling its
robust and adaptable behavior across diverse image analysis scenarios.

b
f(x)
u(x) =0for > x € 9Q. (11)

‘Vu(x)| = for - x e Q. (10)

The basic principle of the FMM algorithm revolves around the expansion of a closed surface, operating
as a function dependent on both velocity and time, specifically oriented perpendicular to the surface point
x. The provided equations determine when a given curve or spline intersects the surface point x, using
the specified velocity function. Throughout the FMM process, this surface continues to expand until a
boundary is established, with the initial conditions serving as the starting point. This fundamental process
finds application in brain tumor segmentation, where the same principles apply.

In the context of brain tumor segmentation, the FMM and level set methods are based on an evolu-
tionary curve characterized by a constant level set with a defined function. This function is represented
by Eq. (12), which embodies the dynamics of the segmentation process. This is the time evolution of @, the
level set function, governed by factors such as gradient information and a predetermined parameter g;. The
equation captures the balance between the evolutionary curve and its relationship to external influences.
Opverall, the concept of expansion of the FMM algorithm, guided by speed and time, underlies its behavior
in various scenarios, including brain tumor segmentation. Through the interaction of level-set methods and
FMM, the segmentation process becomes a complex interplay of evolving curves and external influences,
encapsulated by Eq. (12).
oD

=, =8 (1-E)|[VO|-f<VP- VP >=0. (12)
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The provided equation encompasses three fundamental components crucial for brain tumor segmen-
tation.

1. Theinitial contour’s speed is determined by evaluating the image gradient. The initial contour’ strength
£1|V®| is computed using the image gradient’s magnitude. The function governs this computation:

1
1+ [(Go * I)(x)|p’

g(x) = p>1 (13)
This function calculates the contour’s speed, considering the image gradient’s impact and modify-
ing it based on the location of the moving curve’s cessation.

2. The smoother version of the image is generated by convolving the image with a Gaussian filter,
influenced by the curve’s stopping positions. In this context, g (1-E) captures the curvature-
dependent aspect, while —f8 < VP — VO > incorporates the force that guides the curve towards the
image’s boundary.

3. Thethird function comprises two distinct stages of segmenting the brain tumor. The initial stage involves
employing the Fast-Marching Method (FMM) to resolve the contour’s movement, as characterized by
g1 (1-E)|V®| and |[VO| = é. This iterative process persists until the contour effectively reaches the
image boundary. Subsequently, the second stage entails solving Eq. (12), incorporating the previously
established initial boundary conditions. These components intricately cooperate to facilitate brain
tumor segmentation. The initial contour’s speed, the influence of image smoothness, and the iterative
segmentation process, encompassing both FMM and Eq. (12), collaboratively contribute to the precise
delineation of brain tumor regions in medical imaging data.

3.2.3 Post-Processing: Brain Tumor Classification

Brain Tumor Classification

The concluding stage of our suggested method focuses on identifying brain tumors through SVM.
SVM represents a supervised learning model rooted in statistical theory, primarily employed for data
classification [41]. This process begins with data labeling, a prerequisite for building the labeled training set,
symbolized as D = {|x, y||x — datasample, y — classlabel|}.

Central to SVM’s functionality is calculating functions indicated as f, realizing f(x) = y cross all pixels
or image points. This effort is directed toward brain tumor classification. The underlying intent of the
mapping feature is to link labeled samples to classified data, which is essential for accurately detecting brain
tumors. A central aspect of SVM involves the decision function, distinguishing between tumor and non-
tumor regions. Mathematically, this decision function encompasses the anticipation process intrinsic to the
SVM classification, manifesting itself in the following representation:

D(m) = (Zil ociyiK(d,»mi)+t). (14)

The Eq. (14) above represents the «; coefficients, commonly known as alpha coefficients, relating to the
class labels of the support vectors. Here, y; represents the vector within the SVM, d; represents the vector
of input features, and K (d;m;) represents the represents the kernel function with bias factor t. SVM-based
classification for brain tumor images works through a three-step procedure. The initial step encompasses the
selection of feature vectors obtained by extracting these vectors. The next stage involves data training, while
the final stage revolves around tumor classification, location, and identification of tumor regions.
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The formation of the feature vector is achieved by merging relevant elements within a structured
array, facilitating vector processing within the dataset for classifying objects. In brain tumor MRI scans, the
procedure involves binary image transformation, as shown in , followed by image skeletonization, as
shownin . Further segmentation into adjoining areas and regions yields an image matrix. The resulting
feature is anchored in Euler numbers and related parameters, including pixel distributions on the x and y
planes. Approximately 100 characteristic vectors are generated from the image to aid in the classification
of tumor regions. For our work on brain tumor classification, 310 images were processed. SVM training
consolidates the feature vector as a matrix to classify tumor regions.

(a) (b)

(c) (d)

Figure 5: The process of utilizing the SVM classifier for brain tumor detection is depicted in the figures. In (a), a Binary
Image of the Brain is showcased, capturing the initial representation. Moving to (b), the image is then subjected to
skeletonization, resulting in the Skeletonized Image shown. (c) portrays the culmination of the SVM Classifier’s role
in brain image analysis, reflecting the classification process. Finally, (d) highlights the successful detection of the brain
tumor, providing a visual depiction of the tumor’s identification

The central role of support vectors in the SVM method is essential. These vectors indicate the collection
of data points closest to the decision surface, contributing significantly to brain tumor classification.
However, classification presents challenges because of the complexity of identifying brain tumors. The
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positions of these points depend on an optimization process that helps determine the location of the decision
surface relative to anomalous regions. The SVM approach strives to enhance the boundary gap surrounding
the hyperplane while building the classification function utilizing a selected training subset to identify tumor
regions accurately. The outcome of the SVM process output is displayed in Fig. 5.

4 Parameters Measurement

The efficacy of the proposed method is evaluated based on three distinct criteria: enhancement of brain
images, segmentation of the tumor area, and classification, as described below.

4.1 Measuring Parameters: Enhancement of the Brain Image

The enhancement results are assessed for performance by quantifying key parameters: Peak Signal-to-
Noise Ratio (PSNR) and Image Contrast (IC). These parameters are further explained below.

4.1.1 Brain MRI Image SNR

The Peak Signal-to-Noise Ratio (PSNR) serves as a metric to evaluate the clarity of a brain image in
comparison to a noisy image. It calculates the ratio between the maximum possible signal level and the noise
level present in the MRI image. The PSNR formula, as introduced by L. Jong and Sen in 1980, is represented
by Eq. (15).

R
PSNR = 20log,, (—) . (15)
o
In this equation:

« o represents the standard deviation of the noise, which indicates the variability of the image intensities
caused by the noise. A higher ¢ indicates more noise in the image, while a lower o less noise.

e R is the maximum image value, typically ranging from 0 to 255 for an 8-bit grayscale image (where 0
represents black and 255 represents white).

4.1.2 Image Contrast

In the context of brain MRI images, Image Contrast (IC) refers to the intensity difference between a
particular pixel and its neighboring pixels. Mathematically, the image contrast is represented as:

m—1n— 2
Contrast = Zl 2:1 (i-j) f@i,j). (16)
i=0 j=0

4.2 Measuring Parameters: Segmentation of Brain Tumor

The evaluation of segmentation results involves the use of several metrics: skewness, kurtosis, entropy,
mean, and standard deviation. These metrics are explained below.

4.2.1 Mean

The average parameter is calculated by multiplying the pixel values of the image by the overall count of
pixels within the image. The calculation of the average is represented by the following equation:

)nf}ff(i’j)- 17)
j=0

i=0

Mean:(
mxn
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where ‘m’ and ‘n’ represent he total pixel count related to the image dimensions.

4.2.2 Standard Deviation

The standard deviation (STD) measures the distribution of pixel intensities relative to the mean. It
quantifies the degree of non-uniformity in the image. The standard deviation is computed as:

1

mxn

m-1n-1
STD(0) = ( )2);)(1(1,]')—1\4)2. (18)
i=0 j=
4.2.3 Entropy

Entropy quantifies the randomness or unpredictability of an image’s texture. A higher entropy indicates
a more complex texture, while lower entropy suggests a more uniform texture. Mathematically, entropy is

given by:
m—1n-1

Entropy =- > f(i,j)log, (i, ). (19)
i=0 j=0

4.2.4 Kurtosis

Kurtosis measures the “tailedness” or sharpness of the intensity distribution. It provides insights into
the probability distribution of pixel values and helps identify outliers. The formula for kurtosis is:

1 ) > ((f(Gf) - M)Y)
mxn STD* ’

kurt (I) = ( (20)

4.2.5 Skewness

Skewness indicates the asymmetry of the pixel intensity distribution. Positive skewness indicates a
distribution biased toward lower intensity values, while negative skewness indicates a bias toward higher
intensity values. The skewness is calculated as:

1 ) > (f (i,j) - M)’
mxn STD3 '

SK(I) = ( (21)

4.3 Measuring Parameters: Classification of Brain Tumor

To evaluate the classification model, we employ cross-validation, a widely used method for assessing
the effectiveness of models. The following parameters are essential for classification model evaluation.

4.3.1 Confusion Matrix

A confusion matrix is a tabular representation used to evaluate the performance of a classification
model. It categorizes predictions into four distinct groups: True Positives (TP), True Negatives (TN), False
Positives (FP), and False Negatives (FN). This matrix provides a clear assessment of the model’s prediction
accuracy, enabling a better understanding of its effectiveness in distinguishing between different classes.
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4.3.2 Sensitivity (SE)

Sensitivity, or True Positive Rate (TPR), measures a model ability to correctly identify positive cases.
For brain MRI images, sensitivity is computed as:

Sensitivity (Se) = TP/ (TP + FN). (22)
4.3.3 Specificity (SP)

Specificity measures a model ability to correctly identify negative cases. It is computed as:
Specificity= TN/ (TN + FP). (23)

4.3.4 Accuracy (AC)

Accuracy represents the overall proportion of correct predictions (both positive and negative). It is
calculated as:

(TP +TN)
Accuracy = . (24)
(TP + TN + FP + FN)
4.3.5 Dice Score
The Dice Score (DSC) quantifies the overlap between predicted and actual tumor regions. It is computed
as:
2x TP
DSC = - . (25)
(2x TN + FN + FP)
4.3.6 Hausdor{f Distance

The Hausdorff Distance (HD) measures the spatial difference between two sets of points, such as the
segmented brain tumor and the ground truth. A lower HD value indicates a better alignment between the
segmented area and the ground truth. The Hausdorft distance is defined mathematically as:

H(A,B) = max[min[d(a,b) :beB]:acA]. (26)

where A and B are sets representing the segmented tumor and ground truth areas, respectively. The
symmetric Hausdorff distance between sets A and B is the maximum of the one-way Hausdorff distances:

HD (A,B) = max[H(A,B),H(B,A)]. (27)

4.3.7 Jaccard Similarity Index (JSI)

The Jaccard Similarity Index (JSI) evaluates the overlap between two sets. For brain MRI scans, it is used
to measure the similarity between two segmented regions, such as tumor areas. The formula for JSI is:

JSI(A,B) = |AnB|/|AuUB|. (28)

A higher JSI value indicates a greater similarity between the segmented regions, which is crucial for
assessing the accuracy of segmentation algorithms.
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5 Results Analysis and Discussion

The Results Analysis and Discussion section provides a structured evaluation of the proposed ICA1 and
ICA2 image enhancement and segmentation techniques based on PSNR, contrast analysis, and classification
performance using the CE-MRI dataset. The section begins by comparing different scenarios—without ICA,
with ICAl, and with ICA2—to examine their effects on image clarity, segmentation, and classification. The
segmentation assessment includes Dice’s Coefficient (DC) and accuracy metrics, offering insights into the
role of ICA-based enhancement in improving segmentation results. The classification evaluation involves
multiple classifiers, including SVM, Kernel-Based SVM, GCNN, GA, KNN, and SOM, analyzing their
effectiveness in classifying brain MRI images. Also, a comparative analysis is presented, contrasting the
proposed enhancement technique with BBHE, CLAHE, and HE, focusing on PSNR and contrast levels. The
section is structured to systematically explore the contributions of each phase of the methodology. Detailed
discussions in the subsequent sections outline the results and their implications for brain MRI enhancement,
segmentation, and classification.

Note: The reported results are derived from the average performance metrics across all pixels and images
in the CE-MRI dataset, ensuring a consistent and objective evaluation of the proposed method.

5.1 Evaluation of Image Enhancement Method on Brain MRI Immages

The Results and Discussion section of this research paper presents an analysis of PSNR and contrast in
brain MRI images to evaluate the effectiveness of the image enhancement technique, particularly ICA1 and
ICAZ2. This section provides a comprehensive review of PSNR values and contrast analysis derived from the
CE-MRI dataset, followed by a detailed discussion of the findings.

5.1.1 Examine the Impact of ICAI and ICA2

To evaluate the effectiveness of distinct, independent component analysis (ICA) architectures, namely
ICA1 and ICA2, within the framework of the proposed methodology, the performance evaluation of the
MRI image enhancement and segmentation model brain is performed in various scenarios: with and without
ICA, using ICAI and employing ICA2. The segmentation model incorporating ICA aligns precisely with
the description provided in the proposed method. Conversely, the segmentation framework excluding ICA
follows the identical procedural stages described withing the composite method, excluding the integration
of ICA during the second step.

The analysis results performed on our proposed method using the CE-MRI image database, with the
application of ICA1 and ICA2 in the enhancement techniques, are presented in Table 1. The table showcases
the outcomes achieved through our approach across distinct types of brain MRI scans from the CE-MRI
database, focusing specifically on tumor scans of pituitary, gliomas, and meningiomas and tumors. Through
careful review, our method has been found to significantly increase the contrast of each brain MRI image
type in the CE-MRI image database when using ICA2. This improvement manifests as a 40-point increase,
indicating a substantial improvement in the clarity and differentiation of various structures or regions in the
images, ultimately leading to accurately segmenting and classifying brain tumors. Additionally, the analysis
reveals a 3 dB improvement in the PSNR metric, highlighting the increased clarity and accuracy within the
processed images.

Furthermore, the influence of ICAl and ICA2, which can be interpreted as the effect of image
enhancement methods on the segmentation procedure, is examined in depth. The proposed method
demonstrates an accuracy rate of nearly 99.9% and an increase in Dice’s coeflicient (DC) of up to 0.981%
when incorporating ICA as shown in Table 2. In contrast, the absence of ICA results in lower accuracy and



Comput Model Eng Sci. 2025;143(1) 275

DC values. This observation highlights the positive influence of ICA2 on the segmentation pattern, resulting
in improved classification due to improved vessel enhancement at the initial stage, subsequently facilitating
post-processing for more accurate detection of vessels. Brain tumors. This challenge is met by experimenting
with the ICA designs: ICA Model 1 and ICA Model 2, in which it has been demonstrated that ICA2 gives
superior results, demonstrated visually in the attached Figure and statistically.

Table 1: The analysis of the impact of ICA1 and ICA2

Tumor types Without enhancement WIth ICA1 With ICA2
Contrast PSNR Contrast PSNR Contrast PSNR
Meningiomas tumor images 21.30 20.12 37.92 20.21 79.92 24.17
Gliomas tumor images 20.21 20.34 38.81 21.94 78.92 24.49
Pituitary tumor image 21.81 20.95 42.02 21.25 80.09 24.46

Table 2: Impact of ICA1 and ICA2 on segmentation model

Image types Without enhancement  With ICA1 With ICA2
AC DSC AC DSC AC DSC
Meningiomas tumor images 0.485 0.478 0.759 0.778 0.996 0.982
Gliomas tumor images 0.491 0.483 0.784 0.797 0.997 0.988
Pituitary tumor image 0.483 0.489 0.778 0.783 0.996 0.989

5.1.2 Comparative Study of Image Enhancement Using Existing Enhancement Methods

A comparative analysis was performed on different image enhancement techniques, including BBHE
(Brightness Bi-Histogram Equalization), CLAHE (Contrast Limiting Adaptive Histogram Equalization),
and HE (Histogram Equalization), along with our innovative method utilizing ICA2. Our assessment of
these techniques’ (as shown in the Table 3). per-performance reveals that our proposed method consistently
surpasses the others in terms of both PSNR and contrast. Across different types of Brain MR images, our
method consistently achieves the highest PSNR and contrast values. This indicates its exceptional capability
in enhancing Brain MRI images, rendering structures more visible. The comprehensive analysis highlights
the performance of the proposed technique in enhancing image quality, particularly with respect to PSNR
and contrast. These findings suggest that our approach holds significant potential for advancing the analysis
of medical images, particularly those related to brain abnormalities in the CE-MRI image database.

5.2 Evaluation of the Performance of the Segmentation Module

Assessing the effectiveness of the brain tumor segmentation method based on CE-MRI data involves
a comprehensive analysis of a range of critical parameters. These parameters are systematically studied to
meticulously assess the competence of the method to identify and delineate brain tumors precisely. To assess
the effectiveness of the proposed approach, a rigorous examination of statistical indicators is carried out, and
the results are summarized in Table 4. These statistical measures are essential for objectively assessing the
effectiveness of the method. They shed light on the quality of the segmentation by highlighting two crucial
aspects: on the one hand, the improvement of the contrast obtained in the brain region, and on the other
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hand, the normalization of the image intensities. These two factors collectively contribute to the method’s
ability to achieve high accuracy in tumor segmentation.

Table 3: The comparative analysis with different image enhancement methods

Database: Images types Proposed method BBHE CLAHE HE

Contrast PSNR Contrast PSNR Contrast PSNR Contrast PSNR

Meningiomas tumor images 79.92  24.17 38.12 20.01 4098 2122 3930 1912
Gliomas tumor images 78.92 2449 2898 1994 2901 2097 2721 20.34
Pituitary tumor image 80.09 2446  42.02 21.05 4297 22.01 4101 18.95

Table 4: Analysis of segmentation model performance for different brain tumor types

Tumor class Skewness Kurtosis Entropy STD Mean
Pituitary tumor image 5.73 36.92 3.31 0.100 0.0071
Gliomas tumor images 5.78 36.33 3.33 0.099 0.0069

Meningiomas tumor images 6.06 37.01 3.41 0.100  0.0072

The insightful results presented in Table 4 clearly show the prowess of the proposed approach. The data
unequivocally demonstrates that the method efficiently segments brain tumors, yielding highly accurate
results. These results are clearly illustrated in Fig. 6, which visually captures the essence of the method’s
success in a graphical format. Additionally, the visualization of tumor detections in Fig. 6 provides a clear
and compelling demonstration of the module’s remarkable skill in accurately identifying and locating brain
tumors. The visual representations testify to the method’s robustness and reliability in real-world scenarios.

These tangible results collectively underscore the exceptional competence of the module and its promis-
ing potential within the domain of brain tumor identification. The results farm the module’s significant
contribution to medical image analysis and brain tumor diagnosis by offering substantial and compelling
evidence of its capabilities.

Evaluation of Segmentation Module Effectiveness across Varied Classifiers

Many researchers in the scientific landscape have embarked on the complex task of brain tumor
segmentation using a wide range of classifiers. This effort is followed by an exhaustive analysis of the
resulting images, applying statistical methods to explore the subtle complexities of brain tumors in brain
MRI imaging. A meticulous and thorough investigation assesses these various classifiers’ comparative
effectiveness com-prehensively. This analysis included a rigorous evaluation of well-established models,
including kernel-based SVM, Graph CNN (GCNN), Genetic Algorithm (GA), K-Nearest Neighbor (KNN),
Self-Organizing Map (SOM), as well as proposed pioneering ICA2-SVM method. The results of this extensive
evaluation, carefully documented in Table 5, not only underline the superiority of our proposed method over
traditional techniques but also shed light on its remarkable ability to meticulously detect brain tumors and
classify distinct tumor regions in a complex manner with a high level of accuracy. Moreover, a central aspect
of our research lies in validating the classification performances presented by the proposed method. This
validation process will be discussed in more detail in the next section of this research article. In doing so, we
aim to provide a comprehensive and detailed exposition of our innovative approach’s robustness, reliability,
and real-world applicability in the domain of brain tumor diagnostics.
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Figure 6: Result of brain tumor segmentation using the proposed technique on brain MRI images. The initial column
illustrates the images derived from the original dataset, the second column describes the ground truth, and the third
column presents the image result
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Table 5: Evaluation of segmentation model effectiveness for the detection of brain tumors

Classifer PSNR (dB) IC STD Mean Reference
Kernel-Based SVM 0.98 0.22 0.072  0.0031 Mandle et al. [42]
GCNN 0.79 0.23 0.077 0.0034 Mittal et al. [43]
GA 0.78 0.21 0.074  0.0033 Kharrat et al. [44]
SOM 0.76 0.18 0.067  0.0028  Logeswarietal [10]
KNN 0.75 0.19 0.071 0.0032  Vrooman et al. [45]
ICA2-SVM 31 0.792 0100  0.0071 Proposed method

5.3 Analysis of Classification Module Performance

A comprehensive evaluation of the performance of the brain tumor classification module on the CE-
MRI database involves a complex analysis of various parameters. These parameters serve as crucial measures
to assess the model’s effectiveness in accurately categorizing brain tumors. The extensive evaluation of the
brain tumor classification model is presented in the Table 6, encompassing a wide range of tumor image
types, including pituitary, gliomas, and meningiomas tumors.

Table 6: Evaluation of the performance for the classification model in detecting brain tumors

Tumor class Se Sp Ac DSC HD JIS

Meningiomas tumor images 0.99 099 0.993 0.978 131 0.981
Gliomas tumor images 098 0.99 0993 0969 135 0.986
Pituitary tumor image 099 098 0.991 0975 132 0.987

Overall performance 098 099 0.992 0974 132 0.985

Note: AC stands for Accuracy, Sp denotes Specificity, Se denotes Sensitivity.

One of the remarkable strengths of the proposed method lies in its robust predictive capabilities. This
claim is supported by the consistently high values of sensitivity and specificity observed across all image
categories. These values indicate the model’s capability to accurately detect positive instances and distinguish
between negative cases accurately, a fundamental requirement for accurate medical diagnosis. Additionally,
the reported accuracy values, which signify the model’s overall accuracy in making predictions, reflect a
commendable level of performance.

However, it is important to explore deeper to understand the potential imbalances between the different
classes and delve into the clinical implications of these findings. Next, examining the DSC values reveals
a remarkable overlap between the predicted and actual tumor regions. This overlap means a precise
segmentation process. Yet, it is crucial to consider the clinical significance of these overlaps, especially in
scenarios where even subtle differences could have important consequences. Moreover, the lower values of
the HD and the higher values of the JIS collectively emphasize the model’s accuracy in segmenting tumor
regions. These metrics highlight the spatial accuracy of the model’s segmentations and the extent to which
the segmented regions align with the ground truth regions.

A compelling case is made for accurately classifying abnormal tumor regions using the ICA2-SVM
classifier through meticulous analysis of these parameters. This sophisticated evaluation not only underlines
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the effectiveness of the proposed method but also establishes its potential as a valuable tool classification of
brain tumor abnormalities.

To further validate the proposed enhancement method, we analyzed its impact on brain tumor
classification using the ICA2 enhancement technique. As observed in Table 7, the classification performance
improved compared to the process without image enhancement. This validation demonstrates the potential
of the method for clinical applications in the analysis of brain tumors from MRI images.

Table 7: Impact of image enhancement method (ICA2) on classification module

Without enhancement With enhancement

Method Ac  Sp Se Ac Sp Se
Proposed method 0.47 0.54 0.56 0.992 099 0.98

5.3.1 Comparison of Classification Module Effectiveness across Various Classifiers

Many researchers have explored various classification techniques to address the challenging task of
categorizing distinct brain tumor regions. These approaches are evaluated based on statistical measures such
as Sensitivity, Specificity, Precision, and DSC, which provide critical insights into classifier performance. A
comparative analysis was conducted on several established methods, including Kernel-Based SVM, GCNN,
GA, SOM, KNN, and the proposed ICA2-SVM approach. The findings, presented in Table 8, reveal the
superiority of the ICA2-SVM method in terms of accuracy, computational efficiency, and overall robustness.

Table 8: Evaluation of classification model effectiveness for the detection of brain tumors using various classifiers

Technique Time DSC Accuracy Specificity Sensitivity Reference
Kernel-Based SVM  0.83s  0.94 0.98 0.98 0.98 [42]
GCNN 092s 0.89 0.96 0.89 0.85 [43]
GA 2.8s 0.85 0.98 0.54 0.51 [44]
SOM 48s 0.83 0.92 0.52 0.43 [10]
K-NN 3.7s 0.81 0.85 0.42 0.39 [45]
Proposed method 0.41s 0.974 0.992 0.99 0.98 -

The proposed ICA2-SVM method achieves the highest accuracy of 99.2% with a DSC of 0.974,
significantly outperforming other classifiers such as Kernel-Based SVM (accuracy of 98%, DSC of 0.94) and
GCNN (accuracy of 96%, DSC of 0.89). Furthermore, the processing time for ICA2-SVM is only 0.41 s, which
is considerably lower compared to methods like SOM and KNN, which require 4.8 and 3.7 s, respectively, for
classification. This demonstrates that the proposed method is not only more accurate but also highly efficient,
making it suitable for clinical applications where time and precision are critical.

Figs. 7 and 8 visually depict the performance metrics and trade-offs of the classifiers. In Fig. 7, the
ICA2-SVM method demonstrates the highest accuracy, along with significant contrast improvement and
reduced processing time. This establishes the method suitability for real-world scenarios, where efficiency
and reliability are paramount.
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Figure 7: Performance comparison of classification methods: Accuracy, Processing Time, and Contrast Enhancement.
The chart presents the evaluation of various classification techniques, including the proposed ICA2-SVM, CNN, GAN,
PCA-SVM, and KNN. The proposed method demonstrates the highest accuracy (99.2%) with significant contrast
improvement and reduced processing time, showcasing its superior balance between efficiency and effectiveness
compared to other classifiers
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Figure 8: Trade-offs between accuracy, processing time, and computational cost for different methods. This figure
compares three approaches—Simplified Model, Moderate Complexity, and the Proposed Method—across accuracy,
processing time, and normalized computational cost. The proposed method achieves the highest accuracy while
maintaining competitive processing time and computational efficiency, demonstrating an optimal balance suitable for
practical applications
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In Fig. 8, the trade-offs between accuracy, computational cost, and processing time are highlighted. The
proposed ICA2-SVM approach achieves an optimal balance, outperforming other classifiers by maintaining
high accuracy while requiring minimal computational resources. This unique combination of attributes
positions it as a highly efficient solution for brain tumor classification tasks.

The proposed approach comes with certain limitations and potential risks that must be acknowledged.
The dual-phase ICA employed for contrast enhancement and the SVM classifier can result in increased com-
putational requirements, particularly when processing high-resolution images or large datasets. Additionally,
the segmentation process may face difficulties in accurately handling irregular tumor shapes or regions with
low contrast and noise, potentially impacting overall performance. Moreover, there is a balance between
achieving high accuracy (99.2%) and managing computational efficiency, as the higher accuracy comes with
a slightly elevated computational cost compared to simpler methods. These limitations underscore the need
for further optimization to enhance the method applicability and efficiency in practical clinical settings.

5.3.2 Comparative Assessment with Prior Research

To validate the performance of the proposed ICA2-SVM technique, a comprehensive analysis was
conducted by comparing it against various state-of-the-art methods developed from 2019 onward. This
comparative study, detailed in Table 9, highlights the advancements and strengths of the proposed method
over existing classifiers. The findings underscore the consistent superiority of the ICA2-SVM approach, both
in terms of accuracy and computational efficiency, when applied to brain MRI segmentation tasks.

Table 9: Performance of recent mri-based segmentation techniques

Reference Year Method Ac (%)
[46] 2017 SVM 96.51
[47] 2019 Back propagation neural networks. 93.33
[48] 2019 Generative Adversarial Networks (GANSs) 91
[49] 2019 Deep Wavelet Autoencoder (DWA) 96
[50] 2019 CNN 91.2
[51] 2019 CNN 97.87
[52] 2019 K-NN 86
[53] 2019 Deep LSTM 97.87
[54] 2019 FCM clustering algorithm 97.5
[55] 2019 SVM 99.8
[56] 2019 KM-FCM 97
(57] 2019 CNN 92
[58] 2019 CNN 99.34
[59] 2020 Extreme learning based on FCM 95
[60] 2020 CNN 95
[61] 2022 SVM 95.1
[62] 2023 CNN 99.5
[63] 2024 FCM-SVM 98.2
[64] 2024 CNN 9741
[65] 2024 ML 98.9

Proposed method 2025 ICA2-SVM 99.2
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The analysis reveals that, despite the proliferation of deep learning-based techniques such as CNNs
and GANSs in recent years, their performance has been constrained by limitations in data preprocessing
and the computational burden of training complex models. For instance, while CNN-based methods such
as those proposed by [62] achieved competitive accuracy (99.5%), their reliance on large datasets and
intensive computational resources makes them less practical for real-time applications. Similarly, GAN-
based approaches ([48]) demonstrate potential but often face challenges related to data imbalance and
training instability, limiting their robustness.

The proposed ICA2-SVM method addresses these challenges through its innovative integration of Inde-
pendent Component Analysis (ICA2) for contrast enhancement and Support Vector Machines (SVM) for
classification. This synergy significantly improves both accuracy and computational efficiency, as evidenced
by its performance metrics: an accuracy of 99.2% with minimal processing time of 0.41 s. Compared to tradi-
tional SVM approaches ([61], 95.1%) and other DL-based methods, the proposed framework achieves better
predictive performance while maintaining a lower computational cost, making it suitable for deployment in
clinical settings where timely and reliable results are critical.

Recent advancements in hybrid methodologies, such as FCM-SVM ([63]), have shown promise with
an accuracy of 98.2%. However, these techniques still fall short in terms of processing speed and scalability
when compared to ICA2-SVM. The proposed method’s ability to leverage the synergistic relationship
between image regions in MRI data enhances the classifier predictive capability, making it particularly
effective for complex tumor segmentation tasks. Additionally, the deep wavelet autoencoder ([49]), while
achieving reasonable performance (96%), lacks the computational efficiency and robustness inherent to the
ICA2-SVM framework.

Figs. 7 and 8 further illustrate the performance impact of the proposed method. Fig. 7 highlights the
significant accuracy advantage of ICA2-SVM over other classifiers while maintaining competitive processing
times and notable improvements in image contrast. Fig. 8 demonstrates the optimal balance achieved by
ICA2-SVM between accuracy, processing speed, and computational cost. The method’s ability to maintain
high accuracy with minimal resource requirements underscores its suitability for practical applications.

The proposed ICA2-SVM approach serves as a foundation for further innovations in brain MRI analysis.
Enhancing the training dataset with advanced machine learning techniques, such as transfer learning and
data augmentation, offers opportunities to improve model generalizability and robustness further. These
enhancements aim to set new benchmarks in accuracy and efliciency, paving the way for the integration
of this method into routine clinical diagnostics. Through continued innovation, the ICA2-SVM framework
has the potential to revolutionize brain tumor segmentation and classification, ultimately improving patient
outcomes and diagnostic accuracy.

6 Conclusion and Future Directions

This study introduces a novel framework for the automated segmentation and classification of brain
tumors. The approach integrates multiple steps, including pre-processing using ICA1 and ICA2 for enhanced
image quality, selection of the optimal ICA architecture, precise identification of brain regions, segmentation
of tumors, and their subsequent classification. Initially, MRI brain images are improved using ICAl and ICA2,
along with diffusion filtering, to enhance coherence. ICA2 was determined to be the superior architecture
for image enhancement following extensive analysis. The Fast-Marching Method (FMM) is then applied for
tumor segmentation, with classification performed using an SVM classifier.

Utilizing the CE-MRI dataset, this framework has been tested on various tumor types, including
pituitary and meningioma tumors. The proposed ICA2-SVM method significantly enhances contrast and
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achieves high efficiency in classifying tumor types. The method demonstrates exceptional performance,
achieving an average Dice Similarity Coeflicient (DSC) of 0.974, accuracy of 0.992, specificity of 0.99,
and sensitivity of 0.99. Additionally, it offers competitive processing speed, completing tasks in just 0.41 s,
which surpasses many existing approaches. These results highlight the effectiveness of ICA2-SVM in
improving MRI image quality and accurately classifying brain tumors, showcasing its potential for clinical
use in diagnosis and treatment planning. Despite its promising results, the methodology has the following
limitations:

L.

The CE-MRI dataset used in the study, while extensive, does not fully represent the variability of brain
tumor characteristics observed in clinical settings. Expanding the dataset with more diverse cases could
enhance the model’s generalizability.

The segmentation process encounters challenges in handling complex or irregular tumor shapes,
particularly in low-contrast or noisy images. Improving the method’s adaptability to these scenarios
would further enhance its reliability.

The model relies on manually annotated ground truth data, which is subject to variability due to
differences in radiologists’ interpretations. Addressing this issue could improve the consistency of
training and evaluation.

The exceptional performance of this approach demonstrates its superiority over many current methods,

evident in its high DSC, accuracy, specificity, and sensitivity. There is significant potential for improving this
framework through several avenues for future research, as outlined below:

1.

10.

11.

12.

Incorporate data from multiple imaging modalities, such as MRI, PET, and CT, to strengthen tumor
segmentation and classification. Combining complementary imaging data can provide a more compre-
hensive understanding of tumor characteristics.

Apply deep learning techniques, including convolutional and recurrent neural networks, to enhance
segmentation and classification. These approaches have shown strong potential in medical imag-
ing tasks.

Utilize data augmentation techniques to address limited dataset availability by artificially expanding the
dataset, which can improve generalization and performance in varied scenarios.

Explore transfer learning by fine-tuning pre-trained models on large datasets for specific tumor
classifications, thereby expediting training and improving results.

Conduct real-world validations by collaborating with medical experts to test the framework on diverse
clinical cases, ensuring its effectiveness in practical applications.

Improve segmentation accuracy for tumors with complex shapes or low contrast by incorporating
advanced segmentation techniques and anatomical priors.

Investigate ensemble methods that combine outputs from multiple classifiers or models to enhance
robustness and reliability in tumor classification.

Develop methods to provide transparency and insights into the decision-making process of classifiers,
helping to build trust with clinicians and integrate AI into medical workflows.

Expand and diversify datasets to further train and validate the model, improving its generalization and
applicability to broader clinical settings.

Implement adaptive techniques that allow the model to evolve as new data becomes available, ensuring
it keeps pace with changing tumor characteristics.

Optimize the framework for real-time applications, enabling rapid and accurate decision-making in
clinical procedures.

Address ethical and regulatory considerations to ensure patient privacy, data security, and responsible
AT deployment in medical practices.
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13.  Create user-friendly software platforms that allow healthcare professionals to interact with and validate
Al-generated results effectively.

14. Foster collaborations among Al researchers, radiologists, oncologists, and other healthcare profession-
als to develop holistic solutions tailored to clinical needs.

By pursuing these directions, this framework can be refined further, contributing to advancements
in automated brain tumor segmentation and classification, ultimately improving patient outcomes and
medical diagnostics.
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