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ABSTRACT: Multiple Sclerosis (MS) poses significant health risks. Patients may face neurodegeneration, mobility
issues, cognitive decline, and a reduced quality of life. Manual diagnosis by neurologists is prone to limitations, making
Al-based classification crucial for early detection. Therefore, automated classification using Artificial Intelligence (AI)
techniques has a crucial role in addressing the limitations of manual classification and preventing the development
of MS to advanced stages. This study developed hybrid systems integrating XGBoost (eXtreme Gradient Boosting)
with multi-CNN (Convolutional Neural Networks) features based on Ant Colony Optimization (ACO) and Maximum
Entropy Score-based Selection (MESDS) algorithms for early classification of MRI (Magnetic Resonance Imaging)
images in a multi-class and binary-class MS dataset. All hybrid systems started by enhancing MRI images using
the fusion processes of a Gaussian filter and Contrast-Limited Adaptive Histogram Equalization (CLAHE). Then,
the Gradient Vector Flow (GVF) algorithm was applied to select white matter (regions of interest) within the brain
and segment them from the surrounding brain structures. These regions of interest were processed by CNN models
(ResNetl101, DenseNet201, and MobileNet) to extract deep feature maps, which were then combined into fused feature
vectors of multi-CNN model combinations (ResNetl01-DenseNet201, DenseNet201-MobileNet, ResNet101-MobileNet,
and ResNet101-DenseNet201-MobileNet). The multi-CNN features underwent dimensionality reduction using ACO
and MESDS algorithms to remove unimportant features and retain important features. The XGBoost classifier employed
the resultant feature vectors for classification. All developed hybrid systems displayed promising outcomes. For multi-
class classification, the XGBoost model using ResNetl01-DenseNet201-MobileNet features selected by ACO attained
99.4% accuracy, 99.45% precision, and 99.75% specificity, surpassing prior studies (93.76% accuracy). It reached
99.6% accuracy, 99.65% precision, and 99.55% specificity in binary-class classification. These results demonstrate the
effectiveness of multi-CNN fusion with feature selection in improving MS classification accuracy.

KEYWORDS: ResNetl01; DenseNet201; MobileNet; XGBoost; multi-CNN features; MESbS; ACO; GVF; multiple
sclerosis

® Copyright © 2025 The Authors. Published by Tech Science Press.
This work is licensed under a Creative Commons Attribution 4.0 International License, which permits

unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://www.techscience.com/journal/CMES
https://www.techscience.com/
http://dx.doi.org/10.32604/cmes.2025.064668
https://www.techscience.com/doi/10.32604/cmes.2025.064668
mailto:mosalqahtani@nu.edu.sa

3640 Comput Model Eng Sci. 2025;143(3)

1 Introduction

Multiple sclerosis is a chronic and often disabling neurological disorder characterized by the immune
system’s attack on the central nervous system (CNS), including the spinal cord, brain and optic nerves [1].
This autoimmune response damages myelin [2], the protective covering of nerves, and leads to disruptions
in communication between the brain and body. This leads to disruption of nerve signaling and a wide
range of symptoms [3]. Early classification of multiple sclerosis is important for beginning timely and
effective interventions, managing symptoms, and preventing complications of the disease [4]. MS symptoms,
especially in the early stages, are nonspecific and mimic other neurological or systemic conditions. The
symptoms of MS overlap with those of other neurological disorders, making it difficult to differentiate
MS from conditions such as migraines, fibromyalgia, or peripheral neuropathy [5]. The lack of specific
early biomarkers, sophisticated diagnostic criteria, expensive testing, nonspecific symptoms, and insufficient
experience make accurate classification of MS by neurologists difficult [6]. MS is diagnosed through clinical
evaluation, medical history evaluation, and various diagnostic tests [2]. Measure electrical signals along
the pathways to check for nerve damage. Spinal fluid analysis using the detection of oligoclonal bands and
increased IgG levels suggests MS [7]. MRI is a major diagnostic tool for MS, allowing the detection of disease
or plaques characteristic of MS. MRI is very sensitive for detecting active, chronic lesions, even those that
do not cause noticeable symptoms [8]. MRI helps visualize the distribution and location of lesions, which
aids in differential classification and treatment planning [9]. Early classification of MS using Al technologies
significantly addresses the shortcomings of manual classification by neurologists and experts. Neurologists
rely on clinical assessment, medical history, MRI scans, and cerebrospinal fluid (CSF) analysis [10]. Still,
the following factors hinder classification accuracy: MRI-based diagnosis is subjective and relies on the
expertise of specialists. Some specialists make incorrect diagnoses. MS lesions often resemble those of other
neurological disorders, making it difficult to distinguish between them. The diagnostic process involves
multiple tests, including MRI scans and lumbar punctures, which are time-consuming and expensive [11].
Due to the heterogeneous nature of early MS symptoms, many patients experience delayed diagnosis. Al
algorithms analyze patterns and features in images with high accuracy and consistency [12]. This helps
overcome the variability and subjectivity often associated with manual interpretation. AI algorithms excel
at detecting subtle changes in imaging data that may pose a challenge to human observers. AI algorithms
are capable of efficiently processing and analyzing large data sets [13]. AI helps identify accurate imaging
biomarkers that may precede clinical symptoms. This ability allows the identification of individuals at risk
of developing MS. This ensures that individuals who show early symptoms of MS receive an accurate and
timely classification [14].

Many previous studies still have limitations, including: Many studies rely on single CNN models without
considering diverse feature representations. High-dimensional feature vectors extracted from CNNs contain
redundant or irrelevant features, which reduces classification accuracy. Feature selection algorithms are not
utilized. Most previous studies focus on either CNN models or machine learning classification or their com-
bination. This study undertook a novel approach to constructing hybrid systems by integrating multi-CNN
models with machine learning. The fundamental objective of these hybrid systems is to synergistically lever-
age the feature extraction capabilities of CNN models and subsequently amalgamate these extracted features
into high-dimensional feature vectors. The fusion of CNN models involves simultaneously using multi-CNN
models, each contributing its unique ability to discern intricate patterns and representations within the
MRI of multiple sclerosis. Subsequently, recognizing the redundancy within these high-dimensional feature
vectors, feature selection algorithms are applied. These algorithms are strategically applied to extract the
most important and informative features, discarding redundancies and enhancing the discriminatory ability
of the resultant feature vectors. The process of dimensionality reduction through feature selection serves the
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dual purpose of enhancing computational efficiency and, more critically, refining the discriminatory capacity
of the feature vectors. This approach combines the strengths of multi-CNN and ML (Machine Learning)
algorithm through intricate feature extraction and subsequent dimensionality reduction. Contributes to
developing a powerful and effective system for analyzing complex MRI of multiple sclerosis.

The key contributions of this work are as follows:

« Enhancing MRI images by fusing processes between the Gaussian filter and the CLAHE process.

« Applying the GVF algorithm to extract white matter, isolate it from the brain components, and send it
to CNN models.

o Combining the features of the CNN as follows: (ResNetl0l-DenseNet201, DenseNet201-MobileNet,
ResNet101-MobileNet, and ResNet101-DenseNet201-MobileNet) and saving them in fused feature vec-
tors.

«  Applying the ACO and MESbS methods to reduce the features.

The remainder of this study was organized as follows: Section 2 discusses relevant previous studies and
reviews the systems and results. Section 3 analyzes and interprets MRI images of the MS dataset by hybrid
methods and materials. Section 4 reviews the results of the proposed hybrid systems. Section 5 discusses the
proposed systems and compares the results of previous studies with the proposed hybrid systems. Section 6
concludes the proposed hybrid systems.

2 Related Work

This section comprehensively discusses the methodologies, tools and results used in prior studies to
diagnose MS.

2.1 Machine Learning with Handcrafted Features

Macin et al. [15] proposed a computationally efficient ML algorithm for classifying MS using hand-
crafted features from axial brain MRI images. Features were extracted using exemplar multiple parameters
LPQ (Local Phase Quantization) with subsequent discriminative feature via iterative neighborhood. A
KNN (K-Nearest Neighbor) algorithm, Fine KNN, achieved a binary classification Sensitivity of 95.01%. In
Montolio et al. [16] many classifications, including ensemble classifier (EC), KNN, SVM (Support Vector
Machine), and LSTM (Long Short-Term Memory), were used to develop MS diagnosis and disability course
prediction models. The EC achieved the best MS diagnosis performance with 87.7% accuracy, 87% sensitivity
0.8775 and AUC (Area Under Curve).

2.2 Deep Learning-Based Classification

Storelli et al. [17] proposed a CNN to classify MRI images of MS patients. The CNN predicted clinical
and cognitive deterioration, individually or combined. The CNN reached an accuracy for cognitive 67.7%,
with optimal performance (85.7%) when trained on both. In Seok et al. [18], a modified ResNet18 based on
Grad-CAM for distinguishing between MS and neuromyelitis. The model exhibited 76.1% accuracy, with
a 77.3% sensitivity, a specificity of 74.8%, and an AUC of 85%. In Hagiwara et al. [19], a CNN based on
SqueezeNet was employed to analyze maps and diagnose MS. Leave-one-out cross-validation showed an
AUC of 0.859, with sensitivity and accuracy of 80.0%, 83.3%, and 81.1%, respectively. Alijamaat et al. [20] used
the family wavelet transform for spectral information utilization. The method integrates the two discrete
family wavelets transform with a CNN. Rehan Afzal et al. [21] introduced an automated CNN model for
the diagnosis of MS lesions with two networks for enhanced accuracy. The first network precisely segments
lesions, while the second reduces false positives. Using T1-w, T2-w, and MRI sequences as input. The methods
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achieve up to 90% accuracy in MS lesions. Yilmaz Acar et al. [22] proposed a CNN for MS identification
through lesion detection in MRI images. The CNN extracts MS lesion features efficiently. Results show
superior performance for the proposed CNN yields 90.3% accuracy, 90.5% sensitivity, 90.1% specificity, and
91.1% precision.

2.3 Segmentation-Based Approaches

McKinley et al. [23] trained two convolutional neural networks—3D UNet and DeepSCAN—on a
multiple sclerosis lesion segmentation (MSSEG) dataset annotated by seven human raters. Integrating weak
anatomical labels degraded 3D UNet performance but improved DeepSCAN. The DeepSCAN demon-
strated better than 3D UNet performance. In Coronado et al. [24], a CNN model applied to segment
gadolinium lesions in MRI data from MS. The system displayed average DSC/FPR values of 0.72/0.31. In
Fenneteau et al. [25], U-net network is used by the collective and connects them through extended skip con-
nections. By increasing convolutional layers while reducing features, we created an exceptionally lightweight
and competitive architecture termed the minimally parameterized U-net. Lopez-Dorado et al. [26] proposed
a Deep generative adversarial method augmentation augments the CNN. Discriminant structures include
GCL++ 44.99%, complete retina 26.71%. Feature pre-selection and CNN application prove promising for
noninvasive and effective early MS diagnosis.

2.4 Feature Extraction

Cruciani et al. [27] presented a model for deciphering microstructural signatures distinguishing MS
using MRI images. Microstructural descriptors from 3D-Simple Harmonics Oscillator. CNN models are
fitted to each feature, generating layerwise relevance propagation heatmaps. Zhang et al. [28] evaluated
three heat mapping techniques for the interpretability of CNNss in classifying multiple sclerosis of the brain
through MRI. Analysis of Grad-CAM heatmaps for the top VGG19 model showed significantly higher
heterogeneity in progressive MS. VGGI16 with GAP got an accuracy of 93.76%. Results show dMRI features
in grey matter aid in distinguishing MS types. Alijamaat et al. [29] presented a CNN that was employed for
MS detection. The CNN includes pooling layers, with the novel use of wavelet-transform-based pooling,
enhancing specificity.

By reviewing the techniques and results of the previous studies mentioned above, it is noted that all
researchers have devoted their efforts to achieving superior results for the early classification of multiple
sclerosis. These studies have used various methodologies, from ML to deep learning techniques. However,
the untapped potential lies in harnessing the capabilities of CNN to extract deep feature maps. To address
these gaps, this study uses CNN models to extract features from multi-CNNs and then uses essential feature
selection algorithms to select the most important features. The final classification is accomplished through
the application of the XGBoost classifier.

3 Materials and Methods

This study presents a novel hybrid deep model of an XGBoost classifier with multi-CNN based on
feature extraction for automated analysis of brain MRI scans to help early classification of MS. The procedural
sequence of the proposed systems is explained in Fig. 1. First, the MRI image is enhanced by applying a
Gaussian filter to reduce noise and CLAHE to improve contrast in white matter lesions. The GVF algorithm
then segments brain regions to isolate white matter lesions from other brain components. These preprocessed
segmented scans are passed through ResNetl01, DenseNet201, and MobileNet models to extract features
from the MRI image. The features extracted by each CNN have been combined and fused to form high-
accuracy hybrid features of lesion morphological features from multi-CNN. To select essential features, ACO
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and MESDS algorithms are applied to the fused vectors to select essential feature subsets containing only
the most discriminative features. Finally, the fused feature vectors are inputted into the XGBoost classifier,
combining their features into accurate predictions of MS through its ensemble of XGBoost.
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Figure 1: XGBoost hybrid methodology framework with hybrid features of multi-CNN based on feature selection for
analyzing brain MRI images for early classification of MS
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3.1 Description and Split of the MS Dataset

This study uses a dataset of brain MRI images containing confirmed cases of MS and healthy subjects
obtained from a trusted public research data repository, Kaggle; the aim is to facilitate the development
and evaluation of automated diagnostic methods for early MS screening. The dataset comprises 3427 total
axial and sagittal MRI images optimized for visualizing white matter lesions indicative of MS. Cases include
1411 MRI images across MS patients, divided into 650 axial images and 761 sagittal images showing disease
manifestations. Controls healthy include 1002 healthy axial images and 1014 healthy sagittal images [30].
This standardized collection allows binary-class evaluation to distinguish MS from healthy states and
multi-class analysis of axial and sagittal differences in MS lesions and healthy images. Sample images
depicting representative MRI findings in MS are provided in Fig. 2a to illustrate the diversity of scans
available for system development and evaluation on this curated data source toward advancing automated
multi-orientation MRI analysis methods for early assistance in MS classification.
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Figure 2: Samples of the MS dataset randomly selected from an MRI image. (a): Before pre-processing; (b): After
pre-processing

As presented in Table 1, this standardized dataset enables both binary classification (MS vs. healthy
controls) and multi-class classification (distinguishing axial and sagittal imaging for MS and healthy cases).
To assess the proposed systems, the dataset was partitioned into training/validation (80%) for hybrid system
development and hyperparameter optimization, and testing (20%) for evaluating the optimized systems. All
systems focus on achieving automated screening systems that reliably distinguish early signs of lesions in
MS. These proposed systems aim to help neurologists and experts make timely diagnostic and intervention
decisions to improve patient outcomes.

This study employed 5-fold cross-validation to validate the performance of the proposed hybrid system.
The dataset was systematically divided into five subsets, each used as a test set once, while the remaining
four were used for training and validation. This ensures that the results are not single-run outcomes
but rather an average over multiple runs, mitigating concerns about random fluctuations and overfitting.
The results presented in the study represent the mean performance across these five folds. This approach
enhances reliability by demonstrating the proposed model’s performance consistently across different data
splits. Additionally, implemented data augmentation techniques and used a separate test set to prevent
overfitting further.
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Table 1: Splitting of MS datasets

Phase (80:20)
Classes Training (80%) Validation (20%) Testing (20%)
Control-Axial 642 160 200
Control-Sagittal 649 162 203
MS-Axial 416 104 130
MS-Sagittal 487 122 152

3.2 Enhancement of MRI Images for the MS Dataset

MRI images are susceptible to noise and artifacts, interfering with the clarity of essential information.
Image enhancement helps reduce noise, ensuring visible structures are more accurately represented. Remov-
ing artifacts is essential to improve the accuracy of diagnostics and prevent misinterpretations based on
abnormalities. Enhancing MRI images enhances tissue contrast, especially lesions and surrounding healthy
tissue. This increased variability is essential to accurately identify and quantify the pathological features
associated with MS, such as demyelinating lesions.

In this work, MRIs were enhanced by fused methods of Gaussian filter to remove noise, followed by the
CLAHE method to increase the contrast of low-illumination areas. The Gaussian filter is widely used for its
ability to smooth or blur images, which helps in reducing noise. Noise in MRI images is effectively reduced
by convolving the image with a Gaussian kernel, attenuating high-frequency noise components as in Eq. (1).

Lsmoothed (X, )’) =1 * G, (X, }’) (1)

where Is00theq (X, ¥) is the smoothed image, I(x, y) is the original image and G, (x, y) is the 2D Gaussian
kernel with standard deviation o.

Artifacts in MRI images, caused by various factors, distort the diagnostic information. A Gaussian filter
helps suppress artifacts. The filter averages pixel values, minimizing sudden intensity changes that might
arise from artifacts. The Gaussian filter contributes to enhancing the contrast between different structures in
the image. By smoothing the image, the filter highlights the major structural components, making the image
more visually distinguishable. While reducing noise, it’s crucial to preserve important details in the image.
The Gaussian filter has been designed to balance noise reduction and detail preservation. It achieves this by
applying a weighted average to neighboring pixels, with weights determined by the Gaussian distribution.
The 2D Gaussian kernel is defined as in Eq. (2) [31].

1 2_ .2
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G(x,y)=

where (x, y) are the spatial coordinates and o is the standard deviation, controlling the spread of the Gaussian.
By changing o, the amount of smoothing is adjusted; When o is larger, it results in more homogeneity.

CLAHE is a technology used to improve the contrast of images, especially in low-illumination areas,
by adapting to the local characteristics of the image. The CLAHE method increases the contrast in low-
illumination areas to enhance MRI images in an MS dataset. The MRI image was divided into small tiles. For
each tile, calculate the histogram, which represents the frequency of each density value within that region,
as in Eq. (3).
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This study used a tile size of 16 x 16 and a clip limit of 2.0. These parameters were chosen based on
testing by increasing and decreasing the values and observing the results to balance contrast enhancement
with noise reduction.

H; (z) = number of pixels with intensity z in tile i 3)
Calculate the Cumulative Distribution Function (CDF) from the histogram for each tile as in Eq. (4).

CDF;(2) = Yr_ Hi (2) (4)
Applying histogram equalization to each tile using the calculated CDE as in Eq. (5).

T; (x,y) = CDF;I(x, y) (5)

Contrast limiting prevents over-amplification of noise and artifacts. Inputting a contrast-limiting
parameter L to restrict the amplification, as in Eq. (6).

T; (x,y)-L 5

255 6
1 (6)

Ti (x,y) =

where I(x, y) is the intensity value at pixel (x, y) and L is the contrast limit parameter.

Recombining the transformed tiles to form the final CLAHE-enhanced image. Combining processed
tiles to reconstruct the entire image. The adaptive nature of CLAHE allows it to focus on local details,
enhancing contrast where needed while preserving the overall structure of the image [32]. This makes
CLAHE particularly effective at improving the visibility of structures in low-illumination regions of MRI
images, making it valuable for applications such as the MS dataset, where accurate and clear imaging is
critical for classification. As shown in Fig. 2b, the randomly selected samples show the results of MRI
image enhancement.

3.3 Gradient Vector Flow Method

Applying the GVF algorithm to segment white matter brain lesions of an MS dataset and isolate
them. The GVF algorithm allows isolation of lesional areas, allowing subsequent analyses to focus on MS-
related features specifically. The GVF algorithm helps in the accurate identification of white matter lesions,
leading to improved feature extraction [33]. This is particularly important for identifying MS features and
MS-associated variations, contributing to more accurate analyses.

This study uses the GVF algorithm to segment the white matter in a brain region. Applying an edge
detection algorithm to identify potential boundaries of white matter lesions in a brain [34]. Calculate gradient
vectors for each pixel in the image. The gradient vector F(X, Y) is calculated using partial derivatives with
respect to x and y [35]:

Gradient in the x-direction:

ol(x,
L(xy) = % %
Gradient in the y-direction:
oI(x,
Iy (x,y) = 22 ®)

9y
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where I(x, y) mean the pixel intensity at location (x, y)
F(X,Y) = (L (%, ), Iy (x, 7)) ©)

Compute the GVF field using the gradient vectors. This is typically achieved by solving a diffusion 10
equation:

VGVF = uV*GVF-F(X,Y) (10)

where y is a diffusion coefficient, and V? represents the Laplacian operator.

Calculating the force field from the GVF field. The force field F is derived from the negative gradient of
the GVF field as in Eq. (11):

F=-VGVF 1)

Applying external forces, such as image-derived forces, guides the deformable contour toward the
desired object boundaries. The external force E is combined with the GVF force as in Eq. (12):

Ftotal =F+E (12)

Evolving the initial contour using the total force field to reach the final segmented contour. This process
is modeled by a differential equation as in Eq. (13):
dc
— =F (13)
ot total

The contour evolves until convergence is reached, indicating that the contour has stabilized around the
border of the brain’s white matter lesion area. The final segmented contour defines a mask that isolates the
white matter region of the brain [36]. Fig. 3 shows random samples from the axial and sagittal MS dataset
after using the GVF algorithm for segmentation.

These parameters were carefully chosen to ensure that the GVF algorithm effectively isolates the
hyperintense areas within MS lesions, which are often sufficient for accurate classification by the CNN models
used in this study, as Table 2. The goal was to identify the diagnostically relevant parts of the lesions, even if
the entire lesion is not segmented, as these hyperintense regions can provide enough information for accurate
MS detection.

Figure 3: (Continued)
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Control-Axial Control-Sagittal
a. b. c ™ b. c.

Figure 3: Samples from the axial and sagittal MS dataset after segmentation and ROI (Region of interest) identification.
(a): Original images; (b): Segmented image; (c): Select the region of interest

Table 2: Important parameters in the GVF algorithm

Parameter Description Value used

¢ (Diftusion Coefficient) Controls the smoothness of the 0.2
GVF field, balancing the influence
of image gradients.

V? (Laplacian Operator) Applies a smoothing effect to the Standard Laplacian
gradient field.
F(X, Y)—Gradient Vector The vector representing the Computed using partial
gradient at each pixel, crucial for derivatives
identifying lesion edges.
E (External Force) Additional forces derived from Based on image-derived forces

image data guiding the contour
evolution.

(Continued)
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Table 2 (continued)

Parameter Description Value used
Initial Contour The starting contour for evolution, Initialized around potential
typically close to the lesion lesion edges
boundaries.
0./9; (Contour Evolution) Governs how the contour evolves Governed by Fypq1 = F + E

over time under the influence of
forces.

The intention behind using GVF was to focus on the most hyperintense areas or edges within the MS
lesions, which are often sufficient for classification. It is true that in some cases, not the entire lesion is
segmented. However, the aim was to identify the most diagnostically relevant parts of the lesions, as even
small portions of hyperintense areas can provide enough information for the CNNs to accurately detect MS.

In Fig. 3, the segmented images are used as input to the CNNs. The process of selecting the ROI was as
follows: After applying GVF for segmentation, the white matter lesions were isolated from the surrounding
brain tissue. This segmented area, containing the lesions, was then designated as the ROI. The ROI is
essentially the area of the image where MS-related features are most prominent, ensuring that the CNNs
focus on the most relevant parts of the image.

3.4 Balancing and Augmenting Data on an MS Dataset

In medical imaging, such as MS classification, datasets often show class imbalance, where positive cases
(MS patients) are fewer than negative cases (healthy controls). Data augmentation helps balance a dataset
by creating augmented images from existing images. This ensures that the model is exposed to a more
balanced representation of both categories, enhancing its ability to recognize and patterns associated with
MS [37]. The limited training data set size leads to overfitting, where the model memorizes the training data
set instead of learning meaningful patterns. Data augmentation artificially expands the training dataset by
creating variations of existing images through rotating, flipping, zooming, and cropping transformations.
Medical images, especially MRI of the brain, show variations in orientation, illumination, and other factors.
Data augmentation introduces diversity into the training set, making the system more robust to different
image conditions. This robustness is necessary to deal with the natural contrast found in medical images.
Careful selection of magnification techniques ensures that disease-specific features, such as white matter
lesions suggestive of MS, are preserved or realistically simulated. This allows the model to focus on relevant
patterns during training. To balance the MS data set, each class was increased differently from the others.
The Control-Axial and Control-Sagittal classes were artificially increased by nine images from each image,
while the MS-Axial class was artificially increased by 14 images from each image, and the MS-Sagittal class by
12 artificial images from each image, as Table 3. Therefore, the training data set was increased and balanced.

Table 3: Data augmentation method for balancing and augmenting training datasets for MS

Classes Control-Axial Control-Sagittal MS-Axial MS-Sagittal

Bef-Aug 642 649 416 487
Aft-Aug 6420 6490 6240 6331
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3.5 Extracting Deep Feature Maps

CNNs models designed for image analysis. CNNs play a crucial role in extracting intricate features
from MRI images that aid in diagnosing and understanding neurological conditions such as MS. There
are many CNN layers. CNNs consist of multiple convolutional layers responsible for feature extraction.
Each convolutional layer employs filters (kernels) to scan the input image, capturing different aspects of
information. Within the network, each convolutional layer specializes in extracting specific features. Early
convolutional layers focus on identifying geometric patterns, such as edges, corners, and shapes. Some layers
delve into texture extraction, discerning finer details related to image texture and structure [38]. Other
layers specialize in color feature extraction, distinguishing variations in pixel intensity and color distribution.
Three basic steps control the work of convolutional layers. Filter Size: Determines the dimensions of the
convolutional filter (kernel). Larger filters capture broader features, while smaller filters focus on finer details.
Zero Padding: Prevents the reduction of spatial dimensions as the convolutional operation is applied. It helps
maintain spatial integrity throughout the network. Stride (p-step): Governs the step size with which the
convolutional filter moves across the input. A larger stride results in spatial downsampling, reducing the
output size. The hierarchy of convolutional layers facilitates a multilayered approach to feature extraction.
Early layers capture basic features, while deeper layers build upon these to extract complex, abstract features.
Feature maps generated by each layer collectively contribute to a comprehensive representation of the input
image. In the MRI, CNNs automatically leverage these principles to learn and extract features relevant to MS
classification. Geometric, texture, and color features are essential for identifying abnormalities, lesions, and
subtle patterns indicative of neurological conditions [39].

Pooling layers play a crucial role in feature extraction by reducing the spatial features of the input
volume, which in turn helps in managing computational complexity and controlling overfitting. Max Pooling
and Average Pooling are the most common layers [40]. Pooling layers reduce the dimensions of the input
volume (width and height), thus reducing the number of parameters and computations in the network. This
reduction helps control computational costs and mitigates the risk of overfitting. Maximum pooling involves
determining the maximum value from the set of neighboring pixels in each feature map. The pooling kernel,
or sliding window, traverses the input, retaining the highest value in each window. Average pooling calculates
the average value of neighboring pixels in each feature map. Like max pooling, it uses a sliding window to
traverse the input [41]. Fully connected layers play a vital role in neural networks, especially at the back end
of the architecture. These layers connect each neuron in one layer to each neuron in the next layer, forming
a fully connected structure. Fully connected layers aggregate features learned by previous layers, creating
higher-level representations.

In this study, the ResNetl01, DenseNet201, and MobileNet models were initially pre-trained on the
ImageNet dataset to leverage their strong feature extraction capabilities. Then applied transfer learning by
fine-tuning these models on the MS dataset to adapt them for MS classification. The fine-tuning process
involved adjusting the network parameters using the MS dataset while retaining the learned representations
from ImageNet.

This work uses CNNs of ResNetl01l, DenseNet201, and MobileNet to extract hierarchical feature
representations that encode subtle features associated with multiple sclerosis lesions from 3427 MRI images.
These CNN transform raw input into high-level semantic feature maps that capture complex features of
lesions and discriminative histology through enhanced convolution and pooling operations. The output
dimensions of the final convolutional layer are: (3 x 3 x 512) for ResNet101, (896 x 32 x 32) for DenseNet201
and (7 x 7 x 1024) for MobileNet. To reduce these features into fixed-length vectors suitable for classification
and analysis, Adaptive average pooling (AAP) is applied to normalize the spatial dimensions and produce
feature vectors of sizes 2048 for ResNetl01, 1920 for DenseNet201, and 1024 for MobileNet for each
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image. The MS dataset containing 3427 images is encoded into discriminant embeddings of dimensions
3427 x 2048 using ResNetl0lmodel, 3427 x 1920 using DenseNet201 and 3427 x 1024 using MobileNet.

In this study, feature fusion from multi-CNN models is achieved through the combined features
of ResNetl01-DenseNet201, DenseNet201-MobileNet, ResNetl01-MobileNet, and ResNetl01-DenseNet201-
MobileNet. As a result, this fused generates high-dimensional feature sets characterized by redundancy and
the inclusion of less informative features. In illumination of this, the study uses two distinct algorithms for
feature selection: ACO and MESDS. These algorithms are applied individually to identify and preserve the
most important features while removing redundant and less informative features.

3.6 Selection Essential Features

Applying ACO algorithms after extracting features from multi-CNN models on MRI images for an MS
dataset has several key advantages. MRI brain images from the MS dataset generate high-dimensional feature
sets due to complex representations extracted by multi-CNN. Feature selection methods help mitigate the
curse of dimensionality by selecting and retaining only the most relevant and discriminating features. Feature
selection ensures that the selected subset of features retains the most discriminating information, leading to
improved accuracy, precision, and robustness in subsequent classification or analysis tasks. Feature selection
helps create more robust and effective models on MRI images.

3.6.1 Ant Colony Optimization Algorithm

The ACO algorithm selects the essential features from multi-CNNs (from ResNetl101-DenseNet201,
DenseNet201-MobileNet, ResNetl01-MobileNet, and ResNetl01-DenseNet201-MobileNet) applied to MRI
brain images of the MS dataset. ACO works on how ants search for the shortest path. Ants deposit a
chemical called pheromone along the paths they traverse. Paths with higher pheromone levels become
more attractive to other ants [42]. In ACO, candidate solutions are repeatedly generated by artificial
ants. Each ant probabilistically selects its features to form a subset, and this process is influenced by
the pheromone levels associated with the features. Ants perform local search inferences to improve their
solutions. This helps them adapt and improve the quality of selected features. After each iteration, the
pheromone levels are updated based on the quality of the solutions. Features that contribute positively to
the objective function will get higher pheromone levels. The method is repeated for a predetermined until
convergence. Algorithm 1 explains the mechanism of the ACO to select the essential features for multiple
MRI brain imaging CNN models for the MS dataset.

Algorithm 1: Explain how the ACO works to select the most important features of multi-CNN models

Step number Step description Mathematical formulas
Step 1 Encoding Features from CNN models (ResNet101-DenseNet201,
features DenseNet201-MobileNet, ResNetl01-MobileNet,
ResNetl01-DenseNet201-MobileNet) encoded
Step 2 Initialization Initialize a population of artificial ants, each representing a potential
feature subset
B
‘[‘.".‘11 "
Step 3 Probabilistic pij = S 3
feature ZkeCandidates T:‘xk'ﬂik
selection

(Continued)
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Algorithm 1 (continued)

Step number

Step description

Mathematical formulas

Step 4

Step 5

Step 6

Step 7
Step 8

Solution
construction

Local search

Pheromone
update

Iteration
Final feature
subset

where:

pij is Probability of selecting feature j by ant i.

7;j is Pheromone level associated with feature j in ant .

11ijis Measure of feature importance (CNN model scores) for feature
jinanti.

a and f3 are Parameters for the importance of pheromones and
features.

Ants construct solutions by selecting features iteratively based on
the calculated probabilities. This means ants build feature subsets by
choosing features with higher probabilities of selection.

o Ants refine solutions through local search methods such as:
« Swapping features: Exchanging one feature with another

« Adding features: Including new features to the subset

« Removing features: Eliminating features from the subset
Tij = (1 - p) . T,‘j + er\”]ﬂ AT;%]

where:

p is Pheromone evaporation rate.

At} is Pheromone update for feature j in ant m.

Steps 3-6 are repeated for multiple iterations

After iterations, the algorithm returns the feature subset with the
highest quality

3.6.2 Maximum Entropy Score-Based Selection Method

The MESDS algorithm is a feature selection method used to identify and retain the most important
features from a set of combined features extracted by multi-CNN models. Entropy is used to measure the
information content of features and select those that contribute most to the important information. MESbS
calculates the entropy score for each feature that measures the information content. These scores classify the
features, and the top predictive subset with the highest entropy is kept to derive an optimal representation.
Algorithm 2 explains the mechanism of the MESDS algorithm to select the important features for multiple
MRI brain imaging CNN models for the MS dataset.

Algorithm 2: Explain how the MESbS works to select the essential features of multi-CNN models

Step number

Step description

Description

Step 1

Entropy calculation

Calculate entropy for each feature using:
H(X) = ¥, P (x;) log, P (x;)

where:

H(X): Entropy of the feature.

(Continued)



Comput Model Eng Sci. 2025;143(3) 3653

Algorithm 2 (continued)

Step number  Step description Description

Calculate information gain for each feature:

Step 2 Information gain 1G(X) = Hiax = H (X)
where:

H a0y is Maximum entropy achievable.

Assign a score to each feature:

S(X)=IG(X)x W(X)

where:

W (X) is Weight of the feature (importance scores from CNN

models)

Normalize scores for fair comparison:

Z(X) = $5

Step 5 Feature ranking ~ Rank features based on normalized scores in descending order.
Step 6 Thresholding Apply a threshold to select top features with highest scores.

Step 3 Score calculation

Step 4 Normalization

Feature Importance from CNN Models: Each CNN model (such as ResNet101, MobileNet, etc.) pro-
cesses the input data and assigns importance scores to various features. These scores indicate how significant
a particular feature is in contributing to the model’s decision-making process.

Integration into Score Calculation:

The importance scores W(X) obtained from the CNN models are multiplied by the Information Gain
IG(X) of each feature. This multiplication is done to combine the relevant information provided by the CNN
models with the statistical significance of the features (measured by Information Gain).

Mathematically : S(X) = IG(X) x W(X)

S(X) is the final score for the feature, reflecting both its statistical importance (via Information Gain)
and its relevance as judged by the CNN models.

Multiplying IG(X) by W(X), will effectively enhance the features that are both statistically significant
and highly valued by the CNN models, ensuring that these features are prioritized in the subsequent steps
of the algorithm.

3.7 XGBoost Classifier

XGBoost is a powerful and versatile ML algorithm that belongs to ensemble learning methods,
specifically boosting algorithms. The XGBoost classifier receives features from multi-CNN models after
feature selection using ACO and MESbS algorithms. Ensemble learning involves combining the predictions
of multiple base learners to improve overall model performance [43]. XGBoost primarily uses decision
trees as base learners. Decision trees are simple models that make decisions based on input features. In the
context of XGBoost, these are referred to as weak learners. The boosting involves training weak learners
sequentially, with each subsequent learner correcting the errors made by the previous ones. XGBoost builds
a series of decision trees, and each new tree focuses on the mistakes of the previous ensemble. Trees are
constructed using a process called pruning, where the tree is simplified to capture the most significant
patterns. XGBoost measures the importance of features based on how frequently features are used in decision
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trees. The XGBoost classifier becomes a robust and accurate model, combining the strengths of ensemble
learning with the feature selection capabilities of ACO and MESbS.

Table 4 displays the important hyperparameters of the XGBoost algorithm with the best values selected
for the two cases:

Table 4: Hyperparameters of the XGBoost algorithm

Hyperparameter Best value (ACO select features) Best value (MESDS select features)

n_estimators 150 175
max_depth 6 7
learning_rate 0.1 0.08
min_child_weight 1 1
Gamma 0.2 0.3
Subsample 0.8 0.85
colsample_bytree 0.8 0.75
colsample_bylevel 0.7 0.8
Lambda 1 1.2
Alpha 0 0.1

Using the ACO algorithm, which selects important features for the CNN models (ResNetl01,
MobileNet201, MobileNet). Using the MESbS algorithm, which selects important features for the CNN
models (ResNet101, MobileNet201, MobileNet).

3.8 Model Training and Computational Setup

The experiments were done on a laptop with the following specifications: Processor: Intel Core i5, 7th,
RAM: 12 GB, and GPU: 940MX.

In this proposed system, CNNs are utilized exclusively for feature extraction, without performing
classification, which significantly reduces computational overhead. The classification algorithm handles
the XGBoost step, which is computationally efficient and optimized for structured data. This distinction
minimizes the need for extensive processing within the CNN models beyond feature extraction, thereby
reducing overall execution time. The execution time recorded is during the training phase, where the weights
are updated and the model performance is evaluated repeatedly over multiple epochs. Table 5 shows the
execution time during the training phase, as it represents the time required to train different models using
different algorithms.

Table 5: Execution time with ACO and MESbS algorithms

Model combination Time with ACO algorithm Time with MESbS algorithm
XGBoost-ResNetl01-DenseNet201 9minlls 9min55s
XGBoost-DenseNet201-MobileNet 9min22s 8 min 48 s

XGBoost-ResNetl01-MobileNet 8minl0s 8min52s
XGBoost-ResNetl01-DenseNet201- 10 min 53 s 11 min18s

MobileNet
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The ResNetl01, DenseNet201, and MobileNet models were fine-tuned on the MS dataset. The hyper-
parameters used during fine-tuning, including learning rate, batch size, optimizer, number of epochs,
regularization technique, and dropout rate, are detailed in Table 6 of this study. These models were also
utilized for deep feature extraction, where pre-trained weights were leveraged to extract meaningful repre-
sentations from the MRI images. This dual approach—fine-tuning and deep feature extraction—was adopted
to optimize model performance while preserving robust feature representations.

Table 6: Hyperparameters for ResNet101, DenseNet201, and MobileNet Models

Model Learning rate Batch size Optimizer Epochs Regularization Dropout
ResNet101 0.001 18 Adam 30 L2 (0.0001) 0.5
DenseNet201 0.001 16 Adam 28 L2 (0.0001) 0.5
MobileNet 0.001 15 Adam 25 L2 (0.0001) 0.5

4 Results of the Proposed System
4.1 Evaluating Proposed Systems

The confusion matrix and Area Under Curve (AUC) are a cornerstone in evaluating the performance
of hybrid systems, which combine the XGBoost classifier with features extracted from multi-CNN models
based on feature selection algorithms for the early classification of MS. The importance of the confusion
matrix lies in its ability to provide a detailed analysis of the model’s classification results, particularly in
this study involving binary-class (MS vs. Health) and multi-class (Control-Axial, Control-Sagittal, MS-Axial,
and MS-Sagittal) classifications. The confusion matrix comprises four components: TP, TN, FP and FN.
TP/TN indicate cases correctly predicted as MS/healthy. FP is healthy but falsely predicted as MS. FN is
MS but falsely predicted as healthy. This analysis provides accuracy about the evaluation metrics shown in
Egs. (14)-(18). The multi-class confusion matrix generalizes this evaluation across fine-grained axial/sagittal
subclasses, providing a more nuanced assessment of model strengths, limitations and suitability for clinical.

TP Rat
AUC = - %€ (14)
FP Rate
Sensitivit e 100% (15)
ensitivity = —— =
Y= TP+ EN ’
TN+ TP
Accuracy = * 100% (16)
TN+ TP+ FN+FP
. TP
Precision = — % 100% (17)
TP+ FP
TN
Specificity = ————— % 100 18
pecificity TN+FP* (18)

4.2 Results of Pre-Trained CNN

This section presents the results of three models, ResNetl01, DenseNet201, and MobileNet, all pre-
trained on the ImageNet dataset. ImageNet, with over 1.2 million images covering over 1000 categories,
is a powerful general-purpose image recognition standard. It is worth noting that medical images are
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absent, especially brain MRI images of MS, in the ImageNet dataset. While these pre-trained models show
proficiency in tasks unrelated to medical imaging, their benefit lies in their ability to transfer learning.
Transfer learning enables models to leverage knowledge gained from classifying ImageNet to perform new
tasks effectively, such as classification on an MS dataset. The initial layers of these models, responsible for
detecting global features such as edges and textures, are retained, while subsequent fully connected layers
are retrained on the MS dataset. The MRI images of the MS dataset serve as input and undergo feature
extraction through convolutional and pooling layers. Subsequent retraining of the fully connected layers
involves adapting the model to the feature complexities of the MS, which facilitates the classification of the
extracted features into their correct classes.

Regarding the classification of MS through MRI, using pre-trained models, namely ResNetl01,
DenseNet201, and MobileNet, demonstrated less efficiency compared to the hybrid systems in this
study. Table 7 and Fig. 4 show the results of the pre-trained on the multi-class dataset. The ResNet101 model
reached an AUC of 90.05%, sensitivity of 89.75%, accuracy of 89.6%, precision of 89.3%, and specificity
of 89.33%. The DenseNet201 model achieved an AUC of 89.9%, sensitivity of 90.5%, accuracy of 90.9%,
precision of 90.83%, and specificity of 96.63%. Notably, the MobileNet model surpassed both, attaining an
AUC of 91.2%, sensitivity of 92.23%, accuracy of 92.8%, precision of 92.65%, and specificity of 97.53%.

The results of ResNet101, DenseNet201, and MobileNet, on a binary class dataset, are presented in Table 8
and Fig. 5, facilitating a thorough scientific analysis and comparison. The ResNet101 model reached an AUC
of 92.3%, sensitivity of 92.25%, accuracy of 92.1%, precision of 91.8%, and specificity of 92%. In contrast, the
DenseNet201 model demonstrated superior performance, achieving an AUC of 92.8%, sensitivity of 91.95%,
accuracy of 92.6%, precision of 92.35%, and specificity of 92.3%. The MobileNet model attained an AUC of
92.55%, sensitivity of 93.3%, accuracy of 93.3%, precision of 92.85%, and specificity of 93.55%.

Table 7: Results of CNN for diagnosing MRI on a multi-class MS dataset

Systems  Classes of dataset ~ AUC (%) Sensitivity = Accuracy  Precision  Specificity

(%) (%) (%) (%)

Control-Axial 91.5 91.2 90.5 92.3 92.3

Control-Sagittal 90.2 90.1 89.7 91.9 91.9

ResNet101 MS-Axial 88.9 86.9 86.9 88.3 88.4
MS-Sagittal 89.6 90.8 90.8 84.7 84.7
Average ratio 90.05 89.75 89.60 89.30 89.33

Control-Axial 921 93.2 92.5 911 96.2

Control-Sagittal 91.9 92.8 93.1 90.9 95.5

DenseNet201 MS-Axial 86.4 85.3 85.4 874 96.7
MS-Sagittal 89.2 90.7 90.8 93.9 98.1
Average ratio 89.90 90.50 90.90 90.83 96.63

Control-Axial 919 93.2 92.5 911 96.2

Control-Sagittal 93.8 98.1 98 94.8 98.2

MobileNet MS-Axial 88.6 85.9 86.2 875 96.5
MS-Sagittal 90.5 91.7 921 972 99.2

Average ratio 91.20 92.23 92.80 92.65 97.53




Comput Model Eng Sci. 2025;143(3) 3657

100
95
90
85
80
T T © T 2 @ © © T e @ T = T el
% £ = £ = £ % £ = £ = £ =
< ‘& < & = < i) < ‘& = < i) < i) =
- @ %) © [ - © %) © [ - © %) © ()
g 2 s 9 » g 92 s 2 g 92 s 2 &
c o - c [¢] . e [e) -
S £ = 2 8 £ = 2 S8 £ = 2
] < o < g <
o O O
ResNet101 DenseNet201 MobileNet
=@==AUC %  ==@==Sensitivity % Accuracy % Precision %  ==@==Specificity %

Figure 4: Display of results of CNN models for diagnosing images on a multi-class MS dataset

Table 8: Results of CNN for diagnosing MRI images on a binary-class MS dataset

Systems  Classes of dataset ~ AUC (%) Sensitivity = Accuracy  Precision  Specificity

(%) (%) (%) (%)
Control 92.5 93.2 93.1 93.5 90.8
ResNetl01 MS 92.1 91.3 90.8 90.1 93.2
Average ratio 92.3 92.25 92.1 91.8 92
Control 93.1 93.8 94 93.3 90.4
DenseNet201 MS 92.5 90.1 90.4 91.4 94.2
Average ratio 92.8 91.95 92.6 92.35 92.3
Control 91.7 92.3 92.1 96.4 95.2
MobileNet MS 93.4 94.3 95 89.3 91.9
Average ratio 92.55 93.3 93.3 92.85 93.55
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Figure 5: Display of results of CNN models for diagnosing MRI on a binary-class MS dataset

4.3 Results of XG Boost with Fusion CNN Features Based on ACO Algorithm

The section shows the results of a hybrid system proposed by XGBoost with fused features of CNN mod-
els (ResNetl101, DenseNet201, and MobileNet) with the ACO algorithm for early classification of MS patients.
CNN models are fed with segmented MRI images to extract the feature. Features of several CNNs (ResNet101-
DenseNet201, DenseNet201-MobileNet, ResNetl01-MobileNet, and ResNetl01-DenseNet201-MobileNet) are
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combined and preserved into feature vectors. The ACO algorithm was applied to retain essential features and
delete redundant and unimportant features. Important features are sent to the XGBoost classifier for training
and performance testing.

Table 9 and Fig. 6 provide a deep analysis of the outcomes for hybrid systems, combining the multi-
feature CNN with XGBoost with the ACO algorithm for the early classification of a multi-class dataset of
MS. The ResNet101-DenseNet201-XGBoost model showcased robust metrics, achieving an AUC of 96.23%.
Notably, it showed a high sensitivity of 96.93%, specificity of 98.93%, accuracy of 97.2%, and precision of
9715%. The DenseNet201-MobileNet-XGBoost model reached promising results with an AUC of 98.25%
and excellent sensitivity of 98.68%, accuracy of 98.8%, precision of 98.93%, and specificity of 99.3%. The
ResNetl101-MobileNet-XGBoost model displayed vital performance, achieving an AUC of 97.7%, accuracy
of 98%, precision of 97.83%, sensitivity of 98.03%, and specificity of 99.1%. However, the ResNetl0l-
DenseNet201-MobileNet-XGBoost model outperformed all others, attaining an AUC of 99.05%. This model
showed exceptional sensitivity of 99.23%, accuracy of 99.4%, precision of 99.45%, and specificity of 99.75%.
The ResNetl01-DenseNet201-MobileNet-XGBoost model emerged as the superior system, exhibiting out-
standing diagnostic performance across all metrics for early MS classification in a multi-class dataset,
utilizing the ACO method.

Fig. 7 represents the training and testing curves of the proposed XGBoost with Fusion CNN Features
Based on the ACO Algorithm for the multiclass MS dataset.

Table 9: Results of the hybrid system of XGBoost classifier with CNN features fused based on the ACO method for
diagnosing a multiclass dataset of MS disease

Systems Classesof data  AUC (%) Sensitivity Accuracy  Precision  Specificity
set (%) (%) (%) (%)

Control-Axial 96.5 97.2 97.5 98 98.5

ResNet10L- Control-Sagittal 96.8 97.9 98 971 99.1
MS-Axial 95.7 96.8 96.9 96.2 98.8

DenseNet20l  y1q_sagittal 95.9 95.8 96.1 973 99.3
Average ratio 96.23 96.93 97.2 97.15 98.93

Control-Axial 98.4 99.2 99.5 98 98.8

Control-Sagittal 98.7 100 100 98.5 99.3

DenseNet201- MS-Axial 978 973 96.9 99.2 99.6
MobileNet MS-Sagittal 98.1 98.2 98 100 99.5
Average ratio 98.25 98.68 98.80 98.93 99.30

Control-Axial 979 98.1 98 98.5 99.2

Control-Sagittal 97.5 97.7 98 98.5 99.1

ResNetl01- MS-Axial 97.2 97.9 97.7 96.9 98.9
MobileNet MS-Sagittal 98.2 98.4 98 97.4 99.2
Average ratio 97.70 98.03 98.00 97.83 99.10

Control-Axial 99.4 100 100 99 100

ResNet101- Control-Sagittal 99 99.6 99.5 99.5 99.8
DenseNet201- MS-Axial 98.9 98.2 98.5 100 99.5
MobileNet MS-Sagittal 98.9 99.1 99.3 99.3 99.7

Average ratio 99.05 99.23 99.40 99.45 99.75
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Figure 6: Display of results of the hybrid system of XGBoost classifier with CNN features fused based on the ACO
algorithm for diagnosing a multiclass dataset of MS disease
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Figure 7: Training and testing curve for the XGBoost with Fusion CNN Features Based on the ACO

Fig. 8 illustrates the confusion matrix of XGBoost-multi-CNN models, based on the ACO to detect MS
early within a multi-class dataset. The assessment delves into the accuracy of each class, unveiling distinct
performances across various hybrid systems. The ResNet101-DenseNet201-XGBoost model showed promis-
ing accuracy, reaching 97.5% for Control-Axial, 98% for Control-Sagittal, 96.9% for MS-Axial, and 96.1% for
MS-Sagittal. However, the DenseNet201-MobileNet-XGBoost model exhibited superior performance,
achieving exceptional accuracy rates of 99.5%, 100%, 96.9%, and 98% for Control-Axial, Control-Sagittal,
MS-Axial, and MS-Sagittal, respectively. The ResNet101-MobileNet-XGBoost showed robust accuracy, secur-
ing 98% for Control-Axial, 98% for Control-Sagittal, 97.7% for MS-Axial, and 98% for MS-Sagittal. Despite
this, the ResNetl0l-DenseNet201-MobileNet-XGBoost model emerged as the top-performing system,
achieving perfection in accuracy 100% for Control-Axial, 99.5% for Control-Sagittal, 98.5% for MS-Axial, and
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99.3% for MS-Sagittal. The ResNet101-DenseNet201-MobileNet-XGBoost model showed superior accuracy
across all classes, establishing itself as the most effective system for early MS detection in a multi-class dataset
when leveraging the ACO method.
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Figure 8: A confusion matrix of results of the hybrid system of XGBoost classifier with CNN features fused with ACO
for diagnosing a multi-class dataset of MS disease

Table 10 and Fig. 9 show the performance results of the hybrid systems between the multi-feature CNN
and XGBoost with ACO for early classification of a binary-class dataset of MS patients. The ResNet101-
DenseNet201-XGBoost model achieved an AUC of 98%, sensitivity of 98.6%, accuracy of 98.1%, precision of
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97.95%, and specificity of 98.6%. The DenseNet201-MobileNet-XGBoost model reached an AUC of 98.5%,
sensitivity of 98.95%, accuracy of 99%, precision of 98.95%, and specificity of 99.15%. The ResNetl01-
MobileNet-XGBoost model achieved an AUC of 98.2%, sensitivity of 98.75%, accuracy of 98.4%, precision
of 98.25%, and specificity of 99.05%. The ResNetl01-DenseNet201-MobileNet-XGBoost model achieved an
AUC of 99.3%, sensitivity of 99.5%, accuracy of 99.6%, precision of 99.65%, and specificity of 99.55%.

Table10: Results of the hybrid system of XGBoost classifier with CNN features fused with ACO for diagnosing a binary-
class dataset of MS disease

Systems Classesof data  AUC (%) Sensitivity Accuracy  Precision  Specificity
set (%) (%) (%) (%)
Control 978 98.1 978 99 98.8
ResNetl0l- MS 98.2 99.1 98.6 96.9 98.4
DenseNet201 4 e rage ratio 98 98.6 98.1 97.95 98.6
Control 98.2 98.7 99 99.3 99.4
DenseNet201- MS 98.8 99.2 98.9 98.6 98.9
MobileNet Average ratio 98.5 98.95 99 98.95 99.15
Control 97.9 98.5 98.3 99 98.9
ResNetl01- MS 98.5 99 98.6 975 99.2
MobileNet Average ratio 98.2 98.75 98.4 98.25 99.05
ResNet101- Control 99.6 100 100 99.3 99.3
DenseNet201- MS 99 99 98.9 100 99.8
MobileNet Average ratio 99.3 99.5 99.6 99.65 99.55
100
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99
98.5
98
97.5
97
96.5
96

Control MS  Average Control MS  Average Control MS  Average Control MS  Average
ratio ratio ratio ratio
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MobileNet
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Figure 9: Display of results of the hybrid system of XGBoost classifier with CNN features fused with ACO algorithm
for diagnosing a binary-class dataset of MS disease

Fig. 10 presents the confusion matrix of XGBoost-multi-CNN models, based on the ACO algorithm for
the early detection of MS within a binary-class dataset. The ResNet101-DenseNet201-XGBoost model showed
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significant accuracy, achieving 97.8% for the Control class and 98.6% for the MS class. Meanwhile, the model
of DenseNet201-MobileNet-XGBoost surpassed expectations, attaining exceptional accuracy rates of 99%
for the Control class and 98.9% for the MS class. The ResNet101-MobileNet-XGBoost model exhibited robust
performance, securing 98.3% accuracy for the Control class and 98.6% for the MS class. However, the model
of ResNetl101-DenseNet201-MobileNet-XGBoost achieved 100% accuracy for the Control class and 98.9% for

the MS class.

Confusion Matrix: ResNet101-DenseNet201-XGBoost Confusion Matrix: DenseNet201-MobileNet-XGBoost

394 4 99.0% 399 3 99.3%
o 57.5% 0.6% 1.0% Lo 58.2% 0.4% 0.7%
W w
8 k]
o _— o 98 B9
9 278 96.9% o] 4 279 98 .5
5 W 1.3% 40.6% 31% - 0.6% 40.7% 14
5 |
o] o
97 8% 98.6 98.1% 99.0% 98.99 99.0%
2.2% 1.4% 1.9% 1.0% 1.1% 1.0%
& =] & S
S o S B
ol &
" Target Class Target Class
Confusion Matrix: ResNet101-MobileNet-XGBoost Ce ion Matrix: ResNet101-DenseNet201-MobileNet-X GBoost
396 4 89.0% 403 3 99.3%
el 578% 0.6% 1.0% Coud) 58.8% 04% 0.7%
W w
w w
= .}
o 7 58 o e
7 278 97.5% 0 279 100%
g W 1.0% 40.6% 2.5% 5§ M 0.0% 40.7% 0.0%
5 5
o o
98.3% 98.6% 98.4% 100% 98.9% 99.6%
1.7% 1.4% 1.6% 0.0% 1.1% 0.4%
& ] & &
3 - & -
vl ol
Target Class Target Class

Figure10: A confusion matrix of results of the hybrid system of XGBoost classifier with CNN features fused with ACO
for diagnosing a binary-class dataset of MS disease
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4.4 Results of XG Boost with Fusion CNN Features Based on MESbS Method

The section presents the results of a hybrid system of an XGBoost classifier with fused features of CNN
(ResNet101, DenseNet201, and MobileNet) based on the MESDS algorithm for early classification of MS
patients. Features of several CNN models (ResNetl01-DenseNet201, DenseNet201-MobileNet, ResNet101-
MobileNet, and ResNet101-DenseNet201-MobileNet) are combined and preserved into feature vectors. After
integrating multiple features of CNN models, the feature vectors become high features and contain frequent
and non-significant features. Therefore, the MESbBS algorithm was applied to retain important and delete
redundant and unimportant features. Important feature vectors are sent to the XGBoost classifier for training
and performance testing.

Table 11 and Fig. 11 provide a thorough insight into hybrid systems’ performance outcomes, combining
the multi-feature CNN models and XGBoost classifier based on the MESDS algorithm to diagnose a multi-
class dataset of MS patients early. The results display different strengths and capabilities across different
hybrid systems. The ResNet101-DenseNet201-XGBoost model displayed performance metrics, achieving an
AUC of 96.6%, sensitivity of 96.68%, accuracy of 97.1%, precision of 97.08%, and specificity of 98.68%.
In contrast, the DenseNet201-MobileNet-XGBoost model showed superior performance with an AUC of
98.1%, sensitivity of 98.38%, precision of 98.5%, specificity of 99.2% and accuracy of 98.5%. The ResNet101-
MobileNet-XGBoost model showcased robust performance, achieving an AUC of 97.28%, sensitivity of
9715%, accuracy of 97.5%, precision of 97.58%, and specificity of 99.05%. Significantly, the ResNet101-
DenseNet201-MobileNet-XGBoost model appeared as the top-performing system, achieving an AUC of
98.88%, sensitivity of 99.15%, accuracy of 99.3%, precision of 99.18%, and specificity of 99.6%. In this
comprehensive evaluation, the ResNetl0l-DenseNet201-MobileNet-XGBoost model is the most effective
system for early MS classification in a multi-class dataset, demonstrating superior performance across
key metrics.

Table 11: Results of the hybrid system of XGBoost classifier with CNN features fused based on the MESbS algorithm for
diagnosing a multiclass dataset of MS disease

Systems Classesof data ~ AUC (%) Sensitivity Accuracy  Precision  Specificity
set (%) (%) (%) (%)
Control-Axial 97.5 98.1 98.5 96.6 99
Control-Sagittal 96.7 96.6 97 98 98.5
ResNetl0l- MS-Axial 95.4 94.8 94.6 976 98.7
DenseNet201 /g sagittal 96.8 972 97.4 96.1 98.5
Average ratio 96.60 96.68 97.10 97.08 98.68
Control-Axial 98.9 99.2 99 98 99.3
Control-Sagittal 98.2 98.6 98.5 99.5 99.6
DnseNet201- MS-Axial 96.8 97 96.9 98.4 99.7
MobileNet MS-Sagittal 98.5 98.7 99.3 98.1 98.2
Average ratio 98.1 98.38 98.5 98.5 99.2
Control-Axial 97.9 98.2 98.5 97 99.1
Control-Sagittal 98.5 98.9 99 971 98.5
ResNetl0l- MS-Axial 95.6 95.1 95.4 976 99
MobileNet MS-Sagittal 971 96.4 96.1 98.6 99.6
Average ratio 97.28 97.15 97.50 97.58 99.05
Control-Axial 98.8 99.1 99 99.5 99.5

(Continued)
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Table 11 (continued)

Systems Classesof data  AUC (%) Sensitivity Accuracy  Precision  Specificity
set (%) (%) (%) (%)
ResNet101 Control-Sagittal 98.5 98.8 99 100 99.6
Des eN 01 MS-Axial 99 99.2 99.2 98.5 99.5
Me‘f)s,fl\?t " MS-Sagittal 99.2 99.5 100 98.7 99.8
obriene Averageratio  98.88 99.15 99.30 99.18 99.60
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Figure 11: Display of results of the hybrid system of XGBoost classifier with CNN features fused based on the MESbS
algorithm for diagnosing a multiclass dataset of MS disease

Fig. 12 shows the confusion matrix of XGBoost-multi-CNN based on the MESbS for early MS detection
in a multi-class dataset. The accuracy of each class is meticulously analyzed, revealing distinct performance
patterns among different hybrid systems. The ResNet101-DenseNet201-XGBoost model presented accuracy
across classes, achieving 98.5% for Control-Axial, 97% for Control-Sagittal, 94.6% for MS-Axial, and 97.4%
for MS-Sagittal. In comparison, the DenseNet201-MobileNet-XGBoost model showed notable accuracy,
registering 99% for Control-Axial, 98.5% for Control-Sagittal, 96.9% for MS-Axial, and 99.3% for MS-
Sagittal. The ResNet101-MobileNet-XGBoost model showed strong performance with accuracy rates of 98.5%
for Control-Axial, 99% for Control-Sagittal, 95.4% for MS-Axial, and 96.1% for MS-Sagittal. Notably, the
ResNet101-DenseNet201-MobileNet-XGBoost model emerged as the top performer, achieving exceptional
accuracy of 99% for Control-Axial, 99% for Control-Sagittal, 99.2% for MS-Axial, and a perfect 100% for
MS-Sagittal. In this evaluation, the ResNetl01-DenseNet201-MobileNet-XGBoost model showed superior
accuracy across all classes, establishing itself as the most effective system for early MS detection in a
multi-class dataset.
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Figure 12: A confusion matrix of results of the system of XGBoost classifier with CNN features fused with MESbS for
diagnosing a multi-class dataset of MS disease

Table 12 and Fig. 13 present the outcomes of hybrid systems integrating the multi-feature CNN models
and XGBoost with the MESbS to diagnose a binary-class dataset comprising MS patients early. The
ResNetl01-DenseNet201-XGBoost model showed promising performance, achieving an AUC of 97.4%,
sensitivity of 97.75%, accuracy of 97.7%, precision of 97.55%, and specificity of 98.15%. The DenseNet201-
MobileNet-XGBoost model displayed superior results with an AUC of 98.35%, sensitivity of 98.5%, accuracy
of 98.8%, precision of 98.85%, and specificity of 98.75%. The ResNet101-MobileNet-XGBoost model also dis-
played robust performance, securing an AUC of 98.05%, sensitivity of 97.65%, accuracy of 98%, precision of
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98.1%, and specificity of 97.8%. However, the ResNetl01-DenseNet201-MobileNet-XGBoost model emerged
as the most proficient, boasting an AUC of 99%, sensitivity of 98.95%, accuracy of 99.1%, precision of 99.1%,
and specificity of 99.15%.

Table 12: Results of the hybrid system of XGBoost with CNN features fused with MESbS for diagnosing a binary-class
dataset of MS disease

Systems Classesof data  AUC (%) Sensitivity ~Accuracy  Precision  Specificity
set (%) (%) (%) (%)
Control 976 98 978 98.3 98.1
ResNetl0l- MS 972 975 975 96.8 98.2
DenseNet20l - 4 verage ratio 97.4 97.75 97.7 97.55 98.15
Control 98.6 99.1 99.3 98.8 98.2
DenseNet201- MS 98.1 97.9 98.2 98.9 99.3
MobileNet Average ratio 98.35 98.5 98.8 98.85 98.75
Control 98.3 98.9 99 97.6 96.2
ResNetl0l- MS 978 96.4 96.5 98.6 99.4
MobileNet Averageratio  98.05 97.65 98 98.1 97.8
ResNetl01- Control 98.9 98.7 99.3 99.3 99.3
DenseNet201- MS 99.1 99.2 98.9 98.9 99
MobileNet Average ratio 99 98.95 99.1 99.1 99.15
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Figure 13: Display of results of the hybrid system of XGBoost with CNN features fused with MESbS for diagnosing a
binary-class dataset of MS disease

In Fig. 14, the confusion matrix illustrates the performance of XGBoost-multi-CNN using the MESbS
for the binary-class MS dataset for the accuracy of each class. This analysis evaluates class-specific diagnostic
performance for multiple sclerosis detection using confusion matrix analysis of XGBoost classifiers trained
on optimized features from multi-CNNs, including ResNet101, DenseNet201, and MobileNet, selected by the
MESDS algorithm. The ResNetl01-DenseNet201 fusion with XGBoost achieves a strong accuracy of 97.8%
on healthy controls and 97.5% for the MS class. The DenseNet201-MobileNet model performs slightly better,
with an accuracy of 99.3% for the control class and 98.2% for the MS class. The ResNet101-MobileNet model
produces comparable metrics. The proposed ResNetl01-DenseNet201-MobileNet integration with MESbS-
XGBoost attains the highest performance, correctly diagnosing with an accuracy of 99.3% of the control
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class and 98.9% of the MS class. This demonstrates the benefits of assimilating complementary feature
perspectives from all three CNNs through the MESDS feature optimization pipeline for improving differential
classification of multifactorial neurological disorders like MS.

Confusion Matrix: DenseNet201-MobileNet-XGBoost
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Figure14: A confusion matrix of results of the system of XGBoost with CNN features fused with MESbS for diagnosing
a binary-class dataset of MS disease
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4.5 Generalization of the Proposed Systems on New Dataset

To address concerns regarding overfitting due to a limited training dataset, our study evaluates the
proposed hybrid systems on two multiclass and biclass MS datasets and MRI images from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) dataset. The ADNI dataset provides a diverse and representative
sample of neuroimaging data, allowing us to assess the robustness and generalizability of our models.

The proposed hybrid systems were tested on fMRI images from the ADNI dataset. This dataset consists
of 2,575 tMRI images belonging to five classes for Alzheimer’s Disease (AD) and 906 images for Parkinson’s
disease (PD). The classes are AD (810 images), Cognitively Normal (CN) of 1220 images, Mild Cognitive
Impairment (MCI) of 233 images, Early Mild Cognitive Impairment (EMCI) of 240 images, Late Mild
Cognitive Impairment (LMCI) of 72 images and Parkinson’s Disease (PD) of 906 images. This dataset
provides a well-characterized range of cognitive impairment and, therefore, makes an excellent standard for
evaluating the generalization of our proposed models.

Table 13 and Fig. 15 present the performance of two hybrid CNN-XGBoost models, integrating
ResNetl01, DenseNet201, and MobileNet, evaluated on the ADNI dataset. ResNetl0l-DenseNet201-
MobileNet-XGBoost-ACO: This model’s performance has an average AUC of 90.08%, sensitivity of 91.63%,
accuracy of 94.40%, precision of 88.93%, and specificity of 98.85%. ResNetl01-DenseNet201-MobileNet-
XGBoost-MESDS: The second model performed has an average AUC of 83.60%, sensitivity of 83.37%,
accuracy of 92.40%, precision of 85.13%, and specificity of 98.42%. These results indicate that the proposed
hybrid models are highly effective in generalizing across different datasets and neurodegenerative conditions,
reducing concerns about overfitting.

Table 13: Generalization of the proposed hybrid systems on MRI images of the Alzheimer’s dataset

Systems Classes of ADNI AUC (%) Sensitivity Accuracy  Precision  Specificity

data set (%) (%) (%) (%)

AD 93.2 95.3 95.1 95.7 99.4
ResNetl101- CN 92.7 94.5 94.3 95 97.2
DenseNet20l- EMCI 74.1 75.4 75 83.7 99.5
MobileNet- LMCI 91.7 92.9 92.9 76.5 98.8
XGBoost- MCI 90.5 91.7 91.5 82.7 98.7
ACO PD 98.3 100 100 100 99.5

Average ratio 90.08 91.63 94.40 88.93 98.85

AD 92.4 94.3 93.8 98.1 99.2
ResNetl101- CN 91.9 93.5 93.4 90.8 95.7
DenseNet201- EMCI 72.8 74.9 75 75 98.3
MobileNet- LMCI 63.2 52.6 50 70 99.7
XGBoost- MCI 83.8 85.7 85.1 76.9 97.8
MESbS PD 97.5 99.2 99.4 100 99.8

Average ratio 83.60 83.37 92.40 85.13 98.42
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Figure 15: Confusion matrix for generalization of the proposed hybrid systems to MRI images from the Alzheimer’s
disease dataset (a): with ResNetl0l-DenseNet201-MobileNet-XGBoost-ACO; (b): with ResNetl01-DenseNet201-
MobileNet-XGBoost-MESbS

5 Discussion and Comparison of the Performance of the Proposed Hybrid Systems

AT techniques have revolutionized medical diagnostics, particularly in detecting diseases such as MS
early. In the context of MS classification, the utilization of advanced AI methods, including CNNs and
ensemble techniques, has shown promising results.

This study presents a new hybrid system, combining an XGBoost classifier and multiple CNN models
based on feature selection algorithms for MS classification. XGBoost provides ensemble learning capabilities,
excels at handling complex features, and is suitable for classification tasks. The fusion of features of the
ResNet101, DenseNet201, and MobileNet models ensures accurate extraction of deep features from brain MRI
images. CNNs excel at capturing complex MRI patterns, biomarkers, and features. The ACO and MESbS
algorithms are important in selecting the features that are most relevant to the target features.

Hybrid systems proposed a deep analysis using an XGBoost classifier and multi-CNN features for early
MS classification. For multi-class classification, the ResNetl01-DenseNet201-MobileNet-XGBoost model
based on the ACO algorithm achieved the best overall performance with an AUC of 99.05%, accuracy
of 99.4%, sensitivity of 99.23%, specificity of 99.75%, and precision of 99.45%. Integration of all three
CNNs provides maximal discriminative ability to distinguish subtle lesion variations across MRI modalities.
Similarly, for binary MS detection, the ResNet101-DenseNet201-MobileNet-XGBoost combination based on
the ACO algorithm attained superior results with AUC hitting 99.3%, accuracy of 99.6%, sensitivity of
99.5%, precision of 99.65%, and specificity of 99.55%. The ResNet101-MobileNet-XGBoost and DenseNet201-
MobileNet-XGBoost pairs also perform strongly in multi-class and binary tasks, indicating MobileNet’s
efficiency. The comparative evaluation across metrics and datasets validates that assimilating complementary
visual knowledge through optimized multi-CNN and XGBoost integration enables sensitive classification
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of multifactorial MS pathology. Adding more CNNs consistently improves results. The trio system lever-
aging ResNetl01, DenseNet201, and MobileNet surpasses all other frameworks, setting new standards for
automated screening using MRIL.

Table 14 is a comparison based on the key performance metrics. ACO Algorithm: The hybrid system
utilizing the ACO algorithm demonstrated slightly higher performance across most metrics, with an AUC
of 99.05% and an accuracy of 99.40%. This suggests that ACO is effective in optimizing feature selection by
retaining essential features and discarding redundant ones. Based on the results, the ACO algorithm slightly
outperforms the MESDS algorithm in this specific study. Therefore, recommend the use of ACO for scenarios
where maximizing accuracy and other performance metrics is crucial. However, MESbS remains a viable
alternative, particularly when considering the balance between computational efficiency and accuracy.

Table 14: Comparison between the performance of the feature selection algorithms ACO and MESbS

System Algorithm AUC (%) Sensitivity = Accuracy Precision Specificity
(%) (%) (%) (%)
ResNet101- ACO 99.05 99.23 99.4 99.45 99.75
DenseNet201-
MobileNet-XGBoost
ResNetl101- MESbS 98.88 99.15 99.3 99.18 99.6
DenseNet201-

MobileNet-XGBoost

Specifically, Table 13 summarizes our model’s performance, highlighting the superior accuracy of
99.40% and AUC of 99.05% achieved with the ACO algorithm. In comparison, existing studies in MS
classification have reported accuracy values ranging between 80% and 94%, with the highest being 93.76%
(Zhang et al.). While previous approaches, including CNN architectures, handcrafted feature extraction,
segmentation models, and diffusion MRI techniques, have contributed significantly to the field, they have not
exceeded the performance metrics attained in our study. The proposed hybrid framework effectively opti-
mizes discriminative power by leveraging deep feature fusion from ResNet101, DenseNet201, and MobileNet
with XGBoost. Using ACO for feature selection further enhances classification performance by retaining
essential features while discarding redundancies. By integrating multi-CNN fusion and advanced feature
selection, our study establishes a new benchmark for MS classification, surpassing prior methodologies.

Strengths: The strengths of this study lie in several aspects: A hybrid system that combines XGBoost
and multiple CNN models (ResNet101, DenseNet201, and MobileNet), which combines the strengths of both
ensemble learning and deep features fused from multiple CNN models. Extracting comprehensive features
by merging multiple CNN models, where each model adds features that were not detected by the other
model, is essential in detecting subtle differences in MS lesions. Also, merging features from multiple CNN
models leads to some redundancy of features, and thus, these features were overcome by applying the ACO
and MESbS methods to select essential features and delete the redundant and unimportant ones. The model
is effective in distinguishing between MS cases and normal types in MRI axial and sagittal images.

Limitation: The proposed systems in this study were evaluated on a specific training dataset, but this
limitation was overcome by applying data augmentation techniques. Data augmentation techniques increase
the number of images during the training phase and balance the dataset to avoid overfitting, as shown
in Table 6.
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Validity of the methods: The proposed methods in the study are advanced and suitable for the task of
MS classification. The combination of CNNs and XGBoost, along with feature selection algorithms, is a valid
approach to dealing with complex medical imaging data. The systems are applied to a well-structured dataset
of 3427 brain MRI images consisting of confirmed and healthy cases in both axial and sagittal orientations to
depict MS white matter lesions. The dataset was split into 1411 MRI images from MS patients (650 axial and
761 sagittal) and 2016 MRI images from healthy subjects (1002 axial and 1014 sagittal). This uniform dataset
is essential to ensure that the hybrid system is evaluated. The dataset was split into 80% training/validation
and 20% testing, with careful attention to tuning the hyperparameters. This approach is sound, as it ensures
that the model is trained on a large portion of the data while maintaining a separate test set to evaluate the
final system. Table 1 shows the exact distribution of data across the training, validation, and testing phases,
ensuring transparency in the model development process. The study system to divide the dataset into distinct
training, validation, and testing phases is a necessary step to avoid overfitting. The application of the data
augmentation technique in this study is also important to avoid bias by balancing the data and ensuring that
there is no overfitting by artificially increasing the number of images. Validity of the results—Test and cross-
validation set: The dataset during the testing phase includes 685 images (axial control: 200, sagittal control:
203, axial MS: 130, sagittal MS: 152), which ensures that the proposed systems are evaluated. In this study,
validation was done through 5-fold which helps to prevent overfitting by ensuring the consistency of the
proposed systems across various subsets of training data.

The data effectively and accurately supports the hybrid models that combine CNN models (ResNet101,
DenseNet201, and MobileNet) and the XGBoost algorithm for diagnosing MS. The results indicate the
efficiency and effectiveness of the models in reliably distinguishing MS patients from healthy controls across
various types of MRI images (axial and sagittal). By combining the capabilities of CNN models in extracting
fine features and merging them with the classification power of XGBoost, which enables them to capture
complex patterns in MS MRI images, leading to reliable and effective diagnostic results.

The clinical value of the presented models is that they assist in the early identification of MS with the
help of better deep and machine learning algorithms. As shown in the results, applying a hybrid model
consisting of XGBoost and CNN model features (ResNetl01, DenseNet201, and MobileNet) optimized
further by the ACO algorithm improves diagnostic performance. Integrating these models with clinical
workflows redefines the diagnosis process, particularly in situations with limited access to expert knowledge.
Automating the detection of MS through these blended models would allow clinicians to read MRI images
efficiently and identify crucial lesions indicative of MS. Not only would this accelerate diagnosis but also
reduce the risk of human error, which is a prime consideration for illnesses like MS, where treatment is
critical early on to prevent further disease progression. The models are applied in clinics as a diagnosis
support system, along with existing MRI analysis software. With their high measure performance, the
proposed models offer a valuable improvement over existing diagnostic methods, including standard manual
assessment and less advanced automated systems, which lack the accuracy and sensitivity required to detect
MS at an early stage. Moreover, the system’s ease of use and ability to automate would make it an invaluable
addition to any clinical setting. It would provide doctors with a powerful tool to help make informed,
data-driven decisions while allowing for the timely treatment of MS patients.

6 Conclusions

The proposed hybrid system, which integrates optimized multi-CNN features with the XGBoost
classifier through feature selection methods, demonstrates a promising approach for early and accurate
classification of MS from MRI scans. This study explored two feature selection techniques—ACO and
MESbS—to refine and enhance the extracted deep features, which improve classification performance.
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The results indicate that the XGBoost classifier, when applied to fused ResNet101-DenseNet201-MobileNet
features selected via ACO, achieved an AUC of 99.05%, sensitivity of 99.23%, accuracy of 99.4%, precision
of 99.45%, and specificity of 99.75%.

Future work will focus on validating these findings, using a new dataset to evaluate the generalizability
of the proposed system, and applying a hybrid technique between CNN models and a vision transformer for
early diagnosis.
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