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ABSTRACT 

 

Knee osteoarthritis is one of the most common degenerative musculoskeletal disorders, causing progressive cartilage 

deterioration, joint pain, stiffness, and reduced mobility. Accurate assessment of disease severity from knee X-ray 

images is essential for timely diagnosis and effective treatment planning, yet manual interpretation often depends on 

radiologist expertise and may lead to inconsistent grading. This research presents a hybrid deep learning framework 

that combines the feature extraction capability of VGG19 with the contextual learning strength of a Vision 

Transformer (ViT) for automated multi-class classification of knee osteoarthritis. The proposed framework classifies 

X-ray images into six categories: Healthy, Doubtful, Minimal, Moderate, Severe, and Invalid. A comprehensive 

preprocessing pipeline involving image resizing, normalization, contrast enhancement, and data augmentation 

improves image quality and model robustness. The fused CNN and transformer features enable effective learning of 

both local anatomical characteristics and global structural relationships, resulting in improved classification 

performance. The framework further integrates a Generative Artificial Intelligence module to automatically generate 

structured diagnostic reports based on predicted classes and confidence scores, enhancing clinical usability. 

Additionally, a blockchain-enabled storage mechanism ensures secure, tamper-resistant management of diagnostic 

records. A user-friendly web application allows real-time image upload, prediction, report generation, and history 

management. Experimental evaluation demonstrates that the proposed hybrid framework provides reliable, accurate, 

and scalable computer-aided diagnosis for supporting orthopedic clinical decision-making. 

Keywords: Knee Osteoarthritis, VGG19, Vision Transformer, Hybrid Deep Learning, Medical Image Classification, 

X-ray Analysis, Generative Artificial Intelligence, Blockchain, Computer-Aided Diagnosis, Medical Report 

Generation. 

I. INTRODUCTION 

 

Musculoskeletal diseases represent a major public health concern worldwide, with knee osteoarthritis (KOA) 

recognized as one of the leading causes of chronic disability among adults and older individuals. The condition 

gradually damages the articular cartilage, narrows the joint space, and causes persistent pain, inflammation, and 

stiffness, ultimately limiting mobility and reducing patients' quality of life. Identifying the disease at an early stage 

and accurately determining its severity are critical for selecting appropriate treatment strategies and slowing 

further joint degeneration. Conventional diagnosis primarily depends on clinical evaluation and manual 

interpretation of knee radiographs, where orthopedic specialists examine indicators such as cartilage loss, 

osteophyte formation, and joint space narrowing. Although widely adopted, this approach is subjective and heavily 

influenced by the experience of the clinician, often leading to inconsistencies in disease grading and diagnosis [1]. 

Moreover, radiographic signs in the early stages of osteoarthritis are often subtle, making timely detection difficult 

and increasing the possibility of delayed treatment and disease progression [2].Recent developments in artificial 

intelligence have significantly advanced the field of medical image analysis by enabling automated interpretation 

of diagnostic images. In particular, deep learning techniques have demonstrated remarkable success in extracting 

meaningful patterns from medical datasets. Convolutional Neural Networks (CNNs) are highly effective in 

learning local image features such as cartilage defects, bone textures, and structural abnormalities from knee X-

ray images [3]. However, CNN architectures primarily focus on localized receptive fields and often struggle to 

capture long-range spatial dependencies across the entire joint. Vision Transformers (ViTs) overcome this 

limitation by employing self-attention mechanisms that model global contextual relationships, allowing a more 

comprehensive understanding of anatomical structures [4]. Integrating CNNs with Vision Transformers combines 

the strengths of both architectures, producing richer feature representations that enhance classification accuracy 

and robustness for medical image analysis [5].This work introduces a hybrid deep learning framework for 
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automated multi-class classification of knee osteoarthritis using radiographic knee X-ray images. The proposed 

framework utilizes VGG19 as the convolutional backbone to extract fine-grained local features, while a Vision 

Transformer captures global contextual information from the same input images. The complementary features 

generated by both networks are fused to create a comprehensive representation for disease classification. The 

model categorizes knee X-ray images into Healthy, Doubtful, Minimal, Moderate, Severe, and Invalid classes. 

Furthermore, an efficient preprocessing pipeline consisting of image resizing, normalization, contrast 

enhancement, and augmentation is applied to improve data quality, reduce variability, and enhance learning 

performance during model training and evaluation [6].To improve the practical applicability of the proposed 

framework, a Generative Artificial Intelligence module is incorporated to automatically generate structured 

diagnostic reports based on predicted disease categories and confidence scores. This automated reporting process 

transforms model predictions into clinically meaningful summaries, minimizing manual documentation while 

improving reporting consistency. The complete framework is deployed through an interactive web application 

that enables users to upload knee X-ray images, perform real-time disease prediction, visualize confidence scores, 

and access automatically generated medical reports. Additionally, blockchain technology is integrated to provide 

secure, tamper-resistant storage of patient diagnostic records, ensuring data integrity and reliable medical record 

management across healthcare environments.Overall, the proposed hybrid framework provides an intelligent, 

reliable, and scalable computer-aided diagnostic solution for knee osteoarthritis assessment. By combining 

VGG19, Vision Transformer, Generative Artificial Intelligence, and blockchain technology, the system enhances 

diagnostic accuracy, reduces dependence on subjective clinical interpretation, and improves the efficiency of 

orthopedic decision-making. The proposed solution offers significant potential for supporting clinicians in early 

disease detection, standardized diagnosis, and effective patient management while promoting secure and 

accessible digital healthcare services [7].  

II. RELATED WORKS 

 

The application of deep learning for automated knee osteoarthritis diagnosis has gained significant attention in 

recent years due to its ability to improve diagnostic precision and reduce observer variability. Initial studies 

predominantly relied on Convolutional Neural Networks (CNNs) to extract discriminative features from knee X-

ray images for disease grading. Zhang et al. introduced a CNN-based framework that achieved superior grading 

accuracy compared with conventional machine learning approaches, demonstrating the effectiveness of deep 

learning for automated osteoarthritis assessment [8]. Likewise, Kumar et al. proposed a multi-class deep neural 

network capable of recognizing different osteoarthritis severity levels, highlighting the importance of large-scale 

annotated datasets for achieving reliable classification performance [9]. Patel et al. further demonstrated that CNN 

architectures can effectively identify structural abnormalities in radiographic knee images, supporting their use as 

computer-aided diagnostic tools in clinical environments [10].Subsequent research focused on improving 

classification accuracy through deeper neural architectures, transfer learning, and optimized training 

methodologies. Chen et al. employed advanced convolutional models to enhance feature representation, leading 

to improved grading performance [11]. Singh et al. designed an automated deep learning-based grading system 

that achieved high predictive accuracy and showed strong potential for clinical deployment [12]. Gupta et al. 

reviewed various deep learning approaches and identified major challenges including class imbalance, overfitting, 

limited interpretability, and inconsistent evaluation strategies [13]. Sharma et al. compared multiple deep learning 

models and reported that ensemble techniques generally produced more reliable predictions than individual 

networks [14]. Kumar et al. also demonstrated that deep learning algorithms could successfully distinguish subtle 

differences between osteoarthritis severity levels, improving disease progression analysis [15].More recently, 

researchers have shifted towards hybrid and transformer-based architectures to overcome the limitations of 

conventional CNN models. Sharma et al. proposed an improved automated grading framework that enhanced 

feature learning and generalized well across different datasets [16]. Patel et al. emphasized combining domain-

specific medical knowledge with data-driven deep learning methods to improve diagnostic performance [17]. 

Mehta et al. introduced a deep neural network-based grading system that provided more consistent and reliable 

predictions than manual clinical interpretation [18]. Joshi et al. investigated deep neural architectures capable of 

handling large-scale medical image datasets while maintaining high classification accuracy [19]. Similarly, 

Sharma et al. developed CNN-based grading techniques that achieved robust performance and demonstrated the 

feasibility of automated osteoarthritis diagnosis in routine clinical practice [20].Beyond improving predictive 

performance, recent investigations have increasingly focused on enhancing the transparency and interpretability 

of artificial intelligence systems. Attention mechanisms and visualization techniques have been incorporated to 

identify important anatomical regions influencing model predictions, thereby increasing clinician confidence in 

automated diagnostic systems. Researchers have also explored multimodal learning frameworks that integrate 

radiographic images with patient clinical information to provide a more comprehensive evaluation of disease 

progression. Furthermore, transfer learning has become a widely adopted strategy, allowing pretrained models to 
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overcome the limitations imposed by relatively small annotated medical imaging datasets.Another emerging 

research direction is the integration of Generative Artificial Intelligence into diagnostic workflows. Generative 

models are capable of transforming classification outputs into structured clinical reports, reducing documentation 

effort while improving reporting consistency. In parallel, web-based and cloud-enabled deployment platforms 

have enabled real-time image analysis and remote accessibility, making AI-assisted diagnosis more suitable for 

telemedicine and modern digital healthcare applications.Despite these advancements, several challenges continue 

to limit the widespread adoption of automated knee osteoarthritis diagnosis. Variations in image acquisition 

protocols, patient demographics, annotation quality, and dataset diversity often affect model generalization. In 

addition, the absence of standardized benchmarking procedures makes objective comparison among different 

approaches difficult. Addressing these issues requires larger multi-center datasets, standardized evaluation 

protocols, and more robust validation strategies.Overall, research in knee osteoarthritis detection has evolved from 

traditional CNN-based classification models to sophisticated hybrid architectures that combine convolutional 

networks with transformer-based learning. These developments have substantially improved diagnostic accuracy, 

robustness, and clinical applicability. Nevertheless, further research is required to enhance explainability, improve 

cross-dataset generalization, and facilitate seamless integration into healthcare systems. The combination of 

hybrid deep learning, explainable artificial intelligence, and generative AI represents a promising direction for 

developing reliable computer-aided diagnostic solutions for orthopedic imaging [21].Building upon these 

advancements, recent studies have investigated attention-guided hybrid architectures that integrate convolutional 

feature extractors with transformer encoders to simultaneously capture fine-grained texture information and global 

anatomical relationships. Such frameworks have demonstrated improved sensitivity in identifying early-stage 

osteoarthritis, where radiographic changes are often subtle [22]. Ensemble learning has also emerged as an 

effective strategy, combining predictions from multiple deep learning models to improve classification stability 

and reduce prediction variance in multi-class diagnostic tasks [23].In addition, self-supervised and semi-

supervised learning techniques have attracted considerable interest because they reduce dependence on manually 

labeled datasets by utilizing large collections of unlabeled medical images. These approaches improve scalability 

while lowering annotation costs [24]. Domain adaptation methods have also been introduced to improve model 

robustness across images acquired using different imaging devices and clinical protocols, thereby enhancing 

generalization across healthcare institutions [25]. Furthermore, researchers have incorporated Explainable AI 

methods together with model optimization techniques such as pruning, quantization, and lightweight network 

design to support deployment on resource-constrained medical devices while maintaining real-time performance. 

Collectively, these innovations continue to improve the robustness, interpretability, scalability, and clinical 

applicability of automated knee osteoarthritis detection systems [26].  

III. DATASETS 

The dataset used in this research comprises knee X-ray images obtained from publicly available Kaggle 

repositories, providing a reliable and reproducible resource for developing and evaluating deep learning models. 

The collected radiographic images represent multiple stages of knee osteoarthritis and are organized into six 

distinct categories: Healthy, Doubtful, Minimal, Moderate, Severe, and Invalid. These classes are assigned 

according to the severity of radiographic features, including cartilage degeneration, joint space narrowing, 

osteophyte development, and other structural abnormalities associated with osteoarthritis. The Invalid category is 

incorporated to identify images that are unsuitable for diagnosis due to poor image quality, incorrect anatomical 

regions, or imaging artifacts, thereby improving the robustness and reliability of the classification system. The 

dataset contains images captured using different imaging devices and clinical settings, reflecting variations in 

patient demographics, image resolution, and acquisition protocols. Such diversity enhances the model's ability to 

generalize effectively across real-world clinical scenarios. Before model training, the dataset is systematically 

organized into class-specific folders to support supervised learning. A comprehensive preprocessing pipeline is 

applied, including image resizing to a uniform resolution, pixel value normalization, and tensor conversion to 

ensure data consistency. Furthermore, data augmentation techniques such as random rotation, horizontal flipping, 

zooming, and contrast enhancement are employed to increase dataset diversity, improve model generalization, 

and minimize overfitting. Finally, the dataset is partitioned into training, validation, and testing sets, enabling 

comprehensive performance evaluation and unbiased assessment of the proposed hybrid deep learning 

framework. 

IV. METHODOLOGY 

The proposed methodology adopts a systematic framework for the automated classification of knee osteoarthritis 

from X-ray images. The framework integrates multiple stages, including image preprocessing, hybrid feature 

extraction, deep learning-based classification, and automated medical report generation, into a single end-to-end 

pipeline. The workflow begins with the acquisition of knee X-ray images, followed by preprocessing techniques 
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to improve image quality and standardize the input data. The enhanced images are then processed using a hybrid 

deep learning architecture that combines the local feature extraction capability of the VGG19 Convolutional 

Neural Network with the global contextual learning ability of the Vision Transformer (ViT). The complementary 

features extracted by both models are fused to achieve accurate multi-class classification of knee osteoarthritis 

severity. Based on the predicted class and confidence score, a Generative Artificial Intelligence module 

automatically generates a structured diagnostic report. In addition, blockchain technology is employed to securely 

store diagnostic records and maintain data integrity. The complete workflow, from image acquisition to 

classification, report generation, and secure record management, is illustrated in Figure 1, providing a clear 

overview of the proposed system architecture and the sequence of processing stages involved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. System Architecture of Hybrid CNN–Vision Transformer Framework for Automated Knee Osteoarthritis 

Classification and Report Generation. 

A. Data Collection and Data Preparation 

The proposed framework is developed using a labeled dataset of knee X-ray images obtained from publicly 

available repositories. The dataset includes images representing different stages of knee osteoarthritis, covering 

Healthy, Doubtful, Minimal, Moderate, Severe, and Invalid categories. The inclusion of diverse patient cases and 

varying disease severities enhances the robustness and generalization capability of the proposed model. Each 

image is organized into its respective class folder to support supervised learning and efficient data management. 

Image metadata, including resolution and quality, is carefully examined to maintain consistency throughout the 

training process. To address the issue of uneven class distribution, appropriate dataset balancing techniques are 

applied, ensuring that the learning process is not biased toward majority classes. This organized and balanced 

dataset provides a strong foundation for developing an accurate and reliable osteoarthritis classification model. 

B. Image Preprocessing and Enhancement 

Prior to feature extraction, all input images undergo a comprehensive preprocessing pipeline to improve their 

quality and ensure uniformity across the dataset. Each knee X-ray image is resized to 224 × 224 pixels, matching 

the input dimensions required by the deep learning architecture. Pixel intensities are normalized to stabilize the 

optimization process and accelerate model convergence. Image enhancement is performed using Contrast Limited 

Adaptive Histogram Equalization (CLAHE) to improve the visibility of anatomical structures within the knee 

joint. In addition, Gaussian filtering is employed to suppress unwanted noise, while image sharpening techniques 
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enhance important structural details such as joint boundaries and cartilage regions. These preprocessing 

operations improve contrast, reduce artifacts, and produce high-quality images that enable the hybrid model to 

learn more discriminative features for accurate disease classification. 

C. Hybrid Feature Extraction Using CNN and Vision Transformer 

The proposed system employs a hybrid feature extraction strategy that integrates the strengths of Convolutional 

Neural Networks and Vision Transformers. A pretrained VGG19 model is utilized to capture fine-grained local 

features, including textures, edges, and structural abnormalities present in knee X-ray images. Simultaneously, 

the Vision Transformer (ViT) analyzes the same images using self-attention mechanisms to learn long-range 

dependencies and global contextual information. The feature vectors generated by both architectures are fused to 

produce a unified and highly informative representation of the input image. By combining localized feature 

extraction with global contextual learning, the proposed hybrid framework effectively overcomes the limitations 

of individual architectures and significantly improves the detection of subtle variations across different 

osteoarthritis severity levels. 

D. Model Training and Classification 

The fused feature representation is forwarded to fully connected classification layers for automated multi-class 

prediction of knee osteoarthritis severity. The model is trained using supervised learning with labeled X-ray 

images, where the cross-entropy loss function is employed to optimize multi-class classification performance. 

The Adam optimizer is utilized to efficiently update network parameters and achieve faster convergence during 

training. To improve model generalization and reduce overfitting, dropout regularization is incorporated into the 

fully connected layers. Model performance is continuously evaluated on the validation dataset, enabling 

hyperparameter tuning and early stopping whenever necessary. After completing the training process, the 

proposed hybrid model accurately classifies previously unseen knee X-ray images into the predefined 

osteoarthritis categories while providing reliable confidence scores for each prediction. 

E. Report Generation and System Deployment 

Following disease classification, the predicted osteoarthritis grade and corresponding confidence score are 

supplied to a Generative Artificial Intelligence module that automatically produces a structured diagnostic report. 

The generated report presents the prediction in an easy-to-understand clinical format, assisting healthcare 

professionals in interpreting the results more efficiently while reducing manual documentation effort. To ensure 

secure management of patient information, blockchain technology is integrated for storing diagnostic records with 

tamper-resistant protection and integrity verification. The complete framework is deployed as a user-friendly web 

application, enabling users to upload knee X-ray images and obtain real-time predictions, confidence 

visualization, automatically generated medical reports, and secure record management. This web-based 

deployment improves accessibility, supports remote healthcare services, and demonstrates the practical 

applicability of the proposed system in modern clinical environments. 

V. EXPERIMENT 

A. Evaluation Metrics 

The effectiveness of the proposed hybrid knee osteoarthritis classification framework is assessed using several 

widely accepted performance metrics to provide a comprehensive evaluation across all disease categories. 

Accuracy is considered the primary metric and is calculated as the proportion of correctly classified samples to 

the total number of test samples. Although accuracy provides an overall indication of model performance, it may 

not fully reflect classification quality when the dataset contains class imbalance. Therefore, additional evaluation 

measures are employed to obtain a more detailed assessment of the model's predictive capability.Precision is used 

to determine the percentage of correctly predicted positive samples among all positive predictions, reflecting the 

model's ability to minimize false-positive classifications. Recall, also known as sensitivity, measures the 

proportion of actual positive cases that are correctly identified, indicating the effectiveness of the model in 

detecting osteoarthritis. The F1-score, which represents the harmonic mean of precision and recall, provides a 

balanced performance measure, particularly when dealing with uneven class distributions.To further analyze 

classification behavior, a confusion matrix is generated to visualize the number of correct and incorrect predictions 

for each osteoarthritis category. This analysis helps identify confusion between adjacent severity grades and 

highlights areas requiring improvement. In addition, the prediction confidence scores produced by the model are 

examined to evaluate the reliability and certainty of each classification. Collectively, these evaluation metrics 

http://www.jsrtjournal.com/


www.jsrtjournal.com ISSN: 2583-8660 148 

PAGES: 143-152 

19/07/26 

 JOURNAL OF SCIENTIFIC RESEARCH AND TECHNOLOGY                       VOLUME-4 ISSUE-7 JULY 

 

 www.jsrtjournal.com                                  ISSN: 2583-8660 148 
  

provide a comprehensive assessment of the proposed framework in terms of prediction accuracy, robustness, 

generalization capability, and overall effectiveness for automated multi-class knee osteoarthritis classification.  

B. Hyperparameters 

The performance of the proposed hybrid deep learning framework largely depends on the appropriate selection 

and optimization of training hyperparameters. To maintain compatibility with both the VGG19 network and the 

Vision Transformer (ViT), all input knee X-ray images are resized to a uniform resolution of 224 × 224 pixels 

before training. A suitable batch size is selected to achieve an effective balance between computational efficiency, 

GPU memory utilization, and stable gradient estimation during optimization. The model training begins with a 

small initial learning rate, which is dynamically adjusted using a learning rate scheduler to facilitate stable 

convergence and improve overall training efficiency.The network is trained for a predefined number of epochs, 

while an early stopping mechanism monitors the validation loss and terminates training whenever further 

improvement is no longer observed, thereby preventing overfitting. The Adam optimizer is employed for efficient 

weight optimization due to its adaptive learning capability and faster convergence compared with conventional 

optimization methods. Dropout regularization is incorporated within the fully connected layers to reduce 

overfitting by randomly deactivating neurons during training, resulting in improved model 

generalization.Furthermore, the proposed framework utilizes transfer learning by initializing the VGG19 model 

with pretrained ImageNet weights, enabling faster convergence and more effective feature extraction. Additional 

regularization techniques, including weight decay, are incorporated to enhance training stability and reduce model 

complexity. All hyperparameters are carefully tuned through extensive experimentation to obtain optimal 

classification performance and ensure accurate identification of multiple knee osteoarthritis severity levels.  

VI. RESULTS 

 

The proposed hybrid deep learning framework achieved excellent performance in the automated classification of 

knee osteoarthritis severity from X-ray images. By integrating the local feature extraction capability of VGG19 

with the global contextual learning ability of the Vision Transformer (ViT), the model effectively captured both 

fine-grained anatomical details and overall structural characteristics of the knee joint. This hybrid feature learning 

strategy resulted in superior classification performance compared with individual deep learning 

architectures.Experimental evaluation demonstrated that the proposed framework consistently achieved higher 

values of accuracy, precision, recall, and F1-score, confirming its effectiveness for multi-class osteoarthritis 

classification. The confusion matrix revealed fewer misclassifications among neighboring severity grades, 

indicating the model's ability to differentiate subtle radiographic variations that are often challenging to identify 

through manual assessment. Furthermore, the prediction confidence scores showed high certainty for correctly 

classified images, reflecting the reliability and robustness of the proposed classification model.The preprocessing 

and image enhancement techniques adopted in the proposed framework also contributed significantly to 

improving feature quality and reducing the influence of image noise, thereby enhancing overall predictive 

performance. Comparative evaluation against baseline models, including standalone VGG19 and Vision 

Transformer, demonstrated that the fusion of convolutional and transformer-based features provides a richer 

representation of knee X-ray images, leading to more accurate and stable predictions. These findings confirm that 

the proposed hybrid framework is an effective computer-aided diagnostic solution for knee osteoarthritis 

assessment, offering reliable multi-class classification performance while supporting clinicians in accurate 

diagnosis and informed clinical decision-making.  
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TABLE I 

Comparative Analysis of Model Performance  

 

A.Web Application Interface 
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Fig. 2. illustrates the homepage of the proposed KneeAI web application, which provides a user-friendly interface 

for automated knee osteoarthritis detection and KL grade analysis. It enables users to upload knee X-ray images, 

initiate real-time analysis, and access AI-generated diagnostic results through an intuitive and responsive design. 

 

B.CNN+ViT Detection 
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Fig. 3. presents the prediction interface of the proposed CNN+ViT framework, displaying the original and 

enhanced knee X-ray images along with the predicted KL grade, confidence score, and class-wise probability 

distribution. The interface provides real-time osteoarthritis severity classification, enabling clinicians to interpret 

diagnostic results quickly and accurately.  

 

C.Blockchain Interface 

 
 

Fig. 4. illustrates the blockchain dashboard integrated into the proposed system, displaying chain validation status, 

total blocks, medical records, mining difficulty, and blockchain integrity. The interface securely stores diagnostic 

results and provides an immutable chain visualization, ensuring tamper-resistant medical record management and 

reliable analysis history.
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VII. CONCLUSION AND FUTURE SCOPE 

The proposed research presents a hybrid deep learning framework for the automated multi-class classification of 

knee osteoarthritis using knee X-ray images. By combining the local feature extraction capability of VGG19 with 

the global contextual learning ability of the Vision Transformer (ViT), the framework effectively captures both fine 

anatomical details and broader structural relationships within the knee joint. A comprehensive preprocessing pipeline 

improves image quality and consistency, enabling the model to learn highly discriminative features and achieve 

reliable classification performance. Experimental results demonstrate that the proposed hybrid architecture 

consistently outperforms standalone deep learning models in terms of accuracy, precision, recall, and F1-score, 

validating its effectiveness for computer-aided diagnosis. In addition to disease classification, the integration of a 

Generative Artificial Intelligence module automatically generates structured clinical reports, reducing manual 

documentation while improving reporting consistency. The proposed system is further implemented as a web-based 

application that enables real-time image upload, automated prediction, confidence score visualization, and report 

generation. Moreover, the incorporation of blockchain technology provides secure, tamper-resistant storage of 

diagnostic records, ensuring data integrity and strengthening trust in digital healthcare systems. Overall, the proposed 

framework offers an accurate, reliable, and scalable solution for supporting orthopedic diagnosis and clinical 

decision-making in knee osteoarthritis assessment. Future research can further improve the proposed framework by 

incorporating larger and more diverse multi-institutional datasets to enhance model robustness and generalization 

across different patient populations and imaging conditions. The integration of Explainable Artificial Intelligence 

(XAI) techniques, including attention maps and feature visualization methods, can improve model interpretability 

and increase clinicians' confidence in automated predictions. Expanding the framework to support multimodal 

medical data, such as MRI scans, patient history, and laboratory records, could provide a more comprehensive 

assessment of disease progression and improve diagnostic accuracy. In addition, optimizing the hybrid model for 

deployment on mobile, edge, and embedded healthcare devices would enable efficient real-time diagnosis in 

resource-constrained clinical environments. Future studies may also investigate continual learning approaches that 

allow the model to adapt to newly acquired medical data without requiring complete retraining. Furthermore, 

integrating cloud-based healthcare platforms and electronic health record systems could enhance scalability, 

facilitate remote diagnosis, and promote wider adoption of intelligent computer-aided diagnostic systems in modern 

clinical practice.  
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