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ABSTRACT

Diabetic Retinopathy (DR), a major complication of diabetes
mellitus, is a leading cause of vision impairment and blindness
in the working-age population globally. The intricate nature of
DR, characterized by gradual retinal damage due to prolonged
high blood sugar levels, makes its early detection and
management critical. However, the current landscape of DR
diagnosis and management faces significant challenges,
primarily stemming from the limitations in existing diagnostic
methods and the lack of comprehensive patient data
integration. This work addresses these challenges by proposing
a novel approach that leverages multimodal data fusion,
utilizing machine learning (ML), deep learning (DL), and
artificial intelligence (AI) techniques, aiming to enhance the
accuracy, pre-emption, and clinical management of DR.
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1. INTRODUCTION

The prevalence of diabetes and its complications, including
DR, is on a rising trajectory, making it a significant public
health concern. The early stages of DR often exhibit no
symptoms, and when left undetected or untreated, it can
progress to more severe stages, leading to vision loss. The
traditional methods for DR screening and diagnosis,
predominantly relying on fundus photography, have limitations
in terms of sensitivity, especially in the early stages of the
disease. Moreover, these methods do not consider other
potential risk factors captured in various patient data
modalities, such as blood reports and historical health records,
which can provide valuable insights into the patient’s overall
health status and the progression of DR.

Recognizing these gaps, this work introduces a comprehensive
framework that integrates multiple data modalities to enhance
the detection and management of DR. The proposed model
synergizes data from fundus images, advanced eye scans (like
OCT and Angiography), blood analysis reports, patient
demographics, and historical health records. This integration is
achieved through advanced ML and DL techniques, which not
only improve the classification accuracy of DR stages but also
enable the pre-emption of disease progression through
predictive analytics.

The Introduction of this multimodal approach is a significant
leap forward in DR management. By encompassing a broader
spectrum of patient data, the model facilitates a more nuanced
understanding of DR, transcending the constraints of single-
modality analyses. This holistic view allows for the early
detection of DR, even in asymptomatic stages, and aids in
predicting the disease trajectory, thus opening avenues for
timely and personalized intervention strategies.
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Moreover, this work extends beyond clinical diagnostics to
encompass Al-driven clinical and non-clinical
recommendations. By analyzing the integrated data, the model
generates  personalized treatment plans and lifestyle
modification suggestions tailored to the individual patient’s
condition and risk profile. This approach not only enhances the
efficacy of DR management but also fosters patient
engagement and adherence to treatment regimens.

The introduction section of this work sets the stage for a
detailed exploration of the proposed multimodal fusion model,
its implementation, and its potential to revolutionize DR
detection and management. Through this work, we aim to
contribute significantly to the field of diabetic care, offering
new perspectives and tools for healthcare professionals in
combating one of the most challenging complications of
diabetes.

2. REVIEW OF LITURATURE

The field of Diabetic Retinopathy (DR) analysis has seen
significant advancements through the integration of various
computational approaches and imaging techniques. This
literature review synthesizes key contributions from recent
research, emphasizing the development and application of
various models in DR detection and classification.

Table I Review of Literature

Reference Method Findings Limitations
Used

[1] Automatic | 2-D- Automated | Limited
Diagnosis of | FBSE- diagnosis explanation
Different Grades | FAWT, for various | of IoT
of Diabetic | [oT, Deep | DR grades | integration
Retinopathy and | Learning using impact.
Diabetic Macular advanced
Edema Using 2-D- imaging.
FBSE-FAWT Integration

of IoT for

efficient

healthcare.
[2] Internet of | IoT, Deep | DR Limited
Things and Deep | Learning diagnosis discussion
Learning Enabled with retinal | on IoT
Diabetic fundus implementat
Retinopathy images ion
Diagnosis  Using using IoT. | challenges.
Retinal Fundus Potential of
Images IoT in

medical

imaging.
[3] Deep Learning | Deep Survey  of | Does not
Techniques for | Learning deep provide
Diabetic learning specific
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Retinopathy techniques findings but

Classification: A in DR | summarizes

Survey classificatio | techniques.

n.

[4]  Explainable | Deep Emphasison | No  direct

Diabetic Learning explainable | findings but

Retinopathy DR highlights

Detection and detection in | the

Retinal Image Al models. importance

Generation of inter-
pretability.

[5] RTNet: | RTNet, Introduction | Limited

Relation Deep of RTNet for | discussion

Transformer Learning multi-lesion | on real-

Network for segmentatio | world

Diabetic nin DR. applicability

Retinopathy Multi- .

Lesion

Segmentation

[6] Optimizing | Socially Optimizatio | Lack of

Deep Learning | Implement | n of model | detailed

Model Parameters | ed IoMT, | parameters performance

Using Socially | Deep using IoMT | improvemen

Implemented Learning systems. ts.

IoMT Systems for

Diabetic

Retinopathy

Classification

Problem

[7] Robust | Collaborat | Robust Limited

Collaborative ive collaborativ | discussion

Learning of Patch- | Learning, | e learning | on

Level and Image- | Deep for scalability.

Level Annotations | Learning enhanced

for Diabetic DR severity

Retinopathy classificatio

Grading From n.

Fundus Image

[8] Multi-Stream | Multi- Enhanced Doesn't

Deep Neural | stream DR severity | address

Network for | Deep classificatio | specific

Diabetic Neural n using | limitations.

Retinopathy Networks, | multi-

Severity Deep stream

Classification Learning networks.

Under a Boosting

Framework

[9] Vision | Vision Implementat | Limited

Transformer Transform | ion of | discussion

Model for | er, Deep | Vision on

Predicting the | Learning Transformer | comparative

Severity of for performance

Diabetic predicting

Retinopathy in DR severity.

Fundus

Photography-

Based Retina

Images

[10] DR-GAN: | DR-GAN, | Introduction | Limited

Conditional Gener- of DR-GAN | discussion

Generative ative Adv- | for fine- | on practical

Adversarial ersarial grained applications.

Network for Fine- | Networks | lesion

Grained  Lesion synthesis.

Synthesis on

Diabetic

Retinopathy
Images
[11] Segmentation | IC2T Exploration | Lack of
Using the IC2T | Models, of  image | discussion
Model and | Image segmentatio | on  model
Classification of | Segmentat | n using | complexities
Diabetic ion IC2T
Retinopathy Using models for
the Rock Hyrax DR.
Swarm-Based
Coordination
Attention
Mechanism
[12] A Faster | Faster DR Limited
RCNN-Based RCNN, detection discussion
Diabetic Image with Faster | on real-
Retinopathy Segmentat | RCNN- world
Detection Method | ion based image | applications.
Using Fused segmentatio
Features From n.
Retina Images
[13] Grading of | Graph Leveraging | Limited
Diabetic Neural graph neural | discussion
Retinopathy Networks, | networks for | on
Images Based on | Grading grading DR | computation
Graph Neural | DR images. al
Network Images complexity.
[14] Graph | Graph Utilizing Limited
Adversarial Neural graph neural | discussion
Transfer Learning | Networks, | networks for | on transfer-
for Diabetic | Adv- adversarial ability.
Retinopathy ersarial transfer
Classification Transfer learning in

DR.
[15] Uncertainty- | Uncertaint | Focus on | Limited
Aware Deep | y-Aware uncertainty- | exploration
Learning Methods | Deep aware of real-world
for Robust | Learning, | methods for | uncertainty
Diabetic Al Models | robust DR | management
Retinopathy classificatio
Classification n.
[16] EDR-Net: | EDR-Net, | Introduction | Limited
Lightweight Deep | Lightweig | of EDR-Net, | discussion
Neural Network | ht Al | a on
Architecture  for | Architectu | lightweight | comparative
Detecting re Al efficiency.
Referable Diabetic architecture
Retinopathy for

healthcare.
[17] Ensembled | Ensembled | Exploration |Limited
Deep Convolutional | Deep CNN | of ensembled | discussion on
Generative Models, deep  CNN|the
Adversarial Hybrid and  hybrid | ensemble's
Network for | Models models  for | impact.
Grading DR
Imbalanced recognition.
Diabetic
Retinopathy
Recognition
[18] Systematic | AI-Enabled | Systematic Doesn't
Development of Al- | Diagnostic | development |provide
Enabled Diagnostic | Systems of Al-enabled | specific
Systems for diagnostic findings but
Glaucoma and systems  in | highlights the
Diabetic healthcare. integration of

23




Retinopathy Al

[19] Diabetic | Transfer Utilization of | Limited
Retinopathy Learning, |[transfer discussion on
Detection and | Deep learning  in|model fine-

Grading: A Transfer | Learning
Learning Approach
Using Simultaneous
Parameter
Optimization and
Feature-Weighted

DR analysis. |tuning.

ECOC Ensemble

[20] A  Hybrid | Hybrid Use of hybrid | Limited
Convolutional CNN CNN models | discussion on
Neural Network | Models, for enhanced | the hybrid
Model for [ Deep DR detection. | model's
Automatic Diabetic | Learning performance.
Retinopathy

Classification From
Fundus Images

[21] Automatic | DenseNet, | Introduction | Limited

Severity Attention | of DenseNet | discussion
Classification  of | Mechanis | with on practical
Diabetic ms attention implementat
Retinopathy Based modules for | ion.

on DenseNet and
Convolutional
Block  Attention
Module

DR analysis.

[22] Artificial | AI-Based | Advanceme | Limited
Intelligence-Based | Teleophth | nts in Al- | discussion

Teleophthalmolog | almology | based on

y Application for | Applicatio | teleophthal | teleophthalm
Diagnosis of | ns mology ology
Diabetics applications. | scalability.
Retinopathy

[23] Joint Learning | Joint Joint Limited

of Multi-Level | Learning, | learning for | exploration
Tasks for Diabetic | Low- DR grading | of low-

Retinopathy Resolution | on low- | resolution
Grading on Low- | Images resolution image
Resolution Fundus fundus challenges.
Images images.

In summary, the recent literature in DR analysis demonstrates
a trend towards more sophisticated, integrated, and patient-
centric approaches. The utilization of advanced Al techniques,
including deep learning, transfer learning, and ensemble
methods, combined with innovative imaging and segmentation
techniques, has significantly enhanced the accuracy and
efficiency of DR detection and classification. These
advancements not only improve diagnostic capabilities but also
contribute to more personalized and accessible diabetic care.

3. RESEARCH GAPS

Identifying research gaps in the context of Diabetic
Retinopathy (DR) analysis using multimodal data is crucial for
advancing the field. The following are key research gap
identified from the existing literature:

3.1 Limited Integration of Multimodal Data
While there are studies utilizing multimodal data for DR
analysis, most focus on combining only two types of data, such
as fundus images and OCT. Comprehensive integration that
includes a broader range of modalities, such as blood
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biomarkers, patient demographics, and historical health
records, alongside imaging data, is still relatively unexplored.
This gap indicates a need for models that can effectively fuse
and interpret a wider array of data types for a more holistic
understanding of DR.

3.2 Early Detection and Progression

Prediction

Current models are effective in diagnosing existing DR but are
less adept at early detection, particularly in asymptomatic
stages. Moreover, there&#39;s a lack of emphasis on predicting
the progression of DR. Research is needed to develop
predictive models that not only diagnose DR but also forecast
its progression, enabling preemptive interventions.

3.3 Personalization of Treatment

Recommendations

Most existing models focus on diagnosis and classification of
DR, with less attention given to personalized treatment
recommendations. There is a research gap in models that can
analyse multimodal data to generate personalized clinical and
non-clinical recommendations, catering to the specific needs
and risk profiles of individual patients.

3.4 Interpretability and Clinical Usability of

Al Models

Although Al and deep learning have shown promise in DR
analysis, the interpretability of these models remains a
challenge. The black-box nature of deep learning makes it
difficult for clinicians to understand and trust the decision-
making process. Research is needed to develop Al models that
are not only accurate but also transparent and interpretable in
clinical settings.

3.5 Scalability and Accessibility

Many advanced DR analysis models require substantial
computational resources, which may not be accessible in
resource-limited settings. There is a need for scalable and
efficient models that can be deployed in diverse clinical
environments, including those with limited resources.

3.6 Integration of Lifestyle and

Environmental Factors

The impact of lifestyle and environmental factors on DR
progression is an underexplored area in multimodal data
analysis. Research incorporating these factors could provide
more comprehensive insights into DR management and
prevention strategies.

3.7 Longitudinal Data Analysis
Most studies are cross-sectional, focusing on data at a single
point in time. There&#39;s a lack of longitudinal studies that
analyze patient data over time to understand the dynamics of
DR progression and response to treatments.

By addressing these research gaps, the work WILL
significantly advance the field of DR analysis, offering more
accurate, comprehensive, and personalized approaches to
managing this complex condition.

The primary aim of this work is to develop and validate an
advanced, multimodal data-driven model for the analysis,
prediction, and management of Diabetic Retinopathy (DR).
The specific aims are:

To Develop an Advanced Multimodal Fusion Model:
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Create a comprehensive framework that integrates various data
types, including fundus images, OCT scans, blood reports,
patient demographics, and historical health records, using
sophisticated ML, DL, and Al techniques.

To Personalize DR Management Strategies:

Utilize the integrated data model to generate tailored clinical
and non-clinical recommendations, aiming to offer
personalized treatment and lifestyle modification plans for
patients.

To Improve Clinical Usability and Interpretability of
Al Models:

Design Al algorithms that are transparent and interpretable,
ensuring that healthcare professionals can effectively
understand and utilize the model’s insights.

4. FUTURE WORK

Development of an Advanced Multimodal Fusion Model. This
work will create a comprehensive model integrating various
data modalities, including fundus images, OCT scans, blood
reports, patient demographics, and historical health records.
This model, leveraging advanced machine learning, deep
learning, and Al techniques, marks a significant advancement
over traditional single-modality approaches in DR analysis.

Enhanced Early Detection and Progression Prediction. The
research demonstrated the model's capability in early detection
of DR, particularly in asymptomatic stages, and in predicting
disease progression. This achievement is crucial for early
intervention, potentially preventing the progression to more
severe stages of DR.
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To Enhance Early Detection and Progression Forecasting
of DR:

Develop algorithms capable of identifying early-stage DR and
predicting its progression, focusing on improving early
intervention and management strategies.

Personalization of DR Management Strategies. A notable
contribution of this work is the generation of personalized
clinical and non-clinical recommendations based on the
integrated data analysis. This approach represents a shift
towards more individualized patient care in DR management,
aligning with the broader goals of personalized medicine.

Improved Clinical Usability and Interpretability of AI Models.
The research focused on developing Al models that are not only
accurate but also interpretable and user-friendly for clinicians.
This effort enhances the trust and usability of Al in clinical
settings, bridging the gap between advanced computational
methods and practical clinical applications. Assessment of
Model Scalability and Accessibility

5. CONCLUSIONS

The primary aim of this work is to develop and validate an
advanced, multimodal data-driven model for the analysis,
prediction, and management of Diabetic Retinopathy (DR).
The specific aims are:

To Develop an Advanced Multimodal Fusion Model: Create a
comprehensive framework that integrates various data types,
including fundus images, OCT scans, blood reports, patient
demographics, and historical health records, using
sophisticated ML, DL, and Al techniques.

To Enhance Early Detection and Progression Forecasting of
DR: Develop algorithms capable of identifying early-stage
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DR and predicting its progression, focusing on improving early
intervention and management strategies.

To Personalize DR Management Strategies: Utilize the
integrated data model to generate tailored clinical and non-
clinical recommendations, aiming to offer personalized
treatment and lifestyle modification plans for patients.

To Improve Clinical Usability and Interpretability of Al
Models: Design Al algorithms that are transparent and
interpretable, ensuring that healthcare professionals can
effectively understand and utilize the model’s insights

6. REFERENCES

[1] P.K. Chaudhary and R. B. Pachori, ;Automatic Diagnosis
of Different Grades of Diabetic Retinopathy and Diabetic
Macular Edema Using 2-D-FBSE-FAWT,; in IEEE
Transactions on Instrumentation and Measurement, vol.
71, pp. 1-9, 2022, Art no. 5001109, doi:
10.1109/TIM.2022.3140437.

[2] T.Palaniswamy and M. Vellingiri, ;Internet of Things and
Deep Learning Enabled Diabetic Retinopathy Diagnosis
Using Retinal Fundus Images,; in IEEE Access, vol. 11,
pp- 27590-27601, 2023, doi:
10.1109/ACCESS.2023.3257988.

[3] M. Z. Atwany, A. H. Sahyoun and M. Yaqub, ;Deep
Learning Techniques for Diabetic Retinopathy
Classification: A Survey,; in IEEE Access, vol. 10, pp.
28642-28655, 2022, doi:
10.1109/ACCESS.2022.3157632.

[4] Y.Niu, L. Gu, Y. Zhao and F. Lu, ;Explainable Diabetic
Retinopathy Detection and Retinal Image Generation,; in
IEEE Journal of Biomedical and Health Informatics, vol.
26, mno. 1, pp. 44-55, Jan. 2022, doi:
10.1109/JBHI.2021.3110593.

[5] S. Huang, J. Li, Y. Xiao, N. Shen and T. Xu, ;RTNet:
Relation Transformer Network for Diabetic Retinopathy
Multi-Lesion Segmentation,; in IEEE Transactions on
Medical Imaging, vol. 41, no. 6, pp. 1596-1607, June
2022, doi: 10.1109/TM1.2022.3143833.

[6] A. Kukkar et al., ;Optimizing Deep Learning Model
Parameters Using Socially Implemented IoMT Systems
for Diabetic Retinopathy Classification Problem,; in IEEE
Transactions on Computational Social Systems, vol. 10,
no. 4, pp. 1654-1665, Aug. 2023, doi:
10.1109/TCSS.2022.3213369.

[7] Y. Yang et al., ;Robust Collaborative Learning of Patch-
Level and Image-Level Annotations for Diabetic
Retinopathy Grading From Fundus Image,; in IEEE
Transactions on Cybernetics, vol. 52, no. 11, pp. 11407-
11417, Nov. 2022, doi: 10.1109/TCYB.2021.3062638.

[8] H. Mustafa, S. F. Ali, M. Bilal and M. S. Hanif, ;Multi-
Stream Deep Neural Network for Diabetic Retinopathy
Severity Classification Under a Boosting Framework,; in
IEEE Access, vol. 10, pp. 113172-113183, 2022, doi:
10.1109/ACCESS.2022.3217216.

[9] W.Nazih, A. O. Aseeri, O. Y. Atallah and S. El-Sappagh,
;Vision Transformer Model for Predicting the Severity of
Diabetic Retinopathy in Fundus Photography-Based
Retina Images,; in IEEE Access, vol. 11, pp. 117546~
117561, 2023, doi: 10.1109/ACCESS.2023.3326528.

International Journal of Computer Applications (0975 — 8887)
Volume 187 — No.102, May 2026

[10] Y. Zhou, B. Wang, X. He, S. Cui and L. Shao, ;DR-GAN:
Conditional Generative Adversarial Network for Fine-
Grained Lesion Synthesis on Diabetic Retinopathy
Images,; in IEEE Journal of Biomedical and Health
Informatics, vol. 26, no. 1, pp. 56- 66, Jan. 2022, doi:
10.1109/JBHI1.2020.3045475.

[11] B. N. Jagadesh, M. G. Karthik, D. Siri, S. K. K. Shareef,
S. V. Mantena and R. Vatambeti, ;Segmentation Using the
IC2T Model and Classification of Diabetic Retinopathy
Using the Rock Hyrax Swarm-Based Coordination
Attention Mechanism,; in IEEE Access, vol. 11, pp.
124441-124458, 2023, doi:
10.1109/ACCESS.2023.3330436.

[12] M. Nur-A-Alam, M. M. K. Nasir, M. Ahsan, M. A. Based,
J. Haider and S. Palani, ;A Faster RCNN-Based Diabetic
Retinopathy Detection Method Using Fused Features
From Retina Images,; in IEEE Access, vol. 11, pp.
124331-124349, 2023, doi:
10.1109/ACCESS.2023.3330104.

[13] M. Feng, J. Wang, K. Wen and J. Sun, ;Grading of
Diabetic Retinopathy Images Based on Graph Neural
Network,; in IEEE Access, vol. 11, pp. 98391-98401,
2023, doi: 10.1109/ACCESS.2023.3312709.

[14] J. Hu, H. Wang, L. Wang and Y. Lu, ;Graph Adversarial
Transfer ~ Learning  for  Diabetic  Retinopathy
Classification,; in IEEE Access, vol. 10, pp. 119071-
119083, 2022, doi: 10.1109/ACCESS.2022.3220776.

[15]J. Jaskari et al., ;Uncertainty-Aware Deep Learning
Methods for Robust Diabetic Retinopathy Classification,;
in IEEE Access, vol. 10, pp. 76669-76681, 2022, doi:
10.1109/ACCESS.2022.3192024.

[16] A. B. Aujih, M. 1. Shapiai, F. Meriaudeau and T. B. Tang,
;EDR-Net:  Lightweight Deep Neural Network
Architecture  for  Detecting Referable  Diabetic
Retinopathy, in IEEE Transactions on Biomedical
Circuits and Systems, vol. 16, no. 3, pp. 467-478, June
2022, doi: 10.1109/TBCAS.2022.3182907.

[17] H. Naz et al., ;Ensembled Deep Convolutional Generative
Adversarial Network for Grading Imbalanced Diabetic
Retinopathy Recognition,; in IEEE Access, vol. 11, pp.
120554-120568, 2023, doi:
10.1109/ACCESS.2023.3327900.

[18] K. Aurangzeb, R. S. Alharthi, S. I. Haider and M.
Alhussein, ;Systematic Development of Al-Enabled
Diagnostic Systems for Glaucoma and Diabetic
Retinopathy,; in IEEE Access, vol. 11, pp. 105069-
105081, 2023, doi: 10.1109/ACCESS.2023.3317348.

[19] W. K. Wong, F. H. Juwono and C. Apriono, ;Diabetic
Retinopathy Detection and Grading: A Transfer Learning
Approach Using Simultaneous Parameter Optimization
and Feature-Weighted ECOC Ensemble,; in IEEE Access,
vol. 11, pP- 83004-83016, 2023, doi:
10.1109/ACCESS.2023.3301618.

[20] G. Ali, A. Dastgir, M. W. Igbal, M. Anwar and M.
Faheem, ;A Hybrid Convolutional Neural Network Model
for Automatic Diabeti Retinopathy Classification From
Fundus Images,; in IEEE Journal of Translational
Engineering in Health and Medicine, vol. 11, pp. 341-350,
2023, doi: 10.1109/JTEHM.2023.3282104.

[21] M. M. Farag, M. Fouad and A. T. Abdel-Hamid,
;Automatic  Severity  Classification of  Diabetic

26



Retinopathy Based on DenseNet and Convolutional Block
Attention Module,; In IEEE Access, vol. 10, pp. 38299-
38308, 2022, doi: 10.1109/ACCESS.2022.3165193.

[22] S. Ghouali et al, ;Artificial Intelligence-Based
Teleopthalmology Application for Diagnosis of Diabetics
Retinopathy,; in IEEE Open Journal of Engineering in
Medicine and Biology, vol. 3, pp. 124-133, 2022, doi:

LICA™ : www.ijcaonline.org

International Journal of Computer Applications (0975 — 8887)
Volume 187 — No.102, May 2026

10.1109/0JEMB.2022.3192780.

[23] X. Wang et al., ;Joint Learning of Multi-Level Tasks for
Diabetic Retinopathy Grading on Low-Resolution Fundus
Images; in IEEE Journal of Biomedical and Health
Informatics, vol. 26, no. 5, pp. 2216-2227, May 2022, doi:
10.1109/JBHI.2021.3119519.

27



