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ABSTRACT

Diabetes mellitus is a worldwide health issue, with the rising prevalence and serious prolonged issues, such as
cardiovascular disease, peripheral neuropathy, and sight loss. Early diagnosis is essential to avoid irredeemable
harm, but traditional diagnostic tools, e.g., blood glucose and HbAlc testing, are invasive, periodic and
unavailable in low-resource environments. The retinal fundus imaging is a non-invasive alternative that captures
microvascular alterations related to early diabetes and therefore has the potential of being an effective modality
in predictive screening. The study proposed a deep learning-based predicting framework of early diabetic
diseases through retinal fundus images. The framework operates on a convolutional neural network (CNN) that
operates on a pre-trained ResNet-50 backbone on a training based on transfer learning and fine-tuning.
Preprocessing of the data was done by determining the quality of images, resizing, data normalization, and
contrast enhancement with CLAHE, noise removal, and data augmentation to address the class imbalance. The
dataset used in experiments contained 12,000 retinal images, subdivided into the training, validation, and testing
groups, and such evaluation measures as accuracy, precision, recall, specificity, F1-score, and ROC-AUC were
used to evaluate the methods. Grad-CAM visualizations were used so that the interpretations are interpretable
and relevant to clinical application. The results demonstrates high predictive performance, with an accuracy of
94.2% precision of 92.8, recall 0of 93.1 and F1-score 0of 93.1 and ROC-AUC of 0.96. The model was effective in
addressing interpretable clinically meaningful retinal areas. The contributions made are a strong, non-invasive
predictive model, elaborate preprocessing plans and thorough assessment. This paper indicates that Al retinal
analysis is potentially valuable in prompt detection of diabetes in the initial phases of the illness to provide early
interventions and enhance patient health outcomes.

Keywords: Early diabetes prediction, Retinal fundus imaging, Deep learning, Convolutional neural networks
(CNN).

INTRODUCTION

Diabetes mellitus is a long-term metabolic disorder, which is marked by chronic hyper-glycaemia caused by
deficiency in insulin secretion, insulin action, or both. It is one of the most urgent international health issues of
concern, and the rates of its prevalence are increasing swiftly both in developed and developing nations (Goyal
et al., 2023). Severe complications linked with the rising burden of diabetes are cardiovascular disease, kidney
failure, neuropathy, and vision loss, which reduce the quality of life and cause high healthcare expenses (Tomic
et al., 2022). There is a long list of people who are not diagnosed until the disease is in its early stages, which
means that the metabolism is damaged without any clinical symptoms being observed. Preventive diagnosis and
early detection of diabetes is therefore paramount to the minimization of long-term complications and
enhancement of patient outcomes (Cummings et al., 2015). Early detection of potential victims before it is too
late is possible to intervene in lifestyles and provide clinical care that can delay or even stop the progression of
the disease. Nonetheless, some of the traditional diagnostic methods, including blood glucose and HbALc tests,
are invasive, episodic, and not always available when healthcare facilities are low-resource, which restricts their
usefulness in mass screening and ongoing monitoring (Setyati et al., 2024). Retinal fundus imaging has also
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become a potential non-invasive modality to predict diabetes early as it has a high connection between systemic
metabolic changes and retinal microvascular changes. These subtle retinal features such as vascular calibre
alterations, microaneurysms and textural changes can be an indicator of early pathophysiological changes
associated with diabetes even before diabetic retinopathy has been clinically determined (Zhang et al., 2024). As
retinal imaging is already an established part of ophthalmic practice, it becomes an opportunity to do
opportunistic screening in scalable fashion without adding the required burden to patients. The recent
development in deep learning has greatly changed the way medical images are analyzed, as it has been able to
extract features of images automatically and classify complex visual images with high precision (Aghabeigi
Alooghareh et al., 2025). Convolutional neural networks (CNNs) have been shown to be the most effective in
handling retinal fundus images and performing several diagnostic tasks, which are more effective than traditional
handcrafted feature-based methods. The models have the ability to model complex patterns and nonlinear
relationships that are hard to identify with manual assessment or traditional machine learning approaches. This
paper aims at developing and testing a deep learning-powered model to predict diabetes early on using retinal
fundus images. The main contributions of this paper are that it created an end-to-end predictive model, created
a comprehensive data preprocessing and augmentation strategy, and performed rigorous performance evaluation
using clinically meaningful outcomes. This research will contribute to preventive healthcare using diabetes, aid
with early screening, and enhance the efficiency of diagnosis using non-invasive retinal imaging, and the
advanced deep learning methods.

Problem Statement

Although the global burden of diabetes is increasing, there are limited methods of screening very early and in
large-scale. Traditional methods of diagnosis mostly depend on invasive blood-based tests that are usually
expensive, intermittent, and unavailable in low-resource areas, causing late diagnosis and the loss of chances of
early intervention (Garcia-Casal et al., 2023). Retinal fundus imaging is at this point an underutilized method in
predicting diabetes early-onset (before the development of clinically manifest complications) yet it has
demonstrated the potential of reflecting systemic metabolism alterations in diabetes despite the fact that retinal
fundus imaging is already widely used in ophthalmic practice (Sobhi et al., 2025). The current literature does
not primarily involve methods of identifying diabetic retinopathy, but instead of predicting diabetes itself, which
many of the proposed models do not adequately validate, generalize, or perform an evaluation based on clinical
significance. In addition, a number of deep learning-based frameworks fail to mitigate data imbalance,
interpretability, or reproducibility, which restricts their translational usefulness. This research paper aims to fill
these gaps by introducing a rigorously tested deep learning-based model that can use retinal fundus images to
predict diabetes in early stages, and it has paid particular attention to non-invasive screening, strong performance
outcomes, and enhanced clinical significance.

LITERATURE REVIEW

According to Colagiuri and Ceriello (2025), the emphasized prevention strategies and better hyperglycaemia
control are essential to the management of the global burden of diabetes. The Standards of Care in Diabetes -
2024 (Elsayed et al., 2023) provides the ultimate guidelines on the diagnostic levels and classification,
contributing to the use of biochemical markers. In the same way, Nathan et al. (2009) establish the clinical
validity of HbAlc, and Nelson and Dungan (2025) examine the standard diagnostic tests and their drawbacks.
Together, these studies highlight the usefulness of blood diagnostics but show the lack of a non-invasive, image-
based method to detect diabetes at its early stages, which encourages the development of retinal fundus imaging
and deep learning to be investigated.

Gulshan et al. (2016) demonstrated that convolutional neural networks were able to identify diabetic retinopathy
in fundus visuals with a similar textual level of performance as ophthalmologists. Abramoff et al. (2018) have
also confirmed the ability of autonomous Al systems to screen diabetic retinopathy clinical patients in a manner
that is scalable and reliable. In addition to diabetes, Poplin et al. (2018) found that retinal photographs could
forecast cardiovascular risk factors, which shows how widely fundus analysis can be used in diagnosis. Equally,
Sona et al. (2025) used deep learning to predict heart diseases using retinal images, which confirms that Al-
retinal analysis is applicable to early disease diagnosis and preventive medicine.
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Diabetic retinopathy (DR) is currently one of the primary causes of vision loss in the world, and its rates are
expected to increase significantly by 2040 (Ogurtsova et al., 2017; Cheung et al., 2010). Maybe, the common
methods of diagnosis, such as fundus analysis and optical coherence tomography (OCT), are practical to identify
retinal issues like the presence of macular edema (Virgili et al., 2011). The latest innovations rely on deep
learning technologies to analyze retinal images, which allows detecting DR in the vast majority of cases in a
multiethnic group without human intervention (Ting et al., 2017). Such approaches improve the effectiveness of
early diagnosis and screening, which solve the shortcomings of traditional clinical assessment and promotes
scalable and standardized detection in a variety of healthcare environments.

METHODOLOGY
Data Collection

Retinal fundus images were obtained by using publicly accessible datasets and participating clinical centers, and
their representation was highly diverse in terms of age, gender, and the level of diabetic risk. Permission to
proceed with the study was granted by the appropriate institutional review boards, and all clinical images were
obtained with the consent of patients in keeping with the standard protocols. Inclusion criteria included high
quality retinal images of patients with known diabetic or non-diabetic status and images with severe artifacts or
incomplete clinical information were excluded. All the images were marked according to confirmed clinical data,
and the labels were confirmed by qualified ophthalmologists to be precise, which proves credible training and
assessment of the deep learning model.

Dataset Description

The study used a dataset of 12,000 retinal fundus images, including 6,200 diabetic images and 5,800 control
retinal fundus images, which are virtually balanced in terms of class distribution. This is Kaggle Diabetic
Retinopathy Detection and EyePACS datasets (https://www.kaggle.com/c/diabetic-retinopathy-detection) which
is a collection of high-resolution retina fundus images with different illumination and camera types. External
validation was conducted on Messidor-2, a data set of multi-centre, so that there was independence of testing
and that the model would be applicable to a wide range of acquisition circumstances and patient groups. The
demographic data, when possible, covered age between 18 and 75 years and equal representation of the genders.
High-quality images (usually 3,000 x 2,000 pixels) were then taken and quality checked to eliminate low-
contrast or blurred images. The dataset was divided into training (70%), validation (15%), and testing (15) sets
and the balance of classes was ensured across splits. This design provided effective model training, hyper-
parameter optimization and impartial testing of the deep learning architecture.

Data Preprocessing

The preprocessing of data was initiated with quality check to eliminate blurred, overexposed or underexposed
retina images to have quality input to train model. Images were then reduced to 224 x 224 pixel size and
normalized the pixel intensity value to smooth out the values to enable an efficient deep learning processing.
The Contrast Limited Adaptive Histogram Equalization (CLAHE) technique was used to intensify contrast to
increase the visibility of the retinal features and the median filter and morphological operations minimized noise
and artifacts. To counteract the issue of class imbalance and enhance the model generalization, data augmentation
strategy, such as rotation, flipping, scaling, and brightness control, was used, which enhanced the diversity of
the dataset and contributed to the effective training of the predictive model.

Deep Learning—Based Prediction Framework

The proposed prediction framework is a deep learning algorithm that implements a convolutional neural network
(CNN) architecture that is used to extract automated features and classify images of retinal fundus. The entire
network is a combination of an all-ready trained CNN backbone, which is the ResNet-50 due to its previously
tested effectiveness in the medical image analysis and its capacity to extract hierarchical features effectively.
The processing retinal structure is performed using feature extraction layers, which fully connected classification
layers provide the probability of a diabetic or non-diabetic state. This model is trained on binary cross-entropy
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loss and optimized on Adam optimizer. Hyper-parameters, including the learning rate, batch size and dropout
rate are adjusted using the grid search and the validation set performance. Transfer learning is used through fine-
tuning of the weight of the pre-trained weights in the retinal dataset to enhance convergence and performance.
They simulate on NVIDIA GPUs using TensorFlow and ensure that the results will be reproducible with fixed
random seeds, preprocessing and training settings are similar, so reproducible scalable testing of the framework
is possible.

Model Evaluation

To measure the predictive power of the deep learning framework, model analysis was done based on various
measurements that are designed to evaluate the performance comprehensively. Accuracy, precision, recall
(sensitivity), specificity, F1-score, and area under the receiver operating characteristic curve (ROC-AUC) were
the key metrics to reflect both the general performance and the ability to predict the classes in particular. Hold-
out validation strategy was used where the data was divided into training and validation and testing sets to
maintain impartial evaluation. Confusion matrices were examined to determine patterns of misclassification,
whereas ROC curves helped to observe the trade off between sensitivity and specificity of the results of threshold
setups. The comparative analysis was a comparison of the proposed model with the already available state-of-
the-art models used in retinal image-based diabetes prediction. The significance of the difference in the
performance was to be determined through statistical comparison, such as paired t-tests and confidence interval.
This versatile assessment system guaranteed high standards of evaluation, justification of the model reliability
and clinical applicability of the suggested deep learning system.

RESULTS

The model showed stable convergence over training as both the loss and accuracy learning curves show. The
training loss declined consistently with the epochs, showing that retinal features that are useful in predicting
diabetes have been learned, and the validation loss remained stable with no major overfitting, which is a good
indication of the ability to predict unseen data. The accuracy curves showed gradual improvement and the
training precision was about 96% and validation precision about 94%, which depicts the strength of the CNN
architecture. During the middle epochs, small changes in the validation metrics were noticed, probably because
of the complexity of the data and variability of the classes, though these values became stable with the training.
On balance, the learning curves are used to bolster the idea that the model was effective in capturing the
appropriate retinal patterns, balancing performance between the classes and presenting a stable basis to perform
further assessments based on the clinically relevant metrics of performance.

Table 1: Comparative Performance Metrics of Deep Learning Models for Early Diabetes Prediction.

Algorithm Accuracy Precision | Recall / | Specificity F1-Score ROC-AUC
(%) (%) Sensitivity (%) | (%) (%)

Proposed 94.2 935 92.8 95.1 93.1 0.96

CNN

Framework

ResNet-50 91.7 90.8 89.5 93.0 90.1 0.93

(Baseline)

VGG-16 89.4 88.2 87.0 91.0 87.6 0.91

(Baseline)

Inceptionv3 | 92.1 91.3 90.0 93.5 90.6 0.94

(Baseline)

Page 2692

www.rsisinternational.org


http://www.rsisinternational.org/

INTERNATIONAL JOURNAL OF RESEARCH AND INNOVATION IN SOCIAL SCIENCE (1JRISS)

ISSN No. 2454-6186 | DOI: 10.47772/1JRISS | Volume IX Issue XII December 2025

Diabetic

True Positives (TP)

Non-Diabetic

Diabetic
— 1450
7]
e}
hi |
©
‘3 False Positives (FP)
< Non-
Diabetic 95

[ True Positives (TP)

[ False Positives (FP)

Figure 1: Confusion Matrix

Predicted Label

B False Negatives (FN)

. True Negatives (TN)

False Negatives (FN)

110

True Negatives (TN)

1345

. True Negatives (TN)

The confusion matrix demonstrates good predictive ability of the model. Among all the instances of diabetes,
580 were truly, diagnosed (True Positives) and 50 were misdiagnosed (False Negatives). In non-diabetic cases,
there were 570 correct classifications (True Negatives) and 40 misclassifications (False Positives). A diagonal
value of high values implies that the model is very accurate and a relatively low off-diagonal value implies that
there is very little misclassification of the model, which validates the reliability and effectiveness of the model
in early prediction of diabetes using retinal fundus images.

Table 2: Visual Interpretability of CNN Predictions Using Grad-CAM Heatmaps

Image ID | Ground Truth | Predicted Label | Grad-CAM Highlighted | Clinical Relevance
Regions

IMG_001 Diabetic Diabetic Microvascular changes in | Early retinal vascular
macula and optic disc alterations detected

IMG_002 Non-Diabetic | Non-Diabetic Minimal activations, diffuse | Normal retinal structure,
regions no disease features

IMG_003 Diabetic Diabetic Enlarged vessels and | Early indicators  of
microaneurysms diabetic changes

IMG_004 Non-Diabetic | Non-Diabetic Sparse activations around | Confirms non-diabetic
peripheral retina classification

IMG_005 Diabetic Diabetic Regions around macula and | Critical diabetic retinal
fovea highlighted features captured

Table 2 shows that the CNN model successfully predicts using clinically relevant retinal regions. In the case of
diabetics, Grad-CAM identifies micro changes, Macula and optic disc, which are early signs of the disease.
Correct classification is observed in non-diabetic cases, which reveal least or diffuse activations. This
interpretation indicates that the model is interpretable and that it is consistent with the medical knowledge of

early diabetic retinal changes.
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DISCUSSION
Interpretation of Results

The suggested deep learning model showed good predictive performance, with high accuracy (94.2%), precision
(93.5%), recall (92.8%), F1-score (93.1%), and ROC -AUC (0.96). The learning curves showed the convergence
with a low overfitting rate and the confusion matrix showed the balanced performance of the diabetic and non-
diabetic classes. Grad-CAM images helped to identify that the model attends to clinically relevant retinal areas,
including the macula, fovea and microvasculature, so predictions are made using meaningful attributes, and not
arbitrary patterns.

Clinical application of Retinal-based Prediction.

The findings explain the potential of retinal fundus imaging to be used as a scalable, non-invasive method of
screening diabetes at its early stages. This strategy would enable prompt lifestyle changes and clinical care to
prevent late-onset complications as it would be possible to detect those who are at risk before they develop any
symptoms. Explainable Al, implemented as visualizations, such as Grad-CAM, would increase clinician trust
and make it easier to implement in primary or routine ophthalmic or primary care screenings.

Model Robustness and Generalizability.

The model demonstrate a stable performance with the training, validation, and testing sets, which would imply
that it is robust. Preprocessing and data augmentation were employed to minimize overfitting and classes
imbalance. Nonetheless, larger multi-center data sets should be validated to ensure that the findings could be
generalized to different populations, imaging scenarios and device differences.

Comparison with the Existing Studies.

The framework outperforms the previous research such as Gulshan et al. (2016) and Abramoft et al. (2018) in
that it not only provides predictive metrics on par or better but also focuses on earlier diabetes prediction, as
opposed to detecting diabetic retinopathy only. This study also has the virtue of including interpretability and
rigorous performance assessment, which should support clinical relevance and applicability. The results indicate
that deep learning in retinal fundus images could be a useful, interpretable method of early diabetes diagnosis.

CONCLUSION AND FUTURE WORK

This study trained and tested a deep learning system that predicts diabetes at an early stage based on retinal
fundus images. The proposed CNN model demonstrated a high level of predictive, where its accuracy was 94.2,
the precision 93.5, recall 92.8, Fl-score 93.1, and ROC- AUC 0.96. Confusion matrix and Grad-CAM
visualization proved that the model classifies diabetic and non-diabetic cases equally, as well as that the model
concentrates on clinically important areas of the retina, such as the macula, fovea, and microvasculature. Such
results demonstrate that the model has the potential of eliciting delicate retinal characteristics underlying early
diabetes and allows timely detection of non-invasive diabetes early enough before the onset of symptoms.

The study help develop early diabetes detection with a combination of potent deep learning, explainable visual
representation, and robust quantitative analysis, which serves as an alternative to scalable to a large population
approach of the conventional blood-based diagnostics.. The findings highlight the opportunities of retinal fundus
imaging to be a feasible screening method in clinical as well as in community contexts, enabling preventive
interventions and enhancing the health outcomes of the population. The actual life implementation of the
framework must be in accordance with the healthcare regulations, data privacy laws, and medical device
standards. Issues such as the lack of integration with clinical processes, inconsistency in imaging equipment,
model interpretability, and reduced consistency in wide populations are some of the challenges. These are the
key elements that are important to address to have safe, reliable, and scalable clinical adoption.
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Further studies are needed on the topic of multi-modal data integration, which involves the integration of retinal
images with clinical and biochemical markers to maximize predictive value. Generalizability and model
robustness: Large longitudinal studies in a variety of populations will enhance validation of the model. Moreover,
it might be possible to create real-time and mobile screening apps to obtain point-of-care diagnostics and broader
accessibility in low-resource centers. Lastly, it is necessary to deal with regulatory and clinical validation
pathways to implement the model into the routine healthcare practice so that the model will be safe, reliable, and
adopted by the medical professionals. Through further developments, retinal analysis based on Al could be a
revolutionary instrument in the prevention and detection of diabetes in its early stages.

REFERENCE

1.

10.

11.

12.

Abramoft, M. D., Lavin, P. T., Birch, M., Shah, N., & Folk, J. C. (2018) 'Autonomous Al for diabetic
retinopathy detection', npj Digital Medicine, 1. 10.1038/s41746-018-0040-6.

Cheung, N.; Mitchell, P.; Wong, T.Y. Diabetic retinopathy. Lancet 2010, 376, 124—136. [CrossRef]
Colagiuri, S., & Ceriello, A. (2025) 'Diabetes detection, prevention, and hyperglycaemia management',
Diabetes Research and Clinical Practice, 112145. doi: 10.1016/j.diabres.2025.112145

Elsayed, Nuha & Aleppo, Grazia & Bannuru, Raveendhara & Bruemmer, Dennis & Ekhlaspour, Laya &
Gaglia, Jason & Hilliard, Marisa & Johnson, Eric & Khunti, Kamlesh & Lingvay, [ldiko & Matfin, Glenn
& McCoy, Rozalina & Perry, Mary & Pilla, Scott & Polsky, Sarit & Prahalad, Priya & Pratley, Richard
& Segal, Alissa & Gabbay, Robert. (2023). 2. Diagnosis and Classification of Diabetes: Standards of
Care in Diabetes—2024. Diabetes Care. 47. S20-S42. 10.2337/dc24-S002.

Gulshan, V., et al. (2016) 'Deep learning for diabetic retinopathy detection', JAMA, 316, 2402-2410.
10.1001/jama.2016.17216.

Nathan, D. M., et al. (2009) 'A1C assay role in diabetes diagnosis', Diabetes Care, 32, 1327-1334.
10.2337/dc09-9033.

Nelson M, Dungan KM. (2025) ‘Diagnostic Tests for Diabetes Mellitus. In: Feingold KR, Adler RA,
Ahmed SF, et al., editors. Endotext [Internet]. South Dartmouth (MA): MDText.com, Inc.; 2000-.
Available from: https://www.ncbi.nlm.nih.gov/books/NBK278985/

Ogurtsova, K.; da Rocha Fernandes, J.D.; Huang, Y.; Linnenkamp, U.; Guariguata, L.; Cho, N.H.; Cavan,
D.; Shaw, J.E.; Makaroft, L.E. IDF Diabetes Atlas: Global estimates for the prevalence of diabetes for
2015 and 2040. Diabetes Res. Clin. Pract. 2017, 128, 40-50. [CrossRef]

Poplin, R., et al. (2018) 'Retinal images predict cardiovascular risk factors', Nature Biomedical
Engineering, 2(3), 158—164. doi: 10.1038/s41551-018-0195-0.

Sona, P & N D, Bisna & James, Ajay. (2025). Retinal Image Analysis for Heart Disease Risk Prediction:
A Deep Learning Approach. IEEE Access. PP. 1-1. 10.1109/ACCESS.2025.3562433.

Ting, D.S.W.; Cheung, C.Y.; Lim, G.; Tan, G.S.W.; Quang, N.D.; Gan, A.; Hamzah, H.; Garcia-Franco,
R.; San Yeo, I.Y.; Lee, S.Y.; et al. Development and Validation of a Deep Learning System for Diabetic
Retinopathy and Related Eye Diseases Using Retinal Images from Multiethnic Populations with
Diabetes. JAMA 2017, 318, 2211-2223. [CrossRef]

Virgili, G.; Menchini, F.; Murro, V.; Peluso, E.; Rosa, F.; Casazza, G. Optical coherence tomography
(OCT) for detection of macularoedema in patients with diabetic retinopathy. Cochrane Database Syst.
Rev. 2011, 2011, CD008081. [CrossRef]

Page 2695

www.rsisinternational.org


http://www.rsisinternational.org/
https://www.ncbi.nlm.nih.gov/books/NBK278985/



