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1. Introduction

Diabetes mellitus (DM) is among the most pressing global health challenges of the 21st century. The International
Diabetes Federation (IDF) estimates that over 537 million adults were living with diabetes in 2021, with projections
exceeding 783 million by 2045 [1]. Among the many microvascular complications arising from chronic
hyperglycemia, diabetic retinopathy is the most common and clinically significant — responsible for approximately
2.6 million cases of moderate-to-severe vision impairment globally [2]. DR progresses through well-defined clinical
stages: from mild non-proliferative diabetic retinopathy (NPDR) characterized by microaneurysms and dot
hemorrhages, through severe NPDR with venous beading and intraretinal microvascular abnormalities (IRMA), to
proliferative diabetic retinopathy (PDR) marked by neovascularization and vitreous hemorrhage — each stage
reflecting escalating degrees of retinal ischemia and vascular remodeling.

IJWOS | Volume 3 Issue 5, May 2026 | https://ijwos.com 733

Copyright © 2025 The Author(s) : This is an open access article under the CC BY license (http://creativecommons.org/licenses/by-nc/4.0/)



International Journal of Web of Multidisciplinary Studies
E-ISSN: 3049-2424

Existing DR screening relies principally on fundus photography, optical coherence tomography (OCT), and
fluorescein angiography in specialized ophthalmic settings. Although these modalities are highly accurate, their
dependency on specialized equipment, trained personnel, and patient attendance at eye clinics creates significant
access barriers — particularly in rural and low-income settings. This underscores the need for complementary
biomarkers that are simpler to measure and capable of providing early warning of retinal deterioration.

The autonomic nervous system exerts significant regulatory influence over microvascular tone and end-organ
perfusion. Cardiovascular autonomic neuropathy — a recognized and frequently underdiagnosed complication of
longstanding diabetes — is associated with attenuated baroreceptor reflex function, manifesting as reduced BRS [3].
Biologically, reduced BRS reflects impaired vagal modulation of heart rate and sympathetic dysregulation of vascular
resistance, which can promote oscillatory blood pressure instability, reduced retinal autoregulation, and consequently,
enhanced retinal microvascular stress. The mechanistic overlap between CAN and DR pathophysiology — through
shared mediators including reactive oxygen species, protein kinase C activation, and VEGF-independent vascular
remodeling — provides a compelling rationale to investigate BRS as a DR severity biomarker [4].

This study makes four interrelated contributions: (1) a systematic, dual-method BRS characterization across all four
International Clinical Diabetic Retinopathy Severity Scale (ICDRSS) grades in a prospectively enrolled cohort; (2)
introduction of the BRVI composite index that mathematically integrates BRS and retinal vascular parameters; (3)
development and validation of a multimodal ensemble ML classifier for 4-class DR severity prediction; and (4) design
of an IoT-cloud remote monitoring architecture for continuous BRS surveillance. Together, these contributions
constitute the most comprehensive treatment of the BRS-DR nexus to date.

A. Clinical Motivation: Early, accessible identification of patients at risk for DR progression can meaningfully
reduce the burden of avoidable blindness. If BRS decline precedes or parallels structural retinal deterioration, its
integration into routine diabetic annual reviews — requiring only ECG and non-invasive blood pressure equipment
already present in most clinical settings — could transform risk stratification workflows without requiring new
ophthalmic infrastructure.

B. Paper Organization: Section II reviews related literature. Section III details the methodology. Section IV
describes the system architecture. Sections V and VI present the algorithm and flowchart. Section VII reports results.
Sections VIII-XIV cover comparative analysis, implementation, novelty, advantages, applications, future scope, and
conclusion.

2. Literature Review

The relationship between autonomic dysfunction and diabetic microvascular disease has been explored incrementally
over several decades. Maser et al. [5] established in a meta-analysis of 15 cohort studies that CAN significantly
increases mortality risk in type 2 diabetic patients, and noted a significant co-occurrence with retinopathy in
longitudinal data. Vinik et al. [6] provided a comprehensive framework for diabetic autonomic neuropathy, identifying
BRS as an early and sensitive CAN marker detectable prior to symptomatic neuropathy onset.

BRS measurement methodologies have matured considerably. The sequence method, first described by Bertinieri et
al. and later standardized, identifies spontaneous beat-to-beat co-directional changes in systolic blood pressure and
RR interval to compute reflex gain in the time domain [7]. The frequency-domain alpha-index, proposed by Pagani et
al. and validated in clinical populations, provides a complementary spectral measure of baroreflex gain that captures
both sympathetic and parasympathetic contributions at the low-frequency band [8]. Each method provides distinct but
complementary information, justifying their combined application.

Retinal vascular geometry has been rigorously characterized as a systemic microvascular health mirror. Knudtson et
al. [17] developed the now-standard formulas for computing the CRAE and CRVE from individual vessel
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measurements. Cheung et al. [9] demonstrated that retinal fractal dimension — a measure of vascular complexity —
is reduced in diabetic patients and correlates with DR severity. Wong and Wang [10] established that narrower retinal
arteriolar caliber independently predicts incident coronary heart disease and stroke, suggesting retinal vasculature as
a window to systemic vascular risk.

Deep learning has transformed automated DR grading. Gulshan et al. [11] demonstrated that a convolutional neural
network trained on over 120,000 fundus images could detect referable DR with sensitivity of 97.5% and specificity of
93.4%, comparable to ophthalmologists. Ting et al. [12] validated similar deep learning performance across multi-
ethnic Asian populations. However, these image-only models provide no mechanistic insight and require high-quality
retinal images, limiting deployment in image-poor settings.

On the autonomic-retinal intersection, Farajian et al. [13] employed time-domain HRV features for binary DR
prediction using logistic regression, achieving 79.3% accuracy. Sharma et al. [14] applied Random Forest to HRV
features for diabetic complication risk scoring but did not address retinal outcomes directly. Neither study utilized
frequency-domain BRS analysis, retinal vascular parameters, nor multi-class DR grading — the combined gaps that
motivate the present work.

IoT-based cardiovascular monitoring has seen substantial advances [15, 16], yet none of the described systems
specifically targets BRS estimation and DR-stratified diabetic surveillance. This absence of an integrated, deployable,
continuous BRS monitoring pathway further defines the innovation space addressed by the proposed architecture.

TABLE I. Comparative Literature Review of Existing Studies

Maser et al. CAN index None None None Binary
[3]

Farajian HRYV (time)  None Log. Reg. None Binary
[13]

Sharma[14] HRYV (time) @ None Rand. Forest None None
Cheung et None Fractal dim. None None Partial
al. [9]

Gulshan None Fundus CNN Deep CNN None Binary
[11]

BRS=Baroreceptor Sensitivity;, HRV=Heart Rate Variability; AVR=Arteriolar-Venular Ratio; FD=Fractal
Dimension
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3. Methodology
A. Study Design and Participant Enrollment

A prospective, cross-sectional observational study was conducted at a tertiary-care diabetic center (IRB Ref:
IRB/2024/DR-BRS-01). Written informed consent was obtained from all participants. A total of 320 individuals were
enrolled: 80 age- and sex-matched healthy controls (Group 0, no DM) and 240 type 2 diabetic patients stratified across
three DR severity groups using the ICDRSS: mild-to-moderate NPDR (Group 1, n=80), severe NPDR (Group 2,
n=80), and PDR (Group 3, n=80). Grading was performed independently by two certified retinal specialists; Cohen's
kappa agreement was 0.88. Inclusion criteria: age 30-75 years, confirmed T2DM (HbAlc > 6.5%), stable

cardiovascular status. Exclusion criteria: cardiac arrhythmia, pB-blocker use, CKD stage > 3, and recent retinal
laser/anti-VEGF treatment (<3 months).

B. BRS Measurement Protocol

Beat-to-beat blood pressure was acquired non-invasively using a validated photoplethysmographic device (Finapres
NOVA, Finapres Medical Systems, Netherlands). Simultaneous 12-lead ECG was recorded at 1000 Hz (GE MAC
5500 HD). Participants rested supine for 20 minutes in a climate-controlled room (22°C + 1°C) prior to a 10-minute
recording used for analysis. Both the Sequence Method (time domain) and the Alpha-Index Method (frequency
domain) were applied.

Sequence Method: Valid sequences required > 3 consecutive beats with monotonically changing SBP (threshold: >1
mmHg/beat) and co-directional RR interval change (threshold: >4 ms/beat). BRS was computed as the mean
regression slope B = ARR/ASBP across all valid sequences.

BRS_seq = (1/N) X pi [ms/mmHg] ...(1)
Equation (1): Sequence method BRS — mean slope of N valid RR/SBP sequences

Alpha-Index (LF Band): Power spectral density estimated using Welch's periodogram (Hanning window, 256 s,
50% overlap). The alpha-index was computed as:

o_LF="(S_RR(f)/ S_SBP(f)), f€[0.04,0.15] Hz ...Q2)

Equation (2): LF alpha-index BRS — square root of RR-to-SBP PSD ratio in LF band
Validity criterion: LF coherence > 0.5 (Equation 3):

Coh_LF =|S_RR,SBP()|?/ [S_RR(f) - S_SBP(f)], feLF ...(3)

Equation (3): Squared coherence for LF BRS validity (threshold > 0.5)

C. Retinal Vascular Assessment

Non-mydriatic digital fundus imaging (Topcon NW400) was performed following ICDRSS grading. Quantitative
vascular parameters were extracted using semi-automated [IVAN software: (i) CRAE (um) and CRVE (um) computed
via Knudtson's formulas [17]; (i) AVR = CRAE/CRVE; (iii) Fractal dimension (FD) computed via box-counting
algorithm on binarized retinal vessel maps (green-channel, CLAHE-enhanced images segmented using a fine-tuned
U-Net model trained on the DRIVE dataset).

D. BRVI Composite Index

The BRS-Retinal Vascular Index was formulated as a PCA-weighted linear composite of the five most informative
features:

BRVI=wi'BRS _seq + w20 LF + ws'AVR + wa-FD + ws:CRAE ...(4)

Equation (4): BRVI composite biomarker (weights derived via PCA-guided feature importance)
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Weights (wi1=0.31, w2=0.27, ws=0.22, ws=0.14, ws=0.06) were derived from PCA-guided SHAP importance ranking
on the training split. BRVI was normalized to a [0, 100] scale where higher values indicate greater autonomic-vascular
impairment. The index was standardized across all participants using z-score normalization prior to weighting.

E. Machine Learning Classification

A 12-dimensional feature vector was constructed: {BRS seq, BRS seq up, BRS seq dn, a LF, LF/HF HRYV,
SDNN, CRAE, CRVE, AVR, FD, HbAlc, DM_duration}. Three classifiers were trained and validated via 5-fold
stratified cross-validation with SMOTE applied to the training folds to address minor class imbalance. A soft-voting
ensemble (equal weights) aggregated class probability outputs from all three models. Hyperparameter optimization
was performed via 3-fold inner cross-validation grid search within each outer training fold.

4. System Architecture
A. Four-Tier Design Overview

The proposed system follows a four-tier architecture that spans physical data acquisition (Tier 1) through
preprocessing and feature extraction (Tier 2), cloud-hosted Al inference (Tier 3), and clinical output delivery (Tier 4).
This layered design ensures modularity, clinical scalability, and data security.

TABLE II. System Architecture — Component Summary

1 Data Acquisition (IocT) PPG, ECG, Fundus Raspberry Pi 4, Finapres,
Camera, Wearable Topcon NW400,
MQTT/TLS
2 Preprocessing &  Signal filtering, BRS Python/SciPy, OpenCV,
Feature Extraction computation, Retinal PyTorch U-Net
analysis
3 Al Classification Ensemble ML, BRVI, Scikit-learn, XGBoost,
(Cloud) SHAP explainability FastAPI, AWS EC2
4 Clinical Output & Dashboard, Alerts, React.js, D3.js, AWS RDS
Monitoring Longitudinal Reports PostgreSQL, SNS

Table 11: Component summary of the four-tier system architecture
B. 10T Wearable Sub-System

The Tier 1 IoT device is a portable wearable prototype built on a Raspberry Pi 4 (4 GB RAM) equipped with a
MAX30102 PPG/SpOs: sensor for optical BP estimation via pulse transit time (PTT) and an AD8232 dry-electrode
patch for single-lead ECG capture. Signals are sampled at 200 Hz and 500 Hz respectively. Beat-to-beat SBP is derived
through a PTT calibration model (validated against cuff sphygmomanometry; mean error £3.8 mmHg). Data are
encrypted via AES-128 and transmitted via MQTT over TLS to the AWS IoT Core gateway at 1-minute intervals.

C. Cloud AI Processing and Security
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The cloud backend is hosted on AWS EC2 (t3.large, Ubuntu 22.04). Incoming data streams are processed by a Python
FastAPI microservice that handles signal preprocessing, feature extraction, and BRS computation. The trained
ensemble ML model is loaded as a pickled Scikit-learn pipeline and invoked via a REST endpoint. Patient data are
stored in an AES-256 encrypted AWS RDS PostgreSQL instance with role-based access control and HIPAA-aligned
audit logging. Clinician dashboards are served as a React.js single-page application with real-time WebSocket updates.

5. Proposed Algorithm
Algorithm 1: BRS-DR Multimodal Severity Classification Pipeline

INPUT: ECG signal E, continuous BP signal BP, fundus image IMG,
HbAlc H, DM duration D

OUTPUT: DR Severity Class € {0,1,2,3}, BRVI score [0-100], Confidence

— PHASE I: SIGNAL PRE-PROCESSING

1.1 Band-pass filter E (0.5-40 Hz) using 4th-order Butterworth filter

1.2 Detect R-peaks using Pan-Tompkins algorithm

1.3 Extract RR series; remove ectopic beats (>20% deviation from local mean)
1.4 Band-pass filter BP (0.01-5 Hz); extract beat-to-beat SBP series

1.5 IF signal quality index (SQI) < 0.75: FLAG for repeat acquisition

— PHASE 2: BRS COMPUTATION

2.1 // Sequence Method
valid_seqs < []
FOR each consecutive triplet (beat i, beat_i+1, beat i+2):
IF |ASBP| > 1 mmHg/beat AND |ARR| > 4 ms/beat (same direction):

Extend sequence until condition breaks (min length = 3)
B_i « LinearRegression(ARR, ASBP).slope
valid_segs.append(B_i)

BRS seq « mean(valid_seqs)

2.2 // Alpha-Index (Frequency Domain)
PSD RR « Welch(RR series, window=256s, overlap=50%, fs=4Hz)
PSD SBP < Welch(SBP_series, window=256s, overlap=50%, fs=4Hz)
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Coh LF « |cross PSD RR SBP(LF)P?/ (PSD_RR(LF) x PSD_SBP(LF))
IF Coh LF >0.5:

a_LF < sqrt(PSD_RR(LF)/PSD_SBP(LF))
ELSE: o LF < NaN; FLAG invalid

— PHASE 3: RETINAL FEATURE EXTRACTION

3.1 Extract green channel of IMG; apply CLAHE enhancement

3.2 Segment vessels: U-Net(IMG_green) — binary vessel map M

3.3 Identify arterioles (A) and venules (V) using A/V classification CNN
3.4 CRAE « Knudtson_formula(sorted diameters of A, 6 largest pairs)
3.5 CRVE « Knudtson formula(sorted diameters of V, 6 largest pairs)
3.6 AVR «— CRAE/CRVE

3.7 FD <« BoxCounting(M) // fractal dimension of vessel network

— PHASE 4: FEATURE VECTOR & BRVI

4.1 F < [BRS seq, a LF, LF/HF HRV, SDNN, CRAE, CRVE, AVR, FD, H, D]
4.2 BRVI«+ 0.31'BRS seq + 0.27-a. LF + 0.22-AVR + 0.14-FD + 0.06-CRAE
4.3 Normalize BRVI to [0, 100] via min-max scaling

— PHASE 5: ENSEMBLE CLASSIFICATION

5.1 Train/Load: RF(200 trees), SVM(RBF, C=10, y=0.01), XGB(150,1r=0.05)
5.2 p_ RF « RF.predict proba(F) //shape: [4]

5.3 p_SVM « SVM.predict_proba(F)

5.4 p_XGB « XGB.predict_proba(F)

5.5 p ens<« (p RF+p SVM +p XGB)/3 //soft voting

5.6 DR_Class «— argmax(p_ens)

5.7 Confidence <— max(p_ens)

— PHASE 6: OUTPUT & ALERT

6.1 Return DR _Class, BRVI, Confidence
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6.2 Generate clinical report with SHAP feature contributions

6.3 IF DR Class >2 AND BRVI > 60: TRIGGER automated referral alert

Algorithm 1: Complete BRS-DR Multimodal Severity Classification Procedure

6. System Flowchart Explanation

The operational workflow of the proposed system progresses through seven well-defined stages, described below in
structured tabular form. Each stage maps to a specific tier in the system architecture.

TABLE III. System Flowchart — Step-by-Step Description

1 Patient Enrollment =~ Patient registers; baseline data collected: HbAlc, DM duration,
medications, demographic details. Retinal specialist performs fundus
photography and ICDRSS grading.

2 Signal Acquisition ECG and continuous BP simultaneously recorded for 10 min in
supine rest (22°C). Wearable IoT device optionally used for home-
based acquisition.

3 Quality Check SQI computed. If SQI < 0.75 or >20% ectopic beats: session flagged
and repeated. LF coherence checked for o, LF validity.

4 BRS Extraction Sequence method: valid up/down sequences identified; regression
slopes averaged. Alpha-index: Welch PSD computed; coherence
checked; oo LF derived.

5 Retinal Analysis Fundus image enhanced and segmented; A/V classification
performed; CRAE, CRVE, AVR, and fractal dimension computed via
validated IVAN/U-Net pipeline.

6 Al Classification Feature vector F assembled; BRVI normalized; ensemble ML
(RF+SVM+XGBoost)  soft-voting produces DR Class and
confidence probability. SHAP values generated for clinical
explainability.

7 Clinical Output DR severity class, BRVI score, confidence, and SHAP contributions
delivered to clinician dashboard. Automated alert triggered if
DR Class > 2 or BRVI > 60.

Table 111: Step-by-step operational flowchart of the BRS-DR classification system
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7. Results and Analysis
A. Group-Level BRS and Retinal Parameters

A clear and statistically significant monotonic decline in BRS indices was observed with increasing DR severity (one-
way ANOVA, p < 0.001 for both BRS seq and o LF). Post-hoc Bonferroni-corrected pairwise comparisons
confirmed significant differences between all adjacent group pairs. Table IV summarizes mean + SD values across
groups.

TABLE IV. BRS and Retinal Parameters Across DR Severity Groups (Mean + SD)

BRS seq 142 +£3.1 10.8+2.6 7.4 +£2.0% 49+1.7*
(ms/mmHg)

o_LF (ms/mmHg) 12.9+2.8 9.6+2.3 6.8 £1.9% 4.2+ 1.5%
CRAE (um) 152.3+10.4 1447 +11.2 1349 + 12.6* 122.5+13.8*
AVR 0.74 £0.05 0.69 £ 0.06 0.61 £0.07* 0.53 £0.08*
Fractal Dimension 1.52 +0.04 1.49 +£0.04 1.44 £ 0.05%* 1.38 £0.06*
HbAlc (%) 54+03 7.9+0.8 92+1.1% 10.4 £1.3*
BRVI Score 18.4+5.2 389+7.6 61.3+£9.1* 79.7 £ 8.4%

*n < 0.001 vs Group 0 (Bonferroni post-hoc). BRVI: BRS-Retinal Vascular Index (0-100 scale)
B. Classifier Performance Comparison

Table V presents classification performance metrics for all models evaluated. The proposed soft-voting ensemble
consistently outperformed individual classifiers across all four DR severity classes.

TABLE V. Classifier Performance Comparison (5-Fold Stratified Cross-Validation)

Logistic Regression  76.2 74.5 77.4 0.821 0.76

Naive Bayes 72.8 71.3 74.1 0.798 0.72

IJWOS | Volume 3 Issue 5, May 2026 | https://ijjwos.com 741



International Journal of Web of Multidisciplinary Studies
E-ISSN: 3049-2424

k-NN (k=7) 80.4 78.9 81.2 0.854 0.80
Decision Tree 78.1 76.4 79.2 0.835 0.78
Random Forest 88.6 87.1 89.4 0.941 0.88
SVM (RBF) 87.3 85.8 88.6 0.938 0.87
XGBoost 90.1 88.7 91.3 0.952 0.90

Bold row = proposed model; AUC-ROC: one-vs-rest macro average, F1: macro-weighted F1-score
C. Feature Importance (SHAP Analysis)

SHAP (SHapley Additive exPlanations) analysis [19] identified BRS seq (SHAP = 0.31) and o, LF (SHAP = 0.27)
as the two most influential predictors — together contributing over 58% of total model prediction weight. AVR (0.22)
and FD (0.14) were the dominant retinal contributors, while HbAlc (0.08) and DM duration (0.06) provided
supplementary contributions. This hierarchy confirms the primary predictive value of autonomic BRS features over
conventional glycemic markers in this multimodal model.

D. Correlation Analysis

Pearson correlation between BRS seq and DR severity score: r =-0.78 (95% CI: -0.83 to -0.72, p < 0.001). Between
o, LF and DR severity: r =-0.74 (95% CI: -0.79 to -0.67, p < 0.001). BRVI showed the strongest positive correlation
with DR severity: r = 0.83 (95% CI: 0.79 to 0.87, p < 0.001). These correlations remained significant after adjustment
for age, sex, HbAlc, blood pressure, and DM duration in multivariable linear regression models (all p < 0.001).

8. Comparative Analysis with Existing Systems

TABLE VI. Novelty Comparison with State-of-the-Art Approaches

Dual-method BRS No No No Yes (Seq + Alpha-LF)
Retinal Vascular No No CNN CRAE, AVR, FD
Features features

4-Class DR Grading No No Binary Yes (ICDRSS)
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Multimodal Al No RF only CNN only RF+SVM+XGB
Ensemble

BRVI Composite No No No Yes

Index

Explainability (SHAP) No No No Yes

IoT + Cloud No No No Yes (AWS + RPi4)
Integration

Reported  Accuracy 79.3 83.1 97.5% 93.4

(%)

*Gulshan et al. binary detection on high-quality fundus images, not directly comparable to 4-class multimodal setting

9. Implementation Details
A. Software Stack

All signal processing and ML pipelines were implemented in Python 3.11. Key libraries: SciPy 1.11 (filtering, spectral
analysis), NumPy 1.25, Pandas 2.0 (data management), Scikit-learn 1.3 (RF, SVM, preprocessing), XGBoost 2.0,
SHAP 0.43, Matplotlib 3.7 and Seaborn 0.12 (visualization), OpenCV 4.8 (image preprocessing), and PyTorch 2.1
(U-Net vessel segmentation). The DRIVE dataset was used for U-Net pre-training; fine-tuning was performed on 200
locally annotated fundus images.

B. Hardware and Cloud Configuration

Cloud backend: AWS EC2 t3.large instance (2 vCPU, 8 GB RAM), Ubuntu 22.04 LTS. FastAPI v0.104 served the
ML inference endpoint. Patient data: AWS RDS PostgreSQL 15 (AES-256 encrypted, Multi-AZ). IoT prototype:
Raspberry Pi 4 Model B (4 GB), MAX30102 PPG sensor, AD8232 ECG module, sampling at 200 Hz and 500 Hz
respectively, with 4G/LTE connectivity for field deployments.

C. Model Validation and Calibration

Model performance was assessed using 5-fold stratified cross-validation. Brier score for the proposed ensemble: 0.07
(lower = better calibrated). Reliability diagrams confirmed that predicted class probabilities were well-calibrated
across all four classes. Inter-rater DR grading reliability (kappa = 0.88) exceeded the 0.80 threshold required for
clinical-grade ground truth.

10. Innovation and Novelty Points

N1: First systematic dual-method BRS profiling across all four ICDRSS DR severity classes in a prospectively
recruited diabetic cohort — establishing quantitative BRS thresholds for each severity grade.

N2: Introduction of the BRVI composite biomarker — a PCA-weighted integration of autonomic (BRS) and retinal
vascular parameters into a single, clinically interpretable, 0—100 severity index correlated at r = 0.83 with DR grade.
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N3: First application of a soft-voting ensemble of RF, SVM, and XGBoost to a multimodal BRS + retinal feature set
for 4-class DR severity prediction, achieving 93.4% accuracy and AUC-ROC 0.971.

N4: First loT-cloud monitoring architecture specifically designed for continuous outpatient BRS surveillance in a DR-
stratified diabetic cohort, with automated clinical alerting and HIPA A-compliant data management.

N5: Application of SHAP explainability to quantify individual feature contributions to DR severity prediction,
demonstrating BRS indices as the dominant predictors — a finding with direct clinical significance for autonomic
monitoring protocols.

11. Advantages and Limitations
A. Advantages

1. Non-invasive and cost-effective: BRS measurement requires only ECG and non-invasive BP monitoring —
equipment widely available in primary care and diabetic clinics globally.

2. Early detection potential: BRS decline may precede or accompany subtle retinal microvascular changes not yet
detectable by standard fundus photography, offering a window for earlier intervention.

3. Mechanistic insight: Unlike black-box fundus AI, the BRVI and SHAP analysis provide physiologically
interpretable outputs that can guide clinical reasoning about autonomic-retinal pathophysiology.

4. Scalable IoT deployment: The wearable system enables home-based and community-level monitoring without
requiring specialist ophthalmic equipment, extending reach to rural and underserved populations.

5. Regulatory-ready architecture: HIPAA-compliant data storage, AES encryption, and role-based access control
align with regulatory frameworks for clinical Al system deployment.

B. Limitations

1. Cross-sectional design: Causal inference cannot be established without longitudinal data. Temporal precedence of
BRS decline relative to DR progression remains unproven.

2. Single-center recruitment: Generalizability across ethnic groups, geographic regions, and healthcare systems
requires multi-center replication.

3. PTT calibration error: IoT wearable BP estimation introduces £3—5 mmHg error compared to Finapres, which
may marginally attenuate a.LF precision in home deployment.

4. Semi-automated retinal analysis: [VAN-based CRAE/CRVE quantification requires operator-assisted vessel
identification, limiting throughput in high-volume clinical settings.

12. Practical Applications and Social Impact

The translational implications of this work span several clinical and public health domains. In primary care settings,
integration of BRVI scoring into routine annual diabetic reviews — using existing ECG and non-invasive BP
equipment — could enable evidence-based ophthalmic referral triage, reducing unnecessary referrals while ensuring
timely specialist review for high-risk patients. This is especially relevant in the National Health Service (UK), where
diabetic eye screening programs operate under capacity constraints.

In low- and middle-income countries — where over 75% of the global diabetic population resides [1] and fundus
camera availability is limited — a BRS-informed pre-screening tool could help district hospitals and primary health
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centers identify patients requiring priority ophthalmic evaluation, acting as a force multiplier for scarce specialist
resources.

The proposed loT-cloud platform supports telemedicine pathways and community health worker programs by
enabling remote, asynchronous BRS monitoring with automated clinical alerts. This is particularly relevant in post-
pandemic healthcare ecosystems where remote patient monitoring has been rapidly normalized. The BRVI score's
single-number format also enhances patient communication and self-management awareness of their autonomic-
vascular risk profile.

Beyond DR, the BRVI framework has potential extension to diabetic nephropathy risk stratification (shared CAN
pathophysiology), perioperative cardiovascular risk assessment in diabetic surgical patients, and monitoring of
autonomic neuropathy treatment response in clinical trials.

13. Research Gaps and Future Scope

1. Longitudinal Validation: A 3-5 year prospective cohort study to determine whether BRVI at baseline predicts
incident DR or DR progression grade in normo-retinopathic diabetic patients, establishing its utility as a predictive
rather than cross-sectional biomarker.

2. Deep Learning BRS Estimation: Replacing traditional spectral processing with a 1D-Transformer or temporal
convolutional network trained end-to-end on raw PPG/ECG waveforms, eliminating manual preprocessing pipelines
and improving scalability.

3. Blockchain Data Integrity: Integrating a permissioned blockchain (Hyperledger Fabric) into the IoT-cloud
pipeline for tamper-proof, auditable longitudinal BRS records — enabling trusted multi-site data sharing for federated
clinical trials.

4. OCT-Angiography Features: Extending the retinal feature set to include deep capillary plexus density from OCT-
A, which captures early neurovascular unit dysfunction and subclinical retinal ischemia not visible on conventional
fundus photography.

5. Federated Learning: Deploying federated learning (PySyft/Flower framework) across hospital nodes to train and
update the ensemble ML model without sharing raw patient data — addressing privacy regulations (GDPR, HIPAA)
in multi-institutional deployment.

6. Wearable Miniaturization: Development of a fully integrated wrist-worn device combining optical PPG and dry-
electrode ECG in a consumer-grade form factor, enabling continuous 24-hour BRS monitoring for ambulatory DR
surveillance.

14. Conclusion

This paper presented the first comprehensive investigation of baroreceptor sensitivity across all four diabetic
retinopathy severity grades, supported by a novel Al-integrated multimodal classification system and a scalable [oT-
cloud monitoring architecture. The study's core findings establish a clear, statistically robust inverse relationship
between BRS and DR severity, with both time-domain (BRS seq) and frequency-domain (oo LF) indices declining
progressively from healthy controls through mild NPDR, severe NPDR, to PDR (r = -0.78 and -0.74, respectively; p
< 0.001). The novel BRVI composite index, integrating autonomic and retinal vascular metrics, demonstrated the
strongest association with DR grade (r = 0.83) and highest predictive value in SHAP-ranked feature analysis.

The proposed soft-voting ensemble classifier (RF + SVM + XGBoost) achieved 93.4% accuracy, 91.8% sensitivity,
94.1% specificity, and AUC-ROC of 0.971 across four DR severity classes — surpassing all existing single-modality
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and single-classifier approaches reported in the literature. SHAP analysis confirmed BRS features as the primary
predictive drivers, with AVR and fractal dimension providing significant complementary retinal information. The IoT-
cloud monitoring architecture demonstrates a practical pathway for continuous outpatient BRS surveillance with
automated clinical alerting, validated through a Raspberry Pi 4-based wearable prototype.

The broader clinical significance of this work is substantive: baroreceptor sensitivity is a non-invasive, low-cost,
physiologically grounded biomarker that is already measurable in most cardiodiabetic clinical settings. Its integration
into DR risk stratification workflows — particularly through the BRVI score and the proposed IoT monitoring system
— could meaningfully improve early detection, reduce avoidable blindness, and extend diabetic eye care reach to
underserved populations globally. Future longitudinal studies and multi-center validation will be essential to establish
BRVI as a prospective DR progression marker and to validate the IoT system in real-world ambulatory settings.
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