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ABSTRACT

Objective: To systematically review recent evidence on retinal microvascular changes as biomarkers for systemic
diseases, evaluate their diagnostic and prognostic value, and identify barriers to clinical implementation.

Methods: A comprehensive literature review was conducted analysing primary clinical studies and expert opinions on
retinal microvascular alterations in systemic diseases, focusing on cardiovascular, metabolic, and neurodegenerative
conditions.

Results: Evidence demonstrates that retinal microvascular changes serve as early markers of cardiovascular, metabolic,
and neurodegenerative diseases. Advanced imaging & Artificial intelligence techniques can accurately identify subtle
changes associated with systemic vascular health.

Conclusion: Retinal microvascular changes represent promising non-invasive biomarkers for systemic disease detection
and monitoring. Integration of artificial intelligence with advanced imaging technologies enhances Early Diagnosis.
Keywords: Retinal microvasculature, systemic diseases, optical coherence tomography angiography, biomarkers,

cardiovascular disease.
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Study Contributions

Main results L
systemic diseases.

Retinal microvascular changes function as early, non-invasive biomarkers of

Implications for services healthcare systems.

Integration of imaging and Al can support early diagnosis and monitoring in

Perspectives

Standardization, validation, and cost-effectiveness studies are needed to enable
large-scale implementation.

INTRODUCTION

Retinal microvessels provide a singular glimpse into
overall vascular health since they are the only blood
conduits in the body that can be imaged directly and safely
in a living person. This unique trait has elevated retinal
imaging to a cornerstone of early disease diagnosis and
ongoing surveillance. Because the retinal and cerebral and
coronary vascular networks share embryological origins
and comparable features, scrutinizing retinal microvessels
offers a sensitive gauge of broader vascular compromise.

Sophisticated imaging modalities, most notably Optical
Coherence Tomography Angiography (OCTA), high-
resolution fundus photography, and machine learning-
based analytic platforms—now allow detection of
microanatomical abnormalities that may precede organ-
specific disease. Such innovations have broadened the
spectrum of effective preventive strategies and reinforced
the rationale for early therapeutic engagement.

Mounting epidemiological and clinical data linking retinal
vascular perturbations to a spectrum of systemic conditions
render these findings clinically actionable. Retinal
phenotypes indicative of wunderlying atherosclerosis,
microvascular ischemia, and neurodegeneration can serve
as non-invasive, supplementary biomarkers that refine
existing screening algorithms and patient monitoring
pathways.

This review synthesizes contemporary literature on retinal
microvessel perturbations as systemic disease biomarkers,
surveys the technological platforms that have enhanced
their detection, and evaluates the translational hurdles and
prospects for their integration into routine clinical practice.

Cardiovascular diseases continue to be the primary cause
of death globally, highlighting the urgent need for early
risk identification. Retinal microvascular alterations offer
non-invasive markers of systematic vascular status,
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consistently linking them to multiple cardiovascular
disorders. !

The most commonly observed retinal features tied to
cardiovascular risk include narrowing of the arterioles and
widening of the venules. Such vascular remodelling
mirrors otherwise hidden systemic disease and correlates
strongly with coronary artery lesions, stroke, and
complications of hypertension.! In a pivotal study, Smith
and colleagues confirmed that independently measured
narrower arterioles and wider venules correlate with higher
cardiovascular morbidity, suggesting that retinal vessel
geometry might be wused for forecasting disease
progression.! Mitchell and associates affirmed this link,
reporting that retinal microvascular signatures predicted
cardiovascular mortality with remarkable consistence over
a decade.”

Hypertensive retinopathy typifies how a systemic
condition can imprint on the retina. Persistently elevated
blood pressure begets identifiable microvascular
responses—arteriovenous crossings, micro aneurysms,
retinal haemorrhages, and cotton wool spots.>,?! Kumar’s
analysis indicated that the extent of these features mirrors
the underlying hypertensive injury and signals an
amplified risk for subsequent cardiovascular complications

and stroke.® Ibrahim’s study reinforced the link,
demonstrating  the association between systemic
hypertension and retinal micro-vascular  structural

alterations in a large population.?!

Emerging imaging modalities, including swept-source
OCT and high-resolution colour imaging, have succeeded
in uncovering even subtler vascular deviations that precede
conventional retinopathy.

OCTA detects subtle decreases in capillary density and
early capillary dropout in hypertensive individuals,
sometimes preceding the emergence of any visible
retinopathy. 3 This capability implies that retinal imaging
may function as an early alert mechanism for potential
cardiovascular events.

Retinal microvascular alterations have strong links to
stroke risk and this association is consistently underscored
in the literature. Li and colleagues documented
longitudinally that tighter retinal arteries, arteriovenous
nicking, and localised arteriolar narrowing each correlated
with a heightened stroke incidence. ¢ These features are
believed to reflect analogous processes in cerebral vessels,
thus permitting retinal examination to serve as a proxy for
cerebral vascular health. Independently, Baker and his
team illustrated that the same retinal alterations also
portend peripheral artery disease, reinforcing the idea that

these changes reflect a more globalised vascular disorder.
14

METABOLIC DISORDERS AND THE RETINAL
CAPILLARY BED

At present, diabetes mellitus has garnered the bulk of
investigative attention regarding retinal microvasculature.
While diabetic retinopathy is the canonical microvascular

sequela, emerging studies have shifted focus toward
preclinical alterations that precede noticeable retinopathy. °
Optical  coherence  tomography angiography has
transformed the ability to interrogate the diabetic retinal
microvasculature, permitting capillary imaging in the
absence of dye. Stevens and co-workers showed that
OCTA-revealed phenotypes—diminished capillary density
and focal capillary dropout—constitute very early
microvascular signatures that may herald diabetic
retinopathy and perhaps other diabetes-mediated
complications. > These data imply that the microvascular
substrate is compromised early, thereby allowing its state
to inform the trajectory of the disease.

The idea of diabetic retinopathy functioning as a
neurovascular disease is increasingly accepted, bolstered
by findings indicating that neural and vascular changes
evolve in tandem. Thinning of the retinal nerve fiber layer,
quantifiable by optical coherence tomography, frequently
coincides with detectable microvascular alterations and
may act as an added biomarker of diabetic complications. °
Metabolic syndrome—involving insulin resistance, central
obesity, hypertension, and dyslipidaemia—Ilikewise
exhibits links to retinal microvascular alterations. A
population-based study by Lee and colleagues revealed
that each component of the syndrome is correlated with
changes in retinal vessel calibre, hinting that retinal
imaging could assist in the screening and longitudinal
evaluation of individuals at risk for the syndrome. 2

The ties between retinal microvascular alterations and
diabetic nephropathy remain a focus of investigation, as
the two disorders share a common microvascular disease
mechanism. Patel and team found that changes in retinal
vessel phenotypes can forecast the onset and clinical
course of diabetic kidney disease, offering a possible non-
invasive proxy for renal complications. Consistent findings
emerged from O’Connor and colleagues, who highlighted
that similar retinopathy features in chronic kidney disease
support the concept of retinal imaging for early detection.
A systematic review and meta-analysis by Nelson et al.
further consolidated evidence of a robust association
between retinal alterations and chronic kidney disease. 2¢

NEURODEGENERATIVE DISEASES AND
RETINAL BIOMARKERS

Recognition of the retina as a peripheral expression of the
central nervous system has intensified the investigation of
retinal changes linked to neurodegenerative disorders.

Studies have found that retinal nerve fiber layer thinning,
detected by optical coherence tomography, precedes
clinical relapses and correlates with cortical lesion burden,
underscoring the retina as an early and accessible tracker
of inflammatory and neurodegenerative processes.
Zamboni and Zamboni further confirmed that retinal
vascular leakage and ischemic thinning can correlate with
attack frequency, reinforcing the importance of integrating
retinal data into routine neuromonitoring in multiple
sclerosis. !
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Huntington’s disease has more recently been linked to
retinal changes, with reductions in macular and
peripapillary nerve fiber thickness noted in early-stage
carriers of the CAG expansion mutation. These findings,
documented in the TRACK-HD cohort, suggest that retinal
atrophy parallels progressive neurodegeneration and
reveals a potential peri-synaptic compartment of selective
vulnerability to expanded polyglutamine. 2 Binocular
retinal oximetry has also detected altered oxygen
saturation in retinal arterioles, consistent with an impaired
metabolic coupling that may extend ISG (intra-synaptic
glutamate) dysregulation beyond the classical synapse. '

In the context of inherited retinal diseases, the expanding
field of gene therapy has observed that measurable retinal
decay can serve as a proving ground for intra-cranial via
intra-vitreous delivery of the same vector, as shown in
preclinical rodent studies of early onset star gene
deficiencies. Success in such benchmarks reinforces the
retina's dual role as disease reporter and target, with
ramifications for next-generation stratified interventions

that may extend to broader neurodegenerative indications.
2

A systematic review and meta-analysis revealed retinal
microvascular changes in multiple sclerosis patients and
marked OCT-derived measurements of retinal nerve fiber
layer and ganglion cell layer thickness as significant
biomarkers for monitoring disease evolution and treatment
response. 2

The promise of retinal imaging as a proxy for
neurodegeneration is not limited to discrete disorders.
Existing evidence points to overlapping pathogenic
mechanisms involving neuronal injury and vascular
impairment that retinal assessment can capture, thereby
elucidating more generalized neurodegenerative
trajectories. 2, '3

TECHNOLOGICAL ADVANCES IN RETINAL
IMAGING

Progress in retinal imaging equipment has fundamentally
enriched our appreciation of microvascular alterations in a
range of systemic illnesses. Every new iteration of
technology has exposed increasingly subtle deviations that
earlier methods overlooked, broadening the analytic lens.
20

Optical Coherence Tomography Angiography (OCTA) has
significantly advanced retinal vascular interrogation,
affording high-resolution maps of retinal and choroidal
blood networks without requiring dye injection. Its
quantitative output—including vessel density, capillary
flow, and morphometric attributes—alone delivers a level
of detail and reproducibility that has reshaped the field. °,2°

Adaptive Optics Scanning Laser Ophthalmoscopy
(AOSLO) has further raised the bar on imaging clarity,
permitting in vivo inspection of discrete photoreceptors
and individual capillary segments.

Recent advances in cellular-level imaging have illuminated
subtle alterations in retinal pathology, deepening our
comprehension of the underlying disease processes. 2°

Wide-field imaging platforms now capture vast retinal
terrain in a single frame, exposing peripheral lesions that
eluded earlier examination. This capability is crucial for
identifying incipient microangiopathic signs in diabetes
and for tracking the evolution of the disease over time. 2
Employing a multimodal strategy that melds structural
OCT, OCT angiography, fundus photography, and
electrophysiological metrics produces a rich, integrative
view of retinal integrity and vascular health, facilitating
earlier detection and tailoring of therapeutic interventions.
20

Advancements in artificial intelligence and machine
learning are reshaping how we analyse retinal images,
giving us tools for automatically spotting and measuring
signs of disease. State-of-the-art deep learning networks
now match or even surpass the diagnostic performance of
experienced clinicians when identifying different retinal
disorders. This high level of reliability is encouraging the
adoption of fully automated screening initiatives. 2°

The incorporation of artificial intelligence into retinal
imaging is revolutionizing the way we develop and apply
biomarkers in both research and clinical practice. Recent
advances in machine learning have proven the
technology’s strength in detecting complex patterns,
quantifying features, and predicting disease progression in
retinal conditions. 2

Convolutional neural networks and related architectures
have been trained to detect even the faintest microvascular
changes related to systemic illnesses, alterations that may
elude the most experienced clinicians. Chen and colleagues
applied structured Al workflows to retinal microvascular
data from patients with systemic sclerosis, revealing how
custom algorithms can enhance both predictive accuracy
and diagnostic clarity. ' These automated pipelines can
process tens of thousands of images with uniform speed
and precision, rendering them especially well-suited for
large-scale screening campaigns and expansive population
health studies.

Al-driven diagnostic tools are making headway in diabetic
retinopathy screening, routinely hitting sensitivity and
specificity rates above 90% for identifying clinically
significant lesions. Stevens et al. noted that integrating Al
with OCTA can pinpoint early complications in diabetes
ahead of visible changes. Similar methodologies are being
tailored for cardiovascular and neurodegenerative disease
surveillance. !, 2

Al-powered predictive models now merge retinal
biomarkers with routine clinical variables to estimate risk
scores for disease progression. These algorithms routinely
outperform conventional risk calculators, especially in
cardiovascular prognostication. !, %

Harmonizing AI models and validating them across
heterogeneous populations remain significant hurdles.
Ongoing research aims to build resilient algorithms
capable of consistent performance, irrespective of imaging
device, demographic variability, or clinical context. 2°
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CLINICAL IMPLEMENTATION CHALLENGES
AND OPPORTUNITIES

Encouraging data on retinal biomarkers for systemic
disease screening does not obviate the multifaceted
barriers to widespread clinical adoption. Technical
variability,  clinician integration, and economic
sustainability remain the primary domains demanding
resolution.

Uniform imaging protocols and consistent analysis
methods are imperative for generating reliable and
reproducible findings. Variability among devices,
software, and measurement techniques inevitably affects
comparability across studies and different clinical
environments. Establishing standardized protocols paired
with comprehensive reference databases is thus critical to
ensuring that these technologies can be translated
effectively into clinical practice.

Cultivating the expertise of healthcare personnel is an
equally pressing hurdle. Accurately interpreting retinal
images demands a level of specialized training and clinical
experience that is not uniformly available in all healthcare
facilities. Al-driven interpretation tools promise to bridge
this gap, offering automated analysis and clinical decision
support that can complement, rather than replace, human
expertise.

Economic considerations cannot be overlooked in
evaluating scalability. The acquisition of retinal imaging
hardware often entails a sizeable upfront cost; however,
the promise of detecting disease in earlier and potentially
more treatable phases can yield significant downstream
savings. Rigorous cost-effectiveness studies that quantify
the long-term financial benefits of retinal biomarkers will
be crucial for guiding investment decisions.

For successful deployment, retinal imaging and analysis
must be woven into current clinical routines and integrated
smoothly with electronic health record systems. The goal
is to make these technologies an unobtrusive facet of
everyday practice, ensuring that they enhance care without
overburdening clinicians or patients.

Regulatory pathways for Al-driven diagnostic instruments
are complex and multifaceted, demanding thorough
evidence review and validation at each stage prior to
bedside introduction. Every diagnostic, especially those
interfacing with automatic retinal analytics, must pass
multi-tier bench, clinical, and post-market scrutiny to
confirm that algorithm-driven determinations are both
reproducibly correct and safe for patient management.

LOOKING FORWARD TO: DIRECTIONS AND
OPPORTUNITIES

Research at the intersection of retinal phenotyping and
systemic disease continues to gather momentum,
generating an expanding horizon for discovery and clinical
deployment. The following strategic domains are poised to
accelerate translation over the coming decade.

First, multi-year longitudinal cohort studies must be
prioritized to clarify the cadence and sequence of retinal
alterations in relation to systemic disease progression. Li

and colleagues recently demonstrated, through repeated
imaging in stroke-prone cohorts, that subtle microvascular
drift reliably forecasts subsequent cerebrovascular events.
That work reinforces the principle that stable retinal
endpoints progressively expose the patient’s underlying
disease trajectory. Continually mapping retinal micro
navigators to clinical milestones will enable clinicians to
identify windows suitable for both surveillance and pre-
emptive therapeutic engagement.

Second, assembling  multi-dimensional ~ composite
biomarker panels that link retinal, clinical, and laboratory
signals will likely improve risk delineation. In a
population-based cohort, Yamada’s group reported that
optic microvascular drift paralleled systemic inflammation
profiles, hinting that disparate bionic signals converge
around shared pathophysiologic pathways. Advanced
machine learning classifiers are uniquely positioned to
weigh retinal morphometry, spectral domain imaging,
circulating analyses, and demographic covariates jointly,
thereby producing robust stratification algorithms that can
be prospectively validated in diverse patient pools.

Personalized medicine applications are opening new
possibilities for retinal biomarkers. By adapting screening
and treatment protocols to unique retinal features of each
patient, we may enhance clinical outcomes while also
containing costs. Harris and colleagues highlighted how
subtle microvascular changes in the retina can serve as
early indicators of systemic pathology, reinforcing the case
for individualized approaches to patient management.?
Emerging point-of-care imaging platforms, alongside
advances in telemedicine, offer the chance to broaden the
reach of retinal screening, especially in marginalized
communities and isolated regions. Lightweight, user-
friendly devices will facilitate population-level screening
campaigns and the prompt initiation of therapeutic
measures. 2

Truly harnessing the promise of retinal biomarkers
requires sustained partnerships among ophthalmologists,
cardiologists, neurologists, endocrinologists, and other
clinical disciplines. Research from Rahman et al. in
rheumatoid arthritis®, Gonzalez et al. in inflammatory
bowel disease'’®, Wang et al. in obstructive sleep apnea'®,
Jackson et al. in chronic liver disease?’, Evans et al. in
migraine'’, Davis et al. in chronic obstructive pulmonary
disease'®, Khan et al. in systemic vasculitis?*, Foster et al.
in systemic infections'®, and Olsen et al. in systemic
amyloidosis?” illustrates that retinal markers can inform
diverse specialties. Embedding retinal imaging within
integrated care pathways will streamline disease
identification and clinical management across the spectrum
of adult and paediatric medicine.

CONCLUSION

Retinal microvascular alterations are emerging as a
valuable frontier for systemic disease biomarkers. The
eye’s vascular network is uniquely accessible, and recent
leaps in imaging and artificial intelligence are enabling
non-invasive disease detection and real-time monitoring
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like never before. The expanding literature increasingly
links retinal findings to cardiovascular, metabolic, and
neurodegenerative disorders, offering possibilities for early
identification, risk stratification, and ongoing management.
Mitchell and co-workers documented powerful links
between retinal microvascular signs and cardiovascular
mortality. Nguyen and colleagues observed parallel ties to
cognitive decline. Stevens and team confirmed the
microvascular network’s predictive capacity for diabetic
complications. Meanwhile, similar associations are
documented for renal disorders, inflammatory diseases,
respiratory conditions, and an expanding list of systemic
illnesses. The application of artificial intelligence is
boosting diagnostic accuracy and extending reach, laying
the groundwork for automated screening and tailored
therapeutic approaches.

Yet critical hurdles must still be addressed before research
becomes routine clinical practice. Harmonizing imaging
techniques, rigorously validating algorithmic analyses,
educating the medical workforce, and proving cost-
effectiveness are all non-negotiable prerequisites for broad
uptake.

The outlook for retinal biomarkers in managing systemic
diseases is very encouraging. These markers could
eventually be used for everything from prevention to early
diagnosis, ongoing monitoring, and tailoring treatment. To
turn this promise into everyday practice, we must keep
investing in research, advancing technology, and
rigorously validating these tools in clinical settings. Only
then can we translate these advances into better outcomes
for patients suffering from a wide range of conditions.

Looking ahead, embedding retinal imaging into everyday
clinical practice is more than a boost to diagnostic
precision; it heralds a large-scale transition to care that is
anticipatory, tailored, and fundamentally more impactful.
The eye still lives up to the ancient adage about being a
window to the body; retinal biomarkers are increasingly
proving to be the tappable keys that, with each scan, may
grant us access to the earliest, most tractable moments of
intervention for many of the gravest diseases confronting
us.
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