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Abstract

Optical coherence tomography angiography (OCTA) is a non-invasive, convenient and non-contact fundus imaging
technique, which can not only clearly present the microvascular and anatomical structure of the retina and choroid, but
also quantitatively analyze them. The retina is considered the window to the brain, and some patients with central
nervous system (CNS) diseases show characteristic changes in the retina that often precede the main symptoms of the
CNS. In this review, we summarize the fundus changes observed in CNS diseases such as Alzheimer's disease, stroke,
Parkinson's disease and multiple sclerosis by OCTA. Retinal biomarkers have the potential to serve as important tools
for early diagnosis and monitoring of CNS disease progression. Moreover, OCTA provides a unique, non-invasive
perspective for establishing an eye-brain axis evaluation system. However, current findings remain inconsistent due to
variations in study protocols, sample sizes, and imaging platforms. Future large-scale, standardized multicenter studies
are needed to validate the clinical utility of OCTA-derived metrics and to facilitate their integration into routine

diagnostic workflows for CNS disorders.
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Introduction

Due to their developmental and anatomical assess the onset and progression of CNS diseases.
particularities, the retina and optic nerve extend from the Optical coherence tomography angiography (OCTA) is
diencephalon, and the retina is considered part of the a rapid, non-invasive retinal vascular imaging
central nervous system (CNS). Consequently, the retina technology [2]. This technique employs repeated cross-
shares many physiological characteristics with the brain. sectional scans to detect moving red blood cells,
For instance, retinal ganglion cells exhibit partial comparing structural images pixel-by-pixel to identify
properties of CNS neurons, and the blood-retinal barrier signal changes caused by erythrocyte movement. Using
closely resembles the blood-brain barrier, maintaining split-spectrum amplitude-decorrelation  angiography
direct synaptic connections throughout the lifespan [1]. algorithms and motion correction techniques, OCTA
In many CNS diseases such as Alzheimer’s disease (AD), enhances blood flow detection capability while
stroke, Parkinson’s disease (PD), and multiple sclerosis eliminating motion artifacts, thereby generating retinal
(MS), characteristic retinal changes often occur earlier perfusion maps [3]. The built-in OCTA software divides
than clinical symptoms of CNS diseases. Therefore, the retina into four layers: the superficial capillary plexus
fundus imaging can serve as a critical approach for early layer, deep capillary plexus layer, outer retinal layer, and
diagnosis of these disorders. While non-invasive choriocapillary layer. It also enables quantitative
observation of cerebral structures and vascular changes analysis by automatically extracting parameters such as
remains challenging, the retina - acting as a “window to vessel density, foveal avascular zone (FAZ) area,
the brain” - enables direct visualization of retinal perimeter, acircularity index, retinal thickness, and
structural and vascular alterations, providing a means to retinal nerve fiber layer (RNFL) thickness [4,5].
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OCTA has
ophthalmology and CNS research. Most studies utilize

Currently, been widely applied in
OCTA to observe retinal changes for predicting cerebral
microvascular alterations, establishing an eye-brain axis
evaluation system to assist in disease diagnosis and
severity assessment [6]. This review focuses on the
applications of OCTA in detecting retinal changes
associated with various CNS diseases, aiming to identify
retinal biomarkers and provide novel strategies for early
diagnosis and disease progression monitoring of CNS

disorders.
The application of OCTA in AD

The progression of AD is a continuous process, evolving
from an asymptomatic preclinical stage to mild cognitive
impairment and eventually severe dementia [7]. AD
ranks as the fifth leading cause of death among
individuals aged 65 and older in the United States. By
2030, the U.S. population aged 65 and older is projected
to reach 74.0 million, with approximately 8.5 million
affected by AD [8]. Classic pathological hallmarks of
AD

neuronal loss, and B-amyloid deposition in the brain,

include intracellular neurofibrillary tangles,
which activates microglia to release inflammatory
mediators, triggering neurotoxicity and exacerbating
disease progression [9]. Clinical manifestations include
memory impairment, language deficits, and visuospatial
perception abnormalities. However, the preclinical stage
often lacks obvious symptoms, making early diagnosis
challenging. Current diagnostic tools such as magnetic
resonance imaging (MRI) and positron emission

tomography (PET) are costly, non-portable, and
unsuitable for large-scale screening. As an extension of
the brain with shared developmental origins, the retina
may reflect cerebral B-amyloid pathology, positioning
retinal structural changes as potential biomarkers for
preclinical AD diagnosis [10].

An of studies

quantitative measurements - such as retinal thickness,

increasing number have applied
vessel density, and retinal nerve fiber layer thickness - to

characterize  retinal  alterations in early-stage
Alzheimer’s disease. Evidence suggests that even at the
preclinical stage, the foveal avascular zone (FAZ) may
be enlarged and retinal thickness reduced, potentially

preceding overt clinical symptoms [11]. Longitudinal
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observations further indicate that FAZ enlargement can
progress over time despite relatively stable cognitive
scores, implying that retinal imaging metrics may
support preclinical AD screening, risk stratification, and
earlier intervention [12]. In parallel, other reports
describe decreases in retinal thickness and vessel density
in early AD, with changes most pronounced in the
macular region, possibly related to f-amyloid-associated
microvascular constriction and impaired perfusion [13].
However, findings remain inconsistent: Some studies
have reported increased vessel density in B-amyloid-
positive individuals and no detectable FAZ changes.
These

differences in retinal metabolic demand, compensatory

discrepancies may reflect inter-individual
vascular remodeling or neovascular responses, and
heterogeneity in disease stage and study inclusion
criteria.

As AD progresses, retinal ganglion cells and optic nerve
axons degenerate, leading to peripapillary RNFL
thinning. Paradoxically, some studies reported increased
RNFL thickness in AD patients, possibly reflecting pre-
degenerative neuroinflammation and gliosis [14]. In
late-stage AD, worsening cognitive decline correlates
with further reductions in retinal vessel density,
choroidal thinning, and FAZ enlargement [15]. Dynamic
AD

progression underscore their potential as reliable

changes in retinal parameters throughout
biomarkers for diagnosis and monitoring. Although
OCTA-based studies on early retinal changes in AD are
expanding, inconsistent conclusions persist. Further
validation and identification of additional retinal
biomarkers to predict AD onset and track its progression

remain critical challenges.
The application of OCTA in stroke

Stroke, a prevalent cerebrovascular disease, remains a
leading global cause of death and disability. China bears
the highest
Although China’s stroke incidence has declined from
222 to 201 per 100,000 between 2005 and 2019,

ischemic stroke rates continue to rise. The overall

stroke-related mortality worldwide.

prevalence is increasing, with a younger-onset trend.
This

individuals, families, and society [16]. Retinal structural

imposes substantial economic burdens on

and microvascular alterations reflect cerebral
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microvascular and neuronal damage. Retinal and
cerebral vasculature share developmental origins, with
75% of ischemic strokes attributed to internal carotid
artery stenosis, which concurrently affects both vascular
systems [17].

Earlier studies based on fundus photography reported
that retinal vascular features are independently
associated with stroke, and that retinal abnormalities
may vary across different stages of the disease.
Nonetheless, the diagnostic value of these observations
has been constrained by the largely qualitative nature of
fundus limited availability of

reproducible quantitative metrics. OCTA overcomes

imaging and the
these limitations by precisely visualizing retinal
microvascular changes in stroke patients, enabling layer-
specific, quantitative assessment of perfusion and
capillary integrity [18]. Comparative evaluations of
large-artery atherosclerotic versus small-artery occlusive
stroke have shown that both subtypes commonly exhibit
reduced deep capillary plexus vessel density (DVD),
whereas alterations in the superficial capillary plexus are
often subtle. This pattern supports the idea that DVD
may provide higher sensitivity as a retinal biomarker of
ischemic stroke, potentially because the dense and
complex deep capillary network is particularly
susceptible to ischemic injury. In addition, peripapillary
RNFL thickness has been found to differ between stroke
subtypes, with more pronounced superior RNFL
thinning in large-artery atherosclerotic  stroke,
suggesting that RNFL-derived measures may contribute
to stroke subtype classification.

In stroke populations, OCTA commonly reveals a
pattern of decreased retinal vessel density, a reduced
foveal avascular zone (FAZ) area and perimeter, and an
increased acircularity index. Multivariable models
indicate that these OCTA-derived metrics remain
independently associated with stroke risk even after
adjustment for major vascular comorbidities such as
diabetes and hypertension [19]. In ischemic stroke
specifically, retinal neurodegeneration appears to be

accelerated, manifested by faster thinning of the

ganglion cell complex and concurrent tissue volume loss.

Moreover, optic disc vessel density has been reported to

correlate positively with RNFL thickness, supporting the
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concept of coupled microvascular impairment and neural
injury within the retina [20].
Impaired neurovascular unit (NVU) function represents

a key stroke mechanism. Cerebral NVU damage during

stroke  activates  neuroinflammatory  pathways,
disrupting microvascular integrity. Retinal NVU,
sharing components with cerebral NVU, likely

undergoes similar damage, reducing retinal perfusion.
Reduced radial peripapillary capillary flow in superficial
RNFL correlates with RNFL thinning [21,22]. Post-
stroke retrograde trans-synaptic degeneration manifests
as macular ganglion cell layer thinning and visual field
defects, positioning this layer as an imaging biomarker
for visual pathway damage [23].

As a metabolically active, oxygen-demanding tissue, the
retina exhibits heightened sensitivity to hypoperfusion
OCTA-based blood flow

monitoring offers a rapid, cost-effective alternative to

and hypoxia. retinal

computed tomography (CT) and MRI for cerebral

perfusion assessment, enabling large-scale stroke
screening.

Application of OCTA in PD

Parkinson’s  disease (PD) is a  progressive

neurodegenerative disorder primarily characterized by
motor symptoms such as resting tremor, rigidity,
bradykinesia, and postural instability. In recent years,
non-motor symptoms - including depression, anxiety,
sleep disturbances, and cognitive impairment - have
gained increasing recognition [24]. The degeneration of
dopaminergic neurons in the CNS of PD patients is
linked to misfolded protein aggregates. Notably, similar
protein deposits have been identified in postmortem
retinal cells, suggesting that retinal structural changes
may underlie visual dysfunction in PD, such as altered
visual acuity, reduced contrast sensitivity, photophobia,
and hallucinations [25].

highlights

microvascular and RNFL thickness alterations in PD.

Growing evidence significant  retinal
Patients exhibit reduced FAZ area in both superficial and
deep retinal layers, alongside decreased parafoveal
perfusion density, skeleton density, and capillary loss.
The superficial capillary plexus density in the parafoveal

region correlates with ganglion cell-inner plexiform
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layer (GC-IPL) thickness. PD patients with cognitive
impairment show markedly thinner parafoveal GC-IPL
compared to cognitively intact patients, indicating
OCTA’s potential for early PD diagnosis and clinical
subtype differentiation [26].

Peripapillary RNFL thickness changes serve as valuable
biomarkers for assessing motor and cognitive
dysfunction severity in PD. Compared to healthy
controls, mild-to-moderate PD patients demonstrate
reduced average peripapillary RNFL thickness,
particularly in the temporal and inferior quadrants, with
more pronounced thinning in advanced motor
dysfunction [27]. Progressive RNFL thinning correlates
with worsening cognitive impairment, suggesting
dopamine deficiency may drive RNFL alterations - a
hypothesis requiring further validation [28]. In PD,
OCTA often shows reduced superficial vessel density
and perfusion, alongside choroidal remodeling
(increased luminal area and a lower choroidal vascularity
index). Combining these metrics with clinical findings
may improve PD diagnosis [29].

Combined optical coherence tomography (OCT) and
OCTA outperform standalone modalities in sensitivity
and diagnostic power, offering novel biomarkers for
tracking PD progression [30]. Despite occasional
conflicting findings, OCTA demonstrates exceptional
utility in PD diagnosis and severity assessment. Retinal
imaging via OCTA may emerge as a groundbreaking
tool for PD detection, though further studies are needed
to validate its clinical value. Future integration of OCTA
with functional MRI could deepen insights into retina-
brain structural and functional connectivity, advancing

PD diagnosis and therapeutic strategies.
The application of OCTA in MS

Multiple sclerosis (MS) is a degenerative inflammatory
disorder of the central nervous system (CNS), often
leading to neurodegenerative changes. It represents the
leading cause of non-traumatic neurological disability in
young adults and remains incurable [31]. MS manifests
with diverse clinical symptoms, including vision loss
from optic neuritis, limb weakness or sensory deficits
from transverse myelitis, diplopia due to brainstem
dysfunction, and ataxia from cerebellar damage. Current

diagnosis relies on MRI and cerebrospinal fluid analysis,
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while  pharmacological and immunotherapeutic
interventions offer limited efficacy and high relapse rates,
driving research into complementary therapies [32,33].

Both the CNS and retina exhibit abnormalities in MS
patients. The afferent visual pathway - spanning the
retina to the visual cortex - is among the most affected
systems, highlighting its potential as a biomarker.
Inflammation, demyelination, and axonal degeneration
this

within pathway underlie MS-related visual

impairments. Studies reveal significantly reduced
parafoveal superficial vessel density (SVD) in MS
patients, with progressive declines over disease duration,
though these microvascular changes appear independent
of optic neuritis history [34]. In multiple sclerosis (MS),
OCTA studies often report a marked reduction in
superficial vessel density (SVD) with relatively
preserved DVD. SVD loss appears more closely linked
to ganglion cell complex and RNFL atrophy, whereas
DVD alterations may relate to thinning of ganglion cell
and inner nuclear layers [35].

Prospective observations in demyelinating multiple
sclerosis (MS) suggest that retinal vessel density can
remain relatively stable initially but may decline over
time, particularly evident by the second year, whereas
choriocapillaris density may stay unchanged [36]. This
pattern supports vascular involvement alongside
neurodegeneration and neuroinflammation, paralleling
progressive CNS pathology. In addition, peripapillary
vessel density is reduced in both newly diagnosed and
relapsing-remitting MS, with greater impairment in
relapsing cases. Collectively, retinal capillary loss may
signal early vascular pathology or subclinical white-
matter damage, highlighting OCTA metrics as valuable
biomarkers  for  tracking  inflammatory  and
neurodegenerative progression and informing earlier
intervention [37].

Furthermore, peripapillary RNFL thickness not only aids
MS diagnosis but also tracks therapeutic responses in
progressive MS, informing clinical decision-making for

treatment selection [38].

Conclusion

With the intensification of population aging, the burden
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of central nervous system (CNS) diseases continues to
rise. Current research aims to identify novel biomarkers
in ocular tissues to advance diagnostic windows,
improve clinical detection rates, and provide scientific,
targeted guidance for CNS disease management, thereby
alleviating disease-related burdens. As a non-invasive,
radiation-free imaging modality, optical coherence
tomography angiography (OCTA) enables direct
visualization of retinal microvascular changes and
quantitative analysis of structural parameters, offering
unprecedented insights into CNS pathology. This
OCTA-derived metrics promising

positions as

biomarkers for diagnosing and monitoring CNS diseases.

Growing evidence confirms that retinal alterations in
CNS diseases are not coincidental but reflect intrinsic
pathophysiological connections, though detailed
mechanisms require further elucidation. Advances in
retinal imaging technology now allow rapid, high-
resolution visualization of broader and deeper retinal
the

biomarkers for early CNS disease detection. However,

structures, accelerating discovery of novel
discrepancies persist across studies due to limited sample
sizes, heterogeneous imaging device parameters, and
inconsistent software algorithms. Future efforts should
prioritize large-scale multicenter studies to standardize
imaging tools and protocols, establish correlations
among OCTA, CT, MRI, and clinical manifestations,
and validate retinal biomarkers.

The development of multimodal imaging diagnostic
systems, eye-brain axis prediction models, and
standardized databases, combined with Al-assisted
diagnosis and treatment systems, will advance early
diagnosis, prevention, and personalized management of
CNS diseases. These innovations promise to transform
the paradigm from reactive treatment to proactive,

precision-based CNS healthcare.
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