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Abstract

The aging process significantly increases the likelihood of developing ocular diseases, most notably
Age-related Macular Degeneration (AMD), which is a leading cause of vision loss both in the US and
globally. The development of this disease is directly driven by aging changes occurring in the retina.

These include the deposition of specific deposits called drusen, structural remodeling of Bruch's



membrane and the extracellular matrix, as well as inflammation and vascular dysfunction.
Additionally, this process is fueled by mitochondrial dysfunction and oxidative stress caused by an
excess of free radicals (ROS), which ultimately leads to the degradation of retinal pigment epithelium
(RPE) cells. Because current methods for preventing and treating AMD are highly insufficient,

researchers are continuously searching for innovative therapeutic strategies and new drug targets.
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Introduction:

As the foremost cause of permanent central vision impairment in the elderly, age-related macular
degeneration (AMD) is a progressive neurodegenerative condition. It specifically damages the macula,
which is the central region of the retina essential for clear and focused forward sight [1]. The macula
is a round region measuring approximately 5.5 mm across. At its core lies the fovea centralis, a tiny
depression in the human eye densely packed with cone photoreceptors. This specific structure is crucial
for providing clear, focused central sight. The fovea is structurally encircled by two distinct anatomical
zones: the inner parafovea and the outer perifovea [2].

Age-related macular degeneration negatively impacts sharp central sight, making daily tasks like
reading, driving, and recognizing faces difficult. Natural aging brings alterations to the retina, notably
the formation of small, hard drusen—accumulations of lipids, proteins, and cellular waste. These are
typical and found in about 95% of individuals older than 43. However, when these deposits grow,

merge, or cause abnormal pigmentation (either too much or too little) in the retinal pigment epithelium



(RPE), leading to vision problems, the condition transitions from normal aging to a pathological state.
At this point, it is clinically defined as the early or intermediate stage of AMD [3]. Although dry AMD
IS more common, the neovascular (wet) form, nAMD, is responsible for the most severe vision loss
because it advances much more rapidly and aggressively. Given the substantial impact of these
conditions, halting their progression is crucial. There is a pressing demand for innovative and highly
effective therapies to preserve patients' eyesight. Furthermore, long-lasting treatments are essential to
alleviate the heavy resource strain currently placed on the healthcare system. While the introduction
of anti-VEGF drugs over the past twenty years has revolutionized the treatment of wet AMD, the

management of dry AMD has unfortunately not seen comparable breakthroughs [4].
Epidemiology:

Recent meta-analyses highlight that the annual incidence rates of new late-stage AMD cases vary
depending on geography and ethnicity. For white Americans over 50, the yearly incidence of late AMD
is about 3.5 per 1,000 individuals, breaking down to 1.9 for geographic atrophy (GA) and 1.8 for the
neovascular form. In contrast, European studies show a lower combined annual incidence of 1.4 per
1,000 people. A separate US-based prospective study evaluating ethnic variations reported overall
adjusted incidence rates of 4.1% for early AMD and 2.3% for late AMD. When broken down by
demographic groups, the rates for early and late AMD, respectively, were highest among white
individuals (5.3% and 4.1%), followed by people of Chinese descent (4.5% and 2.2%), those of Latin
American descent (3.3% and 0.8%), and lowest among Black individuals (1.6% and 0.4%) [5].

Types of AMD:

Both dry and wet (neovascular) AMD affect the same layers of the retina, with the dry form generally
acting as a prelude to the wet form. The process begins when metabolic free radicals and reactive
oxygen species subject the RPE to severe oxidative stress. This stress disrupts normal cellular
functions—Ilike lipid processing and macrophage activity—Ileading to the buildup of drusen. These
deposits not only physically injure RPE cells but also block the vital exchange of oxygen and nutrients
from Bruch's membrane to the photoreceptors. This blockage triggers inflammation, RPE death, and
eventually, abnormal blood vessel growth. Specifically, drusen deposits trap 1gG antibodies and
complement Cba, hindering the macrophages that usually clean up cellular debris. This triggers a
vicious cycle: the choroid releases the chemokine CCL2, drawing in more immune factors, which in

turn causes the RPE to release VEGF, IL-8, and monocytes. Consequently, the delicate balance



between vessel-promoting (VEGF) and vessel-inhibiting (PEDF) factors is destroyed. As the retina
becomes oxygen-starved, it releases more VEGF and inflammatory signals, prompting endothelial
cells from the choroid to multiply and form new vessels. Activated macrophages gather near these new
vessels, releasing tumor necrosis factor (TNF), which further pushes the RPE to secrete angiogenic
factors and promotes cell movement. Aided by proteases and mitochondrial matrix metalloproteinases
(MMPs), these fragile, newly formed blood vessels breach Bruch’s membrane and invade the

subretinal spaces, developing into a disruptive network of arterioles and venules. [11]

Although wet (neovascular) AMD is less common than the dry form, it triggers a much faster and more
profound loss of central vision. In this condition, an abnormal network of blood vessels grows beneath
the macula (choroidal neovascularization). These fragile vessels leak blood and fluid into the
surrounding tissues, eventually causing permanent scarring and central blindness. This harmful
vascular expansion is driven by an overabundance of vascular endothelial growth factors (VEGF)—
specific cytokines that control vessel formation and permeability. The VEGF family encompasses
multiple proteins (including VEGF-A through E, along with placental growth factor) that operate by
triggering tyrosine-kinase receptors. Within the eye, VEGF-A is the primary catalyst for new blood
vessel creation, pushing endothelial cells to multiply, migrate, and survive. Consequently, the current
gold standard for treating NnAMD focuses directly on blocking VEGF-A using specific medications
like ranibizumab, bevacizumab, or aflibercept. Despite their widespread use, these anti-VEGF
treatments have major drawbacks. The reliance on frequent, ongoing eye injections places a heavy
burden on patients. This often leads to missed appointments and suboptimal results, while also causing
considerable anxiety and physical discomfort. Furthermore, repetitive injections carry localized
risks—such as persistent elevated eye pressure, intraocular infections (endophthalmitis), and RPE
tearing or atrophy—as well as systemic dangers, including a potentially higher risk of heart attacks
and strokes. Concerningly, long-term data from the CATT study revealed that nearly 50% of patients
developed retinal scarring within five years of starting therapy. Finally, none of the current medications
can fully cure or reverse NAMD; many patients continue to experience fluid leakage from these

abnormal vessels even when strictly following their prescribed anti-VEGF regimen. [12]
Angiogenesis and Inflammation:

The creation of blood vessels occurs through two primary mechanisms: vasculogenesis and
angiogenesis. Occurring mostly during the embryonic stage, vasculogenesis refers to the de novo
formation of the earliest vessels when endothelial cells differentiate from precursor angioblasts.
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Angiogenesis, in contrast, involves the sprouting of new capillaries from an already established
vascular system, serving to expand and reshape the vessel network. This mechanism is essential for
both natural physical development and the healing of tissues. The angiogenic process is triggered when
tissues suffering from oxygen deprivation (hypoxia), injury, or disease secrete specific chemical
signals to stimulate vascular growth. These pro-angiogenic factors prompt the endothelial cells of
existing vessels to multiply and migrate. Ultimately, this leads to the assembly of new capillary tubes
and the gathering of various supportive cells needed to structurally reinforce and stabilize the newly

formed blood vessels [6].

The stability of blood vessels in the eye relies on a delicate equilibrium between factors that promote
and inhibit vessel growth. Various disease states, such as oxidative stress, ischemia, or inflammation,
can upset this balance by triggering damaged cells to release more pro-angiogenic signals while
reducing their anti-angiogenic output. The eye naturally contains several angiogenesis inhibitors, such
as angiostatin, endostatin, PEDF, and TSP1. Certain inhibitors, like endostatin, remain inactive until
they undergo specific proteolytic cleavage. Both PEDF and TSP1 prevent new vessel formation by
specifically triggering programmed cell death (apoptosis) in the endothelial cells (ECs) of developing
vessels, leaving the ECs of established, mature vessels largely unharmed. In patients suffering from
AMD, analyses of ocular tissues have revealed a reduction in endostatin, PEDF, and TSP1 within the
choriocapillaris and Bruch’s membrane. Conversely, significant concentrations of PEDF and TSP1 are

found within disciform scars, which are classic indicators of choroidal neovascularization [7].

The onset and progression of AMD are heavily driven by immune system dysfunction and
inflammation. The signature drusen deposits found in dry AMD are packed with inflammatory
markers—Ilike acute-phase proteins, 1gG, apolipoprotein E, complement system activators, and
coagulation factors-highlighting localized inflammation as a primary trigger for the condition.
Multiple lines of research confirm that immune imbalances and inflammatory pathways are essential
in both driving drusen buildup and advancing the disease. This leads to the gathering of extracellular
debris, localized immune responses, and the influx of macrophages and microglia into the choroid and
subretinal areas, which ultimately worsens tissue injury. As the retina ages, it suffers from progressive
oxidative stress, evidenced by an increase in oxidized proteins and lipid peroxidation remnants. When
faced with this metabolic and oxidative burden, retinal neurons and RPE cells undergo functional and
structural decline, sparking a phased immune reaction. At first, the cells try to protect themselves and
regain balance by activating autophagy and producing heat shock proteins. Yet, the persistent stress



typical of the aging process eventually defeats these protective measures, forcing the cells into

senescence or programmed death (apoptosis) [8].
AMD diagnosing framework:

The framework for diagnosing AMD is built upon three core pillars: gathering datasets, applying image
pre-processing methods, and utilizing machine and deep learning (ML/DL) for segmentation and
detection. The data acquisition phase highlights essential private and public repositories—including
the AREDS, DRIVE, and STARE databases—that provide distinct benefits for AMD research.
Following this, the framework details pre-processing steps like noise reduction, contrast improvement,
image quality optimization, and segmentation masking. These steps are vital for readying OCT scans
and retinal images for Al-driven analysis. Finally, the section on Al diagnostics explores the vast array
of machine learning and deep learning strategies used to boost diagnostic accuracy. This includes
examining convolutional neural networks (CNNSs), recurrent neural networks (RNNSs), and ensemble
learning, as well as research that leverages transfer learning and manually extracted features for disease

classification [9].
AMD and Cardiovascular Disease:

A 2004 joint analysis of the BDES, BMES, and Rotterdam studies found no clear link between AMD
and a history of myocardial infarction (MI) across the combined data, despite some localized
correlations. Subsequent research—including the WHISE, LALES, Tromsg, and an Israeli study—
similarly failed to establish a solid connection between AMD and cardiovascular disease (CVD).
Conversely, numerous investigations have demonstrated a positive correlation between various AMD
stages and cardiovascular issues across diverse populations. For instance, Hyman et al. and the BMES
linked AMD to a history of CVD, while AREDS and later BMES reports associated both early and
advanced AMD with higher cardiovascular mortality. Furthermore, studies by Duan and Vassilev
connected AMD to a higher risk of MI. Research such as the ARCS, the Cardiovascular Health Study,
and MESA highlighted associations between specific AMD stages (early or late) and coronary heart
disease (CHD) or CVD, sometimes depending on demographic factors like age or race. A 2014 meta-
analysis by Wu et al., along with findings from Thomas et al. in an older veteran population, reinforced
the elevated risk of cardiovascular events in patients with macular degeneration. Supporting this, Yang
et al. and Wang et al. observed that patients with coronary conditions had a higher prevalence of early
AMD, with Wang noting a direct link between CAD severity and AMD rates.



Interestingly, some data point to an inverse relationship, implying a potentially protective effect. The
POLA study found that soft drusen were associated with lower rates of CVVD and CHD, while Nguyen-
Khao et al. noted fewer strokes and heart attacks in patients with neovascular (wet) AMD. Given these
conflicting results, further research into the underlying mechanisms of these conditions is essential.
Identifying shared biological risk factors will ultimately enable more effective, unified strategies for

treating and managing age-related diseases [10].
Treatment:

Managing AMD effectively requires tailoring the medical approach to the specific phase of the
condition. However, regardless of the disease's severity, mitigating known risk factors—most notably
quitting smoking—is universally recommended. Numerous large-scale studies indicate that patients
who smoke experience a more rapid progression of their AMD compared to non-smokers, even after
receiving a clinical diagnosis. Additionally, research from Korea highlights that smokers suffering
from wet AMD achieve significantly less improvement in their visual acuity when undergoing anti-
VEGEF therapy. Consequently, catching AMD in its earliest phases can serve as a crucial catalyst for
patients to adopt healthier habits, thereby slowing the disease's advancement [13].

The use of gene therapy in managing dry macular degeneration involves introducing specific genetic
material directly into ocular cells. This approach aims to provide a lasting treatment outcome while
avoiding adverse immune system reactions. A prime example is HMR59, a therapy created by Hemera
Biosciences. It utilizes an AAV?2 viral vector to deliver the sCD59 protein, shielding the retinal
pigment epithelium (RPE) from the destructive overactivity of the complement system—a hallmark of
dry AMD. By naturally residing on RPE cells, the CD59 protein prevents the assembly of the
membrane attack complex (MAC), thereby halting the complement cascade and preserving the
structural integrity of the retina. The procedure requires an intravitreal injection of HMR59, which
subsequently boosts CD59 expression in the RPE. Phase 1 trials (such as HMR-1001) demonstrated
that patients tolerated the treatment very well. Notably, after a year and a half of observation, the cohort
receiving the highest dosage experienced a 23% decrease in geographic atrophy (GA) progression,
with zero cases advancing to the wet, neovascular stage (hnAMD). Ongoing research continues to

evaluate HMR59's long-term safety and effectiveness [14].

The naturally occurring protein sFLT-1 serves as a powerful inhibitor of VEGF-A. In a joint Phase I/I1

clinical trial conducted by the Lions Eye Institute and Adverum Biotechnologies, researchers evaluated



AVA-101 (rAAV.sFLT-1), a gene therapy delivered via a single injection beneath the retina. Initially,
all eight participants were given supplementary ranibizumab at the start of the study, at week four, and
whenever necessary based on strict clinical criteria. Because the treatment proved to be safe, the trial
was expanded to include 32 patients, who were randomly assigned to either receive the gene therapy
or join a control group. Throughout the study, no severe adverse reactions were reported. Notably,
patients receiving the gene therapy required fewer additional ranibizumab injections (a median of two)
compared to the control group (a median of four). Although there was no significant enhancement in
overall visual acuity, the trial successfully established the therapy's safety and tolerability. These
promising results pave the way for future long-acting gene treatments in the ongoing fight against wet
AMD (nAMD) [17].

In the early days of AMD treatment, doctors attempted "retinal translocation"—a procedure involving
the transfer of healthy retinal cells to damaged areas. Because this surgery was highly invasive and
carried substantial risks, scientists shifted their focus toward subretinal RPE allografts. While early
experiments using fetal RPE cell suspensions and cultured patches yielded encouraging results, they
revealed that successful transplantation heavily depends on proper cell alignment and an intact Bruch's
membrane. This realization spurred the creation of patch-based grafting techniques. At the time,
however, progress was severely hindered by a shortage of viable fetal donor tissue and the risk of
tumor formation associated with alternative cell lines, such as aRPE-19. Fortunately, the emergence
of stem cell technology successfully overcame these hurdles. Today, treatments utilizing stem cells
stand out as a highly promising strategy for AMD. Preliminary clinical trials demonstrate that these
approaches are generally safe and have real therapeutic potential. Nevertheless, optimizing how these
cells are manufactured, delivered, and integrated over the long term requires further investigation. The
ultimate success of these therapies hinges on overcoming complex obstacles, including immune system
rejection, surgical complications, and tumorigenicity. As surgical methods and stem cell technologies
continue to evolve, these innovative therapies hold the remarkable potential to completely transform

AMD care and help patients regain their lost vision [15].

To alleviate the heavy burden of frequent anti-VEGF eye injections, researchers have developed long-
acting drug reservoirs designed to provide continuous treatment. A prominent example is the Port
Delivery System (PDS) known as Susvimo. Surgically implanted into the eye's pars plana, this
permanent, refillable device steadily releases ranibizumab directly into the vitreous. Extensive Phase
3 clinical trials (Archway, Pagoda, and Pavilion) demonstrated that the PDS is just as effective as



standard monthly injections for managing conditions like NAMD, DME, and diabetic retinopathy.
Following these successful trials, the FDA approved the device for nAMD in 2021, with a

recommended refill schedule of every six months.

Despite its efficacy, the implant carries a "black box™ warning due to a higher risk of severe intraocular
infections (endophthalmitis) compared to standard injections. Other surgical complications, such as
retinal detachment and bleeding, were also noted, though these are expected to decrease as surgical
techniques are refined. In late 2022, a mechanical flaw involving a dislodged septum led to a temporary
recall of the device. After redesigning the implant components, Genentech successfully reintroduced
it to the market and expanded its FDA approval to include DME. Recent data from the Pagoda and
Pavilion trials highlight its remarkable efficiency: between 95% and 98% of patients maintained their
vision improvements without needing any supplementary injections between scheduled refills.
Ongoing research, such as the Belvedere trial, continues to monitor the long-term safety profile of the

implant, specifically its effects on corneal health [16].
Conclusion:

The advent of anti-VEGFA therapies marked a true turning point for wet AMD, transforming a once-
untreatable condition. However, these medications rarely offer a definitive cure; instead, they primarily
halt disease advancement to stave off severe visual impairment. Furthermore, the standard regimen
demands a lifelong commitment to costly intraocular injections—typically administered every two to
three months following an initial loading phase—which creates a significant physical and financial
strain on patients. Consequently, the push to develop one-time therapeutic alternatives is highly
warranted, offering the promise of a vastly improved quality of life for millions affected by the

condition.

While improving the patient experience is an important goal in drug development, guaranteeing the
treatment's safety and clinical effectiveness must always remain paramount. Crucially, therapies
exclusively targeting VEGFA are inherently limited. Although VEGFA plays a central role in driving
both healthy and abnormal blood vessel formation, it is merely one of several biological pathways

fueling the pathological neovascularization seen in wet AMD [18].

Given that age-related macular degeneration is an intricate condition that places a heavy burden on

both healthcare systems and the economy, our grasp of its underlying biology is constantly advancing

10



to uncover these other driving mechanisms. In light of this, this article examines the potential of non-
coding RNAs (ncRNAs) to broaden our knowledge and improve AMD management. In various other
medical disciplines, ncRNAs have already proven highly valuable for diagnostics, allowing for
premature detection, accurate prognosis, and therapies tailored to specific biomarkers. Furthermore,
since targeting ncRNAs has yielded positive results in clinical trials for other illnesses, this approach
presents a promising new frontier for AMD research. Moving forward, the successful translation of
these findings into clinical practice will depend heavily on access to high-quality diseased tissue
samples and thoroughly analyzed patient cohorts (both healthy individuals and those affected by
AMD). These resources are essential for discovering reliable ncRNA biomarkers and pinpointing

novel targets for future drugs [19].

Alongside these molecular investigations, the role of established clinical markers is also being re-
examined. Undeniably, drusen represent a critical early sign of AMD and may play a central role in
driving the disease toward its advanced stages. Nevertheless, the recognition of advanced AMD
variations that develop without any drusen present—such as polypoidal choroidal vasculopathy
(PCV)—raises a compelling question: are drusen actually the root cause of the disease, or simply a

byproduct and biomarker?

Laboratory studies currently offer conflicting perspectives. On one hand, disruptions involving typical
drusen components, like cholesterol or the complement system, can induce AMD-like characteristics,
implying they have a causative role. Conversely, drusen-like formations also appear in knock-out mice
targeting the VHL-HIF-VEGF pathway, which is typically a downstream trigger for abnormal blood
vessel growth. This suggests that drusen might just be an indicator of underlying pathology rather than

the primary trigger. Thus, their exact role remains an open debate.

Our understanding of this complex dynamic continues to grow thanks to cutting-edge imaging
technologies, such as OCT and OCT angiography, used alongside traditional fundus imaging and
advanced genetically modified animal models. Furthermore, emerging diagnostic frameworks—
including pachychoroid neovasculopathy and new disease classifications based on choroidal thickness
versus drusen presence—will undoubtedly provoke deeper discussions about what drusen actually do.
Ultimately, successfully bridging clinical observations with fundamental science holds the promise of

fully unraveling AMD's mechanisms and paving the way for innovative therapies [20].
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In conclusion, the future of AMD management lies in a multifaceted and highly personalized approach.
As we move beyond the era of strictly anti-VEGF monotherapy, the integration of artificial intelligence
and deep learning in early diagnostics will be crucial for identifying at-risk patients long before
irreversible macular damage occurs. Furthermore, acknowledging the systemic nature of AMD—
particularly its intricate ties to cardiovascular health and lifestyle factors like smoking—underscores
the critical need for comprehensive, holistic patient care rather than an isolated focus on the eye. The
ongoing evolution of sustained drug delivery systems, coupled with the revolutionary potential of gene
editing and stem cell replacement therapies, signals a profound paradigm shift: moving from merely
halting disease progression to actively restoring lost vision. By uniting advanced Al diagnostics,
holistic risk management, and cutting-edge molecular therapeutics, the medical community is steadily
approaching a future where blindness caused by macular degeneration may become a fully preventable
and reversible condition. Achieving this ambitious goal will require sustained, multidisciplinary
collaboration among geneticists, ophthalmologists, and biotechnological innovators. Ultimately,
alleviating the overwhelming economic and logistical strain currently placed on global healthcare
infrastructures will depend on these continuous scientific breakthroughs. By transforming our
therapeutic arsenal from reactive, generalized interventions into proactive, precision medicine, we can
ensure that the aging global population retains not just their sight, but their independence and overall

quality of life for years to come.
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