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IMPORTANCE Age-related macular degeneration (AMD) affects approximately 20 million
people in the US and 196 million people worldwide. AMD is a leading cause of severe vision
impairment in older people and is expected to affect approximately 288 million people
worldwide by 2040.

OBSERVATIONS Older age, genetic factors, and environmental factors, such as cigarette
smoking, are associated with development of AMD. AMD occurs when extracellular deposits
accumulate in the outer retina, ultimately leading to photoreceptor degeneration and loss of
central vision. The late stages of AMD are characterized by outer retinal atrophy, termed
geographic atrophy. or neovascularization associated with subretinal and/or intraretinal
exudation, termed exudative neovascular AMD. The annual incidence of AMD ranges from 0.3
per 1000 in people who are aged 55 to 59 years to 36.7 per 1000 in people aged 90 years or
older. The estimated heritability of late-stage AMD is approximately 71% (95% Cl, 18%-88%).
Long-term prospective cohort studies show a significantly higher AMD incidence in people who
smoke more than 20 cigarettes per day compared with people who never smoked. AMD is
diagnosed primarily with clinical examination that includes a special lens that focuses light of
the slit lamp through the pupil. Exudative neovascular AMD is best identified using angiography
and by optical coherence tomography. Individuals with AMD who take nutritional supplements
consisting of high-dose vitamin C, vitamin E, carotenoids, and zinc have a 20% probability to
progress to late-stage AMD at 5 years vs a 28% probability for those taking a placebo. In
exudative neovascular AMD, 94.6% of patients receiving monthly intravitreal anti-vascular
endothelial growth factor (anti-VEGF) injections experience less than a 15-letter visual acuity
loss after 12 months compared with 62.2% receiving sham treatment.

CONCLUSIONS AND RELEVANCE The prevalence of AMD is anticipated to increase worldwide
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to 288 million individuals by 2040. Intravitreally administered anti-VEGF treatment is

first-line therapy for exudative neovascular AMD.
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ge-related macular degeneration (AMD) is a progressive

retinal disorder affecting the macula, the central portion

of the retina responsible for sharp vision.! While early
and intermediate stages of AMD may not cause symptoms, late-
stage AMD can lead to severe vision impairment, interfering with
visual acuity such as reading and recognizing faces. AMD is a lead-
ing cause of vision loss in those older than 55 years in countries
across all income levels and constitutes 6% to 9% of global legal
blindness.?> The number of affected individuals is projected to rise
from 196 million in 2020 to 288 million in 2040 worldwide.? In the
US, approximately 20 million people were living with AMD in 2019,
and approximately 1.5 million of these had late-stage AMD.*

The pooled prevalence of any AMD is approximately 8.69%
(95% credible interval [Crl], 4.26-17.40) in persons aged 45 to
85 years, with a prevalence in people who are of European
origin of 12.33% (95% Crl, 6.46-22.75), 10.43% (95% Crl, 5.27-
20.01) in people who are of Hispanic origin, 7.53% (95% Crl,
3.80-14.89) in people who are of African origin, and 7.38% (95% Crl,
3.80-14.89) in people who are of Asian origin.?
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Theannualincidence of late-stage AMD in people in the USwho
were White was 3.5 per 1000 aged 50 years or older (95% Crl, 2.5-
4.7 per 1000) in a 2015 report.® A prospective cohort study of 3811
participants aged 46 to 86 years residing in the US reported an 8-year
incidence of late-stage AMD of 0.4% for people who were Black,
2.2% for people who were Chinese, 0.8% for people who were
Hispanic, and 4.1% for people who were White.®

This review summarizes current evidence regarding patho-
physiology, risk factors, clinical presentation, diagnosis, and treat-
ment of AMD.

Methods

We searched the PubMed database for English-language meta-
analyses, randomized clinical trials, and systematic and narrative re-
views of the epidemiology, pathophysiology, diagnosis, treatment,
and prognosis of AMD, published from January 2018 to October
2023. Werestricted our literature search to this specific time frame
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tolimit the number of retrieved articles while focusing on recent evi-
dence regarding AMD. We reviewed the reference lists of selected
articles to identify relevant additional references. Of 1072 identi-
fied articles, 58 were included, consisting of 4 meta-analyses, 13 ran-
domized clinical trials, 5 systematic reviews, 4 narrative reviews, 10
prospective cohort studies, 9 case-control studies, 3 guidelines, 2
consensus documents, 2 retrospective analyses of electronic health
records, 1prospective interventional case series, 1 prospective natu-
ral history study, 1 cross-sectional survey, 1 retrospective consecu-
tive case series, and 1 editorial.

.|
Discussion and Observations

Pathophysiology

In AMD, important neural, structural, and vascular layers undergo
degenerative changes leading to cell death. These include the pho-
toreceptors, which are specialized neurons that convert light into
electrical signals that are processed in the visual cortex to form im-
ages; the retinal pigment epithelium, a cell layer that is adjacent to
the photoreceptors; the Bruch membrane, a collagenous layer that
supports and separates the retinal pigment epithelium from the
choroid; and the choriocapillaris, which is a fine meshwork of cap-
illaries located in the innermost aspect of the choroid.

AMD is a multifactorial disease related to aging, genetic sus-
ceptibility, and environmental risk factors such as cigarette smoking;
it develops as a consequence of disruption of the normal homeostatic
mechanisms of the retina. Aging-related changes cause increasing
resistance of blood vessels and reduction of choriocapillaris den-
sity, lipid and lipoprotein deposition in the Bruch membrane, and re-
duction in photoreceptor density. These aging-related alterations,
combined with chronic inflammation, altered lipid and lipoprotein
deposition, increased oxidative stress, and impaired extracellular ma-
trix maintenance, lead to extracellular deposits in the neurosen-
sory retina, retinal pigment epithelium, and Bruch membrane
(Figure 1; reviewed in Fleckenstein et al"). This model of AMD patho-
genesis has been developed based on findings from human post-
mortem samples and large genome-wide association studies that
have identified associations of AMD and genes related to inflam-
mation and immunity, lipid metabolism and transport, cellular stress
and toxicity, and extracellular matrix.”

Extracellular deposits, collectively known as drusen, comprise
materials such as lipids, minerals, and proteins and are implicated in
the development and progression of AMD. Progression from early
to intermediate AMD is characterized by increasing drusen size and
the appearance of pigmentary changes in the retina. The latter
reflects migration of retinal pigment epithelium cells from their
original attachment at the Bruch membrane into the more inner
layers of the retina (Table 1 and Figure 2). In the late stages of
AMD, 2 distinct manifestations emerge. One is the development of
confluent areas of atrophy involving photoreceptors and retinal
pigment epithelium, known as geographic atrophy. The other is the
growth of abnormal blood vessels in the macular region, referred to
as neovascular AMD. Neovascularization is thought to be induced
by increased expression of hypoxia-driven vascular endothelial
growth factor A (VEGF-A), which is released in response to stimuli
such as oxidative stress and complement activation.'® VEGF
promotes angiogenesis by binding to its receptor VEGFR2 and

JAMA January 9,2024 Volume 331, Number 2

Review of Age-Related Macular Degeneration

activating downstream pathways that promote endothelial cell
proliferation.’® Neovascular AMD causes visual change when these
new blood vessels leak, which may cause subretinal and intraretinal
fluid accumulation, hemorrhages, and fibrosis. This condition is
known as exudative neovascular AMD.

Risk Factors

Age is a major risk factor for AMD. A meta-analysis of AMD inci-
dencein 10 populations of White individuals from Europe, Australia,
and the United States with approximately 135 000 person-years of
follow-up reported that late-stage AMD was associated with an in-
cidence of 0.3 per 1000 in those aged 55 to 59 years, 5.7 per 1000
in those aged 75 to 79 years, and 36.7 per 1000 in those aged 90
years or older.®

Estimated heritability of late-stage AMD is approximately
71% (estimate for additive risk, 0.71 [95% Cl, 0.18-0.88] in 840
participants from a US twin study of AMD2°), indicating that ap-
proximately 71% of the risk of AMD is genetic. Genome-wide asso-
ciation studies have identified variants at 2 major loci, CFH®™" and
ARMS2-HTRA1,"*™ that are strongly linked to AMD. Cigarette smok-
ing is the most consistently reported environmental risk factor for
AMD.?'In alarge prospective cohort study of 61 862 women over a
12-year follow-up period, 1case of AMD developed per 1708 person-
years among women who currently smoked 25 or more cigarettes
per day compared with 1case per 3740 person-years among those
who had never smoked.?? Similarly, in a prospective cohort study
of 21157 men with at least 7 years of follow-up, approximately 2%
of men who currently smoked 20 or more cigarettes per day devel-
oped AMD, whereas less than 1% of men who had never smoked de-
veloped AMD during the same observational period.?

Nutritional supplements, including vitamins, carotenoids, and
trace elements such as zinc, may be associated with slower rates of
AMD progression®* (Table 2). A prospective population-based
cohort study involving 4202 participants aged 55 years or older
reported that consuming fish twice a week was associated with a
reduced risk of AMD (hazard ratio, 0.76 [95% Cl, 0.60-0.97]), and
adherence to recommended daily amounts of vegetables (=200 g
per day), fruit (twice a day), and fish (twice a week) was associated
with lower rates of AMD risk (hazard ratio, 0.58 [95% Cl, 0.36-
0.93]; absolute rates not provided).2° This dietary pattern is consis-
tent with international guidelines recommending plant-based diets
rich in vegetables, fruits, whole grains, legumes, nuts, seeds, and
fatty fish.2°

In an analysis of primarily cross-sectional studies, lower physi-
cal activity levels were associated with a higher prevalence of any
type of AMD. However, most of the data were cross-sectional, and
causal inferences cannot be made.3°

The relationship between AMD and other ocular conditions like
cataract or glaucoma, as well as systemic diseases, such as diabe-
tes, hypertension, and Alzheimer disease, remains uncertain and
lacks conclusive evidence in the existing literature.

Late-stage AMD risk is associated with greater drusen abun-
dance and retinal pigmentary changes. In the Age-Related Eye Dis-
ease Study (AREDS), 25.9% of participants with large drusen and
pigment abnormalities at baseline developed late-stage AMD within
5 years. Moreover, if one eye already had late-stage AMD, 53.1% of
participants developed late-stage AMD in the other eye within 5 years
if large drusen and pigmentary changes were present at baseline.>'
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Figure 1. Pathogenesis of Age-Related Macular Degeneration (AMD)

EYE TRANSVERSE SECTION

Photoreceptors

7/ 0
< Choroid
Sclera 1

i =

O OO 4 o) haes e Oo‘
Retinal pi ment eplthellum (RPE)
A £ el w———

3
§
)

MACULA DETAIL

Multifactorial pathogenesis of age-related macular degeneration (AMD)

K | Healtﬁyi‘etina (oilfer la;/e‘rs)

Normal aging changes in healthy retina

* Reduced photoreceptor density
 Lipid and lipoprotein deposition in Bruch membrane
* Increased resistance and reduced density

of choriocapillaris blood vessels

il

[

Reduced photoreceptor den5|ty‘

(g

“Bruch membrane

e

WL

Retina

Sellaidedns 1

41 f‘.f‘ghorbig €

f::h'rs;s:ﬁ?“‘*@@ @

g L|p|d deposits 1
R Q L= Q
> Disruption of normal homeostatic mechanisms

of the retina may contribute to AMD development
s \\ p—

Main mechanism

Environmental risk factors
* Cigarette smoking

o Altered lipid and
lipoprotein deposi
« Increased oxidativ

« Impaired extracell

 Chronic inflammation

(ECM) maintenance

s of AMD Genetic susceptibility

Altered biological pathways

in AMD-related gene loci related to:
* Inflammation and immunity
 Lipid metabolism and transport

o Cellular stress and toxicity

* ECM maintenance

tion
e stress
ular matrix

k)

br

(Major loci: CFH and ARMS2-HTRA1)

Lt

Early and intermediate pathological changes in AMD

e

RPE cell migration
to inner layers of retina'

* Drusen deposits (extracellular deposits
of lipids, proteins, and mlnerals)

* RPE cell migration '

* Photoreceptor and RPE degeneratlon

Late-

‘ Geographic atrophy AMD

) ‘ e Confluent areas of photoreceptor, RPE,
\ an i illari

stage pathological changes in AMD

Neovascular AMD

. » Abnormal blood vessel formation /
in or beneath the retina /! % |
Jo 0 f
Abnormal vessel growth may cause’{
\ hemorrhage or fluid accumulation

d choriocapillaris loss e

Drusen in Bruch membrane

“» Larger drusen size and RPE cell migration
characterize intermediate AMD.

» Greater degree of early and intermediate pathological \
changes may cause progression to late stages. -

[ » Ov

-
er time, areas of geographic atrophy enlarge and may cause central visual field loss.

| » Exudative neovascular AMD may cause central vision loss and fibrosis.

Adapted from Fleckenstein et al." Age-related macular degeneration affects
photoreceptors, the retinal pigment epithelium, the Bruch membrane, and the
choriocapillaris (the innermost layer of the choroid) in the macula, the central
portion of the retina responsible for sharp vision. AMD is a multifactorial disease
related to aging, genetic susceptibility, and environmental risk factors.
Aging-related changes include increasing resistance, rarefication, and loss of
choriocapillaris, lipid and lipoprotein deposition in the Bruch membrane, and
reduction in photoreceptor density. In AMD, these changes, coupled with
chronic inflammation, altered lipid and lipoprotein deposition, increased
oxidative stress, and impaired extracellular matrix maintenance, lead to
formation of extracellular deposits containing lipids, minerals, or proteins,

namely drusen, the hallmark lesions of early and intermediate AMD.
Progression of AMD is characterized by advancing photoreceptor and retinal
pigment epithelium degeneration, which includes migration of retinal pigment
epithelium cells from their original attachment at the Bruch membrane into the
more inner layers of the retina (see also Figure 2, second row). Genetic
susceptibility plays a substantial role in the etiology of AMD. Genome-wide
association studies reported genes involved in biological pathways that include
inflammation and immunity, lipid metabolism and transport, cellular stress and
toxicity, and extracellular matrix maintenance, respectively, to be associated
with AMD,” with 2 major loci, CFH® ™" and ARMS2-HTRA1.12"3 Cigarette smoking
is the most consistently reported environmental risk factor for AMD.
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Table 1. Classification of Age-Related Macular Degeneration (AMD)?

Early-stage AMD

Intermediate-stage AMD

Late-stage/advanced AMD

Geographic atrophy
(“dry” AMD)

Exudative neovascular
(“wet”) AMD

Definition Medium drusen (>63 pm;
<125 pm) and no AMD
pigmentary abnormalities

Clinical Usually no symptoms,

manifestation normal visual acuity

Treatment
recommendations of abstaining from
smoking, healthy diet,

and physical activity

Healthy lifestyle consisting

Large drusen (>125 pm) and/or any AMD
pigmentary abnormalities

Difficulties in low-light and low-contrast
surroundings, distortion, blurriness; typically
no decrease in visual acuity at this stage

Healthy lifestyle and supplementation with
antioxidant vitamins and minerals according
to the AREDS2 formula (500 mg of vitamin C,
400 IU of vitamin E, 10 mg of lutein, 2 mg of
zeaxanthin, 80 mg of zinc oxide, 2 mg of
cupric oxide) for patients who have
progressed to intermediate- or late-stage
AMD in at least 1 eye'#; patients should be
encouraged to undergo ophthalmic
examination regularly, even if they do not

Confluent regions of
photoreceptor and retinal
pigment epithelium atrophy

Symptom onset and
progression rather slow:
distortion, decline in vision,
and/or central visual field
defects

In 2023, the US Food and
Drug Administration approved
2 drugs that inhibit
complement and slow
geographic atrophy
progression; the risk-benefit
profile of these drugs remains
uncertain'® and there is no
general recommendation for
their use

Neovascularization that
leaks, resulting in
intraretinal/subretinal fluid
and/or hemorrhages and
fibrosis

Symptoms may occur
suddenly with rapid
worsening: distortion,
decline in vision, and/or
central visual field defects

First-line treatment is
anti-vascular endothelial
growth factor therapy given
repeatedly as intravitreal
injections'*

notice any vision changes*®

3 Adapted from Ferris et al."”

Clinical Presentation
An early symptom of AMD is difficulty performing tasks under low
light conditions and in low-contrast surroundings,3? such as in poorly
illuminated rooms. Patients typically seek help when experiencing
more pronounced symptoms. A retrospective survey including 217
patients revealed that about 40% sought assistance due to visual
distortion (straight lines appearing curved); approximately 38% of
patients reported a decline in vision, characterized by blurred vi-
sion, loss of visual acuity, or difficulty focusing.>3

When AMD becomes symptomatic in both eyes, or if there is al-
ready reduced vision in one eye when the other eye becomes symp-
tomatic, patients are more likely to report alossin their ability to read,
drive, or perceive fine details, including facial expressions. Having good
vision in one eye, however, may mask symptoms in the other eye.3*

Diagnosis
Visual acuity is usually tested in clinics by charts featuring printed
letters arranged in progressively smaller lines. The Snellen chart is
commonly used for visual acuity assessment in clinical practice due
toits simplicity and availability. In clinical trials, the Early Treatment
Diabetic Retinopathy Study (ETDRS) chart has become the stan-
dard measure of visual acuity. A loss of 3 or more lines (=15 letters)
on an ETDRS chart indicates moderate visual loss, while a loss of 6
or more lines (=30 letters) indicates severe visual loss.>

The clinical diagnosis of AMD typically involves examination with
alens that focuses the light of the slit lamp through the dilated pu-
pil, referred to as biomicroscopy of the ocular fundus. This method
enables a magnified view of drusen, pigmentary changes, and reti-
nal pigment epithelium atrophy, as well as signs of exudation such
as intraretinal and subretinal fluid, hemorrhages, and fibrosis.

Multiple imaging tools facilitate the diagnosis and manage-
ment of AMD (Table 3)."3® Color fundus photography is the clos-
est imaging modality to biomicroscopy and represents a valuable
tool for documentation, whether in clinical trials or routine clinical
settings, allowing for effective comparisons during follow-up visits.
Optical coherence tomography allows for 3-dimensional visualiza-
tion of ocular structures and is widely used to detect intraretinal

JAMA January 9,2024 Volume 331, Number 2

and subretinal fluid and to monitor exudative neovascular AMD
treatment response. Fundus autofluorescence imaging is particu-
larly useful for identifying and monitoring geographic atrophy pro-
gression, and regulatory authorities have accepted its application in
clinical trials to assess the change in geographic atrophy lesion area
as the primary outcome measure.>%-37 Intravenous fluorescein
angiography reliably detects neovascularization. However, poten-
tial risks of invasive angiography include tissue infiltration causing
pain, allergic reactions, and, rarely, death due to anaphylaxis.™*

Sensitivity to detect exudative neovascular AMD, with fluores-
cein angiography as the gold standard, was 30.0% (95% Cl, 22.5%-
38.7%) for visual acuity assessment, 53.8% (95% Cl, 44.8%-62.5%)
for biomicroscopic examination, and 91.7% (95% Cl, 85.2%-95.6%)
for optical coherence tomography (Table 4).”>

Noninvasive optical coherence tomography angiography is a
new imaging technology in which microvasculature is visualized in
3 dimensions; this technology has the potential to replace intrave-
nous fluorescein angiography for reliable detection of neovascular
AMD in the future.

Treatment

The AREDS trial (Table 2) evaluated the effect of high-dose antioxi-
dant vitamins (vitamin C, 500 mg/d; vitamin E, 400 IU/d; and beta
carotene, 15 mg/d) and/or zinc supplements (80 mg/d of zinc as zinc
oxide and 2 mg/d of copper as cupric oxide to prevent potential ane-
mia) on AMD progression.2* In this clinical trial, 3640 participants aged
55 to 80 years with different stages of AMD were randomized to re-
ceive antioxidant vitamins (n = 945), zinc (n = 904), a combination
of antioxidant vitamins and zinc (n = 888), or placebo (n = 903). At
5-year follow-up, the estimated probability of progression to late-
stage AMD was 28% for those randomized to placebo, 23% and 22%
for those randomized to antioxidants and zinc, respectively, and 20%
for those randomized to antioxidants plus zinc.?* Because the rate of
developing late-stage AMD among patients with early AMD is low at
1.3% after 5 years,?* supplementation with antioxidant vitamins and
minerals is specifically recommended for patients who have already
progressed to intermediate or late-stage AMD in at least one eye.'*
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Figure 2. Clinical Manifestation of Age-Related Macular Degeneration (AMD)
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A, Early AMD with multiple medium-sized drusen (asterisks) without pigment
abnormalities. Drusen shown as yellowish material on color fundus image (left
panel), variable signal on fundus autofluorescence (middle panel), and
dome-shaped elevations on optical coherence tomography (OCT) (right panel).
Note increase in size from early AMD (A) to intermediate AMD (B).

B, Intermediate AMD with large drusen (asterisks) and pigment abnormalities.
Blue arrowheads indicate pigment abnormalities: hyperpigmentation on color
fundus image (left panel) corresponding to hyperreflective material, which

reflects migration of retinal pigment epithelium cells from their original
attachment at the Bruch membrane into the more inner layers of the retina.

C, Late-stage AMD. Area of geographic atrophy (pink arrowheads) with
well-demarcated borders on fundus autofluorescence (middle panel) that
correspond to the area of photoreceptors and retinal pigment epithelium loss on
OCT (right panel). D, Exudative neovascular AMD. Asterisks indicate drusen;

black arrowheads, small hemorrhage; white arrowheads, leakage on fluorescein
angiography (middle panel) corresponding to intraretinal fluid on OCT (right panel).

Anti-VEGF biological treatments, delivered by intravitreal in-
jection, are first-line therapy for treating and stabilizing exudative

jama.com

neovascular AMD, as demonstrated by several phase 3 randomized
clinical trials, which include VISION2® with the anti-VEGF agent
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Table 2. Major Randomized Phase 3 Clinical Trials for Treatment of Age-Related Macular Degeneration (AMD)

Intervention/drug Clinical trial details

Participants

Results
(primary end point)

Adverse events

Other considerations

Intermediate AMD

Antioxidant vitamins
and/or zinc
supplements (oral)

AREDS
(NCT00000145)%*

3640 Participants aged
55-80y with various
AMD features®
randomized to
antioxidant vitamins

(n = 945),° zinc

(n =904),° combination
antioxidant vitamins
plus zinc (n = 888), or
placebo (n = 903);
approximately 67% of
participants chose to
take a multivitamin and
mineral supplement,
along with the study
medication

¢ Development of
advanced AMD within
5y:803/3609
participants
e Estimated probability
of progression to
late-stage AMD:
antioxidant vitamins,
23%; zinc, 22%;
antioxidant vitamins
plus zinc, 20%;
placebo, 28%
0Odds ratio vs placebo:
antioxidant vitamins,
0.80 (99% Cl,
0.59-1.09); zinc: 0.75
(99% Cl, 0.55-1.03);
antioxidant vitamins
plus zinc: 0.72
(99% Cl, 0.52-0.98)

e Self-reported yellow skin: e
8.3% in antioxidant groups
vs 6.0% in nonantioxidant
groups (P = .008)
Self-reported anemia:
13.2% in zinc groups vs
10.2% in nonzinc groups
(P =.004), but serum
hematocrit levels showed
no difference
Genitourinary
hospitalizations: 7.5% in
zinc groups vs 4.9% in
nonzinc groups (P = .001)
Increased risk of
developing lung cancer in
people who used to or
currently smoke led to
substitution of beta
carotene in original AREDS
formula® with 10 mg of
lutein and 2 mg of
zeaxanthin in the AREDS2
formula®2°

Because patients without
signs of AMD or with only
early-stage AMD have very
low rates of progression to
late-stage AMD (<1% and
1.3%, respectively, over 5y),
AREDS supplementation is
not recommended for these
patients

Patients with high-risk AMD
features (ie, extensive
intermediate drusen or
large drusen or noncentral
geographic atrophy in at
least one eye, or advanced
AMD or vision loss due to
AMD in one eye only) appear
to benefit most, with odds
ratios for developing
advanced AMD within 5y of
0.66 (99% Cl, 0.47-0.91)
with antioxidant vitamins
plus zinc supplementation vs
placebo

Exudative neovascular AMD

Anti-VEGF therapy

(intravitreal

injection)
Pegaptanib
(pegylated
aptamer, 165
isoform of
VEGF-A)

VISION
(NCT00215670)

MARINA
(NCT00056836)

Ranibizumab
(affinity-matured,
humanized,
monoclonal
antibody
fragment;
anti-VEGF-A
[allisoforms of
VEGF-A])

ANCHOR
(NCT00061594)

1186 Participants
randomized 1:1:1:1 to
0.3 mg of pegaptanib
every 6 wk (n = 294),
1.0 of mg pegaptanib
every 6 wk (n = 300),
3.0 mg of pegaptanib
every 6 wk (n = 296),
or sham injection every
6 wk (n = 296)

716 Participants
randomized 1:1:1t0 0.3
mg/mo of ranibizumab
(n =238), 0.5 mg/mo
of ranibizumab

(n = 240), or monthly
sham injection
(n=238)

423 Participants
randomized 1:1:1 to
0.3 mg/mo of
ranibizumab plus sham
verteporfin (n = 140),
0.5 mg/mo of
ranibizumab plus sham
verteporfin (n = 140),
or active photodynamic
therapy with
verteporfin' at day 0
and, if needed, at
months 3,6, 9, and 12,
plus sham injection
monthly (n = 143)

Visual acuity loss <15
letters at week 542°:
0.3-mg pegaptanib, 70%
(206/294; P < .001);
1.0-mg pegaptanib, 71%
(213/300; P < .001);
3.0-mg pegaptanib, 65%
(193/296; P = .03);
sham injection, 55%
(164/296)

Visual acuity loss <15
letters at month 1227:
0.3-mg ranibizumab,
94.5% of 226 patients
(P <.001); 0.5-mg
ranibizumab, 94.6% of
226 patients (P < .001);
sham injection, 62.2% of
212 patients

Visual acuity loss <15
letters at month 1228:
0.3-mg/mo ranibizumab
plus sham verteporfin,
94.3% of 128 patients
(P <.001); 0.5-mg/mo
ranibizumab plus sham
verteporfin, 96.4% of
131 patients (P < .001);
verteporfin plus sham
injection, 64.3% of 127
patients

Endophthalmitis: 1.3% per
treated patient (0.16% per
injection)?

Traumatic injury to the
lens: 0.6% per treated case
(0.07% per injection)d
Retinal detachment: 0.7%
per treated patient (0.08%
per injection)?

Endophthalmitis: 1% per
treated patient (0.05% per
injection)"

Intraocular inflammation
regardless of cause
(moderate to severe
[grades 2+ to 4+]): 2.9%"
Retinal detachment: 0%"
Retina tear: 0.4%"
Traumatic lens injury:
0.2%"

Endophthalmitis: 0.7% per
patient”

Intraocular inflammation
regardless of cause
(moderate to severe
[grades 2+ to 4+]): 2.2%"
« Retinal detachment: 0.4%"
* Retinal tear: 0%"

o Traumatic lens injury: 0%"

First anti-VEGF therapy
approved by the FDA to
treat exudative neovascular
AMD (2004)

Replaced by more effective
drugs since 2006

FDA approval in 2006

First treatment for exudative
neovascular AMD that
showed overall
improvements in average
visual acuity

Abbreviations: FDA, US Food and Drug Administration; VEGF, vascular

endothelial growth factor.

@ AMD features: extensive small drusen, intermediate drusen, large drusen,
noncentral geographic atrophy, or pigment abnormalities in one or both eyes,

or advanced AMD or vision loss due to AMD in one eye.

500 mg of vitamin C, 400 IU of vitamin E, and 15 mg of beta carotene.

© 80 mg of zinc as zinc oxide and 2 mg of copper as cupric oxide to prevent

potential anemia.

d Advanced AMD defined as photocoagulation or other treatment for exudative
neovascular AMD or geographic atrophy involving the center of the macula,
nondrusenoid retinal pigment epithelial detachment, serous or hemorrhagic

retinal detachment, hemorrhage under the retina or the retinal pigment
epithelium, and/or subretinal fibrosis.

€ AREDS formula (not recommended for people who currently or used to

80 mg of zinc oxide, and 2 mg of cupric oxide.

f AREDS2 formula: 500 mg of vitamin C, 400 IU of vitamin E, 10 mg of lutein,
2 mg of zeaxanthin, 80 mg of zinc oxide, and 2 mg of cupric oxide.

& During the first year of treatment.

period.

smoke): 500 mg of vitamin C, 400 IU of vitamin E, 15 mg of beta carotene,

" Per treated patient in ranibizumab groups together over a 24-month study

' Current standard of care for specific subtypes of exudative neovascular AMD.
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pegaptanib and ANCHOR?® and MARINA?” with the anti-VEGF agent
ranibizumab (Table 2). MARINA randomized 716 patients with exu-
dative neovascular AMD to receive intravitreal injections of ranibi-
zumab, 0.3 mg (n = 238), ranibizumab, 0.5 mg (n = 240), or sham
injections (n = 238).%” At 12 months, 94.5% of the group random-
ized to 0.3 mg of ranibizumab and 94.6% of those randomized to
0.5 mgof ranibizumab lost fewer than 15 letters on the ETDRS chart,
compared with 62.2% of patients randomized to sham injections
(P < .001for both comparisons). At 12 months, very few patients re-
ceiving ranibizumab had severe vision loss (30 letters or more) from
baseline (0.8% of the 0.3-mg ranibizumab group and 1.2% of the
0.5-mg ranibizumab group compared with 14.3% of the sham-
injection group); at 24 months, 3.4% of the 0.3-mg ranibizumab
group and 2.5% of the 0.5-mg ranibizumab group had severe vi-
sion loss compared with 22.7% of the sham injection group (P < .001
for the comparison with each dose at 12 and 24 months).%’

In a systematic review, at 1-year follow-up, compared with no
anti-VEGF treatment, anti-VEGF treatment was associated with the
ability to see at least 15 letters more compared with baseline (17.9%
of patients with anti-VEGF treatment gained 15 or more letters vs
4.3% without anti-VEGF treatment at 12 months; risk ratio, 4.19
[95% Cl, 2.32-7.55]; 6 trials; n = 2667 participants; moderate-
certainty evidence).>® At 2-year follow-up, compared with no anti-
VEGF treatment, ranibizumab was associated with the ability to see
at least 15 letters more than at baseline, which was nearly 6-fold
higher than the proportion of control participants who gained at least
15 letters or more (29.7% of patients treated with ranibizumab gained
15 or more letters vs 4.7% of control patients at 2 years; risk ratio,
5.77[95% Cl, 3.38-9.84]; 3 trials; n = 1322 participants; moderate-
certainty evidence).?®

Ranibizumab injections were administered monthly in the
ANCHOR?® and MARINA?” trials. In clinical practice, however, oph-
thalmologists vary injection frequencies based on individual pa-
tient response to minimize unnecessary treatments. A systematic
review comparing monthly treatment pro re nata (treatment given
only when signs of exudation are seen on optical coherence tomog-
raphy images at monthly visits) vs treat-and-extend (treatment ad-
ministered at every visit, even in the absence of signs of exudation,
and the intervals between visits is increased gradually until disease
activity recurs, at which point the re-treatment interval is short-
ened) found an association of the individualized schemes with re-
duction in the number of injections at 1year (pro re nata: mean dif-
ference, -4.6 injections [95% Cl, -5.4 to -3.8 injections], 4 trials,
n = 2336 participants; treat-and-extend: mean difference, -2.4 in-
jections [95% Cl, -2.7 to -2.1 injections], 3 trials, n = 1232 partici-
pants; moderate-certainty evidence for both comparisons).>°
Monthly injections were associated with a visual acuity improve-
ment of +8.8 letters at 1 year. Compared with the monthly injec-
tion, the mean difference in best-corrected visual acuity change at
1year for the pro re nata scheme was -1.7 letters (95% Cl, -2.8 to
-0.6 letters; 4 trials; n = 2299 participants; moderate-certainty evi-
dence) and for the treat-and-extend scheme was +0.5 letters
(95% Cl, -3.1to 4.2 letters; 3 trials; n = 1226 participants; low-
certainty evidence).>®

More recent developments in exudative neovascular AMD
treatments include strategies and compounds that allow for
up to 24 weeks between treatments.*°3 In addition, the introduc-
tion of compounds that closely resemble approved biologics

jama.com
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Table 3. Imaging Diagnostic Tools for Diagnosis and Management
of Age-Related Macular Degeneration (AMD)?

Diagnostic
imaging Principle Other considerations
Color fundus e Specialized fundus o Historical standard for AMD
photography cameras comprising an grading
intricate microscope « Visualizes a broad range of
attached toa fundus abnormalities
flash-enabled camera (eg, drusen, pigmentary
¢ Retina illuminated changes, hemorrhages)
with white light for
authentic color
representation
Optical ¢ Low-coherent infrared e Visualizes 3-dimensional
coherence light split and morphology on the lower
tomography projected onto the double-digit micrometer
retina and a reference range
mirror * Noninvasive, rapid acquisition
e Interference pattern time, straightforward
created by differently operation
reflected light is * Most suitable for monitoring
detected and treatment effects in
electronically exudative neovascular AMD
evaluated as a signal
Fundus Visualization of intrinsic ¢ High-contrast visualization of
autofluorescence retinal fluorophores, geographic atrophy

Fluorescein
angiography

Optical
coherence
tomography
angiography

including lipofuscin and
melanolipofuscin in the
retinal pigment
epithelium

Sequence of images of
the retina captured after
injecting fluorescein into
a peripheral vein

Blood flow detection
based on motion contrast
in optical coherence
tomography, derived
from phase/Doppler shift
or signal amplitude
variation due to blood
cell movement

Accepted by regulatory
authorities for assessing
primary outcomes in clinical
trials for geographic atrophy
Bright-blue light may be
uncomfortable for patients

Gold standard for assessing
exudative neovascular AMD
due to visualization of dye
leakage

Invasive with intravenous dye
injection and risk of
anaphylaxis

Noninvasive and a potential
replacement for fluorescein
angiography in detecting
neovascular AMD

Relatively new technology,
mainly used in research
settings

Generates large data volumes
and requires exacting image
analysis and interpretation,
limiting broad clinical use

2 Adapted from Holz et al.3® See also Figure 2.

(commonly referred to as biosimilars) represents cost-effective
alternatives to the original anti-VEGF compounds, with comparable
safety, purity, and potency despite minor differences in clinically
inactive components. 4

Regarding potential adverse effects, a review of 16 random-
ized clinical trials concluded that serious adverse ocular events af-
ter intravitreal injection of anti-VEGF agents, such as endophthal-
mitis, retinal detachment, and traumatic lens injury, were infrequent
across the multiple studies.* The rate of endophthalmitis during the
first year of the VISION trial was 0.16% per injection.2® The rate of
endophthalmitis in the more recent CATT study was 0.06% (1in1700
injections).*® During the first year of the VISION trial, the rate of reti-
nal detachment was 0.08% per injection and the rate of traumatic
lens injury was 0.07% per injection.?® Sustained elevation of intra-
ocular pressure was reported to range from 3.45% to 11.6% in indi-
viduals receiving anti-VEGF treatment for exudative neovascular
AMD, with only a small number of patients requiring surgical inter-
vention to manage the intraocular pressure. Short-term elevations
in intraocular pressure within the initial 30 minutes after injection
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Table 4. Monitoring Tests to Detect Exudative Neovascular Age-Related
Macular Degeneration (AMD)

Sensitivity and
Diagnostic test  specificity, % (95% CI)®>  Principle
Fluorescein Standard used to detect ~ See Table 3

angiography

Self-reported
vision changes

Amsler chart

Visual acuity

Biomicroscopic

exudative neovascular
AMD

Sensitivity: 4.2
(1.6-9.8); specificity:
97.0 (94.6-98.5) for
“worsening” reported by
patient

Sensitivity: 33.7
(25.1-43.5); specificity:
81.4(76.4-85.5)

Sensitivity: 30.0
(22.5-38.7); specificity:
66.3 (61.0-71.1) for
reduction of 210 letters
from baseline
measurement

Sensitivity: 53.8

Patients should be educated
about the need for promptly
reporting new symptoms to an
eye care professional

High-contrast grid of black lines
printed on a white background,
viewed at reading distance
monocularly; patients are
instructed to report visual
change (eg, distortion or
disappearance of grid pattern
regions) to an eye care
professional

Visual acuity is usually tested in
clinics by charts featuring
printed letters arranged in
progressively smaller lines

Visualization of the ocular

examination (44.8-62.5); specificity: ~ fundus by a condensing lens in
97.6 (95.3-98.9) conjunction with the light beam
from a slit lamp
Optical Sensitivity: 91.7 See Table 3
coherence (85.2-95.6); specificity:
tomography 87.8(83.8-90.9)

2 According to Sivaprasad et al,’ who evaluated the diagnostic accuracy of
monitoring tests of fellow eyes in patients with unilateral exudative
neovascular AMD.

typically resolved on their own, and interventions such as anterior
chamber tap were seldom necessary.**

In 2023, pegcetacoplan and avacincaptad pegol intravitreal
injections were approved by the US Food and Drug Administration
to treat geographic atrophy, the late stage of AMD that is character-
ized by enlarging areas of photoreceptor and retinal pigment
epithelium atrophy. These drugs inhibit key steps in the comple-
ment pathway.

In the OAKS and DERBY phase 3 trials, 1258 participants were
randomly assigned in a 2:2:1:1 ratio to receive 15-mg intravitreal
pegcetacoplaninjections monthly or every other month or shamin-
jections monthly or every other month.#’ The primary end point was
the change in geographic atrophy lesion area from baseline to month
12 based on fundus autofluorescence imaging.

OAKS demonstrated significant reductions in geographic atro-
phy progression with pegcetacoplan monthly (21%; P < .001) and
every other month (16%; P = .006) compared with sham injec-
tions at 12 months. In DERBY, reductions of 12% (P = .06) and 11%
(P =.09) were observed but did not reach statistical significance.

At 24 months, both OAKS and DERBY showed significant re-
ductions in geographic atrophy progression with pegcetacoplan
monthly and every other month compared with sham. New-onset
exudative neovascular AMD occurred in 11%, 8%, and 2% in OAKS
and in 13%, 6%, and 4% in DERBY for pegcetacoplan monthly,
pegcetacoplan every other month, and sham, respectively, at 24
months. In combined data from OAKS and DERBY, infectious en-
dophthalmitis rates were 0.05% per injection at 12 months and
0.03% per injection at 24 months. Three serious adverse events of
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ischemic optic neuropathy were reported in patients receiving
pegcetacoplan monthly over 24 months.

In the GATHER2 phase 3 trial, 448 patients were randomized
1:1to receive 2-mg avacincaptad pegol injections monthly or sham
injections for 12 months.*® Avacincaptad pegol reduced geo-
graphic atrophy growth, with a rate of 0.336 mm/y compared with
0.392 mmy/y for sham. This represented a 14% reduction in geo-
graphic atrophy progression (absolute difference, 0.056 mm/y
[95% ClI, 0.016-0.096 mm/y]; P = .006).

By month 12, macular neovascularization occurredin 7% of pa-
tients receiving avacincaptad pegol injections and 4% receiving sham
injections. There were no reports of endophthalmitis, intraocular in-
flammation, or ischemic optic neuropathy events over 12 months.

Throughout the reported study periods, neither pegcetaco-
plan nor avacincaptad pegol demonstrated statistically significant
differences in prespecified visual function end points compared with
corresponding sham groups in their respective studies.*48

Prognosis
With respect to exudative neovascular AMD, approximately 7.3 years
(range, 6.3-8.5 years) after initiating anti-VEGF treatment with ra-
nibizumab in the ANCHOR or MARINA trials, 43% of study eyes main-
tained or improved their letter score compared with baseline mea-
surements, while 34% experienced a decline of 15 letters or more.*°
Long-term findings in eyes treated with anti-VEGF therapy for exu-
dative neovascular AMD often included macular atrophy affecting
photoreceptors and the retinal pigment epithelium. In the IVAN trial,
anaverage of 6.18 years after anti-VEGF treatment initiation, macu-
lar atrophy was observed in 89.5% of eyes.>® In the SEVEN-UP cohort
study, after an average of 7.3 years, macular atrophy was detected
in 98% of eyes and decreased visual acuity was significantly corre-
lated with increased area of macular atrophy (P < .001).#°
Regarding the natural history of geographic atrophy progres-
sion, within a 2-year time frame, about half of individuals diag-
nosed with this condition will typically experience moderate vision
loss (defined as a loss of =15 letters on the ETDRS chart), and one-
quarter will typically experience severe vision loss (aloss of =30 let-
ters on the ETDRS chart).>' The effectiveness of the newly ap-
proved drugs pegcetacoplan and avacincaptad pegol on reducing
vision decline in geographic atrophy remains uncertain.'®

Practical Considerations
For generalist clinicians, awareness of the symptoms of AMD is im-
portant to ensure prompt referral of patients with vision impair-
ment or changes to an eye care specialist (Box). Delays in the treat-
ment of exudative neovascular AMD have been associated with visual
loss.>2°3 In a prospective study of 185 patients, those with a delay
of 7 weeks or less had a 38% improvement in vision at 6 months,
while those with a delay of 21 weeks or more saw improvement in
only 20% of patients.>* Ideally, treatment for exudative neovascu-
lar AMD should commence within 14 days of theinitial diagnosis.>>>*
AMD affects central vision, and it is important to reassure pa-
tients that complete blindness, in which vision turns entirely black,
does not typically occur due to AMD. However, AMD can cause sig-
nificant vision impairment and legal blindness, making individuals
ineligible to drive and affecting their capacity to read and recog-
nize faces. Retrospective cohort analyses of a multicenter medical
record database in the UK reported that 71% of patients with bilateral
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geographic atrophy (n = 1901) at initial diagnosis were unable to
drive, and approximately 7% qualified for UK blindness registra-
tion. Over time, an additional 16% became legally blind (median time,
6.2 years), and 66.7% of those eligible to drive at baseline lost their
eligibility after amedian time of 1.6 years.>> Among patients who had
anti-VEGF treatment initiated for treatment of exudative neovas-
cular AMD in the years 2014-2015 (n = 5012 eyes), approximately
58% had sufficient visual acuity for driving at baseline, and this pro-
portion remained stable at 57% after 3 years of continuing anti-
VEGF treatment.>® General practitioners should advise patients with
AMD to discuss their driving capability with eye health profession-
als and relevant licensing authorities.

Exceeding recommended dietary allowances with antioxidant
vitamins and minerals may lead to adverse effects, including kid-
ney stones (vitamin C), fatigue, muscle weakness, decreased thy-
roid function, increased risk of hemorrhagic stroke (vitamin E), lung
cancer, yellow skin (beta carotene), sideroblastic anemia due to zinc-
induced copper deficiency, genitourinary symptoms, and upset
stomach (zinc).2* While most studies on the effects of nutritional
supplementsin AMD were too small to detect these rare adverse ef-
fects, generalist clinicians should be aware of potential supplement-
related conditions in patients with AMD. AREDS2 showed an in-
creased risk of lung cancer associated with beta carotene intake
(2.0% in the beta carotene group vs 0.9% in the non-beta caro-
tene group), primarily in people who formerly smoked.?®> Conse-
quently, beta carotene was replaced with lutein and zeaxanthin in
the recommended AREDS2 formula, which includes 500 mg of vi-
tamin C, 400 IU of vitamin E, 10 mg of lutein, 2 mg of zeaxanthin,
80 mg of zinc oxide, and 2 mg of cupric oxide.?

Although the use of systemic anti-VEGF treatment was associ-
ated with an increased risk of serious cardiovascular, venous
thromboembolic, and hemorrhagic adverse events, intravitreal
anti-VEGF administration was not associated with major cardiovas-
cular events (events in 2.7% of patients with intravitreal anti-VEGF
vs 2.3% of controls; 29 randomized clinical trials; low-certainty
evidence). However, these therapies may be associated with non-
ocular hemorrhages (events in 2.8% of patients with intravitreal
anti-VEGF vs 1.8% in controls; 19 randomized clinical trials; low-
certainty evidence).>”

Itis not necessary to withhold anticoagulation for intravitreal anti-
VEGF administration. In a retrospective analysis involving 191 pa-
tients and a total of 1710 intravitreal injections of anti-VEGF therapy,
the incidence of intraocular hemorrhage was 0.25%, and there was
no statistically significant difference observed between patients tak-
ing systemic anticoagulant medications during the injection and those
who were not taking anticoagulation medications.>®

Review Clinical Review & Education

Box. Commonly Asked Questions About Age-Related
Macular Degeneration (AMD)

What Are the Typical Symptoms of Late-Stage AMD?

Symptoms such as visual distortion, blurred vision, declining
vision, or central visual field defects may be signs of AMD.
Patients with these symptoms should be promptly referred to
an eye care specialist. Timely treatment is important to prevent
visual loss.

What Are General Recommendations for Patients With AMD?
Patients with features of AMD who smoke should be advised to
stop smoking. Dietary advice should be given emphasizing
inclusion of vegetables, fruits, and fatty fish in the diet.

If antioxidant supplements are used, people who currently or
used to smoke should not be prescribed the original AREDS
formula as it contains beta carotene, which can elevate the risk
of lung cancer. This is not a concern with the AREDS2 formula,
which substitutes beta carotene with lutein and zeaxanthin.

What Are the Benefits and Risks of Treatment

for Exudative Neovascular (“Wet") AMD?

Treatment with anti-vascular endothelial growth factor (VEGF)
injections given intravitreally might be necessary for

a lifetime and is tailored to individual patient needs. Randomized
clinical trials have demonstrated superiority of this treatment
compared with sham procedures for improving and

stabilizing visual acuity. Severe ocular and systemic adverse
effects associated with intravitreal anti-VEGF therapy are
infrequent.

Limitations

This review has several limitations. First, some relevant articles may
have been missed. Second, a formal quality assessment of the lit-
erature was not performed. Third, this review does not cover spe-
cific AMD topics such as geographic atrophy and neovascular AMD
subclassification. Fourth, this review does not systematically evalu-
ate approved drugs or off-label treatments demonstrating nonin-
feriority to the originally approved medications for exudative neo-
vascular AMD. Fifth, this review does not cover non-age-related
macular degeneration, such as that associated with myopia.

. |
Conclusions

The prevalence of AMD is anticipated to increase worldwide to 288
million individuals by 2040. Intravitreally administered anti-VEGF
treatment is first-line therapy for exudative neovascular AMD.
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