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Age-related macular degeneration (AMD) is the leading cause of central visual impairment in the elderly. The
exact pathophysiological mechanisms for AMD remain uncertain. Several studies suggest that choroidal abnor-
malities and alterations are critical in AMD progression. The transition from manual to automated segmentation
and binarization techniques has resulted in accurate and precise measurements of different choroidal parameters.
These qualitative and quantitative parameters, known as choroidal imaging biomarkers, have advanced from
basic vertical subfoveal choroidal thickness to more intricate 3-dimensional choroidal reconstruction methods in
the last decade. Therefore, a comprehensive evaluation of choroidal metrics may investigate valuable insights
into AMD, potentially guiding the future development of customized therapeutic strategies and personalized

patient care in AMD management. We describe the role of different choroidal biomarkers in evaluating patients
with AMD and their contribution to management.

1. Introduction

Globally, age-related macular degeneration (AMD) is the leading
cause of irreparable central visual impairment in the elderly. It is seen in
patients 50 years and older, and its prevalence significantly increases
with advanced age. The pooled annual incidence of any late AMD is 1.4
per 1000 individuals. ! According to available data, there will be a rise
to 288 million patients with AMD by 2040 '%/. AMD is primarily cate-
gorized into dry (non-exudative or atrophic) and wet (exudative or
neovascular) forms. Dry AMD (dAMD) is the more common type which
may initially be present as drusen beneath the retinal pigment epithe-
lium (RPE). Drusen varies in type, size, shape, and composition. Hard

drusen (or small drusen) are well-defined, spherical deposits of < 63 pm
and represent the sole type of drusen regarded as typical age-related
occurrences. Intermediate drusen have a diameter between 63 pm to
125 pm, and soft drusen (large drusen) are greater than 125 pm in
diameter. ° Larger drusen may become confluent and form drusenoid
pigment epithelial detachments (PED) that may reduce the exchange of
nutrients and waste products between the photoreceptor layer and
choroidal blood vessels, thus accelerating degeneration and atrophy of
the retina, a pathological process evident in AMD. 77 Another type is
cuticular drusen that measure between 25 pm and 75 pm and tend to
coalesce into larger drusen, carrying a higher risk of AMD progression.
59191 The deposits that accumulate in the subretinal area (above the
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RPE layer) are referred to as reticular pseudodrusen (RPD) or subretinal
drusenoid deposits (SDD). These deposits have unique morphological
characteristics that set them apart from other subtypes of drusen.
Furthermore, they carry an elevated risk of advancing toward
geographic atrophy (GA) and retinal angiomatous proliferation (RAP)
209

Neovascular AMD (nAMD) is characterized by choroidal neo-
vascularization (CNV) or macular neovascularization (MNV) which is
newly formed blood vessels that arise from the choroid to the retina.
nAMD damages the macula abruptly and severely, leading to rapid vi-
sual loss '°°. CNV can be diagnosed clinically as a greyish subretinal
lesion which may be accompanied by subretinal exudation or hemor-
rhage. It is identified as an area of dye leakage in fluorescein angiog-
raphy (FA) and indocyanine green angiography (ICGA) and an abnormal
network of vessels on optical coherence tomography angiography
(OCTA).

Multimodal imaging has been used to describe and characterize 3
subgroups of CNV:

— CNV type 1 (previously referred to as "occult" neovascularization), is
the most prevalent type of CNV and is characterized by the presence
of CNV underneath the RPE. Polypoidal choroidal vasculopathy
(PCV) consists of polypoidal lesions with a network of branching
neovascular vessels and is a variation of type 1 MNV, which is best
detected with ICGA®®.

— CNV type 2 (also referred to as "classic" neovascularization) is
defined by the existence of CNV above the RPE.

— CNV type 3 (also called RAP) is defined by aberrant vascular com-
plexes that start within the retina '2*2%°,

2. Choroid and AMD

Vascular endothelial growth factors (VEGFs) are critical mediators of
angiogenesis in CNV formation, and anti-VEGF therapy stands as the
most effective management for neovascular AMD (nAMD); 15 however,
the exact pathophysiological mechanisms for the incidence and pro-
gression of AMD remain uncertain. Several studies indicate that
choroidal abnormalities and alterations are critical in AMD
pathogenesis.

Anatomically, the choroid comprises 5 layers: Bruch membrane, the
choriocapillaris (CC), Sattler layer (medium-sized vessels), Haller layer
(large vessels), and the suprachoroidal lamina. The choroid is essential
for preserving retinal health as it provides nutrition and removes waste
and dead cells from the photoreceptors and outer retinal layers. Any
ischemic or degenerative insult can exacerbate the progression of AMD
166,183 " Therefore, a deeper understanding of choroidal features and
their role in AMD is likely to aid in identifying potential biomarkers that
may further help in staging the disease, assessing treatment response,
and predicting progression 115219,

Imaging has become an indispensable tool in our clinical practice,
especially with diseases involving the retina. Its utility in AMD has
become more essential as it helps identify and measure various signs
such as drusen volume, RPE alterations, neovascularization, etc. &2,

Choroidal biomarkers are objective indices that quantify variables
associated with choroidal morphology or vascularity. These markers aid
in prognostication and predicting the course of disease. Nevertheless,
accurately identifying the condition or determining treatment outcomes
based on these indices continues to pose a significant challenge. 7°
Advances in ocular imaging have unveiled several choroidal biomarkers
such as choroidal thickness (ChT), choroidal vascularity index (CVI),
choroidal volume (CVol), choroidal vessel layer thickness analysis, and
choroidal contour analysis that may aid in early detection, monitoring,
and understanding the pathogenesis of AMD °7-°>. Moreover, optical
coherence tomography angiography (OCTA) has become an indispens-
able tool in managing AMD patients, as it allows for assessing the
choroidal circulation flow, vessel density, and the qualitative and
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quantitative characteristics of CNV. Identifying these choroidal bio-
markers can significantly improve the clinical approach to early detec-
tion, prognosis, and therapeutic interventions in AMD. Therefore, we
discuss potential choroidal biomarkers to introduce innovative strate-
gies for a better approach to AMD.

3. Choroidal thickness

ChT is the most extensively researched choroidal metric, and it de-
notes the vertical length from the Bruch membrane to the choroid-sclera
interface (CSI) 7®''°. ChT is dependent on several physiological and
pathological variables and is affected by time (diurnal variation), age,
gender, refraction, and ethnicity ®>''2, ChT is highly variable as sig-
nificant changes have been described during measurements taken at
different times of the day and changes in the object’s focus. As large as
100 pm change can happen quickly after myopic defocus stimulus and
up to 40 pm difference between measurements taken during the day and
evening. It may also be affected by dehydration. *> 17 188Abnormal
ChT has also been described in several ocular and extraocular illnesses,
including nAMD, Vogt-Koyanagi-Harada syndrome (VKH), PCV, and
central serous chorioretinopathy (CSCR). 28 previous research demon-
strated that peripheral myopic defocuses brought on by orthokeratology
lenses, myopic anisometropia, and hemodialysis in end-stage renal dis-
ease patients can all alter ChT 74,113,192 "gypfoveal ChT (SFCT) has been
investigated in numerous studies. The normal range of SFCT in different
studies varied from 191.5 & 74.2 pm to 354 + 111 pm “%%%!2°, The
substantial variability observed in SFCT readings can be attributed to
factors such as age, ethnic differences, axial length discrepancies among
the subjects, and the lack of universally standardized measurement
methods. Consequently, determining a normal cut-off is challenging. In
the Western population, Spaide and coworkers, by evaluating subjects
with a mean age of 33.4 years, reported that the normal SFCT is 318 pm
in the right eye and 335 pm in the left eye, whereas Manjunath and
coworkers (mean age - 51.1 years), reported mean SFCT of 272 pm 118,
177  In these studies, no adjustments were made for age, gender, or axial
length. A study conducted in India revealed a mean SFCT of 280.1 +
46.5 pm in the eyes of healthy adult individuals (mean age was 42.8 +
13.6 years, and mean axial length was 22.84 + 0.78 mm). In the context
of multivariate regression analysis, age emerged as the most influential
factor impacting SFCT. The regression model indicated an estimated
annual reduction in ChT of approximately 1.18 pym. . Similarly, SFCT
values of 261.93 + 88.42 pm in Chinese populations and 354 + 111 pm
in Japanese populations have been reported in population-based in-
vestigations °1®3, Additionally, a previous study documented SFCT
values of 311.2 + 45.19 pm in a sample of healthy Indian youngsters
with a mean age of 11.9 years >°. The variation in the topographic
localization of the ChT measurement point is also a significant factor in
choroidal measurements, as ChT decreases with increasing distance
from the fovea, both nasally and temporally 38120 " Burthermore,
numerous research studies have shown that ChT decreases by approxi-
mately 12.7-15.6 um per decade. °>1%°, There are divergent accounts
regarding the correlation between gender and ChT variation. Li and
colleagues discovered that ChT in men was 18 % greater than in women
12 n contrast, no gender differences in ChT have been observed in the
subgroup of healthy Indian children ***°, Also, a recent study reported a
mean SFCT value of 206.4 + 83.0 pm in subjects older than 75. In the
context of this study, SFCT remained unaffected by gender, cardiovas-
cular issues, classical cardiovascular risk factors, or prognostic risk
scores. °

3.1. dAMD and GA

The variations in ChT in AMD, which are characterized by either
thinning or increased thickness, are seen in different stages of AMD °*
207 dAMD is distinguished predominantly by the manifestation of dru-
sen and pigmentary changes. Imaging methods can be employed to
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Fig. 1. This figure shows the choroidal thickness in different stages of age-related macular degeneration (AMD). Figure 1-A: Choroidal thickness (ChT) in the left eye
of a 20-year-old healthy female subject. The two lines show the boundaries of the choroid in the Bruch membrane and the scleral-choroidal junction. The ChT in the
subfoveal area (SFCT) is 295 pm, which becomes thinner through the nasal and temporal part. Figure 1-B: ChT in the right eye of a 65-year-old dry AMD patient. The
choroid shows general thinning in the subfoveal (180 pm) and surrounding area. Figure 1-C: The ChT in the right eye of a 72-year-old patient with retinal angi-
omatous proliferation (RAP) lesion. The choroid in the area of the lesion (167 pm) is thinner than the other areas. Figure 1-D: The ChT in an 84-year-old patient with
geographic atrophy (GA). The vertical scan of the right eye shows severe choroidal thinning especially in the area of GA (SFCT: 40 pm). Figl-E: The ChT in a 71-year-

old male with left eye neovascular AMD (nAMD). The choroid beneath the CNV is thicker (214 pm) than the other area.

evaluate ChT in response to the presence and type of drusen “°.

Previous studies found that there may be little to no changes in ChT
in early-stage dAMD with medium-sized drusen, using OCT imaging;
however, the choroid may appear thinner than usual in situations where
soft drusen are present °’. It has been demonstrated that regions with
high concentrations of drusen may experience a reduction in ChT. This
might result from a sustained ischemic process leading to choroidal at-
rophy, or it could be linked to the mechanical compression exerted by
drusen on the underlying choroidal veins. '°°. Moreover, some findings
suggest that drusen may be linked to choroidal -circulation
abnormalities.

Spaide and coworkers introduced the term “pachydrusen” as a spe-
cial type of drusen with choroidal thickening. ”® They have been
described in patients with dAMD and PCV. 97170174 According to
Cheung and coworkers, ChT is independently related to the drusen
subtype; thicker choroid is linked to pachydrusen, while thin choroid is
linked to RPD. The underlying pathophysiology, which involves
choroidal vascular insufficiency, may be reflected in choroidal thinning
34

In significant drusen, EDI-OCT shows choroidal thinning, indicating
that the underlying retina’s choroidal support has diminished °*. Simi-
larly, different types of drusen can influence ChT variably, with larger,
confluent drusen typically associated with localized choroidal thinning;
however, it has been shown that eyes with dAMD have irregular blood
flow and lower blood volume compared to normal eyes, with blood flow
deteriorating more as the severity of the illness increases. Several factors
may contribute to the diminished blood flow observed in AMD. These
include cellular depletion, CC lumen constriction, and choroidal thin-
ning, specifically the CC layer. Additionally, reports suggest that pa-
tients diagnosed with AMD exhibit reduced levels of nitric oxide,
potentially leading to vasoconstriction and hypoxia. This condition is
characterized by choroidal vascular insufficiency and manifests as

choroidal thinning 2>7?,

A previous study by Manjunath and coworkers on 47 patients with
nAMD and dAMD showed that patients with nAMD had a mean SFCT of
194.6 pm (SD, 88.4; n = 40), whereas those with dAMD, the SFCT was
213.4 pm (SD: 92.2; n = 17). Half (50.8 %) of the evaluated eyes had
ChT more than one standard deviation away from the mean, whereas a
small fraction (3.5 %) had ChT more than two SDs above the mean.
Compared to age-adjusted normal eyes, the choroids of 33 % of the eyes
were thinner. ''°. This finding may suggest that choroidal thinning
contributes to AMD’s development or progression.

The late stage of dAMD, called geographic atrophy (GA), is marked
by irreversible vision loss due to CC, photoreceptors, and RPE shrinkage
17 Studies generally agree that in regions affected by GA, the choroid
tends to be thinner, and it has been demonstrated that severe
AMD-related GA has a remarkably lower ChT compared to the control
group '1%1%°, Nevertheless, patients with GA may occasionally develop
the formation of CNV. If this happens, the presence of neovascular tissue
may cause the choroid to seem thicker in some locations. Moreover,
patients with GA may present with morphological alteration in the
choroid. ''® A decrease in choroidal arteries, especially in the CC layer,
which is closely linked to the atrophy areas, could cause choroidal
thinning ®°. The choroidal thinning is thought to be associated with
reduced perfusion of the RPE and photoreceptors with decreased ab-
sorption of oxygen and nutrients playing a role in the degenerative
process 126184

3.2. nAMD

Patients with nAMD may exhibit different levels of ChT; some may
have thicker choroids because of neovascular membranes and related
inflammatory processes °’. On the other hand, some studies have
documented progressive choroidal thinning in nAMD, which may be
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Table 1
Subfoveal choroidal thickness (SFCT) profile in normal eyes at different ages and
in the different types of age-related macular degeneration (AMD).

Authors Age (years), Number SFCT (pm, Mean AL
mean + SD of eyes range), mean (mm), mean
(range) =+ SD (range) + SD
(range)
Healthy eyes
(ethnicity)
Chhablani et al. 119+ 34 255 312.1 + 23.55 +
(India) ** 45.40 0.74
Sanchez-Cano et al. 23.8 + 3.2 95 345.67 +
163 8180
Spaide et al. 77 33.4 17 318 (Right);
(19-54) 335 (Left)
Rahman et al. 38+5 100 332 + 90 24.46 +
(Caucasian, Asian) 1.12
147
Tkuno et al. 39.4 + 16.0 86 354 + 111 24.40 +
(Japanese) *° 1.24
Chhablani et al. 42.8 124 280.1 + 46.5 22.84 +
(India) ** (21-80) 0.78
Ding et al. 49.73 + 420 261.93 +
(Chinese) *' 17.89 88.42
Margolis and 50.4 54 287 + 76
Spaide '*° (19-85)
Manjunath etal. ''®  51.1 34 272 + 81
(22-78)
Arnould et al. 81.9 + 3.6 1494 206.4 + 83.0 23.37 =
(Caucasian) © 1.23
dAMD
Jirarattanasopa 76.3 + 8.1 64 203 + 105.9
etal.
Manjunath etal. '’ 78.2 + 7.9 17 213.4 + 92.2
Jonas et al. % 77.3 + 5.8 86 239 + 84 23.2 + 0.9
Yiu et al. *7 74.34 + 109 246.0 +
8.32 10.87
GA
Lindner et al. ''° 75.97 + 72 173.03 £
7.09 90.22
Sato et al. 76.8 + 8.8 173 194.7 + 23.4+09
(Japanese) 165 105.5
nAMD
Manjunath etal. "' 78.6 + 7.0 40 194.6 + 88.4
Invernizzi et al. 80.5 + 6.4 65
(66-93)
-Inactive CNV type 178 + 71
1
-Inactive CNV type 173 + 66
2
-Active CNV type 1 189 + 73
-Active CNV type 2 184 + 69
PCV
Chung et al. ** 68.5 + 7.1 25 438.3 + 87.8
Jirarattanasopa 73.3 + 8.0 65 243.3 + 92.9
etal. %’
RAP
Yamakazi et al. **  82.2 + 7.6 19 129.5 + 35.8
Kanadani et al. ** 78.5 + 5.7 12 182.93 + 31
Invernizzi et al. ** 80.5 + 6.4 16
(66-93)
-Inactive RAP 126 + 43
-Active RAP 137 £ 50

SD Standard Deviation, SFCT Subfoveal Choroidal Thickness, AL Axial Length,
pm micrometer, mm Millimeter, JAMD Dry age-related macular degeneration,
GA Geographic atrophy, nAMD Neovascular age-related macular degeneration,
PCV Polypoidal choroidal vasculopathy, RAP Retinal angiomatous proliferation

brought on by atrophic processes or as an adverse effect of photody-
namic therapy (PDT) 197,

The nAMD is defined by abnormal new vessel formation from the
choroid into the subretinal or sub-RPE region in CNV, resulting in fluid
leakage. Because of the underlying CNV in nAMD, an increase in ChT
can be seen, particularly in the early neovascular phase. Different
choroidal patterns are found in various forms of CNV, including PCV,

Survey of Ophthalmology xxx (xxxx) xxx

RAP, and classic CNV '%°.

In PCV, which presents with polypoidal vascular lesions in ICGA, the
pattern of ChT may be more variable, with isolated thickening areas
matching polypoidal lesions **. Recent research has indicated that the
development of PCV could potentially be due to the dilation of middle
and large choroidal vessels that cause choroidal congestion, which
subsequently leads to hyperpermeability and an increase in ChT '°°,

On the other hand, PDT may have a better effect by inducing vessel
remodeling and decreasing ChT; '** however, it is essential to highlight
that there may not be a consistent increase in ChT across the macular
area in cases of PCV. Thinning of the choroid may occur in some in-
stances. According to research by Ryu and coworkers,and Baek and
coworkers, an ischemia process facilitated by VEGF overexpression
Ilnight be the primary contributor to PCV in eyes with thin choroids **

55

RAP is a pathological condition wherein neovascularization origi-
nates from the retina and progresses to the macula. A significant pres-
ence of soft drusen or RPD defines it. Although the precise effect of RAP
on ChT is not as clear-cut as it is in PCV, ischemic alterations or
choroidal insufficiency may cause any underlying choroid thinning **°2.
Yamazaki and coworkers found that the mean SFCT for 19 cases with
RAP was 129.5 + 35.8 pm, whereas the mean SFCT for 32 age-matched
control eyes was 201.3 £ 55.0 pm (p=0.0001). Also, in unilateral RAP,
the unaffected fellow eyes showed less mean SFCT compared to the
normal eyes (p = 0.03). Based on these findings, it appears that patients
with unilateral RAP would have already developed choroidal thinning in
their fellow eyes, which may not be attributable to the progression or
formation of neovascular lesions associated with RAP. There might also
be a potential correlation between the choroid and the pathological
process of RAP, with the choroidal thinning precipitating reduced oxy-
gen availability in the RPE cells. It has been suggested that the
age-related Bruch membrane thickening with lipophilic material dis-
rupts the secretion of VEGF-A from RPE cells toward the CC. Conse-
quently, the absence of VEGF-A may fail to regulate the CC endothelium
integrity, resulting in atrophy, as observed histologically in aged eyes.
578,148 RAP is more common in older age, often associated with mul-
tiple large drusens in affected and unaffected fellow eyes '?%, which
leads to substantial diffusional disruption of VEGF-A in RAP eyes,
potentially inducing CC atrophic changes compared to normal eyes;
however, the exact pathophysiological mechanisms remain to be fully
understood. 2°2. Choroidal circulation abnormalities were also
frequently observed in the eyes with RAP lesions and their fellow eyes.
On ICGA, decreased choroidal filling was seen in 50 % of fellow eyes of
patients with unilateral RAP, in addition to 81.8 percent of eyes with
RAP °. (Figure 1 and Table 1)

Recently, peripheral choroidal changes have been examined in
various diseases. A study by Fukuda and coworkers found that the ratio
of posterior ChT (posterior area <9 mm) to peripheral ChT (peripheral
area in 9-18 mm) in pachychoroid neovasculopathy (PNV) was signifi-
cantly higher than in typical AMD (p < 0.01); however, there was no
significant difference in this ratio between PCV, RAP, and typical AMD.
%5 In this study, however, the posterior to peripheral choroidal thickness
ratio in RAP was less pronounced than in other subtypes. This may be
due to the thickening of the choroid being associated with larger vessels
near the vortex vein in the periphery. 65

3.3. Anti-VEGF treatment

In classic CNV, the ChT beneath the lesion may be increased due to
vascular leakage and inflammation °>?%°. Increased vascular flow is
observed in the choroid adjacent to CNV regions on OCTA in nAMD
patients, and this may be correlated with thicker choroid obtained from
structural OCT scans '°°. The ChT may decrease with time and treat-
ment, suggesting either a quiescent phase of the disease or a response to
therapy '°. Repeated intravitreal anti-VEGF injections may induce
generalized choroidal thinning, particularly in the CC layer. This
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Table 2
Variations in choroidal thickness in physiological conditions and age-related
macular degeneration (AMD).

Variations according to different Choroidal Thickness (ChT)

conditions

Physiological variations

Age Decreases with age (~13 um every
decade)
Gender Higher in men

Ethnicity

Axial length (AL)
Diurnal variations
AMD

Slight differences
Decreases with increased AL
Thickest at midnight, thinnest at noon

dAMD with soft drusen Decreased
dAMD with reticular pseudodrusen (RPD) Decreased
dAMD with pachydrusen Increased
Geographic atrophy (GA) Decreased
nAMD with exudation Increased
nAMD inactive Decreased/equivocal
PCV Increased
RAP Decreased

ChT Choroidal thickness, AL Axial length, pm Micrometer, AMD Age-related
macular degeneration, dAMD Dry age-related macular degeneration, RPD
Reticular pseudodrusen, GA Geographic atrophy, nAMD Neovascular age-
related macular degeneration, PCV Polypoidal choroidal vasculopathy, RAP
Retinal angiomatous proliferation

thinning may be indicative of a reduction in neovascularization activity
and choroidal vascular hyperpermeability (CVH) '“°.

In another study by Yamazaki and colleagues on 40 eyes, including 1
RAP, 16 PCV, and 23 nAMD, they found that ChT decreased significantly
during one year of follow-up with a mean of 5.8 injections of intravitreal
ranibizumab (baseline: 244462 pm, after 12 months: 226+66 pm, p=
0.002). A notable decrease in ChT was observed in nAMD eyes after 12
months (2354+65-218+65; p:0.007)2“3. In contrast, at an 8.4-month
mean follow-up, Ellabban and coworkers observed no statistically sig-
nificant alteration in ChT in 20 eyes with nAMD after ranibizumab in-
jections °* In various types of nAMD patients, particularly in PNV eyes, a
notable reduction in SFCT was observed following 3 monthly intra-
vitreal injections of faricimab. This innovative bispecific monoclonal
antibody targets two distinct pathways by simultaneously binding and
neutralizing VEGF-A and angiopoietin-2 (Ang-2). This suggests that
faricimab may effectively address the underlying choroidal abnormal-
ities associated with pachychoroid phenotypes. !

It is crucial to remember that each patient’s reaction to anti-VEGF
medication is unique and that each patient may experience a different
impact on ChT °°. Therefore, it is imperative to conduct routine moni-
toring using imaging techniques such as OCT for monitoring purposes to
evaluate treatment response and adjust care accordingly *'.

In summary, ChT tends to decrease with age, averaging a reduction
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of 13um per decade. The choroid is thicker at midnight and thinner at
noon. Men generally have a thicker ChT than women, and slight varia-
tions can occur due to ethnicity. Patients with myopia typically have a
thinner ChT.

Changes in ChT can serve as biomarkers for different AMD stages,
helping distinguish between conditions. In certain circumstances, ChT
data can allow for the observation of the natural progression or response
to therapy in the course of the disease '*'. For instance, the choroid is
thinner in dAMD with soft drusen or RPD, whereas in eyes with
pachydrusen, it is thicker. As the eye progresses to GA, complete atrophy
of the choriocapillaris occurs, resulting in a thinner choroid. In active
nAMD, the choroid thickens, but it thins again when the condition be-
comes inactive. Eyes with PCV have a thick choroid, while those with
RAP show a thin choroid. (Table 2)

4. Choroidal vascularity index

CVI is described as the ratio of the luminal area (LA) to the total
choroidal area (TCA) *°® #27:175 on OCT. To measure CVI, OCT choroidal
imaging is conducted, and algorithms are utilized to identify the inner
and outer boundaries of the choroidal region. Typically, 1.5 or 3 mm in
width, is selected on a line scan for subfoveal CVI measurement, with
ImageJ used for image binarization (ImageJ 1.51 s, National Institutes
of Health, Bethesda, MD). The 1.5-3 mm width is chosen under the
assumption of representing the macular region’s segmental blood sup-
ply, despite lacking histological basis. Binarization techniques help
distinguish stromal and luminal areas, with subsequent calculation of
CVI based on the luminal to total choroidal ratio (Figure 2). Branchini
and coworkers developed automated software to calculate the dark
pixels indicating choroidal stroma, and light pixels indicating vascular
lumens.”” Sonoda and coworkers introduced a technique for calculating
luminal and stromal areas using OCT image binarization. '’ Agrawal
and coworkers, with modifications to Sonoda and coworkers’ technique,
proposed the CVI as a measure of choroidal vascular status. They re-
ported that the CVIs in normal eyes range from 65.61 + 2.33 %, showing
less variability compared to ChT. * Wide-field CVI assessments in
healthy eyes revealed minimal to maximum CVI values across different
regions, and the most consistent values are shown in the macular area.
The scanning area (subfoveal, central macular, or total macular) does
not significantly affect CVI measurement; > however, CVI may vary
between volume scan and single foveal scan in localized or diffuse
choroidal pathologies '”2. In recent studies, CVI has been identified as a
significant biomarker in various ophthalmologic conditions, including
diabetes mellitus, tubercular multifocal serpiginous choroiditis, Star-
gardt disease, retinitis pigmentosa, panuveitis, and CSCR >3, More-
over, it has also been widely used in non-ophthalmological diseases
including Parkinson disease, Alzheimer disease, multiple sclerosis,

Fig. 2. Choroidal vascular index (CVI) measurement by image binarization of choroidal vessels (the vessels are dark, and the stroma area is bright). The CVI is shown
in a 24-year-old healthy eye (Figure 2-A and B), a 65-year-old female which showed soft drusen in optical coherence tomography (OCT), which is in favor of dry age-
related macular degeneration (AMD) (Figure 2-C and D), and a 71-year-old male with choroidal neovascularization (CNV), intraretinal and subretinal fluid, in favor

of wet AMD (Figure 2-E and F).
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idiopathic normal pressure hydrocephalus, and celiac disease. *°+151:15%

189,190 A recent study also showed that variable CVI among different
ethnicities, where African-American patients were found to have a lower
CVI than Caucasians, likely due to a greater proportion of stromal vol-
ume. '*° One of the main limitations of this method is that it requires a
manual approximation of choroid localization and contrast adjustment,
making it less suitable for high-throughput analysis. Addressing this
limitation, recent studies introduced a fully automated methodology
capable of rapidly and accurately estimating CVI from volume scans and
OCT B-scans. Vupparaboina and coworkers demonstrated 40 % im-
provements in CVI by determining the value of shadow compensation in
CVI measurement °* (Figure 2)

4.1. dAMD and GA

Reduced choroidal vascularity may result in an inadequate supply of
nutrients and oxygen to the surrounding retina, making it more
vulnerable to the degenerative processes that are typical of AMD °%,
Studies have indicated that AMD may initially be a choroidal vessel
pathology, and the CVI evaluation could show additional insights into
the vessel structural changes in AMD 2%°71'°, Various imaging modal-
ities can be used to visualize diverse choroidal characteristics associated
with different types of drusen and different stages of AMD '°%. Various
studies have documented CVI changes, especially in GA or intermediate
AMD '8, Patients diagnosed with AMD had a considerable reduction in
CVI, which is connected with clinically significant visual deficits (CVI in
AMD, ‘normal fellow’ eyes and controls were 64.04 + 2.43 %, 64.66 +
2.25%, and 66.07 + 1.72 %, respectively.) °. Wei and coworkers
demonstrated a statistically significant difference in CVI between dry
and nAMD eyes (60.14 vs. 62.75; p=0.05) 198 When dAMD progresses,
there is frequently a noticeable reduction in CVI, especially in areas
where drusen deposition has accumulated. Hard, soft, and cuticular
drusen all have different effects on the choroidal vascular architecture,
with larger drusen being linked to localized vascular attenuation.
Several studies showed how CVI is diminished in cases of GA. Gian-
naccare and coworkers showed that CVI was reduced in GA (65.83 +
3.95 vs. 69.33 + 3.11, P < 0.001). °® Later, Sacconi and coworkers
observed a strong association (r = —0.432, P = 0.027) between the
baseline CVI and GA area progression rate. Similarly, they found a
substantial correlation (r = 0.422, P = 0.032) between stromal choroidal
area and the rate of GA enlargement, and this reduction frequently
correlates with the size and development of atrophic zones .

AMD has a much smaller vascular choroidal region compared to
normal eyes. Additionally, the CVI varies in impairment across several
dAMD cohorts under investigation (drusen, RPD, and GA), indicating a
possible role for CVI in characterizing distinct disease cohorts '°%, A
cohort study by Sacconi and coworkers on 120 AMD patients found that
RPD had lower CVI than controls (P = 0.040), and patients with GA had
a statistically significant decreased CVI compared to RPD (P = 0.001),
drusen (P = 0.046), and controls (P < 0.001) 158

By decreasing choroidal vessel volume and choroidal blood flow
(ChBF), the vessels get smaller and the CVI is expected to decrease. 17 A
correlation between elevated drusen extension and reduced ChBF was
observed by Berenberg and coworkers 2. ChB volume (ChB Vol) and
ChBF lowered by 0.0061 (P = 0.03) and 0.23 (P = 0.049) arbitrary units,
respectively, for each one-mm? increase in the druse area. A substantial
inverse relationship was also seen between the average druse area and
ChB Vol and ChBF. The ChB and ChBF were reduced by 0.0149 arbitrary
units and 0.4951 arbitrary units (P = 0.001 and P = 0.003, respectively),

for each 0.01 mm? increase in average druse area >°.

4.2. nAMD
The creation of abnormal blood vessels is a hallmark of nAMD, which

is marked by notable alterations in the choroidal vascularity. Different
vascular patterns are seen in different CNV subtypes. Wei and
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coworkers, by conducting a study on 42 unilateral nAMD patients,
showed that fellow eyes had significantly higher mean CVI than nAMD
eyes (60.14 + 4.55 vs. 62.75 + 4.82, P < 0.01), but the ChT did not
show any significant difference (P=0.93) 198 Invernizzi and coworkers
reported that changes in ChT and CVI may predict nAMD conversion or
recurrence before evident clinically. °*

Variations in CVI may be linked to the occurrence or progression of
distinct forms of CNV lesions, even though CVI is not a straightforward
tool for classifying the different types of CNV. It is hypothesized that
with type 1 CNV, a reduction in CVI could happen because these cap-
illaries could cause the choroid to atrophy with chronicity or displace
the normal choroidal vasculature. Since OCT makes it easier to identify
subretinal neovascularization in type 2 MNV, the CVI may be more
directly affected, especially if the neovascularization causes the under-
lying choroidal tissue to become disrupted or thickened. Since Type 3
MNV is intraretinal the easiest way to see that is using OCTA and ICGA,
which might not have an impact on the CVL but, as it advances and
spreads into the choroidal space, it might have an impact by changing
the choroidal structure >'%°

Two types of PCV including typical PCV (T-PCV) and polypoidal CNV
(P-CNV) are reported by Yuzawa and coworkers. The T-PCV shows inner
choroidal vessel abnormalities, and the P-CNV exhibits polypoidal-
shaped structures at the vessel terminations '°. A study designed by
Batioglu and coworkers showed that the T-PCV eyes exhibit significantly
higher mean CVI compared to P-CNV eyes (p = 0.039), and the inter-
vortex anastomosis diameter was higher in T-PCV than P-CNV '°.

Only one study described the CVI characteristics in patients with
RAP. In their study, Kwak and coworkers found that in the unaffected
fellow eye of unilateral RAP cases, eyes with lower CVI may be prone to
develop CNV. They explained their results considering that choroidal
ischemia is caused by reduced choroidal vascularity, which might affect
the CNV formation. '%° (Figure 2)

4.3. Anti-VEGF treatment

The clinical significance of CVI in monitoring patients undergoing
anti-VEGF injections has still to be elucidated. A previous study by
Pellegrini and coworkers described a significant reduction in CVI and
ChT after Aflibercept injection for three months in nAMD eyes. ' * These
findings were confirmed by following studies that observed a reduction
of ChT and CVI after intravitreal anti-VEGF injection treatment in cases
with PCV and nAMD. °%!8°

Moreover, Shen and coworkers reported that in CNV, the ChT and
CVI increase in response to the overexpression of VEGF, and then return
to the pre-exudative status after intravitreal anti-VEGF injections. '’

5. Choroidal volume

From a clinical standpoint, even with precise estimates of ChT at
limited sampling points, evaluating choroidal involvement remains
challenging due to CSI irregularity. Therefore, the CVol analysis would
be more effective in assessing disease progression and treatment
response. Changes in CVol, particularly reductions, may suggest
comprehensive choroidal alteration, potentially contributing to the
progression of AMD. Methods like enface OCT and EDI-OCT have shown
to be quite useful for measuring CVol across different phases of AMD and
related disorders.

A study by Barteselli and coworkers revealed that males showed
7.37 % greater CVol compared to females. They also showed that the
CVol decreased 0.56 mm° (7.59 %) for every millimeter of increasing
axial length, and 0.54 mm? (7.32 %) per decade 18,

The calculation of CVol entails identifying the CSI at specific regions
across multiple scans of OCT. In our prior study, we introduced a manual
segmentation technique utilizing EDI-OCT for CVol assessment. Our
findings demonstrated minimal variability and an impressive concor-
dance correlation coefficient of 0.99. Additionally, we showed a mean
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CVol difference of 0.11 + 0.12 mm? between 2 independent observers
37

Presently, spectral domain OCT (SD-OCT) or SS-OCT devices do not
generate complete 3D volume scans; Instead, they offer uniformly
spaced vertical scans. For volume computation, ChT estimates are
required at intervening vertical locations. Also, the geometric alignment
is compromised by eye movements, which shows further advancement
in these devices to enhance to solve these limitations. Consequently,
identifying the choroid inner boundary using RPE borders and
geometrically aligning all choroid inner boundaries are essential. A
method employing probability cones for choroidal vessel segmentation
in 3D has been proposed. Initially, multiscale filtering is used to find the
surface normal at all voxels, followed by projecting a probability cone at
each voxel within a cylindrical region of interest along the surface
normal to determine the vessel’s core. The presented method utilizes
averaged vertical and horizontal raster scans compromising 110 B-scans
with a 20-mm separation, to make the volume; Nevertheless, the impact
of missing data on vessel segmentation remains unclear. Additionally,
this method provides an overall distribution of ChT. °' The Hessian
matrix-based approach is useful for choroidal vessel segmentation by
combining choroidal vessel identification and boundary refinement
which enhance medical imaging diagnostics and research. '°*2!!
Comparing different algorithms’ accuracy for choroidal quantification
and segmentation is challenging due to testing on disparate datasets
rather than a standard dataset. Building upon this foundation, we
advocated for a rigorous statistical comparison of algorithmic accuracy
against 2 pivotal benchmarks: manual reference and observer repeat-
ability. Quotient measures are recommended to make easier compari-
sons between various methods tested on different datasets. While
existing methods primarily focus on vessel segmentation, we have
introduced a methodology for quantification and visualization of
choroidal vascularity. '°°

Recently, we proposed a common volumetric method for 2D B-scans,
for finding the various borders of the choroid layer and Halles sublayer,
which makes good smooth spatial continuity. This methodology was
done on five normal and five abnormal OCT volumetric scans, consid-
ering various metrics including the volumetric Dice coefficient and
corresponding quotient measures to facilitate comparison vis-a-vis intra-
observer repeatability. The Dice coefficients were 93.53 % for healthy
and 93.30 % for diseased OCT volumes, and the reference observer
repeatability values for healthy and diseased OCTs were 95.60 % and
95.49 % respectively. &

5.1. dAMD and GA

Krytkowska and coworkers evaluated the CVol in 121 healthy con-
trols and 354 AMD cases (175 dAMD and 179 nAMD patients). In
comparison to controls and dAMD, they found that nAMD had higher
ChT and average volume, and lower CVI '°!. Moreover, they found that
choroidal thickness and volume are more affected by hypertension and
ischemic heart disease in AMD cases. Early in the dAMD process there
may be slight variations in CVol, which frequently match the size and
density of drusen. A significant reduction in CVol is indicative of
choroidal deterioration as the illness worsens, especially in eyes with
significant drusen or those approaching GA. 1o,

While the exact mechanisms responsible for alterations in CVol in
AMD are not completely known, it is apparent that changes in choroidal
circulation, inflammation, and ischemia play a role. Furthermore, it is a
result of degeneration in the choroidal vasculature, particularly in the
CC, which directly impacts the malfunction of the RPE, production of
drusen, and compromised exchange of nutrients and waste. The sub-
stantial reduction of CVol in GA signifies a widespread decline in stromal
and vascular choroidal elements 2%,
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5.2. nAMD

On the other hand, nAMD eyes had considerably greater ChT and
CVol in the 1-millimeter central ring than did control and dAMD eyes
101 Furthermore, there were no variations in these characteristics be-
tween the healthy eyes and the dAMD eyes. This result is consistent with
a study by Noori and coworkers '*°, which demonstrated that nAMD
eyes had considerably higher mean ChT and CVol of the subfoveal area
than dAMD and normal eyes. Similarly, in all subfields of the ETDRS
grid, Razavi and coworkers '“° found that nAMD eyes had thicker cho-
roids than healthy control eyes. Edema, exudation, and hemorrhages
secondary to active CNV may be the cause of this outcome '°'.

The nAMD can cause substantial changes in CVol, typically as a result
of the exudation and bleeding that accompany the existence of neo-
vascular membranes. A primary CVol increase may occur because of the
creation of neovascular membranes and enhanced vascular perme-
ability. The effects of various MNV subtypes, including PCV, RAP, and
classic MNV, on CVol differ '*'. ICGA can confirm the existence of
polypoidal lesions in PCV eyes, which frequently show an increased
CVol. The polypoidal lesions themselves can be rather noticeable, but
the overall CVol alterations may not be as they would be with a con-
ventional CNV ''“. In a research conducted by Vyas and coworkers on 52
eyes belonging to 52 patients with PCV, the CVol of the entire scan re-
gion decreased considerably from baseline to month twelve (p = 0.02),
from 6.7 + 2.0 mm? to 6.3 £ 2.4 mm® '%°.

Increasing ChT in active neovascularization, according to Invernizzi
and coworkers, was not caused by tissue thickening secondary to edema,
but rather by choroidal vessel size enlargement with no corresponding
increase in vessel density ®*. Increased intraocular VEGF levels may be
the cause of this, as it causes choroidal artery dilatation, increased blood
flow, and pro-inflammatory and pro-edematous effects >°.

RAP exhibits more drusen, both in area and density, and a smaller
subfoveal ChT than typical nAMD. These results may point to a decrease
in choroidal perfusion during RAP formation. °*.°*. The choroid’s ca-
pacity to provide the RPE and outer retina with an adequate amount of
nutrients and oxygen may be compromised by the decreased CVol. '*°.

5.3. Anti-VEGF treatment

In general, a localized increase in CVol may occur when the neo-
vascular complex is active. CVol often lowers as the edema and leakage
resolve in nAMD patients, especially when treated with anti-VEGF in-
jections. Chronic fluid that is resistant to treatment can result in fibrosis
and scarring, which can alter CVol. 2%.2%%,

The main theories for seeing a drop in CVol following intravitreal
anti-VEGF therapy are as follows. Anti-VEGF medications decrease the
permeability of the CNVM, reducing the amount of blood and fluid that
can seep beneath and inside the retina. As a result, there is a decrease in
CVol with reduced choroidal and retinal edema. Moreover, the
abnormal blood vessels may shrink in size and number following anti-
VEGF therapy, which would reduce CVol. Additionally, it might aid in
reducing inflammation inside the choroid, which leads to additional
volume reductions. '%°,

Patients respond differently to anti-VEGF medication. Some might
have a more noticeable reaction, while others might see a significant
drop in CVol. The degree of change can vary based on the patient’s data,
the kind and maturity of the CNV, and the duration of the condition
before the initiation of therapy. 199, Last but not least, when assessing
CVol changes, it’s critical to take the disease’s progress and the efficacy
of the treatment into account. For instance, improved visual function is
not always translated into a decrease in CVol in cases with irreversible
retinal damage.

6. Choroidal vessel layer thickness analysis

Individual choroidal layers may be affected by different diseases, so
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Fig. 3. This figure shows the total choroidal thickness including chorioca-
pillaris (CC), Sattler’s and Haller’s layers, and the Sattler’s layer separately
which consists of large choroidal vessels. Figure 3-A: In the left eye of a 69-year-
old female, the OCT scan shows drusens which are indicators of dry AMD, the
total choroidal thickness in the subfoveal area is 252 um thickness, and the
Haller’s layer thickness is 162 um. Figure 3-B: This is the left eye of an 83-year-
old male with previously active CNV who received multiple intravitreal in-
jections of anti-VEGF, and the CNV became stable. The total choroidal and
Haller’s layer thickness are decreased ( 171 pm and 85 um respectively).

their evaluation may be helpful in clinical practice, as changes are re-
ported in specific layers of the choroid in different diseases; however,
delineating a boundary between medium-sized and large-sized vessels
proves more difficult than segmenting the outer boundary of the
choroid, and even manual segmentation encounters difficulties. The
challenge stems from the structural similarities between different
choroidal layers and the absence of a clear intensity transition. Conse-
quently, older segmentation methods like gradient-based methods,
which are commonly employed for retinal layers, may not be useful. 1”®
Furthermore, there exists no universally accepted definition for dis-
tinguishing between medium-size and large-size vessels. This classifi-
cation relies solely on the relative vessel diameter but not on
predetermined values. Povazay and coworkers have tried to differen-
tiate medium-size and large-size vessels based on vessel density thick-
ness, and cells in the stroma. '“> Recently, a methodology utilizing
probability cones on volume scans and an internally developed metric
for delineating the boundary of the Haller layer has been introduced. 7%
The heuristic approach used to establish the boundary of the Haller layer
relies on identifying the largest vessel within a predetermined volume,
which could be limiting, particularly in cases where vessels possess
larger volumes. Moreover, evaluating the vascular arrangement ob-
tained from the OCT volume scans compared to ICGA may not yield
accurate results, and the reported algorithmic precision values
compared to manual ones have significant room for enhancement. '*’
Additionally, the appropriateness of this approach to single B-scans is
unclear. (Figure 3)

To bridge the gap, we explored a method for extracting large-vessel
extraction in OCT B-scans. '°> This method builds on our reported
binarization technique and employs intuitive statistical criteria. Spe-
cifically, it identifies all vessels adjacent to the choroidoscleral interface
and categorizes vessels with areas larger than the median value of those
detected along the interface as larger vessels. Our evaluation of this
method demonstrated high accuracy and a 90 % Dice coefficient
compared to a gold standard which is repeatable manual segmentation.
Understanding that the distribution of the choroidal vessel layer is often
unclear due to its complex nature, we acknowledge that this algorithm
may produce spurious results, and manual correction by experts can
assist in refining the algorithm’s outcomes. ‘%’
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6.1. dAMD and GA

Subtle changes in the CC may be seen in early dAMD, with vessel
attenuation or dropout frequently seen in locations beneath drusens.
With increasing progression of AMD, these alterations become more
noticeable with severe loss of CC, especially in eyes with GA. CC atrophy
which is believed to be secondary to RPE destruction and Bruch mem-
brane alterations, is characterized by a lack of CC perfusion °*. The
retinal tissue may become ischemic due to this atrophy, which will
accelerate the development of AMD '°. In addition, the bigger vessels in
Haller and Sattler layers may dilate or constrict, which would be
consistent with the alterations in the retina >*.

Additionally, choroidal thinning is associated with the loss of
choroidal vasculature, possibly due to persistent inflammation and
ischemia. Furthermore, abnormalities in the diameter and increased
gcg)gtuosity of the choroidal vascular system are also observed in dAMD

A study by Lee and coworkers quantified the CC and the Haller vessel
characteristics in drusen types of dAMD and pachydrusen compared to
control eyes. Using enface OCT or OCTA, the diameter, length, and
junctions of Haller vessels as well as the overall size, area, and CC flow
voids were quantified. While the pachydrusen group’s Haller vessel area
and diameter were the greatest and its overall length was the shortest, its
CC characteristics were comparable to normal eyes. The CC flow void
area and size were greatest in the soft drusen within the SDD group, °°.

6.2. nAMD

In a study by Arrigo and coworkers, 1 year of follow-up of dAMD
eyes, revealed that Sattler layer thickness was thinner in AMD eyes
converting to nAMD compared to eyes that remained dry. Additionally,
an increasing CC porosity was seen in OCTA analysis associated with
CNV onset. 12 One study by Lee and coworkers showed that the eyes of
PCV subjects showed lower CVI (p = 0.023), a larger ratio of Haller layer
to SFCT (p < 0.001), and thicker SFCT (p < 0.001) than the eyes of
controls. Moreover, in unaffected fellow eyes in comparison to normal
eyes, the Haller layer to SFCT ratio was higher (p<0.001). 1%,

6.3. Anti-VEGF therapy

After intravitreal anti-VEGF injection, the aberrant neovascular
networks tend to recede and some of the original choroidal capillaries
may potentially regrow. This results in a noticeable alteration in the
choroidal vessel layers. On the other hand, long-term anti-VEGF therapy
may also affect the natural choroidal circulation, changing the layers of
vessels 1%,

Anti-VEGF therapies can alter the choroidal vascular layers in several
ways by inhibiting VEGF. For instance, anti-VEGF therapies can lessen
the growth of new, aberrant vessels in the choroidal layer, which are
indicative of CNV linked to nAMD. Moreover, they diminish vessel
permeability and fluid reducing leakage, fluid buildup, and retinal
edema, which helps to stabilize or improve vision. Also, after anti-VEGF
therapy, ChT frequently decreases, as shown by imaging techniques like
OCT. The resolution of edema and inflammation in the choroid, along
with the regression of CNV, are linked to this reduction in thickness.
Another important effect of anti-VEGF therapies is that they normalize
the choroidal blood flow, reducing the choroid’s aberrant blood flow
and determining a retraction of the neovascular network. Anti-VEGF
may also lead to a remodeling of choroidal vasculature, resulting in a
decrease in both the vessel size and number, especially in the CC.
Clinically, these modifications of the choroidal vasculature determine a
reduction of hemorrhage and exudates, a normalization of the retinal
architecture, and an improvement in visual acuity. On the other hand,
long-term anti-VEGF treatment may eventually cause choroidal atrophy
or thinning. The RPE and endothelial cells both depend on VEGF for
survival, therefore this could be caused by its inhibition >,
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Fig. 4. Choroidal contour in a healthy eye. The upper line shows the Bruch’s
membrane, and the lower line shows the choroid-sclera interface (CSI).

In conclusion, the capacity to identify and differentiate between the
layers of the choroidal vessels, using the imaging techniques discussed
above, offers crucial information on the causes, developments, and
outcomes of AMD treatments. This multi-layered understanding is
necessary for patient care and customized treatment plans.

7. Choroidal contour analysis

The regular choroid is reported to have a bowl-shaped contour, with
maximal SFCT which tapers as we go towards the nasal and temporal
region. (Figure 4) The arrangement of the choroidal vasculature is
continuous, with CC and medium-sized vessels toward the inner aspect
and the bigger Haller layer oriented toward the GSI '”°. It has been noted
that AMD patients may have focal choroidal thinning, which occurs
temporally and gives the appearance of an S-shaped or uneven contour
119 Legocki and coworkers documented comparable alterations in
nAMD patients. Compared to 100 % of normal eyes, 13.3 % of nAMD
eyes had a normal bowl-shaped contour. Of the 15 eyes with nAMD,
SFCT was the thickest point in 20 % of the eyes compared to 91 % of
healthy eyes, and 40 % of patients had focal choroid thinning (vs 0 % of
healthy eyes) '°°. When it comes to AMD and its related symptoms, the
choroidal contour, which includes the topographic changes and abnor-
malities in the choroidal layer, has substantial clinical significance *°°.

The diverse forms of drusen and the alterations in the cortical shape
linked to dAMD are reflections of underlying pathophysiological pro-
cesses /. By evaluating alterations in choroidal thickness, texture, and
vasculature, one can distinguish between different types of drusen and
phases of dAMD using choroidal contour analysis. These changes may be
associated with the severity and progression of the disease. The thinning
of the choroid is observed in some patients with dAMD, especially in the
latter stages of the disease °°. As the disease advances to intermediate
stages, some patients may start to exhibit choroidal thinning, however,
early stages may not show any appreciable choroidal alterations. A few
tiny drusen with little effect on choroidal contour may be visible in early
AMD. Hard drusen are less frequently linked to significant choroidal
alterations than soft and RPD. As dAMD advances, particularly in the
direction of GA, the choroid often thins and may exhibit increased
heterogeneity in its texture 1°2,

Changes in the choroidal contour that are predominantly related to
the elevations or depressions brought on by underlying drusen may be
mild in the early stages of dAMD. With EDI-OCT, these drusen-
associated choroidal contour undulations can be seen. The choroidal
contour becomes more irregular as dAMD worsens, particularly as it
enters the GA phase, and is characterized by thinning areas that match
retinal atrophy areas '°.

Because of CNV presence and its impact on the surrounding tissues,
choroidal contour examination in nAMD reveals many distinctive
changes that are frequently more severe and varied than those seen in
dAMD. The formation of neovascular membranes frequently causes
significant changes to the choroidal shape in nAMD. With their
distinctive polypoidal lesions, the choroidal elevations or protrusions

Survey of Ophthalmology xxx (xxxx) xxx

Fig. 5. This figure shows the left eye of an 87-year-old patient with geographic
atrophy. The orange arrow shows the type 1 choroidal cavern which is limited
to Sattler’s layer, and the black arrow shows the type 2 choroidal cavern which
is larger than the type 1, in the Sattler’s and Haller’s layers.

observed in situations such as PCV have a specific choroidal contour that
can be clearly recognized on enface OCT and further examined with
ICGA. The choroidal contour can also be disrupted to varied degrees by
other CNV subtypes, such as RAP and classic CNV, which can be care-
fully mapped and distinguished utilizing imaging modalities. Following
intravitreal anti-VEGF injection, the choroidal contour frequently
returns to normal or stabilizes as the neovascular tissue recedes with
decreasing edema and exudative alterations. On the other hand,
vigorous neovascular activity or long-term therapy may result in
persistent abnormalities in shape. Essentially, choroidal contour anal-
ysis offers a window into the underlying choroidal processes in AMD,
supported by sophisticated ocular imaging. It is critical to comprehend
these contours to evaluate the severity of the disease, measure the
effectiveness of treatment, and forecast the course of the illness %°.

In a recent retrospective study we included 13 healthy eyes, 12 eyes
with CSCR, and 8 eyes with AMD. A widefield SS-OCT was used to ac-
quire volumetric images, and the previously proven residual U-net
(ResUnet) deep learning model for choroidal segmentation was used to
produce a choroidal inner surface and outer surface in three dimensions.
Using a specially designed 3D visualization tool based on MATLAB, a
qualitative analysis of the choroidal inner surface and the choroidal
outer surface was carried out, and the choroidal contour shapes were
arranged in decreasing steepness order. The maximum primary curva-
ture (Pmax) of the surface, which was determined at the superior,
inferior, temporal, and nasal macula, served as the basis for the quan-
titative analysis. In conclusion, compared to normal eyes, the choroidal
contour was flatter in AMD *°.

In a separate cross-sectional investigation, 15 eyes with nAMD and
11 normal eyes were evaluated by single horizontal high-definition
raster line imaging employing high-definition SD-OCT. Under the
fovea, two separate graders evaluated the choroidal anatomy and
quantified the vascular layer thickness. In eyes with nAMD compared to
healthy eyes, significant thinning was seen in the CC and medium
choroidal vessel layer (205.7 ym + 17.08 um versus 281.3 pm =+ 19.29
um, P =0.007), the large choroidal vessel layer (174.1 pm + 16.34 pm
versus 244.5 ym + 19.51 ym, P =0.01), and the SFCT (31.53 um + 3.67
um versus 51.9 pm + 1.94 pym, P =0.0002). Finally, as determined by
SD-OCT, choroidal morphology is changed in eyes suffering from nAMD.
In nAMD, all the vascular layers are involved in choroidal thinning.
These anatomical and vascular alterations could have therapeutic ram-
ifications for identifying and tracking nAMD in the eyes '*°.

Most investigations use line scans, which yield 2D features of the
choroidal contour '%°. To investigate localized differences in choroidal
contour, choroidal thickness maps provide more comprehensive and
reliable information.

The choroidal contour can show how AMD is progressing; a thin
choroid may indicate a greater chance of atrophic alterations. It is
possible to forecast the likelihood of progression to GA or nAMD, based
on the location and pattern of choroidal alterations. The link between
the choroid and retinal alterations in AMD can be better understood with
the use of choroidal contour analysis. Making treatment decisions,
keeping an eye on the course of the disease, and getting an early
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Fig. 6. Differences in choroidal vascular hyperpermeability between eyes with PNV Late phase ICGA (of 10 min after dye injection) shows a focal area of choroidal
vascular hyperpermeability (CVH) in A and diffuse CVH in B. This difference may be caused by a difference in severity of vascular change or pathophysiology.

diagnosis all depend on this.
8. Choroidal caverns

In a previous study by Querques and coworkers the incidence of
“choroidal caverns” was documented in 12.5 % of eyes affected by GA.
These caverns are described within the Sattler layer of the choroid,
localized in regions devoid of choroidal vessels. (Figure 5) The etiology
of these caverns is postulated to involve the absence of flow signal ghost
vessels and the persistence of stromal pillars. °*'*°, The choroidal cav-
erns are classified into 2 types by Guo and coworkers. Type 1, which is
small and lobulated in choriocapillaris and Sattler’s layer and is seen in
17.4 % of normal eyes and 1.6 % of nAMD, and type 2 which is seen in
Sattler and Haller layers, has a larger diameter, and it is present in 0 % of
normal eyes, and 21.3 % of nAMD. They showed that the number,
thickness, and width of type 2 choroidal caverns demonstrate associa-
tions with macular ChT, and this type is more seen in RPE atrophic
retinal diseases. />

It is not only seen in AMD but also in various retinal diseases and
healthy eyes, and it could be physiologically choroidal lipid material,
from the photoreceptor metabolism. 52162 1t js not associated with other
OCT findings in GA including general thinning, outer retina tubulation,
retinal pseudocyst, ghost drusen, and wedge-shaped hyporeflective le-
sions between Bruch membrane and outer plexiform layer. '*°

9. Choroidal vascular hyperpermeability

CVH contributes to the CSCR, PCV, and nAMD “'°, CVH results in
elevated hydrostatic pressure, which causes an increased ChT,
micro-RPE separation, and RPE tears in eyes with PCV. CVH is most
effectively diagnosed during the late phase of ICGA with multifocal
choroidal hyperfluorescence *'%%, It is related to choroidal anatomical
parameters including ChT and CVD, and previous research showed that
the eyes with CVH had higher SFCT. (Figure 6)

There are differences in CVH in eyes with or without pachychoroid
phenomenon, between macular CNV subtypes. Eyes with CNV related to
PCV showed more CVH incidence than AMD. '>'°% Recent studies
showed a relatively worse response to intravitreal anti-VEGF injections
in eyes with higher ChT and CVH. The treatment response differs be-
tween groups with and without CVH in PCV patients. Patients with thick
choroids and CVH as determined by ICGA had a poor response to

intravitreal anti-VEGF injection therapy and a less favorable visual
outcome 7598:155,171,204

10. Choroidal vascular density

The morphology of choroidal vessels may be an important feature for
choroidal evaluation in AMD. The choroidal vascular density (CVD) is a
quantification report of vascularity status which is measured by OCTA at
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100 pm beneath Bruch membrane. (142) It has been shown that it is
affected by the aging process too. Ruiz-Medrano and coworkers reported
that the healthy subjects older than 18 years had significantly lower CVD
than younger subjects. '°* Fujiwara and coworkers reported that in
healthy eyes, CVD is affected by age and SFCT. *

Alten and coworkers by evaluating 186 eyes with SDD showed that
the CVD from enface slabs is significantly lower in eyes with SDD (143),
but with a similar approach, another report from Lains and coworkers
did not show any significant differences in CVD in eyes with SDDs. (144)
On en face OCT of the Haller layer, there was a significant difference in
the morphology of vessel pattern between PCV and AMD. '° Lee and
coworkers demonstrated higher CVD in PCV and PNV eyes compared to
AMD using ultra-widefield ICGA. '

PNV and PCV are characterized by a thickened choroid and inter-
vortex venous anastomoses. These observations suggest that the
abnormal dilation of deep choroidal vessels, including those in the pe-
ripheral regions, may play a significant role in the pathophysiology of
PNV and PCV. '?° Ra and coworkers reported that in PCV eyes, the CVD
was significantly higher compared to the healthy control group in most
regions including the periphery. Moreover, there was a positive corre-
lation between CVD and ChT also the CVH, suggesting that choroidal
congestion and dilatation play an important role in PCV pathogenesis.
Additionally, the higher CVD and ChT were correlated with poor
response to intravitreal anti-VEGF injections. 146

11. OCTA of the choroid

En face imaging with OCTA enables the observation of the choroidal
vasculature in vivo. This imaging entails capturing multiple OCT scans
at consistent locations and analyzing the motion contrast to understand
blood flow characteristics. °11¢

Over the last decade, technological advancements have significantly
transformed medical imaging. Innovations have emerged, leveraging
either doppler shift or decorrelation principles. 7>¢%-8%168 Notably, the
split-spectrum amplitude-decorrelation angiography (SSADA) algo-
rithm, pioneered by Huang and collaborators, has played a pivotal role.
This algorithm enhances image acquisition by increasing the number of
frames captured, leading to improved signal-to-noise ratios; however, it
comes at the cost of diminished axial resolution.

Another notable adaptation in this field is optical microangiography,
which cleverly combines both amplitude-based and phase-based ap-
proaches, allowing for comprehensive and detailed visualization of
microvascular structures. ° In normal eyes, CC in OCTA is characterized
by alternating patterns of dark areas, representing voids signal, and
bright areas, representing blood flow. “* Signal voids may occur either
from areas of flow void due to decreased contrast concentration or from
regions with blood flow below the detectable threshold. It has been
shown that signal void areas due to the loss of contrast concentration
tend to increase with age. ° The highest density of capillaries is found at
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Fig. 7. Various choroidal neovascularization (CNV) patterns in optical coherence tomography angiography (OCTA). Figure 7-A: a central feeder vessel with Medusa
pattern. Figure 7-B: eccentric feeder vessel with Seafan pattern. Figure 7-C: No feeder vessel and Indistinct pattern. Figure 7-D: A main vascular trunk without thin
branches called Pruned vascular tree. '”? Note: Permission to use this figure has been obtained from the Indian Journal of Clinical and Experimental Ophthalmology

editorial board.

the fovea and diminishes progressively with distance from it. Nowadays,
OCTA has become essential in managing patients with AMD, as it can
evaluate choroidal circulation flow, vessel density, and qualitatively and
quantitatively assess CNV in AMD.

Compared to using multiple instruments for multimodal imaging, a
single SS-OCTA scan offers a convenient, comfortable, and compre-
hensive method for obtaining both qualitative and quantitative
anatomic and angiographic information. This approach effectively
monitors the onset, progression, and response to therapies in both
nonexudative and exudative AMD. 1>°

11.1. Dry AMD and GA

In cases of dAMD, a single SS-OCTA scan was utilized to detect and
measure various structural features in the macula. These features
included the area and volume of typical soft drusen and calcified drusen,
the presence and location of hyperreflective foci, the presence of RPD,
the thickness of the outer retinal layer, the presence and thickness of
basal laminar deposits, the presence and area of persistent choroidal
hypertransmission defects, and the presence of treatment-naive non-
exudative macular neovascularization. '>°

The dAMD eyes have shown decreased CC density in OCTA scans. **
4387 In cases of intermediate AMD, the regions of CC reduction were
primarily observed beneath and near the area of drusen. ** A similar
decrease in CC blood flow has been documented in eyes exhibiting RPD,
and the decline in CC vessel density was observed to align with the
quantity of RPD lesions. °

Research by Li and coworkers, however, revealed that eyes affected
by macular RPD exhibited reduced macular CC perfusion, decreased CC
thickness, and diminished macular ChT measurements compared to
healthy eyes or eyes with soft drusen. Hence, the emergence of RPD in
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AMD might be attributed to a deficiency in choroidal perfusion, as
supported by findings from other comparable research groups. »'''° Nam
and coworkers showed varying patterns of decreased vessel perfusion in
all slabs for intermediate AMD with RPD versus intermediate AMD
without eyes. 1%*

Conversely, Wu and coworkers found no significant discrepancies in
CC flow void and average ChT, indicating that RPD did not affect
vascular parameters in an intermediate stage of dry AMD. 2%°

Alterations in CC vascular density could offer insights into the AMD
progression, transitioning from early stages to advanced stages like GA.
45:46 A recent study by Nattagh and coworkers showed that there was a
significant correlation between the expansion rate of GA and the density
of CC flow void in both the macular area and the region surrounding the
margin of GA. The level of flow void surrounding GA was linked to the
growth of GA into that specific region. Moreover, Greig and coworkers
showed that a significant decrease in CC blood flow may be seen locally
before the GA development. '*°

Where drusen and RPE alterations are present, OCTA can identify
reduced CC layer density and flow °°. The "honeycomb" type of CC pa-
thology was observed beside large drusen, with normal interval areas in
between, while a normal CC feature, disrupted by small black holes,
indicated the presence of drusen. It has been observed that the nearly
complete absence of CC perfusion is primarily seen in the large, closely
spaced drusen. Additionally, CC non-perfusion may extend beyond
well-defined drusen. This could be explained by the impact on nutri-
tional needs in the vicinity of large drusen associated with dAMD. **7°

11.2. nAMD

In eyes with nAMD, the same SS-OCTA scan pattern was utilized to
detect and measure macular fluid, identify the presence and type of
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CNV, and assess the exudation response to anti-VEGF treatment. This
scan pattern was also used to quantify CC perfusion, CC thickness,
choroidal thickness, and choroidal vascularity. '°°

The emergence of nAMD typically manifests with intraretinal and
subretinal fluid detected in the OCT scans; however, a particular sub-
group referred to as non-exudative CNV (neCNV) comprises treatment-
naive MNV without exudative features ("inactive" CNV) observed on
OCT B-scans for a minimum of six months. '**

OCTA is becoming the favored diagnostic instrument for identifying
these lesions. During the initial 12 months, the likelihood of progressing
to exudation is significantly greater in eyes with neCNV than in those
with dAMD (21.1 % vs. 3.6 %). °° Various groups have attempted to
pinpoint neCNV growth and exudation predictors using OCTA; however,
the effectiveness of OCTA biomarkers as precise predictors of CNV ac-
tivity is unrecognized. '° Even though neCNV has usually been iden-
tified in the aspect of intermediate dAMD, it has also been associated
with GA. ®! In these cases, treatment should be reserved only for
exudation, secondary to the protective effect of neCNV on GA progres-
sion delay. 7>'°° Additionally, OCTA enhances the examination of
exudative CNV since alternative techniques like FA and ICGA offer lower
resolution and are prone to dye leakage. >3

High vessel tortuosity in CNV observed through OCTA may nega-
tively correlate with deep capillary plexus vessel density and visual
outcomes. Additionally, it is significantly associated with a higher onset
of retinal atrophy. '' Previous studies showed that in type 1 CNV, the
OCTA shows special features of new vessels such as medusa head, sea
fan, or tangled patterns, while in type 2 CNV, it shows a main trunk with
sharp demarcation and dense smaller vessel branching networks. %1%
(Figure 7)

In addition to morphological characteristics, various quantitative
parameters such as CNV area, vessel density, and flow index have been
identified. Jia and coworkers observed a choroidal blood flow decrease
in five neovascular AMD patients, with CNVM areas ranging from 0.13
to 2.18 mm? and CNV flow index values ranging from 0.120 to 0.148.
The flow index, which is a ratio derived from vessel density and velocity
within the CNVM complex, demonstrated higher values in eyes with
large CNV, type 2 CNV, or combined CNV. %

Remarkably, PCV exhibits diverse OCTA patterns. This neovascular
lesion manifests as a polyp (nodular vascular agglomeration) alongside a
branching vascular network situated beneath sub-RPE. *° Despite
OCTA’s variable sensitivity and specificity in detecting PCV, ICGA re-
mains the gold standard for diagnosis. While the branching vascular
network detection via OCTA is comparable to or even surpasses ICGA,
the presence of an aneurysmal lesion might elude OCTA when slow flow
fills the polyp. *°

Furthermore, OCTA has significantly expanded our comprehension
of the pathophysiology involved in type 3 CNV. This technology un-
equivocally revealed the intraretinal origin of these lesions from the
deep vascular complex and the subsequent events leading to their
development. '°’Moreover, OCTA has corroborated the role of CC
ischemia in the formation of type 3 CNV in both the diseased eyes and
fellow eyes. 159,160

11.3. Anti-VEGF response

OCTA plays a crucial role in the treatment decision-making process
for nAMD, to identify the type of CNV, assess disease activity, and
evaluate the usefulness of intravitreal anti-VEGF injection therapy. With
a demonstrated sensitivity of 50 % and specificity of 91 % in the diag-
nosis of CNV secondary to nAMD, OCTA is an invaluable instrument for
disease assessment °°. Previous studies showed that after treating
nAMD, the size of the CNV and the density of the neovascularization
complex decreased, accompanied by morphological alterations in the
CNV. Moreover, the morphology of CNV varied between active and
quiescent forms, notably, active CNV lesions exhibited more small
branching vessels and peripheral arcades compared to quiescent CNV. >
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Kim and coworkers showed that the site of neovascularization in
nAMD in OCTA of their 53 patients differed in the responses to anti-
VEGF treatment. Following anti-VEGF treatment, type 2 neo-
vascularization considerably reversed in comparison to type 1 neo-
vascularization °°.

The angiographic patterns of CNV have also been summarized as
immature (tangle CNV), mature (medusa, and sea-fan CNV), and hyper
mature (dead-tree CNV). Immature forms were characterized by a
higher risk of growth, whereas mature and hypermature features
ggllowed a moderate progression and a resistance to injection therapy. 7

Apart from the baseline analysis, quantitative OCTA-based changes
have been described in the treated eyes with CNV. Kuehlewein and co-
workers calculated the area of type 2 CNVM in the n-AMD eyes. After
treatment with ranibizumab at 2 months, there was a size reduction
(4.12-1.64 mm?) and vessel density of 19.83-7.57 mml; however, the
main vascular trunk remains unchanged in size. Muakkassa and co-
workers measured the area and greatest linear dimension of CNVM on
OCTA in multiple chorioretinal diseases (nAMD, PCV, CSCR-related
CNVM, multifocal choroiditis, and MacTel-related neovascular mem-
brane) in 6 eyes. After anti-VEGF injections, there was an average
reduction in the greatest linear dimension (23.6 %) and area of CNVM
(29.8 %) in 5 eyes. 102,131

12. Conclusions

Age-related macular degeneration encompasses a range of diseases
with diverse risk factors resulting in various subtypes. Advancements in
retinal optical imaging techniques, such as enhanced depth imaging
OCT and OCTA, have enhanced our comprehension of the choroid and
provided high-resolution images of the retina and choroid and their
vasculature. These techniques are noninvasive and easily reproducible,
making them indispensable in diagnosing and assessing treatment out-
comes for macular and retinovascular diseases; however, the limited
choroidal penetration of OCT devices hinders the resolution of images.
Furthermore, the sensitivity and specificity of these choroidal parame-
ters in diagnosing diseases can still be improved. Various biomarkers
have been identified and analyzed in AMD, leading to the possibility of
personalized treatment. Acquiring more accurate quantification on
choroidal biomarkers, including ChT, CVol, CVI, CVH, CVD, choroidal
vascular layer thickness, choroidal contour, and choroidal caverns, in
addition to EDI-OCT, OCTA, and enface images, would enhance our
knowledge of AMD.

Variations in ChT are seen in different stages of AMD, with thinning
or increased thickness depending on the stage and the drusen type. In
nAMD, the ChT varies due to active or inactive CNV or receiving anti-
VEGF injection. Reduced CVI in AMD, especially in GA, is linked to vi-
sual deficits and disease progression. Reduced CVol indicates choroidal
deterioration in AMD, especially in GA, but nAMD may show increased
CVol initially and decrease by anti-VEGF therapy. Subtle changes in CC
are seen in early-stage AMD and become more noticeable as the disease
progresses. Anti-VEGF therapy reduces abnormal neovascular networks
and fluid leakage, normalizes blood flow, and remodels vasculature, but
long-term use may lead to choroidal atrophy or thinning. AMD patients
often exhibit choroidal thinning, leading to an uneven contour, which
can be analyzed using EDI-OCT to distinguish between different types of
drusen and phases of AMD. Anti-VEGF therapy can normalize or stabi-
lize the choroidal contour in nAMD, which shows significant changes
due to neovascular membranes, with more severe and varied alterations
than dAMD. Choroidal caverns and CVH are associated with different
stages of AMD. CVD is higher in PCV and PNV eyes compared to AMD,
suggesting that choroidal congestion and dilatation play a significant
role in PCV pathogenesis and are correlated with poor response to anti-
VEGF injections. OCTA is essential for evaluating choroidal circulation,
vessel density, and CNV in AMD, with SS-OCTA providing
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Fig. 8. Future directions of choroidal analysis. Figure 8-A: This figure shows the 3-dimensional (3D) view of choroidal vessels. Figure 8-B: This figure shows the 3D

choroidal contour analysis.

comprehensive information to monitor disease progression and therapy
response. Studies on peripheral choroidal changes in AMD are limited
and need more consideration. These choroidal biomarkers require
further validation to be introduced into clinical practice, providing
insight into innovative diagnostic and therapeutic interventions for
choroidal diseases.

13. Future directions

Current imaging techniques for evaluating choroid have provided
valuable findings in choroidal changes of AMD; however, a compre-
hensive visualization of the choroid with deeper penetration and higher
resolution is needed for better analysis of choroidal structures (vessels
and stroma) and choroidal parameters such as thickness and contour. At
present, modalities often provide qualitative findings in choroidal
changes such as CVH in ICG images, whereas quantification of param-
eters may help researchers to identify changes in patient visits. 3D
evaluation of choroidal vessels, measurements, and segmentation can
aid in better identification of different parameters that are not repre-
sented in a single 2D scan. Choroidal contour is a fairly newer entity that
has attracted researchers, and the advent of 3D maps of choroidal vessels
and contour analysis has opened up new dimensions and possibilities
previously unexplored.”®! (Figure 8)

In summary, the collaborations between ophthalmologists and en-
gineers, by using artificial intelligence will drive the development of
new algorithms to make high resolution 3-dimensional scans to enhance
our knowledge about AMD, and better assessment of choroidal bio-
markers, to improve patient care.

Method of literature

This review article delves into the latest developments in choroidal
analysis for age-related macular degeneration (AMD). Our methodology
primarily relies on meticulously curated English-language publications
spanning the past two decades, with a keen focus on the most recent five
years. We meticulously scoured databases such as PubMed and Google
Scholar to identify relevant studies.
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