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The advent of optical coherence tomography angiography (OCTA) has facilitated remarkable advancements in our ability
to image the blood vessels of the retina and choroid. This is particularly true of the choriocapillaris (CC), the blood vessel
bed that feeds the outer retina. OCTA has more clearly defined the integral role of the CC in age-related macular
degeneration (AMD), the leading cause of vision loss people over 50 years old. OCTA imaging shows that the
choriocapillaris is impaired in intermediate and advanced non-neovascular AMD, and the severity of impairment may
predict the advancement of disease. In advanced non-neovascular AMD, the choriocapillaris is severely impaired
underneath the area of geographic atrophy, and the level of impairment surrounding geographic atrophy can predict the
rate of atrophy enlargement. Macular neovascularization, harmful new blood vessels that grow in neovascular AMD, can
be readily identified and classified using OCTA. It is still unclear however if neovascularization features with OCTA can
predict the lesion’s level of activity. However, the choriocapillaris surrounding macular neovascularization is impaired while
the more peripheral choriocapillaris is spared, implying that choriocapillaris disease may drive the growth of these new
blood vessels. With continued innovation in OCTA image acquisition and analysis methods, new discoveries in AMD are
set to follow.
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Age-related macular degeneration (AMD), the leading cause of vision loss in people 50 years or older, profoundly affects
the quality of life of almost 200 million people worldwidelll. The disease causes progressive loss of the patient's central
vision and can lead to central blindness. In the late stages, AMD severely impacts the patient’'s reading ability, mobility,
and emotional quality of life (. Currently no treatment exists for non-neovascular AMD, the most common AMD subtype,
highlighting the importance of research to better understand the disease.

While significant advancements have been made in the understanding of AMD, a complete picture of the disease has not
yet been elucidated. AMD affects the retina, the neural tissue at the back of the eye that receives light and converts it into
signals that are sent to the brain. Specifically, it affects the macula, the area of the retina that mediates central vision. The
retina is composed of many layers, of which only the outermost are affected by AMD. The outer retina contains the rods
and cones, the photoreceptor cells that convert light into neurologic signals. These cells are supported underneath by two
layers called the retinal pigment epithelium (RPE) and Bruch’'s membrane. Each of these layers receive blood flow from a
vascular layer below it called the choroid. The most superficial layer of the choroid, the choriocapillaris, provides a bed of
capillaries which nourish the outer retina. AMD causes degeneration of the outer retina, which contains the photoreceptor
cells, the RPE, Bruch’s membrane, and the choriocapillaris.

As the outer retina’s source of blood flow and connection to the systemic system, the role of the choriocapillaris in AMD is
of great interest. However, as the choriocapillaris is relatively thin and located underneath the retina, imaging of the layer
has proven challenging. With the advent of optical coherence tomography angiography (OCTA), however, blood flow in
the choriocapillaris can be identified with far greater detail than ever before. OCTA is a relatively new imaging modality
that allows for three-dimensional visualization of the retinal and choroidal circulation without the need for dye injection.
This advancement has heralded critical new insights into the pathogenesis of AMD and is poised to become an important
part of the clinical care of AMD patients.

OCTA of the Choriocapillaris in AMD

Choriocapillaris disease is associated with outer retinal, RPE and Bruch’'s membrane disruption in all stages of AMD.
Several histopathologic studies, studies that examine dead tissue under a microscope, have in fact shown that the density
of blood vessels in the choriocapillaris decreases with increasing AMD severity B[4, various OCTA studies, discussed



below, also have shown that the choriocapillaris is distinctly altered in the eyes of patients with intermediate and late-stage
AMD, and that the health of the choriocapillaris may even predict further progression of the disease.

AMD exists in non-neovascular and neovascular forms, and in early, intermediate and late stages. In the non-neovascular
form, lipoprotein deposits called drusen form underneath the macula in the early and intermediate stages while the outer
retina, RPE and choriocapillaris degenerate and decay in the late stage. This pattern in the late stage is termed
geographic atrophy. In the neovascular form, new blood vessels proliferate, often from the choriocapillaris, which leak and
increase the risk of vision loss. Alterations in the choriocapillaris can be captured with OCTA in the intermediate and late
stages of both forms of AMD.

OCTA of the Choriocapillaris in Non-Neovascular AMD
Intermediate Non-Neovascular Intermediate AMD

In intermediate, non-neovascular AMD, early outer retinal abnormalities are associated with impairment of the
choriocapillaris. Drusen, the hallmark feature of early and intermediate AMD, is associated with progressive disruption of
the choriocapillaris [Bl. OCTA analysis of intermediate AMD eyes shows impaired blood flow through the choriocapillaris [,
particularly beneath and surrounding drusen . Even these early changes may functionally impact the patient’s vision.
The level of impairment of blood flow through the choriocapillaris correlates with reduced sensitivity of the macula in eyes
with early or intermediate AMD &l In these ways, the health of the choriocapillaris on OCTA is a meaningful indicator of
the severity of disease in AMD.

The health of the choriocapillaris on OCTA may also have predictive power in determining the advancement of
intermediate AMD. Areas of the choriocapillaris in which blood flow is not detected are termed “flow deficits.” In patients
with macular drusen, choriocapillaris flow deficit predicts both the enlargement of the existing drusen and the development
of new drusen . Impairment of the choriocapillaris may also indicate progression to more advanced stages of the
disease. Greater choriocapillaris flow deficit can be a predictor of progression to RPE and outer retinal atrophy 29
Similarly, flow deficit is greater in intermediate AMD eyes that progress to the advanced, atrophic stage 1. Guided by
these findings, OCTA of the choriocapillaris may provide useful risk stratification or predictive benefits in the future.

Analysis of the choriocapillaris in AMD must be considered in the context of the normal aging of the retina. Age is highly
correlated with decreasing density of the choriocapillaris, particularly in the macula, a finding that has been demonstrated
in both histopathologic 12 and OCTA studies 8. Increased choriocapillaris flow deficits, as discussed above, can also be
attributed to normal aging. The OCTA findings associated with normal aging and the OCTA findings that occur during
transition to early AMD are not yet well defined.

Advanced Non-Neovascular AMD

In non-neovascular advanced AMD, atrophy of the outer retina, RPE and choriocapillaris occurs, termed “geographic
atrophy” (GA). Because of CC attenuation, it is not surprising that patients with advanced non-neovascular AMD show
choriocapillaris alterations on OCTA. OCTA in fact allows for precise demarcation of the area of atrophy as accurately as
fundus autofluorescence 3], the gold standard for GA demarcation. As the disease progresses to GA, the choriocapillaris
exhibits significant impairment underneath the area of atrophy 1415[14, 15], and{Alagorie, 2019 #348} then is lost
completely. It is important to note that the choriocapillaris is also impaired in the peripheral macula, outside of the areas of
geographic atrophy BSI8IL7Y The choriocapillaris in the zone immediately surrounding geographic atrophy shows the
greatest impairment on OCTA and predicts the rate of atrophy enlargement (Figure 1) 1819 These findings again indicate
the critical and possibly predictive role of the choriocapillaris and its impairment in the development and progression of
advanced AMD.



Figure 1: Courtesy of Nassisi et al., 2019 18: Geographic atrophy and different growth rates: One eye from two

patients with geographic atrophy (GA) are shown in the two rows of images. The brighter central lesion represent the area
of atrophy in each patient. Panels A and D show structural (en face) optical coherence tomography (OCT) images at
baseline. Panels B and E show the corresponding en face OCT images acquired one year later. The 2 patients show a
very different yearly growth rate (0.07 and 0.73 for the first and second row respectively) of the atrophic lesions. Panels C
and F show the corresponding OCT angiogram at the level of the choriocapillaris from the baseline visit for these two
patients. White areas show choriocapillaris (CC) blood flow, while darker areas show a lack of flow. The images show
dramatically different flow surrounding the atrophic lesion, with more severe CC blood flow impairment with OCTA in the
patient with more rapid atrophy progression (41.2% versus 53% for the first and second row respectively).

OCTA of the Choriocapillaris in Neovascular AMD
OCTA of Macular Neovascularization

Neovascular AMD is characterized by the proliferation of new blood vessels, termed macular neovascularization (MNV).
MNV is associated with a high risk of rapid and severe visual decline and may necessitate the frequent intravitreal
injection of anti-VEGF agents (a vascular growth factor inhibitor). Given the remarkable visual benefits of antiVEGF
therapy of neovascular AMD, the identification and classification of MNV is of critical significance. For these reasons, the
assessment of MNV is an important application of OCTA. The advent of OCTA has transformed the diagnostic power of
the clinician to detect and image MNV and has provided insights into the pathways of neovascular AMD.

When used in conjunction with its corresponding structural OCT (the OCTA image without information on blood flow),
OCTA is a powerful tool for both the diagnosis and classification of MNV. It has higher sensitivity and specificity than
fluorescein angiography, the gold standard before the advent of OCTA, or indocyanine green angiography [22[211[22][23]
and does not require dye injection. However, OCTA does not provide information about dynamic leakage and may miss
components of neovascularization with low blood flow speeds such as polypoidal (i.e. aneurysmal MNV) lesions.

Beyond identification, OCTA facilitates classification of the neovascularization. MNV can be classified by anatomical
position: type 1 MNV is located below the RPE and originates from the choroid, type 2 MNV is located in the sub-retinal
space and originates from the choroid, and type 3 MNV is located within the neurosensory retina and originates from the
deep retinal capillary plexus and is also known as retinal angiomatous proliferation or RAP 24251 within these
classifications, MNV can be sub-classified based on the morphology or shape of the vessels. Mature type 1 MNV is
characterized by large thick branching vessels with secondary finer capillary branching. Various patterns of large vessel
branching have been described, including “medusa,” “seafan” and “tangled” morphologies, but these subclassifications
have limited predictive and clinical value 28, Hypermature type 1 MNV is characterized by larger vessels without the
secondary capillary ramification (“dead tree” pattern) [27[28129]1301181][32] 5nq are more commonly associated with macular



atrophy and/or fibrosis. The vascular morphology of Type 2 MNV [B3l34] js comparable to that of Type 1 MNV, and thus
these two MNV types can only truly be differentiated based on their position relative to the RPE. Type 3 MNV originates
from the retinal deep capillary plexus (DCP) within the retina rather than the choriocapillaris below the retina. Nascent
Type 3 lesions may show progressive downgrowth towards the RPE B2I8I37 |t js interesting that one study noted worse
perfusion of the choriocapillaris in eyes with type 3 MNV compared to fellow non-neovascular eyes, implying that
choriocapillaris disease may play a critical role in the development of these lesions [28],

The OCTA morphology of neovascularization can correlate with activity. Fine vessels at the advancing edge of MNV,
branching complexity, and a dark halo surrounding the lesion may indicate activity. Conversely, large, “dead tree” like
vessels and a paucity of fine branching capillaries may indicate relative quiescence IRBIAIEISI7IEISL0I[L1][12]{13][14][15](16]
(L7]128][19][20][21][22][23](39][40)[41][42] These descriptive features, however, do not have predictive value to guide anti-VEGF

therapy, nor is it clear whether they can be graded reliably. After anti-VEGF treatment, MNV can show a rapid decrease in

the fine capillary vessels typically at the lesion border. This may be because the capillaries at the lesion edge are less
protected by vascular support cells called pericytes than the mature feeding or central trunk vessels that are more
resistant to anti-VEGF treatment 431441145 NNV may also temporarily decrease in size after anti-VEGF therapy but
subsequently increase in size after two weeks 8. With repeated anti-VEGF injections, often only the mature, “tree trunk-
like” pericyte protected vessels remain, after which lesions are referred to as “mature” or “hypermature” 2448l Chronic
anti-VEGF therapy of mature type 1 MNV is associated with progressive growth in the lesion area after 1 year in the
majority of cases 48l Lesions with extensive vascularity are typically associated with good visual acuity and lesions with
low vascularity are associated with poor acuity.

OCTA of the Choriocapillaris in Neovascular AMD

Beyond the direct study of the neovascular membrane, OCTA studies show that the choriocapillaris is impaired in the
environment surrounding the MNV. MNV is commonly encircled by a “dark-halo” on OCTA, an area devoid of blood flow.
This may represent a “vascular steal” phenomenon ¥2 because of flow diverted through the neovascular membrane B or
may be the result of inner choroidal ischemia B2, This dark halo may in fact represent a marker of neovascular activity.
The choriocapillaris immediately surrounding MNV shows worse flow deficits than other areas of the macula [BL[B3154]
indicating choriocapillaris impairment. This association holds true even when analyzing only the choriocapillaris
immediately outside of the dark halo in eyes that have not yet received anti-VEGF treatment (Figure 2) 22, indicating that
the choriocapillaris immediately surrounding the MNV s truly diseased. This suggests that choriocapillaris disease may
cause a lack of oxygen in the RPE, which may then drive the release of VEGF, an angiogenic growth factor, leading to the
development of MNV. It cannot, however, exclude the possibility that the choriocapillaris disease is instead caused by the
MNV. It is interesting that choriocapillaris flow deficits may be more severe around active versus inactive or quiescent (i.e.
nonexudative) MNV and future applications of OCTA may become important to determine which MNV lesions require anti-
VEGF therapy 22, Surprisingly, the choriocapillaris in the peripheral macula far from the MNV lesion is similar to age-
matched normal eyes. This is in contrast to eyes with advanced non-neovascular atrophic AMD, which show significant,
more severe choriocapillaris flow deficits throughout the macula. This has led to the hypothesis that the choriocapillaris in
eyes with atrophic AMD may be so severely impaired that it is no longer capable of creating an MNV response. These
concepts will need to be validated in future prospective studies.



Figure 2: Courtesy of Scharf et al., 2020 2: Choriocapillaris flow deficits around macular neovascularization: One

eye from a patient with neovascular AMD who had never received anti-VEGF treatment. Panels A and C show an OCTA
image of the choriocapillaris. Panel B shows a cross sectional, structural OCT image of the retina with macular
neovascularization (MNV) at its center and overlying subretinal fluid. The OCTA images in A and C are captured from the
area between the two thin red lines in panel B, the area of the choriocapillaris. Choriocapillaris angiograms were analyzed
for the amount of choriocapillaris flow deficits (dark areas) in two concentric rings (R1) and (R2) around the peri-lesional
dark halo (DH). These areas represent disease of the choriocapillaris. The ring closer to the MNV (R1) exhibits
significantly more severe flow deficits than the more peripheral ring. Both rings exhibit significantly greater flow deficits
than the same areas analyzed with OCTA in age-matched normal controls, according to the study by Scharf et al. This
suggests that choriocapillaris disease in the environment around MNV may drive its growth.

Future Directions

OCTA study of the choriocapillaris is a remarkable advancement in the field of retinal imaging and AMD. As a relatively
novel imaging modality, there is much progress still to be made in both image acquisition and choriocapillaris analysis.
Faster scan speeds and advancements in software for image acquisition and artifact correction have the potential to
improve image quality and consistency. Progress in choriocapillaris quantification algorithms may improve the reliability
and reproducibility of these measurements and allow for automated analysis which could be clinically applicable. New
image analysis algorithms like variable interscan time analysis (VISTA), which provides information on relative blood flow
speed B3 continue to expand the capabilities of OCTA. With continued OCTA hardware and software innovation,

advancements in clinical applications and pathophysiologic discoveries in AMD are set to follow.
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