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Early age-related macular degeneration (AMD) is characterized by degeneration of the choriocapillaris,
the vascular supply of retinal photoreceptor cells. We assessed vascular loss during disease progression
in the choriocapillaris and larger vessels in the deeper choroid. Human donor maculae from controls
(n Z 99), early AMD (n Z 35), or clinically diagnosed with geographic atrophy (GA; n Z 9, collected
from outside the zone of retinal pigment epithelium degeneration) were evaluated using Ulex europaeus
agglutinin-I labeling to discriminate between vessels with intact endothelial cells and ghost vessels.
Morphometric analyses of choriocapillaris density (cross-sectional area of capillary lumens divided by
length) and of vascular lumen/stroma ratio in the outer choroid were performed. Choriocapillaris loss
was observed in early AMD (Bonferroni-corrected P Z 0.024) with greater loss in GA (Bonferroni-
corrected P < 10�9), even in areas of intact retinal pigment epithelium. In contrast, changes in lumen/
stroma ratio in the outer choroid were not found to differ between controls and AMD or GA eyes
(P > 0.05), suggesting choriocapillaris changes are more prevalent in AMD than those in the outer
choroid. In addition, vascular endothelial growth factor-A levels were negatively correlated with cho-
riocapillaris vascular density. These findings support the concept that choroidal vascular degeneration,
predominantly in the microvasculature, contributes to dry AMD progression. Addressing capillary loss in
AMD remains an important translational target. (Am J Pathol 2019, 189: 1473e1480; https://doi.org/
10.1016/j.ajpath.2019.04.005)
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The choroid is a distinctive vascular tissue that supports
vision by supplying oxygen and nutrients to the outer retina
and retinal pigment epithelium (RPE) while removing
waste.1,2 These functions are critical in light of the sub-
stantial metabolic activity of the neural retina.3 The choroid
is a component of the peripheral circulatory system and has
a high degree of blood flow, receiving >80% of the
ophthalmic artery’s volume.4 The choroid has other unique
features, including the following: i) an extremely dense
capillary network (the choriocapillaris) with vascular lu-
mens that occupy >50% of the volume of the chorioca-
pillaris layer in a healthy macula; ii) large-diameter
capillaries that permit passage of multiple red blood cells;
iii) diaphragm-bearing fenestrae, particularly on the inner
(ie, facing the retina) surface; iv) a segmental pattern of
stigative Pathology. Published by Elsevier Inc
supply and collection with anastomosing microvasculature;
and v) a specific pattern of gene expression.5

Although imaging the choroid in living subjects was
formerly challenging, the development of the new imaging
modalities, such as the enhanced depth imaging mode of
spectral-domain optical coherence tomography (OCT) and
OCT angiography (OCTA), has allowed the structure of the
choroid to be evaluated in health and different disease states.
. All rights reserved.
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The application of enhanced depth imaging mode of
spectral-domain OCT has provided insight into the state of
the choroid in several macular diseases, including central
serous retinopathy,6 polypoidal vasculopathy,7 and high
myopia.8 OCTA has enabled the noninvasive and rapid
elucidation of the critical role the choriocapillaris plays in
several vision-threatening diseases affecting the central
retina, such as age-related macular degeneration
(AMD),9e11 acute macular neuroretinopathy,12 and diabetic
retinopathy.13,14 The ability to quantify the structure of
layers of the human macula using automated image analysis
has made valuable contributions to our understanding of the
dynamic nature of the retina and choroid in normal condi-
tions and in response to various stimuli.15e19

The choroid has recently received renewed attention in
the study of AMD, a common debilitating disease that af-
fects millions of individuals in the United States alone.
Although antievascular endothelial growth factor (VEGF)
agents have been effective at limiting the vision loss asso-
ciated with advanced, exudative, choroidal neo-
vascularization,20e22 geographic atrophy (GA) remains a
major cause of central vision loss. The central vision loss of
GA is caused by the death of photoreceptor cells, RPE, and
choriocapillary endothelial cells in the macular region of the
retina. Before the widespread use of anti-VEGF agents,
approximately 10% of the US population older than 70
years had GA, which was similar to the prevalence of
exudative AMD.23 However, now that exudative AMD has
an effective treatment that can restore vision and prevent
vision loss, the fraction of patients with irreversible blind-
ness from GA has increased.24 Moreover, there is some
evidence that GA may be exacerbated in patients receiving
anti-VEGF therapy.25

Although structural and functional changes in the choroid
have classically been considered to be relatively late events
in the pathogenesis of AMD (with RPE changes considered
primary26), several recent reports have described cellular
and molecular changes in the choroid that occur early in
disease. Functional studies of choroidal filling by Pau-
leikhoff et al27 and of subfoveal blood flow by Grunwald
et al28 have shown slower filling and decreased choroidal
volume and flow with progression of AMD and in associ-
ation with abundance of drusen, early morphologic in-
dicators of AMD.29 Histologically, loss of viable
choriocapillaris endothelium has been noted in human donor
eyes in association with drusen30 before the gross dropout of
RPE cells.5,31 Moreover, the choriocapillaris is the major
site of deposition of the membrane attack complex of
complement, which increases during normal aging and in
AMD, suggesting a putative mechanism by which vascular
injury could be linked to the AMD risk alleles of comple-
ment genes.32 These observations have led us and others to
speculate that choriocapillaris degeneration may be a pri-
mary event in early AMD. Whether choroidal changes
further contribute to the geographic atrophy of advanced dry
AMD is less well understood.
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For example, there has been some controversy about the
relationship between vascular changes and geographic at-
rophy, with different results obtained using different ap-
proaches.31 McLeod et al33 studied whole mounts of human
maculae and found that, although choriocapillaris vascular
loss was notable in the center of atrophy, the edges had
some preserved (although attenuated) vasculature with loss
of RPE. Eyes with GA show choroidal thinning.34,35 In
contrast, a recent report by Yiu et al36 found that (after
correcting for refraction) GA is not associated with a thinner
choroid. However, the choroidal thickness was related to the
size of the atrophic lesion. Moreover, recent OCTA studies
suggest that there is a concentric ring of vascular loss (or
impaired flow) that is larger than the zone of RPE loss.9

Superimposed on the possible changes in choroidal
thickness in GA, the choroid undergoes thinning during
normal aging at the rate of approximately 1 to 2 mm per
year.37 The biological and anatomic basis of this thinning is
not well understood, although it is accompanied by changes
in the levels of protease inhibitors, with increased collagen
and decreased ground substance.34 The relationship between
the health of the choriocapillaris and choroidal thickness has
not been exhaustively studied.
Our goal was to evaluate the relationship between the

choriocapillaris, deeper choroidal vasculature, and choroidal
thickness in unaffected eyes, eyes with early/intermediate
AMD, and eyes clinically diagnosed with geographic atro-
phy. Morphologic features of the choroid were determined,
and the vascular density of the choriocapillaris was
decreased in eyes with AMD, and especially in GA, but the
ratio of vascular lumen area/choroidal stroma area deeper
than the choriocapillaris was not different between GA
cases, AMD cases, and controls. Furthermore, the concen-
tration of VEGF-A protein was negatively correlated with
the density of the choriocapillaris in eyes without advanced
AMD. These findings support the notion that choroidal
vascular changes are notable in early AMD with functional
consequences on VEGF-A levels that could predispose to
advanced wet AMD.

Materials and Methods

Human Donor Eyes

Human donor eyes were selected from a large tissue
collection of the Institute for Vision Research at the Uni-
versity of Iowa (Iowa City, IA). Eyes in this collection were
obtained from the Iowa Lions Eye Bank after informed
consent of the donor next of kin, and all experiments were
performed in accordance with the Declaration of Helsinki. A
total of 143 eyes were used, of which 35 had either a clinical
diagnosis of AMD or were determined to have AMD by the
histologic feature of confluent basal laminar deposit in the
macula,38 as determined by one of us (R.F.M.) and 99 were
unaffected controls. Eyes with a clinical diagnosis of
geographic atrophy but with intact RPE in the studied
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Figure 1 Hematoxylin-eosinestained section (A) that was previously
labeled with Ulex europaeus agglutinin-I (red; B). Section is from a 93-
yeareold donor with early age-related macular degeneration. The pres-
ence of lumina with viable choriocapillaris endothelial cells (asterisks) and
ghost vessels (arrowhead) are not readily distinguishable by hematoxylin-
eosin staining. Scale bar Z 25 mm.

Figure 2 Examples of histologic sections used for quantification of
choroidal features. A: Section labeled with Ulex europaeus agglutinin-I lectin
(red) for vessel walls and antibodies directed against CD45 (green) for leu-
kocytes, counterstained with DAPI (blue nuclei). The orange auto-
fluorescence is caused by retinal pigment epithelium (RPE) lipofuscin. B:
Cross-sectional areas of all vascular elements in the choroid (CH) are quan-
tified (white areas), and vascular areas are divided by total choroidal area
(yellow shading) to determine the vascular lumen/stroma ratio. C: Higher-
magnification image of the choriocapillaris (CC) and deeper choroidal ves-
sels. D: The segmentation of choriocapillaris (blue) versus larger vessels
(yellow). Choriocapillaris lumen areas are measured and divided by length of
Bruch membrane to derive the choriocapillaris density. SC, sclera.

Choriocapillaris Loss in GA
sections (n Z 9) were also included in the study. GA eyes
sectioned through regions of RPE loss were excluded, and
measurements were collected from within the macula, >500
mm from the central lesion. All samples used in the study
were from donors aged 65 years and older. The average ages
of donors in this study for controls, AMD, and GA were
80.0, 84.2, and 85.8 years, respectively. Eyes with choroidal
neovascularization were not included in this data set,
although in several cases the contralateral eyes had neo-
vascular lesions. None of the donors examined in this study
overlapped with a smaller, previous morphometric study on
choriocapillaris.30

Histology

Either whole or bisected macular punches (8 mm thick),
centered on the fovea centralis, were fixed in 4% para-
formaldehyde in phosphate-buffered saline for 2 hours,
before cryoprotection in sucrose and embedding for cryostat
sectioning, as described previously.30,39 Sections were
labeled with biotin-conjugated Ulex europaeus agglutinin-I
(UEA-I), which was visualized with avidineTexas red
(both from Vector Laboratories, Burlingame, CA), to detect
endothelial cells of the choroid, as described previously.30

For some experiments, anti-CD45 antibody (BD Bio-
sciences, San Jose, CA) was used in dual labeling, as
described previously.30 One of the advantages of labeling
the vasculature with UEA-I, in contrast to hematoxylin-
eosin labeling, is that it allows the observer to discrimi-
nate between intact vessels lined with endothelial cells and
ghost vessels, in which a vascular lumen is present but is not
lined with endothelium (Figure 1).

Morphometry

Fluorescence micrographs from each donor were collected
using a 20� objective and assembled using the photomerge
tool in an image processing program (Adobe Photoshop CS
version 8.0; Adobe, San Jose, CA). Files were then opened
in ImageJ software version 1.52 (NIH, Bethesda, MD;
http://imagej.nih.gov/ij),40 and pixels were converted to
The American Journal of Pathology - ajp.amjpathol.org
micrometers. Choriocapillaris vascular density (mm2/mm
length of Bruch membrane) was measured, as described
previously.30 For choroidal thickness, measurements were
collected from Bruch membrane to the innermost margin of
sclera/outer aspect of the lamina fusca, as assessed by the
regular pattern of fibrillar collagen. In addition, the total
choroidal area was determined using the polygon tool, and
the cross-sectional vascular areas were collected from all
UEA-Iesurrounded choroidal vessels, as depicted in
Figure 2. In all cases, the investigator making the mea-
surements was masked to the affection status of the donor.
The unitless lumen/stroma ratio was calculated as the ratio
of the nonchoriocapillaris vascular lumen area/the total area.
Because three measurements were collected (thickness,
choriocapillaris density, and lumen/stroma ratio), a Bon-
ferroni correction factor of 3 was applied (ie, P values were
multiplied by 3).

In addition, the length of capillary/length of Bruch
membrane ratio was measured in randomly selected fields
from the 143 maculae used in this study, as described pre-
viously,46 except that UEA-I positivity was used to identify
choriocapillaris vessels.
1475
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VEGF Enzyme-Linked Immunosorbent Assay

To measure the levels of VEGF-A, trephine punches (6 mm
thick), centered approximately 7 mm superonasal to the
fovea, were collected from the neural retina of 14 donors
and snap frozen within 8 hours of death. These juxtamacular
punches were collected exactly adjacent to measured areas
of choriocapillaris. None of the donors had advanced AMD
(GA or CNV). Tissues were homogenized with disposable
pestles (Sigma, St. Louis, MO) for 90 seconds in phosphate-
buffered saline/1% Triton X-100/protease inhibitor cocktail
(Roche, Basel, Switzerland) buffer.

Protein concentration was determined using the Bradford
assay reagents, according to the manufacturer’s instructions
(BioRad, Hercules, CA). VEGF-A was quantified in 20 mg
of retinal protein, analyzed in duplicate, using a human
VEGF-A enzyme-linked immunosorbent assay kit, accord-
ing to the manufacturer’s instructions (Ray Biotech,
Peachtree Corners, GA). Levels of VEGF-A protein were
determined by linear interpolation based on a standard curve
of 8.23 to 6000 pg/mL of VEGF-A.
Results

Vascular Loss in Early AMD and GA Is Predominant in
the Choriocapillaris

Choriocapillaris vascular density was significantly higher in
control eyes, compared with early AMD eyes (3.41 versus
2.61 mm2/mm; P Z 0.009; Bonferroni-corrected
P Z 0.027). This difference was especially remarkable
when control eyes were compared with GA eyes (1.33 mm2/
mm; Bonferroni-corrected P < 10�6) (Figure 3A and
Table 1). In addition, GA eyes showed significant chorio-
capillaris dropout compared with early AMD (Bonferroni-
corrected P < 10�5) (Figure 3A). In contrast, the lumen/
stroma ratio (Figure 3B) (ie, vascular cross-sectional areas
of large and intermediate vessels divided by total choroidal
area) did not differ significantly between controls, early
AMD, and GA donors (Table 1). Example images of the
Figure 3 Morphometry of 143 donor maculae. A: Choriocapillaris (CC)
vascular density (mm2/mm length) is shown for control (CTL), early age-related
macular degeneration (AMD), and geographic atrophy (GA) eyes. Chorioca-
pillaris dropout is observed both in early AMD and GA eyes compared with
control eyes. B: Choroidal vascular lumen area: stroma area across disease
categories. *P < 0.05 versus age-related macular degeneration; yyyP < 0.001
versus geographic atrophy; zzzP < 0.001 versus geographic atrophy.
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choriocapillaris in age-matched control, early AMD, and
GA eyes are depicted in Figure 4.
Similar results for capillary loss were obtained using the

metric of capillary length/total length of Bruch membrane.
This metric gave ratios in controls, early AMD, and GA
maculae of 53.1%, 41.9%, and 28.2%, respectively. These
values were significantly different between early AMD and
controls (P < 0.001), GA and controls (P < 10�5), and GA
and early AMD (P < 0.01).

Choriocapillaris Density Is Not Related to Choroidal
Thickness Measurements in Donor Eyes

To determine whether choroidal thinning is related to cho-
riocapillaris dropout, linear regression was performed using
the 99 control donor maculae, in which choriocapillaris
density and lumen/stroma ratios were analyzed on the basis
of choroidal thickness (Figure 5). Data from these analyses
show that there is only a weak relationship between
choroidal thickness compared with choriocapillaris density
(r2 Z 0.01) and outer choroid lumen/stroma ratio
(r2 Z 0.04). Plots for total choroidal area versus vascular
lumen area in controls, early AMD eyes, and GA eyes are
depicted in Supplemental Figure S1. Relationships between
choroidal thickness and vascular parameters for controls,
early AMD, and GA maculae are depicted in Supplemental
Figure S2.

Eyes with Choroidal Vascular Loss Have Increased VEGF
Levels in the Neural Retina

To determine whether vascular loss contributes to retinal
hypoxia, the amount of VEGF-A present in the neural retina
of 14 eyes was determined. Levels of VEGF-A ranged from
38.5 to 442.3 pg/mL. Regression analysis showed that
vascular density was inversely related to VEGF-A levels
(P Z 0.015). In other words, retinas overlying atrophic
choroids showed higher expression of VEGF-A than retinas
overlying well-perfused choroids (Figure 6).

Discussion

Advances in imaging of the choroid, coupled with quanti-
fication using automated image analysis, have revealed that
this unique tissue is dynamic, with measurable changes in
thickness caused by environmental stimuli15,41 as well as
changes in posture.42 Although choroidal thinning is a
feature of AMD in many studies, the molecular mechanism
of thinningdand whether it differs between normal aging
and AMDdis not understood. We recently found that
choroidal thinning is accompanied by a shift in protease
inhibitors, with increased serine protease inhibitors in thick
choroids and increased matrix metalloprotease inhibitors in
thin choroids. This apparent shift was accompanied by an
increased density of fibrillar collagen and loss of ground
ajp.amjpathol.org - The American Journal of Pathology
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Table 1 Morphometric Features of the Choroid in Donor Maculae

Measurement Control group AMD group GA group
Pcorr for control vs
AMD group

Pcorr for control vs
GA group

CC density, means � SD 3.40 � 1.68 2.61 � 1.5 1.33 � 0.45 0.028 <10�9

Lumen/stroma ratio, means � SD 0.175 � 0.07 0.164 � 0.07 0.134 � 0.05 1 0.21

Measurement data from controls, early/dry AMD, and GA donor maculae. P values are corrected for multiple measurements.
AMD, age-related macular degeneration; CC, choriocapillaris; GA, geographic atrophy; Pcorr, Bonferroni-corrected P value.

Choriocapillaris Loss in GA
substance in the choroidal stroma in thin choroids.34 In
addition, we recently evaluated 100 donor eyes that were
genotyped for a major risk factor in the CFH gene
(rs1061170) and found that the choroid was significantly
thinner in eyes with high-risk genotypes compared with
those homozygous for the major, low-risk allele.32 Because
CFH genotypes are also associated with levels of the
complement membrane attack complex in the choroid,43

complement-mediated injury of the choriocapillaris is a
plausible mechanism for the observed vascular dropout.5

In the current study, the overall lumen/stroma ratio did
not differ between controls, AMD, and GA eyes. Also, the
choriocapillaris did not show degeneration in thinner cho-
roids (Figure 3). Choroidal thinning is observed in several
conditions, most notably in high myopia.8 In an OCTA
study of patients with high myopia, choroidal thinning was
observed with increasing myopia and choriocapillaris flow
voids (which may be areas of either no flow or low signal
caused by flow velocity outside of the detection range of the
instrument) appeared more often than in controls, but
choroidal thickness changes were not correlated with these
Figure 4 Examples of unaffected control (A and E), early age-related macular
maculae labeled with Ulex europaeus agglutinin-I (UEA-I) lectin (red) and anti-
through H. Note the loss of UEA-Iepositive capillaries over the course of AMD prog
outside of the central atrophic lesion depicted in D and H. Donor ages are 86, 82,
CC, choriocapillaris; CH, outer choroid; RPE, retinal pigment epithelium.
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choriocapillaris flow voids.44 These findings parallel those
of the current study that choriocapillaris density is largely
independent of choroidal thickness. With choroidal alter-
ations in both high myopia and AMD, one may wonder why
patients with high myopia are not characterized by extensive
drusen. The AMD risk alleles CFH and ARMS2 are not
highly associated with high myopia.45 Moreover, the find-
ings in this study suggest that choriocapillaris degenerative
changes are not related to thinning of the total choroid, such
as that observed in high myopia. This loss of chorioca-
pillaris density can take at least one of two forms. In some
capillaries, the endothelium survives (on the basis of UEA
labeling) but is narrowed, with an obliterated lumen. In
other cases, the capillary endothelial cell is entirely missing,
leaving behind an empty tube of extracellular matrix (or
choriocapillaris ghost). Both of these patterns have been
noted previously.33 In addition, under long-standing atro-
phy, ghost vessels appear to become replaced with extra-
cellular matrix. Strategies for the regeneration of the
diseased choriocapillaris will need to consider each of these
stages.
degeneration (AMD; B and F), and geographic atrophy (GA; C, D, G, and H)
CD45 (green; AeD). Corresponding bright-field images are depicted in E
ression. C and D are from the same macula as G and H, whereas C and G are
and 99 years, respectively. Asterisks indicate drusen. Scale bar Z 50 mm.
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Figure 5 Vascular parameter relationship with choroidal thickness. A:
Total vascular lumen area, plotted against total choroidal area, shows an
expected relationship between these parameters. B and C: Choriocapillaris
(CC) density (mm2/mm length; B) and outer choroid (CH) lumen/stroma
ratio (C) were plotted against choroidal thickness (mm). Neither CC nor CH
vessel density is associated with choroidal thickness. Solid lines show
regression lines.

Figure 6 Relationship between choriocapillaris vascular density and
retinal vascular endothelial growth factor (VEGF) concentration. In eyes with
a low vascular density, VEGF levels are increased, consistent with retinal
hypoxia overlying lost choroidal vasculature. Solid line shows trend line.

Sohn et al
A decrease in choriocapillaris density was noted in early
AMD, with more striking loss in GA, and this loss was
noted in sections with an intact RPE monolayer (ie, outside
of the central zone of RPE atrophy). The AMD-associated
loss of the choriocapillaris specifically has been reported
previously using a variety of methods.30,31,46 Using whole-
mounted UEA-lectinestained donor eyes, Seddon et al47

examined four controls, five GA eyes, as well as several
eyes with early/intermediate AMD or choroidal neo-
vascularization; and they showed choriocapillaris dropout
without loss of RPE in neovascular AMD and found a 39%
loss of choriocapillaris in GA, with vascular narrowing but
with better preservation outside of the central zone of RPE
atrophy. Furthermore, gene expression48 and biochemical49

experiments on human AMD donor samples have generally
1478
supported the loss of endothelial celleassociated transcripts
and proteins, respectively, with retention of RPE-associated
molecules.
A recent histologic study evaluated a large series of well-

characterized eyes with geographic atrophy using
hematoxylin-eosin stain, and indicated photoreceptor cell
dropout at the edges of atrophy.50 The choriocapillaris was
reportedly normal under the atrophy. In contrast, a recent
study using epoxy-embedded semithin sections found
increased numbers of ghost capillaries adjacent to the GA
lesions.51 One challenge in interpreting histologic data is that,
because of the anatomic persistence of choriocapillaris ghost
capillaries, hematoxylin-eosinestained sections often over-
estimate the viability of the choriocapillaris (Figure 1). This is
especially notable as nucleated leukocytes frequently migrate
into the spaces formerly occupied by vascular channels,52

suggesting a greater degree of perfusion than is actually pre-
sent (Figure 4). We propose that high-resolution, semithin
sections,51 transmission electron microscopy, or robust,
consistent markers of endothelial viability (eg, endogenous
alkaline phosphatase activity53 or fucose-based UEA-I lectin
histochemistry30) are necessary to definitively quantify the
health and presence of the choroidal endothelium.
With increasing ability in the clinic to assess the state of

the choriocapillaris, there is value in attempting to relate
structural findings in this capillary bed to clinical measures.
Different alterations in the choriocapillaris may have dis-
similar impact on different imaging modalities. We observe
normal capillaries, ghost vessels, and collapsed capillaries
with highly constricted lumens (also noted at the edges of
atrophy by McLeod et al33). OCTA9 requires passage of red
blood cells over a fairly narrow range of velocities to
observe flow, whereas fluorescein and indocyanine green
are diffused in the plasma either free floating or bound to
protein, respectively.27 Complete loss of the endothelium
within a capillary segment, as observed in the many ghost
capillaries in GA, is expected to result in a loss of signal
from both OCTA and blood-borne dyes (because the
ajp.amjpathol.org - The American Journal of Pathology
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endothelium is required to maintain the blood in a liquid
state). On the other hand, the patent but extremely attenu-
ated capillaries may not permit the passage of a detectable
number of red blood cells, but they may allow passage of
fluid, albeit at a much higher vascular resistance. Because
resistance increases in proportion to the fourth power of the
change in lumen radius, a relatively conservative change in
diameter of 50% is expected in a 16-fold increased vascular
resistance. We speculate that the mixed population of
attenuated and ghost vessels in eyes with GA outside of the
central lesion (Figure 4) may result in the loss of signal from
conventional OCTA and relatively decreased filling on
fluorescein and indocyanine green angiography.

The potential consequences of choroidal degeneration on
the neural retina and RPE are not fully understood, but
possibilities include impaired clearance of lipid debris from
RPE/Bruch membrane, loss of heat dissipation, and hyp-
oxia.5 The possibility that a modest decrease in perfusion of
the choriocapillaris could have a major impact on the health
of the overlying retina is consistent with the findings of
oxygen use in the mammalian retina, in which a high partial
pressure of oxygen in the RPE and tips of the outer segment
plunges to near 0 at the photoreceptor cell somas.54 The
biochemical investigation of the neural retina in donor eyes
found that VEGF-A levels were significantly and inversely
associated with vascular density in adjacent choroid
punches. This finding suggests that eyes exhibiting loss of
choroidal vasculature may also undergo retinal hypoxia with
consequential up-regulation of VEGF-A.

Taken together, these results suggest that the choroid de-
generates in early AMD, and that this loss continues in
advanced atrophic AMD, with molecular consequences in the
overlying retinal cells. In light of the choroidal vascular changes
that occur in this diseasedin some cases in advance of RPE
lossdwe propose that treatment strategies for AMD will
require consideration of the choroid at one or more stage of
disease. In early AMD, therapeutic interventions that protect
the choroidal vasculature from degeneration (from
complement-mediated injury, loss of trophic support from the
RPE, or other insults) are needed to prevent progression toward
atrophy or choroidal neovascularization. In eyes that have
already experienced GA, strategies to rebuild the choroid (eg,
using patient-derived choroidal endothelial cells)55 may be
required to fully repair the degenerated macula.
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