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Choriocapillaris Vascular Dropout Related to Density
of Drusen in Human Eyes with Early Age-Related

Macular Degeneration
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Purrose. Age-related macular degeneration (AMD) is a com-
mon, potentially blinding disease characterized by the pres-
ence of extracellular deposits beneath the retinal pigment
epithelium (RPE). Choroidal vascular changes have also been
noted in AMD. This study examined the relationship between
the choroidal vasculature and extent of drusen and other sub-
RPE deposits, the key pathologic landmarks of AMD.

MEetHODS. Sections of the maculas of 45 human eyes (21 early
AMD and 24 age-matched control) were evaluated morpho-
metrically. The cross-sectional area of sub-RPE deposits, vascu-
lar density, number of CD45+ leukocytes, and number of
“ghost vessels” were determined in a masked fashion and
evaluated by regression analysis. In addition, the extramacular
vascular density either directly beneath drusen or adjacent to
drusen was evaluated in a separate set of donor eyes.

ResuLts. The vascular density of the choriocapillaris showed a
trend toward decreasing in association with AMD status. By
linear regression analysis, vascular density was inversely asso-
ciated with sub-RPE deposit density (> = 0.22, P < 0.01). The
number of ghost vessels was negatively correlated with vascu-
lar density @* = 0.55, P < 0.001) and positively correlated
with sub-RPE deposit density (** = 0.57, P < 0.001). In mor-
phologic studies of extramacular solitary drusen, vascular den-
sity beneath drusen was found to be 45% lower than adjacent
to drusen (P < 0.01).

Concrusions. These findings support the concept that micro-
vascular changes are related to the pathogenesis of AMD and
suggest that vascular endothelial cell loss occurs in association
with sub-RPE deposit formation. Whether microvascular
events are a cause or consequence of drusen or other deposit
formation remains to be determined. (Invest Ophthalmol Vis
Sci. 2011;52:1606-1612) DOI:10.1167/i0vs.10-6476

Age—related macular degeneration (AMD) is a common, po-
tentially blinding disorder affecting the aged. In advanced
stages of the disease, vision in the macular region can be
severely compromised by either atrophic changes in the retinal
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pigment epithelium (RPE), overlying retina, and underlying
choriocapillaris or compromise of Bruch’s membrane and sub-
sequent invasion of choroidal endothelial cells into the subreti-
nal space, with severe consequences for vision."? Although
outcomes are more favorable in patients with neovascular
disease than was previously possible,® a better understanding
of cellular events that occur in the earliest stages of disease will
lead to improved future therapies.

Clinically, the earliest stages of AMD are characterized by
changes in the evenness of the RPE pigmentation and the obser-
vation of deposits in Bruch’s membrane, termed drusen.~¢ Be-
cause drusen and other sub-RPE deposits (basal laminar deposit
and basal linear deposit, also referred to as diffuse drusen) are
diagnostic and predictive of AMD,” there has been considerable
interest in defining the composition of sub-RPE deposits as well as
understanding their origin. Immunohistochemical®'' and bio-
chemical'>'? studies performed on human donor eyes with
drusen have identified an array of molecular species associated
with these deposits, including inflammatory mediators and lipids
of retinal and choroidal origin.

Interestingly, the formation of drusen does not appear to be
spatially random but is influenced by the anatomy of the
underlying choroid. Friedman noted in whole mounts that
drusen were likely to develop over what were interpreted as
collecting venules of the choroid.'® It was further noted by
Sarks et al.'> that the smallest, earliest drusen were likely to
accumulate over choriocapillary pillars at what were called
“entrapment sites.” The relationship of drusen to vessel walls,
rather than lumens, was confirmed in a series of whole
mounted choroids by Lengyel et al.,'® which is further sup-
ported by findings of RPE protein deposition in Bruch’s mem-
brane at pillar sites.'”

The mechanism(s) driving sub-RPE deposit formation,
and the basis for the predilection of these deposits to form
in areas over intercapillary pillars or devoid of capillary
lumens, is unknown. One might speculate that, if drusen
preferentially develop over regions of capillary lumen-de-
pleted choroid, reduced vascular perfusion may contribute
to drusen formation. To further understand the relationship
between drusen and other sub-RPE deposits with the cho-
riocapillaris, we performed a series of morphometric experi-
ments in which we assessed the relationship of the vasculature
with sub-RPE deposits in the human macula. The density of
pathologic deposits was strongly linked to the density of the
choroidal vasculature, with eyes having the most drusen showing
the lowest vascular density. We also found that choroidal “ghost”
vessels, remnants of previously healthy capillaries, increased in
abundance with increasing drusen density. We discuss these find-
ings in the context of drusen biogenesis and the pathophysiology
of AMD.
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METHODS AND MATERIALS

Human Donor Eyes and Histologic Methods

Human donor eyes were obtained from the Iowa Lions Eye Bank (Iowa
City, IA) and were preserved within 8 hours of death after informed
consent of the donor families. The use of human donor eyes con-
formed to the Declaration of Helsinki. Eyes were assigned to either
early AMD or age-matched control donors based on chart review. Eyes
with advanced AMD (geographic atrophy or choroidal neovasculariza-
tion), identified in the chart, on gross examination of the eyes, or
histologically, were omitted from the study. Eyes were designated as
early AMD if they had been diagnosed as being notable for macular
drusen and/or RPE changes; that is, they were AREDS grades 2 or 3.
The age of donors ranged from 60 to 100 years. The mean age of AMD
donors was 84.8 * 7.9 years, and the mean age of controls was 81 =
8.9 years.

Either a 6-mm or bisected 8-mm punch centered on the fovea of
each donor was collected and fixed in 4% paraformaldehyde in 10 mM
phosphate-buffered saline, before sucrose cryoprotection and cryostat
sectioning, using methods described previously.'® Sections of 45 mac-
ulas from 42 donors (n = 24 unaffected, n = 21 clinically diagnosed
with early-stage AMD) were collected. Lectin histochemistry using
Ulex europaeus agglutinin-I (UEA-I; Vector Laboratories, Burlingame,
CA) was performed as described previously,'” and sections were
also labeled with either anti-CD45 (2.5 ug/mL; BD Pharmingen, San
Diego, CA) to assess leukocytes or anti-C5b-9 terminal complement
complex (1.5 pg/mL; Dako, Carpinteria, CA) to image sub-RPE
deposits as described previously.?® Sections were counterstained
with diamidino-phenol-indole (DAPI; Molecular Probes, Eugene,
OR), and triple-labeled sections were photographed using the X20
objective of a fluorescence microscope (BX41; Olympus, Center
Valley, PA) and a digital camera (SPOT RT; Diagnostic Instruments,
Inc., Sterling Heights, MI). Nonoverlapping photomicrographs span-
ning the section (over a mean length of 549 pum/donor) were
collected. Examples of this labeling are depicted in Figures 1A and
1B. All images were collected with identical camera settings.

Morphometric Analysis

Photomicrographs were evaluated using Image]J software (developed
by Wayne Rasband, National Institutes of Health, Bethesda, MD; avail-
able at http://rsb.info.nih.gov/ij/index.html) calibrated with a stage
micrometer under identical conditions. For each micrograph, the
length of Bruch’s membrane under which choroidal capillaries were
measurable was first measured using the broken line tool in ImageJ
(see Fig. 1B). This length varied due to curvature of Bruch’s membrane
in some sections and/or artifactual damage to some regions of the
sections such that the choriocapillaris or drusen were unmeasurable.
This length measurement was subsequently used to standardize mea-
surements of choriocapillaris area, number of extravascular CD45+
leukocytes, number of ghost vessels, and drusen/sub-RPE deposit
cross-sectional area across all donors. All measurements were per-
formed masked with respect to donor information including AMD
diagnosis.

Cross-sectional areas of capillaries were measured based on lumens
visualized within the UEA-I reactive vessel walls (see Fig. 1B). In cases
in which a venule or arteriole exited or entered the choriocapillaris
layer, the lumen was measured only to the depth of the average
capillary in the field. Only lumens were scored; collapsed vessels or
vessels sectioned obliquely in the image were not measured. Cross-
sectional areas of sub-RPE deposits were similarly measured. Drusen,
basal laminar deposit, and basal linear deposit were not distinguished
for these experiments but were scored only if they had visible thick-
ness and material that was detectable with anti-C5b-9 antibody and/or
by UV autofluorescence; serous RPE detachments were not included as
drusen area. For the purposes of the statistical analysis, the pooled
areas of all deposits are referred to as “drusen.” The number of CD45+
leukocytes was also measured. Leukocytes were counted only if they
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FiGure 1. Examples of measured quantitative features of human mac-
ulas used in this study. Images were obtained from a 79-year-old female
without known AMD (A-C) and an 86-year-old male with dry AMD
(D-F). Raw (A, D) and measured (B, C, E, F) images for choriocapil-
laris density (A-C) and drusen density (D-F). Depicted sections were
labeled with UEA-I lectin (red fluorescence), and antibodies directed
against either CD45 (A-C) or terminal complement complex C5b-9
(D-F) (green fluorescence). Sections were counterstained with DAPI.
Measured Bruch’s membrane lengths are indicated by a blue line, and
vascular or drusen areas are shown in white. Raw and measured images
are depicted. Scale bars, 100 wm.

were CD45 reactive, were extravascular (i.e., were not contained
within the UEA-I reactive vasculature), were within 40 wm of Bruch’s
membrane, and showed a nucleus in the plane of the section. Exam-
ples of CD45+ choroidal leukocytes are shown in Figures 1A and 1B.
Finally, “ghost” vessel numbers were collected. Choriocapillaris ghosts
were scored as regions between two choriocapillary pillars without
any UEA-I-positive endothelium. Ghost vessel numbers/length, rather
than area/length, were recorded, since the area of “missing” endothe-
lium could not be assessed objectively. An example of a ghost capillary
is depicted in Figure 5A (arrow).
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FIGURE 2.

Examples of determination of vascular density in relation to
drusen, either beneath drusen (A) or adjacent to drusen (B).

Drusen-Vascular Spatial Relationship

A second set of morphometric analyses was performed in superotem-
poral sagittal sections of the peripheral RPE-choroid. For these exper-
iments, photomicrographs were collected using a X20 objective cen-
tered on solitary, extramacular drusen from 11 eyes. Only fields with
>2 drusen were included in the analysis. For each micrograph, Bruch’s
membrane length and the vascular density were separately measured
either under drusen or under the RPE with no drusen. The vascular
density was determined in drusen-containing and drusen-free areas of
choriocapillaris in a total of 42 micrographs from 11 donors. The
average ratio of non-drusen vascular density to drusen-associated vas-
cular density was determined for each donor and used for statistical
analysis. Examples of these measurements are depicted in Figure 2.

Statistical Analysis

For each measured eye, all values for each measured feature were
pooled and divided by the pooled length of Bruch’s membrane over
which measurements were collected. In this way, each measured
feature received a single quantitative score for each eye. For drusen
and choriocapillaris lumens, these measurements were in units of um?
per um of Bruch’s membrane, and for leukocytes and ghost vessels the
values were in the form of raw number/um of Bruch’s membrane.

After unmasking of early AMD and control samples, the following
parameters were assessed statistically. First, the effect of AMD on
drusen/sub-RPE deposit area, number of leukocytes, vascular density,
and ghost numbers was assessed using a two-tailed Student’s /-test.
Second, linear regression analysis was performed for each of these
quantitative factors using an online statistics package®' (available at
http://www.wessa.net/rwasp_linear_regression.wasp). For each of the
slopes, the correlation coefficient and the P value of the slope repre-
senting the statistical strength of the association was determined.
Drusen cross-sectional areas, which showed a very wide range of
values even in AMD eyes, were transformed, and the square root of the
drusen area was used in regression analysis. Because four distinct
morphologic measurements were performed, features with an uncor-
rected P value of <0.0125 were considered significant.

RESULTS

AMD Status Related to Sub-RPE Deposits,
Leukocytes, and Vascular Density

Comparing drusen/sub-RPE deposit area in early AMD donors
to controls showed a greater than eightfold difference in these
samples (AMD mean, 191 um?/um; control mean, 22.3 wm?/
pm; P < 0.01). As expected, clinical definitions of early AMD
and morphologic measurements of sub-RPE deposits correlate
well (Fig. 3A). Vascular density in AMD eyes showed a trend
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toward decreasing area in AMD eyes (2.4 um® in control eyes
and 1.8 um? in AMD eyes), which was significant to an uncor-
rected P value of P = 0.037 (Fig. 3B). This trend was not
significant after Bonferroni correction, however.

The number of extravascular CD45 immunoreactive leuko-
cytes within 40 um of Bruch’s membrane was quantified. The
average value for AMD eyes was 1.31, and the average value in
control eyes was 0.55 cell/100 um (Fig. 3B). The uncorrected
P value for affection status was 0.016. After correction for
multiple measures this finding was no longer considered sig-
nificant (P corrected = 0.064).

A striking pattern was observed when sub-RPE deposit area
was used rather than affection status to assess the relationship
between features of AMD and vascular changes. Linear regres-
sion analysis of transformed drusen/sub-RPE deposit area ver-
sus choriocapillaris density reveals that drusen area is nega-
tively correlated with choriocapillaris density (Fig. 4; 7% =0.22,
corrected P < 0.01); that is, decreased choriocapillaris area is
associated with increasing number and/or size of drusen and
other sub-RPE deposits. Decreased choriocapillaris density as-
sociated with drusen was observed independent of AMD diag-
nosis based on analyzing two variables in regression.

Choriocapillaris Ghosts

In addition, the number of ghost vessels was determined in
aging human eyes. These were scored as empty zones between
intact choriocapillary pillars (Fig. 5A). Eyes with early AMD
showed an increase in the number of ghost vessels (Fig. 3D),
but this difference was not statistically significant after correc-
tion (uncorrected P = 0.03). Linear regression analysis com-
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FIGURE 3. Graphs depicting morphologic measurements of drusen
area (A), CD45+ leukocyte density (B), choriocapillaris density (C),
and ghost vessel density (D) as a function of AMD status. The cross-
sectional drusen area was significantly associated with AMD status (P <
0.01). The number of extravascular leukocytes (B) showed a trend
toward being increased in AMD, and the choriocapillaris vascular
density (C) showed a trend toward decreasing in AMD (uncorrected
P = 0.016 and 0.037, respectively), but neither was significant after
correction for multiple measurements. The total number of ghost
vessels per length of Bruch’s membrane also showed a trend toward
increasing in AMD eyes (uncorrected P = 0.03) (D), but this finding
was not statistically significant after correction. CTL, age-matched
control eyes without AMD (white bars). Graphs depict the mean
values = SEM.
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FIGURE 4. Linear regression of vascular density versus the square root
of drusen cross-sectional area. Increasing size and/or number of drusen
was negatively correlated with vascular density (¢ = 0.22, P < 0.01).

paring ghost vessels to choriocapillaris vessel density showed a
strong correlation (Fig. 5B; »* = 0.55, corrected P < 0.001).
The number of ghost vessels also increased with increasing
sub-RPE deposit density (Fig. 6; > = 0.57, corrected P <
0.001).

Peripheral Drusen and Choriocapillaris Density

In a separate set of experiments we sought to determine the
spatial relationship between solitary extramacular drusen and
the choriocapillaris. In a separate set of samples (n = 11 eyes)
the vascular density was determined either directly beneath
drusen or in areas adjacent to drusen in the same micrographs
(Fig. 2). Values were determined per field, rather than per
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FIGURE 5. Ghost vessels in relation to capillary density. (A) Example
of a ghost vessel unlabeled by UEA-I (arrow). (B) Graph depicting
vascular density compared to capillary ghost vessels. Increasing num-
bers of ghost vessels were strongly correlated with decreasing vascular
density (** = 0.55, P < 0.001), consistent with lower vascular density
in some donors being due to progressive dropout of capillaries rather
than congenital differences.
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FIGURE 6. Linear regression analysis of numbers of ghost vessels ver-

sus the square root of drusen density. Drusen and ghost vessels showed
a strong positive correlation @ = 0.57, corrected P <0.001).

donor, since vascular density varies regionally in the periphery
(data not shown). The per field vascular density beneath
drusen was 45% lower than in areas between drusen (paired
ttest P < 0.01; Fig. 7), consistent with the concept that drusen
do not form uniformly with respect to the anatomy of the
choroid,'® but rather form in regions depleted of vascular
elements.

DISCUSSION

AMD is a complex disease with a multifactorial etiology. Al-
though the inciting cause(s) for AMD are poorly understood,
there is evidence for contribution of genetic,>*>* inflamma-
tory,' %% oxidative,?>2° lipidic,?” mitochondrial, **2° and isch-
emic>® factors (for additional reviews see Refs. 31-34).

Data from a number of studies using distinct approaches
indicate that choroidal vascular changes are associated with
aging and early AMD. Evidence for choroidal microvascular
dysfunction in AMD includes the following: localization of
terminal complement complexes with the choriocapillaris in
aging eyes,>> % suggesting a possible mechanism for vascular
injury in AMD; the clinical association of vascular changes in
both the choroid®®~** and peripheral vasculature®*~* that
implicate endothelial dysfunction as a contributing factor to
the disease; morphometric changes in choroidal vascular den-
sity in aging and AMD>*®~%; and the observation that the
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FIGURE 7. Extramacular vascular density beneath drusen, compared
with adjacent regions of the choriocapillaris (“non-drusen”), from the
same micrographs. The mean vascular density was significantly lower
beneath drusen than adjacent to drusen (P < 0.01).
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major cause of vision loss in AMD, choroidal neovasculariza-
tion, arises from capillaries in the choroid.>”

Earlier studies have shown AMD-associated increased or
decreased vascular density using light microscopy. Ramrattam
et al.* studied a large series of donor eyes and determined that
capillary density decreases with age, although after age 50
there did not appear to be further loss as the vasculature was
highly variable in the older donors. AMD status, assessed his-
tologically by the presence of basal laminar deposits, geo-
graphic atrophy, and/or CNV, was related to decreased vascu-
lar density. These findings were later challenged by Spraul and
Grossniklaus,’®>' who noted in a series of donor eyes that the
vascular density modestly increased in association with AMD.
Both of these studies relied on hematoxylin-eosin prepared
sections, in which discriminating between a viable vessel and
an empty ghost vessel may be challenging, particularly if other
cell types (such as pericytes) are still present. These difficulties
were addressed in studies by McLeod et al.,>?> who evaluated
the vasculature at the margins of advanced AMD lesions using
alkaline phosphatase histochemistry, which discriminates be-
tween living and absent endothelial cells.>* In addition, when
these authors assessed RPE density in the same fields, they
found that RPE loss occurs preferentially in areas of atrophy in
geographic atrophy eyes, whereas choroidal loss occurs pref-
erentially (and paradoxically) in advance of choroidal neovas-
cularization without loss of RPE in wet AMD.>?

In the present study, we focused on early AMD eyes and
similarly relied on a marker of viable endothelial cells, UEA-L.
Fucose-containing glycoconjugates that react with UEA-I are
expressed on both normal®> and neovascular'® choroidal en-
dothelial cells, but not ghost capillaries, enabling us to assess
the vascular density in a set of eyes either with early macular
degeneration (i.e., macular drusen and/or pigmentary changes)
or without macular changes. Eyes with advanced disease were
excluded since both geographic atrophy and choroidal neovas-
cularization have profound effects on the choriocapillaris, and
we wished to evaluate early changes in AMD.

The present study found that, in the absence of advanced
degenerative changes, vascular loss was associated with extent
of drusen and other sub-RPE deposits. Although we observed a
trend toward decreasing vascular density in association with
early AMD (uncorrected P = 0.037), this difference did not
reach statistical significance after correction for multiple mea-
sures. In contrast, ghost vessels and choriocapillaris density
were both strongly associated with the cross-sectional area of
sub-RPE deposits. In fact, adding AMD status as a covariate in
linear regression analysis actually decreased the statistical sig-
nificance of the association, suggesting that sub-RPE deposit
density is a much better predictor of vascular density than
AMD diagnosis. These experiments suggest a relationship be-
tween the choriocapillaris and drusen that is not widely appre-
ciated.

Moreover, we observed a strong inverse relationship be-
tween numbers of ghost vessels and choriocapillaris density.
This intriguing finding suggests that a major difference be-
tween eyes with a dense vasculature and those with a sparse
vasculature is the loss of endothelium, rather than a congenital
variation in the distribution of vascular elements. This is en-
couraging in that it suggests that agents that preserve—while
not activating—the failing endothelium could have benefit in
early AMD patients.

In addition to assessing the vasculature in early AMD, we
also sought to examine leukocyte trafficking into the choroid
in AMD and control eyes using a marker for all classes of
leukocytes, CD45/leukocyte common antigen. Dual labeling
with UEA-I and anti-CD45 antibodies allowed us to discern
whether leukocytes in the choroid are extravascular or con-
tained within the vasculature (the latter of which could be

TOVS, March 2011, Vol. 52, No. 3

attributed to stochastic effects such as body position of the
donor after death). The observation that CD45 reactive leuko-
cytes showed increased numbers in association with AMD
status is consistent with previous results by Penfold and col-
leagues®® in which all nonvascular nucleated cells in the cho-
roid were counted and found to increase with AMD severity. In
our study, leukocytes that reacted with anti-CD45 antibody
were over twofold more abundant in early AMD eyes com-
pared with unaffected controls (uncorrected P = 0.02). There
are a number of intriguing questions regarding the role of
macrophages and other white cells in AMD. One important
question concerning leukocytes in AMD is the mechanism
through which these cells are recruited to the choroid. We
recently showed that the complement fragment C5a can acti-
vate choroidal endothelial cells in vitro to increase ICAM-1
expressionss; if similar events occur in vivo, this could drive
leukocyte recruitment into eyes with early AMD through a
complement-mediated mechanism.

There are limitations to this study. In contrast to in vivo
approaches such as laser Doppler flowmetry,**>” we were
limited to a single time point for each donor. Longitudinal
changes in vascularity and drusen could not be assessed. In
addition, our approach in which all macular sub-RPE deposits
were grouped may dilute differences in choroidal responses to
different classes of lesions. We made this choice largely on the
necessity of transmission electron microscopy to reliably dis-
tinguish between categories of deposit, although macular soft
drusen may be associated with basal laminar deposits that lead
to detachment of the RPE.’® We also did not attempt to dis-
criminate between different classes of leukocytes, as the sam-
ple preparation was not compatible with many of the reagents
used for phenotyping leukocytes. Based on nuclear morphol-
ogy, the majority of choroidal cells were not granulocytes and
were likely a mixture of monocytes and lymphocytes, perhaps
of the CD8™ lineage as suggested previously.>® Labeling of a
subset of samples with high and low numbers of CD45+ cells
suggests that the elevated choroidal leukocytes react with
antibodies directed against the microglia/macrophage marker
IBA-1 (data not shown).

Most importantly, these experiments are not capable of
distinguishing between cause and effect. It is possible that the
observed choroidal microvascular changes are a secondary
event that follows the formation of drusen and interference of
trophic signaling by the RPE. Since the choriocapillaris relies
on VEGF secretion by the RPE,°° the presence of deposits
between the RPE and choroid that are rich in lipid species'>-*”
could impair this signaling and lead to endothelial cell loss.
Alternatively, it is possible that vascular loss, due to comple-
ment mediated injury or other genetic and nongenetic factors,
leads to impaired removal of debris from Bruch’s membrane,
RPE ischemic injury, and other sequelae of early AMD.

It is intriguing in this context that drusen coalesce between
capillary lumens rather than randomly or preferentially over
the lumens.'® In our study, the vascular density of the chorio-
capillaris beneath drusen was 45% lower than the capillary
density adjacent to drusen (P < 0.01). This phenomenon may
be related to what Sarks and colleagues'> described as entrap-
ment sites, or zones within intercapillary pillars that tend to
accumulate debris, leading to drusen coalescence.

In summary, we have demonstrated that choriocapillaris
loss is associated with increasing sub-RPE deposit density, and
we provide additional evidence for the supposition that drusen
develop preferentially over areas of the choroid without vas-
cular lumens. It is feasible that the loss of endothelial cells
promotes the formation of drusen during the pathogenesis of
AMD. A deeper understanding of the relationship between the
vasculature and drusen will provide further insight into the
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interrelationship between sub-RPE deposits, the choriocapil-
laris, and the pathogenesis of AMD.
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