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Abstract Aging of the microcirculatory network plays
a central role in the pathogenesis of a wide range of age-
related diseases, from heart failure to Alzheimer’s dis-
ease. In the eye, changes in the choroid and choroidal
microcirculation (choriocapillaris) also occur with age,
and these changes can play a critical role in the patho-
genesis of age-related macular degeneration (AMD). In
order to develop novel treatments for amelioration of

choriocapillaris aging and prevention of AMD, it is
essential to understand the cellular and functional
changes that occur in the choroid and choriocapillaris
during aging. In this review, recent advances in in vivo
analysis of choroidal structure and function in AMD
patients and patients at risk for AMD are discussed.
The pathophysiological roles of fundamental cellular
and molecular mechanisms of aging including oxidative
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stress, mitochondrial dysfunction, and impaired resis-
tance to molecular stressors in the choriocapillaris are
also considered in terms of their contribution to the
pathogenesis of AMD. The pathogenic roles of cardio-
vascular risk factors that exacerbate microvascular aging
processes, such as smoking, hypertension, and obesity
as they relate to AMD and choroid and choriocapillaris
changes in patients with these cardiovascular risk fac-
tors, are also discussed. Finally, future directions and
opportunities to develop novel interventions to prevent/
delay AMD by targeting fundamental cellular and mo-
lecular aging processes are presented.

Keywords Retina . SD-OCT. OCTA . Choroidal
thickness . Cardiovascular risk factors . Smoking .

Hypertension

Introduction

The retina is one of the most metabolically active tissues
in the body with an extremely high associated oxygen
demand (Anderson 1968). It is thus not surprising that
virtually all blinding retinal diseases, including diabetic
retinopathy, age-related macular degeneration (AMD),
and glaucoma, have a significant vascular component.
Oxygen is supplied to the retina through two vascular
beds, the retinal vasculature which penetrates the inner
retina and the denser choroidal vascular network resid-
ing behind the retinal pigment epithelium (RPE) and
Bruch’s membrane (BrM). Overall, ~ 60% of oxygen
supply and ~ 75% of nutrient supply to the retina come
from the choroid (Alder et al. 1983; Anderson 1968; Yu
and Cringle 2001). However, in-depth analysis of the
role of the choroidal circulation, and particularly the
choriocapillaris, in the development of ocular diseases
has historically been hampered by difficulties in imag-
ing and analyzing the choroidal microcirculation. This is
especially galling for diseases such as AMD where late-
stage disease and severe vision loss are clearly associ-
ated with profound choroidal pathologies. However,
recently, powerful in vivo imaging modalities for ana-
lyzing changes in choriocapillaris perfusion and blood

flow have become more widespread. Coupled with in-
creasing support for the hypothesis that localized cho-
roidal dysfunction and abnormal hemodynamics is a
significant disease mechanism for AMD (Gelfand and
Ambati 2016), these technological advancements have
ushered in a new age of research enthusiasm evaluating
the role of the choroidal microcirculation in healthy,
aged, and diseased vision. Here, we discuss the current
understanding of how the choriocapillaris changes dur-
ing normal aging and during the development of AMD,
and how the choroid and choriocapillaris are affected by
cellular and molecular mechanisms of aging and sys-
temic vascular disease.

The choroid

Choroidal structure

The choriocapillaris is the innermost layer of the cho-
roid, residing adjacent to BrM and the RPE. It is com-
posed of fairly large diameter (20–50 μm; Fryczkowski
1994) fenestrated capillaries which interconnect to form
a characteristic network with a planar geometry (Fig. 1).
In the human eye, the choriocapillaris structure is not
uniform. In the central retina, the choriocapillaris ex-
hibits a honeycomb or cobblestone-like appearance
which transitions toward a more longitudinally arranged
array of tubular capillaries separated by intercapillary
pillars in the peripheral/equatorial region. This
choriocapillaris meshwork is supplied by feeding
arterioles/venules found in the middle Sattler’s layer
which are then connected to arteries and veins in the
outer Haller’s layer. Choroidal blood flow is regulated
by autonomic innervation (Hashitani et al. 1998; Koss
and Gherezghiher 1993; Lutjen-Drecoll 2006), but
also has some capacity to autoregulate, particularly
in cases where intraocular pressure is changed (Akahori
et al. 2017; Kiel and Shepherd 1992; Polska et al. 2007;
Riva et al. 1997).

Studying the choroid and choroidal blood flow

The choroid is one of the few microvascular beds that
can be optically imaged and has the potential to provide
insights into ocular and systemic vascular disorders.
Advances in imaging technology have significantly im-
proved our understanding of the role of choroidal failure
in the pathogenesis of age-related macular degeneration

Z. Ungvari
Department of Health Promotion Sciences, College of Public
Health, University of Oklahoma Health Sciences Center,
Oklahoma City, OK, USA

GeroScience (2019) 41:813–845814



(Pemp and Schmetterer 2008). Measurement of choroi-
dal thickness is important in the diagnosis, follow-up,
and monitoring of response to treatment of a number of
eye diseases (Lavinsky and Lavinsky 2016). However,
the assessment of choroidal thickness and structural
changes has been very challenging with conventional
imaging modalities, such as ultrasonography, due to its
limited resolution and repeatability (Coleman and Lizzi
1979). Indocyanine green angiography (ICGA) pro-
vides visualization of the choroid, but the technique
requires intravenous administration of a dye, and extrac-
tion of quantitative blood flow data using this method
has proven difficult (van Stokkum et al. 1995).

High-resolution, cross-sectional imaging of the
choroid became possible after the development of
optical coherence tomography (OCT) (Rahman
et al. 2011). In spectral domain OCT (SD-OCT),
depth information is encoded as different frequen-
cies of the interference spectrum. With recent ad-
vances, including enhanced depth imaging, the out-
er limit of the choroid can be reliably identified
(Spaide et al. 2008). Swept source OCT (SS-OCT)
uses a frequency swept laser with a light source
that enables the measurement of interference at
different optical frequencies or wavelengths sequen-
tially over time (Lavinsky and Lavinsky 2016).
Recently, optical coherence tomography angiogra-
phy (OCTA) has attracted much interest and has
proven to be a valuable tool to evaluate the pattern
of the choriocapillaris without the need for dye
injection. In contrast to conventional dye-based an-
giography, OCTA uses motion contrast technology
by detecting the movement of red blood cells in
consecutive scans. As OCT angiograms are simul-
taneously co-registered with the corresponding
cross-sectional OCT B-scans, OCTA provides both
structural and blood flow information of the retina
and the choroid (Spaide et al. 2018). However,
current OCTA is not sufficiently advanced to pro-
vide information regarding the blood flow speeds in
the choriocapillaris, nor does it illustrate leakage
(Borrelli et al. 2018; Leitgeb et al. 2014). In the
absence of direct measurements of individual ves-
sels, this approach has been used to assess the
choroidal vascularity index, which is the ratio of
the lumenal area to the total choroidal area (Koh
et al. 2017b; Tan et al. 2016). Choroidal vascularity
index can indirectly measure choroidal vascularity,
thus overcoming the limitation of using choroidal

thickness alone. Another recent approach has been
to assess choriocapillary flow voids/deficits, local-
ized areas of decreased choriocapillaris perfusion,
using SS-OCTA. This analytical approach has high
repeatability and can be used to track localized
changes in the choroid in both normal and diseased
eyes (Zhang et al. 2018a; Zheng et al. 2019).
OCTA has also been combined with adaptive optics
(AO-OCTA) to directly image individual vessels in
the choriocapillaris, enabling direct measurements
o f cap i l l a ry d i ame t e r , c ap i l l a ry dens i t y,
choriocapillaris depth, etc. (Kurokawa et al. 2017).
This approach represents a significant advancement
and will permit much more cell biological and
anatomical analysis in the future.

There is increasing interest in the quantification
of choroidal blood flow (CBF) with optical tech-
niques. Color Doppler imaging enables qualitative
and quantitative assessment of the ophthalmic artery
and its branches, including the posterior ciliary ar-
teries supplying the choroid, but it cannot obtain
information on volumetric blood flow (Stalmans
et al. 2011). Using laser Doppler flowmetry, choroi-
dal hemodynamic measurements (velocity, volume,
and flux) are limited to the subfoveal area, because
of the lack of retinal vessels in this region (Riva
et al. 2010). However, because the density of pho-
toreceptors is so much greater in the fovea, choroi-
dal blood flow in this area is likely to be different
from blood flow elsewhere in the choroid, making it
difficult to generalize results obtained with this
method (Straubhaar et al. 2000). A third optical
method is laser speckle flowgraphy (LSFG) which
can produce two-dimensional images of blood flow
with high spatial and temporal resolution (Sugiyama
et al. 2010). This technique has been used to study
optic nerve head blood flow, but when retinal areas
are measured, the signal contains proportions from
both retinal and choroidal circulations. Recently, a
technique was introduced to extract blood flow in-
formation from retinal vessels, separating the signal
arising from the larger vessels from background
mean blur rate (MBR) originating from the sur-
rounding microvasculature (Calzetti et al. 2018).
The development of these novel imaging tools has
led to extremely rapid advancements in our under-
standing of the role of the choroid/choriocapillaris in
aging/AMD and overall expansion of this area of
research.
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Changes in the choroid with systemic AMD risk
factors

There are a variety of systemic risk factors for AMD,
and here we evaluate what is known about their effects
on the choroid.

Age

With age, choroidal thickness drops dramatically
(Gattoussi et al. 2019; Wakatsuki et al. 2015), a change

accompanied by decreased choroidal blood flow
(Grunwald et al. 1998a). The choriocapillaris and the
large vessel layer of the choroid both show age-related
thinning as measured by SS-OCT (Wakatsuki et al.
2015) and reduced choriocapillary vascular density
(Fig. 2). Choriocapillaris flow deficits also increased
with increasing age in nondiseased eyes (Zheng et al.
2019), findings that are recapitulated histologically.
Nondiseased aged eyes can exhibit loss of up to 27%
of the choriocapillaris, characterized by loss of capil-
laries and reduction in choriocapillary endothelial cell
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fenestrations (Biesemeier et al. 2014). Critically, this
choriocapillaris degeneration can precede RPE/
photoreceptor damage. These age-related changes are
most pronounced in the central macular regions (Zheng
et al. 2019), and choriodal subfoveal thickness has been
shown to decrease by ~ 3 μm per year (Chirco et al.
2017; Wakatsuki et al. 2015).

In contrast to the choroid, BrM becomes thicker and
loses its distinct layers with age. For example, measure-
ments taken from nondiseased eyes in the sixth decade
of life show that BrM is thicker and more hyalinized
than in the second decade (Gupta et al. 2017; Ramrattan
et al. 1994). BrM continues to thicken through the ninth
and tenth decades and becomes increasingly undulated
(Gupta et al. 2017). Several studies have shown that
drusen (both in normal aging and in AMD) exhibit clear

spatial associations with the choriocapillaris (Friedman
et al. 1963; Lengyel et al. 2004; Lutty et al. 1999). In
studies from human donor eyes with no diagnosed eye
disease spanning a 50-year age range, 90% of drusen
were found to accumulate above the intercapillary pil-
lars, rather than above the lumen of the capillaries
(Lengyel et al. 2004). In addition, in healthy eyes (both
young and aged), autofluorescent drusen are found on
the intercapillary pillars between the tubular capillaries
in the peripheral choroid and in the empty cobblestone
spaces in the area where the choriocapillaris is
transitioning to the honeycomb morphology, i.e., not
directly beneath the choroidal endothelial cells
(Lengyel et al. 2004). Intercapillary pillars also become
increasingly hyalinized starting at the macula in the
sixth decade and spreading to the peripheral retina by
the ninth and tenth decades (Gupta et al. 2017).

Smoking

Following age, smoking is the largest environmental
risk factor for AMD (Evans 2001; Nita and
Grzybowski 2017) and for progression of early AMD
to both geographic atrophy (dry AMD) and neovascular
AMD (Bonyadi et al. 2017; Chakravarthy et al. 2007;
Keenan et al. 2018; Klein et al. 2004; Saunier et al.
2018). However, the direct role of smoking on choroidal
health (i.e., in healthy eyes prior to AMD onset) has
been controversial. In multiple case–control studies
comparing long-term smokers with nonsmokers, no sig-
nificant difference in choroidal thickness was observed
between healthy smokers and nonsmokers in the central
or peripheral retina (Kantarci et al. 2016; Sizmaz et al.
2013; Ulas et al. 2014). However, choroidal thickness,
choroidal blood flow, and choriocapillary perfusion are
acutely reduced following smoking (Ayhan et al. 2017;
Ulas et al. 2014), a finding in some cases more pro-
nounced in chronic smokers (Sizmaz et al. 2013;
Tamaki et al. 2000). In addition, many more recent
studies have shown a modest but significant negative
correlation between smoking and in choroidal thickness
(Gattoussi et al. 2019; Moschos et al. 2016; Sigler et al.
2014; Tamaki et al. 2000). Using SD-OCT, choroidal
vascularity index was shown to be significantly de-
creased in smokers in a dose-dependent manner,
although there were no detectable changes in subfoveal
choroidal thickness, suggesting that choroidal thickness
may not be as sensitive a measure of choroidal function
as other approaches (Wei et al. 2019). However, many

Fig. 1 Choriocapillaris anatomy. a Tridimensional diagram of the
retinal and choroidal vasculature. The branches from the central
retinal circulation divide into two distinct capillary plexi within the
ganglion cell layer (the superficial capillary plexus and the deep
capillary plexus). These two vascular plexi end as the ganglion cell
and inner nuclear layer disappear in the foveal slope. The choroid
contains a dense vascular network terminating with the fenestrated
choriocapillaris adjacent to Bruch’s membrane (drawing by Dave
Schumick, adapted with permission from Kur et al. 2012). b
Histological section (hematoxylin/eosin staining) of choroidal
vascular layers. 1: Sclera; 2: suprachoroid; 3: large-sized vessel
layer (Haller’s layer); 4: medium-sized vessel layer (Sattler’s lay-
er); 5: choriocapillaris; 6: Bruch’s membrane; 7: retinal pigment
epithelium (modified with permission fromRamírez et al. 2012). c
Representative section from an adult mouse choroidal flatmount in
which the choriocapillaris has been labeled with the endothelial
marker endomucin (red). The choriocapillaris is formed from
interconnected, wide capillaries. Scale bar 100 μm. d
Representative retinal/choroidal cross-section from an adult mouse
in which plasmalemmal vesicle–associated protein (PLVAP-red) is
used to label the fenestrated capillaries in the choriocapillaris. Sc,
sclera; Ch, choroid; CC, choriocapillaris; –, Bruch’s membrane;
RPE, retinal pigment epithelium; OS, outer segment; IS, inner
segment; ONL, outer nuclear layer. Scale bar 20 μm. e Electron
micrograph of Bruch’s membrane (BM) and choriocapillaris (CC).
Bruch’s membrane is composed of several layers: the basal mem-
brane of the retinal pigment epithelium (RPE), the inner collage-
nous layer (IC), the elastic layer (E), the outer collagenous layer
(OC), and the basal membrane of the choriocapillary endothelium.
Endothelial cells (EC) of the choriocapillaris present fenestrations
(arrowhead) (adapted with permission from Ramírez et al. 2012). f
Scanning electron microscope image of the vascular cast of the
horse choriocapillaris. In this cross-section of the choroidal vascu-
lature, note the choroidal arteries (ch.a) and choroidal veins (ch.v)
in the vascular laminar (vl), arterioles (ao), and venules (vo)
penetrating the tapetum (tp), and the choriocapillaris (asterisks).
Note the feeding arterioles and draining venules inserting into the
outer surface of the choriocapillaris. Bar = 100 μm (adapted with
permission from Ninomiya and Inomata 2014)

R
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of these studies have small populations and not all report
as many details as might be desired (e.g., time of day,
which is important for diurnal variations in choroidal
thickness). In contrast, the larger ALIENOR
(Antioxydants, Lipides Essentiels, Nutrition et maladies
OculaiRes) study (Delcourt et al. 2010), a prospective
French study evaluating nutrition and age-related eye
diseases, recently published their findings on choroidal
thickness. The ALIENOR study conducted SD-OCT
coupled with enhanced depth imaging of the choroid
in 271 participants with and without eye disease and
found heavy smoking was associated with choroidal
thinning (Gattoussi et al. 2019) after controlling for
age, sex, and other potential confounding factors.
Interestingly, in this population, overall choroidal thick-
ness was not associated with AMD (Gattoussi et al.
2019). Detai led analysis of changes in the
choriocapillaris in response to smoking is sparse, but
some studies can be gleaned from work using animal
models. In an aged high-fat diet mouse model, smoking
led to increased sub-RPE deposits, as well as abnormal-
ities in the choriocapillaris including increased cellular
infiltration, increased thickening and decreased

fenestration in the choriocapillary endothelial cells,
and penetration of endothelial cells into BrM. These
findings were similar to those observed in groups fed
hydroquinone (an oxidant in tar derived from cigarette
smoke) and the positive control blue light group consis-
tent with the idea that oxidative stress from cigarette
smoking leads to detrimental changes in the
choriocapillaris (Espinosa-Heidmann et al. 2006).
Combined, these studies suggest that heavy smoking is
a risk factor for choroidal thinning and choriocapillary
defects.

Hypertension

Previous meta-analysis and several individual studies
suggest hypertension is a moderate risk factor for
AMD (reviewed in Chakravarthy et al. 2010; Evans
2001). For example, in the large Age-Related Eye
Disease trial (AREDS), patients with intermediate
AMD (characterized by large drusen or extensive inter-
mediate drusen) or with neovascular AMD were more
likely than controls to be hypertensive (Age-Related
Eye Disease Study Research 2000). However, not all

Fig. 2 Aging leads to a decline in choriocapillaris vascularity.
Example of retinal and choroidal circulation imaged with the
Optovue AngioVue OCTA system in healthy subjects (32 years,
top row) and (60 years, bottom row). Images are captured from the
superficial retina (ILM–IPL), deep retina (IPL–OPL), outer retina
(OPL–BrM), and choriocapillaris (BrM–BrM + 30 μm). Although
there is no conspicuous change in superficial, deep, and outer

retinal vascular density, choriocapillary vascularity is substantially
decreased in the aged subject. At the level of the choriocapillaris,
granular bright areas (choriocapillaris flow) alternate with small
dark regions that indicate choriocapillaris flow reduction. ILM,
inner limiting membrane; IPL, inner plexiform layer; OPL, outer
plexiform layer; BrM, Brunch’s membrane

GeroScience (2019) 41:813–845818



studies have identified an association between hyperten-
sion and AMD. Changes in the choroid with hyperten-
sion have likewise been inconsistent. Severe hyperten-
sion can result in hypertensive retinopathy which can
rarely manifest as hypertensive choroidopathy.
Hypertensive choroidopathy is characterized by in-
creased areas of choriocapillaris nonperfusion as well
as exudative changes in the retina and presentation of
Elschnig spots (character is t ic black spots
surrounded by yellow halos) (Rezkallah et al.
2019; Saito et al. 2018; Sato and Takeuchi 2018;
Verstappen et al. 2019). However, this severe ret-
inopathy is not an aging-associated disease and can
occur in young people or in cases of pregnancy-induced
hypertension. Frequently, the associated choroidal per-
fusion defects resolve after hypertension is controlled
(Saito et al. 2018).

When considering the effects of chronic primary
hypertension on the choroid, some studies, including
the recently published Gutenberg Health Study, have
found that elevated systolic blood pressure was nega-
tively associated with choroidal thickness (Akay et al.
2016; Icel et al. 2018; Schuster et al. 2019; Usui et al.
2012). More recent evaluation of choriocapillary flow
voids using OCTA has reported that hypertension is a
predictor of increasing choriocapillary flow void area
(Spaide 2016). However, other studies have found no
association between hypertension and choroidal thin-
ning (Gok et al. 2015; Polak et al. 2003). This finding
was supported by a recent OCTA study of
choriocapillaris perfusion in patients with well-
controlled vs. poorly controlled hypertension. Patients
with well-controlled hypertension (and lower systolic
blood pressure) had small increases in choriocapillary
flow voids compared to patients with poorly controlled
hypertension (and higher systolic blood pressure) (Chua
et al. 2019). Similarly, in a population of normotensive
patients, increasing blood pressure was associated with
increased choroidal perfusion (Polak et al. 2003). In the
context of age and the development of choroidal pathol-
ogies, it is not clear whether increased choroidal perfu-
sion is protective (by preventing ischemia) or detrimen-
tal (by promoting oxidative stress). The larger
ALIENOR study reported no associations between cho-
roidal changes and hypertension and found no consis-
tent association between anti-hypertensive medication
use and subfoveal choroidal thickness (Gattoussi et al.
2019). Assessing choroidal changes due to hypertension
in patients is further complicated by widespread anti-

hypertensive use, making it challenging to directly as-
sess the effects of chronic hypertension on the choroid.

Some information may be gleaned from animal stud-
ies. Choriocapillaris rarefaction and thickening of cho-
roidal arteries have been reported in young (~ 6 months)
spontaneously hypertensive rats (Tomassoni et al.
2002). In aged hypertensive rats, narrowing of choroidal
artery lumen, choriocapillary engorgement, smooth
muscle cell engorgement, and basement membrane
thickening have been observed (Bhutto and Amemiya
2002). These animals also exhibit reduced choroidal
blood flow which is not responsive to acetylcholine
(which induces vasodilation in normal rats via induction
of NO) (Granstam et al. 1998). Recent studies also show
that spontaneously hypertensive rats exhibit significant
thinning of the choriocapillaris endothelial glycocalyx,
the intravascular protective layer of glycolipids, glyco-
proteins, proteoglycans, and glycosaminoglycans that
play an important role in vascular homeostasis
(Kumase et al. 2010). These results suggest that hyper-
tension does affect the morphology and function of the
choroid, but to what degree this manifests clinically
remains an open question.

Diabetes

Diabetic microangiopathy shares common pathogenic
pathways with AMD, but the contribution of diabetes to
early and late AMD is inconsistent in studies (Chen et al.
2014). Hyperglycemia, dyslipidemia, and chronic in-
flammation are possible common pathophysiologic
mechanisms of both conditions (Zhang et al. 2011). In
a longitudinal study over 10 years, individuals with
diabetic retinopathy, including both the nonproliferative
and proliferative forms, were at higher risk for
neovascular AMD when compared to diabetic patients
without diabetic retinopathy or normal controls
(Hahn et al. 2013). Vascular endothelial growth
factor (VEGF) is a key proangiogenic growth fac-
tor which plays an important role in both diabetic
retinopathy and AMD, and anti-VEGF treatments
are useful for both (Ho et al. 2012).

Several choroidal alterations in diabetic patients have
been described in the literature. Previous histopatholog-
ic studies showed vascular abnormalities in the choroid,
including microaneurysms, obstruction of the
choriocapillaris, vascular remodeling with increased
vascular tortuosity, and choroidal neovascularization in
patients with diabetes (Cao et al. 1998). Studies in
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diabetic eyes using fluorescein angiography, ICGA, and
newer imaging modalities have shown several choroidal
filling abnormalities, including reduction in choroidal
flow density and choriocapillary dropout (Fig. 3). These

changes are well correlated with the severity of diabetic
retinopathy, HbA1c levels, and poor diabetes control
(Shiragami et al. 2002; Yang et al. 2019). Doppler
flowmetry revealed progressive reduction of choroidal

Fig. 3 Diabetes impairs choriocapillaris blood flow. Example of
retinal and choroidal blood flow in a healthy subject (60 years, top
row) and in a diabetic patient (61 years, bottom row) imaged with
the Optovue AngioVue OCTA system. Images are captured from
the superficial retina (ILM–IPL), deep retina (IPL–OPL), outer
retina (OPL–BrM), and choriocapillaris (BrM–BrM + 30 μm).
Characteristic features of impaired microcirculation due to diabetic

retinopathy such as decrease in blood flow in the superficial and
deep layers as well as irregular choriocapillary blood flow is seen
compared to the healthy eye. The white arrowheads demonstrate
the capillary dropout areas. ILM, inner limiting membrane; IPL,
inner plexiform layer; OPL, outer plexiform layer; BrM, Bruch’s
membrane

Fig. 4 Aging and diabetes
promote choroidal thinning.
Example of choroidal thinning
due to age and background
diabetic retinopathy. Examples
are from a 30-year-old healthy
subject (top) and a 77-year-old
patient with diabetes (bottom)
imaged with the Topcon swept-
source OCT. The black double-
headed arrows indicate choroidal
thickness measurements

GeroScience (2019) 41:813–845820



blood flow and volume in patients with diabetes, even in
eyes with clinically undetected diabetic retinopathy
(Nagaoka et al. 2004), suggesting choroidal pathologies
are an important component of the disease. Recently,
there has been a focus on choroidal thickness; however,
the pattern of diabetic choroidopathy-related changes in
choroidal thickness is still not well understood. Several
investigators have reported that choroidal thickness was
s igni f ican t ly reduced in mi ld or modera te
nonproliferative diabetic retinopathy compared to non-
diabetic control eyes (Querques et al. 2012; Shen
et al. 2017; Vujosevic et al. 2012) with examples
shown in Fig. 4. In contrast, other studies showed
that as diabetic retinopathy worsened to the prolif-
erative form, choroidal thickness increased (Kim
et al. 2013; Regatieri et al. 2012). According to Kim
et al. (2018), a reduction in the choroidal vascular index
was evident in type-2 diabetic patients, regardless of
diabetic retinopathy stage.

Metabolic risk factors

Obesity is considered a risk factor for AMD, though in
common with other risk factors, not all studies report an
association. A recent meta-analysis encompassing seven
prospective cohort studies and 31,151 subjects found

that obese subjects (assessed using body mass index
(BMI)) had significantly increased risk of developing
late AMD but not early AMD (Zhang et al. 2016)
compared to nonobese controls. Other studies have sug-
gested that abdominal obesity (assessed by waist/hip
ratio) also correlates with development of AMD, and
may have stronger relationship than that between BMI
and AMD (Klein et al. 2001; Peeters et al. 2008; Seddon
et al. 2003). There are only a few studies evaluating the
relationship between obesity and choroidal health, and
though several have reported vascular changes, results
are inconsistent. For example, Ersan et al. (2016) report-
ed that obese children had significantly reduced macular
and subfoveal choroidal thickness (as measured by SD-
OCT coupled with enhanced depth imaging), compared
to nonobese children, and a second group found reduced
temporal choroidal thickness in obese children (Topcu-
Yilmaz et al. 2018). However, other studies have found
the opposite, reporting increased choroidal thickness in
obese children compared to controls (using a similar
imaging approach) (Bulus et al. 2017). Significantly
thinner choroidal thickness was also reported in mor-
bidly obese adults compared to nonobese controls
(Dogan et al. 2016; Oner and Karadag 2018).

In the ALIENOR study, lipid-lowering treatment is
positively correlated with choroidal thickness, while

Fig. 5 Systemic atherosclerosis associates with choriocapillaris
impairments. Shown is an example of retinal and choroidal circu-
lation in a 59-year-old patient with symptomatic bilateral carotid
arterial occlusion imaged with the Optovue AngioVue OCTA
system. Images are from the right eye (top row, OD) and left eye
(bottom row, OS), and retinal and choroidal blood flow are pre-
dominantly impaired in the right eye. The white arrowheads

demonstrate areas of capillary dropout in the retina and choroid.
Images are captured from the superficial retina (ILM–IPL), deep
retina (IPL–OPL), outer retina (OPL–BrM), and choriocapillaris
(BrM–BrM + 30 μm). ILM, inner limiting membrane; IPL, inner
plexiform layer; OPL, outer plexiform layer; BrM, Bruch’s
membrane
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elevated blood glucose is negatively associated with
choroidal thickness (Gattoussi et al. 2019). However,
no correlation between overall cholesterol levels and
choroidal thickness was found. Coronary artery disease
has been identified as a risk factor for AMD, and cho-
roidal thickness is also reduced in patients with coronary
artery disease (Ahmad et al. 2017; Thomas et al. 2015).
A recently published case study found that a patient with
a history of an ischemic stroke, multiple ischemic at-
tacks, and vascular cognitive impairment had decreased
subfoveal choroidal thickness in both eyes (Chang et al.
2019), and the large Gutenberg Health Study found
cardiac dysfunction to be significantly associated with
choroidal thinning (Schuster et al. 2019). Similarly, a
study including 158 patients with coronary heart disease
and controls found a significant negative correlation
between choriocapillary density and Gensini score (a
measure of arterial stenosis) (Wang et al. 2019), sug-
gesting that the same pathological processes that con-
tribute to coronary artery disease also promote
choriocapillary defects. To illustrate this concept, a rep-
resentative OCTA image from a patient with severe
carotid atherosclerosis exhibiting choriocapillary drop-
out is shown in Fig. 5.

Changes in the choroid during AMD

Having discussed how many of the environmental
risk factors for AMD can lead to choroidal changes
even in nondiseased eyes, we turn now to alterations
in the choroid during AMD. It is estimated that 196
million individuals worldwide are affected by AMD
which is predicted to increase to 288 million by 2040
(Wong et al. 2014), and AMD is the leading cause of
vision loss in the elderly (Bourne et al. 2013).
Although classification systems have varied over
time, currently AMD is classified according to five
stages: stage 1 is no disease, stage 2 represents
changes associated with normal aging including
small drusen (< 65 μm) without RPE changes, stage
3 is early AMD and is characterized by the presence
of medium-sized drusen (65–125 μm) and no RPE
changes, stage 4 is intermediate AMD and is charac-
terized by medium or large drusen and pigmentary
changes, while stage 5 is defined by eyes with either
geographic atrophy or neovascular AMD (Ferris 3rd
et al. 2013). The biggest risk factor for development
of AMD is age, but several other environmental risk

factors have been identified (in addition to genetic
risk factors), including the cardiovascular risk factors
discussed above such as smoking, obesity, and histo-
ry of cardiovascular disease (Chakravarthy et al.
2010; Hogg et al. 2008). Although research on the
choroid and the role of the choroidal blood supply in
AMD has recently been rapidly expanding, the idea
that aberrations in choroidal blood flow can contrib-
ute to AMD dates to the beginning of the twentieth
century (Possek 1905). Over the years, this idea has
been refined (Friedman 1997) based on new data and
was recently updated to reflect the current state of
knowledge (Gelfand and Ambati 2016). This revised
hemodynamic theory of AMD posits that highly lo-
calized changes in choroidal perfusion lead to alter-
ations in shear stress, heat dissipation, endothelial
cell remodeling, and immune cell transport and can
lead to hypoxia and changes in transport of nutrients/
waste with the RPE and serve directly as cues to
promote choroidal remodeling and subsequent
changes in the outer retina (Gelfand and Ambati
2016). Critically, this theory provides a framework
tying different types of localized cellular and physi-
ological changes in the choroid to the later develop-
ment of either geographic atrophy or neovascular
AMD. For an in-depth discussion of this topic, the
reader is referred to Gelfand and Ambati (2016).
There is a vast literature on the multiple mechanisms
and pathogenesis of AMD; here, we limit our focus to
changes in the choroid during the AMD process.

Changes in the choroid in early and intermediate AMD

Multiple groups have reported that in some cases of
early AMD, choriocapillary endothelial cell loss pre-
cedes RPE degeneration (Biesemeier et al. 2014;
Seddon et al. 2016), and several other studies have
shown that choriocapillary vascular density is decreased
in eyes with early AMD (Lee et al. 2018a).
Choriocapillary density is also inversely related to en-
dothelial cell loss, which leads to an increased number
of “ghost vessels” (vessels with endothelial dropout) in
early AMD (Farazdaghi and Ebrahimi 2019; Mullins
et al. 2011). Interestingly, choriocapillaris vascular den-
sity has also been inversely correlated with drusen den-
sity, suggesting that proper choroidal microcirculation
may be essential for preventing drusen formation
(Mullins et al. 2011). This idea is supported by findings
that drusen and complement proteins both accumulate
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over intercapillary pillars in early AMD eyes (Fett et al.
2012; Seth et al. 2008) (similar to normal aging, see
above). Figure 6 shows an example AMD eye with
drusen and irregularities in choriocapillary blood flow.

There are also immune changes in early AMD. Mast
cells are increased throughout the choroid in early AMD
compared to age-matched controls, and their prevalence
correlates with choriocapillaris loss in human donor

Fig. 6 Choriocapillaris impairment in intermediate AMD. Shown
is an eye from a 72-year-old patient with intermediate dry AMD.
Large drusen (black arrows) are seen as yellow spots on a fundus
photo (a) and as solid elevations from Bruch’s membrane (yellow
arrowheads, b) by OCT. White arrows in b highlight large choroi-
dal vessels. c OCTA shows preserved retinal microcirculation, but

substantial irregularity in choriocapillary blood flow (yellow ar-
rows). Images are captured from the superficial retina (ILM–IPL),
deep retina (IPL–OPL), outer retina (OPL–BrM), and
choriocapillaris (BrM–BrM + 30 μm). ILM, inner limiting mem-
brane; IPL, inner plexiform layer; OPL, outer plexiform layer;
BrM, Bruch’s membrane

Fig. 7 Choroidal
neovascularization (CNV).
Example of an active CNV lesion
imaged with the Optovue
AngioVue OCTA system. On
SD-OCT, subretinal CNV (white
arrow) and the surrounding fluid
(asterisk) can be seen (a). The
superficial and deep retinal
plexuses as well as the outer retina
and the choriocapillaris are
depicted. b The presence of a
densely packed CNV net
composed of loops and peripheral
anastomoses (yellow arrow) and
surrounded by a hypointense halo
(white arrowheads) can be seen in
the choriocapillary layer

GeroScience (2019) 41:813–845 823



eyes (Bhutto et al. 2016). In addition, complement factor
H (CFH), normally a protective component of the com-
plement pathway found in BrM, the choriocapillaris,
and intercapillary pillars, is reduced in early AMD as
well as in geographic atrophy (Bhutto et al. 2011). Other
cellular changes in the choroid have also been described
and may contribute to choriocapillaris dropout.
Choriocapillary endothelial cells are highly polarized,
with thin cytoplasm and fenestrated membranes toward
the RPE and thicker cytoplasm and nuclei on the cho-
roidal side. However, this polarity is frequently lost in
AMD eyes, a finding thought to contribute to reduced
perfusion and RPE hypoxia (Biesemeier et al. 2014;
Campos and Abu-Asab 2017).

There are also functional changes in the choroid in
early AMD. These include prolonged choroidal filling
(as measured by the appearance of hypofluorescent
regions during fluorescein angiography or ICGA). In
eyes diagnosed with early AMD, 36% exhibited a
prolonged choroidal filling phenotype (Pauleikhoff
et al. 1999). This vascular phenotype was significantly
associated with areas of RPE atrophy (Pauleikhoff et al.
1999). In addition, laser Doppler flow studies have
found that drusen accumulation is inversely correlated
with choroidal blood volume and choroidal blood flow
in early AMD eyes (Berenberg et al. 2012). More recent

work has demonstrated increased presence of
choriocapillary flow voids (areas of decreased
choriocapillaris perfusion) in intermediate AMD eyes
compared to healthy age-matched controls using SD-
OCTangiography (Vujosevic et al. 2019). Degeneration
and functional deficits in the choriocapillaris with
resulting outer retinal hypoxia have been hypothesized
to be driving factors in the development of AMD.

Changes in the choroid in late AMD

Intermediate and large drusen have been identified as a
significant risk factor for late forms of AMD. A recent
study using OCTA reported that choriocapillaris flow
impairment predicts the development and enlargement
of drusen (Nassisi et al. 2019). In exudative or
neovascular AMD, the most pronounced vascular pa-
thology is choroidal neovascularization in which vision
loss is associated with formation of new vessels pene-
trating into the retina and originating in the
choriocapillaris (Fig. 7 shows a representative
example). The region of choroidal neovascularization
is often surrounded by localized regions of
choriocapillaris nonperfusion, often termed a “dark ha-
lo” (white arrowheads, Fig. 7), both in eyes with exu-
dative choroidal neovascularization (CNV) and in eyes

Fig. 8 Choriocapillaris impairment in geographic atrophy. Shown
are examples from an eye with geographic atrophy. The atrophic
area (black arrow, a) on the fundus corresponds with the area
marked by red arrows in the OCT image (b), and with the region
shown in the OCTA image (c). In the atrophic region, there is

discontinuity of the RPE (yellow arrowheads, b). c As a result of
the atrophy, this area exhibits increased deep OCT signal (red
arrows) compared to the adjacent areas where the RPE is intact.
cOCTA shows choriocapillaris flow impairment and displacement
of large choroidal vessels under the regions of GA (yellow arrows)
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with subclinical neovascularization (Jia et al. 2014;
Moult et al. 2014; Treister et al. 2018), and histological
reports have shown areas of choriocapillaris atrophy in
neovascular AMD eyes (Lutty et al. 1999;McLeod et al.
2009). One hypothesis is that ischemia in areas of
choriocapillary flow reductions/flow voids dictates the
location in which neovascular lesions develop.
Choroidal thickness measurements in neovascular
AMD have been inconsistent; some groups report eyes
with choroidal neovascularization have thinner choroids
than age-matched healthy controls (Chung et al. 2011),
while the development of active or recurrent exudative
neovascular AMD has also been associated with in-
creased subfoveal choroidal thickness (Bouteleux et al.
2019; Invernizzi et al. 2018). This increased choroidal
thickness has been shown to be accompanied by an
increase in the choroidal vascularity index (Invernizzi
et al. 2018), suggesting the change may be due to
neovascularization within the choroid rather than edem-
atous thickening. Several studies have demonstrated that
OCTA can accurately identify choroidal neovasculari-
zation (de Carlo et al. 2015; Jia et al. 2014, 2015),
offering a clear depiction of the CNV net (Fig. 7b),
which is visible since the OCTA image is not obscured
by dye leakage. OCTAmay also be useful in the screen-
ing of eyes at risk for CNV as it detects CNV by the
presence of an abnormal vascular pattern above Bruch’s
membrane.

Geographic atrophy, also known as advanced dry
AMD, also exhibits severe choroidal pathologies.
These can include almost complete degeneration of the
choriocapillaris and RPE, decreased total choroidal
blood flow, and choroidal thinning, which may be more
pronounced in eyes with unilateral geographic atrophy
(where the other eye has neovascular AMD) (Adhi et al.
2014; Biesemeier et al. 2014; Ciulla et al. 1999; Grebe
et al. 2019; Grunwald et al. 1998b; McLeod et al. 2002,
2009; Pilotto et al. 2019; Sohn et al. 2019), and an
example is given in Fig. 8. Recent ultrastructural anal-
ysis of human donor eyes has demonstrated that loss of
choriocapillary endothelial cells in cases of geographic
atrophy is preceded by defects in cellular mechanisms
by which the endothelial cells promote nuclear trans-
port, including decreased presence of endothelial cell
fenestrations in atrophic areas and increased area of
caveolae (Grebe et al. 2019). In addition, the fenestra-
tions that are present in geographic atrophy eyes exhib-
ited size abnormalities and often defective diaphragms.
Interestingly, many AMD eyes also exhibited abnormal

distribution of choriocapillary pericytes. Normally,
pericytes are present in the choriocapillaris, but only
on the scleral side of the capillaries (Grebe et al.
2019). However, in some AMD eyes, venules fully
covered by pericytes penetrated into the choriocapillaris
layer, while in other cases, pericytes were found be-
tween choriocapillaris endothelial cells and BrM, or
appeared dysfunctional and dying (Grebe et al. 2019).

Again, functional changes in the choroid accompany
these structural changes. Defects in choroidal blood
flow first observed in intermediate/early AMD worsen
with increasing severity of AMD, particularly in eyes
that develop neovascular AMD (Grunwald et al. 2005;
Metelitsina et al. 2008). Similarly, choriocapillary flow
voids also increase with advancing AMD. Recent stud-
ies analyze the prevalence of choriocapillary flow voids
in eyes with geographic atrophy. Eyes with geographic
atrophy had significantly higher choriocapillary flow
deficits compared to either age-matched healthy control
eyes or eyes with neovascular AMD in peripheral mac-
ular regions (Alagorie et al. 2019). Increases in
choriocapillary flow voids throughout the eye were also
positively correlated with increases in geographic atro-
phy enlargement rate (Thulliez et al. 2019), consistent
with the idea that choriocapillaris defects contribute to
the progression of geographic atrophy.

Effect of treatments for neovascular AMD
on the choroid

There are currently no effective therapies for the treat-
ment of geographic atrophy. However, since VEGF
promotes choroidal neovascularization and angiogene-
sis in AMD (Atienzar-Aroca et al. 2016; Jiang et al.
2017; Sun et al. 2017), anti-VEGF therapy, such as
ranibizumab and aflibercept, has become a mainstay of
treatment for neovascular AMD. These treatments have
substantial, long-term benefits in terms of preserving
vision and promoting vessel regression (see examples
in Fig. 9) (Bhisitkul et al. 2016; Brown et al. 2006;
Rofagha et al. 2013). However, because the premise of
these treatments is blocking angiogenesis/vessel remod-
eling, there has been some concern that anti-VEGF
trea tments may exacerba te a t rophy of the
choriocapillaris and, therefore, worsen the subsequent
retinal/macular atrophy. Early studies indirectly sug-
gested this was the case. Development of geographic
atrophy (which is often associated with choriocapillaris
loss) was significantly associated with the number of
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ranibizumab treatments given (Lois et al. 2013) and was
detected significantly more often in patients receiving
anti-VEGF therapies on a continuous rather than

discontinuous treatment regimen (Chakravarthy et al.
2013; Grunwald et al. 2014). There has also been sig-
nificant controversy about whether different anti-VEGF

Fig. 9 CNV regression after 6 months of anti-VEGF treatment.
Shown is an example of monitoring the response to intravitreal
anti-VEGF treatment of exudative AMD in an 87-year-old patient
using the Optovue AngioVue OCTA system. SD-OCT and OCTA
images depict the status of the CNV before treatment (a) demon-
strating the presence of subretinal fluid (asterisks) as well as
anastomoses and loops branching in capillaries building up a
peripheral arcade (white arrows). b After 6 months of treatment

(four aflibercept injections), subretinal fluid disappeared, and a
marked regression of the peripheral anastomoses can be seen and
only the central, larger vessels are visible (yellow arrow). Bottom
images in each panel are captured from the superficial retina
(ILM–IPL), deep retina (IPL–OPL), outer retina (OPL–BrM),
and choriocapillaris (BrM–BrM + 30 μm). ILM, inner limiting
membrane; IPL, inner plexiform layer; OPL, outer plexiform
layer; BrM, Bruch’s membrane
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therapies have differing effects on the development of
geographic atrophy (Chakravarthy et al. 2013;
Comparison of Age-related Macular Degeneration
Treatments Trials Research et al. 2012; Grunwald et al.
2014, 2015; Lois et al. 2013). One difficulty is that anti-
VEGF treatments are now standard care, so controlled
studies evaluating the progression of choriocapillaris
defects in untreated vs. treated eyes are challenging to
perform. It is therefore difficult to assess whether chang-
es in macular atrophy are due to disease progression or
the anti-VEGF therapy. Data from the SEVEN-UP
study (a 7-year follow-up for patients who were enrolled
in original trials for the anti-VEGF drug ranibizumab/
Lucentis) tried to evaluate this by comparing develop-
ment of geographic atrophy in fellow eyes, i.e., the
contralateral eye that was not enrolled in the original
study and therefore was precluded from receiving anti-
VEGF treatments for the first 2 years. Fellow eyes
included in the analysis were those that had been diag-
nosed with CNV at either the baseline, 2-year
follow-up, or 7-year follow-up (all enrolled study
eyes had CNV at the time of initial treatment).
This study found that ranibizumab-treated study
eyes were significantly less likely to develop macular
atrophy compared to untreated fellow eyes that also had
CNV (79% of eyes, n = 22 vs. 100% of eyes, n = 12)
(Bhisitkul et al. 2016).

Although none of these reports directly assessed
choroidal changes, several more recent studies have
tried to evaluate this. In a small case study of 11 AMD
eyes, anti-VEGF treatment reduced not only the CNV
area but also reduced the dark halo area of choroidal
nonperfusion surrounding the CNV (Rispoli et al.
2018). Acute evaluation 1–2 weeks after anti-VEGF
treatment showed a statistically significant reduction in
choroidal blood velocity in a small population of
neovascular AMD (Mottet et al. 2018) eyes and reduc-
tion in choriocapillaris endothelial cell fenestrations in a
primate model (Peters et al. 2007), but it is not clear
whether these acute changes result in any longer-term
defects. Hikichi et al. performed long-term follow-up
(mean follow-up from baseline to end of study was 14
months) in 124 patients with a history of long-term anti-
VEGF treatment (mean treatment time at the time of
enrollment was 68 months). They reported a statistically
significant decrease in the density of the choriocapillaris
during the follow-up period, which was not seen in
healthy age-matched controls (Hikichi and Agarie
2019). Similarly, decreased choroidal thickness was
measured in neovascular AMD eyes treated with
aflibercept or ranibizumab (Adhi et al. 2014; Inan
et al. 2019; Sariyeva Ismayilov et al. 2019; Ting et al.
2016; Yamazaki et al. 2012). Animal studies support the
hypothesis that blocking VEGF may lead to choroidal

Fig. 10 Polypoidal choroidal
vasculopathy. Shown is an
example of an eye with
polypoidal choroidal
vasculopathy. a The superficial
and deep retinal capillary vascular
density remains high, despite high
serous retinal pigment epithelial
(RPE) detachment (yellow ar-
rowheads) and sub-RPE lesion
(asterisk) (b). Hyperflow sub-
RPE signal (red overlay) can be
seen on cross-sectional OCTA.
Images in a are captured from the
superficial retina (ILM–IPL) and
deep retina (IPL–OPL). ILM, in-
ner limitingmembrane; IPL, inner
plexiform layer; OPL, outer plex-
iform layer
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toxicity. In the tetracycline-inducible RPE-specific
Vegfa knockout mouse, Vegfa knockout in the adult
animal led to choriocapillaris loss as soon as 3 days after
Cre induction (Kurihara et al. 2012). Unfortunately,
because untreated neovascular AMD eyes cannot
be ethically included, it remains difficult to tell
whether reductions in choriocapillaris hemodynam-
ic parameters/structure are due to the activity of
the anti-VEGF treatment in counteracting the role
of endogenous VEGF in the choriocapillaris, due
to the progression of the neovascular AMD and
choroidal neovascularization, or may be secondary
to RPE degeneration.

However, in light of potential concerns about
choriocapillaris side effects with current therapies, a
variety of novel targets are currently under exploration
for the treatment of neovascular AMD. One exciting
new target still undergoing preclinical evaluation is
Tie2. The angiopoietin–Tie2 system is essential for vas-
cular regulation and homeostasis, and stabilizing
Tie2 by delivering angiopoietin 1 can suppress
neovascularization, edema, and leakage in a mouse
model of CNV (Lee et al. 2014). More recent
work has shown that in addition to these beneficial
effects in suppression of CNV and its side effects,
a Tie2-activating antibody also promotes regenera-
tion of the choriocapillaris in animal models of
CNV (Kim et al. 2019), suggesting this may be
an exciting therapeutic target for multiple forms of
choroidal disease where choriocapillaris involve-
ment occurs.

Changes in the choroid in polypoidal choroidal
vasculopathy

Polypoidal choroidal vasculopathy (PCV) is a disease of
the choroidal vascula ture character ized by
serosanguineous detachments of the pigmented epithe-
lium and accumulation of subretinal fluid (Yannuzzi
et al. 1990). The name reflects the appearance of a
network of branching choroidal vessels with terminal,
polyp-like aneurysmal dilations. Evidence supports that
symptomatic patients with PCV can have complete
regression without severe vision loss with anti-VEGF
treatment (Koh et al. 2012, 2013, 2017a). Due to a
superior visualization of polyps and branching vascular
network, ICGA has long been the gold standard for the
diagnosis of PCV. Recent studies have shown that
OCTA is comparable to ICGA for the detection of
the PCV (see example in Fig. 10). Cross-sectional
OCTA scans proved to be more sensitive than en
face OCTA in visualizing flow signal in polyps
(Inoue et al. 2015). However, the lumen often
appears devoid of flow signals that can be ex-
plained due to the turbulent flow or the slow flow
within the polyp. According to previous reports,
the rate of polyp detection by OCTA varied be-
tween 17 and 85% (Cheung et al. 2017; Srour
et al. 2016). As a result, although a combination
of OCT and OCTA can be used to detect PCV
with high sensitivity and specificity, ICGA remains the
gold standard imaging technique in the diagnosis of
PCV (Cheung et al. 2019).

Fig. 11 Mechanisms of
microvascular aging contributing
to the pathogenesis of age-related
macular degeneration (AMD).
Scheme depicting the links
among shared cellular and
molecular mechanisms of aging,
microvascular aging phenotypes,
and pathogenesis of AMD.
Known risk factors of AMD that
exacerbate microvascular aging
processes are indicated
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Cellular mechanisms of vascular aging
in the choroid and AMD

Choroidal defects clearly contribute to AMD patholo-
gies; however, cellular mechanisms underlying these
microvascular changes remain to be fully elucidated.
The field of geroscience has identified a series of com-
mon cellular and molecular mechanisms of aging that
also play key roles in age-related vascular changes.
These factors are also logical candidates to contribute
to the development of all the age-related choroidal pa-
thologies, including microvascular contributions to
AMD. Common vascular aging mechanisms include
oxidative stress, inflammation, impaired proteostasis,
mitochondrial dysfunction/DNA damage, deregulated
nutrient sensing, and cellular senescence, among others
(Ungvari et al. 2018).Many of these factors have been at
least partially studied in the context of AMD (Fig. 11),
but the majority of studies largely focus on the RPEwith
less evaluation of the choroid. Here, we highlight what
is known about the role of common cellular aging
mechanisms in the choroid during aging and the patho-
genesis of AMD.

Oxidative stress in the aging/AMD choroid

Increased cellular and mitochondrial oxidative stress is a
characteristic feature of microvascular aging (Csiszar
et al. 2014, 2019; Fulop et al. 2018; Kiss et al. 2019;
Springo et al. 2015; Tarantini et al. 2017, 2018b, 2019;
Ungvari et al. 2018). Oxidative stress is also widely
recognized to be a key pathogenic stimulus in the de-
velopment of both neovascular AMD and geographic
atrophy (Datta et al. 2017; Ding et al. 2009). The macula
is a high oxidative stress environment and several car-
diovascular risk factors (e.g., hypertension, diabetes,
obesity, smoking) that promote AMD also accelerate
microvascular aging by exacerbating oxidative stress
in vascular cells (Addabbo et al. 2009; Bailey-Downs
et al. 2013; Csipo et al. 2018; Csiszar et al. 2008b,
2009b; Dikalov and Ungvari 2013; Mattison et al.
2014; Orosz et al. 2007; Springo et al. 2015; Tarantini
et al. 2018a; Toth et al. 2015; Tucsek et al. 2014a,
2014b, 2014c, 2017; Ungvari et al. 2004, 2011c,
2017b; Valcarcel-Ares et al. 2018). In addition, many
of the genetic variants that increase risk for AMD do so
by altering oxidative stress–associated genes. As a re-
sult, there has been persistent interest in nutritional
approaches to combat oxidative stress in AMD,

including supplementation with antioxidant vitamins
and dietary polyphenols (Age-Related Eye
Disease Study 2 Research 2013; Age-Related Eye
Disease Study Research 2001; Gorusupudi et al.
2017; Ivanescu et al. 2015; Kanavi et al. 2014;
Pandian et al. 2017; Pawlowska et al. 2019;
Zhuang et al. 2011).

In cultured choroidal endothelial cells, oxidative
stress induced by both hypoxia and chemical mediators
can increase VEGF production (Balaiya et al. 2012;
Eichler et al. 2008), and suppressing oxidative stress
with the antioxidant dietary polyphenol resveratrol sup-
presses VEGF secretion (Balaiya et al. 2013).
Pretreatment with resveratrol also suppresses VEGF
upregulation and choroidal neovascularization in the
laser-induced choroidal neovascularization mouse
model in a manner dependent on AMPK signaling
in the RPE and choroid (Nagai et al. 2014). Other
models have also suggested that oxidative stress
plays a role in choroidal neovascularization. For
example, injection of inhibitors of the small
GTPase Rap1 in a laser-induced choroidal neovas-
cularization model suppressed the production of
reactive oxygen species (ROS), expression of
NADPH oxidase, and development of neovascular
lesions (Li et al. 2018).

Several oxidative stress models also exhibit charac-
teristics of both dry AMD/geographic atrophy and cho-
roidal neovascularization. The enhanced oxidative stress
OXYS rat model exhibits several different aging pathol-
ogies including a dry AMD-like retinopathy character-
ized by defects in the retina and RPE as well as reduc-
tion in the choroidal microcirculation, blood cell stasis,
and choriocapillaris atrophy (Markovets et al. 2011;
Telegina et al. 2015; Zhdankina et al. 2008). The super-
oxide dismutase 1 (SOD1) knockout mouse also de-
velops AMD disease features, including choroidal neo-
vascularization (Imamura et al. 2006).

One of the key homeostatic mechanisms cells utilize
to combat oxidative stress is the Nrf2 antioxidant path-
way. Dysregulation of this pathway and thus cellular
maladaptation to molecular stressors occurs during ag-
ing and is thought to contribute to various vascular
pathologies (Ungvari et al. 2011a, 2011b). However,
while Nrf2 activation is considered largely protective,
it can also have proangiogenic effects (Valcarcel-Ares
et al. 2012). While these effects could be beneficial in
the case of choriocapillary degeneration during geo-
graphic atrophy, suppressing angiogenesis is typically
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the desired outcome in choroidal neovascularization.
Several studies have demonstrated that Nrf2 is an essen-
tial component of the antioxidant response in the RPE.
Overall, Nrf2 activity is modestly reduced in the retina/
RPE of aged mice compared to young controls (Bonilha
et al. 2017). In addition, Nrf2 knockout animals develop
an age-related AMD-like retinopathy characterized by
RPE loss, basal deposits, BrM thickening, and infre-
quent choroidal neovascularization (Zhao et al. 2011).
Nrf2 knockout mice also exhibited age-related decreases
in choriocapillary endothelial cell fenestrations and
thickening of choriocapillary endothelial cells suggest-
ing the choroid is affected by the elimination of Nrf2. A
few studies have evaluated the role of Nrf2 in laser-
induced choroidal neovascularization and other angio-
genic retinal models with mixed results. For example,
treatment with nonsteroidal anti-inflammatories in a
murine laser-induced choroidal neovascularization
model suppressed VEGF levels, reduced the size of
the neovascular lesion, and increased nuclear Nrf2 and
one of i ts ant ioxidant target genes HO-1
(Yoshinaga et al. 2011). Similarly, administration
of the Nrf2 activator RS9 modestly suppressed
neovascular leakage in a primate model of choroi-
dal neovascularization (Nakamura et al. 2019).
DMBT (6,6′-bis(2,3-dimethoxybenzoyl)-α,α-D-tre-
halose), which has been used to suppress tumor
angiogenesis by inhibiting breast cancer cell pro-
duction of VEGF, also suppressed laser-induced
choroidal neovascularization and VEGF produc-
tion. However, corresponding in vitro studies
showed that DMBT treatment decreased Nrf2/HO-
1 protein levels in hypoxic ARPE-19 cells (Chen
et al. 2018). The question of whether choroidal
Nrf2 plays a role in the AMD process remains
unanswered. In a study evaluating control and
AMD human donor eyes, mRNA expression of
Nrf2 in the RPE/choroid varied widely and was
not significantly different between the two groups.
HO-1 in the RPE/choroid was significantly upreg-
ulated in AMD eyes, while both Nrf2 and HO-1
were significantly downregulated in AMD retinas
(Aberami et al. 2019).

Combined, this body of literature indicates clearly
that oxidative stress can lead to choroidal defects and
AMD is associated with oxidative stress, but further
research is needed to clearly understand the role of
oxidative stress in the choroidal vasculature during
AMD.

Complement activation and inflammation in the aging/
AMD choroid

The “inflammaging” hypothesis predicts that chronic,
low-grade inflammation is a critical factor contributing
to the genesis of many microvascular aging phenotypes
(Csiszar et al. 2003; Minor et al. 2011; Tucsek et al.
2014a, 2014c; Ungvari et al. 2007b, 2018; Valcarcel-
Ares et al. 2018). Inflammatory processes are also likely
to play critical roles both in age-related changes in the
choroid and the pathogenesis of AMD. Importantly,
cardiovascular risk factors that promote AMD, includ-
ing hypertension, diabetes, obesity, and smoking, are
known to exacerbate microvascular inflammation.

Since the 2005 identification of high-risk AMD al-
leles in the complement factor H gene (CFH, an inhib-
itor of the alternative complement pathway) (Edwards
et al. 2005; Hageman et al. 2005; Haines et al. 2005;
Klein et al. 2005), a large amount of AMD research has
focused on complement pathways. The alternative com-
plement pathway is the primary pathway involved in
AMD, and in the intervening years, risk alleles in many
additional alternative pathway genes have been identi-
fied. This extensive topic is ably reviewed elsewhere
(Datta et al. 2017; McHarg et al. 2015; Whitmore et al.
2015); here, we focus on what is known about comple-
ment and changes in the choroid during AMD. The
alternative complement pathway has low levels of con-
stitutive activity and is tightly regulated by both tissue-
resident and bloodborne complement components (such
as CFH) to avoid unnecessary signal amplification and
downstream consequences such as formation of the
membrane attack complex (MAC) and inflammation/
recruitment of other immune cells. Complement com-
ponents are found in AMD drusen (Johnson et al. 2000;
Mullins et al. 2000), as well as in the choriocapillaris
(Mullins et al. 2014). MAC complex accumulation is
frequently observed in the choriocapillaris in an age-
associated manner, is higher in AMD patients than
controls, and is higher in patients with high-risk CFH
alleles (Mullins et al. 2014; Seth et al. 2008). Consistent
with this increase in active complement in AMD/aging,
CFH is reduced during early and late AMD. CFH is
important for the normal choroid. For example, choroi-
dal thinning is more pronounced in patients with high-
risk CFH alleles (Mullins et al. 2014). Within the
choriocapillaris, MAC complexes frequently accumu-
late over intercapillary pillars, consistent with abnormal
clearance of material in those spaces. This
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choriocapillaris accumulation of MAC during aging
was specific to the choroid, not occurring in other tissues
including the cerebellum, cerebral cortex, heart, or many
other organs, perhaps highlighting why AMD targets
the eye (Chirco et al. 2016a). One contributor to in-
creased choroidal MAC complexes during AMD is
likely to be reduced CFH (produced by the RPE and in
the blood), possibly due to reductions in some glycos-
aminoglycan (GAGs) CFH binding partners in Bruch’s
membrane and the nearby extracellular matrix (ECM)
(Keenan et al. 2014).

In vitro studies using choroidal endothelial cells
showed that accumulation ofMAC can lead to cell death
and increased secretion of VEGF (Zeng et al. 2016),
providing support for the idea that complement-
mediated injury may promote both angiogenesis/
choroidal neovascularization and choriocapillary atro-
phy. VEGF has been shown to be important for local
RPE production of CFH in both cultured human RPE
and animal models. In adult mice, genetic or pharmaco-
logical ablation of Vegfa leads to reduction of CFH and
CD59 along with increased complement activation as
soon as 3 days after treatment (Keir et al. 2017). This
anti-VEGF treatment led to activation of choriocapillary
endothelial cells (as measured by levels of PAI-1, P-
selectin, and Lox), in a complement-dependent manner.
Similarly, complement factor C5a treatment in an organ
culture model led to increased choriocapillary endothe-
lial cell expression of the inflammatory leukocyte re-
cruitment adhesion molecule ICAM-1 (Skeie et al.
2010). Similarly, in aging and AMD eyes, choroidal
expression of CD34, a cellular glycoprotein thought to
suppress leukocyte–endothelial cell adhesion in the cho-
roid, is reduced (Sohn et al. 2014). Together, these
findings suggest there may be increased leukocyte traf-
ficking during AMD.

Other inflammatory mediators are also thought to
contribute to choroidal defects in AMD. The pentraxin
C-reactive protein (CRP) is an acute phase protein up-
regulated quickly in the liver/circulation after the onset
of inflammation and can have pro- and anti-
inflammatory activities depending onwhether it remains
pentameric or dissociates into monomers. Elevated se-
rum CRP is associated with AMD risk and progression
(Seddon et al. 2004, 2005). Like CFH, CRP also accu-
mulates in the choriocapillaris during AMD, and the
primary form that accumulates is the pro-inflammatory
monomeric form (Bhutto et al. 2011; Chirco et al.
2016b). Elevation of CRP, combined with reductions

in CFH, contributes to an inflammatory environment in
the AMD choroid. For example, choroidal endothelial
cells treated with mCRP exhibit increased migration,
and choroidal organ cultures treated with mCRP upreg-
ulate inflammatory mediators/cytokines including
ICAM-1 (Chirco et al. 2016b). Other pentraxins may
also play a role in regulating choroidal health in oxida-
tive stress and inflammation. For example, pentra-
xin 3 works to suppress inflammation; in its ab-
sence, IL-1B and the NLRP3 inflammasome are
upregulated, and macrophages accumulate in the
choroid (Wang et al. 2016).

Inflammation and innate immunity clearly play an
essential role in AMD, which is often interrelated with
the role of oxidative stress. Future studies will continue
to shed light on this complex age-related process in the
choroid.

Mitochondrial dysfunction, DNA damage, and genome
instability in the aging/AMD choroid

There is increasing evidence that mitochondrial dys-
function plays a critical role in microvascular aging
processes (Addabbo et al. 2009; Csiszar et al. 2007,
2008a, 2009a, 2012, 2014; Labinskyy et al. 2009;
Springo et al. 2015; Tarantini et al. 2019; Tarantini
et al. 2018b; Ungvari et al. 2007a, 2007b, 2008,
2009). Mitochondrial dysfunction and accumulation of
widely varying DNA damage, characterized by somatic
DNA mutations, copy number variations, and aneu-
ploidies, is a contributing factor in cellular aging, often
as a consequence of oxidative stress. Evidence suggests
that endothelial cells are particularly susceptible to DNA
damage, and that in the aging vasculature, accumulation
of DNA damage can lead to replicative senescence
(Ungvari et al. 2018). Accumulation of both nuclear
DNA (nDNA) and mitochondrial DNA (mtDNA) dam-
age occurs in the aging eye and is worsened in AMD
(Barreau et al. 1996; Lin et al. 2011). mtDNA damage
correlates with AMD stage and is worse in macular RPE
than peripheral RPE (Lin et al. 2011). One contributor to
this increased damage may be the decreased DNA dam-
age repair capacity seen in aged and AMD eyes (Lin
et al. 2011), a hypothesis supported by genetic associa-
tion studies suggesting that polymorphisms in some of
the DNA repair genes may increase risk for AMD
(Blasiak et al. 2012; Synowiec et al. 2012).
Mitochondrial damage also occurs in AMD, and chang-
es in RPE mitochondrial structure are common in AMD
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eyes (Feher et al. 2006). This mitochondrial damage/
mtDNA damage is thought to be a significant contribu-
tor to RPE death in AMD, and various studies have
evaluated the accumulation of DNA damage in the
RPE (and ways to control it) (Tokarz et al. 2016;
Wang et al. 2009a). However, little evaluation has been
done on DNA damage or mitochondrial changes in the
choroid, apart from the observation that aging leads to
choroidal nDNA and mtDNA damage (Wang et al.
2008), and this remains an area where further study is
indicated.

Dysregulated nutrient-sensing pathways and impaired
proteostasis in the aging/AMD choroid

It has become clear that cellular energy–sensing path-
ways such as mTOR (mechanical/mammalian target of
rapamycin) (An et al. 2017, 2018; Lee et al. 2017,
2018b; Nacarelli et al. 2018; Urfer et al. 2017)), AMP-
kinase, and sirtuins regulate cellular aging at a central
level. These metabolic regulators control cellular re-
sponses to changes in nutrient availability, anabolic
processes (including synthesis of cellular macromole-
cules), and catabolic processes (such as autophagy)
(Ungvari et al. 2018). Within the vasculature, regulation
of these nutrient-sensing pathways has been shown to
play a role in vascular oxidative stress, endothelial cell
senescence, vascular smooth muscle cell phenotypic
switching, and arterial stiffness, among other outcomes
(Ha et al. 2015; Lesniewski et al. 2017; Wang et al.
2009b). Pathologically, these changes play a role in
regulating vascular damage in Alzheimer’s and athero-
sclerosis disease models (Fry et al. 2016; Lin et al.
2013). Only a few studies have explored the role of
these pathways in age- and AMD-associated choroidal
changes. The AMD-like pathologies in the OXYS rat
model are thought to be associated with the mTOR
pathway, with enhanced autophagy, and with mitochon-
drial dysfunction (Kolosova et al. 2012; Kozhevnikova
et al. 2013; Muraleva et al. 2014). However, while
neuronal and RPE deficits associated with retinopathy
in OXYS rats were improved with rapamycin (the ca-
nonical mTOR inhibitor), choroidal/vascular defects
were not (Kolosova et al. 2012).

The histone deacetylase sensitive sirtuin 1 can upreg-
ulate angiogenic growth factors (such as VEGF) in a
hypoxia-dependent manner. Given the role that hypoxia
may play in inducing choroidal neovascularization in
wet AMD, this pathway is a relevant one to examine in

the aged/AMD eye. In the aged mouse, sirtuin 1 and one
of its regulators Mir34 have been shown to be upregu-
lated in the retina and RPE, but the choroid has not
been clearly evaluated (Smit-McBride et al. 2014).
In vitro, cultured choroidal endothelial cells ex-
posed to hypoxia respond by modestly upregulat-
ing Sirt1 expression (in addition to VEGF)
(Balaiya et al. 2012).

The process of preserving the functional cellular
protein pool, termed proteostasis, is essential for normal
cell functioning. To maintain proteostasis, damaged
proteins and organelles are degraded, typically by the
ubiquitin–proteasome system and by autophagy.
Evidence suggests that impairments in proteostasis/
autophagy may contribute to vascular aging; for exam-
ple, proteasome activity is decreased in atherosclerotic
plaques in the elderly and the hearts of aging rats
(Bulteau et al. 2002; Marfella et al. 2008), as well as
AMD (Mitter et al. 2014; Viiri et al. 2013).
Consequences of impaired proteostasis and autophagy
are particularly important in the RPE and can include
accumulation of protein aggregates and damaged pro-
teins, accumulation of lipofuscin, accumulation of ad-
vanced glycation end products (AGEs), and defective
digestion of phagocytosed photoreceptor outer seg-
ments. Altered proteostasis in the RPE, for example by
impairing regulation by collagen XVIII, is also thought
to contribute to RPE degeneration in aged mice
(Kivinen et al. 2016). In the low-dose D-galactose mod-
el, which exhibits an accelerated aging phenotype due to
accumulation of AGEs, choriocapillary fenestrations are
lost (Ida et al. 2004), suggesting accumulation of AGEs
may contribute to the cellular defects seen in the aging
choriocapillaris. In animal models, AGEs and AGE-
associated proteins have also been shown to promote
VEGF secretion from the RPE and promote choroidal
neovascularization (Sun et al. 2017). Consistent with
this idea, blocking autophagy can suppress hypoxia-
induced tube formation/cell migration in cultured cho-
roidal endothelial cells (Li et al. 2016). However, it is
not clear whether impaired proteostasis or autophagy
contributes to choriocapillary/choroidal defects in aging
and AMD, and if so how central regulatory pathways
such as mTor/sirtuins contribute.

Cellular senescence

Increasing evidence suggest that the cellular stress re-
sponse pathway, termed “cellular senescence,”
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contributes significantly to aging processes, including
the genesis of vascular aging phenotypes (Campisi
2013; Chinta et al. 2014, 2018; Fulop et al. 2018;
Tchkonia et al. 2013; Ungvari et al. 2017a). Cellular
senescence can be a consequence of oxidative stress and
other cellular dysregulation. Senescence is a key age-
related mechanism that occurs in many vascular/
microvascular aging pathologies inc luding
cerebromicrovascular dysfunction-associated cognitive
decline, vasomotor dysfunction, atherosclerosis, and
heart failure (Roos et al. 2016; Rossman et al. 2017;
Ungvari et al. 2017a; Uryga and Bennett 2016). As is
frequently the case, significantly more research has
evaluated the RPE than the choroid. It has been hypoth-
esized that RPE senescence may contribute to AMD by
reducing the regenerative capacity of the RPE and thus
promoting RPE cell loss (Blasiak et al. 2017), and
several studies using accelerated senescence models
have documented RPE defects/degeneration (Majji
et al. 2000; Markovets et al. 2011). In addition, many
studies have shown that cultured ARPE-19 cells under-
go senescence induced by oxidative stress (Arend et al.
2015; Aryan et al. 2016; Marazita et al. 2016; Supanji
et al. 2013), but it remains to be seen whether RPE cells
become senescent in either AMD eyes or animal models
of AMD, and much less is known about senescence in
the choroid.

There is some evidence that cellular senescence may
contribute to choroidal changes during aging and to the
development of age-related pathologies. For example,
choriocapillary atrophy is a characteristic of the animal
models with accelerated senescence such as the
senescence-associated mouse line (SAM P(8)) (Majji
et al. 2000) and the OXYS rat (Markovets et al. 2011;
Telegina et al. 2015; Zhdankina et al. 2008).
In vitro models have shown that inducing replica-
tive cell senescence in cultured choroidal endothe-
lial cells increases both cell stiffness and sensitiv-
ity to membrane attack complex (MAC)-mediated
lysis (Cabrera et al. 2016). Perivascular MAC de-
position on the choriocapillaris consequent to com-
plement activation in the choroid/RPE is a com-
mon feature in AMD (Chirco et al. 2016a), and it
has been hypothesized that choriocapillary atrophy/
dropout in AMD may occur due to senescence-
associated increases in MAC-mediated cell lysis.
However, it remains to be seen to what extent
cellular senescence occurs in the aging/AMD
choroid.

Epigenetic changes

Epigenetic changes including alterations in DNA meth-
ylation, histone modifications, and microRNA regula-
tion have been hypothesized to contribute to aging
processes, including age-related changes in the vascula-
ture and vascular pathologies, such as atherosclerosis
(Connelly et al. 2013; Nanoudis et al. 2017; Nguyen
et al. 2016; Paz et al. 2019; Zhang et al. 2018b). This is
an active field of research and much remains to be
explored regarding the contributions of epigenetic
changes to vascular aging. Virtually nothing is known
about epigenetic changes in the choroid during aging
and AMD, so this remains a potentially highly promis-
ing area for further exploration.

Concluding perspectives

The high prevalence of AMD has meant that human
studies on disease progression abound, with far more
publications than could ever be cited in a single review.
However, interpreting this vast literature can be compli-
cated. The vast majority of studies have fairly small
sample sizes; do not report the same outcome variables;
do not have the same controls, inclusion, and exclusion
criteria; and often do not report all relevant details. As a
result, findings are often contradictory and inconsistent.
However, these studies, especially when combined with
larger studies such as AREDS and the ALIENOR, pro-
vide clear evidence that the choroid and, in particular,
the choriocapillaris play a critical role in the pathogen-
esis of AMD.

It is likewise clear that many cellular mechanisms of
aging and vascular aging contribute to the development
of AMD, particularly factors such as oxidative stress and
inflammation/innate immunity, providing a common
foundation for understanding of multiple age-related dis-
eases. However, in other cases, the role of cellular aging
factors in AMD is less well understood. In addition, the
RPE has been the primary focus of many mechanistic
studies, making it difficult to understand microvascular
contributions to the disease processes. From some stand-
points, this may not matter; the RPE and the choroid
work very closely together both physiologically and
pathologically, and defects affecting one frequently affect
the other, particularly in AMD. However, as more sup-
port for a vascular/microvascular theory of AMD be-
comes available, including evidence that choriocapillary

GeroScience (2019) 41:813–845 833



defects/degeneration precede RPE loss, it becomes in-
creasingly evident that a thorough understanding of the
cellular and molecular changes in the choroid will be
essential to develop novel therapeutic interventions.

Luckily, the recent advancements in choroid/
choriocapillaris imaging technology coupled with grow-
ing appreciation of the importance of the choroid mean
that the field is advancing extremely quickly. As an
example, PubMed hits for “choriocapillaris” nearly dou-
bled from 2015 to 2016 (57 vs. 103, respectively) then
nearly doubled again by 2018 (to 193).More importantly,
the newer imaging technologies permit more detailed,
refined analysis of choroidal structure and physiology,
allowing significantly more information to be gleaned
than in the past. One limitation is that these imaging
advancements have not yet been widely adapted for use
in small animal models, somechanistic studies evaluating
cellular/molecular pathways have thus far been largely
limited to analysis of post-mortem tissues. However, in
common with other imaging modalities, development of
small animal approaches for advanced choroidal imaging
is likely to occur in the future. Combined, the prevalence
of AMD, the widely appreciated role of the choroidal
blood supply in disease pathology, and dramatic advance-
ments in tools mean that we will likely see substantial
progress in our understanding of the role of the
choriocapillaris in aging and AMD in the near future.
Recent studies provide proof-of-concept that cerebrovas-
cular aging phenotypes are potentially reversible (Kiss
et al. 2019; Lin et al. 2013; Tarantini et al. 2018b, 2019;
Van Skike et al. 2018). We propose that by targeting
shared mechanisms of microvascular aging, age-related
impairments in the choriocapillaris can also be potentially
reversed and thereby novel therapies for prevention of
AMD can be developed.
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