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Purrose. The purpose of this study was to identify early changes in choriocapillaris flow
in patients with age-related macular degeneration (AMD) with no history of macular
neovascularization (MNV).

MerHoDps. Clinical records of fellow eyes of patients with unilateral neovascular AMD
without fundus findings and control eyes of otherwise healthy individuals, except for
mild cataract, diagnosed at St. Luke’s International Hospital from April 2020 to March
2021, were retrospectively analyzed. Optical coherence tomography (OCT) angiography
images of the choriocapillaris slab were binarized using the Phansalkar local thresholding
methods to evaluate the choriocapillaris flow area (CCFA) and its coefficient of variation
(V).

Resurrs. The data of 24 AMD fellow eyes (17 for men, 71.7 £ 1.9 years old) and 21 control
eyes (11 for men, 69.1 + 2.0 years old) were analyzed. The mean CCFA ratio was lower
in the AMD fellow eyes (58.6 £ 1.2%) than in the control eyes (62.4 £+ 1.3%, P = 0.032),
and the mean CV of CCFA ratio was greater in the AMD fellow eyes (0.174 £+ 0.007)
than in the control eyes (0.154 + 0.007, P = 0.032). Eyes with CCFA ratio <60% and
CV of CCFA ratio >0.154 had a 4.371-fold higher risk of being AMD fellow eyes (95%
confidence interval = 1.029-18.56, P = 0.046). Differences in CV of CCFA ratio between
AMD fellow eyes and control eyes were particularly clear in eyes with thick choroids
(mean CV of CCFA in control versus AMD fellow eyes with central choroidal thickness
>220 pm: 0.144 £ 0.005 vs. 0.173 £ 0.007, P = 0.009%%).

Concrusions. Neovascular AMD fellow eyes without MNV had reduced, heterogeneous,
and imbalanced choriocapillaris flow, which may constitute early changes in neovascular
AMD, although further studies are required.

Keywords: choriocapillaris, blood flow, optical coherence tomography (OCT) angiogra-
phy, age-related macular degeneration (AMD)

A ge-related macular degeneration (AMD), a leading cause
of visual impairment, gradually progresses to macular
neovascularization (MNV) and/or chorioretinal atrophy,l’2
defined as late AMD. Early AMD, represented by drusen
and/or pigmentary abnormalities, may be found during
the course of late AMD development. However, because
early AMD lesions are associated with vision impairment!
and irreversible changes,!'? identifying subclinical changes
before the lesions become visible on fundus examination
would be of value to delineate the fundamental pathogen-
esis and develop a screening method for AMD at the very
early stage.

Here, we focused on the choriocapillaris of the fellow
eyes of patients with neovascular AMD (hereafter, “AMD
fellow eyes”). Although AMD is a disease of the compo-
nents of the photoreceptor/retinal pigment epithelium
(RPE)/Bruch’s membrane/choriocapillaris complex, loss of
the choriocapillaris reportedly occurs in areas with intact
RPE in neovascular AMD,*> suggesting that choriocapil-
laris change is a very early lesion that may not be visi-
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ble on fundus examination. The choriocapillaris is approx-
imately 10-pm thick at the fovea, where the capillaries are
most dense, and is composed of a single-layer, hexagonal
(or lobular)-shaped domain of fenestrated capillaries that
supply oxygen and nutrients to the outer retina.®®

Choriocapillaris thinning is observed in pachychoroid
diseases,®° such as central serous chorioretinopathy,'®-!!
and may cause relative hypoxia.”1® Choriocapillaris dropout
has been observed in the area surrounding the MNV in
AMD, 4812714 and flow deficits were also found outside the
MNYV lesion and were not consistently correlated with MNV
lesions.!® Choriocapillaris dysregulation is also seen in early
and intermediate AMD®>'%17 and is considered causative
of relative hypoxia. Local hypoxia may increase vascular
endothelial growth factor (VEGF) expression to contribute to
MNV development.'®1® Therefore, choriocapillaris change,
which could cause relative hypoxia, may be one of the earli-
est changes in neovascularization. However, whether AMD
lesions, such as MNV and drusen, or choriocapillaris flow
deficits occur earlier remains unclear.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. .: BY _NC_ND
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Optical coherence tomography angiography (OCTA)
enables the visualization of the choriocapillaris with high
resolution and less invasiveness compared to fluorescein
and indocyanine green angiographies (FA and IA). Because
the signal from the structural tissue remains steady, in
contrast to the signal from the red blood cells in the flow-
ing blood that changes over time, temporal changes in the
OCT signal in subsequent scans can reflect blood flow.*
Moreover, in three-dimensional scan images, the system can
extract signals from a particular layer, including the chorio-
capillaris.?°

We analyzed the data of AMD fellow eyes without particu-
lar findings, such as drusen or MNV in the fundus to identify
very early changes in the choriocapillaris. As reported by
the Age-related Eye Disease Study, fellow eyes are at high
risk for developing AMD.?! We have previously reported
that AMD fellow eyes have a shorter photoreceptor outer
length and lower macular pigment optical density compared
with the eyes of age-matched, otherwise healthy individu-
als, except those with mild cataract,?>?* and have minimal
changes that are undetectable on fundus examination. Given
that AMD develops due to continuous low-grade inflamma-
tion,?*?7 pathological changes might have occurred in the
AMD fellow eyes as a process of neovascular AMD develop-
ment.

The current study aimed to analyze choriocapillaris
changes using OCTA in the AMD fellow eyes to help eluci-
date the very early stages of the pathogenesis of AMD and
early detection of future AMD risk.

METHODS

This retrospective study adhered to the tenets of the Decla-
ration of Helsinki and was approved by the St. Luke’s Inter-
national University Ethics Committee (approval number: 20-
R048). Informed consent for research use of the data was
obtained from all patients.

Patients

The analyses were based on a detailed medical chart review
of patients with no ocular diseases other than mild cataract
and unilateral neovascular AMD diagnosed at the Vitreo-
Retina Division Clinic of the Department of Ophthalmology
at St. Luke’s International Hospital in Tokyo, Japan, between
April 2020 and March 2021. AMD was diagnosed using FA
and IA. The AMD fellow eyes that showed drusen, pigmen-
tary abnormality, RPE detachment, choroidal neovasculariza-
tion, and chorioretinal atrophy, as confirmed through fundus
examination using a slit lamp by a retina specialist (author
Y.0.), with fundus photographs, FA, 1A, OCT, and OCTA
images, were excluded.

Eye Examinations

All patients underwent best-corrected visual acuity (BCVA)
measurement based on refraction tests, slit-lamp examina-
tions, and binocular indirect ophthalmoscopy after pupil
dilation with 0.5% tropicamide at each time point. The axial
length was measured using IOLMaster 500 Zeiss (Carl Zeiss
Meditec, AG. Jena, Germany).

OCT and OCTA

The OCT sectional images were obtained using Heidel-
berg Spectralis OCT (Heidelberg Engineering, Dossenheim,
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Germany) to evaluate central retinal thickness (CRT) and
central choroidal thickness (CCT). OCTA images were
recorded with pupil dilation using spectral-domain OCT
(CIRRUS 5000; Carl Zeiss Meditec, AG. Jena, Germany).
Images of a 3 x 3 mm pattern were assessed after exclud-
ing the projection artifacts using built-in software apply-
ing a validated semiautomated segmentation algorithm to
identify the relevant retinal layers with manual corrections,
as necessary, to ensure accurate segmentation. We evalu-
ated en face images of the choriocapillaris slab, which was
defined by a layer starting 29 pm below the RPE fit line
and ending approximately 49 pm beneath the RPE fit line.
The RPE fit line corresponds to the center level of the RPE
line. The quality index values evaluated by signal strength
of the OCTA images were all over seven. Signals from OCTA
images were binarized to measure changes in choriocap-
illaris flow. Of the established binarization methods, the
Phansalkar local binarization threshold can account for vari-
able illumination or contrast of each image data.?® Thus, for
all the analyses, image binarization was performed using
the Phansalkar local binarization threshold®® to measure the
flow signal area by the original ImageJ (National Institutes
of Health, Bethesda, MD, USA; available at http://rsb.info.
nih.gov/ij/index.html).”® The percentage of the area to the
analyzed area was defined as the choriocapillaris flow area
(CCFA) ratio. The CCFA ratio was compared between AMD
fellow and control eyes in all four locations around the fovea
to show whether there were choriocapillaris flow deficits,
particularly in a specific area in the AMD fellow eyes. To
evaluate the coefficient of variation (CV) of the CCFA ratio
that represents the homo- or heterogeneities of the chorio-
capillaris flow, the binarized images were split into 20 x 20
small images, considering the size of choriocapillaris lobules
that reportedly have a polygonal structure with a diameter
of 200 to 250 pm.*>® The CCFA ratio of each small image was
measured, and the CV was calculated by dividing the stan-
dard deviation by the average.

Statistical Analyses

Data are expressed as mean =+ standard error. The Mann-
Whitney U test, Fisher exact test, and multiple logistic regres-
sion analysis were performed using SPSS version 27.0 (SPSS
Japan, Tokyo, Japan). The P values <0.05 were considered
statistically significant.

REsuLTS

Twenty-four AMD fellow eyes of 24 patients with unilateral
late AMD (17 men, mean age = 71.7 + 1.9 years, range
= 50-88 years) and 21 eyes of 21 control individuals with
no particular diseases, such as retinal diseases or glaucoma,
except those with mild cataract (11 men, mean age = 69.1 +
2.0 years, range = 49-82 years) were included in the study
(Table 1). There were no significant differences in age, sex,
BCVA, axial length, CRT, CCT, or macular volume between
the two groups. No patients with high myopia (axial length
>26.5 mm) were included. The quality index values of the
OCTA images were comparable between the groups.

In OCTA images, the respective mean CCFA ratios of
the control and AMD fellow eyes were 62.4 + 1.3% and
58.6 + 1.2%, respectively; the CCFA ratio was significantly
smaller in the AMD fellow eyess (Fig. 1A, P = 0.032), suggest-
ing that choriocapillaris flow deficits were already observed
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TasLe 1. Participant Characteristics of Control and Age-Related Macular Degeneration (AMD) Fellow Eyes

Control Eyes AMD Fellow Eyes P Value

n (eyes) 21 24

Age (years) 49-82 (69.1 £+ 2.0) 50-88 (71.7 + 1.9) 0.820
Sex (men; eyes (%)) 11 (52.4) 17 (70.8) 0.167
BCVA (LogMAR) —0.18-0.10 (—0.06 + 0.01) —0.08-0.15 (—0.06 £+ 0.01) 0.301
Axial length (mm) 22.55-26.02 (24.18 + 0.236) 21.80-26.20 (23.93 £+ 0.279) 0.225
CRT (um) 192—-269 (222 + 4) 180-264 (227 + 4) 0.790
CCT (um) 124—578 (240 £ 23) 75-325 (210 £ 13) 0.360
Quality index value of OCTA 8-10 (9.47 £ 0.18) 7-10 (9.25 £ 0.20) 0.469

Data are presented as mean =+ standard error (ranges); Mann—-Whitney U test and Fisher exact test.
BCVA, best-corrected visual acuity; CRT, central retinal thickness; CCT, central choroidal thickness.

A B
3 i)
£ g
2 <
5 6
i Q
O o
o >

O
Control eyes AMD fellow
eyes
C D
ROC curve
1
R
08 o
5
06
w (&)
z 5
0.4 >
X O
02 —+— CCFA ratio
' —— CV of CCFA ratio
0 4 T r T

0 02 04 06 08 1

FPF

FiGure 1.

0.2 - *
0.15 ~
0.1
0.05 -
0
Control eyes AMD fellow
eyes
0.25 60
o
020 Y o) o
A O A
A‘ A
015 F CAO 0.154
p O@o(%
0.10
0.05
0o L, : :
0 50 60 70 80

CCFA ratio (%)

OControl eyes A AMD fellow eyes

Choriocapillaris flow area (CCFA) ratio and coefficient of variation (CV) of the CCFA ratio in the control eyes and the age-related

macular degeneration (AMD) fellow eyes. The mean CCFA ratio (A) was lower and the mean CV of the CCFA ratio (B) was higher in the
AMD fellow eyes compared with age-matched control eyes. ROC curve (C) and scatter plot of the CCFA and the CV of the CCFA ratio (D).
In total, 16 (66.7%) AMD fellow eyes and 6 (28.6%) control eyes met the definition of eyes with the CCFA <60% and the CV of the CCFA
ratio >0.154. AUC values: 0.6845 for CCFA ratio and 0.6865 for the CV of the CCFA ratio. *P < 0.05. Mann-Whitney U test.

in eyes at AMD risk in the absence of MNV or early AMD
findings. Moreover, the respective mean CVs of the CCFA
ratio of the control and the AMD fellow eyes were 0.154
+ 0.007 and 0.174 £ 0.007, respectively, thus, the chori-
ocapillaris flow was significantly heterogeneous (or non-
homogenous) in the AMD fellow eyes (Fig. 1B, P = 0.032).
These results suggested that flow deficits may progress
heterogeneously. We analyzed the receiver operating char-
acteristic (ROC) curves (area under the concentration-time
curve [AUC] value, 0.6845 for the CCFA ratio and 0.6865
for the CV of the CCFA ratio; Fig. 1C) and showed a scat-
ter plot of the CCFA ratios and the CVs of the CCFA ratio

in each patient (Fig. 1D). We found that eyes with a CCFA
ratio <60% and a CV of the CCFA ratio >0.154 had 4.371-
fold higher risks of being AMD fellow eyes after adjusting
for age and sex (95% confidence interval = 1.029-18.56, P
= 0.040), suggesting that these cutoff values can be utilized
to define future AMD risk (Table 2).

The binarized images of the OCTA (Figs. 2A, 2B, Supple-
mentary Fig. 1) were segmented into four parts: superior
temporal, inferior temporal, superior nasal, and inferior
nasal to the fovea. The mean CCFA ratios of the AMD fellow
eyes were lower than those of the control eyes in the infe-
rior temporal and inferior nasal retina, and similar trends
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TabLe 2. Risk of Age-Related Macular Degeneration-Fellow Eyes According to the Choriocapillaris Flow Area (CCFA) Ratio and the Coefficient

of Variation (CV) of the CCFA Ratio

OR P Value

95% CI

CCFA ratio < 60% and CV of CCFA ratio > 0.154

4.371

0.046" 1.029 to 18.56

Multiple logistic regression analysis adjusted for age and sex.

95% CI, 95% confidence interval; CCFA, choriocapillaris flow area; CV, coefficient of variation.

*P < 0.05.
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Ficure 2. Representative OCTA images of the choriocapillaris in the control eyes (A) and the age-related macular degeneration (AMD)
fellow (B) eyes. An OCTA image of the choriocapillaris slab with B-scan and its binarized images from a control eye of a 61-year-old patient,
otherwise healthy individual, except for mild cataract, with a choriocapillaris flow area (CCFA) ratio of 72.9%, and a coefficients of variation
(CV) of CCFA ratio of 0.101 (A), and those from the AMD fellow eye of a 61-year-old patient with AMD with CCFA ratios of 61.9%, and CV
of CCFA ratio of 0.177 (B). The mean CCFA ratio (C) and mean CV of the CCFA ratio (D) in the control eyes and the AMD fellow eyes at the
superior, inferior, temporal, and nasal parts to the fovea are shown. Mann-Whitney U test. *P < 0.05.

were observed in the other locations (Fig. 2C). The mean
CV of the CCFA ratio of the AMD fellow eyes was greater in
the inferior temporal and superior nasal retina with similar
trends in the other locations (Fig. 2D). In the current study,
we did not find any specific location on the retina that had
a greater CV of the CCFA ratio. These findings indicated that
choriocapillaris flow deficits can occur in every location in
the fovea.

We further analyzed the data dividing the eyes according
to the CCT. The CV of CCFA ratio was greater in the AMD
fellow eyes than in the control eyes for eyes with CCT >220

pm (mean CV of CCFA in control versus the AMD fellow
eyes with CCT >220 ym = 0.144 & 0.005 vs. 0.173 £ 0.007,
P = 0.009**, Mann-Whitney U test); this was not observed in
eyes with CCT <220 pm (0.161 £ 0.011 vs. 0.174 + 0.011,
P = 0.446). We previously reported that eyes with CCT >220
pm are at risk of recurrent exudative changes in AMD and
may be associated with a particular pathological condition
related to the pachychoroid.*® The CV of the CCFA ratio
according to the CCT in individual eyes is shown in a scatter
plot (Fig. 3). The data suggest that local CCFA ratio imbal-
ance and heterogeneity in the choriocapillaris particularly
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Ficure 3. Scatter plot of the coefficient of variation (CV) of the
choriocapillaris flow area (CCFA) ratio of the control eyes and the
age-related macular degeneration (AMD) fellow eyes according to
central choroidal thickness (CCT).

clear in eyes with thick choroids in the AMD fellow eyes
compared with the control eyes.

DiscussION

In this study, we demonstrated that the mean CCFA ratio of
the macular area was smaller and the mean CV of the CCFA
ratio was greater in the AMD fellow eyes and AMD high-risk
eyes with no particular findings such as drusen or MNV in
the fundus than in the control eyes. Eyes with CCFA ratio
<60% and CV of CCFA ratio >0.154 had a higher risk of
being AMD fellow eyes. The overall local imbalance of the
CCFA ratio was significant. A greater CV of the CCFA ratio
was observed in the AMD fellow eyes than in the control
eyes, particularly in eyes with thick choroid.

The CCFA was evaluated by binarizing the OCTA images
at the choriocapillaris-slab level. We used a local thresh-
olding method, the Phansalker local method, which assigns
different threshold values adapting to the local histograms.
Thus, the method would reduce the influence of image
recording conditions, and this was emphasized in this study.

The CCFA ratio in the current study was evaluated using
the flow signals at the choriocapillaris-slab level. Given that
the studied eyes had no particular AMD findings, includ-
ing RPE irregularity due to RPE detachment and choroidal
neovascularization (as we also confirmed by B-scans), the
segmentation error would be minimal, if any, and the signals
were representative of the choriocapillaris flow both in
controls and patients with AMD.

A reduction in the CCFA ratio in the AMD fellow eyes
may have represented a reduction in choriocapillaris flow
as an early change during AMD development, given that
AMD fellow eyes are at high risk for future AMD devel-
opment.?:22:32:33 This is consistent with the pathological
findings from postmortem eyes of patients with clinically
documented early AMD, showing choriocapillaris dropout
with confocal microscopy.®* It was reported that the reduc-
tion in vessel density in the choriocapillaris of the macu-
lar area was approximately 20%. Pathological examinations
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also indicated that hypercellular capillaries that appeared
to be “buds” of neovascularization were present in areas
of submacular capillary dropout in some eyes with early
AMD** suggesting that the dropout may cause relative
hypoxia in the area, potentially inducing VEGF expression
and leading to MNV and late AMD.

Perimacular sections of donor eyes were analyzed using
light and electron microscopy, and the analysis showed that
eyes with normal aging also had increased choriocapillaris
breakdown, which increased with AMD progression.'” The
vascular density of the choriocapillaris in human macu-
lar sections showed a decreasing trend in association with
the AMD status, and vascular density was inversely associ-
ated with sub-RPE deposit density, which most likely clini-
cally forms drusen.>> Conversely, recent studies have shown
that AMD can be classified according to its estimated etiol-
ogy into drusen-related AMD, which has a relatively thin-
ner choroid*® and pachychoroid, and thick choroid-related
AMD.¥ Central serous chorioretinopathy (CSC), which is
considered to have a similar background as pachychoroid-
related AMD,”?7 involves reduced flow in the choriocapil-
laris.*® Therefore, choriocapillaris disorder may occur during
the progression of both AMD types, theoretically. The
current observation that the change was particularly clear
in the eyes with thick choroid might involve statistical factor
related to the fact that the CV of CCFA varied in the eyes
with thin choroid. Further studies are required in the future.

Another new finding of the current study was the greater
CV of the CCFA ratio, which represents heterogeneous chori-
ocapillaris flow most likely due to spatial heterogeneity of
the onset and progress in the flow deficits. Basal laminar
deposits,>* found in early AMD, and cholesterol-rich deposits
similar to drusen®% are localized in areas with an attenu-
ated choriocapillaris, and reduction in flow could promote
increased debris accumulation such as drusen or basal lami-
nar deposits.>* Bruch’s membrane thickening may promote
relative hypoxia in the retina, in addition to the choriocap-
illaris flow deficits. Localization of reticular pseudodrusen,
a high-risk RPE change in AMD, 4! is reportedly observed
in the choroidal watershed zone. Therefore, the etiology of
drusen-related AMD may be related to blood flow imbalance
in the choroid and was reflected in the greater CV of the
CCFA ratio in the current study. Meanwhile, CSC, a pachy-
choroid spectrum disease with a thick choroid, can develop
because of local imbalance in choroidal flow,'!¥=47 and a
geographic filling delay in the choriocapillaris is reportedly
related to CSC lesions.!! Imbalanced choroidal circulation
in CSC is explained by an asymmetric dilated vortex vein;
the congestion has been proven using laser speckle flowg-
raphy*® and is considered pathogenetic. The mechanisms of
imbalance of choroidal circulation in each AMD type would
be a topic to consider in the future.

The odds ratio of the AMD fellow eyes was as great as
4.371 when the analysis included both the CCFA ratio and
the CV of the CCFA ratio. The current results were derived
from noninvasive OCTA examinations, which can be repeat-
edly used in living patients and may reflect the process of
AMD development. Whether the parameters may be used
as a biomarker to estimate the risk of AMD development,
and they can be utilized in future health checks in persons
with no AMD lesions in either eye are of research inter-
est. Screening methods, if developed, may help in warn-
ing patients that they may develop AMD in the future so
that they can undertake preventive approaches, such as
avoiding smoking and high-fat diets and using antioxidative
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nutrient supplements.?!¥->! These promising results should
be further validated in future studies.

The limitations of this study include the relatively small
sample size, retrospective design, and inclusion of both
drusen-related and pachychoroid-related AMD?’; however,
both eyes with thin and thick choroids had similar changes
in the CV of the CCFA ratio. The reduction in the CCFA ratio
could have reflected the decreased signal reflection from the
choriocapillaris due to the deposits in and around the RPE,
such as drusen®® and Bruch’s membrane thickening, which
may develop before AMD development.?*-?” However, we
did not include patients who exhibited visible drusen on
fundus examination, whereas an AMD animal model study?’
had shown that lipid deposits are clearly found using elec-
tron microscopy in the absence of particular fundus findings.
We did not correct the CCFA value and measurement area
using the Littman formula, in which differences in image
magnification according to axial length can be corrected,>®
however, our results are supported by the ratio of CCFA to
the measured area, and the effect of axial length in the ratio
was nullified. Nonetheless, correction of the measurement
area was not performed, and the evaluated area would have
some variation among the individuals if it was corrected
before the anayses; this should be further assessed in the
future.

Although treatment with anti-VEGF may be curative for
many patients with neovascular AMD, the treatment effect
varies among individuals!5*5> and preventive approaches
utilizing micronutrient supplementation may reduce, but not
fully arrest, progression to late AMD from early and inter-
mediate AMD.?"* Very early detection of choriocapillaris
changes will help deepen the understanding of the funda-
mental pathogenesis to develop a screening method for
future AMD risk.

In summary, neovascular AMD fellow eyes without MNV
had reduced, heterogeneous, and imbalanced choriocapil-
laris flow, which may constitute an early change in neovas-
cular AMD. Further studies on the choriocapillaris are
warranted to fully elucidate the pathogenesis of AMD.
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