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located on Chromosome 6) is higher than usual due to the need
for appropriate considerations of previously reported variants on
the same chromosome. It is reassuring to note that both Céorf223
and SLC44A1 showed the strongest two signals of association
with AMD outside of CFH, ARMS2-HTRAI and CETP. Our
exhaustive analyses using logistic regression adjusting for allele
dosages at previously described SNP markers suggest that both
C6orf223 and SLC44A1 are unrelated to those previously
reported, and thus they likely represent Asian-specific genetic
associations for AMD.

Neither FGD6 nor the genes within its vicinity (Fig. 2¢) have
ever been previously implicated in any ocular disorders. FGD6
encodes for FYVE, RhoGEF and PH domain-containing
protein 6, with its functions yet to be characterized. The Q257R
mutation is less than half as common in Europeans (MAF = 0.10)
compared with East Asians (MAF =0.20-0.30), again possibly
explaining the ability of our study to pick up this genetic effect.

The identified genes were expressed in human retinal pigment
epithelium (Supplementary Table 11). Of the three non-
synonymous substitutions, the CETP D442G variant was
predicted by both PolyPhen®® and SIFT? to likely be causing
damage to the protein structure/function, the FGD6 Q257R
variant was predicted only by PolyPhen to be probably damaging
but by SIFT to be tolerated and the SLC44A4 D47V variant was
predicted by both tools to be benign or tolerated. Although the
use of both prediction algorithms has been reported to be
moderately sensitive, they suffer from lack of specificity’®, and
thus more evidence should be sought with regards to the FDG6
and SLC44A4 non-synonymous variants.

Using HaploReg*, RegulomeDB*’ and Encyclopaedia of DNA
Elements (ENCODE)*! data, we identified variants within each of
the four LD blocks in the 1000 Genomes Project (*>0.8 and
<250kb from the top SNP) to apply functional annotations
relevant to the regulation of transcription (Supplementary
Table 12). In addition to their functions on amino-acid
substitutions, all of the four identified variants lie within a
DNase I hypersensitivity site or in a region where modification of
histones is suggestive of promoter, enhancer and other regulatory
activity, and/or have an influence on binding of transcription
factors or effects on a specific regulatory motif. C60rf223 A231A
(rs2295334) and FGD6 Q257R could tag genetic variants that lie
in potential transcription-factor binding sites (Supplementary
Table 13). Examination of a recently available large-scale eQTL
mapping database*? indicates that out of the four novel genome-
wide significant SNPs, markers SLC44A4 D47V and FDG6 Q257R
could serve as cis-eQTLs. The minor allele at SLC44A4 D47V
(rs12661281) is associated with significantly altered expression of
HSPA1B and CSKN2B, which are located within a 210,000 bp
region flanking SLC44A4 D47V. The minor allele at FDG6 Q257R
(rs10507047) is associated with significantly increased expression
of the neighbouring VEZT gene (Supplementary Table 14). Given
that these findings are based on expression in whole blood in
European samples, further work will be needed to elucidate their
role in retinal tissue and in Asian samples. Nonetheless, these
could suggest possible alternate mechanisms whereby both non-
synonymous substitutions potentially affect AMD risk apart from
directly affecting the protein structure of their parent genes.

Our study examined mainly the exudative subtype of AMD,
and therefore cannot be completely compared with other studies
looking at advanced AMD including the choroidal neovascular-
ization and geographic atrophy subtypes. We also note substantial
differences in inter-ethnic MAF for most of the previously
reported loci associated with AMD in European-ancestry
populations (Supplementary Table 1). This could represent
genuine differences in genetic architecture in AMD between
Asians and Europeans, or that the low allele frequency in either

ethnicity could result in insufficient power to replicate genome-
wide significant hits initially observed in either Asians or
Europeans. Overall, out of 21 previously reported SNPs showing
strong evidence of association in Europeans, we were able to
replicate 9 of them in our study of East Asians at P<0.05. Taken
together with the three novel loci and one novel variant in CETP
in East Asians discovered in this study, we postulate that the
genetic mechanisms of AMD in Asians could, in part, be
somewhat distinct from that in Europeans.

In summary, our genome-wide and exome-wide study of AMD
provides new insights into the genetic mechanisms of AMD in
East Asians. Our study highlights the value of searching for low-
frequency, ethnic-specific genetic variants on the coding frame of
AMD that may inform pathogenesis. Although some of the
genetic loci conferring disease susceptibility in East Asians are
shared with Europeans (for example, common variation mapping
to CFH, HTRAI and CETP), we identified significant important
differences in the fine-scale genetic architecture of AMD, which
appear specific to East Asians. Such differences could underpin at
least some of the inter-ethnic differences in clinical presentation
and response to specific therapies, including the poorer response
to anti-VEGF therapy in Asians.

Methods

Study design and phenotyping. We performed a GWAS and EWAS on neo-
vascular AMD in East Asians. In the discovery stage, we included and genotyped
2,119 cases and 5,691 controls from three case-control studies from Singapore,
Hong Kong and Japan. For replication, five independent case-control studies were
conducted in Korea, Japan, and Guangdong, Sichuan and Beijing in China, total-
ling 4,226 cases and 10,289 controls. All the studies were performed with the
approval of their local Medical Ethics Committee, and written informed consent
was obtained from all the participants in accordance with the Declaration of
Helsinki.

A detailed description of subject recruitment and phenotyping in each sample
collection is provided in Supplementary Methods, and summarized in Table 1.
In brief, the diagnosis of exudative AMD was made at each site by retinal
specialists, according to standard clinical definitions on the basis of detailed
ophthalmic examinations, including dilated fundus photography, fluorescein
angiography, indocyanine green angiography and optical coherence tomography
(Table 1). Grading of fluorescein angiograms for the presence of choroidal
neovascularization were performed using a modification from the Macular
Photocoagulation Study??. Indocyanine green angiography was performed to
diagnose definitive polypoidal choroidal vasculopathy, a variant of AMD, using the
Japanese Study Group guidelines*4. Cases with other macular diseases such as
central serous chorioretinopathy, high myopia and angioid streaks were excluded.
Of the 2,119 exudative AMD cases included in the discovery phase, 1,083 (51%)
were classified as ‘typical neovascular AMD’, 1,015 (48%) were polypoidal
choroidal vasculopathy and 21 (1%) had one eye with typical neovascular AMD
and the other eye with polypoidal choroidal vasculopathy. At each site, controls
subjects without any clinical signs of AMD were either recruited from eye clinics or
enrolled from population-based studies (Supplementary Methods).

Genotyping and imputation. For the discovery stage, GWAS genotyping was
performed using the Illumina Human OmniExpress or Human Hap610-Quad
beadchips, and EWAS was done using HumanExome beadchips (Table 1). For
replication, genotyping was performed using the MassArray platform (Sequenom),
as well as using Tagman allelic discrimination probes (Applied Biosystems).

Stringent quality control filters were used to remove poorly performing samples
and SNP markers in both the discovery and replication (de-novo genotyping)
phases. For the GWAS, SNPs with a call rate of <95%, MAF of <1%, or showing
deviation from Hardy-Weinberg Equilibrium (P<10~ 6) were removed from
further statistical analysis. For the EWAS, SNPs with a call rate of <99%, MAF of
<0.1% or showing deviation from equilibrium (P<10~ 6) were removed. The 99%
threshold was used as many SNP markers on the exome array had MAF < 5%, and
as such, differential genotyping success rates between cases and controls as low as
2% could result in false-positive findings. SNPs which were not monomorphic
(whereby at least one heterozygous carrier individual was present) were included
for downstream analysis.

Routine quality control criteria on a per-sample basis were carried out, and
poorly performing samples were removed from further analysis. The remaining
samples were then subjected to biological relationship verification by using the
principle of variability in allele sharing according to the degree of relationship.
Identity-by-state information was derived using the PLINK software®’, For those
pairs of first-degree relatives so identified (for example, parent-offspring, full-
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siblings, as well as monozygous twins), we removed the sample with the lower call
rate before performing PC analysis.

The imputation was carried out using IMPUTE2 version 2.2.2 with ASN
population haplotypes from 1000 Genomes as reference, as described
elsewhere?6~4, Imputed genotypes were called with an impute probability
threshold of 0.9 with all other genotypes classified as missing. Additional quality
control filters were applied to remove SNPs with > 1% missingness should the SNP
have a MAF < 5% in either cases or controls. For common SNPS with MAF > 5%,
the filtering criteria were set at >5% missingness.

Statistical analysis. For the discovery stage, all exudative AMD cases and controls
appear well matched when visualized spatially on PC analysis for each sample
collection on a per-country basis for Hong Kong, Japan and Singapore and
according to self-reported ethnicity (ethnic Chinese for Hong Kong and Singapore,
and ethnic Japanese for Japan; Supplementary Fig. 6), using previously reported
criteria?®, indicating that population stratification is unlikely to confound the
association results.

For both the discovery and replication stages, analysis of association with
exudative AMD was carried out using 1-degree of freedom score-based tests using
logistic regression. The tests model for a trend-per-copy effect of the minor allele
on disease risk. For the discovery stage, we incorporated the top five PCs of genetic
stratification into the logjstic regression model to minimize the effect of residual
population stratification®’. We could not adjust for population stratification for the
replication stage due to limited number of SNPs tested. Meta-analysis was
conducted using inverse variance weights for each sample collection, which
calculates an overall Z-statistic, corresponding P value and accompanying per-allele
OR for each SNP analysed. Gene-based tests on mutational load was performed
using the SKAT-O test'S. The association between CETP D442G and serum HDL-c
level was assessed using linear regression assuming an additive model of
inheritance as previously described?> (due to serum HDL-c being distributed
normally), with adjustment for age, gender and body mass index.

Regional association and PC plots were analysed and plotted using the
R statistical software package.

Power calculations. For the discovery stage (2,119 AMD cases and 5,691 con-
trols), power calculations®! indicated that there is 80% power of detecting loci at
P<1x 10~ * (the threshold of association for bringing forward SNPs to the
replication stage) at MAF as low as 10% with per-allele OR of 1.30. For rarer
variants of higher penetrance, the discovery stage has 80% power of detecting loci
at P<1x 10 ~% at MAF as low as 2% if the per-allele OR is at least 1.70. The entire
sample (6,345 AMD cases and 15,980 controls) has 80% power to detect loci at
P<5.0 x 108 at MAF as low as 2% if the per-allele OR is at least 1.55 or at MAF
as low as 9% with per-allele OR of 1.25, in line with the effect sizes being reported
in this study. Supplementary Table 15A shows the power calculations to detect
SNPs at the threshold of P<1x 10 ™4 in the discovery stage for bringing forward
to the replication stage. Supplementary Table 15B shows the formal power
calculations in the context of the combined discovery and replication stages.
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Purrosk. To study the prevalence, tomographic features, and clinical characteristics of focal
choroidal excavation (FCE) in eyes with exudative age-related macular degeneration (AMD).

MEerHODS. We examined 243 consecutive eyes with exudative AMD with a prototype swept-
source optical coherence tomography (OCT) system. Three-dimensional images of the
macular area, covering 6 X 6 mm?, were reconstructed by segmentation of the outer surface
of the retinal pigment epithelium.

Resurrs. Three-dimensional swept-source OCT revealed 15 excavations in 12 eyes (4.9%); 10
had a single excavation and 2 had multiple excavations (2 and 3 excavations, respectively). In
multiaveraged scans, unusual choroidal tissue was found beneath 5 excavations, bridging the
excavation with the outer choroidal boundary. Additionally, the suprachoroidal space was
observed beneath 7 excavations—the outer choroidal boundary appeared to be pulled inward
by this bridging tissue. In 9 excavations, color fundus photographs showed pigmentary
disturbance. Fourteen excavations (93.3%) were located within or adjacent to the choroidal
neovascularization area. Compared with eyes without FCE, in eyes with FCE, the mean age
was significantly higher (P = 0.040) and mean visual acuity was significantly better (P =
0.014). In addition, polypoidal lesions were observed in 8 of 12 eyes with FCE, but they
appeared to have a limited effect on either the rate of FCE (P = 0.44) or the clinical
characteristics of the eyes.

Concrusions. While FCE may be partially related to the choroidal neovascularization associated
with exudative AMD, other factors may also influence this association.

Keywords: focal choroidal excavation, exudative age-related macular degeneration, swept-

source optical coherence tomography

Focal choroidal excavation (FCE) is a newly recognized
clinical entity. It was first identified in 2006 by Jampol et al.!
by using time-domain optical coherence tomography (OCT).
Focal choroidal excavation is characterized by an intrachoroidal
concavity in the macula, without posterior staphyloma or
scleral ectasia. Subsequent studies using spectral-domain OCT
have elucidated the clinical and morphological characteristics
of FCE.?"!2 Initially, FCE was considered a stable choroidal
abnormality and an incidental finding in patients with
metamorphopsia or blurred vision.?

Recently, it has been suggested that FCE may form the basis
of choroidal neovascular diseases. Kobayashi and associates’
reported a case of FCE accompanied by polypoidal choroidal
vasculopathy (PCV). Xu et al.'? found choroidal neovascular-
ization (CNV) at the bottom or slope of the excavations in 15
eyes (12 patients). In addition, Lee and Lee® studied eight
patients, aged over 50 years, who had CNV around the
excavations. In older people, age-related macular degeneration
(AMD) is the most common choroidal neovascular disease.!314
On the basis of these previous reports, we hypothesized that
FCE may be involved in the development of CNV associated
with exudative AMD. To date, however, because these reports
are single case reports or small case series, the prevalence and

Copyright 2014 The Association for Research in Vision and Ophthalmology, Inc.
www.iovs.org | ISSN: 15525783

clinical characteristics of complications associated with FCE
remain unknown.

In recent years, swept-source OCT with a longer-wavelength
light source has provided better views of the choroid because
of improved light penetration into the choroid.'>~!? In addition,
the tunable laser source of swept-source OCT shows lower
signal decay with increasing depth, further improving visibility
of the choroidal features. Furthermore, the high imaging speed
allows for dense scanning and subsequent three-dimensional (3-
D) image reconstruction of the posterior pole. In the current
study, we prospectively examined the macular area in
consecutive eyes with exudative AMD by using 1-um-wave-
length swept-source OCT to study the prevalence and clinical
and tomographic features of FCE and the possible association of
FCE and CNV with exudative AMD.

METHODS

The Ethics Committee at Kyoto University Graduate School of
Medicine approved this prospective study, which was conduct-
ed in accordance with the tenets of the Declaration of Helsinki.

6046



Investigative Ophthalmology & Visual Science

Focal Choroidal Excavation

Written informed consent was obtained from each subject
before any study procedures or examinations were performed.

We used 3-D swept-source OCT imaging to prospectively
examine 243 eyes of 217 consecutive exudative AMD patients
who presented to the macula clinic at Kyoto University
Hospital between October 2010 and March 2013. All the study
subjects were Japanese. They underwent a comprehensive
ocular examination, including autorefractometry, best-correct-
ed visual acuity measurement with a Landolt C chart, slitlamp
biomicroscopy, intraocular pressure measurement, fundus
photography (TRC-NWS8F; Topcon Corp., Tokyo, Japan), 3-D
swept-source OCT imaging with a prototype system (Topcon
Corp.), and simultaneous fluorescein angiography (FA) and
indocyanine green angiography JCGA) by using the Spectralis
HRA+OCT (Heidelberg Engineering, Heidelberg, Germany).
Several patients underwent an additional OCT scan using RS-
3000 OCT (Nidek, Gamagori, Japan) or Spectralis OCT
(Heidelberg Engineering). The exclusion criteria included
other macular abnormalities, for example, pathologic myopia,
angioid streaks, retinal angiomatous proliferation, idiopathic
CNV, other secondary CNV, intraocular inflammation, history
of ocular trauma, poor image due to a thick subretinal
hemorrhage, or history of vitrectomy.

The prototype swept-source OCT used in the current study
has been reported previously.2%2! It uses a light source of a
wavelength-sweeping laser centered at 1050 nm with a tuning
range of 100 nm. This system has a scanning speed of 100,000
A-scans per second and a scan window depth of 2.6 mm. The
axial and transverse resolutions are 8 um and 20 pm in tissue,
respectively. The optical power incident on the cornea is less
than 1 mW, which meets the safety requirements for this laser
class according to the American National Standards Institute.

Swept-source OCT examinations were performed by trained
examiners after pupil dilation. In each subject, 3-D volumetric
scans were acquired in 0.8 seconds, with 512 (horizontal) X
128 (vertical) A-scans (total, 65,536 axial scans/volume). Each
3-D volumetric scan consisted of 128 B-scans and covered an
area of 6 X 6 mm?, centered on the fovea. Pupil centration
during the scan was achieved by using an internal fixation
target and confirmed by a built-in camera within the swept-
source OCT system. Owing to the high speed and invisible-
wavelength scanning light, eye movements during the 3-D
image acquisition were minimal. To decrease speckle noise,
each image was denoised by the weighted moving average of
three consecutive original B-scans.

On OCT, focal excavation was identified when Bruch’s
membrane line was excavated into the choroid focally, without
any history of trauma, infection, posterior uveitis, or choroidal
vascular disease. The excavations were divided into two types:
conforming and nonconforming. Conforming excavations
implied that the photoreceptor tips were attached to the
retinal pigment epithelium (RPE). In nonconforming excava-
tions, the photoreceptor tips were detached from the RPE.4

In eyes with FCE, 3-D topographical images were recon-
structed from the OCT scans, by segmentation of the line of
the outer surface of the RPE, to highlight the shape of the
excavation. In each B-scan, the outer surface of the RPE line
was automatically determined by the software, and manual
corrections were made as necessary using the built-in
segmentation-modifying tool. The excavation depth and width
were measured manually from the 3-D dataset, using the scan
that showed the greatest dimensions.

Polypoidal choroidal vasculopathy was diagnosed based on
ICGA, which showed branching vascular networks that
terminated in polypoidal lesions.???3 In the current study,
the angiographic features in the area of the excavations were
examined. Additionally, the correlations between the locations
of the excavations, the area of CNV, and areas of choroidal
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vascular hyperpermeability in ICGA were analyzed. Choroidal
vascular hyperpermeability was defined as multifocal areas of
hyperfluorescence with blurred margins within the choroid in
the mid to late phase of ICGA.%*

The retinal and choroidal thicknesses at the center of the
fovea were manually measured with a builtin caliber tool.
Retinal thickness was defined as the distance between the
vitreoretinal interface and the outer border of the RPE, and
choroidal thickness was defined as the distance between the
line corresponding to the Bruch’s membrane beneath the RPE
and the chorioscleral interface. When the excavation was
located within the foveal center, choroidal thickness was
measured as the distance between the supposed line of Bruch’s
membrane and the chorioscleral interface.

All values are presented as mean * standard deviation. The
measured visual acuity was converted to the logarithm of the
minimum angle of resolution (logMAR) for statistical analyses.
Mann-Whitney tests were used to compare numerical variable
means, and Fisher's exact tests were used to compare the
distribution of categorical variables. Statistical significance was
indicated when the P value was less than 0.05.

REsSuLTS

Two hundred forty-three eyes of 217 consecutive patients with
exudative AMD were examined by swept-source OCT. Fluores-
cein angiography showed CNV within the macular area in all
the eyes, and ICGA revealed polypoidal lesions in 136 eyes. Of
the 243 eyes with exudative AMD, 12 (4.9%) were found to
have FCE. Of the 12 eyes with FCE, polypoidal lesions were
seen in 8 eyes. Focal choroidal excavations were found in 5.9%
of eyes with PCV and in 3.7% of eyes with AMD without
polypoidal lesions. Table 1 shows the clinical characteristics of
eyes with FCE associated with AMD. The mean age of eyes with
FCE was 69.7 * 9.2 years (range, 57-83 years). Five eyes were
myopic, and the mean spherical equivalent was —0.63 = 3.25
diopters. The mean foveal retinal thickness was 255.7 = 124.8
pm (range, 111-588 um), and the mean foveal choroidal
thickness was 257.5 + 92.3 pum (range, 146-467 um).

The 3-D scanning protocol of swept-source OCT allowed
the detection of excavations in the macular area and
visualization of their morphology (Fig. 1). Of 12 eyes with
FCE, 10 had a single excavation and 2 had multiple excavations
(2 and 3 excavations, respectively). Six excavations were
classified into the conforming type, and nine were of the
nonconforming type. The mean depth of the excavations was
53.3 = 19.6 um (range, 22-106 pm), and the mean width of
the excavations was 799.7 £ 404.5 um (range, 388-1986 pm).
The inner retinal layers appeared normal, and even when the
excavation was located subfoveally, the foveal contour
remained nearly well preserved. In 13 (86.6%) excavations,
the line of the external limiting membrane was preserved. In 3
(20.0%) excavations, the line forming the junction between the
inner and outer segments of the photoreceptors remained
continuous. The RPE line was intact in all the eyes, despite
some thinning or attenuation (Table 2).

Swept-source OCT also allowed visualization of the choroi-
dal structures. Multiaveraged scans often showed an inner
choroidal layer with medium-diameter blood vessels and an
outermost choroidal layer with larger-diameter blood vessels.
In five excavations (33.3%), unusual choroidal tissue devoid of
large vessels was detected beneath the excavation, bridging the
bottom of the excavation with the outer choroidal boundary
(Fig. 2). In addition, the suprachoroidal space was observed
beneath seven excavations (46.7%)—the outer choroidal
boundary appeared to be pulled inward by the bridging tissue
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Tasie 1. Clinical Characteristics of Eyes With Focal Choroidal Excavation Associated With Age-Related Macular Degeneration

Refractive Duration
Error Excavation of Follow-Up
Spherical With OCT
Visual Equivalent, Depth, Width, FRT, FChT, Previous Examination,
Patient Age,y Sex Acuity: Diopters Location Type pm pm pm pm  Treatment mo
1 83 F 0.08 0 Extrafovea Conforming 45 465 111 205 PC 65
2 57 M 1.0 —-1.25 Extrafovea Nonconforming 50 540 174 327 2
3 83 M 1.2 3.25 Extrafovea Nonconforming 67 865 258 340 3
4* 58 M 1.5 —-4.0 Extrafovea Conforming 77 1033 216 155 IVR 18
Extrafovea Conforming 51 836
Extrafovea Conforming 22 388
5 77 M 0.2 2.5 Extrafovea Conforming 54 714 588 321 0 1
6 61 M 1.5 1.0 Extrafovea Nonconforming 49 681 234 467 0 60
7 75 M 0.9 5.0 Subfovea Conforming 38 463 173 146 PDT 60
8 69 M 1.5 -3.0 Extrafovea Nonconforming 38 1080 304 190 0 20
9 73 M 0.7 —~0.25 Subfovea Nonconforming 38 583 255 223 0 29
10t 67 M 0.7 —-6.5 Extrafovea Nonconforming 106 1997 372 219 0 7
Extrafovea Nonconforming 49 404
11 60 F 0.7 0.5 Subfovea  Nonconforming 58 1200 179 271 0 61
12 73 M 0.8 2.0 Extrafovea Nonconforming 57 1121 204 226 0 53

F female; M, male; FRT, foveal retinal thickness; FChT, foveal choroidal thickness; PC, photocoagulation; IVR, intravitreal injections of
ranibizamab; PDT, photodynamic therapy.

* Patient 4 had three excavations.

+ Patient 10 had two excavations.

} Landolt visual acuity.

Ficure 1. Three eyes with exudative agerelated macular degeneration with focal choroidal excavation examined with swept-source optical
coherence tomography (OCT). (A-D) Patient 7, (E-H) patient 8, and (I-L) patient 12. (A, E, D Focal excavations were detected in fundus
photographs as pigmentary disturbances (arrowbeads). (B, E J) Fluorescein angiogram. (C, G, K) Indocyanine green angiogram showing choroidal
neovascularization. (D, H, L) Reconstructed three-dimensional OCT images (dasbed yellow squares in fundus photographs) of the retinal pigment
epithelium showing the shape of the excavations. White bars indicate the center of the excavations.
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Tasie 2. Angiographic and Tomographic Characteristics of Eyes With and Without Focal Choroidal Excavation Associated With Age-Related Macular Degeneration

Angiographic Findings Optical Coherence Tomographic Findings
Correlation Correlation Unusual
Between Between Choroidal
Color Excavation and FCE and Choroidal Tissue Suprachoroidal
Photography Choroidal Polypoidal Choroidal Hyper- Below Space Below

Patient Findings Neovascularization Lesions Hyperpermeability permeability Excavation Excavation ELM Band IS/0OS Band RPE
1 Pigmentary disturbance Within - - — — — - - +
2 Pigmentary disturbance Within - - - -+ + + — +
3 Atrophy Outside - + Within - - - - +
4 Pigmentary disturbance Within - + Adjacent + + -+ - +

Pigmentary disturbance Within - + Adjacent - + —+ — —+

Pigmentary disturbance Within - + Adjacent - + + - -+
5 Hemorrhage Adjacent + + Within - — + +
6 Physiological Within -+ — - - - + + +-
7 Pigmentary disturbance Adjacent + + Within + - + + +
8 Pigmentary disturbance Adjacent + — — - — + + -+
9 Pigmentary disturbance Within + + Within + + + - E
10 Pigmentary disturbance Within + - - + + + — +

Physiological Adjacent + - - - + + - +
11 Physiological Within + - - - —~ + - +
12 Physiological Within + — — - - + — +

ELM, external limiting membrane; IS/OS, inner segment/outer segment.
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Ficure 2. Unusual choroidal tissue under the excavation revealed by swept-source optical coherence tomography (OCT). (A) Fundus photograph
of the right eye of a 57-year-old man with exudative age-related macular degeneration (patient 2). Fundus photograph showing pigmentary
disturbance of the retinal pigment epithelium in the area corresponding to the excavation (white arrowbead). The dasbed yellow square outlines
the area (6 X 6 mm?) scanned by the sweptsource OCT. (B) Fluorescein angiogram. (C) Indocyanine green angiogram showing choroidal
neovascularization. (D) Image reconstructed by segmentation of the retinal pigment epithelium showing the three-dimensional shape of the
excavation. (E, F) Multiaveraged OCT sections were made along the long white arrows, as seen in the three-dimensional image. Vertical OCT
sections through the fovea showing a nonconforming focal choroidal excavation. (G) Magnified image of the area outlined by the dashed white

square. Unusual choroidal tissue (red arrow) is seen bridging the bottom of the excavation and the outer choroidal boundary.

(Fig. 3). The chorioscleral interface was smooth, without
scleral outpouching in all the eyes.

Table 2 shows funduscopic and angiographic characteristic
of eyes with FCE associated with AMD. In 9 excavations
(60.0%), color fundus photographs showed pigmentary distur-
bances. Fluorescein angiography and/or ICGA revealed CNV in
all the eyes. Although four patients (4 eyes) did not receive
ICGA because of iodine allergy, all of 12 eyes with FCE were
examined with ICGA. Of 15 excavations, 14 (93.3%) were
located within or adjacent to the area of CNV (Fig. 4). Five eyes
(41.7%) showed choroidal hyperpermeability in the mid or late
phase of ICGA. In these eyes, all 7 excavations (46.7%) were
seen within or adjacent to the areas of choroidal hyper-
permeability.

In the current study, the mean follow-up period was 31.6 =+
26.3 months (range, 1-65 months). During the follow-up
period, eight eyes received intravitreal injections of ranibizu-
mab and one received photodynamic therapy combined with
ranibizumab. One eye was not followed after the initial
injection of ranibizumab; the mean number of injections in
the remaining seven eyes was 5.1 = 2.1 (range, 3-9). In five of
these seven eyes, no exudative changes were observed at the
final follow-up examination. Nonconforming excavations
changed to the conforming type when the eyes responded to
treatment for CNV. In the five eyes that were followed for more
than 4 years, no changes in the size or shape of the excavations
were detected (Supplementary Fig. S1).

Comparisons of parametric data of eyes with AMD and FCE
with those of eyes with AMD and without FCE are shown in
Table 3. There were no significant differences in sex
distribution, refractive error, and the foveal retinal or choroidal
thicknesses between the two groups. Compared with eyes
without FCE, in eyes with FCE, the mean age was significantly
higher (P = 0.040) and the mean visual acuity was significantly
better (P = 0.014). In addition, we found that the presence of

polypoidal lesions had a limited effect on either the rate of FCE
(P = 0.44) or the clinical characteristics of the eyes.

DiscussioNn

It remains unknown whether FCE is a congenital choroidal
malformation or an acquired insult. Kumano et al.8 speculated
that the excavation is caused by outward traction due to
choroidal vascular abnormalities resulting from developmental
failure in the embryo. In eyes with central serous chorioretin-
opathy (CSC), Ellabban et al.?> recently showed unusual
choroidal tissue beneath the excavation that bridged the
bottom of the excavation and the outer choroidal boundary
and could possibly produce the excavation. In the current
study, we found similar choroidal tissue beneath five excava-
tions. In addition, the suprachoroidal space was observed
beneath seven excavations—it appeared as if the outer
choroidal boundary was pulled inward by this bridging tissue.
In addition, the shape of most excavations was irregular and
often pointed outward. This irregular shape could be
attributed to the presence of outward traction on the RPE.
Initially, FCE was thought to be a quiescent choroidal
abnormality with good visual prognosis. It was later found that
FCE is associated with vision-threatening complications,
including CNV and polypoidal lesions.” In the current study,
14 excavations were located within or adjacent to the area of
CNV. In a recent study, Xu et al.'? reported CNV that was
present at the bottom or slope of the excavation in 15 eyes. It
is unclear whether CNV developed from the excavation or
whether CNV contributed to the formation of the excavation.
Because FCE alone rarely causes serious visual symptoms, most
of our patients presented at the clinic immediately after
noticing CNV-associated visual symptoms. In addition, in a
recent study of eyes in which CNV developed from FCE during
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FiGURE 3.

Suprachoroidal space beneath the excavation revealed by swept-source optical coherence tomography (OCT). (A) Fundus photograph of

the left eye of a 67-year-old man with polypoidal choroidal vasculopathy (patient 10) showing pigmentary disturbances in the areas corresponding
to the excavations (white arrowbeads). The dashed yellow square outlines the area (6 X 6 mm?) scanned by the swept-source OCT. (B) Fluorescein
angiogram showing occult choroidal neovascularization. (C) Indocyanine green angiogram (ICGA) showing polypoidal lesions (red arrow). (D)
Image reconstructed by segmentation of the retinal pigment epithelium showing the three-dimensional shape of the excavation. White bars indicate
the center of the excavations. (E) Vertical and (F) horizontal multiaveraged OCT sections along the long whbite arrows on ICGA showing
nonconforming excavations. (G, H) Magnified images of the areas outlined by the dashed white square. Beneath the focal choroidal excavation,
unusual choroidal tissue (red arrow) is seen bridging the bottom of the excavation and the outer choroidal boundary. The suprachoroidal space
(arrowbeads) is seen below the excavation. (D Horizontal OCT scans obtained after six monthly intravitreal injections of ranibizumab: The
excavation changed from the nonconforming to conforming type with the resolution of the serous detachment. There were no remarkable changes

in the dimensions or the shape of the excavation during the follow-up period.

the follow-up period, CNV was found to develop from
choroidal excavations.

The mechanism underlying the association of these
excavations with CNV remains unclear. Obata et al.!° reported
that excavations may lead to aberrant choroidal circulation. In
the current study, a few eyes with FCE showed no large
choroidal vessels beneath the excavations. Focal choroidal
ischemia may be involved in the development of CNV.2°-?° In
the current study, color fundus photographs showed pigmen-
tary disturbances in nine excavations. Focal damage of the RPE
and Bruch’s membrane due to the excavation may contribute
to the development of CNV3? In a recent report of CNV
associated with FCE in younger patients, all CNV showed
classic appearance in FA. In addition, two recent case series
reported a good response to ranibizumab or bevacizumab in
younger patients with CNV associated with FCE. Notably, Xu et
al.12 reported that in 13 of 15 eyes with CNV, CNV regressed
with a single injection of ranibizumab. These angiographic
characteristics and treatment responses are not found in
exudative AMD but are rather typical of secondary CNV.31:32

In younger patients, the pathogenesis of CNV associated with
FCE would be different from that of CNV associated with
exudative AMD.

In contrast, in another report of CNV associated with FCE,
six of eight patients under the age of 50 had type 2 CNV,
whereas seven of eight patients over the age of 50 had type 1
CNV? Similarly, 11 of our patients, all of whom were more than
50 years old, had PCV or type 1 CNV that was located under
the RPE. Kobayashi et al.” have reported the limited efficacy of
ranibizumab in PCV associated with FCE, and our patients
needed repeated injections of ranibizumab. Because exudative
AMD is the most common choroidal neovascular disease in
people over the age of 50,1314 we speculate that some cases of
CNV seen in eyes with exudative AMD might be associated
with FCE. However, because FCE was seen in 12 eyes (4.9%)
with exudative AMD, its role may be limited. The pathogenesis
of CNV that develops around the excavation in older subjects
may be different from that in younger subjects.

Margolis et al.¥ and Katome et al.® reported that FCE is
common in eyes with a thicker choroid. Ellabban et al.?®
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Ficure 4. A focal excavation consistent with a branching vascular network associated with polypoidal choroidal vasculopathy. (A) Fundus
photograph of the left eye of a 73-year-old man with polypoidal choroidal vasculopathy showing pigmentary disturbance in the areas corresponding
to the excavations (white arrowhead) (patient 9). (B) Fluorescein angiogram showing occult choroidal neovascularization. (C) Indocyanine green
angjogram (ICGA) showing a branching vascular network terminating in polypoidal lesions (red arrow). (D) Three-dimensional image
reconstructed by segmentation of the retinal pigment epithelium showing the shape of the excavation (white bar). (E) Vertical section of a swept-
source optical coherence tomography image along the whbite arrow in the ICGA showing a noncomforming excavation with serous retinal

detachment. The excavation is consistent with a branching vascular network.

reported that the choroidal thickness in CSC eyes with FCE
was significantly thicker than that in normal eyes but thinner
than that in CSC eyes without FCE. The reason for this
difference is unclear. Recent OCT image analysis revealed
choroidal thinning in eyes with exudative AMD, compared
with PCV3334 In our patients with FCE, subfoveal choroidal
thickness in eyes with PCV was similar to that in eyes with
exudative AMD without polypoidal lesions. Jirarattanasopa et
al.3% reported local choroidal thickening in areas of choroidal
vascular hyperpermeability. In our patients, three of four eyes
with exudative AMD and three of eight eyes with PCV had

choroidal vascular hyperpermeability. The higher rate of
choroidal vascular hyperpermeability in eyes with exudative
AMD may account for our finding of similar choroidal
thickness.

Previous reports showed that most eyes with FCE are
myopic. However, in our study, only five eyes with FCE
associated with exudative AMD were myopic. The reason for
this observation is unknown. However, in a previous report by
Xu et al.,'? 50% of eyes with FCE that developed CNV were
nonmyopic. While FCEs were often seen in myopic eyes, CNV
is likely to develop in less myopic eyes with FCE.

TasLe 3. Eyes With and Without Focal Choroidal Excavation Associated With Polypoidal Lesions

With FCE Without FCE
Without With Without With
Polypoidal Polypoidal Polypoidal Polypoidal
Total Lesions Lesions Total Lesions Lesions P Value*

N, eyes 12 4 8 231 103 128
Sex, male/female 10/2 3/1 7/1 147/84 65/38 82/46 0.138%
Age,y 69.7 + 9.2 703 * 14.7 69.4*+ 63 75.3 £ 8.0 76.0 = 8.1 74.7 £ 7.9 0.040%
Refractive error, diopters —-0.63 = 325 —0.50 = 3.01 0.16 * 3.54 0.84 = 2.02 1.01 = 2.20 0.70 = 1.87 0.371%
Visual acuity, logMAR 0.15 = 0.38 0.21 * 0.60 0.12 = 0.27 0.41 = 0.44 0.48 = 0.46 0.36 = 0.42 0.014%
Foveal retinal thickness, pm 255.7 = 124.8 189.8 = 62.7 288.6 £ 138.1 2619 *= 1488 286.7 = 182.0 242.0 + 112.2 0.951%
Foveal choroidal thickness, pm  257.5 = 92.3 256.8 £ 91.1 2579 * 99.1 232.0 = 96.5 2329 =978 231.3 £ 958 0.414%

* Compared with eyes with and without FCE.
1 Fisher’s exact test.
$ Mann-Whitney test.
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The current study had several limitations. First, because the
number of eyes with FCE was small, the clinical characteristics
could not be elucidated fully. Second, all subjects were Asian,
and it is possible that the prevalence of FCE is different among
other ethnicities. Third, all of our patients had both CNV and
FCE upon initial examination because FCE alone rarely causes
serious visual symptoms. The current study could not provide
information about the condition before the development of
CNV. In addition, in the absence of normal control eyes
without exudative AMD, a true association between AMD and
FCE cannot be established.

In summary, taking into consideration our findings as well
as those of previous studies, we hypothesized that the
pathogenesis of neovascular complications was induced by
FCE involved with outward traction by connective choroidal
tissue, possibly resulting from embryonic developmental
failure. In general, FCE is a stable condition with minimal
symptoms. In some younger patients with FCE, focal damage of
the RPE and Bruch’s membrane due to the excavation and focal
choroidal ischemia may lead to the development of CNV. The
clinical characteristics of these CNV are different from those of
typical exudative AMD, and they are rather similar to those of
secondary CNV. Some older patients with FCE may develop
CNV or polypoidal lesions. Although FCE might be partly
related to development of CNV associated with exudative
AMD, its role appears limited to some eyes.
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Although various risk factors have been identified for the development of age-related macular degeneration
(AMD), risk factors of early AMD have been relatively under studied. We aimed to investigate AMD risk
factors by evaluating multiple factors in association with large drusen, an important component of AMD,
simultaneously. In a community-based cross-sectional survey in Japan, 971 large drusen cases and 3,209
controls were compared for 65 variables, including systemic, environmental, and genetic factors. The
association and the effect size of each factor were evaluated with logistic regression analysis using a
backward-elimination approach. Multivariate analyses identified a significant association in serum calcium
level (odds ratio [OR] = 0.932, P = 1.05 X 10~%), ARMS2 A69S (rs10490924) genotype (OR = 1,046, P <
0.001), Chlamydia pneumoniae IgG (OR = 1.020, P = 0.0440), and age (OR= 1.013, P < 0.001) for large
drusen. Hypocalcemia was observed in 7.2% of large drusen cases and in 5.5% of controls (P = 0.0490). C.
pneumoniae infections was more frequent in large drusen cases (56.4%) than in conrols (51.7%, P =
0.00956). These results suggest that calcium, ARMS2Z genotype, C. pneumonia infection, and age are
significant factors in the development of the early stages of AMD.

ge-related macular degeneration (AMD) is the leading cause of blindness among the elderly population in
developed countries'. Early signs of AMD are characterized by drusen, small extracellular deposits
between the retinal pigment epithelium (RPE) and the inner collagenous layer of Bruch’s membrane,
or by pigment abnormalities in the RPE in the macula’. Although visual symptoms are generally inconspicuous in
the early stages of AMD?, the presence of early signs is highly associated with the progression to advanced AMD,
in which visual function is severely damaged®. Because the treatment options for advanced AMD is still limited
and the associated economic burden is increasing?, studying and preventing disease progression during the early
stages of AMD are of increasing importance.

Age, smoking, and mutations in several genes are the most consistently identified risk factors for AMD'. These
associations have been confirmed in populations across the globe, including Western and Asian countries®®. To
date, various other factors have been suggested to increase the risk of AMD'*", However, the evidence and
strength of these associations remain controversial'*'¢. The pathophysiology of AMD is still poorly understood
and considered to be a constellation of diseases of varying etiologies.

Identifying the “true” risk factors for complex diseases such as AMD is a daunting task because multiple
factors, including systemic, environmental, and genetic factors, contribute to disease liability with a small effect
size. In fact, by analyzing a large number of subjects, recent genetic studies for complex diseases revealed several
loci with smaller effect sizes, such as odds ratios (ORs) of 1.08-1.16". To identify risk factors of complex disease
and to determine the significance of each factor, a simultaneous analysis of multiple factors using a large number
of subjects is necessary. In the present study, we sought to simultaneously investigate multiple risk factors for large
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drusen, an important early sign of AMD that has been shown in
many longitudinal studies to be predictive of incident AMD
advanced™'®, using a relatively large number of Japanese adults.

Results

Multivariate analysis for drusen. The distributions of predominant
characteristics according to 971 large drusen cases and 3,209 controls
are shown in Table 1. Study cases were significantly older than
controls (65.1 = 5.9 and 61.7 = 6.5 years, respectively; P << 0.001).
In the genetic analyses, a significant association was found between
ARMS2 A69S (rs10490924) and drusen; the frequency of the minor
allele T, which is known as a risk allele for developing advanced AMD,
was significantly higher in cases than in controls (P < 0.001).
Conversely, CFH Y402H (rs1061170) and CFH 162V (rs800292) did
not show a significant association with drusen (P > 0.05).

Each subject was tested for 65 factors, including 60 systemic fac-
tors, smoking status, Brinkman index, and the genetic factors
ARMS2 A69S, CFH Y402H, and CFH 162V (Table S1). After exclud-
ing two correlated variables (e.g., C. pneumoniae IgA and C-telopep-
tides crosslinks in lieu of the C. prneumoniae IgG and N-telopeptides
crosslinks, respectively), 63 systemic factors were compared between
cases and controls using univariate analyses. With this screening, a
total of 29 factors, including age, systolic blood pressure, and genetic
factors ARMS2 A69S and CFH 162V, showed a potential association
with drusen (P < 0.25; Table S2). Stepwise selection using a back-
ward-elimination approach was performed for the 29 factors after
adding five more previously reported AMD risk factors (BMI"', HDL
cholesterol'?, hs-CRP"?, smoking status, and CFH Y402H genotype).
Table 2 summarizes the final multivariate analysis of all candidate
predictor variables selected by stepwise analysis. Of the nine candi-
dates, seven showed a significant association with drusen (P < 0.05):
age, ARMS2 A69S genotype, serum calcium, HDL cholesterol, a1-
antitrypsin (AAT), hs-CRP, and C. pneumoniae IgG. Figure 1 shows
the relative strength of each significant factor for drusen. We found
that four of seven factors have a strong effect on the development of
drusen: serum calcium level (OR 0.932, 95% confidential interval
[CI] 0.894-0.972), ARMS2 A69S (rs10490924) genotype (OR
1.046, 95%CI 1.025-1.069), C. pneumoniae IgG (OR 1.020, 95%CI
1.001-1.040), and age (OR 1.013, 95%CI 1.011-1.015).

Calcium level distribution and C. pneumoniae infection. Serum
calcium levels in drusen cases were significantly lower than controls
(9.05 and 9.11 mg/dL, respectively; P < 0.001). When applying the
normal range of serum calcium (8.6-10.3 mg/dL), hypocalcemia
(calcium level <8.6 mg/dL) was more frequent in the large drusen
cases than in controls; 7.2% in drusen cases and 5.5% in controls,
respectively (P = 0.0490; Table 3).

C. pneumoniae IgG levels were significantly elevated in drusen
cases compared with controls (1.30 and 1.23, respectively; P <
0.001). We also confirmed a higher frequency of C. pneumoniae
infections in drusen cases (56.4%) compared with controls (51.7%;
P = 0.00956) by measuring serum reactivity according to the stand-
ard cutoff index for the IgG titer: <C0.9, negative; 0.9 to 1.1, equivocal;
and >1.1, positive (Table 3).

Discussion

With multivariate analysis considering 65 variables that include
previously suggested AMD risk factors of systemic'®™*?, genetic”'*%,
and environmental factors, we found a strong effect of serum calcium
level, ARMS2 A69S genotype, age, and C. pneumonia infection on the
development of drusen. While ARMS2 genotype, age, C. pneumonia
infection have previously been reported to be associated with
AMD™'"%, no study has reported the association between serum
calcium level and AMD. Serum calcium levels are under tight hor-
monal control with a normal range of 8.6-10.3 mg/dL. Calcium
plays a key role in membrane potential, which is important for mus-
cle contraction, heart rate regulation, and nerve impulse generation.
Hypocalcemia is caused by loss of calcium from, for example, renal
failure, or insufficient entry of calcium into the circulation, due to
hypoparathyroidism, magnesium depletion, etc. In the present study,
we found that hypocalcemia was more frequent in large drusen cases
than in controls (P = 0.0490). The reason for the association between
low calcium level and AMD is not clear; however, the presence of
calcium in drusen has been known as early as 1987 by using classic
freeze-fracture and scanning electron microscope based elemental
analysis®. Moreover, a recent study showed that calcium is present in
very high concentration in drusen®. It has also been reported that
basal ganglia calcification often occurs in idiopathic hypoparathyr-
oidism patients and is correlated with hypocalcemia, choroid plexus

Table 1 | Predominant Characteristics of the Study Subjects
Large drusen Control Pvalue

N 971 3209
Age, y 65159 61.7 £ 6.5 < 0.001
Sex, n (%)
Male 357 (36.8) 1121 (34.9) 0.295
Female 614 (63.2) 2088 (65.1)
Smoking, n (%}
Never 646 (66.5) 2127 (66.3) 0.856
Past 201 (20.7) 687 (21.4)
Current 124 (12.8) 395(12.3)
Brinkman index* 187.2 = 360.7 173.2 £ 343.8 0.272
ARMS2 A69S, n (%)
GG 239 (35.0) 1065 (43.5) < 0.001
GT 334 (49.0) 1102 (45.0)
1T 109 (16.0) 284 (11.4)
CFHY402H, n {%)
CC 591 (87.2) 2122 (86.8) 0.908
CT 81(11.9) 315(12.9)
T 61(0.9) 8(0.3)
CFH 162V, n (%)
GG 241 (35.3) 927 (37.8) 0.147
GA 328 (48.1) 1163 {47.5)
AA 113 (16.6) 361(14.7)
*The Brinkman index was calculated as daily number of cigarettes % years smoking.
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Table 2 | Summary of the Multivariate Analyses for Large Drusen

Beta SE OR (95%Cl) Pvalue
Age 0.013 0.001 1.013(1.011-1.015) < 0.001
ARMS2 A69S genotype 0.045 0.011 1.046 (1.025-1.069) < 0.001
Calcium -0.070 0.021 0.932 (0.894-0.972) 1.05%x 103
HDL cholesterol 0.001 <0.001 1.001 (1.000-1.002) 2.07 x 1073
o 1-Antitrypsin 0.001 <0.001 1.001 (1.000-1.002) 0.0268
Hs-CRP <0.001 <0.001 1.000 (1.000-1.000) 0.0369
Chlamydia pneumoniae antibody, IgG 0.020 0.010 1.020 (1.001-1.040) 0.0440
CFH 162V genotype 0.017 0.010 1.017 (0.997-1.039) 0.100
Weed pollens allergy specific IgE -0.016 0.010 0.984 {0.964-1.004) 0.113
SE, standard error; OR, odds ratio; HDL, high-density lipoprotein; Hs-CRP, high-sensitivity C-reactive protein; IgG, immunoglobulin G; IgE, immunoglobulin E.

calcification, and cataracts®. Although further studies are required,
similar disease processes may affect calcification of the subretinal
space, leading to the development of drusen, and a central nervous
system with poor calcium control.

In the present study, we confirmed the association of age, ARMS2
A69S genotype, HDL cholesterol, and hs-CRP levels with drusen,
which were previously suggested as AMD risk factors"™'>*.
However, multivariate analysis revealed that the effect size of hs-
CRP and HDL cholesterol for drusen development was quite small
(Fig. 1). These results are not surprising because several population-
based cohort studies showed a lack of association between these
factors and AMD™ ¢, Similarly, although ol-antitrypsin showed a
potential association for drusen, the effect of this factor on disease
development was limited (OR = 1.001).

C. pneumonia exposure has been suggested to be associated with
AMD?*'"#, Kalayoglu et al reported that C. pneumoniae DNA was
identified in surgically removed neovascular tissue from eyes with
AMD?, but other studies, including a population-based study exam-
ining 3,654 adults, failed to find any association between C. pneumo-
nige antibody titers and AMD, thereby generating controversy**->'.
However, in the present study assessing 60+ factors in 4,000+
adults, we found a strong effect of C. pneumoniae infection on dru-
sen. To date, there is a consensus that the CFH gene is associated with
advanced AMD”*. CFH is known as the main soluble inhibitor of the

alternative pathway, which prevents progression of the cascade by
binding and inactivating complement component C3b*. Several
complement system factors, their activators, and complement regu-
latory proteins were identified as cardinal constituents of drusen®*
although the association between the CFH and early AMD remains
controversial®**. C. pneumoniae activates the alternative
complement pathway or induces a chronic inflammatory state,
which might contribute to the pathogenesis of AMD?> 2, The present
study, which showed a significant relationship between C. pneumo-
nige and the development of drusen, would indicate the significant
role of the complement pathway in the inflammatory process with
the disease development. On the other hand, we did not find strong
associations between CFH genotypes and drusen. Taken together,
our result would suggest that the activation of the alternative
complement pathway by C. pneumoniae might be more important
than that by CFH gene variation in the early stages of AMD in Asians.

Limitations of the present study include its cross-sectional design.
In the present study, the role of previously suggested AMD risk
factors, such as blood pressure'®, BMI'*, HDL cholesterol*?, and hs-
CRP", were found to be limited. Also, we found no significant asso-
ciation between smoking and large drusen although Brinkman index
of the large drusen group tended to be higher than that of controls
(187.2 vs 173.2). These associations should be studied in a prospect-
ive study that evaluates multiple risk factors in AMD. Another lim-

; Odds Ratio (95% CI)
Calcium + g 0.932 (0.894-0.972)
ARMS2 A69S ; —_— 1.046 (1.025-1.069)
C. pneumoniae E-————&—-—-— 1.020 (1.001-1.040)
Age E * 1.013 (1.011-1.015)
al-Antitrypsin 30 1.001 (1.000-1.002)
HDL cholesterol :5 1.001 (1.000-1.002)
Hs-CRP “:* 1.000 (1.000-1.000)

0.850 0.§00 0.§50 1.(;00 I.QSO 1. iOO
Odds Ratio

Figure 1| The relative strength of the significant factors for large drusen that showed a significant association in the final multivariate analysis. Serum
calcium level had the strongest effect on the development of large drusen; the other factors were ARMS2 A69S (rs10490924) genotype, Chlamydia
pneumoniae IgG, and age. High-density lipoprotein (HDL) cholesterol, al-antitrypsin, and high-sensitivity C-reactive protein (hs-CRP) had limited
effect on disease development with odds ratio between 1.000 and 1.001. A diamond represents the point estimate of odds ratio for each factor with a

horizontal line of the 95% confidence interval (CI).
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Table 3 | Status of the Serum Calcium Level and Chlamydia Pneumoniae infection in the Study Group

Large drusen Control P-value
N 971 3209
Serum calcium level (mg/dl)
<8.6 {Hypocalcemia) 70 (7.2%) 177 {5.5%) 0.049
8.6-10.3 (Normal) 900 (92.8%) 3028 (94.4%) 0.0702
>10.3 (Hypercalcemia) 0 (0.0%) 4(0.1%) 0.271
C. Pneumoniae IgG
>1.1 (Positive infection) 548 (56.4%) 1659 (51.7%) 0.00956
0.9-1.1 (Equivocal) 109 (11.2%) 360 {11.2%) 0.995
<0.9 (Negative infection) 314 (32.4%) 1190 (37.1%) 0.00694

itation might be potential bias related to the high female to male ratio
of the study subjects. However, a potential confounder in gender
would be limited because a logistic regression analysis adjusting for
gender was used in the present study. Further limitation is the lack of
identifying a functional role of calcium in AMD. Although it is
reported that calcium is present in very high concentration in dru-
sen®®, there might be subretinal deposits without calcification that are
currently called “drusen” by fundoscopy. Also, it remains unknown
if low calcium intake can be the risk of the development of drusen.
Following basic and clinical research investigating the role of calcium
in AMD is therefore needed.

In summary, by simultaneous evaluation of multiple factors
including systemic, environmental, and genetic factors, we found a
strong association between serum calcium level, ARMS2 A69S geno-
type, age, and C. pneumonia infection and the development of dru-
sen. Our findings suggest a significant role for these factors during
the early course of AMD.

Methods

The Nagahama Study Population. Participants were part of a study that was
ancillary to the Nagahama Study, the details of which have been reported elsewhere®.
The Nagahama Study is a community-based prospective cohort study designed to
determine the prevalence and risk factors of various diseases in a community.
Between November 2008 and November 2010, a total of 6,118 residents of Nagahama
City aged =50 years participated in the Nagahama Study. All protocols and informed
consent procedures were approved by the Kyoto University Graduate School and
Faculty of Medicine Ethics Committee, the Ad Hoc Review Board of the Nagahama
Cohort Project, and the Nagahama Municipal Review Board of Personal Information
Protection. This study was carried out in accordance with the approved guidelines.

At baseline, all participants were asked to undergo eye examinations including
automatic refractometry (Autorefractor ARK-530; Nidek Co Ltd, Aichi, Japan), axial
length measurements (IOL Master; Carl Zeiss AG, Oberkochen, Germany), and
fundus photography using a digital retinal camera (CR-DG10; Canon Inc., Tokyo,
Japan) in a darkened room. All study subjects (n = 5,595) satisfied the following
criteria: (a) age =50 years; (b) nonmydriatic fundus photographs for both eyes of
sufficient quality for grading lesions; and (c) no other retinal diseases that would affect
the precise grading of a macular lesion (such as diabetic retinopathy, retinal vein
occlusion, or epiretinal membranes)®. Each fundus photograph was graded twice by
two independent ophthalmologists for phenotypes of AMD through standardized
grading procedures®. For the sake of multivariate analysis, we selected cases and
controls from the study subjects. Based on the grading procedure, 971 individuals
who had alarge drusen (soft distinct and soft indistinct drusen =125 pm in diameter)
in either eye were included as the study cases®**”. As controls, 3,209 individuals
lacking any sign of AMD (drusen, retinal pigment epithelial abnormalities, or
advanced AMD) in both eyes were selected. Twenty-nine cases with advanced AMD
and a total of 1,386 individuals, including 276 with pigment epithelial abnormalities
only and 1,110 with drusen less than 125 pm in diameter or reticular pseudodrusen,
were excluded from the analysis.

Systemic Factor Analysis. A total of 60 systemic factors, including physical
examination, hematological tests, biochemical tests, urinalysis, immunological tests,
endocrinological tests, and allergy tests, were analyzed in each subject (Table S1).
Blood and urine collection and processing were performed according to a standard
protocol (XE-2100 hematology analyzer; Sysmex Co Ltd, Hyogo, Japan and
LABOSPECT 008 Hitachi automatic analyzer; Hitachi Ltd, Tokyo, Japan). When the
result exceeded the detection range, it was examined using a dilution test. The results
of allergy tests were categorized as class 0 to 6 (class 0 = noallergy and class 6 = severe
allergy) in a standard manner. To assess the environmental effect, information on

smoking status was obtained via a self-report questionnaire. Total smoking amount
was ascertained using the Brinkman index™, calculated as the daily number of
cigarettes X years of smoking.

Genotyping. To assess the role of genetic factors for disease, genomic DNA was
prepared from the peripheral blood of 4,201 subjects. The most robust AMD-
associated variants, A69S (rs10490924) on ARMS2" and Y402H (rs1061170) and
162V (rs800292) on CFH”*, were genotyped using TaqMan single nucleotide
polymorphism assay with the PRISM 7700 system (Applied Biosystems, Inc., Foster
City, CA, USA) and Human610-Quad BeadChips and HumanOmni2.5 BeadChips
(Mumina, Inc., San Diego, CA, USA).

Statistical Analysis. Descriptive statistics are presented, and estimates of center and
dispersion are described as mean and standard deviation (SD). To compare
demographic characteristics, analysis of variance (ANOVA) or the 7 test were used.
For multivariate analysis, independent factors associated with drusen were deter-
mined using logistic regression. At first, univariate analyses were conducted to screen
independent variables for a potential association with drusen. Since correlated vari-
ables should not be entered together in the same multivariable model, collinear
variables were excluded from the analyses; for example, the variable for immuno-
globulin A (IgA) antibodies for Chlamydia pneumoniae was excluded in lieu of the
immunoglobulin G (IgG) antibodies for C. pneumoniae. Variables with P < 0.25 in
the univariate analysis were entered in the multivariable analysis along with other
predictors previously reported as being significantly associated with AMD (e.g., blood
pressure'’, body mass index [BMI]", high-density lipoprotein [HDL] cholesterol'2,
high-sensitivity C-reactive protein [hs-CRP]", smoking status, and the genetic fac-
tors). The final multivariate model was built through stepwise selection using a
backward-elimination approach. Software R (http://www.r-project.org/) was used for
statistical analyses. P values < 0.05 were considered statistically significant.
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Purrose. We describe the clinical and genetic characteristics of choroidal neovascularization
(CNV) in eyes with choroidal vascular hyperpermeability (CVH).

MerHops. This cross-sectional study consisted of 438 consecutive patients who underwent
fluorescein and indocyanine green angiography for macular disease. We used the genotypes of
1576 age-related macular degeneration (AMD) cases and 3248 general population controls as
reference groups for genetic association analyses.

Resucrs. Of 871 eyes (438 patients) examined, CVH was found in 227 eyes (26.1%). Of these
227 eyes, 52 (22.6%) had CNV in the macular area. The proportion of patients with drusen
and the choroidal thickness were not different between eyes with and without CNV, after
adjusting for age (P = 0.21 and 0.95). Of the 52 eyes with CNV, 51 had type 1 CNV and only
one eye had pure type 2 CNV. Of the 51 eyes with type 1 CNV, polypoidal lesions were
observed in 17 eyes (33.3%). Genotype distributions of ARMS2 (A69S) and CFH (I162V) in
patients with CVH and type 1 CNV significantly differed from those of AMD cases (P = 0.0014
and 0.0098, respectively), but not from general population controls (P = 0.33 and 0.82,
statistical power of 88.5% and 72.9%, respectively).

Concrusions. In patients with CVH, type 1 CNV may occur frequently and sometimes
accompanies type 2 CNV or polypoidal lesions. In terms of ARMS2 and CFH, genetic
background of patients with CVH and type 1 CNV was different from those with AMD, but
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rather similar to the general Japanese population.

Keywords: CSC, type 1 CNV, choroidal vascular hyperpermeability, AMD, genetics

entral serous chorioretinopathy (CSC) is characterized by a
Cserous retinal detachment in the macular area, as
confirmed by leakage on fluorescein angiogram (FA). In most
eyes with CSC, indocyanine green angiography (ICGA) shows
choroidal vascular abnormalities, including choroidal filling
delays, dilated vasculature, punctate hyperfluorescent spots,
and/or choroidal vascular hyperpermeability (CVH).'-® It has
been reported that CVH occurs in 90% to 100% of eyes with
CSC,>7-11 persisting even after serous retinal detachment
resolution.®'! Interestingly, disease recurrence with new
leakage often is seen in the area of CVH.®!! In addition, it
generally is believed that CVH underlies pathophysiologic
abnormalities associated with CSC.

It was noted recently that CVH sometimes is observed in
eyes with neovascular age-related macular degeneration
(AMD)'2 and polypoidal choroidal vasculopathy (PCV).12-14
Several studies also have associated CVH with phenotypic
variability and AMD treatment efficacy. Jirarattanasopa et al.!?
reported that eyes with AMD or PCV that also had CVH had a
thicker choroid. Koizumi et al.'4 reported that anti-VEGF
treatments were less effective in eyes with PCV accompanied
by CVH. However, Maruko et al.!> found that photodynamic
therapy was more effective in eyes with PCV and CVH. These

features are consistent with typical CSC characteris-
tiCS.2‘4’10’16

Copyright 2014 The Association for Research in Vision and Ophthalmology, Inc.
www.iovs.org | ISSN: 1552-5783

It is thought classically that CSC is not accompanied by
choroidal neovascularization (CNV) and that patients have a
good visual prognosis. In a retrospective study by Mudvari et
al.,'” none of the 340 consecutive CSC patients developed CNV
during an approximately 4-year follow-up period (mean of 49
months). However, Spaide et al.% reported that older patients
with CSC had a lower visual acuity (VA), and were more likely
to have diffuse retinal pigment epitheliopathy and secondary
CNYV than their younger counterparts. Subsequent reports have
suggested that classic CNV (mainly type 2) and polypoidal
lesions are possible complications of CSC and may contribute
to visual loss in these eyes.>!®-2! Fung et al.?? recently
described 9 eyes with longstanding CSC that went on to
develop type 1 CNV. They concluded that a portion of these
eyes were given a diagnosis of neovascular AMD, but should
have been given a diagnosis of CNV secondary to CSC (i.e.,
CNV masquerading as AMD).

It still is controversial whether CNV that shares features
with CSC originally is AMD or CSC. However, based on the
above reports, we hypothesized that most of “AMD with CVH”
might truly be “CNV secondary to CSC” masquerading as AMD.
Here, to recruit “AMD with CVH” and “CNV secondary to CSC”
as one cluster of CNV, we studied consecutive eyes with “CNV
with CVH.” Although most of these CNV are diagnosed
currently as AMD, we demonstrated this cluster of CNV has
different characteristics from AMD.
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METHODS

The current study was approved by the Institutional Review
Board (JRB) at Kyoto University Graduate School of Medicine
and all study conduct adhered to the tenets of the Declaration
of Helsinki. Written informed consent was obtained from each
patient who was genotyped. According to our IRB guidelines,
it was not mandatory to obtain informed consent from patients
before retrospectively reviewing their medical records.

Subjects

We retrospectively reviewed the medical records of 438
consecutive patients who visited the macular service at Kyoto
University Hospital (Kyoto, Japan) between June 2011 and
December 2012, and who underwent FA and ICGA to confirm
or rule out macular diseases (e.g., AMD, CSC, other CNV, or
other diseases requiring angiography for diagnosis). Compre-
hensive ophthalmic examinations were conducted on all
patients, which included best-corrected VA, dilated indirect
and contact lens slit-lamp biomicroscopy, automatic objective
refraction, color fundus photography, FA, and ICGA using a
confocal laser scanning ophthalmoscope (HRA2; Heidelberg
Engineering, Dossenheim, Germany). Spectral-domain optical
coherence tomography (SD-OCT, Spectralis; Heidelberg Engi-
neering) also was performed on all patients. All images were
obtained using an eye-tracking system, and 100 scans were
averaged automatically to improve the signalto-noise ratio.
Inverted images were obtained routinely in all patients using an
enhanced-depth imaging (EDI) technique introduced by Spaide
et al.?3

CVH and Other Findings

The CVH was evaluated in the late phase of ICGA,
approximately 10 to 15 minutes after dye injection. With
reference to a report by Guyer et al.,! CVH was defined as
multifocal areas of hyperfluorescence with blurred margins
within the choroid, followed by minimal extension of focal
hyperfluorescent area (Fig. 1). This status was evaluated by
two retina specialists (MM, AT) who were masked to all other
medical information. Both evaluators diagnosed CVH as a
binary trait (i.e., present or not), and only the eyes that both
evaluators diagnosed with CVH were considered CVH-positive
in further analyses. After recruitment, complications were
evaluated in all eyes with CVH. Complications, such as type 1
CNV, type 2 CNV, and polypoidal lesion, were determined
based on the results of fundus examination, FA, ICGA, and OCT
by two retina specialists (MM and AT).

For patients who were judged to have CVH in at least one
eye, we evaluated EDI-OCT images in both eyes. Central
subfoveal choroidal thickness, defined as the vertical distance
between Bruch’s membrane and the chorioscleral interface,
was measured manually by a retinal specialist blinded to study
parameters using the built-in caliber. We used data from
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Ficure 1. Typical CVH observed in a 43-year-old man. Four images
from an ICGA obtained at 1:35:50 (A), 5:37:51 (B), 10:43:80 (C), and
16:17:16 (D) after the intravenous injection of indocyanine green. (A)
In the early phase, clusters of small hyperfluorescent spots can be seen
in focal areas of hyperfluorescence. (B-D) Focal areas of hyper-
fluorescence expand over time, eventually forming a ring shape. The
center of the initially hyperfluorescent area gradually becomes
hypofluorescent.

horizontal line scans. If it was difficult to identify the outer
choroid in its entirety, we chose 10 points at which the
chorioscleral interface could be identified easily and created a
segmentation line, based on which subfoveal choroidal
thickness was measured.

Genotyping

Genomic DNAs were prepared from peripheral blood using a
DNA extraction kit (QuickGene-610L; Fujifilm, Minato, Tokyo,
Japan). We selected two major AMD-associated single nucleo-
tide polymorphisms (SNP), compliment factor H (CFH) 162V
(rs800292),24-26 and age-related maculopathy susceptibility 2
(ARMS2) AG9S (rs10490924).25-2% Samples from patients with
CVH and CNV in at least one eye were genotyped using a
commercially available assay (Tagman SNP assay with the ABI
PRISM 7700 system; Applied Biosystems, Foster City, CA, USA).

For the reference group, we used two cohorts. One was the
Kyoto AMD cohort, which consisted of 1576 unrelated AMD
patients recruited from the Departments of Ophthalmology at
Kyoto University Hospital, Fukushima Medical University

Tasite 1. Patient and Ocular Characteristics of Subjects With CVH
No CNV Any CNV P Value P value Adjusted for Age
n 175 52 - -
Age,y 59.6 = 13.0 68.0 £ 11.2 <0.001 -
Sex, male:female 140:35 44:8 0.55 -
Serous PED (%) 49 (28.0) 7 (13.5) 0.037 0.21
Drusen (%) 43 (24.5) 21 (40.9) 0.028 0.25
Visual acuity, logMAR —-0.03 £ 0.21 0.28 = 0.34 <0.001 <0.001
Choroidal thickness, pm 362.9 + 120.1 323.6 £ 102.2 0.035 0.76

All data are presented as mean = SD, where applicable. PED, pigment epithelial detachment, logMAR, logarithm of minimum angle resolution.
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Tasie 2. Patient and Ocular Characteristics of Subjects With CVH and CNV

Type 1 CNV
P Value* P Value* With P value*
Pure Type (Adjusted With Type (Adjusted Polypoidal (Adjusted Pure Type

1 CNV for Age) 2 CNV for Age) Lesion for Age) 2 CNV
n 28 - 6 - 17 - 1
Age,y 68.4 *+ 9.2 <0.001 63.3 * 155 0.34 70.1 £ 9.9 <0.001 33
Sex, male:female, 26:2 0.12 3:3 0.11 15:2 0.53 0:1
serous PED 4 (14.3%) 0.13 (0.48) 1 (16.7%) 0.55 (0.75) 2 (11.8%) 0.17 (0.57) 0
Drusen 11 (39.3%) 0.11 (0.36) 1 (16.7%) 066 (0.54) 9 (52.9%) 0.016 (0.072) 0
Visual acuity, logMAR 0.22 £ 026 <0.001 (<0.00) 0.45 = 031 <0.001 (<0.001) 0.31 = 046 <0.001 (<0.001) 0.22
Choroidal thickness, pm  353.3 = 110.7 0.69 (0.15) 331.7 £ 625 0.53 (0.98) 268.5 £ 81.1  0.0039 (0.077) 327.0

Data presented as mean = SD.
* Compared to eyes without CNV.

Hospital, and Kobe City Medical Center General Hospital. The
AMD diagnosis was confirmed by 3 retinal specialists. A fourth
specialist (NY) was consulted when the initial three reviewers
could not reach a consensus. These patients were genotyped
using Ilumina OmniExpress or HumanOmni2.5M Arrays
(Illumina, Inc., San Diego, CA, USA). Another cohort of the
general population made up the control group and consisted of
3248 unrelated individuals, recruited from the Nagahama
Prospective Genome Cohort for the Comprehensive Human
Bioscience (The Nagahama Study).?*-3! These patients were
genotyped using HumanHap610K Quad Arrays, HumanOm-
ni2.5M Arrays, and/or HumanExome Arrays (Illumina, Inc.),

D

Ficure 2. CVH with pure type 1 CNV. (A) A 70-year-old male with a
serous retinal detachment in the left eye (VA = 20/40). (B) An FA
showing occult CNV. (C) Late-phase ICGA showing typical CVH
(arrows). (D) A horizontal OCT cross-sectional image reveals a
subfoveal fibrovascular pigment epithelium detachment (type 1 CNV)
with subretinal fluid. Neither a polypoidal lesion nor classic CNV is
apparent in the angiogram.

and the two SNPs genotypes were extracted from the cohort’s
fixed dataset.

Statistical Analysis

Every 2 X 2 table was compared using a Fisher’s exact test,
while continuous variables were compared using unpaired #
tests. Linear or logistic regression analyses were performed and
adjusted for age. Genotypes were compared using x? tests for
trend. Statistical power of the genetic association test also was
calculated. These statistical analyses were conducted using
Software R (R Foundation for Statistical Computing, Vienna,
Austria). A P value <0.05 was considered statistically
significant.

REesuLTs

Of the 871 eyes (438 patients) examined, 120 eyes (61
patients) had high myopia (axial length > 26 mm). No eyes
with high myopia had signs of CVH on ICGA. In the current
study, CVH was seen in 227 eyes (26.1%) from 141 patients
(112 men, 29 women), ranging in age from 33 to 89 years (62.0
+ 13.1 years). All patients were Japanese and of Asian ancestry.
Further analysis was performed on data from these 227 eyes
with CVH.

Of the 227 eyes with CVH, 52 (22.6%) had CNV in the
macular area. Table 1 summarizes the demographics of these
eyes. The mean age of patients with CNV was significantly
higher than that of subjects without CNV. The proportion of
eyes with a serous pigment epithelium detachment (PED) or
any drusen was higher in eyes with CNV. Measurements of
choroidal thickness also seemed to be larger in eyes with CNV,
but none of these differences was statistically significant after
adjusting for age (PED P =0.34, drusen P=0.21, and choroidal
thickness P = 0.95, respectively).

Table 2 shows subclassification of the 52 eyes with CVH and
CNV. Of all eyes, 51 (22.6%) had type 1 CNV in the macular
area (Fig. 2). Pure type 2 CNV, without any type 1 CNV, was
seen in only one eye (0.4%) and data from this eye were
excluded from all further analyses. Of the 51 eyes with type 1
CNV, polypoidal lesions were observed in 17 eyes (33.3%, Fig.
3), and type 2 CNV was observed in 6 eyes (11.8%, Fig. 4). The
remaining 28 eyes (54.9%) had only type 1 CNV. The mean age
of patients with either type 1 CNV or with polypoidal lesions
was significantly higher than that of patients with no CNV, and
their VA was significantly lower than that of eyes with no CNV.
Additionally, more eyes with polypoidal lesions had concom-
itant drusen and thinner choroids than eyes without these



