zumab resulted in morphologic stabilization of the PCV
lesions, but not in visual recovery.>* The reason for the
poor change in VA seen in the PDT group after the
combined therapy is unclear, although damage of the cho-
riocapillaris or retinal pigment epithelium resulting
from previous PDT may be involved. Rather, recent
reports have shown the association of some genetic factors
to the response to PDT and to subsequent visual prognosis
in eyes with PCV.*"* Originally, the PDT group may
consist of the eyes that have genetically poor VA
prognosis. «

To date, limited information is available on combined
therapy for PCV that is refractory to anti-VEGF therapy.
The current study has shown that some visual recovery can
be expected when PDT is combined with ranibizumab,
even in eyes with PCV that previously were treated with
anti-VEGF agents. Because the effect of anti-VEGF ther-
apy on polypoidal lesions is limited,”*"'®*-2* combined
therapy may well be a treatment option when recurrent or
persistent exudative change is seen after anti-VEGF
treatments.

For treatment of PCV, one of the most vision-threaten-
ing complications of PDT is extensive postoperative hem-
orthage.** In a previous article on PCV treated with
PDT, Hirami and associates reported that postoperative
subretinal hemorrhage was seen in 28 (30.8%) of 91 eyes,
and that bleeding resulted in a vitreous hemorrhage in 6
eyes.*” Recent reports by Gomi and associates and by Sato
and associates suggested a lower incidence of subretinal
hemorrhage when the PDT was combined with bevaci-
zumab.>**% In the current study, 2 eyes in the treatment-

naive group had an extensive subretinal hemorrhage
(larger than 4 disc areas) after such combined therapy,
although the hemorrhage was absorbed spontaneously with
no decrease in VA. In addition, 3 eyes in the PDT group
had an extensive subretinal hemorrhage after treatment,
and this resulted in vitreous hemorrhage in 2 eyes, so it is
uncertain whether combined therapy actually reduces the
posttreatment hemorrhagic complications. However, sim-
ilar to PDT alone, even if PDT is combined with anti-
VEGF agents, physicians need to keep in mind the risk to
their patients of these complications.

Major limitations of the current study are its retrospec-
tive nature, its small sample size, and its lack of control
individuals. Furthermore, we used a Landolt chart, which
is based on an uneven spatial gradient scale, for the
measurement of VA. However, despite these shortcom-
ings, our findings suggest that PDT combined with intra-
vitreal injections of ranibizumab results in rapid regression
of the polypoidal lesions and exudative changes and often
results in improvement of VA in eyes with treatment-
naive PCV. Patients with PCV treated with PDT com-
bined with ranibizumab do have a risk of posttreatment
hemorrhagic complicatidns. However, because our findings
are based on an observation period of only 12 months, it
remains unclear whether PDT in combination with ranibi-
zumab reduces the recurrence rate of PCV. Because the
long-term efficacy of PDT alone is not as promising as was
thought initially, prospective long-term studies are needed

to determine the efficacy and safety of combined therapy
for PCV.
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REPORTING VISUAL ACUITIES

The AJO encourages authors to report the visual acuity in the manuscript using the same nomenclature that was used in
gathering the data provided they were recorded in one of the methods listed here. This table of equivalent visual acuities
is provided to the readers as an aid to interpret visual acuity findings in familiar units.

_ Table of Equivalent Visual Acuity Measurements

‘Snellen Visual Acuities

4 Meters 6 Meters 20 Feet Decimal Fraction LogMAR
4/40 6/60 20/200 0.10 +1.0
4/32 6/48 20/160 0.125 +0.9
4/25 6/38 20/125 0.16 +0.8
4/20 6/30 20/100 0.20 +0.7
4/16 6/24 20/80 0.25 +0.6
4/12.6 6/20 20/63 0.32 +0.5
4/10 6/15 20/50 0.40 +0.4
4/8 6/12 20/40 0.50 +0.3
4/6.3 6/10 20/32 0.63 +0.2
4/5 6/7.5 20/25 0.80 +0.1
4/4 6/6 20/20 1.00 0.0
4/3.2 6/5 20/16 1.256 —0.1
4/2.5 6/3.75 20/12.5 1.60 -0.2
4/2 6/3 20/10 2.00 ~0.3

From Ferris FL lll, Kassoff A, Bresnick GH, Bailey |. New visual acuity charts for clinical research. Am J Ophthalmol 1982;94.91-96.
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Abstract

Purpose To investigate the association between the vas-
cular endothelial growth factor (VEGF) gene and response
to either intravitreal bevacizumab (IVB) or photodynamic
therapy with intravitreal triamcinolone acetonide and IVB
(triple therapy) for neovascular age-related macular degen-
eration (AMD).

Methods The study consisted of 94 patients with neo-
vascular AMD who underwent IVB and 79 patients with
neovascular AMD who underwent triple therapy. Geno-
types were determined for four selected tagging single-
nucleotide polymorphism (SNP)s of the VEGF gene.
Results Of the four SNPs studied, one SNP (rs699946)
was associated significantly with visual acuity (VA) changes
12 months after treatment—irrespective of whether they
received IVB alone (P = 0.044) or triple therapy 0.010).
Baseline VA was not significantly different among the three
genotypes of r$699946 in either treatment group. There were
no significant differences in the number of treatments,
incidence of.recurrence, or the period until the recurrence
according to VEGF rs699946 genetic variant.

Conclusions The VEGF gene SNP 15699946 was asso-
ciated with response to IVB alone and to triple therapy in
this study. The G allele in SNP rs699946 can thus be
applied as a marker for better visual prognosis in patients
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with neovascular AMD who receive either IVB or triple
therapy.

Keywords Bevacizumab - Photodynamic therapy -
Vascular endothelial growth factor ‘

Introduction

Age-related macular degeneration (AMD) is the leading
cause of severe impairment of the visual function in people
50 years of age or older who reside in industrialized
countries [1]. Recent treatment for neovascular AMD
includes photodynamic therapy (PDT) [2] and anti-vascular
endothelial growth factor (VEGF) therapy [3-8]. Because
VEGEF is expressed in choroidal neovascularization (CNV)
[9-11] and induces an exudative change in the retina, anti-
VEGF drugs can inactivate CNV and reduce the retinal
exudative change. In addition to their direct role as a
treatment for AMD, anti-VEGF drugs have been used in
combination with PDT to suppress the VEGF upregulation
that is typically induced by PDT. Recently, triple therapy
using PDT combined with intravitreal bevacizumab (IVB)
and intravitreal triamcinolone acetonide (IVTA) was
introduced [12, 13]. :

VEGF is a major molecular mediator of neovasculari-
zation and of vascular permeability [14], and its expres-
sion is upregulated under hypoxic conditions. The VEGF
gene is located on chromosome 6pl2, and the coding
region spans approximately 16.3 kb. Polymorphisms of
the VEGF gene have been shown to be associated with
levels of VEGF in both serum [15-17] and vitreous [18].
VEGF polymorphisms are associated with the prognosis
of several diseases associated with VEGF [19-24].
Recently, Immonen et al. [25] demonstrated that VEGF
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gene polymorphisms affect the anatomic outcome of
AMD after PDT. However, the association of VEGF gene
polymorphism with the visual prognosis of patients with
AMD has not been examined and, despite the anatomic
success after PDT, fibrosis can attenuate the relatively
good visual outcomes, just as residual lesions of serous
detachment after PDT do not always result in lower visual
acuity (VA). It would thus be important to know exactly
what factor(s) may determine the visual prognosis of eyes
with AMD that have undergone treatment.

Because IVB treatment and triple therapy include anti-
VEGF drugs, it is conceivable that VEGF gene polymor-
phism correlates with the results of this AMD treatment. In
this study we sought to determine if there is any association
between VEGF genotype and the response of neovascular
AMD to IVB or to triple therapy.

Materials and methods
Patients and methods

This study was performed in accordance with the tenets of
the Declaration of Helsinki and approved by the Institu-
tional Review Board/Ethics Committee of Kyoto Univer-
sity Graduate School of Medicine, Kyoto, Japan. All
patients provided written informed consent after the risks
and benefits of the treatment were fully explained to them.
For this retrospective study, we reviewed the medical
records of 173 patients with neovascular AMD who had
either received IVB alone (IVB group) or PDT combined
with IVB and IVTA (triple-therapy group) at Kyoto Uni-
versity Hospital between May 2006 and November 2008.
All patients included in the study had subfoveal CNV
associated with AMD, VA better than 1.0, as the logarithm
of the minimum angle of resolution (logMAR) at baseline,
and were 50 years of age or older; patients were excluded
if they had undergone surgical treatment for their AMD
before either the IVB or triple therapy.

Before treatment, each patient had undergone a com-
prehensive ophthalmologic examination, including mea-
surement of best-corrected VA, intraocular pressure testing,
indirect ophthalmoscopy, and slitlamp biomicroscopy with a
contact lens. Best-corrected VA was measured with a Lan-
dolt chart and converted to a logMAR. After fundus pho-
tographs were taken, fluorescein and indocyanine green
angiography were performed and the retinal cross section
was examined with optical coherence tomography (OCT).
Diagnosis of polypoidal choroidal vasculopathy (PCV) was
based on indocyanine green angiography, which showed a
branching vascular network terminating in polypoidal
swelling.

@ Springer

The IVB group had an intravitreal injection of 1.25 mg
bevacizumab one to three times as the initial treatment. The
second and/or third injections were performed at 1-month
intervals, when angiography and/or OCT examination
showed remnant macular exudative changes (serous retinal
detachment or retinal edema on OCTs or angiographic
leakage seen on FAs). For the patients in the triple-therapy .
group, 1.25 mg bevacizumab and 2 mg TA were admin-
istered intravitreally 3 to 4 days before the PDT. The
treatment decisions were made by retina specialists at the
Department of Ophthalmology at Kyoto University Hos-
pital, who were unaware of the genotype of the patients.
Retreatment was performed when an eye showed severe
leakage of fluorescein dye during the late phase of fluo-
rescein angiography or serous retinal detachment because
of residual active CNV as seen on OCT usually after a
3-month interval. In the IVB group, an intravitreal anti-
VEGF drug was given when recurrence was noted. During
the sequence of monthly injections for initial treatment, we
did not encounter any recurrence of exudative changes. In
the triple-therapy group, PDT either with or without an
intravitreal anti-VEGF drug or anti-VEGF treatment was
performed for any recurrence that occurred.

Single nucleotide polymorphism selection
and Genotyping

Four tagging VEGF single-nucleotide polymorphism
(SNP)s were selected for investigation—two SNPs on the
promoter region, rs699946 and rs699947, and two intronic
SNPs, rs3025033 and 3025035. The four tagging VEGF
SNPs provided 100% coverage for all common (minor
allele frequency of more than 20%) HapMap [26] SNPs
within a 26.3 kilobase region (16.3-kb gene length; 10 kb
upstream) spanning the VEGF gene on chromosome 6 ?
threshold of 0.95). Genomic DNAs were prepared from
peripheral blood using a DNA extraction kit (QuickGene-
610L; Fujifilm, Minato, Tokyo, Japan). Genotyping was
performed using the Tagman SNP assay with the ABI
Prism 7700 system (Applied Biosystems, Foster City, CA,
USA).

Data analysis

Descriptive statistics for all demographic and clinical
variables were calculated and comparisons made using the
unpaired ¢ test for means with continuous data (e.g., age)
and the chi-squared test for categorical data (e.g., gender).
Visual acuity before and after treatment were compared
among genotypes by use of analysis of variance (ANOVA)
test and VA changes among genotypes were evaluated by
use of the Jonckheere-Terpstra trend test, which is a
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nonparametric test for ordered differences among classes
[27]. Significance was defined at the 5% level.

Results

Patients with neovascular AMD who underwent treatment
with IVB alone (n = 94) or with triple therapy (n = 79)
were enrolled in this study. Demographic characteristics of
the two groups are listed in Table 1. The mean baseline VA
in the IVB group was significantly better than that in the
triple-therapy group (P = 0.038). Seventy-five patients in
the IVB group and 66 patients in the triple-therapy group
were followed up for more than a year after their first
treatment. The mean follow-up period for the IVB group
was 13.1 months (range 3.0-35.3 months); that for the
triple-therapy group was 13.1 months (range 3.0-22.7
months). The mean number of treatments during the 1-year
follow-up period was 2.59 (range 1-8) in the IVB group
and 1.61 (range 1-5) in the triple-therapy group—the
number of treatments in the triple-therapy group being
significantly less than that in the IVB group (P < 0.01).

Figure 1 shows the mean VA changes from baseline for
the IVB group and for the triple-therapy group. Members
of both groups maintained vision—the mean change at
12 months from baseline being a gain of 0.026 for both
groups. Although the VA in the IVB group tended to
improve immediately after treatment, it had a tendency to
improve more gradually in the triple-therapy group.

The genotype frequencies of the four VEGF tagging
SNPs in each group are shown in Table 2. Although we
chose SNPs with relatively high minor allele frequencies,
there were only a few patients with the GG genotype in
rs3025033 or the TT genotype in 153025035 in the triple-
therapy group; accordingly, we excluded these two SNPs
from the analyses.

We examined first the differences in initial VA among
the genotypes of rs699946 in the IVB and triple-therapy
groups. Table 3 shows demographic characteristics by
genotypes of rs699946 in each group. There was no sig-
nificant difference in mean baseline VA among AA, AG,
"and GG genotypes in either group (P = 0.101 and 0.433,
respectively). We evaluated next the changes in VA after
treatment in each group; these changes are shown in Fig. 2.
As depicted in this figure, the VA seemed to improve
continuously in the patients with the GG genotype, whereas
it did not change appreciably during the follow-up period
in the patients with the AG or AA genotypes in either
treatment group. When the mean VA at 12 months was
examined, it was significantly different among the three
genotypes in both treatment groups (P = 0.025 and 0.010,
respectively). Furthermore, when we examined the trend in
VA changes at 12 months among these three genotypes,
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Table 1 Characteristics of the study population
Bevacizumab  Triple therapy P value
_ Number of patients 94 79 -
Mean age (years) 749 75.5 0.60
Female (%) 31.9% 26.6% 0.26
Right eye (%) 50.0% 46.8% 0.42
~ Mean baseline VA 0.546 0.631 0.038
. Mean follow-up (months) 13.1 13.1 0.87

VA visual acuity

Mean Change in Visual Acuity (logMAR) ®

b
f=3
N

T [ I [ ! T 1 1 T 1 I T 1
0 3 6 9 12

Month After The First Treatment

n=179 n=76

Month After The First Treatment

Fig. 1 Visual acuity over time for the IVB and triple-therapy groups.
a Visual acuity (VA) over time in patients treated with intravitreal
bevacizumab alone (IVB group) and, b in patients treated with
photodynamic therapy with IVB and intravitreal triamcinolone
acetonide (triple-therapy group) who were followed up for more than
a year after their first treatment. Both show the mean VA
change + SEM in logMAR from baseline

the G allele showed a significant trend toward better visual
acuity changes in both the IVB group (P = 0.044) and the
triple-therapy group (P = 0.010). Visual acuity changes at
12 months were best in those with the GG genotype,
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middle in those with the GA genotype, and worst in those
with the AA genotype. We evaluated whether rs699946 is
also associated with visual prognosis after the treatment in
the subgroups of PCV and typical AMD. We found the
same tendency for the visual prognosis in both subgroups,
although most of the analyses did not reach a significant
level because of the small sample size (data not shown).
Next, we evaluated whether there were significant dif-
ferences in the number of treatments, incidences of recur-
rence, or the periods until recurrence according to the VEGF
1s699946 genetic variant using the patients who had been
followed for 1 year or longer. During the 1-year follow-up
period, there was no significant difference in the number of
any of the treatments (intravitreal anti-VEGF drug, PDT,
and combined therapy) among the three genotypes in either
group (P = 0.878 and 0.477, respectively); contents of
additional treatments (whether or not PDT was performed as

Table 2 Distribution in the study population

Genotype, Bevacizumab Triple therapy
n (%) n =94 (n=179)
15699946 n=91 n="178
AA 22 (24.2) 26 (33.3)
AG 47 (51.6) 44 (56.4)
GG 22 (24.2) 8 (10.3)
rs699947 n=92 n=179
AA 4 (4.3) 5(6.3)
AC 33 (35.9) 37 (46.8)
CcC 55 (59.8) 37 (46.8)
rs3025033 n=092 n=79
AA 65 (70.7) 63 (79.7)
AG 23 (25.0) 15 (19.0)
GG 4 (4.3) 1(1.3)
153025035 n=92 n=7179
CcC 54 (58.7) 45 (57.0)
CT 31 (33.7) 31 (39.2)
TT 7 (7.6) 3(3.8)

Table 3 Demographic characteristics by genotypes of VEGF 15699946

additional therapy) did not differ among the two groups
(Table 4). In the IVB patients who underwent one to three
injections as the initial treatment, there was no significant
difference in the number of injections used as the initial
treatment among the three genotypes (AA 1.41, AG 1.57,
GG 1.64, P = 0.627). There was also no significant differ-
ence in the frequency of recurrence (P = 0.431 and 0.342,
respectively) or the period until it occurred (P = 0.612 and
0.980, respectively) among the three genotypes of either
group (Table 5).

We examined the initial VA and that after treatment for
all eyes in'both the IVB group and the triple-therapy group
based on the presence of rs699947. There was no signifi-
cant difference in the mean baseline VA among the
1s699947 AA, AC, and CC genotypes in either group
(P = 0.820 and 0.691, respectively). Although the mean
VA seemed to change notably in the rs699947 AA geno-
type whereas it did not change appreciably during the
follow-up period in the other two genotypes (AC and CC)
(Fig. 3), we found no relationship among these three
genotypes and visual acuity in either group (P = 0.257 and
0.100, respectively). There was no difference in the fre-
quency of AMD recurrence (P = 0.645 and 0.697, respec-
tively) or the period until it was noted (P = 0.987 and
0.423, respectively) among the three rs699947 genotypes in
either group.

Discussion

In this study, VEGF rs699946 SNP was associated signif-
icantly with the visual prognosis of AMD after treatment
with either IVB alone or after triple therapy. By evaluating
the SNP before treatment, patients with neovascular AMD
will be able to know what to expect after treatment,
including what anti-VEGF drugs will be applicable.
Recently, intensive studies have been performed on the
association between various SNPs and the response to
treatment of patients with AMD. Among the SNPs studied,

Group Genotype Mean age Female Right Mean follow-up Pretreatment " P value*
(years) (%) eye (%) (months) VA

Bevacizmab . AA 74.9 9.1 54.5 142 0.659 0.101
AG 74.8 36.2 - 46.8 12.6 0.493
GG 74.9 45.5 455 11.9 0.496

Triple therapy AA 754 23.1 61.5 12.9 0.684 0.4326
AG 71.0 29.5 34.1 13.1 0.591
GG 752 125 62.5 14.1 0.628

VA visual acuity
* The P values were generated by the ANOVA test
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Fig. 2 Visual prognosis by VEGF 1699946 for the IVB and triple-
therapy groups. The two panels show visual acuity (VA) over time in
a the patients treated with intravitreal bevacizumab alone (IVB group)
and, b, in the patients treated with photodynamic therapy with IVB
and intravitreal triamcinolone acetonide (triple-therapy group). Both
graphs show the mean VA changes + SEM in logMAR from
baseline among the three genotypes of VEGF 15699946 (squares
AA, circles AG, and triangles GG). There was no difference in the
mean baseline VA among the genotypes in either group. The G allele
showed a significant trend toward better visual acuity in both the IVB

group and in the triple-therapy group at 12 months (P = 0.044 and
0.010, respectively)

CFH Y402H was shown to correlate with the response to
PDT, IVB, and ranibizumab [28-30]. These studies
encourage us to personalize the treatment for each indi-
vidual patient, with most suitable treatment being deter-
mined by studying the genotypes of each patient. However,
the Y402H polymorphism is extremely rare in East Asia
[31-36]; which markedly affects its applicability. Because
the minor allele frequency of rs699946 was 43.9% in this
study, this polymorphism is an attractive candidate for
personalized treatment of AMD.

If the risk allele of an SNP is associated with VA prog-
nosis, this risk allele frequency should have a trend. Because
the risk-homo genotype has two risk alleles, it should have
the worst prognosis, whereas the non-risk-homo genotype
which contains no risk allele should have the best prognosis.
Accordingly, this genotype, which contains one risk allele
should have a “middle of the road” prognosis. Although
CFH Y402H is a strong susceptibility gene polymorphism
for AMD, the trend in the association between its risk allele
and the response to treatment is not clear. Indeed, most
reports show that the visual outcome is not always the best
with the non-risk-homo genotype (TT) or the worst with the
risk-homo genotype (CC). Goverdhan et al. [28] showed that
those with a hetero genotype (TC) have the best VA changes
after PDT for AMD, compared with those with the risk-
homo genotype (CC) or the non-risk-homo genotype (TT).
Similarly, Brantley et al. [30] reported that final visual acuity
is better in those with the TC genotype than in those with the
CC or TT genotypes. They reported that, when treated with
IVB, AMD eyes with the TC genotype have a better visual
prognosis than those with the CC genotype, and that the
visual prognosis is almost the same for those with the TC and
TT genotypes [29].

Unlike CFH Y402H, VEGF 15699946 SNP showed a
clear trend in that, after treatment for AMD, visual prog-
nosis was best with the GG genotype, medium with the GA
genotype, and worst with the AA genotype. The frequency
of the risk allele G would contribute to better prognosis.
This association of the VEGF gene polymorphisms with
visual prognosis in eyes with AMD seems to be inconsistent
with previous studies that showed no association between
AMD and VEGF gene polymorphisms [25, 37, 338].
At the same time, it does seem natural that the disease-
susceptibility gene is different from the gene associated with
the response to treatment. VEGF gene polymorphism may
well contribute to the progress of AMD, rather than to the
onset of AMD.

Although rs699946 has not been studied in depth, a
recent report showed that the genotype of rs699946 was
associated significantly with severe diabetic retinopathy
[39]. In both diabetic retinopathy and AMD, it is well-
known that VEGF contributes to pathologic neovasculari-
zation and to retinal edema. The association of rs699947,
which, like rs699946, is on the promoter region, with the
occurrence of diseases or with their prognosis has been
investigated in various organs [24, 40-43]. The association
of rs699947 and AMD has been denied in reports by Bo-
ekhoorn et al. [38] and by Lin et al. [10], whereas haplo-
type analysis did show an association of rs699947 with
AMD [44]. Recently, Immonen et al. [25] showed that the
frequency of rs699947 is significantly different in PDT
nonresponders than in PDT responders. However, they did
not evaluate its association to visual prognosis. In this
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Table 4 Number and content

of treatments during 1-year Genotype Number of P value* Number of afiditional P value*
follow-up treatments treatments with PDT
‘ Intravitreal bevacizmab
AA 2.52 0.878 0.05 0.658
AG 2.67 0.03
GG 247 0.00
Triple therapy
AA - 1.80 0.477 0.19 0.993
¢ The P val q AG 1.64 0.18
e P values were generate
by the ANOVA test ® ae 217 0.17
:\ll;lztfoniziurl;iﬁgsce Genotype Recurrence P v.alue Period until recurrence P value
;————_—' (chi-squared) (days) (ANOVA)
Intravitreal bevacizmab
AA 9 12 0.431 171 0.612
AG 18 15 213
GG 12 7 172
Triple therapy
AA 8 13 0.342 212 0.980
AG 21 17 213
194

GG 2 4

study, rs699947 did not affect visual prognosis after IVB or
triple therapy for AMD but, because we had only four
patients treated with IVB who had the AA genotype of
1s699947 and five patients treated with triple therapy who
had the AA genotype of rs699947, a larger cohort might
show an association of rs699947 with visual prognosis.
However, 1s699946 would be the better genotype to be
used clinically for personalized medicine because its dis-
tribution is more balanced than is that of rs699947.

The VEGF rs699946 is 5.8 kb upstream of the 5' tran-
scription start sites. The VEGF 15699946 captures and
reflects one SNP on the promoter region (1s833060) and
four SNPs on the VEGF gene (rs833068, rs833069,
1s3024997, rs3025000) with high linkage disequilibrium.
Because some of these SNPs correlate with VEGF pro-
duction [45], a VEGF genotype might affect visual prog-
nosis via the amount of VEGF produced. In addition to the
amount of VEGF, the ratio of various VEGF isoforms can
affect the prognosis of AMD because each VEGF isoform
has its own role in both pathologic and physiologic neo-
vascularization [46]. Considering that rs699946 exists
upstream of the 5' transcription start sites, it may affect
splicing of VEGF and result in a changes in the expression
level of VEGF isotypes such as VEGF;3;, VEGFi¢s, and
VEGFlgg.

It might seem surprising that VEGF 15699946 SNP
affected the visual outcome of eyes with AMD after two

‘_@_ Springer

different treatments: IVB alone and triple therapy. Because
the objective of IVB treatment is to eradicate CNV and to
attenuate the exudative changes by suppressing VEGF, it
seems plausible that variations in the VEGF gene change
the visual outcome after treatment. However, the action of
VEGEF and IVB in triple therapy may be more complex. It
was thought that IVTA and IVB suppress the VEGF
upregulation that is induced by PDT [12]. Moreover, IVB
may have a direct effect on eradication of CNV and on
attenuation of the exudative change. Both of these mech-
anisms would lead to association of the VEGF gene vari-
ation with the visual outcome after triple therapy, but
further studies are needed to clarify the biological functions
of these VEGF genetic variants. However, because either
anti-VEGF drugs alone or combined treatment that
includes PDT with anti-VEGF drugs are currently the main
treatment modalities for AMD, our findings of an associ-
ation between VEGF gene polymorphism and the visual
outcome after both TVB and triple therapy seem helpful.
In this study, VA in the IVB group tended to improve
immediately after treatment whereas it tended to improve
more gradually in the triple-therapy group. The Mont Blanc
study shows that patients treated with IVB alone had better
VA than patients treated with PDT + IVB. Furthermore,
recent randomized clinical trials have shown that patients
treated with IVB had a significantly better VA outcome
than those treated with PDT + IVTA [47]. It can be
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Fig. 3 Visual prognosis by VEGF 15699947 for the IVB and triple-
therapy groups. a Visual acuity (VA) over time in the patients treated
with intravitreal bevacizumab alone (IVB group) and, b, in the
patients treated with photodynamic therapy with IVB and intravitreal
triamcinolone acetonide (triple-therapy group). Both graphs show the
mean VA changes £ SEM in logMAR from baseline among three
genotypes of VEGF 15699947 15699946 (squares AA, circles AC, and
triangles CC). There was no difference in the mean baseline VA
among the genotypes in either group. No relationship was seen among
these three genotypes for visual acuity in either group (P = 0.257 and
0.100, respectively)

suggested that PDT and IVTA may delay the vision
recovery even when we take into account the fact that the
initial visual acuity was significantly different between the
IVB group and the triple-therapy group in this study.
This retrospective study is limited by the size of the
patient cohort and, although we selected tag SNPs with
relatively high minor allele frequency, we could not eval-
uate the effects of some SNPs on visual prognosis. Because
there were only a few patients with the GG genotype in
rs3025033 and with the TT genotype in rs3025035 in the
triple-therapy group, further investigation with a larger

patient cohort may enable better evaluation of gene inter-
actions and their relationship with treatment response. A
further limitation of this study is the lack of evaluation of
visual prognosis in the AMD patients without any treat-
ment. Patients with the G allele in VEGF 15699946 might
have better visual prognosis without treatment. In addition,
the treatment method was not randomly assigned or chosen
to follow solid criteria, which should be considered as a
bias when interpreting our findings. Hidden baseline
characteristics of the participants might affect the visual
outcomes after treatment. The baseline VA of the patients
with the AA genotype of rs699946 was slightly worse in
both groups. Because the visual changes depended on the
baseline VA, we cannot exclude the possibility that the
differences of the baseline VA might affect the results of
this study, even taking into account that they were not
statistically significant. However, in this study, the
rs699946 genotype was associated with the visual prog-
nosis after both treatments. Further studies, for example a
prospective study, would be needed to confirm the asso-
ciation between these variants and the visual prognosis of
AMD.

Anti-VEGF drugs have become the principal treatment
of neovascular AMD because the visual results are reported
to be better than those obtained with PDT. However,
numerous injections of the anti-VEGF drug may be
required to maintain those visual benefits. To reduce the
number of reinjections of anti-VEGF drugs, combination
therapy, for example the triple therapy reported herein, has
been evaluated. Because the rs699946 polymorphisms of
the VEGF gene were associated with visual outcomes after
both IVB and triple therapy, determination of the genotype
of 1$699946 can be of great help in predicting the visual
outcome of AMD after treatment.
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Macular Choroidal Thickness and Volume in
Normal Subjects Measured by Swept-Source Optical

Coherence Tomography
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Purposk. To study the choroidal thickness in healthy subjects
by swept-source optical coherence tomography (SS-OCT) at
longer wavelength. i

MersODS. The macular area of 31 eyes (31 healthy volunteers)
was studied with an 8§S-OCT prototype system, which uses a
tunable laser as a light source operated at 100,000 Hz A scan
repetition rate in the 1-um wavelength region. Three-dimen-
sional volumetric measurement comprised of 512 X 128 A
scans was acquired in 0.8 second. From a series of OCT images,
a chroidal thickness map of the macular area was created by
manual segmentation. To evaluate interoperator reproducibil-
ity, the choroidal thickness in each section from 10 subjects
was determined independently by two observers.

ResuLts. SS-OCT at the 1-um wavelength region allowed visu-
alization of the fine structure of the choroid as well as that of
the retina. Mean choroidal thickness and volume in the macula
area were, respectively, 191.5 = 74.2 um and 5.411 = 2.097
mm?, The mean choroidal thickness of the outer nasal area was
significantly thinner than that of all other areas (P < 0.05). The
measurements by the two independent observers were signif-
icantly identical; the intraclass correlation coefficient in mean
choroidal thickness was between 0.945 and 0.980 in each area.
The macular choroidal thickness was significantly correlated
with axial length after adjustment for age (P < 0.001), and with
age after adjustment for axial length (P <'0.001).

Concrusions. SS-OCT system at 1 wm provides macular choroi-
dal thickness maps and allows one to evaluate the choroidal
thickness more accurately. (Invest Ophthalmol Vis Sci. 2011,
52:4971-4978) DOI:10.1167/iovs.11-7729

So far, the thickness of the choroid has been measured by
ultrasound and magnetic resonance imaging (MRD),"? al-
though their resolution of imaging within the choroid is lim-
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ited.? Recently, optical coherence tomography (OCT) has
been used to obtain quantitative measurements of the retinal
thickness and to detect morphologic changes in the retinal
architecture.>~> However, commercially available OCT, which
functions at approximately 800 nm, can visualize the entire
choroid only in eyes with high myopia®’ because of low
penetration and high backscattering at the level of the retinal
pigment epithelium (RPE).®

Since Spaide and associates® introduced enhanced depth
imaging (EDI)-OCT based on spectral-domain OCT technol-
ogy, an increasing number of investigators have studied the
choroidal thickness in both healthy eyes and eyes with various
pathologies.!® 2% In fact, EDI-OCT does allow visualization of
the choroidal structure in detail and measurement of choroidal
thickness.” However, EDI-OCT requires averaging of 50 to 100
B scans to achieve high-contrast and low-speckle noise. In most
studies that have used EDI-OCT, the “choroidal thickness” is a
representative value obtained at one or even several different
measurement points, often at the foveal center.'®~2¢ However,
measurement of a few sampling points tends to be influenced
by focal thickening or thinning of the choroid***” or, more
often, by irregularity of the inner chorioscleral border.*®*”

‘Recently, other investigators have reported the measure-
ment of choroidal thickness with the use of OCT at a longer
wavelength.?®~3 In these more recent studies, higher penetra-
tion of the OCT probe light, which uses a center wavelength of
1040 to 1060 nm instead of the current OCT probing light
operated at approximately 800 nm, allows us to visualize the
entire choroid without the EDI system or multiaveraging.*®>®
Recently, Esmaeelpour and associates® showed a two-dimen-
sional (2D) choroidal thickness map with raster scan protocol
using spectral-domain OCT at 1060 nm. Even more recently,
Ikuno and associates®® reported the choroidal thickness of
healthy subjects measured with swept-source (S8)-OCT at
1060 nm. SS-OCT, which is characterized by a high-speed scan
rate and a relatively low sensitivity roll-off versus depth com-
pared with the spectral-domain OCT, potentially allows one to
obtain a three-dimensional (3D) high-contrast image of the
choroid.??-3” However, Tkuno and associates®' reported the
choroidal thickness only at the fovea. :

In using EDI-OCT or any other OCT that has a longer
wavelength, the inner and outer borders of the choroid are
determined manually by the observer,>**2! and it is essential
to estimate the error in measuring the thickness from the
obtained images. In the study described herein, we scanned
the macular area of healthy eyes with SS-OCT at 1050 nm, using
a 3D raster scan protocol, and produced a choroidal thickness
map of the macular area. By applying the grid used by the Early
Treatment Diabetic Retinopathy Study (ETDRS)*® to this map,
we measured the mean choroidal thickness and volume in each
area. In addition, to estimate the error in this evaluation,
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interoperator reproducibility of the choroidal thickness mea-
surements was assessed.

MaTeERIALS AND METHODS

This prospective study consisted of 31 eyes of 31 healthy volunteers,
with no ophthalmic or systemic symptoms. The macular area of these
31 eyes was examined with an SS-OCT prototype system at Kyoto
University Hospital between October 2010 and February 2011. All
subjects underwent a thorough ocular examination, including an au-
torefractometer (ARK1; Nidek, Gamagori, Japan), best-corrected visual
acuity measurement with a 5-m Landolt eye chart, axial length mea-
surement using ocular biometry JOLMaster; Carl Zeiss Meditec, Jena,
Germany), slitlamp examination, intraocular pressure measurement,
and dilated funduscopy. Exclusion criteria included history or evidence
of chorioretinal or vitreoretinal diseases, including age-related macular
degeneration, diabetic retinopathy, central serous chorioretinopathy,
epiretinal membrane, and macular dystrophy; best-corrected visual
acuity < 20/25; history of intraocular surgery; evidence of glaucoma;
and poor image due to cataract or unstable fixation were also reasons
for exclusion. Subjects with systemic diseases or conditions that might
affect retinal or choroidal thickness were also excluded, such as those
with diabetes mellitus, Vogt-Koyanagi-Harada disease, or malignant
hypertension, or those who were pregnant. The Institutional Review
Board and Ethics Committee of Kyoto University approved this study,
which adhered to the tenets of the Declaration of Helsinki. Written
informed consent was obtained from each subject before examination.

S§S-OCT System and Scan Protocols

We used an SS-OCT prototype system (Topcon Corp., Tokyo, Japan)
with an axial scan rate of 100,000 Hz operated at the 1-um wavelength
region. In the current SS-OCT system, the light source was a wave-
length-sweeping laser with a tuning range of approximatelyl00 nm
centered at 1050 nm, yielding 8-um axial resolution in tissue. Trans-
verse resolution was set to approximately 20 um. A single OCT image
consisting of 1000 A lines can be acquired in 10 ms. $S-OCT imaging at
1050 nm was conducted with approximately 1 mW on the cornea,
which is well below the safe retinal exposure limit established by the
American National Standards Institute. Sensitivity was measured to be
approximately 98 dB at this input power.

SS-OCT examinations of the eligible volunteers were performed by
trained examiners after pupil dilation. A 3D imaging data set was
acquired on each patient by using a raster scan protocol of 512
(horizontal) X 128 (vertical) A-scans per data set (total 65,536 axial
scans/volume) in 0.8 seconds. Bach 3D scan covered an area of 6 X
6-mm? centered on the fovea, which was confirmed by an internal
fixation and fundus camera integrated in the prototype instrument. To
reduce a speckle noise, each image was denoised by applying
weighted moving average from three consecutive single images. Ow-
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ing to the invisible scanning light, the eye movement during 3D scan
'was minimal.

In each patient, fifty-times averaged horizontal and vertical scan
images in 12 mm transverse scan range were obtained as well. Ac-
quired 50 single images were registered and averaged by software to
create an averaged image. The vertical scan was captured centered on
the fovea while the horizontal scan was captured centered on the
midpoint between: fovea and optic disc.

Choroidal Thickness Measurement

The choroidal thickness was measured as the distance between the
outer border of the hyper-reflective line, considered to be the RPE, and

. the chorioscleral border. In each image of the 3D data set, lines of both

RPE and the chorioscleral border were determined manually by trained
observers in a masked fashion. Automated built-in calibration software
determined the distance between these two lines. The measurement
points per image consisted of 512 points, with an interval of approx-
imately 12 pwm. From all 128 irriages of each 3D data set, the choroidal
thickness map of 6 X G-mm area was created.

After the choroidal thickness map was obtained, the ETDRS grid
was applied to the map (Fig. 1A).2® The ETDRS grid divides the macula
into inner and outer rings, with the inner ring being 1 to 3 mm and the
outer ring being 3 to 6 mm from the foveal center. The ETDRS grid
divides the macula area further into superior, inferior, temporal, and
nasal quadrants. Thicknesses of all measurement points within each of
nine areas based on the ETDRS grid were averaged, which allowed us
to obtain the mean sectorial choroidal thickness. Further, on the basis
of the choroidal thickness obtained, we calculated the choroidal vol-
ume within each area in the ETDRS grid.

In the present study, choroidal thickness at a single representative
point of each area of the ETDRS grid was measured manually from the
3D data set with a caliper with which the machine was equipped,;
these representative points were located at the center (fovea) and at 1
and 2.25 mm temporal, superior, nasal, and inferior to the macula (Fig.
1B). These representative points were located at the center of each
area of the ETDRS grid. In addition, choroidal thickness at these nine
points was also measured manually from multiaveraged horizontal and
vertical images (Fig. 1C).

Measurement Reproducibility

In the present study, the lines of both the RPE and the chorioscleral
border were determined manually, in a masked fashion, by the observ-
ers. To evaluate interoperator reproducibility of these measurements,
the lines of both RPE and the chorioscleral border were determined
independently by two observers of each scan of the 3D data set
obtained from 10 subjects. Thickness maps and mean choroidal thick-
ness within the ETDRS grid were produced independently. In these 10
subjects, choroidal thickness at a representative point of each area of
the ETDRS grid was determined from the 3D data set and horizontal
and vertical images were multiaveraged independently by two observ-

FiGURE 1. Scan protocols and areas
with swept source-optical coherence
tomography at 1050 nm. (A) 3D ras-
ter scan covered a 6 X 6-mm area
centered on the fovea. The ETDRS
grid was applied to the scanned area
and mean choroidal thickness of
each area was measured. (B) Repre-
sentative points within the ETDRS
grid were determined as center (fo-
vea), and 1 and 2.25 mm temporal,”
superior, nasal, and inferior to the
macula. The choroidal thickness at
each representative point of each
area was measured manually from a

3D data set. (C) Multiaveraged horizontal and vertical images (12-mm length) were obtained by averaging 50 scans. From these multiaveraged
images, the choroidal thickness at each representative point was measured manually. '
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ers. The interoperator reproducibility of the choroidal thickness mea-
surements was assessed by measuring the intraclass correlation coef-
ficient (CC) of each measuring procedure.

Statistical Analyses

Statistical analyses were performed by use of a commercially available
software program (SPSS2: SPSS Japan, Tokyo, Japan; StatMate III:
ATMS, Tokyo, Japan). All values are presented as mean * SD. Repeated-
measures ANOVA with Scheffé’s test was used to compare choroidal
thickness (volume) at different areas; the ICC of the choroidal thick-
ness (volume) obtained from three different measuring procedures was
also used. Pearson’s correlation and partial correlation were calculated
to assess the relationship of choroidal thickness of the macular area
with age, refractive error, and axial length. Multiple linear regression
analysis was used to evaluate the correlation between choroidal thick-
ness of the macula and various factors. A P value < 0.05 was consid-
ered to be statistically significant.

REesuLTs

In the present study, 31 eyes of 31 healthy volunteers (14 men
and 17 women), ranging in age from 21 to 87 years
(64.6 = 17.3 years), were examined. Mean refractive error was
—1.67 + 5.1 diopters (range: —9.25 to +4.25 diopters). Mean
axial length was 24.6 * 2.1 mm (range: 21.35-28.66 mm).
The SS-OCT system with a center wavelength of 1050 nm
clearly showed the deep structures of the posterior pole. Be-
cause of higher penetration due to longer operating wave-
length and higher scan rate (100,000 Hz) of the light source, no
eye was excluded from the present study because of a low-
quality image due to cataract or eye movement during the
scanning procedure. Multiaveraged scans of 12 mm in length
revealed structures of the retina and choroid, which allowed
precise identification in all eyes of chorioscleral border beyond
the vascular arcade (Fig. 2). Using a raster scan protocol with
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FIGURE 3. Weighted moving average applied to 3D raster scan proto-
col. (A) OCT image without weighted moving average. (B) OCT image
with weighted moving average. In a raster scan protocol, 128 consec-
utive images, consisting of 512 A scans, were obtained in 0.8 second.
To reduce a speckle noise, each image was enhanced by weighted
moving average of three consecutive original images.

512 X 128 A scans, 3D imaging data of the 6 X 6-mm area were
acquired. By weighted moving average, each image had quality
sufficient to delineate both the outer border of the RPE and the
chorioscleral border (Fig. 3). Based on 128 images of the 3D
data set, a choroidal thickness map of the 6 X G-mm area
centered on the fovea was created for each eye (Fig. 4).

Choroidal Thickness

In our subjects, mean choroidal thickness in the macula
(within a circle of 6.0-mm didmeter) was 191.5 * 74.2 pum.
Table 1 shows the mean choroidal thickness of each area in the
ETDRS grid as well as the choroidal thickness at a single
representative point obtained from the 3D data set or multiav-
eraged SS-OCT images. Mean choroidal thickness within the
central area was 202.6 = 83.5 um, which was virtually identi-

temparal
e
B

FIGURE 2. Multiaveraged horizontal (A) and vertical (B) OCT images
of 12-mm length. Each image was obtained by averaging 50 single OCT
images, which consisted of 1024 A scans. Fine structure from the inner
limiting membrane to the chorioscleral border is seen clearly beyond
the vascular arcade. Regional changes of the interface between choroid
and sclera are seen.

FIGURE 4, Choroidal thickness map and mean choroidal thickness of
each area of the ETDRS grid. (A) Hyperopic eye (refractive error,
+3.625 diopters)'with an axial length of 22.91 mm. (B) Emmetropic
eye (refractive error, +0.375 diopters) with a 24.16-mum axial length.
(O Myopic eye (refractive error, —9.25 diopters) with an axial length
of 26.85 mm.
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Tasie 1. Choroidal Thickness and Volume Obtained with Swept-Source Optical Coherence Tomography

Choroidal Thickness

Mean Thickness of
ETDRS Grid Area
Obtained from 3D

Thickness at a Representative
Point within ETDRS Grid
" Obtained from 3D

Thickness at a Representative
" Point Obtained
Choroidal

from Multiaveraged

Area Data Set (um) Data Set (um) Images (pm) Volume (mm>)
Center 202.6 + 83.5% 199.8 * 85.6t 203.6 * 86.1 0.159 * 0.066
Inner temporal 204.5 * 80.2* 201.6 = 81.3% 197.0 = 70.7 0.321 = 0.126
Inner superior 206.6 * 80.7* 206.6 * 79.7¢ 205.1 + 88.7% 0.324 + 0.127
Inner nasal 186.8 = 82.0% 183.5 = 85.7% 187.9 £79.3 0.293 *= 0.129
Inner inferior -200.4 = 81.7t 203.9 *+ 83.11 202.2 £ 76.7 0.315 = 0.129
OQuter temporal 200.2 = 74.31 200.6 = 74.01 182.4 * 58.9 1.061 * 0.3941
Outer superior 215.5 * 80.7%§ 229.3 * 86.4%§ 214.0 = 90.2% 1.144 * 0.428*§
Quter nasal 152.5 = 71.1 139.6 = 74.8 147.8 £ 73.1 0.808 = 0.377
Outer inferior 186.0 * 75.2% 190.4 * 85.9% 185.8 = 82.6 0.986 + 0.398%

* P < 0.001, T P < 0.01, $ P < 0.05, compared with values of outer nasal area. § P < 0.05, compared with values of outer inferior area.

cal with the foveal thickness obtained with multiaveraged
$S-OCT images (203.6 = 86.1 um). In other areas, mean cho-
roidal thickness was also similar to the choroidal thickness
obtained from multiaveraged SS-OCT images, the difference of
which was <10% in all areas.

In the present study, the nasal choroid was thinner than that
of other areas; the mean thickness of the outer nasal area
(152.5 = 71.1 pm) was significantly thinner than that of all
other areas (P < 0.05, respectively). In addition, the inferior
choroid was thinner, compared with that of the superior area;
the mean thickness of outer inferior area (186.0 = 75.2 pum)
was significantly thinner than that of the outer superior area
(215.5 * 80.7 um, P < 0.05). Even though choroidal thickness
obtained at a single point also showed a similar tendency, the
differences among the values of choroidal thickness measured
at a single point were less significant compared with that of
mean choroidal thickness obtained with the 3D data set.

Choroidal Volume

By integrating choroidal thickness in each area, we could
obtain values corresponding to the volume because of the
many measurement points in the 3D data set. Table 2 shows
the choroidal volume in each area. Mean choroidal volume of
the center area (within a circle of 1.0-mm’ diameter) was
0.159 + 0.066 mm?>, 1.412 = 0.567 mm® within the inner ring

(within a circle of 3.0-mm diameter), and 5.411 = 2.097 mm?
within the outer ring (within a circle of 6.0-mm diameter).

Interoperator Reproducibility of Choroidal
Thickness Obtained by 3D SS-OCT

To evaluate interoperator reproducibility, the lines of both RPE
and chorioscleral borders in each image from 10 subjects were
determined independently by two observers (Fig. 5). Table 2
shows the ICC in mean choroidal thickness of each area in the
ETDRS grid, as measured by the two observers. ICC in mean
choroidal thickness was between 0.945 and 0.980 (P < 0.001).
In addition, choroidal thickness at a single point obtained from
multiaveraged SS-OCT images also showed a high ICC (0.945-
0.985) between the two observers, which was not statistically
different from the ICC in mean choroidal thickness. However,
choroidal thickness at a single point of each area obtained from
the 3D data set showed a high ICC (0.919 -0.967), which was

_ statistically lower than the ICC in mean choroidal thickness
(P < 0.01) or the ICC in choroidal thickness obtained from
multiaveraged SS-OCT images (P < 0.001).

Correlations between Age
and Choroidal Thickness

Table 3 shows Pearson’s correlation coefficient and partial
correlation coefficient between mean choroidal thickness of

TasLE 2. Intraclass Correlation Coefficient in Choroidal Thickness from Swept-Source Optical
Coherence Tomography Scans Measured by Two Observers

Thickness at a Thickness at a
Representative Representative
Mean Thickness of Point within Point Obtained
ETDRS Grid Area ETDRS Grid from
Obtained from 3D Obtained from 3D Multiaveraged
Data Set Data Set Images
Area ICC P ICC P ICC P
Center 0.968 <0.001 0.943 <0.001 0.968 <0.001
Inner temporal . 0.973 <0.001 0.953 <0.001 0.985 <0.001
Inner superior 0.961 <0.001 0.952 <0.001 0.984 <0.001
Inner nasal 0.964 <0.001 0.937 <0.001 0.978 <0.001
Inner inferior 0.958 <0.001 0.928 <0.001 0.968 <0.001
Outer temporal 0.945 <0.001 0.922 <0.001 0.945 <0.001
Quter superior 0.972 <0.001 0.967 <0.001 0.971 <0.001
Outer nasal 0.980 <0.001 0.971 <0.001 0.994 <0.001
Quter inferior 0.952 <0.001 0.919 <0.001 0.981 <0.001
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FIGURE 5. Choroidal thickness map of a healthy subject. (A) Fundus
photograph of the right eye of a 77-year-old woman; visual acuity was
20/25, axial length was 22.87 mm, and refractive error was +2.0
diopters. (B) Multiaveraged horizontal (upper) and vertical (lower)
images clearly show choroidal structures and the chorioscleral border.
The choroid seems to be thin around the optic disc and beyond the
vascular arcade. (C) The choroidal thickness maps (6 X 6 mm) were
measured by two independent observers and were almost identical. By
applying the ETDRS grid to the map, mean choroidal thickness was
obtained for each area. Choroid in the outer superior area is thicker
than that of the outer lower area. In addition, there is regional thick-
ening seen in the outer superior area and in the inner nasal area.

the macular area and age, axial length, and refractive error. The
mean choroidal thickness within the macula (within the outer
circle) had a weakly negative correlation with age (* = —0.400,
P = 0.026) and with axial length (* = —0.375, P = 0.045),
whereas it had no correlation with refractive error (r = 0.238,
P = 0.214). The macular choroidal thickness was correlated
significantly with age after adjustment for axial length (» =
—0.684, P < 0.001) and with axial length after adjustment for
age (r = —0.684, P < 0.001). In addition, similar correlations
were seen in the mean choroidal thickness in the central area
and within the inner circle. Table 4 shows the partial correla-
tion coefficient between mean choroidal thickness at each
quadrant and age, axial length, and refractive error. In each
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quadrant, choroidal thickness was negatively correlated with
axial length after adjustment for age (r = —0.720 to —0.597,
P < 0.001) and with age after adjustment for axial length (» =
—0.690 to —0.613, P < 0.001).

Multiple Linear Regression Analysis

Table 5 shows results of the multiple linear regression analysis for
mean choroidal thickness of the macula. A stepwise method was
used to determine the most unexpected factors. The model de-
termined by age and axial length had the best regression. The
model showed a good coefficient of determination, which was
0.736 (R* = 0.542); the coefficients of age and axial length were
—3.04 and —24.95 um, respectively (Fig. 6).

DISCUSSION

In the present study, the macular area of healthy volunteers
was viewed with a raster scan protocol in a prototype SS-OCT
at 1050 nm. The tunable laser source has a longer wavelength,
higher penetration, and lower scattering at the RPE than those
at the conventional spectral-domain OCT operating at the
800-nm region, and thus allows for full-depth imaging of the
choroid.?®~° In addition, the tunable laser source of the SS-
OCT has lower signal decay versus depth than does the exist-
ing spectral-domain OCT system.>*"3” This advantage of the
SS-OCT probably allowed the clear imaging of the entire cho-
roid within the area scanned and also allowed the highly
reproducible measurements of choroidal thickness.

Importantly, high-speed scanning coupled with the high sen-
sitivity of the SS-OCT allowed highly reproducible measurements
of choroidal thickness, even'in single B-scan- based imaging on a
3D raster scan protocol. In the present study, the 3D imaging data
sets were acquired by using a raster scan protocol of 512 X 128
in 0.8 second. An invisible scanning line of 1-um wavelength
contributes to reduced eye motion and to patient comfort during
the scan. Based on the 3D data set, we produced a 2D choroidal
thickness map of the macular area for each subject and, by
applying the ETDRS grid to the map, we could then obtain a mean
choroidal thickness and choroidal volume in each area of the
ETDRS grid. EDI-OCT is usually coupled with multiple averaging -
to achieve high-contrast and low-speckle noise,® but it does not
provide as many sections as does the 3D imaging. Previously,
Spaide and associates® reported that the choroidal thickness in the
fovea of a healthy subject was 318 um in the right eye and 335
pm in the left eye. As shown in Figure 4, choroid in the macula
can show focal thickening or thinning®"*” and, if measured from
a single A scan may be influenced by irregularity or by focal
indistinctness of the chorioscleral border. %17

TABLE 3. Pearson’s Correlation Coefficient and Partial Correlation Coefficient between Mean Choroidal
Thickness of the Macula Area and Age, Axial Length, and Refractive Error

Pearson’s Partial
Correlation Correlation
Factor Coefficient P Coefficient P

Center

Age, y —0.282 0.125 —0.707 <C0.001 (adjusted for axial length)

Axial length, mm —0.476 0.009 —0.628 <0.001 (adjusted for age)

Refractive error, D 0.379 0.042 0.070 <0.001 (adjusted for axial length)
‘Within inner circle

Age, y —0.325 0.074 —0.647 <0.001 (adjusted for axial length)

Axial length, mm —0.437 0.018 —0.695 <0.001 (adjusted for age)

Refractive error, D 0.322 0.089 0.006 0.978 (adjusted for axial length)
Within outer circle )

Age, vy —0.400 0.026 -0.684 <0.001 (adjusted for axial length)

Axial length, mm —0.375 0.045 —-0.684 <0.001 (adjusted for age)

Refractive error, D 0.238 0.214 —0.510 0.806 (adjusted for axial length)
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TABIE 4. Partial Correlation Coefficient between Mean Choroidal Thickness of Each Quadrant and Age

and Axial Length

Factor Temporal Superior Nasal Inferior P
Age,y -0.657 —0.672 -0.597 —0.720 <0.001 (adjustedforaxiallength)
Axial length, mm —0.656 —0.690 -0.613 —0.678 <0.001 (adjustedfor age)

Each quadrant includes both inner and outer areas.

In the study described herein, similar to what has been
reported previously,'® 2 lines of both RPE and the chorioscle-
ral border were determined manually by the observers, so it is
essential to estimate the error that may have occurred. In
multiaveraged images obtained by the SS-OCT at 1050 nm, the
chorioscleral border was clearly seen because of the reduction
in speckle noise, even without use of the EDI system. Similar to
the previous studies that used EDI-OCT,”"! the ICC in choroi-
dal thickness at a single point obtained from multiaveraged
images was very high (0.945-0.994). In addition, the ICC of
choroidal thickness at the same point obtained from the 3D
data set was sufficiently high (0.919-0.971), but was lower
than the ICC of choroidal thickness at a single point obtained
from multiaveraged images. Less clarity of the chorioscleral
border on each image of the 3D data set compared with
multiaveraged images probably accounted for less reproduc-
ibility. However, 'using the 3D data set, the ICC of mean
choroidal thickness was also quite high (0.945-0.980). Aver-
aging of thickness values obtained at many measurement
points in each area probably contributed to minimize the error
in determining choroidal thickness at each point.

To date, there have been several reports of the foveal choroi-
dal thickness in normal eyes obtained by use of various sys-
tems.>11:23:28:31.39.90 This has been reported to be between 272
and 448 pm in healthy eyes. In the present study, mean choroidal
thickness in the macula (within a circle of 6.0-mm diameter) was
1915 + 742 pm, and thickness in the nasal quadrant
(152.5 *= 71.1 um) was less than that in the other quadrants. In
addition, the choroid in the outer superior area (215.5 = 80.7
wm) was thicker than that in the outer inferior area (186.0 = 75.2
pm). In our study, the subfoveal choroidal thickness was compa-
rable to that in the superior temporal quadrant, whereas it was
greater than that in the inferior nasal quadrant.

The subfoveal choroidal thickness was less than that re-
ported previously,>11:2328:31:3%.90 31though age of eligible sub-
jects may be involved in this difference. The average age was
much higher (64.6 = 17.3 years) than that in previous studies
(33.4-55.5 years)>11:23:2831.39.90 Margolis and Spaide’’ re-
ported that increasing age was correlated significantly with
decreasing choroidal thickness, and regression analysis sug-
gested that the subfoveal choroidal thickness decreased by
15.6 um for each decade of life. In addition, it has been
reported that different spectral-domain OCT instruments pro-

vide different retinal thickness values,*! and this lack of inter-

changeability among OCT systems may also be responsible for
the difference seen.

TaBLE 5. Multiple Linear Regression Analysis for Choroidal Thickness
of the Macula* by Axial Length and Age

Factor Coefficient P SE
Intercept 1001.70 <0.001 153.50
Age, v -3.04 <0.001 0.64
Axial length, mm ~24.95 <0.001 5.20

R = 0.736; R* = 0.542.
* Macular choroidal thickness = 1099.3 — 3.05 X Age — 28.53 X
Axial length.

In the present study, 3D imaging of the choroici using SS-OCT
allowed calculation of the choroidal volume of the macular area.
So far, no previous reports have provided in vivo data on the
volume of the choroid.** Choroidal volume reflects vascular
changes such as the vascular hyperpermeability or vasodilation
seen in central serous chorioretinopathy,** the inflammation seen
in Vogt-Koyanagi-Harada disease,* and the decrease of vessels
seen in pathologic myopia*>; moreover, changes in the foveal
choroidal thickness have been reported recently in various dis-
eases, including central serous chorioretinopathy,'*** Vogt-
Koyanagi-Harada disease,'>'® polypoidal choroidal vasculopa-
thy,"'” and age-elated macular degeneration.*®” Maruko and
associates#?® reported that choroidal thickness in the fovea be-
comes decreased after photodynamic therapy. In their studies,
foveal choroidal thickness reflected pathophysiology of the cho-
roid after treatment. However, still more information may be
obtained by the evaluation of choroidal volume. In the present
study, we applied the ETDRS grid only to the choroidal thickness
maps. With some modification of the algorithm, choroidal volume
within arbitrary areas could be obtained (e.g., choroidal volume
within the laser-irradiated area to which photodynamic therapy is
to be applied).

Previously, Ikuno and associates®' reported that foveal choroi-
dal thickness is weakly correlated with age R = 0.09), axial
length (R* = 0.06), and refractive error (R* = 0.046); in the
present study, mean choroidal thickness in the macula had a
negative correlation with age ¢ = —0.400) and with axial length
(r = —0.375), whereas it had no correlation with refractive error
(r = 0.238). In addition, the correlation with age became more
significant with an adjustment for axial length (» = —0.684), and
the correlation with axial length became more significant with an
adjustment for age (r = —0.684). However, whereas the central
choroidal thickness showed a weak correlation with refractive
error (r = 0.379), no correlation was seen after adjustment for
axial length (# = 0.070). There have been some previous reports
of a correlation between choroidal thickness and refractive er-
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FiGURe 6. Scatterplot of macular choroidal thickness, age, and axial
length. The model shows a good coefficient of determination (R? =
0.542). Macular choroidal thickness = 1099.3 — 3.05 X Age — 28.53 X
Axial length.
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ror,>2%3! and it is possible that axial length or age has some
influence on this correlation. Using stepwise multiple regression
analysis, we showed with great accuracy (R = 0.542) that the
choroidal thickness in the macula is determined by age and
axial length, so it is essential that both age and axial length
be taken into account when choroidal thickness is evalu-
ated. After this model is modified and its accuracy is con-
firmed in future studies, it may serve to compare the macular
choroidal thickness in eyes of different ages and with differ-
ent axial lengths.

Compared with spectral-domain OCT at approximately 800
nm, SS-OCT at longer wavelength is reported to provide supe-
rior visualization of the posterior pole in cataractous eyes.?>>!
In the present study with SS-OCT at 1050 nm, no eyes were
excluded because of poor images due to cataract. However,
the present study does have many limitations. Primary among
these is that it consisted of only Japanése subjects; thus, cho-
roidal thickness and volume need to be confirmed in other
ethnic groups. In addition, the small sample size might be
insufficient to evaluate the mean choroidal thickness (volume)
in normal eyes. In the present study, the line of RPE and the
chorioscleral ‘border were determined manually. The raster
scan protocol with over 60,000 measurement points may have
minimized the error in the measurements made by the observ-
ers, thus leading to the high ICC. To further standardize this
evaluation, software to determine these lines automatically
is essential. Regardless of the limitations, however, our
study did show that 1050-nm SS-OCT provides a unique
opportunity to study macular choroidal thickness in three dimen-
sions. Furthermore, our results have confirmed the asymmetric na-
ture of macular choroidal thickness. Further studies using pathologic
eyes are, of course, necessary to establish the validity and usefulness
of choroidal thickness maps obtained with SS-OCT at this longer
wavelength.
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