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Abstract: Age-related macular degeneration (AMD) causes visual impairment in individuals who are
>50 years of age. However, no study has investigated AMD when using ultra-wide-field swept-source
optical coherence tomography (UWF SS-OCT). We aimed to evaluate central and peripheral choroidal
thicknesses using UWF SS-OCT, and to compare these across the AMD subtypes. We included 75 eyes
of patients with typical AMD (tAMD), 56 with polypoidal choroidal vasculopathy (PCV), 29 with
pachychoroid neovasculopathy (PNV), and 12 with retinal angiomatous proliferation (RAP). To
compare choroidal thicknesses in the central and peripheral choroids, we established subfields of
<3 mm, <9 mm, and 9-18 mm from the fovea. PNV patients were significantly younger than those
with tAMD (p = 0.01). The choroidal thicknesses of PNV were significantly greater than that of tAMD
in all subfields (p < 0.01), and choroidal thickness significantly correlated with age and axial length
in all subfields (p < 0.05). Even after adjusting for age and axial length, the choroidal thickness in
PNV was significantly greater than that in tAMD (p < 0.05). In addition, the ratio of the posterior
<9 mm to a peripheral 9-18 mm choroidal thickness in PNV was significantly greater than that in
tAMD (p < 0.01). A thickened choroid in PNV was more pronounced in the posterior choroid than in
the periphery.

Keywords: age-related macular degeneration; pachychoroid spectrum disease; polypoidal choroidal
vasculopathy; pachychoroid neovasculopathy; ultra-wide-field swept-source optical coherent tomography

1. Introduction

Age-related macular degeneration (AMD) is the leading cause of visual impairment
affecting individuals over 50 years of age worldwide, and it is increasing with the global
aging trend [1]. AMD is categorized into two major types, wet neovascular AMD (nAMD)
and dry atrophic AMD. Cases of nAMD is more frequently found in Asian than in Western
populations [2], and several clinical manifestations of nAMD differ between Asians and
Caucasians. Asian eyes often develop exudative nAMD, even in the absence of extracellular
deposits, which is the hallmark of early/intermediate AMD in Western populations, namely
drusen [3]. Cases of AMD lacking drusen may be associated with a pathology that is
associated with a thick choroid, namely pachychoroid [4,5].

Pachychoroid is associated with several alterations involving the choroidal vascula-
ture, such as choroidal thickening, dilated choroidal vessels (pachyvessels), underlying
choriocapillaris thinning, and choroidal vascular hyperpermeability [5-8]. These features,
more frequently found in Asians than in Western populations [9], are associated with
the abnormality of the retinal pigment epithelium (RPE) and subretinal fluid over the
thick choroid. Central serous chorioretinopathy (CSC) is well characterized among the
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conditions associated with choroidal vessel dilatation and choroidal thickening. Veins in
the deep choroidal layer (Haller’s layer) of eyes with CSC are more dilated and are accom-
panied by greater subfoveal choroidal thickness than in normal eyes [10-12], suggesting
that structural changes in choroidal vessels and their hyperpermeability might contribute
to the appearance of subretinal fluid, such as pigment epithelial detachment (PED) and
serous retinal detachment. In addition to CSC, pachychoroid neovasculopathy (PNV) and
polypoidal choroidal vasculopathy (PCV) belong to the same disease entity, the so-called
pachychoroid spectrum disease (PSD). PCV, also known as aneurysmal type 1 neovascular-
ization, is currently considered a variant of type 1 (sub-RPE) neovascularization, which
is associated with vascular dilation and the feeding vascular network between the basal
lamina of the RPE and the inner collagenous layer of the Bruch’s membrane [13,14]. Type
1 lesions, which are branching vascular networks, may evolve into more active forms of
neovascular proliferation and produce additional exudation [15]. PNV, which was first
described by Pang and Freund, represents macular neovascularization (MNV) over the
thick choroid and dilated choroidal vessels (pachyvessels). It is typically found in the
absence of macular drusen, and when there is no evidence of myopic or other causes of
degeneration [5,8].

Recently, a new hypothesis was proposed to explain the thickened choroid underlying
CSC and AMD. Dysregulated choroidal blood outflow from the vortex vein ampulla,
termed venous overload choroidopathy, has been suggested as a potential mechanism
underlying PSD, which is termed venous overload choroidopathy [12,16-18]. In this context,
analyzing wide-field choroidal thickness, including the periphery, is crucial because the
dysregulation of choroidal circulation, which normally outflows through the vortex vein
ampulla, may be involved in the formation of pachyvessels crossing the macula. Recent
advancements in OCT technology, particularly the use of swept-source OCT (SS-OCT),
allow for a more detailed and high-resolution analysis of the ultra-wide-field choroidal
structure [19,20]. Indeed, central and peripheral choroidal thickness in CSC has been
shown to be greater than that in the fellow eye or than that in eyes of healthy subjects
when using ultra-wide-field (UWF) SS-OCT [21,22]. Moreover, scleral thickness that is
measured by anterior segment OCTs in CSC eyes is greater than that in normal control eyes,
indicating that thick sclera may play a role in the pathogenesis of CSC, thus contributing to
the congestion of choroidal blood outflow through the vortex vein ampulla [23].

One might expect that similar choroidal pathology could be implicated in AMD, par-
ticularly PNV or PCV, which is often associated with a “thickened choroid” in Asians [24].
However, it is difficult to establish a threshold of choroidal thickness to diagnose PNV or
PCV because of the significant variation in healthy individuals, where the mean subfoveal
choroidal thickness is 255 um with a relatively wide standard deviation exceeding 100
um [25]. Moreover, factors such as age, sex, and axial length can affect choroidal thick-
ness [26]. Indeed, subfoveal choroidal thickness may decrease by 2 um for each year of age.
Additionally, a correlation exists between axial length and subfoveal choroidal thickness,
particularly in individuals aged >50 years [27]. Therefore, when interpreting choroidal
thickness data, it is essential to consider both age and axial length.

Although anti-VEGF therapy is currently recognized as the gold standard to treat
nAMD [28,29], real-world data from a multicenter study in Japan suggest that approxi-
mately half of nAMD cases still require continuous anti-VEGF treatment, even after 2 years
of treatment and an extended regimen [30]. Understanding the disease characteristics,
particularly how choroidal thickness varies among AMD subtypes, may be beneficial in
tailoring treatments to individual cases.

Despite several reports comparing the choroidal thickness between eyes with CSC
and healthy eyes when using UWF SS-OCT, to the best of our knowledge, no study has
investigated AMD using UWF SS-OCT. We aimed to evaluate the correlation between age
and axial length in eyes with AMD, as well as to examine central and peripheral choroidal
thickness through using UWF SS-OCT on the AMD subtypes.
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2. Materials and Methods
2.1. Patients

This retrospective study was approved by the Institutional Review Board of Kyushu
University, Fukuoka, Japan, and adhered to the tenets of the Declaration of Helsinki.
All data were anonymized prior to analysis. We included patients with treatment-naive
AMD, including those with typical AMD (tAMD), PCV, PNV, and retinal angiomatous
proliferation (RAP), who visited Kyushu University Hospital between March 2021 and
March 2022. All patients underwent comprehensive ophthalmic examinations at the initial
presentation for both eyes, including best-corrected visual acuity with a Landolt chart,
slit-lamp biomicroscopy, intraocular pressure, color fundus photography covering the
45-degree posterior retina, fluorescein/indocyanine green angiography (FA/ICGA) (HRA-
II; Heidelberg Engineering, Dossenheim, Germany), spectral-domain optical coherence
tomography (SD-OCT) (Spectralis HRA+OCT or Cirrus 5000 HD-OCT; Zeiss, Dublin, CA,
USA), UWF SS-OCT (Xephilio OCT-51; Canon Medical Systems, Tokyo, Japan), and OCT
angiography (OCTA) (AngioVue Imaging System, Optovue Inc., Fremont, CA, USA).

The nAMD subtype was diagnosed on the basis of fundoscopy, FA/ICGA, OCT, and
OCTA at the initial visit. PCV was diagnosed based on the presence of the polypoidal
dilatations revealed by ICGA and a sharp peak in the PED on the OCT images. The
diagnosis of PNV was based on the absence of large drusen and the presence of either
choroidal vascular hyperpermeability or underlying dilated choroidal vessels. PNV was
defined as the presence of type 1 MNV as visualized by OCTA (Figure S1). Eyes with noisy
UWEF SS-OCT en face images were excluded (12 eyes of 12 patients, including 5 AMD,
3 PCV, 2 PNV, and 2 RAP patients).

2.2. Evaluations of Choroidal Thickness by UWF SS-OCT

The central and peripheral choroidal thicknesses were analyzed as described previ-
ously [21]. Briefly, we acquired three-dimensional volume data of a vertical 20 mm and
horizontal 23 mm dimension, as well as a scan depth of 5.3 mm using UWF SS-OCT. For
the segmentation of the choroid, we set the choroidal thickness as the vertical distance
from Bruch’s membrane to the chorioscleral interface. Segmentation was automatically
performed using built-in software (Xephilio OCT-51). Our methods for choroidal thickness
were similar to those in a previous study [21], except that we performed an automatic
real-shape correction on the acquired OCT images through using software provided by
Canon Medical Systems (US patent 9149181 B2) for more accurate evaluations of wide-field
choroidal thicknesses [22].

To compare the central and peripheral choroidal thicknesses among the AMD subtypes,
we set a grid consisting of three circles with diameters of 3 mm, 9 mm, and 18 mm, which
were centered on the fovea. Three subfields were set in our study: (a) <3 mm, (b) <9 mm,
and (c) 9-18 mm (Figure S2).

2.3. Statistical Analyses

Age, axial length, and choroidal thickness were analyzed using Dunnett’s test. Sex
ratios were compared using Fisher’s exact test with a Bonferroni correction. Correlations
between choroidal thickness and sex, age, and axial length were analyzed using Spearman’s
correlation coefficients. The effects of age and axial length on choroidal thickness were
analyzed using multivariate regression analysis, and the adjusted choroidal thicknesses
among the AMD subtypes were compared via an analysis of covariance (ANCOVA).

3. Results
3.1. Characteristics and AMD Subtypes of the Enrolled Patients

One hundred and seventy-two eyes of 170 patients were enrolled. The mean =+
standard deviation (SD) age of the patients was 72.8 & 10.4 years, and there were 116 males
and 54 females. We included 75 eyes with tAMD from patients with nAMD, 56 with PCV
(54 patients), 29 with PNV, and 12 with RAP. There were no significant differences in the sex
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ratio and axial length among the AMD subtypes, whereas there was a significant difference
in patient age between the PNV and tAMD groups (Table 1).

Table 1. Patient characteristics and AMD subtypes.

tAMD PCV PNV RAP p-Value
N 75 54 29 12
Female, 1 (%) 20 (26.7%) 18 (333%) 10 (345%) 7 (58.3%) NS
Age (y) 734+104 736+£89 671+124 783+67  1.00,0.01,0.30

Axial length (mm) 247 £ 1.8 247 £1.2 243 +1.1 243 +1.1 1.00, 0.60, 0.72

Age and axial length were analyzed using Dunnett’s test, with tAMD as a reference. The p-values for PCV, PNV,
and RAP are shown. Sex ratios were analyzed using Fisher’s exact test with the Bonferroni correction.

The mean =+ SD choroidal thicknesses of tAMD, PCV, PNV, and RAP in the <3 mm
subfield were 233.4 £ 78.5,233.1 £ 78.0, 312.0 £ 69.3, and 194.6 & 71.0 pum, respectively. The
mean =+ SD choroidal thicknesses of tAMD, PCV, PNV, and RAP in the <9 mm subfield were
190.6 £56.9, 195.8 & 61.3,259.8 = 58.1, and 162.9 £ 45.0 um, respectively. The mean + SD
choroidal thicknesses of tAMD, PCV, PNV, and RAP in the 9-18 mm subfield were
184.3 + 55.6, 192.2 £+ 55.2, 228.1 £ 53.9, and 164.4 + 27.6 um, respectively (Figure 1).
The choroidal thickness of the PNV group was significantly greater than that of the tAMD
group in all subfields, whereas that of the PCV and RAP did not differ significantly from
that of the tAMD group.

A Choroidal thickness in < 3 mm subfield B Choroidal thickness in < 9 mm subfield
450 350
wk
wk
400 300
350
250
300
250 200
200 150
150
100
100
50 50
Y 0
um tAMD PCV PNV RAP um tAMD PCV PNV RAP
C Choroidal thickness in 9-18 mm subfield
300 *k
250
200
150
100
50
0
pm tAMD PCV PNV RAP

Figure 1. Choroidal thicknesses among the AMD subtypes in the central and peripheral subfields.
The choroidal thickness of PNV was significantly greater than tAMD in all subfields. The choroidal
thicknesses were analyzed by Dunnett’s test with tAMD as a reference (the mean + SD, um).
(A) <3 mm subfield, (B) <9 mm subfield, and (C) 9-18 mm subfield. ** p < 0.01.

3.2. Choroidal Thickness in the Central, Posterior, and Peripheral Subfields

Next, we examined the correlation of choroidal thickness with sex, age, and axial
length. Significant negative correlations were observed between choroidal thickness and
age and axial length (Table 2). The correlation coefficients between choroidal thickness
and age were —0.36, —0.42, and —0.47 in the <3 mm, <9 mm, and 9-18 mm subfields,
respectively (p < 0.01). Correlation coefficients between choroidal thickness and axial
length were —0.28, —0.26, and —0.18 in the <3 mm, <9 mm, and 9-18 mm subfields,
respectively (p < 0.01, p < 0.01, and p = 0.03, respectively). There were no significant
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correlations between choroidal thickness and the sex ratio in any subfield (Table 2). Thus,
age significantly correlated with choroidal thickness in this cohort.

Table 2. Correlations between choroidal thickness and sex/age/axial length.

Correlation Coefficient

Subfield p-Value
<3 mm <9 mm 9-18 mm
Sex —0.07 —0.06 0.02 0.50, 0.45, 0.88
Age —0.36 —0.42 —0.47 <0.01, <0.01, <0.01
Axial length —0.28 —0.26 —0.18 <0.01, <0.01, 0.03

Correlations between choroidal thickness and sex, age, and axial length were evaluated using the Spearman’s
rank correlation coefficient. p-values are shown for the subfields of <3, <9, and 9-18 mm, respectively.

3.3. Choroidal Thickness Adjusted by the Age and Axial Length among the AMD Subtypes

Since choroidal thickness was significantly correlated with age and axial length,
we compared them among the AMD subtypes. The mean + standard error (SE) ad-
justed choroidal thicknesses of tAMD, PCV, PNV, and RAP in the <3 mm central sub-
field were 237.3 = 7.6, 237.7 £ 8.8, 288.7 & 12.6, and 204.7 & 19.2 um, respectively; of
tAMD, PCV, PNV, and RAP in the <9 mm posterior subfield were 193.8 £ 5.6, 199.6 £ 6.5,
239.6 £ 9.3, and 173.9 £ 14.1 um, respectively; and that of tAMD, PCV, PNV, and RAP
in the 9-18 mm peripheral subfield were 187.0 £ 5.3, 1954 £ 6.2, 210.0 + 8.8, and
176.4 £ 13.4 um, respectively. Thus, even after adjusting for age and axial length, the
choroidal thickness of PNV—but not of PCV or RAP—was significantly greater than that
of tAMD in the <3 mm (p < 0.01), <9 mm (p < 0.01), and 9-18 mm subfields (p = 0.03,
ANCOVA) (Figure 2).

A Choroidal thickness in <3 mm subfield B Choroidal thickness in <9 mm subfield
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100
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Figure 2. Comparison of choroidal thickness adjusted by age and axial length among AMD subtypes.
Choroidal thickness adjusted by age and axial length in each subfield was compared with tAMD
as reference by ANCOVA (the mean + SE, um). (A) <3 mm subfield, (B) <9 mm subfield, and
(C) 9-18 mm subfield. * p < 0.05. ** p < 0.01.

Since the differences in the central and posterior choroidal thicknesses between PNV
and tAMD were statistically more significant than those in the periphery (Figure 2), we
compared the ratios of the posterior (<9 mm) to peripheral (9-18 mm) choroidal thick-
nesses among the AMD subtypes. The mean £ SD ratio of the posterior <9 mm to pe-
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ripheral 9-18 mm choroidal thicknesses of tAMD, PCV, PNV, and RAP were 1.04 £ 0.15,
1.02 + 0.16, 1.15 £ 0.13, and 0.98 + 0.16 um, respectively (Table 3). Notably, the ratio of
posterior choroidal thickness (<9 mm) to peripheral choroidal thickness (9-18 mm) in PNV
was significantly greater than that in tAMD (p < 0.01, Dunnett’s test). This indicates that
PNV may be associated with a thickened choroid, particularly in the posterior region.

Table 3. Ratios of the posterior to peripheral choroidal thicknesses among the AMD subtypes.

tAMD PCV PNV RAP
Ratio of <9 mm to 9-18
mm choroidal thickness 1.04 £0.15 1.02 £0.16 1.15£0.13 0.98 £+ 0.16
p-value 0.82 <0.01 0.53

The ratios of posterior to peripheral choroidal thicknesses among the AMD subtypes were analyzed using
Dunnett’s test, with tAMD as the reference (the mean + SD). The ratio of posterior (<9 mm) to peripheral (9-18
mm) choroidal thicknesses in PNV was significantly greater than that in tAMD (p < 0.01).

4. Discussion

We examined the differences in the central and peripheral choroidal thicknesses
among the AMD subtypes using UWF S5-OCT imaging. A previous study indicated
that eyes with AMD exhibit hyperfluorescent deep choroidal veins in UWF ICGA when
compared to unaffected or healthy eyes [31]. It has also been reported that PNV and
PCV are characterized by thick choroid and intervortex venous anastomoses [32]. These
findings suggest that the abnormal dilation of deep choroidal vessels, including those in
the periphery, may play a role in the pathology of PNV or PCV. However, studies that have
thoroughly analyzed both the posterior and peripheral choroidal thicknesses using UWEF-
OCT are limited to AMD. Regarding the interpretation of choroidal thickness data in AMD,
it is important to note that choroidal thickness varies depending on several factors such as
age and axial length [26]. Age is particularly important when considering the choroidal
thickness among AMD subtypes. RAP was associated with thinner choroids [33]. However,
RAP tends to occur in older individuals; therefore, it is possible that a thin choroid might
simply be due to older age. Similarly, this could also be argued in cases of PNV, which tend
to occur in younger individuals [34]. Therefore, to determine whether there were significant
differences in the choroidal thicknesses among the disease types, we considered the effects
of age and axial length when comparing the choroidal thicknesses among the different
AMD subtypes. Consistently, our results demonstrated that both central and peripheral
choroidal thicknesses were significantly correlated with age and axial length, and that there
were significant differences in the central and peripheral choroidal thicknesses between
PNV and tAMD even after adjusting for age and axial length. To our knowledge, this is the
first study to examine the differences in the central/peripheral choroidal thickness among
AMD subtypes.

Previous reports on CSC have shown that the entire choroid is thickened in CSC com-
pared to healthy eyes, which is particularly evident in the posterior choroid [21,22,35,36].
In previous studies, there was no difference in age between the CSC group and healthy
controls. However, we found a significant difference in age among the AMD subtypes, such
as patients with PNV were younger. However, even when accounting for age and axial
length, the choroidal thickness in the PNV group was still significantly greater than that in
the tAMD group, whereas no such difference was noted in the PCV group. Furthermore,
the thickened choroid in the PNV group was more pronounced in the posterior subfield
(<9 mm) than in the peripheral subfield (9-18 mm) (Table 3). A similar finding was reported
in that the choroid in the macular/posterior area was particularly thickened compared
with the periphery in CSC [21,22,35,36]. Our diagnosis of PNV was based on the detection
of MNV using OCTA, which clearly differentiated the eyes diagnosed with PNV from those
with CSC. Overall, our results indicate that the choroidal thickness in PNV is greater than
that in other AMD subtypes, particularly in the posterior pole rather than the periphery.



J. Clin. Med. 2023, 12, 5364

7 of 10

RAP occurs more frequently in older individuals and is associated with thin choroids [33].
In this study, the ratio of posterior (<9 mm) to peripheral choroidal thickness (9-18 mm) was
relatively lower in RAP patients (Table 3), although no significant differences were observed
(which is likely due to the small number of RAP patients). This suggests that, at disease
onset, the choroid may already be thin across the entire area in patients with RAP. In healthy
individuals, the posterior choroid is typically thicker than the peripheral choroid [22,37].
However, in this study, the ratio of posterior to peripheral choroidal thickness in RAP was less
pronounced than in the other subtypes. This may be because the thickening of the choroid,
associated with larger vessels near the vortex vein in the periphery [38,39], may have less of an
impact on patients with RAP. Several genome-wide association studies (GWAS) have been
conducted to investigate the causal factors related to the onset of AMD/CSC. While AMD
and CSC share several genetic risk factors such as TNFRSF10A [40,41], CFH risk alleles for
AMD have been shown to be protective against CSC [40,42,43], indicating that at least a
part of the genetic backgrounds in AMD and CSC may be different. Hosoda et al. reported
an association of two susceptibility loci, rs800292 in CFH and rs3793217 in VIPR2, with
choroidal thickness and CSC development [40]. Importantly, the relationship of the genetic
backgrounds between AMD and PNV is not yet fully understood. While this study did not
examine genetic risk factors, one might think that PNV and CSC might share some genetic
backgrounds, as well as characteristics in choroidal thickness. Future GWAS studies on
risk factors for PNV are essential.

This study has several limitations. This was a single-center, retrospective study with a
small sample size. As the study only included Japanese participants, the generalizability
of the findings to other ethnic groups remains unknown. Choroidal thickness follows
circadian rhythms, being thickest at night due to increased blood flow from minimal light
stimulation, and thinnest in the morning when light stimulation reduces blood flow. The
maximum difference in the choroidal thickness was 3% [44]. We collected OCT data from
the patients between 9 AM and noon to minimize the influence of these circadian variations.

Another limitation of our study was the insufficient angle of view to visualize the
vortex vein ampulla on OCT imaging. Understanding the changes in the deep choroidal
vasculature, including vortex veins, is crucial in the pathology of AMD subtypes, including
PNV, particularly in the context of the venous overload choroidopathy hypothesis [12].
However, owing to the limited field of view of the UWF SS-OCT, which is obtained from
the patients’ front view in this study, the exact evaluation of choroidal thickness, including
the vortex vein ampulla, was not sufficient. Acknowledging this limitation highlights
the importance of further investigations utilizing imaging modalities that provide a more
expanded field of view. In previous studies using conventional non-wide-field OCT, it was
reported that the peripapillary choroidal thickness is thicker in African or Hispanic pop-
ulations compared to European populations [45,46]. Since this study focused exclusively
on Japanese individuals, further studies on the relationship between race and choroidal
thickness with UWE-OCT analysis will be required. Additionally, this study analyzed only
treatment-naive cases. Further investigations are needed to understand how these findings
change with treatment interventions.

The significant age differences among AMD subtypes suggest that a specific type
of AMD might develop with patient age over time. It has been hypothesized that CSC
may evolve into PNV, which may then progress to PCV [4,47]. A retrospective analysis
revealed that the development of type 1 MNV was observed in 15.6% of CSC cases. Similar
to CSC, our findings revealed that, in PNV, the posterior choroid tends to be thicker than
the peripheral choroid. This supports the hypothesis that CSC may evolve into PNV over
time. Although some PNV patients do not have a history of CSC, it is plausible that a
younger age of onset may lead to CSC, whereas an older age of onset could result in PNV,
with both conditions potentially sharing similar pathologies. Hence, our analysis revealed
the wide-field characteristics of the posterior and peripheral choroids in PNV, which may
differ from those observed in PCV and tAMD.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jem12165364 /51, Figure S1: A representative OCTA image of
PNV; Figure S2: Choroidal thickness map and subfields divided by circle grids.
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