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PURPOSE. To compare the submacular to the perimacular choroidal structure in images
obtained by wide-field optical coherence tomography (OCT).

METHODS. Thirty eyes of 30 healthy volunteers (15 men) were studied. Twelve wide-field radial
circumferential scans were recorded with enhanced depth imaging OCT from the macular
and perimacular zones. The sizes of the luminal and stromal areas of the choroid were
determined. The two zones were subdivided into the superior, inferior, nasal, and temporal
sectors. The total choroidal area, the luminal and stromal areas, and the luminal ratio of each
sector were compared.

RESULTS. All of the choroidal structural parameters analyzed in the present study were largest
in the superior sector followed by the temporal, inferior, and nasal sectors. The coefficients of
variation were larger in the perimacular zone than in the macular zone: The luminal ratio in
the macular zone varied by 1.2%, and that in perimacular zone varied by 4.2%.

CONCLUSIONS. The variations in the ratios of the luminal areas of the choroid in the wide-field
OCT images are slight in the macular zone but considerable in the perimacular zone.
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The choroid plays an important role in maintaining the
homeostasis of the retinochoroidal tissues.1–3 There is

increasing evidence that the choroid is altered in different types
of retinochoroidal diseases,4–12 and also in different hydration
and oxidation states.13 Methods are being developed to
quantify these alterations.

In the optical coherence tomography (OCT) image, the
choroid has two main structural components: the stromal areas
and the vascular or luminal areas. However, it is difficult to
quantify the stromal and luminal areas separately because they
are not architecturally separated.

A wide-field ocular fundus imaging system was recently
introduced, and this system has enabled clinicians to examine a
large area of the ocular fundus in one image.14,15 Investigations
with this wide-field fundus imaging system have provided
important information on the changes in the more peripheral
retina and choroid in many types of retinochoroidal diseas-
es.16–18 For example, pathological changes have been detected
in the peripheral retina of eyes with central serous chorior-
etinopathy (CSC) and Vogt-Koyanagi-Harada disease more
frequently than was believed.16,18,19 Because it is highly likely
that analysis of wide-field fundus images will become more
informative in evaluating retinal diseases, normative values of
the wide-field OCT images need to be obtained. However, the
choroidal structure in wider areas around macula is not well
studied.20

In 2013, we developed a method to measure the areas of the
lumen and stroma of the choroid separately in OCT images.10,11

Subsequently, many researchers have used this technique and
have reported that specific structural changes can be associated
with the progression of various ocular diseases.10–12,21–31

Recently, there have been several reports on the choroidal
structure in OCT images. Branchini et al.32 reported that the
choroidal luminal area was larger than the stromal area. Agrawal
et al.33 reported that 66% of the choroid was composed of
luminal apace using a binarization method to determine the
choroidal vascularity index (CVI). Kajić et al.34 constructed
three-dimensional images of the choroidal structures, and
Esmaeelpour et al.35 reported on an autosegmentation tech-
nique to divide Sattler’s and Haller’s layer.

However, the examined area in these studies was limited to
the choroid beneath the central macula (i.e., the submacular
choroid). As best we know, the normative values of the stromal
and luminal choroid in the perimacular region of normal eyes
have not been determined.

Thus, the purpose of this study was to analyze the structure
of the choroid in a more peripheral area in normal eyes of
healthy subjects. To accomplish this, we obtained wide-field
images of the retina and choroid of 30 healthy eyes and
analyzed the images with the binarization method. We shall
show that there are significant regional differences in the
normal human choroid. This information will be indispensable
not only for understanding the properties of healthy choroids
but also in interpreting the changes in the choroid of diseased
eyes.

METHODS

This was a cross-sectional, prospective study of 30 eyes of 30
healthy volunteers. The procedures used in this study were
approved by the Ethics Committee of Kagoshima University
Hospital (Kagoshima, Japan). A written informed consent was
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obtained from all the subjects after an explanation of the
procedures to be used and the possible complications. All of
the procedures conformed to the tenets of the Declaration of
Helsinki.

Prior to the measurements, all of the eyes had a
comprehensive ocular examination, which included slit-lamp
examinations of the anterior segment of the eye and
ophthalmoscopic examinations of the fundus. The intraocular
pressure was measured with a pneumotonometer (CT-80;
Topcon, Tokyo, Japan), and the axial length was measured with
the AL-2000 ultrasound instrument (Tomey, Tokyo, Japan). The
best-corrected visual acuity (BCVA) was measured after
determining the refractive error (spherical equivalent) with
an Auto Kerato-Refractometer (RM8900, Topcon). If both eyes
met the inclusion criteria, only the right eye was analyzed.

The eligibility criteria were; age ‡20 years, and eyes
confirmed to be normal by ophthalmic examinations including
ophthalmoscopy and OCT. The exclusion criteria were eyes
with known ocular diseases such as glaucoma and diabetic
retinopathy, presence of systemic diseases such as hyperten-
sion and diabetes, high myopia of more than�6.0 diopters (D),
prior intraocular surgery or injections, or eyes in which the
ocular fundus could not be observed due to media opacities.
None of the eyes were excluded due to poor-quality OCT
images because of poor fixation.

Choroidal Images Measured by Spectral-Domain
Optical Coherence Tomography (SD-OCT)

Wide-field enhanced depth imaging (EDI)-OCT images were
obtained with the Spectralis HRA þ OCT instrument (Heidel-
berg Engineering, Heidelberg, Germany) with a 558 lens as
described in detail in our earlier publications.10,11 These
images were taken by experienced examiners and the
refractive error of each subject was entered into the embedded
adjustor to minimize the error of the scale of each image. The
validity of this method in lateral scaling was confirmed in the
HRT instrument.36 The scans were 12 circumferential radial
lines through the center of the fovea (Fig. 1). The images of 24
scanning planes with 158 angles between each plane were

recorded. Each image was obtained using the eye tracking
system, and 100 scans were averaged. All of the eyes were
examined without mydriasis with a 1-hour interval between
measurements, and all recordings were made between 3 PM
and 5 PM to avoid the effects of diurnal fluctuations of the
choroidal thickness.

Analysis of OCT Images

The luminal and the stromal areas of the choroid were measured
by a binarization method (Fig. 1).31,37 Briefly, the OCT images
were analyzed with the ImageJ software (version 1.47; National
Institutes of Health, Bethesda, MD, USA).38 A region of interest
(ROI) was selected and set by the ROI manager in the OCT
image. Then, three choroidal vessels with lumens larger than
100 lm were randomly selected by the oval selection tool of the
tool bar, and the average reflectivity of these areas was
determined by the software. The average brightness of three
luminal areas was set as the minimum value to minimize the
noise. Then, the image was converted to 8-bit images and
adjusted by the auto local threshold of Niblack. The binarized
image was reconverted to the conventional RGB images for
display purposes, and the luminal area was determined with the
threshold tool. After adding the information on the distance
between two pixels, the total choroidal area, luminal area, and
stromal area were automatically calculated. The light pixels
were defined as the stromal choroid or choroidal interstitial area
and the dark pixels were defined as the luminal area. The
stromal choroid consists of the vessel walls and other tissues
such as connective tissues, myocytes, nerve fibers, and
inflammatory cells, among others.39

Comparison of Choroidal Structure in Macular and
Perimacular Zones

To study the choroidal structure in different areas, we divided
the choroidal areas by their locations. First, we classified the
area within the 3000 lm from the fovea as the macular zone,
and the area peripheral to the macular zone as the perimacular
zone, which was 3000 lm from the fovea and had a radius of

FIGURE 1. Images illustrating the binarization method applied on the choroidal portion of OCT scans. (A) Infrared reflectance image with the
orientation of the 12 scans projected on it. (B) Representative radial wide-field OCT image (vertical scan). (C) Overlay of binarization by ImageJ
separating stromal (cyan) and luminal areas.
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8000 lm (Fig. 2). Next, we divided each zone into superior,
inferior, nasal, and temporal sectors (Fig. 2). The value of each
structural parameter of one sector was calculated as the
average of the five different scans of each sector (e.g., scanning
planes S1–S5 for the superior sector).

Then, we compared the total area, stromal area, and luminal
area of each sector of the choroid in the macular and perimacular
zones. Because the scanned width was different between the
macular (3000 lm) and the perimacular zone (5000 lm), each
parameter was expressed as the area mm2/103 lm.

Comparison of Choroidal Structure in Superior and
Inferior Sectors in Macular and Perimacular Zones

The choroid in superior and inferior sectors is vascularized
differently, which is determined by a horizontal watershed

zone around the fovea.40 Thus, we compared the choroidal
structure in the superior and inferior sectors in the macular

and the perimacular zones. The following formula was used to
quantify the value of the degree of vascularization.

Difference of Cross-Sectional Area ¼ (Total Choroidal Area
per 103-lm Width of Scanned OCT Image in Superior Area) �
(Total Choroidal Area per 103-lm Width of Scanned OCT Image
in Corresponding Inferior Area) (Fig. 3).

Coefficients of Variation of Macular and

Perimacular Zones

The coefficient of variation (CV) of each parameter was

calculated by dividing the standard deviation by the average
(SD/average) in the macular and perimacular zones.

FIGURE 2. Schematic drawing showing macular and perimacular zones and each sector in the wide-field EDI-OCT images. (A) The OCT image was
divided into the macular zone, which was within 3000 lm from the fovea, and the perimacular zone, which was located 3000- to 8000-lm radius
from the fovea. (B) Each zone was further divided into a superior, inferior, nasal, and temporal sector.

FIGURE 3. Schematic image for comparisons of the choroidal structure between the superior and inferior sectors. Scanning laser ophthalmoscopic
(SLO) and optical coherence tomographic (OCT) images of a vertical scan are shown. (Right) SLO images corresponding to the OCT images. The
choroidal areas of the superior and inferior sectors in the macular and perimacular zones are compared by a formula (see Methods). S peri, superior
in the perimacular zone; S ma, superior in the macular zone; I ma, inferior in the macular zone; I peri, inferior in the perimacular zone.
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Statistical Analyses

Statistical analyses were performed with the SPSS 23 for
Windows software (SPSS, Inc., IBM, Somers, NY, USA) or the
EZR software (Saitama Medical Center, Jichi Medical University,
Saitama, Japan).41 Friedman tests were used to compare the
choroidal area and structure among the four sectors. The
following multiple test was done using the Bonferroni method.
The correlations between the different cross-sectional choroi-
dal parameters, namely, the total area, luminal area, stromal
area, luminal/stromal ratio, and the age, sex, axial length, and
refractive error were determined by Spearman correlation
analyses. The Mann-Whitney U test was used to determine the
CV in the macular zone and in the perimacular zone. The
Wilcoxon signed ranks test was used to determine the
significance of the differences of the superior and inferior
sectors of the different choroidal parameters. A P value < 0.05
was considered to be statistically significant.

RESULTS

Demographics of Volunteers

The average age of the volunteers was 34.4 6 8.48 years
(average 6 SD) with a range of 22 to 57 years (Table 1). The
mean axial length was 24.81 6 1.15 mm with a range of 21.09
to 26.67 mm. The mean refractive error (spherical equivalent)
was �2.68 6 1.68 D with a range of �5.87 to�0.25 D.

Choroidal Structure in Macular Zone

The total choroidal, luminal, and stromal areas in each sector of
the macular zone are shown in Figure 4 and Table 2. The

largest area was the superior sector followed by the temporal,
inferior, and nasal sectors. The largest luminal area was the
superior sector followed by the temporal, inferior, and nasal
sectors. The average of the total choroidal area was signifi-
cantly different among the sectors, ranging from 0.28 to 0.34
mm2/103 lm for the total choroidal area, from 0.19 to 0.24
mm2/103 lm for the luminal area, and from 0.09 to 0.11 mm2/
103 lm for the stromal areas. The ratio of the luminal/stromal
areas for each sector ranged from 66.75% to 67.91%, and none
was significantly different from the others (Table 2). Although
the luminal area differed significantly in the different sectors,
the luminal ratio was not significantly different.

Choroidal Structure in Perimacular Zone

The largest total choroidal area was 0.30 mm2/103 lm in the
superior sector followed by the temporal, inferior, and nasal
sectors (Fig. 4; Table 3). In the luminal and stromal areas, the
largest area was the superior sector followed by the temporal,
inferior, and nasal sectors. The average total choroidal area was
significantly different between sectors, ranging from 0.20 to
0.30 mm2/103 lm for the total choroidal area, from 0.12 to
0.20 mm2/103 lm for the luminal area, and from 0.07 to 0.10
mm2/103 lm for the stromal area. The luminal ratio (luminal
area/total choroidal area) of the sectors ranged from 61.94% to
66.08% with significant differences. The mean luminal area was
0.08 mm2/103 lm, which was significantly larger than that of
the stromal area at 0.03 mm2/103 lm.

Comparisons of Choroidal Structures of Superior
and Inferior Sectors

The difference of the total choroidal area between the superior
and inferior sectors was 0.03 6 0.04 mm2/103 lm in the
macular zone and 0.07 6 0.04 mm2/103 lm in the perimacular
zone. The difference was significantly larger in the perimacular
zone than in the macular zone (P > 0.001, Table 4). The
difference between the superior and inferior sectors in the
perimacular zone was significantly larger than that in macular
zone for the luminal and stromal areas (0.02 vs. 0.005 mm2/103

lm for the luminal area [P ¼ 0.009]; 0.005 vs. 0.02 mm2/103

lm for the stromal area [P < 0.001]).

TABLE 1. Background of Participants

Characteristics Mean 6 SD Range

Age, y 34.4 6 8.48 22 to 57

Male/female, n 15/15

Spherical equivalent, D �2.68 6 1.68 �5.875 to �0.25

Axial length, mm 24.81 6 1.15 21.09 to 26.67

TABLE 2. Regional Difference of Choroidal Parameters in Macular Area

P values using Bonferroni test.
* P < 0.05.
† P < 0.01.
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Differences of Total Choroidal Area and Stroma/

Luminal Ratio in Macular and Perimacular Zones

In the macular zone, the total choroidal area ranged from 0.28

mm2/103 lm in the nasal sector to 0.35 mm2/103 lm in the

superior sector. Thus, the superior sector was 25% larger than

the nasal sector (Fig. 5; absolute value is shown in Supple-

mentary Table S1). This difference was also found for the

luminal and stromal areas with a range of 0.19 to 0.24 mm2/103

lm, a 26.3% difference for the luminal area, and 0.09 to 0.11

mm2/103 lm, a 22.2% difference, for the stromal area. Thus,

the luminal ratio was not significantly different in any sector in

the macular zone and ranged from 66.67% in the inferior sector
to 68.97% in the superior sector for a difference of 2.3% (Fig. 5;
Supplementary Fig. S1).

The variations of the choroidal structure in the perimacular
zone was larger than that in the macular zone (Fig. 5). Thus,
the total choroidal area varied from 0.18 mm2/103 lm in the
nasal sector to 0.34 mm2/103 in the superior sector, a
difference of 88%. The stromal area varied from 0.07 to 0.10
mm2/103 lm, a difference of 42.9%. The variations in the
luminal area ranged from 0.11 to 0.24 mm2/103 lm, a
difference of 118%, which was significantly larger than that
of the stromal area. The luminal ratio ranged from 61.11% in

FIGURE 4. Color map of total choroidal area (A), luminal area (B), and stromal area (C). The size of each area is shown by the color saturation at left.
Absolute numerical value of area per 103 lm of each sector is shown at left (mm2/103 lm).
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the nasal sector to 70.59% in the superior sector, a 9.48%
difference.

Coefficients of Variation

The CV of the total choroidal area in the perimacular zone was
0.22, which was significantly larger than that in macular zone
of 0.07 (P < 0.001; Table 5). The CV of the luminal area in the
perimacular zone was 0.12, which was significantly larger than
the 0.07 of the macular zone (0.07, P < 0.001; Table 5). The CV
of the stromal area in the perimacular zone was also
significantly larger than in the macular zone (0.04 vs. 0.08, P

¼ 0.002; Table 5). Thus, the CV of the luminal ratio in the
perimacular zone was significantly larger than that in the
macular zone.

Relationship Between Age, Axial Length, Refractive

Error, and Parameters of Macular and Perimacular

Zones

Age, axial length, sex, and refractive error have been reported
to be significantly correlated with the choroidal thickness.41,42

Thus, we performed multiple regression analysis between each
one of these factors and the choroidal parameters. Several
parameters, especially in the perimacular zone, were signifi-
cantly correlated with age (Supplementary Table S3). Axial
length, sex, and refractive error were not significantly
correlated with any of the choroidal parameters in the macular
and perimacular zones (data not shown).

DISCUSSION

We have analyzed the structure of the choroid in the macular
zone and the perimacular zone using the binarized image
processing technique on high-penetration OCT imag-
es.10,11,21–29,31 The results showed that the total choroidal
area and the luminal ratios were significantly larger in the
macular zone than in the perimacular zone. This confirms the
results of an earlier study that reported that the macular
choroid was thicker than the peripheral choroid.42,43 However,
our findings also showed that the thickness was due to an
increase in the size of the lumens of the blood vessels.

Each of the choroidal structural parameters had greater
variations in the perimacular sectors than in the macular
sectors. This means that the choroid in the macular zone has
not only larger vascular lumens, but also a more uniform
luminal rate than that in the perimacular zone. This difference
was largely due to the differences of the luminal area rather
than the stromal area. In the macular area, the photoreceptor
density is highest,44,45 and thus outer nuclear layer is
thickest.45 All this taken together, there is higher metabolic
need in the macular area, and thus the macular retina requires
higher blood circulation than the peripheral retina. In addition,
there is the asymmetric dorsoventral gradient in photoreceptor
density in the posterior pole of the retina.44 This asymmetricity
might affect the greater variations of choroidal parameters in
the perimacular zone.

We further compared the areas of the different sectors in
the two zones. In both the macular and perimacular zones, the
superior area was always the largest and the nasal sector was

TABLE 3. Regional Difference of Choroidal Parameters in Perimacular Area

P values using Bonferroni test.
* P < 0.05.
† P < 0.01.

TABLE 4. Difference of Choroidal Parameters Between Superior and Inferior Sector

Parameter Macular Zone, Mean 6 SD Perimacular Zone, Mean 6 SD P Value‡

Total choroid area, mm2/103 lm 0.03 6 0.04* 0.07 6 0.04† <0.01

Luminal area, mm2/103 lm 0.02 6 0.04* 0.05 6 0.03† <0.01

Stromal area, mm2/103 lm 0.005 6 0.0* 0.02 6 0.01† <0.01

Luminal ratio, % 1.16 6 2.78 2.66 6 2.56† <0.01

P values for comparison of choroidal structure between superior and inferior sector using Bonferroni test.
* P < 0.05.
† P < 0.01.
‡ P values using Wilcoxon signed ranks test.
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the smallest. The nasal sector has the optic nerve, and the
choroid becomes thinner toward the optic disc where the
choroid disappears.46,47 Thus, the anatomic factor was thought
to be the main cause of this result in the nasal area.

Instead, we compared the choroidal structure of the
superior sectors to that of the inferior sectors. As a result,
each parameter of the total choroid and luminal and stromal
areas was found to be larger in the superior sector than in the
inferior sector. This was observed in the macular zone and in
the perimacular zone, although the difference was significantly
larger in the perimacular zone than in the macular zone. More
specifically, the difference of the luminal area was greater than
that of the stromal area, which indicated that the larger area of
the choroid was mainly due to the larger vascular lumens. The
blood in the superior choroid runs to the superior vortex veins,
and that in the inferior choroid runs down to the inferior
vortex veins. Considering the effect of gravity on the direction
of flow, it is possible that the intravascular pressure on the
superior choroid is higher than on the inferior choroid.
Accordingly, the vascular lumens of the superior choroid are
larger or more dilated than in the inferior choroid.

Another possibility is that the differences are innate.
Embryologically, the closure of the optic cup ends at the
inferior section, which is a common site of a choroidal
coloboma.48 Even though it does not appear as a coloboma, the
tissue volume of the choroid in the inferior sector can be
smaller than that of the other sectors. Indeed, the stromal area,
which is composed of tissue and extracellular matrix, was
slightly smaller in the inferior sector than in the superior
sector. This embryonic process might play a role in the present
findings.

Comparisons to the sectors in the perimacular zone showed
significant differences between the superior sector and inferior
sector. This difference was not so evident in the macular zone,

where the difference of luminal ratio was just 1.16%. If the
dilatation of vascular lumen is mainly determined by direction
of blood flow, this result is contradictory. Histologically, there
is a rich nonvascular smooth muscle cell plexus in the macular
choroid.49,50 This structure may lessen the effect of gravity on
circulation of the choroid in the macular area providing
sufficient nutritional support to the macula. The retinal
thickness is negatively correlated with increasing axial length;
however, the foveal retina maintains its thickness irrespective
of the axial length.49 Thus, it is possible that the structure of
the fovea, which is the most important area for visual function,
is maintained compared to the other area.

The strength of this study is that detailed observations of
the choroidal lumen and stroma were made in a wide area of
the fundus. This enabled us to analyze the structural
characteristics of the choroid in different regions.

Still, this study also had several limitations. First, this study
was performed on healthy eyes, and the results cannot be
generalized to eyes with diseases. In addition, the distribution
of age was not large. Second, to analyze the complex choroidal
structure in vivo, we used the binarization technique. This
method made it possible to analyze the luminal area and
stromal area separately. However, the findings did not provide
detailed information especially on the stroma. For example, the
luminal area consists of arteries and veins, but this method
does not distinguish between them. In addition, it appears that
the stroma also contains all the vessel walls, connective tissue,
nerves, and inflammatory cells.39 In the future, more detailed
analyses should be carried out for a better understanding of the
choroid. Third, there is another limitation of the present
method. A closure of binary choroidal circumference lines has
been apparently added in some cases. Still, in other instances
the dark trace may open up and connect separated vascular
lumina. In further cases, the vessel shadow traces create a
transection through presumable stromal areas adding a column
of pseudo-luminal area. Because of the lack/smaller size of
macular epiretinal vessels, these artifacts may affect the macula
data less than those from the perimacular regions. The actual
bias induced by shadow artifacts toward the luminal compo-
nent may be small but should be remembered in interpreting
the results.

In conclusion, there are significant regional differences in
the choroidal structure in normal eyes as seen in the wide-field
noninvasive OCT images. The choroid is composed of
anastomosing blood vessels so that alterations in the choroidal
structure and circulation in a small region can affect the overall

FIGURE 5. Circumferential trend of the total (A), luminal (B), and stromal (C) area in the macular and perimacular zones; red represents larger
values and blue represents smaller values. The total (and luminal) area in the macular area is large and uniform in all four sectors, while that in the
perimacular zone is larger in the superior and lateral sectors and smaller in the nasal and inferior sectors (A, B). Variations of the stromal area are
smaller in the macular and perimacular zone than in the total and luminal areas.

TABLE 5. Coefficient of Variation in Macular Zone and in Perimacular
Zone

Coefficient

of Variation

Macular

Zone

Perimacular

Zone P Value

Total area 0.07 0.22 <0.01

Luminal area 0.07 0.12 <0.01

Stromal area 0.08 0.04 <0.01

Luminal ratio 0.01 0.22 <0.01

P values using Mann-Whitney U test.
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circulation of the choroid. The present method of wide-field
OCT will provide important information on the normal
conditions and disease-related alterations.
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