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CORRELATIONS BETWEEN CHOROIDAL
STRUCTURES AND VISUAL FUNCTIONS IN
EYES WITH RETINITIS PIGMENTOSA
MARIKO EGAWA, MD, PHD,*† YOSHINORI MITAMURA, MD, PHD,*† MASANORI NIKI, MD,*†
HIROKI SANO, MD,*† GEN MIURA, MD, PHD,‡ AKIHIRO CHIBA, MD,‡
SHUICHI YAMAMOTO, MD, PHD,‡ SHOZO SONODA, MD, PHD,†§ TAIJI SAKAMOTO, MD, PHD†§

Purpose: To investigate the choroidal structures in the enhanced depth imaging optical
coherence tomographic images in eyes with retinitis pigmentosa (RP) and to determine
correlations between the choroidal structures and visual functions.

Methods: The enhanced depth imaging optical coherence tomographic images of 100
eyes with typical RP and 60 age-, sex-, and axial length–matched normal eyes were bi-
narized using ImageJ. The cross-sectional luminal and stromal areas of the inner and outer
subfoveal choroid of 1,500-mm width were measured. The inner choroid included the
choriocapillaris and medium vessel layer, and the outer choroid included the larger vessel
layer.

Results: In the inner choroid, the luminal area and the ratio of luminal/total choroidal area
(L/C ratio) were significantly smaller in RP than in controls (P = 0.010, P , 0.001, respec-
tively), whereas the stromal area was not significantly different (P = 0.114). The inner
choroidal L/C ratio was significantly correlated with the best-corrected visual acuity, mean
deviation, foveal sensitivity, width of the ellipsoid zone, and central foveal thickness in RP
after adjusting for the axial length, age, and sex (all P , 0.005).

Conclusion: The significant correlations between the inner choroidal structures and the
visual functions and retinal structures indicate that the choroidal structures are altered in
association with the progression of RP.

RETINA 39:2399–2409, 2019

Retinitis pigmentosa (RP) is a heterogeneous group
of hereditary, retinal, degenerative diseases char-

acterized by night blindness, progressive concentric

visual field loss, and eventual loss of central vision.1

The primary lesion in RP is the apoptosis of the rod
photoreceptors followed by a progressive and irrevers-
ible death of the cones.2 The degeneration of the rods
is due to a mutation of a gene associated with a protein
of the rods.
A decrease in the choroidal blood flow has also been

reported in patients with RP.3–5 In a rat model of
retinal degeneration, the delayed death of the cone
cells after light toxicity has been attributed to
a decrease in choroidal circulation.6 It was reported
that the increase in the plasma level of endothelin-1,
a powerful vasoconstrictor of small and large blood
vessels, was related to the decrease in foveal choroidal
blood flow in patients with RP.7 The results of earlier
studies on animal models of RP demonstrated a loss of
the capillaries in the choroid.8,9 Fluorescein angiogra-
phy demonstrated pathologic changes in the choroidal
vessel in eyes of patients with RP.10 Thus, it has been
suggested that improving the choroidal circulation
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might preserve the cone photoreceptors in patients
with RP.6,11 However, the relationships between these
choroidal changes and progression of RP have not
been determined.
Earlier studies using enhanced depth imaging

optical coherence tomography (EDI-OCT) showed
that the subfoveal choroid was significantly thinner
in eyes with RP.12,13 We have reported that the EDI-
OCT images can be converted to binary images, which
can then be used to quantify the luminal and stromal
areas of the choroid separately.14–18 This technique
has been widely used to investigate the choroidal
structures.14–19 Most recently, Kawano et al20 com-
pared the structural changes in the whole choroid in
the areas with greater retinal degeneration to the areas
with less retinal degeneration in eyes with RP. The
results showed that the cross-sectional area of the
whole choroid was smaller beneath the degenerated
retina, and the decrease was caused by a decrease in
the luminal areas of the choroid. The authors con-
cluded that the choroidal structures are differentially
altered in eyes with RP. Whether these changes of the
choroidal structures are associated with visual dys-
functions have not been determined.
We recently reported that the structural changes of

the inner and outer subfoveal choroid are correlated
with the disease activity in eyes with polypoidal
choroidal vasculopathy and central serous chorioretin-
opathy.16–18 In addition, we found that the effects of
therapy for these diseases can be monitored by assess-
ing the changes of the choroidal structures.17,18 How-
ever, the structural changes of the inner and outer
choroidal areas in eyes with RP have not been
determined.
Thus, the purpose of this study was to quantify the

luminal and stromal areas of the inner and outer
subfoveal choroid in eyes with RP and compare them
with the corresponding structures in control eyes. To
accomplish this, the EDI-OCT images of the subfoveal
choroid were binarized, and the sizes of the whole,
luminal, and stromal areas of the inner and outer
choroid were determined in eyes with RP and in
normal control eyes. The correlations between the
choroidal structures and visual functions were also
determined.

Patients and Methods

This was a retrospective, observational case series
of 100 eyes of 100 patients with typical RP and 60
eyes of 60 normal controls that were age-, sex-, and
axial length–matched. All the patients diagnosed with
typical RP at the Tokushima and Chiba University

Hospitals and underwent spectral domain OCT, and
retinal sensitivity measurements were included.
Approval for the use of the procedures was obtained
from the Institutional Review Boards of Tokushima
and Chiba University Hospitals before the beginning
of this study. All the patients gave their written
informed consent to undergo the procedures before the
measurements. The procedures conformed to the ten-
ets of the Declaration of Helsinki.
The diagnosis of RP was based on the clinical

history, fluorescein angiography, and full-field electro-
retinograms (ERGs) with the recording protocol con-
forming to the International Society for Clinical
Electrophysiology of Vision standards. The ERGs of
all the patients with RP were consistent with rod-cone
dystrophy. Patients who were diagnosed with RP had
the pathognomonic fundus changes such as attenuated
retinal vessels, waxy atrophy of optic nerve head, and
bone-spicule pigment clumping. Atypical RP cases
such as sector RP and unilateral RP were excluded.
Cases with retinal degenerative diseases that may
specifically affect the choroid such as choroideremia,
gyrate atrophy, or Bietti crystalline dystrophy were
excluded. Patients with uveitis or any disease that
could cause RP-like fundus changes were also
excluded. Genetic testing was not performed for each
case. Eyes with cataract, macular edema, epiretinal
membrane, vitreomacular traction, myopic refractive
error greater than 26.0 diopters, or other ocular dis-
eases that might affect the clinical findings were also
excluded. In patients who had two eyes that met the
inclusion criteria, one eye was randomly chosen for
the analyses. The demographic data and inheritance
mode of the patients are presented in Table 1. There
were no patients with X-linked RP.
All patients had standard ophthalmologic examina-

tions including measurements of the best-corrected
visual acuity (BCVA), axial length, and retinal
sensitivity. Spectral domain OCT was performed on
all the patients. Similar measurements were made on
the control eyes, and all the examinations on an
individual were performed on the same day. The
BCVA was measured with a standard Japanese Land-
olt visual acuity chart, and the decimal BCVA was
converted to the logarithm of the minimal angle of
resolution (logMAR) units for the statistical analyses.

Spectral Domain Optical Coherence Tomography

Spectral domain OCT was performed with the
Heidelberg Spectralis instrument (Heidelberg Engi-
neering, Heidelberg, Germany) with the EDI-OCT
format. The examinations were performed with the eye
tracking system turned on, and 100 scans were
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averaged to improve the signal-to-noise ratio. The
central foveal thickness (CFT), width of the ellipsoid
zone (EZ), and central choroidal thickness (CCT) were
measured manually with the caliper function embed-
ded in the Spectralis instrument (Figure 1). All the
EDI-OCT images were obtained between 11:00 and
13:00 hours to minimize the effect of the diurnal var-
iations of the choroidal structures.15

Quantification of Luminal, Stromal, and Overall
Choroidal Areas by Binarization

The binarization of the horizontal EDI-OCT images
was performed by a modified Niblack method as
described in detail (Figure 1).14–18 The EDI-OCT im-
ages were analyzed using ImageJ software (ImageJ,
version 1.47; NIH, Bethesda, MD). The examined
choroidal area was 1,500-mm wide and centered on
the fovea, and extended vertically from the Bruch
membrane to the chorioscleral border.
Three choroidal vessels with lumens larger than 100

mm were randomly selected by the Oval Selection
Tool on the ImageJ tool bar, and the average reflectiv-
ity of these three areas was calculated. This average
reflectivity was set as the minimum value of the image
reflectivity to minimize the noise in the EDI-OCT
image. Then, the image was converted to an 8-bit
image and adjusted by the Niblack Auto Local Thresh-
old. The binarized image was converted to an RGB
image again, and the luminal area was determined
using the Threshold Tool on the RGB image. The light
pixels were defined as the stromal areas and dark pix-
els as the luminal areas. After adding the data on the
relationship between the distance on the fundus and
the pixels in the EDI-OCT images, the luminal and
stromal areas were automatically calculated.

Quantifications of the Inner and Outer
Choroidal Areas

Quantifications of the inner and outer choroidal
areas were performed on the binarized images.16–18

The inner choroid included the choriocapillaris and
medium choroidal vessel layer, and the outer choroid
included the larger choroidal vessel layer. The border
between the inner and outer choroid was determined
by the methods proposed by Branchini et al21 and Sim
et al22 with some modifications. The segmentation of
the inner and outer choroidal areas was made on the
binarized OCT images because the border was
enhanced in the binarized images (Figure 1).16–18

The inner/outer separation of the choroid was per-
formed through the combined use of two methods
for choroidal sublayer analysis.21–23 Among the two
methods, the inner/outer separation of the choroid was
first performed based on the method of Branchini
et al,21 in which the choroidal sublayers were divided
based on a cutoff diameter for large choroidal vessels.
Branchini et al21 conducted a pilot study measuring
the diameter of the large choroidal vessels on the
EDI-OCT images of healthy eyes. The mean diameter
of healthy subjects was 100 mm (range 86–108 mm),
which was then used as a cutoff for defining a large
choroidal vessel for the choroidal vasculature analysis
on EDI-OCT. The inner most points of several ran-
domly selected large choroidal vessels of diameter
more than 100 mm were plotted in the binarized
EDI-OCT images, and lines of the inner/outer choroi-
dal border were drawn by connecting these inner most
points smoothly. If the choroidal vessels exhibiting the
cutoff diameter were rarely observed, a method devel-
oped by Sim et al22 was used as an alternative. In their
study, the large choroidal vessel layer was defined as

Table 1. Demographic Data of Patients With RP and Control Subjects

Patients With RP (n = 100) Normal Control (n = 60) P

Age (years) 54.5 ± 14.5 (21–77) 55.3 ± 17.4 (21–73) 0.746
Sex 45 men/55 women 26 men/34 women 0.837
Axial length (mm) 23.21 ± 1.15 (21.10–25.96) 23.32 ± 0.72 (21.78–24.55) 0.521
BCVA (logMAR units) (Snellen ratios) 0.263 ± 0.478 (20/37) (20.176 to

2.000 [CF - 20/12.5])
—

Retinal sensitivity (mean deviation) 214.83 ± 9.81 (233.99 to 18.25) —

Foveal sensitivity (dB) 25.65 ± 9.40 (0–35.5) —

Width of EZ (mm) 2,478.5 ± 2,088.3 (0–8,112.5) —

CFT (mm) 207.2 ± 52.4 (69.7–290.3) 226.2 ± 15.9 (209.0–267.0) 0.023
Inheritance mode (n)
AD 15
AR 17
Simplex 68

A P value of ,0.050 is considered statistically significant and is presented in bold.
AD, autosomal dominant; AR, autosomal recessive; CF, counting fingers.
Data are presented as mean ± SD (range).
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the outer choroid, consisting of large hyporeflective
spaces representing large vascular luminal spaces.
The medium choroidal vessel layer–choriocapillaris
layer was defined as the inner choroid consisting of
small- to medium-sized hyporeflective spaces, sur-
rounded by hyperreflective stroma (increased scatter-
ing by high density of melanocytes), which gave this
space a mottled appearance. Sim et al22 reported that
the thickness of the inner and outer choroidal sub-
layers can be quantified by this method with good
reliability, repeatability, and reproducibility.
After measuring the luminal and stromal areas of the

whole choroid, the examined 1,500-mm width region of
interest was set to extend vertically from the Bruch mem-
brane to the border of the inner and outer choroid to
calculate the luminal and stromal areas of the inner cho-
roid.18 The values of the inner luminal and stromal areas
were subtracted from those of the total luminal and stro-
mal areas to obtain the outer luminal and stromal areas.
The binarization of the EDI-OCT image was

performed three times for each image, and the values
were averaged for the statistical analyses. Although the

methods used for the analyses of the choroidal
structures have been found to have high repeatability
and reproducibility in normal and diseased eyes,14–18

the intrarater correlation coefficient was calculated for
the luminal and stromal areas of the inner and outer
choroid for the 100 eyes with RP.

Retinal Sensitivity Measurements

The retinal sensitivity was measured with the
Humphrey automated perimeter central 10-2 program
with the FASTPAC strategy (Humphrey Field Ana-
lyzer; Carl Zeiss, San Leandro, CA) using stimulus
size III and a background of 31.5 asb. The mean
deviation of the static perimetric value was the sum of
the sensitivity loss at all tested points. The foveal
sensitivity was defined as the mean retinal sensitivity
for the 4 stimulus locations covering the central 5°.
The central 5° circle examined by the Humphrey
automated perimeter is equivalent to a circle of
approximate 1,500-mm diameter on the fundus of

Fig. 1. Representative EDI-
OCT images and the converted
binary images of one normal
control eye and two RP eyes.
Enhanced depth imaging OCT
images were converted to binary
images using ImageJ software.
A. Enhanced depth imaging
OCT image of the normal eye of
a 68-year-old man. B. Enhanced
depth imaging OCT image of
the eye of a 40-year-old woman
with RP and good visual func-
tion. Her BCVA was 20/16. The
mean foveal sensitivity was
31.25 dB; width of the EZ was
3,346 mm, which extended
beyond the area of the cropped
image; and CFT was 220.59
mm. C. Enhanced depth imag-
ing OCT image of the eye of
a 46-year-old man with poor
visual function. His BCVA was
20/50; mean foveal sensitivity
was 19.75 dB; EZ width was
522 mm; and CFT was 116.10
mm. A–C. Red lines indicate the
EZ width, and green double-
headed arrows indicate the CFT
in the images of eyes with RP.
The dark areas are the luminal
areas of the choroid and the light
areas the stromal areas. The
examined areas were set to be
1,500-mm wide in the subfoveal choroid. The irregular quadrilaterals surrounded by yellow lines were selected by the examiner. The images were
adjusted by the Niblack Auto Local Threshold to obtain the binarized images. D–F. The binary images of the corresponding EDI-OCT images shown in
A–C. The images show a relatively lower luminal/total choroidal area ratio for the inner choroid of the RP eye with poor visual function (F) than that of
the normal eye and the RP eye with good visual function (D and E). The luminal areas were determined using the Threshold Tool. The light pixels were
defined as the stromal choroid, and the dark pixels were defined as the luminal area. After adding the data of the distance between two adjacent pixels,
the luminal and stromal areas were automatically calculated. Yellow lines indicate the margins of measured areas. Red dashed lines indicate the border
between the inner and outer choroid.
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an emmetropic eye examined in the binarized EDI-
OCT image.24

Statistical Analyses

Unpaired t-tests were used to determine the signif-
icance of the differences between two independent
groups. Pearson correlation tests were used to deter-
mine the significance of the correlations between the
clinical findings and the EDI-OCT parameters. Partial
correlation analyses were also used to examine the
correlations between the clinical findings and EDI-
OCT parameters adjusted for the axial length, age,
and sex because these EDI-OCT parameters were re-
ported to be significantly correlated with the axial
length, age, and sex.25 Analysis of covariance was
used to examine the correlations between the inheri-
tance mode and the EDI-OCT parameters adjusted for
the axial length, age, and sex. The Bonferroni test was
used for post hoc analysis. The intrarater correlation
coefficients were calculated by a 1-way random effects
model for measurements of agreement. A P value of
,0.050 was considered statistically significant.

Results

The intrarater agreement was very high with all
intraclass correlation coefficients.0.997 for the meas-
urements of the luminal and stromal areas of the inner
and outer choroid.

Comparisons of the Choroidal Structures Between
Eyes With Retinitis Pigmentosa and
Normal Controls

The whole and outer choroidal areas were signifi-
cantly smaller in the eyes with RP than in the control
eyes (both P , 0.001), but the inner choroidal area
was not significantly different (P = 0.145, Table 2). In
the inner choroid, the luminal area was significantly

smaller in the RP eyes than in the controls (P = 0.010),
whereas the stromal area was not significantly differ-
ent (P = 0.114; Figure 2 and Table 2). In the whole and
outer choroid, the luminal and stromal areas were sig-
nificantly smaller in the RP eyes (all P , 0.001, Table
2).
The ratio of luminal/total choroidal area (L/C ratio)

of the whole and inner choroid was significantly
smaller in the RP eyes than in the controls
(P = 0.009, P , 0.001, respectively), but the L/C ratio
of the outer choroid was not significantly different
(P = 0.124, Figure 3). The CCT was significantly thin-
ner in the RP eyes (P , 0.001, Table 2).

Correlation Between Choroidal Structures and
Clinical Findings

Simple regression analysis showed that the L/C ratio
of the inner choroid was significantly correlated with
the BCVA, mean deviation, foveal sensitivity, width
of the EZ, CFT, and CCT (all P , 0.050, Table 3 and
Figure 4). The L/C ratio of the outer choroid was
significantly correlated with the foveal sensitivity
and CCT (P = 0.030, P , 0.001, respectively), but
not with the BCVA, mean deviation, EZ width, and
CFT (all P . 0.050). The L/C ratio of the whole
choroid was significantly correlated with the BCVA,
foveal sensitivity, CFT, and CCT (all P , 0.010), but
not with the mean deviation and EZ width (all P .
0.100).
It has been reported that the choroidal structure was

associated with the axial length, age, and sex.25 Partial
correlation analysis adjusted for the axial length, age,
and sex showed that the L/C ratio of the inner choroid
was significantly correlated with the BCVA, mean
deviation, foveal sensitivity, EZ width, and CFT (all
P , 0.005, Table 3), but not with the CCT (P =
0.614). The L/C ratio of the outer choroid was signif-
icantly correlated with the foveal sensitivity and CCT
(P = 0.038, P , 0.001, respectively), but not with the

Table 2. Comparison of Choroidal Parameters in Patients With RP With Those of Normal Control

Patients With RP (n = 100) Normal Control (n = 60) P

Whole choroidal area (mm2) 0.3396 ± 0.1222 0.4564 ± 0.1260 ,0.001
Whole luminal area (mm2) 0.2250 ± 0.0893 0.3090 ± 0.0890 ,0.001
Whole stromal area (mm2) 0.1146 ± 0.0378 0.1474 ± 0.0403 ,0.001
Inner choroidal area (mm2) 0.0784 ± 0.0280 0.0841 ± 0.0128 0.145
Inner luminal area (mm2) 0.0544 ± 0.0232 0.0625 ± 0.0088 0.010
Inner stromal area (mm2) 0.0241 ± 0.0108 0.0216 ± 0.0069 0.114
Outer choroidal area (mm2) 0.2612 ± 0.1061 0.3723 ± 0.1176 ,0.001
Outer luminal area (mm2) 0.1707 ± 0.0763 0.2464 ± 0.0833 ,0.001
Outer stromal area (mm2) 0.0905 ± 0.0332 0.1258 ± 0.0378 ,0.001
CCT (mm) 225.1 ± 83.0 304.7 ± 85.4 ,0.001

A P value of ,0.050 is considered statistically significant and is presented in bold.
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BCVA, mean deviation, EZ width, and CFT (all P .
0.100). The L/C ratio of the whole choroid was sig-
nificantly correlated with the BCVA, mean deviation,
foveal sensitivity, CFT, and CCT (all P , 0.050), but
not with the EZ width (P = 0.050).

The CCT was not significantly correlated with the
BCVA, mean deviation, foveal sensitivity, and CFT (r
= 20.040, P = 0.692; r = 20.134, P = 0.184; r =
0.041, P = 0.689; and r = 20.168, P = 0.096,
respectively) using simple regression analysis. There

Fig. 2. Total choroidal, luminal, and stromal areas of the inner choroid in normal control eyes and eyes with RP. The inner luminal area is significantly
smaller in eyes with RP than in controls (B), but the inner total choroidal and stromal areas are not significantly different (A and C). Bars indicate SDs.
*P , 0.050.

Fig. 3. Ratio of luminal area to the total choroidal area (L/C ratio) of the whole, inner, and outer choroid in normal control eyes and eyes with RP. The
L/C ratio in the whole and inner choroid is significantly lower in eyes with RP than in controls (A and B), but the L/C ratio in the outer choroid is not
significantly different (C). *P , 0.010 and **P , 0.001.
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was a significant correlation between the CCT and EZ
width (r = 20.197, P = 0.049), but this was not rele-
vant (jrj , 0.2).
To determine the correlation between the inheritance

mode and the choroidal structure, analysis of covariance
was performed with adjustments made for the axial
length, age, and sex. The results showed that the L/C
ratio of the inner and whole choroid was significantly
different among the autosomal dominant, autosomal
recessive, and simplex RP (P = 0.010, P = 0.016, respec-
tively; Table 4). The L/C ratio of the inner and whole
choroid was lowest in eyes with autosomal recessive RP.

Discussion

The results of earlier studies indicated that the
subfoveal choroid was significantly thinner in eyes
with RP.12,13 Our results showed that the L/C ratio of
the inner and whole choroid was significantly lower in
eyes with RP than those of the controls. However, the
L/C ratio of the outer choroid was not significantly
different from that of the controls. These results

suggest that the choroidal thinning in RP eyes is
caused mainly by a decrease of the luminal areas,
and the structural changes are different between the
inner and outer choroid. A decrease in the choroidal
blood flow has also been reported in patients with
RP.3–5 The results of this study indicate that the lumi-
nal area of the inner choroid was significantly smaller
in eyes with RP than in controls, but the stromal area
was not significantly different. These results suggest
a constriction or obliteration of the inner choroidal
vessels. In the RP eyes, the inner choroidal L/C ratio
was significantly correlated with the BCVA, mean
deviation, foveal sensitivity, EZ width, and CFT after
adjusting for the axial length, age, and sex. These
results indicate that the choroidal structure is altered
in association with the progression of the RP disease
process because these visual and retinal parameters
can accurately reflect the disease progression.26

Kawano et al20 have shown that there was a signif-
icant correlation between the changes in the choroidal
structures and the presence of the degenerated retina in
eyes with RP. They reported that the overall cross-
sectional choroidal area in the EDI-OCT images in

Table 3. Correlation Between Choroidal Parameters and Visual Functions or Retinal Parameters

L/C Ratio of the Whole
Choroid (%)

L/C Ratio of the Inner
Choroid (%)

L/C Ratio of the Outer
Choroid (%)

Simple regression analysis
BCVA (logMAR units) r = 20.419 r = 20.500 r = 20.181

P , 0.001 P , 0.001 P = 0.072
Retinal sensitivity (mean
deviation)

r = 0.152 r = 0.266 r = 20.004
P = 0.132 P = 0.007 P = 0.971

Foveal sensitivity (dB) r = 0.426 r = 0.480 r = 0.218
P , 0.001 P , 0.001 P = 0.030

Width of EZ (mm) r = 0.092 r = 0.241 r = 20.078
P = 0.362 P = 0.016 P = 0.438

CFT (mm) r = 0.282 r = 0.396 r = 0.108
P = 0.005 P , 0.001 P = 0.285

CCT (mm) r = 0.402 r = 0.207 r = 0.451
P , 0.001 P = 0.039 P , 0.001

Partial correlation analysis
(adjusted by axial length,
age, and sex)
BCVA (logMAR units) rp = 20.399 rp = 20.481 rp = 20.153

P , 0.001 P , 0.001 P = 0.136
Retinal sensitivity (mean
deviation)

rp = 0.249 rp = 0.345 rp = 0.056
P = 0.014 P = 0.001 P = 0.587

Foveal sensitivity (dB) r = 0.434 rp = 0.481 r = 0.212
P , 0.001 P , 0.001 P = 0.038

Width of EZ (mm) rp = 0.200 rp = 0.332 rp = 20.011
P = 0.050 P = 0.001 P = 0.912

CFT (mm) rp = 0.353 rp = 0.452 rp = 0.153
P , 0.001 P , 0.001 P = 0.135

CCT (mm) rp = 0.241 rp = 0.052 r = 0.355
P = 0.017 P = 0.614 P , 0.001

A P value of ,0.050 is considered statistically significant and is presented in bold.
L/C ratio, ratio of luminal/total choroidal area; rp, partial correlation coefficient.
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eyes with RP was significantly smaller than that in
normal eyes. The luminal area was significantly
smaller in RP eyes than in control eyes. The L/C ratio
of the whole choroid was significantly smaller in the
RP eyes, which was consistent with our results. Ka-
wano et al20 also reported that the L/C ratio was sig-
nificantly smaller in the nasal and temporal areas that
have more retinal degeneration in RP eyes than in the
corresponding areas of the control eyes. In eyes with
RP, the L/C ratio was significantly smaller in the area
with greater retinal degeneration than in that with less
retinal degeneration. These results suggest that the al-
terations of the choroidal structure in eyes with RP are
related to the degeneration of the retina.
The results of a histological study showed that there

was a reduction in the number of choroidal capillaries
and the presence of structural damage of the chorio-
capillaris in the eyes of animal models of RP8,9 and in
eyes of humans with RP.1,27 The choriocapillaris was
invariably missing from the retinal regions that had
lost photoreceptors and had bone-spicule pigmenta-
tion. Because of the close interdependence of the cho-
riocapillaris, retinal pigment epithelium (RPE), and
photoreceptors, it is not clear whether the loss of the
capillary bed is secondary to the death of the photo-
receptors or to the loss of the neighboring RPE cells.
However, it has been reported that the loss of the RPE
in previously healthy rabbit eyes leads to secondary
atrophy of the choriocapillaris.28 Another study on
porcine retinas reported that the choriocapillaris be-
comes atrophic within 1 week after a debridement of
the RPE.29 These results suggest that the loss of RPE
cells can lead to alterations of the choriocapillaris.
However, it is difficult to determine the actual changes
in the choroidal vascular components by histological
studies because the vascular appearance can be altered
during the histological preparations.20 Kawano et al20

have provided strong evidence that the luminal areas
were smaller in the more degenerated areas of the
retina in RP eyes in the EDI-OCT images. In addition,
our results showed that the decrease in the L/C ratio
was more prominent in the inner choroid where the
choriocapillaris exists than in the outer choroid.
In patients with RP at a relatively advanced stage,

the ocular pulse amplitude, an indirect measure of
pulsatile choroidal perfusion, was found to be
reduced significantly.3,4 The decrease of the inner
choroidal luminal area in this study may be a mani-
festation of this decreased choroidal flow. Falsini
et al5 used confocal laser Doppler flowmetry and
focal macular ERGs to determine whether functional
macular changes were associated with corresponding
deficits in the subfoveal superficial choroid circula-
tion in eyes with RP. The signals of the laser Doppler

Fig. 4. Correlations between the ratio of the luminal/total cho-
roidal area (L/C ratio) of the inner choroid and visual function or
central retinal structure in eyes with RP. A. Simple regression
analysis shows that the L/C ratio of the inner choroid is signifi-
cantly correlated with the visual acuity in logMAR units (r =
20.500, P , 0.001). The solid line represents the linear regression
line, y = 20.019x + 1.542. B. The L/C ratio of the inner choroid is
significantly correlated with the foveal sensitivity (r = 0.480, P ,
0.001). The foveal sensitivity is defined as the mean sensitivity of
the 4 stimulus locations in the central 5° of the visual fields of
the Humphrey automated perimeter. The solid line represents the
linear regression line, y = 0.358x + 1.242. C. The L/C ratio of the
inner choroid is significantly correlated with the width of EZ (r =
0.241, P = 0.016). The solid line represents the linear regression
line, y = 39.647x 2 220.2.
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flowmetry in the subfoveal choroid originate predom-
inantly from the choriocapillaris. They reported that
the choroidal blood flow and velocity were signifi-
cantly reduced in the patients with RP compared to
controls. In patients with RP, the choroidal blood
flow and velocity were significantly correlated with
prolongations of the implicit times of the ERGs, and
the choroidal blood volume was significantly corre-
lated with the ERG amplitudes. In addition, the cho-
roidal blood volume and flow tended to be more
reduced in RP patients with more advanced Gold-
mann visual field loss compared with those with rel-
atively preserved visual fields. These findings
suggested that there is a significant association
between the abnormal circulation in the superficial
layers of the choroid and the RP-associated central
cone-mediated dysfunctions. Falsini et al5 suggested
that alterations of the choroidal circulation may either
be associated with the disease or play a role in its
pathogenesis or both. Consistent with these findings,
the results of our study suggested a close relationship
between the inner choroidal structure and the central
visual functions and central retinal structures.
In eyes with RP, the rod photoreceptors are the

primary tissues that degenerate.1 After the rod photo-
receptors degenerate, the inner retinal neurons and
RPE also degenerate. The results of the study by Ka-
wano et al20 and our study indicate that the luminal
area of the choroid was smaller in the RP eyes. The
decrease in the choroidal luminal area indicates that
the number and/or diameter of vessels has decreased.
Vascular endothelial growth factor (VEGF) has a vaso-
dilatory effect by upregulating the endothelial nitric
oxide synthase–dependent pathways, and thus,
a VEGF downregulation can lead to the vascular
contraction.20 Vascular endothelial growth factor plays
an important role in maintaining the choroidal
homeostasis and is secreted mainly on the choroidal
side of the RPE.30 The RPE degeneration observed in
eyes with RP may cause a decrease of the VEGF
secretion from RPE cells resulting in vascular con-
traction and a decrease of the luminal area of the
choroid in the EDI-OCT images. In fact, Kurihara
et al31 reported that a conditional knock out of VEGF-
A in adult mouse RPE cells leads to a rapid loss of
vision and choriocapillaris. This VEGF-A knock out
mice also had a rapid dysfunction of the cone photo-
receptors. However, the rod photoreceptor function
was not sensitive to the VEGF-A inactivation. The
authors concluded that the RPE-derived VEGF is
required for maintenance of the choriocapillaris and
for the cone photoreceptors, and that the rod photo-
receptors may be supported by a minimal vasculature
not dependent on RPE-derived VEGF for survival.
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Taken together, we suggest that the RPE degeneration
observed in eyes with RP leads to a decrease of the
RPE-derived VEGF, damage of the choriocapillaris,
and eventual dysfunction of cone photoreceptors. Our
results of the close relationship between the inner
choroidal structure and the central visual functions and
central retinal structure support this suggestion.
The CCT was not significantly correlated with the

BCVA, mean deviation, foveal sensitivity, and CFT. A
previous study also reported that the correlation
between the subfoveal choroidal thickness and visual
acuity was not significant in patients with RP.32 These
results suggest that the CCT is not associated with the
visual acuity in eyes with RP, which supports the use-
fulness of choroidal analyses using the binarization of
the EDI-OCT images.
Most recently, Murakami et al33 reported on the

relationships among the foveal blood flow, choroidal
structure in binarized EDI-OCT images, and central
visual function in 52 patients with RP. Their results
showed that the L/C ratio of the whole choroid was not
significantly correlated with the central visual function
such as BCVA, foveal sensitivity, mean deviation, and
EZ width. Our results showed that the inner choroidal
L/C ratio, rather than the whole choroidal L/C ratio,
was significantly correlated with the central visual
functions in 100 RP eyes. The reason for this discrep-
ancy may be related to the smaller sample size in their
study. In addition, the macular area was not impaired
in most of their patients with RP (mean BCVA was 20/
23 in their study and 20/37 in this study), and these
subjects were not appropriate for analyzing the
changes of the submacular choroidal structure in eyes
of patients with RP. In fact, Kawano et al20 reported
that the choroidal structure was not different in unaf-
fected macular area between RP and healthy eyes. In
addition, analysis of choroidal inner/outer layer was
not performed in the study of Murakami et al.33

It has been reported that the autosomal recessive
form of RP is generally characterized by the earlier
onset, more rapid progression of the visual deteriora-
tion, and increased risk of total blindness in adult
life.34 Consistent with these findings, the L/C ratio of
the inner and whole choroid was lowest in eyes with
autosomal recessive RP in this study.
Several studies have been reported on the accuracy

of the inner/outer separation of the choroid in eyes
with retinal degeneration. Hirashima et al35 investi-
gated the inner and outer choroidal thickness in Bietti
crystalline dystrophy and RP, and they reported that
the intraclass correlation coefficient values of the sub-
foveal inner choroidal thickness measurements were
0.964 and that interinvestigator reliability of the meas-
urements was very good. Adhi et al36 examined the

inner and outer choroidal thickness in Stargardt dis-
ease and reported that the intraclass correlation coef-
ficients for subfoveal outer choroidal thickness
measurements between 2 observers were 0.94 for
healthy eyes and 0.90 in eyes with Stargardt disease.
The intraclass correlation coefficients for eyes with
Stargardt disease were slightly worse than those for
healthy eyes but were still good enough for analyses
of the choroidal structure. Adhi et al13 also examined
the inner and outer choroidal thickness in eyes with
RP, and the large choroidal vessel layer could be delin-
eated with a strong interobserver agreement.
This study has limitations. First, this was a retro-

spective study that can have sampling biases. Second,
the manual segmentation of the inner and outer
choroid was not completely objective.18 Third, genetic
testing was not performed. Finally, this study is
a cross-sectional study, and a prospective longitudinal
study of the choroidal structure in patients with RP
will help shed further light on the role of the choroid
in the pathogenic changes in RP eyes.
In conclusion, binarization of the EDI-OCT images

is a useful and noninvasive method to quantify the
choroidal structures in patients with RP. Our results
provide in situ evidence for a decrease of the inner
choroidal luminal areas and significant correlations
between the inner choroidal structure and the central
visual functions and retinal structures in RP eyes.

Key words: binarization, choroidal structure, ellip-
soid zone, enhanced depth imaging optical coherence
tomography, retinitis pigmentosa, visual function.
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