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Purpose: To investigate the three-dimensional distribution and associating
demographic factors of depolarization, using polarization-sensitive optical coher-
ence tomography (PS-OCT), to evaluate melanin pigmentation in the retinal pigment
epithelium (RPE) and choroid in healthy eyes.

Methods: In total, 39 unaffected healthy eyes of 39 subjects were examined using a
PS-OCT clinical prototype. The degree of depolarization, expressed as the polarimetric
entropy, was assessed in the RPE, the superficial and the total choroid layer, especially
in the center, the inner, or the outer areas centered at the fovea. The values and their
association with the demographic data were analyzed. Near-infrared fundus autofluo-
rescence (NIRAF) was also used, in the same manner, for the comparison. Twenty-eight
of 39 eyes were measured twice to evaluate intrasession repeatability.

Results: Both the polarimetric entropy in the RPE and the gray level in NIRAF, decreased
from the center to the periphery (P < 0.001). The polarimetric entropy in the RPE was
significantly associated with age in each area (P < 0.001). In the RPE and the superficial
choroid, the polarimetric entropy was negatively associated with axial length in each
area (P < 0.002). The intraclass correlation coefficient of the polarimetric entropy in the
same session was excellent in each area of the RPE, superficial choroid, or total choroid
layer (0.94-0.98).

Conclusions: The distribution of fundus melanin pigment-related depolarization
was evaluated using PS-OCT. The depolarization was associated with the subjects’
demographic data, such as age or axial length.

Translational Relevance: The presented information in healthy eyes provides an essen-
tial basis for the investigation into a variety of chorioretinal pathologies.

reported in the normal human donor eye.* Melanin

Introduction

Melanin is a basic pigment that is essential to
normal eye function.!'> Melanin pigmentation is
observed in the retinal pigment epithelium (RPE)
and choroid.> Spatial distribution or association
with demography, such as age or race, has been
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pigmentation acts as an absorber of scattered light,
reduces oxidative stress, protects RPE from lipofus-
cin damage, and stores the essential nutrient zinc.> 3
Hence, it has attracted great interest in understand-
ing the pathological process of ocular diseases, such as
age-related macular degeneration’ or Vogt-Koyanagi-
Harada disease.'?-!!
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A number of researchers have used imaging modal-
ities for qualitative and quantitative evaluations of
melanin pigmentation in the RPE and the choroid.
In vitro and ex vivo use of high-magnification
micrographs or pathological specimens have been
reported.'?>~1> However, postmortem human eyes from
donors or animal eyes were used in those methods,
making it difficult to apply these approaches to the eyes
of living individuals.

Near-infrared fundus autofluorescence (NIRAF) is
speculated to mainly originate from melanin,'¢"" but
it is also suspected that the signal in NIRAF is affected
by lipofuscin and reflected light.!®?* NIRAF imaging
is useful in clinical settings because it is noninvasive
and repeatable and can be detected through confocal
scanning laser ophthalmoscopy, which is commercially
available.> However, autofluorescence (AF) cannot
resolve the signal from the RPE, the sensory retina,
or the choroid clearly.!® Also, the AF intensity was
displayed as a relative value, making quantitative
assessment difficult. Recently the imaging of RPE cells
using adaptive optics technique has been reported, but
the cone fluorescence was also reflected on the image,
and the measurement area was relatively limited in
the current settings.”!-?*> Directional optical coherence
tomography (OCT) measured differences in directional
scattering from the retina in mice.”* The RPE showed
high reflectivity but low directionality compared with
other melanin-free layers, suggesting the potential of
quantifying the melanin pigmentation.?

Detecting multiply scattered light, that is, depolar-
ization is also an alternative to assess melanin.
Depolarization can be caused by the RPE, but
melanocytes, melanin-containing inflammatory cells,
and hard exudates were also depolarizing structures.’*
Previous reports studied the light scattering of the
RPE by measuring depolarization with scanning laser
polarimetry (SLP)?~%% or polarization-sensitive optical
coherence tomography (PS-OCT).?->*-40 With SLP,
multiply scattered light was emphasized by detect-
ing depolarized light and rejecting light that retains
polarization,>?” and the potential to evaluate macular
diseases was demonstrated.’® ?® On the distribution
of polarization signal evaluated by SLP, phase retar-
dation profiles that could reflect mainly Henle fiber
layer changed with age.*' Additionally, the average
of macular depolarization increased with age in the
normal eye.*> SLP might be able to detect small drusen
and subtle leakage by using the scattered light images
that have the potential to be more sensitive than
confocal images.*> However, SLP provides a weighted
average of several retinal layers and the RPE, and is not
depth-resolved.*?
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PS-OCT can detect tissues’ depth-resolved polariza-
tion properties and provide additional tissue-specific
contrast in cross-sectional or three-dimensional
images.”?-44* PS-OCT detects melanin-containing
structures, such as the RPE and the choroid, as
polarization-scrambling layers.”’-31-3> PS-OCT can
segment different retinal layers, based on their intrin-
sic polarization properties, and identify or analyze
changes in eyes with pathological conditions. There-
fore it enables three-dimensional assessment of
melanin pigmentation in the RPE or the choroid
in eyes with retinal or macular diseases, as previously
reported.”’-3335  Quantitative analysis between the
degree of polarization and melanin pigmentation
in the RPE or the choroid was also investigated in
vitro, using rodent models or in small series of healthy
volunteers.’*3° However, the connections between
the distribution of depolarization in the RPE or
the choroid and basic demographic and biometric
parameters have not been evaluated in clinical settings.

From technical perspectives, almost all the previ-
ous studies of PS-OCT used the degree of polariza-
tion uniformity (DOPU) to parameterize the depolar-
ization of light. Although it has been shown that the
DOPU is useful to visualize and quantify the depolar-
ization in the fundus, a recent study pointed out that
the DOPU depended on the incident state of polar-
ization.* Because the incident state of polarization at
the RPE and the choroid can be changed by birefrin-
gence of overlaying tissues, for example, cornea, retinal
nerve fiber, and scar tissue, it is desired and has
been suggested to use depolarization metrics that are
insensitive to the incident state of polarization.30-43-46
Another important feature that depolarization metrics
should have is correcting noise bias,**#’ because both
the depolarizing property of tissues and random noise
increase the randomness of measured state of polar-
ization. Among the depolarization metrics to date,
only the polarimetric entropy has both features of the
insensitivity to the incident state of polarization and
the noise-bias correction.’® In addition, we recently
showed that the polarimetric entropy was linearly
proportional to melanin concentration in a double
logarithmic scale.*3

This study aimed to investigate the three-
dimensional distribution of tissue depolarization
as a biomarker of melanin pigmentation in the RPE
and the choroid. We measured the healthy fellow eye
of patients using a clinical prototype of PS-OCT
and analyzed the reproducibility of the polarimetric
entropy. We then analyzed the statistical correlation
between the polarimetric entropy and the physical
factors of the subjects.
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Subjects’ Inclusion and Exclusion

The Research Ethics Committee of the Gradu-
ate School of Medicine and Faculty of Medicine at
The University of Tokyo (Tokyo, Japan) approved this
single-center, cross-sectional study. It was performed
according to the tenets of the Declaration of Helsinki.
Each subject provided written informed consent after
the nature and possible consequences of this study were
explained.

We included 39 eyes of 39 Asian (dark brown
iris color) subjects who visited the Macular Clinic
at the University of Tokyo Hospital between March
2018 and September 2019 for unilaterally affected
macular diseases. The unaffected eye was used for
this study. All subjects underwent comprehensive
ophthalmic examination, including refractive error
evaluation, best-corrected visual acuity, intraocular
pressure, anterior segment examination, and fundus
biomicroscopy with pupil dilation. In addition, spectral
domain OCT (Spectralis OCT; Heidelberg Engineer-
ing, Heidelberg, Germany), infrared reflectance, and
NIRAF imaging with scanning laser ophthalmoscopy
(HRAZ2, Retinal Angiograph 2; Heidelberg Engineer-
ing) were performed. After the examination, eyes with
abnormal findings associated with retinal or macular
diseases were excluded from this study. The axial length
was measured with an optical biometer (OA-2000;
Tomey Corp., Nagoya, Japan).

PS-OCT Imaging

PS-OCT measurement was performed using a clini-
cal prototype for retinal imaging (Tomey Corp.).
The principle of our PS-OCT was demonstrated for
imaging of the anterior eye segment previously.*’ PS-
OCT for retinal imaging was also demonstrated using
the same principle,*®->* which was used in this study.
See Supplementary Figure S1 for a schematic diagram
of the interferometric system. In brief, the system
was based on swept-source OCT technology. The light
source was a wavelength-swept laser (Axsun Technolo-
gies, Billerica, MA, USA) with a repetition rate of
100 kHz and a center wavelength of 1050 nm. Unlike
conventional swept-source that mathematically charac-
terizes the target’s polarization property, it consists of
fiberoptic components (Optizone Technology Limited,
Shenzhen, China) and four balanced photodetectors
(PDB481C-AC; Thorlabs, Inc., Newton, NJ, USA)
that receive interferometric signals of the Jones matrix
in a parallel manner. An area of 20° (approximately
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6 mm) by 20° (approximately 6 mm) was scanned
with 512 A-lines (horizontal) x 512 B-scans (verti-
cal) in 3.3 seconds. The pixel size of each B-scan
was 6/512B-scan = 11.7 um. The size of each pixel
in the B-scan was H: 6/512A = 11.7um, and V: 4.3
um. Polarization-independent intensity images were
obtained by averaging Jones matrix element intensi-
ties. The polarization scrambling or depolarization of
the sample was parameterized as polarimetric entropy,
which showed spatial randomness of the polariza-
tion property through statistical characterization of the
measured Jones matrix.’® Kernel size for polarimetric
entropy calculation was 11 x 7 pixels, which corre-
sponds to 128.7 x 30.1 um. Specifically, the measured
Jones matrix was converted to a 4 x 4 covariance
matrix to treat the statistical property of the Jones
matrix. Note that the covariance matrix held the same
information as the Mueller matrix but was highly
linked to eigenanalysis mathematically. The polarimet-
ric entropy was defined in a von Neumann sense and
derived from eigenvalues of the spatially ensemble-
averaged covariance matrix. The details of the deriva-
tion were described previously.!%-** In 28 of 39 eyes, the
PS-OCT images were obtained twice to assess intrases-
sion repeatability.

Subsequently, the polarimetric entropy of the RPE
and the choroid was analyzed in three image layers, as
described below. The axial scan range was 4.44 mm in
the eye. The axial resolution in tissue was 8.6 um (4.3
um x 2.0 pixels). Specifically, after obtaining the three-
dimensional PS-OCT dataset, automatic segmentation
was performed at the RPE-Bruch’s membrane (BM)
complex and chorioscleral interface (CSI) in the inten-
sity B-scan images, using a built-in automatic segmen-
tation algorithm, which delineates the segmentation
curve on the basis of the signal intensity. Subsequently,
the RPE layer was defined as five pixels (22 um)
anterior and posterior to the RPE-BM complex. The
“Superficial Choroid” layer was defined as 10-20 pixels
(44-88 pum) posterior to the RPE-BM complex. The
“Total Choroid” layer was defined as between 10 pixels
(44 pm) posterior to the RPE-BM complex and CSI.
Within each of the three layers, the average polari-
metric entropy value along each A-line was calculated
and plotted in two-dimensional en face fundus maps.
In addition, choroidal thickness was defined by the
distance between the RPE-BM complex and CSI.

Image Analysis

Using the built-in software, the Early Treatment
Diabetic Retinopathy Study grid was overlaid on the en
face polarimetric entropy or choroidal thickness map.
The diameters of the center, inner, and outer circles
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were 1, 3, and 6 mm, respectively, centered on the fovea.
The projected grid size was corrected according to the
axial length in each eye using a modified Benette’s
formula so that the grid on the retina had the same
diameter (mm) irrespective of different axial lengths.>!
The location was identified by referring to the cross-
sectional B-scan intensity images. The “center” area,
representing the area within the center circle, the “inner
ring” area between the center and the inner circles, and
the “outer ring” area between the inner and the outer
circles were defined (See Supplementary Fig. S2). The
mean values of the polarimetric entropy or choroidal
thickness in each area of the three layers were calcu-
lated.

NIRAF Imaging

NIRAF images were obtained using a light source
at 786 nm with a barrier filter at 830 nm to separate
excitation from fluorescence. The images were acquired
at 30° x 30° and centered on the fixation point with 768
x 768 pixels. Using the built-in eye-tracking system,
100 consecutive images were averaged. The image
was exported to the ImageJ software (U.S. National
Institute of Health, Bethesda, MD, USA),>> which is
publicly accessible. Similar to PS-OCT data, the Early
Treatment Diabetic Retinopathy Study grid, corrected
by the axial length, was overlaid. The average gray
level, which represented NIRAF at each pixel, was
computed. Because the gray level should be interpreted
as a relative value within the same image, two relative
values were calculated for the analyses. The “inner
ring/center” value was defined as the mean value in the
inner ring area divided by the mean value recorded in
the center area, and the “outer ring/center” value was
defined as the mean value in the outer ring area divided
by the mean value measured in the center area.

Statistical Analysis

The intraclass correlation coefficient of the polari-
metric entropy or choroidal thickness in each area of
the three layers in 28 eyes was evaluated to assess the
intrasession repeatability. The value was determined
based on previously reported criteria.>?

Relative values of polarimetric entropy to the center
area were calculated to compare the results of the
PS-OCT data with those of NIRAF. Distribution
of the absolute or relative polarimetric entropy in
the center, inner, or outer rings at the RPE, super-
ficial choroid, or total choroid layers was assessed
using the Wilcoxon signed-rank test. Associations
between the absolute or relative polarimetric entropy
value from PS-OCT, the relative gray level from
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Table 1. Demographic Data

Age, years, mean =+ SD 52.6 + 14.5 [24-78]
[range]
Sex, male, n, %
Laterality, n (%)
Right
Left
Axial Length, mm (mean
=+ SD) [range]
Presence of PSD in the
fellow eye, n (%)

27/39, 69.2%
17 eyes (43.6%)
22 eyes (56.4%)
24.6 + 1.64[22.1-29.9]

18 eyes (46.2%)

SD, standard deviation.

NIRAF at each area of each layer, and age or axial
length were analyzed using Spearman’s rank corre-
lation coefficient. Associations between these values
and sex were analyzed using Wilcoxon signed-rank
test. Additionally, in the present study, approximately
half the subjects had pachychoroid spectrum disease
(PSD)* in the unstudied fellow eyes. PSD includes
central serous chorioretinopathy (CSC), pachychoroid
pigment epitheliopathy, pachychoroid neovasculopa-
thy, or focal choroidal excavation (FCE), which
share some anatomic features, such as diffuse or
focal thickening of the choroid, choroidal vascular
hyperpermeability, or RPE abnormalities. Previous
studies reported that subjects affected with unilat-
eral PSD could show some characteristic choroidal
findings in the contralateral healthy eyes.>>>° We also
analyzed the association between the polarimetric
entropy and having PSD in the fellow eye using the
Wilcoxon signed-rank test to investigate the difference
in choroidal melanin pigmentation between eyes with
PSD in the fellow eye and those without. If multi-
ple factors were significantly associated with an objec-
tive variable in these univariate analyses, then multiple
linear regression test was added.

All statistical analyses were performed using the
statistical programming language 'R’ (R version 3.4.3;
The Foundation for Statistical Computing, Vienna,
Austria). The threshold for significance was P < 0.05.

We examined 39 normal eyes of 39 subjects. The
average age was 52.6 £ 14.5 years (range, 2478 years).
The axial length was 24.6 &+ 1.64 mm (22.1-29.9 mm).
The demographic data are shown in Table 1. The fellow
eye had CSC (15 cases), retinal vein occlusion (five
cases), age-related macular degeneration (three cases),
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Figure 1.

TVST | February 2021 | Vol. 10 | No. 2 | Article30 | 5

Representative images of the NIRAF and the intensity/entropy from PS-OCT in the healthy eye of a 53-year-old female. (a) NIRAF

image. The dotted square indicates the location corresponding to the entropy maps (b, ¢, and d). (b) Entropy map of the RPE (median [range]
0.27 [0.095-0.51], mean =+ SD; COV 0.28 =+ 0.044; 0.16). (c) Entropy map of the superficial choroid (median [range] 0.26 [0.084-0.47], mean
=+ SD; COV 0.26 + 0.048; 0.18). (d) Entropy map of the total choroid (median [range] 0.22 [0.000-0.52], mean =+ SD; COV 0.23 =+ 0.064; 0.28).
The pseudo-color map of the entropy covered full range from 0 to 1 in which the entropy was defined. Scale bar: 500 pm. The color scale in

the upper right represents entropy [AU].

FCE (three cases), vitreoretinal interface disease (three
cases), myopic-related disease (two cases), retinal artery
occlusion (two cases), choroidal tumor (two cases),
idiopathic choroidal neovascularization (one case), pit
macular syndrome (one case), macular microhole (one
case), and Coats disease (one case). Eighteen fellow
eyes (46.2%) were affected by CSC or FCE, which were
considered PSD.

Representative images of the NIRAF and polari-
metric entropy obtained from PS-OCT are shown
in Figure 1. The distribution of the mean polarimetric
entropy in each area of each layer is shown in Figure 2.
The polarimetric entropy in the RPE and the gray
level in NIRAF were significantly decreased from the
center to the periphery. On the other hand, polarimet-
ric entropy in the superficial choroid was comparable
between all areas. The polarimetric entropy in the total

choroid was higher in the outer ring than the center or
inner rings (Fig. 2). The relative value of polarimet-
ric entropy in the RPE at the inner or outer rings to
the center in PS-OCT, and the relative gray level of the
inner and outer rings in NIRAF significantly decreased
from the inner to the outer ring. (See Supplemen-
tary Fig. S3). The intraclass correlation coefficients of
polarimetric entropy and choroidal thickness, shown
in Table 2, fell into the “excellent” category,”*-> indicat-
ing high reproducibility of the values obtained with PS-
OCT.

We also investigated the association between the
polarimetric entropy of PS-OCT in each layer, the
relative gray level of NIRAF, and the subjects’
background characteristics (e.g., age, axial length, sex,
and choroidal thickness). The polarimetric entropy at
the RPE layer in each area was significantly positively
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Figure 2. Box plots showing the entropy at the center, inner ring, and outer ring in each layer measured with PS-OCT. The central bold line
indicates the median. The lower and upper ends of the box indicate the lower and upper quartile, respectively. Interquartile range (IQR) is
defined as the difference between upper and lower quartiles. The upper whisker represents “upper quartile + 1.5 x IQR’, and the lower whisker
represents “lower quartile-1.5 x IQR.” Black dots indicate outliers. Distribution of the polarimetric entropy in the center, inner, or outer rings

was assessed using the Wilcoxon signed-rank test at the RPE, superficial choroid or total choroid layers, respectively. a.u., Arbitrary unit.

Table 2. ICC Values of Entropy in Each Area of the RPE, Superficial Choroid, or Total Choroid and the Choroidal
Thickness
Center Inner Ring Outer Ring
Entropy
RPE 0.953[0.901-0.978] 0.957[0.910-0.980] 0.976 [0.950-0.989]

0.943 [0.882-0.973]
Total choroid 0.979[0.955-0.990]
Choroidal thickness 0.980 [0.958-0.991]

Superficial choroid

0.953 [0.902-0.978]
0.982 [0.962-0.992]
0.985 [0.968-0.993]

0.966 [0.928-0.984]
0.982 [0.962-0.992]
0.992 [0.982-0.996]

ICC values are shown with 95% confidence interval in [ ].
ICC, intraclass correlation coefficient.

associated with age (P < 0.01, respectively). The
scatter plots of the polarimetric entropy in the RPE
or the superficial choroid layer versus age are shown
in Figure 3. The polarimetric entropy increased with
age in the RPE in each section, but not in the superfi-
cial choroid layer. Representative PS-OCT images of a
young subject (age, 24 years old; AL, 25.5 mm) and an
aged patient (age, 74 years old; AL, 24.7 mm) are shown
in Figure 4. Both subjects showed normal configura-
tion in B-scan images crossing the fovea. In the B-
scan, the polarimetric entropy at the RPE layer looked
higher in the aged subject, which was confirmed by the
en face polarimetric entropy maps at the RPE segment.
The en face polarimetric entropy map at the superfi-
cial choroid or the total choroid did not show such a
remarkable difference (Fig. 4). The relative ratio of the
polarimetric entropy in the inner ring to the center did
not change with age, while that of the outer ring to
the center increased with age both in the polarimet-
ric entropy at the RPE and the gray level in NIRAF

(P = 0.04, P < 0.01, respectively; see Supplementary
Fig. S4).

The scatter plots of the polarimetric entropy in
the RPE or the superficial choroid layer versus axial
length are shown in Figure 5. In the RPE and the
superficial choroid layers, polarimetric entropy was
negatively correlated with axial length in each area (P
< 0.01, respectively; Fig. 5). In each section, a signifi-
cant association of the polarimetric entropy in the RPE
with age and axial length was recognized by multiple
regression test. In the multiple regression test, both
age and axial length were associated with the polari-
metric entropy in the RPE in each area. The polari-
metric entropy in PS-OCT and the relative gray level
in NIRAF did not have a significant correlation with
sex. Having PSD in the fellow eye was not signifi-
cantly associated with the mean polarimetric entropy
in the RPE, the superficial choroid, or the total choroid
from PS-OCT or the relative intensity in NIRAF (See
Supplementary Table S1). The polarimetric entropy in
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Figure 3. Scatter plots showing the relationship between age and the entropy in the center (red), the inner ring (green), or the outer ring
(blue) at the RPE (left) and the superficial choroid layer (right). Red line, green line, or blue line were the regression lines from the data in the
center, the inner ring, or the outer ring, respectively. Age showed fair correlation with the entropy in the RPE in all areas, center, inner ring,
outer ring (r = 0.42 [P = 0.008], r = 0.46 [P = 0.003], r = 0.52 [P < 0.001], respectively; Spearman’s rank correlation coefficient). On the other
hand, age did not show significant correlation with the entropy in the superficial choroid layer in any area (r = 0.07 [P = 0.69], r = 0.02 [P =
0.90], r = 0.17 [P = 0.29], respectively [N = 39]; Spearman’s rank correlation coefficient).

Figure 4. Representative PS-OCT images of a young subject (a, b, ¢, and d: age, 24 years old; AL, 25.5 mm) and those of an aged subject (e,
f, g, and h: age, 74 years old; AL, 24.7 mm). Both subjects showed normal configuration in B-scan images crossing the fovea (a and e). In the
B-scan, the entropy at the RPE layer looked higher in the aged subject, which was confirmed by the en face maps at the RPE segment (b and
f). The median [range], mean + SD, and COV was 0.17 [0.000-0.49], 0.17 4- 0.048, and 0.28 in b, and 0.36 [0.000-0.67],0.36 £ 0.07,and 0.19 in
f, respectively. The en face map at the superficial choroid (c and g) or the total choroid (d and h) did not show such a remarkable difference.
The pseudo-color map of the entropy covered full range from 0 to 1 in which the entropy was defined. Scale bar: 500 um. The color scale in
the upper right represents entropy [AU].

the RPE increased with age especially in eyes without tation in the RPE and the choroid, using PS-OCT.
PSD in the fellow eyes (See Supplementary Fig. S5). The distribution of polarimetric entropy changed with
eccentricity, with higher polarimetric entropy in the

center and lower polarimetric entropy in the outer ring

" . in the RPE layer, but the finding was not observed

at the choroidal layer. The polarimetric entropy in
the RPE was significantly associated with age in each

In the present study, we investigated the three- area, while that in the choroid was not. The polari-
dimensional distribution of melanin-related pigmen- metric entropy was negatively associated with axial
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Figure 5.

Scatter plots showing the relationship between axial length and the entropy in the center (red), the inner ring (green), or the outer

ring (blue) at the RPE (left) and the superficial choroid layer (right). Red line, green line, or blue line were the regression lines from the data in
the center, the inner ring, or the outer ring, respectively. Axial length showed fair correlation with the entropy in the RPE in all areas, center,
inner ring, outer ring (r = —0.37 [P = 0.02], r = —0.38 [P = 0.02], r = —0.41 [P = 0.01], respectively; Spearman’s rank correlation coefficient).
Axial length also showed fair correlation with the entropy in the superficial choroid layer in all areas (r = —0.54 [P = 0.004], r = —0.48
[P =0.002], r = —0.56 [P < 0.001], respectively; Spearman’s rank correlation coefficient).

length in each area of the RPE and the superficial
choroid. Sex or having PSD in the fellow eye was
not associated with the polarimetric entropy. PS-OCT
can examine the relationship between melanin distri-
bution and lesions in three dimensions. Furthermore,
quantitative analysis of polarimetric entropy may allow
for more sensitive detection of retinal disease onset
and progression. In view of validating the clinical
usefulness of the device in the current study, defin-
ing the normal limits of each parameter so that the
study eye could be compared to detect abnormality
is also highly helpful. However, as a prerequisite for
quantitative analysis of changes in melanin distribu-
tion in diseased eyes, it should be necessary to distin-
guish changes because of background factors such
as age and gender that are within the physiological
range. Although previous studies suggested that several
background factors might alter melanin distribution,
it is not clarified in detail. Furthermore, the distribu-
tion of melanin in the choroid is unknown. Therefore
this study was conducted to examine the melanin distri-
bution in the RPE and the choroid in normal eyes
using depth-resolved PS-OCT and to obtain funda-
mental data and knowledge for quantitative analysis of
melanin distribution. Using PS-OCT, only Baumann
et al.’ and Cense et al.* assessed melanin with clear
separation of RPE. However, Bauman only looked at
the RPE in 10 cases of 20 eyes, and Cense suggested
a difference by age group, but it was inconclusive. We
thus analyzed whether they needed to be corrected
for age, axis length, and gender. To the best of our

knowledge, there have been no reports on the analy-
sis of the choroid as well as the RPE using PS-OCT
as in the present study. Additionally, because it was
initially confirmed that the distribution of melanin in
the RPE differed centripetally, the following studies
were conducted for each of the region, center, inner
ring, and outer ring.

Spatial Distribution of Melanin Pigmentation

Polarimetric entropy in the RPE layer showed a
decrease from the center to the periphery. Baumann
et al.*® analyzed the depolarization of normal human
volunteer eyes using spectral domain PS-OCT. They
used the DOPU to determine the degree of depolar-
ization and reported that the minimum DOPU was
most pronounced in the area close to the fovea. DOPU
increased with eccentricity. Our results were consistent
with those previously reported. These findings were
attributed to the larger number of melanin granules in
each RPE cell or denser packing of RPE cells at the
macula.

On the other hand, the distribution of depolariza-
tion in the superficial or the total choroid layers was
different from that observed in the RPE. The RPE,
similar to ganglion substantia nigra, is derived from
the neuroepithelium; however, the choroid (similar
to the skin) is derived from the neural crest.* Such
different embryological origins may lead to different
distributional characteristics between the RPE and
the choroid. Histologic analysis showed that choroid
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melanin gradually increased from the equator to the
posterior pole, with the highest concentration recorded
in the macular area.* However, the detailed distribu-
tion at the macula was unclear. In the present analy-
sis using PS-OCT, the mean polarimetric entropy in
the superficial choroid layer was similar between the
center, inner, and outer rings (within 6 mm in diame-
ter). Meanwhile, the average polarimetric entropy in
the total choroid layer was higher in the outer ring than
the other two areas. A previous pathological analy-
sis reported that the melanin pigment was distinctly
distributed in the inner and outer choroid, with the
latter containing approximately threefold higher levels
of melanin than the former.* The current results from
PS-OCT may reflect the difference in the distribution
of melanin between the inner and outer choroid.

Association With Age

In the present study, melanin-related depolarization
(measured using PS-OCT) increased with age. Previ-
ously, Cense et al.* suggested a difference by age group,
but it was inconclusive. Melanin granules are classified
into the pure type (melanosome) and complex (melano-
lipofuscin).!®*® The melanosome decreases with age,
while the complex type shows varying formation and
increases with age.!’® Age-related change in the
total amount of melanin after birth was unclear.>”-
However, it was suggested that melanogenesis might
occur throughout life in human RPE.* Although pure
melanin granules are transformed to melanolipofus-
cin or melanolysosomes with age, melanin synthesis
can occur in complex granules.'?-®*-6! Therefore the
current results, showing that depolarization in the RPE
layer increased with age, may reflect increased melano-
lipofuscin granules in the RPE. A previous study
reported that melanolipofuscin density was highest in
the extrafovea and decreased toward the center or the
periphery.!® This may partly explain the present study
results indicating that the relative polarimetric entropy
of the outer ring to the center increased with age. In
turn, the polarimetric entropy in the superficial choroid
or the total choroid did not change with age in the
present study. These findings were consistent with those
obtained from a previous study using NIRAF,'® but
NIRAF image could not separate melanin from the
RPE and the choroid clearly.

Association With Axial Length or Other
Variables

In the RPE and the superficial choroid layers, the
polarimetric entropy was negatively associated with
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axial length in all three areas, which has not been
mentioned in the previous studies using PS-OCT to the
best of our knowledge. In general, the eyes with longer
axial length tended to have fewer cells within the area
defined in the metric unit (1.5, 3, or 6 mm) than those
with shorter axial length.®> Such a “stretch effect” could
cause the negative association between the polarimet-
ric entropy in the RPE or the choroid and axial length,
as shown in the present study.

We investigated the association with the presence
of PSDs in the fellow eye. PSD includes CSC, pachy-
choroid pigment epitheliopathy, pachychoroid neovas-
culopathy, or FCE, which share some anatomical
features (e.g., diffuse or focal thickening of the choroid,
choroidal vessels, or RPE abnormalities).>* Although
multimodal imaging in the current study showed no
abnormality in the eyes, several studies reported that
the fellow eye of the subjects with unilaterally affected
PSD tended to have a choroidal vascular abnormal-
ity.937% In the present study, we tested the hypothe-
sis that PSD in the fellow eye may be associated with
distinct melanin distribution. Consequently, PSD in
the fellow eye was not associated with the polarimet-
ric entropy in the RPE, the superficial choroid, or the
total choroid. Nevertheless, more detailed analysis is
necessary to understand melanin’s contribution to the
pathophysiology of diseases such as PSD.

There were several limitations in the current study.
First, the number of eyes included in this study was
limited. Second, we need to investigate the mecha-
nisms through which a variety of macular diseases
influence the polarimetric entropy in the future. Third,
the unaffected eyes of the subjects might have been
potentially abnormal because the unstudied fellow eyes
were diseased. Fourth, our method did not measure
the thickness of the RPE. Because the thickness of
the RPE or the choroid of interest could have variable
thickness, ideally, the thickness of the tissue should be
first measured and the melanin concentration should
be assessed based on the thickness. However, in the
present study, the RPE layer was identified using the
maximum intensity of the A-scan and the localiza-
tion of the inner or outer border of the RPE layer
was not available. We thus assessed melanin pigmen-
tation of the RPE layer using fixed thickness value.
Additionally, it would be better to segment the chori-
ocapirallis or the Sattler layer for melanin quantifica-
tion, but it was not available in the current settings
of our study. We are aiming at the melanin quantifi-
cation using variable thickness of the RPE or the
sublayer in the choroid for future analysis. Although
the current study was performed in Asians, the influ-
ence of dark and light eyes on the melanin distribution
should be of great interest and be clarified in future
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studies. Moreover, it should be essential to investigate
whether PS-OCT device could pick up more subtle
changes caused by various pathological processes than
conventional clinical settings. This issue was addressed
partly by the previous studies?’->%-33-3% and is also of
great importance for our following investigations. In
the current study, we focused on the influences of
various background factors such as age or axial length
to investigate how much the entropy or melanin distri-
bution could vary physiologically. The result of the
current analysis was helpful as the fundamental data
for studying diseases or subclinical pathologic condi-
tions and strengthening the ability to detect subtle
"pathological" changes. It should be necessary to inves-
tigate the usefulness in clinical settings based on these
findings.

In conclusion, we were able to evaluate the
polarimetric entropy through PS-OCT, reflecting the
volumetric distribution of melanin concentration. The
analysis revealed a difference in the distribution of
melanin pigmentation between the RPE and the
choroid. Polarimetric entropy measured using PS-
OCT has potential utility to diagnose and predict
the prognoses of retinochoroidal diseases related to
melanin pigmentation distribution.
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