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Introduction

Purpose: To use visible light optical coherence tomography (OCT) to investigate subcel-
lular reflectivity contributions to the outermost (4th) of the retinal hyperreflective bands
visualized by current clinical near-infrared (NIR) OCT.

Methods: Visible light OCT, with 1.0 um axial resolution, was performed in 28 eyes of
19 human subjects (21-57 years old) without history of ocular pathology. Two foveal
and three extrafoveal hyperreflective zones were consistently depicted within band 4 in
all eyes. The two outermost hyperreflective bands, occasionally visualized by NIR OCT,
were presumed to be the retinal pigment epithelium (RPE) and Bruch’s membrane (BM).
RPE thickness, BM thickness, and RPE interior reflectivity were quantified topographi-
cally across the macula.

Results: A method for correcting RPE multiple scattering tails was found to both
improve the Gaussian goodness-of-fit for the BM intensity profile and reduce the coeffi-
cient of variation of BM thickness in vivo. No major topographical differences in macular
BM thickness were noted. RPE thickness decreased with increasing eccentricity. Visible
light OCT signal intensity in the RPE was weighted to the apical side and attenuated
more across the RPE in the fovea than peripherally.

Conclusions: Morphometry of the presumed RPE and BM bands is consistent with
known anatomy. Weighting of RPE reflectivity toward the apical side suggests that
melanosomes are the predominant contributors to RPE backscattering and signal atten-
uation in young eyes.

Translational Relevance: By enabling morphometric analysis of the RPE and BM,
visible light OCT deciphers the main reflectivity contributions to outer retinal band 4,
commonly visualized by commercial OCT systems.

ing protocols.> Thus the correct assignment of the
OCT bands requires a careful consideration of both
anatomy and optical physics. Although the inner retinal

Optical coherence tomography (OCT) is a power-
ful cross-sectional imaging modality that has become
a standard of clinical ophthalmic care routinely used
in diagnosis and management of ocular diseases.!
Although OCT provides cross-sectional images that
resemble histological sections of the retina in some
respects, reflective structures in OCT may or may not
coincide with those visualized by histological stain-

Copyright 2021 The Authors
tvst.arvojournals.org | ISSN: 2164-2591

layers in OCT match reasonably well with histologi-
cal sections,’ interpretation of the outer retinal hyper-
reflective bands is less straightforward, in part because
of the intimate relationship between the retinal pigment
epithelium (RPE) and photoreceptors,*> the proximity
of the RPE to Bruch’s membrane (BM),° and the fine
layers of stacked photoreceptor’ and RPE? organelles.
Changes in the axial positioning and number of
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outer retinal hyperreflective OCT bands’!’ accom-

pany the transition from a dense cone-only foveola
to a rod-dominated periphery with sparse cones.!'!-!2
These findings suggest a critical connection between
OCT image banding and outer retinal photoreceptor
and RPE anatomy. Encapsulating knowledge in 2014,
the International Nomenclature for Optical Coherence
Tomography (IN*OCT) Panel designated four outer
retinal bands.!? Vigorous debate’-'4"!7 has centered
around the origins of bands 2 and 3, designated as
the photoreceptor inner segment ellipsoid zone and the
interdigitation zone (I1Z), respectively, by the IN«OCT
Panel. Although somewhat less contentious, numer-
ous questions about the outermost band 4 assigned
to the RPE-BM complex, remain unresolved. The
IN+OCT Panel concluded that RPE and BM “are
often not separable under normal conditions.” Indeed,
models of outer retinal reflectivity based on avail-
able NIR OCT technologies neither explicitly examine
subcellular reflectivity of the RPE nor do they distin-
guish between the RPE and BM.!® BM and the
RPE are occasionally separable in research prototype
NIR OCT of normal eyes,’!'*?° and they are reliably
separated by commercial instruments in some patholo-
gies.”!"23 Yet, to date, the contributions to the reflec-
tivity of this fourth band have not been conclusively
resolved according to anatomic space (e.g., interdig-
itation zone, apical RPE, basal RPE, and Bruch’s
membrane) or organelle (e.g., nucleus, mitochondria,
lipofuscin, melanosome, melanolipofuscin). Although
some acknowledge that melanosomes with melanin are
major sources of RPE reflectivity,®-?*2 this viewpoint
is not universal.!6-28:2

Complementary approaches have emerged to
augment clinical OCT images and aid in their inter-
pretation. For instance, prototype adaptive optics
(AO) OCT instruments with higher transverse resolu-
tions depict the en face details of reflective structures
within the clinical OCT bands such as the cone outer
segment tips,> as well as the rod outer segment tips
and the RPE,*"-3? which strongly suggest their under-
lying cellular origins. Recently, a complementary,
ex vivo serial block-face scanning electron micro-
scopic approach was proposed to generate an atlas of
organelles, representing candidate reflective structures,
in the human RPE.?-33 Yet another ex vivo microscopic
approach was recently applied to catalogue the axial
distribution of autofluorescent RPE granules.** In
vivo imaging of the RPE and BM, with a level of
axial detail and definition that matches this available
anatomical knowledge, could enhance our understand-
ing of the subcellular contributions to reflectivity of
band 4.
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OCT axial resolution in air is given by A =
0.4423 /d) where A is the central wavelength and d is
the full-width-at-half maximum (FWHM) bandwidth.
For a fixed dA, finer axial resolutions are enabled
by a transition to shorter wavelengths.> Recently,
visible light OCT was developed for ultrahigh-
resolution retinal imaging.’%-3” With the latest techni-
cal advances,*® %’ visible light OCT image quality
now surpasses that of commercial NIR OCT and
state-of-the-art NIR OCT* in some respects.’**
Besides providing finer axial resolution, visible light
enhances the contrast of BM relative to the basal
RPE,” providing unique advantages for elucidating
outer retinal band 4 compared to commercial NIR
OCT. In this study, we used a prototype visible light
OCT system with 1.4 um axial resolution in air (1.0
um axial resolution in tissue), although without lateral
cellular resolution,*? to delve into the subcellular axial
reflectivity within band 4.

Outer Retinal Bands in Visible Light OCT

Figure 1 shows a detailed comparison of visible
light OCT (Figs. 1A, 1C) and commercial NIR OCT
(Figs. 1B, 1D), with regard to the 4 IN*OCT outer
retinal bands.!® In the literature, band 1 is univer-
sally called the external limiting membrane,”!3-30-43
band 2 is alternatively attributed to the photorecep-
tor inner segment/outer segment junction®-**-*? or ellip-
soid zone,'? and band 3 is alternatively attributed to the
cone outer segment tips (COST)’ %% or cone 1Z.13-1°
Because the goal of our study is not to investigate these
bands, we avoid taking a direct position on their attri-
bution.

The main topic of the present study, band 4, is
typically attributed to the RPE and BM,'3:!%43 with
acknowledgement of possible contributions from rod
outer segment tips (ROST)? 1% or 1Z."° In this work,
we adopt the IN*OCT terminology “zone” for OCT
features that seem to localize to a particular anatomic
region.'> Within extrafoveal band 4 of commercial
NIR OCT (Figs. 1B, 1D), visible light OCT depicted
three hyperreflective zones or bands (denoted as 4A,
4C, and 4E to convey that they are contained within
band 4) separated by two hyporeflective zones (likewise
denoted as 4B and 4D). In the cone-dominated fovea,
visible light OCT depicted two hyperreflective bands
within band 4 (Fig. 1F). Here, aided by improved
delineation of outer retinal layers in visible light OCT
images (Figs. 1E, 1F and Supplement Video S1), we
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Figure 1.
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Visible light OCT (A) and commercial NIR OCT (cropped enhanced HD line, Optovue) (B) of the retina of a 27-year old Asian male

(logarithmic scale). Parafoveal visible light OCT magnified view (C) shows three hyperreflective bands (4A, 4C and 4E) and two hyporeflective
zones (4B and 4D) within the single hyperreflective band 4 observed in commercial NIR OCT (D). (E, F) Linear scale improves the visualization
of visible light OCT sublayers within band 4 (red brackets) across the macula, showing a clear transition from two hyperreflective bands in the
fovea (left bracket) to three hyperreflective bands extrafoveally (right bracket). NIR, near-infrared; log, logarithmic scale; linear, linear scale.

perform quantitative analysis of band 4 constituents in
a cohort of normal eyes. Our detailed analysis forms
the basis for a subsequent discussion of the reflectivity
sources in band 4.

System Description

A fiber-based, longitudinal chromatic aberration-
corrected spectral/Fourier domain visible light OCT
system, with rapid spectral shaping and axial motion
tracking,’® was used in this study. A replaceable bite bar
with three-dimensional translation was used to stabi-
lize the subject during imaging. An external (fellow
eye) fixation target consisting of an LED panel (2026,
Adafruit Industries, New York, NY, USA) controlled
by a Raspberry PI was used to adjust fixation over a
50° field-of-view. If needed, a prescribed corrective lens
was provided for the fellow eye to enable the subject to
focus on the LED panel.

Imaging Protocol and Processing

We first aligned with a cross scan with 0.01
to 0.02 mW incident power from 600 to 650 nm
(Fig. 2A), attempting to locate the cross center on

the foveola. Once centered, data were immediately
acquired with 0.1 to 0.13 mW incident power®® from
500 to 650 nm (110 nm FWHM) at a 30 kHz scan rate.
The incident power for image acquisition is two times
lower than the maximum permissible exposures of the
ANSI Z136.1-2014 and ANSI Z80.36-2016 American
National Standard for Safe Use of Lasers published
by Laser Institute of America.*'"*46 A hybrid radial-
raster protocol with six angled raster scans, oriented
every 30° in a spoke pattern, was used (Fig. 2B). The
center of the hybrid radial-raster protocol coincided
with that of the alignment cross scan. Each raster
scan contained 840 fast axis axial scans across a 15°
angular field of view, and 30 frames along the slow axis
with a cumulative 0.15 mm offset for speckle reduc-
tion. Conventional OCT post-processing methods were
applied,*’” with water wavenumber calibration and
transverse-dependent dispersion correction.*’ Trans-
verse (fast axis) and axial motion were corrected within
each of the six raster scans before intensity averag-
ing along the slow axis to yield six high-quality cross-
sectional images that clearly depicted outer retinal
bands (Fig. 1), with sub-degree precision.

The radial scan acquired topographic data across
the macula in a reasonable time frame, avoided



translational vision science & technology

Subcellular Investigation of Outer Retinal Band 4

cross scan for alignment
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radial-raster scan for acquisition

Figure 2.

(A) First, a cross scan with visible red light and 0.01 to 0.02 mW incident power was used for alignment to the fovea centralis.

(B) Then, a hybrid radial-raster scan with broadband visible light (shown as green) and 0.1 to 0.13 mW incident power was used for data
acquisition. Approximate scan locations are shown on grayscale fundus photographs.

fixational drift observed with other protocols (such as a
long and dense raster scan), and provided a clear foveal
landmark in each scan to determine and correct for
alignment error. However, a radial pattern has limita-
tions, such as the lack of an en face image to assess
centration or motion between radial scans. In light of
these limitations, to thoroughly vet the results of this
study, the data were analyzed in three different ways.
First, each radial high-quality image was recentered so
that the minimal inner limiting membrane (ILM) to
band 1 thickness occurred at the image center (method
1). Second, the fovea was estimated as the location of
minimal ILM to band 1 thickness across all six scans,
and any relevant thickness data were interpolated in a
new radial pattern centered at this location (method 2).
Third, relevant thickness data were plotted against the
inner band 2 to outer band 4 thickness (approximately,
the outer segment, RPE, and BM combined), which
normally decreases with increasing eccentricity and is
therefore a suitable proxy for eccentricity (method 3).
Because methods 2 and 3 helped to reduce centration
errors inherent to the radial scan, results obtained via
methods 2 and 3 are shown in the main study, unless
otherwise noted. Reassuringly, all major results of the
study were confirmed by all three methods. Compar-
isons between methods 1 and 2 are shown in Supple-
mentary Figure S1.

Human Subjects

Twenty-eight eyes of 19 human subjects without
ocular pathology (21-57 years old) were imaged. The
average age was 29.5 + 7.4 years old with 10 males
and nine females, and 12 whites and seven non-whites.

Refractive errors ranged from —5D to 1.25D. The study
was approved by the University of California, Davis
Institutional Review Board and conducted in accor-
dance with the tenets of the Declaration of Helsinki.
Subjects were recruited for this research study at the
University of California, Davis and informed consent
was obtained before enrollment in the study. We elected
to include only relatively young, normal eyes in this
pilot study, thus excluding potential early age-related
macular degeneration in the subject pool. Also, in
younger eyes, melanin concentrates more apically and
lipofuscin concentrates more centrally,*®-** whereas
melanolipofuscin is relatively less common than in
older eyes.’**>-3 The well-characterized, stereotyped
laminar RPE organelle distribution in our cohort
facilitates interpretation of the reflectivity profile
of band 4, thus serving the overall goals of the
study.

Segmentation

Eight boundaries were automatically segmented,
using a variation of a prior approach,’ in each high-
quality intensity image (Fig. 3A). Then, segmenta-
tion errors were manually corrected. Magnified views
of the outer retina (Figs. 3B and 3C) illustrate
that the segmentation lines delimit the major reflec-
tive bands, including the separation of BM and
RPE, which has been challenging to visualize in eyes
without pathology. Note that we opted to segment
the inner boundary of the photoreceptor OST or
1Z but did not attempt to distinguish between rod-
and cone-associated OS layers, because their presence
varies across the macula (Fig. 1F). In addition, the
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ELM
ILM (band 1)
Inner .
— PROSTor Iz 3PicalRPE _
(band 3) (band 4C)

inner IS/OS or EZ

outer IS/OS or EZ

(band 2) - (band 2)
inner BM ____ outer BM
(band 4E) (band 4E)

Figure 3.

(A) Segmentation of outer retinal boundaries and ILM. Magnified view (B) shows that relevant outer retinal bands are well delim-

ited by segmentation lines (C). ILM, inner limiting membrane; ELM, external limiting membrane; IS/OS, photoreceptor inner segment/outer
segment junction; EZ, ellipsoid zone; PR OST, photoreceptor outer segment tips; RPE, retinal pigment epithelium; BM, Bruch’s membrane.
The IN*OCT numbering of the outer retinal bands'? is also given in the legend.

COST/CIZ band appeared to be more sensitive to
pupil position than the ROST/RIZ band, as has
been observed with NIR OCT.?! Thus, although the
COST/CIZ inner boundary was reliably detected as

the PR OST/IZ inner boundary in the fovea, occasion-
ally the ROST/RIZ inner boundary was detected
instead peripherally (see Fig. 3C and Supplementary
Fig. S2).
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Figure 4. RPE multiple scattering affects BM thickness estimation. (A) Schematic diagram of granule distribution in RPE cells®34 and
the major light contributions of BM signal (backscattering from BM, quasi-backscattering from BM, and multiple RPE scattering) in OCT.
(Melanosomes, red; melanolipofuscin, orange; lipofuscin, blue; mitochondria, purple; nucleus, gray.) Photoreceptor outer segments are not
shown for simplicity. (B) Monte Carlo simulation? (Supplementary Fig. S3) of visible light OCT including a BM reflection at 0 um, RPE scatter-
ing, and the finite OCT full-width-at-half maximum (FWHM) axial resolution (1.0 pm in field or 0.707 pm in intensity). The RPE multiple
scattering tail was extrapolated across the range shown by either cubic polynomial fitting (cubic fit) or biexponential fitting (bi-exp. fit). The
corrected BM profile was then calculated by subtracting the extrapolated RPE multiple scattering tail from original simulated OCT signal.
(C-F) Comparisons of BM FWHM thickness and R? for standard Gaussian fitting with and without RPE multiple scattering correction. The
FWHM of BM was overestimated without RPE multiple scattering correction (C) but was correctly estimated by subtracting the RPE multiple
scattering tail (D), as determined from another simulation with a fully absorbing, nonreflective BM. Both cubic fitting (E) and biexponential
fitting (F) performed well, with similar BM thickness estimates and R? values. RPE, retinal pigment epithelium; BM, Bruch’s membrane.

RPE Cell Body Thickness Measurement

In commercial NIR OCT (Fig. 1D), the normal
human RPE presents as a part of a thick, hyper-
reflective band 4, where the cell body is indistin-
guishable from BM, the ROST, and the apical RPE
processes. In visible light OCT,*:5? the RPE cell body
is associated with a hyperreflective zone 4C and a
hyporeflective zone 4D, which have not consistently
been resolved by NIR OCT until recently.!® Previ-
ous work?’ revealed that RPE multiple scattering from
melanosomes and, potentially, melanolipofuscin is the
main impediment to separate visualization of the RPE
and BM bands and showed that shorter wavelengths
improve the contrast between the two. Benefitting
from this improved contrast, images acquired in this
study readily distinguished these bands, enabling both
morphometric analysis of the RPE cell body and
investigation of its internal reflectivity for the first
time.

BM Thickness Measurement

BM is a pentalaminar structure consisting largely of
collagen and elastin’® that mediates transport between
the RPE and choriocapillaris. Although BM function
is critical for retinal health, it is inconveniently situated
beneath the melanosomes and melanolipofuscin of the
RPE, which form a highly scattering wall that obscures
OCT imaging of BM in pigmented subjects. Even at
shorter wavelengths, RPE multiple scattering causes
skewing and broadening of the BM intensity profile in
OCT.?’ Although these effects are insignificant in the
context of quantifying the RPE thickness (see above),
multiple scattering should be considered when quanti-
fying the BM intensity profile.

We can identify three major categories of detected
light paths relevant to visualization of BM (Fig.
4A): (1) Light that travels to and from BM ballisti-
cally, backscattering/backreflecting off BM. (2) Light
that forward scatters from the RPE before or after
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backscattering/backreflecting from BM. (3) Light that
multiply scatters in the RPE. Because the OCT axial
resolution cannot typically distinguish category 2 paths
from category 1 paths,> they are lumped together into
“backscattered and quasi-backscattered light.” Light
in category 3 is the most problematic for quantita-
tive measurements of BM, because multiply scatter-
ing RPE tails skew and broaden the BM intensity
profile (Fig. 4B), leading to an overestimation of
BM thickness. Moreover, variability in RPE multi-
ple scattering, possibly related to local variations
in RPE granule content, could change the intensity
profile, leading to spurious variations in BM thick-
ness. Although improved at visible wavelengths,” these
potential problems are still present, necessitating a
correction approach.

On the basis of a Monte Carlo simulation® (Fig.
4B), which highlighted the limiting effects of RPE
multiple scattering on BM quantification, we devel-
oped an approach to correct for RPE multiple scatter-
ing. The correction method was first validated in a
Monte Carlo simulation (Supplementary Fig. S3), with
a specular reflection representing BM (Figs. 4B—4F).
Applying a simple Gaussian fitting approach, BM
thickness was overestimated with a relatively poor
goodness-of-fit (Fig. 4C). However, if the RPE multiple
scattering tail was corrected by subtracting it from the
intensity profile before Gaussian fitting,a BM FWHM
thickness near the theoretical OCT intensity FWHM
axial resolution (0.707 um) is estimated, with an excel-
lent R? value. In silico, the RPE multiple scattering
tail could easily be isolated by running another simula-
tion with a fully absorbing, nonreflective BM (Fig. 4B,
dotted line) and subtracted (Fig. 4D). Because it is
not feasible to acquire an image without BM in vivo
in the human eye, we instead devised an approach
whereby the RPE multiple scattering tails were first
estimated by fitting and then extrapolated across BM
(see Fig. 4B for extrapolated region). In simulation, tail
correction via both cubic polynomial and biexponen-
tial fitting for extrapolation improved the goodness-of-
fit and yielded more accurate BM thickness estimates
(Figs. 4E and 4F) than Gaussian fitting without tail
correction (Fig. 4C).

To implement the RPE tail correction approach on
in vivo OCT images, first the inner and outer boundary
contours of BM were segmented, and axial scans were
aligned according to the BM intensity peak between
the inner and outer boundary contours. Next, trans-
verse averaging and normalization were performed.
The BM intensity profile was corrected by subtracting
the RPE multiple scattering tail, which was estimated
by extrapolating a fit across the BM region, as above.
The FWHM thickness of BM was estimated by fitting
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a Gaussian function to the corrected BM intensity
profile. Although cubic polynomial and biexponential
fitting performed similarly for extrapolation of RPE
tails across BM in silico, the relative performance of
both methods was again assessed in vivo. The BM
thickness data from the six radial angles were weighted
by area to form thickness maps by sector and eccentric-

ity.

Topographical Analysis of BM Thickness

We first compared cubic polynomial and biexpo-
nential fitting for extrapolating RPE multiple scatter-
ing tails across BM. Note that both fits had four free
parameters. Cubic polynomial fitting outperformed
biexponential fitting in vivo, especially in regions with
an elevated intensity outer to BM (Fig. 5A). This eleva-
tion could be caused by signal from choriocapillaris,
which was not included in the Monte Carlo simula-
tion. We quantitatively and topographically compared
different tail correction methods against no tail correc-
tion in all subjects. Without tail correction, BM thick-
ness was higher in all macular areas (3.38-3.48 um)
with higher standard deviations across subjects (Fig.
5B). Similar BM thickness estimates resulted from tail
correction via a cubic polynomial fit (2.45-2.58 um)
and via a biexponential fit (2.50-2.58 um). However,
the biexponential fit resulted in higher standard devia-
tions than the cubic polynomial fit in all macular
areas (Fig. 5B). Accordingly, the BM thickness coeffi-
cient of variation resulting from the cubic polyno-
mial fit (0.057-0.068) was markedly lower than the
coefficient of variation resulting from the biexponen-
tial fit (0.092-0.12) and no correction (0.093-0.12)
(Fig. 5C). Furthermore, the cubic polynomial fit for
tail extrapolation and correction resulted in a higher
Gaussian goodness-of-fit (R> = 0.93 + 0.07) than
the biexponential fit (0.91 £ 0.08) and no correction
(0.87 £ 0.13). Given the overall reduced variability and
better description of the data observed in vivo, cubic
polynomial fitting was chosen as the preferred method
for tail extrapolation and correction. BM thicknesses
estimated using this method are summarized in Figure
5D. No major topographical differences were noted
across the macula (Supplementary Fig. S4). When
averaged across the macula, BM thickness was found
to be 2.50 £+ 0.16 um in our cohort, with individual
subject measurements ranging from 2.09 to 3.05 pm.
This range agrees with previous histological results in
humans with a similar age distribution.>*>>
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Figure 5. Topographical analysis of BM thickness. (A) Demonstration of RPE multiple scattering tail correction algorithm on visible light
OCT data acquired in the human eye. Unlike simulations (Fig. 4) where the cubic fit and biexponential fit performed similarly, the cubic fit
better represented in vivo intensity profiles from the human retina. (B) Average BM thicknesses with standard deviations across subjects in
different macular areas, resulting from either no tail correction or correction via extrapolation of a cubic fit or biexponential fit. (C) Coefficient
of variation (derived from B) and R? values (means and standard deviations across subjects for the Gaussian fit to BM) for different correction
methods. Extrapolating and correcting multiple scattering tails across the BM region with a cubic fit reduced both variability of estimated BM
thickness (left axis) and error in the Gaussian fit of BM (right axis), from which BM thicknesses are derived (C). Therefore the tail extrapolation
by a cubic fit was chosen as the preferred approach for subsequent quantification of BM. (D) Resulting BM thickness maps, summarizing data
across all subjects. In the nine macular regions, average BM thickness ranged between 2.45 pm and 2.57 um. RPE, retinal pigment epithelium;

BM, Bruch’s membrane; N, nasal; T, temporal; S, superior; |, inferior).

Topographical Analysis of RPE Thickness

The RPE thickness was taken as the distance
between the apical RPE boundary and the inner BM
boundary (Fig. 3). Topographical mapping of the RPE
from all subjects with standard 0.75 mm, 2.25 mm,
and 4.5mm circles showed that thickness was higher
in the foveal 0.75 mm diameter disc (11.13 & 0.88 um)
than in the 0.75 to 2.25 mm diameter annulus (10.55
4 0.91 um) and the 2.25 to 4.5 mm diameter annulus
(9.56 £ 0.98 um). We further compared RPE thick-
nesses between every pair of macular areas via a
proportional fit (a linear regression through origin).
The slopes of this fit, displayed as a heatmap (Fig.
6B), demonstrate a thicker RPE more centrally. In spite
of the clear decrease with eccentricity, RPE thickness
appeared to be circularly symmetric. A detailed expan-

sion of the first row labeled “F” in Figure 6B (Fig. 6C)
with proportional fits and 95% confidence bands when
regressing against the foveal disc, confirms the decrease
in RPE thickness between 0.75 to 2.25 mm (fitted slope
from 0.93 to 0.96) and 2.25 to 4.5 mm (fitted slope
from 0.85 to 0.86). The retinal contours, visualized
by averaging across all subjects (Fig. 6D), summarize
topographic relationships between outer retinal bands.
RPE thickness (Fig. 6E) clearly exhibits a plateau in the
fovea, accompanied by a decrease with eccentricity up
to 3 mm.

To circumvent the potential issue of radial scan
centration errors, we performed an alternative analy-
sis wherein we compared RPE thickness (inner band
4C to inner band 4E, y in Fig. 7A) to the combined
outer segment, RPE, and BM thickness (inner band
2 to outer band 4E, x in Fig. 7A). The inner band
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(A) Topographic mapping of macular RPE thickness. (B) Heatmap of RPE thickness comparisons between different macular areas.

Constants of proportionality were determined via a proportional fit (i.e., a linear fit that passes through the origin) and are color-coded to
indicate where the rows are smaller (blue) or larger (red) than the columns. (C) Detailed comparisons between fovea and other macular areas
(first row labeled “F”) with 95% confidence band. (D) Retinal layer contours averaged across subjects and flattened to the outer BM depict
topography relative to the foveal pit. (E) RPE thickness (mean with standard errors) shows a clear decreasing trend with eccentricity. RPE,

retinal pigment epithelium.
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the combined outer segment, RPE, and BM thickness) and inner bands 4C to inner band 4E (RPE thickness) were summarized in a two-
dimensional histogram (B). (C) Alternative representation of data in (A), showing mean RPE thickness and standard deviations across
subjects. (D) Subject-by-subject RPE thicknesses with standard deviations show a similar trend. All results (B-D) support that RPE thickness
increases with the distance from inner band 2 to band 4E. Because this distance is accepted to increase toward the fovea in normal eyes,’
this analysis indirectly confirms the decrease in RPE thickness with eccentricity in Figure 6. RPE, retinal pigment epithelium; BM, Bruch’s

membrane.

2 to band 4E thickness normally decreases from the
fovea to the parafovea and perifovea’; therefore it
serves as a suitable proxy for eccentricity in our
subject cohort. The two-dimensional histogram (Fig.
7B), overall parametric plot (Fig. 7C), and the subject-
by-subject parametric plots (Fig. 7D) all show that
the two thicknesses increased together. This analysis,
which does not require determination of eccentricity,
confirms the result in Figure 6E that the RPE thickness
decreases with eccentricity.

RPE Internal Intensity Analysis

Clear delineation of the RPE borders by visible light
OCT enabled a detailed analysis of the internal inten-
sity of the RPE cell body (Fig. 8A). Inner band 4C
was defined as 0% RPE depth (Fig. 8C), and inner
band 4E was defined as 100% RPE depth (Fig. 8D),
which is the entire RPE thickness. First, the image
was classified into eccentricity ranges (Fig. 8A). The
RPE internal intensity was calculated as a function of
the percentage RPE depth. Intensities were averaged
within each eccentricity range, normalized so the inten-
sity at 0% RPE thickness was equal to 1, then averaged
across subjects. RPE internal intensity was plotted
versus percentage RPE depth (Fig. 8E) and absolute
RPE depth (Fig. 8F), where each eccentricity range
was assigned the subject-averaged thickness value. The
higher attenuation across the RPE in the fovea (Fig.
8E) may imply that the en face areal density of scatter-
ing and absorbing granules is higher. However, similar

attenuation rates versus depth within the apical RPE
across eccentricities (appreciated on the log scale inset
in Fig. 8F) suggest that the volumetric density of atten-
uating granules may be more similar across eccentrici-
ties. In other words, the larger drop in the OCT inten-
sity across the RPE in the fovea could be explained, at
least partially, by greater foveal RPE thickness (Fig. 6E)
and the resulting higher attenuation.

In the ensuing discussion, we adopt the IN*OCT
terminology “zone” for OCT features that seem to
localize to a particular anatomic region.'® As described
above, we consistently find that visible light OCT delin-
eates five zones within band 4, which we enumerate
as 4A to 4E (Fig. 1). Below, we discuss each zone,
highlighting how our data aid the interpretation of
each. We also use the terms hyporeflective and hyper-
reflective to describe OCT intensity image appear-
ance, using more physically precise terminology where
appropriate.

Zone 4A

Visible light OCT depicted a hyperreflective band
just outer to the CIZ/COST. This band is often known
alternatively as the ROST or RIZ. Candidate reflectiv-
ity sources include the refractive index discontinuity
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(A) RPE internal intensity was determined from the apical RPE boundary (0%) to the inner BM boundary (100%), and classified

according to eccentricity (B), shown as radial distance from the fovea. Magnified views of foveal (C) and extrafoveal (D) regions, with the
inner boundary of band 4C defining 0% of the RPE thickness, and inner band 4E defining 100% of the RPE thickness. Magnified views
are shown alongside a schematic showing approximate granule distributions.®34 (E) Normalized RPE interior intensity, averaged across
subjects, shows a larger drop in intensity versus percentage RPE depth at smaller eccentricities. Inset: same data on a logarithmic scale.
(F) However, when percentage RPE depth is converted to physical distance or absolute RPE depth (based on eccentricity-wise average RPE
thickness across subjects), the higher foveal RPE thickness compensates the larger intensity drop, and logarithmic signal decay rates around
2 to 3 um RPE depth are similar across eccentricities. Inset: same data on a logarithmic scale. RPE, retinal pigment epithelium; BM, Bruch’s

membrane

between the rod tips and extracellular space consist-
ing of the interphotoreceptor matrix, and the
melanosomes in the apical RPE processes. The obser-
vation that the ROST hyperreflective band appears in
mice,® rats,”’ and humans® with albinism shows that
melanin is not required for reflectivity of this band, but
this observation does not exclude possible contribu-
tions from melanosomes in the apical processes. In our
cohort, the hyporeflective gap between the ROST/RIZ
band and COST/CIZ bands was not uniformly visible,
and the ROST band unequivocally disappeared in the
fovea. Thus no attempt was made to segment the inner
boundary of this band, although it was occasionally
visualized with stark relief (e.g., Fig. 8C).

Zone 4B

Visible light OCT consistently revealed a hyporeflec-
tive region outer to the COST/CIZ in the fovea and
band 4A at larger eccentricities, designated as zone
4B. It has been suggested® that this hyporeflective zone
could correspond to a thin region, observed histolog-
ically in primates,™-® that is devoid of melanosomes,
between the apical processes and the melanosomes in
the RPE cell body. This suggestion seems plausible,
regardless of whether the reflectivity sources in band
4A are the rod outer segment tips, melanosomes, or
both. Importantly, segmentation of this zone enabled
morphometry of RPE by providing a reasonable
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reflectivity-based marker of the RPE soma inner
aspect.

Zone 4C

Visible light OCT depicted a thick hyperreflec-
tive band outer to zone 4B. Although this band is
typically assumed to represent the RPE, the reflectivity
sources remain a matter of debate.® With the 1.0 um
resolution of visible light OCT, we provide a detailed
quantitative description of this purported RPE band,
which is assumed to encompass zones 4C and 4D.
These measurements show a thickening towards the
fovea, in agreement with the histologically observed
lengthening of the RPE cells in the fovea.*® Second,
the reflectivity of band 4C decreased from the inner
aspect to the outer aspect (near the hyporeflective
zone 4D).

Zone 4D

Visible light OCT revealed a hyporeflective zone
of variable thickness outer to zone 4C. Because our
measurements of RPE thickness that included this
zone were found to be consistent with prior histological
accounts,*® we are compelled to hypothesize that this
hyporeflective zone belongs to the RPE. Because the
reflectivity is graded and hyporeflective zone 4D is very
thick compared to the basal lamina and RPE plasma
membrane, it is reasonable to assume that this hypore-
flective zone coincides with the basal RPE soma.

Because organelles are responsible for large varia-
tions in intracellular refractive index?®-%>-%* on a spatial
scale that can generate backscattering, we look to
organelle distributions to explain OCT signal. Among
organelles that might be relevant for OCT,? the
graded apical-to-basal RPE signal intensity profile
reported here most resembles the distribution of
melanosomes, followed by melanolipofuscin, lipofus-
cin, and mitochondria (in order of most to least
similar).®* In particular, it has been shown that
mitochondria localize more basally near the cell
nucleus,® whereas melanosomes are less numerous and
melanin content is lower.*® The low reflectivity of the
basal RPE, where mitochondria congregate, seems to
argue against the hypothesis that mitochondria are a
dominant reflectivity source in the RPE, at least in
visible light OCT.

Although it is tempting to equate OCT intensity
(reflectivity) and backscattering, both attenuation and
multiple scattering effects should be considered when
interpreting OCT intensity profiles. First, we expect
that apical melanosomes attenuate light transmitted to
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and backscattered from the basal RPE, thus making
the basal RPE appear more hyporeflective. Even so,
the basal RPE is still less reflective than BM, which is
similarly subject to melanosome attenuation. Second,
the RPE internal intensity is concave downward on a
log scale near the apical-basal transition (insets in Figs.
8E and 8F), before reaching a nadir in the basal RPE
and increasing again near BM. Because OCT inten-
sity in a uniform medium decreases linearly on a log
scale, such an intensity profile supports lower intrinsic
backscattering in the basal RPE than the apical RPE.
Third, our previous work suggested that multiple light
scattering by melanosomes creates a spurious signal
that mimics backscattering from basal RPE.”> Thus
in pigmented subjects, the true, intrinsic backscatter-
ing of the basal RPE is likely even lower than depicted
on OCT images. This assertion is further supported by
comparisons of pigmented and albino mice in other
studies.”> Thus, even after considering attenuation and
multiple scattering, our results still suggest that intrin-
sic backscattering from organelles in the basal RPE is
low.

In summary, we conclude that the contribution
of the basal RPE to band 4 intensity is less than
that of BM and the apical RPE. We propose that
mitochondria should be ranked, at highest, third,
behind melanosomes and BM, as a reflectivity source
in band 4. This empirical statement about the reflectiv-
ity of mitochondria relative to other band 4 structures,
is not necessarily in conflict with the well-established
fact that mitochondria can and do scatter light.5>-%
The refractive index of the surrounding medium and
nearby organelles (i.e., packing effects) can also play a
role in light scattering.

Zone 4E

Visible light OCT consistently revealed a distinct
hyperreflective band outer to the RPE. This band has
uniformly been attributed to Bruch’s membrane (BM)
in the literature.®3! Although Bruch’s membrane is
a five-layered structure,®® the majority of its thick-
ness is accounted for by the inner collagenous, elastic,
and outer collagenous layers (layers 2—4).° Because the
RPE basal lamina (layer 1 of BM) is only 0.14 to
0.15 um thick,%” the inner boundary of the BM band on
OCT, representing hyperreflective connective tissue, is
a reasonable morphometric marker for the outer RPE
aspect.

The present work highlights that the OCT inten-
sity profile near BM depends critically on multiple
scattering from the melanosomes inner to BM. Our
results are fully consistent with those of Wilk et
al.,®® who noted that the absence of RPE melanin
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“unmasks” the BM band in subjects with albinism.
The present work extends the observations of Wilk
et al.%® by clarifying that multiple scattering in
melanin-containing melanosomes is responsible for
obscuring BM. We further suggest that visible light
OCT may help to unmask BM, even in subjects
without albinism, by improving the contrast of BM
relative to the hyporeflective basal RPE.?> By explic-
itly accounting for the effects of multiple scatter-
ing by fitting, our biophysically-validated method of
quantifying BM width reduces variability of BM
measurements.

One limitation of this study is the relatively small
subject cohort. As mentioned above, although the
young age of the cohort greatly facilitated inter-
pretation of the data, future studies will need to
examine RPE reflectivity distributions in the eyes of
older subjects and in diseases such as age-related
macular degeneration, where organelle distributions
change markedly.®-”° We found no statistically signif-
icant correlation between either age or prescription
and either BM or RPE thickness. We also did not
detect statistically significant differences between BM
and RPE thickness in males versus females. In addition,
although the major retinal reflectivity sources are not
expected to differ for visible light OCT and NIR
OCT, relative backscattering of structures with differ-
ent sizes may change at shorter visible wavelengths.
Errors in thickness measurements on the order of
a few percent are expected because of differences
between the water refractive index assumed in recon-
struction and the true tissue refractive index. Errors
may be large in the RPE, which has a high lipid and
melanin content; however, topographic trends in thick-
ness can still be assessed with more confidence, under
the assumptions that refractive indices do not change
with eccentricity. Finally, our measurements of BM
might be overestimated because of the convolution of
a Gaussian intensity PSF with the true axial inten-
sity profile. Assuming that the true intensity profile is
Gaussian and the convolution occurs in intensity, we
find that a measured BM thickness of 2.50 um must be

corrected to v/2.50° — 0.71° = 2.40 um. Assuming that
the true intensity profile is rectangular, no correction
is required. Additionally, when considering the possi-
ble effects of melanosome translocation,”' if any, it
is important to stress that the retina being imaged by
visible light OCT is light adapted in this study. Finally,
for validation, this study compared subject-averaged in
vivo results to trends in separate cohorts assessed ex
vivo by electron®3* and autofluorescence* microscopy.
Validation of our findings on a subject-by-subject basis
with corresponding histology remains a topic for future
work.
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Conclusions

This study provides a detailed subcellular account
of outer retinal reflectivity in visible light OCT. With
our proposed assignment of outer retinal bands,
measurements of the RPE and BM are consistent with
histology. RPE internal reflectivity suggests that signal
originates from apical organelles. Our study can further
serve as a quantitative benchmark to assess alternative
attributions of outer retinal bands.

Acknowledgments

Supported by NIH Grants NS094681, EB029747,
EB023591, EY032238, EY031108, EYO015387,
EY031469, and EY012576.

Disclosure: T. Zhang, None; A.M. Kho, None;
G. Yiu, Carl Zeiss Meditec (C), Topcon (C); V.J. Srini-
vasan, Optovue, Inc. (F)

References

1. Zysk AM, Nguyen FT, Oldenburg AL, Marks
DL, Boppart SA. Optical coherence tomography: a
review of clinical development from bench to bed-
side. J Biomed Opt. 2007;12:051403.

2. Gloesmann M, Hermann B, Schubert C, Sattmann
H, Ahnelt PK, Drexler W. Histologic correlation
of pig retina radial stratification with ultrahigh-
resolution optical coherence tomography. Invest
Ophthalmol Vis Sci. 2003;44:1696-1703.

3. Toth CA, Narayan DG, Boppart SA, et al. A com-
parison of retinal morphology viewed by optical
coherence tomography and by light microscopy.
Arch Ophthalmol. 1997;115:1425-1428.

4. Steinberg RH, Wood I, Hogan MJ. Pigment
epithelial ensheathment and phagocytosis of
extrafoveal cones in human retina. Philos Trans R
Soc Lond B Biol Sci. 1977;277:459-471.

5. Kevany BM, Palczewski K. Phagocytosis of reti-
nal rod and cone photoreceptors. Physiology
(Bethesda). 2010;25:8-15.

6. Booij JC, Baas DC, Beisekeeva J, Gorgels TGMF,
Bergen AAB. The dynamic nature of Bruch’s mem-
brane. Progr Retinal Eye Res. 2010;29:1-18.

7. Spaide RF, Curcio CA. Anatomical correlates to
the bands seen in the outer retina by optical coher-
ence tomography: literature review and model.
Retina. 2011;31:1609-1619.



translational vision science & technology

Subcellular Investigation of Outer Retinal Band 4

8.

10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

Pollreisz A, Neschi M, Sloan KR, et al. Atlas of
human retinal pigment epithelium organelles sig-
nificant for clinical imaging. Invest Ophthalmol Vis
Sci. 2020;61:13.

. Srinivasan VJ, Monson BK, Wojtkowski M,

et al. Characterization of outer retinal morphol-
ogy with high-speed, ultrahigh-resolution optical
coherence tomography. Invest Ophthalmol Vis Sci.
2008;49:1571-1579.

Cideciyan AV, Hufnagel RB, Carroll J, et al.
Human cone visual pigment deletions spare suffi-
cient photoreceptors to warrant gene therapy. Hum
Gene Ther. 2013;24:993-1006.

Curcio CA, Sloan KR, Kalina RE, Hendrickson
AE. Human photoreceptor topography. J Comp
Neurol. 1990;292:497-523.

Osterberg G. Topography of the layer of rods and
cones in the human retina. Acta Ophthalmol Suppl.
1935;6:1-103.

Staurenghi G, Sadda S, Chakravarthy U, Spaide
RF. Proposed lexicon for anatomic landmarks in
normal posterior segment spectral-domain opti-
cal coherence tomography: the IN*OCT consensus.
Ophthalmology. 2014;121:1572-1578.

Jonnal RS, Kocaoglu OP, Zawadzki RJ, Liu Z,
Miller DT, Werner JS. A review of adaptive optics
optical coherence tomography: technical advances,
scientific applications, and the future. Invest Oph-
thalmol Vis Sci. 2016;57:0CT51-OCT68.

Nti AA, Serrano LW, Sandhu HS, et al. Frequent
subclinical macular changes in combined braf/mek
inhibition with high-dose hydroxychloroquine as
treatment for advanced metastatic braf mutant
melanoma: Preliminary Results From a Phase I/11
Clinical Treatment Trial. Retina. 2019;39:502-513.
Cuenca N, Ortuno-Lizaran I, Pinilla I. Cel-
lular characterization of OCT and outer reti-
nal bands using specific immunohistochemistry
markers and clinical implications. Ophthalmology.
2018;125:407-422.

Litts KM, Zhang Y, Freund KB, Curcio CA. Opti-
cal coherence tomography and histology of age-
related macular degeneration support mitochon-
dria as reflectivity sources. Retina. 2018;38:445—
461.

Ross DH, Clark ME, Godara P, et al. Ref-
MoB, a reflectivity feature model-based automated
method for measuring four outer retinal hyper-
reflective bands in optical coherence tomography.
Invest Ophthalmol Vis Sci. 2015;56:4166-4176.
Lee B, Chen S, Moult EM, et al. High-speed,
ultrahigh-resolution spectral-domain oct with
extended imaging range using reference arm length
matching. Transl Vis Sci Technol. 2020;9:12.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

TVST | March 2021 | Vol. 10 | No. 3 | Article 30 | 14

Lee SH, Werner JS, Zawadzki RJ. Improved
visualization of outer retinal morphology with
aberration cancelling reflective optical design for
adaptive optics—optical coherence tomography.
Biomed Opt Express. 2013;4:2508-2517.

Farsiu S, Chiu SJ, O’Connell RV, et al. Quantita-
tive classification of eyes with and without inter-
mediate age-related macular degeneration using
optical coherence tomography. Ophthalmology.
2014;121:162-172.

Folgar FA, Yuan EL, Sevilla MB, et al. Drusen
volume and retinal pigment epithelium abnor-
mal thinning volume predict 2-year progression of
age-related macular degeneration. Ophthalmology.
2016;123:39-50.

Khan KN, Borooah S, Lando L, et al. Quantifying
the separation between the retinal pigment epithe-
lium and Bruch’s membrane using optical coher-
ence tomography in patients with inherited macu-
lar degeneration. Transl Vis Sci Technol. 2020;9:26.
Baumann B, Baumann SO, Konegger T, et al.
Polarization sensitive optical coherence tomogra-
phy of melanin provides intrinsic contrast based on
depolarization. Biomed Opt Express. 2012;3:1670—
1683.

Zhang T, Kho AM, Zawadzki RJ, Jonnal RS,
Yiu G, Srinivasan VJ. Visible light OCT improves
imaging through a highly scattering retinal pigment
epithelial wall. Optics Letters. 2020;45:5945-5948.
Song W, Zhang L, Ness S, Yi J. Wavelength-
dependent optical properties of melanosomes in
retinal pigmented epithelium and their changes
with melanin bleaching: a numerical study. Biomed
Opt Express. 2017;8:3966-3980.

Yiu G, Vuong VS, Oltjen S, et al. Effect of uveal
melanocytes on choroidal morphology in rhesus
macaques and humans on enhanced-depth imag-
ing optical coherence tomography. Invest Ophthal-
mol Vis Sci. 2016;57:5764-5771.

Curcio CA, Zanzottera EC, Ach T, Balarat-
nasingam C, Freund KB. Activated retinal pig-
ment epithelium, an optical coherence tomog-
raphy biomarker for progression in age-related
macular degeneration. Invest Ophthalmol Vis Sci.
2017;58:B10211-B10226.

Banaee T. Re: Staurenghi et al. Proposed lex-
icon for anatomic landmarks in normal poste-
rior segment spectral-domain optical coherence
tomography: the IN*OCT consensus (Ophthalmol-
ogy 2014;121:1572-8). Ophthalmology. 2015;122:
e40.

Jonnal RS, Kocaoglu OP, Zawadzki RJ, Lee
SH, Werner JS, Miller DT. The cellular origins
of the outer retinal bands in optical coherence



translational vision science & technology

Subcellular Investigation of Outer Retinal Band 4

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

tomography images. Invest Ophthalmol Vis Sci.
2014;55:7904-7918.

Liu Z, Kocaoglu OP, Miller D, T. 3D imag-
ing of retinal pigment epithelial cells in the liv-
ing human retina. Invest Ophthalmol Vis Sci.
2016;57:0CT533-0OCT543.

Felberer F, Kroisamer JS, Baumann B, et al.
Adaptive optics SLO/OCT for 3D imaging of
human photoreceptors in vivo. Biomed Opt Exp.
2014;5:439-456.

Pollreisz A, Messinger JD, Sloan KR, et al. Visu-
alizing melanosomes, lipofuscin, and melanolipo-
fuscin in human retinal pigment epithelium using
serial block face scanning electron microscopy.
Express Eye Res. 2018;166:131-139.

Bermond K, Wobbe C, Tarau IS, et al. Autoflu-
orescent granules of the human retinal pigment
epithelium: phenotypes, intracellular distribution,
and age-related topography. Invest Ophthalmol Vis
Sci. 2020;61:35.

Povazay B, Bizheva K, Unterhuber A, et al. Submi-
crometer axial resolution optical coherence tomog-
raphy. Opt Lett. 2002;27:1800-1802.

Yi J, Chen S, Shu X, Fawzi AA, Zhang HF.
Human retinal imaging using visible light opti-
cal coherence tomography guided by scanning
laser ophthalmoscopy. Biomed Opt Express.
2015;6:3701-3713.

Pi S, Hormel TT, Wei X, Cepurna W, Mor-
rison JC, Jia Y. Imaging retinal structures at
cellular-level resolution by visible light optical
coherence tomography. Opt Lett. 2020;45:2107—
2110.

Zhang T, Kho AM, Srinivasan VJ. Improving vis-
ible light OCT of the human retina with rapid
spectral shaping and axial tracking. Biomed Opt
Express. 2019;10:2918-2931.

Kho A, Srinivasan VJ. Compensating spatially
dependent dispersion in visible light OCT. Opt
Lett. 2019;44:775-778.

Zhang T, Kho AM, Srinivasan VJ. Water
wavenumber calibration for visible light opti-
cal coherence tomography. J Biomed Opt.
2020;25(9):090501.

Chong SP, Zhang T, Kho A, Bernucci MT,
Dubra A, Srinivasan VJ. Ultrahigh resolution
retinal imaging by visible light OCT with lon-
gitudinal achromatization. Biomed Opt Express.
2018:;9:1477-1491.

Curcio CA, Johnson M. Structure, function,
and pathology of Bruch’s membrane. Elastic.
2013;146:210-213.

Miller DT, Kurokawa K. Cellular-scale imaging
of transparent retinal structures and processes

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

TVST | March 2021 | Vol. 10 | No. 3 | Article 30 | 15

using adaptive optics optical coherence tomogra-
phy. Annu Rev Vis Sci. 2020;6:115-148.

Chong SP, Bernucci M, Radhakrishnan H, Srini-
vasan VJ. Structural and functional human retinal
imaging with a fiber-based visible light OCT oph-
thalmoscope. Biomed Opt Express. 2017;8:323—
337.

ANSI Z136.1 American National Standard for Safe
Use of Lasers. Orlando: Laser Institute of Amer-
ica; 2014.

ANSI Z80.36 American National Standard for Safe
Use of Lasers. Orlando: Laser Institute of Amer-
ica; 2016.

Wojtkowski M, Srinivasan VJ, Ko TH, Fuji-
moto JG, Kowalczyk A, Duker JS. Ultrahigh-
resolution, high-speed, Fourier domain optical
coherence tomography and methods for disper-
sion compensation. Opt Express. 2004;12:2404—
2422,

Weiter JJ, Delori FC, Wing GL, Fitch KA. Reti-
nal pigment epithelial lipofuscin and melanin and
choroidal melanin in human eyes. Invest Ophthal-
mol Vis Sci. 1986;27:145-152.

Feeney-Burns L, Hilderbrand ES, Eldridge S.
Aging human RPE: morphometric analysis of
macular, equatorial, and peripheral cells. Invest
Ophthalmol Vis Sci. 1984;25:195-200.
Feeney-Burns L, Burns RP, Gao CL. Age-related
macular changes in humans over 90 years old. Am
J Ophthalmol. 1990;109:265-278.

Gao W, Cense B, Zhang Y, Jonnal RS, Miller
DT. Measuring retinal contributions to the opti-
cal Stiles-Crawford effect with optical coher-
ence tomography. Opt Express. 2008;16:6486—
6501.

Rubinoff I, Beckmann L, Wang Y, et al. Speckle
reduction in visible light optical coherence tomog-
raphy using scan modulation. Neurophotonics.
2019;6:041107.

Hogan MJ. Ultrastructure of the choroid. Its role
in the pathogenesis of chorioretinal disease. Trans-
actions of the Pacific Coast Oto-ophthalmological
Society Annual Meeting. 1961;42:61-87.

Okubo A, Rosa RH, Bunce CV, et al. The relation-
ships of age changes in retinal pigment epithelium
and Bruch’s membrane. Invest Ophthalmol Vis Sci.
1999;40:443-449.

Ramrattan RS, van der Schaft TL, Mooy CM, De
Bruijn WC, Mulder PG, De Jong PT. Morphome-
tric analysis of Bruch’s membrane, the choriocap-
illaris, and the choroid in aging. Invest Ophthalmol
Vis Sci. 1994;35:2857-2864.

Zhang P, Goswami M, Zawadzki RJ, Pugh EN, Jr.
The photosensitivity of rhodopsin bleaching and



translational vision science & technology

Subcellular Investigation of Outer Retinal Band 4

57.

58.

59.

60.

61.

62.

63.

light-induced increases of fundus reflectance in
mice measured in vivo with scanning laser ophthal-
moscopy. Invest Ophthalmol Vis Sci. 2016;57:3650—
3664.

Srinivasan VJ, Ko TH, Wojtkowski M, et al.
Noninvasive volumetric imaging and morphome-
try of the rodent retina with high-speed, ultrahigh-
resolution optical coherence tomography. Invest
Ophthalmol Vis Sci. 2006;47:5522-5528.

Wilk MA, Huckenpahler AL, Collery RF, Link
BA, Carroll J. The effect of retinal melanin on opti-
cal coherence tomography images. Transl Vis Sci
Technol. 2017;6:8.

Yiu G, Wang Z, Munevar C, et al. Compari-
son of chorioretinal layers in rhesus macaques
using spectral-domain optical coherence tomog-
raphy and high-resolution histological sections.
Express Eye Res. 2018;168:69-76.

Rudolf M, Curcio CA, Schlotzer-Schrehardt U,
et al. Apolipoprotein A-I mimetic peptide L-
4F removes Bruch’s membrane lipids in aged
nonhuman primates. Invest Ophthalmol Vis Sci.
2019;60:461-472.

Curcio CA, Sparrow JR, Bonilha VL, Pollreisz A,
Lujan BJ, Re: Cuenca et al.: Cellular characteriza-
tion of OCT and outer retinal bands using specific
immunohistochemistry markers and clinical impli-
cations (Ophthalmology. 2018;125;407-422). Oph-
thalmology. 2018; 25:e47—e48.

Choi W, Fang-Yen C, Badizadegan K, et al.
Tomographic phase microscopy. Nat Methods.
2007;4:717-719.

Haseda K, Kanematsu K, Noguchi K, Saito H,
Umeda N, Ohta Y. Significant correlation between
refractive index and activity of mitochondria: sin-

64.

65.

66.

67.

68.

69.

70.

71.

TVST | March 2021 | Vol. 10 | No.3 | Article 30 | 16

gle mitochondrion study. Biomed Opt Express.
2015;6:859-869.

Wilson JD, Cottrell WJ, Foster TH. Index-of-
refraction-dependent subcellular light scattering
observed with organelle-specific dyes. J Biomed
Opt. 2007;12:014010.

Wenner CE, Harris EJ, Pressman BC. Relationship
of light scattering properties of mitochondria to
metabolic state in intact ascites cells. J Biol Chem.
1967;242:3454-3459.

Su XT, Singh K, Rozmus W, Backhouse C, Cap-
jack C. Light scattering characterization of mito-
chondrial aggregation in single cells. Opt. Express.
2009;17:13381-13388.

Guymer R, Bird A. Bruch’s membrane, drusen,
and age-related macular degeneration. In: The reti-
nal pigment epithelium. New York: Oxford Univer-
sity Press; 1998:693-705.

Wilk MA, McAllister JT, Cooper RF, et al. Rela-
tionship between foveal cone specialization and pit
morphology in albinism. Invest Ophthalmol Vis Sci.
2014;55:4186-4198.

Feher J, Kovacs I, Artico M, Cavallotti C, Papale
A, Gabrieli CB. Mitochondrial alterations of reti-
nal pigment epithelium in age-related macular
degeneration. Neurobiol Aging. 2006;27:983-993.
Feeney L. Lipofuscin and melanin of human
retinal pigment epithelium. Fluorescence, enzyme
cytochemical, and ultrastructural studies. Invest
Ophthalmol Vis Sci. 1978;17:583-600.

Zhang Q-X, Lu RW, Messinger JD, Curcio CA,
Guarcello V, Yao XC. In vivo optical coherence
tomography of light-driven melanosome translo-
cation in retinal pigment epithelium. Sci Rep.
2013;3:1-8.





