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Abstract: We report the development of an automated method to measure morphological
features of the retinal pigment epithelium (RPE), Bruch’s membrane (BM) and choriocapillaris
(CC) using a commercially available swept source OCT (SS-OCT) system. The locations of
the inner segment/outer segment (IS/OS), RPE and CC were determined by optical coherence
tomography (OCT) and OCT angiography (OCTA) A-scan intensity profiles, which were used
to calculate the mean IS/OS-to-RPE distance, mean RPE-to-CC distance, mean RPE-to-CC
outer boundary distance, mean RPE thickness and mean CC thickness across the entire scan
volume. The automated method was tested on two groups of normal subjects: younger age group
(n=20, 30.3± 5.72 years, axial length= 24.2± 0.96 mm) and older age group (n=20, 80.8± 4.12
years, axial length= 23.5± 0.93 mm). The 6×6mm macular scans were acquired from one eye
of each subject. Repeatability of the measurements showed a coefficient of variance < 5% for
all the cases. CC locations were confirmed qualitatively with pixel-by-pixel moving of the en
face OCT/OCTA images. Relative distance and thickness maps of the RPE-BM-CC complex
were generated for visualization of regional changes. We observed thinner CC, thinner RPE
and increased RPE-to-CC distance in the older age group. Correlation between CC thickness
and choroid thickness suggests that the CC thins with the overall thinning of the choroid. These
metrics should be useful to reveal more morphological details of RPE-BM-CC complex, provide
a better understanding of the CC in three dimensions, and further investigate potential functional
relationships between RPE, BM and CC, and their involvement in age-related ocular diseases.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The retinal pigment epithelium (RPE)-Bruch’s membrane (BM)-choriocapillaris (CC) complex
undergoes alterations with aging and in disease.[1,2] The three components have an inter-
dependent symbiotic relationship.[2] The RPE is a layer of densely packed hexagonal cells
that are firmly attached to the anterior surface of Bruch’s membrane. The RPE is needed for
photoreceptor survival and metabolic exchange, it produces a variety of growth factors for both
the photoreceptors and CC, and it forms the outer blood-retinal barrier.[3] The BM is an elastin-
and collagen-rich extracellular matrix, serving as a molecular sieve.[4] Lying posterior to the
BM is the CC, which is the terminal capillaries connecting the choroidal arteries and veins and
responsible for the metabolic and oxygen needs of the overlying RPE and photoreceptors.[2,5]
Despite the importance of the RPE-BM-CC complex, few quantitative studies have reported

their in vivomorphology, such as thicknesses, and how they change in aging or diseases. Histology
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studies have measured the RPE thickness (14.1 µm) and BM thickness (2.0 - 4.7 µm) as well as
CC diameter (9.8 µm).[6,7] However, these studies are limited in sample size, and measurements
can be easily distorted during tissue processing. Optical coherence tomography (OCT) is a
non-invasive and depth-resolved imaging technology that is widely used in routine ophthalmic
practice.[8] In vivo OCT structural imaging provides visualization of the choroid and retinal
layers comparable to histologic analysis (Fig. 1, reproduced with permission from [9] and [10]).

Fig. 1. The ability of OCT to image physiological features that correspond to layers observed
in standard histological. Provided is an example comparison of (A) OCT image with (B)
histologic micrograph of normal human macula. (Images were reproduced with permission
from Ref. [9] and Ref. [10]). ILM: inner limiting membrane, NFL: nerve fiber layer, GCL:
ganglion cell layer, IPL: inner plexiform layer, INL: inner nuclear layer, OPL: outer plexiform
layer, ONL: outer nuclear layer, IS/OS PR: junction between the inner and outer segment
of the photoreceptors, PL: plexiform layer, RPE: retinal pigment epithelium, EZ: ellipsoid
zone, CIZ: cone interdigitation zone, COST: cone outer segments, RIZ: rod interdigitation
zone, ROST: rod outer segment tips.

The reflectivity change in OCT structural scans has been investigated to identify the components
in theRPE-BMcomplex. For example, the change in reflectivitywas used to automatically segment
retinal layer boundaries based on various methods like graph search and deep learning.[11,12]
Thickness of RPE-BM complex in normal eyes wasmeasured via spectral-domain OCT (SD-OCT)
and the mean RPE-BM complex thickness was reported at 26.3 µm at the central fovea, and
this value varies with age, ethnicity, refraction, intraocular pressure (IOP) and smoking.[13,14]
A thicker RPE-BM complex (32.3 µm at central fovea) was associated with dry age-related
macular degenerations (AMD) patients when compared to age-matched normal subjects.[15]
Measurement of the CC thickness was attempted by Yiu et al. and Zhang et al. using SD-OCT
[16,17] in which they used the OCT structural information based on reflectivity to identify the CC
layer, and the distance between the outer boundary of RPE to the top surface of capillary vessels
was defined as the “equivalent CC thickness”. However, such a definition is debatable because it
does not measure the CC thickness, but rather the distance of ‘RPE and CC separation’. Since it
is difficult to contrast the CC from the surrounding RPE tissue complex, it remains challenging
to identify the CC precisely by using structural reflectivity on OCT B-scans alone.

The recent introduction of clinical swept source OCT (SS-OCT) is promising for imaging the
RPE-BM-CC complex, especially the CC layer that is beneath RPE because of its advantages over
the SD-OCT, which include deeper penetration and lower sensitivity fall-off.[18,19] In addition
to structural OCT scans, OCT angiography (OCTA) has been introduced to extract flow signals
from the CC layer.[20–22] These advancements in OCT imaging provide new opportunities to
characterize the RPE complex and CC thickness in vivo.
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While the features in OCT structural scans enable identification of the RPE, OCTA flow
signals may have greater utility for localization of the CC since the CC is a dense network of
flowing blood. Previously, en face OCT/OCTA images have been used to visualize RPE, CC and
choroidal vessels, upon which the choroid and CC thickness were measured crudely by discretely
counting the number of en face depth-pixels encompassed within each layer.[23] While such
an approach is subjective, the CC thickness was measured to be 81.3± 21.2 µm in the younger
group (mean age= 30.86) and 56.4± 12.1 µm in the older group (mean age= 54.83).[23] These
measurements were much larger than the histological results probably due to the low sensitivity
of the depth estimation on the en face images. Miller’s group reported the use of adaptive optics
OCT (AO-OCT) to characterize the CC morphology in which OCT/OCTA intensity profiles
on A-scans were used to localize the peak positions that corresponded to the RPE and CC,
respectively.[24] The distance between the RPE peak in the OCT profile and the CC peak in the
OCTA profile were defined as ‘RPE to CC separation’ that was reported to be 19.5± 2.6 µm.[24]
Similarly, Zhou et al. also used A-scan profiles to locate the RPE and CC and reported a similar
RPE to CC distance of around 20 µm using a custom-built system.[25] However, while the
RPE and CC locations were identified in the OCT and OCTA profiles, the RPE-to-CC distance
measurements were made on single B-scans and no further measurements have been explored
and reported.

Herein, we employ a commercially available SS-OCT and SS-OCTA instrument to explore the
in vivo morphometric measurements of the RPE-BM-CC complex and propose an automatic
method to measure the locations and thicknesses of the RPE, BM and CC layers within the whole
scanning region. We tested the repeatability of the measurements and compared them between
younger and older normal subjects. These metrics, obtained by combining the use of SS-OCT
and SS-OCTA A-scans from patients’ eyes, should be useful to reveal morphological in vivo
details of the RPE-BM-CC complex. This approach should improve our understanding of the
RPE-BM-CC complex in three dimensions and its involvement in ocular diseases.

2. Method

2.1. Image acquisition

The SS-OCT instrument (PlexElite 9000, Carl Zeiss Meditec Inc.) used in this study has a
central wavelength of 1060 nm, a bandwidth of 100 nm, and a scanning rate of 100 kHz. Each
A-scan was acquired over a depth of 3.0mm in tissue, containing 1536 pixels. The device was
characterized by a full-width at half maximal (FWHM) axial resolution of ∼5 µm in tissue and a
lateral resolution at the retinal surface estimated at ∼16 µm. Each subject was scanned with a
6×6mm macular scan pattern centered on the fovea. The scanning protocol was 500 A-scans per
B-scan, repeated 2 times at each of the 500 B-scan positions, which resulted in a sampling grid
with a separation of 12 µm. Three consecutive scans were obtained for assessment of intra-visit
repeatability.
Images were acquired as part of a prospective OCT study approved by the University of

Washington institutional review board (IRB). Consents were obtained from all subjects before
scanning. All procedures adhered to the tenets of the Declaration of Helsinki. Subjects with any
history of any ocular disease, any pathology detected during examination or on OCT imaging,
axial length longer than 26.0 mm, a refractive error of greater than -6.0 diopters, or any history of
uncontrolled hypertension or diabetes mellitus were excluded. For all enrolled subjects, the right
eye was the default selection unless poor scan signal or gross eye movements were noted during
scanning. At the time of enrollment, both axial length measurements and SS-OCTA imaging were
performed on each subject. Axial length was measured using a noncontact biometry instrument
(IOLMaster, Carl Zeiss Meditec Inc.). Images with significant media opacity, signal strength less
than 7 as defined by the manufacturer, or severe motion artifact were excluded from the study.
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2.2. OCT/OCTA profiles on A-scans

To generate OCT images, each A-scan was a Fourier transform of one OCT spectrum and
the logarithmic intensity scale was used to display OCT images in order to emphasize weak
scattering.[26] OCTA images were obtained using the complex optical microangiography
(OMAGC) algorithm, which utilized the variations in both intensity and phase information
between sequential B-scans at the same location to isolate the motion signals.[27] This algorithm
has demonstrated previously as being more robust when compared with other OCTA algorithms
such as speckle-variance OCTA, phase-variance OCTA and split-spectrum phase-gradient
OCTA.[21] The OCT/OCTA A-scans were aligned to the RPE segmentation. To do so, 3D OCT
and OCTA scans were flattened at the RPE centerline.[10] To detect the RPE centerline, the
local maxima of the OCT intensity gradient in each A-line was detected.[28] In each B-scan, a
7th degree polynomial was fitted and outliers were discarded. Finally, the RPE centerline was
identified using a graph search method to find the shortest path connecting all the remaining
nodes (the maximum intensity points after eliminating the outliers) and with their OCT intensities
setting to be their corresponding weights (Fig. 2). [28] After the RPE positions were identified
for all the A-scans [Fig. 2(A)], the 3D OCT and OCTA scans were finally flattened with the
reference to these RPE positions by setting all the RPE positions at a fixed known pixel height
within 3D scans [Fig. 2(B)].

Fig. 2. Illustration of aligning OCT A-scans using the RPE position as a reference. After
detecting the RPE centerline (blue line) (A), the OCT B-scans were flattened at the RPE
centerline by setting all the RPE positions at a fixed known pixel height within 3D scans
(B). The OCT/OCTA a-scan intensity profiles were then calculated by collapse-averaging all
A-lines within the selected sub-regions.

From the flattened 3D scans, OCT/OCTA profiles of A-scans (along depth z direction) were
obtained by collapse-averaging all the A-scans within a selected region of m x m pixels and
normalized:

IOCT (z) =
∑

m
∑

m IOCT (x, y, z)
m2maxOCT

(1)

IOCTA (z) =
∑

m
∑

m IOCTA (x, y, z)
m2maxOCTA

(2)

Where IOCT and IOCTA are OCT/OCTA intensities of each spatial pixel position, while maxOCT
and maxOCTA are the maximum values of each OCT/OCTA profile for normalization, respectively
[Figs. 3(A)–3(D)].

2.3. En face mapping for distances and thickness of the RPE-BM-CC complex

After generating the OCT/OCTA profiles, a peak detection algorithm was developed to determine
the position of the intensity peaks [Fig. 3(E)]. The interpretation of these peaks was determined
based on previous histologic results [6,7] and AO-OCT results [24]. The relative depth locations
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Fig. 3. Measuring location and thickness of RPE, BM and CC automatically using OCT and
OCTA A-scans. (A-D) OCT and OCTA B-scans were first flattened using the reference of
the RPE centerline (A,C) and A-scan signal intensity profiles along the depth were generated
by calculating the collapsed-average of the aligned A-scans in the zoomed-in selected regions
(yellow box), respectively (B,D). Blue lines indicate the location of IS/OS and RPE peak,
respectively. Red lines indicate the location of CC peak. (E) Identification of OCT/OCTA
peaks for IS/OS, RPE, CC and CC outer boundary. (F) Illustration of equivalent width
measurement for RPE and CC peaks using the half maximum as reference.

of these peaks are shown on the x-axis and can be used to calculate the distances between layers
as well as the thickness measurements [Figs. 3(E) and 3(F)] The measurements were conducted
across the whole scanned region. Outliers that were three standard deviation below or above the
mean were excluded from the calculation.
For each spatial location (pixel) in the en face image (500×500 pixels, 6×6mm), OCT and

OCTA A-scans in a 19×19 pixel [m=19 in Eqs. (1) and (2), 228×228 µm] sub-region were
averaged to generate the OCT/OCTA intensity profile of the pixel at the center. Peak locations
of the IS/OS and RPE were identified from the OCT intensity profile while that of the CC
was identified from the OCTA intensity profile. The corresponding IS/OS-to-RPE distance,
RPE-to-CC distance, RPE-to-CC outer boundary distance, RPE thickness and CC thickness
were calculated based on the peak locations and widths as described above. Outliers, which
were three standard deviation below or above the mean value of the whole map, were excluded.
Finally, the en face mapping was generated through a P-spline method to fit the surface, which
has been successfully used to fit the surface of choroid-sclera interface and macula.[28,29] The
parameters used in P-spline fitting were 30 pixels for width, 0.5 (out of 0 ∼ +∞) for penalties on
the neighboring coefficients of the tensor products and one for weights.



Research Article Vol. 11, No. 4 / 1 April 2020 / Biomedical Optics Express 1839

2.4. Metrics for the RPE-BM-CC complex

Using the same strategy as that for the en face mapping of RPE-BM-CC complex morphological
features, we were able to calculate the following morphometric measurements of the RPE
complex for the whole scanning region. Each B-scan was treated as individual selected region
and OCT/OCTA profiles were generated from each B-scan. Mean values of all metrics were
averaged from all B-scans in the entire volume. This largely reduced the calculation load and
increased the processing speed when compared to the en face mapping (n=500 vs. n=500×500
for the number of individual measurements before averaging). There was no significant difference
between the results averaged from all B-scans and that averaged from all 19× 19-pixel square
regions for the whole scan region (n=13, P=0.89). Furthermore, using individual B-scan to
generate profile eliminates the artifact of subpixel misalignment between adjacent B-scans along
slow-scan direction. [30]
Mean IS/OS to RPE distance is calculated as:

Mean IS/OS to RPE distance =
∑n

i=1
(PRPE, i − PIS/OS,i )/n (3)

where PRPE,i and PIS/OS,i are the relative depth locations of RPE and IS/OS peaks in the OCT
signal profile of the ith B-scan respectively, n is the total number of B-scans in the volume scan.
Mean RPE to CC distance is calculated as:

Mean RPE to CC distance =
∑n

i=1
(PCC,i − PRPE,i)/n (4)

where PCC,i and PRPE,i are the relative depth locations of CC peak in the OCTA signal profile
and RPE peak in the OCT signal profile of the ith B-scan respectively.
Mean RPE to CC outer boundary distance is calculated as:

Mean RPE to CC outer boundary distance =
∑n

i=1
(VCC outer boundary,i − PRPE,i)/n (5)

where VCC outer boundary,i and PRPE,i are the relative depth locations of CC posterior valley, which
indicated the ending of the CC peak in the OCTA signal profile and RPE peak in the OCT signal
profile of the ith B-scan respectively.

Mean RPE and CC thicknesses were measured as the width of peaks using the half maximum
as reference [Fig. 3(F)]. Full width at half maximum (FWHM) is an expression that is widely
used in definition of bandwidth in spectrum-like curves and were used to compare width of
waveform signals without any further complicated fitting.

Mean RPE thickness =
∑n

i=1
width of PRPE /n (6)

Mean CC thickness =
∑n

i=1
width of PCC/n (7)

2.5. Measurement of the mean choroid thickness

Mean choroid thickness (MCT) was measured using our previously developed automated method.
[28] Briefly, attenuation correction (‘Gain Control’) was applied to OCT B-scans to enhance the
contrast at choroidal-sclera-interface. Then the bottom of choroidal large vessels was segmented
based on the intensity gradient and the surface was fitted using the P-spline method described
above. The distance between the segmented RPE and the outer boundary of choroidal vessels
was averaged to calculate the MCT for each 3D scan.

3. Results

En face images of OCT and OCTA scans have been reported previously to show the morphological
differences between different layers and qualitatively determine the locations of the RPE and
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CC. [23] It is clinically important to qualitatively check whether the peak locations identified
from OCT/OCTA intensity profiles correspond to the anatomic layers. For this reason, we
also generated en face OCT and OCTA images (Fig. 4). Figures 4(B) and 4(C) are the en face
OCT and OCTA images of the selected slab (10 µm) centered at the IS/OS peak [green box in
Fig. 4(A)]. Figures 4(D) and 4(E) are the en face OCT and OCTA images of the selected slab
centered at the RPE peak [blue box in Fig. 4(A)], whereas Figs. 4(F) and 4(G) are the en face
OCT and OCTA images of the selected slab centered at the CC peak [red box in Fig. 4(A)].
Both IS/OS and RPE layers showed homogeneous, hyper-reflective layers with only “shadowing”
from retinal vessels in OCT images and retinal vasculature in OCTA images. We observed CC
vasculature patterns only appeared in the OCTA slabs centered at the CC peak [Fig. 4(G)], which
confirmed our hypothesis that the identified CC peak in OCTA intensity profile indicates the
location of CC layer.

Fig. 4. En face images of 10 µm OCT/OCTA slabs centered at PIS/OS, PRPE and Pcc
respectively. (A) Representative OCT and OCTA intensity profiles with 10 µm slabs centered
at PIS/OS (green box), PRPE (blue box) and Pcc (red box). (B,C) OCT and OCTA en face
images of the 10 µm slabs cantered at PIS/OS. (D,E) OCT and OCTA en face images of the
10 µm slabs cantered at PRPE. (F,G) OCT and OCTA en face images of the 10 µm slabs
cantered at PCC.

To further confirm the location and boundary of RPE and CC layer indicated by the OCT/OCTA
intensity profile, more en face OCT and OCTA images (Fig. 5) were generated through a sum
projection of 10µm-thick slabs at various depths with a reference to the identified RPE peak (PRPE),
CC peak (PCC) and CC valley of outer boundary (Vcc). Figures 5(A1)-5(A5) show representative
locations of the two slabs above and below PRPE and their corresponding OCT/OCTA en face
images. Both slabs showed a homogeneous, hyper-reflective layer with only “shadowing” from
retinal vessels in the OCT images [Figs. 5(A2) and 5(A4)] and the retinal vasculature, which are
the retinal projection artifacts on the OCTA en face images [Figs. 5(A32) and 5(A5)] and were
in good agreement with the observations at the level of the RPE layer reported previously.[23]
Figs. 5(B1)–5(B5) show representative locations of the two slabs above and below PCC and their
corresponding OCT/OCTA en face images. In the slab that is 10 µm above Pcc, the OCT en
face image shows typical RPE structure while the OCTA en face image shows dense uniform
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vasculature in the CC overlaid with projection artifacts from superficial retinal vessels [Figs. 5(B2)
and 5(B3)]. Slabs of 10 µm below Pcc showed a reticular pattern that was lying external to the
RPE in OCT images and CC vasculature pattern in OCTA images [Figs. 5(B4) and 5(B5)]. The
reticular pattern is less homogeneous than RPE layer because both the CC and other microvascular
structures appear as a complex reticular pattern.[23] Figs. 5(C1)–5(C5) showed representative
locations of the two slabs above and below VCC and their corresponding OCT/OCTA en face
images. Vcc, which is the ending of the CC OCTA peak, is considered as the outer boundary of
CC. The following peaks at deeper locations in the OCTA profile might come from the vessels in
the deeper layer, speckle noise, or the choroidal-scleral boundary (C1). The 10 µm slab above the
Vcc showed similar a reticular pattern in both the OCT structure image and the CC vasculature
image in OCTA [Figs. 5(C2) and 5(C3)]. In contrast, the 10 µm slab below Vcc started to show
patterns of larger choroidal vessels which is an interwoven pattern with short segments crossing
each other and the vessel size is larger than the CC image [Figs. 5(C4) and 5(C5)], which are the
typical appearance in the Sattler’s layer.

Fig. 5. En face images of selected 10 µm slabs above and below the PRPE, Pcc and Vcc.
(A1) Representative OCT and OCTA intensity profiles with 10 µm slabs selected above and
below PRPE . (A2, A3) OCT and OCTA en face images of the 10 µm slabs above PRPE . (A4,
A5) OCT and OCTA en face images of the 10 µm slabs below PRPE. (B1) Representative
OCT and OCTA intensity profiles with 10 µm slabs selected above and below Pcc. (B2, B3)
OCT and OCTA en face images of the 10 µm slabs above Pcc. (B4, B5) OCT and OCTA en
face images of the 10 µm slabs below Pcc. (C1) Representative OCT and OCTA intensity
profiles with 10 µm slabs selected above and below Vcc. (C2, C3) OCT and OCTA en face
images of the 10 µm slabs above Vcc. (B4, B5) OCT and OCTA en face images of the 10 µm
slabs below Vcc.

These observations agree well with the previous reports about morphological and vascular
features of the RPE, CC and Sattler’s layer [5,7,23,31]. Given the fact that human chorioretinal
layers are complicated and there is no distinct anatomic boundary for the CC since vessel calibers
change in a progressive gradient, it is still challenging to confirm the boundaries between layers
from OCT imaging. By determining the peaks of signals, however, we were able to at least closely
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localize the central locations of each layer and evaluate their relative locations and thicknesses.
The metrics we propose may provide the ability to perform quantitative comparisons to reveal
the relative morphological changes in the RPE-BM-CC complex during normal aging and in
retinal diseases.

We tested the repeatability of all the proposed morphometric measurements (defined in Section
2.4) on 13 normal subjects (Mean age= 47.2 ranging from 27 to 82; 6/13 are male). In these 13
subjects, three consecutive macular scans were obtained to test repeatability. The coefficient of
variance (CV) of three repeated scans ranged from 1.06-2.52% (Table 1).

Table 1. Average, standard deviation (SD) and coefficient of variance of all metrics measured from
13 normal eyes (Age ranging from 27 to 82) with three repeated scans.

Twenty normal subjects with younger ages (50% female, age= 30.3± 5.72 years, axial
length= 24.2± 0.96 mm) and twenty with older ages (50% female, age= 80.8± 4.12 years, axial
length= 23.5± 0.93 mm) were recruited and 6mm x 6mm macular scans were acquired of one
normal eye from each subject. Figure 6 shows the representative OCT/OCTA B-scans and
intensity profiles of a normal eye from a younger subject and a normal eye from an older subject.
In both cases, peak locations of the RPE and CC were identified in the OCT and OCTA A-scan
intensity profiles [Figs. 6(C) and 6(D)].

Fig. 6. Representative OCT and OCTA B-scans with intensity profiles indicating RPE and
CC locations from a younger and an older subject, respectively. (A) Representative OCT and
OCTA B-scans with marked lines indicating RPE location (blue line) and CC location (red
line) of a normal eye from a 30-year-old female subject. (B) Representative OCT and OCTA
B-scans with marked lines indicating RPE location (blue line) and CC location (red line) of
a normal eye from an 80-year-old female subject. (C) OCT/OCTA intensity profiles of the
corresponding B-scans shown in (A). (D) OCT/OCTA intensity profiles of the corresponding
B-scans shown in (B).
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En face mapping of the distances for the RPE-BM-CC complex would be useful to investigate
regional changes in the geometry of the RPE-BM-CC complex (Fig. 7). The measurement
of the RPE-BM-CC complex at various regions can be performed by selecting A-scans in the
region-of-interest. By selecting a small en face moving window of 19× 19 pixels, we were able

Fig. 7. En face mapping of IS/OS to RPE distances (A&F), RPE to CC distances (B&G),
RPE to CC outer boundary distances (C&H), RPE thicknesses (D&I) and CC thicknesses
(E&J) of normal eyes from a 27-year-old female and a 81-year-old female, respectively. All
the en face mappings are using the same color-coded scale of 50 µm. Subtle changes may be
revealed better by selecting narrower scale for an individual map like the CC thickness map.

Fig. 8. Metrics of mean choroid thickness (A), mean IS/OS to RPE distance (B), mean RPE
to CC outer boundary distance (C), mean RPE to CC distance (D), mean RPE thickness (E)
and mean CC thickness (F) of normal eyes from subjects in younger and older groups. Data
is represented as mean± SD (n=20). Student’s t-test was applied for statistical analysis (n.s.:
not significant; *: P<0.05; **: P<0.01; ***: P< 0.001).
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to measure RPE-BM-CC complex at small regions and generate en face maps of all the metrics.
The use of color-coded values to represent the distances between layers or the thicknesses of
layers can help in the visualization and comparison of these layers. For example, the elevation of
the IS/OS layer at the fovea was observed in normal eyes in both younger and elderly subjects
[Figs. 7(A) and 7(F)]. The RPE-to-CC distance was larger across the whole region in the eye of
the older subject [Figs. 7(B) and 7(G)] while RPE thickness map [Figs. 7(D) and 7(I)] and CC
thickness map [Figs. 7(E) and 7(J)] was relatively homogeneous and was thinner in the eye of the
older subject across the whole region. We would expect such en face mapping to be more useful
in the visualization of the morphology changes of the RPE-BM-CC complex in pathological
cases.
In this study, the statistical analysis was done on the averaged measurements throughout the

entire 6×6mm scanning region, which neglected the regional variances. All mean metrics
were measured and averaged from individual B-scans within the 3D scan region and compared
between normal eyes from younger and older subjects (Fig. 8). Mean choroid thickness was
significantly smaller in eyes from the older group (278.3± 54.1 µm) than from the younger group
(215.6± 47.0 µm) (P=0.0005, ***). There were no significant differences in the measurements
of the mean IS/OS to RPE distance nor in that of the mean RPE to CC outer boundary distance in
the younger and older groups. The mean CC outer boundary was approximately 35.5 µm below
the RPE centerline regardless of age [Fig. 8(C)]. We observed a larger RPE-to-CC distance in the
older groups [Fig. 8(D)], which agrees with previous AO-OCT measurements.[24] Mean RPE

Fig. 9. Correlations between the metrics of the RPE-BM-CC complex and mean choroid
thickness (MCT). (A-D) Correlations betweenMCT and themetrics of RPE-BM-CC complex
(mean IS/OS to RPE distance, mean RPE to CC distance, mean RPE thickness and mean CC
thickness). Data was analyzed through Pearson’s correlation analysis. MCT: mean choroidal
thickness.
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thickness and mean CC thickness were both thinner in normal eyes from the older group (both
P< 0.0001).

It has been reported that the choroid becomes thinner with aging.[32] It might also be interesting
to investigate the correlation between the choroid and the RPE-BM-CC complex. Pearson’s
correlation analysis was applied to study the correlation between the metrics of RPE-BM-CC
complex and mean choroid thickness (MCT) (Fig. 9). Mean RPE to CC outer boundary distance
varies little regardless of MCT, nor age. Mean IS/OS to RPE distance was not correlated with
MCT either. Mean RPE to CC distance was negatively correlated with MCT, while mean RPE
thickness and mean CC thickness were positively correlated with MCT (all P<0.01). Mean CC
thickness showed a linear relationship with MCT following the equation of 0.0356x+ 5.4 µm
where x is the measured mean thickness of the choroid [Fig. 9(D)].

4. Discussion

We have described an automated method that utilizes OCT and OCTA signals in A-scans to
locate and measure the thicknesses of three major components in RPE-BM-CC complex. The
method aligned the A-scans at the RPE level, and the OCT/OCTA intensity profiles along the
depth direction were subsequently generated by calculating the collapse-averaged A-scan signals
within a region of interest. The intensity peaks corresponding to the locations of IS/OS, RPE
and CC were automatically identified from the OCT/OCTA profiles, respectively, by the use
of a peak-finding algorithm. Finally, the relative locations and thicknesses evaluated from the
identified peaks were interpolated using P-splines and visualized as en face maps (Fig. 7) to show
the regional variations or the whole scan region was averaged from B-scans of the entire scan
region (Fig. 8). Using this automated algorithm, we found that the mean RPE and CC thicknesses
were thinner in normal eyes in the older age group compared to the younger age group, and
they were positively correlated with the mean choroidal thickness. The RPE-to-CC distance,
or equivalently the thickness of RPE-BM-CC complex, was increased in normal eyes in older
subjects and was negatively correlated with the mean choroid thickness.
To the best of our knowledge, the locations and thicknesses of the RPE-BM-CC complex

have not been evaluated using commercial SS-OCT/OCTA devices as we have done here.
Comparing with previous histology and in vivo imaging studies, RPE to CC distance is the
same metric that has been previously reported as the ‘RPE-to-CC separation’. This includes the
RPE complex and the avascular regions between Bruch’s membrane and CC anterior surface.
AO-OCT measurements showed an averaged RPE-to-CC separation across subjects and retinal
eccentricities to be 17.5± 2.1 µm.[24] In several studies using SD-OCT, researchers have been
using 30 µm as RPE-to-CC separation in the standard setting of the SD-OCT software.[33,34] Our
measurements showed an average RPE-to-CC distance across whole 6mm × 6mm scan region
to be 18.7± 1.1 µm in younger group and 20.9± 1.2 µm in older group, which agrees well with
the AO-OCT results. The thickness of BM is not directly observed, segmented and measured,
because it is difficult to be separated from the RPE layer in normal cases, however, the changes in
BM thickness may be reflected or indicated by the metric of RPE-to-CC distance. RPE thickness
was measured to be around 11 µm in histology studies [7,35], 17.5 µm using AO-OCT [24], and
26.3± 4.8 µm using SD-OCT [13]. Using SS-OCT, we measured RPE thickness to be 28.9± 2.9
in younger group and 25.1± 2.2 µm in older groups, which is closer to the range of results by
SD-OCT. The differences are likely due to sample handling and preparation in histology and
anatomical interpretation of the reflectance peaks in the RPE of SS-OCT images. With a better
capability of imaging CC in SS-OCT, we correlated morphology features of the RPE, BM, and
CC together in clinical settings. These quantitative measurements of the RPE-BM-CC complex
may be useful in the theoretical model developments that are aimed to investigate the ocular
oxygen/nutrition supplies from the choroid to the photoreceptors, and the potential relationship
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between the accumulation of deposits in the BM, chorioretinal vascular integrity, and visual
function measurements.

The ability of the proposed automated identification of CC location and thickness has potential
implications for current clinical investigations of choriocapillaris perfusion. Although numerous
studies have demonstrated CC imaging with OCTA [31,33,34,36–38], the location and thickness
of CC have not been evaluated and specified as reported herein. Due to the limitations of the
current commercial devices, the bright and hyper-reflective RPE is often used as a reference
to infer the location of the CC. Usually, once the RPE is identified, a fixed off-set is used to
identify the anterior surface of the CC, yet most studies do not specify the depth of CC.[31,37,38]
Based on our measurements, the RPE-to-CC distance increases with increasing thickness of the
choroid, which indicates that a fixed off-set from the RPE might fail to accurately locate the CC
inner surface. On the other hand, the CC outer boundary is difficult to delineate because of the
vascular nature of choroid layers. Thus, a fixed thickness of 10, 20 or 30 µm, which has been
used to segment CC slab in SS-OCTA or SD-OCTA imaging, [33,34,38–40] may not be the
appropriate strategy. Therefore, the use of the CC locations identified by OCT/OCTA intensity
profile from A-scans should be considered to identify the location of the CC layer for more
accurate investigation of choriocapillaris perfusion.

Here in our current work, the CC outer boundary is shown by using the OCTA A-line intensity
profile as the ending of the CC peak, which we believe might indicate the interface of CC
and the medium-sized vessels in Sattler’s layer. According to the OCTA signal profile with
depth, it is clear that the majority of the flow signal is within the CC peak, and according to
our measurements of CC thickness, the width of CC peak in OCTA imaging was averaged to
17.3± 2.6 µm in younger group and 11.0± 2.1 µm in older group and is positively correlated
with choroidal thickness. This indicates a shrinkage of CC layer when the choroid is thinned.
Thus, with the information of the RPE-to-CC outer boundary distance being constant among the
subjects, we recommend that a segmentation strategy for imaging the CC would be 1) the ending
position of the posterior surface of the CC is 35 µm below the identified RPE centerline for normal
subjects, and 2) the thickness of the CC is selected according to the equation 0.0356x+ 5.4 µm
where x is the measured mean thickness of the choroid. For example, if the thickness of the
choroid is 300 µm in younger age, then the CC thickness should be 15 µm. While in the older age
group, if the thickness of the choroid is 150 µm, then the CC thickness should be ∼ 10 µm.

Furthermore, the morphological features of CC thickness and its separation from BM/RPE may
provide more features on the depth direction in addition to en face image analysis. In pathological
cases like geographic atrophy and myopia, the choroid has been reported to be less than half of
the thickness of the choroid in age-matched normal eyes.[41,42] Our preliminary results suggest
a positive correlation between CC and choroid thickness and a negative correlation between
RPE-to-CC distance and choroidal thickness. It will be interesting to investigate whether there is
also CC shrinkage and BM thickening in these pathologies associated with thinner choroids. Such
changes may further suggest potential relationships between ocular oxygen/nutrition supplies,
waste removal by RPE, deposit accumulation within BM and vascular functions of the CC.

The measurement of the RPE-BM-CC complex at various regions can be performed by
selecting A-scans in the region-of-interest. Currently, the statistical analysis was done on the
averaged measurements throughout the whole 6mm × 6mm scanning region which neglected
the regional variances. For example, the IS/OS junction line is elevated at fovea in normal eyes,
which appears like a dome over the foveola.[43] IS/OS to RPE distance is therefore supposed
to be larger at the fovea compared with the peripheral regions, which is presented in the en
face mapping of IS/OS-to-RPE distance maps [Figs. 7(A) and 7(F)] CC diameter has also been
reported to be smaller in the macular regions and becomes larger in equatorial regions.[44,45]
However, within the 6×6 mm scan, we did not observe obvious change in CC thickness with
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regard to distance from the central macula [Figs. 7(E) and 7(J). Future studies at more peripheral
location may be needed to reveal the variances.
There are several limitations of the proposed method. Firstly, the A-scans in the regions of

interest were averaged to obtain the OCT/OCTA intensity profile along its depth. Single A-scan
measurements are not adequate because in regions of flow voids where there is no CC flow,
there will be no CC peak in the OCTA profile. Therefore, we used a sub-region to generate
OCT-OCTA profiles for the center pixel in en face mapping. The size of the sub-region needs
to be optimized to be large enough to eliminate single A-scan variance while small enough to
differentiate regional distribution. For example, the CC loss has been implicated by various
histopathologic studies as an initial factor for the development of pathologies like AMD.[46]
We would expect challenges in detecting CC peak of the corresponding OCTA profiles from
optimized sub-regions. Therefore, we suggest to either exclude the lesion where CC is completely
lost or increase the size of the sub-region when dealing with pathologic eyes like AMD. Secondly,
the RPE and CC thicknesses were defined as the width of the RPE and CC peaks at half maximum,
respectively. These FWHM measurements will be smaller than those when measuring from the
starting point to the ending point of the peaks, however, the half-maximum-width definition is
more stable in case when the peak does not have a perfect ‘Gaussian’ shape. Furthermore, since
the OCT and OCTA signals are displayed at logarithmic scale after Fourier transform [47], the
half-maximum-width definition actually covers more than 90% of the signals within a ‘Gaussian’
shaped peak. Thirdly, the method needs to be adjusted for eyes with macular pathology. For
example, the BM, instead of RPE centerline, should be used as the reference in eyes with elevated
RPE from drusen. Regions with neovascularization should be excluded from the analysis since
the CC OCTA signals are mixed with signals from new vessels. In highly myopic eyes, the
thickness measurements of RPE-BM-CC layers could be affected due to axial elongation as the
disease develops [48]. In this case, sub-regions or even single acquisition points (for example
sub-fovea) should be used for thickness analysis. Furthermore, peripheral refractive errors have
been reported in myopic, emmetropic and hyperopic subjects, [49] which should also be taken
into consideration when applying the proposed method.

5. Conclusion

We have reported an automated method that utilizes OCT and OCTA A-scans to locate and
measure the morphology of each component within RPE-BM-CC complex across the entire
scanned region. Using this automated method, we found it is possible to provide en face mapping
of the distances between layers and the thicknesses of RPE-BM-CC complex components.
Compared with the younger aged normal group, we observed that the CC and RPE become
thinner while the RPE-to-CC distance increases in an elderly aged group. The strong correlation
between the CC thickness and choroidal thickness suggested that the CC thickness diminishes
with the thinning of the entire choroid. We anticipate that these metrics will be useful to reveal
more morphological details of RPE-BM-CC complex and provide better understanding of CC
in three dimensions, which would help our endeavor in the current clinical investigations of
potential functional relationships between RPE, BM and CC, and their involvement in macular
disease.
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