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Abstract

Purpose: To determine age-related changes in choroidal thickness and the volume of choroidal 

vessels and stroma using automated algorithms based on structural swept source OCT (SS-OCT) 

scans.

Design: Prospective and observational study.

Participants: One hundred and forty-four normal subjects with ages ranged from 20 to 88 years.

Methods: A previously reported strategy was used to automatically segment the choroid using 

SS-OCT structural images. Attenuation correction was applied on B-scans to enhance the 

choroidal contrast and facilitate more accurate automatic segmentation of the 3D choroidal vessel 

and stroma. The parameters investigated included mean choroid thickness (MCT), choroidal vessel 

volume (CVV), choroidal stroma volume (CSV), choroid vascularity index (CVI), and the 

choroidal stroma-to-vessel volume ratio (CSVR). Correlations between MCT and choroidal vessel 

metrics of CVV, CSV, CVI, and CSVR were studied. Regional distributions of MCT and CVI 

were analyzed using a grid centered on the fovea. Age-related changes in MCT, CVV, CSV, and 

CVI were studied in the whole scanning region, as well as in the sub-regions of the grids.

Main Outcome Measures: Age-related changes in MCT, CVV, CSV, and CVI using 6×6 mm 

and 12×12 mm SS-OCT scans.

Results: The automated choroid segmentations were validated against manual segmentations, 

and MCT measurements were shown to be in good agreement (P<0.0001). CVV and CSV showed 

significant correlations with MCT (all P < 0.0001). Interestingly, CVI and CSVR were constant 

with little variation among all subjects regardless of age and MCT (61.1±1.8% and 0.64±0.05, 

respectively). Measurements on 12×12 and 6×6 mm scans showed excellent agreement in all scan 
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regions (all P < 0.0001). While choroid thickness (CT) and choroid volume (CV), which includes 

both choroidal vessels and stroma, decreases with age (all P < 0.0001), the CVI and CSVR vary 

little among all ages in all regions.

Conclusions: While MCT, CVV, and CSV decrease with age, the CVI and CSVR remain 

constant in all regions with age. Ongoing studies are using these automated algorithms on SS-OCT 

structural datasets to investigate the diagnostic usefulness of these choroidal parameters in a 

myriad of ocular and systemic diseases.

INTRODUCTION

The choroid, located between the retina and sclera, is a layer comprised of blood vessels and 

stroma and is mainly responsible for delivering nutrients and supporting the metabolic 

exchange between the circulation and the retinal pigment epithelium (RPE) and 

photoreceptors.1,2 Other important roles include ocular thermoregulation and providing a 

blood supply for the proximal optic nerve.3,4 Clinical imaging technologies such as color 

fundus photography, fundus autofluorescence (FAF), fluorescein angiography (FA), 

indocyanine green angiography (ICGA) provide some direct and indirect information about 

the health of the choroid, but these methods cannot provide depth-resolved quantitative 

information about the choroid.5,6 Optical coherence tomography (OCT) has provided some 

cross-sectional quantitative information about choroidal thickness and choroidal vessel 

dimensions, but most of the reports are limited to B-scans using spectral domain OCT (SD-

OCT) and a strategy known as enhanced depth imaging.7–9 Swept source OCT (SS-OCT) 

uses a longer wavelength of light at about 1060 nm compared with SD-OCT at 840 nm, and 

this longer wavelength allows for better imaging of the choroid due to better penetration 

through the RPE, less sensitivity roll-off, and the use of a higher laser energy, which results 

in better signal-to-noise image quality.10–12

Most of the previous reports on choroidal thickness and choroidal vessel measurements have 

been limited to SD-OCT B-scans and involved manual or semi-automated methods.9,13–16 

For SS-OCT scans, manual techniques for B-scans have been reported to date17,18 and 

measurements of choroidal thickness and vessel volumes have not been reported from 

widefield three-dimensional (3D) SS-OCT datasets. Using SS-OCT foveal B-scans, Cheng 

et al. measured choroidal vessel densities from SS-OCT foveal B-scans9 and reported on 

choroidal vascularity index (CVI) as a measure of choroidal vascular status from B-scans. In 

their report, a 1.5 mm segmentation block in the subfoveal choroidal area was binarized to 

segment luminal area and the CVI was calculated as luminal area divided by total area of the 

selected block. CVI was demonstrated to be less variable than sub-foveal choroid thickness 

measurements, and therefore, might be a more useful marker for evaluating choroidal 

diseases. However, such measurements are limited to a very small region of foveal B-scans. 

A similar metric was measured from widefield OCT (WF-OCT) horizontal and vertical B-

scans.13 The horizontal scans were separated into macular, nasal and temporal segments and 

the vertical scans were separated into macular, superior and inferior segments. The study 

showed that in young normal subjects the CVI of the macular area was significantly smaller 

than other regions. In another study, choroidal area, vessel area and stromal area were 

measured from a single 12 mm B-scan.14

Zhou et al. Page 2

Ophthalmol Retina. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A better strategy for visualizing the choroidal vasculature over a wider region involves the 

use of en face imaging of a volumetric SS-OCT dataset.19,20 Previously, we used en face 
imaging of a 12×12 mm scan to show that choroidal vessel densities had a clear relationship 

between mean choroid thickness and the density of large choroidal vessels. In this report, 

eyes with age-related macular degeneration, either with or without reticular pseudodrusen 

(RPD), were compared, and eyes with RPD were found to have global thinning of the 

choroid. This choroidal thinning was associated with a decrease in choroidal vessel densities 

in different regions within the 12×12 mm field of view (FOV) centered on the fovea.20 We 

concluded that choroidal thickness and its vasculature were closely related, and pathological 

conditions associated with choroidal thickness could have an underlying vascular basis for a 

wide range of ocular diseases. To further understand this relationship in normal aging and 

ocular diseases, we set out to explore different metrics for assessing the choroidal 

vasculature.

Recently, we developed a novel, practical approach to automatically segment the choroidal 

vasculature and the choroid using 3D SS-OCT datasets.21 This method only used structural 

SS-OCT scans and achieved an angiographic-like image of the choroidal vessels, similar to 

ICG angiography, but without the need for invasive dyes or SS-OCTA. While OCTA has 

become a clinically impactful vascular imaging technique in ophthalmology, but cannot 

directly measure flow in the larger choroidal vessels.22–24 This inability to measure flow 

from the larger choroidal vessels results from the fact that when light passes through 

choroid, the majority of the photons scatter forward through blood, and the small amount of 

light that is reflected ends up being scattered by the RPE so there is no detectable signal, and 

the large choroidal vessels appear dark on structural OCT images.25,26 Thus, the dark 

appearance of the choroidal vessels on the OCT scans can be used as a surrogate to represent 

the choroidal vessels. However, when measuring the boundaries of the choroid, the 3D 

segmentation of the choroidal scleral interface can be poorly visualized due to the severe 

light attenuation within the choroid. To mitigate this issue, we developed a “gain control” 

method, which is similar to the method that is widely applied in ultrasound imaging.27 This 

method first uses attenuation compensation to compensate for the attenuated OCT signal 

along each A-scan to enhance the contrast of choroidal vessels and stroma, especially at the 

interface between choroid and sclera. The resulting OCT volume with higher inter-layer 

contrast in which shadowing effects were eliminated was then used to develop an automated 

segmentation algorithm for the choroid using multiple graph search methods.21 With this 

approach, we were able to automatically segment choroidal vessels in 3D from the whole 

12×12 mm choroidal slab.

In this report, we studied normal eyes over a wide range of ages and identified several useful 

metrics for assessing the 3D choroidal vasculature. These metrics include the mean choroid 

thickness (MCT), choroid vessel volume (CVV), choroid stroma volume (CSV), choroidal 

vessel volume density (i.e. choroidal vascularity index (CVI)) and choroidal stroma-to-

vessel volume ratio (CSVR). Using this automated method on conventional SS-OCT 

structural scans, we assessed the spatial and temporal variations in choroidal vasculature 

over the entire FOV.
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Methods

Study subjects with normal eyes were enrolled as part of a prospective OCT study approved 

by the Institutional Review Board of Medical Sciences Subcommittee at University of 

Miami, Miller School of Medicine. IRB-approved consents were obtained from all subjects 

before scanning and the use of unidentified personal and medical information. All 

procedures adhered to the tenets of Declaration of Helsinki. Subjects were recruited with a 

normal ocular history, no visual complains, no retinal, optic nerve, or choroidal pathologies, 

no history of diabetes, and no history of uncontrolled hypertension.28

The enrolled subjects were scanned using a SS-OCT instrument (Plex® ELITE, Carl Zeiss 

Meditec Inc., Dublin, CA) with a central wavelength of 1060 nm, a bandwidth of 100 nm, a 

scanning rate of 100 kHz with a full-width at half-maximum axial resolution of 

approximately 5 microns in tissue, a lateral resolution at the retinal surface estimated at 

approximately 20 micron, and an A-scan depth of 3.0 mm (1536 pixels) in tissue. The 12×12 

mm and 6×6 mm macular scans were obtained and centered on the fovea. The scans 

consisted of 500 A-scans per B-scans and 2 repeated B-scans at each of the 500 B-scan 

positions. Each scan was reviewed for quality and signal strength. Scans with motion 

artifacts or with a signal strength less than 7 were excluded from the analyses. Axial length 

was measured using a noncontact biometry instrument (IOL Master, Carl Zeiss Meditec).

The choroidal slab was automatically segmented via an algorithm that was previously 

developed and validated.21 Briefly, the algorithm consists of attenuation compensation and 

exponentiation that were consecutively applied to the OCT structural scans to enhance the 

contrast of choroid-sclera interface (Figure 1 A&B), the concept of which is similar to “gain 

control” in ultrasound imaging.27 The intensity at each pixel is converted as:

DAttn − corr(z) = DA
2 (z)

2∑z + 1
n DA

2 (z)
(1)

where DA and DAttn-corr is the signal before and after attenuation correction, z is the depth 

location, and n is the total number of pixels along A-scan.

The optic discs in the 12×12 mm scans were automatically detected from en face sum 

projection of the whole volume and were excluded. The Bruch’s membrane and the outer 

border of choroidal vessels were then automatically detected through graph search methods 

(Figure 1C). With attenuation correction, we have shown that the method increased the 

accuracy of the CSI segmentation from 74.5 ± 8.0% to 91.8 ± 3.7% (P < 0.01).21 The color-

coded en face choroidal thickness map was then generated as the distance between the two 

detected boundaries of the Bruch’s membrane and choroid-scleral interface (Figure 1D).

Manual segmentations of the choroid were performed on a subset of the normal database by 

two experts [CL and JN] and reviewed by GG to assure consistency. Consensus 

segmentation was reached on all cases.

Mean choroidal thickness (MCT) was calculated as the mean value of the thickness over the 

entire scanning region (excluding optic disc):
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MCT = ∑T
Nenface

(2)

where T is the value of each pixel in the en face choroid thickness map and Nenface is the 

total number of pixels in the map (excluding optic disc). A larger MCT indicates a thicker 

choroid.

Three-dimensional representation of choroidal vessels was obtained by segmenting the 

vessels from the choroid slab of the OCT structure scans (Figure 1E, F). This was performed 

after “gain control” compensation of the OCT signals along their depth (Figure 1A, B) and 

after the automated segmentation of choroid (Figure 1C&D). A moving average among three 

adjacent B-scans was applied to enhance the signal-to-noise ratio for each B-scan followed 

with histogram equalization. A global image threshold using Otsu’s method was applied to 

segment dark regions in the choroid,9 which was then inverted to represent the choroidal 

vessels (Figure 1F). In each volume scan, choroid vessel volume (CVV) is calculated as:

CVV = Nvessel × v (3)

where Nvessel is the number of pixels in the segmented choroid vessels in choroid slab, v is 

the volume of a single pixel. Choroidal stroma volume (CSV) is defined as:

CSV = V total − CVV (4)

Choroid vascularity index (CVI) is calculated as the vessel volume density:

CVI = CVV
V total

(5)

and choroidal stroma-to-vessel ratio (CSVR) is evaluated as:

CSVR = CSV
CVV (6)

where Vtotal is the volume of the segmented choroid slab. A larger CVI (or a smaller CSVR) 

indicates a denser choroidal vasculature in three-dimensions.

To study the regional distribution of choroidal thickness and vasculature measurements from 

a 12×12 mm scan, we created a grid composed of an 11 mm circle and a 5 mm circle 

centered on the fovea divided into four quadrants, but the central 2.5 mm circle was used in 

its entirety without quadrants.20 Horizontal and vertical lines through the fovea were chosen 

because the choroidal vasculature tends to drain through vortex veins in the nasal and 

temporal superior and inferior quadrants, and the majority of the choroidal vessels tend to 

respect the horizontal meridian. This grid was applied to both the thickness maps and the 

segmented choroidal vasculature (Figure 2). The location of the fovea was automatically 

detected by searching for the local minimum thickness of retinal layers from the OCT 

structural scans. To study the regional distribution of choroidal thickness and vasculature 

measurements from a 6×6 mm scan, we used a grid that was divided into five regions. The 
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2.5 mm circle was used in its entirety and the 5 mm circle was divided by horizontal and 

vertical lines. To study the consistency of MCT & CVI measurements in the 6×6 mm and 

12×12 mm scans from the same subject, we compared the regions within the 5mm circle.

Average en face MCT, CVV and CVI maps were generated for each age group. To do so, all 

en face MCT, CVV or CVI maps were registered at fovea and optic nerve head. The CVV 

and CVI distributions were calculated by applying a moving average of 600×600 µm (50×50 

pixel) area. Mean maps of MCT, CVV or CVI were generated by calculating the mean 

values of the registered maps. The 95% normal limits for MCT, CVV or CVI maps were 

estimated using two standard deviations (SD) above and below the mean at each pixel and 

then smoothed for the final maps. Data that is either larger than three SD above mean or 

smaller than three SD below mean is excluded as outliers.

Normal tolerance (prediction) limits were calculated for MCT and CVI. The relationships of 

each of the dependent variables with age and axial length were modeled with multiple linear 

regression.29 Examination of residuals demonstrated that for MCT these fits were 

sufficiently linear, homoscedastic, and Gaussian to calculate lower 2.5% and upper 97.5% 

normal tolerance (prediction) limits. Therefore we constructed normal limits by the decade 

of age for MCT and for each region with each scan type, adjusted to 23.5 mm of axial 

length. Age specific normal limits for other axial lengths can be easily obtained by adding or 

subtracting a constant. Normal tolerance (prediction) limits for CVI at each region of 12×12 

scans were calculated using 2.5% and 97.5% percentiles.

Statistical analyses were performed using the IBM Statistical Package for the Social 

Sciences (SPSS), software version 21 (IBM Corporation, Armonk, New York, USA).

Results

A total of 164 normal eyes from 164 subjects ranging in age from their 20s to 80s were 

recruited and scanned in this study, which were also used for our previous choriocapillary 

study.28 Sixteen subjects were discarded due to a failure of acquiring whole choroid layer in 

a 12×12 mm scan or failure to apply ‘gain control’. Four more subjects were discarded due 

to the poor quality of the 12×12 mm scans. A final dataset of 144 scans were used in this 

study. The mean age was 55 years (SD = 19) and among all the participants, 59% of them 

were women. The mean axial length was 23.8 mm (SD = 0.945 mm).

To validate the automated segmentation of choroids, 70 of the 144 normal subjects were 

randomly selected and their choroid segmentations were achieved using both the automatic 

method and manual segmentation. Figure 3 shows a representative comparison of choroid 

thickness maps (Figure 3A, B) and choroidal vasculature maps (Figure 3C, D) between 

manual segmentation and automatic segmentation. Qualitatively, the automatic method 

resulted in patterns of choroidal thickness and its vasculature that were very similar to that 

from manual segmentation.

Pearson’s correlation analysis and Bland-Altman agreement analysis were conducted to 

study the correlation and agreement of the MCT measured with automatic and manual 

segmentations (Figure 3E, F). From the analyses, we found that there was significant 
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correlation between automatic and manual segmentations in MCT measurements (P < 

0.0001) (Figure 3E). Automatic segmentations produced smaller MCT than manual 

segmentations with a mean bias of -35.6 µm and a limit of agreement of -72.2 µm to 0.942 

µm (Figure 3F).

Figure 4 A–D show two examples of representative choroidal thickness maps and vascular 

maps from eyes with a thin and a thick choroid, respectively. Pearson’s correlation analysis 

was applied to investigate the correlation between MCT and the metrics of choroidal vessels 

such as CVV, CSV, CVI and CSVR (Figure 4E–H). Among all the metrics investigated, 

CVV and CSV showed positive correlation with MCT (all P < 0.0001) (Figure 4E, F), while 

CVI and CSVR were consistent among all subjects (61.1±1.8% and 0.64±0.05 respectively) 

(Figure 4G, H), indicating that the volume of choroidal vessels and choroidal stroma were 

larger when the choroid was thicker, however, the volume density and the volume ratio of 

choroidal vessels to stroma were independent of the choroid thickness.

We also studied the age-related distribution of all the metrics (Figure 5). Correlation 

between MCT and age is inversely significant (r=-0.4816, P < 0.0001, Pearson’s 

correlation), which indicates that the entire choroid within the 12X12 mm scan gets thinner 

with the increase of age, (Figure 5A). We also observed inverse correlations of CVV and 

CSV metrics with age (all P<0.0001; Figure 5C, E), which agrees with our observations that 

the metrics of CVV and CSV are positively correlated with MCT. CVI and CSVR, on the 

other hand, remain constant and do not show correlations with age (P=0.13, P=0.15 

respectively; Figure 5G). We only show the correlation graph of CVI with age because 

CSVR can be derived from CVI. When the subjects were grouped into different decades 

ranging from their 20s to 80s, we analyzed the statistical differences between decades and 

found that subjects in their 50s have significantly thinner choroids (smaller MCT), smaller 

CVV and CSV than subjects at 40s (Figure 5B, D & F), while CVI varies little across all age 

groups (Figure 5H).

The entire 12×12 mm scan was divided into 9 regions using a grid centered on the fovea and 

the regional changes in MCT and CVI for each age group were analyzed. To eliminate the 

influence of resolution and scale differences on the analysis, we also processed the 6×6 mm 

scans of the same subjects, where the scans were divided into 5 regions using a similar grid, 

and we compared the corresponding regions in both the 12×12 mm and 6×6 mm scans 

(Figure 2). Qualitatively, both choroidal thickness maps and choroidal vasculature maps 

derived from 12×12 mm scans and 6x6mm scans were in agreement (Figure 6). 

Quantitatively, Pearson’s correlation analysis and Bland-Altman agreement analysis showed 

good correlation and agreement in MCT and CVI measurements for all 5 corresponding 

regions between the 12×12 mm and 6×6 mm scans (Supplemental Materials Fig. S1 & Table 

S1). Therefore, 12×12 mm scans are sufficient for choroid-related measurements, which is 

important because 12×12 mm scans provide greater choroidal FOV for clinical analyses.

Age-dependent changes were also analyzed in all sub-regions (Figure 7). Generally, the 

choroid was thicker in macular area and then gets thinner towards the more peripheral 

regions in all age groups. Overall, choroidal thickness in all regions decreased with age 

(Figure 7A, B). On average, the outer inferonasal region (OQ4) has thinner choroidal 
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measurements and the outer superotemporal region (OQ2) has thicker choroidal 

measurements compared with other regions of the choroid (Figure 7A). Similar trends were 

also observed within the regions from the 5 mm circles (Figure 7B). However, the CVI 

varied little among all regions and across all age groups (Figure 7C, D). MCT is larger in 

macular regions when compared with peripheral regions, whereas CVI does not vary much.

We calculated the normal tolerance (prediction) limits for MCT in all subregions from 

12×12 mm scans (Table 1) and 6×6 mm scans (Table S2). MCT was found to be correlated 

with age and AL while CVI was not. Therefore, the 95% normal limits of CVI were 

calculated for all ages pooled (Table 2). These normal limits may be used to detect 

abnormalities in pathological eyes.

Average en face maps of the mean and 95% normal tolerance limits of MCT, CVV and CVI 

were generated to present the spatial distribution of choroid volume, choroidal vessel 

volume and regional vessel volume density in each age groups (Figure 8A–C). Overall, the 

choroid is thicker in macular and superior regions and thinner in inferonasal region. With the 

increase in age, the choroid becomes progressively thinner globally in all regions (Figure 

8A). Choroidal vessel volumes follow the same pattern of choroid thickness (Figure 8B), 

and this is consistent with the observations that CVI varies little with ages and regions 

(Figure 8C).

DISCUSSION

An automated method for 3D choroidal thickness and choroidal vessel segmentation from 

structural SS-OCT scans was applied to a large database of normal eyes over a range of ages 

and good agreement was demonstrated between this automatic method and manual 

segmentations. We also defined several metrics for quantifying the choroid vasculature, such 

as CVV, CSV, CVI and CSVR. Previous studies have reported the correlation between 

choroidal vessels and thickness9,20, yet the evaluations of 3D choroidal vasculature in the 

entire volume has not been reported. We believe our strategy of assessing the volume of 

choroidal vessels from the entire scan volume is the most direct and relevant approach for 

the study of the choroidal vasculature when compared with other measurements such as the 

CVI from single B-scans9 and vessel area density from en face images20,30. Recent studies 

have used CVI measured from single B-scans obtained using EDI SD-OCT to assess 

vascular status of choroids in normal eyes. Subfoveal CVI has been reported in one study to 

range from 60.07 to 71.27% (65.61 ± 2.33%)9, and in another study to be 49.95 ± 4.84% in 

normal eyes31. The large variation in the CVI measurements may be due to the inconsistency 

of the methods used and regions chosen when assessing different B-scans. By evaluating the 

whole choroidal vessels segmented from the entire 12×12 mm scanning region, we were 

able to achieve more accurate information directly from choroidal vessels over a wider FOV 

and to eliminate the error from subjective selections of a few B-scans, limited assessment of 

regions, and projection artifacts. Furthermore, the measurements on 6×6 mm scans correlate 

well with those from the corresponding regions on 12×12 mm scans. This indicates that our 

algorithm is robust among different scanning patterns with various resolutions. This is 

clinically useful because the volume assessment over a large field of view provides much 

more information about choroidal vessels than previous methods.
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SS-OCT has the advantage of performing dense 12×12 mm raster scans of the macula with 

superior imaging of the choroid compared with SD-OCT. With the automated algorithms 

capable of reliably detecting the choroidal-scleral interface, it is now possible to routinely 

measure the choroidal thickness, CVV and CVI throughout the wide scan area.21 Vessel 

segmentation can be challenging due to the lack of a “ground truth” and it depends on scan 

quality, therefore a relative index such as CVI may be a more clinically useful parameter 

than an absolute index like CVV or CSV. CSVR represents the volume ratio of the choroidal 

stroma and vessels and is inversely correlated with CVI. This parameter is more sensitive to 

the change in the choroidal stromal volume and may be as useful as CVI. CVI has shown its 

clinical potential in a wide range of chorioretinal diseases.32–35 Similar to our previous study 

on the evaluation of age-dependent changes in choriocapillaris flow deficits,28 we were able 

to generate the 95% normal limits for choroidal thickness, CVV, and CVI measurements 

from the entire scan area, as well as different sectors within the central and peripheral 

macula. We found that choroidal thickness measurements in normal subjects cover a wide 

range of measurements that are considered abnormal in the current literature. This wide 

variability in normal subjects may challenge the current concept of a pachychoroid.36 Due to 

the narrow range of the CVI measurements across a normal population with highly variable 

choroidal thickness measurements, it may be better to classify an abnormal choroid by using 

just the CVI measurements alone or in conjunction with choroidal thickness measurements.

The decrease in choroidal thickness with age, which corresponds to a decrease in the 

choroidal vascular volume so that the CVI remains constant, suggests to us that the 

choroidal perfusion is likely to be responsible for the changes observed and the variability 

among subjects likely reflects physiological changes in normal aging that affect choroidal 

perfusion such as overall cardiovascular status. Using the proposed choroidal algorithms, we 

will be able to investigate numerous physiological parameters associated with normal aging, 

systemic disease, and ocular disease. In addition to the metrics investigated in this study, 

other metrics from structural SS-OCT scans such as choroidal vessel diameter and vessel 

tortuosity and complexity might be interesting to explore depending on the purpose of the 

studies. Unfortunately, due to the inability to detect flow throughout the larger and deeper 

choroidal vessels, metrics such as choroid perfusion density and choroid flow deficits are not 

yet possible. In addition to the correlation between choroid thickness and choroid vessels in 

the whole choroidal layer, it is promising to study the correlation between choroidal vessels 

with medium or large diameter vessels relative to the choriocapillaris. Although information 

of choriocapillaris cannot be achieved with this method, OCT angiography (OCTA) is well-

developed to quantify choriocapillaris flow deficits and sizes.37–39 Medium-diameter 

choroidal vessels in the Sattler’s layer and larger-diameter choroidal vessels in the Haller’s 

layer might also be treated separately with this method when all the choroidal vessels are 

segmented properly within the volumetric SS-OCT dataset. While a single 3D SS-OCT scan 

of 12×12 mm was used in this study, the method and assessment can be applied to different 

scanning protocols. It would also be promising to generate ultra-wide field-of-view choroid 

thickness maps and choroidal vasculature maps when coupled with montage scanning 

protocols.40 We also expect that this automated 3D assessment of the choroid thickness and 

choroidal vasculature will provide real-time evaluations of the choroid in clinical settings.
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While this method is novel with its ability to reveal choroidal morphology over a large 

12×12 mm area, our method has several limitations. First of all, the segmentation of 

choroidal vessels and the corresponding metrics of choroidal vessels in 3D depend on the 

thresholding methods applied. It is difficult to find the ‘ground truth’ for the boundary of 

vessels because it relies on the contrast of image. However, in previous studies, manual 

segmentations have been attempted to segment choroidal vessels from single B-scans and 

the Otsu’s method has been validated. Similar choroidal vessel density values of around 

60% of the total choroid area have been reported.9,13,14 By applying automated algorithms, 

this labor-consuming work can be performed automatically and quickly on thousands of B-

scans, resulting in 3D information for choroidal vessels. Secondly, the applied algorithm 

detects the choroidal vessel bottom boundaries. It has been reported that choroid 

segmentation may be different depending how the posterior choroidal boundary is defined, 

either by the outer border of choroidal vessels, the outer border of choroidal stroma, or the 

inner border of the sclera.41 Manual segmentations were published on a normal dataset 

following the outer border of choroidal stroma from averaged B-scans using enhanced depth 

imaging,29 and the average MCT was shown to have about a 66 µm difference when 

compared to the segmentation following the outer border of choroidal vessels.42 We 

observed a similar difference between manual and automatic segmentations. Lastly, diseased 

eyes, especially diseases involving thicker choroid need to be evaluated to assess the 

sensitivities of different metrics on different eye diseases. Previous studies have found lower 

CVI in eyes with diabetes mellitus33 and diabetic retinopathy34,43, tubercular multifocal 

serpiginoid choroiditis,44 retinitis pigmentosa,45 Stargardt disease46; higher CVI in eyes 

with central serous chorioretinopathy,32 Vogt-Koyanagi-Harada Disease,35 active choroidal 

neovascularization47; and no significant changes of CVI in eyes with myopic choroidal 

neovascularization treated with anti-VEGF48, polypoidal choroidal vasculopathy at baseline 

visit compared to typical AMD49. It will be of interest to assess choroid vasculatures in a 

larger area for eyes with these diseases.

In summary, we have demonstrated that the automated assessments of choroidal thickness 

has shown good agreement with manual segmentations. Several metrics of choroidal vessels 

such as MCT, CVV, CSV, CVI and CSVR were proposed. CVV and CSV showed positive 

correlations with MCT in a normal database while CVI and CSVR were independent from 

MCT. We also showed age-related changes on the choroid-related metrics of MCT, CVV 

and CSV and regional distributions of choroid thickness and vasculature density 

measurements (MCT and CVI). The visualization of the choroid thickness and the choroidal 

vasculature combined with the metrics to quantitatively analyze choroidal vessels will 

greatly facilitate our studies into the correlations between the choroid and both ocular and 

systemic diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Flow chart for automatic assessment of choroid thickness and the choroidal vasculature. 

Signals in the regular OCT B-scans (A) were converted to enhanced signals with attenuation 

correction (B). (C) Automatic segmentation of choroid slab. The Bruch’s membrane (blue 

line) and outer boundaries of the choroidal vessels (yellow line) were detected through graph 

search methods. (D) En face choroidal thickness map. (E, F) Choroidal vessels were 

segmented in the whole volume and were presented as an en face choroidal vasculature map 

(G).
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Figure 2. 
Regional analysis of choroidal thickness and vessel volume using a grid centered on the 

fovea. (A) The grid used for the 12×12 mm scans was divided into 9 regions using 2.5 mm, 

5 mm, 11 mm circles with horizontal and vertical lines added outside the 2.5 mm circle to 

divide the 5 mm and 11mm circles into quadrants. (B) The grid used for the 6×6 mm scans 

was divided into 5 regions using 2.5 mm and 5 mm circles with horizontal and vertical lines 

added outside the 2.5 mm circle to divide the 5 mm circle into quadrants.
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Figure 3. 
Validation of automated choroid segmentations with manual segmentations. (A, B) Choroid 

thickness map from manual segmentation (A) and automatic segmentation (B), respectively. 

(C, D) Choroidal vasculature maps from manual segmentation (C) and automatic 

segmentation (D), respectively. (E, F) Pearson’s correlation analysis and Bland-Altman 

agreement analysis on MCT between automatic and manual segmentations. MCT: mean 

choroidal thickness.
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Figure 4. 
Correlation study between choroidal vasculature and choroid thickness. (A-D) 

Representative choroid thickness map (A&B) and choroidal vasculature map (C&D) for thin 

and thick choroids respectively. (E-H) Correlation between MCT and the metrics of 

choroidal vasculatures (CVV, CSV, CVI and SVR). Data was analyzed through Pearson’s 

correlation analysis. MCT: mean choroidal thickness. CVV: choroidal vessel volume. CSV: 

choroidal stroma volume. CVI: choroid vascularity index. SVR: stroma to vessel ratio.
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Figure 5. 
Age-related distribution of mean choroidal thickness (MCT), choroidal vessel volume 

(CVV), choroidal stromal volume (CSV), and choroid vascularity index (CVI). (A, C, E, G) 

Correlation between age and choroidal metrics was analyzed through Pearson’s correlation 

analysis. (B, D, F, H) Distribution of choroid metrics with a series of age groups. (*, P<0.05, 

two-tailed t-test).
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Figure 6. 
Choroidal thickness map and choroidal vasculature map of 12×12 mm (A, F) and 6×6 mm 

(B, D) scans from the same subject. For comparison with the 6×6 mm scans, the 6×6 mm 

regions from the 12×12mm scans were cropped to show the choroidal thickness map (C) and 

the choroidal vasculature map (D).
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Figure 7. 
Regional change of mean choroid thickness (MCT) and choroid vascularity index (CVI) 

with aging. Data is represented as mean ± SD. (A) Age-dependent regional changes in MCT 

at outer quadrant regions, entire 12x12 mm and entire 5mm circle; (B) Age-dependent 

regional changes in MCT at inner quadrant regions, entire 5mm circle and central 2.5mm 

circle; (C) Age-dependent regional changes in CVI at outer quadrant regions, entire 12x12 

mm and entire 5mm circle; and (D) Age-dependent regional change in CVI at inner quadrant 

regions, entire 5mm circle and central 2.5mm circle. Please refer to Figure 2 for 

abbreviations of regions.
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Figure 8. 
Mean and 95% normal tolerance limit en face 12×12 mm maps of choroid thickness (MCT) 

(A), choroid vessel volume (CVV) (B) and choroid vascularity index (CVI) (C) in all ages 

and in each age decades.
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Table 1.

95% normal tolerance limit of mean choroidal thickness (MCT) by age and region from 12×12 mm scans. 

Axial length (AL) = 23.5mm*.

95% Normal Range of Choroid Mean Thickness by Each Decade of Age (μm, AL=23.5mm)

Regions Quantified
Age Group

19-29 30-39 40-49 50-59 60-69 70-79 80-89

C (2.5-mm circle) 179.1 - 481.8 163.0 - 464.2 146.6 - 446.8 130.0 - 429.8 113.0 - 413.0 95.8 - 396.6 78.2 - 380.4

5-mm circle 190.4 - 449.8 173.5 - 431.5 156.3 - 413.6 138.9 - 395.8 121.3 - 378.3 103.3 - 361.1 85.2 - 344.1

11-mm circle 189.7 - 383.2 174.7 - 367.2 159.6 - 351.5 144.3 - 336.0 128.9 - 320.6 113.2 - 305.5 97.4 - 290.5

IQ1 157.8 - 456.8 143.7 - 441.2 129.4 - 425.9 114.7 - 410.8 99.7 - 396.1 84.5 - 381.6 68.9 - 367.4

IQ2 205.6 - 465.0 186.1 - 444.1 166.3 - 423.6 146.3 - 403.2 126.1 - 383.1 105.5 - 363.3 84.8 - 343.7

IQ3 186.6 - 456.2 168.1 - 436.4 149.3 - 416.8 130.3 - 397.4 111.1 - 378.3 91.5 - 359.5 71.8 - 340.9

IQ4 158.5 - 443.4 143.2 - 426.6 127.6 - 410.1 111.7 - 393.9 95.6 - 378.0 79.2 - 362.3 62.5 - 346.9

OQ1 155.5 - 366.1 144.0 - 353.6 132.4 - 341.2 120.5 - 329.1 108.5 - 317.2 96.2 - 305.4 83.7 - 293.9

OQ2 219.1 - 429.2 201.1 - 410.1 182.9 - 391.2 164.5 - 372.5 145.8 - 354.0 127.0 - 335.8 108.0 - 317.7

OQ3 175.4 - 371.4 161.1 - 356.1 146.6 - 340.9 131.9 - 326.0 117.0 - 311.2 102.0 - 296.7 86.7 - 282.3

OQ4 127.4 - 321.3 117.6 - 310.5 107.6 - 299.9 97.4 - 289.4 87.0 - 279.2 76.5 - 269.1 65.7 - 259.2

12x12 mm 185.9 - 360.3 172.4 - 346.0 158.8 - 331.8 145.1 - 317.8 131.2 - 304.0 117.1 - 290.4 102.8 - 276.9

*
The MCT were corrected by axial length (AL) as: MCTcorr = MCT − α × AL, where α is 24.9 μm/mm.
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Table 2.

95% normal tolerance limit of choroidal vessel volume density (CVVD) by region from 12×12 mm scans.

95% Normal Range of Choroidal Vessel Volume Density (all ages)

Regions Quantified Normal Range

C (2.5-mm circle) 0.55 - 0.68

5-mm circle 0.58 - 0.67

11-mm circle 0.57 - 0.65

IQ1 0.56 - 0.69

IQ2 0.56 - 0.67

IQ3 0.56 - 0.68

IQ4 0.57 - 0.69

OQ1 0.54 - 0.65

OQ2 0.58 - 0.64

OQ3 0.57 - 0.65

OQ4 0.54 - 0.68

12x12 mm 0.57 - 0.65
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