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Abstract

Purpose—To demonstrate the variation in quantitative choriocapillaris (CC) metrics with various 

binarization approaches using optical coherence tomography angiography (OCTA).

Design—Retrospective, observational, cross-sectional case series.

Methods—3×3 mm and 6×6 mm macular OCTA scans were obtained from normal eyes and 

from eyes with drusen secondary to AMD. The CC slab was extracted and the CC flow deficits 

(FDs) were segmented with two previously published algorithms: fuzzy C-means approach (FCM 

method) and Phansalkar’s local thresholding (Phansalkar method). Four different values for the 

radius were used in order to investigate the effect on the FD segmentation when using the 

Phansalkar method. FD density (FDD), mean FD size (MFDS), FD number (FDN), FD area 

(FDA) and inter-capillary distance (ICD) were calculated for comparison. Repeatability was 

assessed as coefficient of variation (CV) and Pearson’s correlation analysis was conducted.

Results—Six eyes from 6 subjects with normal eyes and 6 eyes from 6 subjects with drusen 

secondary to AMD were scanned. 3×3 mm scans resulted in higher repeatability compared to 6×6 

mm scans. For the Phansalkar method, larger values of the radius resulted in higher repeatability. 

ANOVA tests resulted in significant differences (p<0.001) among the FCM method and the 

Phansalkar method with different radius options, for all CC metrics and scan sizes investigated. In 

3×3 mm scans, significant correlation was found between the FCM method and the Phansalkar 

method for all quantitative CC metrics other than FDN (all p<0.001, 0.90<r<0.99).

Conclusions—Quantitative CC analysis with commercially available OCTA is complicated and 

researchers need to pay close attention on how they conduct such analysis.
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INTRODUCTION

Choriocapillaris (CC) is a thin but dense vascular monolayer located beneath Bruch’s 

membrane (BM) in the inner choroid. Multiple histopathological reports have shown that 

there are correlations between CC integrity and ocular diseases such as age-related macular 

degeneration (AMD), diabetic retinopathy, and uveitis1–4. While the ability to perform in 
vivo quantitative imaging of the CC would be of great clinical value, only recently has the 

advent optical coherence tomography (OCT) based angiography (OCTA) made this possible, 

with depth resolved capability and high spatial resolution (~15–20 μm laterally, ~6 μm 

axially) suitable for vasculature quantification.5, 6 Many researchers have reported useful 

quantitative parameters, for example, vessel area density (VAD), vessel skeleton/length 

density (VSD/VLD), vessel diameter index (VDI), vessel complexity index and flow 

impairment zone; all of which may be used to describe retinal vasculature abnormalities in 

various ocular diseases7–14. Such ability to quantify the vasculature is attributed to the power 

of OCTA to resolve the microvascular networks of the retina because the inter-capillary 

distances (ICDs) are generally larger (71.30 ± 5.17 μm 15) than the system’s lateral 

resolution (~15–20 μm). However, we should be aware that if two vessels are separated with 

a distance similar to or less than the system’s lateral resolution, then OCTA would not be 

able to tell them apart. Unlike the retinal microvasculature, the CC is a much denser 

capillary network. Histological studies16–19 have revealed that the CC vasculature has 

different morphological appearances in different regions: a dense honeycomb network of 

freely interconnected capillaries separated by septa in the submacular region and a polygonal 

lobular network in the equatorial and peripheral regions. The ICD ranges from 5–20 μm in 

the posterior pole to 20–300 μm in equatorial and peripheral regions. 18 Given the wide 

range of the CC ICDs, the current commercial OCTA systems would not always be able to 

resolve the CC vasculature, particularly in the posterior pole region where the CC 

abnormalities are thought to be closely related to the development of AMD. Consequently, it 

remains problematic to directly visualize the CC vasculature from OCTA images.

Rather than visualize the CC vasculature directly, many researchers have chosen to segment 

and quantify CC flow deficits (FDs)20–29, which should indicate an impairment of CC flow 

or flow that is below the OCTA detection sensitivity. By definition, the flow deficit must have 

a size that is larger than the normal ICD, which may be within the capability of OCT system 

to resolve. Several different algorithms for CC FD segmentation have been reported. Al-

Sheikh et al. (2017) reported a method of segmenting the CC FDs using Otsu’s global 

thresholding25. However, the assumption of Otsu’s method is that the image histogram 

should follow a bimodal distribution30, which unfortunately is not the case for OCTA CC 

images. Alten et al. (2016), Nesper et al. (2017) and Borrelli et al. (2018) reported a method 

of segmenting the CC FDs using the mean pixel value in the outer retinal layer (ORL) as a 

global threshold31–33. This approach relies on the assumption that the ORL and CC layer 

share the same systemic noise characteristics, but this is not the case because the CC lies 

under the retinal pigment epithelium (RPE) complex, which raises the noise floor due to its 

high scattering nature. Carnevali et al. (2017) reported CC FD segmentation using the mean 

pixel value in the CC layer as a global threshold34. This approach is problematic because the 

CC vasculature is extremely dense, and it is almost impossible to use the mean pixel value as 
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the cutoff threshold between flow and absence of flow. Moreover, Sugano et al. (2018) used 

a method commonly seen in retinal vasculature analyses: hessian filter to segment CC 

vasculature 35 This approach is also invalid because OCTA cannot resolve the CC 

vasculature in the posterior pole and there are no tube-like structures for hessian filter to 

work with.

As a method designed for binarization of low contrast images36, Phansalkar’s local 

thresholding method in Image J (National Institutes of Health, Bethesda, Maryland, USA) 

has become one of the most popular methods for the CC FD segmentation21, 25, 26, 37–42 

Most researchers have chosen a 15-pixel radius in the analysis, regardless of the actual 

properties (i.e. actual pixel size) of different OCTA CC images. For example, Spaide et al. 

first reported in 2016 the use of a 15-pixel radius (~148 μm) with 304×304 pixel 3×3 mm 

OCTA images26 but later in 2018 reported the use of the same 15-pixel radius (~88 μm) with 

512×512 pixel 3×3 mm OCTA images43. Other researchers have reported using the same 15-

pixel radius with 1024×1024 pixel 3×3 mm OCTA images40 (~44 μm) as well as 1024×1024 

pixel 6×6 mm OCTA images39, 40(~88 μm). The lack of consistency in the physical 

dimensions of the radius could affect the application of the Phansalkar method and lead to 

discrepancies in CC FD measurements. Recently, a more reliable method, based on a fuzzy 

C-means self-clustering algorithm, has been reported to segment the CC FDs22. This method 

automatically assigns all pixels in an OCTA CC image into different clusters based on 

histogram distribution. It also utilizes localized information to remove noise after clustering. 

The cluster with the lowest intensity is then identified as the FDs while other clusters are 

identified by the region occupied by the CC vasculature. This approach was used to measure 

the average ICD in the macular CC of subjects with normal eyes, which was found to be 

around 24 μm using power spectrum analysis22.

Given the increasing interests in quantitative studies of the CC, there is a pressing need to 

investigate and understand how CC quantification can be conducted in a thoughtful and 

reproducible way. Several factors could potentially greatly affect CC quantification, such as 

scan signal intensity, correct CC slab segmentation, effective CC FD segmentation and 

appropriate selection of CC quantitative parameters. In this study, we compare the results of 

different CC FD segmentation algorithms on 3×3 mm and 6×6 mm OCTA scans of both 

normal eyes and eyes with drusen as the basis to discuss the necessary steps and precautions 

for proper CC quantification.

METHODS

This retrospective, cross-sectional study was performed at the University of Miami and the 

University of Washington. The Institutional Review Board of the University of Miami Miller 

School of Medicine and the Institutional Review Board of Medical Sciences Subcommittee 

at the University of Washington, Seattle, approved this study. The tenets of the Declaration 

of Helsinki and the Health Insurance Portability and Accountability Act of 1996 regulations 

were followed. Written informed consents were obtained from all subjects before 

participation. Six subjects with a normal ocular history, no visual complains, and no 

identified optic disc, retinal, or choroidal pathologies on examination and six subjects with 
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drusen secondary to intermediate AMD were enrolled in the study from January 2017 to 

March 2017.

Imaging acquisition

All subjects were scanned in both eyes using the PLEX® Elite 9000 (Carl Zeiss Meditec, 

Dublin, CA), a swept-source OCTA (SS-OCTA) instrument that employed a 100 kHz light 

source with a 1060 nm central wavelength and a 100 nm bandwidth, providing an axial 

resolution of ~ 5.5μm and a lateral resolution of ~20 μm estimated at the retinal surface44. 

For each eye, both 3×3 mm and 6×6 mm scans centered at the fovea were repeated three 

times, yielding 6 scans in total. The right eyes were selected for the analysis unless low 

signal strength (<7) or severe motion artifacts were present. For the 3×3 mm scans, 300 A-

lines were acquired for each B-scan and 300 sets of 4 repeated B-scans were acquired for 

each C-scan, yielding a digital resolution of 10 μm/pixel. For the 6×6 mm scans, 500 A-lines 

were acquired for each B-scan and 500 sets of 2 repeated B-scans were acquired for each C-

scan, yielding a digital resolution of 12 μm/pixel.

Image processing

After acquiring volumetric OCTA data, two approaches were used to identify the CC slab 

for later FD segmentation: a semi-automated segmentation software45 and the automated 

segmentation provided by the PLEX® Elite. We employed the semi-automated segmentation 

software45 to obtain an accurate segmentation of RPE/BM complex and to extract the CC 

slabs. In addition, we also produced en face CC OCTA images using automated 

segmentation software on the PLEX® Elite. Automated segmentation does a fair job in 

segmenting the RPE/BM boundary in normal eyes. However, in diseased eyes, this is more 

problematic. For example, in eyes with drusen, the RPE is deformed and the RPE-fit 

segmentation from the automated algorithm on the instrument gives a better approximation 

of the BM location. Therefore, we used the RPE-fit as the reference boundary to extract the 

CC slab in these eyes, whereas the RPE boundary was used for the normal eyes. However, 

segmentation errors could still be present even with our RPE-fit scheme, therefore we have 

chosen to conduct all our quantitative analysis on images produced by semi-automated 

segmentation.

The CC slab was defined as a 15 μm thick slab, starting 16 μm under the RPE (or BM, in 

cases of RPE/BM separation)23, for both segmentation approaches. En face images were 

produced using a maximum projection and possible signal attenuation caused by the 

RPE/BM complex was compensated for using a previous reported strategy20. Retinal 

projection artifacts were subsequently removed46 and the corresponding regions were 

excluded in further analyses. 3×3 mm images were resized as 600×600 pixels (2x 

magnification from raw OCTA data) and 6×6 mm images were resized as 1000×1000 pixels 

(2x magnification from raw OCTA data), yielding a pixel size of 5 μm in 3×3 scans and 6 

μm in 6×6 scans. To reduce the variability of the signal strength among the subjects, all the 

OCT volumetric data were normalized to a signal strength of nine before the OCTA maps 

were processed47.
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CC slabs generated by the semi-automated segmentation approach were selected for further 

quantification (Figure 1: A, D, G). Two methods were used for CC FD segmentation: our 

previously published complex thresholding strategy22 using a fuzzy C-means algorithm (the 

FCM method) and the Phansalkar’s local thresholding method ( the Phansalkar method) 

provided in Image J. Previous studies utilizing the Phansalkar method had all chosen a 15-

pixel radius regardless of image size21, 25, 26, 37–42 However, the proper use of this method 

has to consider the physical dimensions of the image, which involves the size of pixels, 

rather than the pixel numbers in its radius kernel for segmenting the FDs. In this study, to 

investigate how the radius size would have an effect on the FD segmentation and 

quantification, we used four different radius options: in 3×3 mm scans, 2 pixels (10 μm, the 

digital resolution of 3×3 mm scans), 5 pixels (25 μm, around the normal ICD in macular 

CC), 12 pixels (60 μm), 15 pixels (75 μm) and 30 pixels (150 μm); in 6×6 mm scans, 2 

pixels (12 μm, the digital resolution of 6×6 mm scans), 4 pixels (24 μm, around the normal 

ICD in macular CC), 10 pixels (60 μm), 15 pixels (90 μm) and 25 pixels (150 μm). After CC 

FD segmentation (Figure 1: B, E H, the FCM method), FDs with an equivalent diameter 

smaller than 24 μm were excluded from further analysis22 (Figure 1: C, F, I, using the FCM 

method).

After CC FD segmentation and binarization, quantitative metrics to describe FDs were 

calculated, including FD density (FDD), FD number (FDN), mean FD size (MFDS), ICD 

and total FD area (FDA). FDD was defined as the percentage of image area of no flow to the 

total image area. FDD and CC vessel density add up to 1. FDN was defined as the total 

number of FDs detected and MFDS was defined as the average area of individual FDs ICD 

was calculated as the average minor axis of the ellipses that have the same normalized 

second central moments of the detected FDs. FDA was calculated as the total area occupied 

by FDs. Lengths were always measured in μm and areas in μm2.

Statistical analysis

Statistical analyses were performed using MATLAB (R2016b; MathWorks, Inc, Natick, 

Massachusetts, USA). Descriptive statistics were reported as mean and standard deviation 

(SD). Repeatability was calculated using 3 repeated scans of each subject on the same visit, 

in the form of intra-class correlation (ICC) with the two-way mixed, single measures, 

absolute agreement model48. ANOVA test was used to compare quantitative CC metrics 

among different methods. Correlation among different methods were analyzed using 

Pearson’s correlation, both r values and p values were reported. P values smaller than 0.05 

were considered statistically significant.

RESULTS

The CC is a thin slab beneath the BM and OCTA CC slab appearance can vary significantly 

if the slab is too close to the RPE or too close to Sattler’s layer. Figure 2 demonstrates the 

appearances of CC OCTA slabs (Figure 2: A–E), OCT structural slabs (Figure 2: F–J) and 

OCT B-scans with segmentation lines (Figure 2: K–O) when the start position for CC slab 

was selected differently relative to the RPE position. Machine output CC slabs from PLEX® 

Elite are defined as +29 μm to +49 μm under the RPE segmentation line (Figure 2.E, J,O), 
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where it appears that the slab may be too deep into the Sattler’s layer due to heterogeneous 

appearances caused by melanocytes.

Repeatability Study

Six subjects with normal eyes and six subjects with drusen secondary to AMD were 

recruited for the repeatability study. For each subject, both 3×3 mm and 6×6 mm scans were 

acquired three times at the same visit. Figure 1, panels A, D, and G show an example of the 

three repeated 3×3 mm scans while panels J, M and P show an example of the three repeated 

6×6 mm scans. Both the FCM method and the Phansalkar method with four different radius 

choices were used to perform quantitative analyses of CC on each of the 3×3 mm and 6×6 

mm averaged scans. Figure 3 demonstrates an example of CC FD segmentation using both 

the FCM method (Figure 3: B, I) and the Phansalkar method (Figure 3: C–G and J–N) in 

both scan sizes for the normal eye. Figure 4 shows the same analysis for a subject with 

drusen. Qualitatively speaking, the Phansalkar method with larger radius options resulted in 

more FDs segmented in the same CC image.

Repeatability was assessed using the ICC with the two-way mixed, single measures, 

absolute agreement model. Table 1 shows the ICC values for both the FCM method and the 

Phansalkar method for various radius options in 3×3 mm scans of normal eyes and Table 2 

shows the ICC values in 3×3 mm scans of eyes with drusen. When using the Phansalkar 

method, larger radius options tended to result in higher repeatability, likely because higher 

radius option leads to more and larger FD segmentations. Similarly, Table 3 and 4 

demonstrates the repeatability of both methods in normal and drusen for 6×6 mm scans, 

respectively. For both methods, the 3×3 mm scans resulted in higher repeatability compared 

to the 6×6m mm scans.

Correlation analysis

All twelve subjects were grouped and analyzed for correlations between the FCM method 

and the Phansalkar method. Only one scan was selected from three repeated scans with the 

highest signal strength, resulting in twelve 3×3 mm scans and twelve 6×6 mm scans. Table 5 

shows the mean and standard deviation (SD) values of various quantitative CC metrics in 

3×3 mm scans and Table 6 shows the same for 6×6 mm scans. In both 3×3 mm and 6×6 mm 

scans, the Phansalkar method with larger radius options typically resulted in larger FDD, 

MFDS, ICD and FDA values. ANOVA tests showed that quantitative CC metrics generated 

by the different methods are not equivalent.

Pearson’s correlation was assessed between quantitative CC metrics using the FCM method 

and the Phansalkar method, and Table 7 reports the corresponding r and p values for the 3×3 

mm scans and Table 8 for the 6×6 mm scans. In the 3×3 mm scans, except for FDN, the 

Phansalkar method showed significant correlation with the FCM method, regardless of 

radius options. Such correlations were strongest with a 2-pixel radius option, and decreased 

for larger radii. In the 6×6 mm scans, the r values are smaller compared to those in the 3×3 

mm scans, indicating weaker correlations. The 4-pixel radius (24 μm) option was the only 

radius option that resulted in significant correlation with the FCM method for all quantitative 

CC metrics.
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DISCUSSION

Visualizing and quantifying the CC in vivo has been a keen interest of many investigators 

over the decades, especially since the recent technological advances in commercial OCTA 

systems. However, researchers should stay cautious and vigilant when conducting 

quantitative analyses of the CC using OCTA images. There are several important factors that 

we should be aware that could potentially affect the results of CC quantification.

The first one is the signal intensity. All reported CC FD segmentation methods have used 

some form of intensity thresholds since morphological filters do not apply. The caveat of 

using intensity thresholds is that it requires high quality OCTA scans. If the scan signal 

strength is too low, or partially out of focus, CC OCTA images will appear darker than 

normal, and this could lead to false positive identifications of CC FDs. More dangerously, 

when anatomical abnormalities above CC are present, it could block OCT signals. The 

consequence is the creation of shadows in OCTA CC images, giving rise to false positive CC 

FDs identification. In order to counteract such situations, an OCT signal compensation 

strategy20 should be considered for the attenuated signals detected from structural OCT 

images. In this study, we only included scans with a signal strength index higher than 7, 

according to manufacturer’s recommendation. Future studies are warranted to investigate if 

signal strength plays a role in CC quantification.

Another important consideration is the location of the CC slab segmentation. Because the 

CC is such a thin layer (10μm~20μm23, 49, which represents as 5~10 pixels in PLEX® 

Elite), the analysis can be quite sensitive to the distance between the thickness of the CC 

slab and its distance from the RPE. Figure 2 demonstrates that in commercial systems, the 

default CC slab might not be optimal, and researchers need to be cautious in using the 

default slab. This could become even more problematic in pathological cases, because the 

automatic identification of RPE (or BM) is often incorrect. On PLEX® Elite instruments, 

researchers might be better off using a CC slab defined by RPE-fit segmentation rather than 

the default RPE segmentation since accurate CC quantification is almost impossible without 

accurate CC slab segmentations. Therefore, before a robust automatic segmentation software 

is rigorously validated, semi-automated segmentation software45 should be considered 

because it would ensure the correct identification of the CC slab to the best of our abilities.

Caution is also needed for the segmentation of FDs. Most methods of CC FD segmentation 

reported so far have used intensity threshold approaches. Using a single global intensity 

threshold across all cases can be problematic because of signal variability both within scans 

and across different scans and subjects. As we have mentioned in the introduction, many of 

these global intensity thresholding approaches are not appropriate for CC FDs segmentation. 

Many researchers have also used Phansalkar’s local thresholding method with a fixed 15-

pixel radius, regardless of the pixel sizes. However, a proper selection of the local window 

radius should be based on actual size (in microns) rather than the number of pixels. Too 

large a window can artificially overestimate the extent of FDs. The present study found that 

different radius options (10 μm to 150 μm) can lead to different quantitative CC metrics and 

different repeatability. In this study, we chose to resize the images by a factor of 2. 3×3 mm 

images originally have 300×300 pixels and we resized it to 600×600 pixels. 6×6 mm images 

Chu et al. Page 7

Am J Ophthalmol. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



originally have 500×500 pixels and we resized it to 1000×1000 pixels. Moreover, the 

Phansalkar method in 3×3 mm scans of eyes with drusen seems to over identify CC FD 

areas. This is possibly because the Phansalkar method is designed for low contrast image 

segmentation. The threshold used in Phansalkar’s method is positively correlated with the 

standard deviation value of the image, which is also positively correlated with image 

contrast. In cases of extensive CC loss, the OCTA CC image becomes higher contrast, this 

could lead to a higher threshold value and more CC FDs areas identified. Such situation 

could potentially violate the low contrast image assumption for the Phansalkar’s method but 

further investigations are warranted for a conclusive statement. Our analysis have also shown 

that the FCM method and Phansalkar’s method all provided satisfactory repeatability. ICC 

values are the highest in 3×3 mm normal scans and lowest in 6×6 drusen scans. To further 

reduce variation, researchers should consider average multiple CC scans.22 Larger radius 

options in the Phansalkar’s method also tend to result in higher ICC values. Our group has 

also reported a novel CC FD segmentation method using the mean and SD value from 

normal population20. This SD method has showed significant correlation with the FCM 

method using a normative database50.

Another concern is the choice of OCTA scan size. All scan sizes from the same OCTA 

system share the same lateral resolution, but the digital resolutions (determined by the 

sampling density) may vary. High speed SS-OCTA system49 can provide denser scans (~4 

μm/pixel) with more repeated B-scans (~10 repeats) and provide higher CC imaging quality. 

In the PLEX® Elite, the 3×3 mm scan uses 4 repeated B-scans for OCTA and has a digital 

resolution of 10 μm/pixel. The 6×6 mm scan uses 2 repeated B-scans for OCTA and has a 

digital resolution of 12 μm/pixel. The 6×6 mm scan contains a larger area at the cost of 

digital resolution and signal to noise ratio (SNR). Both scan sizes have been reported to be 

useful in quantitative CC analyses. As indicated by our results (Figure 3 and Figure 4), the 

appearances of CC FDs are similar in 3×3 mm and 6×6 mm images but do not present the 

exactly same image contrast. The PLEX® Elite also provides 9×9 mm, 12×12 mm and 9×15 

mm scans, all using 2 repeated B-scans for OCTA and providing a digital resolution of 18 

μm/pixel, 24 μm/pixel and 18 μm/pixel, respectively. Larger scans are valuable because not 

all pathologies are contained within the 6×6 mm macular region, but they also offer lower 

digital resolution, lower SNR, and a longer scan time that increases the probability of having 

motion artifacts. Researchers need to pay extreme caution when using larger sized scans for 

CC quantification. Moreover, the thickness of the CC layer varies from macula region to 

equatorial regions, and a uniformly defined thickness of the CC slab will certainly introduce 

errors.

Lastly, given currently available clinical systems, researchers need to pay attention to what 

quantifiable parameters can be meaningfully calculated from the CC images. In retinal 

analysis, parameters such as vascular area density (VAD), vessel skeleton density (VSD), 

vessel length density (VLD) and vasculature diameter index (VDI), have been used7. These 

quantitative parameters are valid because the retinal inter-capillary distance is much larger 

than the system lateral resolution and OCTA can resolve the retinal vasculature. Therefore, 

morphological filters may be used to binarize retinal vessels. However, parameters like 

VSD/VLD and VDI are not applicable to the CC vasculature given the lateral resolution of 

current OCTA systems. As we have explained before, ICDs in the CC are too small and 

Chu et al. Page 8

Am J Ophthalmol. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



OCTA simply cannot resolve the CC vasculature. Because of this technical limitation, we 

are only able to examine non-perfusion in CC (FDs) but not detailed morphological vascular 

patterns. Moreover, when CC FD segmentation is performed with the Phansalkar method, 

the VDI is highly dependent on the size of radius, and a larger radius option would generally 

lead to wider segmentation of CC vasculature and larger VDI. Therefore, measurements of 

VSD/VLD and VDI for the CC vasculature are substantially meaningless, at least in the 

macula, using the current OCTA resolution.

We have only examined CC quantification with SS-OCTA in this study, not spectral domain 

OCTA (SD-OCTA). SS-OCTA is superior to SD-OCTA in choroidal imaging due to the 

deeper penetration with a longer wavelength and less sensitivity rolloff51. SD-OCTA may 

still be useful in quantitative CC analysis. However, greater caution needs to be paid to scan 

quality in SD-OCTA images. Low quality scans can lead to false positive identification of 

FDs. SS-OCTA and SD-OCTA systems generally have different SNR and researchers might 

need to optimize their CC algorithms accordingly from one system to another. Future studies 

are warranted to investigate how SS-OCTA and SD-OCTA compare in quantitative CC 

analyses.

In this study, we compared two different CC FD segmentation methods: the FCM method 

and the Phansalkar method with different radius options. We utilized repeated scans from six 

subjects with normal eyes and six AMD drusen subjects to assess repeatability of each 

method. Overall, our results indicate that 3×3 mm scans yield better repeatability than 6×6 

mm scans. When using the Phansalkar method, larger radius options resulted in larger FD 

areas being segmented and typically lower CV. Our data strongly suggests that the radius 

choice in the Phansalkar method is very important and researchers using this approach for 

CC analysis should be extremely careful in the proper use of radius parameter. When 

comparing quantitative CC metrics produced by both methods, 3×3 mm scans also showed 

stronger correlation among methods than 6×6 mm scans.

We have chosen to use six quantitative CC metrics of FDD, FDA, FDN, MFDS and ICD. To 

the best of our knowledge, this is the first time ICD has been reported using the 

approximation of minor axis, all other metrics have been reported by various groups 

previously. FDD, FDA, MFDS and FND could all be derived from each other. We chose to 

report all these four metrics because of their popularity in the literature, for future studies, 

researcher might not need to report them all. The correlation among those metrics could also 

lead to false significant p values when multiple comparisons are conducted. This is not the 

case for our study (TABLE 5 and TABLE 6) as our p values are all smaller than 0.001, still 

significant after Bonferroni correction.

There are some limitations in our study. Firstly, there is a lack of ground truth for CC 

vasculature. Traditional dye-based angiography cannot provide detailed CC imaging suitable 

for quantification. Adaptive optics OCTA and higher speed SS-OCTA lab-built systems have 

demonstrated high resolution images, yet smaller fields of view for CC imaging23, 49. We 

chose to use OCTA CC data acquired by a commercially available OCT system for clinical 

relevance. Secondly, we have a limited sample size. The purpose of this study was to 
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demonstrate differences in different CC algorithms, and how those methods really compare 

needs to be studied further with a larger dataset.

In summary, we have demonstrated that CC quantitative analysis with commercial OCTA 

systems can be complicated. Researchers need to pay close attention to how they choose to 

conduct such analysis in the future.
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FIGURE 1. 
Illustration of the choriocapillaris (CC) using three repeated 3×3 mm scans and 6×6 mm 

scans from a subject with normal eyes. (A, D, G, J, M, P) Swept source optical coherence 

tomography angiography (SS-OCTA) CC en face images. (B, E, H, K, N, Q) binary images 

of segmented CC flow deficits (FDs) (white) using the fuzzy C-means (FCM) method. (C, F, 
I, L, O, R) color coded CC FD SS-OCTA map (red) after removing FDs below normal inter-

capillary distances and projection artifacts (yellow).
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FIGURE 2. 
Illustration of the choriocapillaris (CC) appearances with different selections of the CC slab 

position relative to the RPE in a normal eye using automatic segmentation from the 

instrument. (A-E) OCT angiography CC slabs with the selection of positions as shown 

relative to the RPE position. (F-J) corresponding OCT CC structural slabs. Note that since 

the axial pixel size in PLEX® Elite is 1.9 μm/pixel, the slab thickness in (D) and I is 16 μm 

rather than 15 μm due to rounding issues.
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FIGURE 3. 
Example of choriocapillaris (CC) flow deficit (FD) segmentation in a subject with normal 

eyes using both a 3×3 mm averaged scan (A-G) and a 6×6 mm averaged scan (H-N). (A) 

3×3 mm OCT angiographic (OCTA) CC en face image. (B) color coded FD segmentation 

map (red) using the fuzzy C-means (FCM) method overlaid with the OCTA CC image (grey) 

and the larger retinal blood vessels (yellow). (C-G) color coded FD segmentation map (red) 

using the Phansalkar method overlaid with OCTA CC image (grey) and the larger retinal 

vessels (yellow), with 2-pixel radius, 5-pixel radius, 12-pixel radius, 15-pixel radius, and 30-

pixel radius, respectively. (H) 6×6 mm OCTA CC en face image. (I) color coded FD 

segmentation map (red) by the FCM method overlaid with the OCTA CC en face image (grey) 

and larger retinal blood vessels (yellow). (J-N) color coded FD segmentation map (red) by 

the Phansalkar method overlaid with the OCTA CC en face image (grey) and larger retinal 

vessels (yellow), with 2-pixel radius, 5-pixel radius, 12-pixel radius, 15-pixel radius, and 30-

pixel radius, respectively.
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FIGURE 4. 
Example of choriocapillaris (CC) flow deficit (FD) segmentation in a 3×3 mm scan (A-G) 

and a 6×6 mm scan (H-N) acquired from an AMD subject with drusen. (A) 3×3 mm OCT 

angiographic (OCTA) CC en face image. (B) color coded FD segmentation map (red) using 

the fuzzy C-means (FCM) method overlaid with the OCTA CC image (grey) and the larger 

retinal blood vessels (yellow). (C-G) color coded FD segmentation map (red) using the 

Phansalkar method overlaid with OCTA CC image (grey) and the larger retinal vessels 

(yellow), with 2-pixel radius, 5-pixel radius, 12-pixel radius, 15-pixel radius, and 30-pixel 

radius, respectively. (H) 6×6 mm OCTA CC en face image. (I) color coded FD segmentation 

map (red) by the FCM method overlaid with the OCTA CC en face image (grey) and larger 

retinal blood vessels (yellow). (J-N) color coded FD segmentation map (red) by the 

Phansalkar method overlaid with the OCTA CC en face image (grey) and larger retinal 

vessels (yellow), with 2-pixel radius, 5-pixel radius, 12-pixel radius, 15-pixel radius, and 30-

pixel radius, respectively.
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TABLE 1.

Intra-class correlation for quantitative metrics used to describe flow deficits (FDs) calculated from the fuzzy 

C-means (FCM) method and the Phansalkar method using various radius options in 3×3 mm scans of eyes 

with drusen.

Normal The FCM method
The Phansalkar method

2-pixel radius 4-pixel radius 10-pixel radius 15-pixel radius 30-pixel radius

FDD 0.9598 0.9707 0.9798 0.9792 0.9801 0.9777

MFDS 0.9915 0.9911 0.9795 0.9773 0.9762 0.9804

FDN 0.9687 0.9693 0.9783 0.9318 0.9219 0.8745

ICD 0.9537 0.9967 0.9758 0.9683 0.9653 0.9713

FDA 0.9179 0.9681 0.9775 0.9773 0.9785 0.9771

Abbreviations: FCM, Fuzzy C-means; FD, Flow deficit; FDD, FD density; FDN, FD number; MFDS, mean FD size; ICD, inter-capillary distance; 
FDA, total FD area.
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TABLE 2.

Intra-class correlation for quantitative metrics used to describe flow deficits (FDs) calculated from the fuzzy 

C-means (FCM) method and the Phansalkar method using various radius options in 3×3 mm scans of eyes 

with drusen.

Drusen The FCM method
The Phansalkar method

2-pixel radius 4-pixel radius 10-pixel radius 15-pixel radius 30-pixel radius

FDD 0.9492 0.9365 0.9285 0.9201 0.9217 0.9033

MFDS 0.9302 0.9488 0.9215 0.9209 0.8831 0.6625

FDN 0.8762 0.7515 0.8549 0.9377 0.8629 0.9923

ICD 0.8272 0.9368 0.9258 0.8951 0.8712 0.6125

FDA 0.9250 0.9271 0.9183 0.9150 0.9174 0.9803

Abbreviations: FCM, Fuzzy C-means; FD, Flow deficit; FDD, FD density; FDN, FD number; MFDS, mean FD size; ICD, inter-capillary distance; 
FDA, total FD area.

Am J Ophthalmol. Author manuscript; available in PMC 2020 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chu et al. Page 20

TABLE 3.

Intra-class correlation for quantitative metrics used to describe flow deficits (FDs) calculated from the fuzzy 

C-means (FCM) method and the Phansalkar method using various radius options in 6×6 mm scans of eyes 

with drusen.

Normal The FCM method
The Phansalkar method

2-pixel radius 4-pixel radius 10-pixel radius 15-pixel radius 25-pixel radius

FDD 0.9287 0.7732 0.9507 0.9478 0.9526 0.9637

MFDS 0.9140 0.8760 0.9301 0.9668 0.9733 0.9786

FDN 0.9544 0.9498 0.9526 0.9293 0.9336 0.9436

ICD 0.9435 0.9072 0.9600 0.9643 0.9663 0.9789

FDA 0.9598 0.9418 0.9546 0.9539 0.9585 0.9688

Abbreviations: FCM, Fuzzy C-means; FD, Flow deficit; FDD, FD density; FDN, FD number; MFDS, mean FD size; ICD, inter-capillary distance; 
FDA, total FD area.

Am J Ophthalmol. Author manuscript; available in PMC 2020 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chu et al. Page 21

TABLE 4.

Intra-class correlation for quantitative metrics used to describe flow deficits (FDs) calculated from the fuzzy 

C-means (FCM) method and the Phansalkar method using various radius options in 6×6 mm scans of eyes 

with drusen.

Drusen The FCM method
The Phansalkar method

2-pixel radius 4-pixel radius 10-pixel radius 15-pixel radius 25-pixel radius

FDD 0.8045 0.5697 0.6647 0.7630 0.7848 0.7448

MFDS 0.9152 0.7943 0.7153 0.6910 0.7517 0.7319

FDN 0.8786 0.5684 0.7076 0.7819 0.7740 0.7165

ICD 0.9115 0.7000 0.6872 0.6727 0.7658 0.7382

FDA 0.8703 0.5605 0.6415 0.7399 0.7652 0.7171

Abbreviations: FCM, Fuzzy C-means; FD, Flow deficit; FDD, FD density; FDN, FD number; MFDS, mean FD size; ICD, inter-capillary distance; 
FDA, total FD area.
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TABLE 5.

Descriptive statistics for several choriocapillaris (CC) metrics in the 3×3 mm scans over a l 12 subjects.

Mean (SD) The FCM 
method

The Phansalkar method
ANOVA 

test2-pixel 
radius

5-pixel 
radius

12-pixel 
radius

15-pixel 
radius

25-pixel 
radius

FDD, % (SD) 7.62 (3.60) 13.66 (8.18) 22.03 (7.57) 27.85 (6.68) 28.51 (6.58) 29.6 (6.27) p<0.001

MFDS, μm 
(SD)

1703.6 (766.9) 1679.4 
(881.0)

1718.8 
(733.0)

2597.8 
(1033.5)

2885.6 
(1155.6)

3475.2 
(1389.7) p<0.001

FDN (SD) 361.9 (24.1) 632.6 (150.4) 1082.5 
(156.1)

931.8 (166.5) 862.6 (161.1) 748.0 (149.8) p<0.001

ICD, μm (SD) 33.0 (5.0) 33.0 (5.5) 33.2 (4.7) 40.9 (5.5) 42.8 (5.6) 45.5 (5.5) p<0.001

FDA, μm2 
(SD)

0.79 (0.25) 1.11 (0.64) 1.80 (0.60) 2.27 (0.54) 2.33 (0.53) 2.42 (0.51) p<0.001

Abbreviations: FCM, Fuzzy C-means; SD, standard deviation; FD, Flow deficit; FDD, FD density; FDN, FD number; MFDS, mean FD size; ICD, 
inter-capillary distance; FDA, total FD area.
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TABLE 6.

Descriptive statistics for several choriocapillaris (CC) metrics in the 6×6 mm scans over a l 12 subjects.

Mean (SD) The FCM 
method

The Phansalkar method
ANOVA 

test2-pixel radius 5-pixel radius 12-pixel 
radius

15-pixel 
radius

30-pixel 
radius

FDD, % (SD) 3.98 (0.93) 1.75 (0.48) 6.20 (1.37) 14.04 (2.13) 15.09 (2.17) 15.65 (2.30) p<0.001

MFDS, μm 
(SD)

1233.0 (324.5) 847.8 (151.8) 864.1 (84.1) 1292.3 (96.1) 1475.6 (135.6) 1619.8 (175.0) p<0.001

FDN (SD) 1160.4 (457.6) 687.4 (174.0) 2392.2 (621.5) 3577.4 (566.9) 3373.1 (520.0) 3191.8 (515.7) p<0.001

ICD, μm (SD) 28.7 (2.3) 24.7 (1.9) 25.0 (1.0) 30.9 (1.0) 32.9 (1.2) 34.3 (1.3) p<0.001

FDA, μm2 
(SD)

1.80 (0.49) 0.58 (0.17) 2.04 (0.46) 4.61 (0.71) 4.96 (0.72) 5.14 (0.77) p<0.001

Abbreviations: FCM, Fuzzy C-means; SD, standard deviation; FD, Flow deficit; FDD, FD density; FDN, FD number; MFDS, mean FD size; ICD, 
inter-capillary distance; FDA, total FD area.
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TABLE 7.

Pearson’s correlations between the fuzzy C-means (FCM) method and the Phansalkar method in the 3×3 mm 

scans.

3×3 The FCM method& 
the Phansalkar 
method (2-pixel 

radius)

The FCM method& 
the Phansalkar 
method (5-pixel 

radius)

The FCM method& 
the Phansalkar 

method (12-pixel 
radius)

The FCM method& 
the Phansalkar 

method (15-pixel 
radius)

The FCM method& 
the Phansalkar 

method (30-pixel 
radius)

FDD r = 0.98, p < 0.001 r = 0.96, p < 0.001 r = 0.94, p < 0.001 r = 0.94, p < 0.001 r = 0.94, p < 0.001

MFDS r = 0.99, p < 0.001 r = 0.99, p < 0.001 r = 0.97, p < 0.001 r = 0.97, p < 0.001 r = 0.96, p < 0.001

FDN r = 0.26, p = 0.46 r = 0.05, p = 0.88 r = −0.14, p = 0.69 r = −0.16, p = 0.65 r = −0.20, p = 0.58

ICD r = 0.99, p < 0.001 r = 0.96, p < 0.001 r = 0.92, p < 0.001 r = 0.90, p < 0.001 r = 0.87, p < 0.001

FDA r = 0.97, p < 0.001 r = 0.94, p < 0.001 r = 0.90, p < 0.001 r = 0.90, p < 0.001 r = 0.89, p < 0.001

Abbreviations: FCM, Fuzzy C-means; SD, standard deviation; FD, Flow deficit; FDD, FD density; FDN, FD number; MFDS, mean FD size; ICD, 
inter-capillary distance; FDA, total FD area.
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TABLE 8.

Pearson’s correlations between the fuzzy C-means (FCM) method and the Phansalkar method in the 6×6 mm 

scans.

6×6

The FCM method& 
the Phansalkar 
method (2-pixel 

radius)

The FCM method& 
the Phansalkar 
method (4-pixel 

radius)

The FCM method& 
the Phansalkar 

method (10-pixel 
radius)

The FCM method& 
the Phansalkar 

method (15-pixel 
radius)

The FCM method& 
the Phansalkar 

method (25-pixel 
radius)

FDD r = −0.04, p = 0.93 r = 0.68, p = 0.03 r = 0.71, p = 0.02 r = 0.69, p = 0.03 r = 0.68, p = 0.03

MFDS r = 0.96, p < 0.001 r= 0.91, p < 0.001 r = 0.45, p = 0.19 r = 0.45, p = 0.19 r = 0.51, p = 0.13

FDN r = 0.49, p = 0.15 r = 0.85, p = 0.002 r = 0.91, p < 0.001 r = 0.94, p < 0.001 r = 0.95, p < 0.001

ICD r = 0.93, p < 0.001 r = 0.93, p < 0.001 r = 0.52, p = 0.13 r = 0.46, p = 0.18 r = 0.63, p = 0.06

FDA r = −0.04, p = 0.93 r = 0.68, p = 0.03 r = 0.70, p = 0.02 r = 0.67, p = 0.03 r = 0.66, p = 0.04

Abbreviations: FCM, Fuzzy C-means; SD, standard deviation; FD, Flow deficit; FDD, FD density; FDN, FD number; MFDS, mean FD size; ICD, 
inter-capillary distance; FDA, total FD area.

Am J Ophthalmol. Author manuscript; available in PMC 2020 December 01.


	Abstract
	INTRODUCTION
	METHODS
	Imaging acquisition
	Image processing
	Statistical analysis

	RESULTS
	Repeatability Study
	Correlation analysis

	DISCUSSION
	References
	FIGURE 1.
	FIGURE 2.
	FIGURE 3.
	FIGURE 4.
	TABLE 1.
	TABLE 2.
	TABLE 3.
	TABLE 4.
	TABLE 5.
	TABLE 6.
	TABLE 7.
	TABLE 8.

