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Introduction

The choroid is comprised primarily of blood vessels and, 
from outward to inward, includes large (Haller’s layer; 
LCV), medium (Sattler’s layer; MCV) choroidal vessels, 
and layer of the choriocapillaris (CC).1 This vascular layer 
provides the majority of blood supply to the eye. The role 
of vascular choroid has been shown in a variety of chori-
oretinal disorders including age-related macular degenera-
tion (AMD), pachychoroid spectrum–related disorders, 
and high myopia.2,3 With advances in imaging techniques, 
there is an increasing interest in the choroid and its vascu-
larity. The introduction of enhanced depth imaging optical 
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Abstract
Purpose: To report the en-face choroidal vascularity index in healthy eyes.
Methods: Thirty eyes of 30 healthy individuals were studied. Multiple high-density cross-sectional swept source optical 
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were obtained and binarized. Choroidal vascularity index was calculated at level of choriocapillaris, medium, and large 
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was 54.25 ± 0.55%. There was a statistically significant difference of choroidal vascularity index in choriocapillaris 
(53.16 ± 0.43%), medium choroidal vessel (51.38 ± 0.27%), and large choroidal vessel (55.69 ± 0.87%) (p < 0.01). 
Choroidal vascularity index analysis in three subgroups based on subfoveal choroidal thickness (low: <300 µm, medium: 
300–400 µm, high: >400 µm) showed a statistically significant difference (p = 0.001). Choroidal vascularity index showed 
a significant correlation with subfoveal choroidal thickness (r = 0.441; p = 0.015), whereas there was no significant 
correlation of age (p = 0.21), refraction (p = 0.20), and gender (p = 0.67) with en-face choroidal vascularity index.
Conclusion: En-face choroidal vascularity index shows a significant variation at the level of choriocapillaris, medium 
choroidal vessel, and large choroidal vessel in normal eyes. Choroidal vascularity index reaches a nadir at the level of 
medium choroidal vessel and reaches the maximum value at large choroidal vessel near choroidoscleral interface. En-face 
choroidal vascularity index shows a significant physiological variation and appears to increase with increase in subfoveal 
choroidal thickness.
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coherence tomography (EDI-OCT) and swept source opti-
cal coherence tomography (SS-OCT), which uses a longer 
wavelength (1050 nm), has facilitated the detailed evalua-
tion of the choroidal morphology and vascularity.4–6 
Multiple studies have studied different choroidal parame-
ters such as choroidal thickness, volume, vessel layer 
thickness, vascularity index (CVI) using axial B scans at 
subfoveal and extrafoveal locations reaching up to mid 
equator in normal and/or diseased eyes.6–18

En-face OCT is one of the recent additions which pro-
vides a coronal view of the retina and choroid.19,20 Often 
termed as C scan, these differ from conventional B scans and 
can be obtained from volume data generated using closed 
spaced scans in newer, high-definition OCT machines.19,20 
En-face scans provide in vivo spatial localization of choroi-
dal vessels or any chorioretinal pathology with a detailed 
analysis of morphological changes in a single view.

En-face imaging has been used to study the choroidal 
vascular pattern and calculate the vascular area along with 
vascular diameter.21–24 Sohrab et al. have reported the cho-
roidal vascular changes in normal, eyes with early AMD 
and reticular pseudodrusen using en-face images at three 
levels (CC, MCV, and LCV). However, these scans have 
remained confined to few specified planes and were una-
ble to provide minute details of the vascularity of choroid 
throughout the entire thickness of choroid.21,23 Previous 
histopathological studies have provided information about 
choroidal vasculature especially the choriocapillaris in 
normal and diseased eyes.25 Previous reports have shown 
significant loss and reduction of CC diameter in eyes with 
early, intermediate, advanced AMD with geographic atro-
phy and neovascular AMD. However, the sample size was 
small in various subgroups and outer choroidal layers were 
not evaluated.25

Choroidal vascularity index (CVI), a ratio of vascular 
luminal area versus total choroidal area, has been studied 
extensively using axial B scan data in normal and multiple 
chorioretinal disorders.7–11,26–29 This in vivo, noninvasive 
choroidal parameter can be applied on en-face scans and 
can provide a truer representation of the choroidal vascula-
ture as seen in real life. Here, we report the CVI changes of 
macular area in healthy individuals using en-face OCT 
images generated through volume maps and provide 
details about the changes in choroidal vascularity through 
entire choroidal thickness at every 25 μm.

Materials and methods

This was an observational, cross-sectional study involv-
ing 30 eyes of 30 healthy volunteers conducted at a ter-
tiary setup in India from December 2017 to May 2018. 
Prior institutional review board approval was obtained 
and study conformed to the tenets of the Declaration of 
Helsinki.

The enrolled volunteers were explained about the pro-
cedure and study-related risks, and a written informed con-
sent was taken from the study participants. A thorough 
history and comprehensive ocular examination was done 
to rule out any significant ocular and systemic pathology. 
Ocular examination included best-corrected visual acuity 
(BCVA) in Snellen visual acuity chart, anterior segment, 
and fundus examination using slit lamp and indirect oph-
thalmoscopy, respectively, intraocular pressure (IOP) and 
refraction. Exclusion criteria included BCVA <20/20, 
refraction ⩾± 3 D, eyes with significant media opacities, 
macular pathologies, any prior intraocular surgeries or 
laser or history of any systemic diseases like diabetes mel-
litus or hypertension.

SS-OCT imaging

For each eye, a volume scan containing multiple high-den-
sity cross-sectional OCT scans was obtained using DRI 
OCT Triton, SS-OCT (Topcon, Tokyo, Japan) with a scan-
ning speed of 100,000 A-scans/s. A total of 256 unaver-
aged cross-sectional scans per acquisition were taken. 
These data were exported from the Topcon device as image 
stacks (8-bit gray scale).

The schematic of the proposed methodology for obtain-
ing en-face CVI measurement is depicted in Figure 1. The 
algorithm mainly involves (1) extracting choroidal en-face 
scans and (2) binarization of en-face scans.

Extracting choroidal en-face scans

We first segmented the choroid from the OCT volume 
and then extracted en-face scans separated by 25 µm for 
CVI analysis. In particular, each B scan of the volume 
was analyzed to segment choroid based on previously 
validated algorithm where retinal pigment epithelium 

Figure 1. A brief schematic depicting the steps involved in the 
estimation of en-face CVI of healthy eyes.
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(RPE)–Bruch’s complex and choroid–scleral interface 
(CSI) were identified using structural similarity (SSIM) 
index, Hessian analysis, and tensor voting.30 Subsequently, 
segmented choroid sections were stacked to obtain the 
choroid volume and multiple en-face sections separated 
by 25 µm were generated.

En-face CVI estimation

In particular, the method employs adaptive histogram 
equalization and a window-based particle swarm optimi-
zation (PSO). Adaptive histogram equalization with a win-
dow size of 8 × 8 was employed (using built-in MATLAB 
function) to increase the contrast between the blood ves-
sels and the stroma. Subsequently, blood vessels were seg-
mented using PSO-based thresholding.

PSO technique has shown its superiority over conven-
tional thresholding algorithms including fuzzy C-means 
and Otsu techniques for multidimensional biomedical 
images, especially retinal blood vessel segmentation.31,32

PSO is an efficient optimization technique, inspired by 
bird flocking, which iteratively improves a candidate solu-
tion based on the defined fitness function. It tries to move 
particles (candidate solutions) around in the search space 
iteratively based on particles position and velocity, where 
each particle’s movement is influenced by its local best 
and global best values among the overall population of the 
swarm.

Noting the non-uniformity in the pixel intensities of 
vascular regions as well as stromal regions across the 
image, we performed block-based PSO. For each block, 
we obtained the threshold by iteratively updating particle 
velocities and positions defined by
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where vi
t( )  and xi

t( )  are the velocities of the ith particle in 
the tth iteration. Furthermore, pi

t( )  is the particle’s best 
position and gi

t( )  is the swarm’s best position. w t( )  is the 
inertia weight, C1 , C2  (empirically fixed at 0.6) are the 
acceleration constants and r1 , r2  are the random number 
stacking values between (0, 1). For implementation, we 
considered particle population size of 15, number of itera-
tions as 250 and inertia weight was chosen empirically as 
1. The segmentation performance of the proposed method-
ology was validated using observer grading inspired from 
similar problem reported earlier. In particular, two observ-
ers graded the percentage of choroid vasculature correctly 
segmented in binarized en-face images in comparison with 
choroid vasculature in the original en-face image. The 
grading was done twice by both the observers blinded to 

each other as well as their own gradings. We found a con-
cordance rate of 0.97–0.99 for various levels of en-face 
images.

CVI was calculated separately at all the en-face images 
separated every 25 µm. We sought to understand whether 
the average of CVI measurement at three defined points 
based on the prior anatomical information is reflective of 
the overall mean CVI involving multiple equidistant en-
face planes. The layer of small choroidal vessel including 
choriocapillaris was defined as a dense network of small 
vessels just beneath the Bruch’s membrane. Three points 
of measurements were identified manually in each eye 
based on the above description at the level of the chorio-
capillaris (at 10 µm below RPE-Bruch’s membrane), junc-
tion of MCV and LCV (junction of one-third and two-thirds 
of subfoveal choroidal thickness; SFCT) and just inner to 
CSI adjacent to the LCVs. Representative image showing 
original, shadow compensated and binarized en-face scans 
is shown in Figure 2.

In addition, total study population of 30 eyes was sub-
divided into three subgroups (<300 µm, 300–400 µm, and 
>400 µm) based on SFCT and CVI was compared in the 
three subgroups. The coefficient of variation (CV) of CVI 
was calculated in each vascular layer of choroid to identify 
the variation of the CVI in the study eyes.

Statistical analysis was done using SPSS v22 (SPSS 
Inc., Chicago, IL, USA). The choroidal parameters were 
recorded as the mean ± standard deviation (SD). Normality 
of the data was determined and analysis of variance 
(ANOVA) was used to study the variation of CVI in differ-
ent choroidal layers and in subgroups with different SFCT. 
Correlation between CVI and age, gender, and refraction 
was determined using linear regression and significant val-
ues were subjected to multivariate regression analysis. 
Only p ⩽ 0.05 was considered statistically significant.

Results

Thirty eyes of 30 healthy individuals with a mean (±SD) 
age of 35.6 ± 8.8 years (range: 23–47 years) were studied. 
Only one eye (right eye) per subject was used for analysis. 
The study population comprised 17 males and 13 females. 
The average spherical equivalent was −0.10 ± 0.48 D 
(range: −1 to +1 D). The mean SFCT of the study eyes 
was 352.75 ± 85.06 µm.

In our cohort, mean choroidal volume was 
5.59 ± 1.13 mm3 (range: 3.50–7.88 mm3). The total bright 
(stromal) and dark (luminal) region volume were 
2.50 ± 0.51 (range: 1.59–3.52 mm3) and 3.05 ± 0.63 
(range: 1.86–4.31 mm3), respectively. This variation in 
volume arises due to variation in choroidal thickness of the 
study eyes.

The overall en-face CVI in the study population (n = 30) 
including the mean of CVI at each of the 25-µm en-face 
planes was 54.25 ± 0.55%. The mean en-face CVI at CC, 
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MCV, and LCV levels was 53.16 ± 0.43%, 51.38 ± 0.27%, 
and 55.69 ± 0.87%, respectively (Table 1). The difference of 
CVI among the three vascular layers of choroid using one-
way ANOVA was statistically significant (p < 0.01). The 
Tukey post hoc analysis revealed a significant difference 
between all three subgroups (CC vs MCV, p < 0.01; CC vs 
LCV, p < 0.01; MCV vs LCV, p < 0.01). There was a 3.35% 
reduction of mean en-face CVI from CC to MCV where CVI 
was least. Toward the outer choroid, mean en-face CVI 
increased to a maximum value near CSI (an increase in 
4.76% as compared to en-face CVI at the level of CC).

The study cohort was divided into three subgroups 
based on SFCT (low: <300 µm, medium: 300–400 µm, 

high: > 400 µm). The mean en-face CVI recorded in 
these subgroups was 53.80 ± 0.64%, 54.56 ± 0.32%, and 
54.26 ± 0.31% respectively, (p = 0.001). Post hoc analysis 
revealed significant difference of CVI between eyes with 
low and medium SFCT (p = 0.001). Pairwise comparison 
of mean en-face CVI between low versus high SFCT 
(p = 0.14) and medium versus high SFCT (p = 0.35) 
revealed no significant differences. The comparison of  
en-face CVI of CC (p = 0.80), MCV (p = 0.03), and LCV 
(p = 0.01) in the three SFCT subgroups is detailed in Table 
1. CVI of MCV varied in eyes with low and high SFCT 
(p = 0.025). Similarly, there was a significant difference of 
CVI of LCV between low and medium SFCT (p = 0.01). 

Figure 2. (a, d, g) En-face (OCT) images at different choroidal depths. The shadow-compensated en-face scans show better 
contrast enhancement with removal of shadows from overlying layers and are depicted in (b), (e), (h). (c, f, i)Post binarization, the 
extracted en-face scans show vascular lumen as dark and choroidal stroma as white areas, respectively.

Table 1. Choroidal vascularity index (CVI) in eyes with different subfoveal choroidal thickness (SFCT; low: <300 µm, medium: 
300–400 µm, high: >400 µm).

SFCT (μm) Overall Choroidal vascularity index (CVI; %)

Choriocapillaris Medium choroidal vessel Large choroidal vessel

<300 (n = 10) 53.80 ± 0.64 53.14 ± 0.31 51.23 ± 0.20 55.17 ± 1.10
300-400 (n = 14) 54.56 ± 0.32 53.13 ± 0.48 51.39 ± 0.25 56.14 ± 0.56
>400 (n = 6) 54.26 ± 0.31 53.27 ± 0.56 51.59 ± 0.32 55.52 ± 0.50
Total (n = 30) 54.25 ± 0.55 53.16 ± 0.43 51.38 ± 0.27 55.69 ± 0.87
p value* 0.001 0.80 0.03 0.01
*p values were calculated using analysis of variance (ANOVA) comparing CVI in the three subgroups based on SFCT. Pairwise comparisons using 
Tukey post hoc test were done if p value was statistically significant (p ⩽ 0.05). The significant differences in the pairwise comparison are highlighted 
in bold.
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Figure 3 shows a graph showing the comparison of CVI at 
CC, MCV, and LCV in eyes with different SFCT.

Overall mean en-face CVI of total volume scan was 
compared to the mean CVI at three pre-determined points 
at different levels of choroidal thickness as described ear-
lier. There was significant difference between the overall 
mean CVI compared to mean CVI of three defined points 
(54.25 ± 0.55% vs 55.17 ± 0.83; p = 0.001). Pairwise com-
parison at each of these three points with the mean CVI at 
three levels (CC, MCV, and LCV) revealed a statistically 
significant difference at the level of LCV (p = 0.001), 
whereas MCV (p = 0.18) and CC (p = 0.99) were not sig-
nificantly different.

The CV (SD/mean) was derived for the CVI readings in 
the full volume scans. Maximum and minimum CV was 
seen in LCV (0.016) and MCV (0.005), respectively. The 
overall mean CV was 0.01 which was suggestive of the 
minimal variability of CVI in the study cohort. The mean 
coefficient of variation of SFCT was 0.24.

CVI showed a significant correlation with SFCT 
(r = 0.441; p = 0.015). Linear regression comparing overall 
en-face CVI with age (p = 0.21), refraction (p = 0.20), and 
gender (p = 0.67) showed no significant correlation. 
Multiple regression analysis after adjusting for other vari-
ables failed to reveal any significant correlation of SFCT 
with en-face CVI (p = 0.19).

Discussion

We studied the variation of CVI in normal eyes using en-
face OCT scans and noted that mean CVI tends to reduce 
(a reduction of 3.35%) as the distance from RPE–Bruch’s 

membrane increases to reach a nadir at the approximate 
junction of inner one-third and outer two-thirds (i.e. junc-
tion of MCV and LCV) and then increases toward CSI (an 
increase of 4.76%) as compared to CVI at the level of CC. 
Mean CVI at the level of CC just beneath the Bruch’s 
membrane was 53.16% and reached a minimum of 51.38% 
at the level of MCV. This further increased to reach a point 
of highest CVI at the level of LCV (55.69%) near CSI. 
This is suggestive of the increase in stromal component of 
the choroid in the middle portion of the choroid.

Sohrab et al., in their study using spectral-domain opti-
cal coherence tomography (SD-OCT), reported an average 
vascular density in CC (76.5%), Sattler’s layer (83.6%), 
and Haller’s layer (87.2%) with the highest density in 
Haller’s layer in normal eyes (n = 14).21 The authors stud-
ied en-face scans (6 mm×6 mm and 0.5 mm × 0.5 mm) at 
only three sections and the choroidal luminal and stromal 
differentiation was done on the basis of specific red, green, 
and blue (RGB) intensity. The cut-off pixel intensity was 
kept at 65 for each R, G, and B. Thicker choroid was found 
to be associated with higher vascular density in their study 
eyes.21 In another study in normal eyes, Ueda-Arakawa 
et al.23 using SS-OCT showed that vascular density at the 
level of mid-point of RPE and CSI was 45.3 ± 6.4%. The 
discrepancy between measurements is probably due to the 
different binarization techniques and this difference has 
been shown in previous reports as well.33,34 Moreover, 
mean age of control group in the study by Ueda-Arakawa 
et al.23 (77.1 years), and Sohrab et al.21 (61 years) was 
much higher compared to mean age of our cohort 
(35.6 years). Both SD-OCT and SS-OCT were used to esti-
mate CVI in the previous studies. Differences in CVI 

Figure 3. A graph showing the variation of choroidal vascularity index (CVI in eyes with different subfoveal choroidal thickness 
(SFCT: <300 µm, 300–400 µm, and >400 µm). CVIs at the level of choriocapillaris, medium, and large choroidal vessels in each 
subgroup are also shown.
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arising due to different instrumentation are less likely as 
our group has previously shown moderate to good reliabil-
ity of CVI measurements using both machines.35

There was a significant difference in CVI in three vas-
cular layers (CC, MCV, and LCV) which can be explained 
by the location and caliber of the blood vessels. The LCVs 
in the outer choroid have the highest CVI. This plays a role 
especially in the eyes with higher CT where the overall 
volume of LCV is much higher (as approximately 70% of 
CT is contributed by LCV) even though the CVI (being a 
ratio) is only marginally higher at the level of LCV. 
Whether the reduction in CVI at the level of MCV-LCV 
junction gets exaggerated with resultant compression by 
LCV leading to the development of pachychoroid spec-
trum disorders remains unanswered at present.

There were differences in CVI between the layers of the 
choroid based on SFCT as well. There was significant dif-
ference of CVI in MCV in the eyes with low and high 
SFCT. Similarly, CVI of LCV also was statistically differ-
ent between eyes with low and medium SFCT. The dispro-
portionate increase in the stromal component in these eyes 
with higher SFCT would explain this observation. The 
presence of reduced choroidal vascular density in inner-
most choroidal layers in eyes with reduced choroid thick-
ness has been shown in previous studies also.21 However, 
the vascularity of outer choroidal layers was shown to be 
consistent unlike our study where CVI of CC, MCV, and 
LCV were noted to increase minimally with increase in 
SFCT.3,21

The LCVs were found to have the highest CV (0.016) 
suggestive of the maximal variability in the luminal area. 
The CVI had a significant direct correlation of SFCT 
(r = 0.441; p = 0.015). This suggests that SFCT and CVI 
may have a moderate association with complex interplay 
of other factors such as age, gender, refraction, and axial 
length. However, CV of SFCT was 0.24 implying that 
SFCT is dependent on other factors and therefore CVI 
appears to be a more consistent parameter.

We noted a significant variation in CVI between three 
manually identified en-face planes when compared to the 
overall mean CVI (p = 0.0001). However, the results were 
not surprising. The densely packed en-face OCT scans fol-
low a continuum of small, medium, and large choroidal 
blood vessels with a gradual change of CVI at each level as 
expected in normal eyes. On the contrary, points at speci-
fied depths (CC, junction of one-third to two-thirds of 
SFCT and CSI) are abrupt measurement points and thus 
carry a steep gradient in CVI and may carry significant 
variation compared to the former approach. The reported 
CVI in previous studies may not have represented an accu-
rate picture of choroidal vascularity.21,23

The CVI was not found to vary significantly with 
respect to age, refraction, and SFCT (multivariate analy-
sis). The reasons for this observation could be the limited 
age and refraction variability among the small study 

sample. The luminal and total choroidal area may show 
certain variations in the healthy eyes. However, CVI being 
a ratio gets less affected and therefore shows lesser varia-
tion as compared to SFCT.

The study, however, has certain limitations. The norma-
tive data were available only at a single time point due to 
the cross-sectional nature of the study. There were a lim-
ited number of study participants, and considering the nor-
mal study subjects, these data cannot be extrapolated to 
different pathological conditions. The sample size was too 
small to accurately evaluate the relationship between CVI 
and age, refraction, and gender. The effect of diurnal 
variation on choroidal parameters, especially choroidal 
thickness, was not considered as the timing of OCT meas-
urements was not available for all the study eyes. Although 
the repeatability of choroidal volume was not part of this 
study, estimation of choroidal volume among the initial 
few subjects produced consistent results on repeated 
measurements.

The demarcation between MCV and LCV was based on 
certain assumptions, and the true divide based on histopa-
thology was not known. The calculation of CVI is based 
on the assumption of binarizing the choroid into bright and 
dark areas. Although en-face SS-OCT provides a superior 
view compared to cross-sectional OCT, however, it still 
not a true representative of histopathological section of 
choroid which has multiple components rather than a sim-
ple binary classification represented above.1

It is expected that change in thresholding will lead to a 
variation in binarization. We therefore performed preproc-
essing (adaptive histogram equalization) to increase con-
trast between stromal and luminal regions. In other words, 
preprocessing attempted to clearly demarcate stromal and 
luminal histograms to facilitate optimal threshold meas-
urements. Moreover, we used PSO-based segmentation 
techniques. The parameters of PSO including inertia 
weight, acceleration constants, particle population size, 
and number of iterations were optimized empirically and 
were consistent across all the images. Literature search 
reveals only one previous attempt made at segmenting 
choroid vessels using en-face OCT scans.36 This method 
was based on level-set approach which was an iterative 
region-growing method. However, the accuracy of seg-
mentation was not quantified and subjective evaluation of 
results suggests that there are spurious detections present 
in stromal regions. Perhaps, for the same reason, they 
restricted their work to only measure large vessel diameter 
interactively.36 In addition to the aforementioned work, 
there have been attempts made at choroid layer binariza-
tion in OCT B scans. However, those methods were not 
fully automated and the threshold selection is subjective.37 
In comparison, our algorithm was fully automated and 
provided CVI values with shadow compensation.

In conclusion, we report another unique approach to 
assess choroidal vascularity by analysis of en-face CVI in 
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healthy eyes. En-face CVI was found to reach a nadir at 
the level of MCVs and then surges to reach the maximum 
value at choroidoscleral border. Future studies related to 
evaluating CVI changes in various disease conditions and 
a longitudinal follow-up can provide more detailed infor-
mation about the sequential changes in CVI and insight 
into the pathogenesis.
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