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Abstract

Purpose: To determine the relationship between systemic factors and radial peripapillary 

capillary (RPC) vessel density (VD) in healthy African American (AA) participants of the African 

American Eye Disease Study.

Design: A population-based, cross-sectional study.

Methods: 4135 eyes from 2127 AA participants aged 40 years and older in Inglewood, 

California, were imaged for 6×6mm optic disc scans on a spectral-domain optical coherence 

tomography angiography (OCTA) device. Of these, 1029 eyes from 1029 participants who met the 

inclusion and exclusion criteria were analyzed, including only one eye per participant. Custom 

software was used to quantify RPC VD. Multivariate linear regression was used to identify 

systemic factors associated with RPC VD with a significance level set at 0.05. The contribution of 
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each variable to the final model was estimated with the magnitude of standardized regression 

coefficients (SRC). The fit of the final model was measured by the R2.

Results: Average RPC VD was 0.346±0.045. Controlling for signal strength, the systemic 

variables in the final multivariate model associated with reduced RPC VD were older age (β=

−0.0123 per decade; SRC=−0.2733; p=<0.0001), male sex (β=−0.0067; SRC=−0.0716; 

p=0.0060), and longer diabetes duration (β=−0.0022 per 5 years; SRC=−0.0527; p=0.0427). The 

model R2 was 0.3689.

Conclusions: Age, sex, and systemic influences, such as diabetes duration, need to be 

considered when assessing changes in RPC VD in glaucoma and other ocular diseases. 

Longitudinal studies are needed to investigate whether reduced RPC VD and the factors that affect 

it are associated with an increased risk of developing glaucomatous nerve damage.

INTRODUCTION

Glaucoma is a group of progressive, multifactorial diseases characterized by deterioration 

and loss of retinal ganglion cells and their axons comprising the retinal nerve fiber layer 

(RNFL).1,2 It is among the leading causes of irreversible loss of vision worldwide, affecting 

nearly 80 million people by 2020.3 Previous studies have reported that vascular risk factors, 

including systemic hypertension, acute hypotension, vasospasm, antihypertensive 

medication, autonomic dysregulation, and focal arteriolar narrowing may play a significant 

role in the development and progression of glaucoma by compromising ocular blood flow 

(OBF). 2,4–8 While many studies9–14 have demonstrated that reduced vessel density (VD) in 

the radial peripapillary capillary (RPC) layer measured from optical coherence tomography 

angiography (OCTA) is associated with glaucomatous nerve damage, we still do not 

understand whether vascular changes within the RPC lead to subsequent optic nerve 

damage.

Several epidemiological studies have confirmed that people of African descent, and 

specifically African Americans (AAs), carry a greater burden of both glaucoma and systemic 

vascular disease compared to other ethnic populations.3,15–19 For example, Quigley and 

Broman have reported that approximately 4.39% of Africans over 40 years of age are to be 

affected by glaucoma by 2020, which is the highest prevalence among populations 

worldwide.3 Tielsch et al. have also reported the prevalence of glaucoma ranging from 

1.23% among AAs aged 40 through 49 years to 11.26% among AAs aged 80 years and 

older, as compared to 0.92% to 2.16% among whites in the corresponding age groups.15 The 

Eye Diseases Prevalence Research Group have estimated the age-adjusted prevalence of 

glaucoma, specifically primary open angle glaucoma (POAG), in AAs to be up to three 

times higher than in whites.16 Moreover, the prevalence of vascular diseases and diabetes, 

which are potential risk factors for glaucoma, in AAs has been reported in the literature to be 

disproportionately higher than in other populations.17–19

There have been limited reports that examined the direct effects of systemic factors, 

including age, sex, hypertension, and diabetes, on peripapillary VD.20–24 The African 

American Eye Disease Study (AFEDS) is a population-based, cross-sectional ocular 

epidemiology study of AAs, ages 40 and older, residing in and around Inglewood, 
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California. We hypothesized that the presence of some systemic characteristics is associated 

with reduction of peripapillary VD and thus greater risk of glaucoma. The purpose of the 

current study was to determine the relationship of peripapillary VD in AAs with systemic 

factors, including age, sex, diagnosis of hypertension, presence and duration of diabetes 

mellitus, hemoglobin A1c, body mass index (BMI), blood pressure (BP), use of 

antihypertensive medication, history of heart failure or stroke, and smoking status, and 

signal strength (SS).

METHODS

Study Population

Self-identified AAs, ages 40 years and older, residing within 30 census tracts in and around 

Inglewood, California were recruited for the population-based, cross-sectional study. The 

research protocol was approved by the institutional review board of the University of 

Southern California Health Sciences. The study complied with the Health Insurance 

Portability and Accountability Act of 1996 and was carried out in accordance with the tenets 

of the Declaration of Helsinki. Written informed consent was obtained from all subjects 

following an explanation of the nature and intent of the study through a computer-assisted 

in-home interview.

Clinical Assessment

The clinical examination included a clinical questionnaire, measurements of height, weight, 

waist-to-hip ratio, pulse rate, BP, random blood glucose, serum hemoglobin A1c, and OCTA 

imaging (CIRRUS™ HD-OCT 5000 with AngioPlex® OCT Angiography; ZEISS, Dublin, 

CA). 6×6mm optic disc scans of the peripapillary region in the RPC layer were obtained and 

collected by trained imaging technicians beginning in February 2016. A total of 350×350 A 

scans with spacing of approximately 17.14 µm were taken for the 6×6mm OCTA scans. 

Systemic information collected from the questionnaire and the clinical exam included age, 

sex, diagnosis of hypertension, BP, BMI, hemoglobin A1c, diagnosis and duration of 

diabetes, use of antihypertensive medications, history of heart failure or stroke, and smoking 

status.

The diagnoses of ocular diseases, including glaucoma and diabetic retinopathy, were based 

on assessment by an ophthalmologist, as explained previously25. Healthy participants in the 

study had clinical exam results that ranged from normal to glaucoma suspect and had non-

glaucomatous optic discs, according to the onsite ophthalmologist. Exclusion criteria 

included: diagnoses of glaucoma, vision-threatening diabetic retinopathy (defined as severe 

non-proliferative diabetic retinopathy (NPDR), PDR, and diabetic macular edema), and 

other relevant ocular disease to reduce RPC VD variation from ocular disease; SS < 7/10; 

and poor image quality from motion artifacts, media opacities, such as vitreous floaters, or 

decentration based on a standardized image quality grading algorithm. One eye from each 

subject was included in the study. When both eyes met the study criteria, the right eye was 

selected.
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OCTA Image Analysis

An automated segmentation software (CIRRUS 11.0; ZEISS) was used to detect the 

boundaries of retinal layers and create two-dimensional OCTA en face images of the RPC 

layer, which extends from the inner limiting membrane to the posterior surface of the RNFL. 

A custom quantification software with an interactive interface in MATLAB (R2017a; 

MathWorks Inc, Natick, MA) was used to quantify the RPC VD, as described previously26. 

The en face OCTA images were converted to binary vessel maps using a method combining 

global thresholding, Hessian filter, and adaptive threshold (Figure 1). The avascular area 

within the optic nerve head was selected to establish the baseline background noise for 

global thresholding and then was excluded from quantification. Large vessels of more than 

32 µm were also removed from quantification. Vessel density (VD) was defined as the 

unitless ratio of total sum area of white pixels to total sum area of all pixels in the binary 

vessel map and provided information about both medium-sized retinal blood vessels and 

capillaries.

Statistical Analysis

Mean, standard deviation (SD), and frequency were calculated for the systemic variables. 

Univariate linear regression analysis with VD as the dependent variable and systemic 

variables as the independent variables was performed to calculate the degree of change in 

VD by every one-unit of change in each systemic variable and assess the strength of each 

association.

Multivariate linear regression analysis was based on a conceptual model of VD and involved 

a stepwise selection of the independent variables to be included in the final model for RPC 

VD. The contribution of each independent variable to the final model was estimated by the 

magnitude of standardized regression coefficients (SRC). The fit of the final model was 

measured by the R2. Significance level was set at p<0.05 for all analyses.

Locally weighted scatterplot smoothing (LOWESS)27 was used to generate plots with 

smooth fit lines to examine the non-linear relationships between the significant independent 

systemic variables included in the final multivariate model and VD, adjusting for sex and 

SS. SAS 9.4 (Cary, NC) and Microsoft Excel 2016 (Redmond, WA) were used for all data 

analyses.

RESULTS

Of 4135 eyes from 2127 participants who received OCTA imaging, 1455 eyes from 1029 

participants met our inclusion and exclusion criteria. 1029 eyes from 1029 participants were 

analyzed, including only one eye per participant. The flowchart of the exclusion and 

inclusion criteria is shown in Figure 2.

Frequency distribution of the candidate systemic variables and univariate analysis in healthy 

AAs are presented in Table 1. Candidate variables were age, sex, diagnosis of hypertension, 

BP, BMI, hemoglobin A1c, diagnosis and duration of diabetes, use of antihypertensive 

medications, history of heart failure or stroke, smoking status, and SS. Univariate linear 

regression analysis of the systemic factors showed significant association of reduced RPC 
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VD with older age (β = −0.0017 per year; p = <0.0001), male sex (β = −0.0092; p = 

0.0016), diagnosis of hypertension (β = −0.0126; p = <0.0001), higher systolic BP (SBP) (β 
= −0.0003 per mmHg; p = 0.0001), higher hemoglobin A1c (β = −0.0033; p = 0.0088), 

diagnosis of diabetes (β = −0.0118; p = 0.0009), and longer duration of diabetes (β = 

−0.0009 per year; p = 0.0008). Reduced RPC VD was also significantly associated with 

lower SS (β = 0.0291; p = <0.0001). Average RPC VD was 0.346 ± 0.045.

In the multivariate analysis, age, sex, diabetes duration, and SS were determined to be 

independently and significantly affecting RPC VD (Table 2). Controlling for SS (β = 0.0248; 

SRC = 0.4695; p = <0.0001), older age (β = −0.0123 per decade; SRC = −0.2733; p = 

<0.0001), male sex (β = −0.0067; SRC = −0.0716; p = 0.0060), and longer diabetes duration 

(β = −0.0022 per 5 years; SRC = −0.0527; p = 0.0427) were found to be significantly 

associated with reduced RPC VD in the final model. The model R2 was 0.3689.

Figure 3 shows the LOWESS plot for predicted values of RPC VD plotted against age in 

years. There is reduced VD for each increasing year of age. Figure 4 presents the LOWESS 

plot for predicted values of RPC VD plotted against diabetes duration in years (where 15+ 

years is one cluster). There is reduced VD for each increasing year of diabetes duration.

In supplemental univariate analysis of 501 eyes from 501 participants with OCTA scans of 

only 10/10 signal strength, reduced RPC VD had significant association with older age (β = 

−0.0011 per year; p = <0.0001), male sex (β = −0.0071; p = 0.0438), diagnosis of 

hypertension (β = −0.0075; p = 0.0209), higher SBP (β = −0.0002 per mmHg; p = 0.0197), 

higher hemoglobin A1c (β = −0.0034; p = 0.0471), and longer duration of diabetes (β = 

−0.0008 per year; p = 0.0129). Average RPC VD was 0.369 ± 0.036. In the multivariate 

analysis of this cohort, age and male sex were determined to be independently and 

significantly affecting RPC VD. Older age (β = −0.0115; SRC = −0.3084; p = <0.0001) and 

male sex (β = −0.0089; SRC = −0.1138; p = 0.0078) were found to be significantly 

associated with reduced RPC VD in this model. The model R2 was 0.1027.

DISCUSSION

To our knowledge, AFEDS is the only population-based, and possibly the largest, OCTA 

study to date. In the current study of healthy AA eyes aged 40 and over, we assessed the 

systemic determinants of RPC VD, a measure beginning to be used as a clinical marker for 

glaucoma disease. We found that older age, male sex, and longer diabetes duration were 

independent predictors of reduced RPC VD. This data highlights the importance of 

recognizing the influence of systemic factors on peripapillary perfusion measurements and 

offers a potential pathophysiologic mechanism for the previous observation that diabetes 

increases risk for glaucoma, as will be discussed below.

This population-based study provides strong evidence of the association of reduced RPC VD 

with increasing age. Significant reduction in RPC VD was reported previously in a smaller 

study of healthy eyes of subjects beyond 60 years of age.20 On the other hand, other small 

studies showed no association of age with RPC VD in healthy participants, though they used 

smaller measurement areas and a different method of calculating the vessel parameters.21,22 
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One of those studies21 examined 52 people ranging from 19 to 63 years, thus it may not have 

had the power and older age range to demonstrate any significant association with RPC VD. 

Additionally, it calculated the RPC VD from an annulus with a 3.4mm circle diameter, 

which may also have limited the study’s ability to detect age-related changes. A second 

study22 included large vessels in its VD calculation, which may have reduced the sensitivity 

for detecting age-related changes20. The significant association between older age and 

reduced RPC VD seen in the current study is also supported by the well-established 

relationship between age and thickness of the RNFL, the retinal layer that the RPC is 

supplying.28–33 These studies reported that mean RNFL thickness decreases approximately 

1.5 to 3.8 µm per decade in the healthy population,28–32 with worsening over ages 75 years 

or older (−5.6 µm per decade)33. Based on the current study, we estimate that RPC VD 

decreases by 0.0123 per decade in the healthy population. Additionally, reduction of major 

retinal artery and vein caliber34–36 and increase in retinal vessel wall thickness37 have been 

found to be associated with age and corroborate the decrease in the retinal microcirculation 

with older age, as found in the current study.

While one may have expected female sex to be associated with reduced VD due to 

disproportionately higher prevalence of glaucoma and blindness among women in the 

general population4,38, we found male sex to be associated with reduced RPC VD. This 

result agrees with the smaller study from India by Rao et al.22, where male sex was shown to 

be significantly associated with lower peripapillary VD. However, another study on healthy 

individuals and using the same imaging software reported that sex has no significant effect 

on RPC density.21 Similarly, in studies examining the association of RNFL thickness and 

sex, there have been conflicting results on whether male sex is associated with thinner 

RNFL, controlling for age.28,39–41 Interestingly, previous studies have shown increased 

prevalence of atherosclerosis and resulting systemic vascular diseases among men42, so it is 

possible that the reduction in RPC VD among males may be related to this sex difference in 

vascular pathology. While we do not yet know if reduced RPC VD is a risk factor for 

glaucoma, it is plausible that the reduced RPC VD among healthy AA males seen in this 

study may explain the higher prevalence of POAG among AA male individuals, as reported 

in a previous study16. Additional research is needed to verify these relationships.

We found longer diabetes duration to be independently associated with reduced RPC VD. 

Previous studies reported no significant relationship between diabetes duration and RPC VD 

but significant association of diagnosis of diabetes with reduced RPC VD in participants 

without severe diabetic retinopathy.23,24,43 However, these studies had smaller sample sizes, 

which may not have been powered to represent all disease durations, and used different 

quantification algorithms.23,24 The result from our supplemental analysis of OCTA scans 

with signal strength of only 10/10, limiting the sample size to 501 eyes, also showed no 

significant relationship between diabetes duration and RPC VD, further emphasizing the 

importance of sample size in having the power to detect this relationship. Other studies 

reported duration of diabetes to be associated with loss of the ganglion cell layer44 and 

RNFL45. Furthermore, Rodrigues et al. demonstrated potential coupling of RNFL thinning 

and peripapillary VD reduction in diabetic participants with no or minimal DR, as compared 

to healthy participants, thus supporting the idea that peripapillary neurovascular changes 

may occur early on in the course of DR.24 These findings along with our results further 
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suggest that microvascular damage by diabetes, which leads to impairment in vascular 

autoregulation and reduced blood flow to the retina and optic nerve, starts early on and 

increases with diabetes duration.6,23,24,43,46,47 Moreover, they may indicate that subtle 

changes and damage in the microcirculation can be detected in the RPC simply with the 

duration of systemic diabetes and prior to the onset of significant ocular involvement.23,24,43 

Also, it is interesting that while we found hemoglobin A1c, a measure of short-term glucose 

control, to be significantly correlated to VD, it was not significant in the final model, 

suggesting that RPC VD may be more associated with damage by chronic, prolonged 

disease rather than the more acute state of the diabetes.

It is interesting that all variables related to hypertension, including diagnosis of 

hypertension, BP, and use of anti-hypertensive medication, were not significant in the final 

multivariate model. This finding is supported by prior smaller studies.22,48 For example, Rao 

et al. reported no significant association of hypertension with RPC VD in healthy 

participants.22 Furthermore, Liu et al. reported no significant association of BP parameters 

with peripapillary VD in both healthy and glaucoma groups.48 On the other hand, findings 

from previous studies31,32 that examined the association of systemic hypertension and 

RNFL thickness have been mixed. For instance, Mauschitz et al.31 reported that systemic 

hypertension is associated with reduced RNFL thickness in European population, but 

Cheung et al.32 reported no significant association of systemic factors, including BP, in non-

glaucomatous Chinese subjects. Furthermore, the Baltimore Eye Survey49 reported that 

systemic hypertension may even have different effects on glaucoma depending on the age 

group. It suggested that hypertension has a protective effect on glaucoma in younger 

subjects, ages less than 60 years, but an adverse effect on older subjects, ages more than 70 

years. It was thought that younger patients have good ocular perfusion pressure and OBF 

without chronic vessel damage from hypertension, but older patients have atherosclerosis, 

narrowed vessels, and increased resistance, which may all reduce OBF.49 However, this was 

not verified in the current study of peripapillary VD in our AA population. Longitudinal 

studies examining the association of duration of hypertension and RPC VD is needed to 

clarify the relationship between increased BP and reduced VD in glaucoma.

The greatest contributor of the final model of RPC VD was SS. We found that RPC VD 

increases with higher SS, which agrees with the findings of previous studies22,50,51, and thus 

controlled for in our final model analysis. Rao et al. examined the effect of SS on RPC VD 

in healthy eyes and found that higher SS was significantly associated with greater VD.22 

Moreover, while Venugopal et al. examined the association of SS with RPC VD in both 

glaucoma and healthy patients, the same trend was shown.50,51 Overall, these results 

emphasize the importance of controlling for SS, even when using a SS cutoff point of 7 or 

more, as suggested by the manufacturer52, in analyses for OCTA parameters.

This study has several limitations. First, our study population consists of self-identified 

African Americans. While the ancestry markers for African heritage could be assessed in the 

future, we currently do not have access to this data. Future studies including ancestry 

markers would allow for a more well-defined study population. Second, our data on 

systemic factors, including diagnosis and duration of diabetes, are largely based on self-

report, which may include bias and inaccuracy. Furthermore, measurements taken during the 
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clinical exam provide only a snapshot of the participants’ medical condition at the time of 

imaging. For example, severity of hypertension over many years cannot be determined by 

clinical diagnosis of hypertension itself, blood pressure measurement readings from a single 

day, or use of antihypertensive medication at the time. Additionally, since early capillary 

dropout and changes in the peripapillary vessel morphology may be present before 

progression of ocular diseases, including glaucoma46 and DR43, our results may not reflect 

the true strengths of the association of each systemic factor with RPC VD in the healthy 

population. Overall, longitudinal studies should further examine the association of duration 

of hypertension and other vascular diseases with VD in the normal eyes.

In conclusion, out of 11 systemic factors, older age, male sex, and longer diabetes duration 

were independently associated with reduced RPC VD. Our results suggest that age, sex, and 

systemic influences, such as diabetes duration, need to be considered when assessing 

changes in RPC VD in glaucoma and other ocular diseases. Additionally, SS must be 

considered when assessing OCTA parameters. Longitudinal studies are needed to further 

investigate whether these factors affecting RPC VD are associated with an increased risk of 

developing glaucomatous nerve damage.
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Figure 1. 
(left) 6×6mm OCTA en face image centered on optic nerve head and (right) binarized image, 

excluding large vessels, of a representative healthy African American eye.
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Figure 2. 
The flowchart of the inclusion and exclusion criteria for OCTA scans.
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Figure 3. 
The LOWESS plot of predicted values of vessel density, from a multivariate linear 

regression model controlling for sex, diabetes duration, and signal strength, versus age. 

Reduction in peripapillary vessel density is seen with increasing age in healthy African 

Americans.
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Figure 4. 
The LOWESS plot of predicted values of vessel density, from a multivariate linear 

regression model controlling for age, sex, and signal strength, versus diabetes duration. 

Reduction in peripapillary vessel density is seen with longer diabetes duration in healthy 

African Americans.
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Table 1.

Frequency Distribution of Systemic Variables and Univariate Linear Regression with Vessel Density in the 

Healthy Participants of the African American Eye Disease Study

Variables N Mean or Frequency
a

Beta
b

P-Values
b

Age (years) 1029 58 ± 10 −.0017 <.0001
c

Sex (Male) 1029 369 (36) −.0092 0.0016
c

Diagnosis of Hypertension 1029 611 (59) −.0126 <.0001
c

Systolic Blood Pressure (mmHg) 1026 130 ± 20 −.0003 0.0001
c

Diastolic Blood Pressure (mmHg) 1026 80 ± 12 −.0001 0.5556

Body-Mass Index (kg/m2) 1021 30.2 ± 7.0 0.0003 0.1295

Hemoglobin A1c (%) 960 6.0 ± 1.1 −.0033 0.0088
c

Diagnoses of Diabetes 968 197 (20) −.0118 0.0009
c

Diabetes Duration (years) 958 1.7 ± 5.2 −.0009 0.0008
c

Taking Blood Pressure Medications 498 436 (88) −.0107 0.0852

History of Heart Failure or Stroke 995 54 (5) −.0057 0.3585

History of Smoking 988 430 (44) −.0052 0.0706

Signal Strength 1029 9.3 ± 0.8 0.0291 <.0001
c

Vessel Density 1029 0.346 ± 0.045 - -

a
All data listed as mean ± standard deviation or frequency (percent).

b
Beta coefficients and p-values calculated from univariate linear regression with vessel density.

c
P ≤ 0.05 considered significant.
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Table 2.

Multivariate Model
a
 Assessing Systemic Determinants of Radial Peripapillary Capillary Vessel Density in 

Healthy Participants of the African American Eye Disease Study

Variable Parameter Estimates (95% CI) SRC P Values
b

Age (per 10 years) −0.0123 (−0.0147, −0.0010) −0.2733 <.0001

Male Sex −0.0067 (−0.0114, −0.0019) −0.0716 0.0060

Diabetes Duration (per 5 years) −0.0022 (−0.0044, −0.0001) −0.0527 0.0427

a
Model controlled for signal strength. Model R2 was 0.3689.

b
P ≤ 0.05 considered significant.

CI = Confidence Interval; SRC = Standardized Regression Coefficient
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