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Abstract

Purpose: To compare race-related differences in estimated rate of change of Bruch’s membrane 

opening-minimum rim width (BMO-MRW) and circumpapillary retinal nerve fiber layer thickness 

(RNFLT) in healthy, glaucoma suspect and glaucoma eyes of individuals of European (ED) and 

African descent (AD).

Design: Prospective cohort study.

Methods: This study investigated rate of change of BMO-MRW and RNFLT in 124 healthy, 227 

glaucoma suspect and 177 glaucoma eyes followed for approximately 3 years and tested with 

optical coherence tomography every 6 months. Suspect eyes had a history of untreated IOP ≥ 22 

mmHg or suspicion of glaucoma by optic disc photograph assessment without repeatable 

abnormal standard automated perimetry (SAP) results. Glaucoma eyes had repeatable abnormal 

SAP results (GHT ONL or PSD ≤ 5%). Mixed effects models were used to estimate the rate of 

change after controlling for age, mean follow-up IOP, central corneal thickness, axial length, and 

BMO area.

Results: A race-related difference in rate of change of global BMO-MRW but not average 

RNFLT in suspect eyes was observed. Rate of change of BMO-MRW was −1.82 μm/year and 

−2.20 μm/year in ED and AD suspect eyes, respectively (p=0.03). Rate of change of RNFLT was 

−0.64 μm/year and −0.75 μm/year in ED and AD suspect eyes, respectively (p=0.75). No race-

related differences in change rate were found in healthy or glaucoma eyes.
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Conclusion: Race is an important consideration when assessing structural change, particularly 

minimum rim width, in glaucoma suspect eyes. Differences in rate of structural change may help 

explain racial disparities in glaucoma susceptibility.

INTRODUCTION

Glaucoma is the leading cause of irreversible blindness in individuals of African descent 

(AD).1-5 African Americans are at a greater risk of developing primary open angle glaucoma 

(POAG) and show an up to six times higher incidence of POAG than individuals of 

European descent (ED), according to the Baltimore Eye Study. 6-11 In addition, POAG 

progresses more rapidly in AD than in ED eyes12 and AD individuals are many times more 

likely than ED individuals to develop POAG-associated visual impairment.2

Findings from the African Descent and Glaucoma Evaluation Study (ADAGES) indicate that 

AD individuals with glaucoma have worse central and peripheral visual field (VF) 

damage13, have more variable VF results and are more likely to be rapid progressors based 

on VF assessment (Medeiros FA, et al. IOVS 2011;55:ARVO E-Abstract 2117). However, 

the rate of neuroretinal rim loss is similar between AD and ED eyes with glaucoma.14 In 

addition, ADAGES results have demonstrated significant differences in optic disc 

morphology between healthy AD and ED groups including deeper confocal scanning laser 

ophthalmoscopy-measured cup depth, thinner optical coherence tomography (OCT)-

measured macular thickness and thicker OCT-measured retinal nerve fiber layer (RNFL) in 

AD individuals, after controlling for differences in optic disc area between groups15 (see 

also Girkin et al., Kashani et al., and Racette et al.,16-18 for similar OCT results and Tjon-

Fo-Sang et al 19 for similar differences in scanning laser polarimetry-measured RNFLT). 

Differences in prevalence of glaucoma have been reported among regional AD populations20 

and subsequently, differences in RNFLT between races was shown to be marginally 

associated with biogeographic ancestry.21

Because evidence suggests that the rate of change in structural measurements is influenced 

by race (e.g., Wilson et al.12), the current study investigated whether ancestry-related 

differences exist in the estimated rate of change of Bruch’s membrane opening minimum 

rim width (BMO-MRW) and circumpapillary RNFL thickness (RNFLT) in healthy, 

glaucoma suspect and glaucoma eyes of individuals of African and European descent. The 

presence of such differences would suggest the need for different monitoring strategies for 

individuals of different biogeographic ancestry.

METHODS

The current study was a prospective longitudinal cohort study. Study participants were 

selected from two prospective longitudinal studies designed to evaluate optic nerve structure 

and visual function in glaucoma: The African Descent and Glaucoma Evaluation Study 

(ADAGES) and the UC San Diego Diagnostic Innovations in Glaucoma Study (DIGS). The 

3-site ADAGES collaboration included the Hamilton Glaucoma Center at the Shiley Eye 

Institute, University of California, San Diego (La Jolla, CA; data coordinating center); the 

Edward S. Harkness Eye Institute, Columbia University Medical Center (New York, NY); 
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and the Department of Ophthalmology, University of Alabama, Birmingham (Birmingham, 

AL). Protocols of the two studies are identical and have been described elsewhere.22 

Enrollment of participants was based on the inclusion/exclusion criteria specified below. 

Informed consent was obtained from each participant and each institution’s Human Subjects 

Committee approved all methodology. All methods adhered to the tenets of the Declaration 

of Helsinki for research involving human subjects and to the Health Insurance Portability 

and Accountability Act. ADAGES and DIGS are registered as cohort clinical trials [http://

www.clinicaltrials.gov (identifiers NCT00221923 and NCT00221897; September 14, 

2005)].

Participants

Eligible participants had best corrected visual acuity of 20/40 or better, spherical refractive 

error less than 5.0 diopters (D), cylinder less than 3.0 D, and open angles on gonioscopy. All 

participants were at least 18 years old. Participants were excluded if they had a history of 

intraocular surgery (except for uncomplicated cataract surgery or glaucoma surgery). Eyes 

with coexisting retinal disease, uveitis, or non-glaucomatous optic neuropathy also were 

excluded. Diabetic participants with no evidence of retinal involvement were included. 

Healthy eyes, glaucomatous eyes and eyes suspected of having glaucoma were included in 

the longitudinal analyses.

Healthy eyes had healthy appearing optic discs and RNFLs based on masked assessment of 

digital stereoscopic photographs with no history of repeatable abnormal standard automated 

perimetry (SAP, HFA II, Carl Zeiss Meditec Inc., Dublin, CA, USA) visual field (VF) results 

and no history of elevated intraocular pressure (IOP) (all IOP ≤ 21 mm Hg). Normal VFs 

were defined based on mean deviation (MD) and pattern standard deviation (PSD) within 

95% confidence limits (95% CI), and a Glaucoma Hemifield Test (GHT) within normal 

limits.

Glaucoma eyes had open angles on gonioscopy, and at least 3 consecutive and reliable 

(defined below) SAP VF examinations with either PSD ≥ 5% or a GHT result outside of the 

99% normal limits.

Glaucoma suspect eyes had suspicious appearance of the optic disc (neuroretinal rim 

narrowing, excavation, or suspicious RNFL defects by masked stereophotograph 

assessment) or elevated IOP (≥ 22 mm Hg), with normal VF results at baseline, as defined 

above. In addition, suspect eyes never had two consecutive and reliable abnormal VFs 

during the course of the study.

For photograph assessment, two graders, masked to the participants’ race, age, and clinical 

diagnosis evaluated simultaneous stereophotographs presented on a 22-inch or larger 

computer monitor according to a standard protocol [developed by the UC San Diego 

Imaging Data Evaluation and Analysis (IDEA) Center] using a stereoscopic viewer. In case 

of discrepancies between the 2 graders, adjudication was completed by a third experienced 

grader.
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All subjects underwent an annual comprehensive ophthalmologic examination including 

review of medical history, best-corrected visual acuity, slit-lamp biomicroscopy, dilated 

funduscopic examination, and stereoscopic optic disc photography. Semi-annual 

examination included tonometry, spectral domain (SD)-OCT imaging (SD-OCT circular 

scan, SD-OCT ONH cube scan and SD-OCT ONH radial scan), and VF testing. In addition, 

central corneal thickness (CCT, measured using the Pachmate 2, DGH Technology Inc., 

Exton, PA, USA), axial length (measured using the IOLMaster, Carl Zeiss Meditec Inc., 

Dublin, CA, USA) and Bruch’s membrane opening area were measured for inclusion in 

mixed-effects models.

Visual Field Testing

All patients underwent SAP testing using the Swedish Interactive Thresholding Algorithm 

(SITA) Standard 24-2 strategy at baseline and during follow-up. All VFs were evaluated by 

UC San Diego Visual Field Assessment Center (VisFACT) personnel based on a 

standardized protocol. Visual fields with more than 33% fixation losses or false-negative 

errors or more than 15% false-positive errors were automatically excluded. Visual fields 

exhibiting a learning effect (i.e., initial tests showing consistent improvement of visual field 

indices) also were excluded. Visual fields were further reviewed for lid and rim artifacts, 

fatigue effects, inappropriate fixation, evidence that the visual field results were due to a 

disease other than glaucoma (e.g., homonymous hemianopia), and inattention. VisFACT 

personnel requested repeats of unreliable visual field test results, and these were obtained 

whenever possible.

Spectral Domain Optical Coherence Tomography

Study eyes were imaged with SDOCT (Spectralis, Heidelberg Engineering GmbH, 

Heidelberg, Germany, software version 5.2.0.3). Spectralis OCT uses a dual-beam SDOCT, 

a confocal laserscanning ophthalmoscope with a wavelength of 870 nm and an infrared 

reference image to obtain images of ocular microstructures. The instrument has an 

acquisition rate of 40,000 A-scans per second.

Spectralis OCT incorporates a real-time eye-tracking system that couples confocal laser-

scanning ophthalmoscope and SDOCT scanners to adjust for eye movements and to ensure 

that the same location of the retina is scanned over time. To estimate the BMO-MRW, we 

used the Enhanced Depth Imaging (EDI) scan centered on the optic disc (48 B-scans with 

1024 A-scans each). RNFLT was measured using the 3.45 mm high resolution circle RNFL 

scan centered on the optic disc (single B-scan with 1536 A-scans). Quality assessment of 

OCT scans was evaluated by Imaging Data Evaluation and Analysis (IDEA) Center 

experienced examiners masked to the subjects’ results of other tests.

Retinal Layer Segmentation

Raw 3D SD-OCT images were exported to a numerical computing language (MATLAB; 

MathWorks, Natick, MA). The San Diego Automated Layer Segmentation Algorithm 

(SALSA)23,24 was used to automatically segment the Bruch's membrane opening (BMO) 

and the internal limiting membrane (ILM) on each ONH radial scan to calculate the BMO-

MRW defined as the shortest distance from BMO to ILM (Figure 1).25,26 Global and 

Bowd et al. Page 4

Am J Ophthalmol. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sectoral RNFLT measurements were provided by commercially available Spectralis 

software.

Statistical Analyses

Descriptive statistics were used to compare demographic characteristics by group (healthy, 

glaucoma suspect and glaucoma study participants). Chi2 tests were used to compare 

categorical variables and t-tests were used to compare continuous variables.

Mixed effects models were used to calculate the estimated rates of change (slopes) for 

BMO-MRW and RNFLT loss from baseline. Models included group (healthy vs. glaucoma 

vs. suspect) and ancestry (AD vs. ED), time, and the interaction term group X time. The 

models were adjusted for age, mean IOP during follow-up, CCT, axial length, and BMO 

area.

Statistical analysis was performed using SAS, Version 9.2 (SAS Institute, Cary, NC, USA).

RESULTS

The study included 42 eyes of 27 AD healthy subjects, 82 eyes of 42 ED healthy subjects, 

94 eyes of 54 AD glaucoma suspect patients, 133 eyes of 72 ED glaucoma suspect patients, 

95 eyes of 47 AD glaucoma patients and 82 eyes of 43 ED glaucoma patients. A summary of 

the demographic variables and measurements at baseline of each group are shown in Table 

1. Glaucoma patients and suspects were significantly older (p < 0.001) and had worse VF 

mean deviation (MD) (p < 0.001) than healthy eyes at baseline (one-way ANOVA with post-

hoc Tukey test).

Baseline global and sectoral BMO-MRW thickness derived from the ONH radial scans are 

presented in Table 2. Healthy eyes had thicker baseline BMO-MRW compared to glaucoma 

suspect and glaucoma eyes using one-way ANOVA with post-hoc Tukey test (p < 0.001). 

There was no statistically significant difference in baseline BMO-MRW measurement 

between AD and ED eyes in any diagnostic group (all comparisons p ≥ 0.07).

Mixed effects model-estimated rates of structural loss of global and sectoral BMO-MRW in 

healthy, glaucoma suspect and glaucoma eyes adjusted for age, mean IOP during follow-up, 

CCT, axial length, and BMO area are presented in Table 3. Global, temporal and inferior 

BMO-MRW showed a significant change over time (change greater than 0 μm/year 

evidenced by 95% confidence intervals) for all diagnostics groups. Nasal and superior 

BMO-MRW showed a significant change over time in glaucoma eyes only. In suspect eyes, 

the rate of change of global, temporal and inferior BMO-MRW was faster in AD vs ED eyes 

(all comparisons p ≤ 0.03). In healthy and glaucoma eyes, there was no difference in rate of 

change between AD and ED eyes (all comparisons p ≥ 0.06). Distributions of rates of 

change in BMO-MRW (μm/year) in ED and AD eyes for healthy, suspect and glaucoma 

groups are shown in Figure 2. Pie charts showing BMO-MRW rates of change over time by 

sector in ED and AD eyes for healthy, suspect and glaucoma groups are shown in Figure 3. 

Values shown also are adjusted for age, mean IOP during follow-up, CCT, axial length and 

BMO area.
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Baseline global and sectoral RNFLT derived from the RNFL circle scans are presented in 

Table 4. Healthy eyes had thicker global and sectoral RNFL compared to glaucoma suspect 

and glaucoma eyes at baseline in all sectors (all comparisons p < 0.001 using ANOVA) 

except the temporal sector where the RNFLT was similar between healthy eyes and 

glaucoma suspect eyes (p = 0.23). There was no statistically significant difference in 

baseline RNFL measurement between AD and ED eyes in any diagnostic group (all 

comparisons p ≥ 0.07).

Estimated rates of structural loss of global and sectoral RNFL in healthy, glaucoma suspect 

and glaucoma eyes adjusted for age, mean IOP during follow-up, CCT, axial length and 

BMO area are presented in Table 5. Global, nasal, temporal, inferior, and superior RNFLT 

showed a significant change over time (change greater than 0 μm/year) for all diagnostics 

groups We observed no race-related differences in rate of change of RNFLT in any of the 

diagnostic groups (all comparisons p ≥ 0.16). Distributions of rates of change in RNFLT 

(μm/year) in ED and AD eyes for healthy, suspect and glaucoma groups are shown in Figure 

4. Pie charts showing RNFLT rates of change over time by sector in ED and AD eyes for 

healthy, suspect and glaucoma groups are shown in Figure 5. Values shown also are adjusted 

for age, mean IOP during follow-up, CCT, axial length, and BMO area.

DISCUSSION

The current study showed a faster estimated decrease in global and sectoral minimum 

neuroretinal rim width over time in glaucoma suspect eyes of AD compared to ED 

individuals. No such race related differences were observed in healthy or glaucomatous eyes. 

In addition, no race-related differences in estimated rate of change of RNFL thickness were 

observed in any of the three diagnostic groups selected. We also showed a significant rate of 

change in BMO-MRW and RNFL thickness over our relatively short follow up in healthy as 

well as suspect and glaucoma eyes.

Previous cross-sectional studies have reported that the BMO-MRW has a higher sensitivity 

for detecting early to moderate glaucoma eyes than RNFL thickness at a fixed specificity of 

95%.25 In addition, Rhodes and colleagues reported no cross-sectional difference in BMO-

MRW between healthy AD and ED eyes.27 Similarly, our group recently reported that 

longitudinal change in neuroretinal rim area (measured globally and by quadrant using 

confocal scanning laser ophthalmoscopy, CSLO) was similar over 5 years in AD and ED 

eyes with known progressive glaucomatous optic neuropathy (PGON; by masked 

stereoscopic photograph assessment) at study endpoint.14 The current results are consistent 

with our previous results because PGON eyes in our previous report were glaucomatous at 

baseline with glaucomatous appearance of the optic nerve head or parapapillary retina in 

conjunction with repeatable abnormal VF results (i.e., eyes were similar to the eyes in our 

glaucoma group that showed no race-related differences). In addition, CSLO neuroretinal 

rim measurements are not comparable to SDOCT measurements because they are calculated 

using a standard reference plane placed 50 μm posterior to the optic disc margin along a user 

drawn contour line while SDOCT neuroretinal rim measurements, in the current study, were 

made relative to the BMO automatically identified based on z-axis a-scans. It is possible, 

then, that the current findings represent the detection of earlier structural change in AD eyes 
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with suspicion of glaucoma than in ED eyes with suspicion of glaucoma. That is, the rate of 

change in BMO-MRW might be more rapid prior to the development of visual field defects 

in AD eyes than in ED eyes providing earlier evidence of disease related structural change 

resulting in the previously reported earlier age of glaucoma onset in individuals of AD.12

Other possibilities that may explain our results exist but likely can be ruled out. First, 

longitudinal structural change is more likely and more rapid in AD eyes compared to ED 

eyes at higher levels of IOP, but not at lower levels.28 Because of this, mean IOP during 

follow-up was included in mixed effects models used to calculate rates of change.

It has been shown that there is an interaction between age and race in laminar position in 

healthy eyes, with laminar position being more anterior with increased age in ED eyes and 

more posterior with increased age in AD eyes.29 This may have contributed to race-related 

differences in rate of change in BMO-MRW between races, although we also included age 

in our mixed effects models (and this interaction has not been demonstrated in glaucoma 

suspect or glaucomatous eyes). Secondly, CCT is an accepted risk factor for the 

development of glaucoma in suspect eyes,30 the progression of glaucomatous visual field 

defects in glaucomatous eyes31 and the development of sustained, significant loss of VF 

sensitivity in advanced glaucoma32, and is thinner in AD compared to ED eyes.33 For these 

reasons, we also included CCT as a covariate in our mixed effects models. In addition, 

because CCT in our sample was thinner on average in AD compared to ED eyes (as 

expected), we conducted a post hoc analysis in which we compared rate of change of BMO-

MRW and RNFL thickness globally and by sector for all diagnostic groups relative to the 

median CCT in all eyes (median CCT = 549 μm, CCT > 549 μm was compared to CCT < 

549 μm). All comparisons resulted in p ≥ 0.29 (i.e., none were significant).

Healthy eyes were younger than glaucoma and glaucoma suspect eyes at baseline in our 

sample. It is possible that the observed difference in rate of change in BMO-MRW and 

RNFL thickness is attributable in part to the effect of natural aging and we therefore adjusted 

for aging in the models.

Admittedly, the significant rates of change reported in the current study are relatively small. 

To further address this issue and put the magnitude of the difference into perspective, we 

conducted a post hoc analysis that compared the rate of BMO-MRW thinning in glaucoma 

eyes with the thickest (top 20th percentile) baseline global MRW and the rate of BMO-MRW 

thinning in the healthy eyes with the thinnest (lowest 20th percentile) global BMO-MRW. 

We then compared the mean (95% CI) difference in the rate of change between the 

glaucoma thickest 20% vs thinnest healthy 20% (−0.43 (−0.53, −0.24) μm /yr), to the BMO-

MRW difference in the rate of change in AD vs ED in suspect eyes (−0.38 (−0.51, −0.23) 

μm /yr); and found almost complete overlap in the 95% CI of these differences with p = 

0.18. This overlap suggests that the magnitude of the racial differences in rate of BMO-

MRW thinning in suspect eyes is similar to the magnitude of the differences in the rates 

between healthy and glaucoma eyes.

Finally, classification of AD and ED eyes in the present study was based on self-report. It is 

known that prevalence of glaucoma in individuals of AD varies somewhat by geographical 
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location likely due in part to genetic diversity and environmental exposure.21 A recent 

biogeographic ancestry analysis from the ADAGES indicated that based on SNP genotyping 

of 297 self-reported AD individuals, the mean percentage of African admixture in the 

ADAGES cohort was 79.6%. Genotyping of 359 self-reported ED individuals indicated the 

mean percentage of African admixture was 3.5%. 22 As the previous analysis of our 

ADAGES data suggest, self-reported race is an accurate reflection of biogeographic 

ancestry.

We did not directly compare rate of change of BMO-MRW to rate of change of RNFL 

thickness over time among diagnostic groups or between races, although this is a 

consideration for future research. Recent results presented by Gardiner et al.34, suggest that 

RNFL thickness may be more useful than MRW or minimum rim area for monitoring 

glaucomatous change. These authors studied 157 eyes of non-end stage glaucoma patients or 

high-risk ocular hypertensives over a minimum of approximately 2.5 years. Disease-related 

change was described as the longitudinal decrease in signal-to-noise ratio (LSNR, defined as 

the rate of change over time defined by ordinary least squared linear regression divided by 

the standard deviation of the residuals of rate of change over time, in order to equate 

measurement scales for all parameters investigated). With this model a more negative LSNR 

indicates a change in signal greater than observed variability (i.e., a significant disease-

related change in tissue measurement).35

In conclusion, these results suggest that Bruch’s membrane opening minimum rim width 

decreases significantly faster in glaucoma suspect eyes of AD individuals than in glaucoma 

suspect eyes of ED individuals. In addition, over a relatively short period of time, both 

SDOCT-measured minimum rim width and retinal nerve fiber layer thickness decrease, even 

in healthy eyes. These results confirm the need to consider strongly the influence of race and 

the need to dissociate the effects of natural aging and disease related change in the 

assessment of glaucoma progression.
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Figure 1. 
Example of San Diego Automated Layer Segmentation Algorithm identified Bruch’s 

membrane opening minimum rim width (BMO-MRW) defined on a single Spectralis b-scan 

as the minimum distance between the BMO and internal limiting membrane (ILM).
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Figure 2. 
Distributions of the global Bruch’s membrane minimum rim width (BMO-MRW) estimated 

rates of change over time (μm/year) for African descent (AD) and European descent (ED) 

eyes in healthy (left), glaucoma suspect (center) and glaucoma (right) eyes. Change in MRW 

is significant between AD and ED eyes in suspect eyes only.
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Figure 3. 
Pie charts showing Bruch’s membrane minimum rim width (BMO-MRW) estimated rates of 

change over time (μm/year) by sector for African descent (AD) and European descent (ED) 

eyes in healthy (left), glaucoma suspect (center) and glaucoma (right) eyes. Change in MRW 

is significant between AD and ED eyes in suspect eyes only. Change location is primarily 

temporal and inferior in all diagnostic groups.
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Figure 4. 
Distributions of the global restinal nerve fiber layer (RNFL) thickness estimated rates of 

change over time (μm/year) for African descent (AD) and European descent (ED) eyes in 

healthy (left), glaucoma suspect (center) and glaucoma (right) eyes. No significant 

differences between AD and ED eyes were observed in any diagnostic category.
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Figure 5. 
Pie charts showing global retinal nerve fiber layer (RNFL) thickness estimated rates of 

change over time (μm/year) by sector for African descent (AD) and European descent (ED) 

eyes in healthy (left), glaucoma suspect (center) and glaucoma (right) eyes. No significant 

differences between AD and ED eyes were observed in any diagnostic category. Patterns of 

change vary across all diagnostic groups.
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