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Abstract

Objectives: Using optic coherence tomography (OCT), to determine relationships with visual 

function (VF) and disability in patients with multiple sclerosis (MS) and a) ganglion cell-inner 

plexiform layer (GCIPL) b) peripapillary retinal nerve fiber layer (pRNFL); and c) Bruch’s 

membrane opening minimum rim width (BMO-MRW) thicknesses.
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Methods: Sixty-eight MS patients and 22 healthy controls (HCs) underwent spectral-domain 

OCT, and 100%-contrast visual acuity (VA), 2.5%-, and 1.25%-contrast letter-acuity (LA), and 

Expanded Disability Status Scale (EDSS) testing. Mixed-effects linear regression models, 

accounting for within-subject, inter-eye correlations, were used to assess relationships.

Results: The MS cohort exhibited significantly lower BMO-MRW (p=0.01), pRNFL at 3.7 mm, 

4.1 mm, and 4.7 mm diameters surrounding the optic disc (p<0.001 for all), and GCIPL (p<0.001) 

thicknesses than HCs. BMO-MRW thickness was associated with 100%-VA (p<0.001, R2=0.08), 

2.5%-LA (p<0.001; R2=0.13), and 1.25%-LA (p=0.002; R2=0.11). All measured pRNFL 

thicknesses were associated with high- and low-contrast VF (all: p<0.001). GCIP thickness was 

more strongly associated with 100%-VA (p<0.001; R2=0.23), 2.5%-LA (p<0.001; R2=0.27), and 

1.25%-LA (p<0.001; R2=0.21) than the other OCT measures assessed. All OCT measures were 

significantly, but weakly associated, with EDSS scores.

Conclusions: BMO-MRW and pRNFL thicknesses are reduced and associated with VF and 

disability in MS, but GCIPL thickness is a stronger marker of visual impairment. Our findings 

corroborate the utility of OCT in providing valuable information regarding the MS disease 

process.
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Magnetic resonance imaging (MRI) has been the gold-standard technique for detecting 

inflammatory activity, as well as axonal and neuronal degeneration in multiple sclerosis 

(MS). While conventional MRI markers of inflammation, including the formation of new or 

enlarging T2 and contrast-enhancing lesions, are used to monitor MS, such parameters only 

modestly correlate with disability progression (1). Non-conventional MRI measures of 

neurodegeneration such as brain sub-structure volumetric derived gray matter volumes, for 

example, correlate better with disability in MS, but have been difficult to implement into 

routine clinical practice due to cost and technical challenges. Thus, imaging techniques that 

allow reliable and translatable quantification of neurodegeneration remain an unmet need.

Optical coherence tomography (OCT) is an inexpensive, high-resolution, non-invasive 

imaging technique that uses near-infrared light to reliably quantify retinal neurodegeneration 

(2). There is an abundance of evidence suggesting the utility of OCT in complementing MRI 

to monitor MS. Specifically, OCT-derived peri-papillary retinal nerve fiber layer (pRNFL) 

and ganglion cell + inner plexiform layer (GCIPL) thicknesses correlate with global 

disability and visual function in MS. GCIPL thickness may have superior structure-function 

relationships than pRNFL thickness, potentially related to better reproducibility and 

reliability (3). Moreover, rates of GCIPL atrophy correlate with rates of whole-brain and 

gray matter atrophy in MS and are accelerated in patients exhibiting inflammatory disease 

activity and/or disability progression (4).

Recent advances in OCT techniques have expanded the range of OCT measures that can be 

measured, potentially allowing more comprehensive retinal characterization. Novel software 

on Spectralis (Heidelberg Engineering, Heidelberg, Germany) spectral domain (SD) OCT 
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now allows determination of Bruch’s membrane opening minimum rim width (BMO-MRW) 

thickness, which represents the minimum width measured from Bruch’s membrane opening 

to the termination of the neuroretinal rim (Fig 1). BMO-MRW has been suggested as an 

anatomical surrogate for the neuroretinal rim (5). BMO-MRW is reduced in glaucoma 

patients compared to healthy controls (6) and is thought to be more sensitive for the 

assessment of glaucomatous optic neuropathy (7) as well as being associated with lower 

visual function (8). While retinal ganglion cells represent a principal site of 

neurodegeneration in glaucoma as in MS (9), glaucoma likely has a different underlying 

pathophysiological mechanism than MS related optic neuropathy, including neuroretinal rim 

degeneration and progressive optic disc cupping (10). New Spectralis OCT software allows 

more comprehensive pRNFL thickness analysis at 4.1 mm and 4.7 mm diameters 

surrounding the optic disc, in addition to the traditionally utilized 3.5 mm diameter 

measurement. Whether these novel measures contribute additional utility beyond GCIP 

thickness in MS remains to be examined.

In this cross-sectional study, we sought to determine the relationships between Spectralis 

OCT-derived BMO-MRW and pRNFL thicknesses at varying diameters with visual function 

and global disability measures in MS, and compare these with GCIPL thickness structure-

function correlations. We hypothesized that BMO-MRW, as well as pRNFL thicknesses at 

varying diameters, would be abnormal in MS, but might not exhibit benefit over the 

robustness of GCIPL thickness measurements in MS.

PATIENTS AND METHODS

Patients

MS patients and healthy controls (HCs) were recruited by convenience sampling from the 

Johns Hopkins MS Center, and written informed consent was obtained from all participants. 

All study protocols were approved by the Johns Hopkins University Institutional Review 

Board, and the study was performed in accordance with the tenets of the Declaration of 

Helsinki. MS diagnoses were based on the 2010 revised McDonald criteria (11). Patients 

were categorized according to the Lublin classification as having either relapsing remitting 

(RRMS), secondary progressive (SPMS), or primary progressive MS (PPMS) (12). Since the 

numbers of SPMS and PPMS patients recruited were relatively small, they were combined 

into a single group designated progressive MS (PMS). Participants with glaucoma, diabetes, 

uveitis, eye trauma or surgery, hypertension, refractive errors of greater than or equal to ±6 

diopters, a history of optic neuritis (ON) within 6 months of OCT acquisition, or other 

ophthalmological or neurological disorders were excluded. Disease duration, age, ethnicity, 

sex, and history, date, and side of prior ON were recorded.

Optical Coherence Tomography

Spectralis SD-OCT, with automated macular segmentation (model OCT2; software version 

6.4.7.0; Heidelberg Engineering, Heidelberg, Germany), as well as confocal scanning laser 

ophthalmoscopy that produces simultaneous high-resolution fundus images, was used to 

perform retinal imaging by experienced technicians. For each participant’s eye, an anatomic 

positioning system (APS) constructed a map of the retina using the center of the fovea and 
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the center of Bruch’s membrane opening as anatomic landmarks (7). Thereafter, all scans 

were oriented based on this anatomic map, allowing more precise and accurate 

characterization of retinal structures (13). BMO-MRW and pRNFL measurements were 

obtained using the Optic Nerve Head - Radial, Circle scan protocol, consisting of 24 radial, 

15-degree B-scans centered on BMO, with a radial automated real time (ART) of 25, as well 

as three circle scans at 3.5 mm, 4.1 mm, and 4.7 mm diameters surrounding the optic disc 

and circle ART of 100, as described elsewhere (14). GCIPL measures were derived from the 

Posterior Pole Horizontal scan protocol with an ART of 9, as described elsewhere (14). 

Mean measurements for all OCT parameters were calculated by averaging temporal, 

temporal superior, nasal superior, nasal, nasal inferior, and temporal inferior sectors. Each 

scan included in the study exhibited signal strength greater than 20 dB, and were devoid of 

artifact, in accordance with the OSCAR-IB criteria (15), as well as microcystoid changes.

Visual and Neurological Testing

High-contrast (100%) visual acuity at 4m and low-contrast letter acuity (2.5% and 1.25%) at 

2m were assessed using retro-illuminated Early Treatment Diabetic Retinopathy Study and 

Sloan letter charts (Precision Vision, Lasalle, IL), respectively. The number of correctly 

identified letters was recorded for each eye (with a maximum score of 70 letters per chart). 

Visual assessments were administered in a darkened room by trained technicians using 

standard testing protocols (16). Participants used their habitual distance corrective lenses. To 

assess neurological function, Expanded Disability Status Scale (EDSS) scores were 

determined by Neurostatus-certified examiners.

Statistical Analyses

Statistical analyses were performed using Stata (version 12; StataCorp LP, College Station, 

TX). Comparisons between MS subtypes, as well as between MS and HCs, in regard to 

proportions of eyes with ON history and differences in sex were performed using the chi-

square (χ2) test. The Wilcoxon rank-sum test was used to assess differences in age and 

disease duration between sub-types. The Shapiro-Wilk test was used to assess normality of 

distributions. Associations were then determined using multi-level, mixed-effects linear 

regression analyses, accounting for within-subject inter-eye correlations, and adjusting for 

age, sex, disease duration, and ON history. The HC and MS cohorts were compared using 

mixed-effects linear regression restrictive maximum likelihood models, accounting for 

within-subject inter-eye correlations, and adjusting for age and sex. Snijders/Bosker Level 1 

R2 values were derived from this statistical model. Statistical significance was defined as p ≤ 

0.05. Since this study was hypothesis-driven, correction for multiple comparisons was not 

performed (17).

RESULTS

Demographics/clinical characteristics

Sixty-eight people with MS (48 RRMS, 91 eyes; 20 PMS, 38 eyes) and 22 HCs fulfilled 

eligibility criteria and participated in the study. Seven eyes (5 RRMS and 2 PMS eyes) were 

excluded from the study due to inadequate OCT quality. Mean age, disease duration, and 

EDSS were significantly higher in PMS as compared to RRMS (p<0.001 for all; Table 1). 
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Similarly, the RRMS cohort exhibited a significantly greater proportion of eyes with (ON) 

history (45%) as compared to PMS (25%; p=0.03). No significant differences were found 

between the RRMS and PMS cohorts in regards to sex or race. As compared to HCs, MS 

patients were significantly older, more likely to be female, and had a lower proportion of 

participants with race classified as other (p<0.001 for all). The summary of demographics 

and patient characteristics is outlined in Table 1.

Differences in OCT measures between MS and HCs

Adjusting for age, sex and within-subject inter-eye correlations, BMO-MRW thickness was 

significantly lower in MS as compared to HCs (297μm vs 337μm; mean difference = 40μm; 

p=0.01) (Table 2). Similarly, pRNFL thickness at 3.5mm, 4.1mm, and 4.7mm surrounding 

the optic disc was significantly lower in MS patients relative to HCs, with mean differences 

between the cohorts of 17μm, 14μm and 11μm, respectively (p<0.001 for all). GCIPL 

thickness was significantly lower in patients with MS than HCs, with a mean difference of 

14μm (p<0.001). In MS subtype analyses, BMO-MRW, pRNFL at 3.7mm, 4.1mm, and 

4.7mm, as well as GCIPL thicknesses in RRMS and PMS were all similarly significantly 

lower than in HCs (data not shown).

Relationships between OCT-derived retinal measurements, visual function, and EDSS

Adjusting for age, sex, disease duration, history of ON and within-subject, inter-eye 

correlations, BMO-MRW, pRNFL at 3.5mm, 4.1mm and 4.7mm, as well as average GCIP 

thicknesses were all significantly associated with 100%-VA, 2.5%-LA, 1.25%-LA, and 

EDSS scores across the MS cohort (Table 3). For all relationships described below, lower 

OCT-derived thicknesses were associated with lower visual function and higher disability 

scores. In general, across the OCT measures assessed, R2 relationships were numerically 

highest with 2.5%-LA scores, which is in accordance with prior data suggesting that 2.5%-

LA may be the more sensitive for capturing visual dysfunction in MS (Fig 2). In general, of 

the OCT measures analyzed, R2 relationships across visual function measures were 

numerically highest with average GCIPL thickness. GCIPL thickness was associated with 

100%-VA (p<0.001; R2=0.23), 2.5%-LA (p<0.001; R2=0.27), and 1.25%-LA (p<0.001; 

R2=0.21). Although the associations of BMO-MRW, pRNFL at 3.5mm, 4.1mm and 4.7mm, 

and average GCIP thicknesses with EDSS were all significant, they were weak and similar 

across OCT measures. In MS subtype analyses, similar associations between BMO-MRW, 

pRNFL at 3.7mm, 4.1mm, and 4.7mm diameters, as well as GCIPL thicknesses with visual 

function and EDSS scores were observed in RRMS and PMS, as compared to the entire MS 

cohort (data not shown).

Discussion

The results of our study suggest associations between OCT-derived retinal thickness 

measures, and disability in MS, illustrating new, as well as confirming previously studied 

parameters by which OCT may be of value to track disease progression and disability in MS. 

Since the novel measures studied (BMO-MRW and pRNFL thicknesses at varying diameters 

around the optic disc) are related to conventional OCT measures such as standard pRNFL at 

3.5mm and GCIPL thicknesses, it is not surprising that these new measures similarly 
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correlate with visual function and disability scores in MS. However, the proposed benefit of 

BMO-MRW thickness in glaucoma over conventional OCT measures may not similarly be 

the case in MS. GCIPL thickness previously has been shown to be one of the most robust 

OCT measures in MS, with superior-structure function relationships, and potentially 

overcoming many of the known limitations of conventional pRNFL thickness measures. For 

example, GCIPL may not swell during ON and may also be less prone to astrogliosis, which 

primarily occurs in the RNFL and may lead to false increases in RNFL thickness (18). In our 

study, lower GCIPL thickness appeared to explain the greatest degree of variance in reduced 

100%-VA, 2.5%-LA and 1.25%-LA scores across the MS cohort as compared to BMO-

MRW and pRNFL thicknesses at various diameters. Conversely, BMO-MRW thickness may 

explain a smaller amount of variance in visual function among patients with MS. This may 

simply relate to the anatomy of this measurement. The BMO-MRW includes all retinal 

layers, including the pRNFL and GCIPL. Thus, decreased BMO-MRW thickness and its 

associations with visual function found in this study may be driven by retrograde 

neurodegeneration of the pRNFL and GCIPL layers, yet may at the same time, be partially 

diluted by the inclusion of the other retinal layers intrinsic to the BMO-MRW measurement. 

Among the pRNFL thickness measures assessed, relationships with visual function appeared 

to be strongest for pRNFL measurements closer to the optic disc, measured at 3.5 mm, the 

conventional pRNFL thickness measurement on the Spectralis OCT device. Interestingly, all 

of the OCT measures examined in the current study similarly and only weakly explained 

variance in EDSS scores in MS participants.

To the best of our knowledge, this is one of the first demonstrations that BMO-MRW 

thickness is significantly lower in MS compared to HCs and is associated with high- and 

low-contrast visual function in MS. Analogous to studies in patients with glaucoma, BMO-

MRW thickness may be a surrogate measure for the number of axons entering the optic 

nerve head. However, based on our findings, BMO-MRW thickness in MS patients may be 

less robustly associated with VF compared to GCIPL thickness. This is likely due to 

retrograde degeneration of the constituent fibers of the optic nerve and a subsequent dropout 

of retinal ganglion cell axons (RNFL) and neurons (GCIPL) (19-22).

Across all cohorts, low-contrast LA (LCLA), and in particular 2.5% LA, generally exhibited 

a stronger relationship with all retinal measures examined as compared to 100% high-

contrast VA (HCVA). This is consistent with previous findings, which have shown that 

relative to HCVA, LCLA is more closely associated with OCT-derived measures, (23) is a 

more sensitive measure of visual disability (24) and is more broadly associated with MS 

disability, as estimated by EDSS scores (25), as well as neuropsychological function (27). 

Our study findings, in conjunction with previous reports, support the concept that OCT and 

visual function, particularly LCLA, may be complementary tools in MS.

Our study has several limitations. Firstly, the study cohort was heterogeneous, and there 

were insufficient numbers of SPMS or PPMS patients to examine these cohorts separately. 

The number of HCs included in the study was relatively low, and the HC cohort was 

generally younger than those in the MS cohort, and more biased towards being male. There 

is a possibility that age-related pRNFL reduction in the MS cohort may have affected our 

results; however, all our analyses were adjusted for age and sex. Lack of obtaining best 
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corrected visual acuity with refraction is another limitation (27). Since our study was cross-

sectional and exploratory in nature, our results regarding BMO-MRW thickness being 

decreased and associated with disability in MS are preliminary. It is likely that BMO-MRW 

may secondarily decrease as a result of RNFL degeneration as it does in glaucoma. In order 

to elucidate the progression of anatomical changes in MS, future studies should focus on 

increasing the study sample size in a longitudinal setting across MS subtypes.

In summary, our findings suggest strong associations between a broad panel of OCT-derived 

measures and functional disability, particularly of VF in patients with MS. While novel 

OCT-derived parameters, BMO-MRW and pRNFL thicknesses at varying diameters 

surrounding the optic disc, seem to be reduced in and broadly associated with visual and 

global disability in MS, GCIPL thickness, in accordance with prior studies, appears to be the 

most accurate OCT-derived structural marker in MS. Our study findings provide further 

support for OCT measures: a) as outcome metrics in clinical trials of neuroprotective and/or 

remyelinating therapies, b) for monitoring disease progression, and C) for contributing 

clinically useful information regarding global aspects of the MS disease process.
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Fig. 1. 
Panel A depicts a Spectralis optical coherence tomography (OCT) derived fundus image 

showing the optic disc with corresponding retinal microvasculature, as well as 24 radial 

slices of the peri-papillary region and 3 circular scans at 3.5 mm, 4.1 mm, and 4.7 mm 

diameters surrounding the optic disc (Panel A). The corresponding OCT image (Panel B) 

shows the Bruch’s membrane opening – minimum rim width (BMO-MRW) flanking the 

optic cup (blue arrows). Scans were acquired from a healthy participant

Nguyen et al. Page 10

J Neuroophthalmol. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Adjusted variable plots comparing the strength of significant associations between OCT-

derived average Bruch’s membrane opening minimum rim width (BMO-MRW; upper 

panel), average ganglion cell + inner plexiform layer (GCIP; lower left panel), and peri-

papillary retinal nerve fiber layer (pRNFL; lower right panel) thicknesses and 2.5%-contrast 

letter acuity in MS, accounting for age, sex, disease duration, and history of optic neuritis. 

Consistent with a tighter distribution fit along the linear regression line, GCIP thickness 

exhibits the highest R2-value. p-values and R2-values were derived from mixed-effect linear 

regression models, adjusting for within-subject inter-eye correlation, and accounting for age, 

sex, disease duration, and history of optic neuritis
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Table 1.

Summary of demographics and clinical characteristics of patients with multiple sclerosis vs. healthy controls

Characteristic
Overall MS

n=68
(eyes=129)

RRMS
n=48

(eyes=91)
PMS n=20
(eyes=38)

HC
n=22

(eyes=44)
p-value

RRMS vs. PMS
p-value

HC vs. MS

Mean age, years (SD) 46.5 (12.5) 41.6 (10.3) 58.5 (8.7) 33.4 (1.65) <0.001
1

<0.001
1

Mean disease duration, years (SD) 13.9 (10.9) 11.2 (8.4) 20.5 (13.4) - <0.001
1

-

Females (%) 81 82 80 55 0.20
2

<0.001
2

Race

Caucasian 59 41 18 8

African American 8 6 2 3 0.89
3

<0.001
3

Other 1 1 0 11

Patients with ON History (%) 44 (65) 37 (77) 7 (35) - - -

Eyes with ON History (%) 54 (41) 44 (47) 10 (26) - 0.03
2

-

Mean EDSS 3.13 1.83 6.44 - <0.001
1

-

1
Computed with Wilcoxon rank-sum test

2
Computed with chi-square test

3
Computed with Fisher exact test

RRMS = relapsing-remitting multiple sclerosis; PMS = progressive multiple sclerosis; HC = healthy controls; ON = optic neuritis; EDSS = 
expanded disability scale score

*
Bolded values represent statistically significant results
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Table 2.

Comparison of OCT-derived measures between patients with multiple sclerosis and healthy controls.

HC
(eyes = 44)

MS
(eyes = 131) HC vs. MS HC vs. MS

Mean, μm (SD) Mean, μm (SD) Mean difference, μm p-value

BMO-MRW 337 (77) 297 (66) 40 0.01

pRNFL – 3.5 mm 105 (11) 88 (17) 17 <0.001

pRNFL – 4.1 mm 90 (8) 75 (13) 14 <0.001

pRNFL – 4.7 mm 78 (7) 67 (11) 11 <0.001

GCIPL 80 (4) 66 (11) 14 <0.001

MS = multiple sclerosis cohort; HC = healthy controls; BMO-MRW = Bruch’s membrane opening minimum rim width; pRNFL = peri-papillary 
retinal nerve fiber layer; GCIPL = ganglion cell + inner plexiform layer; mm = millimeters; μm = micrometers

p-values were derived from mixed-effect linear regression restrictive maximum likelihood models, accounting for within-subject inter-eye 
correlation and adjusting for age and sex.

*
Bolded values designate statistical significance
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Table 3.

Relationships between OCT-derived retinal measurements, visual function, and global disability scores in 

patients with multiple sclerosis.

Scores

Average
BMO-MRW

pRNFL -
3.5mm

pRNFL -
4.1mm

pRNFL -
4.7mm

Average
GCIPL

p-value R2 p-value R2 p-value R2 p-value R2 p-value R2

100%-VA <0.001 0.08 <0.001 0.19 <0.001 0.17 <0.001 0.13 <0.001 0.23

2.5%-LA <0.001 0.13 <0.001 0.21 <0.001 0.19 <0.001 0.15 <0.001 0.27

1.25%-LA 0.002 0.11 <0.001 0.19 <0.001 0.17 <0.001 0.15 <0.001 0.21

EDSS 0.02 0.05 0.001 0.10 0.001 0.10 0.001 0.08 0.002 0.06

VA = visual acuity; LA = letter acuity; EDSS = Expanded Disability Scale Score; BMO-MRW = Bruch’s membrane opening minimum rim width; 
pRNFL = peri-papillary retinal nerve fiber layer; GCIPL = ganglion cell + inner plexiform layer

p-values were derived from mixed-effect linear regression models, adjusting for within-subject inter-eye correlation, and accounting for age, sex, 
disease duration, and history of optic neuritis.

*
Bolded values indicate statistically significant results
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