
RESEARCH ARTICLE

Retinal measurements predict 10-year disability in multiple
sclerosis
Alissa Rothman1,a, Olwen C. Murphy1,a, Kathryn C. Fitzgerald1,a, Julia Button1, Eliza Gordon-Lipkin1,
John N. Ratchford1, Scott D. Newsome1, Ellen M. Mowry1, Elias S. Sotirchos1 , Stephanie B.
Syc-Mazurek1, James Nguyen1, Natalia Gonzalez Caldito1, Laura J. Balcer2, Elliot M. Frohman3,
Teresa C. Frohman3, Daniel S. Reich1,4,5, Ciprian Crainiceanu5, Shiv Saidha1 & Peter A. Calabresi1

1Department of Neurology, Johns Hopkins University, Baltimore, Maryland
2Department of Neurology, New York University Langone Medical Center, New York, New York
3Department of Neurology and Ophthalmology, Dell Medical School, University of Texas Austin, Austin, Texas
4Translational Neuroradiology Unit, National Institutes of Health, Bethesda, Maryland
5Department of Biostatistics, Johns Hopkins University, Baltimore, Maryland

Correspondence

Peter Calabresi, Division of

Neuroimmunology and Neurological

Infections, Johns Hopkins Hospital, 600 N.

Wolfe St., Baltimore, Maryland 21287. Tel:

410 614 1522; Fax: 410 502 6736;

E-mail: pcalabr1@jhmi.edu

Funding Information

This study was funded by NIH (R01NS082347

[to P.A.C.]), National MS Society (RG-1606-

08768 to SS, TR 3760-A-3 [to P.A.C.] & RG

4212-A-4 [to L.J.B. subcontracted to P.A.C.]),

Race to Erase MS (to S.S.), and Braxton

Debbie Angela Dillon & Skip (DADS) Donor

Advisor Fund (to P.A.C., E.M.F., and L.J.B)

Received: 24 July 2018; Revised: 30 August

2018; Accepted: 27 September 2018

Annals of Clinical and Translational

Neurology 2019; 6(2): 222–232

doi: 10.1002/acn3.674

aThese authors contributed equally.

Abstract

Objective: Optical coherence tomography (OCT)-derived measures of the

retina correlate with disability and cortical gray matter atrophy in multiple scle-

rosis (MS); however, whether such measures predict long-term disability is

unknown. We evaluated whether a single OCT and visual function assessment

predict the disability status 10 years later. Methods: Between 2006 and 2008,

172 people with MS underwent Stratus time domain-OCT imaging [160 with

measurement of total macular volume (TMV)] and high and low-contrast letter

acuity (LCLA) testing (n = 150; 87%). All participants had Expanded Disability

Status Scale (EDSS) assessments at baseline and at 10-year follow-up. We

applied generalized linear regression models to assess associations between base-

line TMV, peripapillary retinal nerve fiber layer (pRNFL) thickness, and LCLA

with 10-year EDSS scores (linear) and with clinically significant EDSS worsen-

ing (binary), adjusting for age, sex, optic neuritis history, and baseline disability

status. Results: In multivariable models, lower baseline TMV was associated

with higher 10-year EDSS scores (mean increase in EDSS of 0.75 per 1 mm3

loss in TMV (mean difference = 0.75; 95% CI: 0.11–1.39; P = 0.02). In analyses

using tertiles, individuals in the lowest tertile of baseline TMV had an average

0.86 higher EDSS scores at 10 years (mean difference = 0.86; 95% CI: 0.23–
1.48) and had over 3.5-fold increased odds of clinically significant EDSS wors-

ening relative to those in the highest tertile of baseline TMV (OR: 3.58; 95%

CI: 1.30–9.82; Ptrend = 0.008). pRNFL and LCLA predicted the 10-year EDSS

scores only in univariate models. Interpretation: Lower baseline TMV mea-

sured by OCT significantly predicts higher disability at 10 years, even after

accounting for baseline disability status.

Introduction

Multiple sclerosis (MS) is an immune-mediated demyeli-

nating disease of the central nervous system (CNS), in

which neurodegeneration is the principal substrate of dis-

ability.1,2 Easily obtainable biomarkers that predict MS

disease course represent a major unmet need. The ante-

rior visual pathway is recognized as an important site for

MS-related inflammation and neuroaxonal degeneration.

Approximately 50% of people with MS experience an

episode of clinical optic neuritis (ON) at some point in

their disease course.3 Moreover, postmortem studies of

MS eyes demonstrate retinal ganglion cell loss, optic

nerve gliosis, and atrophy in the vast majority of MS

eyes, in addition to signs of inflammation, even in late-

stage disease.4,5 Given the virtually ubiquitous involve-

ment of the anterior visual pathway in MS, the retina

may therefore represent an opportune and accessible site
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for quantifying and tracking neurodegeneration in people

with MS.

Optical coherence tomography (OCT) is a rapid, non-

invasive imaging tool that uses near-infrared light to

quantify retinal layers and may serve as an in vivo bio-

marker of the effects of MS pathology.6 Reductions of

peripapillary retinal nerve fiber layer (pRNFL) thickness,

composite ganglion cell and inner plexiform layer (GCIP)

thickness and macular volume have been robustly demon-

strated in people with MS (both with and without a his-

tory of ON) relative to healthy controls in cross-sectional

analyses.7–10 Longitudinal studies have demonstrated that

retinal atrophy in MS eyes is progressive and correlates

with brain atrophy,11,12 clinical disability,11–14 and quanti-

tative spinal cord measures,15 suggesting that retinal layer

atrophy may represent a bona fide marker of global CNS

neurodegeneration. The macula may be a retinal region

of particular interest in assessing burden of neurodegener-

ation, as patients with predominant macular thinning dis-

play higher levels of disability.16 Furthermore, GCIP

makes up a substantial proportion of the macula and

GCIP thinning correlates most strongly with brain atro-

phy.11 A recent study by Martinez-Lapiscina et al. has

shown that baseline retinal layer measurements may pre-

dict disability worsening over the following 5 years.17

However, it has not been demonstrated to date whether

OCT measurements predict disability at 10 years; a more

crucial and representative period of ascertainment.

Measures of visual function are other potential attrac-

tive biomarkers to clinicians as testing can be easily per-

formed in routine clinical practice. Low-contrast letter

acuity (LCLA) is sensitive and reliable for detecting visual

dysfunction in people with MS18 and correlates with dis-

ability and quality-of-life scores.19,20 LCLA has been

included as an exploratory outcome measure in a number

of MS clinical trials, but the utility of visual function

measures for predicting long-term disability in people

with MS has remained largely unexplored.

The objective of this study was to examine whether

clinic-based measurement of retinal layer thicknesses and

visual function at a single time-point may help predict

disability 10 years later in people with MS.

Methods

Patients and clinical data

Participants were recruited by convenience sampling

from the Johns Hopkins MS Center for an ongoing longi-

tudinal cohort study. Of this cohort, 172 participants

underwent a baseline third-generation Stratus time

domain-OCT (TD-OCT) scan [pRNFL was measured in

all participants; however, total macular volume (TMV)

was only measured in 160 of 172 participants] between

2006 and 2008 (after 2008, almost all OCT scans at our

site were performed using newer spectral domain-OCT

(SD-OCT)). Expanded Disability Status Scale (EDSS)

evaluations were performed at baseline and at least

8 years later (median follow-up time: 9.5 years). EDSS

raters were blinded to the patient’s MS subtype, prior

EDSS scores and OCT measurements. Baseline binocular

100% high-contrast visual acuity (VA), as well as 2.5%

and 1.25% LCLA were performed in 150 of these partici-

pants. MS diagnosis was confirmed by the treating neu-

rologist based on the 2005 McDonald criteria,21 and

patients were classified as having either relapsing-remit-

ting MS (RRMS), primary-progressive MS (PPMS), or

secondary-progressive MS (SPMS). Patients with comor-

bid neurological or ophthalmological disorders, refractive

errors of �6 diopters, diabetes, poorly controlled hyper-

tension, ON less than six months prior to the baseline

OCT, and/or history of ocular surgery or trauma were

not enrolled. Baseline clinical and demographic character-

istics, including EDSS scores, were recorded. Johns Hop-

kins University Institutional Review Board approval was

obtained for all study protocols, and written informed

consent was obtained from all participants.

Optical coherence tomography

All OCT scans were performed without pupillary dilation

by experienced technicians, as described in detail else-

where.10,16 Scans were performed on Stratus TD-OCT

(model 3000, software version 4.0; Carl Zeiss Meditec,

Dublin, CA). pRNFL thickness was measured in all

patients using the fast pRNFL thickness protocol, consist-

ing of three consecutive 3.4 lm-diameter circular scans

(256 A-scans/B-scan) centered on the optic disc. Although

not performed at our site from the outset of first utilizing

Stratus TD-OCT, TMV was measured in 160 (93%) of

these patients following the implementation of the fast

macular thickness protocol on the Stratus TD-OCT at

our center; demographic characteristics were similar

between patients with/without TMV measurements. This

protocol used six 6-lm long intersecting radial lines cen-

tered on the fovea (128 A-scans/B-scan). Optic disc and

macular scans with an image quality signal strength less

than 7 (on a scale of 1–10) or with artifact, including

motion artifact, were excluded from analyses.

Visual function testing

Standardized visual function testing was performed with

retro-illuminated eye charts in a darkened room prior to

OCT examination in 150 patients (87%). Hundred per-

cent high-contrast visual acuity (Early Treatment of
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Diabetic Retinopathy Study (ETDRS) charts at 4 m) and

2.5% and 1.25% low-contrast letter acuities (Sloan letter

charts at 2 m) were measured. All testing were performed

monocularly and binocularly. The results were recorded

as the number of letters that was correctly identified

(maximum of 70 letters per chart; 14 lines with 5 letters

per line). Participants were allowed to attempt the letters

on a line if they correctly identified three or more letters

on the previous line. Participants used their habitual

glasses/contact lenses.

Statistical analyses

Statistical analyses were completed using Stata version 13

(StataCorp, College Station, TX). Initial analyses com-

pared demographic and clinical characteristics including

age, sex, race, disease duration, MS subtype, and optic

neuritis history across tertiles of baseline TMV. Our pri-

mary analyses assessed the association between mean

TMV and pRNFL (as the average of both eyes) with 10-

year EDSS scores, adjusting for baseline EDSS score. We

chose the approach of adjusting our regression model for

baseline EDSS score (rather than just examining change

in EDSS as the primary outcome measure) as changes in

EDSS over time may be related to some degree to the

point of the EDSS scale at which a patient starts (e.g., a

person with a lower baseline EDSS may be more likely to

experience a sustained change in EDSS after 10 years).

The composite measure of both eyes was applied because

our primary outcome measure (EDSS) is a global mea-

sure; additionally, this approach may reduce the impact

of prior ON on analyses. We performed a series of sensi-

tivity analyses to ensure the robustness of this approach;

these included: (1) modeling anterior visual pathway

measures as the lowest measure from either eye (rather

than the average), (2) excluding individuals with history

of ON, and (3) excluding individuals with inter-eye dif-

ferences of ≥5 lm in pRNFL thickness (suggestive of

either possible unilateral ON or unilateral predominant

optic neuropathy). We considered OCT and visual func-

tion measures as continuous terms, as well as categorizing

them into tertiles within regression models to investigate

their association with 10-year EDSS scores, while adjust-

ing for age, sex, history of ON, and baseline EDSS. In

similarly adjusted models, we tested for trends across ter-

tiles by modeling the individual’s tertile ranking as a con-

tinuous covariate; P-values associated with the continuous

covariate representing the individual’s tertile ranking

denote the test for linear trend. To assess the association

between anterior visual pathway measures and risk of

clinically significant EDSS worsening, we used adjusted

logistic regression models, where clinically significant

EDSS worsening was defined as an increase of ≥2.0 if

baseline EDSS was <6.0, or an increase of ≥1.0 if baseline

EDSS was ≥6.0. We chose these criteria for changes in

EDSS, which are more stringent than those used in con-

temporary clinical trials for MS,22 because 10-year EDSS

was measured at a single time-point (i.e., EDSS assess-

ment was not repeated at 3 or 6 months to confirm if

disability progression was “sustained”). Other sensitivity

analyses were restricted to Caucasian patients only (as

African Americans typically have thicker pRNFL than

Caucasians),23 patients with RRMS at baseline, or those

with relatively low baseline disability (EDSS ≤ 3). Type I

error for significance was defined as a = 0.05.

Results

Characteristics of study population

One hundred and seventy-two people with MS underwent

OCT imaging (at baseline, 151 [88%] had RRMS, 14

[8%] SPMS, and 7 [4%] PPMS, Table 1), of whom 45

(26%) experienced clinically significant worsening in

EDSS scores over the 10-year period. In terms of disease

modifying therapies (DMTs), 44 patients (26%) at base-

line were not receiving any treatment, as compared to 24

patients (14%) at 10-year follow-up (36 initially untreated

patients had commenced DMT, while 16 initially treated

patients were no longer on treatment). TMV was available

in 160 (93%) patients, of whom 42 (26%) experienced

clinically significant worsening in EDSS scores over the

10-year period. At baseline, individuals in the lowest ter-

tile of TMV (<6.34 mm3) were more likely to have longer

disease duration (21.8 [9.3] vs. 14.3 [5.5] years), a posi-

tive history of ON (57.9% vs. 24.1%) and higher baseline

EDSS scores (3.3[2.0] vs. 1.9[1.5]) than those in the high-

est tertile (Table 2). As expected, individuals in the lowest

tertile of TMV also had lower pRNFL (83.1 [12.6] vs.

102.7 [11.8] lm) and poorer baseline visual function (bi-

lateral [OU] letter acuity at 1.25%: 15.9 [11.7] vs. 26.8

[8.4] letters). Average follow-up time was similar across

tertiles of TMV (9.5 [0.6] vs. 9.5 [0.6]).

Association between baseline anterior
visual pathway measures and 10-year
disability

After accounting for age, sex, history of ON, and baseline

EDSS score, lower baseline TMV was associated with

higher 10-year EDSS score (mean difference in EDSS per

1mm3 loss in TMV: 0.75; 85% CI: �1.39 to 0.11;

P = 0.02). In similarly adjusted models, individuals in the

lowest tertile of TMV had an average 0.86 (Fig. 1A; 95%

CI: 0.23–1.48; P for linear trend across tertiles = 0.008)

higher EDSS scores at 10-years and were at an over 3.5-
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fold increased odds of clinically significant EDSS worsen-

ing relative to individuals in the highest tertile of baseline

TMV (OR for EDSS worsening: 3.58; 95% CI: 1.30–9.82;
P for linear trend across tertiles = 0.008; Fig. 1B). These

findings were consistent and qualitatively stronger in

analyses restricted to baseline RRMS patients (n = 140)

and those with EDSS ≤ 3.0 (n = 114) suggesting a poten-

tial added predictive utility of TMV in patients earlier in

disease course or those at lower levels of disability

(Fig. 1C–F). Among patients with baseline RRMS,

individuals in the lowest tertile of TMV were at an over

5-fold increased odds of clinically significant EDSS worsen-

ing relative to individuals in the highest tertile of baseline

TMV (OR for EDSS worsening: 5.20; 95% CI: 1.52–17.82;
P for linear trend across tertiles = 0.002; Fig. 1D). Simi-

larly, among patients with baseline EDSS scores ≤3.0, indi-
viduals in the lowest tertile of TMV were at an nearly

7-fold increased odds of clinically significant EDSS worsen-

ing relative to individuals in the highest tertile of baseline

TMV (OR for EDSS worsening: 6.84; 95% CI: 1.62–29.73;
P for linear trend across tertiles = 0.008; Fig. 1F).

Results showed similar trends although altered levels of

statistical significance in sensitivity analyses assessing the

relationship between TMV and EDSS scores at 10 years,

in analyses (1) excluding individuals with a history of ON

(n = 86; mean difference in EDSS per 1 mm3 loss in

TMV: 0.79; 85% CI: �0.02 to 1.60; P = 0.06), (2) exclud-

ing individuals with an inter-eye difference ≥5 lm
(n = 81; mean difference in EDSS per 1 mm3 loss in

TMV: 0.75; 85% CI: �0.14 to 1.64; P = 0.10), and (3)

using the lowest unilateral TMV measures, rather than

the average TMV from both eyes, (mean difference in

EDSS per 1 mm3 loss in TMV: 0.53; 85% CI: �0.02 to

1.39; P = 0.10). Results were also relatively similar when

restricting to Caucasian individuals only (n = 132; mean

difference in EDSS per 1 mm3 loss in TMV: 0.79; 85%

CI: �0.14–1.44; P = 0.06). They were also similar in

models additionally adjusted for disease duration; individ-

uals in the lowest tertile of TMV had on average 0.73

(95% CI: 0.10–1.37; P = 0.03) higher EDSS scores at 10-

years and were at an over 3-fold increased odds of clini-

cally significant EDSS worsening relative to individuals in

the highest tertile of baseline TMV (OR for EDSS worsen-

ing: 3.06; 95% CI: 1.07–8.75; P = 0.04).

In secondary analyses assessing the association between

pRNFL and contrast letter acuity and 10-year EDSS

scores, neither baseline pRNFL nor contrast letter acuity

predicted 10-year outcomes in models adjusted for age,

sex, history of ON and baseline disability in either pri-

mary nor any of the sensitivity analyses (Table 3).

Discussion

In this longitudinal study we demonstrate that lower

TMV identified on OCT at a single time-point is associ-

ated with higher EDSS score 10 years later in people with

MS, and greater risk of clinically meaningful EDSS wors-

ening over the same period. As neuroaxonal degeneration

is now recognized to be the primary driver of disability in

MS,1,2,11,24 our findings support growing evidence that

neurodegeneration within the retina in MS is a meaning-

ful biomarker of global neurodegeneration occurring as

part of the disease process.11,14 The data provide further

support for the utility of OCT technology, not only for

tracking/monitoring MS over time, but also for poten-

tially helping to predict the clinical course.

Table 1. Baseline demographics and clinical characteristics

RRMS SPMS PPMS P-value

Number of patients (%) 151 (87.8) 14 (8.1) 7 (4.1) <0.0001

Age at first OCT; mean, years (SD) 39.4 (9.9) 51.7 (5.8) 49.9 (8.3) <0.00011

Females; n (%) 120 (79.5) 10 (71.4) 4 (57.1) 0.222

Race; n (%)

Caucasian 122 (80.8) 14 (100.0) 6 (85.7) 0.742

African American 21 (13.9) 0 (0.0) 1 (14.3)

Hispanic 3 (2.0) 0 (0.0) 0 (0.0)

Asian-Pacific Islander 1 (0.7) 0 (0.0) 0 (0.0)

Other 4 (2.7) 0 (0.0) 0 (0.0)

Disease Duration; mean, years (SD) 15.9 (6.7) 30.4 (9.0) 16.1 (3.9) <0.00011

Optic neuritis history; n (%) 70 (46.4) 6 (42.9) 0 (0.0) 0.112

Follow-up duration; mean, years (SD) 9.4 (0.7) 9.5 (0.7) 9.5 (0.5) 0.901

Baseline EDSS; mean (SD) 2.0 (1.4) 5.5 (1.9) 4.8 (1.5) <0.0001 2

RRMS, relapsing remitting multiple sclerosis; SPMS, secondary progressive multiple sclerosis; PPMS, primary progressive multiple sclerosis; OCT,

Optical coherence tomography; EDSS, Expanded Disability Status Scale.
1Determined by Kruskal–wallis equality-of-population rank test.
2Determined by Fisher’sexact test.
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Multiple studies have reported correlations between

retinal layer measurements and disability measures in MS.

Petzold et al. summarized available evidence in 2010 and

identified that lower pRNFL thickness was associated with

higher EDSS scores in numerous studies, including work

using TD-OCT technology.7 Cross-sectional studies using

newer SD-OCT technology have confirmed this associa-

tion (showing stronger correlations than TD-OCT) and

have also demonstrated negative correlations between

GCIP thickness and EDSS scores.12,25,26 Correlations

between rates of pRNFL and GCIP thinning with disabil-

ity accumulation in MS have also been reported.13,14

However, there is a paucity of studies examining the

utility of a single OCT scan for predicting longer-term

disability in MS.

The most important finding of our study was that a

single OCT measurement might predict disease course

over the next 10 years, as the lowest tertile of TMV is

associated with higher likelihood of clinically meaningful

EDSS progression, even after accounting for baseline dis-

ability status. Martinez-Lapiscina et al. reported a similar

association between low pRNFL thickness and risk of dis-

ability progression over a shorter period; in that study

people with MS with pRNFL less than ~88 lm had dou-

ble the risk of disability worsening 1–3 years later, and

almost fourfold increased risk of disability worsening 3–

Table 2. Clinical and demographic characteristics of included study participants across tertiles of baseline TMV.

Tertile of Baseline TMV1 (Range [mm3])

P-value2Highest (6.69–7.71) Middle (6.35–6.69) Lowest (5.37–6.34)

N 54 53 53

Mean of tertile (SD) 6.94 (0.21) 6.53 (0.11) 6.06 (0.22)

Clinical and demographic characteristics

Mean age at first OCT, years (SD) 40.75 (10.64) 47.71 (10.74) 39.45 (10.18) 0.54

Females; n (%) 43 (79.6) 40 (75.5) 40 (75.5) 0.87

Race

Caucasian; n (%) 44 (81.5) 48 (90.6) 40 (75.5) 0.17

African-American; n (%) 6 (11.1) 3 (5.7) 11 (20.8)

Other; n (%) 4 (7.4) 2 (3.8) 2 (3.8)

Follow-up duration; median, IQR 9.54 (9.04–10.00) 9.37 (8.80–9.90) 9.52 (9.02–9.89) 0.69

Baseline MS characteristics

Disease subtype at baseline

RRMS; n (%) 47 (87.0) 47 (88.7) 46 (86.8) 0.21

SPMS; n (%) 2 (3.7) 5 (9.4) 6 (11.3)

PPMS; n (%) 5 (9.3) 1 (1.9) 1 (1.9)

Disease duration; mean, years (SD) 15.06 (6.56) 16.57 (7.95) 19.19 (8.46) 0.02

Optic neuritis history; n (%) 15 (27.8) 27 (50.9) 30 (58.5) 0.002

Baseline EDSS; median (IQR) 2 (1.25–3.25) 2 (1.5–3.25) 2.25 (1.5–3.5) 0.32

pRNFL thickness, lm, mean (SD) 102.65 (11.72) 90.04 (12.44) 83.06 (12.55) <0.0001

OU letter acuity, contrast 100%, mean (SD) 63.78 (5.94) 62.73 (5.10) 61.88 (7.08) 0.32

OU letter acuity, contrast 2.5%, mean (SD) 38.11 (7.01) 35.29 (9.83) 30.51 (11.35) 0.0007

OU letter acuity, contrast 1.25%, mean (SD) 26.78 (8.37) 22.10 (10.23) 15.90 (11.66) <0.0001

10-year follow-up MS characteristics

10-year EDSS; median (IQR) 2.0 (1.5–3.38) 2.0 (1.5–4.0) 3.5 (2.0–6.0) 0.01

Meaningful EDSS progression3; n (%) 10 (18.5) 7 (12.2) 25 (47.2) 0.0001

10-year disease subtype

RRMS; n (%) 41 (75.9) 42 (79.3) 37 (69.8) 0.26

Progressive MS; n (%) 11 (24.1) 11 (20.7) 16 (30.2)

Change in subtype; n (%) 5 (9.3) 5 (9.4) 9 (17.0)

OU letter acuity, contrast 100%, mean (SD) 61.51 (6.17) 58.49 (7.39) 58.71 (7.25) 0.08

OU letter acuity, contrast 2.5%, mean (SD) 36.91 (8.56) 31.36 (11.02) 28.23 (11.33) 0.0009

OU letter acuity, contrast 1.25%, mean (SD) 27.47 (9.02) 22.56 (11.30) 16.90 (11.90) 0.0001

1Values represent the average of total macular volume (TMV) for both eyes.
2P-values are derived from univariate generalized linear regression models assessing the association between characteristic in question and TMV

tertile.
3Meaningful EDSS progression was defined as an increase of at least 2 points if baseline EDSS scores <6 and an increase of 1 point if baseline

EDSS ≥ 6
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5 years later.17 These findings raise the question of how

OCT measurements at a single time-point can predict dis-

ability progression. We propose that people with MS with

significant retinal atrophy have de facto evidence of global

CNS neurodegeneration. This may lead to a “thresholding

effect” where further neuroaxonal loss is more likely to

produce meaningful disability progression. Furthermore,

microscopic evidence of neurodegeneration may help to

define subsets of patients in whom there is increased tis-

sue susceptibility to future similar pathology. MRI mark-

ers of neurodegeneration in MS also support this

hypothesis, as reduced deep gray matter volumes at base-

line are predictive of future EDSS progression.27

Noteworthy from the current study is that lower TMV

at baseline predicted disability at 10 years, while pRNFL

thickness after adjusting for baseline disability did not.

TMV has been previously reported to correlate with dis-

ability status in MS;28 however, correlations between

pRNFL or GCIP thickness and current disability in MS

have been reported with greater frequency.7,12–14,25,26 As

our study used TD-OCT we could not separately examine

the GCIP (segmentation of which requires higher-resolu-

tion OCT technology), the retinal layer that makes up a

substantial proportion of TMV and is now recognized as

the most reliable retinal marker of neurodegeneration in

MS, as it correlates strongly with brain atrophy.11 It is

possible that the predictive value of TMV we have identi-

fied is driven by GCIP thickness, and further research

using SD-OCT technology will allow testing of this

hypothesis. Furthermore, pRNFL measurements are sus-

ceptible to confounding influences from subclinical

inflammation of the optic nerve,29 and error from mis-

Table 3. Other baseline visual pathway measure and 10-year EDSS.

Median (IQR) EDSS at baseline

Median (IQR) EDSS

at 10-year Follow-up

Mean difference (95% CI) in 10-year EDSS

Adjusted for age, sex and ON history + baseline disability

pRNFL thickness1

≥98.8 lm 1.5 (1.0–2.6) 2.0 (1.5–3.0) 0.00 [ref]

98.7–88.0 lm 2.0 (1.5–2.5) 2.0 (1.5–4.0) 0.16 (�0.47 to 0.79)

<88.0 lm 3.0 (1.5–4.5) 3.5 (2.0–6.5) 0.34 (�0.34 to 1.02)

P for trend 0.33

OU letter acuity, 1.25% contrast

≥28 1.5 (1.0–2.0) 2.0 (1.5–3.0) 0.00 [ref]

27–19 2.0 (1.5–3.0) 2.5 (1.5–4.0) �0.23 (�0.86 to 0.38)

<19 2.5 (1.9–4.0) 3.5 (1.9–6.0) 0.01 (�0.63 to 0.66)

P for trend 0.99

OU letter acuity, 2.5% contrast

≥28 1.5 (1.0–2.0) 2.0 (1.5–3.0) 0.00 [ref]

27–19 2.0 (1.5–2.5) 2.5 (1.5–2.9) �0.43 (�1.04 to 0.18)

<19 3.0 (1.5–4.0) 3.5 (2.1–6.0) 0.31 (�0.31 to 0.93)

P for trend 0.35

OU letter acuity, 100% contrast

≥67 2.0 (1.5–3.4) 2.0 (1.0–2.6) 0.00 [ref]

66–60 2.0 (1.5–4.4) 1.8 (1.5–2.6) 0.07 (�0.54 to 0.68)

<60 3.0 (1.8–5.0) 2.5 (1.5–3.5) 0.09 (�0.55 to 0.74)

P for trend 0.78

1Values represent the average of pRNFL thickness for both eyes.

Figure 1. Association between tertiles of baseline TMV and 10-year EDSS Scores. (A) Mean difference in 10-year EDSS scores across tertiles of

baseline TMV. Analyses are adjusted for age, sex, history of optic neuritis, and baseline EDSS scores. (B) Values displayed are odds ratios (OR;

95% CI) for meaningful change in EDSS associated with baseline tertiles of TMV thickness. OR are additionally adjusted for age, sex, history of

ON and baseline EDSS scores. Tests for linear trend across tertiles were conducted by modeling the individual’s tertile ranking as a continuous

covariate in a similarly adjusted regression models. We defined a clinically meaningful change in EDSS as a 2.0 point increase if baseline score

<6.0 or a 1.0 increase if baseline score ≥6.0. Of the 160, 42 (26%) experienced a meaningful change in EDSS. (C) Multivariable adjusted mean

difference in 10-year EDSS scores across tertiles of baseline TMV among patients with RRMS at baseline. (D) Multivariable adjusted OR (95% CI)

for meaningful change in EDSS associated with baseline tertiles of TMV among patients with RRMS at baseline. (E) Multivariable adjusted mean

difference in 10-year EDSS scores across tertiles of baseline TMV among patients with EDSS scores ≤3.0 at baseline. (F) Multivariable adjusted OR

(95% CI) for meaningful change in EDSS associated with baseline tertiles of TMV among patients with EDSS scores ≤3.0 at baseline. TMV, total

macular volume; EDSS, Expanded Disability Status Scale; RRMS, relapsing-remitting MS.
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centering of image acquisition over the optic nerve head

with TD-OCT30 (a limitation subsequently addressed by

eye-tracking technology implemented in SD-OCT tech-

nology).31 Ethnicity is also an important consideration in

analyses of pRNFL. African Americans typically have

thicker pRNFL,23 though we did observe consistent results

when restricting to Caucasians only, suggesting race/eth-

nicity may not be a primary driver of our results. In addi-

tion, biological differences in the pRNFL and TMV may

explain their varying associations with disability. The

macula is a region enriched for neuronal cell bodies so it

is possible that measuring reductions in macular volume

is a better indicator of irreversible pathology and there-

fore cumulative disability. This is consistent with our

prior publication which described a subset of MS patients

with predominant macular thinning on OCT who

demonstrated higher disability scores compared to

patients without this finding.16 Collectively, studies sug-

gest that the macula may be a particularly informative

retinal region for assessing neurodegeneration in people

with MS. Nevertheless, a single pRNFL measurement cor-

related strongly with measures of disability at each time-

point. Thus, pRNFL thickness still provides a valuable,

quick assessment of a patient’s current disability status or

accrual of disability-associated neurodegeneration, which

may be a surrogate of EDSS scores. Similar to pRNFL, in

our study LCLA was significantly associated with baseline

EDSS score but was not associated with 10-year EDSS

(when adjusted for baseline) and clinically meaningful

EDSS worsening. Other studies have also reported a dis-

connect between the functional measures of LCLA and

EDSS,32 and associations between poorer LCLA and ele-

ments of disability not captured by the EDSS, such as

fatigue.33 Together, these studies imply that LCLA may

not be a strong predictor of future disability as measured

by EDSS, but further work could examine the predictive

value of LCLA for future cognitive, fatigue, or quality-of-

life outcomes.

Interestingly, low TMV showed the strongest predictive

value for clinically meaningful EDSS deterioration over

the following 10 years in patients with RRMS and

patients with low disability levels (EDSS score ≤ 3.0).

This suggests that retinal thinning in these subgroups of

patients is a more compelling marker of poor prognosis

than retinal thinning in patients with advanced disease

(in whom retinal layer thicknesses are already expected to

be lower).26 However, it is also important to consider

confounding influences on this finding, specifically the

ordinal nature of the EDSS scale and the nonlinear natu-

ral history of MS, with disability progression occurring

faster in patients starting at a low disability baseline com-

pared with patients who already have substantial disabil-

ity.34 This may result in a weaker association between

retinal measurements and future disability outcomes in

patients with progressive disease. Future larger studies

could separately assess the predictive utility of OCT mea-

surements in people with progressive MS as compared to

RRMS.

A history of clinical ON should be carefully considered

in studies of OCT measurements in people with MS, as it

is associated with a substantial, significant, and persistent

reduction in both macular and peripapillary OCT mea-

surements.7,8 Prior ON has been demonstrated to weaken

the relationship between OCT measurements and brain

(particularly gray matter) volume35 or atrophy.11 While

lower pRNFL or lower GCIP have shown relationships

with higher levels of disability in people with MS overall,

the impact of prior ON on these relationships has not

been fully elucidated, particularly in the case of macular

measures. Some studies have only identified a correlation

between pRNFL and EDSS in patients without a history

of ON,36,37 whereas another study suggested that GCIP

actually correlated better with EDSS in patients with a

history of ON.26 A number of different methodological

approaches can be applied to account for ON history,

such as the exclusion of ON eyes,17,38 or applying a cutoff

of an inter-eye pRNFL difference of 5-6 microns to iden-

tify and exclude eyes with optic nerve lesions.39 Our sen-

sitivity analysis did not identify different results when

applying these alternative approaches. This may be

explained by the combined limitations of both TD-OCT

measurements and EDSS scoring, or alternatively could

suggest that ON history causes less interference with rela-

tionships between OCT measurements and longer-term

prognosis.

Predicting future disability outcomes in patients with

MS remains a major challenge due to clinical heterogene-

ity, a long disease course and confounding from therapy

effects. OCT measures likely represent one of multiple

clinical, imaging, and biochemical biomarkers that help to

predict medium to long-term outcomes. MRI is a corner-

stone of disease evaluation in patients with MS; however,

conventional measures alone such as T2 lesion load are

weak predictors of future disability accumulation,40–42

with lesion location likely acting as an important modi-

fier.43 More advanced measures including brain volume,

substructure volumes (especially thalamic volume), or

cortical lesions (seen on 7T imaging) may be stronger

predictors of future disability, but technical challenges

and costs limit the application of these techniques at an

individual level.40 Current disability and early disability

progression using sensitive outcomes such as MSFC-15

are additional predictors of future disability.44 Further-

more, neurofilament light chain measured in the CSF or

serum is an exciting new biomarker in patients with

MS,45,46 and early studies suggest that baseline levels may
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be predictive of medium to long-term outcomes.47 Each

of these individual biomarkers may inform about a cer-

tain aspect of the MS disease process so there is a trend

to looking at several biomarkers together to provide clini-

cally applicable prognostic information for individuals

with MS.

The strengths of our study include a long follow-up

period of a relatively large cohort of people with MS. Our

study population was heterogeneous with varying disease

subtypes and disease duration and may be representative

of a typical MS population. However, our study has a

number of limitations. We used TD-OCT imaging, which

compared to newer SD-OCT technology has inherent lim-

itations including inability to segment macular layers,

greater motion artifact, lower depth resolution and mis-

centering errors in image acquisition.30,48 SD-OCT mea-

surements show better reproducibility than TD-OCT49–51

and stronger correlations with disability in people with

MS.12,36 However, despite the limitations, Stratus TD-

OCT measures of TMV and pRNFL in people with MS

actually correlate strongly with Cirrus SD-OCT mea-

sures.52 Another inherent limitation of OCT analysis in

people with MS is that patients with very high levels of

physical disability, severe fatigue or poor visual acuity

may not be able to complete this test, or may be less

likely to attend clinic and consent to study inclusion,

although in our experience patients who do not partici-

pate for these reasons represent only a small percentage

of people with MS. Secondly, EDSS scores were our pri-

mary outcome measure of disability. While EDSS remains

the most widely utilized measure of disability in MS, it

has well-described weaknesses including its sensitivity to

change, reliability, and focus on ambulatory disability. In

addition, baseline and 10-year EDSS were assessed at a

single time-point in our study, rather than the approach

adopted in most clinical trials where EDSS scoring is

repeated 3 or 6 months. Our approach may reduce the

reliability of EDSS measures, but on the other hand we

suggest that blinding of EDSS raters means that it is unli-

kely either baseline or 10-year EDSS were consistently

under-rated or over-rated in individuals. Nevertheless, we

chose a stringent definition of clinically meaningful EDSS

change to help mitigate these concerns. Finally, while our

study is relatively large considering the long follow-up

period, evaluating the performance of OCT or visual

function measures within subgroups (e.g., race, sex, or

disease modifying therapy status) was not feasible given

the small numbers within many of those groups. Further-

more, we opted for a limited approach in our evaluation

of disease characteristics (we did not examine radiological

parameters, timing of clinical relapses or disability pro-

gression before or during the follow-up period), again

due to the heterogeneity of our cohort. Further work in a

larger and more homogeneous cohort could examine the

predictive value of retinal measurements when additional

potentially prognostic clinical and radiological characteris-

tics are also considered.

Conclusion

We have demonstrated that lower TMV in people with

MS correlates with higher disability at 10 years, and pre-

dicts clinically significant EDSS worsening over the same

period. People with MS exhibiting evidence of structural

damage to the visual pathway have a greater propensity

to accumulate disability. Our findings add to the growing

body of evidence suggesting that OCT derived retinal

measures are powerful surrogates of global neurodegener-

ation in people with MS. Measurement of these easily

and rapidly acquired inexpensive biomarkers will be of

significant value in both clinical and research settings

amidst the impending era of potentially neuroprotective

and even neurorestorative treatments for people with MS.

Further investigation focusing on longer-term predictive

value of newer SD-OCT technology is likely to be very

informative, with particular interest in GCIP thickness,

which shows strong associations with gray matter atrophy

in the brain.
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