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Abstract

Objective: To evaluate changes over 3 years in the thickness of inner retinal
layers including the peripapillary retinal nerve fiber layer (pRNFL), and com-
bined macular ganglion cell and inner plexiform layers (mGCIPL), in individu-
als with relapsing-remitting multiple sclerosis (RRMS) versus healthy controls;
to determine whether optical coherence tomography (OCT) is sufficiently sensi-
tive and reproducible to detect small degrees of neuroaxonal loss over time that
correlate with changes in brain volume and disability progression as measured
by the Expanded Disability Status Scale (EDSS). Methods: Individuals with
RRMS from 28 centers (n = 333) were matched with 64 healthy participants.
OCT scans were performed on Heidelberg Spectralis machines (at baseline;
1 month; 6 months; 6-monthly thereafter). Results: OCT measurements were
highly reproducible between baseline and 1 month (intraclass correlation coeffi-
cient >0.98). Significant inner retinal layer thinning was observed in individuals
with multiple sclerosis (MS) compared with controls regardless of previous MS-
associated optic neuritis—group differences (95% CI) over 3 years: pRNFL:
—1.86 (—2.54, —1.17) um; mGCIPL: —2.03 (—2.78, —1.28) um (both
p < 0.0001; effect sizes 0.39 and 0.34). Greater inner retinal layer atrophy was
observed in individuals diagnosed with RRMS <3 years versus >5 years
(pPRNFL: p < 0.05; mGCIPL: p < 0.01). Brain volume decreased by 1.3% in
individuals with MS over 3 years compared to 0.5% in control subjects (effect
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size 0.76). mGCIPL atrophy correlated with brain atrophy (p < 0.0001). There

was no correlation of OCT data with disability progression. Interpretation:
OCT has potential to estimate rates of neurodegeneration in the retina and
brain. The effect size for OCT, smaller than for magnetic resonance imaging

based on Heidelberg Spectralis data acquired in this study, was increased in

early disease.

Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease
of the central nervous system, characterized by inflamma-
tion, demyelination, gliosis, and axonal loss.! While the
inflammatory aspect is routinely monitored in clinical
practice using conventional magnetic resonance imaging
(MRI), easily accessible biomarkers of neurodegeneration
are needed to monitor disease progression and assess the
efficacy of putative neuroprotective drugs.>’ One such
potential candidate is an imaging biomarker that is found
in the retina, namely, peripapillary retinal nerve fiber
layer (pRNFL).*”7 Because the retina is unmyelinated,
measurements of retinal layer thinning are not con-
founded by myelin and are thereby ideal for assessing
neuroaxonal degeneration. Both the pRNFL, containing
unmyelinated axons emerging from retinal ganglion cell
neurons, and the combined macular ganglion cell and
inner plexiform layers (mGCIPL), containing retinal gan-
glion cell bodies (i.e., from which the axons forming
PRNFL originate) and dendrites may show abnormal
thinning over time and their atrophy is a sequelae of
optic neuritis and optic neuropathy.® Several MS-related
studies have shown that thinning of pRNFL and mGCIPL
is associated with increased clinical disability and brain
volume loss.” '

Optical coherence tomography (OCT) noninvasively
captures cross-sectional images of the retina to generate
three-dimensional high-resolution maps of the retinal
architecture. One significant advantage of OCT compared
with MRI is that it can be more sensitive in detecting
small increments of neurodegeneration over time owing
to its spatial resolution on the order of 5 microns,
approximately 2-3 orders of magnitude better than MRI.

OCT may detect, and follow longitudinally, the degen-
eration of retinal axons and neurons by measuring change
in pRNFL and mGCIPL thickness in patients with
MS.'®Y OCT technology therefore has the potential to
provide a reliable and convenient tool to monitor disease
progression, quantify the rate of neurodegeneration, and
assess the potential neuroprotective treatment effect of
MS therapies.

Although it is acknowledged as an easily applicable
technique, OCT repeat measurement variability must be
considered when assessing within-subject longitudinal

changes or when applied in multicenter settings.'® Factors
that influence the quality of scans and affect measure-
ments, including signal strength, location of blood vessels
in the inner retinal layers, acquisition procedures, etc.,
have been well described.'®*® Post-acquisition segmenta-
tion of healthy and thinned retinal layers also influences
reproducibility, and can be affected by the robustness of
the software algorithm. It is therefore essential to assess
the test-retest variability, that is, the intersession measure-
ment difference in pRNFL that reflects the technical and/
or operator-based limitations of the method but is not
attributable to the underlying disease pathology.

The OCTiMS (Optical Coherence Tomography in Mul-
tiple Sclerosis) study is the first large prospective multi-
center study designed to determine whether OCT imaging
is sufficiently sensitive to detect progression in retinal
neuroaxonal loss over 3 years in patients with relapsing-
remitting MS (RRMS) compared with healthy participants
in a multicenter trial-like setting. Changes in average
pRNFL and mGCIPL thickness were assessed, along with
their potential association with brain volume loss,
Expanded Disability Status Scale (EDSS) score, and other
clinical and paraclinical measures.

Methods

Participants

The OCTIMS study (NCT02907281) was a 36-month,
prospective, multicenter, noninterventional study, which
enrolled 397 participants (333 RRMS and 64 reference
participants) across 28 sites in Australia, Europe and
North America. The study was approved by respective
institutional review boards and all participants provided
written informed consent before enrollment. All data were
captured and monitored by an independent clinical
research organization (CRO) using electronic case record
forms (eCRF). As pRNFL thinning may also occur as a
result of MS-associated optic neuritis (MS-ON), patients
were categorized into those with prior history of MS-ON
and those without MS-ON (non-MS-ON) and assessed
accordingly. For patients with a history of MS-ON in one
eye, the eye with prior MS-ON was studied. For patients
with a history of MS-ON in both eyes, or no optic neuri-
tis (ON) at all, the eye with the lowest respective pRNFL
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thickness at baseline was included. Healthy, age-matched,
control participants were included as the reference group
in all models. Participants who experienced an adverse
event of MS-ON during the study were re-categorized to
the MS-ON subgroup.

Objectives

The primary study objective was to evaluate change in
average pRNFL thickness using OCT in patients with
RRMS over a 36-month follow-up period and compare it
with the findings from a group of healthy participants to
determine whether the technology is sufficiently sensitive
to detect disease-related pRNFL changes over time. Sec-
ondary objectives were as follows: to evaluate short-term
reproducibility of pRNFL thickness measurements over a
4-week interval by test re-test estimation; to evaluate the
correlation between change in pRNFL thickness with
change in brain volume and disability progression in
patients with RRMS. In addition, we evaluated change in
mGCIPL thickness over 36 months in patients with
RRMS and reference participants, as well as the relation-
ship between change in mGCIPL thickness and change in
brain volume and disability progression in patients with
RRMS. pRNFL and mGCIPL thickness changes were also
compared between subgroups according to duration of
MS diagnosis determined at the time of enrollment.
Finally, we explored the correlation of change in pRNFL
thickness with change in other clinical and paraclinical
measures and patient-reported outcomes in patients with
RRMS including visual acuity, MRI measures, cognitive
performance, and quality of life.

Key inclusion/exclusion criteria

All participants (aged 18—65 years inclusive) were enrolled
and followed up between 29 May 2012 and 24 July 2017.
Key inclusion criteria for the MS group were as follows: a
diagnosis of RRMS as defined by the 2005 revision to the
McDonald criteria®'; MS disease duration of more than
1 year (from diagnosis of MS) before study entry (screen-
ing). The list of exclusion criteria is included in Table S1.

Optical coherence tomography

OCT scans in all participants were performed on Spec-
tralis OCT1 machines (Heidelberg Engineering, Heidel-
berg, Germany), software version 1.6.2.0 or higher, with
the eye tracking function enabled for best accuracy and
the use of the baseline scan for alignment of subsequent
scans on the same area of the retina. Data were collected
from a peripapillary ring, a macular volume scan, the
optic nerve head volume scan, and the papillomacular

OCTiMS Study

bundle volume scan (see supportive information Data S1
for more details on techniques used). All OCT scans
underwent quality control (QC) assessment by the central
reading center (Vienna Reading Center [VRC]). Figure S1
gives an overview of the scan patterns and the evaluation
fields for each pattern used in the analysis.

OCT scans were performed at baseline and at every
visit (1, 6 months, and every 6 months thereafter) for
both groups. All operators at participating sites were cer-
tified by the VRC for the use of the correct scanning pro-
tocol, correct pseudonymization of study-specific image
labelling, and image transfer before patient inclusion
according to standardized certification processes to obtain
images for the above-described acquisitions.

Automated segmentation was performed with the man-
ufacturer’s software (HEYEX version 1.9.10.0, Viewing
Module version 6.0.9.0) and subsequently corrected by
certified and trained graders of the VRC, supervised by a
retina specialist, according to a predefined reading proto-
col. All graders were masked to the clinical status of the
study participants (MS or healthy control group) and any
other diagnostic information. Studies were performed and
described in accordance to the QC criteria at the VRC,
OSCAR-IB, and the Advised Protocol for OCT Study Ter-
minology and FElements (APOSTEL) criteria.?*?* The
detailed OCT scanning protocol is provided as supporting
information.

Ophthalmology examination

An ophthalmologic examination was performed at screen-
ing and every 12 months thereafter. The examination
included ophthalmic medical history, slit lamp examina-
tion, dilated ophthalmoscopy, best corrected visual acuity
testing at low 2.5% contrast and high contrast (number
of letters read correctly on an Early Treatment Diabetic
Retinopathy Study scale), and perimetry testing (optional
at sites where required technical equipment was avail-
able). If, during the study, worsening of visual acuity or
any clinically acute ON were suspected, an unscheduled
ophthalmology examination was performed.

Magnetic resonance imaging

All study participants underwent MRI scanning (1.5 or
3T) of the brain at screening and at yearly intervals. In
the RRMS patient group, pulse-sequences included 3DT1
for brain volume measurement, proton density (PD)/T2
for new lesion count and volume, T1 for new hypointense
lesion count and volume, and gadolinium-enhanced T1
sequences for lesion count and volume. Lesions were
identified by expert radiology readers and quantified by
trained technicians using MIPAV software with local
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thresholding. Brain volume measurements were per-
formed using SIENA[X] (http://fsl.fmrib.ox.ac.uk). In the
reference participant group, 3DT1 sequences for brain
volume measurements (all MRI scans) and T2 lesions
(screening scan only) were performed. All MRIs were per-
formed in a standardized manner according to the MRI
manual upon performance of a successful dummy-scan.
Each MRI scan performed was previewed by the local
neuroradiologist for incidental findings before the scans
were sent to and further processed by the MRI central
reading center at VU University Medical Center in Ams-
terdam.

Clinical assessments
EDSS

Disability was assessed every 6 months by certified EDSS
raters in clinical MS studies.”> Disability progression was
defined as a one-point EDSS increase for those with a
baseline score of <5.0, or a 0.5-point increase for those
with a baseline score >5.0, with the EDSS progression
confirmed after 6 months.

Symbol digit modalities test

The symbol digit modalities test (SDMT) was performed
every 12 months to assess attention and information pro-
cessing speed. During the test, subjects substituted sym-
bols in a row by the corresponding number and
responded verbally.***

Patient-reported indices for multiple sclerosis

The patient-Reported Indices for Multiple Sclerosis (PRI-
MusS) instrument was used to assess patients’ quality of
life (QoL) and included activities specifically designed for
MS. The test was performed every 12 months.*®

Statistical methodology

Statistical analyses were performed using SAS (version
9.4). All hypothesis tests were evaluated at a 0.05 level of
significance. All confidence intervals (CIs) were two sided
at a 95% confidence level.

Average pRNFL thickness was summarized by group
and ON history at each visit, including change from base-
line. A mixed-model repeated measures (MMRM)
approach was applied to compare the change from base-
line in average pRNFL thickness between groups, consid-
ering results from all available time points, and adjusting
for age, gender, and baseline pRNFL thickness. The refer-
ence subjects were included as the reference group for
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both the MS-ON and non-MS-ON subgroups. The group
difference in least squares (LS) mean of change from
baseline in average pRNFL thickness (patients with MS
reference subjects), which reflects the change from base-
line for the MS group, after adjusting for the change in
the reference group (e.g., to account for age-related
change in healthy subjects), and the associated 95% CI
and p-value are presented for each time point. The LS
mean of pRNFL change from baseline within each group
is presented for Month 36. The analysis of the primary
variable was repeated for the subfield measures of pRNFL
thickness: papillomacular bundle, overall temporal quad-
rant, and temporal fields 6.

An additional analysis was performed to evaluate the
change in mGCIPL thickness at Month 36 based on a
mixed effect model. Change from baseline in both pRNFL
and mGCIPL thickness at Month 36 was stratified by dis-
ease duration [defined as time from MS diagnosis to
study screening (<3 years, >3 to <5 years, >5 years)] for
patients with MS and subgroups of ON history (MS-ON,
non-MS-ON) and groups of different disease duration
were compared using an analysis of variance model
(ANOVA).

Regression analyses were applied to assess the relation-
ship between the change from baseline in EDSS/percent-
age change in brain volume and the change from baseline
in average pRNFL/mGCIPL thickness at Month 36. All
results are presented with nominal p-value with no
adjustment for multiplicity due to the observational char-
acter of the study.

Results

Baseline characteristics

A total of 333 patients with MS and 64 reference partici-
pants without neurologic disease provided a baseline and
at least one post baseline pRNFL measurement in at least
one eye. Thirty-nine (11.7%) patients with MS and eight
(12.5%) reference participants discontinued the study
(Fig. 1). Demographics were well balanced between
patients with MS and reference participants, with a small
difference found for age (38.9 vs. 39.4, p = 0.003), which
was not deemed clinically relevant. Normalized brain vol-
ume was lower in the MS groups (p < 0.0001) (Table 1).
Differences between MS-ON and non-MS-ON patients in
terms of cognitive performance, normalized brain volume
and disease characteristics including MS duration, EDSS,
and T2 lesion volume were all statistically non-significant
(Table 2). Ocular characteristics, including measures of
visual acuity and pRNFL/mGCIPL thickness, were highest
in eyes of heathy participants, lowest in eyes with past
MS-ON, and intermediate in eyes of patients without
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Enrollment

OCTiMS Study

Eligible patients (n=422)

|

Safety set
(n=422)

l

MS patients (n=353)

+ The safety set consisted of all participants who
were enrolled into the study, i.e. those who
provided written informed consent to participate in
the study and satisfied all eligibility criteria at
screening.

A 4

MS patients (n=333)
Excluded (n=20)

+ The full analysis set excluded all
participants from the safety set who did
not provide a baseline and at least one
post-baseline retinal nerve fiber layer
measurement in at least one eye rated as
a valid assessment by the optical
coherence tomography central reading
center.

Full analysis set
n=397

Completed
n=350

MS patients (n=294)

Discontinued (n=39)
Adverse event(s) (n=2)
Subject withdrew consent (n=18)
Lost to follow-up (n=17)
Administrative problems (n=1)
Protocol deviation (n=1)

Figure 1. CONSORT diagram.

MS-ON (Table 3). All differences between groups (refer-
ence vs. MS and MS-ON vs. non-MS-ON) were signifi-
cant. Six patients developed MS-ON during the study
period. Prior to the episode, these patients had been
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A 4

Healthy controls (n=69)

+ The safety set consisted of all participants who
were enrolled into the study, i.e. those who
provided written informed consent to participate in
the study and satisfied all eligibility criteria at
screening.

v

Healthy controls (n=64)
Excluded (n=5)

+ The full analysis set excluded all
participants from the safety set who did
not provide a baseline and at least one
post-baseline retinal nerve fiber layer
measurement in at least one eye rated as
a valid assessment by the optical
coherence tomography central reading
center.

A

Healthy controls (n=56)

Discontinued (n=8)
Subject withdrew consent (n=5)
Lost to follow-up (n=3)

included in the non-MS-ON group, but they were re-
categorized to the MS-ON group at follow-up (after the
episode). While non-severe glaucoma was not part of the
exclusion criteria, it should be noted that only two
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Table 1. Baseline demographics and clinical characteristics.

F. Paul et al.

Group
MS group Reference group difference
All patients Patients without Patients with Healthy participants
Characteristics with MS (N = 333) MS-ON' (N = 235) MS-ON (N = 98) (N = 64) p-value*
Age (years)
Mean + SD 38.9 + 8.56 38.7 £ 8.56 39.4 + 8.60 354 4+ 9.73 0.003
Median (min, 39.0 (19.0, 55.0) 39.0 (19.0, 55.0) 39.0 (21.0, 55.0) 35.0 (21.0, 53.0)
max)
Sex, n (%)
Female 233 (70.0) 166 (70.6) 67 (68.4) 45 (70.3) 0.956
Male 100 (30.0) 69 (29.4) 31 (31.6) 19 (29.7)
Race, n (%)
Caucasian 318 (95.5) 223 (94.9) 95 (96.9) 61 (95.3) 0.752
Black 4(1.2) 3(1.3) 1(1.0) 0
Asian 5(1.5) 4(1.7) 1(1.0) 2(3.1)
Other 6(1.8) 5(2.1) 1(1.0) 1(1.6)
SDMT
Mean + SD 55.6 £ 13.37 55.2 £ 13.10 56.4 + 14.02 n/a n/a
Median (min, 58.0 (0.0, 90.0) 56.0 (16.0, 90.0) 59.0 (0.0, 81.0) n/a
max)
MRI normalized brain volume (cm?)
Mean + SD 1511 + 103 1515 4+ 99 1501 + 112 1589 + 101 <0.0001
Median (min, 1514.0 (1203.0, 1519.0 (1203.0, 1503.0 (1270.0, 1603.0 (1333.0,
max) 1774.0) 1774.0) 1748.0) 1895.0)

MRI, magnetic resonance imaging; MS, multiple sclerosis; MS-ON, multiple sclerosis-associated optic neuritis; n/a, not available; SD, standard devi-
ation; SDMT, symbol digit modalities test. N is the total number of subjects in the analysis population (different from the number of subjects with

data available).
"Without previous MS-ON.

*All p-values are two-side. For continuous variables, p-value is from two sample t-test comparing the MS and reference groups. For categorical
variables, if any of the entries is <10, then p-value is from Fisher’s exact test; if all entries are >=10, then p-value is from Chi-square test.

patients (0.6%) had glaucoma in the MS group and 1
(1.4%) in the reference group.

Changes in inner retinal layers thicknesses

The decrease in pRNFL thickness from baseline (unad-
justed for differences in baseline thickness at the time of
enrollment) over time was greater for patients with RRMS
compared with the reference group (Fig. 2). The mean (s-
tandard deviation [SD]) average pRNFL thickness
decrease from baseline at Month 36 was 1.61 (4.60) um
in patients with RRMS compared with 0.09 (2.98) um in
reference participants. Decreases in pRNFL thickness over
time were similar in the non-MS-ON and MS-ON sub-
groups.

After adjusting for potential imbalance between groups
(i.e., MS vs. reference subjects) in baseline covariates
including age, gender, and baseline RNFL score, the least
square mean of change from baseline in RNFL at Month
36 was —1.74 with 95% CI (—2.04, —1.45) in the MS
group versus 0.12 with 95% CI (—0.51, 0.74) in the refer-
ence group (Table 4). The LS mean difference (95% CI)
between patients with RRMS and reference participants

for change in average pRNFL thickness at Month 36 was
—1.86 (—2.54, —1.17) um (p < 0.0001; Table 4); this thus
represents the change from baseline for the MS group
after adjusting for changes (including age-related change)
in healthy subjects. The difference between the two
groups for change in average pRNFL thickness were sta-
tistically significant from Month 18 onward: Month 18:
—1.13 (—1.75, —0.52) um (p = 0.0003); Month 24: —1.11
(=1.76, —0.46) um (p = 0.0008); and Month 30: —1.16
(—1.82, —0.49) um (p = 0.0007). At Month 6 and Month
12, the group differences were —0.10 (—0.65, 0.46) um
(p = 0.7289), and —0.55 (—1.13, 0.03) um (p = 0.0621),
respectively. The LS mean group differences in change in
PRNFL thickness were similar regardless of MS-ON his-
tory (Table 4).

The mixed effect model analysis conducted on mGCIPL
measurements yielded similar results at Month 36,
demonstrating greater thinning of mGCIPL in the MS
group compared with control participants over the
3 years. The mean (SD) average mGCIPL thickness at
Month 36 decreased from baseline by 0.39 (3.096) um in
patients with MS and increased by 1.02 (5.063) um in ref-
erence participants. The LS mean difference (95% CI)
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Table 2. Baseline disease characteristics of the MS group.

OCTiMS Study

All patients with MS

Patients without MS-ON’

Patients with MS-ON

Characteristics (N =333) (N = 235) (N =98)
Time since MS diagnosis

Years, mean (SD) 7.28 £ 5.75 n/a n/a

1-<3 years, n (%) 100 (30.0) 69 (29.4) 31(31.6)

>3-<5 years, n (%) 44 (13.2) 34 (14.5) 10 (10.2)

>5 years, n (%) 189 (56.8) 132 (56.2) 57 (58.2)
Previous DMT, n (%)

Fingolimod 45 (13.5) n/a n/a

Natalizumab 60 (18.0) n/a n/a

iDMT (interferons or glatiramer acetate) 162 (48.6) n/a n/a

DMF or teriflunomide 14 (4.2) n/a n/a

Other 5(1.5) n/a n/a

No treatment 61 (18.3) n/a n/a
EDSS score

Mean + SD 1.9 + 1.43 1.9 + 1.42 2.1+ 1.44

Median (min, max) 2.0 (0.0, 7.0) 1.5 (0.0, 7.0) 2.0 (0.0, 6.0)
MRI PD/T2 lesion volume (mm?)

Mean =+ SD 3663 + 5095 3523 + 4659 4037 + 6036

Median (min, max)

1922.5 (0.0, 48514.0)

1880.0 (0.0, 34627.0)

2206.0 (66.0, 48514.0)

DMF, dimethyl fumarate; iDMT, injectable disease modifying therapy; EDSS, expanded disability status scale; max, maximum; min, minimum; MRI,
magnetic resonance imaging; MS, multiple sclerosis; MS-ON, multiple sclerosis-associated optic neuritis; n/a, not available; PD, proton density; SD,
standard deviation. N is the total number of subjects in the analysis population (different from the number of subjects with data available).
"Without previous MS-ON.

Table 3. Ocular baseline characteristics.

MS group

Reference group
Healthy participants

Group difference

All patients with MS Patients without MS-ON’ Patients with MS-ON

Number of patients N =333 N =235 N =98 N =64 p-value*
Retinal thickness (um)
pRNFL 89.0 + 15.30 91.7 £ 14.21 82.5 + 15.85 100.2 £ 9.23 <0.0001
mGCIPL 79.3 + 14.22 82.2 + 12.91 72.5 + 14.94 91.9 + 8.42 <0.0001
Visual acuity (ETDRS letters)
High contrast 56.1 + 9.49 57.0 + 8.25 53.8 +£ 11.69 59.6 + 5.42 <0.0001
Low contrast 27.8 £ 11.65 29.8 + 10.44 229 £+ 12.95 343 + 7.28 <0.0001

Values are mean + SD. N is the total number of subjects in the analysis population.

ETDRS, early treatment diabetic retinopathy study; mGCIPL, combined macular ganglion cell-inner plexiform layer; MS, multiple sclerosis; MS-ON;
multiple sclerosis-associated optic neuritis; ON, optic neuritis; pRNFL, peripapillary retinal nerve fiber layer; SD, standard deviation.

"Without previous MS-ON

*All p-values are two-sided from two sample t-test comparing the MS and reference groups. p-values for the subgroup comparison MS-ON versus
non-MS-ON were also calculated and were all <0.0001.

between patients with RRMS and reference participants
for change in mGCIPL thickness at Month 36 (i.e., rate
of thinning corrected with healthy age-related attrition)
was —2.03 (—2.78, —1.28) (p < 0.0001; Table 4). Results
were similar regardless of MS-ON history.

Comparison of change in papillomacular bundle, tem-
poral quadrant pRNFL thickness, and temporal field 6
PRNFL thickness between groups at Month 36 are out-
lined in Table 5 (see Fig. S1 for the description of the
fields). While there were no significant differences

between groups for temporal field 6 RNFL thickness,
there was a significant decrease in the papillomacular
bundle and temporal quadrant RNFL thickness in patients
with MS compared with reference participants.

Effect of time from diagnosis on OCT
parameters

A greater decrease in both pRNFL and mGCIPL thickness
was observed in patients diagnosed more recently
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Figure 2. Mean change from baseline in pRNFL thickness over time by ON status. The change from baseline has been overlaid with the known
physiological variation between measurements and is shown for months 1 to 36 '(Balk et al. Invest Ophthalmol Vis Sci 2012;53:1251-1257). SE,
standard error; M, month; MS, multiple sclerosis; MS-ON; multiple sclerosis-associated optic neuritis; ON, optic neuritis; pRNFL, peripapillary retinal

nerve fiber layer; n, number of eyes observed per time point.

(<3 years) than in patients with a longer time from diag-
nosis (>5 years) (p < 0.05 for pRNFL and p < 0.01 for
mGCIPL, based on an ANOVA model) (Fig. 3). This
observation is in line with the primary analysis which
demonstrated a positive correlation between baseline
PRNFL thickness and the rate of pRNFL thinning
(p < 0.0001). Patients with thicker pRNFL at baseline (as
observed in early disease) are therefore more likely to
show faster pRNFL loss.

Test re-test reproducibility of pRNFL OCT
measurements

The test re-test reproducibility analysis of all pRNFL mea-
surements at baseline and 1 month by OCT reported
intraclass correlation coefficient (ICC) values of >0.98,
regardless of MS status or ON status (Table 6).

Brain volume

The mean percentage (SD) decrease in brain volume from
baseline to Month 36 was 1.3% (1.32) for patients with
MS and 0.5% (0.67) for reference participants. While the
percentage change from baseline in brain volume was not
significantly associated with the change in average pRNFL
thickness, it was significantly associated with change in
mGCIPL thickness (p < 0.0001, Table 7). Additionally,
baseline brain volume was significantly associated with
baseline pRNFL thickness (p = 0.0047) but not with base-
line mGCIPL (p = 0.0518) Table 8.

Expanded disability status scale

The mean (SD) EDSS increased from baseline by 0.15
(0.86) (median = 0.0 [0.00-0.50]) at Month 36 in the MS
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Table 4. Change from baseline in pRNFL and mGCIPL thickness and comparison between groups at Month 36.

Group difference (95% Cl) in change

LS mean of change from baseline (Patients with
ON history from baseline MS — Reference participants,
Visit group n (95% CI) adjusted for baseline) p-value
PRNFL thickness (um)’
All
Patients with MS (N = 333) 284 —1.74 (=2.04, —1.45) —1.86 (—2.54, —1.17) <0.0001
Reference participants (N = 64) 56 0.12 (=0.51, 0.74)
Non-MS-ON
Patients with MS (N = 235) 200 —1.79 (=2.12, —1.45) —1.88 (=2.59, —1.16) <0.0001
Reference participants (N = 64) 56 0.09 (—0.55, 0.72)
MS-ON
Patients with MS (N = 98) 84 —1.61 (=2.25, —0.96) —1.80 (-2.71, —0.88) 0.0001
Reference participants (N = 64) 56 0.19 (-0.41, 0.79)
mGCIPL thickness (um)?
All
Patients with MS (N = 333) 285 —0.54 (-0.85, —0.24) —2.03 (=2.78, —1.28) <0.0001
Reference participants (N = 64) 55 1.49 (0.80, 2.18)
Non-MS-ON
Patients with MS (N = 235) 201 —0.47 (-0.83, —0.12) -1.77 (=2.51, —1.03) <0.0001
Reference participants (N = 64) 55 1.30 (0.63, 1.97)
MS-ON
Patients with MS (N = 98) 84 —1.58 (-2.32, —0.85) —3.89 (-5.17, —2.61) <0.0001
Reference participants (N = 64) 55 2.31(1.37, 3.25)

N is the total number of participants in the analysis population, n is the number of participants with data available.

The average pRNFL thickness was the mean of the circular scan subfields 1 to 8.

Eye was nested within subject, and both were included as random effects. For participants with a history of ON, the unaffected eye was excluded.
The reference participants were included as the reference group in all models. Participants who experienced an adverse event of ON during the
study were re-categorized and included in the ON history subgroup.

Cl, confidence interval; mGCIPL, combined macular ganglion cell and inner plexiform layers; LS, least squares; MS, multiple sclerosis; MS-ON, MS-
associated optic neuritis; pRNFL, peripapillary retinal nerve fiber layer.

"Mixed model for repeated measures (MMRM) included terms for group, visit, age, gender, and the interaction of group and visit with baseline
average pRNFL thickness as a covariate.

2Mixed model includes terms for group, age, gender, and baseline mGCIPL thickness as a covariate.

Table 5. Change from baseline in retinal parameters thickness, and comparison between groups at Month 36.

Reference
Patients with MS participants
N = 333 N =64
Papillomacular bundle thickness (zm)
LS mean of change from baseline —0.55 (—0.85, —0.24) 0.28 (—0.36, 0.92)
Group difference in change from baseline' (95% Cl) —0.82 (-1.53, =0.12), p = 0.0215
Temporal quadrant pRNFL thickness (um)
LS mean of change from baseline —-0.72 (-1.0, —0.42) 0.13 (—0.49, 0.75)
Group difference in change from baseline (95% Cl) —0.85 (—1.53, —0.16), p = 0.0156
Temporal field 6 pRNFL thickness (um)
LS mean of change from baseline —0.75 (=1.11 —0.40) —0.14 (-0.88, 0.59)
Group difference in change from baseline' (95% Cl) —0.61 (=1.42, 0.20), p = 0.1373

Cl, confidence interval; LS, least squares; MS, multiple sclerosis; pRNFL, peripapillary retinal nerve fiber layer; SD, standard deviation.

"Group difference at Month 36 was analyzed using mixed model for repeated measures (MMRM) which included terms for group, visit, age, gen-
der, and the interaction of group and visit with baseline value as a covariate. N is the total number of subjects in the analysis population (different
from the number of subjects with data available).
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Figure 3. Change from baseline in pRNFL and mGCIPL thickness at Month 36, stratified by time from MS diagnosis. Pairwise comparisons
between the three MS duration subgroups were conducted based on an analysis of variance (ANOVA) using Tukey's HSD test (unadjusted for
differences in baseline thickness). Only the differences between <=3 and >5 groups were found significant (p < 0.05 and p < 0.01 for pRNFL and
mGCIPL, respectively). Note that no patient with disease <1 year was included, as per the inclusion criteria. n is the number of eyes with data
available. mGCIPL, combined macular ganglion cell and inner plexiform layers; MS, multiple sclerosis; MS-ON; multiple sclerosis-associated optic
neuritis; pRNFL, peripapillary retinal nerve fiber layer; SE, standard error.

Table 6. Test re-test reproducibility of pRNFL OCT measurements.

MS group

Reference group

All patients with MS

Patients without

Patients with Healthy participants

N = 656 MS-ON' N = 537 MS-ON N = 179 N =122
n 642 524 118 121
Baseline, (um) 88.84 + 15.35 91.52 + 13.89 76.86 + 15.87 100.45 + 9.15
Month 1, (um) 88.96 + 15.41 91.64 £ 14.01 77.03 + 15.78 100.13 £ 9.34
Difference, (um) 0.12 £ 1.82 0.14 £ 1.86 0.01 £1.60 —-035+1.73
95% ClI for mean (—-0.02, 0.26) (—0.02, 0.30) (—0.28, 0.30) (—0.66, —0.04)
p-value 0.1036 0.0840 0.9429 0.0271

ICC (95% Cl) 0.993 (0.992, 0.994)

0.991 (0.989, 0.992)

0.995 (0.993, 0.996) 0.982 (0.974, 0.987)

Values are mean =+ SD unless otherwise indicated

Cl, confidence interval; ICC, intraclass correlation coefficient; MS, multiple sclerosis; MS-ON; multiple sclerosis-associated optic neuritis; N is the
total number of eyes in the analysis population, n is the number of eyes with data available.

"Without previous MS-ON
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Table 7. Regression analysis: relationship between percentage brain
volume change from baseline to Month 36 and change in overall
average mGCIPL thickness (um) from baseline to Month 36.

Regression parameter (A) Parameter estimate (SE) p-value
mGCIPL thickness (um) 0.022 (0.005) <0.0001
Age (years) 0.002 (0.008) 0.7986
Duration of disease (years) 0.014 (0.013) 0.2734
MS-ON history (yes/no) —0.081 (0.176) 0.6468

Goodness of fit: adjusted R-squared = 0.061

The most affected eye was used for analyses. Full analysis set (MS
and reference individuals, N = 397).

mGCIPL, macular ganglion cell and inner plexiform layers; MS-ON,
multiple sclerosis-associated optic neuritis; SE, standard error.

Table 8. Regression analysis: relationship between normalized brain
volume at baseline and (A) pRNFL thickness at baseline; (B) mGCIPL
thickness at baseline.

OCTiMS Study

percentage of patients with T1 gadolinium enhancing
lesions and new PD/T2 lesions are presented in (Table 9).
There was no linear relationship (as assessed by a regres-
sion analysis) observed between the change from baseline
in T1 gadolinium enhancing lesion count or volume and
the change from baseline in average pRNFL thickness at
different time points. However, there was a statistically
significant inverse relationship between the number of
new PD/T2 lesions from baseline and change from base-
line in pRNFL thickness at Month 36, with a parameter
estimate (SD) for pRNFL thickness of —0.69 (0.24)
(p = 0.0048), suggesting that patients with a greater
increase in the number of T2 lesions had more pRNFL
thinning (Table 10).

There was no linear relationship between the change
from baseline in PD/T2 lesion volume and change from
baseline in pRNFL thickness observed at any time
point.

Regression parameter (A) Parameter estimate (SE) p-value
PRNFL thickness (um) 1.0 (0.35) 0.0047
égfaiiyc?:rz)f disease (years) :;z ESSZ; 3008221 Tal?le 9. Change in MRI lesions in patients with MS over the study
MS-ON history (yes/no) —-3.9(12.57) 0.7552 period.
Goodness of fit: adjusted R-square = 0.166 Patients with MS, N = 333
Regression parameter (B) Parameter estimate (SE) p-value Presence of T1 Gd-enhancing lesions, n (%)
Baseline 50 (15.2)
mGCIPL thickness (um) 0.8 (0.39) 0.0518 Month 12 67 (22.1)
Age (years) —3.2(0.63) <0.0001 Month 24 75 (26.8)
Duration of disease (years) —2.5(1.01) 0.0124 Month 36 77 (27.5)
MS-ON history (yes/no) —3.2(13.60) 0.8168 T1 Gd-enhancing lesion count, mean + SD
Goodness of fit: adjusted R-squared = 0.138 Baseline 0.3 +1.07
Month 12 0.5+148
The most affected eye was used for analyses. Full analysis set (MS Month 24 0.8 + 2.00
and reference individuals, N = 397). Month 36 094277
mGCIPL, macular ganglion cell and inner plexiform layers; MS-ON, T1 Gd-enhancing lesion volume (mm?), mean + SD
multiple sclerosis-associated optic neuritis; ON, optic neuritis; pRNFL, Baseline 302 + 119.19
peripapillary retinal nerve fiber layer; SE, standard error. Month 12 54.9 + 167.89
Month 24 83.8 + 267.85
Month 36 100.3 + 323.88
patient group, with a mean (SD) time to onset of EDSS Presence of new PD/T2 lesion, n (%)
progression of 18.6 (8.5) months. Twenty-three (7%) Change from baseline at Month 12 132 (43.1)
patients had a 6 month confirmed disability progression by Change from baseline at Month 24 171 (59.8)
end of study. Change from baseline at Month 36 180 (64.3)
K . . PD/T2 lesion count, mean + SD
No linear relationship was observed between the Change from baseline at Month 12 244634
change from baseline in EDSS score and change from Change from baseline at Month 24 4.7 +10.09
baseline in average pRNFL thickness, regardless of dis- Change from baseline at Month 36 +5.9 + 12.81

ease progression. The change from baseline in mGCIPL
thickness was not correlated with the change in EDSS
score either.

MRI lesions

Changes from baseline in T1 gadolinium enhancing and
PD/T2 lesion count and volume as well as in the

PD/T2 lesion volume (mm?3), mean + SD
Change from baseline at Month 12
Change from baseline at Month 24
Change from baseline at Month 36

+92.9 £ 1045.11
+153.2 + 1156.19
+247.5 £ 1311.52

Gd-enhancing, gadolinium-enhancing; MRI, magnetic resonance imag-
ing; MS, multiple sclerosis; PD, proton density. N is the total number
of subjects in the analysis population (different from the number of
subjects with data available).
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Table 10. Regression analysis: relationship between the number of
new PD/T2 lesions from baseline and the change in pRNFL thickness
from baseline.

Parameter estimate

Regression parameter (SE) p-value
PRNFL thickness (um) —0.69 (0.24) 0.0048
Baseline PD/T2 lesion volume (mm3)  0.00 (0.00) 0.0699
Age (years) —0.43 (0.09) <0.0001
Duration of disease (years) —0.05 (0.14) 0.7117
MS-ON history (yes/no) 37.19 (8.42) <0.0001

Goodness of fit: adjusted R-squared = 0.161

The most affected eye was used for analyses.
PRNFL, peripapillary retinal nerve fiber layer; MS-ON, multiple
sclerosis-associated optic neuritis; SE, standard error.

Visual function

Changes from baseline in mean visual acuity were
observed in both groups (MS and reference), and for high
contrast and low contrast visual acuity at all time-points.
These changes were small, ranging from —1.6 to 1.1 let-
ters in the RRMS group and from —1.5 to 0.0 letters in
the reference group.

A significant linear correlation (Pearson’s correlation)
was observed between change from baseline in low con-
trast visual acuity (total number of letters recognized at
low contrast level) and change from baseline in GCIPL
thickness at month 36 (p < 0.01). No such correlation
was observed for high contrast visual acuity (total num-
ber of letters recognized at high contrast level). There
was no linear relationship observed between the change
from baseline in average pRNFL thickness and the change
from baseline in high or low contrast visual acuity.

Symbol digit modalities test

The mean (SD) SDMT total score increased in patients
with MS from 55.7 (13.2) at baseline to 58.2 (14.22) at
Month 36. There appears to be no visible linear correla-
tion as observed graphically between the change from
baseline in SDMT total score and average pRNFL thick-
ness (Pearson correlation coefficient = 0.097634).

Patient-reported indices for multiple
sclerosis

There was no change from baseline in PRIMuS QoL total
score observed in patients with MS at Month 24 and 36.
There was no visible linear correlation as observed graphi-
cally between the change from baseline in PRIMuS QoL
total score or PRIMuS activities total score and change in
average pRNFL thickness (Pearson correlation coefficients
—0.01668 and —0.0074, respectively).

F. Paul et al.

Safety

None of the serious adverse events reported were related
to study procedures. There were no new adverse safety
signals identified from vital sign measurements during the
study.

Discussion

The OCTIiMS study was designed to evaluate change in
pRNFL thickness in patients with RRMS followed for up
to 3 years, compared with a group of reference partici-
pants (without neurologic or ophthalmic disease), to
determine whether retinal OCT measurements are suffi-
ciently accurate, reproducible, and sensitive to measure
disease progression over time. In this study, the biggest
multicenter OCT MS study performed to date, we
detected a greater decrease in pRNFL thickness in patients
with MS compared with reference participants over a 36-
month period. The accuracy of repeated measurements
was excellent, indicated by an ICC greater than 0.98.

The mean (SD) average pRNFL thickness decreased
from baseline by 1.61 (4.600) um at Month 36 in patients
with MS compared with only 0.09 (2.982) um in refer-
ence control participants, representing an effect size of
0.39 (Cohen’s d). The mean change from baseline for the
MS group after adjusting for age-related changes in
healthy subjects were —1.86 (95% CI —2.54, —1.17) um
over the 3-year period. The difference in change from
baseline between the two groups for average pRNFL
thickness was statistically significant from Month 18
onwards. The changes observed in pRNFL thickness
between patients with MS and healthy controls are consis-
tent with clinical studies and meta-
analyses.'®*” 2% Separate analyses performed on the tem-
poral quadrant and the papillomacular bundle also
demonstrated significant differences between groups at
Month 36, consistent with reports that the temporal
quadrant is the most involved pRNFL region in MS.*>*!
However, the statistical significance of the differences
were less marked than for the pRNFL.

To accurately assess the change in pRNFL thickness
during the OCTiMS study, it was important to control

numerous

for the presence of MS-ON, a key confounding factor in
absolute pRNFL thickness values.?®*? Indeed, the average
degree of pRNFL atrophy following MS-ON is
—20.38 um, representing about one fifth of normal
pRNEFL thickness. In eyes without clinically manifested
MS-ON, the level of atrophy is about one third of this
(~7 um).*® In our study, pRNFL thickness decreased sim-
ilarly in patients with MS regardless of MS-ON history,
indicating that the rate of further pRNFL thinning after
the initial optic neuritis-related thinning has occurred is
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no different than eyes of patients with RRMS without a
history of optic neuritis. However, we cannot exclude a
history of subclinical MS-ON in the absence of confound-
ing ophthalmological pathology in apparent non-MS-ON
patients. Moreover, in light of recent work on inter-eye
difference thresholds for detecting unilateral MS-ON, a
different assignment strategy of patients to MS-ON and
non-MS-ON subgroups might have changed diagnostic
groupings.”>*’ In this study we adhered to the 2005 revi-
sion of the MS diagnostic criteria.”’ Interestingly, the
PRNFL changes we observed are similar to those mea-
sured by the older time domain OCT technology used in
a longitudinal multicenter US study.”* As in OCTiMS,
this work showed similar patterns of longitudinal pRNFL
thinning in non-MS-ON and MS-ON eyes. However, it
should be noted that in OCTiMS, due to differences in
standard deviations the effect size in the subset of patients
without MS-ON (0.5 [Cohen’s d]) is numerically higher
than that of MS-ON patients (0.26 [Cohen’s d]).

Abnormal thinning of the mGCIPL layer has also been
associated with MS.*® The mGCIPL analysis presented
here supports the primary endpoint. Results show a
decrease in mean (SD) mGCIPL thickness of 0.39 (3.096)
um in patients with MS over 36 months compared with
an increase of 1.02 (5.063) um in reference participants,
with a rate of thinning corrected with healthy age-related
attrition of —2.03 (95% CI —2.78, —1.28) um over the 3-
year period. The increase in mGCIPL observed in the ref-
erence group reflects the degree of physiological variation
also observed with pRNFL (Fig. 2) and consistent with
earlier observations.”>® An additional factor may be that
the dendritic layer of GCIPL may be dynamic and chang-
ing more over time in normal eyes compared to eyes
where damage is present.

Interestingly, we observed greater thinning of both
PRNFL and mGCIPL in patients with a shorter disease
duration, which aligns with previous smaller studies.”” >’
This observation is in line with the positive correlation
between baseline pRNFL thickness and the rate of pRNFL
thinning. It may be due to a larger dynamic range from
which the retinal layer can thin, or to faster pRNFL loss
in earlier disease, perhaps as a consequence of axonal loss
driven by more active inflammation. In the subgroup of
patients with earlier disease, the effect size for pRNFL is
numerically higher compared with the overall MS popula-
tion (0.43 vs. 0.39). The largest effect size is observed in
non-MS-ON patients with <3 years of MS duration
(0.75). This finding suggests that OCT measures may be
more useful for documenting neuroaxonal loss in early
disease, especially as MRI measures of brain atrophy are
less sensitive at this stage.

In the present study, we confirm that neurodegenera-
tion occurring in early stage of disease onset may not

OCTiMS Study

only reflect axonal degeneration, but also neuronal degen-
eration (as measured by mGCIPL change), and both
appear to decrease over time. Similarly, another recent
study reported mGCIPL thinning at a very early stage,
followed by a plateau.* The data suggest that the
mGCIPL complex may be capable of showing thickness
changes at earlier time points than the pRNFL layer con-
taining primarily axons.

A secondary endpoint of OCTiMS was to evaluate the
short-term reproducibility of the pRNFL thickness mea-
sure at study start by test/re-test estimation after a 4-week
interval in patients with MS and control participants. The
purpose of this analysis was to determine if adjustments
in the assumptions and sample size were required if the
measurement variability was larger than expected. Repro-
ducibility for the average pRNFL thickness was excellent
at a group level, with ICC values greater than 0.98. The
minute average change in pRNFL from baseline to Month
1 was 0.12 um for MS patient eyes and —0.35 um for the
reference eyes. Overall, the difference was not statistically
significant and remains well within the recognized degree
of physiological variation.”® Our results are in line with
prior evidence that demonstrate the high reliability of
repeated scans utilizing eye tracking, Automatic Real-
Time (ART) averaging, auto-registration to a baseline
scan during subsequent scan acquisitions, and automated
segmentation with manual correction of macular OCT
scans, thereby supporting their use in multicenter set-
tings.*!

Other secondary and exploratory objectives were to
identify a potential relationship between the extent of
PRNFL thinning and different measures of neuronal dam-
age and disease severity. No clear associations were
observed between change in pRNFL thickness and change
in visual function, EDSS, brain volume, cognitive perfor-
mance, or measures of QoL. By contrast, change in
mGCIPL did significantly correlate (p < 0.01) with low
contrast visual acuity, a sensitive measure of macular
function. In addition, patients with more new T2/PD
lesions showed greater RNFL thinning at Month 36
(p < 0.01), aligning with previous work that suggest an
interrelation of inflammatory activity and retinal tissue
loss.*> There was no observed correlation between EDSS
worsening and change in average RNFL thickness, con-
trary to the findings of previous studies.'>”® Although
recent evidence suggests that EDSS may correlate better
with mGCIPL thickness than with pRNFL thickness, ***
this was not the case in our study either. However, it is
important to note that the majority of the RRMS popula-
tion in this study had well-controlled disease, with only
7% of patients progressing during the 3 years, and a
mean (SD) EDSS worsening at Month 36 of 0.15 (0.86),
which may account for the failure to detect any
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correlation between EDSS progression and pRNFL/
mGCIPL thinning.

A decrease of 1.3% and 0.5% from baseline in brain
volume was observed at Month 36 in patients with MS
and control subjects, respectively, representing an effect
size of 0.76 (Cohen’s d). While baseline brain volume
was associated with baseline pRNFL thickness, there was
no clear association between the extent of brain volume
loss and the change in pRNFL thickness from baseline.
However, we did find that decreases in average mGCIPL
thickness were correlated with more brain atrophy over
the 3-year study. This finding is in line with results
from a 4-year study by Saidha et al,'? suggesting that
mGCIPL atrophy may mirror the severity of disease
activity and whole-brain atrophy. In their study, the cor-
relation between mGCIPL and brain atrophy in patients
with RRMS was stronger when MS-ON effects were
excluded.

It should be noted that Caucasians made up 94% of
the study population, which is a limitation given that
RNFL thickness and rates of thinning are known to differ
between ethnic groups.***> Another limitation is that only
the affected eye of patients with unilateral MS-ON was
studied, which, in this subgroup, may increase the risk of
a floor-effect which could lead to underestimating the
level of neurodegeneration. Furthermore, in spite of con-
siderable collaborative network efforts of the neuro-
ophthalmological community, a multi-rater, validated
quality control metric for OCT has not yet been estab-
lished and implemented in multicenter studies.'>** Like-
wise, reproducibility of inner nuclear layer thickness of
bipolar cells, a promising biomarker for inflammation in
MS, has not yet been optimized and applied.*>*

A strength of this study is that there were substantial
efforts made in to ensure that identical machines and
software are used across sites for optimal comparability of
OCT measures, which may not be possible in all multi-
center studies. However, mGCIPL change measured in
OCTiMS may not be very accurate, as shown in patients
with MS > 5 years who had no mGCIPL change (Fig. 3),
likely due to the limitations of the OCT imaging tech-
nique used and less frequent sampling. It should be noted
that since the completion of this work the performance
and sensitivity of OCT imaging have increased substan-
tially. At the time of the protocol initiation, the standard
recommended macular acquisition on the Heidelberg
Spectralis was 25 B scans. The current Heidelberg seg-
mentation software requires at least 61 B scan density,
highlighting the technical advances that are rapidly occur-
ring in OCT acquisition and post-acquisition analyses.
This will likely improve the accuracy of these measure-
ments, as has happened in the MRI arena over the last
three decades, and further supports the potential benefits
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of incorporating OCT measures in RRMS clinical trials in
the future.

Conclusion

The OCTiIMS study prospectively assessed pRNFL thick-
ness change using OCT in patients with MS in a multi-
center setting. The OCT measurements were shown to be
highly reproducible, and a significant difference in pRNFL
thinning was observed between patients with MS from
18 months onwards compared with healthy controls. This
was supported by similar results obtained for mGCIPL
thickness, of which changes were found to correlate with
brain volume loss. Based on Heidelberg Spectralis data
acquired in this study, the effect size for the OCT mea-
sures (RNFL, GCIPL) was between small to medium in
this overall stable RRMS population, and smaller than
that found for MRI brain volume. Of note, the effect size
for OCT measures was larger in patients in the early
stages of the disease course and without any history of
MS-ON. Considering the rapid advances in OCT imaging
toward higher resolution, OCT measures are getting more
and more reliable, increasing their potential to become a
convenient tool to monitor disease progression, and
quantify the level of neurodegeneration in MS popula-
tions, particularly in the early disease course.
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