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Abstract

Background—Limited prospective information exists regarding spectral-domain optical
coherence tomography (SD-OCT) in secondary progressive multiple sclerosis (SPMS). Objective:
Document cross-sectional and longitudinal retinal nerve fiber layer (RNFL) and macular ganglion
cell plus inner plexiform layer (GCIPL) features of an SPMS clinical trial cohort.

Methods—~Prospective, observational study using a 2-year randomized placebo-controlled SPMS
trial cohort with yearly SD-OCT testing. Post-hoc analysis determined influences of optic neuritis
(ON), disease duration, and baseline SD-OCT on annualized atrophy rates and on correlations
between OCT and brain atrophy.

Results—Mean RNFL and GCIPL values of patients (n=47, mean age 59, mean disease duration
30 years) were significantly lower among eyes with prior ON than those without (NON).
Annualized RNFL (-0.31 um/year) and GCIPL (-0.29 um/year) atrophy rates did not differ
between ON and NON eyes. Baseline RNFL thickness >75 microns was associated with greater
annualized RNFL atrophy (=0.85 pm/year). Neither RNFL nor GCIPL atrophy correlated with
whole brain atrophy.

Conclusion—This study suggests that eyes with and without ON history may be pooled for
atrophy analysis in SPMS clinical trials utilizing SD-OCT. Low baseline RNFL, small retinal
atrophy rates, and lack of correlation with whole brain atrophy in this population are important
trial design considerations.
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Introduction

Methods

Patients

Optical coherence tomography (OCT) is a powerful tool used to measure axonal integrity in
eyes of patients with multiple sclerosis (MS) and is an increasingly used outcome measure
in relapsing-remitting MS (RRMS) clinical trials (1, 2). OCT provides quantifiable, reliable,
in vivo information regarding thickness of the peripapillary retinal nerve fiber layer (RNFL)
at the optic nerve head, as well as the combined ganglion cell and inner plexiform layer
(GCIPL) thickness within the macula. The ability to quantify RNFL and GCIPL in both a
cross-sectional and longitudinal fashion allows researchers to establish convenient structural
measures of disease burden in MS, including measures of functional disability such as low-
contrast letter acuity and visual quality of life (3). As such, efforts have been made to
identify specific threshold RNFL values that associate with visual recovery after optic
neuritis and risk of MS disability progression (4, 5). Furthermore, RNFL and GCIPL
thinning have been correlated with whole brain and brain substructure volume loss on MRI,
suggesting that optic atrophy reflects central nervous system MS disease burden, with faster
GCIPL thinning in the early, active stages (6-9). While OCT reliably reflects damage from
optic neuritis (ON) (4, 10-12), peripapillary RNFL and macular thinning in eyes of MS
patients unaffected by ON is also apparent (11, 13-15), corroborating tissue evidence of
eventual axonal and ganglion cell loss in almost all MS patients at autopsy (16).

Relative to relapsing-remitting MS, OCT studies in secondary progressive MS (SPMS) are
underrepresented, and few are longitudinal (3, 6, 10, 17-19). Because patients with SPMS
are often older with a longer disease duration, one might infer that OCT interpretation in this
population is limited due to accumulated disease burden at baseline, but this has not been
proven.

The goals of this study are to describe the RNFL and GCIPL SD-OCT baseline features and
longitudinal atrophy rates in a 2-year clinical trial cohort of long-standing SPMS. We
investigate the effects of ON history, disease duration, and baseline values of RNFL and
GCIPL on measures of optic atrophy, and determine OCT atrophy correlates with brain
atrophy rates.

This prospective, observational study is a post-hoc analysis of data obtained from 51 patients
with SPMS enrolled in a randomized placebo-controlled trial of 1200mg daily lipoic acid
and followed for 2 years. Full study details have been presented (20). Institutional review
board approvals were obtained from the Veterans Affairs Portland Health Care System and
the Oregon Health & Science University, Portland, Oregon, and the study was carried out in
accordance with the principals of the Helsinki Accordance. Inclusion criteria pertinent to
this analysis included ages 40-70 years, established MS diagnosis (2005 revised McDonald
criteria), and SPMS as defined by clinical worsening in the prior 5 years from MS,
independent of MS relapse (21). Self-reported histories of ON were confirmed as available
via medical records. Neurologic disability was determined by the Expanded Disability
Status Scale (EDSS) (22). Interferon and glatiramer acetate disease-modifying therapies
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were permitted. Excluded were patients with reported ocular disease that would affect OCT
interpretation or who could not position adequately. High contrast visual acuity (VA) was
tested with ETDRS charts at 3 meters.

OCT acquisition

Baseline spectral-domain OCT (Cirrus HD-OCT, Model 5000; software version 7.0.1.290,
Carl Zeiss Meditec, Inc., Dublin, California) was collected in a dark room from each eye
after pharmacologic dilation. A single operator (RS) or trained photographer obtained all
optic nerve and macula scans from both eyes of each patient on the same day on a single
machine at the baseline, year 1, and year 2 visits. High contrast logMAR VA was collected
just prior to dilation. Peripapillary and macular scans were obtained in triplicate with Optic
Disc Cube 200 x 200 and Macular Cube 512 x 128 protocols, respectively. All scans were
reviewed for quality with the best quality scan selected by a separate OCT reader (KW),
using standards from quality control OCT clinical trial reports and OSCAR-IB criteria (23,
24). Final OCT scans containing confounding retinal or optic nerve findings (i.e. macular
edema or glaucomatous optic nerve cupping), artifact, misalignment, or signal strength less
than 7, were excluded from post-hoc analysis.

MRI acquisition and analysis

Details of the MRI acquisition and analysis have been previously presented (20). All MRI
scans were obtained on a single Philips Achieva 3.0T X-series with Quasar Dual gradient
systems. Whole brain atrophy was estimated from the 3D sagittal T1-weighted MPRAGE
images using SIENA (Structural Image Evaluation, using Normalisation, of Atrophy) from
the FSL package (25), while deep gray matter atrophy was estimated utilizing the FreeSurfer
package (surfer.nmr.mgh.harvard.edu/). SIENA is a robust registration-based longitudinal
atrophy measure that is fully automated, is less sensitive to image acquisition errors, and
balances multi-site reproducibility with length agreement (16).

Statistical analysis

Primary intervention analysis observed no effect of lipoic acid treatment on rate of change in
the principle OCT outcomes of RNFL or GCIPL thickness, regardless of a prior history of
ON. Additionally, no significant cross-sectional differences between intervention groups
were observed in the OCT measures at any study time point. In addition, there was no
interaction or moderation effect of lipoic acid treatment on the relationships between the
OCT and MRI outcomes, with no observed difference in those model associations between
treatment arms. Accordingly, the primary study treatment arms were combined for this post-
hoc analysis.

Cross-sectional models compared the difference in RNFL or GCIPL thicknesses between
ON and NON eyes at baseline and at study completion. Longitudinal analysis compared
annualized rate of atrophy in the OCT measures between ON eyes and NON eyes. In both
methods, linear mixed-effects regression models were used, including a random effects
portion to account for pooling of left and right eyes from single participants. Additional
random effects modeling adjusted the linear rate of change across the entire study period to
account for within-participant serial correlation of repeated OCT measures. Rates of RNFL
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and GCIPL atrophy were considered under an intention-to-treat framework to allow for
missing data. Under this mixed-model design, rates of retinal and brain atrophy were first
separately determined for individual subjects, then distinct rates were evaluated for linear
associations.

Relationships between selected baseline characteristics and subsequent changes in OCT
measures were investigated by plotting annualized rates of change in RNFL or GCIPL
against baseline RNFL, GCIPL, and MS disease duration, then applying regression lines of
best fit. A natural threshold for subsequent RNFL atrophy was observed at a baseline RNFL
of 75 um. Subsequently, participants were binned into either >75 pm or <75 pum baseline
RNFL cohorts and underwent rate of atrophy contrast. OCT measures were correlated with
whole brain atrophy using Pearson’s correlation coefficient within a repeated measures
framework. All regression models were corrected for covariates as defined in the primary
study design, including age, gender, and MS duration, along with additional covariates of
baseline RNFL and GCIPL thicknesses. In instances of normality violations, covariates were
log transformed.

Significance of contrast results were established at p<0.05 after Holm-Sidak adjustments for
comparisons among multiple outcomes within each of the investigated model frameworks, to
account for the secondary nature of this post-hoc study. All statistical analyses were carried
out using R 3.3 with additional utility from the Ime4 package (26, 27).

Four of the 51 patients enrolled in the parent study were excluded from the present analysis
due to post-hoc OCT findings of glaucomatous optic nerve head cupping (n=4 patients, 8
eyes). Baseline demographics of the 47 participants analyzed are shown in Table 1. Notable
demographics are mean age of 59 (SD 6.4) years, MS duration of 30 (SD 9.4) years, and
median EDSS of 6.0 (IQR 2.0) (Table 1). Mean logMAR VA was 0.145 (SD 0.263). Twenty-
two subjects (47%) reported a history of ON in at least one eye, including 11 subjects with a
history of ON in both eyes. No significant differences were found between ON and NON
groups with regard to age, gender, or median baseline EDSS scores. Nearly half were taking
a disease modifying therapy (21 patients, 45%). There was a significantly longer duration of
MS in the ON group than the NON group (32.6 vs. 27.3 years respectively, p=0.048).

Cross-sectional peripapillary RNFL and macular GCIPL thicknesses

Table 2 shows the cross-sectional baseline RNFL and GCIPL thicknesses for all, ON, and
NON eyes at baseline. SD-OCT inclusion criteria were met by 80 of the 94 eyes in RNFL
analysis and by 74 of the 94 eyes in GCIPL analysis. In all eyes, mean RNFL was 77.3 (SD
0.3) pm. RNFL was thickest in the inferior quadrant (100.6 SD 17.2 um) and thinnest in the
temporal quadrant (48.6 SD 11.5 um). While average RNFL was significantly lower in ON
than NON eyes (74.0 um vs. 78.7 um respectively; p=0.012), quadrant RNFL analysis did
not find differences between ON and NON eyes, including the temporal quadrant (p=0.214).
Mean GCIPL thickness for all eyes was 67.4 (SD 9.0) um and was also significantly thinner
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in ON eyes than NON eyes (62.1 um vs. 69.7 pm respectively; p<0.001). At 2-year follow-
up, the same pattern of significant cross-sectional differences persisted (supplementary Table
1).

Annualized rates of atrophy of RNFL and GCIPL

Annualized mean RNFL atrophy rate was —0.31 (SE 1.56) um/year, and annualized mean
GCIPL atrophy rate was —0.29 (SE 1.37) um/year (Table 3). No significant differences in
atrophy rates were found between ON and NON eyes for RNFL (p=0.97) or GCIPL
(p=0.76). Annualized atrophy rates for mean RNFL, mean GCIPL, and individual RNFL
quadrant thicknesses were not significantly different from zero over the course of the 2-year
study, with the exception of RNFL thickness in the inferior quadrant (p=0.03).

Correlation of RNFL and GCIPL atrophy with whole brain and gray matter atrophy

The mean annualized whole brain atrophy rate of patients included in this analysis was
-0.48 (SE 0.57) % per year for the 44 subjects who had at least one viable RNFL
measurement. Annualized RNFL and GCIPL atrophy rates did not correlate with whole
brain atrophy (p = 0.30 and p = 0.87, respectively), even after correcting for the potential
effect modification of ON history.

For the same subset of OCT subjects, the annualized rate of deep gray matter atrophy was
-0.29 (SE 1.27) % per year while the rate of cortical gray matter atrophy was —0.16 (SE
1.04) % per year. RNFL atrophy correlated modestly with cortical gray matter atrophy
(r=0.32; p=0.01) while GCIPL atrophy did not (p=0.19). Significant relationships were not
observed between rates of either RNFL or GCIPL thinning with deep gray matter atrophy
(p=0.41 and p=0.54, respectively).

Effect of baseline RNFL, GCIPL, and disease duration on OCT atrophy rates

A linear correlation was noted between baseline RNFL thickness and RNFL atrophy rate
over two years (r= —0.514, Spearman’s rho= —0.519), such that the higher the baseline mean
RNFL value, the more RNFL was lost over the subsequent 2 years (Figure 1). Furthermore,
there was a significant difference in atrophy rate between baseline RNFL values clustered
above versus below 75 pm (p<0.001, Figure 2). Baseline RNFL thickness did not correlate
significantly with longitudinal GCIPL atrophy. Finally, neither baseline GCIPL thickness
nor disease duration were significantly associated with subsequent changes in RNFL or
GCIPL.

Sample Size Calculation

Due to the low atrophy rates found over the study period, a preliminary sample size
calculation was conducted using our results. Assuming an annualized atrophy rate with a
similar effect size (-0.31um/year, SE 0.38 um, Cohen’s d=0.129), 4513 subjects would be
needed per arm of a treatment study to observe a 30% difference in RNFL atrophy in SPMS
subjects with 80% power and p-value <0.05, parameters used commonly in clinical trials.
Using the change in GCIPL thickness (-0.29 um/year, SE 1.37 um, Cohen’s d=0.192), over
4500 subjects per arm would be necessary to observe statistically significant change.
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Discussion

This prospective, observational study demonstrated that ON history was associated with
lower mean RNFL and GCIPL thicknesses at baseline and again at 2 years in a longstanding
and advanced disability SPMS patient cohort. Nevertheless, history of ON did not affect the
relatively small rates of annualized RNFL and GCIPL atrophy as measured by SD-OCT.
Neither RNFL nor GCIPL atrophy correlated with whole brain or gray matter atrophy in this
cohort. Higher baseline RNFL thickness was associated with higher RNFL atrophy rate
(observable change for the worse), whereas higher baseline GCIPL thickness and longer
disease duration bore no significant longitudinal effect on atrophy rates.

This study is unique because it provides prospective longitudinal data on an
underrepresented cohort of older MS patients (mean age 59 years), with an extended average
disease duration of 30 years. Our long-duration SPMS cohort also showed evidence of more
severe baseline RNFL and GCIPL atrophy than other SPMS studies, with a lower starting
mean RNFL thickness of 77 pm (versus 83-88 um) (6, 10, 18) and mean GCIPL thickness
of 67 um (versus 78 um) (6).

Our study results agree with prior reports that a history of ON is a significant variable which
should be included in clinical trial data collection (4, 10-12), since we found significant
cross-sectional baseline and 2-year differences in RNFL and GCIPL averages between ON
and NON groups. The lack of significant differences in RNFL quadrants between groups
may be due to the relatively low sample size for these subset comparisons, given that almost
all values were lower in the ON group. Importantly, atrophy rates did not differ
longitudinally between ON and NON eyes, which is promising for reducing sample sizes in
future longitudinal SD-OCT studies in SPMS by pooling ON and NON eyes.

Our longitudinal atrophy rates for RNFL and GCIPL are comparable to those found in the
few longitudinal studies that also included progressive MS populations across SD-OCT
platforms (6, 19). Moreover, this study suggests that the driver for the low OCT atrophy
rates in our population is the lower starting RNFL thickness rather than effects of disease
duration. Additionally, a mean RNFL cutoff of 75 um has previously been associated with
poorer visual recovery after acute ON, albeit measured by time-domain platform (TD-OCT)
(4). In our cohort, this number also appears to be a threshold for detecting future change in
RNFL on SD-OCT, although clinical correlation with low-contrast letter acuity and visual
fields was not part of our study design.

Longitudinal studies including progressive MS populations also propose utility of OCT as a
neuroprotective outcome measure based on significant correlations with brain atrophy (6,
19). Our numerically comparable OCT atrophy rates did not correlate with whole brain
atrophy, although RNFL alone correlated modestly with cortical gray matter. Differences in
MRI and statistical techniques from other studies may be at play. It is also possible that
RNFL and cortical gray matter atrophy have closer underlying pathophysiological
mechanisms. Nevertheless, the lack of correlation with whole brain atrophy is discouraging
for use of OCT simply as a proxy for brain atrophy in longstanding SPMS.
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The slow atrophy rates and resulting large sample size calculations based on our findings
calls into question the utility of OCT as a biomarker of disease progression at all in
advanced SPMS clinical trials. Prior work supporting the use of OCT as a biomarker in
neuroprotective trials of acute ON calculated sample sizes in the range of 100 patients per
arm over study period of 6 months on TD-OCT (28). Talman et al. used a predominantly
relapsing MS population and time-domain OCT platform to calculate sample size at
approximated 400-600 patients per arm studied over 2-3 years, using 80-90% power and
p<0.05 (17). Our preliminary sample size calculations, based on data from 47 patients,
suggest that longitudinal studies on OCT specifically in this population will need to be
longer and larger as severe baseline atrophy approaches a nadir.

A plateau (or rather, “floor”) effect of atrophy of RNFL and GCIPL in later stages of disease
activity has been previously proposed in MS, and it may be one reason for the lack of
correlation with brain atrophy and slow atrophy rates in general (19). In other fields of
ophthalmology, the nadir of RNFL thickness has been reported in the range of 45 um
(Stratus OCT) to 57 um (Cirrus OCT). It represents residual glial cells and retinal
architecture after ganglion cell axon atrophy is complete, with over 50% of visual function
still present at this thickness (29, 30). Future prospective studies looking at the natural
history of OCT in this advanced disease population are needed with functional visual
measures and MRI correlation to validate the utility of OCT in advanced SPMS, since
RNFL, and especially GCIPL, appear promising in earlier inflammatory disease (7).

Statistical comparison of our treatment and placebo groups in the parent study revealed no
significant effect of lipoic acid cross-sectional or longitudinal OCT values in our cohort and
allowed us to pool the two groups, which was unexpected, given lipoic acid’s effect on rates
of percent change brain volume (20). This may simply be due to a lack of power in the
current study as the parent study was powered for detecting brain atrophy (31). Another
explanation could be that there is a differential effect of lipoic acid in the brain versus the
retina; a trial of lipoic acid in acute ON also found no treatment effect on RNFL thickness
(32).

Other limitations of this study include history of ON and ocular disease, which was obtained
via patient report as well as chart review and subject to recall error. These factors may have
introduced confounders, thus scans with findings suspicious for other ocular pathologies
were eliminated during quality control after collection. In addition, attenuated atrophy rates
(and indeed some observed thicker RNFL values) found in our study and others raise the
question of whether they represent true changes or simply test-retest variability (7, 33). Use
of SD-OCT and strict quality control review helped address these concerns, since there is a
high degree of reproducibility across testers and repeated measures versus TD-OCT
platforms (34, 35).

In conclusion, this work comprises one of the largest prospective longitudinal SD-OCT
studies investigating the natural history of RNFL and GCIPL atrophy in an underrepresented
advanced SPMS cohort that is becoming more common, both in clinical practice and clinical
trials. While ON history should be accounted for in cross-sectional analyses, our results
suggest that eyes with and without ON history can be combined in longitudinal SPMS
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analyses. Based on our observations, low OCT atrophy rates and their lack of correlations
with whole brain atrophy suggests that RNFL and GCIPL thicknesses need further
validation for use as outcome measures in SPMS clinical trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

RNFL baseline thickness affects longitudinal RNFL atrophy rate. Baseline mean RNFL SD-
OCT value was plotted against amplitude of change in RNFL thickness at two years. The
scatterplot shows a linear relationship of starting RNFL thickness to annualized rate of
change in um. Larger mean RNFL thicknesses at baseline showed greater annualized rates of
atrophy. Slope =—0.097 (p<0.001), covariate corrected mixed model to account for repeated
measures. The solid line shows that at 75 um, the change appears to go from a net negative
to net positive value on average.
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Fig.2.

RNFL atrophy rates in SPMS are significantly different above versus below a baseline
RNFL thickness of 75 um. Baseline RNFL values above 75 pm showed significantly more
annualized atrophy than those below 75 pm, presented as mean RNFL thickness in pm (SD),
p<0.001.
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Table 1
Patient Demographics
All Subjects | NON Subjects | ON Subjects | ON vsNON p value

Number of subjects 47 25 (53%) 22 (47%) -
Age (SD), years 59 (6.4) 59 (6.2) 58.9 (6.8) 0.924
Female (%) 28 (59.6%) 13 (52%) 15 (68.2%) 0.37b
MS duration (SD), years 30 (9.4) 27.28 (10.05) 32.59 (7.8) 0.0484
Median EDSS {range} 6.0 {4.3-6.3} 5.0 {4-6} 6.0 {4.5-6.9} 0.12€
LogMAR visual acuity 0.145 (0.263) | 0.102(0.260) | 0.231(0.252) 0.0659
On disease modifying therapy 21 (45%) 12 (48%) 9 (41%) 0.770
Number of eyes with history ON (%) | 32/94 (34%) - 32/44 (72.7%) -

Bold values indicate p <0.05.

Significance testing:

a)

2-sample t-test on means;

b)_.
)Flsher’s exact test;

)

Wilcox test on medians;

q

mixed-model with repeated measures correction

EDSS=expanded disability status score; MS=multiple sclerosis; NON=no history of optic neuritis; ON=history of optic neuritis in at least one eye;
SPMS=secondary progressive multiple sclerosis; SD=standard deviation.
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Table 2

Comparison of SD-OCT Measures in SPMS Eyes With and Without a History of Optic Neuritis at Baseline.
All values reported with standard deviation.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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All Eyes ON eyes NONeyes | ON vsNON eyes
(n=80) (n=23, 29%) (pvalue)
Mean RNFL thickness, pm 77.3(103) | 74.0(11.3) 78.7 (9.6) 0.012
Temporal quadrant, pm 48.6 (11.5) 46.0 (13.4) 49.6 (10.6) 0.214
Superior quadrant, pm 95.5 (16.3) 91.8 (19.0) 97.0 (15.1) 0.053
Nasal quadrant, um 64.5 (10.5) 63.0 (11.4) 65.1(10.2) 0.385
Inferior quadrant, pm 100.6 (17.2) 95.1(18.2) 102.8 (16.4) 0.178
Mean Macular GCIPL thickness, im | 67,4 (9.0)2 | 62.1(10.2)0 | 69.7(7:4) <0.001

Bold values indicate p < 0.05.

41=74, GCIPL all eyes

bn=22, 30% GCIPL ON eyes

Linear Mixed Modeling used to account for age, sex, and disease duration. ON= history of optic neuritis; NON= no history of optic neuritis; um

=microns; GCIPL=ganglion cell plus inner plexiform layer.
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