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Abstract

Background and Objectives

Optic neuritis is the most common optic neuropathy in young adults and a frequent mani-
festation of multiple sclerosis. Its clinical course is pertinent to the design of visual pathway
neuroprotection trials.

Methods

This is a secondary analysis of longitudinal data from the TONE trial, which included 103
patients from 12 German academic tertiary centers with acute unilateral optic neuritis as a
clinically isolated syndrome and baseline high-contrast visual acuity <0.5 decimal. Patients were
randomized to 1,000 mg methylprednisolone i.v./d plus either erythropoietin (33,000 IU/d) or
placebo (saline solution) for 3 days. They were followed up at standardized intervals with a
battery of tests including high-contrast visual acuity, low-contrast letter acuity, contrast sen-
sitivity, visual fields, visual evoked potentials, and retinal optical coherence tomography. At 6
months, participants answered a standardized questionnaire on vision-related quality of life
(NEL-VFQ 25). We describe the disease course with mixed-effects piecewise linear models and
calculate structure-function correlations using Pearson r. Because erythropoietin had no effect
on the visual system, we use pooled (treatment-agnostic) data.

Results

Patients experienced initial rapid and then decelerating improvements of visual function with
thinning of inner and thickening of outer retinal layers. At 6 months, visual parameters were
positively correlated with inner and negatively correlated with outer retinal thickness changes.
Peripapillary retinal nerve fiber layer thinning predominantly occurred in sectors without
previous swelling. At 6 months, macular ganglion cell and inner plexiform layer thinning was
weakly correlated with the P100 peak time (r = —0.11) and moderately correlated with the
amplitude of visual evoked potentials (r = 0.35). Only functional outcomes were at least
moderately correlated with vision-related quality of life.

Discussion

The longitudinal data from this large study cohort may serve as a reference for the clinical
course of acute optic neuritis. The pattern of correlation between visual evoked potentials and
inner retinal thinning may argue that the latter is mostly due to ganglion cell loss, rather than
dysfunction. Visual pathway neuroprotection trials with functional outcomes are needed to
confirm that candidate drugs will benefit patients’ vision-related quality of life.
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Glossary

EPO = erythropoietin; HCVA = high-contrast visual acuity; LCLA = low-contrast letter acuity; MOG = myelin oligodendrocyte
glycoprotein; MS = multiple sclerosis; OCT = optical coherence tomography; ONTT = Optic Neuritis Treatment Trial;
PRNFL = peripapillary retinal nerve fiber layer; VEP = visual evoked potentials.

Introduction

Optic neuritis is a frequent manifestation of multiple sclerosis
(MS) and the most common optic neuropathy in young
adults. Because its natural course is comparatively short, it has
become a popular setting for clinical neuroprotection trials."”
With a mounting interest in short and cost-effective trials has
come the need for high-quality data on the early course of
glucocorticosteroid-treated optic neuritis, representing the
likely course in a placebo group. The gold standard in this
regard remains the Optic Neuritis Treatment Trial (ONTT),
a multicentric study conducted in the 1980s that followed up
over 400 participants with acute optic neuritis at standardized
intervals with a battery of visual tests. Owing to the limitations
of its time, the ONTT was not able to include 2 outcomes that
have since proven to be of immense value: optical coherence
tomography (OCT), which quantifies thicknesses of retinal
neuronal layers on a micrometer scale, and low-contrast letter
acuity, the psychophysical parameter which most closely
mirrors disease-induced subjective changes.

More recent clinical cohorts which include these outcomes
are typically limited by a much lower number of participants,
irregular follow-up, monocentric recruitment, inclusion of pa-
tients with long-standing MS (who are apt to preexisting
visual system changes), and a limited number of clinical
outcomes."> We aim to address these limitations and provide
a new reference on the early course of glucocorticosteroid-
treated acute optic neuritis, based on longitudinal data from 12
German tertiary academic centers acquired in the TONE study,
described below.

Methods

In a randomized multicenter trial (TONE, ClinicalTrials.gov
registration NCT01962571), our group investigated the
safety and efficacy of high-dose erythropoietin (EPO) as an
add-on to methylprednisolone pulse therapy in 103 patients
with a first episode of acute unilateral optic neuritis as a
clinically isolated syndrome and baseline high-contrast visual
acuity <3/6 (0.5 decimal). Patients had to present within 10
days of disease onset and test negative for AQP4 antibodies to
be included. They were recruited from 12 German academic
tertiary referral centers between November 25, 2014, and
October 9, 2017. All subjects received high-dose methyl-
prednisolone (1,000 mg/d) for 3 days. They were random-
ized (1:1) to receive either 33,000 IU/d EPO or placebo
(saline solution) as an adjunct, to be administered on the
days as methylprednisolone. We that
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erythropoietin administration had no effect on the visual
system.”” For this investigation, we thus used pooled
(treatment-agnostic) data of all analyzed TONE participants.
This amounts to a well-characterized disease cohort that re-
ceived methylprednisolone in a standardized fashion as the
only potentially visually effective drug.

We report examination data that were obtained at baseline
and at weeks 4, 16, and 26. These included affected and fellow
eye measurements of high-contrast visual acuity (ETDRS
chart score), low-contrast letter acuity (2.5% Sloan chart
score), contrast sensitivity (log), visual fields, visual evoked
potentials (VEPs) P100 amplitudes and peak times, as well as
OCT of the peripapillary retinal nerve fiber layer and poste-
rior pole. A detailed description of the procedures is available
in the eMethods. Acquisition, handling, and reporting of
OCT data are in accordance with the OSCAR-IB and
APOSTEL recommendations.*” The report follows the
STROBE guidelines."

Statistical Analyses

The statistical analysis was performed using R (version 3.6.2)
with the RStudio interface. The analysis set comprised data
from the 103 patients in the TONE trial who received at least
one dose of the study medication and for whom at least one
follow-up OCT was available. In consensus with the American
Statistical Association’s statement on p values'' and recent
addendum,'? we report outcomes as adjusted mean estimates
with 95% confidence intervals. We modeled longitudinal
(time course) data using mixed-effects piecewise linear
models (Ime4 and Ispline packages, versions 1.1-27.1 and 1.0-
0) with spline points at 4 and 16 weeks as well as random
intercepts and random slopes per patient. The peripapillary
retinal nerve fiber layer thickness change was calculated rel-
ative to the unaffected eye at baseline. Changes in macular
retinal layer thicknesses were calculated relative to the same
(affected) eye at baseline. They were modeled without ran-
dom intercepts because the intercept (change at baseline) is
zero. Models for visual evoked potentials P100 amplitudes
and peak times were additionally adjusted for the study center
(details and justification in eMethods). The reported mean
estimates are population estimates (fixed effects). Correlation
analyses were performed using Pearson r. We considered
correlations with 0.1 < |r| < 0.3 to be weak, 0.3 < |r| < 0.5 to be
moderate, and |r| > 0.5 to be strong."

Standard Protocol Approvals, Registrations,
and Patient Consents

The TONE study (NCT01962571) was approved by the
ethics committee of the University of Freiburg, Germany, and
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the institutional review boards of all participating sites. All
participants provided written informed consent.

Data Availability

Individual participant data of the TONE trial, including data
dictionaries, will be made available to researchers with a
methodologically sound proposal.

Results

Study Population

The cohort included 71 female (69%) and 32 male (31%)
participants with an overall median age of 30 years (IQR 25 to
36), of whom 51 (50%) had received placebo and 52 (50%)
had received erythropoietin. Their detailed characteristics are
listed in eTable 1.

Time Course of Structural Outcomes

Change in Peripapillary Retinal Nerve Fiber Layer
Thickness (3.5-mm Circle)

Compared with the unaffected eye, there was a mean global
peripapillary retinal nerve fiber layer (pRNFL) thickening
(swelling) of 14.8 pm (95% CI 9.1-20.5) at baseline. This was
more pronounced in the superior and inferior poles compared
with the temporal sector. The global pRNFL thickness de-
creased by 2.1 um/week in the first 4 weeks (-3.3 to —=0.9) and
then by 1.7 ym/week (-2.0 to —1.3) until week 16. A small
amount of pRNFL thinning took place between weeks 16 and
26 (-0.2 ym/wk [-0.3 to —0.1], Figure 1A). The relative
thinning (% change) was more pronounced in sectors with
less thickening at baseline (eFigure 1). Change estimates for
all sectors of the 3.5-mm peripapillary circle are listed in
eTable 2. Estimates in the 4.1-mm and 4.7-mm peripapillary
circles are tabulated in eTable 3 and eTable 4, respectively.

Change in Macular Retinal Layer Thicknesses

Macular layers showed no evidence of thickening at baseline
(data not shown). The disease course was characterized by
initial rapid thinning of the inner retinal layers (Figure 1, B and
C) and thickening of the outer retinal layers (Figure 2). Mac-
ular thickness changes generally concluded after 4 months. The
exception was the outer nuclear layer, whose thickness gradu-
ally declined between week 16 and 26 (Figure 2B, eTable S).

The initial change was most pronounced in the macular
ganglion cell and inner plexiform layer (mGCIPL), which lost
1.5 pm of thickness per week in the first 4 weeks (95% CI 1.7
to —1.3). It continued thinning at a slower pace until week 16
(0.2 pm/wk [-0.3 to —0.2]) and then remained stable
(0.0 pm/wk [95% CI -0.1 to 0.0]). The macular retinal nerve
fiber layer (mRNFL) followed a similar trajectory (Figure 1, B
and C,eTable 5). Per-sector analysis revealed that mGCIPL
thinning was more prominent in the inner ETDRS sectors,
whereas mRNFL thinning was more prominent in the outer
sectors (eFigure 2).
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Figure 1 Time Course of Inner Retinal Layer Thickness
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Triangles are individual data points. Thick black lines are estimated pop-
ulation means. Dashed lines are per-patient estimates. mGCIPL = macular
ganglion cell and inner plexiform layer; mRNFL = macular retinal nerve fiber
layer; pRNFL = peripapillary retinal nerve fiber layer. * = Compared with the
unaffected eye at baseline.
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Figure 2 Time Course of Outer Retinal Layer Thickness
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Triangles are individual data points. Thick black lines are estimated pop-
ulation means. Dashed lines are per-patient estimates. mINOPL = macular
inner nuclear and outer plexiform layer; mONL = macular outer nuclear
layer; mPRRPE = macular photoreceptor layer and retinal pigment
epithelium.
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Changes in the outer retina were most prominent in the outer
nuclear layer, whose thickness increased by 0.7 pm/wk in the
first 4 weeks (95% CI0.6-0.9) and then gradually declined by
0.1 pm/wk (-0.1 to —0.1) until week 26. The inner nuclear
and outer plexiform layer thickness followed a similar trajec-
tory but reverted to stable baseline values by week 16. The
thickening in the combined photoreceptor and retinal pig-
ment epithelium stratum was more gradual, peaking at week
16 and remaining stable at a slightly elevated level (Figure 2,
A-C, eTable §).

Microcystic Macular Edema

At week 26, 2 affected eyes of 2 participants had microcystic
macular edema. It did not appear on macular scans at baseline,
week 4, and week 16 in any subject.

Time Course of Functional Visual Outcomes
There was rapid improvement in all subjective functional
outcomes in the first 4 weeks, followed by a tapering in the
pace of recovery (eTable 6). In contrast to retinal thinning,
which concluded by week 16, functional improvements con-
tinued until week 26.

At baseline, high-contrast visual acuity (HCVA) was dis-
tributed bimodally with local maxima at zero and Snellen
3/6 (0.5 decimal, the upper limit allowed by the inclusion
criteria). On further visits, its distribution was normal,
with few outliers on the lower spectrum. It improved by a
mean of 10.1 ETDRS letters/week (95% CI: 8.7 to 11.6) in
the first 4 weeks, with only subtle changes thereafter
(Figure 3A). The overall recovery was good: At week 26,
75 of 103 patients (73%) achieved a HCVA of 85 or better,
corresponding to Snellen 20/20 or 1.0 decimal. However,
there remained an impairment of 6.1 ETDRS letters
compared with the unaffected eye (95% CI: 3.3 to 8.9), and
6 of 103 individuals (6% ) had vision worse than Snellen 3/
6 (0.5 decimal).

At baseline, 90 of 103 patients (87%) had a low-contrast letter
acuity (LCLA) score of less than S, meaning that they were
not able to complete the first line of the chart. On subsequent
visits, LCLA scores were more widely distributed and there
were more outliers in the lower spectrum compared with
HCVA (Figure 3B). The initial improvement was less pro-
nounced (mean change until week 4: 8.4 letters/week [95%
CI 7.1-9.5]). Recovery continued until week 26 (0.7 letter/
week [0.4-1.0] in weeks 4-16, then 0.4 Iletters/week
[0.1-0.6]). At week 26, an impairment of 16.4 letters
remained compared with the unaffected eye (95% CI
12.0-20.9).

The changes in contrast sensitivity (eFigure 3), the visual field
mean defect (eFigure 4), and the VEP P100 amplitude
(Figure 4A) followed similar general trajectories. The model
for the VEP P100 peak time estimated an increase in the first 4
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Figure 3 Time Course of Visual Acuity

A
100 - 2 é 3
v 1. / !
o . T
AR H H
4 A
e E t A
© - * A
i ey A
v
v 50 4 3
a4 x .
e R : R
L % 4 2
§ 25 4 A
U .
S 4 A :
4
0 L4 4 + T
1 4 16 26

Time (weeks)

- A

L
A
8 75- A :
%] & i
= L =
c /3 :
£ ‘; 3
v} o /s i
c 504 & H
o 3
£ &
a4 X
2 2
0254 5 !
o s
< |7 -
@] - i
= 5 $ 3 3
1 4 16 26

Time (weeks)

Triangles are individual data points. Thick black lines are estimated population means. Dashed lines are per-patient estimates. HCVA = high-contrast visual

acuity; LCLA = low-contrast letter acuity.

weeks and then a gradual decline until week 26 (Figure 4B).
This is further discussed in the supplement. Change estimates
for all models are listed in eTable 6.

Structure-Function Correlation and Vision-
Related Quality of Life

Vision-related quality of life was weakly correlated with the
change in pRNFL thickness (Pearson r = 0.15). Its asso-
ciation with the mGCIPL thickness change fell below the
threshold of a weak correlation (r = 0.08). The correlation
of the pRNFL thickness change with functional outcomes
was generally stronger than or similar to that of the
mGCIPL thickness change (Table). The functional out-
come with the strongest correlation to vision-related
quality of life was high-contrast visual acuity (r = 0.60).
Low-contrast letter acuity and contrast sensitivity were
moderately correlated with vision-related quality of life (|r]
within 0.38-0.42).

Discussion

The data from the TONE study provide a unique opportunity
to investigate the change dynamics after acute optic neuritis.
This study resembles the Optic Neuritis Treatment Trial in its
follow-up pattern but adds retinal optical coherence tomog-
raphy and 2.5% low-contrast letter acuity to the test battery.
We found a striking reduction in low-contrast letter acuity
compared with high-contrast visual acuity at baseline, the
majority of patients being unable to read past the first line on
the 2.5% Sloan chart. Mild clinically apparent disc swelling in
the affected eye was present in 23% of patients. On OCT,
baseline pRNFL thickening was most pronounced in the su-
perior and inferior poles while axons in the temporal sector
and papillomacular bundle suffered the most subsequent
percent thinning. This finding may argue against the notion
that swelling of the superficial pPRNFL is indicative of future
atrophy—a pattern that would be distinct from other optic

Figure 4 Time Course of Electrophysiologic Outcomes
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Table Correlation of Outcome Measures at Week 26

Change in retinal layer thickness Patient-reported outcome

pRNFL? mRNFL mGCIPL mINOPL mONL mPRRPE NEI-VFQ
PRNFL thickness change, pm 1 0.63 0.76 0.04 -0.28 -0.25 0.15
mGCIPL thickness change, pm 0.76 0.73 1 0.23 -0.23 -0.18 0.08
LCLA, 2.5% Sloan chart score 0.57 0.37 0.53 -0.04 -0.12 -0.28 0.39
Cs, log 0.56 0.11 0.42 -0.09 -0.07 -0.19 0.42
HCVA, ETDRS chart score 0.48 0.15 0.25 -0.07 -0.17 -0.24 0.60
Visual field MD, dB -0.46 -0.35 -0.25 -0.05 0.05 0.31 -0.34
VEP P100 amplitude, pVv 0.35 0.24 0.35 0.04 -0.04 -0.15 0.31
VEP P100 peak time, ms -0.31 -0.09 -0.11 0.13 0.34 0.18 -0.07

Abbreviations: CS = contrast sensitivity; HCVA = high-contrast visual acuity; LCLA = low-contrast letter acuity; MD = mean defect; mGCIPL = macular ganglion
cell and inner plexiform layer; mINOPL = macular inner nuclear and outer plexiform layer; mONL = macular outer nuclear layer; mPRRPE = macular
photoreceptor layer and retinal pigment epithelium; mRNFL = macular retinal nerve fiber layer; pRNFL = peripapillary retinal nerve fiber layer; VEP = visual
evoked potential.

Values are Pearson r. Thickness changes are relative to the affected eye at baseline except for the pRNLF thickness change, which is relative to the unaffected

eye at baseline.
2 Compared with the unaffected eye at baseline.

neuropathies such as NAION (non-arteritic anterior ischemic
optic neuropathy). The predilection of relative thinning to-
ward the temporal sectors might implicate metabolic stress as
a component of axonal degeneration'* because the axons in
the papillomacular bundle are particularly vulnerable. At
present, we advise caution in interpreting this finding because
previous reports have identified a more uniform pattern of
per-sector pRNFL thinning."®

On follow-up, patients experienced improvements in all
tested parameters of visual function, thinning of inner retinal
layers, and a transient thickening of outer retinal layers.
Changes were most dynamic in the first month. Inner retinal
layer thickness plateaued after 4 months while other changes
attenuated more gradually. Together with previous data from
monocentric cohorts,”* this indicates that 4 months’ follow-
up is sufficient for clinical neuroprotection trials that measure
the mGCIPL thickness. Because pRNFL thickness and more
so low-contrast letter acuity still changed meaningfully be-
tween months 4 and month 6, we suggest that trials with these
outcomes should follow up for at least 6 months. Because
differences in mGCIPL thickness can also be detected with
fewer participants compared with pRNFL thickness, trials
with this outcome can be comparatively cost-efficient. Mea-
suring pRNFL rather than mGCIPL thickness has the ad-
vantages of quantifying all optic nerve neurons, rather than
only those whose cell bodies are located in the macula, and of
being more closely associated with vision-related quality of
life. However, detecting change that is truly meaningful to
patients will require functional outcomes because only these
were at least moderately correlated with vision-related quality

ophthalmic Supplement could have provided additional
insights, there remains a general need to develop robust
patient-reported outcome measures in optic neuritis.'”

Inner retinal layer thinning in optic neuritis is a well-
characterized"*>*° and cogent finding as the mRNFL and
mGCIPL correspond to the axons and cell bodies with un-
derlying synapses of the inflamed retinal ganglion cell, re-
spectively. The degree to which this thinning is due to
structural changes in living cells or represents cell death has
yet to be conclusively shown—a distinction with profound
implications for the possibility of longer term neuroprotection
or neurorestoration. In this cohort, mGCIPL thinning at 6
months was moderately correlated with the VEP amplitude (r
=0.35), but only weakly correlated with VEP P100 peak times
(r = =0.11), a pattern that more likely represents retinal
ganglion cell loss than dysfunction. A similar pattern of VEP
changes was previously observed in relation to optic nerve
thinning on MR studies”' and in a smaller cross-sectional
OCT study of 46 patients with MS-associated ON."'®

The second major structural change was a transient thicken-
ing in outer retinal layers, confirming findings from smaller
142223 A possible mechanism suggested
by Gabilondo et al.* is an accumulation of microglia because
of transitory edema mediated by Miiller cell dysfunction.
Although outer retinal thickening in our study was negatively
associated with visual function, the magnitude of these retinal
changes was very subtle. At the current time, they are best
interpreted on a population level. Maturing technologies,
such as adaptive optics OCT, might provide more accurate

monocentric cohorts.

of life, a finding that is consistent with previous literature.'*® quantification that can also be interpreted in individual
While additional instruments such as the 10-item Neuro-  patients.”*
Neurology: Neuroimmunology & Neuroinflammation | Volume 11, Number3 | May 2024 Neurology.org/NN
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While the TONE study found no treatment effect of EPO
in the visual system, we cannot exclude subtleties that may
have led to a higher variance in the pooled data. Some
caution is, therefore, warranted because of our pooled
analysis of EPO and placebo recipients. Finally, our data
and analyses address the clinical course of optic neuritis
under high-dose methylprednisolone therapy and do not
pertain to untreated patients, for whom there remains a
literature gap in longitudinal OCT data. The effect of time
to treatment initiation is currently being investigated in a
large-scale international prospective cohort by the Acute
Optic Neuritis Network.>®

The limitations of the TONE study design have been dis-
cussed.® Most notably, a possible inadvertent inclusion of a
small number of patients with anti-myelin oligodendrocyte
glycoprotein (MOG)-associated optic neuritis may have led
to an overestimation of clinical recovery. The overall preva-
lence of MOG optic neuritis in a population such as ours is
expected to be low because subsequent serum analysis of
ONTT patients®® revealed anti-MOG positivity in only 1.7%.
Furthermore, MOG-associated optic neuritis typically pre-
sents with clinically severe optic disc swelling, an exclusion
criterion in our study. We therefore believe that confounding
by anti-MOG-positive patients, if present, is likely to be
quantitively small. Previously clinically unapparent episodes
of optic neuritis and retrograde transsynaptic atrophy from
potential central inflammatory lesions are other possible but
unmeasured confounders.

Our analysis confirms the feasibility of acute optic neuritis as a
model for clinical neuroprotection and remyelination. This study
builds upon previous works by including a larger number of
patients who uniformly presented with acute optic neuritis as a
clinically isolated syndrome, recruitment from multiple centers,
standardized follow-up with a multimodal functional character-
ization of the visual system, and optical coherence tomography
including macular outer retinal layer segmentation. We expect
our findings to be applicable to most central European patients
presenting with acute idiopathic or multiple sclerosis—associated
optic neuritis and a baseline high-contrast visual acuity of less
than 0.5 decimal. They should provide a reasonable expectation
of the disease course in a methylprednisolone-treated placebo
group in a clinical trial and may serve as a future reference on the
disease course of optic neuritis.
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