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Post-mortem ganglion cell dropout has been observed in multiple sclerosis; however, longitudinal in vivo assessment of retinal
neuronal layers following acute optic neuritis remains largely unexplored. Peripapillary retinal nerve fibre layer thickness,
measured by optical coherence tomography, has been proposed as an outcome measure in studies of neuroprotective agents
in multiple sclerosis, yet potential swelling during the acute stages of optic neuritis may confound baseline measurements. The
objective of this study was to ascertain whether patients with multiple sclerosis or neuromyelitis optica develop retinal neuronal
layer pathology following acute optic neuritis, and to systematically characterize such changes in vivo over time. Spectral
domain optical coherence tomography imaging, including automated retinal layer segmentation, was performed serially in 20
participants during the acute phase of optic neuritis, and again 3 and 6 months later. Imaging was performed cross-sectionally in
98 multiple sclerosis participants, 22 neuromyelitis optica participants and 72 healthy controls. Neuronal thinning was observed
in the ganglion cell layer of eyes affected by acute optic neuritis 3 and 6 months after onset (P < 0.001). Baseline ganglion cell
layer thicknesses did not demonstrate swelling when compared with contralateral unaffected eyes, whereas peripapillary retinal
nerve fibre layer oedema was observed in affected eyes (P =0.008) and subsequently thinned over the course of this study.
Ganglion cell layer thickness was lower in both participants with multiple sclerosis and participants with neuromyelitis optica,
with and without a history of optic neuritis, when compared with healthy controls (P < 0.001) and correlated with visual
function. Of all patient groups investigated, those with neuromyelitis optica and a history of optic neuritis exhibited the greatest
reduction in ganglion cell layer thickness. Results from our in vivo longitudinal study demonstrate retinal neuronal layer thinning
following acute optic neuritis, corroborating the hypothesis that axonal injury may cause neuronal pathology in multiple scler-
osis. Further, these data provide evidence of subclinical disease activity, in both participants with multiple sclerosis and with
neuromyelitis optica without a history of optic neuritis, a disease in which subclinical disease activity has not been widely
appreciated. No pathology was seen in the inner or outer nuclear layers of eyes with optic neuritis, suggesting that retrograde
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degeneration after optic neuritis may not extend into the deeper retinal layers. The subsequent thinning of the ganglion
cell layer following acute optic neuritis, in the absence of evidence of baseline swelling, suggests the potential utility of
quantitative optical coherence tomography retinal layer segmentation to monitor neuroprotective effects of novel agents in

therapeutic trials.
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neuro-ophthalmology

Introduction

Acute optic neuritis, an inflammatory attack of the optic nerve, is
a common early manifestation of multiple sclerosis and occurs
in ~30-70% of patients with multiple sclerosis during the co-
urse of their illness (Frohman et al., 2005; Balcer, 2006).
Further, post-mortem analyses reveal that 94-99% of patients
with multiple sclerosis have plaques in their optic nerves, irre-
spective of a clinical history of optic neuritis, reflecting the fre-
quent tendency of multiple sclerosis to afflict the optic nerves
both clinically and subclinically (lkuta and Zimmerman, 1976).
Given the frequent involvement of the anterior visual pathway
during the disease course, it has been proposed as a model
within which to study the neurodegenerative processes associated
with multiple sclerosis (Frohman et al., 2008; Barkhof et al.,
2009).

The retinal nerve fibre layer, the innermost retinal layer (Fig. 1),
is comprised of unmyelinated axons originating from ganglion cell
neurons that form the constituent fibres of the optic nerve (Perry
and Lund, 1990). Peripapillary retinal nerve fibre layer and retinal
macular thickness measurements can be quantified objectively
with optical coherence tomography, a non-invasive, reproducible,
office-based imaging technique (Huang et al., 1991; Hee et al.,
1995; Syc et al., 2010). Optical coherence tomography quantifi-
cation of axonal integrity, reflected by retinal nerve fibre layer
thickness has been studied both cross-sectionally and longitudin-
ally in patients with multiple sclerosis and clinically isolated syn-
drome (Pulicken et al., 2007; Talman et al., 2010). Retinal nerve
fibre layer thickness (estimated by third generation time-domain
optical coherence tomography) has been shown to decrease by
~10-40 um in the 3-6 months following an episode of acute optic
neuritis (Costello et al., 2006). An additional measure obtained
from optical coherence tomography scans centred on the fovea
(rather than the optic disc) is the average macular thickness, which
represents the thickness of tissue between the inner limiting mem-
brane and the junction between the inner segments and outer
segments of the photoreceptors within a 3mm radius of the
fovea. The retinal nerve fibres originate from retinal ganglion cells,
and degeneration of the retinal nerve fibre layer may lead to aver-
age macular thickness reductions, at least in part secondary to
ganglion cell death resulting from retrograde axonal degeneration
(Burkholder et al., 2009). However, average macular thickness
measures represent multiple layers of the macula, and thereby
include distinctive cell types with diverse retinal functions. Thus,
quantification of the retinal ganglion cell layer may provide a more
specific assessment of a discrete retinal neuronal population for

ascertaining structural and functional integrity within the retina
in multiple sclerosis.

Recent advances in optical coherence tomography technology
now allow segmentation of discrete retinal layers (Fig. 1) (Hood
et al., 2009; Tan et al., 2009). Although post-mortem ganglion
cell dropout is described in >70% of multiple sclerosis eyes, only
limited in vivo assessment of the ganglion cell layer, and the
deeper retinal layers following acute optic neuritis has been per-
formed (Kerrison et al., 1994; Green et al., 2010). A small study
of acute optic neuritis in seven individuals revealed that ganglion
cell layer thickness decreased after the baseline visit in affected
acute optic neuritis eyes and was not influenced by the presence
of initial disc or retinal nerve fibre layer oedema (Garas et al.,
2011). To date, however, in vivo assessment of the retinal neur-
onal layers in other demyelinating diseases remains largely
unexplored.

Neuromyelitis optica, a debilitating neuroinflammatory disease,
is characterized by episodes of severe acute optic neuritis (often
resulting in persistent visual loss) and longitudinally extensive
transverse myelitis (Wingerchuk and Weinshenker, 2003). Optic
neuritis episodes in neuromyelitis optica result in greater axonal
and possibly neuronal loss, as evidenced by greater reductions in
retinal nerve fibre layer thickness and average macular thickness
when compared with acute optic neuritis in patients with mul-
tiple sclerosis (Naismith et al., 2009a; Ratchford et al., 2009).
Retinal segmentation may be utilized to compare specific regions
of neuronal loss after acute optic neuritis in multiple sclerosis and
neuromyelitis optica, and may elucidate whether retrograde de-
generation following acute optic neuritis in neuromyelitis optica
leads to greater loss in the ganglion cell layer.

In addition, this comparison will allow evaluation of the deeper
retinal layers (specifically the inner and outer nuclear layers) and
may determine whether the severity of axonal injury associated
with acute optic neuritis contributes to not only the extent, but
also predicts the pattern of retinal neuronal thinning (i.e. if the
deeper neuronal layers of neuromyelitis optica eyes demonstrate
greater thinning than those layers of multiple sclerosis eyes follow-
ing acute optic neuritis). Indeed, determination of whether inner
or outer nuclear layer thinning may occur as a consequence of
acute optic neuritis in general has not been elucidated. Amidst
recent reports of inner and outer nuclear layer thinning in multiple
sclerosis, and the proposed possibility that such changes may re-
flect primary retinal pathology in multiple sclerosis, as opposed to
sequelae of acute optic neuritis, the endeavour to characterize
retinal neuronal layer changes following acute optic neuritis
(in multiple sclerosis and neuromyelitis optica) may help determine
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Figure 1 (A) lllustration of the retina. The optic nerve is formed by the fibres of the retinal nerve fibre layer (RNFL) which exit the retina at
the optic disc. The nerve fibres of the RNFL originate from the ganglion cells in the ganglion cell layer. (B) Cirrus HD-OCT B-scan. A false
colour scheme is shown, which is generated by the differences between the retinal layers in tissue reflectivity. Please note that the
reflectivity of the ganglion cell layer (GCL) and inner plexiform layer (IPL) are very similar, which makes these layers almost indistin-
guishable from one another. ELM = external limiting membrane; ILM = inner limiting membrane; INL = inner nuclear layer; IS = inner
photoreceptor segments; IS/OS = IS/OS junction; ONL = outer nuclear layer; OPL = outer plexiform layer; OPR = outer photoreceptors;
OS = outer photoreceptor segments; RPE = retinal pigment epithelium.

if thinning in these deeper retinal layers is secondary to acute optic
neuritis (indicating mechanisms related to retrograde degener-
ation) (Saidha et al., 2011).

Acute optic neuritis has been proposed as a disease model to
study potential neuroprotective and neurorestorative agents, with
optical coherence tomography measures of retinal nerve fibre
layer thickness and average macular thickness representing the
primary outcome measures. The evaluation of neuronal injury
using optical coherence tomography-based retinal segmenta-
tion may provide a more robust outcome measure for clinical
trials. For instance, during the acute stage of optic neuritis, in-
flammation may lead to swelling of the optic disc and the ret-
inal nerve fibre layer (Hickman et al., 2002; Costello et al.,
2006; Henderson et al., 2010). This swelling can be a

confounding variable as it may mask the early stages of axonal
thinning, thus limiting accurate quantification of retinal nerve
fibre layer thickness. In essence, concomitant swelling during
the earliest stages of acute optic neuritis precludes an accurate
baseline measure of retinal nerve fibre layer thickness from which
to utilize as a point of reference for the longitudinal assessment
and confirmation of axonal degeneration or axonal neuronal pro-
tection. Statistical methods have been proposed to adjust for this
inflammation; however, these methods require the use of the
fellow eye, which may not be a legitimate comparator
given that many patients with multiple sclerosis harbour occult
retinal damage within the ‘unaffected’ eye at the time
of acute optic neuritis in the ‘affected’ eye (Henderson et al.,
2010).
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An ideal outcome measure for neuroprotective and regenerative
trials would be a measure that can be utilized at baseline without
the confounding effect of inflammation of the retinal nerve fibre
layer and the intrinsic noise that is introduced by utilizing the
fellow eye as a surrogate for baseline quantification measures.
Herein, we propose that the ganglion cell layer may be utilized
as a primary outcome measure in trials of neuroprotective agents,
and may be superior to the retinal nerve fibre layer due to the
absence of ganglion cell layer swelling during acute optic neuritis.
In this study, we sought: (i) to determine if patients with multiple
sclerosis develop ganglion cell layer, as well as inner or outer nu-
clear layer pathology following acute optic neuritis, and character-
ize and quantify such changes in vivo over time; (ii) to compare
the effects of optic neuritis in patients with multiple sclerosis and
patients with neuromyelitis optica utilizing spectral-domain optical
coherence tomography segmentation; and (iii) propose sample size
calculations for clinical trials of neuroprotective or remyelinating
agents in acute optic neuritis, with ganglion cell layer thickness
as the primary outcome measure.

Subject and methods
Study population

Participants were recruited from the Johns Hopkins University and
University of Texas-Southwestern multiple sclerosis and neuro-
myelitis optica clinics. All participants provided informed, written
consent prior to the beginning of study procedures. The protocol
was approved by the Institutional Review Boards of the Johns
Hopkins University and the University of Texas-Southwestern.
Participants between the ages of 18 and 65 without a known
history of ocular disease, glaucoma, diabetes and/or a refractive
error of greater than +6 diopters were enrolled. Patient his-
tory and medical records were reviewed in order to determine
medical history including disease duration, treatment (current
and past) and history of optic neuritis events (including the
date and affected side). Healthy controls without a history of
neurological and ophthalmological disease were recruited from
among the Johns Hopkins staff. The study was performed in ac-
cordance with Health Insurance Portability and Accountability Act
guidelines.

Twenty participants with acute optic neuritis completed optical
coherence tomography and visual testing within 4 weeks of optic
neuritis onset (onset was defined as onset of visual dysfunction),
3 months after acute optic neuritis, and 6 months after acute optic
neuritis. Three study participants were unable to attend their
3-month visit. Eight of the study participants underwent further
optical coherence tomography imaging 1 year after acute optic
neuritis onset. In addition, optical coherence tomography imaging
and visual testing was performed in 98 participants with multiple
sclerosis, 22 participants with neuromyelitis optica and neuromye-
litis optica spectrum (as defined by revised Wingerchuk criteria)
and 72 healthy controls (Wingerchuk et al., 2006). The healthy
controls were divided into two cohorts; one cohort of 50 individ-
uals that were age- and sex-matched to the multiple sclerosis
cohort, and a cohort of 22 individuals that were age- and
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sex-matched to the neuromyelitis optica cohort. Two participants
with neuromyelitis optica with severe visual impairment in one eye
were unable to fixate which precluded optical coherence tomog-
raphy examination of those eyes. Clinically isolated syndrome,
relapsing-remitting multiple sclerosis and secondary progressive
multiple sclerosis, but not primary progressive patients with mul-
tiple sclerosis were enrolled in this study since we sought to exam-
ine retinal changes after acute optic neuritis.

Optical coherence tomography

Optical coherence tomography evaluation was performed using
the Cirrus HD-OCT machine (Carl Zeiss Meditec) software version
5.0. Retinal nerve fibre layer thickness measures were obtained
using the Optic Disc 200 x 200 protocol (200 horizontal scan
lines each composed of 200 A-scans), which generates a
6 x 6 x 2mm volume cube. Software available on the Cirrus ma-
chine automatically detects the centre of the optic disc and pro-
vides the mean retinal nerve fibre layer thickness around a
circumpapillary circle with a 1.73mm radius from the centre of
the optic disc. Macular measurements were determined from
the Macular Cube 518 x 128 protocol (128 horizontal scan
lines each composed of 512 A-scans and one central vertical
and horizontal scan composed of 1024 A-scans). The analysis
software identifies the inner limiting membrane and the inner
boundary of the retinal pigment epithelium within the
6 x 6 x 2mm volume cube scan to determine total macular
volume, average macular thickness and the average thickness of
nine regions defined by the Early Treatment Diabetic Retinopathy
Study group (1985).

Imaging was performed by trained technicians on undilated
pupils. After scan acquisition, all scans were reviewed to ensure
proper fixation and appropriate scan quality. Scans with signal
strengths <7 were excluded from analysis.

Retinal segmentation analysis

In addition to optic nerve and macular measurements, further ret-
inal segmentation analysis was completed in a blinded fashion on
macular cube data as has been previously published by our group
(Saidha et al., 2011). The segmentation software detects and re-
tains the curvature of the retina during the segmentation process.
Segmentation was performed in 3D utilizing information from
neighbouring A-scans and B-scans to determine the anatomical
boundaries of interest. The region of interest for the algorithm
includes retinal tissue between the inner limiting membrane and
retinal pigment epithelium (both boundaries indentified by the
conventional Cirrus HD-OCT algorithm) and excludes the choroid
and vitreous. Since the optical coherence tomography image is
generated by a coherent detection process, the signal within the
region of interest contains speckle noise (analogous to that found
in ultrasound images). In order to suppress this speckle noise,
median filtering was used as an efficient and effective method
of reducing the speckle while still preserving the edges between
the layers.

The resulting images were then filtered to enhance the edges
between the layers. Tissue boundaries were characterized by
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changes in the bulk scattering in the tissues with gradients gener-
ally in the axial direction (Fig. 1B). After filtering, the resulting
edge images were sigmoid transformed. After transformation, the
identification of the boundaries of interest—the outer boundary of
the retinal nerve fibre layer, the outer boundary of the inner plexi-
form layer, and the outer boundary of the outer plexiform layer—
was completed by combining anatomical information with the
enhanced images to create cost functions for each boundary.
This combination allowed for the simultaneous encoding of edge
locations using local information and boundary identification using
global information such as layer continuity, fovea location, relative
layer thicknesses and ordering. A minimum cost graph traversal
algorithm was used. The cost images combined the edge image
and the positional cost images based on the retinal layers already
identified. The order in which the layers were identified is import-
ant as each new layer identified provides positional cost informa-
tion to the subsequent layer(s). Using the cost functions for each
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boundary, the algorithm traversed the 3D data set to identify the
boundary locations that minimize the cumulative cost for each
layer. Retinal measures including the combined thicknesses of
the ganglion cell layer and inner plexiform layer, the inner nuclear
layer and outer plexiform layer and the outer nuclear layer
(including inner and outer photoreceptor segments) were calcu-
lated from the defined layer boundaries. Thickness maps were
calculated from the axial distance between the layer boundaries
at each A-scan location in the region where retinal layers appear
the thickest, an annulus of inner radius 0.54 mm and outer radius
2.4mm centred on the fovea (Fig. 2). All scans were reviewed for
algorithm failures of the segmentation protocol; however, no
scans were excluded from the cohort. This segmentation protocol
has been shown to be reproducible in both patients with multiple
sclerosis and healthy controls (intra-class correlation: 0.91-0.99 for
all optical coherence tomography segmentation measurements as
described above) (Saidha et al., 2011). This software is a

Figure 2 Ganglion cell layer plus inner plexiform layer (GCIP) thickness maps and retinal B-scans in the horizontal direction showing layer
segmentations for a healthy control (A), a multiple sclerosis eye with a history of optic neuritis (B), and a neuromyelitis optica eye with a

history of optic neuritis (C).
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prototype algorithm that is intended to be incorporated into the
Cirrus 6.0 software.

Visual testing

Visual testing (including high and low-contrast letter acuity) was
completed in a darkened room using retro-illuminated charts. The
number of letters read correctly was recorded for both Early
Treatment Diabetic Retinopathy Study charts and Sloan charts
(2.5 and 1.25% contrast, repectively). Testing was performed
monocularly.

Statistical analysis

All statistical analyses were completed using STATA Version 11
(StataCorp). A two-sided t-test was used to determine the differ-
ence in retinal measures (retinal nerve fibre layer, average macular
thickness and retinal layer thicknesses) as well as visual acuity
between the affected acute optic neuritis eye and the contralateral
eye, as the examined variables followed a normal distribution.
Spearman rank correlation was used to determine correlations be-
tween visual acuity and retinal measures. For the cross sectional
analysis examining multiple sclerosis and neuromyelitis optica eyes
with and without a history of optic neuritis with healthy controls,
multivariate linear regression was used to adjust for age and sex.
Sample size calculations were completed based on the mean dif-
ference (and corresponding standard deviation) of the baseline
and 6-month value of combined ganglion cell layer plus inner
plexiform layer thickness in the affected eye. Confidence intervals
were obtained using a non-parametric bootstrap estimator of the
coefficient of variation (standard deviation divided by the absolute
value of the mean) of observed thinning based on 100000 sam-
ples. Statistical significance was defined as P < 0.05.

Results

Demographics

Of the 20 longitudinal acute optic neuritis participants (mean age
37.5+10.1 years, 18 females), seven were diagnosed with

Table 1 Summary of demographics
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clinically isolated syndrome, four were diagnosed with relapsing—
remitting multiple sclerosis when they presented with acute optic
neuritis, and nine had a previous diagnosis of relapsing-remitting
multiple sclerosis (disease duration 5.1 & 3.6 years). Seven partici-
pants were on multiple sclerosis disease-modifying therapies at
study enrolment, while 17 were on treatment by study conclusion
(6 months after acute optic neuritis). All but one participant with
acute optic neuritis received 3-5 days of high dose intravenous
methylprednisolone. Two relapsing—remitting multiple sclerosis
participants had an inadequate response to steroid therapy; there-
fore, they underwent subsequent plasmapheresis. Two participants
in the longitudinal cohort had a past history of one event of acute
optic neuritis in their affected eye. Four participants reported a
remote history of optic neuritis (at least >1 year prior to enroling
in the study) in their contralateral eye.

In addition, 98 patients with multiple sclerosis (mean age
41.7 £10.8 years, 70 females, 76 with relapsing-remitting mul-
tiple sclerosis, 22 with secondary progressive multiple sclerosis)
were recruited for the cross-sectional study. Of these participants,
47 had no previous history of optic neuritis, 33 had a remote
history of unilateral optic neuritis and 18 had a remote history
of optic neuritis in each eye. Of the 22 participants with neuro-
myelitis optica (16 neuromyelitis optica-1gG positive) enrolled to
the cross-sectional study (mean age 48.6 years 9.9 years, 19
females), five had clinically definite neuromyelitis optica (with a
history of bilateral optic neuritis) and 17 had neuromyelitis optica
spectrum disorder. Fifty age- and sex-matched healthy individuals
without known neurological or ophthalmological disease (mean
age 40.5 £+ 7.7 years, 35 females) served as the comparison con-
trol group for the multiple sclerosis cohort, and another 22 age-
and sex-matched healthy individuals (mean age 46.7 &+ 7.6 years,
16 females) served as the comparison control group for the
neuromyelitis optica cohort, as the neuromyelitis optica cohort
was significantly older than the multiple sclerosis cohort.
(Summary of demographics illustrated in Table 1).

Longitudinal acute optic neuritis

In the acute phase of optic neuritis, there was no observed differ-
ence in combined ganglion cell layer plus inner plexiform layer
thickness between affected optic neuritis and contralateral

Multiple Acute Neuromyelitis Healthy control Healthy control
sclerosis optic optica matched to matched to
neuritis multiple neuromyelitis
sclerosis cohort optica cohort
Subjects, n 98 20 22 50 22
Age at OCT scan (years) (SD) 41.7 (10.8) 37.5 (10.1)* 48.3 (9.9) 40.5 (7.7) 46.7 (7.6)
Sex, n (%)
Male 28 (29) 2 (10) 3 (14) 15 (30) 6 (27)
Female 70 (71) 18 (90) 19 (86) 35 (70) 16 (73)
Average disease duration (SD) 12.4 (8.6) 4.7 (5.3) 7.1 (7.4)
Eyes with history of acute optic neuritis, n (%) 73 (37) 24 (60) 19 (45)

a At baseline.
OCT = optical coherence tomography; SD = standard deviation.
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Table 2 Longitudinal acute optic neuritis optical coherence tomography segmentation

Baseline (n =20)

3 months (n=17)

6 months (n =20)

Affected Contralateral P-value Affected Contralateral P-value Affected Contralateral P-value
eye eye eye eye eye eye
ARFNLT (um) (SD) 106.3 (23.7) 89.8 (11.9) 0.008 86.5(12.6) 91.1 (13.1) 0.85 83.3 (11.9) 90.7 (11.6) 0.05
AMT (um) (SD) 276.25 (12.5) 275.3 (15.2) 0.83 269.2 (15.6) 272.1 (16.2) 0.70 266.7 (15.3) 275.6 (15.7) 0.08
AT GCL + IPL, pm (SD) 76.4 (6.3) 76.5 (8.9) 0.97 66.3 (10.5) 75.2 (9.5) 0.01 67.1 (10.3) 76.2 (8.9) 0.005
AT RNFL+ GCL +IPL, 107.5 (7.9) 107.0 (12.3) 0.44 92.8 (15.2) 105.7 (13.2) 0.01 93.7 (14.7) 106.7 (12.5) 0.005
(um) (SD)
AT INL + OPL (um) (SD) 64.4 (3.8) 64.7 (4.0) 0.81 66.2 (3.7) 64.1 (4.0) 0.12 64.8 (3.6) 65.2 (4.3) 0.75
AT ONL + PRL (um) (SD) 119.0 (7.2) 118.4 (6.6) 0.79 1222 (9.2) 116.8 (7.1) 0.06 119.8 (7.7) 1183 (7.2) 0.53
Letters read correctly at
100% (SD)* 36.1 (23.6) 56.9 (6.9) <0.001 52.2 (16.2) 58.8 (5.4) 0.12 545 (15.9) 58.6 (7.3) 0.30
2.5% (SD)? 4.3 (7.9) 28.7 (9.1) <0.001 17.4 (149) 289 (10.7) 0.02 21.4 (13.9) 26.3 (11.5) 0.26
1.25% (SD)? 1.9 (3.8) 17.4 (10.2) <0.001 9.2 (11.1) 19.9 (10.9) 0.008 10.6 (10.0) 16.4 (9.7) 0.07

The P-values displayed compare the affected eye and contralateral eye at each time point.

a Baseline n =19, 3 months n =15, 6 months n = 18.

AMT = average macular thickness; ARNFLT = average peripapillary retinal nerve fiber layer thickness; AT = average thickness; GCL = ganglion cell layer; INL = innernuclear
layer; IPL = inner plexiform layer; ONL = outer nuclear layer; OPL = outer plexiform layer; PRL = photoreceptor segments layer; SD = standard deviation.

unaffected eyes, whereas, average retinal nerve fibre layer thick-
ness was significantly higher in affected optic neuritis eyes reflect-
ing retinal nerve fibre layer oedema (Table 2). Aside from retinal
nerve fibre layer swelling, no other differences in optical coherence
tomography measures were observed between affected acute
optic neuritis and contralateral eyes. High and low-contrast
visual acuities were both significantly reduced in affected acute
optic neuritis compared with contralateral eyes.

Thinning of the ganglion cell layer plus the inner plexiform layer,
was evident in affected optic neuritis eyes at 3 months, in com-
parison with both ipsilateral baseline ganglion cell layer plus inner
plexiform layer thickness (P = 0.003) and the contralateral eyes at
3 months (P =0.01). Retinal nerve fibre layer thickness was also
reduced in affected optic neuritis eyes at 3 months when com-
pared with baseline swollen ipsilateral retinal nerve fibre layer
thicknesses (P =0.004). As three individuals missed their
3-month visit, 3-month analyses were only completed on the
baseline and 3-month follow-up values of the individuals that pre-
sented for their 3-month visit (n = 17). Low-contrast visual acuity
at 3-months improved in affected eyes compared with baseline
(2.5%, P=0.006; 1.25%, P=0.02). Summary of longitudinal
acute optic neuritis optical coherence tomography segmentation
analyses are illustrated in Table 2 and Fig. 3.

Ganglion cell layer plus inner plexiform layer thickness in af-
fected eyes 6 months after acute optic neuritis remained reduced
compared with affected eyes at baseline (P < 0.001), and contra-
lateral eyes at 6 months (P =0.005). Average retinal nerve fibre
and average macular thickness in affected eyes were reduced
compared with their baseline (P < 0.001 and P =0.04, respect-
ively). High- and low-contrast visual acuity were improved in
affected eyes compared with their baseline (100%, P =0.02;
2.5%, P=0.002; 1.25%, P=0.009), and baseline visual acuity
measures were not predictive of ganglion cell layer thickness at
6 months after acute optic neuritis. Several participants were fol-
lowed for a greater period of time and the ganglion cell layer of

the affected eye of these participants remained thinned 12 months
after their episode of acute optic neuritis (n =8, baseline:
80.4 £ 6.1um, 12 month: 72.7 £ 6.0um, P=0.02). Ganglion
cell layer plus inner plexiform layer thickness and retinal nerve
fibre layer thicknesses of unaffected eyes remained constant
throughout the entire follow-up period.

Analysis of deeper retinal layers, the inner and outer nuclear
layers, revealed that thicknesses remained constant in the affected
optic neuritis eyes throughout the study and also did not differ
between affected optic neuritis and unaffected contralateral eyes
at any of the time points during longitudinal follow-up. Further
analysis was also completed to stratify the longitudinal acute optic
neuritis cohort into those with relapsing-remitting multiple scler-
osis and clinically isolated syndrome at baseline. The change
in ganglion cell layer plus inner plexiform layer thickness in the
affected eye from baseline to the 6-month visit was not sig-
nificantly different between diagnoses (relapsing—remitting mul-
tiple sclerosis:  9.08 £ 7.2um, clinically isolated syndrome:
9.8 £8.2um, P=0.84). In addition, the change in ganglion cell
layer plus inner plexiform layer thickness in the affected eye from
baseline to the 6-month visit in those eyes with a past history of
optic neuritis (n = 2, recurrent optic neuritis) when compared with
those eyes without a prior history of optic neuritis (n = 18) were
not significantly different (recurrent optic neuritis: 9.74 &+ 12.1 um,
first optic neuritis attack: 9.29 & 7.2 um, P = 0.94).

Remote optic neuritis in multiple
sclerosis and neuromyelitis optica

Ganglion cell layer plus inner plexiform layer thickness was lower
in multiple sclerosis eyes with a remote history of optic neuritis
compared with multiple sclerosis eyes without a history of optic
neuritis (P < 0.001) after adjusting for age and gender (Table 3,
Fig. 4). Further, ganglion cell layer plus inner plexiform layer



528 | Brain 2012: 135; 521-533

A

5 2 | ) P<0.001

@ v P<0.003

£

28 v *

g‘ 8‘ | [

E —

£ L

o

% Bl ot - ot

g

g i

E 8' -

% =X P=0.97 P=0.01 P=0.001

é Baseline Month 3 Month 6

| Aftected eye I Contralateral oye
B
B4 . P<0.001

= P=0.004

= H

2 -

£

2

£ g/

g. *

£s - '

c @

=

£ =

< g- % ¥
—_ [ S | I |
P=0.008 P=0.85 P=0.05
Baseline Month 3 Month &

| IS Affected eye NN Contraleteral oye |

Figure 3 Ganglion cell layer plus inner plexiform layer (GCIP, A)
and retinal nerve fibre layer (RNFL, B) thickness are significantly
reduced 3 and 6 months after acute optic neuritis in the affected
eyes when compared with baseline. Note the significant swelling
of the RNFL of the affected eye when compared with the
contralateral eye at baseline. No significant longitudinal changes
were seen in the contralateral eye for GCIP or RNFL. All 20
participants are included in the baseline and Month 6 data and
17 individuals were scanned at Month 3. The P-values presented
at Month 3 represent the significant change in optical coherence
tomography measures from those 17 individuals at baseline to
Month 3. The P-values presented at Month 6 represent the
significant change from the entire cohort at baseline to the entire
cohort at Month 6. The error bars represent the 5th and 95th
percentiles of the measure. Asterisk indicates 45-year-old
female, relapsing—remitting multiple sclerosis for 10 years, two
remote episodes of optic neuritis in the contralateral eye; wedge
symbol indicates 35-year-old female, relapsing-remitting mul-
tiple sclerosis for 7 years, one remote episode of optic neuritis in
the contralateral eye; plus symbol indicates 24-year-old female,
clinical isolated syndrome, no prior history of optic neuritis.

thickness of multiple sclerosis eyes with and without history of
remote optic neuritis were lower than in controls (P < 0.001 for
each comparison). Retinal nerve fibre layer and average macular
thickness were also reduced in multiple sclerosis optic neuritis eyes
compared with non-optic neuritis multiple sclerosis eyes and

S. B. Syc et al.

Eegl P<0.001
2~ []

w A

']

g
s -

£

2o

m®

E

2

=

]

- *

E * L] L]
£8 *

+

h ;

8 €L . i

c

2 a | P .

i P<0.001 P<0.001

€

3 ON eyes Non-ON eyes OM eyes Non-ON eyes  Matched to MS Matched to NMO

Ms NMO Healthy Controls

Figure 4 Cross sectional analysis of multiple sclerosis (MS) and
neuromyelitis optica (NMO) participants with and without a
history of optic neuritis and healthy controls. The ganglion cell
layer (GCL) plus inner plexiform layer (IPL) thickness of optic
neuritis (ON) and non-optic neuritis (non-ON) eyes of partici-
pants with multiple sclerosis and with neuromyelitis optica were
reduced when compared with controls (P < 0.001 for all com-
parisons-indicated by an asterisk). Optic neuritis eyes of both
multiple sclerosis and neuromyelitis optica eyes were signifi-
cantly reduced when compared with non-optic neuritis eyes and
optic neuritis eyes of patients with neuromyelitis optica were
reduced when compared with optic neuritis eyes of participants
with multiple sclerosis (P < 0.001). The error bars represent the
5th and 95th percentiles of the measure.

healthy controls (P < 0.001 for each comparison for both meas-
ures). No significant difference was seen between inner and outer
nuclear layer thickness in the multiple sclerosis optic neuritis eyes
and the multiple sclerosis non-optic neuritis eyes. Ganglion cell
layer plus inner plexiform layer thickness was associated with
100% high-contrast, 2.5 and 1.25% low-contrast letter acuity in
relapsing-remitting multiple sclerosis in eyes with and without a
history of acute optic neuritis, however, the correlation coefficients
were highest in the cohort with prior optic neuritis (optic neuritis
cohort: 100% contrast: r=0.45, P <0.001; 2.5% contrast:
r=0.50, P<0.001; 1.25% contrast: r=0.57, P <0.001;
non-optic neuritis cohort: 100% contrast: r=0.30, P < 0.001;
2.5% contrast: r=0.46, P <0.001; 1.25% contrast: r=0.52,
P < 0.001).

Similar findings were seen between optic neuritis eyes and
non-optic neuritis eyes in the neuromyelitis optica cohort.
Ganglion cell layer plus inner plexiform layer thickness was de-
creased in neuromyelitis optica optic neuritis eyes compared with
neuromyelitis optica non-optic neuritis eyes (P < 0.001) and both
neuromyelitis optica with and without remote optic neuritis history
had reduced ganglion cell layer plus inner plexiform layer thick-
nesses compared with healthy controls (P < 0.001 for both com-
parisons). Both retinal nerve fibre layer and average macular
thickness were reduced in neuromyelitis optica optic neuritis eyes
compared to neuromyelitis optica non-optic neuritis eyes and
healthy controls (P < 0.001), and average macular thickness was
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decreased in neuromyelitis optica non-optic neuritis eyes com-
pared with healthy controls (P < 0.001). Inner and outer nuclear
layer thicknesses were also decreased in neuromyelitis optica
non-optic neuritis eyes compared to neuromyelitis optica optic
neuritis eyes (inner nuclear layer, P =0.02; outer nuclear layer,
P =0.03) and healthy controls (inner nuclear layer, P=0.001;
outer nuclear layer, P =0.03), while there was no difference for
these measures between neuromyelitis optica optic neuritis eyes
and healthy controls. Ganglion cell layer plus inner plexiform layer
thickness was significantly associated with 1.25% low-contrast
letter acuity in neuromyelitis optica optic neuritis eyes (r=0.52,
P =0.04) and 1.25 and 2.5% low-contrast letter acuity in neuro-
myelitis optica non-optic neuritis eyes (2.5% contrast: r=0.76,
P =0.004; 1.25% contrast: r=0.61, P < 0.001).

Ganglion cell layer plus inner plexiform layer, retinal nerve fibre
layer and average macular thickness of neuromyelitis optica optic
neuritis eyes were all reduced compared with multiple sclerosis
optic neuritis eyes and non-optic neuritis multiple sclerosis eyes
(P < 0.001 for all comparisons). No difference was observed be-
tween ganglion cell layer plus inner plexiform layer and retinal
nerve fibre layer thickness of non-optic neuritis neuromyelitis
optica and non-optic neuritis multiple sclerosis eyes, but average
macular thickness was reduced for this comparison (P = 0.04).
Inner and outer nuclear layers were also reduced in non-optic
neuritis neuromyelitis optica eyes when compared with non-optic
neuritis multiple sclerosis eyes (inner nuclear layer, P =0.006;
outer nuclear layer, P =0.007).

Power analysis for acute optic neuritis
trials
Sample sizes were calculated for clinical trials of hypothetical neu-

roprotective or remyelinating compounds that may reduce the
observed rate of change in the ganglion cell layer plus inner
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plexiform layer after acute optic neuritis. The number of partici-
pants needed per arm of a 6-month placebo-controlled trial with a
1:1 randomization rate was calculated for reductions of 20, 30,
40, 50 and 60% of the observed change in ganglion cell layer plus
inner plexiform layer after acute optic neuritis with 80, 85 and
90% power (Table 4). For example, a study with a neuroprotec-
tive agent that would reduce the observed neuronal damage by
50% would need 44 subjects per arm at 80% power [95% con-
fidence interval (Cl) 20-85]. A neuroprotective agent that would
reduce the observed thinning by 30% would require 119 partici-
pants per arm at 80% power (95% Cl 55-236). Confidence inter-
vals were obtained using a non-parametric bootstrap estimator
of the coefficient of variation (standard deviation divided by the
absolute value of the mean) of observed thinning based on
100000 samples: (0.56-1.16).

Discussion

Results of this study demonstrate human in vivo evidence that ser-
ial ganglion cell layer plus inner plexiform layer thinning occurs

Table 4 Proposed sample sizes (n per trial arm) for
hypothetical 6-month clinical trial of neuroprotection
in optic neuritis using ganglion cell layer plus inner
plexiform layer as an outcome measure

Effect Size 20% 30% 40% 50% 60%
80% power 258 119 68 44 31
85% power 295 136 78 51 36
90% power 346 159 92 59 42

Effect size was defined as the per cent reduction of the observed mean change
from baseline to 6 months.

Table 3 Cross-section optical coherence tomography segmentation analysis

Multiple sclerosis Neuromyelitis optica HC matched HC matched to
ON eyes Non-ON P-value ON eyes Non-ON P-value LolliS kel L o) ecck
eyes eyes
Number of eyes n=73 n=123 n=17 n=23 n =100 n =44
ARFNLT (um) (SD) 78.7 (11.7) 849 (12.2) <0.001 685 (13.9) 87.6 (16.4) <0.001 93.4 (10.4) 93.2 (9.5)
AMT (um) (SD) 2635 (15.2) 2722 (14.9) <0.001 2485 (13.2) 265.0 (16.0) <0.001 282.7 (14.7) 285.3 (14.9)
AT GCL + IPL (um) (SD) 65.6 (10.4) 73.2 (9.3) <0.001 56.4 (9.7) 71.6 (12.1) <0.001 81.9 (6.5) 81.9 (6.8)
AT RNFL + GCL + IPL 91.6 (15.5) 102.9 (13.0) <0.001 75.8 (15.7) 100.0 (16.6) <0.001 115.3 (8.5) 114.8 (10.0)
(um) (SD)
AT INL + OPL (um) (SD) 65.3 (4.0) 65.1 (5.0) 0.82 65.0 (5.5) 61.6 (3.2) 0.02 65.1 (4.8) 65.5 (4.1)
AT ONL + PRL (um) (SD) 119.4 (8.6) 118.9 (6.9) 0.58 120.3 (7.8) 115.7 (56.2) 0.03 121.4 (10.0) 121.3 (7.8)
Letters read correctly at
100% (SD)* 58.2 (11.9) 59.2 (7.0) 0.51 281 (256.3)  48.2 (17.1) 0.001 61.7 (7.3) 61.3 (7.5)
2.5% (SD)? 27.4 (13.3)  27.9 (11.3) 0.82 6 (8.1) 16.2 (16.0) 0.004 32.7 (8.7) 32.3 (10.3)
1.25% (SD)? 13.1 (11.5)  13.5 (11.2) 0.81 1.7 (2.7) 8.1 (9.9) 0.004  20.6 (9.6) 17.7 (9.0)

The P-values displayed compare the optic neuritis eyes to the non-optic neuritis eyes for each disease.
a MS ON eyes: n =67, MS non-ON eyes n = 121, NMO ON eyes: n = 15, NMO non-ON eyes n = 16, HC matched to MS eyes n = 87, HC matched to NMO eyes n = 39.
AMT = average macular thickness; ARNFLT = average peripapillary retinal nerve fiber layer thickness; AT = average thickness; GCL = ganglion cell layer; HC = healthy
control; IPL = inner plexiform layer; INL = inner nuclear layer; MS = multiple sclerosis; NMO = neuromyelitis optica; ON = optic neuritis; ONL = outer nuclear layer;

OPL = outer plexiform layer; PRL = photoreceptor segments layer; SD = standard deviation.
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following acute optic neuritis, and provides convincing in vivo
support that ganglion cell layer pathology may be the derivative
of optic nerve pathology, as has been proposed with prior animal
and post-mortem studies, but not previously demonstrated with
in vivo investigations. One of the key findings of this study is the
absence of detectable swelling within the ganglion cell layer plus
inner plexiform layer during the acute phase of optic neuritis, as is
frequently observed within the retinal nerve fibre layer. This ad-
vantageous feature of the ganglion cell layer plus inner plexiform
layer overcomes one of the major limitations associated with the
retinal nerve fibre layer and highlights the utility of ganglion cell
layer plus inner plexiform layer measures over retinal nerve fibre
layer measures. Beyond this, ganglion cell layer plus inner plexi-
form layer thinning was not only evident in multiple sclerosis and
neuromyelitis optica eyes with a history of optic neuritis, but also
in multiple sclerosis and neuromyelitis optica eyes without a his-
tory of optic neuritis. While subclinical disease activity (with affin-
ity to afflict the optic nerves) is well recognized in multiple
sclerosis, subclinical disease activity as part of the neuromyelitis
optica disease process is not a widely appreciated phenomenon.
This finding may have significant implications for neuromyelitis
optica pathophysiology, and tests conventional paradigms regard-
ing our understanding of this disorder (although further studies
will be needed to confirm our finding).

Thinning of the ganglion cell layer plus inner plexiform layer was
detectable within 3 months of acute optic neuritis and persisted at
6-12 months, and is therefore likely to predominantly reflect per-
manent neuronal loss within the ganglion cell layer and damage to
ganglion cell layer dendrites within the inner plexiform layer.
Thinning of the deeper retinal neuronal layers was not seen lon-
gitudinally after acute optic neuritis. Retinal nerve fibre layer and
ganglion cell layer plus inner plexiform layer thinning were also
observed in non-optic neuritis multiple sclerosis eyes and is likely
to be the result of subclinical optic neuropathy, given the predi-
lection of multiple sclerosis to involve the optic nerves. Taken to-
gether, these in vivo findings provide support that ganglion cell
layer atrophy results from optic neuropathy in multiple sclerosis.
Our findings are consistent with, and explain the aetiology of
findings of previous post-mortem studies, which demonstrate gan-
glion cell layer atrophy in >70% of multiple sclerosis eyes
(Kerrison et al., 1994; Green et al., 2010). A previous smaller
study of seven individuals with acute optic neuritis likewise re-
vealed that the combined measure of retinal nerve fibre layer
and ganglion cell layer plus inner plexiform layer thickness
decreased in acute optic neuritis eyes and similarly demonstrated
the absence of oedema affecting this layer during the acute phase
of the disease (Garas et al., 2011). Our current study is distin-
guished from this prior study by including a larger study cohort,
and by examining ganglion cell layer plus inner plexiform layer
thickness separately from macular retinal nerve fibre layer thick-
ness, which might also be prone to oedema during acute optic
neuritis similar to the peripapillary retinal nerve fibre layer.
Although the majority of our cohort (19 of 20 individuals) received
high dose intravenous methylprednisolone for treatment of their
acute optic neuritis, it is unlikely that this influenced axonal or
neuronal optical coherence tomography measurements since pre-
vious studies have failed to show a beneficial effect of steroid
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therapy in acute optic neuritis on long-term visual function,
cross-sectional optic nerve area or retinal nerve fibre layer thick-
ness (Beck and Cleary, 1993; Hickman et al., 2004; Naismith
et al., 2009b).

An extensive and thorough analysis examining the utility of op-
tical coherence tomography as a primary outcome measure
in acute optic neuritis clinical trials has suggested that baseline
retinal nerve fibre layer measures from the fellow or contralateral
eye could be used as a comparison for retinal nerve fibre layer
measures from affected eyes at study end. This approach over-
comes potential confounders related to initial retinal nerve fibre
layer swelling during the acute phase of the disease, provided
statistical adjustments and analyses are performed (Henderson
et al., 2010). However, this approach is complex and it is sug-
gested the fellow eye should not be used as a baseline measure
if it has experienced prior optic neuritis. Our findings suggest
that due to the absence of swelling in the ganglion cell layer
plus inner plexiform layer at baseline, true baseline optical coher-
ence tomography measures of the affected eye may be used to
calculate the change in thickness for this layer after acute optic
neuritis. This approach abolishes the need to utilize the contralat-
eral eye for estimation of surrogate baseline measures and over-
comes the limitations associated with this alternative strategy
as outlined above. This may allow greater flexibility in the recruit-
ment for such trials since it enables the recruitment of individuals
who may have a known history of optic neuritis in the contra-
lateral eye, who may have otherwise been excluded from the
study. Further, both clinically isolated syndrome and patients
with multiple sclerosis with acute optic neuritis could potentially
be recruited to the same study of a neuroprotective agent as
each of these cohorts demonstrated similar losses in ganglion
cell layer plus inner plexiform layer thickness over the course of
6 months.

Additional studies assessing optical coherence tomography seg-
mentation findings at 6 weeks post-acute optic neuritis may help
further elucidate the specific time course of ganglion cell layer plus
inner plexiform layer loss after acute optic neuritis. Utilizing an
outcome measure in a study such as a weighted average of the
6-month time point and additional optical coherence tomography
scans such as at 3 months or 6 weeks post acute optic neuritis
may decrease the sample size needed for a 6-month clinical trial of
a neuroprotective agent. Further evaluation of acute optic neuritis
subjects may need to be completed to determine the optimal com-
bination of time points to be used for ganglion cell layer plus inner
plexiform layer outcome measure in acute optic neuritis clinical
trials.

Beyond the determination that optical coherence tomography
segmentation-derived measures of ganglion cell layer plus inner
plexiform layer thickness may be superior to retinal nerve fibre
layer thickness as a candidate outcome measure in acute optic
neuritis neuroprotective study models, we speculate that the ap-
plication of this technique may also help shed light on the immu-
nophenotypic heterogeneity underlying acute optic neuritis, when
coupled with specific immunological analyses. The capacity to
quantitatively assess not only axonal, but now also neuronal
integrity with optical coherence tomography segmentation meets
a much wanted need. Apart from varying degrees of retinal axonal
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and neuronal loss, which are observed at an individual patient
level following acute optic neuritis, it appears that some patients
do not experience any retinal axonal or neuronal loss. Yet the
basis of such differences remains largely unexplained. One possi-
bility underlying these differences might be heterogeneity in
T helper immunological profiles, as has recently been described
in multiple sclerosis and the extent of cytotoxic T cell infiltrates,
which may mediate direct neuronal damage (Giuliani et al., 2003;
Axtell et al., 2010; Wang et al., 2010). This may also be a regional
phenomenon as a recent study has shown evidence for neuronal
injury in the cerebral cortex but not in the hippocampus (Dutta,
2011). Coupling such immunological analyses with optical coher-
ence tomography segmentation findings (for example in acute
optic neuritis) may help further our understanding of the patho-
physiology of multiple sclerosis, other causes of acute optic neur-
itis, as well as for acute optic neuritis in general.

Retinal segmentation of the neuromyelitis optica optical coher-
ence tomography scans revealed neuronal layer changes not only
in those with, but interestingly also in those without a history of
optic neuritis. In keeping with earlier studies, neuromyelitis optica
participants with a history of optic neuritis had greater retinal
nerve fibre layer and macular thickness reductions compared
with neuromyelitis optica participants without a history of optic
neuritis, as well as participants with multiple sclerosis with and
without a history of optic neuritis (Naismith et al., 2009a;
Ratchford et al., 2009). While participants with neuromyelitis
optica and a history of optic neuritis demonstrated significant gan-
glion cell layer plus inner plexiform layer thinning, they did not
have significant inner or outer nuclear layer changes. This may
suggest that retrograde degeneration of optic nerve axons results
in ganglion cell layer plus inner plexiform layer thinning, but not
deeper retinal neuronal pathology in the inner or outer nuclear
layer. This same finding in both multiple sclerosis and neuromye-
litis optica optic neuritis eyes supports previous observations from
animal and electrophysiological studies showing that retinal atro-
phy following optic nerve transection is limited to the inner retina
(retinal nerve fibre layer, ganglion beta and alpha cells) (Hollander
et al., 1984). Additional histological and electrophysiological stu-
dies show no atrophy or dysfunction in the deeper retinal layers
(Dawson et al., 1982; Seiple et al., 1983; Kaufman and Celesia,
1985; Williams et al., 2001). One animal study did identify re-
organization of the inner nuclear layer after optic nerve transec-
tion, however, this reorganization was not accompanied by cell
loss (Williams et al., 2001).

In this study, retinal changes were not limited to neuromyelitis
optica eyes with a history of optic neuritis. Thinning in the gan-
glion cell layer plus inner plexiform layer, inner nuclear layer, and
outer nuclear layer were all present in non-optic neuritis neuro-
myelitis optica eyes. This finding suggests that subclinical disease
activity might occur in a proportion of patients with neuromyelitis
optica, similar to that observed in multiple sclerosis (Toussaint
et al., 1983; Parisi et al., 1999; Trip et al., 2005; Fisher et al.,
2006). These retinal neuronal changes may be the derivative of
subclinical optic neuropathy or might reflect anti-aquaporin-4-
mediated retinal pathology directed against retinal astrocytes,
since inner or outer nuclear layer changes are not thought to
result from optic neuropathy (as supported by this study). The
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principle aquaporin-4 expressing astroglial cells of the retina,
Miuiller cells, span the thickness of the retina (with their cell
bodies located in the inner nuclear layer), are thought to highly
express aquaporin-4 (Nagelhus et al., 1998), and are critical for
the health of all retinal neurons including those in the ganglion
cell, inner nuclear and outer nuclear layers. Aquaporin-4 is also
expressed on glial membranes contacting the ganglion cell layer
and retinal nerve fibre layer. Deletion of aquaporin-4 has been
shown to result in a retinal inflammatory response (upregulation
of interleukin-1B, interleukin-6 and inducible nitric oxide synthase
and a downregulation of cyclo-oxygenase-2) in animal models
(Pannicke et al., 2010). This retinal inflammatory response may
mediate retinal neuronal changes in neuromyelitis optica. As such,
direct anti-aquaporin-4-mediated mechanisms of retinal pathology
should be borne in mind when considering potential pathophysio-
logical mechanisms that might underlie the changes we observed
in the non-optic neuritis neuromyelitis optica eyes assessed in this
study. Evaluation of a large, independent cohort of neuromyelitis
optica eyes with and without a history of acute optic neuritis is
warranted to confirm our findings and further explore potential
mechanisms resulting in the retinal neuronal changes observed.

This study has a number of limitations that warrant discussion.
In the segmentation algorithm utilized in this study, the ganglion
cell layer and inner plexiform layer are combined to form a com-
posite thickness. The boundary between the ganglion cell layer
and inner plexiform layer is difficult to robustly differentiate due
to similar reflectivity of these layers on Cirrus HD-OCT. Although
this composite measure is thought to predominantly reflect the
ganglion cell neurons, the inner plexiform layer thickness may
vary by location depending on the number of displaced ganglion
cell and amacrine neurons, as well as the number of traversing
blood vessels. In addition, the thickness of inner nuclear layer is
combined with that of the outer plexiform layer, while the outer
nuclear layer thickness also includes the inner and outer photo-
receptor segments. These delineations were used to examine neur-
onal changes after optic neuritis as they have been shown to be
reproducible in multiple sclerosis participants and healthy controls
(Saidha et al., 2011). Perhaps further advances in the resolution of
optical coherence tomography acquisition or in optical coherence
tomography segmentation technology may allow for more discrete
segmentation of these layers.

Some individuals had a past history of acute optic neuritis in
the affected eye or in the contralateral eye. Despite a past history
of acute optic neuritis, there was no significant difference detected
between the mean difference from baseline to 6 months of those
individuals with and without a prior history of acute optic neuritis.
Due to the small number of participants with a past history of
acute optic neuritis in the affected eye, a larger sample size is
needed to confirm this finding. There may also be variability
in the effect of an acute optic neuritis event on ganglion cell
layer plus inner plexiform layer thickness between clinically iso-
lated syndrome and participants with relapsing—remitting multiple
sclerosis. While no difference in ganglion cell layer plus inner plexi-
form layer loss between baseline and 6 months was observed
between clinically isolated syndrome and relapsing—remitting mul-
tiple sclerosis participants in our study cohort, larger cohorts are
needed to prove there is no difference between these groups. In
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addition, three participants in the longitudinal cohort did not
attend their 3-month study visit. In order to account for this,
the retinal thickness measurements of those who attended the
3-month study visits were only compared with their own baseline
thickness and not with the mean baseline thickness of the cohort
of 20.

It is possible that the thickness of the retinal neuronal layers
may be confounded by perivascular inflammation and gliosis
after optic neuritis. A pathological study of retinal tissue and cor-
responding optical coherence tomography scans will be needed to
understand perivascular inflammation and gliosis and how the
presence of such pathology might influence optical coherence
tomography scans. In our cohort no macular B-scans were identi-
fied with focal areas of increased thickness, which might have
suggested the presence of overt perivascular inflammation or glio-
sis. However, if perivascular inflammation or gliosis were present
(and not identified upon review) they would likely increase the
thickness of the retinal layers. As we are showing reductions of
the combined thickness of the ganglion cell layer and inner plexi-
form layer in this study, our results would likely be more robust if
underlying inflammation and gliosis are falsely increasing the thick-
ness of retinal layers.

Furthermore, while the multiple sclerosis and healthy control
cohorts were age matched, the neuromyelitis optica cohort was
significantly older than both the participants with multiple sclerosis
and healthy controls. In order to account for this difference, all
analyses comparing these cohorts were adjusted for age as a term
in the regression model. A second age- and sex-matched cohort of
healthy controls was also used to compare participants with neu-
romyelitis optica to healthy individuals.

In summary, segmentation of retinal optical coherence tomog-
raphy scans enables the in vivo quantification of the integrity of
retinal neuronal layers and demonstrates retinal neuronal layer
thinning following acute optic neuritis, as well as in those individ-
uals without a history of optic neuritis in both neuromyelitis optica
and multiple sclerosis, consistent with subclinical disease activity
in these disorders. As such, ganglion cell layer plus inner plexi-
form layer thickness as measured by retinal segmentation of op-
tical coherence tomography scans may be an ideal marker for
monitoring neurodegeneration within the eye and may provide a
feasible, specific primary outcome measure for evaluating neuro-
protective agents in clinical trials. The importance and relevance of
our findings are underpinned by imminent trials of potential neu-
roprotective agents in acute optic neuritis, and the identification of
truly neuroprotective agents through such a study may not only
be relevant to multiple sclerosis, neuromyelitis optica or other
causes of optic neuropathy, but might have major implications
for neurological diseases in general. Optical coherence tomog-
raphy segmentation may afford the capability to quantitatively
assess retinal axons and neurons within the anterior visual path-
way, an anatomically discrete system that is frequently targeted by
multiple sclerosis, neuromyelitis optica and other disorders. We
anticipate that future studies utilizing this technology in the as-
sessment of these conditions, as well as in a breadth of other
neurological disorders, will help further our understanding of
these diseases and shed light on their pathophysiology and poten-
tial heterogeneity.
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