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ARTICLE INFO ABSTRACT

Keywords: Background: Thinning of the retinal nerve fiber layer (RNFL) and ganglion cell/inner plexiform layer (GCIPL)
Optical coherence tomography occur in the chronic phase after optic neuritis (ON) in children and reflect neuroaxonal injury. The objective of
Multiple sclerosis this study was to describe changes in RNFL and GCIPL thickness in the acute phase following pediatric ON.
Acquired demyelinating syndrome Methods: Data were collected prospectively from consecutive children presenting with ON as part of an incident
Optic neuritis acquired demyelinating event. Children with a final diagnosis of multiple sclerosis (n = 9, 10 ON-affected eyes)
or monophasic demyelination (n = 16, 25 ON-affected eyes) who underwent spectral-domain optical coherence
tomography (OCT) testing within 30 days of symptom onset were included. Standardized visual assessment was
performed at presentation and 6-18 months follow-up. OCT measures were compared to those of healthy
controls (n = 25, 50 eyes).
Results: Median (interquartile range [IQR]) global RNFL thickness was increased in ON-affected eyes (155 um
[114-199 pm]) compared to control eyes (104 pm [98.5-107.5 um]; p < 0.0001). Compared to controls, fellow
eyes demonstrated a reduced temporal quadrant RNFL thickness (59 pm [53-72 pum] versus 71.5 pum
[65-81 um]; p = 0.013) and lower GCIPL thickness (80.5 pm [74-88 um] versus 87 pm [85-89 um]; p = 0.003).
The ON-affected eyes of children with monophasic demyelination demonstrated a greater global RNFL thickness
(183.5 um [146.5-206 pm]) compared to the ON-affected eyes of children with multiple sclerosis (108.5 pm
[95-124 pum]; p = 0.01). OCT measures at presentation did not predict low-contrast visual acuity nor color
vision at 6-18 months follow-up.
Conclusion: Children with multiple sclerosis show less RNFL swelling in their ON-affected eyes at onset com-
pared to children with monophasic demyelination. Lower GCIPL and temporal RNFL thickness in the clinically
unaffected eyes of those children with unilateral ON suggests the presence of pre-existing neuroaxonal injury in
children presenting with a first episode of ON. This finding may be driven by the subset of children with multiple
sclerosis.

Abbreviations: Cl, confidence interval; CNS, central nervous system; GCIPL, ganglion cell/inner plexiform layer; HCVA, high-contrast visual acuity; HRR, Hard-
Rand-Rittler; IQR, interquartile range; LCVA, low-contrast visual acuity; MOG, myelin oligodendrocyte glycoprotein; MS, multiple sclerosis; NMOSD, neuromyelitis
optica spectrum disorder; OCT, optical coherence tomography; ON, optic neuritis; OR, odds ratio; RNFL, retinal nerve fiber layer; SD, standard deviation
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1. Introduction

Optic neuritis (ON) occurs at onset in approximately one-quarter of
pediatric acquired demyelinating syndromes of the central nervous
system (CNS) (Banwell et al., 2009). ON may occur as part of a
monophasic inflammatory process or as a manifestation of relapsing
disorders such as multiple sclerosis (MS) or neuromyelitis optica spec-
trum disorder (NMOSD) (Wilejto et al., 2006; Lechner et al., 2016).
Approximately half of children presenting with ON have bilateral eye
involvement clinically (Wilejto et al., 2006; Absoud et al., 2011).
Subclinical optic nerve involvement has been described as a common
finding in adult MS (Petzold et al., 2017) and is also frequently ob-
served among children with MS (Pohl et al., 2006).

Optical coherence tomography (OCT) is a non-invasive imaging
technique that allows reliable, high-resolution (within 3-5 pm) mea-
surements of retinal structure (Fig. 1). OCT values provide indirect
measures of axonal (retinal nerve fiber layer [RNFL] thinning) and
neuronal (macular ganglion cell/inner plexiform layer [GCIPL] thin-
ning) injury (Costello and Burton, 2018) and correlate with visual
function including high- and low-contrast visual acuity, color vision,
and visual fields (Yeh et al., 2014; Sanchez-Dalmau et al., 2018;
Costello et al., 2006).

Acute inflammatory lesions of the afferent visual pathway cause
retrograde neuroaxonal degeneration, which manifests as distinct pat-
terns of RNFL and GCIPL thinning over time (Kupersmith et al., 2011,
2016). Adult studies have demonstrated that the majority of GCIPL
thinning following acute ON occurs by 3 months after onset, while in-
itial RNFL swelling in acute ON proceeds to thinning that is largely
maximal after 6 months (Kupersmith et al., 2016; Costello et al., 2015).
Additionally, subclinical RNFL and GCIPL thinning can be observed in
MS eyes without a history of clinical ON and this can be progressive
over time (Gelfand et al., 2012; Graves et al., 2017). The presence of
subclinical RNFL and/or GCIPL thinning at the time of a first attack
suggests that neuroaxonal injury in the anterior visual pathway occurs
during the pre-clinical phase of the disease (Gelfand et al., 2012; Knier
et al., 2016). OCT measures in MS can thus be interpreted to represent
neuroaxonal injury that is either relapse-related or, alternatively, a
manifestation of subclinical disease (Meltzer et al., 2018).

While there is an abundance of evidence supporting the role of OCT
as a surrogate marker of neuroaxonal injury in adults, fewer studies of
this ocular imaging technique have been performed in children with
CNS demyelinating disorders. In this study, we evaluate changes in
retinal structure by OCT during the acute phase of ON among children
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presenting with their first demyelinating event, and whether these
findings differ in children diagnosed with MS compared to those with
monophasic demyelination. We also aimed to investigate the relation-
ship between these early OCT measures and functional visual outcomes
in this pediatric cohort.

2. Materials and methods
2.1. Study population and design

Study participants included consecutive children presenting with
acute ON from 2010 to 2017 captured prospectively through a patient
registry in the Neuroinflammatory Disorders Clinic at The Hospital for
Sick Children (Toronto, Canada). Children were included if they met all
of the following criteria: (1) ON as part of an incident acquired de-
myelinating syndrome; (2) diagnosis at last follow-up of MS or mono-
phasic demyelination; (3) age less than 18 years at the time of ON di-
agnosis; (4) OCT assessment performed within 30 days of reported ON
symptom onset. Children were excluded if they had any of the fol-
lowing: (1) neurologic dysfunction secondary to a cause other than
acquired CNS demyelination (e.g. CNS infection, primary CNS vascu-
litis); (2) diagnosis at last follow-up of NMOSD or other recurrent CNS
demyelination not fulfilling MS criteria; (3) any ocular abnormality that
may influence the interpretation of OCT results, such as congenital or
acquired retinal abnormalities, refractive error greater than 6.00
diopters, a history of ocular trauma, or alternative causes of vision loss
(including congenital color vision deficiencies).

Healthy control children (aged 8-18 years) were recruited from
2011 to 2018 and included if they had no history of significant neu-
rocognitive disability, neurologic disease, inflammatory/autoimmune
disease, or significant ocular abnormality (as defined above).

2.2. Ethics approval

This study was approved by the SickKids Research Ethics Board and
informed consent/assent was obtained from patients and their families.

2.3. Diagnosis of acquired demyelinating syndromes

ON was defined by acute or subacute visual loss (high contrast, low
contrast, and/or color vision deficits), associated with pain precipitated
by eye movement, a relative afferent pupillary defect, abnormal visual
field function in the affected eye(s), and/or optic nerve swelling

Fig. 1. Macular optical coherence tomography scan
(Cirrus HD-OCT), centered through the fovea (*). From
outer-to-inner, the retinal layers visualized are: retinal
pigment epithelium (RPE); photoreceptor layer (PS); ex-
ternal limiting membrane (ELM); outer nuclear layer
(ONL), outer plexiform layer (OPL), inner nuclear layer
(INL); inner plexiform layer (IPL); ganglion cell layer
(GCL); retinal nerve fiber layer (RNFL). The combined
measure of the GCL and IPL is reported as the ganglion
cell/inner plexiform layer (GCIPL).
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detected on fundus examination. Diagnosis at most recent evaluation
was classified using established diagnostic criteria as: MS, NMOSD,
other recurrent CNS demyelination, or monophasic demyelination
(defined as those not fulfilling MS or NMOSD criteria and having no
recurrence of demyelination more than 30 days after onset of the initial
event) (Krupp et al., 2013; Wingerchuk et al., 2015). Clinical testing
was performed through commercial laboratories using cell-based assays
for aquaporin-4 antibody (Medimmune, The Hospital for Sick Children)
and myelin oligodendrocyte glycoprotein (MOG) antibody (Im-
munology Laboratory, Oxford) (Waters et al., 2014; Waters et al.,
2015). Those children who were seropositive for anti-MOG antibodies
were classified as having non-MS diagnoses.

2.4. Clinical data

Clinical data were collected using standardized case report forms
and included: sex, date of clinical onset, age at clinical onset, presumed
diagnosis at presentation, diagnosis of unilateral or bilateral ON, oc-
currence of subsequent demyelinating relapses, and final diagnosis at
last follow-up.

2.5. Optical coherence tomography (OCT) testing

OCT scan performed within 30 days of symptom onset was analyzed
for all included ON participants. If a participant had multiple OCT
scans, only the first was analyzed. OCT scans were obtained for ON
participants and control subjects and were performed by a single
trained technician using the spectral domain OCT Cirrus scanner
(Model 4000, software v7.0.3.19, Carl Zeiss Meditec) in a dark room
with dilated pupils. Scans with a minimum signal strength of 7 (out of
10) were included and considered acceptable if correctly centered with
appropriate illumination and no overt artifact (Tewarie et al., 2012;
Schippling et al., 2015). Serial optic disk (200 x 200) and macular
cube (512 x 128) protocol scans quantifying a 6 X 6 X 2-mm volume
were obtained for each eye, without eye tracking. Global and quadrant
peripapillary RNFL thicknesses were measured from a 1.7 mm-radius
circle centered on the optic nerve head and reported in micrometers.
The average, minimum, and sectoral (superotemporal, superior, su-
peronasal, inferonasal, inferior, and inferotemporal) GCIPL thicknesses
were measured in an elliptical annulus around the fovea (vertical inner
and outer radius 0.5 mm and 2 mm, respectively; horizontal inner and
outer radius 0.6 and 2.4 mm, respectively) (Mwanza et al., 2011). Mean
macular GCIPL thickness was calculated using the OCT machine man-
ufacturer's included automated segmentation software and reported as
GCIPL thickness in micrometers. Manual correction of segmentation
was not performed.

2.6. Functional visual assessment

Patient and control eyes were tested monocularly and sequentially;
screening for refractive error was performed for each eye. High-contrast
visual acuity (HCVA), low-contrast visual acuity (LCVA), and color vi-
sion were assessed at presentation and at follow-up 6-18 months (mean
381 + 100 days) following ON onset. If visual testing was documented
at multiple time points during this follow-up period, the assessment
closest to 12 months after initial presentation was analyzed.
Participants experiencing ON recurrence prior to this follow-up ex-
amination were excluded from this analysis of long-term visual out-
comes. HCVA was assessed using the modified Pediatric Eye Disease
Investigator Group Amblyopia Treatment Study protocol (Holmes et al.,
2001), Early Treatment Diabetic Retinopathy Study charts (Ferris et al.,
1982), or wall-mounted Snellen chart at 20 feet. LCVA was assessed
with a wall-mounted Pelli-Robson chart or the M&S Smart System II
(MSSS-II; M&S Technologies Inc, Niles, IL), which have been demon-
strated to have good agreement (Chandrakumar et al., 2013), and re-
ported as log units. For the Pelli-Robson chart, final LCVA was recorded
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as the lowest contrast sensitivity for which the participant correctly
identified at least 2 of 3 letters at the same contrast level. For the MSSS-
11, final LCVA was recorded as the lowest percent contrast at which the
participant could correctly identify 2 of 3 randomly selected Sloan
letters. Color vision was assessed using Hardy-Rand-Rittler (HRR) plates
and the number of objects correctly identified in the first 6 screening
plates was scored for patients and control subjects.

2.7. Statistical analysis

Eyes were classified as ON-affected eyes, fellow eyes (clinically
unaffected eyes in those participants with unilateral ON), and healthy
control eyes. Continuous variables were summarized as mean (standard
deviation [SD]) or median (interquartile range [IQR]) as appropriate,
and categorical variables as frequency (percentage). Demographic
characteristics of cases and controls were compared using student's t
tests, Chi-squared tests, or Fisher's exact tests as appropriate.
Correlations between global RNFL and GCIPL thickness were assessed
using Spearman's rank correlation coefficient (p) for affected and fellow
eyes, separately.

RNFL (global and quadrant) and GCIPL thickness in ON-affected and
fellow eyes at presentation were compared to healthy control eyes.
Generalized linear mixed models were fitted using an unstructured
covariance matrix to account for potential within-subject correlations.
Multivariable linear mixed models were fitted to compare individual
OCT measures (dependent variables: global RNFL thickness, quadrant
RNFL thickness, and GCIPL thickness) by eye type (ON-affected or
fellow eyes versus control eyes), while accounting for sex and age
(years). RNFL models were log-transformed, to account for skewed
distribution of values in the patient group. The relationships between
the time from ON onset to OCT testing and global RNFL thickness and
GCIPL thickness in ON-affected eyes were also assessed using general-
ized linear mixed models, accounting for potential within-subject cor-
relations. Next, OCT measures at presentation were compared between
children diagnosed with MS to those with monophasic demyelination.
Multivariable linear mixed models were fitted to compare OCT mea-
sures (dependent variables: global RNFL, temporal quadrant RNFL, and
GCIPL thickness) by diagnostic group (MS or monophasic demyelina-
tion) in ON-affected and fellow eyes, adjusting for sex and age (years).
These models were also used to compare OCT measures in those chil-
dren diagnosed with MS to those with anti-MOG seropositive mono-
phasic demyelination.

As a secondary outcome, LCVA (continuous variable) and color vi-
sion (analyzed categorically as normal if all color plates correct or ab-
normal if one or more plates was incorrect) assessed at 6-18 months
follow-up were compared between ON-participant and control eyes
using Kruskal-Wallis test for continuous variables and Fisher's exact test
for categorical variables. Generalized linear mixed models were then
fitted to assess the relationship between LCVA or color vision at follow-
up (dependent variables) and global RNFL or GCIPL thickness at pre-
sentation in ON-participants, adjusted for age at follow-up (years), sex,
and eye type at presentation (ON-affected or fellow).

Statistical analysis was performed using SAS v9.4 (SAS Institute Inc.,
Cary, NC, USA). Boxplots were created using R version 3.3.2 (R Core
Team, 2016) with the Beeswarm package. Post-hoc adjustment for
multiple comparisons was performed according to the Benjamini-
Hochberg procedure, with a false discovery rate of < 0.05
(Benjamini and Hochberg, 1995).

3. Results
3.1. Study population
Twenty-five ON-participants (35 ON-affected and 15 fellow eyes)

were included and compared to 25 healthy controls (50 eyes, Fig. 2,
Table 1). Sixteen children with monophasic demyelination were
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25 controls included

2 eyes RNFL excluded:
e 2 poor scan quality

164 patients collected in

Neuroinflammatory Registry

48 control eyes with RNFL data
analyzed
50 control eyes with GCIPL data
analyzed

25 ON-participants included:

139 subjects excluded:

« 81 without optic neuritis at
presentation

« 42 first OCT > 30 days from onset

* 16 alternate diagnosis

* 9 multiple sclerosis

* 16 monophasic demyelination

1 eye RNFL excluded:

¢ 1data missing

5 eyes GCIPL excluded:
* 2 poor scan quality
¢ 3 data missing

49 ON-participant eyes with RNFL data:
¢ 34 ON-affected eyes

* 15 fellow eyes

45 ON-participant eyes with GCIPL data:
* 31 ON-affected eyes

¢ 14 fellow eyes

8 subjects excluded from visual outcomes

analysis:
———————————— * 6 no follow-up at 6-18 months
* 2developed ON in contralateral eye

17 ON-participants included in analysis of
visual outcomes:

23 ON-affected eyes

11 fellow eyes

after OCT performed

Fig. 2. Study flowsheet. GCIPL = ganglion cell/inner plexiform layer; ON, optic neuritis; RNFL, retinal nerve fiber layer.

included, having no recurrent demyelinating attacks after median
follow-up of 16 months (IQR 9-24 months). Ten children were ser-
opositive for anti-MOG antibody, of whom six presented with bilateral
ON. Results of follow-up anti-MOG antibody testing performed outside
of the acute phase were not available. At presentation, 12 ON-partici-
pants (48%) had a HCVA worse than 20/200 in at least one affected
eye. Twenty-two participants received pulse intravenous methyl-
prednisolone a median 8 days (range 0-31 days) following ON onset.

3.2. Peripapillary RNFL thickness

OCT testing was performed a median 10 days (range 0-29 days) from
symptom onset. Fifteen participants had received intravenous methyl-
prednisolone prior to OCT testing, with the first dose administered a median
2 days (range 0-11 days) prior to OCT. There was no significant association
between the time from ON onset to OCT testing and global RNFL thickness
in ON-affected eyes (3 = —0.02, p = 0.06). Lower global RNFL thickness
correlated moderately with lower GCIPL thickness in ON-affected eyes
(p = 0.57; 95% CI 0.16, 0.81; p = 0.001), while a very strong correlation
was demonstrated between lower global RNFL thickness and lower GCIPL
thickness in fellow eyes (p = 0.85; 95% CI 0.54, 0.97; p = 0.0001).

Global RNFL thickness was greater in ON-affected eyes (median 155yum
[IQR 114-199um]) compared to control eyes (median 104 um [IQR
98.5-107.5 pym]; p < 0.0001; Fig. 3A). Higher RNFL measures in ON-
affected eyes compared to controls were also seen in the superior, inferior,
and nasal quadrants (Table 2). In comparison to control eyes, fellow eyes of
ON-participants demonstrated a lower inferior RNFL thickness (median

Table 1
Participant demographics and clinical characteristics.

122 pm [IQR 111-140 pm] versus 139 um [IQR 125-148 um]; p = 0.013)
and lower temporal RNFL thickness (median 59 pm [IQR 53-72 um] versus
71.5 um [IQR 65-81 um]; p = 0.008; Fig. 3B).

3.3. GCIPL thickness

There was no significant association between the time from ON
onset to OCT testing and GCIPL thickness in ON-affected eyes
(B = —0.28, p = 0.29). GCIPL thickness was lower in both ON-affected
eyes (median 79 pum [IQR 74-88 pm]; p = 0.003) and fellow eyes
(median 80.5 um [IQR 74-88 ym]; p = 0.003) compared to control eyes
(median 87 pm [IQR 85-89 um]; Table 2, Fig. 4).

3.4. OCT patterns of neuroaxonal injury: comparing diagnostic sub-groups

Global RNFL thickness was lower in the ON-affected eyes of children
with MS (median 108.5um [IQR 95-124 pum]) compared to the ON-
affected eyes of children with monophasic demyelination (median
183.5 pm [IQR 146.5-206 um]; p = 0.01). Remaining OCT measures in
ON-affected and fellow eyes did not differ significantly between those
children with MS compared to those with monophasic demyelination
(Table 3). When the ON-affected eyes of children with MS were com-
pared to only those ON-affected eyes of children seropositive for anti-
MOG antibody, global RNFL thickness remained lower in the MS group,
but this difference was not statistically significant after correction for
multiple comparisons (median 108.5pum [IQR 95-124 um] versus
median 158 ym [IQR 135-199 um]; p = 0.04).

ON-Participants (N = 25) Controls (N = 25)

Female, n (%)

Age (years), mean (SD)
Diagnosis, n (%)

Multiple Sclerosis
Monophasic Demyelination

Myelin Oligodendrocyte Glycoprotein Antibody, Number positive / Number tested (%)

Aquaporin-4 Antibody, Number positive / Number tested (%)
Simultaneous Bilateral ON, n (%)

17 (68)
12.4 (3.5)

17 (68)
13.8 (2.6)
9 (36)

16 (64)

10/19 (53) -

0/17 (0) -

10 (40) -

ON, optic neuritis.
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Fig. 3. Distribution of (A) mean retinal nerve fiber layer (RNFL) thickness and
(B) temporal quadrant RNFL thickness in control, optic neuritis-affected, and
fellow eyes. *p < 0.01; **p < 0.0001.
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Fig. 4. Distribution of mean ganglion cell/inner plexiform layer (GCIPL)
thickness in control, optic neuritis-affected, and fellow eyes. *p < 0.01.

3.5. Relationship between OCT measures at presentation and visual function
at follow-up

Seventeen ON-participants (23 ON-affected eyes, 11 fellow eyes), in-
cluding seven with an MS diagnosis, had visual outcome data available
(Fig. 2). Among these children, ON-affected eyes had reduced LCVA com-
pared to control eyes (median 1.35 [IQR 1.35-1.5] versus 1.6 [IQR
1.5-1.65],p < 0.0001). While a greater proportion of ON-affected eyes at
follow-up had abnormal color vision compared to control eyes (9/23 eyes
[39%] vs 7/48 eyes [15%], p = 0.033), this difference was not significant
after correction for multiple comparisons. Neither LCVA in fellow eyes
(median 1.5 [IQR 1.35-1.8], p = 0.85) nor the proportion of fellow eyes
with abnormal color vision (2/11 eyes [22%], p = 0.67) differed sig-
nificantly from control eyes at follow-up.

No significant association was identified between global RNFL
thickness (OR = 0.933; 95% CI 0.875, 0.995; p = 0.034) or GCIPL
thickness (OR = 0.885; 95% CI 0.774, 1.01; p = 0.07) at presentation
and eyes having abnormal color vision at follow-up. Similarly, there
was no association between global RNFL thickness (f = 0.0004; 95% CI
—0.0009, 0.0017; p = 0.53) or GCIPL thickness ( = —0.0004; 95% CI
—0.011, 0.011; p = 0.95) at presentation and LCVA at follow-up.

Table 2
Optical coherence tomography measures in participant eyes.
Control Eyes (N = 50%) ON-Affected Eyes (N = 35%) p-Value” Fellow Eyes (N = 157 p-Value”

Global RNFL (um), median (IQR) 104 (98.5-107.5) 155 (114-199) < 0.00- 96 (85-101) 0.029
Superior Quadrant RNFL (um), median (IQR) 127.5 (120.5-141.5) 212 (158-313) 0<l 0.00- 115 (104-120) 0.15
Nasal Quadrant RNFL (um), median (IQR) 73 (65-80) 123 (80-175) 0<1 0.00- 73 (57-84) 0.41
Inferior Quadrant RNFL (um), median (IQR) 139 (125-148) 207.5 (140-268) 0<1 0.00- 122 (111-140) 0.013
Temporal Quadrant RNFL (um), median (IQR) 71.5 (65-81) 81.5 (64-89) 3.110 59 (53-72) 0.008
GCIPL (um), median (IQR) 87 (85-89) 79 (74-88) 0.003 80.5 (74-88) 0.003

IQR, interquartile range; ON, optic neuritis; RNFL, retinal nerve fiber layer; GCIPL, ganglion cell/inner plexiform layer.
? The following number of eyes were included in RNFL analysis: Control = 48, Fellow = 15, ON-Affected = 34. The following number of eyes were included in

GCIPL analysis: Control = 50, Fellow = 14, ON-Affected = 31.

> Pp_values for comparison with control eyes obtained from the generalized linear mixed models, adjusting for sex, age, and inter-eye correlations. Bolded values

are significant after adjustment for multiple comparisons.



C. Wilbur, et al.

Table 3
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Optical coherence tomography measures in the eyes of participants diagnosed with multiple sclerosis compared to those with monophasic demyelination.

ON-Affected Eyes
Multiple Sclerosis

Fellow Eyes

Monophasic (N = 25") p-Value® Multiple Sclerosis (N = 8*) Monophasic (N = 7%)  p-Value”

(N =10%
Global RNFL (um), median (IQR) 108.5 (95-124) 183.5 (146.5-206) 0.01 87 (79-95) 101 (96-112) 0.39
Temporal Quadrant RNFL (um), median 74 (62-82) 84 (66-96) 0.15 54 (51.5-64.5) 72 (59-78) 0.40
(IQR)
GCIPL (um), median (IQR) 79 (75-81) 79 (73-89) 0.96 75 (71.5-86.5) 83 (79-91) 0.40

IQR, interquartile range; ON, optic neuritis; RNFL, retinal nerve fiber layer; GCIPL, ganglion cell/inner plexiform layer.
2 The following number of eyes were included in RNFL analysis: ON-Affected (MS) = 10, ON-Affected (Monophasic) = 24, Fellow (MS) = 8, Fellow
(Monophasic) = 7. The following number of eyes were included in GCIPL analysis: ON-Affected (MS) = 8, ON-Affected (Monophasic) = 23, Fellow (MS) = 8, Fellow

(Monophasic) = 6.

> p_values for comparison between diagnostic sub-groups obtained from the generalized linear mixed models, adjusting for sex, age, and inter-eye correlations.

Bolded values are significant after adjustment for multiple comparisons.
4. Discussion

This prospective cohort study examined OCT measures at pre-
sentation in children with ON as part of a first demyelinating event. We
found evidence for early neuronal injury in affected eyes, as evidenced
by GCIPL thinning, within 30 days of symptom onset in our pediatric
ON cohort. We also identified fellow eye abnormalities, including lower
inferior RNFL, temporal RNFL, and GCIPL thicknesses than controls,
which suggest the presence of pre-existing, subclinical neuroaxonal
injury in a subgroup of children presenting with ON. Patterns of OCT
changes in the acute phase after ON differed in children diagnosed with
MS compared to monophasic demyelination in this study.

GCIPL thickness was significantly lower in both the ON-affected and
clinically unaffected (fellow) eyes of children with ON, as compared to
healthy controls. Adult studies have previously demonstrated that
GCIPL thinning may be seen within one month of ON onset in affected
eyes (Kupersmith et al., 2016), while fellow eyes show a stable GCIPL
thickness over 6 months following acute ON (Gabilondo et al., 2015).
Thus, while the lower GCIPL thickness observed in ON-affected eyes in
the current study could reflect early GCIPL thinning as a result of acute
ON, the fellow eye abnormalities are not expected to be a result of acute
ON. Rather, this lower observed GCIPL thickness — particularly that
seen in fellow eyes — could be interpreted to represent a relatively high
prevalence of pre-existing afferent visual pathway injury in our pedia-
tric cohort. Furthermore, there were not prominent outliers in fellow
eye GCIPL values, suggesting that the lower GCIPL thickness seen in
fellow eyes is not simply a reflection of a small number of individuals
with extensive pre-existing atrophy. The degree of reduction in GCIPL
thickness in this cohort — approximately 8% below the control average —
is less than the 10-20% reduction that has been previously reported in
cross-sectional studies of children with demyelinating syndromes
evaluated 6 months or more after clinical onset (Yeh et al., 2014;
Graves et al., 2017), suggesting that further GCIPL declines are ex-
pected to occur with time. Whether this indicates a window in which
therapeutic intervention has the potential to preserve the integrity of
remaining retinal ganglion cells and their axons is unknown.

RNFL thickness was significantly higher in ON-affected eyes com-
pared to healthy controls, which was expected given the high rate of
papillitis observed in pediatric ON cohorts (Wilejto et al., 2006;
Bonhomme et al., 2009). Conversely, RNFL thickness — most sig-
nificantly in the inferior and temporal quadrants — was lower in fellow
eyes compared to controls. This lower RNFL thickness correlated
strongly with lower GCIPL thickness in fellow eyes and, together with
the GCIPL findings, supports the presence of pre-existing neuroaxonal
injury in the afferent visual pathway within a subset of children in this
cohort. RNFL swelling related to stasis of axoplasmic flow resulting
from acute optic nerve inflammation may have masked the presence of
early axonal loss in ON-affected eyes (Kupersmith et al., 2011). Thus,
GCIPL thinning may be the more appropriate early marker of

neuroaxonal injury after pediatric ON, as has been suggested from adult
studies (Kupersmith et al., 2016).

Children with MS had a lower global RNFL thickness in their ON-
affected eyes than did children with monophasic demyelination. This
may, in part, reflect a lower capacity for swelling within the optic
nerves of children with MS due to the presence of pre-existing neu-
roaxonal injury and consequently fewer viable axons at the time of ON.
The presence of pre-existing, subclinical neuroaxonal injury in those
children with MS is supported by previous studies that have demon-
strated reductions in RNFL and GCIPL thickness in eyes both with and
without a history of ON outside of the acute period (Petzold et al., 2017;
Yeh et al., 2014, 2009; Gelfand et al., 2012; Waldman et al., 2017).
Indeed, in this study we found the fellow eyes of children with MS to
have lower global RNFL, temporal RNFL, and GCIPL measures than
their monophasic counterparts. These fellow eye differences were not
statistically significant; however, the small number of fellow eyes in
this study limited the power to show differences between the diagnostic
sub-groups. The presence of GCIPL and RNFL thinning in fellow eyes at
the time of a first clinical event, particularly in those children with MS,
suggests that, like their adult counterparts, children with MS are vul-
nerable to subclinical neuroaxonal damage early in their disease course
(Petzold et al., 2017). Importantly, this suggests that a simple, non-
invasive technology — OCT - may discern distinctive structural patterns
in children with MS within 30 days of their first clinical event.

Conversely, GCIPL thickness in ON-affected eyes was similar be-
tween MS and monophasic participants. This finding does not support
the conclusion of pre-existing neuroaxonal injury primarily in those
children with MS. Given the more pronounced RNFL swelling in the
ON-affected eyes of the monophasic group, this could reflect an arti-
factual lowering of measured GCIPL thickness due to anatomical dis-
tortion in the context of significant optic disk edema within the
monophasic group (OCT Sub-Study Committee for the NORDIC
Idiopathic Intracranial Hypertension Study Group 2014). However, we
did not find a correlation between higher global RNFL thickness and
lower GCIPL thickness in ON-affected eyes, suggesting that the lower
GCIPL thickness is a true — not artifactual - decrease. Previous studies in
the chronic phase following ON have found lower GCIPL thickness in
the ON-affected eyes of children and adults with anti-MOG seropositive
ON compared to those with seronegative ON or MS (Chen et al., 2018;
Sotirchos et al., 2019). Thus, it is possible that more prominent early
GCIPL loss as a consequence of acute ON in those children with
monophasic demyelination (a portion of whom were anti-MOG ser-
opositive) obscured the difference expected from the presence of pre-
existing GCIPL injury in those children with MS. Given the small sample
size in the current study, further studies are required to address the
potential differences in acute OCT measures between children with MS
and those with anti-MOG antibody-associated demyelination.

As a secondary objective, we investigated the relationship between
initial OCT measures and follow-up visual outcomes in children with
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ON. LCVA remained worse in ON-affected eyes at follow-up compared
to controls. Neither RNFL nor GCIPL thickness at onset was significantly
associated with functional visual outcomes at follow up, although the
small numbers of eyes with adverse visual outcomes limited the ability
to detect such associations. Prospective longitudinal studies are neces-
sary to assess whether decrements in RNFL and/or GCIPL thickness over
time, rather than a single acute measure, better predict visual outcomes
after pediatric ON, as has been demonstrated in adult studies (Sanchez-
Dalmau et al., 2018).

This study has several limitations, including a relatively small
sample size that limits the power to perform sub-group analyses, par-
ticularly in regard to fellow eyes given the high rate of bilateral ON.
Conclusions regarding the differing pattern of injury in children with
MS should be interpreted with caution, given the small number of MS
subjects and heterogeneity within the monophasic demyelinating group
that included both anti-MOG antibody seropositive and seronegative
children, as well as those who may potentially develop recurrent dis-
ease given a longer period of clinical follow-up. Attempts should thus
be made to replicate these findings in larger cohorts. Finally, previous
studies in NMOSD and MOG-associated ON have suggested that early
intervention with intravenous methylprednisolone may be associated
with improved visual recovery and preserved RNFL thickness (Stiebel-
Kalish et al., 2019; Nakamura et al., 2010). Whether the variability in
the timing of treatment with intravenous methylprednisolone in rela-
tion to ON onset and OCT testing in the current study may have in-
fluenced acute OCT measures or the ability to associate these measures
with long-term visual outcomes is unknown.

4.1. Conclusion

Evidence for early neuroaxonal injury in children with ON can be
detected at first presentation in both their clinically affected and fellow
eyes. Larger studies are needed to confirm whether the presence of such
early injury on OCT may be used as a surrogate marker to predict
clinical outcomes in children.
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