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Abstract

Objective To evaluate volumetric changes and discriminative power of intra-retinal layers in early-stage multiple sclerosis
(MS) using a 3D optical coherence tomography (OCT) imaging method based on an in-house segmentation algorithm.
Methods 3D analysis of intra-retinal layers was performed in 71 patients with early-stage MS (mean disease duration
2.2 +3.5 years) at baseline and 40 healthy controls (HCs). All patients underwent a follow-up OCT scan within 23 +9 months.
Patients with a clinical episode of optic neuritis (ON) more than 6 months prior to study entrance were compared with patients
who never experienced clinical symptoms of an ON episode (NON).

Results Significantly decreased total retinal volume (TRV), macular retinal nerve fiber layer (nRNFL) and ganglion cell—
inner plexiform layer (GCIPL) volumes were detected in ON patients compared to NON patients (all p values < 0.05) at
baseline. Each parameter on its own allowed identification of prior clinical ON based on a discriminative model (ROC analy-
sis). Over time, TRV decreased in both ON (p=0.013) and NON patients (p =0.002), whereas mRNFL volume (p =0.028)
decreased only in ON and GCIPL volume (p =0.003) decreased only in NON patients.

Conclusion Our 3D-OCT data demonstrated that TRV, mRNFL and GCIPL allow discrimination between ON and NON
patients in a cross-sectional analysis. However, the subsequent retinal atrophy pattern diverges in the initial phase of MS:
Prior ON promotes sustained axonal thinning over time indicated by mRNFL loss, whereas longitudinal measurement of
GCIPL volume better depicts continuous retrograde neurodegeneration in NON patients in early-stage MS.
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Introduction

Multiple Sclerosis (MS) is a chronic neuroinflammatory dis-
ease leading to progressive disability with varying degrees
Electronic supplementary material The online version of this of rapidity and Severity among patients [1]. Therefore, the
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which can mirror disease progression or allow prediction of
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The optic nerve is known to be a predilection site for
inflammatory activity in MS, manifesting in retinal atrophy
and visual deficits in these patients [3]. Between 25 and 75%
of patients who experienced episodes of optic neuritis (ON)
develop MS within 15 years depending on the presence or
absence of white matter (WM) lesions [4].

In ON eyes, both initial swelling and eventual atrophy of
the optic nerve are results of inflammation. Over time, these
processes lead to thinning of the peripapillary retinal nerve
fiber layer (pRNFL) and macular retinal nerve fiber layer
(mRNFL) as well as the ganglion cell layer-inner plexiform
layer (GCIPL) [5-12]. The relationship between the thick-
ness of these intra-retinal layers and clinical and paraclini-
cal progression markers has been investigated over the last
years [7, 13].

Furthermore, widespread retinal damage was found to
be more pronounced in ON eyes compared to non-affected
(NON) eyes of MS patients, and retinal atrophy was shown
to correlate with clinical disability [12, 14—17]. Moreover,
the observed decrease in intra-retinal layer thickness was
found to be related to “non-ocular” disease burden measure-
ments depicted by magnetic resonance imaging (MRI) such
as T2-hyperintense lesion load, WM and deep grey matter
tissue volumes [10, 18, 19].

Two recent longitudinal studies have demonstrated that,
in particular, degeneration of the pRNFL and GCIPL occurs
most rapidly in the early stages of the disease and reaches
a plateau in advanced stages [20, 21]. However, whether
mRNFL and GCIPL atrophy, which are measurements
of different compartments of the same cellular structures
within the macula, run completely in parallel during the
disease course or diverge with regard to prior ON is largely
unknown.

The aim of the current study was to assess the discrimina-
tive power of intra-retinal layer volumes in the initial phase
of the disease to distinguish between prior history of ON
and NON in a cross-sectional analysis and to longitudinally
evaluate the volume changes of the intra-retinal layers in
patients with a history of ON in comparison to NON patients
in an early-stage MS cohort using an extension of a pub-
lished software for automated segmentation of OCT datasets
for 3D data.

Methods
Participants

71 patients [51 relapsing—remitting (RR)MS, 20 clinically
isolated syndrome (CIS)] and 40 healthy controls (HCs)
were recruited at the outpatient clinics of the Department
of Neurology, at the University Medical Centers in Mainz
(Germany) and Miinster (Germany).

The RRMS patients were diagnosed according to the
2010 revised McDonald diagnostic criteria [22]. CIS was
defined as patients who had a first clinical episode with fea-
tures suggestive of MS, but had not demonstrated dissemi-
nation in time required for the diagnosis of RRMS. Due to
the joint group of CIS and early RRMS patients we refer
to our cohort as “early-stage MS” patients comprising CIS
and early RRMS patients with a mean disease duration of
2.2+3.5 years.

Each patient was clinically assessed by an experienced
neurologist and their Expanded Disability Status Scale
(EDSS) score and corrected visual acuity (using Snellen’s
chart test) were determined at study entrance.

Study protocol

The Advised Protocol for OCT Study Terminology and Ele-
ments (APOSTEL) recommendations were followed [23].
For this study, patients with a clinical ON episode more
than 6 months prior to study entrance were compared with
patients who had never experienced clinical symptoms of an
ON episode (NON). From the enrolled patients, 14 presented
with a previous, unilateral ON episode and three with a pre-
vious, bilateral ON episode. Patients with a new ON during
the follow-up period (regardless of whether they were clas-
sified as an ON or NON patient at baseline) were excluded
from the longitudinal analysis.

Other diseases affecting the optic nerve such as neuromy-
elitis optica spectrum disorder or chronic relapsing inflam-
matory optic neuropathy were excluded. In all patients, no
history of glaucoma, high myopia (> — 6 dpt), retinopathy
or other neurological disorders (besides CIS or RRMS) was
recorded.

OCT image acquisition and scanning protocol

In both participating centers, OCT image acquisition was
performed by an experienced operator following a unified
standard acquisition protocol using a spectral-domain (SD)-
OCT (Heidelberg Spectralis, Heidelberg Engineering, Ger-
many) with Heidelberg Eye Explorer software (HEYEX).
Scans were acquired without pupil dilatation in a shaded
room with natural light. Macular volume was measured by
a standardized scan compromising 61 vertical or horizontal
B-scans while focusing on the fovea at a scanning angle
of 30°x25° and a resolution of 768 X496 pixels, auto-
matic real time (ART)=9. HCs underwent one OCT scan,
whereas early-stage MS patients had a follow-up OCT scan
23 +9 months later. All datasets were anonymized prior to
exporting and further analysis. No further fundoscopic imag-
ing was done.
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Postacquisition data selection and analysis

For quality control of the OCT scans, all images were care-
fully reviewed to ensure that they fulfilled OSCAR-IB cri-
teria [24]. To account for inter-eye within-patient dependen-
cies, we calculated the mean of NON eyes in NON patients
and the mean of ON eyes in ON patients with bilateral ON.
In ON patients with a unilateral ON we only used the OCT
scan of the affected eye. Hence, the main statistical analysis
was performed on a per-patient level and only the visual acu-
ity subanalysis was performed on a per-eye level. Detailed
statistical approaches are described below.

OCT image segmentation analysis

For segmentation, the obtained scans were converted from
E2E to non-compressed JPEG format, taking into account
the relationship of 1 pixel: 3.9 um. Our analysis used a
modified version of a previously validated automatic seg-
mentation technique: a MATLAB-based 2D segmentation

algorithm [25]. This analysis approach was typically used for
the center scan of the macula. Now, this automated segmen-
tation was applied over a series of B-scans to calculate three
dimensional volumes of the intra-retinal layers (Fig. 1). A
detailed description of the segmentation analysis and its vali-
dation is given in the supplement (Supplementary Table S1
& S2 and Fig. S1). The total retinal volume (TRV) as well
as the volumes of mRNFL, GCIPL, the inner nuclear layer
(INL), the outer plexiform layer (OPL), the outer nuclear
layer-inner segment (ONL-IS) and the outer segment-retinal
pigment epithelium layers (OS-RPE) were measured.

Statistical analysis

Statistical analysis was performed using SPSS 23 software
(SPSS, Chicago, IL, USA) and was based on established
statistical approaches in ophthalmology [26]. First, the Sha-
piro—Wilk test was performed on each dataset to check for
normal distribution. The test showed non-normality for the
clinical and demographic variables. Therefore, continuous

Fig. 1 Flow scheme of automated 3D-OCT segmentation procedure.
a Original volumetric OCT scan. b Retinal slice at macular level
depicting the intra-retinal layers. ¢ Border detection of the intra-reti-
nal layers. d Envelope reconstruction in 3D for the segmented intra-
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(age and disease duration) and ordinal (EDSS) variables
were compared using a Mann—Whitney U test. Categorical
variables (sex) were compared using a Pearson’s Chi-square
test.

With regard to the intra-retinal layer volumes, the Sha-
piro—Wilk test indicated that the assumption of normality
had not been violated. Hence, we opted to calculate statis-
tical significance for cross-sectional analyses using a mul-
tiple linear regression model for the different intra-retinal
layers adjusting for age and sex (and additionally for EDSS
and disease duration in patients) to compare differences in
intra-retinal volumes at baseline between HCs and NON
or ON patients, separately. The annual rate of volumetric
change was calculated for each layer. Moreover, a paired
t test was performed comparing volumetric changes over
the study period in each group (NON and ON patients) in
the investigated MS patients.

Furthermore, predictive discriminating values were
calculated by a receiver operating characteristic (ROC)
analysis using MedCalc© software (Version 17.2). This
statistical method is preferentially used to make a series
of discriminations into two different states (e.g., prior his-
tory of ON vs. NON) on the basis of a specific diagnostic
variable (e.g., the individual intra-retinal layer volumes).
Every value of that discriminating variable is used as a
cut-off with calculation of the corresponding sensitiv-
ity and specificity. The maximum value of the Youden’s
index, which assesses a classifying test’s performance, was
calculated and used to select the optimal cut-off value for
each ROC curve [27]. Finally, we compared ROC curves
to test for statistical significance of the difference between
the areas under the curves (AUCs) with the method of
DeLong et al. [28] using MedCalc© software. p values less
than 0.05 were considered statistically significant.

In a per-eye subanalysis, intra-retinal layer volumes
were compared between ON eyes with impaired vision
(corrected visual acuity < 1.0) and ON eyes with normal
vision (corrected visual acuity > 1.0) at baseline to deter-
mine if the volumes differed between these two groups at
study entrance.

Results
Demographics

An overview of the demographic and clinical data of
the investigated cohort is shown in Tables 1 and 2. The
mean (+ SD) age of the 71 patients was 32.0+ 8.5 years.
The mean disease duration was 2.2 + 3.5 years and the
median disability (quantified with the EDSS [29] score)

was 1.5 [range 0-4.5]. The mean age of the 40 HCs was
35.9+11.9 years.

Visual acuity

Corrected visual acuity was impaired in two NON patients
(two NON eyes). Within the ON patients (including 20 ON
eyes), eight ON eyes had an impaired vision, whereas the
remaining 12 ON eyes demonstrated full visual recovery at
study entrance. There was no significant difference between
ON eyes with impaired vision and ON eyes with normal
vision in all intra-retinal layer volumes (Supplementary
Table S3).

Baseline 3D OCT data comparisons

At baseline, the segmented intra-retinal layer volumes for
HCs, NON and ON patients were compared (Table 3). Vol-
ume loss of the TRV (p=0.009), mRNFL (p <0.001) and
GCIPL (p <0.001) was detected in ON patients in com-
parison to HCs. Accordingly, volume reductions in these
layers were also seen in the comparison between ON and
NON patients (p=0.018 for TRV, p= 0.020 for mRNFL and
p=0.002 for GCIPL). Interestingly, no significant volume
loss was seen in TRV, mRNFL and GCIPL comparing HCs
and NON patients at study entrance (all p values > 0.05).

At baseline, between-group analyses based on the intra-
retinal layer volumes obtained via automated 3D segmenta-
tion revealed a volume increase in INL (p <0.001 for HCs
vs. NON patients and p=0.002 for HCs vs. ON patients)
and a volume increase in OPL (p <0.001 for HCs vs. NON
patients and p = 0.006 for HCs vs. ON patients) in both NON
and ON patients compared with the HC group (Table 3). The
ONL-IS and OS-RPE volumes showed no significant differ-
ence between the groups (all p values > 0.05).

ROC analysis of baseline 3D OCT data

An overall ROC analysis (Fig. 2) was performed to deter-
mine the predictive discriminating value of the volumes of
those retinal layers that were significantly different between
NON and ON patients at baseline (namely TRV, mRNFL
and GCIPL volumes). For all three ROC curves, the p-value
for testing AUC=0.5 vs. AUC#0.5 was less than 0.001
(Table 4). GCIPL volume below or above 2.06 mm® pre-
dicted prior history of ON with a sensitivity of 70.6% and
specificity of 79.6% (AUC=0.794). TRV below or above
10.23 mm? predicted prior history of ON with 70.6% sen-
sitivity and 68.5% specificity (AUC =0.751). Finally,
mRNFL volume below or above 1.31 mm? predicted prior
history of ON with 58.8% sensitivity and 85.2% specificity
(AUC=0.733). The AUC:s of the three ROC curves were not
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Table 1 Clinical and

X o Patients Healthy controls p value
demographic characteristics
of the MS patients as well as Number of participants 71 40 -
g:ir};?:g;;?it;z;s at study ON patients at baseline (at follow-up) 17 (14)* - -
NON patients at baseline (at follow-up) 54 (52)* - -
Sex (n/%)
Male 17/24% 10/25% 0.901°
Female 54/76% 30/75%
Age (mean +SD) 32 +8.5 years 35.9+11.9 years 0.327¢

Disease duration (mean + SD)
EDSS (median [range])

2.2+3.5 years - -
1.5 [0-4.5] - _

EDSSExpanded Disability Status Scale

“Five patients were excluded due to an ON during follow-up (three “baseline” NON patients and two

“baseline” ON patients)

®p value derived from Pearson’s Chi-square test

°p value derived from Mann-Whitney U test

Table 2 Clinical and

X o NON patients ON patients p value

demographic characteristics

after dividing MS patients into Number at baseline 54 17 _

those with no history of optic

neuritis (NON patients) and Sex (n/%) .

those having had former optic Male 14/26% 3/18% 0.487

neuritis (ON patients) Female 40/74% 14/82%
Age (mean+ SD) 32.0+7.9 years 31.9+10.5 years 0.553°
Disease duration (mean +SD) 1.4+2.6 years 4.4+49 years <0.001°
EDSS (median [range]) 1.5 [0-3.5] 1.5 [0-4.5] 0.592°

Significant p values at p < 0.05 are highlighted in bold

The division of NON vs. ON patients was based on the absence or presence of prior ON at study entrance

(baseline)

EDSSExpanded Disability Status Scale

p value derived from Pearson’s Chi-square test

®p value derived from Mann-Whitney U test

significantly different from each other (all p values > 0.05)
indicating no superiority of one volumetric measurement
over the other.

Longitudinal changes of the intra-retinal layers
in NON and ON patients

During the follow-up period, five patients (3 in the ON group
and 2 in the NON group) experienced an ON episode and
were consequently excluded from the longitudinal analysis.
Table 5 demonstrates the patterns of change in intra-retinal
layer volumes within each group over time. In NON patients,
significant decreases in TRV (»p=0.002), GCIPL (»p =0.003)
and INL (p=0.009) volumes were observed over the follow-
up period. Patients with a previous ON episode (and without
another ON episode during follow-up) showed a significant
decrease in TRV (p=0.013), mRNFL (p =0.028) and INL

@ Springer

(p=0.042) over the follow-up time period (Table 5). In sum-
mary, TRV and INL decreased in both ON and NON patients,
whereas mRNFL volume decreased only in ON and GCIPL
volume only in NON patients.

Volumes of OPL, ONL-IS and OS-RPE did not signifi-
cantly change over the study period in either NON or ON
patients (all p values > 0.05).

The annual rate of change over time for each layer volume
is given in Supplementary Table S4.

ROC analysis of longitudinal 3D OCT data

Finally, an overall ROC analysis was also performed to deter-
mine the discriminating power of the intra-retinal atrophy rates
(longitudinal atrophy rates) and showed no significant results
(data not shown).
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Fig.2 Receiver operating characteristic (ROC) curve classifying the
groups (ON vs. NON patients) at study entrance. Predictive discrimi-
nation of total retinal volume (TRV), macular retinal nerve fiber layer
(mRNFL) or ganglion cell-inner plexiform layer (GCIPL) volumes at
baseline in ON vs. NON patients. The ROC curves of TRV (blue),
mRNFL volume (green) and GCIPL volume (orange) are shown; the
optimal cut-off value for each curve with the corresponding sensitiv-
ity and specificity based on the Youden’s index are indicated by dots

Discussion

Marked thinning of the neuronal and axonal components
of the retina was demonstrated early in the course of MS
[12, 30]. Studies focusing on the discrimination between
healthy controls and MS patients have pointed towards a
better sensitivity of the GCIPL compared to pRNFL [31].
However, apart from the presence or absence of prior ON, it
is important to capture the atrophy over time, as retinal atro-
phy during the initial stages of the disease mirrors disease
progression [13]. Thus, the aim of our study was to evaluate
volumetric changes of intra-retinal layers in early-stage MS
patients using a 3D OCT imaging method based on an in-
house segmentation algorithm and to determine the potential
to infer a prior ON episode based on these changes.

The cross-sectional analysis comparing NON and ON
patients demonstrated that ON patients had markedly
reduced TRV, mRNFL and GCIPL volumes at least 6 months
after ON, whereas no significant changes were seen in the
remaining layers. Probably due to the short disease duration,
only INL and OPL in NON patients revealed a significant
difference compared to healthy subjects at baseline.

In the discrimination model, the decrease in mRNFL
or GCIPL was found to predict a prior clinical episode of
ON with a moderate sensitivity and high-specificity with-
out demonstrating superiority of any one measure. Overall,
the discriminative ability of TRV, mRNFL and GCIPL in
regard to prior ON was not significantly different. The analy-
sis additionally provided volumetric cut-off values for these
layers to distinguish ON from NON patients.

Finally, a substantial loss of TRV could be shown in
both patients with and without ON during the almost 2-year

Table 4 Receiver operating

A X Volumes TRV mRNFL GCIPL

characteristic (ROC) analysis
Area under the ROC curve (AUC) 0.751 0.733 0.794
Standard error 0.065 0.070 0.061
95% confidence interval 0.634-0.846 0.614-0.831 0.681-0.881
p value® 0.0001 0.0008 <0.0001
Youden’s index” 0.391 0.440 0.502
Cut-off value® 10.23 mm? 1.31 mm? 2.06 mm®
Sensitivity 70.6% 58.8% 70.6%
Specificity 68.5% 85.2% 79.6%

Significant p values at p < 0.05 are highlighted in bold

In addition to the graphical illustration in Fig. 2, this table provides the essential characteristics of the ROC
analysis for total retinal volume (TRV), macular retinal nerve fiber layer (nNRNFL) and ganglion cell layer-
inner plexiform layer (GCIPL) at baseline, separately. Proposals of an optimal cut-off value with the cor-
responding sensitivity and specificity are made based on the Youden’s index (for detailed explanation see

“Methods”)

p value for testing AUC=0.5 vs. AUC#0.5

DA statistic capturing the performance of a dichotomous test

“The maximum value of the Youden’s index was used to select the optimal cut-off value for each ROC
curve (with the corresponding sensitivity/specificity)
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Table 5 Measured thickness of the intra-retinal layers across the follow-up period in both NON (n=52) and ON (n = 14) patients
Baseline NON Follow-up NON Baseline ON patients Follow-up ON p value NON  p value ON
patients (mean+SD) patients (mean+SD)  (mean=+SD) patients (mean+SD) patients® patients®
TRV (mm?®) 10.48 +£0.51 10.43+0.50 10.10+0.39 10.00+0.46 0.002 0.013
mRNFL (mm?) 1.46+0.15 1.45+0.15 1.34+0.13 1.29+0.15 0.140 0.028
GCIPL (mm?®) 2.22+0.26 2.20+0.25 1.96+0.26 1.95+0.26 0.003 0.627
INL (mm®) 1.01+0.05 1.00+0.05 1.03+0.05 1.02+0.05 0.009 0.042
OPL (mm®) 1.00+0.06 0.99+0.05 1.03+0.06 1.02+0.08 0.130 0.587
ONL-IS (mm®) 2.52+0.26 2.53+0.24 2.48+0.15 2.45+0.14 0.368 0.420
OS-RPE (mm?®) 2.28+0.08 2.27+0.10 2.27+0.07 2.26+0.08 0.242 0.638

Significant p values at p < 0.05 are highlighted in bold

Patients that experienced ON during the follow-up period (n=5) were excluded from the longitudinal analysis

TRVtotal retinal volume, mRNFL macular retinal nerve fiber layer, GCIPL ganglion cell-inner plexiform layer, /NLinner nuclear layer, OPL outer
plexiform layer, ONL-IS outer nuclear layer-inner segment, OS-RPE outer segment-retinal pigment epithelium layers

p value derived from paired ¢ test (comparison between baseline and follow-up for NON and ON patients separately)

observation period. However, in this early-stage MS cohort
and with a period of at least 6 months since suffering from
an acute ON in the ON group, during the follow-up period
mRNFL volume decreased only in ON, and GCIPL volume
decreased only in NON patients, despite both volumes being
lower in ON patients at baseline. This suggests that docu-
mented acute inflammatory episodes have minor impact on
the atrophy of the GCIPL 6 months beyond the event.

Our cross-sectional results demonstrate that a focal
inflammatory attack of the optic nerve’s retrobulbar axons
leads to a thinning of the inner-retinal axons and ganglion
cell degeneration as seen by a reduction in GCIPL and
mRNFL volumes in comparison to NON patients at base-
line. In addition, our study provides evidence for a divergent
pattern of those two layers in the initial phase of the disease
(and 6 months beyond the event in the ON group). Over
the observation period of an average of almost 24 months
we were able to demonstrate a significant decrease in TRV
for ON as well as for NON patients. Interestingly, for NON
patients this seems to be mainly due to a loss in GCIPL
whereas for ON patients the loss in TRV was mostly due to
a loss in mRNFL.

The sustained mRNFL volume loss in ON patients and
the absence of significant GCIPL loss in those patients sup-
ports the idea that early functional changes of the axons
in the optic nerve may contribute to cell shrinkage or loss
(immediate GCIPL loss) before structural damage of axons
occurs (later mRNFL thinning).

This divergent atrophy pattern over time is partly in line
with previous observations that provided evidence that the
thickness of the GCIPL predominantly reduces within the
first weeks of an acute ON onset indicating that GCIPL thin-
ning takes place quite early after an ON [32], but might reach
a plateau afterwards as indicated by our findings. Hence,
the results of the cross-sectional and longitudinal analysis

suggest that demyelination of optic nerve axons after an
acute ON leads to sustained thinning of the unmyelinated
axons over time (MRNFL volume reduction in ON patients),
whereas longitudinal GCIPL volume loss likely provides a
better estimate in NON patients in terms of continuous neu-
rodegeneration independent of clinical ON involvement.

Our observations extend previous reports based on 2D
segmentation of OCT data [6, 7, 16, 21, 33] as well as stud-
ies using other segmentation tools indicating that atrophy of
mRNFL and GCIPL is a direct result of the demyelination
of the optic nerve [8, 11, 12]. A loss in visual acuity as well
as a loss in color vision has been linked to the thickness
of GCIPL and mRNFL [34, 35], providing potential OCT-
based predictors of visual impairment following ON [36].
In our cohort, the lack of difference in intra-retinal layer
volumes between ON patients with and without persistent
visual impairment may relate to the small amount of ON
patients or the imprecision of visual acuity testing with Snel-
len’s charts. However, reported correlations between visual
acuity and intra-retinal layer thickness were similar for ON
and NON eyes [37] and relatively weak [38], presumably
due to the fact that MS-related visual impairment can be
additionally affected by posterior visual pathway pathology
or impaired ocular motility, which are not captured with
OCT. Moreover, thinning in GCIPL has been correlated
with reduced quality of life in MS patients with or without
ON [20]. In addition, both pRNFL and mRNFL thinning,
which is primarily an estimate for neuroaxonal damage of
the retina, has been associated with brain volume loss and
also with disability worsening [15, 39, 40].

In summary, our findings demonstrate that mRNFL and
GCIPL seem to reveal a different timing of retinal neuronal
and axonal loss in early-stage MS patients. We can argue that
GCIPL thinning in ON patients seems to precede mRNFL
thinning, which has been shown for pRNFL in a longitudinal
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pilot study with unilateral ON [41] and is also in line with
previous findings demonstrating that mRNFL atrophy devel-
ops more slowly than GCIPL atrophy in ON patients [32,
42].

However, some caveats need to be considered when
interpreting these divergent patterns. First, there is cer-
tainly a non-significant mRNFL loss over time also for
NON patients, prompting us to interpret the mRNFL dif-
ference between ON an NON patients with more caution.
On the other hand, the longitudinal difference in GCIPL
between NON and ON patients seems to be marked. Second,
the rationale for diverging mRNFL and GCIPL measures is
inherently difficult (when investigating mRNFL and GCIPL
separately), as these two measures reflect biological exten-
sions of one another, rather than being remotely connected
components of the CNS. Third, when comparing the atrophy
rates over the observation period we found no significant dis-
criminative power in the ROC analysis (in any intra-retinal
layer), suggesting that both the rate and strength of atrophy
among patients, in particular within the ON group, are too
heterogeneous to make a precise discrimination between
ON and NON patients based on our longitudinal data. In
contrast, Graham and colleagues demonstrated in a ROC
analysis that pPRNFL provided better sensitivity/specificity
for detecting change over time than GCIPL [21].

Taken together, available longitudinal studies consistently
demonstrate progressive loss of mRNFL and pRNFL as well
as GCIPL in patients with MS and that the decline does not
follow a linear process, but is rather the greatest in early
phases of the disease [20]. The present data expand these
observations by further providing a distinct atrophy pattern
for those layers in early-stage MS patients, but without suffi-
cient discriminative power in the longitudinal ROC analysis.

Besides the main findings, we could further demonstrate
higher volumes of INL and ONL at baseline for patients with
or without ON in comparison to HCs. Over the observation
period, a subtle (yet significant) thinning of INL over time
was documented in both ON and NON patients. The aetiol-
ogy behind these changes in INL volumes is currently under
debate [8]. Most likely the initial thickening in INL and
ONL is due to an inflammatory process with gliosis [43]. In
a recent study investigating the link between retinal atrophy
and MRI activity, INL thickness was found to positively cor-
relate with MRI T2-lesion load in patients with radiologi-
cally isolated syndrome, and in CIS patients INL thickness
was associated with the progression to clinically definite
MS [44]. The initial thickening of INL reflects chronic
inflammatory processes probably linked to glial activation
in the retina as well as continuous inflammatory activity in
the CNS [30]. Our data further suggest that this initial INL
thickening seems to fade out over time, pointing towards a
primordial response of the layer after disease manifestation.

@ Springer

Our study is not without limitations. On the one hand,
the group of ON patients was small as we retrospectively
divided the patients into ON and NON patients, and hence
the statistical power could be increased with a larger and
equivalent number of patients. On the other hand, we spe-
cifically concentrated on patients in the initial phase of the
disease, but did not further distinguish between CIS and
RRMS, which might also display differences in OCT meas-
urements and should be further investigated in a comparative
study.

Ultimately, our data emphasize the effects of previous
episodes of ON on mRNFL and GCIPL in the initial stage
of the disease. The 3D-OCT data demonstrated that TRV,
mRNFL and GCIPL allow discrimination between ON and
NON patients in a cross-sectional analysis without demon-
strating superiority of any one measure. Our almost 2-year
follow-up findings, however, provide evidence that the sub-
sequent retinal atrophy pattern diverges in the initial phase of
MS: Prior ON promotes sustained axonal thinning over time
indicated by mRNFL loss, whereas longitudinal measure-
ment of GCIPL volume better depicts continuous retrograde
neurodegeneration in NON patients in early-stage MS.
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