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Axel Petzold, Laura ) Balcer, Peter A Calabresi, Fiona Costello, Teresa C Frohman, Elliot M Frohman, Elena H Martinez-Lapiscina, AriJ Green,
Randy Kardon, Olivier Outteryck, Friedemann Paul, Sven Schippling, Patrik Vermersch, Pablo Villoslada, Lisanne J Balk, on behalf of ERN-EYE and
IMSVISUAL*

Summary

Background Structural retinal imaging biomarkers are important for early recognition and monitoring of inflammation
and neurodegeneration in multiple sclerosis. With the introduction of spectral domain optical coherence tomography
(SD-OCT), supervised automated segmentation of individual retinal layers is possible. We aimed to investigate which
retinal layers show atrophy associated with neurodegeneration in multiple sclerosis when measured with SD-OCT.

Methods In this systematic review and meta-analysis, we searched for studies in which SD-OCT was used to look at
the retina in people with multiple sclerosis with or without optic neuritis in PubMed, Web of Science, and Google
Scholar between Nov 22, 1991, and April 19, 2016. Data were taken from cross-sectional cohorts and from
one timepoint from longitudinal studies (at least 3 months after onset in studies of optic neuritis). We classified data
on eyes into healthy controls, multiple-sclerosis-associated optic neuritis (MSON), and multiple sclerosis without
optic neuritis (MSNON). We assessed thickness of the retinal layers and we rated individual layer segmentation
performance by random effects meta-analysis for MSON eyes versus control eyes, MSNON eyes versus control eyes,
and MSNON eyes versus MSON eyes. We excluded relevant sources of bias by funnel plots.

Findings Of 25497 records identified, 110 articles were eligible and 40 reported data (in total 5776 eyes from patients with
multiple sclerosis [1667 MSON eyes and 4109 MSNON eyes] and 1697 eyes from healthy controls) that met published
OCT quality control criteria and were suitable for meta-analysis. Compared with control eyes, the peripapillary retinal
nerve fibre layer (RNFL) showed thinning in MSON eyes (mean difference —20-10 pm, 95% CI —22-76 to —17-44;
p<0-0001) and in MSNON eyes (-7 -41 pm, -8 - 98 to -5 83; p<0-0001). The macula showed RNFL thinning of -6-18 pm
(-8-07 to —4-28; p<0-0001) in MSON eyes and —2-15 pm (-3-15 to —1-15; p<0-0001) in MSNON eyes compared with
control eyes. Atrophy of the macular ganglion cell layer and inner plexiform layer (GCIPL) was -16-42 pm
(-19-23 to —13- 60; p<0-0001) for MSON eyes and —6-31 pm (-7 - 75 to —4 - 87; p<0-0001) for MSNON eyes compared with
control eyes. A small degree of inner nuclear layer (INL) thickening occurred in MSON eyes compared with control eyes
(0-77 pm, 0-25 to 1-28; p=0-003). We found no statistical difference in the thickness of the combined outer nuclear layer
and outer plexiform layer when we compared MSNON or MSON eyes with control eyes, but we found a small degree of
thickening of the combined layer when we compared MSON eyes with MSNON eyes (1-21 pm, 0-24 to 2-19; p=0-01).

Interpretation The largest and most robust differences between the eyes of people with multiple sclerosis and control
eyes were found in the peripapillary RNFL and macular GCIPL. Inflammatory disease activity might be captured by
the INL. Because of the consistency, robustness, and large effect size, we recommend inclusion of the peripapillary
RNFL and macular GCIPL for diagnosis, monitoring, and research.

Funding None.

Introduction

Optical coherence tomography (OCT) is a high-resolution
imaging technique suitable for sophisticated post-
processing.”” Since our last meta-analysis,® use of time
domain OCT (TD-OCT) has been overtaken by spectral
domain OCT (SD-OCT) in clinical practice.* The much
higher resolution of SD-OCT now permits analysis of
individual retinal layer thicknesses.”* This improvement
in technique has enabled segmentation of ten additional
retinal layers next to the well investigated retinal nerve
fibre layer (RNFL).’ Five of these layers have been
analysed systematically in patients with multiple
sclerosis: ganglion cell layer (GCL), inner plexiform layer
(IPL), inner nuclear layer (INL), outer plexiform layer
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(OPL), and outer nuclear layer (ONL). In the present
meta-analysis, we aimed to investigate what additional
information can be derived by retinal layer segmentation
in patients with multiple sclerosis and with optic neuritis
associated with multiple sclerosis.

Methods

Search strategy and selection criteria

This study was a systematic review and meta-analysis of
the thickness of individual retinal layers in multiple
sclerosis. AP and LJBalk did the review of the Dutch,
English, French, German, Italian, and Spanish literature
on all studies (cross-sectional and longitudinal) with OCT
in patients with multiple sclerosis published between the
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Research in context

Evidence before this study

A previous meta-analysis on retinal optical coherence
tomography (OCT) in multiple sclerosis considered all evidence
since invention of the method in 1991. All data were based on
time domain OCT (TD-OCT). The main finding (exactly the same
as for our study) was that evidence was consistent for atrophy of
the peripapillary retinal nerve fibre layer (RNFL). Data from the
TD-OCT studies on individual retinal layers were scarce because
of poor image resolution and an absence of segmentation
algorithms. With the event of spectral domain OCT (SD-OCT),
both limitations can be overcome. A new body of literature now
exists on quantitative individual retinal layer OCT data. For this
new meta-analysis, we considered all published evidence on
these new SD-OCT data in multiple sclerosis. We used PubMed,
Web of Science, and Google Scholar, and searches were done in
six languages by authors fluent in Dutch, English, French,
German, Italian, and Spanish. The first search terms were
“optical coherence tomography” and the names of the SD-OCT
devices on the market. We refined the list of articles by searching
for “multiple sclerosis”, “demyelination”, “optic neuritis”, and
the abbreviations “MS”, “CIS”, “RRMS”, “SPMS”, “PPMS”, “ON",
and “MSON”". We reviewed the methods section of the identified
articles to find out which of the studies did indeed use the
SD-OCT methods. We assessed the quality of the studies with
the Advised Protocol for OCT Study Terminology and Elements
(APOSTEL) recommendations for studies on quantitative OCT.

Added value of this study
New data were available on individual retinal layers, which
allowed for detailed analysis of the macula, in addition to the

first report of the method by Huang and colleagues' on
Nov 22, 1991, and April 19, 2016, including manuscripts
published ahead of print. We searched PubMed, Web of
Science, and Google Scholar with a hierarchical search
strategy. We searched for OCT, including the brand and
device names of the major commercial suppliers, and
then we refined this search using the following search
terms: multiple sclerosis, demyelination, optic neuritis,
and the abbreviations “MS”, “CIS”, “RRMS”, “SPMS”,
“PPMS”, “ON”, and “MSON”. We reviewed articles for
use of SD-OCT. Diagnosis of multiple sclerosis and
multiple-sclerosis-associated optic neuritis (MSON) were
defined as per consensus.”” We excluded articles if they
did not contain patients with multiple sclerosis, included
fewer than ten participants, did not use SD-OCT, did not
separate eyes with optic neuritis in patients who had
multiple sclerosis (MSON eyes) from eyes in patients
who had multiple sclerosis without optic neuritis
(MSNON eyes), were communications in response to an
article, were duplications of data already published from
the same cohort, or reported data in a format other than
mean (SD) or mean (SEM; study authors were contacted
and asked to supply this information). Articles that did

peripapillary region studied in the previous meta-analysis.

Each of these two areas had retinal-layer-specific anatomical
advantages, with the RNFL being thickest at the optic disc and
the ganglion cell layer thickest in the macula. Our evidence
shows that the macula has a similar degree of atrophy to that
previously shown for the peripapillary RNFL. The results also
show that atrophy of retinal layers in multiple sclerosis stops at
the inner nuclear layer. Consequently, volume changes of the
inner nuclear layer have emerged as a potentially new surrogate
for inflammation-related changes in multiple sclerosis. We
report new evidence for an increase of outer nuclear layer
volume following optic neuritis. New longitudinal evidence for
a disease duration-dependent degree of inner retinal layer
(RNFL and ganglion cell layer and inner plexiform layer [GCIPL])
atrophy, which is most marked in the early disease course.

Implications of all the available evidence

The meta-analysis shows that SD-OCT provides a reproducible,
accurate, and robust method for quantification of individual
retinal layers. The data imply a need to routinely (in clinical
practice, research, and trials) undertake OCT scans from

two different regions per eye: the optic disc and the macular.
Particularly in clinical practice, these two scans would help with
the differential diagnosis and with identification of macular
pathology. The data further suggest outcome measures that
could be prioritised in studies of multiple sclerosis. For atrophy,
these are the peripapillary RNFL and the macular GCIPL, and for
inflammation, this is probably the inner nuclear layer.

not contain a group of control patients were excluded if
they did not contain data permitting comparison of
MSON eyes with the MSNON eyes. Conflicts on inclusion
of data were resolved by consensus (between AP and
LJBalk).

Data analysis

AP and LJBalk independently extracted data. Extracted
data consisted of mean thickness (SD) of individual
retinal layers (RNFL, GCL, IPL, a combination of GCL
and IPL, INL, ONL, OPL, or a combination of ONL and
OPL) of eyes of patients with multiple sclerosis (with
and without a history of MSON) and healthy control
participants. Because of the anatomical structure of the
retina (appendix), data were reported for the RNFL at
the optic disc and macula, but for all other layers only at
the macula. To solve conflicts of inclusion for the meta-
analysis, authors of the research papers were
approached by email regarding inclusion criteria,
timing of events, and presentation of data (mean, SD,
and number). Key papers excluded from the
meta-analysis because of unsuitable or duplicate data
were still referenced in the systematic review. No grey
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literature sources were assessed and we used only
summary estimates. The main outcome measure was
thickness (pm) of peripapillary RNFL and macular
RNFL, GCL, IPL, GCL and IPL combined (GCIPL),
INL, and ONL and OPL combined (ONPL) in MSON
eyes, MSNON eyes, and healthy control eyes. We
reported results as mean difference (pm, with 95% CI)
between the MSON eyes, MSNON eyes, and control
eyes for all retinal layers. We assessed variability within
studies (sampling error) and between studies with the
I2 estimate of heterogeneity. Retinal OCT data for
different SD-OCT devices were analysed together. Data
were taken from cross-sectional studies and from one
single timepoint from longitudinal studies. The
baseline OCT values were taken from longitudinal
studies that did not include acute optic neuritis.
Because the time lag between onset of MSON and
ensuing retinal layer atrophy, follow-up data were taken
from these studies from one single timepoint, which
had to be at least 3 months after onset of MSON.* No
subgroup analyses according to disease course were
done if they would have led to loss of power and because
the new classification into active and stable disease by
Lublin and colleagues® has not yet been applied
systematically. Data on individual retinal layer thickness
were entered for each group of eyes as mean thickness
in pm (SD) to compare the predefined groups for
MSON eyes, MSNON eyes, and eyes of healthy control
participants. Categorisation of the groups was done at
the eye level, instead of at the patient level. For OCT
research-specific quality assessment we used the
Advised Protocol for OCT Study Terminology and
Elements (APOSTEL) recommendations,” which are
based on validated OCT quality control criteria.*” We
considered p values of 0-05 or less as significant. We
assessed publication bias with funnel plots.

The analyses of SD-OCT were identical in design to our
previous meta-analysis’ on TD-OCT, to enable
comparison of the data. We used Review Manager
(RevMan) version 5.3 following the guidance of the
Diagnostic Test Accuracy Working Group.”® Retinal layer
thickness data were entered as a continuous variable. We
used inverse variance, with random effects (DerSimonian
and Laird). We chose random effects instead of a fixed
effects analysis because of the level of heterogeneity
between studies reported previously’ and because
different OCT devices and segmentation algorithms
were used in the studies. On an individual patient level
the devices and algorithms are not directly comparable.”
On a group level the degree of atrophy can still be
extracted, but study heterogeneity will increase. We have
therefore labelled data derived by different OCT
manufacturers in our forest plots.

We summarised the results of the meta-analyses for
related retinal layers. For each layer, subgroup analyses
are presented for the comparison of MSON eyes with
control eyes, then for the comparison of MSNON eyes
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with control eyes, and finally, for the comparison of
MSON eyes with MSNON eyes.

Role of the funding source

There was no funding source for this study. The
corresponding author had full access to all the data in the
study and had final responsibility for the decision to
submit for publication.

Results
Figure 1 summarises the selection process for the
110 articles that reported SD-OCT in multiple sclerosis
(the appendix has the full list of references). Of these,
40 articles®*** presented data suitable (in five cases after
contacting the authors for additional information [stated
as not estimable when data were not provided]) for meta-
analysis of retinal layer thickness between groups (table).
Atrophy of the peripapillary RNFL and macular RNFL
occurred in MSON eyes compared with control eyes
(figure 2A) and MSNON eyes compared with control
eyes (figure 2B). When comparing the eyes of patients

25497 records identified in first step of
hierarchical database using PubMed
and review of the source documentation
for further references

20624 removed because not spectral

g domain OCT studies

v

4873 spectral domain OCT studies

4775 removed because not
demyelination, multiple sclerosis,
> multiple sclerosis subtype, optic
neuritis, or optic neuritis
associated with multiple sclerosis

A4

98 on target disease spectrum

12 identified through
review of references

>

v

110 full-text articles assessed for eligibility

70 excluded after full review
6 case reports
25 data in wrong format,
paediatric studies, or
non-human studies, and not
retrievable from authors
9 review or similar
30 previously published data

A 4

40 studies included in meta-analysis

Figure 1: Study selection
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Women (%) Age (years) EDSS score Disease duration*  Multiple Optic neuritis MSNON MSON Control OCT device
sclerosis criteria (n)t (n)t (n)
criteria
Al-Louzi et al 88% in multiple 36 (9) NA 7 (3-11) years McDonald In-house 33 33 NA Cirrus (Carl Zeiss
(2016)* sclerosis group; no 2010 Meditec)
data for control
group
Balk et al (2014)*  68% in multiple 54 (10) in multiple 4(1-8) 20 (7) years McDonald Not specified 230 106 63 Spectralis
sclerosis groupand  sclerosis group and 2005 (Heidelberg
65% in control group 51 (7) in control group Engineering)
Behbehanietal  64% in multiple 30 (9) in multiple 2-21(134) 37 (9) months McDonald Not specified 104 32 51 3D OCT 2000
(2015)* sclerosis groupand  sclerosis group and 2010 (Topcon
65% in control group 30 (6) in control Corporation)
group
Behbehanietal  60% in multiple 27 (2) in multiple NA 14 (11) days Not applicable Not specified ~ NA 10 10 Cirrus (Carl Zeiss
(2016)» sclerosisgroupand  sclerosis group and Meditec)
40% in control group 29 (5) in control
group
Chilinska et al 58% in multiple 45 (21-72) in multiple  Mean 4.5 13 (4-39) years McDonald§ Not specified 59 34 (eyes) 28 Spectralis
(2016)* sclerosis groupand  sclerosis group; no (2-6-5) (Heidelberg
58%# in control data provided for Engineering)
group control group
Costello et al 84% in multiple 36 (9) in multiple NA 29 months (34) Not specified  In-houseq 19 50 NA Cirrus (Carl Zeiss
(2015)* sclerosis group; no  sclerosis group Meditec)
control group
Esenetal 66% in multiple 40 (9) in multiple Mean 2-1 92 months (64) McDonald In-house 47 27 30 Cirrus (Carl Zeiss
(2016)* sclerosis groupand  sclerosis group and (0-5-5) 2010 Meditec)
67% in control group 39 (8) in control
group
Fengetal 50% in optic neuritis 44 (16) in optic NA 83 months (82)in  McDonald Not specified 28 16 NA Cirrus (Carl Zeiss
(2013)* group and 36% in neuritis group and optic neuritis group 2010 Meditec)
non-optic neuritis 31 (9) in non-optic and 61 months
group neuritis group (74) in non-optic
neuritis group
Fernandes et al 87% in MSON group, 34-3 (8:7) in MSON NA 5years (1-26) in McDonald In-house 29 44 45 3D OCT-2000
(2013)” 86% in MSNON group, 35-3(10-2) in MSON groupand 2001 (Topcon
group, and 78% in MSNON group, and 3years (1-21) in Corporation)
control groupl| 36-0 (12-5) in control MSNON group
group
Fjeldstad et al NA 42 (2) in multiple NA NA McDonald Not applicable 30 NA 60 Cirrus (Carl Zeiss
(2011)* sclerosis group and 2001 Meditec)
33 (3) in control group
Garcia-Martin 67% in multiple 42 (10) in multiple Mean 2:45 9-2years (0-5-39)  McDonald In-house 106 31(eyes) 115 Spectralis
etal (2013)* sclerosis groupand  sclerosis group and (0-8) 2001 (Heidelberg
67% in control group 42 (11) in control Engineering)
group
Gelfand et al 80% in CIS group, 39(10)inCISgroup,  1:5(1-2)inCIS  1year (0-3)inCIS  McDonald In-house 541 262 60 Spectralis
(2012)® 72% in RRMS group, 42 (11) in RRMS group, group, 7 years 2005 (eyes) (Heidelberg
68% in SPMS group, group, 51 (11)in SPMS 2 (1-.5-3-5) in (3-12) in RRMS Engineering)
45% in PPMS group,  group, 52 (12) in RRMS group, group, 14 years
and 57% in control  PPMS group, and 5-5(4-6-5) in (6-21) in SPMS
group 35 (11) in control SPMS group, group, and 9 years
group 55 (4-6:5) in (4-12) in PPMS
PPMS group group
Gonzdlez-Lépez  63% in multiple 40 (10) in multiple Mean 24 (1.7)  6-8years (7) McDonald In-house 36 104 70 Cirrus (Carl Zeiss
etal (2014)* sclerosis groupand  sclerosis group and 2005 (eyes) (eyes) Meditec)
57% in control 37(10) in control
group group
Hadhoum et al 61% in multiple 34(19-54) 2 (0-6) 86 months (6-237) Not specified ~ Petzoldetal 25 25 NA Spectralis
(2015)* sclerosis group; no (2014)" (Heidelberg
control group Engineering)**
Hokazono et al 86% in multiple 36-8 (11-5)in NA 5years (1-26) McDonald In-house 22 29 (eyes) 26 3D 0CT-1000
(2013)* sclerosis groupand  multiple sclerosis 2010 (eyes) (Topcon
100% in control group and 36-0 (12-5) Corporation)
group in control group
(Table continues on next page)
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94% in control
group

41 (12) in control
group

Women (%) Age (years) EDSS score Disease duration*  Multiple Optic neuritis MSNON MSON Control OCT device
sclerosis criteria (n)t (n)t (n)
criteria
(Continued from previous page)
Huang-Link etal ~ 72% in multiple 44 (12) in multiple 1(0-5) 11years (0-5-38) McDonald In-house 36 12 34 Cirrus (Carl Zeiss
(2015)* sclerosis groupand  sclerosis group and 2005 Meditec)
73% in control group 40 (14) in control
group
Kaushik et al 78% in multiple 39-5(9-8) in multiple  NA Mean 52 months ~ McDonald In-house 0 36 36 Spectralis
(2013)* sclerosis groupand  sclerosis group and (range 3-178) 2001 (Heidelberg
75% in control 39:5 (10-7) in control Engineering)
group group
Khalil et al 79% in multiple 34 (8) in multiple 4-9(17) 7 years (6) McDonald Voss et al 68 30 (eyes) 23 RTVue (Optovue
(2016)* sclerosis groupand  sclerosis group and 2005 (2011)" Inc)
83% in control group 36 (9) in control
group
Khanifar et al 68% in multiple 39 (26-69) NA Median 31 months  Not specified  In-house 47 25 (eyes) NA Spectralis
(2010)” sclerosis group (range NA) (Heidelberg
Engineering)
Klistorner et al 74% in multiple 40-2 (11-6) in NA 4-8years (3-1) Not specified  In-house 53 (0] 50 Spectralis
(2014)* sclerosis groupand  multiple sclerosis (Heidelberg
control group were  group years and Engineering)
sex-matched control group were
age-matched
Knier et al 76% in multiple 52-8 (8-8) in multiple 2.5 (1-0-3-0) 24-9 years (7-2) Poser 1965 or  In-house 25 33 (eyes) 29 Spectralis
(2016)» sclerosis groupand  sclerosis group and McDonald (eyes) (Heidelberg
59% in control 49:0 (10-2) in control 2005 Engineering)
group group
Langeetal 92% in multiple 44 (9) in multiple 2:5(1-6-5) 12 years (8) McDonald Not specified 25 20 50 Spectralis
(2013)* sclerosis groupand  sclerosis group and 2005 (Heidelberg
88% in control 49 (10) in control Engineering)
group group
Modvig et al 83% in control 33 in control group NA NA Not specified  In-house 471t 43 30 Cirrus (Carl Zeiss
(2016)* group; not provided (eyes)t+ Meditec)
for multiple sclerosis
group
Narayanan et al 76-7% in multiple 434 (11-1) NA 8-5years (8-0) McDonald Becket al® 149 98 0 Cirrus (Carl Zeiss
(2014)* sclerosis group 2005 Meditec)
Oberwahrenbrock  66% in multiple 41 (10) in multiple 2 (0-8) 107 months (90) McDonald Not specified 414 183 94 Spectralis
etal (2012)% sclerosis groupand  sclerosis group and 2005 (eyes) (Heidelberg
67% in control 35 (10) in control Engineering)
group group
Oberwahrenbrock  69% in multiple 32 (8) in multiple 1(0-4) NA McDonald In-house 45 16 45 Spectralis
etal (2013)° sclerosis groupand  sclerosis group and 2010 (Heidelberg
69% in control 32 (8) in control Engineering)
group group
Park etal 73% in multiple 32 (3) in multiple NA 2 years (0-6) McDonald Not specified 15 15 24 Spectralis
(2014)* sclerosis groupand  sclerosis group and 2005 (Heidelberg
66% in control 41 (12) in control Engineering)
group group
Petracca et al 56% in multiple 52 (32-65) in multiple 4 (1-5-6) 9years (5) McDonald Not applicable 25 0 20 Spectralis
(2016)* sclerosis groupand  sclerosis group and 2010 (Heidelberg
56% in control 51 (34-63) in control Engineering)
group group
Rebolleda, et al 68% in multiple Median 39 (range NA Median 2-5 years Not specified  In-house 18 18 NA Cirrus (Carl Zeiss
(2011)* sclerosis group NA) (range NA) (eyes)SS Meditec)q1q
Saidha et al 75% in multiple 44-2 (12-1) Median 3 Median 10 years McDonald In-house 60 154 0] Cirrus (Carl Zeiss
(2015)¥ sclerosis group (IQR 2-6) (IQR 4-16) 2010 (eyes) (eyes) Meditec)
Salarietal 92% in multiple 27 (5) NA NA McDonald In-house 52 52 NA 3D OCT-1000
(2015)* sclerosis group 2010 (eyes)|[l| (Topcon
Corporation)
Schneider et al 94% in multiple 41 (13) in multiple NA 65 months (36) McDonald In-house 17 20 (eyes) 17 Spectralis
(2013)* sclerosis groupand  sclerosis group and 2010 (Heidelberg

Engineering)

(Table continues on next page)
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Women (%) Age (years) EDSS score Disease duration*  Multiple Optic neuritis  MSNON MSON Control OCT device
sclerosis criteria (n)t (n)t (n)
criteria
(Continued from previous page)
Schnurmanetal  78% in multiple 44 (9) in multiple 27 (1-6'5) 8-9years (5-8) McDonald In-house 18 18 18 Spectralis
(2014)* sclerosis groupand  sclerosis group and 2010 (Heidelberg
not specified in 31(11) in control Engineering)
control group group
Soufietal 81% in multiple 37(10) in multiple 32(22) 5years (2-7) McDonald Not specified 31 7 31 3D 0CT-2000
(2015)* sclerosis groupand  sclerosis group and 2010 (Topcon
26% in control 31(7) in control Corporation)
group group
Sriram et al 69% in multiple Age-matched (not NA 4-7 years (2:9) Not specified  In-house 58 0 25 Spectralis
(2014)» sclerosis groupand  further specified) (Heidelberg
69% in control Engineering)
group
Sriram et al 60% in multiple 37(9) in multiple NA 3.7 years (0-8) McDonald In-house 15 15 18 Spectralis
(2012)> sclerosis groupand  sclerosis group and 2001 (Heidelberg
61% in control 37(10) in control Engineering)
group group
Sycetal (2012)*  71% in multiple 42 (10) in multiple NA 12 years (9) Not specified  In-house 98 20 50 Cirrus (Carl Zeiss
sclerosis groupand  sclerosis group and Meditec)
70% in control 41 (8) in control
group group
Walter et al 65% in multiple 43 (14) in multiple 2(0-8:5) 9years (11) McDonald In-house 213 52 47 Spectralis
(2012)* sclerosis groupand  sclerosis group and 2005 (Heidelberg
66% in control 37(10) in control Engineering)
group group
Xuetal (2016)**  75% in multiple 45 in multiple NA 11years McDonald In-house 76 30 24 Cirrus (Carl Zeiss
sclerosis group 71%  sclerosis group*** 2010 Meditec)
in control group and 41 in control
group
Zimmermann 73% in multiple 41 (9) in multiple 2 (0-6) 79 months (58) McDonald In-house 77 (eyes) 46 (eyes) NA Cirrus (Carl Zeiss
etal (2013)” sclerosis group sclerosis group 2005 Meditec)

Data are presented as %, mean (SD), median (range), n, or as stated. EDSS score and disease duration are presented only for patients with multiple sclerosis, because neither variable was applied to control

individuals. Diagnostic criteria were indicated as in-house when authors provided information permitting to make the diagnosis. We refer the reader to the original work for more details about interpretation of
individual assessments. The SD-OCT devices used were from Heidelberg Engineering (Heidelberg, Germany), Carl Zeiss Meditec (Dublin, CA, USA), Optovue Inc (Fremont, CA, USA), and Topcon Corporation
(Tokyo, Japan). EDSS=Expanded Disability Status Scale. MSNON=multiple sclerosis without optic neuritis. MSON=multiple-sclerosis-associated optic neuritis. OCT=optical coherence tomography. NA=data not

available. CIS=clinically isolated syndrome. RRMS=relapsing-remitting multiple sclerosis. SPMS=secondary-progressive multiple sclerosis. PPMS=primary-progressive multiple sclerosis. TD-OCT=time domain
optical coherence tomography. SD-OCT=spectral domain optical coherence tomography. *Disease duration at baseline is presented for longitudinal studies. tNumber of patients and not eyes with MSON is given,
unless specified otherwise. $Paper states that controls were age-matched and sex-matched to multiple sclerosis cohort. SYear of revision of the McDonald criteria used not further specified. qPatients with a first
clinical presentation of unilateral optic neuritis who underwent clinical evaluation within 1 month of symptom onset were included in the study. |[Numbers in table” do not add up to 29 participants with MSON, of
which four patients were male and 26 patients were female. The male to female ratio was taken for calculation of percentage in this table. The same discrepency occurred for MSNON. **This paper reported the
volume rather than the thickness (device-dependent) explaining the numbers in figures 3, 4. t1Data refer to 47 (84%) of 56 patients included originally from a previous publication. ++OCT data from 46 MSON
eyes at baseline and 43 MSON eyes at follow-up. §§Data on 18 MSON eyes and 18 fellow MSNON eyes. €[9[Study also used TD-OCT (Stratus), but only SD-OCT data were included in the meta-analysis.

|I/ISD-OCT data were taken from 52 MSON eyes at 6 months’ follow-up. ***Weighted average calculated for age and disease duration.

Table: Characteristics of studies included in the meta-analysis
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with multiple sclerosis, the atrophy in MSON eyes was
greater than that in MSNON eyes (figure 2C). No
publication bias was shown (appendix).

The meta-analysis for the GCIPL showed atrophy in the
MSON eyes compared with control eyes (figure 3A). In
MSNON eyes, we found atrophy of the GCIPL compared
with control eyes (figure 3B). For the eyes of patients with
multiple sclerosis, atrophy of the GCL and IPL was more
marked in MSON eyes than in MSNON eyes (figure 3C).
No publication bias was shown (appendix).

For the INL, the mean difference between the MSON
eyes and control eyes indicated thickening of the INL
(figure 4A). The INL remained unchanged in MSNON
eyes compared with control eyes (figure 4B). When
comparing the eyes of patients with multiple sclerosis, a

thickened INL was observed in MSON eyes compared
with MSNON eyes and the average thickening was small
(figure 4C). No publication bias was shown (appendix).

The meta-analysis for the ONPL showed that no change
in thickness occurred in MSON eyes or MSNON eyes
compared with control eyes (figure 4D, E). The ONPL
seemed to be slightly thickened in MSON eyes compared
with MSNON eyes (figure 4F). No publication bias was
shown (appendix).

Overall, the largest effect sizes for comparisons
between groups were seen for the peripapillary RNFL
and GCIPL (figure 5). The effects sizes were small for the
INL (significant only when comparing MSON eyes with
other eyes) and ONPL (significant only when comparing
MSON with MSNON eyes).
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A . . I
Device ~ MSON Control Weight (%) Mean difference*
Mean (um; SD)  Total eyes Mean (um; SD) Total eyes (um; 95% C1)
Peripapillary RNFL
Balk et al (2014) H 76-4(11-6) 144 91.7(6-8) 126 73 - -15:30 (-17-54 to -13-06)
Behbehani et al (2015)2 T 1013 (14-4) 32 1113 (87) 51 58 —_ -10-00 (1553 to -4-47)
Behbehani et al (2016)? z 82(14-1) 10 94-9(6) 40 41 —_— -12:90 (-21-83 t0-3-97)
Esen etal (2016) z 82:2(11:8) 40 967(82) 60 65 —_ -14-50 (-18-70 to -10-30)
Feng etal (2013)% z 718 (19:2) 12 1021 (8-1) 28 32 <“— -30-30 (-41-57 t0-19-03)
Gelfand et al (2012)® H 802(17-8) 262 1013 (10-1) 106 71 - -2110 (-23-99 to-18-21)
Gonzalez-Lopezetal (2014  Z 79-6 (13:6) 36 99:3(87) 140 62 — -19-70 (-24-37 t0-15:03)
Huang-Link et al (2015)* z 677 (7-91) 15 93-6(8-9) 68 63 — -25.90 (3043 to-2137)
Khalil et al (2016)* 0 841(135) 30 117-8(26-2) 23 31 <+ -33-70 (~45-45 to -21-95)
Lange et al (2013)% H 73-9 (15-2) 13 98-4(8-8) 100 43 —_— -24-50 (-32-94 t0-16-06)
Oberwahrenbrock etal (2012)*®  H 77-8 (14-6) 183 100-6(8-8) 183 72 - -22-80 (-25-27 t0-20-33)
Oberwahrenbrock et al (2013)° H 82:1(18) 16 101-4 (7-4) 90 41 —_— -19-30 (-28-25 to -10-35)
Park et al (2014)* H 701 (6) 15 1001 (9-3) 24 62 —_ -30-00 (-34-80 to -25-20)
Rebolleda et al (2011)* z 81(0) 18 93.5(0) 18 - Not estimable
Schneider et al (2013)* H 853 (13:3) 20 1001 (10-8) 34 51 — -14-80 (-21-67 to 7-93)
Soufi et al (2015) T 77 (11) 7 104(87) 58 43 —_— -27-00 (-35-45 to -18-55)
Sycetal (2012)% z 78:7(117) 73 93-4(10-4) 100 6:9 —- 1470 (-18-07 to -11.33)
Walter et al (2012) H 78-4(13-6) 87 92:9(9-9) 61 67 —- -1450 (-18-29 to-10-71)
Xu et al (2016)°¢ z 73-6(14-8) 35 971 (11-5) 41 55 — -23.50 (-29-54 to-17-46)
Total (N) 1030 1333 100-0 L 2 -20-10 (-22-76 to-17-44)
Heterogeneity: '=23-83; x’=97-35, df=17 (p<0-0001); ’=83% T T —
Test for overall effect: Z=14-82 (p<0-0001) -20 -10 0 10 20
Macular RNFL
Balk et al (2014) H 24 (2:9) 114 273 (21) 126 17:9 - -3-30 (-3-95 to -2:65)
Fernandes et al (2013)* T 30-6(9-4) 45 37:9(5-4) 82 12:6 —_— -7-30 (-10-28 to -4-32)
Hokazono et al (2013) T 30-1(87) 29 39(5) 30 10-9 _ -8.90 (-12-54 t0 -5-26)
Kaushik et al (2013) H 27-8(4) 36 322(2) 36 165 —— -4-40 (-5-86 t0-2-94)
Oberwahrenbrock et al (2013)® H 32:1(5-6) 16 39-9(4-6) 90 12-8 —_— -7-80 (-10-70 to -4-90)
Schneider et al 2013)* H 29-4(4) 20 334(2:3) 34 15-4 — -4-00 (-5-92 to -2.08)
Walter et al (2012)% H 19-9(9) 87 29.6(6) 61 141 — -9:70 (1212 to-7-28)
Total (95% Cl) 347 459 100-0 P -6-18 (-8-07 to-4-28)
Heterogeneity: '=5-12; x’=97-35, df=6 (p<0-0001); ’=86% T T T T
Test for overall effect: Z=6-39 (p<0-0001) -10 -5 0 5 10
<“— —>
Decrease in MSON compared with control  Increase in MSON compared with control
B Device  MSNON Control Weight (%) Mean difference*
Mean (um; SD)  Total eyes Mean (um; SD) Total eyes (Bm; 95% Cl)
Peripapillary RNFL
Balk et al (2014)* H 85.5(10-1) 279 917(6-8) 126 8.2 - -6-20 (7-88 to -4-52)
Behbehani et al (2015)* T 1027 (11-5) 72 1113 (87) 51 61 —- -8.60 (-12-17 to -5-03)
Behbehani et al (2016)3 z 89(16-2) 10 94-9(6) 40 19 S -5.90 (1611 to 4-31)
Esenetal (2016)* z 89-2(11-2) 54 96-7(8-2) 60 6-1 —- -7.50 (-11-14 to -3-86)
Feng etal (2013)% z 92 (85) 12 1021(81) 28 42 —_ -10-10 (-15-77 to -4-43)
Fjeldstad et al (2011)% z 89-1(0) 60 98 (0) 32 - Not estimable
Garcia-Martin et al (2013)% H 93(0) 75 99-5(8-9) 115 - Not estimable
Gelfand et al (2012)*° H 91:5(137) 820 101:3 (10-1) 106 77 - -9-80 (-11-94 to-7-66)
Gonzalez-Lopez et al (2014)** z 90-7(127) 104 99:3(8-7) 140 70 —-— -8-60 (-11-43 to-5-77)
Huang-Link et al (2015)* z 87:7(97) 15 93:6(8-9) 68 4.4 — -5-90 (-11-25 t0 -0-55)
Khalil et al (2016)% 0 92:4(17-7) 38 117-8 (26-2) 23 14 -25-40 (-37-50 to -13-30)
Klistorner et al (2014)* H 94(6-5) 53 99 (9-8) 50 65 - -5.00 (-8-23t0-1.77)
Knier et al (2016)*° H 97 (10-4) 36 100-1 (8-6) 38 53 -7 -3-10 (-7-46 to 1.26)
Lange et al (2013)* H 932 (14-4) 37 98-4(8-8) 100 48 — 520 (-10-15 to -0-25)
Oberwahrenbrock etal (2012)2  H 90-2(12:3) 571 100-6(9-4) 183 81 - -10-40 (-12:09 to-8-71)
Oberwahrenbrock et al (2013)° H 99:9(11-3) 66 1007 (8) 66 64 - -0-80 (-4-14 to 2:54)
Petracca et al (2016)* H 86:9(13-6) 50 92-8(12-4) 40 4-4 — -5-90 (-11-28 to -0-52)
Soufi et al (2015)%* T 91(11) 55 104 (87) 58 6-0 - -13.00 (-16-67 to -9-33)
Walter et al (2012)% H 87:6(111) 150 92:9(9:9) 61 67 - -5-30 (-8-35 to -2-25)
Xu et al (2016)%* z 89-3(11-5) 41 97-1 (11-5) 41 47 - -7-80 (-12-78 to -2-82)
Total (95% Cl) 2463 1279 100-0 ¢ -7-41 (-8-98 t0-5-83)
Heterogeneity: T'=7-21; x’=61-78, df=17 (p<0-0001); =72% T —
Test for overall effect: Z=9-20 (p<0-0001) -20-10 0 10 20
Macular RNFL
Balk et al (2014)* H 26-1(27) 279 273(211) 126 27:6 - -1.20 (-1-68 t0-072)
Fernandes et al (2013)” T 35:5(6) 74 37-9(5-4) 82 151 — -2-40 (-4-20 to -0-60)
Hokazono et al (2013)* T 357(58) 22 39(5) 30 8.0 —_— -3:30 (-6-31t0-0-29)
Knier et al (2016) H 29-2(41) 36 32(37) 38 15-2 —— -2-80 (-4-58 t0-1-02)
Oberwahrenbrock et al (2013)® H 38-8(3) 66 39:7(4-5) 66 19-6 = -0-90 (-2-20 to 0-40)
Walter et al (2012)% H 25.5(7-1) 150 29-6(6) 61 14-4 —— -410 (-5-99 to-2-21)
Total (95% Cl) 627 403 100-0 L3 -2-15 (-3-15 to-1-15)
Heterogeneity: °=0-88; x*=13-96, df=5 (p=0-02); ’'=64% T T T T
Test for overall effect: Z=4-22 (p<0-0001) -10 -5 0 5 10

Decrease in MSNON compared with control  Increase in MSNON compared with control

(Figure 2 continues on next page)
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C
Device ~ MSON MSNON Weight (%) Mean difference*
Mean (um; SD)  Total eyes Mean (um; SD) Total eyes (pm; 95% C1)
Peripapillary RNFL
Al-Louzi et al (2015)% z 821 (14-9) 9 92:8(9-8) 16 2.0 —_— -10-70 (-21-55 to 0-15)
Balk et al (2014)* H 76-4(11-6) 144 855 (10-1) 279 7-9 - -9:10 (-11-33 to -6-87)
Behbehani et al (2015)* T 1013 (14-4) 32 1027 (11.5) 72 47 —r -1.40 (-7-05 to 4-25)
Chilinska et al (2015) H 79-6 (32:7) 34 88.9(30) 73 1.5 B -9-30 (-22:27 t0 3-67)
Costello et al (2015)" z 753 (137) 50 90-4(14-3) 50 4.8 —_ -15-10 (-20-59 to -9-61)
Esen et al (2016) z 822 (11-8) 40 892(112) 45 53 — -7.00 (-11-91 to -2-09)
Feng et al (2013)% z 71-8 (19-2) 12 92(8:5) 12 18 -20-20 (-32:08 to-8-32)
Gelfand et al (2012)* H 80-2(17-8) 262 915 (13-7) 820 7-8 - -11-30 (-13-65 to -8-95)
Gonzalez-Lopez et al (2014)* ? 79-6(13-6) 36 90-7 (12-7) 104 52 —_ -11-10 (-16-17 to -6-03)
Hadhoum et al (2015)% v 742 (19-9) 50 94.9(10-8) 20 35 -20.70 (-27-97 to-13-43)
Huang-Link et al (2015)** 7 677 (7-91) 15 87.7(97) 57 55 — -20-00 (-24-73 to-15-27)
Khalil et al (2016)% o 84-1(13-5) 30 92:4(177) 38 35 —_— -8:30 (-15:72 to-0-88)
Khanifar et al (2010)¥ " 83(14) 25 905 (13-2) 69 42 —_— -7:50 (-13-81 to-1-19)
Lange et al (2013) H 73-9 (15-2) 13 93-2 (14-4) 37 25 _— -19:30 (-2878 t0-9-82)
Modvig et al (2015)* 7 715 (0) 43 95-5(0 ) 40 - Not estimable
Oberwahrenbrock etal (2012)% 77-8 (14-6) 183 90-2(85 571 8.0 - -12-40 (-14-63 t0-10-17)
Saidha et al (2015)% 7 765 (10-4) 60 86-9(11- 4) 130 69 - -10-40 (-13-68 to-7-12)
Salari et al (2015)* T 96-1(12-3) 52 104-4(9-5) 52 6.0 — -8-30 (-12-52 to-4-08)
Schnurman et al (2014)% H 727 (187) 33 90-2 (10-6) 25 33 _ -17-50 (2511 t0-9-89)
Soufi et al (2015)5 T 77 (11) 7 91(11) 55 28 D -14-00 (-22-65 to-5-35)
Walter et al (2012)% H 78-4(13-6) 87 87-6 (111) 150 68 - -9:20 (-12:56 to -5-84)
Zimmermann et al (2013)* z 82(12) 46 90(10) 77 61 —_ -8-00 (-1212 t0o-3-88)
Total (95% Cl) 1220 2752 100-0 'S -11-25 (-13-00 t0 -9-50)
Heterogeneity: 1°=8-72; x’=55-90, df=20 (p<0-0001); I’=64%
Test for overall effect: Z=12-61 (p<0-0001) 72|0 7{0 0 1|0 ZIO
Macular RNFL
Balketal (2014)* H 24(2-9) 114 26-1(27) 279 479 ] -210(-2-72t0-1:48)
Fernandes et al (2013)” T 30-6(9-4) 45 35:5(6) 74 275 —a -4-90 (-7-97 to-1-83)
Hadhoum et al (2015)* H 0(0) 50 0(0) 20 - Not estimable
Hokazono et al (2013)” T 301(87) 29 35-5(6) 74 246 — - 540 (-8-85 to-1-95)
Total (95% Cl) 188 427 100-0 - -3-68 (-6-10 to -1-27)
Heterogeneity: ©°=3-07; x’=6-26, df=2 (p=0-04); I’=68%
Test for overall effect: Z=2-99 (p=0-003) T T T T
-10 -5 0 5 10
<+“— —>
Decrease in MSON compared with MSNON  Increase in MSON compared with MSNON

Figure 2: Meta-analysis of peripapillary RNFL and macular RNFL SD-OCT data
RNFL data from MSON eyes (A) or MSNON eyes (B) compared with control eyes, and a comparison between MSON eyes and MSNON eyes (C). Horizontal bars indicate 95% Cl. Numbers in the total

row exclude eyes for which a mean difference was not estimable. The four SD-OCT devices used are indicated as H (Spectralis, Heidelberg Engineering; Heidelberg, Germany), Z

(Cirrus, Carl Zeiss

Meditec; Dublin, CA, USA), O (RTVue, Optovue Inc; Fremont, CA, USA), and T (3D OCT-2000, Topcon Corporation; Tokyo, Japan). The appendix shows the corresponding funnel plots. RNFL=retinal
nerve fibre layer. SD-OCT=spectral domain optical coherence tomography. MSON eyes=eyes with multiple-sclerosis-associated optic neuritis. MSNON eyes=eyes without multiple sclerosis optic
neuritis. *Inverse variance with random effects.
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Discussion
In this meta-analysis, the data suggest that multiple
sclerosis is associated with atrophy of retinal ganglion cells
(GCL and GCIPL) and their axons (peripapillary RNFL and
macular RNFL). Importantly, the effect sizes shown for the
meta-analysis based on SD-OCT of the peripapillary RNFL
almost exactly matched the effect sizes from our meta-
analysis® based on TD-OCT. This outcome emphasises the
robustness and accuracy of the peripapillary RNFL as a
measure for neurodegeneration in multiple sclerosis and
optic neuritis associated with multiple sclerosis, spanning
two generations of OCT-device technology. Although the
new meta-analysis is comprehensive and provides a
valuable summary of available data on the thickness of all
retinal layers from peripapillary RNFL to ONL in patients
with multiple sclerosis, it should be noted that this meta-
analysis is based on solely observational studies, which are
not without limitations.”*

It was not possible to accurately resolve individual
layers of the macula with TD-OCT.**® Our study shows

that using SD-OCT, the macular RNFL, GCL or GCIPL,
INL, and ONL or ONPL can now be reliably quantified
with data suitable for meta-analysis. These new
quantitative layer segmentation data extend earlier
peripapillary RNFL data by showing that inner retinal
layer atrophy is severe after optic neuritis associated
with multiple sclerosis, but still prominent in the eyes
of patients with multiple sclerosis who never had optic
neuritis compared with control eyes. Interpretation of
the quantitative statistical data cannot be extrapolated to
individual patients for small retinal layer thickness
changes because the axial resolution of SD-OCT devices
used in clinical routine is about 3-7 pm. On a group
level, different segmentation algorithms and different
generations of OCT technology deliver comparable
data. This result is consistent with an earlier head-to-
head comparison of OCT devices in patients with
multiple sclerosis.®

In human vision the first-order, second-order, and
third-order neurons and their axons are hardwired
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projections of the human brain and transmit analogue
and digital signals.” This hardwired single pathway
enables the retinotopic map of the human visual cortex.®
Anatomically the GCL, macular RNFL, and peripapillary
RNFL represent the first unit within this pathway.
Axonotmesis (irreversible axonal damage) at any point in
this pathway is understood to give rise to retrograde
trans-synaptic axonal degeneration, which will inexorably
cause atrophy of the inner retinal layers’ atrophy (RNFL
and GCIPL).* Trans-synaptic degeneration affects the
dorsal lateral geniculate nucleus, but stops at the INL
(appendix). The INL contains the first bipolar neuron of
this hardwired pathway and acts as a physiological barrier
to retrograde trans-synaptic degeneration. This feature

renders the INL an attractive layer for investigation of
inflammation (thickening; figure 5).

Six studies®”¢ reported longitudinal data. With
TD-OCT, Talman and colleagues” reported an annual
atrophy rate of —1-4 pm/year in 381 patients with multiple
sclerosis, which was closely matched by the SD-OCT data
(-1-49 pm/year, n=96) from Narayanan and colleagues.”
Later studies found the annual peripapillary RNFL atrophy
rate to be about a third of that in the earlier studies, with
an average of —0-36 pum/year (n=107),” —0-5 pm/year
(n=45), and —0-53 pm/year (n=168).” One study® (n=58)
found no significant changes over a 2-year period.

The differences in annual atrophy rates might partly be
explained by differences in the demographic data. The

A Device ~ MSON Control Weight (%) Mean difference*
Mean (pm; SD)  Totaleyes Mean (um;SD) Total eyes (km; 95% Cl)
GCIPL
Balk et al (2014)t H 70-5 (17-3) 144 94-2 (6) 126 65 — -2370 (-26-71t0-20-69)
Behbehani et al (2016) z 67-8(9-6) 10 841(3-5) 40 53 . -1630 (-22:35 t0 -10-25)
Esen etal (2016) z 692(9:3) 40 85.9 (4-6) 60 65 —— -1670 (-19-81 to -13-59)
Fernandes et al (2013)* T 617 (10-1) 45 703 (7-2) 82 6.4 —.— -8.60 (-11-94 to -5-26)
Gonzalez-Lopez et al (2014)%" z 66-4(10-9) 36 83-8 (5-9) 140 63 — -17-40 (-21:09 to-13-71)
Hokazono et al (2013)* T 593(87) 29 703 (5-6) 30 62 —_— -11-00 (-14-75 to -7-25)
Huang-Link et al (2015)** z 615 (5-9) 15 82(51) 68 6-4 — -20-50 (-23-72 to -17-28)
Kaushik et al (2013)® H 69-3(14) 36 981 (5) 36 58 - -28-80 (-33-66 t0-23-94)
Khalil et al (2016)¢ 0 84:3(11.9) 30 96-2 (21) 23 39 [ -11-90 (-21-48 to-2-32)
Oberwahrenbrock et al (2013)° H 587(9-8) 16 716 (4-6) 90 5.8 —_— -12:90 (-17-80 to -8-00)
Park et al (2014)* H 372 (9:8) 15 53-6(19-3) 24 4.0 - . -16-40 (2558 to -7-22)
Schneider et al (2013)%91 H 36-1(5-8) 20 455(51) 34 65 —— -9.40 (-12-47 to-6:33)
Soufi et al (2015)5! T 557 (7:4) 7 735 (6:7) 58 5.4 [ -17-80 (-23-55 to-12-05)
Sriram et al (2012)%3 H 587 (7-4) 15 81.8(12-5) 34 55 —_— -23-10 (-28-73 to -17-47)
Sycetal (2012)% z 656 (10-4) 73 81.9(6:5) 100 6-6 —_ -1630 (-19-00 to -13-60)
Walter et al (2012)% H 797 (9-1) 87 88.9(6-9) 61 6-6 — -9:20 (-11-78 to -6-62)
Xu etal (2016)%° z 636 (9:1) 35 83(5-6) 41 63 — -19-40 (-22-87 to-15-93)
Total (95% ClI) 653 1047 100-0 ‘ -16-42 (-19-23 to-13-60)
Heterogeneity: '=29-36; x’=1-4243, df=16 (p<0-0001); ’=89% T T T T
Test for overall effect: Z=11-44 (p<0-0001) -20  -10 0 10 20
Decrease in MSON compared with control  Increase in MSON compared with control
B ) ) )
Device  MSNON Control Weight (%) Mean difference*
Mean (um; SD) ~ Totaleyes Mean (um; SD) Total eyes (um; 95% Cl)

GCIPL
Balk et al (2014) H 842 (131) 279 94-2(6) 126 6-8 - -10-00 (-11-86 to-8-14)
Behbehani et al (2016)* z 767 (10:9) 10 841(35) 40 2.8 ~7-40 (-14-24 to -0-56)
Esen et al (2016)% z 768 (8-8) 54 85.9 (4-6) 60 61 — -9:10 (-11.72 to-6-48)
Fernandes et al (2013)? T 64-4(6-9) 74 703 (7-2) 82 65 — -5-90 (-8-11 to-3-69)
Gonzalez-Lopez et al (2014)** Z 743 (107) 104 83-8 (5:9) 140 6.4 —— -9:50 (-11-78 to -7-22)
Hokazono et al (2013)* T 64-5(7-2) 22 70-3 (5-6) 30 52 —_— -5-80 (-9-41to-219)
Huang-Link et al (2015)** z 76-8(8) 57 82(51) 68 63 —— -5-20 (-7-60 to -2-80)
Khalil et al (2016)% o 86.3(13-8) 38 962 (21) 23 17 — -9-90 (-19-54 to -0-26)
Klistorner et al (2014)3® H 81.8(7) 53 873 (4) 50 65 —-— -5-50 (-7-69 to-3-31)
Knier et al (2016)* H 70 (67) 36 715 (5) 38 6.0 r -150 (-4-21t0 121)
Oberwahrenbrock et al (2013)° H 689 (5-5) 66 713 (4-5) 66 69 - -2-40 (-4-11t0-0-69)
Petracca et al (2016)* H 66(9-4) 50 726 (67) 40 54 — -6-60 (-9-93to-3-27)
Soufietal (2015)* T 66-2(9-6) 55 735 (67) 58 57 —— ~7-30 (-1037 to -4-23)
Sriram et al (2012) H 726 (11-2) 15 81.8 (12'5) 34 27 e — -9-20 (-16-26 to -2-14)
Sriram et al (2014) H 81-4(7-1) 58 865 (55) 25 59 — -510 (-7-93 to -2:27)
Sycetal (2012)% z 732 (93) 123 81.9 (6:5) 100 6-6 - -8.70 (-10-78 to -6-62)
Walter et al (2012)% H 86-8(6-6) 150 889 (6.9) 61 67 - -210 (-4-13 t0-0-07)
Xuetal (2016)* z 75-6(8-4) 41 83(5-6) 41 57 — -7-40 (-10-49 to-4-31)
Total (95% Cl) 1285 1082 100-0 ¢ -6-31 (-7-75 to -4-87)
Heterogeneity: 1°=7-00; x’=84-63, df=17 (p<0-0001); ’=80% —ZIO _1|0 lIO 2|0
Test for overall effect: Z=8-61 (p<0-0001) <

Decrease in MSNON compared with control Increase in MSNON compared with control
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c Device =~ MSON MSNON Mean difference*

Mean (um; SD) ~ Totaleyes Mean (um; SD)  Total eyes (pm; 95% C1)
GCIPL
Al-Louzi et al (2015)2 z 68-8(10-8) 9 784 (63) 16 31 - -9-60 (-17-30 to-1-90)
Balk et al (2014)*t H 705 (17-3) 144 842 (13-1) 279 6.4 — -13-70 (-16-92 t0-10-48)
Costello et al (2015)" z 64-6(9) 50 779 (9-4) 50 61 . -1330 (-16-91 t0-9-69)
Esen etal (2016)* Z 692 (93) 40 76-8 (8:8) 54 60 e -7-60 (-11-32 to -3-88)
Fernandes et al (2013) T 617(101) 45 64-4 (6-9) 74 -2:70 (-6-04 to 0-64)
Gonzalez-Lopez et al (2014)% z 66-4(10-9) 36 743 (107) 104 63 ] -7:90 (-12:01 to -3-79)
Hadhoum et al (2015)*t H 0(0) 50 0(0) 20 5-6 — Not estimable
Hokazono et al (2013)* T 593(87) 29 645 (7-2) 22 5.4 — -5-20 (-9-57 to -0-83)
Huang-Link et al (2015)* Z 61.5(5-9) 15 76-8 (8) 57 6.0 . -1530 (-18:94 to -11-66)
Khalil et al (2016)% o 84:3(11.9) 30 863 (13-8) 38 20 | -2.00 (-8-11t0 4-11)
Modvig et al (2015)* z 63(0) 43 83(0) 40 68 e Not estimable
Narayanan et al (2014)* z 655(11-9) 98 765 (9:8) 149 -11.00 (-13-83 t0-817)
Oberwahrenbrock et al (2013)° H 587(9:8) 16 689 (5:5) 66 48 -10-20 (-15:18 to -5-22)
Saidha et al (2015)* z 63-9(9:3) 60 735 (8:9) 130 6.8 — -9-60 (-1241 t0-6-79)
Schnurman et al (2014)%° H 0(0) 33 0(0) 25 40 [ Not estimable
Soufietal (2015)™ T 557 (7-4) 7 662 (9-6) 55 2.9 N S -10-50 (-16-54 to -4-46)
Sriram et al (2012)% H 72:6(112) 15 726 (11-2) 15 67 . 0-00 (-8-02 to 8:02)
Sycetal (2012)** z 65-6(10-4) 73 732(93) 123 -7-60 (-10-50 to -4-70)
Walter et al (2012)% H 797(91) 87 86-8 (6-6) 150 73 - -7:10 (-9-28 to -4-92)
Xu etal (2016)5° z 63-6(9-1) 35 752 (7-9) 25 54 — -11-60 (-15-92 to -7-28)
Zimmermann et al (2013)* z 70 (10) 46 78(7) 77 6-4 —— -8.00 (-11-29 to -4-71)
Total (95% Cl) 835 1484 100-0 ¢ -8.81 (-10-50 to-7-12)

T T T

Heterogeneity: °=8-92; x’=60-53, df=17 (p<0-0001); I’=72%

Test for overall effect: Z=10-20 (p<0-0001)

+“—
Decrease in MSON compared with MSNON

T
-20 -10 0 10 20

—>
Increase in MSON compared with MSNON

Figure 3: Meta-analysis of macular GCIPL SD-OCT data

GCIPL data from MSON eyes (A) or MSNON eyes (B) compared with control eyes, and a comparison between MSON eyes and MSNON eyes (C). Horizontal bar indicates 95% Cl. Numbers in the total
row exclude eyes for which a mean difference was not estimable. The four SD-OCT devices used are indicated as H (Spectralis, Heidelberg Engineering; Heidelberg, Germany), Z (Cirrus, Carl Zeiss
Meditec; Dublin, CA, USA), O (RTVue, Optovue Inc; Fremont, CA, USA), and T (3D OCT-2000, Topcon Corporation; Tokyo, Japan). The appendix shows the corresponding funnel plots. GCIPL=ganglion
cell layer and inner plexiform layer. SD-OCT=spectral domain optical coherence tomography. MSON eyes=eyes with multiple-sclerosis-associated optic neuritis. MSNON eyes=eyes without multiple
sclerosis optic neuritis. *Inverse variance with random effects. tAll studies measured ganglion cell layer (GCL) and inner plexiform layer (IPL) thickness combined (GCIPL) because of the poor image
contrast between GCL and IPL, except as indicated in which studies only measured GCL thickness.
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highest annual atrophy rate was found in patients with
multiple sclerosis who did not have optic neuritis and
those who had a shorter disease duration.® A plateau
effect was observed in patients with a longer disease
duration (>20 years).” Likewise, annual atrophy rate was
higher in MSON eyes (—0-91 pm/year) compared with
MSNON eyes (—0-53 pm/year).® But this outcome was
opposite to what Narayanan and colleagues” had
reported, with a lower annual atrophy rate in MSON eyes
(-1-27 pm/year) than in MSNON eyes (-1-49 um/year).

A conservative estimate from these data is that, with a
1 pm loss every 1-2 years with an OCT-device accuracy
threshold of about 2-3 pm, a clinical trial of 2-3 years
with patients with active disease” would be powered for
probing potential neuroprotection against peripapillary
RNFL atrophy. During the early disease course a shorter
trial duration might be sufficient.”® Mechanisms that
could be a good target in trials with the peripapillary
RNFL as an outcome measure are inflammatory disease
activity in multiple sclerosis®” and non-demyelinating
mechanisms, such as mitochondrial dysfunction.>”
SD-OCT segmentation has been used as an outcome
marker in a trial investigating potential remyelination,”
published in 2017

Alimitation of peripapillary RNFL data that is not directly
evident from the meta-analyses is caused by optic disc
swelling at presentation” The longitudinal study by

Kupersmith and colleagues” shows superiority of the
GCIPL compared with the peripapillary RNFL for detection
of early atrophy following optic neuritis. Nonetheless, the
mean atrophy of the peripapillary RNFL following MSON
was 20-38 pm (95% CI 17-91-22 - 86) for TD-OCT data® and
20-10 pm (17-44-22-76) in our SD-OCT data. In MSNON
eyes, mean atrophy of the peripapillary RNFL was 7-08 ym
(5-52-8-65) for TD-OCT data’ and 7-41 pm (5-83-8-98) in
our SD-OCT data. Finally, comparison of MSON eyes and
MSNON eyes showed averaged peripapillary RNFL atrophy
of13-84 pm (11-72-15-97) for TD-OCT data’ and 11- 25 ym
(9-50-13-00) in our SD-OCT data. The almost identical
findings for TD-OCT and SD-OCT data highlight that the
peripapillary RNFL is well suited for use as an outcome
measure in clinical trials. Achievement of no evident
disease activity with disease-modifying treatment in
multiple sclerosis has been associated with less marked
atrophy of the peripapillary RNFL longitudinally.®
Consistent with the data from the RNFL, atrophy of the
GCL and IPL was more severe in MSON eyes than in
MSNON eyes. An important advantage of the GCIPL
compared with the peripapillary RNFL is that atrophy
becomes detectable much earlier”* At 1 month after
optic neuritis associated with multiple sclerosis,
thinning of the GCIPL becomes quantifiable compared
with baseline values, while for the peripapillary RNFL the
advice is to wait at least 3 months.>" Reassuringly, this
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finding is corroborated by a different meta-analysis,”
which also included neuromyelitis optica. Additionally,
the retinal ganglion cell layer complex is the thickest in
the macula. Because this layer has a large dynamic range
and most of the multiple sclerosis-related damage, in
CNS and the retina, includes the macula, it seems that
the GCIPL is a good biomarker for neurodegeneration in
the visual pathway. In cases with severe atrophy of the
peripapillary RNFL following optic neuritis associated
with multiple sclerosis, a floor effect might prevent
observation of further atrophy around the optic disc, but
analysis of the GCIPL will still be useful.

No atrophy was observed for the INL. By contrast, the
thickening of this layer was more substantial in MSON
eyes than in MSNON eyes. An association of INL
thickening with inflammatory activity has also been
reported previously.®” Importantly, longitudinal data
showed that INL microcysts were mostly (>80%) transient
(dynamic).”” A transient increase of INL thickness might
be a sign of retinal inflammation or failure to maintain
retinal fluid homoeostasis,” consistent with the original
description of microcystic macular oedema in multiple
sclerosis.® Several independent lines of evidence suggest
the existence of a retinal glymphatic system with a

A Device MSON Control Weight (%) Mean difference*
Mean (um; SD) Totaleyes  Mean (um; SD) Total eyes (km; 95% Cl)
INL
Balk et al (2014)* H 423(3) 144 41-4(29) 126 273 - 0-90 (0-20 to 1-60)
Fernandes et al (2013 ) T 31:4(27) 45 31:4(2-7) 82 184 —— 0-00 (-0-98 t0 0-98)
Hokazono et al (2013)3 T 317 (2:5) 29 312 (17) 30 158 e 050 (-0-59 to 1-59)
Kaushik et al (2013)® H 429 (6) 36 396 (3) 36 5.0 _ > 3-30 (1-11 t0 5:49)
Oberwahrenbrock et al (2013)°  H 34-9(2:2) 16 34-3(2+4) 90 14-0 —t 0-60 (-0-59 to 1-79)
Schneider et al (2013)* H 39-:3(31) 20 38.9(3-1) 34 77 RN I 0-40 (-1-31to 2-11)
Sriram et al (2012)” H 435 (4-2) 15 427 (47) 34 35 ——— 0-80 (-1-85t0 3-45)
Walter et al (2012)%® H 45 (5-6) 87 43-4(4-5) 61 84 —— 1.60 (-0-03 to 3-23)
Total (95% Cl) 392 493 100-0 <& 0-77 (0-25 t0 1-28)
Heterogeneity: T°=0-12; x’=9-08 to df=7 (p=0-25); I’=23% ; ; ; ;
Test for overall effect: Z=2-93 (p=0-003) -4 ) 0 2 4
“+— —>
Decrease in MSON compared with control  Increase in MSON compared with control
B
Device MSNON Control Weight (%) Mean difference*
Mean (um; SD) Totaleyes  Mean (um; SD) Total eyes (pm; 95% C1)
INL
Balk et al (2014)* H 415(3) 279 414 (2-9) 126 187 —p— 010 (-0:52 t0 0-72)
Fernandes et al (2013)” T 31(2:6) 74 314 (27) 82 15.5 — -0-40 (-1:23 t0 0-43)
Hokazono et al (2013)* T 317 (2:5) 22 312 (17) 30 10-9 T 0-50 (-0-71to 1.71)
Klistorner et al (2014)3® H 377 (3-2) 53 371 (219) 50 112 B 0-60 (-0-58 t0 1-78)
Knier et al (2016)® H 35-4 (1-8) 36 34(22) 38 14-4 — 1-40 (0-49 to0 2:31)
Oberwahrenbrock etal (2013)°  H 334(2) 66 33-8(22) 66 172 T -0-40 (-1-12 t0 0-32)
Sriram et al (2012) H 432(49) 15 427 (47) 34 2.9 — 0-50 (-2-44 to 3-44)
Walter et al (2012) H 44.9(4-9) 150 434 (45) 61 93 — 150 (0-13t0 2-87)
Total (95% CI) 695 487 100-0 <> 0-36 (-0-17 to 0-89)
Heterogeneity: 1°=0-29; x’=15-51 to df=7 (p=0-03); I’=55% - - I I I
Test for overall effect: Z=1-35 (p=0-18) -4 -2 0 2 4
“+— —>
Decrease in MSNON compared with control  Increase in MSNON compared with control
C
Device MSON MSNON Weight (%) Mean difference*
Mean (um; SD) Totaleyes ~ Mean (um; SD) Total eyes (pm; 95% C1)
INL
Al-Louzi et al (2015)*° z 64-9(33) 9 64-4(33) 16 2.5 J— 050 (-2:19 t03-19)
Balk etal (2014)" H 4230) 144 415(3) 279 497 - 0-80(0-20t0 1-40)
Fernandes et al (2013)” T 31:4(27) 45 31(2:6) 74 186 —— 040 (-0-59 t0 1:39)
Hadhoum et al (2015)> H 0(0) 50 0(0) 20 B Not estimable
Hokazono et al (2013)% T 317 (2°5) 29 317 (2'5) 22 9-4 _— 0-00(-139to 1:39)
Saidha et al (2015)* z 66-3(4-6) 60 64-6 (4-4) 130 94 ] 170 (0-31t0 3-09)
Schnurman et al (2014)%° H 0(0) 33 0(0) 25 Not estimable
Sriram et al (2012) H 432(5) 15 432 (5) 15 14 0-00 (-3-58 t0 3-58)
Walter et al (2012)>° H 45 (5-6) 87 44-9 (4-9) 150 9.0 P 0-10 (-1-31to 1-51)
Total (95% Cl) 389 686 100-0 ® 0-65 (0-23 t0 1-08)
Heterogeneity: T=0-00; x’=4-25 to df=6 (p=0-64); ’=0% T T T T T
Test for overall effect: Z=3-01 (p=0-003) -4 -2 0 2 4
<—
Decrease in MSON compared with MSNON Increase in MSON compared with MSNON
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D
Device MSON Control Weight (%) Mean difference*
Mean (um; SD) Totaleyes  Mean (um; SD) Total eyes (pm; 95% C1)
ONPL
Balk et al (2014)* H 170-9 (8-9) 144 170-2 (8-9) 126 378 — 070 (-1-43 t0 2-83)
Schneider et al (2013)* H 1135 (9-6) 20 1103 (7) 34 74 — = »  320(-1.62t08:02)
Sycetal (2012)* z 1222 (9-2) 73 121-4 (10) 100 20-6 R 0-80 (-2:08 to 3-68)
Walter et al (2012)% H 1427 (6:6) 87 1423 (7) 61 342 — 0-40 (-1-84 t0 2-64)
Total (95% Cl) 324 321 100-0 0-80 (-0-51to 2-11)
Heterogeneity: 1°=0-00; x’=1-08 to df=3 (p=0-78); ’=0%
- 7=1 -0 T T T T T
Test for overall effect: Z=1-20 (p=0-23) 4 2 0 5 4
“+— —>
Decrease in MSON compared with control  Increase in MSON compared with control
E
Device MSNON Control Weight (%) Mean difference*
Mean (um; SD) Totaleyes  Mean (um; SD) Total eyes (pm; 95% C1)
ONPL
Balk et al (2014)* H 168:3(8-9) 279 170-2 (8:9) 126 29:9 . -1.90 (-3.77 to -0-03)
Klistorner et al (2014)3® H 176-9(8-8) 53 1759 (9-4) 50 12-0 i — 1.00 (-2:52 t0 4-52)
Knier et al (2016)* H 653 (6-4) 36 645 (7-1) 38 15.0 —_— 0-80 (-228t03-88)
Sycetal (2012)% z 1182 (8:6) 100 121-4 (10) 61 154 PR — 320 (622 t0-0-18)
Walter et al (2012)% H 141-6 (6) 150 1423 (7) 61 27:6 —.— -0-70 (-2:70 t0 1:30)
Total (95% Cl) 618 336 1000 O -1.02 (-2-35 t0 0-32)
Heterogeneity: T'=0-64; x’=5-54 to df=4 (p=0-24); ’=28% ; ; ; ;
Test for overall effect: Z=1-49 (p=0-14) -4 2 0 > 4
+— —>
Decrease in MSNON compared with control  Increase in MSNON compared with control
F
Device MSON MSNON Weight (%) Mean difference*
Mean (um; SD) Totaleyes  Mean (pm; SD) Total eyes (pm: 95% C)
ONPL
Al-Louzi et al (2015)%° z 1197 (6-8) 9 1213 (77) 16 28 < -1.60 (-7-43 t0 4-23)
Balk et al (2014) H 1709 (8-9) 144 1683(8-9) 279 285 — 2:60 (0-81t0 4-39)
Hadhoum et al (2015)* H 0(0) 50 0(0) - - Not estimable
Saidha et al (2015)% Z 119-3(7-5) 60 118.9(6-3) 130 19-4 —_— 0-40 (-1.78 t0 2.58)
Sycetal (2012)% z 119-4(8-6) 73 118:9(6-9) 123 173 R 0-50 (-1-82 t0 2:82)
Walter et al (2012)5 H 1427 (6-6) 87 1416 (6) 150 32:0 " E— 110 (-0-59 to 2:79)
Total (95% CI) 373 698 1000 <o 1-21 (024 t0 2-19)
Heterogeneity: 1'=0-04; y’=4-11 to df=4 (p=0-39); ’=3%
Test for overall effect: Z=2-43 (p=0-01) _'4 _'2 0 2' A
“+— —>
Decrease in MSON compared with MSNON  Increase in MSON compared with MSNON

Figure 4: Meta-analysis of macular INL SD-OCT data and ONPL SD-OCT data

INL or ONPL data from MSON eyes (A, D) or MSNON eyes (B, E) compared with eyes from control participants, and a comparison between MSON eyes and MSNON eyes (C, F). Horizontal bar indicates
95% Cl. Numbers in the total row exclude eyes for which a mean difference was not estimable. The three SD-OCT devices used are indicated as H (Spectralis, Heidelberg Engineering; Heidelberg,
Germany), Z (Cirrus, Carl Zeiss Meditec; Dublin, CA, USA), and T (3D OCT-2000, Topcon Corporation; Tokyo, Japan).The appendix shows the corresponding funnel plots. INL=inner nuclear layer.
SD-OCT=spectral domain optical coherence tomography. ONPL=outer nuclear layer and outer plexiform layer combined. MSON eyes=eyes with multiple-sclerosis-associated optic neuritis. MSNON

eyes=eyes without multiple sclerosis optic neuritis. *Inverse variance with random effects.
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prominent role for the INL.*%#% Segmentation of the INL
will be relevant for studies on the effect and treatment of
inflammatory disease activity in multiple sclerosis. Future
developments in this field are expected to include OCT
angiography.®##

Taken together, the meta-analyses suggest that the
ONPL does not differ in either MSON eyes or MSNON
eyes compared with control eyes. However, a small degree
of ONPL thickening was apparent in MSON eyes
compared with MSNON eyes, which was caused by slight
thickening in MSON eyes and thinning in MSNON eyes.
This outcome is consistent with published work on optic
neuritis with associated multiple sclerosis, neuromyelitis
optica, and anti-myelin-oligodendrocyte glycoprotein
(anti-MOG) antibodies, typically during the acute phase,"

which has been confirmed by prospective evidence for
ONL thickening in anti-MOG-ON.* An increased MRI
double-inversion recovery signal has also been associated
with ONPL thickening.> ONPL thickening might be
caused by traction, inflammation, and oedema.”® The
need for rigorous OCT quality control'® here cannot be
overemphasised because the outer retinal layers are
particularly vulnerable to an easily overlooked artifact
caused by placement of the measurement beam.”** We
anticipate that recognition of outer retinal layer volume
changes will become more relevant for the differential
diagnosis of optic neuritis associated with multiple
sclerosis from other optic neuritis."***

A limitation to the available studies is the difficulty
in obtaining retinal tissue for detailed histological
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Figure 5: Comparison of SD-OCT layer segmentation performance rating
Head-to-head OCT layer segmentation performance based on mean effect sizes.
Segmented layers shown in green (peripapillary RNFL), purple (GCIPL), and blue
(macular RNFL) are significant with good effect sizes. The effect size was small
for the INL and only in presence of MSON (red). Effect sizes shown in dark blue
were non-significant and the shaded area indicates layers with a decrease
(thinning) or increase (thickening). The effect sizes were all shown as positives
to allow for a clear comparison between individual layers. The bars indicate the
95% Cl. SD-OCT=spectral domain optical coherence tomography. MSON=eyes
with multiple-sclerosis-associated optic neuritis. MSNON= eyes with multiple
sclerosis without optic neuritis. RNFL=retinal nerve fibre layer. GCIPL=ganglion
cell layer and inner plexiform layer. INL=inner nuclear layer. ONPL=outer nuclear
layer and outer plexiform layer combined.

investigations.” A potential advantage is the availability
of electrophysiological techniques.®” Clinically, it is well
recognised that conduction block can be caused by any
structural or inflammatory lesion affecting the optic
pathways. Typically these lesions are shown by MRI in
the brain. Therefore, the application of MRI-based
diagnostic criteria for multiple sclerosis® to many of the
participants included in the present meta-analysis mean
that contamination by retinal damage unrelated to optic
neuritis is unlikely. The potential to combine OCT with
pattern and multifocal electroretinogram, visual-evoked
potentials and MRI provide a powerful means to assess
structure and function in cohorts of homogeneous
pathology.*"

Will all segmented retinal layers be needed for clinical
practice and trials? Probably mnot. A reasonable
minimalistic approach will suffice, with the peripapillary
RNFL assessed at least 3 months after MSON. For clinical
trials and longitudinal studies on neurodegeneration, we
would recommend, as a minimum, measurement of the
peripapillary RNFL and macular GCIPL.? Studies
focusing on inflammation are also advised to consider the
INL. The macular RNFL is, given effect size and error bar
distribution (figure 5), the least sensitive measure.
However, the macular RNFL might be regarded as a
backup in patients for whom imaging of the optic disc
proves technically too difficult.

In summary, SD-OCT-based layer segmentation has
unravelled the progression of neurodegeneration in the

www.thelancet.com/neurology Vol 16 October 2017

retina on a structural level. Atrophy affects axons and
neurons of the hardwired visual pathway, that is the
peripapillary RNFL, macular RNFL, and GCIPL. The INL
seems to be a physiological barrier to retrograde trans-
synaptic axonal degeneration. Therefore, transient INL
volume changes might indicate inflammatory disease
activity and response to disease-modifying treatment in
multiple sclerosis, and more substantially so in optic
neuritis associated with multiple sclerosis.
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