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Abstract
Background and Objectives
To systematically describe the clinical picture of double-antibody seronegative neuromyelitis
optica spectrum disorders (DN-NMOSD) with specific emphasis on retinal involvement.

Methods
Cross-sectional data of 25 people with DN-NMOSD (48 eyes) with and without a history of
optic neuritis (ON) were included in this study along with data from 25 people with aquaporin-
4 antibody seropositive neuromyelitis optica spectrum disorder (AQP4-NMOSD, 46 eyes) and
from 25 healthy controls (HCs, 49 eyes) for comparison. All groups were matched for age and
sex and included from the collaborative retrospective study of retinal optical coherence to-
mography (OCT) in neuromyelitis optica (CROCTINO). Participants underwent OCT with
central postprocessing and local neurologic examination and antibody testing. Retinal neuro-
degeneration was quantified as peripapillary retinal nerve fiber layer thickness (pRNFL) and
combined ganglion cell and inner plexiform layer thickness (GCIPL).

Results
This DN-NMOSD cohort had a history of [median (inter–quartile range)] 6 (5; 9) attacks
within their 5 ± 4 years since onset. Myelitis and ON were the most common attack types. In
DN-NMOSD eyes after ON, pRNFL (p < 0.001) and GCIPL (p = 0.023) were thinner
compared with eyes of HCs. Even after only one ON episode, DN-NMOSD eyes already had
considerable neuroaxonal loss compared with HCs. In DN-NMOSD eyes without a history of
ON, pRNFL (p = 0.027) and GCIPL (p = 0.022) were also reduced compared with eyes of
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HCs. However, there was no difference in pRNFL and GCIPL between DN-NMOSD and AQP4-NMOSD for the whole group
and for subsets with a history of ON and without a history of ON—as well as between variances of retinal layer thicknesses.

Discussion
DN-NMOSD is characterized by severe retinal damage after ON and attack-independent retinal neurodegeneration. Most of
the damage occurs during the first ON episode, which highlights the need for better diagnostic markers in DN-NMOSD to
facilitate an earlier diagnosis as well as for effective and early treatments. In this study, people with DN-NMOSD presented with
homogeneous clinical and imaging findings potentially suggesting a common retinal pathology in these patients.

Introduction
Neuromyelitis optica spectrum disorders (NMOSD) are
chronic inflammatory diseases of the CNS.1-3 Optic neuritis
(ON) and myelitis are clinical hallmarks of the disease.1-3 In
most people with NMOSD, an antibody against aquaporin-4
(AQP4-IgG), an astrocytic water channel, can be detected.4 In
a subset of AQP4-IgG seronegative people with NMOSD, an
antibody against myelin oligodendrocyte glycoprotein
(MOG-IgG) can be found.5-8 We and others were able to
show that the clinical picture and pathology differs signifi-
cantly between AQP4-IgG and MOG-IgG seropositive
people—thereby leading to the definition of MOG-IgG–
associated diseases (MOGAD) as a new disease entity.9-14

However, there is another subset of people who are categorized
as part of the NMO spectrum but have neither AQP4-IgG nor
MOG-IgG, which is commonly referred to as double-antibody
seronegative NMOSD (DN-NMOSD).

In the past, it was assumed that double-antibody negativity in
NMOSD is a result of test imprecisions, for example, by low
antibody concentrations or improper testing time points (e.g.,
after steroid treatment or long-last immunosuppression) or
by low sensitivity of the assays (e.g., ELISA). Because nowa-
days mostly cell-based antibody assays with high sensitivity
are used and testing is performed repetitively, it becomes
increasingly unlikely that all these people have unrecognized
AQP4-IgG or MOG-IgG—although a few cases might still be
false negative.1,15,16 Thus, in accurately identified DN-
NMOSD, the disease might either be caused by an antibody
against a different, not yet identified, target molecule, as
supported by a recent study describing MOG-IgA in a subset
of people with DN-NMOSD,17 or might be a not primarily
antibody-mediated disease. These options are not exclusive,
and both might be true for a subset of people with DN-
NMOSD.17 In the long term, it seems inevitable that DN-
NMOSDwill be separated from the NMO spectrum as one or
multiple disease entities, similar to MOGAD.18

DN-NMOSD–specific disease information are lacking.Despite
the fast progress of NMOSD research, people with MOGAD
and DN-NMOSD are still often combined into one AQP4-IgG
seronegative group to increase sample sizes for observational
and interventional studies.19,20 However, from multiple studies
comparing people with MOGAD and people with AQP4-IgG
seropositive NMOSD (AQP4-NMOSD), it is nowadays clear
that these diseases can be distinguished by multiple clinical and
imaging features and are characterized by a unique disease
course and therapeutic response.9,21-23 It is likely that DN-
NMOSD can also be separated from its differential diagnoses
using distinct features. Case series support this hypothesis.24-26

The only systematic analysis of DN-NMOSD so far described
demographic, clinical, and imaging features of people with DN-
NMOSD to cluster in a multiple sclerosis (MS)-like group, a
NMOSD-like group, and a group with low brain lesion
count—potentially suggesting multiple disease entities within
the DN-NMOSD group.18 Retinal involvement in DN-
NMOSD has not been investigated in DN-NMOSD so far.

The missing antibody status in DN-NMOSD often leads to
delayed diagnosis because the involvement of more than one
anatomical region is currently required for the diagnosis.
Thus, specific diagnostic markers are necessary to distinguish
DN-NMOSD from its differential diagnoses early on. Retinal
changes seem to be promising contributors because afferent
visual system changes play a prominent role in the disease and
can be quantified in high resolution using retinal optical co-
herence tomography (OCT).2,27,28 Owing to the rarity of the
disease, systematic and conclusive descriptions of DN-
NMOSD are only possible in large, and—because of ethni-
cal differences—preferentially internationally acquired, data
sets. The CROCTINO (Collaborative Multicenter Study of
Retinal OCT in NMOSD) cohort includes >500 people with
NMOSD from expert centers worldwide.11,21,29-31 In this
study, we aimed to describe the clinical picture and afferent
visual system involvement in DN-NMOSD systematically
using the CROCTINO cohort.

Glossary
DN-NMOSD = double-antibody seronegative neuromyelitis optica spectrum disorder; GCIPL = ganglion cell and inner
plexiform layer; HC = healthy control; INL = inner nuclear layer; IQR = interquartile range; MOG-IgG = myelin
oligodendrocyte glycoprotein antibody; MS = multiple sclerosis; MV = macular volume; NMOSD = neuromyelitis optica
spectrum disorders;OCT = optical coherence tomography;ON = optic neuritis; pRNFL = peripapillary retinal nerve fiber layer.
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Methods
Study Design and Cohort Selection
This study included adult individuals with NMOSD fulfilling
2015 International Panel for NMO diagnosis criteria. We
included all people with confirmed DN-NMOSD as well as
matched cohorts of people with AQP4-NMOSD and healthy
controls (HCs). All data were acquired in context of the in-
ternational CROCTINO study, and this specific data set was
obtained from 10 international centers between 2000 and
2018 (eTable 1). Inclusion criteria were (1) OCT data ac-
quired by Spectralis spectral domain (SD) OCT devices, (2)
the absence of diseases potentially confounding OCT analy-
ses (such as glaucoma, retinal surgery, and ametropia >6 di-
opters), and (3) confirmed serostatus for AQP4-IgG and
MOG-IgG in serum samples by cell-based assay on the discre-
tion of each center. We excluded eyes with an ON attack less
than 6 months before OCT. Clinical data were also collected at
the discretion of each center including number of and time since
last ON attack, treatment history, and time since disease onset.
Measurements of visual function were heterogeneous across
centers and thus not included in this analysis.

Optical Coherence Tomography
OCT examinations were conducted at each center using
Spectralis SD-OCT devices (Heidelberg Engineering, Hei-
delberg, Germany). Five graders performed all OCT data
reading at Charité-Universitätsmedizin Berlin as previously
described.31 All included OCT data fulfilled OSCAR-IB
quality criteria32,33 and are reported in accordance with the
Apostel V.2.0 recommendations.34,35 Seven eyes (2 DN-

NMOSD, 4 AQP4-NMOSD, 1 HC) were excluded because
of insufficient image quality. Macular thicknesses (including
macular volume [MV], combined ganglion cell and inner
plexiform layer [GCIPL], and inner nuclear layer [INL]) were
calculated using a 5-mm diameter annulus around the fovea
excluding the central 1-mm diameter cylinder from a volume
scan. The peripapillary retinal nerve fiber layer thickness
(pRNFL) was measured using a 12° or 3.5-mm diameter ring
scan centered on the optic nerve head.

Statistical Analysis
Groups were differentiated by diagnosis, antibody status, and
history of ON. If not stated otherwise, continuous data were
described as mean ± SD and noncontinuous data were de-
scribed either as median and interquartile range (IQR) for
noncontinuous numeric data or as number and percentages
for factor variables. Group comparisons for eye-based con-
tinuous variables (e.g., retinal thicknesses) were conducted by
a mixed linear model using patient ID as the random effect to
correct for intrasubject intereye dependencies (random in-
tercept). Group comparisons for patient-based continuous
variables (e.g., age) were conducted by unpaired t-test. Group
comparisons for factor variables (e.g., sex) were conducted by
χ2 test. Statistical analyses were performed using R (Version
4.2.1) (RStudio Inc., Boston, MA).36 Statistical significance
for this study was established as p < 0.05; borderline signifi-
cance was defined as p < 0.06. All data of this project are
available from the corresponding author by reasonable
request—as well as within the article.

Standard Protocol Approvals, Registrations,
and Patient Consents
The study was conducted according to the current version of
the Declaration of Helsinki and the applicable local laws. All
participating people gave written informed consent. All data
are reported in line with the STROBE guidelines.

Results
Cohort
Table 1 summarizes the characteristics of the study cohort.
Twenty-five people (48 eyes) with a diagnosis of DN-NMOSD
were compared with 25 people (46 eyes) with a diagnosis of
AQP4-NMOSD as themost important differential diagnosis and
with 25 HCs (49 eyes). All control groups were age-matched
(HC: p = 0.36; AQP4-NMOSD: p = 0.55) and sex-matched
(HC: p = 0.63; AQP4-NMOSD: p = 0.29) with DN-NMOSD.

Clinical Phenotype in DN-NMOSD
In people with DN-NMOSD, the age at disease onset was 27
± 9 years and this cross-sectional data set was acquired 5 ± 4
years after onset. This DN-NMOSD cohort had a history of 6
(5; 9) attacks (displayed as median [IQR]) since onset. The
minimum and maximum numbers of attacks since onset were
2 and 13, respectively. Myelitis and ON were the most
common attack types, followed by brainstem syndromes

Table 1 Cohort Description for DN-NMOSD, AQP4-
NMOSD, and HCs

DN-
NMOSD

AQP4-
NMOSD HC

Subjects, N 25 25 25

Eyes, N 48 46 49

Ethnicity, N (%)

Asian 2 (8) 9 (36) 4 (16)

White 23 (92) 15 (60) 21 (84)

Other 0 (0) 1 (4) 0 (0)

Age, year, mean ± SD 32 ± 8 33 ± 8 31 ± 7

Sex, male, N (%) 7 (28) 3 (12) 9 (36)

EDSS, median (IQR) 2 (1–3) 1.5 (1–3.75)

Time since onset, year, mean ± SD 5 ± 4 7 ± 6

Eyes with a history of ON, N (%) 23 (48) 28 (61)

Abbreviation: AQP4-NMOSD = people with aquaporin-4 antibody seroposi-
tive neuromyelitis optica spectrum disorder; DN-NMOSD = people with
double-antibody seronegative neuromyelitis optica spectrumdisorder; HC =
healthy control; IQR = interquartile range; N = number.
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(Table 2). Four people (16%) with DN-NMOSD had a his-
tory of simultaneous bilateral ON. None of the subjects had a
history of symptomatic brain lesions or narcolepsy.

Twenty-four of 25 people (96%) with DN-NMOSD were
treated: Rituximab ([N (%)]: 12 (48)) and azathioprine ([N
(%)]: 6 (24)) were the most common treatment choices,
followed by glatiramer acetate ([N (%)]: 2 (8)) and a com-
bination of azathioprine and glatiramer acetate ([N (%)]: 2
(8)). Two subjects were treated with mycophenolate mofetil
and IV steroids, respectively.

Neuroaxonal Loss Dependent and
Independent of ON
In DN-NMOSD eyes after ON (N = 23), pRNFL (relative
loss: 26%, p < 0.001), MV (relative loss: 6%, p < 0.001),
mRNFL (relative loss: 27%, p < 0.001), and GCIPL (relative

loss: 21%, p = 0.023) were thinner compared with eyes of
HCs (Table 3, Figure 1). After only one ON episode, DN-
NMOSD eyes (N = 13) already had considerable neuroaxonal
loss compared with HCs (pRNFL: 79.3 ± 14.8 μm, relative
loss: 21%, B = 21.6, SE = 4.4, p < 0.001; MV: 308.9 ± 15.2 μm,
relative loss: 5%, B = 16.1, SE = 6.0, p = 0.011; mRNFL: 28.8 ±
4.6 μm, relative loss: 22%, B = 8.0, SE = 1.2, p < 0.001; GCIPL:
65.2 ± 13.0 μm, relative loss: 20%, B = 15.6, SE = 3.4, p <
0.001). After 2 ON episodes, DN-NMOSD eyes (N = 6) did
not have more neuroaxonal loss compared with DN-NMOSD
eyes after one ON episode (pRNFL: 67.5 ± 26 μm, relative
loss: 15% not significant (n.s.); MV: 303.3 ± 18.5 μm, relative
loss: 2%, n.s.; mRNFL: 26.1 ± 5.5 μm, relative loss 9%, n.s.;
GCIPL: 63.8 ± 11.9 μm, relative loss: 2%, n.s.) (Figure 2).

In DN-NMOSD eyes without a history of ON (N = 25),
pRNFL (relative loss: 11%, p = 0.027) andGCIPL (relative loss:
9%, p = 0.022) were reduced compared with eyes of HCs. There
was no difference between eyes with (N = 10, pRNFL: 92.2 ±
12.4 μm; GCIPL: 75.8 ± 10.9 μm) and without a history of
contralateral ON (N = 15, pRNFL: 89.1 ± 25.2 μm; GCIPL:
73.2 ± 12.6 μm, n.s.). Even eyes without a history of contralateral
ON had significantly thinner GCIPL (B = 8.5, SE = 3.3, p =
0.015) than HCs—the pRNFL difference between these groups
was borderline significant (B = 11.6, SE = 5.9, p = 0.058).

Retinal Changes Do Not Differ Between DN-
NMOSD and AQP4-NMOSD
Comparing DN-NMOSD with AQP4-NMOSD, pRNFL and
GCIPL did not differ between groups with and without a
history of ON. In addition, pRNFL and GCIPL did not differ
between DN-NMOSD and AQP4-NMOSD after one ON
episode (in AQP4-NMOSDN = 18, pRNFL: 67.7 ± 30.2 μm;
GCIPL: 61.7 ± 14.7 μm) and after 2 ON episodes (in AQP4-
NMOSD N = 5; pRNFL: 62.4 ± 21.3 μm; GCIPL: 57.3 ±
3.3 μm) (Figure 1). Sector-specific pRNFL thicknesses

Table 3 Cross-Sectional Comparisons for Retinal Layer Thicknesses in DN-NMOSDs vs AQP4-NMOSDs and HCs

Absolute values DN-NMOSD vs AQP4-NMOSD DN-NMOSD vs HC

DN-NMOSD AQP4-NMOSD

HC

ON vs ON NON vs NON ON vs HC NON vs HC

ON NON ON NON B SE p Value B SE p Value B SE p Value B SE p Value

pRNFL [μm,
mean ± SD]

74.2 ±
21.5

90.3 ±
21.1

65.6 ±
26.9

97.4 ±
19.8

100.9 ±
9.3

11.2 8.0 0.173 −4.5 7.9 0.577 −22.7 4.5 <0.001 −10.1 4.4 0.027

MV [μm, mean ±
SD]

305.3 ±
15.8

316.5 ±
20.7

292.7 ±
15.8

313.0 ±
16.6

326.0 ±
15.2

15.5 5.3 0.006 5.7 7.2 0.435 −18.6 4.8 <0.001 −9.3 5.5 0.098

mRNFL [μm,
mean ± SD]

27.1 ±
5.0

30.4 ±
4.2

25.9 ±
5.3

33.3 ±
4.8

37.1 ±
2.6

1.4 1.3 0.503 −3.4 1.4 0.366 −8.6 0.8 <0.001 −8.6 0.7 0.080

GCIPL [μm,
mean ± SD]

64.3 ±
11.8

74.2 ±
11.8

60.5 ±
12.9

77.2 ±
11.5

81.2 ±
6.1

3.7 3.4 0.373 −6.1 3.5 0.250 −13.3 1.9 0.023 −9.3 1.9 0.022

INL [μm, mean ±
SD]

41.6 ±
2.6

41.5 ±
4.3

40.6 ±
4.4

38.7 ±
2.6

39.4 ±
3.2

1.9 0.9 0.034 2.8 1.0 0.543 1.1 0.7 0.503 2.5 0.8 0.302

Abbreviations: AQP4-NMOSD = people with aquaporin-4 antibody seropositive neuromyelitis optica spectrum disorder; B = estimate; DN-NMOSD = people
with double-antibody seronegative neuromyelitis optica spectrum disorder; GCIPL = combined ganglion cell and inner plexiform layer; HC = healthy control;
INL = inner nuclear layer; mRNFL = macular retinal nerve fiber layer; MV = total macular volume; NON = no optic neuritis; ON = optic neuritis; pRNFL =
peripapillary retinal nerve fiber layer; SE = standard error.

Table 2 Clinical Characteristics for DN-NMOSD

Attack type

Number of
DN-NMOSD
affected, N
(%)

Number of attacks per
affected person
with DN-NMOSD,
median (IQR)

Myelitis 21 (84) 4 (4–8)

Optic neuritis 17 (68) 2 (1–3)

Bilateral ON (consecutive
or simultaneous)

6 (24) 2 (1–3.75)

Simultaneous bilateral
ON

4 (16) 1 (1–1)

Brainstem syndromes 11 (44) 1 (1–1)

Area postrema syndrome 3 (12) 1 (1–1)

Abbreviations: DN-NMOSD = people with double-antibody seronegative neu-
romyelitis optica spectrum disorder; IQR = interquartile range; N = number.
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Figure 1 Retinal Layer Thicknesses in DN-NMOSD, AQP4-NMOSD, and HCs

Box plots with dotted overlay for single-eye–based values for eyeswith a history of ON (orange) andwithout a history ofON (blue) aswell as for HC eyes (gray).
Dots are shaped depending on the history of contralateral ON (history of contralateral ON: square, no history of contralateral ON: triangle, HC: circle).
AQP4-NMOSD = people with aquaporin-4 antibody seropositive neuromyelitis optica spectrum disorder; DN-NMOSD = people with double-antibody sero-
negative neuromyelitis optica spectrum disorder; GCIPL = combined ganglion cell and inner plexiform layer; HC = healthy control; INL = inner nuclear layer;
MV = macular volume; n.s. = not significant; ON = optic neuritis; pRNFL = peripapillary retinal nerve fiber layer.
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(temporal, temporal-superior, temporal-inferior, nasal, nasal-
superior, nasal-inferior) after ON did not differ between DN-
NMOSD and AQP4-NMOSD (data not shown).

Only MV was slightly higher in DN-NMOSD after ON
compared with AQP4-NMOSD (relative difference: 4%, p =
0.006), which was also the case in the subset of eyes with a
history of one ON episode (in AQP4-NMOSD: 294.1 ±
16.9 μm, B = 15.6, SE = 7.1, p = 0.039). This might be because
of the small, but significant, increase of INL in eyes after ON
in DN-NMOSD compared with AQP4-NMOSD (Table 3).

The Levene test did not show a difference in variances for
retinal layer thicknesses between DN-NMOSD and AQP4-
NMOSD for the whole data set and for subsets with a history
of ON and without a history of ON (n.s., data not shown).

Discussion
Our study describes systematically the clinical picture of DN-
NMOSD with focus on afferent visual system damage.
Twenty-eight percent of the DN-NMOSD cohort were male,
which is a slightly more balanced gender distribution than that
described in AQP4-NMOSD.37,38 The disease onset, course,
and severity of this DN-NMOSD cohort were comparable
with known demographics of AQP4-NMOSD.37 Our study
specifically reports severe ON-associated neuroaxonal loss

with predominant damage after the first ON attack and still
considerable, but less, damage after subsequent ON attacks.
This study also suggests pRNFL and GCIPL loss in DN-
NMOSD independent of ON compared with HCs. This ef-
fect was not driven by contralateral ON.

Retinal neurodegeneration in this DN-NMOSD cohort after
ON compared with non-ON eyes (16 μm pRNFL) was not
significantly different from AQP4-NMOSD—which might
also be because of the low sample size—but is still numerically
lower and comparable with numbers known from studies in
people with MS (15 μm pRNFL loss).39 Like in AQP4-
NMOSD, however, the most dramatic damage was caused by
the first ON attack, which might be helpful to facilitate an
earlier diagnosis after the first manifestation.31 The existence
of attack-independent damage in AQP4-NMOSD has
been a controversy over the past decade, but nowadays
studies worldwide have confirmed existing, although subtle,
retinal neurodegeneration independent of ON in AQP4-
NMOSD.13,21,31,40-44 In DN-NMOSD, ON-independent
retinal neuroaxonal loss seems to be less subtle as measured
here by pRNFL and GCIPL loss compared with HCs. This
progressive retinal tissue loss has to be confirmed longitudi-
nally, but also seems to be more in the ranges known from
MS.45 Interestingly, we also found differences in INL thick-
ness: After ON, eyes in the DN-NMOSD cohort had thicker
INL than eyes in the AQP-NMOSD cohort. While this could

Figure 2 Retinal Neurodegeneration After ON in DN-NMOSD and AQP4-NMOSD

Mean layer thickness (dot) with standard error of themean (whiskers) for eyeswithoutON (NON, blue) aswell as for eyes after 1ON, 2ON, and ≥3ON (orange)
of peoplewithDN-NMOSD (left) and AQP4-NMOSD (right). Owing to the low sample size, none of thewithin-group comparisons (NON vs 1ON, 1ON vs 2ON, 2
ON vs ≥3 ON) was statistically significant. AQP4-NMOSD = people with aquaporin-4 antibody seropositive neuromyelitis optica spectrum disorder; DN-
NMOSD=peoplewith double-antibody seronegative neuromyelitis optica spectrumdisorder; GCIPL = combined ganglion cell and inner plexiform layer; ON =
optic neuritis; pRNFL = peripapillary retinal nerve fiber layer.
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be by pure chance because of the small sample size, this thicker
INL could alternatively also point toward less degenerative
processes in this layer or more ongoing inflammatory edema
outside of attacks in DN-NMOSD.46,47 Longitudinal studies will
be necessary to further investigate this phenomenon.

It remains unclear whether people with DN-NMOSD be-
long to one homogeneous disease entity with a common
pathology and clinical picture or whether they in fact are an
artificially assembled group of different disease entities. One
potential hint toward the latter might be a larger variety
of clinical phenotypes and damage patterns as seen pre-
viously on MRI.18 In this study, we did not find a difference
in variances for retinal damage patterns between DN-
NMOSD and AQP4-NMOSD, potentially pointing toward
a more homogeneous retinal pathology in DN-NMOSD.

The strengths of our study rest on its cohort size and in-
ternational acquisition, which allowed us to perform a sys-
tematic analysis in this rare disease. The comparison with
AQP4-NMOSD in the same study further allowed us to de-
scribe the disease in perspective to its most important differ-
ential diagnosis. However, limitations must be considered: First,
no functional assessments, optic nerve involvement on orbital
MRI, and description of acute management were included in
this study. Especially the lack of imaging of the retina and optic
nerve during the acute attack limits our understanding of acute
ON-related damage patterns in DN-NMOSD. Second, the ON
diagnosis was performed clinically, and we do not have homo-
geneous paraclinical measures to confirm ON status across the
study.48 Last but not least, the antibody testing, in particular for
MOG-IgG, was performed at most centers as part of the clinical
routine, not in CSF, and not at predefined or consistent time
points. This together with the center-specific use of different
cell-based assays might have led to differences in test sensitivity.
We also cannot exclude a potential influence of the center-
distribution and/or center-specific effects on our results.

To conclude, DN-NMOSD is characterized by severe retinal
neurodegeneration after ON and attack-independent retinal
damage. Most of the damage occurs during the first ON ep-
isode. This highlights the need for diagnostic imaging markers
for DN-NMOSD to facilitate an earlier diagnosis as well as for
effective attack treatments. Further studies will be necessary
to better understand the clinical picture and pathology of DN-
NMOSD as well as the utility of OCT for diagnosing and
monitoring DN-NMOSD.
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Neuro-inflammation, Centre
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Charité—Universita ̈tsmedizin
Berlin, corporate member of
Freie Universita ̈t Berlin and
Humboldt-Universita ̈t zu
Berlin, Germany

Drafting/revision of
the manuscript for
content, including
medical writing for
content; major role in
the acquisition of
data; study concept or
design

Friedemann Paul,
MD

Experimental and Clinical
Research Center, Max Delbrück
Center for Molecular Medicine
and
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