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Abstract

Objective To investigate different brain regions for grey (GM)
and white matter (WM) damage in a well-defined cohort of
neuromyelitis optica spectrum disorder (NMOSD) patients
and compare advanced MRI techniques (VBM, Subcortical
and cortical analyses (Freesurfer), and DTI) for their ability
to detect damage in NMOSD.

Methods We analyzed 21 NMOSD patients and 21 age and
gender matched control subjects. VBM (GW/WM) and DTI
whole brain (TBSS) analyses were performed at different sta-
tistical thresholds to reflect different statistical approaches in
previous studies. In an automated atlas-based approach,
Freesurfer and DTI results were compared between NMOSD
and controls.

Results DTITBSS and DTI atlas based analysis demonstrated
microstructural impairment only within the optic radiation or
in regions associated with the optic radiation (posterior tha-
lamic radiation p<0.001, 6.9 % reduction of fractional
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anisotropy). VBM demonstrated widespread brain GM and

WM reduction, but only at exploratory statistical thresholds,

with no differences remaining after correction for multiple

comparisons. Freesurfer analysis demonstrated no group

differences.

Conclusion NMOSD specific parenchymal brain damage is

predominantly located in the optic radiation, likely due to a

secondary degeneration caused by ON. In comparison, DTI

appears to be the most reliable and sensitive technique for

brain damage detection in NMOSD.

Key Points

* The hypothesis of a widespread brain damage in NMOSD is
challenged.

* The optic radiation (OR) is the most severely affected region.

* OR-affection is likely due to secondary degeneration follow-
ing optic neuritis.

» DTI is currently the most sensitive technique for NMOSD-
related brain-damage detection.

» DTI is currently the most reliable technique for NMOSD-
related brain-damage detection.

Keywords Diffusion tensor Imaging - Neuromyelitis optica
spectrum disorder - Optical coherence tomography -
Demyelination - VBM analysis

Introduction

In neuromyelitis optica spectrum disorder (NMOSD), conven-
tional brain MRI is typically unremarkable or demonstrates
white matter lesions in a subset of patients [1, 2]. Yet, some
recent studies using advanced MRI techniques described brain
parenchymal damage in normal-appearing white and gray
matter (WM and GM). However, these studies provided very
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conflicting results regarding the extent, aetiology and clinical
implications of this damage [3-24].

NMOSD is a rare autoimmune condition characterized by
monophasic or recurrent attacks of optic neuritis (ON) and
longitudinal extensive transverse myelitis (LETM), as well
as certain forms of area postrema, other brainstem, dience-
phalic, or certain cerebral presentations [24-26]. For decades,
NMOSD was thought to be a variant of multiple sclerosis
(MS), but in 2004, a highly specific biomarker was discovered
[27] and identified as an antibody targeting aquaporin-4
(AQP-4), an astrocytic water channel [26, 28, 29]. After the
discovery of AQP-4, the diagnostic criteria of NMO and its
spectrum diseases (NMOSD) were revised in 2006 [30] to
include the AQP-4 antibody biomarker. Yet, a second revision
just recently took neuroimaging findings into account to en-
able NMOSD diagnosis when AQP-4 Ab is negative or tests
are unavailable [31, 32].

Brain MR imaging shows white matter lesions in about 30—
60 % of NMOSD patients [33]. Beside lesions in brainstem,
especially located to the area postrema and diencephalon,
these lesions are typically small, punctuate and located
nonspecifically [34-36], although distribution of lesions may
fulfill Barkhof’s criteria for MS [1]. Also, in ultra-high field
MRI (7 Tesla) NMOSD, white matter lesions appear nonspe-
cific but are distinct from MS lesions [37, 38]. There is a
minority of patients (e.g. eight of 120 in a study by Pittock
et al. [39]) that show extended lesions in the hypothalamus,
periaqueductal grey and area postrema [39, 40]. While the
latter lesions may be explained through specific binding of
anti-AQP4 antibodies to these regions with a less tight
blood-brain-barrier and high AQP-4 expression, the actiology
and significance of unspecific white matter lesions in
NMOSD is controversial [34-36]. Moreover, it is debated if
and to what extent occult structural brain damage occurs in
NMOSD. Several recent studies [3—5, 7-10, 12—-16, 19-23,
35, 41-46] using different advanced MRI techniques (proton
MR spectroscopy — H-MRS [7-9]; magnetization transfer im-
aging (MTI) [3, 4, 15]; voxel based morphometry — VBM [16,
20, 22]; subcortical volume and cortical thickness analyses
(Freesurfer) [10, 20]; and diffusion tensor imaging (DTI) [5,
6, 11-15, 19, 20] reported conflicting results ranging from: 1)
widespread brain damage, 2) damage only in visual and sen-
sorimotor systems, or 3) no substantial damage at all.

Some studies could demonstrate a correlation of MR based
measures with clinical scores (visual and motor function) [44]
or an objective measure of retinal thinning with optical coher-
ence tomography (OCT) [20].

The overall interpretation of these studies is hampered by
the miscellaneous imaging methods, different statistical ap-
proaches, and heterogeneous patient cohorts.

Against this background, this multimodal imaging study
aimed 1) to investigate different brain regions for GM and
WM damage in a well-defined cohort of NMOSD patients,
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and 2) to compare three advanced MRI techniques (voxel
based morphometry — VBM, subcortical and cortical analyses
(Freesurfer), and diffusion tensor imaging - DTI) for their
ability to detect non-overt tissue damage in NMOSD.

An association of structural damage in regions with signif-
icant group differences and the Expanded Disability Status
Scale (EDSS) and disease duration was further explored.

Additionally, to assess potential brain damage related to a
history of ON and to correlate MR imaging parameters with
clinical scores and OCT measurement, retinal nerve fibre layer
thickness (RNFL) was measured.

Materials and methods
Study participants

Patients fulfilling diagnostic criteria [30, 31, 47] for NMOSD
were prospectively recruited from the outpatient clinics of the
NeuroCure Clinical Research Center and at the Department of
Neurology, Charité — Universititsmedizin Berlin. Patients were
excluded when presenting with eye or retina diseases other than
ON, a refractive error greater than +6 dpt and acute ON or
treatment with corticosteroids within three months prior to ex-
amination. All study participants gave informed written con-
sent and the study was approved by the local ethics committee.

We initially included 42 NMOSD patients fulfilling the
above criteria. To assure a defined non-heterogeneous patient
cohort, we excluded 21 patients from the final analysis. We
excluded three patients who tested positive for myelin-
oligodendrocyte-glycoprotein (MOG-) antibodies, since
MOG-ab positive NMOSD is discussed as a different disease,
despite having similar phenotype [48]. In addition, 11 patients
had to be excluded due to an incomplete MRI exam or insuf-
ficient scan quality. Non-Caucasian patients were excluded
(n=2) due to a potential disease heterogeneity across ethnic-
ities [49]. One patient was excluded due to an unusual white
matter lesion of unknown aetiology in the occipital white
matter. Considering the high prevalence of unspecific white
matter lesions in the elderly population, we included only
participants younger than 69 years; therefore, another four
NMOSD patients were excluded from the final analysis.
Healthy control subjects were selected from the centre’s re-
search database matching age and gender. For a flow chart of
inclusion/exclusion, see Fig. 1.

MRI—acquisition and T2 lesion analysis

The multimodal brain MR exam at the same 3 T MRI (Tim
TRIO Siemens) included a volumetric high-resolution T1
weighted magnetization prepared rapid acquisition gradient
echo (MPRAGE) sequence (TR/TE/TI=1900/2.55/900 ms,
FOV =240 x 240 mmz, matrix 240 x 240, 176 slices, slice
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Study cohort 42
MOG-antibody negative Yes: 39 No: 3
MRI complete and of Yes: 28 No: 11
sufficient quality

Caucasian ethnicity Yes: 26 No: 2
Age < 70 years Yes: 22 No: 4
Absence of unexplained Yes: 21 No: 1

large cerebral lesion

Fig. 1 Flow chart for inclusion and exclusion of the NMOSD patient
cohort.

thickness 1 mm), a volumetric high-resolution T2 weighted
sequence (3D SPACE TR/TE=5000/502 ms), a volumetric
high-resolution fluid attenuated inversion recovery (3D
FLAIR) sequence (TR/TE/TI=6000/388/2100 ms) and a
single-shot echo planar imaging DTI sequence (TR /
TE=7500/86 ms; FOV =240 x 240 mm?; matrix 96 x 96, 61
slices no gap, slice thickness 2.3 mm, 64 non-colinear direc-
tions, b-value=1000 s/mmz, one b0-volume). T2 hyperin-
tense lesion were manually segmented by a technician (with
5 years experience in lesion definition) on the 3D T2 images in
conjunction with 3D FLAIR images.

MRI—data post-processing

1. Voxel based morphometry (VBM): The manually seg-
mented T2 lesion masks were co-registered to the
MPRAGE and lesions were masked out before VBM
analysis. The toolbox VBMS (http://dbm.neuro.uni-jena.

de/vbm) in combination with SPM8 (http://www.fil.ion.
ucl.ac.uk/ spm/software/spm8.) running under Matlab
R2012b (http://www.mathworks.com) was used for grey
and white matter segmentation including Diffeomorphic
Anatomical Registration Through Exponentiated Lie
Algebra (DARTEL) normalization and registration [50]
(statistical analysis see below).

2. Subcortical volume and cortical thickness analysis
(Freesurfer): For segmentation and estimation of sub-
cortical volume and cortical thickness Freesurfer im-
age analysis software v5.3 (http://surfernmr.mgh.
harvard.edu) was used. All data sets were manually
controlled, and when necessary, corrected for
segmentation errors of the automatic routine. For further
analysis, we globally extracted subcortical volume and
cortical thickness estimates for lobes and for individual
regions (Desikan-Killiany Atlas). The technical details
are described in prior publications [51-53], and have
previously been applied in NMOSD studies [10, 20].
For a detailed description of the Freesurfer processing
stream, please see Fischl [54].

3. Diffusion Tensor Imaging: DTI data was processed with
tools from the FMRIB Software Library (FSL 5.0.9) [55].
Processing included brain extraction, motion, eddy cur-
rent distortion correction and a linear tensor model fit that
generated maps of fractional anisotropy (FA), mean diffu-
sivity (MD), parallel diffusivity (PD, i.e. the first eigen-
value) and radial diffusivity (RD, i.e. the mean of second
and third eigenvalue). All parameter maps were further
analyzed in a Tract Based Spatial Statistic (TBSS) analy-
sis. For a detailed description of the TBSS steps and pro-
cedure, please see Smith et al. [56]. Influence of lesions
on TBSS results were controlled as follows. T2 lesion
masks were initially co-registered to the bO-volume, and
subsequently, non-linear to the TBSS skeleton space.
Lesion voxels were excluded from the final analysis with
separate script that is provided in FSL (“setup masks”—
for more information, see http:/fsl.fmrib.ox.ac.uk/fsl/
fslwiki/Randomise/UserGuide).

For an additional region-of-interest (ROI) approach, we
combined masks from the Johns-Hopkins University (JHU)
DTI-based white-matter atlases with the TBSS skeleton. The
intersection of each atlas mask with the TBSS skeleton was
used as an ROI for specific tracts. From each tract mask, we
extracted the mean FA value for each region and subject.

Optical coherence tomography
For an evaluation of potential brain damage related to a history
of ON, we measured retinal nerve fibre layer thickness

(RNFL) in all patients and controls with optical coherence
tomography (Spectralis SD-OCT Heidelberg Engineering,
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Heidelberg, Germany) in undilated eyes. Peripapillary RNFL
thickness was measured using a 3.4 mm ring scan around the
optic nerve head with the standard device protocol [57]. All
scans passed image quality assessment using the OSCAR-IB
criteria [58].

Statistical analysis

Group differences in gender (Fisher exact test), lesion
count and lesion volume (unpaired #-test) were compared
between groups with the software Graphpad Prism
(Version 6.0, GraphPad Software, La Jolla California
USA, www.graphpad.com). VBM and TBSS statistical
between-group analysis was performed with the randomise
tool (part of FSL) that uses a permutation-based, threshold-
free cluster-detection algorithm (TFCE). All analyses were
performed with 5000 permutations. TFCE provides an ob-
jective method for cluster detection in comparison to often
arbitrarily set cluster size definitions that can have a great
impact on results [59]. We analyzed group differences (age
and gender included as covariates). After significant group
differences in the DTI analysis, we tested for a correlation
with EDSS and disease duration.

In the light of the heterogeneity in previous studies that
used different (strict or exploratory) statistical thresholds, we
generated statistical maps at three different statistical thresh-
olds (»<0.05 and p<0.01 uncorrected for multiple compari-
sons, and p <0.05 family wise error (FWE) corrected for mul-
tiple comparisons). We chose this approach to allow for an
assessment at different sensitivity and specificity levels across
the whole brain and for comparison with previous studies that
used these thresholds [15, 16, 20].

Between group differences in subcortical volume mea-
sures, cortical thickness and DTI parameter from the com-
bined TBSS JHU atlas mask analysis were analyzed in a
linear model (age and gender included as covariates) using
the statistical software package R project (R 3.1.0 http://
WWW.r-project.org).

Finally, we evaluated ON associated degeneration in the
optic radiation in a generalized estimating equation model
(GEE - r package geepack 1.2.0 [60]). GEE was used to
account for intra-patient/inter-eye effects (age and gender in-
cluded as covariates). Based on the DTI results (see below),
we tested only for an association between RNFL values and
FA values within the optic radiation. For this analysis, we used
FA values from the optic radiation that were extracted from the
JHU atlas mask approach.

Results
Study participants

We analyzed 21 NMOSD patients and 21 healthy control
subjects.

Almost all patients (19/21) were positive for AQP IgG. The
two patients that were negatively tested both fulfilled the
Wingerchuck 2006 and 2015 criteria [30, 31].

Patient and control groups did not differ in age (p=0.98) or
gender (p=1.0; Table 1). Two patients did not receive
medication on a regular basis (one patient due to stable sero-
negative disease and one patient due to persistent idiopathic
leukopenia). The majority of patients were under immunosup-
pressive therapy—either azathioprine, rituximab, cyclophos-
phamide, methotrexate, mycophenolate mofetil or intermittent
plasma exchange.

The majority (17/21) of NMOSD patients (17/21) and con-
trol subjects (14/21) had T2 WM lesions (Fisher exact test p
value=0.27). Lesion volume was significantly higher in
NMOSD patients (p=0.02) and a trend towards higher lesion
count (p=0.08) was observed.

Voxel-based morphometry

At liberal “exploratory” statistical threshold, various regions
showed a significant GW and WM volume decrease in

Table 1 Demographic data of

controls and NMOSD patient Controls NMOSD p value

cohort, EDSS = Expanded ]

disability status scale, Subject (n) 21 21 -

AQP = Aquaporin, ON = optic Gender (f/m) 18/3 18/3 1.0

neuritis, LETM = longitudinal Age in years (mean + sd) 448+149 447+12.8 0.97

extensive transverse myehtls,

NA =not applicable AQP-41gG + (n) 1921 -
Disease duration months (mean + sd) NA 111.7 (£121.4) -
EDSS median (range) NA 3.8 (1.0- 6.0) -
ON status no / unilat / both eyes NA 2/12/7 -
LETM status (no / yes) NA 2/19 -
T2 lesion count (mean + sd 6.0+£7.7 15.5+£22.7 0.08
T2 lesion volume in ml (mean + sd) 0.19+0.31 0.78+1.10 0.02
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patients, e.g. in the frontobasal cortex, insular cortex, occipital
cortex and cerebellum. However, after correction for multiple
comparisons, no significant differences between NMOSD and
controls remained. No regions showed a GM or WM volume
increase in patients.

Freesurfer analysis

We did not find statistically significant differences in subcor-
tical volume or cortical thickness between NMOSD patients
and controls (see Table 2 and Suppl. Table 1 for a detailed
gyri-based cortical thickness analysis) (Fig 2).

Diffusion tensor imaging—TBSS

Significant FA reductions (Fig. 3) at a conservative statistical
threshold (p <0.05 corrected for multiple comparisons) could
be demonstrated only in the optic radiation; these were driven
by RD increases (Suppl. Fig. 1). PD and MD did not demon-
strate significant differences between NMOSD patients and
controls at conservative statistical thresholds (Suppl. Fig. 1).
Also, at lower statistical thresholds, other regions demonstrate
FA reductions (with associated RD and MD increases), e.g.
corticospinal tract, splenium, corpus callosum genu, corpus
callosum body, cerebellum and brainstem (Fig. 3). However,
no association with EDSS or disease duration could be dem-
onstrated (data not shown).

Table 2 Freesurfer results (mean +sd) of subcortical volume (in cm’)
and cortical thickness (in mm)

Volume Controls Patients p value
Total GM Volume 611.8+46.31 602.95+58.66 0.59
Cortical Volume 430.01£35.37  425.00+44.32 0.69
Subcortical GM Volume 181.79+13.39  177.95+16.56 0.41
Intracranial Volume 1293.27+£207.4 1292.11+236.03 0.99
Thalamus 6.90+0.71 6.76+£0.72 0.51
Caudate 3.40+0.45 3.36+0.41 0.79
Putamen 496047 4.8940.66 0.69
Pallidum 1.58+0.11 1.57+0.19 0.83
Hippocampus 4.18+0.33 431+0.36 0.24
Amygdala 1.55+0.15 1.60+0.17 0.29
Cortical thickness Controls Patients p value
Frontal 2.56+0.09 2.554+0.12 0.75
Cingulate 2.71+0.11 2.63+0.15 0.09
Occipital 1.97+0.07 1.96+0.12 0.58
Postcentral 2.08+0.12 2.02+0.15 0.20
Precentral 2.58+0.11 2.52+0.18 0.21
Temporal 2.80+0.09 2.79+0.14 0.80
Parietal 2.39+0.09 2.37+0.15 0.62
Insula 3.09+0.14 3.06£0.18 0.55

Diffusion tensor imaging - TBSS-JHU atlas

In the additional ROI approach with a combined TBSS-JHU
atlas mask analysis, significant FA reductions were found ex-
clusively in regions of the occipital lobe (Suppl. Table 2). All
of these regions are part of (posterior thalamic radiation
<0.001, 6.9 % difference), in the immediate vicinity (sagittal
stratum p <0.003, 5.6 % difference; tapetum p<0.019, 7.1 %
difference) or functionally directly connected (splenium
p<0.039, 2.6 % difference) to the visual system. Note that
the cerebral peduncle as part of the cortical spinal tract just
misses statistical significance (p value=0.052, 1.4 %
difference).

Association of RNFL and FA in the optic radiation

Mean RNFL values (overall, nasal and temporal quadrants)
were significantly different (» <0.001) between NMOSD pa-
tients (mean+sd=74.6+17.0 mm) and controls (mean
+s5d=98.3+6.9 mm). The GEE analysis showed a significant
association (p=0.038) between RNFL and FA values in the
optic radiation with lower RNFL values reflecting reduced FA
in the optic radiation.

Discussion

Our study investigated if occult brain parenchymal damage in
NMOSD patients can be detected using a multiparametric
MRI approach. In the past decade, especially with identifica-
tion of anti-AQP4 antibodies, the understanding of NMOSD
has dramatically changed [1]. However, prevalence and path-
ogenesis of brain involvement in NMOSD (in addition to the
hallmark symptoms ON and LETM) is still a matter of debate.
Nonspecific white matter abnormalities are found in a relative-
ly high percentage (30-80 %) of NMOSD patients [1, 33].
Also in our cohort, the majority of patients (17/21) had smaller
unspecific white matter lesions. This relatively high percent-
age can be explained with the greater sensitivity of lesion
detection in the 3D high-resolution (1 mm isotropic) T2 and
FLAIR sequences that were used in our protocol. This is also
reflected by the high percentage (14/21) of control subjects
with white matter lesions. Nonetheless, T2 lesion volume was
higher in NMOSD patients and further studies with high-
resolution T2 imaging and other techniques (e.g. susceptibility
weighted imaging) to characterize these lesions are warranted.

Various advanced MRI techniques (H-MRS, MTI, DTI,
VBM, CTA) have been used in the past to investigate
NMOSD occult brain parenchymal damage, with most studies
using one of these techniques. Only two studies previously
used a true multimodal approach [15, 20]. Pichiecchio et al.
compared H-MRS, MTI, VBM and DTI, while von Glehn
et al. [20, 15] compared VBM, CTA and DTI.
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Fig2 GM and WM VBM results
at p<0.05 and p<0.01
uncorrected, and p < 0.05
corrected for multiple o
comparisons. At exploratory A
statistical threshold different GM op
and WM regions show significant 2 f
GW and WM volume decrease in
NMOSD patients. After
correction for multiple
comparisons no significant
differences remained

H-MRS and MTI: In the study by Pichiecchio et al. H-MRS
and MTI did not reveal any significant differences. Also other
previous studies that used H-MRS [7-9] and MTI [3, 4, 15]
did not find any or only very moderate differences using these
techniques.

Voxel-based morphometry: Previous VBM studies in
NMOSD showed rather conflicting results. In the study by
von Glehn et al. [20], GM volumetric reductions for NMO
patients compared to healthy control subjects were reported
in frontal, parietal, temporal, occipital, limbic and cerebellar
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Gray Matter - VBM

Uncorrected for multiple comparisons

2100

areas. However, identical to our VBM results, these differences
were significant only at exploratory thresholds and supposedly
not significant after correction for multiple comparisons, which
was not reported. Duan et al. [16] also similarly reported GM
atrophy in NMO patients across several frontal and temporal
regions, but after correction for multiple comparisons, no
signifcant GM atrophy was found. In a follow-up study by
the same group [22], significant clusters of reduced WM vol-
ume in several frontal, parietal, and occipital brain regions
were reported (results were corrected with “AlphaSim
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Fig. 3 TBSS FA differences at
»<0.05 uncorrected and p <0.01
uncorrected, and p < 0.05 fwe
corrected for multiple
comparisons. Red-

Yellow = reduction in patients /
Blue-Light blue = increase in
patients. For visualization
purposes, significant skeleton
tracts are thickened (tbss_fill
script of fsl)

programme at p <0.05 at a voxel level across the whole brain”
[22]). In a further study, Blanc et al. [17] also did not find GM
volume differences between NMO patients and controls, but
reported on focal white matter volume loss in the optic chiasm,
pons, cerebellum, the corpus callosum and parts of the frontal,
temporal and parietal lobes (false discovery rate correction at
p<0.05, cluster size threshold 30 voxels). On the contrary,
Pichiecchio et al. [15] observed no WM atrophy, but reported
on focal GM volume reduction in the sensorimotor and the
visual cortex. To address the heterogeneity of statistical thresh-
olds used in previous studies and to allow for an objective and
full assessment at different sensitivity and specificity levels, we
avoided arbitrary cluster definitions by using the automated
TFCE-method for cluster detection, and reported at three dif-
ferent statistical thresholds. Consistent with most of the previ-
ous studies at conservative thresholds, no significant volume
decreases could be demonstrated; however, at liberal thresh-
olds, several GM and WM regions showed a significant
atrophy.

Subcortical volume and cortical thickness analysis: The
two previous studies using CTA methods also showed rather
conflicting results. Von Glehn et al. [20] reported widespread
changes in cortical thickness in “almost all cerebral lobes”.
Calabrese et al. [10] report on “mild thinning” limited to visual
(calcarine gyri) and sensorimotor areas (pre- and postcentral
gyrus). In our study, no significant group differences in sub-
cortical volume or cortical thickness were found.

Diffusion Tensor Imaging: All previous DTI studies in
NMOSD reported significant differences in normal appearing
white matter, with a remarkable consistency across studies,
despite differences in DTI post-processing approaches, e.g.

FA

manual ROI, TBSS or tractography. However, some of the
studies differ in the extent of the reported white matter damage
as discussed above. Diffusion Kurtosis Imaging (DKI), a rela-
tively novel diffusion based method, was compared to DTI in
two recent studies by the same group [19, 21], but DKI dem-
onstrated no additional detection sensitivity compared to DTI.
The DTI results in our study suggest predominant WM damage
in the visual system and the sensorimotor system, while in the
latter, only a statistical trend could be demonstrated. This find-
ing is consistent to previous NMOSD DTT studies [5, 6, 11-15,
19-21]. The majority of studies are in agreement with our find-
ings including that 1) FA decreases are driven by RD increases
[44], and 2) that the sensorimotor system is less affected.

The damage in the visual and the sensorimotor system may
well be explained by secondary degeneration as a conse-
quence of the two NMOSD hallmark symptoms ON and
LETM. This interpretation is corroborated in our study by a
significant association between retinal damage caused by pre-
vious ON, i.e., RNFL thinning, and a DTI based WM damage
assessment in the optic radiation. Similar associations be-
tween retinal thinning and damage to the posterior visual path-
way have been reported in patients with multiple sclerosis and
optic neuritis [61-63]. Moreover, previous studies in NMO
reported a positive RNFL thickness correlation to
pericalcarine cortical thickness [20] and a correlation between
clinical scores and FA values in the visual and the sensorimo-
tor system [6], which we could not find in our study.

In addition to the hypothesis of a secondary degeneration as
a consequence to ON and LETM, a different damaging mech-
anism in NMOSD needs to be discussed. The cellular target of
NMOSD inflammation is the AQP-4 water channel antigen
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located in astrocytic endfeet processes and expressed across
the whole brain and spinal cord [26]. In periventricular areas
with high AQP-4 expression, demyelinating lesions and char-
acteristic MRI lesions have been described [39, 40], and some
of the previous DTI imaging studies [11, 14, 20, 21] reported
damage in white matter tracts beyond the visual and the sen-
sorimotor system. However, the hypothesis of a primary and
widespread brain parenchymal damage in NMOSD has been
recently challenged by a histopathological study that demon-
strates lack of a relevant cortical pathology in NMOSD [34],
including a normal cortical AQP-4 distribution [64]. The re-
ported widespread abnormalities in the DTI studies mentioned
above may also be explained by competing effects that are only
indirectly related to NMOSD pathology. Several studies in
other groups of chronically ill patients on aggressive immuno-
suppressive medication, such as patients on chemotherapy,
have demonstrated widespread brain structural changes [65].
In addition, considering a usual study design with recruitment
of healthy controls will result in exclusion of control subjects
suffering from chronic diseases. This results in a “super-
healthy” control group. When advanced sensitive methods
(e.g. DTI) are applied, “significant differences” will likely ap-
pear in many patient populations, especially in elderly, chron-
ically ill patients on polypharmacotherapy.

Limitations

About half of the initially screened patients were excluded
from the study to reduce the heterogeneity of our patient sam-
ple (Fig. 1). This in turn might have caused a selection bias.
However, the present analyses clearly required a well-defined
NMOSD patient cohort, and we therefore minimized con-
founders such as a mix of different disease entities that would
fulfill the NMOSD criteria: e.g. exclusion of MOG antibody
positive patients, exclusion of non-Caucasian patients (with
regard to possible genetic influence, i.e. Asian optico-spinal
MS), and exclusion of patients with unexplained cerebral
lesions.

Our study and all previous imaging NMOSD studies are
limited in sample size and validation in bigger cohorts is
necessary. One possible solution to this difficulty in a rare
disease like NMOSD would be to share available data in an
international study group and pool imaging data in a common
database. This would allow for evaluation of NMOSD brain
damage in more detail with enhanced statistical power.

Conclusion
Our findings together with previous results suggest that
NMOSD brain damage not detectable with routine MRI

methods can be visualized with advanced MRI techniques.
NMOSD specific parenchymal brain damage is consistently

@ Springer

located in the visual and sensorimotor system, and is likely
due to a secondary degeneration caused by ON and LETM.
Damage outside the two systems appears to be less severe and
can potentially be explained by factors other than NMOSD
specific pathomechanisms, but needs to be further addressed
in larger cohorts. In comparison of different imaging methods,
DTT appears to be the most reliable and sensitive technique for
brain damage detection in NMOSD.
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