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Objective: To evaluate: (1) the distribution of gray matter (GM) atrophy in myelin oligodendrocyte glycoprotein
antibody-associated disease (MOGAD), aquaporin-4 antibody-positive neuromyelitis optica spectrum disorder (AQP4
+NMOSD), and relapsing–remitting multiple sclerosis (RRMS); and (2) the relationship between GM volumes and white
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matter lesions in various brain regions within each disease.
Methods: A retrospective, multicenter analysis of magnetic resonance imaging data included patients with MOGAD/
AQP4+NMOSD/RRMS in non-acute disease stage. Voxel-wise analyses and general linear models were used to evalu-
ate the relevance of regional GM atrophy. For significant results (p < 0.05), volumes of atrophic areas are reported.
Results: We studied 135 MOGAD patients, 135 AQP4+NMOSD, 175 RRMS, and 144 healthy controls (HC). Com-
pared with HC, MOGAD showed lower GM volumes in the temporal lobes, deep GM, insula, and cingulate cortex
(75.79 cm3); AQP4+NMOSD in the occipital cortex (32.83 cm3); and RRMS diffusely in the GM (260.61 cm3).
MOGAD showed more pronounced temporal cortex atrophy than RRMS (6.71 cm3), whereas AQP4+NMOSD dis-
played greater occipital cortex atrophy than RRMS (19.82 cm3). RRMS demonstrated more pronounced deep GM
atrophy in comparison with MOGAD (27.90 cm3) and AQP4+NMOSD (47.04 cm3). In MOGAD, higher periventricular
and cortical/juxtacortical lesions were linked to reduced temporal cortex, deep GM, and insula volumes. In RRMS,
the diffuse GM atrophy was associated with lesions in all locations. AQP4+NMOSD showed no lesion/GM volume
correlation.
Interpretation: GM atrophy is more widespread in RRMS compared with the other two conditions. MOGAD primarily
affects the temporal cortex, whereas AQP4+NMOSD mainly involves the occipital cortex. In MOGAD and RRMS,
lesion-related tract degeneration is associated with atrophy, but this link is absent in AQP4+NMOSD.

ANN NEUROL 2024;96:276–288

Myelin-oligodendrocyte glycoprotein antibody-associated
disease (MOGAD), aquaporin-4 antibody-positive

neuromyelitis optica spectrum disorder (AQP4+NMOSD),
and multiple sclerosis (MS), are the most common demyelin-
ating disorders of the central nervous system (CNS), whose
differential pathogenetic mechanisms are still being investi-
gated.1 While MS can show relapses and a progressive course,
MOGAD and AQP4+NMOSD are currently regarded as
purely relapsing diseases without clinical progression.2,3

Although MOGAD, AQP4+NMOSD, and MS can share

similar clinical and imaging characteristics, additional radio-
logical features that can differentiate these three diseases in
clinical practice have been identified.4,5

These distinctive clinical and imaging features suggest
that the underlying mechanisms of damage and repair differ
significantly among the three diseases. In MS, neuropatho-
logical data consistently reveal the coexistence of focal inflam-
matory demyelination and neurodegenerative processes,
which are closely interconnected.6 AQP4+NMOSD is char-
acterized by extensive destruction of astrocytes, with
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secondary demyelination.7 Conversely, in MOGAD, neuro-
pathological studies are limited and reported different fea-
tures, including extensive demyelination with relatively
preserved axons, and reactive gliosis in both white
(WM) and GM.8

Magnetic resonance imaging (MRI) is widely recog-
nized as a reliable tool for studying in vivo brain patholog-
ical changes in the three diseases. Previous studies have
primarily focused on WM lesions to differentiate between
these diseases.9–11 Alongside WM lesions, evaluating
MRI-derived regional brain atrophy can offer important
insights into their pathophysiology. Recent cross-sectional
studies have demonstrated that brain atrophy, reflecting
diffuse tissue damage and neurodegeneration, is present in
all three diseases, albeit with varying patterns and degrees.
Brain atrophy is more extensive in MS, whereas it is local-
ized to specific regions of the GM in MOGAD and
AQP4+NMOSD. However, data regarding GM involve-
ment in the two antibody-mediated diseases are limited
and conflicting.11–14

Previous MRI studies showed that there is a connec-
tion between focal brain lesions and GM atrophy in
MS. These findings support the idea that WM damage
may contribute to the accumulation of damage in the GM
from the early stages of the disease.15–18 Recent studies
have proposed a similar effect of lesions on GM atrophy
in MOGAD and AQP4+NMOSD, but the available
data are limited and the results are controversial, possi-
bly due to small sample sizes.11–14 Understanding the
interplay between focal inflammation, demyelination,
and neurodegeneration in these three neurological
disorders can enhance our understanding of how tissue
damage accumulates and help differentiate their under-
lying mechanisms.

Given the existing knowledge gaps, we undertook a
comprehensive study involving a multicenter cohort of
individuals with MOGAD, AQP4+NMOSD, and MS.
We used a voxel-based morphometry approach to: (1)
identify and characterize patterns of GM atrophy specific
to each of the three disorders, and (2) examine the rela-
tionship between GM volumes and the number of WM
lesions in several brain locations within each disease.

Methods
Study Design and Population
This is a multicenter, retrospective study, conducted on
data from 16 European and non- European centers
that were collected as part of a Magnetic Resonance
Imaging in Multiple Sclerosis (MAGNIMS) Collaboration
(www.magnims.eu) project. From the original MAGNIMS
cohort,19 including 162 MOGAD, 162 AQP4

+NMOSD, 189 MS, and 152 healthy controls (HC), we
selected those with the following inclusion criteria:
(1) diagnosis of MOGAD (which was made, in each
center, only when MOGAD was suspected on the basis of
patient’s history and clinical presentation, and confirmed
by MOG antibody positivity according to local laboratory
guidelines), AQP4+NMOSD20 or RRMS21; (2) serum
antibodies detected using cell-based assay; (3) age at MRI
≥18 years; (4) being at least 6 months after an acute event;
(5) having at least one sequence for WM lesion detection
(either fluid-attenuated inversion recovery [FLAIR] or
proton density/T2) and a 3D T1-weighted sequence with
adequate quality (Fig S1).

Each participant provided written consent for
research within each center. The final protocol for the
analysis of fully anonymized scans, acquired independently
at each center, was approved by the European
MAGNIMS collaboration and by local ethics committees.

MRI Acquisition and Processing
MRI protocols and acquisition parameters of the centers
were previously described.19 MRI was acquired using a
3-T scanner for the majority of patients (87% MOGAD,
92% AQP4+NMOSD, 87% RRMS) and all HC. To
assess lesion distribution, WM lesions were semi-
automatically segmented on FLAIR/T2-sequences using a
lesion prediction algorithm, as implemented in the LST
toolbox version for SPM,22 and lesion masks were created.
Lesions were automatically classified, and defined as cortical/
juxtacortical, periventricular, mixed deep GM/deep WM,
deep WM, and infratentorial. Accuracy of classification was
double-checked in each participant by two expert users
according to previously published criteria23 and manually
edited when necessary. Ventricles, cortex, deep GM, and
infratentorial masks were created using an in-house devel-
oped pipeline, using FSL tools (https:fsl.fmrib.ox.ac.uk). To
investigate voxel-wise differences in GM volumes, we first
created a study-specific GM mask template. This was per-
formed by registering each participant-specific GM mask to
a standard-specific space, which was then registered on the
GM template previously created (Fig 1A, B).

Statistical Analysis
Means, medians, proportions of demographics, clinical
features, and lesion characteristics were calculated for
patients (and their subgroups) and HC. Differences were
evaluated using Kruskal–Wallis, ANOVA, or χ2-test, as
appropriate.

The voxel-wise analyses were carried out using
the GM masks as input images for the “randomize” tool
(ie, the dependent variable). Within these masks, the “ran-
domize” tool detects regions where GM volumes differ
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between groups and where they correlate with lesion
load.24 This method uses nonparametric techniques,
including label permutation and threshold-free cluster
enhancement, to identify meaningful voxels by assessing
label randomness and determining significant voxel clusters
without predefining neighborhood size; thus, addressing

multiple comparisons without relying on parametric
approaches. Differences in GM volumes between groups
were assessed using design matrices within general linear
models, with disease as the variable of interest, and age, sex,
disease duration and time to last attack, and centers as
covariates, as appropriate. To assess the relationship

Figure 1: Image processing pipeline. The figure illustrates the processing steps to assess lesion distribution and voxel-wise atrophy
analysis. (A) Lesions were semi-automatically segmented using a lesion segmentation tool, and then automatically classified as: cortical/
juxtacortical, periventricular, mixed deep gray matter (GM)/deep white matter (WM), deep WM, or infratentorial, using previously
created regionality maps. Lesion classification was double-checked accordingly to previously published criteria.23 (B) To allow voxel-
wise analyses of atrophy across participants, GM masks obtained by the SIENAX2 (Luchetti et al., ECTRIMS 2019) were non-linearly
registered to the MNI 152 standard space using non-linear registration.50 The resulting images were averaged and flipped along the x-
axis to create a left–right symmetric, study-specific GM template. Then, all native GM images were non-linearly registered to this
study-specific template and “modulated” to correct for local expansion (or contraction) due to the non-linear component of the
spatial transformation. The modulated GM images were then smoothed with an isotropic Gaussian kernel with a sigma of 2 mm.
This last step created the GM masks that were submitted into the voxel-wise statistical analysis to detect voxels with significant GM
regional volume reduction. FLAIR = fluid-attenuated inversion recovery. [Color figure can be viewed at www.annalsofneurology.org]

August 2024 279

Cortese et al: Differential GM Atrophy in MOGAD, AQP4 + NMOSD, MS

 15318249, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ana.26951 by M

ax-D
elbrueck-C

entrum
, W

iley O
nline L

ibrary on [11/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.annalsofneurology.org


between lesions and GM atrophy in each patient group, a
second design was used: first the number of lesions in each
location was implemented as a regressor, while keeping age,
sex and centers as covariates. Then, to assess partial correla-
tion between different lesion locations, we focused on those
areas that showed a significant correlation with atrophy in
the previous analysis, and alternately used one location as
regressor and implemented the others as covariates. Finally,
we repeated the analysis using total T2-lesion volume as a
regressor. Within each group, the anatomical location
where brain atrophy significantly correlated with lesion
activity was determined using predefined standard space
masks (https://www.fmrib.ox.ac.uk/fsl/), as provided by the
MNI structural atlas. For significant results (p < 0.05,
corrected for multiple comparisons), the location of GM
areas, the volume in cm3, and the corresponding number
of voxels resulting significantly different between patients’
groups are reported. As some MOGAD and AQP4
+NMOSD patients showed no brain lesions on MRI, all
analyses were repeated considering patients separately with
WM lesions and those without. Finally, differences in GM
atrophy between AQP4+NMOSD and MOGAD were
assessed in patients with a history of optic neuritis only
(ON), with transverse myelitis only (TM) and with a
history of both optic neuritis and transverse myelitis
(ON + TM), until the date of the MRI scan.

Results
Study Population
We studied 135 MOGAD, 135 AQP4+NMOSD, 175
RRMS patients, and 144 HC. The demographic and clin-
ical features of patients and HC are summarized in
Table 1. Brain WM lesions were detected in 92/135
(68%) MOGAD, 108/135 (80%) AQP4+NMOSD, and
all RRMS (100%) patients. Non-specific WM lesions
were found in 33/144 (23%) of HC. The mean lesion
number and volume were higher in RRMS than in both
MOGAD and AQP4+NMOSD, with no differences
between the two antibody-mediated diseases (Table 2).

Differences in GM Volumes Between Each
Disease and Healthy Controls
When compared with HC, the three patients groups
showed different patterns of GM atrophy. In particular,
when considering the whole group (ie, patients with and
without lesions), MOGAD showed atrophy in the tempo-
ral cortex, deep GM, insula, cingulate cortex, and cerebel-
lum (total volume of atrophic voxels 75.79 cm3). Patients
with AQP4+NMOSD showed atrophy in the occipital
cortex (32.83 cm3). In RRMS, atrophy was widespread
within the cortex, deep GM, and cerebellum (total volume
of atrophic voxels 260.61 cm3; Fig 2).

These results were driven by patients with WM
lesions. When only patients with WM lesions were con-
sidered, the patterns of GM atrophy in both groups of
MOGAD and AQP4+NMOSD patients with WM
lesions when compared with HC did not change (Fig S2).
Instead, when only patients without lesions were investi-
gated, no differences in GM volumes were observed
between MOGAD and AQP4+NMOSD patients and
HC. Table S1 summarizes GM regions whose volume was
significantly different between groups and their
corresponding total volume in cm3 and total number of
voxels. The same patterns of GM atrophy were observed
when disease duration and time to last attack were inde-
pendently used as covariates (Table S2).

Differences in GM Volumes Between the Three
Disease Groups
Patients with MOGAD showed more pronounced volume
loss in the temporal cortex than RRMS (6.71 cm3),
whereas atrophy in the occipital cortex was more promi-
nent in AQP4+NMOSD than in RRMS (19.82 cm3).
Conversely, RRMS showed more pronounced deep GM
tissue loss compared with MOGAD (27.90 cm3) and
AQP4+NMOSD (47.04 cm3). No differences were
detected between MOGAD and AQP4+NMOSD
(Fig 2). When only patients with WM lesions were
included in the analysis, the results remained consistent in
terms of distribution and were more significant (Fig S2).
When considering only patients without WM lesions,
differences in GM areas were more limited than when
considering all patients together (Fig S3). Patients
with MOGAD without brain lesions showed atrophy
in the bilateral frontal cortex when compared with
MOGAD with brain lesions (8.06 cm3), whereas no
differences were found between patients in the AQP4
+NMOSD group (Fig 3). When disease duration
and time to last attack were independently used as
covariates, the same patterns of atrophy were observed
(Table S2). No significant differences in atrophy pat-
terns were found in treated versus untreated MOGAD
patients.

Topographic Distribution of GM Atrophy in
Relation to Lesions
In MOGAD, a higher number of cortical/juxtacortical
lesions was associated with reduced volume in the subcor-
tical regions (ie, thalamus, caudate, amygdala), bilateral
insula, and hippocampus (total volume of atrophic voxels
22.65 cm3). In addition, there was an association between
a higher number of periventricular lesions and reduced
volume in the insula and thalamus and in the left tempo-
ral cortex (total volume of atrophic voxels 62.16 cm3;
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Table 1. Demographic and Clinical Characteristics of Myelin Oligodendrocyte Glycoprotein Antibody Associated
Disease, Aquaporin-4-Antibody-Positive Neuromyelitis Optica Spectrum Disorder, Relapsing–Remitting Multiple
Sclerosis, and Healthy Controls

MOGADa

(n = 135)
AQP4+NMOSD

(n = 135)
RRMS

(n = 175)

Healthy
controls
(n = 144) p valueb

Sex (M/F) 52/83 24/111 54/121 57/87 <0.001

Mean age at MRI, yr (SD) 40.9 (14.1) 51.1 (13.9) 39.8 (10.5) 37.2 (11.4) <0.001

Mean age at onset, yr (SD) 34.1 (14.3) 42.9 (15.2) 32.0 (8.6) NA <0.001

Median disease duration, yr (range) 3.5 (0.3–47.1) 6.3 (0.4–40.7) 6.1 (0.3–29.3) NA 0.019

Median time from last attack to
MRI, mo (range)

15 (3–404) 27 (3–210) 17 (3–225) NA <0.001

Median EDSS at MRI (range) 2 (0–7.5) 3.5 (0–8) 2 (0–8) NA 0.001

No. patients on treatment (%) 77 (57%) 121 (90%) 175 (100%) NA 0.001

Phenotype at onset, n (%) patients

Unilateral ON 39 (29) 37 (27) 35 (20) NA 0.001

Bilateral ON 27 (20) 9 (7) 3 (2) NA

TM 36 (27) 45 (33) 35 (20) NA

ON + TM 13 (10) 10 (8) 1 (1) NA

ADEM 6 (4) 0 1 (1) NA

Others 7 (5)c 16 (12) 72 (41) NA

NA 7 (5) 18 (13) 28 (16) NA

Disease course, n (%) patients

Monophasic 38 (28) 16 (12) 0 NA 0.001

Relapsing 87 (65) 100 (74) 175 (100) NA

NA 10 (7) 19 (14) 0 NA

No. patients on all disease-modifying
treatment (%)

75 (55) 121 (90) 175 (100) NA 0.001

No. patients on MS disease-modifying
agentsd (%)

2 (13) 0 167 (95) NA

No. patients on other therapiese (%) 73 (54) 121 (90) 8 (5) NA

ADEM = acute disseminated encephalomyelitis; AQP4+NMOSD = aquaporin-4 antibody-positive neuromyelitis optica spectrum disorder;
EDSS = Expanded Disability Status Scale; MRI = magnetic resonance imaging; MOGAD = myelin oligodendrocyte glycoprotein antibody-associated
disease; MS = multiple sclerosis; NA = non-available, ON = optic neuritis; RRMS = relapsing–remitting multiple sclerosis; TM = transverse
myelitis.
aAmong the patients with the information available, 121/130 (93%) satisfied the international criteria for MOGAD (Banwell et al., Lancet Neur
2023), and 9/130 (7%) had the diagnosis confirmed by the typical clinical phenotype for MOGAD and repeated positivity in antibody testing using a
cell-based assay without reported titer, but with no supporting features.
bUsing Kruskal–Wallis, ANOVA or χ2-test, as appropriate, depending on the nature of the variable.
cSix patients with brainstem involvement, 1 patient with unilateral tumefactive hemispheric lesion.
dMS disease-modifying agents included medications approved for MS: interferon, glatiramer acetate, teriflunomide, dimethylfumarate, cladribine,
fingolimod, natalizumab, alemtuzumab, and ocrelizumab.
eOther therapies included: azathioprine, mycophenolate mofetil, rituximab, intravenous immunoglobulin G, cyclophosphamide, methotrexate,
mitoxantrone, and satralizumab.
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Fig 4), which persisted independently of the number of
cortical/juxtacortical lesions. The results remain consistent
in terms of distribution, but more significant (p < 0.01)
when only patients with MOGAD and WM lesions were
included in the analysis.

In RRMS, a higher number of cortical/juxtacortical
lesions was associated with reduced volume in the deep
GM and insula (total volume of atrophic voxels
9.55 cm3); a higher number of periventricular lesions was
associated with reduced volume in the bilateral deep GM,

thalamus, temporal, and parietal cortex (total volume of
atrophic voxels 67.59 cm3); a higher number of deep
WM lesions was associated with reduced volume in the
insula, thalamus, putamen, and temporal and occipital
cortex (total volume of atrophic voxels 10.46 cm3); a
higher number of infratentorial lesions was associated with
reduced volume in the bilateral thalamus, left putamen,
and left caudate (total volume of atrophic voxels:
6.33 cm3; Fig 4). The association between higher number
of periventricular lesions with reduced GM volume

Table 2. Number and Volume of Lesions in Myelin Oligodendrocyte Glycoprotein Antibody Associated Disease,
Aquaporin-4-Antibody-Positive Neuromyelitis Optica Spectrum Disorder, Relapsing–Remitting Multiple
Sclerosis, and Healthy Controls, According to Lesion Location

MOGAD
(n = 135)

AQP4+NMOSD
(n = 135)

RRMS
(n = 175)

Healthy
controls
(n = 144) p valuea

No. patients with brain lesions (%) 92/135 (68%) 108/135 (80%) 175/175 (100%) 33/144 (23%) <0.001

No. brain lesions, mean (SD) 6.76 (12.36) 10.16 (13.68) 27.08 (21.37) 1.01 (3.71) <0.001

Brain lesion volume, mm3 mean (SD) 2771.52 (8733.27) 3997.02 (10454.49) 8269.24 (8971.71) 51.73 (185.87) <0.001

No. cortical/juxtacortical
lesions, mean (SD)

2.67 (5.66) 3.47 (6.86) 8.63 (10.94) 0.32 (1.09) <0.001

Mean volume of cortical/juxtacortical
lesions, mm3 (SD)

1356.02 (5529.86) 1340.71 (5480.95) 2154.93 (4162.93) 19.91 (73.63) <0.001

No. periventricular lesions, mean (SD) 0.90 (1.67) 1.32 (1.86) 5.78 (4.18) 0.07 (0.28) <0.001

Mean volume of periventricular
lesions, mm3 (SD)

1,177,63 (5124.62) 2219.19 (8040.25) 5027.64 (6742.75) 7.76 (45.11) <0.001

No. mixed deep GM/deep WM
lesions, mean (SD)

0.04 (0.24) 0.13 (0.50) 0.33 (0.73) 0 (0) <0.001

Mean volume of mixed deep GM/deep
WM lesions, mm3 (SD)

3.09 (18.20) 8.62 (34.97) 22.47 (61.65) 0 (0) <0.001

No. deep WM lesions, mean (SD) 2.87 (5.60) 4.93 (7.10) 11.28 (9.50) 0.61 (2.61) <0.001

Mean volume of deep WM
lesions, mm3 (SD)

195.94 (400.11) 374.72 (626.03) 937.01 (994.78) 23.18 (94.62) <0.001

No. infratentorial lesions, mean (SD) 0.29 (0.94) 0.31 (0.73) 1.06 (2.08) 0.01 (0.08) <0.001

Mean volume of infratentorial
lesions, mm3 (SD)

38.84 (158.37) 53.78 (109.51) 127.19 (327.47) 0.88 (10.54) <0.001

Mean whole brain volume, cm3 (SD)b 1,480 (71.23) 1,442 (90.01) 1,478 (85.48) 1,505 (79.29) <0.01

Mean gray matter volume, cm3 (SD)b 802.16 (56.52) 775.26 (71.69) 806.56 (61.65) 823.56 (57.92) <0.01

aUsing ANOVA.
bObtained using SIENAX2 (Luchetti et al., ECTRIMS 2019). Please note that the AQP4+NMOSD group shows here lower whole brain and gray
matter volumes in comparison with the other 2 patient groups, but this should be largely attributed to the older age of patients within this cohort, and
this difference disappeared when data were age-corrected.
aAQP4+NMOSD = aquaporin-4 antibody-positive neuromyelitis optica spectrum disorder; GM + gray matter; MS = multiple sclerosis;
MOGAD = myelin oligodendrocyte glycoprotein antibody-associated disease; RRMS = relapsing–remitting multiple sclerosis; WM = white matter.
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persisted independently of the number of lesions on other
locations.

In AQP4+NMOSD, there was no association
between lesion distribution and GM atrophy, both when
keeping all patients together (those with lesions and those
without lesions) and when considering patients with
lesions only.

When considering total T2 lesion volume, we found
that in MOGAD, a higher T2 lesion volume was associ-
ated to a higher degree of atrophy in the deep GM, insula,
and temporal cortex (total volume of atrophic voxels
74.57 cm3). Similarly, in RRMS, a higher T2 lesion vol-
ume was associated with an increased degree of atrophy in
the deep GM and insula (total volume of atrophic voxels

Figure 2: Differences in gray matter (GM) volumes between myelin oligodendrocyte glycoprotein antibody-associated disease
(MOGAD), aquaporin-4 antibody-positive neuromyelitis optica spectrum disorder (AQP4+NMOSD), relapsing–remitting multiple
sclerosis (RRMS), and healthy controls (HC) using a voxel-wise analysis. Topographical distribution of group differences in GM
atrophy. Atrophied voxels are shown in a color scale from yellow to red, from the most to the least significant, respectively.
Regions with lower GM volume in MOGAD compared with (A) HC and (B) RRMS; regions with lower GM atrophy in AQP4
+NMOSD compared with (C) HC and (D) RRMS; regions with lower GM atrophy in RRMS compared with (E) HC, (F) MOGAD,
and (G) AQP4 + NMOSD. No differences were detected between MOGAD and AQP4+NMOSD. [Color figure can be viewed at
www.annalsofneurology.org]

Figure 3: Differences in gray matter (GM) volumes between myelin oligodendrocyte glycoprotein antibody-associated disease
(MOGAD) with and without brain lesions using a voxel-wise analysis. Topographical distribution of group differences in GM
atrophy. Atrophied voxels are shown in a color scale from yellow to red, from the most to the least significant, respectively, in
the (A) axial, (B) coronal, and (C) sagittal planes. The Julich brain atlas of the FSL tool was used to localize the atrophic voxels
within the cortex. In MOGAD patients without brain lesions compared with those with at least one brain lesion, regions with
lower GM volume were identified. The overlaid atlas revealed that the atrophic voxels were situated in the motor cortex, shown
in blue.35 [Color figure can be viewed at www.annalsofneurology.org]
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32.70 cm3). By contrast, no such association was observed
in AQP4+NMOSD.

Topographic Distribution of GM Atrophy in
Relation to History of Optic Neuritis and
Transverse Myelitis
In AQP4+NMOSD, patients with history of ON and
TM (n = 49) showed a higher degree of GM atrophy
than those with history of ON only (n = 30; ie, bilateral
insula, occipital and temporal cortex, cerebellum;
111.36 cm3) and those with history of TM only (n = 43;
ie, right insula, right temporal cortex, bilateral occipital
cortex, cerebellum; total volume of atrophic voxels
48.58 cm3). By contrast, ON and TM patients did not
show differences in GM atrophy. Finally, there were
not differences in GM atrophy between the three groups
of MOGAD patients (ON, n = 49; TM, n = 33; ON
+ TM, n = 49).

Discussion
In this extensive, multicenter study, we observed distinct
patterns and degrees of GM atrophy in individuals with
RRMS, MOGAD, and AQP4+NMOSD. Specifically, we
found that: (1) in RRMS, as expected, there was wide-
spread GM atrophy, with a pronounced involvement of

the deep GM; (2) in MOGAD, GM atrophy was less dif-
fuse, primarily affecting the temporal cortex, and (3) in
AQP4+NMOSD, GM atrophy was limited to the occipi-
tal cortex. Additionally, the present study revealed a corre-
lation between regional atrophy and the distribution of
lesions in MOGAD, suggesting that, similar to RRMS,
focal WM damage plays a role in GM pathology.

The development of GM atrophy is generally attrib-
uted to progressive neuronal damage.25 In both MOGAD
and RRMS, we observed GM damage in cortical and sub-
cortical regions, indicating the involvement of common
neurodegenerative pathways in tissue injury for both disor-
ders. Neuropathological studies in MOGAD revealed
widespread cortical demyelination, which may contribute
to atrophy development. Similar to MS, cortical demyelin-
ation in MOGAD is associated with meningeal inflamma-
tion, suggesting a link between meningeal inflammatory
processes and GM damage.8,26 As prolonged exposure to
static inflammatory cytokines in the temporal area has
been demonstrated to be associated with the increased
occurrence of neurodegeneration in MS,27 the compart-
mentalized inflammation in the meninges might be a
major driver of the GM damage seen in our MOGAD
group. In our study, this occurred specifically in the
insular and temporal cortex, perhaps due to the dynamic

Figure 4: Association between lesion distribution and gray matter (GM) volumes reduction in myelin oligodendrocyte
glycoprotein antibody-associated disease (MOGAD) and relapsing remitting multiple sclerosis (RRMS). Lesions distribution
significantly associated with reduced GM volumes. Lesions are shown in different colors according to their locations,
respectively, cortical/juxtacortical (pink), periventricular (orange), deep white matter (green), and infratentorial (light blue);
atrophied voxels are shown in a color scale from yellow to red, from the most to the least significant, respectively. (A) In MOGAD, a
higher number of periventricular and cortical/juxtacortical lesions were associated with reduced volume in the temporal cortex,
deep GM, and insula. (B) In RRMS, a higher number of cortical/juxtacortical, periventricular, deep white matter, and infratentorial
lesions were associated with reduced volume in the frontal, parietal, temporal cortex, deep GM, and insula. No correlation was
found between lesions and GM volumes in aquaporin-4 antibody-positive neuromyelitis optica spectrum disorder. [Color figure can
be viewed at www.annalsofneurology.org]
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restrictions that the cerebrospinal fluid flow may encoun-
ter within the cerebral sulci and deep cortex invaginations
occurring in these regions.28 Interestingly, our findings
also demonstrated that GM atrophy is overall less severe
and diffuse in MOGAD than in RRMS. This aligns with
a recent MRI study using a sensitive quantitative tech-
nique (ie, T2 relaxation times), showing that, although
abnormal, non-lesional GM in MOGAD shows fewer
microstructural changes than in MS.29 The difference in
the extent of the damage may reflect more efficient recov-
ery in MOGAD, and this could impact the distinct dis-
ease course of these conditions.8

An additional mechanism contributing to GM atro-
phy in MS is retrograde neurodegeneration of WM tracts
transected by lesions.30 The present study revealed that
reduced GM volumes in MOGAD, specifically in the
temporal cortex, deep GM, and insula, were driven by
patients with WM lesions. Specifically, lower GM vol-
umes of atrophic areas were associated with a higher
number of periventricular and cortical/juxtacortical
lesions, and this association persisted even when the anal-
ysis was restricted to patients with WM lesions. The
temporal cortex maintains connections through associa-
tion fibers to all forebrain lobes.31 Likewise, the deep
GM, especially the thalamus, shows extensive projections
to the cerebral cortex. Additionally, the insula features an
intricate network of connections with both cortical and
subcortical structures.32 This suggests that disruption of
these extensive connections due to WM lesions may lead
to retrograde neurodegeneration, culminating in GM
atrophy in these regions.33 Our results show that global
lesion load is also important to contribute to GM atro-
phy, which therefore also reflects global WM tissue dam-
age. Future investigations, using probabilistic methods
and microstructural tissue-sensitive techniques, can
deepen our understanding of trans-synaptic degeneration
in MOGAD. Notably, our findings along the ventricular
surface indicate an association between lesions and atro-
phy, independent of other lesion locations. Recent
research suggests MOG immunoglobulin G production
in the CNS may be more common than AQP4
immunoglobulin G, indicating differing B-cell trafficking
and antibody production in MOGAD and AQP4
+NMOSD.34 This may explain varied tissue injury near
the cerebrospinal fluid in these diseases. Further research
is needed for clarity.

Interestingly, we observed that patients with
MOGAD without brain lesions showed more damage in
the frontal cortex compared with those with brain lesions,
whereas we found no differences between patients with
history of ON only and TM only. These findings further
emphasize the impact of WM lesions on GM atrophy

development, and highlight the intricate interactions
among different regions within the CNS in the context of
MOGAD pathology. We can speculate that in patients
with isolated cord involvement, cord lesions may sever the
corticospinal tracts projecting to the motor area situated
in the frontal cortex, a region where we identified atrophic
voxels in our study.35 Conversely, in patients with concur-
rent brain and cord involvement, the damage to the fron-
tal cortex may be concealed by the presence of WM
lesions, making it challenging to isolate the distinct contri-
butions of each compartment to GM atrophy. Further
investigations should encompass other cord segments,
such as the thoracolumbar and conus regions, which are
preferentially affected in MOGAD, to accurately assess
the interplay between brain and cord damage in this
disease.

Although both MOGAD and RRMS show GM
atrophy, clinical distinctions arise due to the absence of a
progressive disease course in MOGAD. In this respect,
several interpretations can be considered. First, in
MOGAD, up to 78% of brain lesions may resolve dur-
ing remission, making it challenging to assess lesion-
related atrophy.10,36 For instance, the present study did
not find a link between reduced cerebellar atrophy in
MOGAD and lesions. It is plausible that cerebellar
involvement results from direct MOG antibody-mediated
inflammation, as fluffy infratentorial lesions are distinc-
tive features of the acute phase that may have resolved
over time.9 Second, changes in brain volume in
MOGAD might be reversible and reflect symptom reso-
lution, influenced by various factors, such as anti-
inflammatory treatments and inflammatory cell volume
changes.37,38 Finally, the occurrence of brain atrophy
without clinical progression in MOGAD mirrors the
optic neuritis paradox, where functional improvements
occur despite residual retinal damage.39 MOGAD’s
evolving nature calls for further follow-up studies to
explore the potential reversibility and long-term effects of
atrophy on the clinical course.

In contrast to MOGAD and RRMS, the present
study revealed more localized changes in the AQP4
+NMOSD group, specifically in the occipital cortex. This
differs from earlier studies that did not report differences
in occipital cortex volume.40,41 However, previous works
did reveal optic pathway damage in AQP4+NMOSD.
This was shown as reduced fractional anisotropy and
increased functional connectivity in the primary visual
network, linked to impaired vision and potentially associ-
ated with atrophy.13,41,42 It is likely that the larger sample
size of our study enabled the detection of changes that
prior studies with smaller cohorts might have overlooked.
Notably, the selective involvement of the occipital cortex
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in AQP4+NMOSD aligns with the disease’s known con-
nection to optic neuritis and visual pathway
involvement.43

In AQP4+NMOSD, unlike MOGAD and RRMS,
cortical demyelination and meningeal infiltrates are not
observed.25,44 Therefore, other mechanisms are likely
responsible for cortical involvement in this disease.
NMOSD relapses often affect the visual system, particu-
larly with optic neuritis as a common initial symptom in
our cohort. These relapses can be severe and lead to
incomplete recovery. Based on this, it can be hypothesized
that the involvement of the occipital lobes is associated
with the trans-synaptic damage through the optic radia-
tion due to the optic nerve lesions.45 The typical poste-
rior location of the optic nerve lesions, along with the
significant damage observed in the optic pathways on
tract-based analyses, support our hypothesis.13,41 Simi-
lar findings have been observed in glaucoma patients
with visual impairment, where chronic reduction of
visual input was associated with changes in WM tracts
and decreased connectivity in visual networks, leading
to atrophy of the visual cortex.46 Further research is
needed to explore the functional implications of these
occipital cortex changes in AQP4+NMOSD, and their
relationship to visual symptoms and disability in
affected individuals.

In the present study involving a large cohort of
AQP4+NMOSD patients, we found no correlation
between brain lesions and GM volumes, distinguishing it
from MOGAD and RRMS. AQP4+NMOSD lesions
show diverse patterns, with some causing extensive axonal
damage and secondary Wallerian tract degeneration,
whereas others selectively affect astrocytes without demye-
lination or neurodegeneration.47 These brain lesions in
AQP4+NMOSD tend to localize near high AQP4 expres-
sion regions, possibly involving selective pathways and
fewer tracts.48 Therefore, it is plausible that periventricular
lesions characteristic of MS may cause more direct GM
atrophy through Wallerian degeneration than brainstem
lesions typical of NMOSD, potentially explaining the lack
of correlation between WM lesion location and GM atro-
phy in NMOSD. Additionally, it is worth noting that our
AQP4+NMOSD patients were older than those in the
other two groups, which raises the possibility of age-
related vascular damage contributing to some of these
lesions, although this remains inconclusive. Finally, the
present results indicated that in AQP4+NMOSD, when
both the optic nerve and spinal cord are affected, patients
show greater GM atrophy compared with cases where
these compartments are involved in isolation. This under-
scores the significance of WM focal damage in atrophy

development, particularly when the damage is extensive
and affects multiple systems.

The present study had certain limitations. First, the
recruitment of patients was conducted before the interna-
tional criteria for MOGAD diagnosis were established.5

However, in line with the literature,49 the majority of
patients satisfied the criteria, and in the others, the diag-
nosis was made in specialized centers, based on typical
clinical history and clear MOG antibody positivity.19

Second, due to the unavailability of dedicated MRI scans,
we could not include optic nerve and spinal cord lesions
in our analysis. It would be valuable for future research to
investigate whether the involvement of other CNS
compartments, beyond the brain, may impact the GM
damage. Third, the analysis conducted on subgroups of
patients might be subject to a reduction in statistical
power. Consequently, any interpretations or speculations
derived from these subgroup analyses should be
approached with caution. Moreover, the cross-sectional
design of our study prevented the assessment of changes
over time, which are crucial in understanding the progres-
sion of chronic diseases. Finally, the timing of the MRI
scan was several years after disease diagnosis, and this leads
to the consideration that these results can be extrapolated
only to patients with well-established disease. Future lon-
gitudinal MRI studies are warranted to examine whether
the baseline distribution of lesions could influence the
development of atrophy throughout the disease course and
to elucidate the temporal evolution of atrophy, particularly
in the context of MOGAD.

In conclusion, the present study highlights similarities
and differences in GM damage between MOGAD, RRMS,
and AQP4+NMOSD. Both MOGAD and RRMS show
GM damage in regions close to the cerebrospinal fluid, and
show associations between higher WM lesion burden and
reduced GM volume. However, the mechanisms of repair
in MOGAD may limit the extent of damage compared with
RRMS. Conversely, in AQP4+NMOSD, the selective
occipital cortical involvement may be a secondary conse-
quence of optic pathway disruption, whereas WM lesions
do not seem to be implicated in the observed neurodegener-
ative processes in this disease. These findings contribute to a
better understanding of the distinct pathogenic mechanisms
underlying tissue damage in these neurological disorders.
Further research is needed to investigate the long-term
implications of GM damage and the role of other CNS
compartments in these diseases, and may focus on replicat-
ing these findings within new cohorts to assess the discrimi-
natory capability of individual-level atrophy measures. This
would pave the way for using atrophy metrics as biomarkers
for disease diagnosis.
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