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ABSTRACT
Background Brain structural alterations and 
their clinical significance of myelin oligodendrocyte 
glycoprotein antibody disease (MOGAD) have not been 
determined.
Methods We recruited 35 MOGAD, 38 aquaporin 4 
antibody positive neuromyelitis optica spectrum diseases 
(AQP4+ NMOSD), 37 multiple sclerosis (MS) and 60 
healthy controls (HC) who underwent multimodal 
brain MRI from two centres. Brain lesions, volumes of 
the whole brain parenchyma, cortical and subcortical 
grey matter (GM), brainstem, cerebellum and cerebral 
white matter (WM) and diffusion measures (fractional 
anisotropy, FA and mean diffusivity, MD) were compared 
among the groups. Associations between the MRI 
measurements and the clinical variables were assessed 
by partial correlations. Logistic regression was performed 
to differentiate MOGAD from AQP4+ NMOSD and MS.
Results In MOGAD, 19 (54%) patients had lesions 
on MRI, with cortical/juxtacortical (68%) as the most 
common location. MOGAD and MS showed lower 
cortical and subcortical GM volumes than HC, while 
AQP4+ NMOSD only demonstrated a decreased cortical 
GM volume. MS demonstrated a lower cerebellar volume, 
a lower FA and an increased MD than MOGAD and HC. 
The subcortical GM volume was negatively correlated 
with Expanded Disability Status Scale in MOGAD 
(R=−0.51; p=0.004). A combination of MRI and clinical 
measures could achieve an accuracy of 85% and 93% 
for the classification of MOGAD versus AQP4+ NMOSD 
and MOGAD versus MS, respectively.
Conclusion MOGAD demonstrated cortical and 
subcortical atrophy without severe WM rarefaction. The 
subcortical GM volume correlated with clinical disability 
and a combination of MRI and clinical measures could 
separate MOGAD from AQP4+ NMOSD and MS.

INTRODUCTION
Myelin oligodendrocyte glycoprotein (MOG) 
antibody- associated disease (MOGAD) is a clinical 
syndrome characterised pathologically by oligo-
dendrocyte damage and primary demyelination. 
Clinical manifestations include acute disseminated 
encephalomyelitis (ADEM), mostly in young chil-
dren, and an opticospinal presentation in adults.1 
Compared with other common demyelinating 
diseases including aquaporin 4 (AQP4) antibody 

seropositive neuromyelitis optica spectrum disor-
ders (AQP4+ NMOSD) and multiple sclerosis 
(MS), MOGAD has distinct demographics, clinical 
features, prognosis and treatment options. Early 
accurate diagnosis of MOGAD is important to 
choose the optimal therapy and improve the prog-
nosis.1 2

Characteristics of the lesion location (eg, brain-
stem) and morphology (ADEM- like or fluffy lesions) 
in MOGAD have been identified3–5 and proposed as 
imaging markers for differentiating MOGAD from 
AQP4+ NMOSD and MS, although the studies have 
not been concordant. Focal lesions are probably only 
the tip of the iceberg in terms of the pathological brain 
alterations; therefore, they are only weakly correlated 
with clinical disability. Grey matter (GM) atrophy 
reflecting neurodegeneration and white matter 
(WM) fibre integrity disruption reflecting demye-
lination are observed in AQP4+ NMOSD and MS 
with differential patterns,6 7 but the extent to which 
these compartments are also affected in MOGAD 
is unknown. Identifying the pattern of brain alter-
ations in MOGAD can help in better understanding 
this unique disease and facilitate the development 
of objective imaging markers for monitoring disease 
progression and differentiating MOGAD from its 
mimics (AQP4+ NMOSD and MS).

We hypothesised that MOGAD might present 
with a distinct pattern of brain structural alterations 
compared with those of AQP4+ NMOSD and 
MS. Therefore, we conducted a prospective study 
aiming to evaluate brain lesions, regional volumet-
rics (cortical, subcortical, brainstem, cerebellum, 
WM) and WM diffusion measures in MOGAD 
using multimodal MRI, compared with AQP4+ 
NMOSD and MS, to establish the clinical signifi-
cance of their differences.

METHODS
Standard protocol approvals, registrations and 
patient consent
The institutional review boards of Centre 1: Beijing 
Tiantan Hospital, Capital Medical University, 
Beijing, China (No. KY-2019-050-02) and Centre 
2: Huashan Hospital, Fudan University, Shanghai, 
China (No. 2020–940) approved the study and 
written informed consent was obtained from each 
participant prior to participation.
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Subjects
The inclusion criteria for MOGAD were as follows: (1) at least 
one acute clinical demyelinating episode of the central nervous 
system (myelitis, optic neuritis or encephalopathy) persisting for 
a minimum of 24 hours; (2) MOG antibody seropositive by a 
cell- based assay (CBA) method; (3) AQP4- antibody negative; (4) 
an MRI scan at least 4 weeks after the attack; (5) age from 16 to 
65 years to exclude the potential confounding factors of brain 
development under the age of 16 years and brain ageing above 
the age of 65 years. The exclusion criteria were (1) incomplete 
clinical assessment; (2) contradictions to MRI or a poor image 
quality or (3) a history of other neurological or neuropsycho-
logical diseases (eg, stroke or dementia). We recruited patients 
with AQP4+ NMOSD who were AQP4 antibody positive and 
patients with relapsing- remitting MS as disease controls and 
normal volunteers as healthy controls (HC). The NMOSD diag-
nosis was based on the 2015 International Panel on NMOSD 
Diagnosis,8 and all patients had antibodies against AQP4 using 
a CBA method. The MS diagnosis was determined according to 
the 2017 McDonald criteria9 with both MOG and AQP4 anti-
body seronegativity. Clinical variables including gender, age, 
disease duration, Expanded Disability Status Scale (EDSS) scores 
and the number of relapses were recorded.

MRI images acquisition
MRI images including fluid- attenuated inversion recovery 
imaging (FLAIR), 3D T1 and diffusion tensor imaging (DTI) 
were acquired based on 3.0 Tesla MR scanners (Philips Ingenia 
CX in centre 1 and GE Discovery MR750 in centre 2). Sagittal 
3D FLAIR was performed using inversion recovering fast spin 
echo (IR- FSE) on Philips Ingenia CX (time of repetition (TR)/
time of echo (TE)=4800 ms/228 ms, inversion time (TI)=1650 
ms, flip angle (FA)=90°, image resolution=1 mm×1 mm×1 
mm), and axial 2D FLAIR were conducted using IR- FSE on a 
GE Discovery MR750 (TR/TE=8800 ms/150 ms, TI=2100 
ms, FA=111°, in- plane image resolution=0.5 mm×0.5 mm, 
slice thickness=8 mm,). Sagittal 3D T1 images were acquired 
using magnetisation- prepared rapid gradient echo on both a 
Philips Ingenia CX (TR/TE=6.6 ms/3 ms, TI=880 ms, FA=8°, 
image resolution=1 mm×1 mm×1 mm) and GE Discovery 
MR750 (TR/TE=8.2 ms/3.2 ms, TI=450 ms, FA=12°, image 
resolution=1 mm×1 mm×1 mm). Axial 2D DTI images were 
obtained using spin echo- echo planar imaging on both a Philips 
Ingenia CX (TR/TE=4000 ms/88 ms, FA=90°, in- plane image 
resolution=2.5 mm×2.5 mm, slice thickness=2.5 mm, slice 
gap=0.25 mm, b values=0 and 1000 s/mm2, number of the 
diffusion sensitive gradient direction=48) and a GE Discovery 
MR750 (TR/TE=4700 ms/98 ms, FA=90°, in- plane image reso-
lution=2 mm×2 mm, slice thickness=4 mm, slice gap=0.4 mm, 
b values=0 and 1000 s/mm2, number of the diffusion sensitive 
gradient direction=50).

Image analysis
All of the MRI scans were reviewed, and the lesions were 
outlined by an experienced neuroradiologist (YD, with 12 years’ 
experience in neuroradiology) using 3D Slicer software (https://
www. slicer. org/) on the FLAIR images. Prior to the segmen-
tations, the 3D T1 images were lesion- filled using the Lesion 
Segmentation Tool (V.3.0.0, https://www. applied- statistics. de/ lst. 
html). Segmentation was performed by Computational Anatomy 
Toolbox (Cat) in Statistical Parametric Mapping (SPM12, https://
www. fil. ion. ucl. ac. uk/ spm/). Brain parenchyma volume, cortical 
and subcortical GM (including the bilateral thalamus, caudate, 

putamen, pallidum, hippocampus, amygdala, accumbens area 
and ventral diencephalon), brainstem and cerebellar volumes 
and the cerebral WM volume were obtained based on the 
neuromorphometrics atlas (http://www. neuromorphometrics. 
com/). DTI was processed using the FMRIB Software Library 
(FSL V.6.0, https:// fsl. fmrib. ox. ac. uk/ fsl/ fslwiki/ FSL), including 
eddy- current and motion artefact correction, skull removal and 
DTI tensor fitting. Average fractional anisotropy (FA) and mean 
diffusivity (MD) within the fibre- tracts were extracted based on 
the JHU fibre- tract atlas.10

Statistical analyses
Statistical analyses were performed by using SPSS software 
(V.22; SPSS, Chicago, Illinois, USA), MATLAB Statistics and the 
Machine Learning Toolbox (MATLAB 2019). Categorical data 
are presented in percentages. Continuous data are presented 
by the mean and SD, and ranked data by the median and IQR. 
Categorical data between groups were analysed by the χ² test. 
Continuous and ranked data were analysed by one- way anal-
ysis of variance or Kruskal- Wallis tests followed by posthoc 
comparisons with Bonferroni correction. For MRI quantita-
tive measures (except for the lesion volumes), total intracranial 
volume (TIV, only used for the volume measures), gender, age 
and scanner type were included as covariates. Partial correlation 
was performed to investigate the relationship between the MRI 
measures and the clinical variables, including the disease dura-
tion, EDSS and number of relapses with covariate adjustment 
including TIV (only used for volume measures), gender, age 
and scanner type. Logistic regression was conducted to identify 
factors distinguishing MOGAD from AQP4+ NMOSD and MS 
by using MRI measures and clinical variables (disease duration, 
EDSS and the number of relapses) with TIV, gender, age and 
scanner type as confounding variables. The classification accu-
racy, sensitivity, specificity and area under the curve (AUC) were 
calculated.

Sensitivity analysis
Sensitivity analyses were carried out in (1) subsamples of female 
subjects to exclude any gender effect, (2) subsamples with a 
disease duration of less than 3 years to exclude any effects of 
disease duration and to investigate the early changes, (3) subsa-
mples with normal brain MRI to exclude the lesion effect on the 
GM/WM measures and (4) subsamples in a single centre (centre 
1) to exclude potential recruitment bias.

RESULTS
Demographics and clinical characteristics
Thirty- seven patients with MOGAD (17 from centre 1 and 20 
from centre 2), 39 patients with AQP4+ NMOSD (21 from 
centre 1 and 18 from centre 2) who were AQP4 antibody posi-
tive and 39 patients with relapsing- remitting MS (15 from centre 
1 and 24 from centre 2) and 63 HC (30 from centre 1 and 33 
from centre 2) were recruited for this study. None of the HC 
had a current or previous history of neurological dysfunction 
and none had MRI visible abnormalities. Three patients (one 
MOGAD and two MS) and three HC were excluded due to poor 
image quality, and one patient with MOGAD and one patient 
with AQP4+ NMOSD were excluded due to a history of other 
neurological diseases (cerebral trauma and incidental menin-
gioma, respectively). The final sample consisted of 170 subjects 
including 35 MOGAD (21 women; mean age (SD) 36.4 (13.6) 
years), 38 AQP4+ NMOSD (32 women; 37.7 (11.9) years), 37 
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MS (23 women; 33.8 (11.2) years) and 60 HC (31 women; 36.9 
(12.7) years).

No significant differences were observed in age among the 
MOGAD, AQP4+ NMOSD, MS and HC. A higher female/
male ratio was observed in AQP4+ NMOSD (84%) compared 
with MOGAD (60%; p=0.02), MS (62%; p=0.02) and HC 
(52%; p=0.001), while the other groups were similar. The most 
common symptom in MOGAD was optic neuritis (94%), similar 
to AQP4+ NMOSD (82%), but higher than in MS (32%). No 
differences were identified in disease duration among MOGAD 

(median, 0.8 years), AQP4+ NMOSD (1.4 years) and MS (3 
years). AQP4+ NMOSD had a higher median EDSS than MS 
(3.5 vs 2.5; p=0.003). No significant differences in EDSS 
were observed between MOGAD (median, 3) and AQP4+ 
NMOSD or between MOGAD and MS (table 1). Additionally, 
29% MOGAD (n=10) and 16% AQP4+ NMOSD (n=6) were 
monophasic. No significant differences in the number of relapses 
among the groups were observed.

Table 1 Demographic, clinical and MRI characteristics
HC (n=60) MOGAD (n=35) AQP4+ NMOSD (n=38) MS (n=37)

Clinical characteristic

Gender, female ratio (%) 31/60 (52%) 21/35 (60%)* 32/38 (84%)†‡ 23/37 (62%)

Age (mean (SD), year) 36.9 (12.7) 36.4 (13.6) 37.7 (11.9) 33.8 (11.2)

Disease duration (median (IQR), year) 0.8 (0.3–4.3) 1.4 (0.8–3.2) 3 (1–5.3)

EDSS (median (IQR)) 3 (2–4) 3.5 (2-4.5)† 2.5 (1–3)

Monophasic, n (%) 10 (29%)† 6 (16%)† 0 (0%)

Number of relapses (median (IQR)) 2 (1–4) 2 (2–3) 2 (2–4)

Clinical symptom

Optic neuritis, n (%) 33 (94%)† 31 (82%)† 12 (32%)

Myelitis, n (%) 10 (29%)* 28 (74%)† 12 (32%)

Encephalopathy, n (%) 3 (9%) 2 (7%) 2 (5%)

Brain lesions

Presence of brain lesions, n (%) 19(54%)† 23 (61%)† 36 (97%)

Cortical/juxtacortical, n (%) 13 (68%)* 6(26%)† 29 (81%)

Deep WM, n (%) 9 (47%)† 10(43%)† 35 (96%)

Periventricular WM,
n (%)

11(58%)† 12(52%)† 35 (96%)

Corpus callosum, n (%) 3 (16%) 4 (17%) 19 (53%)

Basal ganglia, n (%) 4 (21%) 5 (22%) 12 (33%)

Thalamus, n (%) 1 (5%) 4 (17%) 7 (19%)

Internal capsule, n (%) 4 (21%) 4 (17%) 8 (22%)

Brain stem, n (%) 6 (32%) 7 (30%) 15 (42%)

Midbrain, n (%) 5 (26%) 5 (22%) 3 (8%)

Pontine, n (%) 2 (11%) 2(9%)† 11 (31%)

Medulla oblongata, n (%) 3 (16%) 4 (17%) 4 (11%)

Cerebellar peduncles, n (%) 1 (5%) 1 (4%) 6 (17%)

Cerebellum, n (%) 0† 0† 6 (17%)

NMOSD- specific lesions, n (%) 2 (11%) 4 (17%) 1 (3%)

Periependymal surfaces of third ventricle, n (%) 0 1 (4%) 0

Periependymal surfaces of fourth ventricle, n (%) 2 (11%) 3 (13%) 1 (3%)

Area postrema, n (%) 1 (5%) 1 (4%) 0

MS- specific lesions, n (%)

Lesions adjacent to the body of the lateral ventricle and in the inferior temporal 
lobe, n (%)

0† 0† 14 (39%)

Dawson’s finger type lesions, n (%) 0† 1 (4%)† 13 (36%)

S or U shape lesions, n (%) 2 (11%) 3 (13%) 11 (31%)

Quantitative MRI measures

Lesion volume (mean (SD), mL) 9.1 (18.2) 2.5 (3.1) 16.5 (15.7)

Brain parenchyma volume (mean (SD), mL) 1128.2 (31.4) 1095.2 (66.2)†‡ 1100.8 (53.6)† 1051.6 (70.5)‡

Cortical GM volume (mean (SD), mL) 509.8 (20.0) 493.5 (30.0)‡ 493.7 (28.1)‡ 483.5 (24.8)‡

Subcortical GM volume (mean (SD), mL) 40.9 (1.9) 39.0 (3.3)†‡ 39.4 (2.7)† 34.6 (5.6)‡

Brainstem volume (mean (SD), mL) 16.7 (1.1) 16.2 (1.2) 16.5 (1.2) 15.7 (1.7)‡

Cerebellum volume (mean (SD), mL) 125.7 (8.2) 121.8 (7.3)† 120.3 (8.1)‡ 116.4 (9.7)‡

Cerebral WM volume (mean (SD), mL) 419.6 (17.9) 408.2 (33.9)† 413.3 (25.7)† 385.0 (42.4)‡

FA (mean (SD)) 0.47 (0.02) 0.46 (0.02)† 0.46 (0.02)† 0.43 (0.02)‡

MD (mean (SD), 10−3 mm2/s) 0.92 (0.03) 0.94 (0.04)† 0.93 (0.03)† 0.99 (0.05)‡

MRI measurements (except for lesion volume) were adjusted for total intracranial volume (only for volume measurements), gender, age and scanner type.
Statistical significance with two- sided p<0.05.
*Indicated a statistically significant difference compared with AQP4+ NMOSD.
†Indicated a statistically significant difference compared with MS.
‡Indicated a statistically significant difference compared with HC.
AQP4+ NMOSD, aquaporin 4 seropositive neuromyelitis optica spectrum disorders; EDSS, expanded disability status scale; FA, fractional anisotropy; GM, grey matter; HC, healthy controls; MD, mean diffusivity; MOGAD, 
myelin oligodendrocyte glycoprotein antibody associated disease; MS, multiple sclerosis; WM, white matter.
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Lesion characteristics
As shown in table 1, 19 (54%) patients with MOGAD, 23 (61%) 
patients with AQP4+ NMOSD and 36 (97%) patients with MS 
presented with brain MRI lesions. In MOGAD, the most frequent 
lesion location was cortical/juxtacortical (68%), similar to MS 
(82%), but significantly more frequent than in AQP4+ NMOSD 
(26%; p<0.001) (table 1). The other common lesion locations in 
MOGAD (figure 1) were periventricular WM (58%), supratentorial 
deep WM (47%), brainstem (32%), basal ganglia (21%) and corpus 
callosum (16%).

There was no significant difference in the presence of NMOSD- 
specific periependymal or area postrema lesions between MOGAD 
(11%) and AQP4+ NMOSD (17%) (p=0.29). For MS specific 

lesions, lesions adjacent to the body of the lateral ventricle and 
in the inferior temporal lobe, and Dawson finger lesions,11 were 
not observed in MOGAD and only appeared in one patient with 
AQP4+ NMOSD, but presented in 14 (39%) and 13 (36%) patients 
with MS, respectively. S or U shape lesions were observed in 2 (11%) 
MOGAD, showing no significant difference with AQP4+ NMOSD 
(13%) and MS (31%). For lesion volume measures, MOGAD (mean 
(SD), 9.1 (18.2) mL; p=0.008) and AQP4+ NMOSD (2.5 (3.1) 
mL; p<0.001) presented with smaller lesion volumes than MS (16.5 
(15.7) mL).

Structural MRI measures
All brain volume and diffusion measures of MOGAD, AQP4+ 
NMOSD, MS and HC are shown in table 1 and figure 2. For brain 
volume measurements, MOGAD (1095.2 (66.2) mL; p=0.03) 
and MS (1051. 6 (70.5) mL; p<0.001) but not AQP4+ NMOSD 
(1100.8 (53.6) mL; p=0.09) showed a decreased brain parenchyma 
volume compared with HC (1128.2 (31.4) mL), while MS showed 
a lower brain parenchyma volume than MOGAD (p=0.005). A 
decreased cortical GM volume was found in MOGAD (493.5 
(30.0) mL; p=0.02), AQP4+ NMOSD (493.7 (28.1) mL; p=0.02) 
and MS (483.5 (24.8) mL; p<0.001) compared with HC (509.8 
(20.0) mL), while MOGAD showed no significant differences from 
AQP4+ NMOSD (p=0.99) and MS (p=0.56). MOGAD (39.0 (3.3) 
mL; p=0.005) and MS (34.6 (5.6) mL; p<0.001) but not AQP4+ 
NMOSD (39.4 (2.7) mL; p=0.26) showed a decreased subcortical 
GM volume compared with HC (40.9 (1.9) mL), while MS demon-
strated a lower subcortical GM volume than MOGAD (p<0.001). 
For brainstem and cerebellar volumes, there were no significant 
differences between MOGAD (brainstem: 16.2 (1.2) mL; p=0.45, 
cerebellum: 121.8 (7.3) mL; p=0.16) and HC (brainstem:16.7 
(1.1) mL, cerebellum: 125.7 (8.2) mL), while MS (116.4 (9.7) mL; 
p=0.04) had a lower cerebellar volume compared with MOGAD. 
Concerning cerebral WM volume, there were no significant differ-
ences among MOGAD (408.2 (33.9) mL), AQP4+ NMOSD (413.3 
(25.7) mL) and HC (419.6 (17.9) mL), while MS (385.0 (42.4) mL) 
showed a decreased volume compared with MOGAD (p=0.007).

Diffusion MRI measures
For the diffusion measurements, MOGAD (FA: 0.46 (0.02), MD: 
0.94 (0.03)×10−3 mm2/s) showed no significant difference in FA 
or MD compared with HC (FA: 0.47 (0.02); p=0.79, MD: 0.92 
(0.03)×10−3 mm2/s; p=0.05) or AQP4+ NMOSD (FA: 0.46 
(0.02); p=1, MD: 0.93 (0.03)×10−3 mm2/s; p=0.43), while MS 
demonstrated a lower FA (0.43 (0.02); p<0.001) and a higher MD 
(0.99 (0.05)×10−3 mm2/s; p=0.004) than MOGAD and HC.

Correlation of MRI characteristics with clinical variables
Differential patterns of MRI- clinical correlations were observed 
in MOGAD, AQP4+ NMOSD and MS (figure 3). For MOGAD, 
the subcortical GM volume was negatively correlated with EDSS 
(R=−0.51, 95% CI, −0.63 to −0.45) p=0.004) and the number 
of relapses (R=−0.47, 95% CI, −0.51 to −0.24; p=0.008), and 
FA was negatively correlated with disease duration (R=−0.36, 
95% CI, −0.46 to −0.29); p=0.05) and the number of relapses 
(R=−0.38, 95% CI, −0.53 to −0.27; p=0.03). For AQP4+ 
NMOSD, FA (R=−0.44, 95% CI, −0.62 to −0.44); p=0.01) was 
negatively correlated with EDSS, and no MRI measures correlated 
with disease duration. For MS, subcortical GM (R=−0.42, 95% CI, 
−0.41 to −0.14); p=0.02), brain stem (−0.45, 95% CI, −0.48 to 
−0.07; p=0.01), cerebral WM volume (R=−0.39, 95% CI, −0.31 
to −0.02); p=0.03) and MD (R=0.35, 95% CI, 0.17 to 0.52); 
p=0.05) were correlated with EDSS. Lesion volume (R=0.37, 95% 

Figure 1 FLAIR images of representative cases of MOGAD, AQP4+ 
NMOSD and MS. MOGAD brain lesions: cortical grey matter/juxtacortical 
white matter (MOGAD-1, 2), periventricular white matter (MOGAD-3, 
4), deep white matter (MOGAD-4), midbrain (MOGAD-5) and pontine 
and periependymal surfaces of the fourth ventricle (MOGAD-6). AQP4+ 
NMOSD brain lesions: midbrain periaqueductal area (AQP4+ NMOSD-1), 
periependymal surfaces of the fourth ventricle and the area postrema 
(AQP4+ NMOSD-2, 3). MS brain lesions: inferior temporal lobe (MS-1), 
Dawson’s finger- type lesions (MS-2) and S or U shape lesions (MS-3). 
AQP4+ NMOSD, aquaporin 4 antibody positive neuromyelitis optica 
spectrum diseases; FLAIR, fluid- attenuated inversion recovery imaging; 
MOGAD, myelin oligodendrocyte glycoprotein antibody disease; MS, 
multiple sclerosis; R, right.
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CI, 0.25 to 0.46); p=0.03) and brain stem volume (R=−0.36, 95% 
CI, −0.42 to −0.27; p=0.05) were correlated with disease duration.

Classification using MRI measures
Univariate logistic regression demonstrated that a few MRI and clin-
ical measures were able to differentiate MOGAD, AQP4+ NMOSD 
and MS (online supplemental eTable 1). Due to the collinearity of 
the MRI measures (online supplemental eFigures 5 and 6), a forward 
stepwise logistic regression was carried out for differentiating the 
diagnosis of MOGAD versus AQP4+ NMOSD, MOGAD vs 
AQP4+ NMOSD in subgroups without brain lesions, and MOGAD 
versus MS, respectively, with cofounding factors of TIV, gender, age 
and scanner type. For MOGAD versus AQP4+ NMOSD, the classi-
fication achieved an accuracy of 85%, sensitivity of 80%, specificity 
of 89% and AUC of 0.89 by using cerebellar volume. For the patients 
without brain lesions, the classification achieved an accuracy of 81%, 
sensitivity of 76%, specificity of 87% and AUC of 0.88 by using cere-
bellar volume. For MOGAD versus MS, the classification achieved 
an accuracy of 93%, sensitivity of 89%, specificity of 97% and AUC 
of 0.97 by FA (table 2 and figure 4).

Sensitivity analysis results
The sensitivity analysis results with (1) subsamples who were women 
(online supplemental eFigure 1), (2) subsamples in the early phases 
(online supplemental eFigure 2), (3) subsamples without brain 
lesions (online supplemental eFigure 3), and (4) subsamples from 
a single centre (centre 1) (online supplemental eFigure 4) showed 
that most findings of the whole group analysis were preserved in 

the subgroups, indicating the findings were not significantly altered 
when restricted to these subgroups.

DISCUSSION
In this study, we demonstrated that the lesion distribution and 
brain structural alteration patterns of early MOGAD (70% patients 
with a disease duration less than 3 years) differed from AQP4+ 
NMOSD and MS. MOGAD lesions were predominantly located 
in the cortical/juxticortical area, and the patients presented with 
cortical and subcortical GM atrophy without severe WM atrophy or 
rarefaction. AQP4+ NMOSD showed less subcortical GM atrophy 
and MS showed more brain atrophy in both the GM and WM 
components along with severe WM rarefaction as compared with 
MOGAD. Subcortical GM volume correlated with clinical disability 
in MOGAD, which was different from AQP4+ NMOSD and MS. 
MRI measures could distinguish MOGAD, AQP4+ NMOSD and 
MS, even in patients with MOGAD and AQP4+ NMOSD without 
visible brain lesions.

Consistent with previous reports of predominantly AQP4+ 
NMOSD phenotypes,12–16 we confirmed a high predilection for optic 
nerve and spinal cord involvement in adult MOGAD. We found that 
54% of patients with MOGAD presented abnormalities on brain 
MRI, which is consistent with previous studies showing the presence 
of brain lesions in MOGAD ranging from 24% to 83%.5 12 13 16–18 
The most common lesion location in MOGAD was cortical/juxta-
cortical (68%), followed by periventricular (58%), deep WM (47%) 
and brainstem (particularly midbrain), comparable to previous 
findings,19–22 suggesting a possible relatively specific lesion pattern 

Figure 2 Structural MRI measures between MOGAD, AQP4+ NMOSD, MS and HC. Structural MRI measures including (A) lesion volume, (B) brain 
parenchyma volume, (C) cortical GM volume, (D) subcortical GM volume, (E) brainstem volume, (F) cerebellar volume, (G) cerebral WM volume, (H) FA 
and (I) MD among HC, MOGAD, AQP4+ NMOSD and MS. Statistical analyses were performed using one- way ANOVA or Kruskal- Wallis tests followed by 
posthoc comparisons with Bonferroni correction. MRI measurements (except for lesion volume) were adjusted for total intracranial volume (only for the 
volume measurements), gender, age and scanner type. Significance with two- sided p<0.05 were considered. ANOVA, analysis of variance; AQP4+ NMOSD, 
aquaporin four antibody positive neuromyelitis optica spectrum diseases; FA, fractional anisotropy; GM, grey matter; HC, healthy controls; MD, mean 
diffusivity; MOGAD, myelin oligodendrocyte glycoprotein antibody disease; MS, multiple sclerosis; WM, white matter.
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in MOGAD, which should be further validated. Cortical/juxtacor-
tical lesions but not AQP4+ NMOSD- specific lesions significantly 
differed between MOGAD and AQP4+ NMOSD, highlighting 
the role of cortical involvement in MOGAD in contrast to AQP4+ 
NMOSD, which is devoid of cortical lesions.5 12 22 There was a 
consistent absence of MS specific lesions in the antibody- mediated 
diseases (MOGAD and AQP4+ NMOSD), consistent with previous 

studies,5 23 implying MS- specific lesions as a “red flag” MRI sign in 
MOGAD and AQP4+ NMOSD.

Most of the previous studies have been focusing on the lesion 
characteristics,3 15 and we innovatively identified brain atrophy 
and diffusion alterations in MOGAD. Cortical and subcortical 
GM atrophy was observed in patients with MOGAD, similar to 
a pattern seen in MS. We speculated that as in MS and NMOSD, 

Figure 3 Differential correlation patterns with EDSS, disease duration and the number of relapses. (A–F) MRI measures correlating with EDSS in AQP4+ 
MOGAD (A) AQP4+ NMOSD (B) and MS (C–F); (G–I) MRI measures correlating with disease duration in MOGAD (G) and MS (H, I); (J–K) MRI measures 
correlating with the number of relapses in MOGAD. Partial correlation analyses were performed with significance (two- sided) at p<0.05. AQP4+ NMOSD, 
aquaporin four antibody positive neuromyelitis optica spectrum diseases; EDSS, Expanded Disability Status Scale; FA, fractional anisotropy; GM, grey matter; 
MD, mean diffusivity; MOGAD, myelin oligodendrocyte glycoprotein antibody disease; MS, multiple sclerosis; WM, white matter.

Table 2 Classification of MOGAD, AQP4+ NMOSD and MS by stepwise logistic regression

Classification
  

Feature
  OR

95% CI

P value Accuracy (%)
Sensitivity 
(%)

Specificity 
(%) AUCLower bound Upper bound

MOGAD vs AQP4+ NMOSD Cerebellar volume 1.14 1.11 1.19 0.009 85 80 89 0.89

MOGAD vs AQP4+ NMOSD 
(without brain lesions)

Cerebellar volume 1.17 1.12 1.30 0.042 81 76 87 0.88

MOGAD vs MS FA 1.9×1030 8.49×1026 5.74×1051 0.001 93 89 97 0.97

AQP4+ NMOSD, aquaporin 4 seropositive neuromyelitis optica spectrum disorders; AUC, area under the curve; FA, fractional anisotropy; MOGAD, Myelin oligodendrocyte glycoprotein antibody 
associated disease; MS, multiple sclerosis.
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WM lesions might lead to neuron loss in the GM (eg, Wallerian 
degeneration) in MOGAD (online supplemental eFigures 7 and 
8).24 Other mechanisms include reactive astrocytes and terminal 
complement activation.25 26 Although GM atrophy was identified 
in all three inflammatory demyelinating diseases, the degree was 
different. MS showed more severe GM atrophy, particularly subcor-
tical GM atrophy, than MOGAD and AQP4+ NMOSD, while 
AQP4+ NMOSD showed the mildest subcortical GM atrophy. 
Although brainstem lesions were present in MOGAD, brainstem 
and cerebellar volumes were not significantly reduced in MOGAD, 
suggesting infratentorial structures may be largely preserved in early 
MOGAD, which is different from previous findings in NMOSD27 
and MS.28

WM atrophy and rarefaction (as shown by FA and MD) was 
not observed in MOGAD, similar to AQP4+ NMOSD, while MS 
showed severe WM atrophy and rarefaction. The differences between 
the WM and GM alterations in MOGAD and AQP4+ NMOSD 
suggest that there may be different injury mechanisms for these two 
brain compartments in these two antibody- mediated diseases, such 
as different expression patterns of the different isoforms of MOG 
or AQP4 or differential blood brain barrier permeability between 
GM and WM.29–31 The WM alteration of MOGAD still needs to 
be further investigated by analysis at the regional level or tract level 
to identify the specific demyelinating fibres since demyelination is a 
pathological hallmark of MOGAD.32

Differential clinical- MRI correlations were observed between the 
three diseases. In MOGAD, clinical disability and the number of 
relapses were correlated with the subcortical GM volume, implying 
that this measure may serve as a potential biomarker for monitoring 
the disease progression and outcome in MOGAD clinical trials. In 
addition to GM atrophy, MS showed other MRI- clinical predic-
tors, including WM volume, FA and MD, while the only significant 
correlation with EDSS was with FA in AQP4+ NMOSD.

For discriminating MOGAD, AQP4+ NMOSD and MS, the 
lesion distribution can contribute to the differential diagnosis;5 23 
however, approximately 50% of patients with early MOGAD and 
AQP4+ NMOSD do not present with focal brain lesions. Quanti-
tative MRI measures (eg, cerebellar volume) can classify MOGAD 
versus AQP4+ NMOSD with good accuracy (85%). Interest-
ingly, in patients without brain lesions, the accuracy is maintained 
(81%), implying the degrees of cerebellar volume as good indices 
for discriminating MOGAD from AQP4+ NMOSD. Using FA, 
MOGAD can be differentiated from MS with excellent performance 
(93% accuracy). The classification model discriminating MOGAD, 
AQP4+ NMOSD and MS might be useful when antibody assays are 
not (yet) available. More importantly, our findings may offer clues 

as to which patients should be tested for the presence of antibodies, 
particularly in patients without brain lesions.5

Several limitations apply to this work. First, this study is a prelim-
inary cross- sectional study with a relatively small sample size and 
multiple comparisons of brain measures; therefore, further longi-
tudinal studies with larger sample sizes are warranted to confirm 
our results and detect dynamic MOGAD related changes over time. 
Second, we used structural MRI measures, including mainly global 
brain atrophy and WM diffusion measurements. Future research 
using more sophisticated techniques (eg, TBSS or brain networks) at 
the regional and voxel level together with functional MRI measures 
may help reveal a more comprehensive picture of the MOGAD- 
specific brain damage pattern. Additionally, more sensitive sequences 
(eg, double inversion recovery and phase sensitive inversion recovery) 
should be used to detect and evaluate (juxta) cortical lesions. Third, 
this study focused on brain MRI measurements, while spinal cord 
and optic nerve lesions were not evaluated in this study. Again, a 
more comprehensive assessment of the whole central nervous system 
may yield better discrimination. Last, the patients were enrolled after 
being free of relapses for more than 4 weeks.33 34 Four weeks might 
not have been long enough to avoid seeing prolonged effects of an 
acute event.

CONCLUSION
Patients with early MOGAD have distinct lesion characteristics and 
brain structural alteration patterns, including lesions predominantly 
located in the cortical/juxtacortical area and cortical and subcortical 
GM atrophy without severe WM atrophy and rarefaction, which 
is different from AQP4+ NMOSD and MS. The subcortical GM 
volume correlated with clinical disability in MOGAD, implying it is 
a potential imaging marker for monitoring the disease progression 
and its use in clinical trials of MOGAD. Finally, our classification 
model based on structural MRI could help differentiate MOGAD 
from AQP4+ NMOSD and MS, even in those with no lesions on 
brain MRI, which could help clinicians in their diagnostic and treat-
ment decisions.
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eFigure 6. Tableplot of condition indices (CI), variance proportions and variance inflation 

factor (VIF) for the MRI and clinical variables.  

In column 1, the square symbols are scaled relative to a maximum condition index of 2e+09 

and color indicated the CI range (red, CI>100; orange, 30<CI≤100; yellow, 10<CI≤30; green, 

CI≤10). In the remaining columns, variance proportions are shown as circles scaled relative to 

1 and color indicated the ranges (red, variance proportion≥0.5; pink, 0.2≤variance 

proportion<0.5; white, variance proportion<0.2). A VIF≥10 indicated a high collinearity of the 

variable in the regression model.
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eTable 1 Univariate logistic regression using unadjusted MRI and clinical variables.  

 

Odds 

ratio 

95% CI p value Accuracy 

(%) 

Sensitivit

y (%) 

Specificit

y (%) 

AUC 

Lower 

Bound 

Upper 

Bound 

MOGAD vs AQP4+ 

NMOSD 

        

Lesion_volume (ml) 1.049 1.033 1.071 0.26 56 29 82 0.48 

Brain parechyma 

volume (ml) 

1.0062 1.0049 1.0081 0.018 67 63 71 0.67 

Cortical GM volume 

(ml) 

1.017 1.015 1.021 0.0033 67 57 76 0.70 

Subcortical GM 

volume (ml) 

1.12 1.082 1.18 0.082 64 77 53 0.64 

Brainstem volume 

(ml) 

1.16 1.078 1.27 0.26 60 63 58 0.58 

Cerebellum volume 

(ml) 

1.05 1.038 1.066 0.022 67 69 66 0.66 

Cerebral WM 

volume (ml) 

1.011 1.0078 1.015 0.063 66 91 42 0.64 

FA 1.1e+12 3.19e+9 1.33e+16 0.014 66 71 61 0.69 

MD (10-3mm2/s) 1.10e-06 5.49e-08 5.19e-06 <0.001 73 91 55 0.74 

Disease duration 

(year) 

1.028 0.98 1.075 0.70 58 26 87 0.42 

EDSS 0.8 0.74 0.87 0.12 60 46 74 0.59 

Number of relapse 1.099 1.012 1.18 0.47 58 17 95 0.48 

TIV (ml) 1.0038 1.0029 1.0051 0.035 68 54 82 0.63 

Gender 3.56 2.57 5.16 0.024 63 40 84 0.59 

Age (year) 0.99 0.98 1.0031 0.66 58 31 82 0.54 

Scanner 1.63e-45 1.39e-45 1.91e-45 1 73 10 47 0.47 

MOGAD vs AQP4+ 

NMOSD without 

brain lesion 

        

Brain parechyma 

volume (ml) 

1.00045 1 1.0029 0.9 56 65 47 0.50 

Cortical GM volume 

(ml) 

1.0068 1.0017 1.013 0.41 60 65 60 0.57 

Subcortical GM 

volume (ml) 

1.089 1.011 1.19 0.46 69 88 47 0.60 

Brainstem volume 

(ml) 

0.97 0.84 1.11 0.88 63 94 27 0.49 

Cerebellum volume 

(ml) 

1.036 1.012 1.065 0.35 63 76 47 0.57 

Cerebral WM 1 0.991 1.0027 0.74 63 59 67 0.55 
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volume (ml) 

FA 5.80e+18 1.48e+14 1.36e+25 0.055 69 100 33 0.68 

MD (10-3mm2/s) 4.27e-09 1.85e-11 9.11e-08 0.029 75 100 47 0.72 

Disease duration 

(year) 

1.017 0.95 1.098 0.85 53 18 93 0.42 

EDSS 0.74 0.63 0.83 0.14 72 100 40 0.63 

Number of relapse 0.87 0.66 1.039 0.57 59 88 27 0.52 

TIV (ml) 1 0.99 1.0017 0.99 69 53 87 0.55 

Gender 1.15 0.68 2.037 0.86 50 29 73 0.47 

Age (year) 0.96 0.93 0.98 0.24 63 35 93 0.64 

Scanner 1.51e-45 1.07e-45 1.98e-45 1 72 100 40 0.40 

MOGAD vs MS 

        

Lesion_volume (ml) 0.93 0.89 0.95 0.0084 82 80 84 0.84 

Brain parechyma 

volume (ml) 

1.0033 1.0023 1.0046 0.089 63 97 30 0.63 

Cortical GM volume 

(ml) 

1.0076 1.0053 1.01 0.084 61 94 30 0.6 

Subcortical GM 

volume (ml) 

1.18 1.152 1.23 0.0013 75 80 70 0.74 

Brainstem volume 

(ml) 

1.11 1.041 1.2 0.35 61 83 41 0.56 

Cerebellum volume 

(ml) 

1.025 1.015 1.038 0.16 64 74 54 0.61 

Cerebral WM 

volume (ml) 

1.0085 1.0061 1.012 0.059 69 91 49 0.65 

FA 2.74e+33 1.74e+30 4.15e+42 <0.001 89 86 92 0.92 

MD (10-3mm2/s) 1.94e-10 2.38e-13 1.20e-09 <0.001 90 91 89 0.94 

Disease duration 

(year) 

0.94 0.89 0.97 0.34 65 51 78 0.62 

EDSS 1.33 1.22 1.49 0.072 61 54 68 0.64 

Number of relapse 1.06 0.97 1.14 0.63 58 17 97 0.46 

TIV (ml) 1 0.998 1.00054 0.81 56 77 35 0.51 

Gender 1.095 0.83 1.44 0.85 51 40 62 0.44 

Age (year) 1.017 1.0057 1.03 0.38 57 54 59 0.56 

Scanner 1.14e-45 9.39e-46 1.33e-45 1 81 100 62 0.62 

Note: MOGAD=myelin oligodendrocyte glycoprotein antibody disease; AQP4+ 

NMOSD=aquaporin 4 antibody positive neuromyelitis optica spectrum diseases; 

MS=multiple sclerosis; GM=grey matter; WM=white matter; FA=fractional anisotropy; 

MD=mean diffusivity; TIV, total intracranial volume; EDSS, Expanded Disability Status 

Scale; CI=confidence interval; AUC= area under the curve. 
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