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Abstract [ MOREONUINE

. | Material
Background and Objectives supplementary Materia

Neurodegeneration and progression independent of relapse activity (PIRA) are features of
multiple sclerosis (MS), but their presence in myelin oligodendrocyte glycoprotein anti-
body-associated disease (MOGAD) is unclear. The aim of this study was to investigate neu-
rodegeneration in MOGAD, independent of relapses, by comparing clinical, cognitive, and
advanced MRI markers in MOGAD, relapsing-remitting MS (RRMS), and healthy
control (HC).

Methods

In this prospective study, participants with MOGAD, those with RRMS, and HC participants
from the Oxford National Service and the Verona MS Centre were recruited and monitored
between January 2018 and January 2024. Inclusion criteria included no attacks in the previous
6 months and during the study period, with a minimum 12-month interval between baseline
and follow-up assessments. Participants underwent clinical Expanded Disability Status Scale
(EDSS) assessment, cognitive Brief Repeatable Battery of Neuropsychological Tests
(BRBNTS), and 3T brain structural and diffusion MRI evaluations. Clinical and cognitive PIRA
events were defined as relapse-independent increases in EDSS scores and declines in cognitive
function (a decrease of at least 1 SD in at least two BRBNTs). Annual percentage changes in
brain volume, total cortical/deep gray matter (DGM)/white matter volumes, and cortical
thickness were derived from structural MRI. Neurite orientation dispersion and density im-
aging metrics were calculated in lesional and nonlesional white matter from diffusion MRI.

Results

Twenty patients with MOGAD); 32 with RRMS, matched for age, sex, baseline EDSS score, and
cognitive impairment; and 21 HCs were recruited. Over a median follow-up of 17 months
(range 12-45) for RRMS and 16 months (range 12-56) for MOGAD, clinical PIRA occurred
in 6.25% of patients with RRMS and 0% of patients with MOGAD and cognitive PIRA in 6.67%
of patients with RRMS and 0% of patients with MOGAD. Compared with HCs, patients with
RRMS showed greater annualized thalamic (B = —0.874; 95% CI —1.384 to —0.364; p = 0.001),
hippocampal (B = ~1.269; 95% CI ~2.230 to —0.308; p = 0.010), and DGM (B = —0.920; 95%
CI -0.920 to —0.099; p = 0.015) atrophy while no significant changes occurred in patients with
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Glossary

BRBNTSs = Brief Repeatable Battery of Neuropsychological Tests; CDA = confirmed disability accumulation; DGM = deep
gray matter; DGMV = deep gray matter volume; DIR = double-inversion recovery; dMRI = diffusion-weighted imaging;
EDSS = Expanded Disability Status Scale; FMRIB = Functional Magnetic Resonance Imaging of Brain; FSL = FMRIB Software
Library; HC = healthy control; ISOVF = isotropic volume fraction; MOGAD = myelin oligodendrocyte glycoprotein
antibody-associated disease; MPRAGE = magnetization-prepared rapid gradient echo; MS = multiple sclerosis; NDI = neurite
density index; NHS = National Health System; NLWM = nonlesional white matter; NODDI = neurite orientation dispersion
and density imaging; NWM = normal white matter; ODI = orientation dispersion index; PBVC = percentage of brain volume
change; PIRE = progression independent of relapse activity; RRMS = relapsing-remitting MS; sMRI = structural MRI; TBVC =
total brain volume change; WM = white matter; WMV = WM volume; B = B coefficient.

MOGAD. Patients with RRMS also had greater annualized thalamic ( = —0.742; 95% CI —1.330 to —0.083; p = 0.011) and
hippocampal (B = -1.078; 95% CI —1.960 to —0.197; p = 0.017) atrophy compared with patients with MOGAD. Longitudinal
increases in free water content within white matter lesions were observed in the RRMS group (p = 0.008) but not in the

MOGAD group.

Discussion

The absence of PIRA and progressive brain damage independent of attacks distinguished MOGAD from RRMS. Further
research with larger cohorts and longer follow-ups is needed to validate these findings.

Introduction

Progression independent of relapse activity (PIRA) is a novel
clinical concept in multiple sclerosis (MS) that describes an
insidious, persistent disability accrual not related to attacks,'
occurring not only in progressive MS phenotypes but also in
the early disease and relapsing-remitting phases (RRMS)."?
PIRA seems to reflect the presence of chronic smoldering
inflammation and subsequent neurodegenerative pathobio-
logical processes in MS.>> Cognitive decline independent of
relapse activity (cognitive PIRA) can be a sensitive measure of
neurodegeneration in MS, even independent of clinical
wo1rsening,4’5 and in other neurodegenerative conditions.®”
Longitudinal structural MRI (sMRI) brain volume loss,
measured using MRI scans at different intervals, is a marker of
progressive neuroaxonal loss and atrophy and has been used
to assess treatment efficacy in MS.*"" White matter atrophy
involves myelin and axonal loss, often caused by Wallerian
degeneration. Gray matter atrophy is widespread, affecting
areas such as the neocortex, thalamus, hippocampus, and
cerebellum, and is mainly due to neuroaxonal loss and neu-
ronal shrinkage rather than demyelination.">**

Diffusion-weighted imaging (dMRI) is an advanced MRI
approach allowing the evaluation of the microstructural brain
tissue damage. Neurite orientation dispersion and density
imaging (NODDI) is a water-diffusion model, which can in-
terpret changes within one of the three compartments: intra-
axonal (neurite density index—NDI), extraneurite (ODI),
and free water (isotropic volume fraction—ISOVF)."> The
histopathologic validation studies on the NODDI model have
shown significant correlations between the ODI and circular
Neurology® Open Access
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variance, a marker of neurite orientation variability, as well as
between ODI and myelin staining fraction in MS samples.16
Negative correlations were observed between the NDI and
circular variance in healthy controls (HCs) and positive cor-
relations between NDI and markers of myelin, axon, and
microglia content."®"” These findings highlight NODDTI’s
ability to explain neuroaxonal damage even in complex white
matter regions, such as crossing fibers, which single-
compartment models, such as diffusion tensor imaging, fail
to depict accurately. Providing a more detailed understanding
of tissue microstructure in MS, NODDI is considered
a promising imaging marker to identify the disease pro-
gression and neurodegeneration.3

Despite diverse clinical findings revealing that PIRA is less
common in myelin oligodendrocyte glycoprotein anti-
body-associated disease (MOGAD) compared with MS,'®"®
on the contrary, some other quantitative sMRI studies have
suggested greater subclinical brain volume loss in MOGAD
than in MS.**' Nevertheless, prospective MRI studies
comparing patients with MOGAD with healthy participants
and patients with MS while controlling for interscan relapses,
age, sex, and additional outcomes, including cognitive func-
tion and measures of microstructural tissue damage, are cur-
rently lacking. In agreement with the international panel of
pediatric and adult neurologists, neuroimmunologists, and
researchers experts in MOGAD, we hypothesize that clinical
and cognitive progression, as well as neurodegenerative pro-
cesses detected through imaging, independent of relapse ac-
tivity, does not characterize MOGAD, in contrast to MS.>?
The aim of this study was to assess the presence of pro-
gression and neurodegeneration in MOGAD, independent of
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relapses, in comparison with RRMS and HC. We primarily
assessed the frequency of both clinical and cognitive PIRA
events in a cohort of patients with MOGAD matched with an
RRMS cohort. Second, we aimed to assess the presence of
subclinical neurodegeneration by comparing longitudinal
brain MRI volumetrics (total and regional) and NODDI MRI
metrics across MOGAD, RRMS, and HC groups.

Methods

Study Cohort

Seventy-seven participants from the National Health System
(NHS) England Commissioned Neuromyelitis Optica service
in Oxford (United Kingdom) (MOGAD cohort n = 16,
RRMS cohort n = 15, HC cohort n = 13) and the Verona
Multiple Sclerosis Centre (Italy) (MOGAD cohort n = 6,
RRMS cohort n = 18, HC cohort n = 9) were recruited and
prospectively examined between January 2018 and January
2024. Inclusion criteria were as follows: (1) have clear positive
myelin oligodendrocyte glycoprotein immunoglobulins G
(MOG-IgG) on the live CBA and clinical features typical of
adult-onset MOGAD (all fulfilled the recent MOGAD crite-
ria*?) or fulfilled the RRMS diagnostic criteria®® or have HC
status; (2) no attacks in the previous 6 months from baseline
(TO) assessment; and (3) at least 12-month interval between
the TO and follow-up (T1) assessments. Exclusion criteria
were as follows: (1) clinically confirmed attacks or therapy
changes in between the TO and T1 assessments; (2) con-
current disorders that may confound the data (e.g., dementia,
cerebral small vessel diseases, and other systemic disabling
autoimmune diseases). HCs were matched for age and sex at
birth to the disease groups. A time lag of at least six months
from the last attack to TO assessment was chosen, consistent
with similar published studies®*> and in consideration of
lesion resolution dynamic in MOGAD.”” At each study visit,
patients underwent clinical Expanded Disability Status Scale
(EDSS) assessment, cognitive Brief Repeatable Battery of
Neuropsychological Tests (BRBNTs), and 3T brain ad-
vanced MRI assessments. HCs underwent 3T brain advanced
MRI assessment at each study visit. After the T1 evaluation,
patients attended a further EDSS evaluation at least 6 months
from T1 (confirmation EDSS visit) (Figure 1).

Clinical and Cognitive PIRA Definitions

Demographic, clinical, and cognitive variables are provided in
eTable 1. The EDSS assessment and BRBNTSs were performed
by experienced neurologists and neuropsychologists at each
study visit. At the end of the follow-up, patients with confirmed
disability accumulation (CDA), defined as an increase of EDSS
score >1.5 if baseline EDSS score was 0, of EDSS score >1 if
baseline EDSS score was 1-5, and of EDSS score 0.5 if baseline
EDSS score was >5.5 (not related to worsening on cognitive
section of the Kurtzke score), were identified."” Patients were
classified having “clinical PIRA” if presenting CDA confirmed at
a visit performed at least 6 months from T1 and no reports of
recent relapses during the period between the EDSS increase to
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the confirmation of disability progression (confirmation EDSS
visit)."” We calculated z-scores for each BRBNT subtest con-
sidering available English®® and Italian®® HC cohorts. At TO,
patients with scores below 1.5 SDs in at least two BRBNT
subtests were classified as having cognitive impairment.””*® At
the end of the follow-up, with the aim of capturing even minimal
cognitive change over time, we adopted a stringent criterion by
defining cognitive decline in those with a —1 SD decrease from
the baseline z-score in at least two cognitive tests evaluating
different cognitive domains. Patients were labeled with “cogni-
tive PIRA” if presenting cognitive decline and no reports of
relapses within 6 months from the cognitive decline event.

Brain MRI Acquisition and Processing

Brain MRI scans at TO and T1 were acquired on a 3T Siemens
MAGNETOM Prisma scanner fitted with a 64-channel head coil
at the Oxford Centre for Functional Magnetic Resonance Im-
aging of Brain (FMRIB) and on a 3T Philips ELITION-S
scanner fitted with a 32-channel head coil at the Verona Uni-
versity Hospital Neuroradiology Department. Oxford and Ver-
ona brain MRI acquisition protocols are provided in eTable 2.

Longitudinal sMRI Metrics of Volumetric
Changes

Brain MRI data were pre-processed using FMRIB Software Li-
brary (FSL) 6.0 Image pre-processing as well as cross-sectional
and longitudinal quantitative volumetric MRI analyses were
conducted as detailed in eAppendix 1. Among baseline imaging
characteristics, cortical lesions number was calculated on 3D
double inversion recovery (DIR) and 3D T1lweighted/ Magne-
tization prepared rapid gradient echo imaging (MPRAGE) images
by consensus between two raters (SM, MC) (eAppendix 1).
SIENA®* and Freesurfer longitudinal stream™ were employed to
obtain quantitative longjitudinal MRI volumetrics from lesions-
filled T1-weighted/3D MPRAGE images at baseline (T0) and
follow-up (T1). Longitudinal analyses included quantification of
new asymptomatic T2/FLAIR hyperintense lesions (new T2L
number), annualised percentage brain volume change (PBVC/yr
- SIENA), and annualised total brain volume change (TBVC /yr -
Freesurfer). In addition, annualized longitudinal alterations in
white matter volume (WMV/yr), deep gray matter volume
(DGMV/yr), cortical volume (CtxV/yr), cortical thickness
(CTh/yr), thalamus, caudate, putamen, pallidum, hippocampus,
amygdala, and nucleus accumbens mean volumes were evaluated.

Longitudinal NODDI Metrics of Tissue
Integrity Changes

dMRI scans were acquired in the Oxford cohort (MOGAD
cohort n = 14, MS cohort n = 14, HC cohort n = 12), and after
preprocessing, the NODDI model was fitted using the pub-
licly available Accelerated Micrustructure Imaging via Convex
Optimization (AMICO) software program (eMethods 1) to
obtain NDI, ISOVF, and ODI quantitative brain maps at TO
and T1 dMRI time points. The mean NODDI parameters
were calculated within T2-FLAIR hyperintense white matter
lesions (WM lesions) and nonlesional white matter (NLWM)
masks of patients with RRMS and MOGAD and within
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Figure 1 Study Design and Methods

Inclusion criteria:

+ Diagnosis of MOGAD or RRMS or HC status

« Baseline visit (TO) > 6 months from last attack

+ >12 Months between TO and follow-up visit (T1)
Exclusion criteria:

« Attack or therapy changes between TO and T1

+ Concomitant confounding disorders
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matter volume. Created with Biorender.com.

normal white matter (NWM) masks of HCs at TO and T1
dMRI scans.

Overall methods deployed in this prospective study are il-
lustrated in Figure 1.

Statistical Analysis

All the statistical analyses were performed using STATA14.
Baseline continuous clinical and cognitive variables, as well as
sMRI volumetrics or dMRI NODDI metrics, were compared
across groups using the unpaired ¢ test and the Kruskal-Wallis
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test while the Xz test was used to compare baseline categorical
variables across MOGAD, RRMS, and HC groups.

Our aim was to investigate the presence of neurodegeneration
independent of relapses in MOGAD compared with RRMS and
HC, using surrogate clinical, cognitive, and neuroimaging
markers of neurodegenerative processes independent of relapses.

We primarily verified the frequency of “clinical PIRA” and
“cognitive PIRA” events in the MOGAD cohort compared
with an RRMS cohort matched for age, sex, baseline clinical
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and cognitive disability, and similar follow-up durations, and
we compared these frequencies using the Fisher exact test.

We then analyzed subclinical sMRI and MRI metrics of
neurodegeneration comparing MOGAD vs HC, RRMS vs
HC, and MOGAD vs RRMS. Longitudinal brain MRI volu-
metrics were analyzed using linear mixed-effect models ex-
ploring the associations between the longitudinal annualized
brain MRI volumetrics (dependent variables) and the disease
cohorts (explanatory variable). The model incorporated age,
sex, time from last relapse at TO, and new T2Ls at T1 as
explanatory covariates, with the MRI protocol (one for each
of the two centers) as the random intercept. § coefficients (B),
representing the average effects of the explanatory variables
on the dependent variable (fixed effects), are provided. Lon-
gitudinal NODDI metrics within lesional and nonlesional
WM masks between TO and T1 dMRI scans were assessed
using the within-subject Wilcoxon signed-rank test in each
disease group and in HC group (a = 0.05). Owing to the small
sample size, no correction for multiple comparisons was ap-
plied in either sMRI or dMRI analyses.

Standard Protocol Approvals, Registrations,
and Patient Consents

Data were collected according to the NHS Research Ethics
Committee protocols 16/SC/0224 and 17/EE/0246 for the
Oxford cohort and according to the Southwest Veneto Ter-
ritorial Ethic Committee (CET-ASOV) protocol 2413CESC
for the Verona cohort. All patients provided written consent
for inclusion of their anonymized data and MR images.

Data Availability
Anonymized data can be shared by request from any qualified
investigator.

Results

Study Cohort

Twenty-two patients with MOGAD (Oxford n = 16, Verona
n = 6), 33 patients with RRMS (Oxford n = 15, Verona n =
18), and 22 HCs (Oxford n = 13, Verona n = 9) were
recruited.

We excluded 2 patients with MOGAD and 1 with RRMS
because of relapses between the 2 study visits and a HC for
having developed a concomitant CNS disease during the
study. A total of 73 participants (20 with MOGAD, 32 with
RRMS, and 21 HCs) were eventually included in the lon-
gitudinal clinical, brain MRI, and cognitive analyses
(Figure 1). The median time from baseline assessment (T0)
to follow-up (T1) was 16 months (range 12-56 months) in
the MOGAD cohort, 17 months (range 12-42 months)
in the RRMS cohort, and 17 months (range 12-45 months)
in HCs (p = 0.762). The median time from T1 to confir-
mation EDSS visit was 11 months (range 6-46 months) in
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the MOGAD cohort and 14 months (range 6-59 months) in
the RRMS group (p = 0.170).

No differences in age, sex at birth, and self-identified race
group across the 3 groups and no differences in median EDSS
scores and cognitive impairment prevalence between the 2
disease groups were found at TO (Table 1). As per the in-
clusion and exclusion criteria, all patients did not change their
maintenance therapy between the 2 assessments, although
70% of those with MOGAD and 21.9% of those with RRMS
were not receiving disease-modifying therapy during the study

period (Table 1).

Baseline Structural Brain MRI Data

At baseline sMRI, the RRMS cohort showed greater abnor-
malities than the MOGAD cohort in the median T2LN (22 in
RRMS cohort [range 5-87] and 2 in MOGAD cohort [range
0-38], p < 0.001), cortical lesion number (1 in RRMS cohort
[range 0-12] and 0 in MOGAD cohort [range 0-1], p =
0.001), and total lesion volume (3.33 cm® in RRMS cohort
[range 0.47-34.2] and 0.23 cm’ in MOGAD cohort [range
0-49.6], p < 0.001) (Table 1). Only 3 patients with MOGAD
showed no brain lesions. The RRMS group showed lower
normalized thalamic volume (5.74 + 1.20 cm® in RRMS co-
hort and 6.52 + 1.26 cm® in HCs, p = 0.028), normalized
hippocampal volume (2.76 + 0.58 cm® in RRMS cohort and
3.18 + 0.65 cm® in HCs, p = 0.018), and normalized accum-
bens area (323.8 + 99.9 mm” in RRMS cohort and 394.7 +
94.1 mm” in HC, p = 0.013) compared with HCs while the
MOGAD cohort showed a slight reduction in normalized
GMYV compared with HCs (726.22 + 62.20 cm® in MOGAD
cohort and 759.87 + 38.24 cm” in HCs, p = 0.042). Although
patients with RRMS showed greater baseline atrophy, the
extent of atrophy did not differ between RRMS and MOGAD
groups (eTable 3).

Baseline White Matter Microstructure
Integrity

Overall, 627 white matter (WM) lesions were segmented.
When lesions smaller than 40 mm® were excluded (n = 339,
549%), NODDI metrics were calculated for a total of 288 WM
lesions (MOGAD cohort n = 38, RRMS cohort n = 250).
Two of 14 patients with MOGAD did not present any lesions
larger than 40 mm?® while all 14 patients with RRMS had at
least one WM lesion larger than 40 mm®. At baseline dMRI
analysis, ODI in nonlesional WM was greater in RRMS and
MOGAD groups compared with HCs (p = 0.006). The
RRMS group showed a reduced NDI (p < 0.001), an increase
in the free water fraction (p < 0.001), and a diminished
extraneurite water compartment (p < 0.001) in the WM
lesions when contrasted with normal WM of HCs. The
MOGAD group displayed a reduced NDI (p < 0.001) and
a marginal elevation in ODI (p = 0.045) within WM lesions
compared with normal WM of HCs. The mean ODI value was
the only NODDI metric discriminating between MOGAD
and RRMS WM lesions (p = 0.007) (eTable 3).
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Table 1 Baseline Visit Demographic, Clinical, Cognitive, and Brain MRI Features of MOGAD, MS, and HC Cohorts

MOGAD RRMS HC MOGAD vs RRMS MOGAD vs HC RRMS vs HC
n=20 n=32 n=21 p value p value p value
Clinical features
Female, n (%) 11 (55) 15 (47) 11(52) 0.776 0.867 0.782
Mean age + SD 445 +13.1 41.4+10.3 44+133 0.336 0.904 0.415
Caucasian, n (%) 20 (100) 32 (100) 20(95.2)  1.000 0.323 0.396
Mean age at onset + SD 40 +11.7 33+10.3 - 0.025 - -
Median EDSS score (range) 2 (0-6.5) 2(0-7) - 0.854 - -
Median disease duration, mo (range) 30 (6-252) 87.5 (6-294) - 0.026 - -
Median attacks before TO, n (range) 2(1-7) 2(1-6) — 0.854 - -
Median time from last attack to TO, mo (range) 13 (6-71) 42 (6-193) — 0.003 - -
Phenotypes at baseline (T0)
Bilateral or monolateral ON, n (%) 12 (60) 10 (31.3) - 0.040 - -
Myelitis, n (%) 16 (80) 23(71.9) - 0.743 - -
ADEM, n (%) 4(20) 0(0) - 0.018 - -
Cerebral monofocal or polyfocal deficits, n (%) 2(10) 10(31.3) - 0.077 - -
Cerebral cortical encephalitis + seizures, n (%) 1(5) 0(0) - 0.385 - -
BS and cerebellar syndromes, n (%) 3(15) 8 (25) - 0.497 - -
Cognitive features at baseline (T0)
Education, meany + SD 13.8+29 15.6 +4.1 - 0.104 - -
Cognitive impairment prevalence, n (%) (20/30)® 4 (20) 8(26.7) - 0.740 - -
Disease course
Monophasic, n (%) 6 (30) 3(9.4) - 0.056 - -
Relapsing, n (%) 14 (70) 29 (90.6) - 0.056 - -
Therapy during the study n (%)
No treatments 14 (70) 7(21.9) - <0.001 - -
Oral steroids 4 (20) 0(0) - 0.019 - -
Mycophenolate 2(10) 0(0) - 0.149 - -
Low-efficacy MS drugs® 0(0) 15 (46.9) - <0.001 - -
High-efficacy MS drugs® 0(0) 10(31.2) - 0.004 - -
Baseline MRI features
Median time from last relapse, mo (range) 13 (6-71) 42 (6-193) — 0.002 — —
T2LN, median (range) 2 (0-38) 22 (5-87) — <0.001 — —
T2LV, median (range), cm3 0.23(0-49.6) 3.33(0.5-34.2) — <0.001 — —
CLN, median (range) 0(0-1) 1(0-12) - 0.001 - -

Abbreviations: ADEM = acute disseminated encephalomyelitis; BS = brainstem; CLN = cortical lesion number; n = number; HC = healthy control; MOGAD =
myelin oligodendrocyte glycoprotein antibody-associated disease; MS = multiple sclerosis; ON = optic neuritis; PASAT-3 = Paced Auditory Serial Addition Test-
3 seconds; SDMT = Symbol Digit Modalities Test; TO = baseline study time point; T2LN = T2-weighted image lesion number; T2LV = T2-weighted image lesion
volume.

2 Participants who underwent baseline cognitive assessment: MOGAD cohort n = 20; RRMS cohort n = 30.

® Dimethyl fumarate, interferon, teriflunomide, glatiramer acetate.

¢ Cladribine, natalizumab, anti-CD20" B-cell therapies.
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Longitudinal Results

Clinical and Cognitive Progression Independent of
Relapses

Clinical PIRA occurred in 2 of 32 patients with RRMS
(6.25%) and in 0 of 20 patients with MOGAD (0%) (Fisher
exact test p = 0.762, 1-B err prob = 0.38) in a median follow-up
time of 17 months (range 12-45 months) and in a median
follow-up time of 16 months (range 12-56 months), re-
spectively (Kruskal-Wallis test p = 0.400) (Figure 2, A and B).
The confirmation EDSS visit was performed at a median of
11 months (range 6-46 months) from T1 in the MOGAD
group and at a median of 14 months (range 6-59 months)
from T1 in the RRMS group (p = 0.170).

No patients with MOGAD showed brain T2LV reduction
(lesion resolution) between the 2 MRI scans. New asymp-
tomatic T2Ls were found in 8 of 32 patients with RRMS
(25%) and 1 of 20 patients with MOGAD (5%) (p = 0.065).
Only one of the 2 RRMS patients with PIRA also had new
asymptomatic brain lesions.

The active MOGAD patient was diagnosed with clear positive
MOGAD [onset longitudinally extensive transverse myelitis,
high positive MOG-FL IgG titer (1:1,600), IgG1 positive,
positive CSF oligoclonal bands] and presented 4 new
asymptomatic T2Ls at T1 MRI compared with TO MRI (two
resembling MS lesions—small, periventricular, well-defined
WM lesions), cognitive decline in verbal and visual memory
learning and delayed recall tests, and stable low positive
MOG-FL IgG titer (1:200; IgG1 positive). This patient pre-
sented with typical MOGAD at onset and then went on to

develop typical MS. The following analyses were performed
without the inclusion of this patient with MOG/MS overlap.
The RRMS group showed a significant increase in median
T2LV between the 2 MRI time points compared with the
MOGAD group (p = 0.014).

Two patients with RRMS did not complete all the BRBNTS at
1 assessment and, therefore, were excluded from the cognitive
analyses. Considering the remaining patients (RRMS n = 30;
MOGAD n = 19), cognitive PIRA occurred in 2 of 30 patients
with RRMS (6.67%) in a median cognitive follow-up of
17 months (range 12-42 months) and in 0 of 19 patients with
MOGAD (0%) in a median cognitive follow-up of 16 months
(range 12-56 months) (Figure 2C). One patient with
MOGAD and the patient with MOG/MS overlap presented
a cognitive decline preceding a relapse. The clinical and
cognitive PIRA events occurred in the same 2 patients with
RRMS: 1 patient with RRMS was off disease-modifying
therapy, and the other was on ocrelizumab.

Longitudinal Analysis of Brain Volumetrics

Faster annual total DGMV loss (f = -0.510; 95% CI —0.920
to —0.099; p = 0.015), thalamic volume loss (B = —0.874; 95%
CI -1.384 to —0.364; p = 0.001), and hippocampal volume
loss (B = -1.269; 95% CI —2.230 to —0.308; p = 0.010) were
observed in the RRMS group compared with the HC group
(Table 2). By contrast, no differences in annual brain struc-
ture volume changes were found in the MOGAD group
compared with HCs (Table 2). During the observation,
greater annual thalamic atrophy (p = —0.742; 95% CI -1.310
to —0.171; p = 0.011) and annual hippocampus atrophy

Figure 2 Longitudinal Clinical and Cognitive Findings in MOGAD and RRMS Cohorts
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(A) EDSS evolution from TO and T1 to last follow-up visitin the MOGAD cohort (no PIRA events). (B) EDSS evolution from TO and T1 to last follow-up visitin RRMS
(2 PIRA events confirmed). (C) Cognitive PIRA vs no cognitive decline and relapse-associated cognitive decline absolute number in patients with MOGAD and
RRMS. The patient with MOG/MS overlap was excluded from this figure. EDSS = Expanded Disability Status Scale; Last-FU =last clinical follow-up; MOG = MOG
antibody-associated disease; RRMS = relapsing-remitting MS; PIRA = progression independent of relapse activity; TO = baseline visit; T1 = follow-up visit.
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(B=-1.078;95% CI -1.960 to —0.197; p = 0.017) were found
in the RRMS group compared with patients with MOGAD
(Table 2). Although reducing the power of the analysis
(power 1- form 0.44 to 0.38, effect size 0.15, a = 0.05), these
results were confirmed either by excluding the 4 patients with
MOGAD on low-dose oral steroid therapy during the study
period (annual thalamic atrophy B = -0.707; 95% CI —-1.330
to —0.083; p = 0.026, and annual hippocampal atrophy
p = —0.992; 95% CI -1.942 to -0.042; p = 0.041) or by
excluding the 3 patients with MOGAD without brain lesions
at baseline (annual thalamic atrophy P = -0.802; 95%
CI -1.403 to —0.202; p = 0.009, and annual hippocampal
atrophy B = —1.029; 95% CI —1.964 to —0.093; p = 0.031)
(power 1-B = 0.40, effect size 0.15, a = 0.05). In addition, in
the MOGAD cohort, neither the steroid uptake nor the
presence of brain lesions at the TO MRI was significantly
associated with annualized thalamic and hippocampal volume
change.

Figure 3 illustrates examples of mean annualized thalamic and
hippocampal volume changes in patients with RRMS, patients
with MOGAD, and HC participants.

Longitudinal White Matter Microstructure Integrity
Change

Overall, 304 WM lesions were longitudinally monitored on
dMRI. Among these, 16 new asymptomatic WM lesions
larger than 40 mm?® were identified in the RRMS group and
none in the MOGAD group. NODDI map analyses did not
reveal any difference in longitudinal variation of neurite
density, free water fraction, and extraneurite indices in
nonlesional WM of the disease groups and in normal WM of
HCs. The RRMS group showed a significant increase in
longitudinal free water fraction in lesional WM (p = 0.016)
(Table 3) even when new asymptomatic WM lesions were
excluded from the analyses (p = 0.008). MOGAD did not
show any longitudinal changes in chronic WM lesions

Table 2 Mixed-Effect Regression Assessing the Effect of the MOGAD and RRMS Groups on the Longitudinal Brain MRI

Volumetrics

MOGAD (ref) vs RRMS

MOGAD vs HC (ref) RRMS vs HC (ref)

B coefficient 95% Cl p value B coefficient 95% Cl p value B coefficient 95% Cl p value
Annualized PBVC -0.213 -0.608 to 0.182 0.085 -0.278 to 0.449 -0.038 -0.4045 to 0.329
0.291 0.646 0.840
Annualized TBV pc -0.022 -0.415 to 0.369 0.126 -0.297 to 0.549 -0.277 -0.646 to 0.090
0.910 0.560 0.139
Annualized cortex vol pc 0.051 -0.590 to 0.005 0.453 -0.209to 1.116 -0.064 -0.732 to 0.603
0.877 0.180 0.849
Annualized DGMV pc -0.443 -0.891 to 0.315 -0.010 -0.5240 to 0.504 -0.510 -0.920 to -0.099
0.053 0.969 0.015
Annualized WMV pc -0.134 -0.670 to 0.401 0.009 -0.5070 to 0.526 -0.398 -1.088 t0 0.291
0.623 0.971 0.257
Annualized CTh pc 0.144 -0.398 to 0.697 0.394 -0.228t0 1.017 -0.008 -0.662 to 0.645
0.603 0.214 0.979
Annualized thalamic vol pc -0.742 -1.310to -0.171 -0.111 -0.807 to 0.584 -0.874 -1.384 to -0.364
0.011 0.754 0.001
Annualized caudate vol pc -1.11 -2.361t0 0.146 -0.137 -1.459 to 1.184 -1.093 -2.268 to 0.081
0.083 0.839 0.068
Annualized putamen vol pc -0.067 -0.834 to 0.701 -0.412 -1.095to 0.270 -0.885 -1.801-to 0.031
0.864 0.236 0.058
Annualized pallidum vol pc 0.558 -0.593 to 1.709 0.132 -1.315t0 1.579 0.408 -0.793t0 1.610
0.342 0.858 0.505
Annualized hippocampus vol pc -1.078 -1.960 to -0.197 0.747 -0.757 to 2.251 -1.269 -2.230 to -0.308
0.017 0.330 0.010
Annualized amygdala vol pc -0.620 -1.700 to 0.459 -0.630 -2.122t0 0.861 -0.214 -1.627 to 1.198
0.260 0.407 0.766
Annualized accumbens area pc -4.039 -8.427 t0 0.348 -0.187 -6.009 to 5.634 -0.214 -1.627 to 1.198
0.071 0.950 0.766

Abbreviations: CTh = mean cortical thickness; DGMV = deep gray matter volume; PBVC = percentage of brain volume change calculated with SIENA FSL
package; pc = percentage change with respect to time point TO using FreeSurfer longitudinal stream; ref = reference category; TBV = total brain volume; vol =

volume; WMV = white matter volume.

Mixed-effect models with longitudinal brain MRI volumetrics as the dependent variable; disease category as the explanatory variable; age, sex, time from last
relapse, and new T2Ls as explanatory covariates; and MRI protocol (center) as the random intercept.

Bolded entries are signficant p-values < 0.05.
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Figure 3 Baseline and Follow-Up 3D T1-Weighted MRI Showing Annualized Thalamic and Hippocampal Volume Percentage

Changes in RRMS and MOGAD Groups and Controls
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HCs = healthy controls; MOGAD =
MOG antibody-associated disease;
RRMS = relapsing-remitting MS.

-
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regardless of new asymptomatic lesions considered (Table 3,
Figure 4).

Discussion

In this study, we integrated prospective assessments of EDSS,
cognitive function, brain volumetrics, and microstructural diffu-
sion neuroimaging to investigate evidence of PIRA and sub-
clinical neurodegenerative processes in both clinically stable
MOGAD and RRMS groups in comparison with a group of
HCs. In summary, we found the following: (1) at baseline
analysis, the RRMS group exhibited greater lesional white matter
microstructural damage compared with the MOGAD group; (2)
at longitudinal analysis, a proportion of patients with RRMS
experienced clinical (6.25%) and cognitive (6.67%) PIRA while
no individuals with MOGAD experienced PIRA; (3) the RRMS
group exhibited a faster subclinical volumetric loss of DGM
structures and displayed a significant progressive increase in free
water content in WM lesions compared with HCs; by contrast,
the MOGAD group did not present brain volumetric changes
over time and showed no microstructural longitudinal dMRI
differences within either lesional or NLWM compared with
HCs; and of interest, (4) the RRMS group showed a higher rate
of thalamic and hippocampal volume loss compared with the
MOGAD group.

Baseline Clinical and Imaging Features

of Neurodegeneration

Patients with MS had a higher baseline load of white and gray
matter lesions and more extensive microstructural damage

Neurology.org/OA

identified using NODDI metrics compared with patients with
MOGAD. Specifically, RRMS dMRI analysis showed reduced
lesional neurite density, increased lesional free water, and
reduced lesional neurite orientation dispersion compared
with the NWM of HCs. By contrast, the MOGAD group
showed reduced lesional WM neurite density and a slight
increase in neurite orientation dispersion relative to normal
WM. In addition, the RRMS group had significantly lower
baseline lesional neurite orientation dispersion compared
with the MOGAD group.

These differences in dMRI features may reflect the distinct
and milder patterns of MOGAD lesional damage compared
with RRMS, as described in pathologic studies. MOGAD
lesions are characterized by myelin loss, axonal spheroids, and
relatively preserved oligodendrocytes and axons while MS
lesions involve myelin and mature oligodendrocyte loss, var-
iable axonal degeneration, and activated microglia.

In addition, both MOGAD and RRMS groups had higher
orientation dispersion in NLWM than HCs. Because ap-
proximately half of our MOGAD cohort experienced brain
attacks before recruitment, we suggest that NLWM damage in
MOGAD might result from incomplete microstructural re-
covery after previous acute brain lesions.

Longitudinal Clinical and Imaging Features

of Neurodegeneration

The absence of significant longitudinal changes in all brain
volumetrics assessed in the MOGAD group compared with HCs
suggests a lack of significant subclinical brain neurodegenerative
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Table 3 NODDI Map Longitudinal Paired t Test Analyses in MOGAD, RRMS, and HC Cohorts

MOGAD, N = 14 RRMS, N =14 HC,N=12
T0 T p Value (*) TO T p Value TO T p Value (%)
NAWM
NDI 0.551+£0.017 0.552+0.016  0.259 0.543+£0.027 0.543+0.029 0.683 0.510£0.154  0.521 £0.028  0.389
ISOVF 0.058 + 0.009 0.060 + 0.009 0.065 0.063 + 0.007 0.065 £ 0.011 0.165 0.059 + 0.020 0.062 + 0.008 0.337
oDI 0.255+0.018 0.254+0.017 0.644 0.256+£0.017  0.257+0.018  0.430 0.221 £0.067  0.247 £ 0.023 0.198
New and chronic WM T2L
NDI 0.312 £ 0.067 0.310 £ 0.077 0.630 0.312 £ 0.048 0.310 £ 0.045 0.217 — — —
ISOVF  0.100 £0.082  0.109 £0.088  0.522 0.124+0.039 0.132+0.040 0.016 — — —
oDl 0.238 + 0.092 0.231 £ 0.099 0.084 0.167 £ 0.027 0.165 + 0.028 0.149 — — —
Chronic WM T2L
NDI 0.312 £ 0.067 0.290 £ 0.100 0.205 0.312 £ 0.048 0.309 £ 0.046 0.341 — — —
ISOVF 0.100 + 0.082 0.115+0.151 0.194 0.124 £ 0.039 0.132 £ 0.039 0.008 — — —
oDI 0.238+£0.092  0.249+0.094 0.331 0.167 £0.027  0.166 £ 0.027  0.438 — — —

Abbreviations: HC = healthy control; ISOVF = isotropic volume fraction; MOGAD = myelin oligodendrocyte glycoprotein antibody-associated disease; NAWM =
normal-appearing white matter; NDI = neurite density index; ODI = orientation dispersion; RRMS = relapsing-remitting multiple sclerosis; T2L = T2/FLAIR
hyperintense lesions; WM = white matter.
The bold p-values corrispond to p < 0.05.

Figure 4 Longitudinal Diffusion MRI Findings in MOGAD, RRMS, and HC Cohorts

0.254
p=0331 @ 710 = baseline dMRI
© T1 = follow-up dMRI
—o- p=0.008
(&)
0.20 °®
[
—
=
S
~ ([ ]
£
c 0.154 o
52
=
o)
©
&
1]
£
= NWM
S 0.10-
-
o (¢
o
=
o
il
0.05+
Longitudinal evolution of isotropic volume fraction in
MOGAD and RRMS T2 weighted hyperintense white matter
lesions (T2ZWML) vs normal white matter tissue in HC. The
patient with MOG/MS overlap was excluded. dMRI = diffusion-
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processes independent of inflammatory attacks in MOGAD
within the examined timespan. This contrasts with the signifi-
cantly faster reduction of DGM volumetrics observed in the
RRMS group compared with HCs. The thalamus and hippo-
campus were identified as the most sensitive structures for dif-
ferentiating RRMS from MOGAD. DGM structures and
hippocampi, which are affected early in the MS disease course
and exhibit faster annual atrophy rates compared with other GM
brain structures,>*>¢ allowed us to detect neurodegenerative
processes in RRMS despite the relatively short follow-up. A small
retrospective MRI analysis revealed greater DGM atrophy in
MOGAD compared with MS,*’ but it did not account for clinical
stability periods, age, sex, or timing from the last attack. These
findings may reflect a greater impact of inflammatory attacks on
gray matter in MOGAD than in MS, rather than relapse-
independent neurodegenerative processes.”®

Our study used NODDI maps to analyze WM tissue integrity
changes over time in the MOGAD group. Only the RRMS
group showed a significant increase in lesional free water
compared with baseline dMRI, even when excluding new
asymptomatic lesions. These changes were not observed in
MOGAD lesions or nonlesional WM of both RRMS and
MOGAD groups, supporting the presence of chronic active
microstructural changes in RRMS lesions but not in MOGAD.
Notably, this finding is consistent with previous studies doc-
umenting increased free water fraction in MS lesions.*”

During follow-up, clinical and cognitive PIRA was observed
exclusively in the RRMS group, although the difference with
MOGAD was not significant. This may be due to the inclusion
of stable RRMS patients during remission, short follow-up,
and low statistical power. Larger sample sizes or longer follow-
up would likely make the differences significant, as supported
by other reports.”'®'®
aging surrogates in detecting subclinical neurodegeneration,
which differed significantly between the 2 disease groups.

38 This demonstrates the value of im-

We investigated cognitive decline independent of relapse
activity (cognitive PIRA) in a MOGAD cohort compared
with an RRMS cohort using a well-validated battery of neu-
ropsychological tests (BRBNTSs) assessing a wide range of
cognitive domains. Although a recent definition of cognitive
PIRA has been proposed in MS,* our study used Rao’s BRB,
which offers a broader evaluation of cognitive function be-
cause no validated cognitive batteries are available in
MOGAD. We adopted a criterion of a reduction in z-scores by
at least one SD in at least two BRB subtests outside relapses.
Despite matched baseline cognitive scores, people with
MOGAD did not have cognitive PIRA in line with a recent
published paper,39 whereas this was observed in the RRMS
group, including those with EDSS worsening not related to
change in the cognitive function section of the Kurtzke score.

This study has several limitations. First, the small cohort size
and the short, irregular MRI and cognitive follow-up duration
pose challenges in capturing more subtle neurodegenerative
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changes. The small sample size and the explorative nature of
the study could reduce the generalizability of our findings to
larger populations, although in clinical practice, we have not
observed progression in our patients with MOGAD, unlike in
patients with MS. Therefore, longer follow-up outside relap-
ses would be particularly useful in MOGAD and in separate
cohorts. In addition, most individuals with RRMS were
treated with disease-modifying therapy, whereas most
patients with MOGAD were not. The differential treatment
status could potentially underestimate differences between
the 2 diseases although it supports the clinical literature of
PIRA in MS' and not MOGAD.*” The use of BRBNTs may
create comparability issues with previous MS studies that used
Brief International Cognitive Assessment fo multiple sclerosis
(BICAMS) for assessing cognitive PIRA because of different
neuropsychological test batteries. However, with no current
guidelines for cognitive assessment in patients with MOGAD,
a comprehensive battery like BRB is warranted. The dMRI
results must be interpreted cautiously because they were de-
rived from a small cohort of patients, and their pathologic
specificity needs validation in larger and different disease
cohorts.*” Finally, the lack of adjustment for multiple com-
parisons might increase the risk of type I errors.

In this prospective clinical, cognitive, and advanced imaging
study, patients with MOGAD did not show significant clinical
or subclinical neurodegeneration independent of in-
flammatory attacks compared with patients with MS. Tha-
lamic and hippocampal volumetrics and lesional NODDI
metrics were useful in differentiating MOGAD from MS. If
validated, these observations may influence clinical manage-
ment and trial design for MOGAD, emphasizing the moni-
toring of inflammatory attacks rather than neurodegenerative
progression. This contrasts with MS, where PIRA is recog-
nized as a major determinant of disability accumulation.*’
Further longer follow-up studies in different cohorts, with
identical imaging intervals, are needed to confirm our findings
and rule out subtle neurodegenerative changes in MOGAD,
although our findings support our clinical and experts’ opin-
ion that the clinical course of MOGAD is monophasic or
relapsing but not progressive.””
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