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S. Michels, K. Pitarokoili, M. Rosenfeldt, A.-D. Sperfeld,
M. Weihrauch, G.S. Welte, C. Sommer, and K. Doppler

Open Access

e1165 Effects of Vitamin D and Body Mass Index on Disease
Risk and Relapse Hazard in Multiple Sclerosis: A
Mendelian Randomization Study
M. Vandebergh, B. Dubois, and A. Goris

Open Access

Clinical/Scientific Notes

e1146 Peripheral Neuropathy Evaluations of Patients With
Prolonged Long COVID
A.L. Oaklander, A.J. Mills, M. Kelley, L.S. Toran, B. Smith,
M.C. Dalakas, and A. Nath

Open Access

e1160Combined Central and Peripheral Demyelination With
IgMAnti–Neurofascin 155Antibodies: Case Report
A. Pegat, E. Delmont, J. Svahn, E. Bernard, L. Lessard,
R. Marignier, and F. Bouhour

Open Access

Views & Reviews

e1153Diagnosis and Management of Opsoclonus-
Myoclonus-Ataxia Syndrome in Children: An
International Perspective
T. Rossor, E.A. Yeh, Y. Khakoo, P. Angelini, C. Hemingway,
S.R. Irani, G. Schleiermacher, P. Santosh, T. Lotze,
R.C. Dale, K. Deiva, B. Hero, A. Klein, P. de Alarcon,
M.P. Gorman, W.G. Mitchell, and M. Lim, on behalf of the OMS
Study Group

Open Access

Correction

e1174 Siponimod Inhibits the Formation of
Meningeal Ectopic Lymphoid Tissue
in Experimental Autoimmune
Encephalomyelitis

TABLE OF CONTENTS Volume 9, Number 3, May 2022 Neurology.org/NN

http://neurology.org/nn


ARTICLE OPEN ACCESS

Choroid Plexus Volume in Multiple Sclerosis vs
Neuromyelitis Optica Spectrum Disorder
A Retrospective, Cross-sectional Analysis

Jannis Müller, MD, Tim Sinnecker, MD, Maria Janina Wendebourg, MD, Regina Schläger, MD,
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Özgür Yaldizli, MD*

Neurol Neuroimmunol Neuroinflamm 2022;9:e1147. doi:10.1212/NXI.0000000000001147

Correspondence

Dr. Yaldizli

oezguer.yaldizli@usb.ch

Abstract
Background and Objectives
The choroid plexus has been shown to play a crucial role in CNS inflammation. Previous studies
found larger choroid plexus in multiple sclerosis (MS) compared with healthy controls.
However, it is not clear whether the choroid plexus is similarly involved in MS and in neu-
romyelitis optica spectrum disorder (NMOSD). Thus, the aim of this study was to compare the
choroid plexus volume in MS and NMOSD.

Methods
In this retrospective, cross-sectional study, patients were included by convenience sampling
from 4 international MS centers. The choroid plexus of the lateral ventricles was segmented
fully automatically on T1-weighted MRI sequences using a deep learning algorithm (Multi-
Dimensional Gated Recurrent Units). Uni- and multivariable linear models were applied to
investigate associations between the choroid plexus volume, clinically meaningful disease
characteristics, and MRI parameters.

Results
We studied 180 patients withMS and 98 patients with NMOSD. In total, 94 healthy individuals
and 47 patients with migraine served as controls. The choroid plexus volume was larger in MS
(median 1,690 μL, interquartile range [IQR] 648 μL) than in NMOSD (median 1,403 μL, IQR
510 μL), healthy individuals (median 1,533 μL, IQR 570 μL), and patients with migraine
(median 1,404 μL, IQR 524 μL; all p < 0.001), whereas there was no difference between
NMOSD, migraine, and healthy controls. This was also true when adjusted for age, sex, and the
intracranial volume. In contrast to NMOSD, the choroid plexus volume in MS was associated

*These authors contributed equally to this work (co–senior authors).

From the Neurology Clinic and Policlinic (J.M., T.S., M.J.W., R.S., J.K., S.S., P.B., T.D., M.B., A.C., C.T., K.P., A.-K.P., S.R., L.K., C.G., O.Y.), Departments of Head, Spine and Neuromedicine,
MS Center and Research Center for Clinical Neuroimmunology and Neuroscience Basel (RC2NB), Clinical Research and Biomedical Engineering, University Hospital Basel and
University of Basel; Translational Imaging in Neurology (ThINk) Basel (J.M., S.S., M.B., A.C., C.T., K.P., C.G., O.Y.), Department of Biomedical Engineering, University Hospital Basel and
University of Basel, Switzerland; Department of Biomedical Engineering (P.C., C.J., F.S., J.W., C.G.), University of Basel, Allschwil, Switzerland; Medical Imaging Analysis Center AG
(M.A., J.W.); Section of Neuroradiology (T.L.), Clinic for Radiology & Nuclear Medicine, University Hospital Basel and University of Basel, Switzerland; Reha Rheinfelden (K.P.),
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with the number of T2-weighted lesions in a linear model adjusted for age, sex, total intracranial volume, disease duration,
relapses in the year before MRI, disease course, Expanded Disability Status Scale score, disease-modifying treatment, and
treatment duration (beta 4.4; 95% CI 0.78–8.1; p = 0.018).

Discussion
This study supports an involvement of the choroid plexus inMS in contrast to NMOSD and provides clues to better understand
the respective pathogenesis.

The choroid plexus is constituted by cuboid epithelial cells
ensheathing fenestrated blood vessels and a connective
stroma.1 It is located inside the brain ventricles and produces
CSF in the vertebrate brain.2 The choroid plexus is essential for
the development, maintenance, and normal function of the
brain1,2 and serves as a port of entry for immune cells to the
CNS.2,3 It is both a target and modulator of inflammation.4

Histopathologic studies in multiple sclerosis (MS) showed
inflammation and enlargement of the choroid plexus due to
edema with high concentrations of T lymphocytes, dendritic
cells, and activated macrophages.4,5 These studies also found
increased concentrations of vascular cell adhesion protein 1
staining indicating active recruitment of peripheral in-
flammatory cells.2,4-8 In a postmortem study, the immune cell
pattern in the choroid plexus observed in MS was similar to
that seen in acute viral encephalitis with activation of immune
cells and enlargement of choroid plexus stroma cells.4

Recently, a 3 tesla (3T) MRI and PET study confirmed larger
choroid plexus and higher fluorine 18 fluorodeoxyglucose
uptake in the choroid plexus of 97 patients withMS compared
with 44 healthy controls (HCs) in vivo indicating in-
flammation within the choroid plexus of patients with MS.9

The same research group recently found enlarged choroid
plexus in individuals with a radiologically isolated syndrome
(presymptomatic stage of the disease) compared with HCs,
supporting the hypothesis of enlargement of the choroid
plexus due to MS-related inflammation.10

Neuromyelitis optica spectrum disorder (NMOSD) has a
different pathophysiology than MS.11 In contrast to MS,
NMOSD is an antibody-mediated inflammation.11 The
antigen is aquaporin-4, a water channel molecule that is
abundant on the astrocyte end feet in the CNS.11 The
antigen-antibody reaction triggers astrocyte injury through

complement-dependent cytotoxicity. So, the breakdown of
the blood-brain barrier in NMOSD is less dependent on the
migration and infiltration of lymphocytes into the choroid
plexus as seen in MS but on antibodies against aquaporin-
4.12-14 Thus, we hypothesized that the choroid plexus is
larger in MS than NMOSD, and if this is true, the choroid
plexus volume measured using MRI might be helpful to
distinguish both conditions.

Recently, a study that compared the choroid plexus size
between MS and NMOSD did not find significant differ-
encens between the 2 diseases.15 However, that study in-
cluded only a small number of patients (51 patients with MS
and 32 patients with NMOSD), and used only linear mea-
sures on axial and coronal MRI slices to calculate the cho-
roid plexus volume. Therefore, we aimed to investigate the
choroid plexus volume in MS vs NMOSD in a larger study
population and using high-resolution 3D MRI data in a
multicenter setting.

Methods
Study Design and Participants
This study was designed as a retrospective, cross-sectional
MRI study to compare the choroid plexus volume between
patients with MS and NMOSD in vivo. We included healthy
individuals and patients with migraine as controls. Migraine
was chosen as an example of a nonautoimmune inflammatory
CNS disease.

Our null hypothesis was that there is no difference in the
choroid plexus volume between MS and NMOSD compared
with migraine and HCs. We planned a priori to investigate the
associations between the choroid plexus volume and disease
characteristics in MS and NMOSD.

Glossary
DMT = disease-modifying treatment; EDSS = Expanded Disability Status Scale; ET = echo time; FLAIR = fluid-attenuated
inversion recovery; FOV = field of view; HCs = healthy control; Ig = immunoglobulin; IQR = interquartile range; IT =
inversion time; n.a. = not applicable/available; NMOSD = neuromyelitis optica spectrum disorder; MOG = myelin
oligodendrocyte glycoprotein; MPRAGE = magnetization-prepared rapid gradient echo; MS = multiple sclerosis; RRMS =
relapsing-remitting multiple sclerosis; ROC = receiver operating characteristic; RT = repetition time; SMSC = Swiss Multiple
Sclerosis Cohort; SPMS = secondary progressive multiple sclerosis; TIV = total intracranial volume; T1w = T1 weighted;
T2w = T2 weighted; 3T = 3 Tesla.
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MRI and clinical data derived from 4MS centers including the
University Hospital of Basel (Switzerland; Swiss MS cohort
study),16 Kyushu University Hospital in Fukuoka (Japan),
Charité - Universitätsmedizin Berlin (Germany), and the Centre
Hospitalier Universitaire Vaudois, Lausanne (Switzerland). The
inclusion criteria for this study were the diagnosis of MS or
NMOSD and a full 3TMRI data set consisting of a T1-weighted
magnetization-prepared rapid gradient echo (MPRAGE) image
and a fluid-attenuated inversion recovery (FLAIR) sequence.
Patients with MS had to fulfill the McDonald criteria 2010,17

patients with NMOSD the 2015 International Panel for NMO
Diagnosis criteria,18 and patients with migraine the diagnostic
criteria of the International Headache Society.19 HCs were in-
cluded from Basel, Lausanne, and Fukuoka. The patients with
migraine derived from Basel and Lausanne. We excluded indi-
viduals with any other comorbidity of the CNS (except of mi-
graine). We also checked all MRIs for incidental findings
associated with the choroid plexus (such as plexus papilloma or
ependymoma), which have not been detected in any of the study
participants.

Clinical Characteristics
The MS disease course (relapsing-remitting [RR] MS or sec-
ondary progressive [SP] MS) was defined according to the
Lublin criteria.20 Disease duration in MS and NMOSD was de-
fined as time between first symptoms of the disease and the MRI
time point. The disability status was measured using the Ex-
panded Disability Status Scale (EDSS).21 Relapses were defined
as new or recurring neurologic deficits or symptoms associated
with MS or NMOSD that lasted for at least 24 hours in the
absence of fever or an infection and could not be better explained
by any other comorbidity.22 Serum antibody diagnostic testing
was conducted using state-of-the-art cell-based assays.23,24 To
include theMS disease-modifying treatment (DMT) as covariate
into the linear model, we grouped the treatments into 3 efficacy
categories: 1 = first generation injectables (interferon-beta and
glatiramer acetate); 2 = orals (dimethyl fumarate, teriflunomide,
and fingolimod); 3 = IV (natalizumab, rituximab, ocrelizumab,
mitoxantrone, and stem cell therapy).

MRI Acquisition and Analysis
MRI scanner type and acquisition parameters are provided in
Table 1. T2-weighted (T2w) white matter lesions were seg-
mented fully automatically on FLAIR images using a deep
learning algorithm (Multi-Dimensional Gated Recurrent
Units).25 We used the same algorithm to segment the lateral
ventricle choroid plexus on 3D T1-weighted MPRAGE se-
quences (Figure 1). The algorithm is available on GitHub
(github.com/zubata88/mdgru). The deep learning algorithm
was trained with 125 manual lateral ventricle choroid plexus
segmentations: 42 in patients with MS, 38 in patients with
migraine, and 45 in healthy controls. These choroid plexus
maps were quality checked by a board-certified neuroradiol-
ogist and served as ground truth for the machine learning
algorithm. To control for the head size, we adjusted the sta-
tistical models for total intracranial volume (TIV) and in a
sensitivity analysis for the lateral ventricle volume. TIV and

lateral ventricle volume were measured using FreeSurfer
(surfer.nmr.mgh.harvard.edu/) on white matter lesion–filled
T1-weighted MPRAGE sequences. Similar to a previously
published study,9 we reported the choroid plexus volume also
relative to the TIV.

To investigate the association between choroid plexus volume
and distance of T2wwhite matter lesions to the lateral ventricle
wall, we parcellated the white matter in concentric 1-voxel thick
white matter bands by repeatedly dilating the lateral ventricle
mask by 1 voxel (1 × 1 × 1 mm3) using the DilM option in
Functional MRI Brain Software Library 6.0.1 (FSL)26 on T1w
MPRAGE (Figure 1B). To minimize partial volume effects, we
eliminated the first band from the analysis. We assessed the
T2w lesion number and volume in each periventricular white
matter band separately. All outputs were reviewed by experi-
enced raters and correctedmanually, blinded to the clinical data
using 3D slicer (slicer.org, Version 4.6.2). In total, 151/419
(36%) of automated choroid plexus segmentations needed
minor corrections (only a few voxels for most of the scans).

Statistical Analysis
We used data from a recent study15 for an a priori sample size
calculation (t test for independent samples). That study15

found a mean choroid plexus diameter of 2.09 +/− 0.49 mm
on coronal plane inMS vs 1.89 +/− 0.48 mm in NMOSD.We
calculated a minimum of 47 patients that would be needed in
each group to detect a significant difference between the
groups with a type I error rate of 5% and a power of 80%.
Normality of the variables was evaluated visually using Q-Q
plots. Normally distributed variables are displayed as mean ±
1 SD. Skewed variables are reported as median and inter-
quartile range (IQR). We used the Mann-Whitney U test
(ordinal and continuous variables) and the χ2 test (propor-
tions) to compare baseline characteristics between the groups.
Associations were analyzed using uni- and multivariable linear
models adjusted for clinically meaningful covariates. Estimates
(beta) are presented together with 95% CIs and p values. We
performed 3 sensitivity analyses, which were planned a priori:
(1) we compared the choroid plexus volume between MS and
NMOSD including the infratentorial parts of the choroid
plexus in a subgroup 20 patients; (2) we additionally adjusted
our statistical models for differentMRI scanner types and study
centers; and (3) we included the lateral ventricle volumes as
covariate into the multivariable linear model.

We also performed a post hoc analysis: As we found an associ-
ation between T2w lesion burden and the choroid plexus vol-
ume in MS, we were interested whether the observed difference
in the choroid plexus volume between MS and NMOSD and
between MS and HCs is also detectable in the subgroup of
patients with a low T2w lesion burden. We defined low T2w
lesion burden as <13 lesions, which corresponds to the patients
with the 25% lowest T2 lesion number of the MS group.

Receiver operating characteristic (ROC) curves were used to
assess the sensitivity, specificity, and accuracy of the choroid
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plexus size to discriminate MS from NMOSD in comparison
to the number of T2-weighted lesions. To obtain estimates for
the association between the choroid plexus volume and the
disease course (MS vs NMOSD), we performed a logistic re-
gression model with the disease group as dependent variable
and both the choroid plexus volume and clinically meaningful
variables as covariates (eTable 3, links.lww.com/NXI/A701).

All statistical tests were 2 tailed. We used the conventional
significance threshold of p < 0.05. Statistical analyses were

performed using IBM SPSS Statistics (version 25; IBM,
Armonk, NY).

Ethics Approval
This study was approved by the ethics committee North-West
and Central Switzerland (reference 2020-01364).

Data Availability
Clinical and MRI data are accessible at the Department of
Biomedical Engineering and the Department of Clinical

Figure 1 Choroid Plexus Segmentation and White Matter Parcellation

(A) Automated segmentation (green) of the brain
lateral ventricle choroid plexus in a multiple
sclerosis patient using multi-dimensional gated
recurrent units.25 (B) Parcellation of the white
matter into periventricular bands. To investigate
the association between choroid plexus volume
and distance between MS and lateral ventricle
wall, we parcellated the white matter into peri-
ventricular bands extending from the lateral
ventricle to the cortex. As a precaution against
periventricular CSF / white matter partial volume
effects, we excluded data from the first periven-
tricular band. The white matter bandmasks were
applied on co-registered T1- and T2w lesion
masks to calculate the volume of lesions in each
periventricular band. Lesions are marked in dark
blue and the white matter bands in red. (C) 3D-
model of the choroid plexus, based on segmen-
tation of (A). P = posterior; R = right; S = superior.

Table 1 MRI Acquisition Parameters

Group N Location Scanner type Field strength Voxel size (μL) RT (ms) IT (ms) ET (ms) FOV (mm)

MS 97 University Hospital Basel Siemens Skyra 3T 1 × 1 × 1 2,300 900 2 256 × 240

MS 83 Kyushu University, Fukuoka Philips Achieva 3T 1 × 1 × 1 7.5 n.a. 3.5 240 × 240

NMOSD 6 University Hospital Basel Siemens Skyra 3T 1 × 1 × 1 2,300 900 2 256 × 240

NMOSD 49 Charité Hospital Berlin Siemens Trio 3T 1 × 1 × 1 1900 900 3.03 256 × 256

NMOSD 43 Kyushu University, Fukuoka Philips Achieva 3T 1 × 1 × 1 7.5 n.a. 3.5 240 × 240

HCs 20 University Hospital Basel Siemens Skyra FIT 3T 1 × 1 × 1 2,300 900 2 256 × 240

HCs 20 University Hospital Basel Prisma 3T 1 × 1 × 1 2000 1,100 2.1 256 × 256

HCs 15 University Hospital Lausanne Siemens Trio 3T 1 × 1 × 1 2,400 900 3 256 × 240

HCs 16 University Hospital Basel Siemens Skyra 3T 1 × 1 × 1 2,300 900 3 256 × 240

HCs 23 Kyushu University, Fukuoka Philips Achieva 3T 1 × 1 × 1 7.5 n.a. 3.5 240 × 240

Migraine 19 University Hospital Basel Siemens Skyra 3T 1 × 1 × 1 2,300 900 2 256 × 240

Migraine 28 University Hospital Lausanne Siemens Trio 3T 1 × 1 × 1 2,400 900 3 256 × 240

Abbreviations: ET = echo time; FOV = field of view; HCs = healthy controls; IT = inversion time; RT = repetition time; 3T = 3 Tesla; MS = multiple sclerosis; N =
number of study participatns; n.a. = not applicable/available; NMOSD = neuromyelitis optica spectrum disorder.
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Research (Clinical Trial Unit) of the University of Basel via the
corresponding author.

Results
Demographics and Clinical Characteristics
We included 180 patients with MS and 98 patients with
NMOSD from 3 different MS centers (Table 2). In total, 47
patients with migraine (19 from Basel and 28 from Lausanne)

and 94 healthy individuals (56 from Basel, 15 from Lausanne,
and 23 from Fukuoka) served as controls.

The patients with NMOSD in our study were older than the
patients withMS (p < 0.001), whereas there was no significant
age or sex difference between MS, migraine, and healthy in-
dividuals (MS: median age 46.6 years, IQR 15.3 years, 70%
female; migraine: median age 42.2 years, IQR 18.3 years, 72%
female; HCs: median age 46.1 years, IQR 22.3 years, 64%
female).

Table 2 Demographics, Clinical Characteristics, and MRI Variables of the Study Participants

MS NMOSD p Value

N 180 98

Centers, n

Basel (Switzerland) 97 6

Lausanne (Switzerland) n.a. n.a.

Berlin (Germany) n.a. 49

Fukuoka (Japan) 83 43

Demographics

Age, y, median (IQR) 46.6 (15.3) 54.5 (18.5) <0.001*

Women, n (%) 126 (70%) 86 (88%) 0.001*

Clinical characteristics

RRMS, n (%) 135 (75%) n.a.

SPMS, n (%) 45 (25%) n.a.

Disease duration, y, median (IQR) 14.8 (13.6) 7.8 (9.6) <0.001*

EDSS score, median (IQR) 2.5 (3.5) 3.5 (2.8) 0.062

Patients with relapse within the 12 months before MRI, number (%)c 27 (15%) 21 (21%) 0.083

Time since last relapse, y, median (IQR) 4.5 (6.9) 3.3 (4.8) 0.011*

Patients on DMT, n (%) 153 (85%)a 89 (91%)b 0.001*

Time on present DMT, y, median (IQR) 2.9 (3.9) 4.4 (8.1) 0.005*

Laboratory

Patients with anti–aquaporin-4 antibodies, n (%) n.a. 71/86 (83%)

Patients with anti–MOG antibodies, n (%) n.a. 11/86 (13%)

Brain MRI

Patients with gadolinium-enhancing lesions, n (%) 2 (<1%) 0

T2w lesion number, median (IQR) 21 (27) 11 (16) <0.001*

T2w lesion volume, mL, median (IQR) 11.8 (21.7) 1.6 (6.4) <0.001*

Total intracranial volume, mL, mean ± SD 1,433 ± 181 1,439 ± 178 0.706

Abbreviations: DMT = disease-modifying treatment; EDSS = Expanded Disability Status Scale; IQR = interquartile range; MOG = myelin oligodendrocyte
glycoprotein; MS = multiple sclerosis; n = number; n.a. = not applicable/available; NMOSD = neuromyelitis optica spectrum disorder; SPMS = secondary
progressive multiple sclerosis; SD = SD; T2w = T2 weighted.
Statistically significant differences between MS and NMOSD are marked with an asterisk.
a Interferon-beta or glatiramer acetate: n = 30; dimethyl fumarate, fingolimod, or teriflunomide: n = 85; natalizumab, rituximab, ocrelizumab, or stem cell
therapy: n = 34; azathioprine: n = 1; corticosteroid pulse therapy every 3 months: n = 1; intrathecal triamcinolone ever 3 months: n = 1; mitoxantrone: n = 1.
b Azathioprine, mycophenolate mofetil, methotrexate, or tacrolimus: n = 42 (some of these patients [n = 12 patients with azathioprine and n = 8 patients with
tacrolimus] had add-on oral prednisolone therapy with a dose ranging from 5-20 mg/d), monotherapy oral prednisolone: n = 21, rituximab: n = 26.
c n = 49/180 patients with MS (27.2%) had a relapse within 24 months before MRI (44 of them had RRMS).
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Typical for the difference between patients with MS and
NMOSD,27 the proportion of women was higher in NMOSD
than in MS (p = 0.001). Moreover, disease duration was
longer in patients with MS than patients with NMOSD (p <
0.001), whereas the median EDSS score was similar between
the 2 groups.

In this study, patients with NMOSD had a shorter time
between last relapse and MRI than the patients with MS
(median time 3.3 vs 4.5 years; p = 0.01). Moreover, only 21%
and 15% of the NMOSD and MS groups, respectively, had a
relapse in the year before the MRI. In total, 44/135 patients
with RRMS (33%) had a relapse in the 24 months before
the MRI.

Typical for NMOSD,27 the patients with NMOSD in this
study had significantly fewer T2-weighted lesions than pa-
tients with MS. There was no difference between MS and
NMOSD regarding the TIV.

The antibody status was available for 86/98 (88%) patients
with NMOSD: 71 were positive for aquaporin-4 antibody and
11 patients for anti–myelin oligodendrocyte glycoprotein; 4
patients were negative for both antibodies. None of the pa-
tients were positive for both anti-aquaporin-4 antibody and
anti-MOG antibody. In 12/98 (12%) patients with NMOSD,
the antibody status was not available, and the diagnosis was
made based on clinical criteria only.18 Most of the patients
with MS (153/180; 85%) were treated with a DMT at time of
the MRI. Details are given in the legend of Table 2.

In total, 23/47 patients with migraine (49%) had a migraine
with aura. Two patients with MS also had a migraine (both
without aura). Some patients with migraine had unspecific
T2w white matter hyperintensities. Those were not seg-
mented as lesions as they are believed to have no clinical
significance.28

Association Between Age, Sex, Total
Intracranial Volume, and the Choroid Plexus
Volume in Healthy Individuals and Patients
With Migraine
In HCs, there was no association between the choroid plexus
volume and age or sex when adjusted for TIV. The same was
true for the migraine group. Details are given in the supple-
mentary material (eTable 1, links.lww.com/NXI/A701).

Choroid Plexus Volume in MS vs NMOSD
Compared With the Control Groups
The choroid plexus was larger in MS than NMOSD (median
1,690 μL, IQR 648 μL vs 1,403 μL, IQR 510 μL; beta 121.8;
95% CI:81.8–161.8; p < 0.001) (Figure 2). Choroid plexus
volume, expressed as a ratio of TIV, was on average 20.5%
larger in MS than NMOSD (12.13 × 10−4± 2.75 × 10−4 vs
10.07 × 10−4 ± 2.32 × 10−4). When adjusting for age, sex, TIV,
disease duration, relapses in the previous year, EDSS score,
and T2w lesion number, the choroid plexus was still larger in

MS than NMOSD (beta 92.8; 95% CI: 55.5–130.2; p < 0.001;
eTable 2, links.lww.com/NXI/A701).

The choroid plexus was also larger inMS than HCs (beta 292;
95% CI: 192–393; p < 0.001). Expressed as a ratio of TIV, the
mean choroid plexus volume was 21.4% higher in MS than
HCs (12.13 × 10−4 ± 2.75 × 10−4 vs 9.99 × 10−4 ± 2.51 ×
10−4). Similarly, the choroid plexus volume was larger in pa-
tients with MS than in patients with migraine (median
1,404 μL, IQR 524 μL; beta 153; 95% CI: 83–223; p < 0.001).
Relative to TIV, the mean choroid plexus volume was 23%
higher in MS than migraine (12.13 × 10−4 ± 2.75 × 10−4 vs
9.86 × 10−4 ± 2.63 × 10−4). In contrast, there was no differ-
ence in the choroid plexus volume between NMOSD, mi-
graine, and healthy individuals.

Choroid Plexus Volume and Disease
Characteristics in MS
In MS, there was no association between the choroid plexus
volume and disease duration, disease course, or the EDSS
score at time of the MRI when adjusted for age, sex, and TIV.
The choroid plexus volume was similar in patients with and
without a relapse within the 12 months before the MRI.
There was an association between the time to last relapse
and the choroid plexus volume in the subgroup of 135 pa-
tients with RRMS (beta 1.1; 95% CI: 0.1–2.1; p = 0.03;
adjusted for age, sex, and TIV): RRMS patients with longer
time since last relapse had marginally higher choroid plexus
volumes. However, when adjusting for T2w lesion number,
the association between the time since last relapse and
choroid plexus volume lost statistical significance. This in-
dicated a strong association between the choroid plexus
volume and the T2w lesion burden, and indeed, we found an
association between the choroid plexus volume and the
number of T2w white matter lesions in the MS group: on
average, every T2w lesion in MS increased the choroid
plexus volume statistically by 4.4 μL (beta 4.4; 95% CI:
0.78–8.1; p = 0.018), adjusted for age, sex, TIV, relapse in the
previous year, disease course, EDSS score, DMT category,
and DMT duration (Table 3). The choroid plexus volume
was also higher in the subgroup of patients with RRMS with
low T2w lesion number (for definition, see the Methods
section) compared with HCs, adjusted for age, sex, and TIV
(beta 49; 95% CI: 12–85; p = 0.009). There was no associ-
ation between the volume of T2w lesions and the choroid
plexus volume. We also did not find any association between
the distance of the T2w lesions to the lateral ventricle and
the choroid plexus volume. This was evaluated in 50 of 135
patients with RRMS.

Choroid Plexus Volume and Disease
Characteristics in NMOSD
In the NMOSD group, there was no association between the
choroid plexus volume and disease duration, EDSS score,
relapse in the year before the MRI, time to the last relapse,
DMT category, DMT duration, T2w lesion number, or vol-
ume (data not shown).
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Choroid Plexus Volume to Differentiate MS
From NMOSD
The choroid plexus volume was able to differentiate MS
from NMOSD with an accuracy of 0.68 (area under the
ROC curve 0.68; 95% CI: 0.62–0.75; p < 0.001; Figure 3);
this was marginally lower compared with the number of
T2w lesions to distinguish the 2 diseases (area under the
ROC curve 0.70, 95% CI: 0.63–0.77; p < 0.001; Figure 3).
T2w lesion number and the choroid plexus volume were

significantly higher in MS than NMOSD independent from
each other.

To estimate the effect size of the choroid plexus volume to
differentiate MS from NMOSD, we used a logistic regression
model with disease group (MS vs NMOSD) as dependent
variable and choroid plexus volume as independent parameter,
adjusted for clinically meaningful parameters (eTable 3, links.
lww.com/NXI/A701). The results indicated that a 100 μL

Table 3 Association Between Choroid Plexus Volume and Disease Characteristics in MS (Linear Model)

Group: MS (n = 180) dependent variable: choroid plexus volume

Beta

95% CI

p ValueLower bound Upper bound

Age (y) 0.568 0.013 1.122 0.045

Sex −122.612 −272.658 27.434 0.108

Disease duration (mo) 0.156 −0.535 0.847 0.656

Relapse in the year before MRI (yes/no) 25.110 −143.402 193.623 0.769

MS disease course (RRMS; SPMS) −176.561 −388.299 35.177 0.101

EDSS score 3.224 −41.712 48.161 0.887

DMT (category)a 106.945 −0.547 214.437 0.051

DMT duration (months) 1.671 −0.131 3.474 0.069

Total intracranial volume/μL 0.001 0.001 0.001 <0.001*

Number of T2w lesions 4.431 0.777 8.085 0.018*

Abbreviations: DMT = disease-modifying treatment; EDSS = Expanded Disability Status Scale; MS = multiple sclerosis; RRMS = relapsing-remitting multiple
sclerosis; SPMS = secondary progressive multiple sclerosis; T2w = T2 weighted.
Significant associations aremarkedwith an asterisk. InMS, the number of T2w lesionswas associatedwith the choroid plexus volume independent of disease
duration, clinical disease activity, disability status, and disease-modifying treatment.
a DMT categories: low efficacy = interferon-beta or glatiramer acetate; medium efficacy: dimethyl fumarate, fingolimod, or teriflunomide; high efficacy:
natalizumab, rituximab, ocrelizumab, or stem cell therapy.

Figure 2 Choroid Plexus Volume in Multiple Sclerosis, Neuromyelitis Optica Spectrum Disorder, Migraine, and Healthy
Individuals

p Values given in this figure derived from linear models ad-
justed for age, sex and total intracranial volume. HC = healthy
controls; MS = multiple sclerosis; n = number; NMOSD =
neuromyelitis optica spectrum disorder.
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larger choroid plexus increased the risk of havingMS instead of
NMOSD statistically by 26% (Exp(B): 1.259; 95% CI:
1.130–1.404) independently of sex, disease duration, relapse in
the year before the MRI, EDSS score, and TIV but also in-
dependently of the number of T2w lesions (eTable 3).

Sensitivity Analyses
In 10 patients with MS and 10 patients with NMOSD, we
additionally segmented the infratentorial parts of the choroid
plexus manually and blinded to the clinical data (eFigure 1,
links.lww.com/NXI/A701). Including these infratentorial parts
of the choroid plexus into the model did not alter the overall
results. The median choroid plexus volume was larger in MS
than NMOSD, adjusted for age, sex, and TIV (beta 196; 95%
CI: 29–362, p = 0.024). The median choroid plexus volume
was 16.7% higher in MS than NMOSD (2025 μL, IQR 503 vs
1735 μL, IQR 545 μL).

Moreover, including the scanner type, the study center, or the
lateral ventricle volume as covariates to themodels did not alter
the overall results (all p > 0.05, estimates not shown). When
analyzing the 25% of patients with MS with the lowest number
of T2w lesions (n = 46), the choroid plexus volume was still
larger in MS than in NMOSD, adjusted for age, sex, and total
intracranial volume (beta 64; 95% CI: 20–108; p = 0.005).

Discussion
This study found larger choroid plexus in patients with MS
than NMOSD, migraine, or HCs (adjusted for age, sex, and
TIV), whereas there was no difference between patients with
NMOSD, migraine, and HCs. These results suggest an in-
volvement of the choroid plexus in MS-related inflammation
and no or clearly less choroid plexus involvement in NMOSD.

Our results are in line with other MRI studies9 but not all.15 The
enlargement of the choroid plexus in MS vs HCs was more
pronounced in a previous study9 than in our study. In that study9,
the choroid plexus volume adjusted for TIVwas 35% larger inMS
than inHCs comparedwith 21% in our study.9 This might be due
to the inclusion of less active MS patients in our study. In our MS
group, 33% of the patients with RRMShad a relapse in the 2 years
before the MRI, and only 2 of 180 patients with MS had gadoli-
nium enhancement in contrast to 80% and 32%, respectively, in
the aforementioned study.9 These differences in the disease
characteristics of the patients included are important as it has been
shown that the choroid plexus volume is associated with both
clinical and MRI disease activity in MS.9 The inclusion of more
clinically andMRI stable patients withMS in our studymight also
explain why we have not found any difference in the choroid
plexus volume between patients with andwithout a recent relapse.
Only 15% of the patients in our study had a relapse in the 12
months before theMRI. In the entire MS group, we even found a
tendency toward larger choroid plexus in patients with longer time
since last relapse. However, further analysis elucidated that this
associationwas driven by the higherT2w lesion burden in patients
with longer time since last relapse because when we adjusted for
the T2w lesion burden, the association between the time to last
relapse and the choroid plexus volume lost statistical significance.
This was also confirmed in a multivariable linear model with the
choroid plexus volume as dependent variable and the number of
T2w lesions and relapses in the previous year as covariates
(Table 3). Relapses in the previous year were not associated with
the choroid plexus volume when the T2w lesion number was
included into the model. In summary, our study built on the
results of a previous work9 and found larger choroid plexus inMS
vs HCs even in a less active MS patient population. Similar to the
aforementioned study.9 our study could not find an association
between disease duration and the choroid plexus volume in MS.

In contrast, the association between the choroid plexus volume
and T2w lesion burden in our study was strong and remained
stable when the linear model was adjusted for clinically mean-
ingful covariates (Table 3). Similar results were found in a pre-
vious work9 in which the choroid plexus enlargement correlated
with the number of white matter lesions. As the T2w lesion
burden is an objective parameter of focal inflammation, our
result suggests that the larger choroid plexus in MS compared
with HCs might be related directly to MS inflammation. Our
study built on these data and found that this association does not
seem to be driven by the lesion location, at least not near to the
ventricle wall. We measured in a subgroup of patients with
RRMS the distance between the T2w lesions and the lateral

Figure 3 Receiver Operating Characteristic Curves to Dif-
ferentiate Multiple Sclerosis (n = 180) From Neu-
romyelitis Optica Spectrum Disorder (n = 98)

The accuracy to differentiate MS from NMOSD using the choroid plexus vol-
ume is comparable to the T2w lesion burden. Please note that the choroid
plexus volume is associated with the diagnosis of MS (vs. NMOSD) in-
dependent of the number of T2w lesions (eTable 2, links.lww.com/NXI/A701).
a. Under the nonparametric assumption
b. Null hypothesis: true area = 0.5
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ventricle wall and could not find any association to the choroid
plexus volume. Although the T2w lesion burden showed a
strong association with the choroid plexus volume, the number
of T2w lesion lesions could not entirely explain the variance in
the choroid plexus size in MS. There are 2 arguments in our
study supporting this hypothesis: (1) in the subgroup of patients
with RRMS with a low MRI disease burden, the choroid plexus
was still larger in MS than HCs (see Sensitivity Analyses), and
(2) in a linear model with the choroid plexus volume as de-
pendent variable, the disease group (MS vs NMOSD) was as-
sociated with the choroid plexus volume independent of the
T2w lesion burden (eTable 2, links.lww.com/NXI/A701).

This work is not the first study that has investigated the choroid
plexus size in MS vs NMOSD. A recent work15 found 9–11%
larger choroid plexus in MS vs NMOSD compared with 20% in
our study. In contrast to our study, the differences between MS
and NMOSD in that study15 did not reach statistical significance.
At first glance, this might be surprising as the aforementioned
study15 includedmore active patients than our study. Themedian
time between the last relapse and MRI was 11 days in NMOSD
and 16 days inMS in that study15 comparedwith 3.3 years and 4.5
years, respectively, in our study. Moreover, the disease duration
was 2–3× shorter compared with our study. On the other hand,
that study15 also did not find any difference in the choroid plexus
volume between MS and HCs, either. This suggests that the
methods used in that study15 to measure the choroid plexus size
might have been too inaccurate to find a significant difference
between MS and NMOSD. A recent study that segmented the
choroid plexus manually on 3D T1w sequences even found dif-
ferences in the choroid plexus volume between a presymptomatic
stage of MS (radiologically isolared syndrome) and HCs.10

A reason for the discrepancy between our study and the afore-
mentioned study15 could be the relatively higher sample size in our
study. Low sample sizes are prone to the type II errors, which is
the risk of concluding that there is no significant difference be-
tween the groups when in fact such a difference exists. The
aforementioned study15 included 51 patients withMS, 32 patients
with NMOSD, and 26 HCs, whereas our study included more
than 2–3× more study participants (180 patients with MS, 98
patients with NMOSD, and 94 HCs). Moreover, we segmented
the choroid plexus on high-resolution 3D images (slice thickness
1 mm). They15 used linear measures on axial and coronal planes
with a slice thickness of 5 mm. On the other hand, and this is
certainly an advantage, they15 alsomeasured the choroid plexus of
the fourth ventricle but analyzed these results separately from the
choroid plexus in the lateral ventricles. In contrast, we only in-
cluded the infratentorial parts of the choroid plexus in a sensitivity
analysis in a subgroup of our patients and found results compared
to our main analysis. A further advantage of our study is that we
included study subjects from 4 different MS centers and different
regions of the world in contrast to the recent single-center work15

whichmightmake our resultsmore generalizable.We further have
not included only healthy individuals as a control group but also
patients with migraine as an example of a nonautoimmune in-
flammatory CNS disease, which might strengthen our results.

The larger choroid plexus volume in MS compared to
NMOSD is not only important to better understand the path-
ophysiologic differences between these conditions. Our results
might also have clinical implications in the future. The differ-
ential diagnosis betweenMS andNMOSD is clinically important
and often challenging,18,29 in particular, if characteristic MRI
findings such as longitudinal extensive transverse myelitis,
Dawson fingers, or other imaging hallmarks are missing, and if
the aquaporin-4 antibody status is negative. Our ROC curve
analysis suggested that the choroid plexus volume might be
helpful as a MRI biomarker in addition to the brain T2w lesion
number to discriminate MS from NMOSD. However, further
prospective studies are needed to prove this hypothesis.

Our study is not without limitations. We excluded the choroid
plexus of the fourth ventricle and the subarachnoid space
(Bochdalek flower baskets) as these parts of the choroid plexus
were difficult to delineate. The excluded part of the choroid
plexus represents about 35% of the entire choroid plexus.15

However, in a sensitivity analysis, we were able to reliably seg-
ment the infratentorial parts of the choroid plexus in 20 patients
by consensus between 3 raters. Including these infratentorial
parts into the analysis did not alter the overall results of the study.

Head size is an important factor affecting the choroid plexus
volume. To mitigate this effect, we adjusted all statistical
models similar to other studies9 for TIV and in a sensitivity
analysis also for the lateral ventricle volumes, with similar
results compared with the main analysis. However, residual
effects might still have affected our results.

Patients were scanned on different scanners and therefore had
slightly differentMRI acquisition parameters, whichmight have
influenced our results. However, we made sure that the mag-
netic field strength and the image resolution were constant
across all scanners and scan protocols. Moreover, including the
scanner type in a sensitivity analysis as a covariate into the
statistical model did not alter the overall results. However,
again, residual effects might have affected our results.

The choroid plexus is larger in MS than in NMOSD. The
involvement of the choroid plexus in MS (in contrast to
NMOSD) provides clues to better understand the respective
pathogenesis. Further prospective studies are warranted to
investigate whether the choroid plexus volume is useful to
differentiate MS from NMOSD in clinical practice.
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received speaker fees, travel support, and/or served on advi-
sory boards of Novartis Pharma and Roche; she received re-
search support from Biogen, the Swiss National Research
Foundation, the National Multiple Sclerosis Society, the Eu-
ropean Research Council, University of Basel, the Propatient
Foundation, and the Goldschmidt-Jacobson Foundation. S.
Reimann reports no competing interest. S. Asseyer received
travel grant from Celgene and speaker’s honorary from Roche
and Bayer. A. Duchow received a speakers’s honorary from
Roche. A. Brandt reports no competing interest. K. Ruprecht
received research support from Novartis Pharma, Merck
Serono, Federal Ministry of Education and Research (Bun-
desministerium für Bildung und Forschung), European
Union (821283-2), Stiftung Charité (BIH Clinical Fellow
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Schläger, MD

Neurology Clinic and
Policlinic, Departments of
Head, Spine and
Neuromedicine, MS Center
and Research Center for
Clinical Neuroimmunology
and Neuroscience Basel
(RC2NB), Clinical Research
and Biomedical Engineering,
University Hospital Basel and
University of Basel, Switzerland

Drafting/revision of the
manuscript for content,
including medical writing
for content, and major
role in the acquisition of
data

Jens Kuhle,
MD, PhD

Neurology Clinic and
Policlinic, Departments of
Head, Spine and
Neuromedicine, MS Center
and Research Center for
Clinical Neuroimmunology
and Neuroscience Basel
(RC2NB), Clinical Research
and Biomedical Engineering,
University Hospital Basel and
University of Basel, Switzerland

Drafting/revision of the
manuscript for content,
including medical writing
for content; major role in
the acquisition of data;
and analysis or
interpretation of data

Sabine
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Abstract
Background and Objectives
Masitinib is a selective tyrosine kinase inhibitor, targeting innate immune cells (mast cells and
microglia) that are involved in the pathophysiology of progressive multiple sclerosis (MS).
Study AB07002 assessed oral masitinib in patients with progressive MS who were progressing
but not clinically active.

Methods
This randomized, double-blind, 2 parallel-group, placebo-controlled trial assessing 2 dose levels
of masitinib vs equivalent placebo was conducted at 116 hospital clinics and specialized MS
centers in 20 countries. Randomization (2:1) with minimization was performed centrally using
an automated system. Patients, physicians, and outcome assessors remained masked to treat-
ment group allocation. Patients with primary progressive MS (PPMS) or nonactive secondary
progressive MS (nSPMS) without relapse for ≥2 years, aged 18–75 years, with baseline Ex-
panded Disability Status Scale (EDSS) 2.0–6.0, and regardless of time from onset were treated
for 96 weeks. The primary end point was overall EDSS change from baseline using repeated
measures (generalized estimating equation, timeframe W12–W96, measured every 12 weeks),
with positive values indicating increased clinical deterioration. Efficacy and safety were assessed
in all randomly assigned and treated patients.

Results
A total of 611 patients were randomized; 301 in the masitinib 4.5 mg/kg/d parallel group and
310 in the uptitrated masitinib 6.0 mg/kg/d parallel group. Masitinib (4.5 mg/kg/d) (n = 199)
showed significant benefit over placebo (n = 101) according to the primary end point, 0.001 vs
0.098, respectively, with a between-group difference of −0.097 (97% CI −0.192 to −0.002); p =
0.0256. Safety was consistent with masitinib’s known profile (diarrhea, nausea, rash, and he-
matologic events), with no elevated risk of infection. Efficacy results from the independent
uptitrated masitinib 6.0 mg/kg/d parallel group were inconclusive, and no new safety signal was
observed.

Discussion
Masitinib (4.5 mg/kg/d) can benefit people with PPMS and nSPMS. A confirmatory phase 3
study will be initiated to substantiate these data.

MORE ONLINE
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studies
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Trial Registration Information
The first participant was randomized to study AB07002 on August 25, 2011. The trial was registered with the European Clinical
Trials Database (#EudraCT 2010-021219-17) on July 1, 2011 (clinicaltrialsregister.eu/ctr-search/trial/2010-021219-17/ES)
and with ClinicalTrials.gov (#NCT01433497) on September 14, 2011 (clinicaltrials.gov/ct2/show/NCT01433497).

Classification of Evidence
This study provides Class II evidence that masitinib 4.5 mg/kg/d decreased progression of disability, measured by the EDSS, in
adults with PPMS or patients with nSPMS (with no exacerbations in the last 2 years).

Multiple sclerosis (MS) is an inflammatory, demyelinating, and
degenerative disease of the CNS. The clinical course of MS is
heterogeneous with patients falling into 2 core categories from
a pharmacotherapy perspective.1-3 The first category, relapsing
disease, is associated with processes of inflammatory de-
myelination, resulting in relapses followed by remissions. The
second category, progressive disease, is associated with pro-
cesses of progressive neurodegeneration resulting in a gradual
accrual of neurologic disability. Additional MS phenotype de-
scriptors are based on disease activity (determined by clinical
relapses and/or MRI activity) and disease progression (mea-
sured by clinical evaluation).4 Hence, progressive MS can be
described as active and with/without progression or not active
and with/without progression.

The vast majority of MS drugs primarily benefit active/relapsing
forms of MS with limited efficacy in the progressive forms. This
therapeutic divide is consistent with the growing opinion that
active/relapsing MS and progressive MS are primarily driven by
different disease mechanisms; the former characterized by ac-
tivity of the peripheral adaptive immune system and the latter by
an additional, predominant activity of the innate immune sys-
tem, compartmentalized within the CNS.5-9 Hence, there is an
urgent need for innovative drugs that better target the innate
immune system and are capable of accumulating within theCNS
at sufficient therapeutic concentration.

Clinical proof of concept that masitinib, an oral tyrosine kinase
inhibitor, slows disability progression in patients with progressive
MS was previously demonstrated in a small phase 2 trial.10,11

Masitinib has also demonstrated neuroprotective action in
amyotrophic lateral sclerosis (ALS) and Alzheimer disease, via
inhibition of microglia, macrophage, and mast cell activity.11-15

These are types of innate immune cells that are present in the
CNS and are involved in the pathophysiology of progressive
MS.16-18 Here, we report findings from the phase 3 AB07002

study, the objective of which was to assess whether masitinib can
decrease progression of disability, measured by the Expanded
Disability Status Scale (EDSS), in adults with primary progressive
MS (PPMS) or patients with nonactive secondary progressive
MS (nSPMS) (with no exacerbations in the last 2 years).

Methods
Study Design and Oversight
Study AB07002 was an international, phase 3, randomized,
double-blind, 2 parallel group, placebo-controlled trial over a
96-week treatment period. Patients were randomly assigned
(2:1) to receive masitinib at 4.5 mg/kg/d (administered orally
as 2 daily intakes) or equivalent placebo. A second, in-
dependent parallel group was introduced as an amendment in
which patients were randomly assigned (2:1) to receive
masitinib (administered orally as 2 daily intakes) at an initial
dose of 4.5 mg/kg/d for 12 weeks that was then titrated to a
planned dose of 6.0 mg/kg/d or equivalent placebo. This
amendment effectively replaced amasitinib 6.0 mg/kg/d (starting
dose) treatment arm, which was terminated following re-
cruitment of 45 patients without analysis, with a lower-risk
cohort to improve benefit/risk balance (see eMethods, links.
lww.com/NXI/A699). Each parallel group was therefore
effectively run as a separate study, distinct in matters of sta-
tistical analysis and control arm. Dose reduction or treatment
interruption was allowed for moderate or severe safety event
according to predefined criteria (see eMethods).

Another notable amendment concerned the primary efficacy
analysis, originally defined as MS functional composite
(MSFC), which was modified to the EDSS (protocol version
9.0, September 2016, after 19% [114/611] of patients could
have reached the 96-week time point). This was done fol-
lowing issuance of guidance from the European Medicines
Agency Committee for Medicinal Products for Human Use,

Glossary
9-HPT = 9-hole peg test; AE = adverse event; ALS = amyotrophic lateral sclerosis; EDSS = Expanded Disability Status Scale;
EQ-VAS = Health State Visual Analogue Scale; GEE = generalized estimating equation; HR = hazard ratio; JTR = jump to
reference; LSM = least-squares mean; mITT = modified intention to treat; MS = multiple sclerosis; MSFC = MS functional
composite; MSQOL = MS quality of life; nSPMS = nonactive secondary progressive MS; PASAT-3 = Paced Auditory Serial
Addition Test–3; PPMS = primary progressive MS; SAE = serious nonfatal AE; T25FW = Timed 25-Foot Walk Test.
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stating that the EDSS was the only validated outcome mea-
surement to determine disability in MS and that MSFC
should be used as a secondary measurement of disability.19

Patients
Key eligibility criteria were an age of 18–75 years, MS diagnosis
(regardless of time from onset) according to the revised
McDonald criteria of PPMS or nSPMS without relapse for at
least 2 years prior to inclusion, and a baseline score on the EDSS
of 2.0–6.0 inclusive (range, 0 to 10.0 in 0.5-point increments,
with higher scores indicating greater disability).2,20 In addition,
clinical evidence (medical record) of disability progression over
the preceding 2 years (as measured by an increase in the EDSS
score of at least 1.0 point) was required. The targeted population
therefore comprised patients with progressive MS who are
progressing but not clinically active (i.e., evidence of disability
accumulation over timewithout relapses).4 Key exclusion criteria
were concurrent/recent use of immunomodulators, immuno-
suppressants, interferon beta-1, glatiramer acetate, corticoste-
roids, or any investigational drug with predefined wash-out
periods to avoid potential confounding effects (see eMethods for
further details, links.lww.com/NXI/A699).

Outcomes and Statistical Analysis
Patients were centrally randomized using a computerized central
randomization system and minimization method according to
the covariates of MS phenotype (PPMS or nSPMS), baseline
EDSS score, baseline MSFC subscale scores, and geographical
region. Patients and study staff remained masked to treatment
assignment for the duration of the study, with site segregation
(nonconcurrent recruitment) for the 2 parallel groups. Evalua-
tions were obtained by experienced assessors who were not
otherwise involved in patient management. No neuroimaging
analyses were included in this protocol.

An estimated 300 patients (200 in the masitinib treatment
arm) were required to demonstrate the superiority of masi-
tinib (4.5 mg/kg/d) vs placebo for EDSS (repeated-measure
analysis including time points from W12 to W96) at a sig-
nificant level of 5% for a 2-sided test and with a power >80%,
based on a difference of means equal to 0.2 points (SD 0.4).
The hypothesized response estimates were based on empirical
knowledge from phase 2 (AB04011) data, with the same es-
timate independently applied to the uptitrated 6.0 mg/kg/d masi-
tinib parallel group.

Primary efficacy analysis was performed according to a modified
intention-to-treat (mITT) data set (i.e., ITT data set minus pa-
tients having no intake of drug). The primary end point was
change from baseline on the EDSS, calculated using repeated-
measures methodology (i.e., generalized estimating equation
[GEE]) based on all time points measured every 12 weeks over
96 weeks (δEDSS); i.e., a population-averaged score comprising
8 consecutive data points from each patient. Note that the EDSS
is an ordinal scale and that application of GEEmethodology is an
established approach for the analysis of ordinal categorical lon-
gitudinal data. An advantage of such an approach is that it

circumventsmany of the limitations associated withmean (single
time point) change in the EDSS score from baseline (see the
Discussion section).21,22 Results were expressed as least-squares
mean (LSM) change on the EDSS from baseline (δEDSS,
wherein a positive value indicates disability progression), with
treatment effect (masitinib vs placebo) reported as the between-
group difference (DLSM, wherein a negative value favors masi-
tinib). The change on the EDSS from baseline was calculated
using a GEE model with normal distribution and identity link
function, 97.04% CIs, and 2-sided comparison at an overall alpha
level of 0.030 (adjusted for a single interim analysis using Pocock
alpha spending method, approximated by Hwang-Shih-DeCani
function). Missing data were imputed via last observation carried
forward methodology for those patients discontinuing before
week 96 because of a safety event or lack of efficacy.

Consistency of the primary analysis was tested using predefined
sensitivity analyses (EDSS-related secondary endpoints), in-
cluding change from baseline in ordinal EDSS score averaged
for all time points over 96 weeks; a 3-level ordinal EDSS model
(GEE [W12–W96]) wherein values of +1, 0, or −1 were
assigned for improved, stable, or worsening condition, re-
spectively. This approach simultaneously measures intrasubject
and intragroup incidence of positive and negative outcomes
over duration of treatment. A worsening condition was defined
as an increase from baseline in the EDSS of ≥1.0 point for a
baseline score of ≤5.5 or of ≥0.5 points for a baseline score of
>5.5 points. Likewise, an improving condition was defined by a
decrease from baseline in the EDSS of the aforementioned
values. Further additional (missing data) analyses were per-
formed on the primary EDSS and ordinal EDSS end points
using a conservative jump-to-reference (JTR) approach,
wherein missing data for reason of discontinuation due to lack
of efficacy or safety event are imputed using estimates from the
control group.23 Finally, predefined time-to-event analyses in-
cluded risk of EDSS progression (first progression and 12-week
confirmed) with an additional analysis on risk of progression to
an EDSS score of ≥7.0 (representing wheelchair dependency).

Other secondary end points included change from baseline on
the MSFC raw scores averaged for all time points over 96
weeks, and its component measures of timed 25-foot walk test
(T25FW, averaged time from 2 tests), 9-hole peg test (9-
HPT, averaged time from 2 tests on each hand), and Paced
Auditory Serial Addition Test–3 (PASAT-3).24 Quality of life
was measured via change from baseline in the MS quality of
life (MSQOL-54) subscales of physical health and mental
health and the Health State Visual Analogue Scale (EQ-VAS)
(a vertical visual analog scale wherein a score of 0 indicates
worst imaginable health and 100 indicates best imaginable
health). Similar to the primary analysis, calculations were
based on repeated-measures methodology (mixed-effect
model repeated measure, timeframe [W12–W96]).

Sensitivity analyses and secondary end points were tested at
the 0.05 significance level. Time-to-event analyses were
reported as Kaplan-Meier survival estimates with 95% CIs. All
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analyses and reporting procedures were performed using SAS
version 9.4 (SAS Institute, Cary, NC).

The safety data set comprised all patients who received at least
1 dose of study medication (Figure 1). Patients were moni-
tored for safety from date of informed consent until 28 days
after discontinuing the study drug. Adverse events (AEs) were
coded according to the MedDRA dictionary version 20.0.

Standard Protocol Approvals, Registrations,
and Patient Consents
Study AB07002 was designed by the sponsor (AB Science)
and independent steering committee members, with study
protocol and amendments (see eMethods, links.lww.com/
NXI/A699) approved by relevant institutional review boards
or ethics committee at each participating clinical site. The
study was overseen by a steering committee, which provided
overall supervision and scientific support for the study, and by

an independent data safety monitoring committee, which
periodically reviewed and evaluated safety data to provide
recommendations regarding the patient safety. All patients
provided written informed consent. Study AB07002 is regis-
tered with Clinicaltrials.gov, number NCT01433497.

Data Availability
Masitinib is under clinical investigation and has not yet been
approved in any sought-after indication by any health au-
thority worldwide. As such, there is no plan for data sharing at
this point in time.

Results
Patients
From August 2011 through March 2017, a total of 611 pa-
tients from 116 hospital clinics and specialized MS centers in

Figure 1 Patient Flow Diagram, Detailing Patient Disposition of the Masitinib 4.5 mg/kg/d Parallel Group and Uptitrated
Masitinib 6.0 mg/kg/d Parallel Group

AE = adverse event; ITT = intention-to-treat data set; M4.5 =masitinib treatment arm frommasitinib 4.5 mg/kg/d parallel group; mITT =modified intention to
treat; nSPMS = nonactive secondary progressive multiple sclerosis; PBO = placebo treatment arm from the masitinib 4.5 mg/kg/d parallel group; PPMS =
primary progressivemultiple sclerosis; tM6.0 =masitinib treatment arm from the titrated 6.0mg/kg/d parallel group; tPBO = placebo treatment arm from the
titrated 6.0 mg/kg/d parallel group.

4 Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 3 | May 2022 Neurology.org/NN

http://links.lww.com/NXI/A699
http://links.lww.com/NXI/A699
http://Clinicaltrials.gov
http://neurology.org/nn


20 countries were randomized to study AB07002: 301 in to
the initial parallel group (masitinib dose of 4.5 mg/kg/d) and
310 in to the second parallel group (uptitrated masitinib dose
of 6.0 mg/kg/d).

Considering the masitinib 4.5 mg/kg/d parallel group, 1 pa-
tient was excluded from the ITT data set because of no study
drug intake, yielding safety and mITT data sets of 300 patients
each: 101 and 199 patients in the placebo and masitinib
treatment arms, respectively. A summary of population dis-
position for this cohort, including reasons for withdrawal prior

to week-96, is described in Figure 1. Randomized patients to
this parallel group were similar between treatment arms re-
garding baseline demographic and clinical characteristics
(Table 1). The average age of patients from each treatment arm
was approximately 50 years, with about 50% requiring a
walking aid at baseline (EDSS score ≥6.0). The average EDSS
scores were 5.1 and 5.2 for masitinib and placebo treatment
arms, respectively, with patients with PPMS accounting for
40% and 45%, respectively. Baseline characteristics were also
similar among the treatment arms of the PPMS and nSPMS
subgroups (eTable 1, links.lww.com/NXI/A699).

Table 1 Baseline Patient Characteristics of theMasitinib 4.5mg/kg/d Parallel Group andUptitratedMasitinib 6.0mg/kg/d
Parallel Group (ITT Data Sets)

Masitinib 4.5 mg/kg/d parallel group Titrated masitinib 6.0 mg/kg/d parallel group

M4.5 (n = 200) PBO (n = 101) tM6.0 (n = 203) tPBO (n = 107)

Gender (female), % (n) 55.5 (111) 53.5 (54) 60.1 (122) 60.7 (65)

Age, y

Mean ± SD 49.8 ± 9.63 49.7 ± 10.19 48.6 ± 10.10 48.8 ± 9.68

Range (min–max) 24–69 25–70 25–70 25–71

PPMS phenotype, % (n) 40 (79) 45 (45) 39.9 (81) 43.0 (46)

EDSS score

Mean ± SD 5.2 ± 1.07 5.1 ± 1.06 5.5 ± 0.95 5.5 ± 1.01

Range (min–max) 2–6 2–6 3–6 2–6

EDSS category, % (n)

6 49.0 (98) 47.5 (48) 49.3 (100) 47.7 (51)

5 and 5.5 20.5 (41) 20.8 (21) 24.1 (49) 19.6 (21)

<5.5 30.5 (61) 31.7 (32) 26.6 (54) 32.7 (35)

MSFC T25FW, mean ± SD 22.8 ± 31.52 22.7 ± 37.91 19.2 ± 24.18 18.8 ± 24.07

MSFC 9-HPT, mean ± SD 34.0 ± 18.63 34.2 ± 20.55 32.9 ± 14.30 35.1 ± 25.53

MSFC PASAT-3, mean ± SD 41.6 ± 13.36 40.1 ± 14.47 41.9 ± 13.29 42.2 ± 12.36

Time since MS onset, y

Mean ± SD 14.0 ± 9.14 12.6 ± 7.96 14.2 ± 9.96 12.5 ± 8.81

Range (min–max) 1–41 2–37 1–47 1–44

Time since MS diagnosis, y

Mean ± SD 9.1 ± 7.77 9.0 ± 8.17 10.0 ± 8.62 8.3 ± 8.26

Range (min–max) 0–41 0–34 0–43 3–40

Region, % (n)

Poland 23.0 (46) 17.8 (18) 40.4 (82) 39.3 (42)

Germany/Spain/Ukraine 48.0 (96) 44.6 (45) 28.1 (57) 29.0 (31)

Rest of the world 29.0 (58) 37.6 (38) 31.5 (64) 31.8 (34)

Abbreviations: 9-HPT = 9-hole peg test; EDSS = Expanded Disability Status Scale; ITT = intention-to-treat data set; M4.5 = masitinib treatment arm from
masitinib 4.5 mg/kg/d parallel group; MSFC = multiple sclerosis functional composite; PASAT-3 = Paced Auditory Serial Addition Test–3; PBO = placebo
treatment arm frommasitinib 4.5mg/kg/d parallel group; PPMS = primary progressivemultiple sclerosis; T25FW = timed 25-foot walk test; tM6.0 =masitinib
treatment arm from the titrated 6.0 mg/kg/d parallel group; tPBO = placebo treatment arm from the titrated 6.0 mg/kg/d parallel group.
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Considering the uptitrated masitinib 6.0 mg/kg/d parallel
group, the ITT and safety data sets each comprised 310 pa-
tients: 107 and 203 patients in the placebo and masitinib
treatment arms, respectively. A summary of population dis-
position for this cohort, including reasons for withdrawal prior
to week-96, is described in Figure 1. Baseline characteristics
were similar among the treatment arms (Table 1). Patients
were again enrolled at an advanced stage of the disease (EDSS
score ≥6.0 for 49.3% and 47.7% of masitinib- and placebo-
treated patients, respectively), with an average EDSS score of
5.5 for each treatment arm and average age of approximately
49 years. Patients with PPMS accounted for 40% and 43% of
masitinib and placebo arms, respectively.

Primary Efficacy Analysis
Masitinib (4.5 mg/kg/d) showed significant benefit over
placebo with a δEDSS of 0.001 vs 0.098, respectively, and
DLSM of −0.097 (97% CI −0.192 to −0.002); p = 0.026
(Table 2). For the masitinib treatment arm, this δEDSS value
represents a slight worsening in average change of EDSS from
baseline over repeated time measures (adjusted for cova-
riates), whereas an increased clinical deterioration in the
EDSS was observed for placebo. A sustained treatment effect,
indicative of a confirmed between-group difference, was evi-
dent from a time series plot of δEDSS, measured every 12
weeks over the 96-week treatment period (Figure 2A). For
the subgroups of PPMS and nSPMS, the difference in DLSM
was −0.128 (95% CI −0.285 to −0.028) and −0.104 (95% CI
−0.198 to −0.008), respectively, indicating a comparable
treatment effect in both phenotypes.

Results from the second parallel group, with a titrated masi-
tinib dose of 6.0 mg/kg/d, did not show any significant dif-
ference between the masitinib and placebo treatment arms,
with a δEDSS of 0.009 (SE 0.035) vs −0.005 (SE 0.056),
respectively, and DLSM of +0.014 (97% CI −0.111 to
+0.140); p = 0.802. A time series plot of δEDSS, measured
every 12 weeks over the 96-week treatment period, shows that
in the PPMS subgroup, the placebo arm exhibited an atypical
pattern of EDSS improvement relative to baseline during the
early phase of the study (Figure 2B).

Sensitivity Analyses on the EDSS for the
Masitinib 4.5 mg/kg/d Parallel Group
Considering only the masitinib 4.5 mg/kg/d parallel group,
sensitivity analyses on the EDSS were mostly convergent with
the primary end point result, showing a significant advantage
for masitinib 4.5 mg/kg/d relative to placebo (Table 2). For
example, JTR sensitivity analysis for the primary end point
gave a significantDLSM of −0.089 (95%CI −0.173 to −0.006;
p = 0.037). Likewise, the predefined ordinal EDSS score
analysis showed that patients receiving masitinib had a sig-
nificant 39% increased probability of having either disease
improvement or an absence of disease progression relative to
placebo (OR 0.610, 95% CI 0.376–0.988; p = 0.045). For the
PPMS subgroup, there was a relative risk reduction of 38%
(OR 0.618, 95% CI 0.311–1.226), and for the nSPMS sub-
group, there was a relative risk reduction of 50% (OR 0.504,
95% CI 0.251–1.012). JTR sensitivity analysis on the ordinal
EDSS score showed a 47% increased probability of hav-
ing either disease improvement or an absence of disease

Table 2 Summary of Primary Efficacy End Point and Associated EDSS Sensitivity Analyses for the Masitinib 4.5 mg/kg/d
Parallel Group (mITT Data Set)

PBO (N = 101) M4.5 (N = 199) Output Statistic p Value

Primary analysis

δEDSS (SE); repeated-measures EDSS change 0.098 (0.041) 0.001 (0.034) −0.097 (−0.192 to −0.002)a Difference (97%CI) 0.027

EDSS sensitivity analyses

3-level ordinal EDSS model n/a n/a 0.610 (0.376 to 0.988) OR (95% CI) 0.045

Time-to-first EDSS progression (unconfirmed); events
n (%)

31 (30.7) 34 (17.1) 0.58 (0.35 to 0.96) HR (95% CI) 0.034

Time-to-confirmed (12-wk) EDSS progression; events n (%) 18 (17.8) 22 (11.1) 0.63 (0.33 to 1.20) HR (95% CI) 0.159

Time-to-first EDSS score ≥7.0 (unconfirmed); events n (%) 6 (5.9) 1 (0.5) n/a 0.019

Time-to-confirmed (12-wk) EDSS score ≥7.0; events n (%) 4 (4.0) 0 (0) n/a 0.013

EDSS JTR sensitivity analyses

JTR δEDSS (SE) 0.105 (0.035) 0.015 (0.028) −0.089 (−0.173 to −0.006) Difference (95%CI) 0.037

JTR 3-level ordinal EDSS model n/a n/a 0.527 (0.274 to 1.012) OR (95% CI) 0.054

Abbreviations: EDSS = Expanded Disability Status Scale; HR = hazard ratio; JTR = jump to reference; mITT = modified intention to treat; M4.5 = masitinib
treatment arm frommasitinib 4.5 mg/kg/d parallel group; n/a = not applicable; OR = odds ratio; PBO = placebo treatment arm; SE = standard error; δEDSS =
least-squares mean difference in the EDSS (positive value indicates disability progression); DLSM = between-group difference in δEDSS (treatment effect;
negative value favors masitinib).
This table contains data collected up until the end of the double-blind controlled treatment period as of the clinical cutoff date (November 12, 2019).
a CI at 97.04% for primary analysis and at 95% for all other measures.
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progression in favor of masitinib (OR 0.527, 95% CI
0.274–1.012; p = 0.054).

The percentage of patients with first EDSS progression was
17.1% (34/199) for masitinib (4.5 mg/kg/d) vs 30.7% (31/
101) for placebo over a timeframe of 96 weeks, corresponding
to a significant 42% risk reduction with masitinib (hazard ratio
[HR] 0.58, 95% CI 0.35–0.96; p = 0.034) (Figure 3). The
percentage of patients with 12-week confirmed EDSS pro-
gression was 11.1% (22/199) for masitinib vs 17.8% (18/101)
for placebo over a timeframe of 96 weeks, corresponding to a
risk reduction of 37% with masitinib (HR 0.63, 95% CI
0.33–1.20; p = 0.159) (Figure 3). Masitinib also significantly
reduced the risk of progression to an EDSS score ≥7.0 (12-
week confirmed), with no patients (0%) progressing to this
stage over 96 weeks in the masitinib treatment arm vs 4 pa-
tients (4%) in the placebo arm (p = 0.013) (eFigure 1, links.
lww.com/NXI/A699). Sensitivity analyses and secondary end
point analyses on the titrated masitinib 6.0 mg/kg/d data set
were not performed because, in accordance to protocol, the
primary end point was not met for this parallel group.

Secondary End Point Analyses for theMasitinib
4.5 mg/kg/d Parallel Group
Considering only the masitinib 4.5 mg/kg/d parallel group, a
significant difference in change from baseline of 9-HPT

(mixed-effect model repeated measures) was seen for masitinib
relative to placebo (p = 0.039), whereas there was a trend dif-
ference for EQ-VAS (p= 0.075) (eTable 2, links.lww.com/NXI/
A699). However, the majority of secondary end points did not
show any discernible effect between arms, including the MSFC
score (p = 0.729), T25W (p = 0.385), PASAT-3 (p = 0.381),
SQOL–physical health (p= 0.823), andMSQOL–mental health
(p = 0.578).

Further consideration of subgroups showed that the pos-
itive secondary end point results were driven by a signifi-
cant improvement for masitinib (4.5 mg/kg/d) in patients
with nSPMS; 9-HPT had a DLSM of −5.442 (95% CI
−10.030 to −0.854; p = 0.0204) and EQ-VAS had a DLSM
of 3.59 (95% CI 0.375–6.814; p = 0.029) (eTable 2, links.
lww.com/NXI/A699). A sustained trend in the nSPMS
subgroup treatment effect was also evident from a time
series analyses of secondary endpoints, measured every 12
weeks over the 96-week treatment period (eTable 3, links.
lww.com/NXI/A699).

Safety Analysis for the Masitinib 4.5 mg/kg/d
Parallel Group
The incidence of AEs was 94.5% (188/199) for masitinib (4.5
mg/kg/d) vs 87.1% (88/101) for placebo (Table 3). AEs
(MedDRA preferred terms, regardless of severity) that

Figure 2 Time Series Plot of Least-Squares Mean Difference in the EDSS From Baseline

Least-squares mean difference in the EDSS from baseline
(δEDSS) ± SE, measured every 12 weeks over the 96-week
treatment period. (A) Masitinib 4.5 mg/kg/d parallel group,
mITT. (B) PPMS subgroup of the masitinib titrated 6.0 mg/kg/
d parallel group PPMS subgroup (the dotted region indicates
placebo arm’s atypical pattern of EDSS improvement relative
to baseline during the early phase of the study). EDSS = Ex-
panded Disability Status Scale; δEDSS = least-squares mean
difference in the EDSS (positive value indicates disability
progression); mITT = modified intention-to-treat population;
PPMS = primary progressive multiple sclerosis.
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differed by ≥5% in incidence between treatment groups are
presented in eTable 4 (links.lww.com/NXI/A699). Those
occurring more commonly for masitinib compared with pla-
cebo were diarrhea, maculopapular rash, nausea/vomiting,

peripheral edema, pruritus, and various laboratory assess-
ments. MS relapses were reported as an AE (by preferred
term) with an incidence of 7.5% (15/199) for masitinib vs
6.9% (7/101) for placebo.

Figure 3 Kaplan-Meier Plot Showing Cumulative Probability of Reaching EDSS Progression for Masitinib 4.5 mg/kg/d
(Solid Line) vs Placebo (Dashed Line)

(A) Risk of first EDSS progression (unconfirmed), showing a
risk reduction of 42% with masitinib. (B) Risk of confirmed
EDSS progression (12 weeks), showing a risk reduction of 37%
with masitinib. EDSS = Expanded Disability Status Scale; HR =
hazard ratio; M4.5 = masitinib 4.5 mg/kg/d; PBO = placebo.

Table 3 Safety Summary of Treatment-Emergent AEs Over the 96-Week Treatment Period (Safety Data Sets, Regardless
of Causality)

Patients with ≥1 event, % (n)

Masitinib 4.5 mg/kg/d parallel group Titrated masitinib 6.0 mg/kg/d parallel group

M4.5 (N = 199) PBO (N = 101) tM6.0 (N = 203) tPBO (N = 107)

AE (any grade) 94.5 (188) 87.1 (88) 90.6 (184) 78.5 (84)

AE leading to deatha 0 2.0 (2) 1.0 (2) 0

Serious AE (nonfatal) 21.1 (42) 12.9 (13) 23.2 (47) 10.3 (11)

Serious AE (including death) 21.1 (42) 14.9 (15) 24.2 (49) 10.3 (11)

AE permanent discontinuationb 20.6 (41) 2.0 (2) 21.2 (43) 8.4 (9)

Abbreviations: AE = adverse event; M4.5 = masitinib treatment arm frommasitinib 4.5 mg/kg/d parallel group; PBO = placebo treatment arm frommasitinib
4.5mg/kg/d parallel group; tM6.0 =masitinib treatment arm from the titrated 6.0mg/kg/d parallel group; tPBO = placebo treatment arm from the titrated 6.0
mg/kg/d parallel group.
a AEs were recorded until 28 days after treatment interruption with any AE not resolved at the death of the patients recorded as an AE leading to death.
b AE leading to permanent discontinuation excluding death. Safety data set excluded 1 patient from ITT because of no intake of study drug.
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The rate of serious nonfatal AE (SAE) was 21.1% (42/199) for
masitinib vs 12.9% (13/101) for placebo. The most common
treatment-emergent SAEs for masitinib (with an incidence
≥1.0%), weremaculopapular rash, erythemamultiforme, elevated
gamma-glutamyl transferase, neutropenia, and palmar-plantar
erythrodysesthesia syndrome (eTable 5, links.lww.com/NXI/
A699). The 2 cases of erythema multiforme were of moderate
severity that resolved without sequelae following discontinuation.
No death was reported in the masitinib treatment arm (Table 3).

Patient discontinuation before week 96 was similar between
treatment arms for reasons categorized as missing at random
(21.1% for masitinib vs 20.8% for placebo) and due to lack of
efficacy (12.6% vs 11.9%, respectively) (Table 4). Discon-
tinuations due to AE were however more frequent in the
masitinib treatment arm (16.5% vs 1.0%, respectively); of
which for masitinib, 6/33 (18%) and 14/33 (42%) were, re-
spectively, based on investigator decision or patient decision
due to nonsevere AE, and 4/33 (12%) patients were dis-
continued by the investigator in violation of safety protocol
rules (i.e., discontinued treatment when protocol proposed
dose reduction). Hence, more than 70% of those discontin-
uations were attributed to AEs that can be efficiently managed
by dose reduction or temporary interruption.

Assessment according to clinical evidence of infections and in-
festations showed an overall incidence (regardless of severity) of
36.7% (73/199) for masitinib vs 35.6% (36/101) for placebo
(eTable 6, links.lww.com/NXI/A699). Rates according to ana-
tomical site (e.g., upper respiratory tract, lower respiratory tract,
and lower urinary tract) were well balanced between treatment
arms, as was distribution of severity within each category. The
only infectious complication reported as a SAE was urinary tract
infection with an incidence of 1.0% in each treatment arm (2/
199 vs 1/101, respectively) (eTable 5). Hence, there was no
evidence of elevated risk of infection for masitinib relative to
placebo over the 96-week treatment period.

Safety Analysis for the UptitratedMasitinib 6.0
mg/kg/d Parallel Group
The incidence of treatment-emergent AE and SAE for masiti-
nib (titrated 6.0 mg/kg/d) was, respectively, 90.6% (184/203)
and 23.2% (47/203) vs 78.5% (84/107) and 10.3% (11/107)
for placebo (Table 3). The most common treatment-emergent
AE for masitinib was nausea with an incidence of 11.3% (23/
203) vs 2.8% (3/107) for placebo. The most common
treatment-emergent SAEs for masitinib were neutropenia (2%,
4/203) and maculopapular rash (2%, 4/203), with neither
occurring in the placebo arm. During the study, there were 2
deaths (1%) in the masitinib titrated 6.0 mg/kg/d group
(cellulitis and myocardial infarction) vs none for placebo.

Discussion
Efficacy results from study AB07002 (as measured using the
EDSS, the gold standard instrument for monitoring MS

Table 4 Summary of Reason for Premature
Discontinuation for the Masitinib 4.5 mg/kg/d
Parallel Group; Number (%) of Patients

Category of
discontinuation Reason

M4.5
(n = 200)

PBO
(n = 101)

Total Any reason 100 (50.0) 34 (33.7)

MAR

Total MAR 42 (21.0) 21 (20.8)

Cancer 2 (1.0) 0

Death 0 1 (1.0)

Eligibility criteria
mistake

2 (1.0) 0

Lost to follow-up 1 (0.5) 1 (1.0)

Not related TEAE 3 (1.5) 1 (1.0)

Procedures 7 (3.5) 6 (5.9)

Protocol non
compliance

2 (1.0) 1 (1.0)

Regulatory
suspension

8 (4.0) 3 (3.0)

Travel 12 (6.0) 4 (4.0)

Unknown 5 (2.5) 4 (4.0)

MNAR

Total MNAR 58 (29.0) 13 (12.9)

Lack of efficacy 25 (12.5) 12 (11.9)

Drug-related TEAE 33 (16.5) 1 (1.0)

Drug-related TEAE
breakdown

Investigator decisiona 14 (7.0) 0

Severe 8 (4.0) 0

Moderate 6 (3.0) 0

Mild 0 0

Safety rule violationb 4 (2.0) 0

Severe 0 0

Moderate 3 (1.5) 0

Mild 1 (0.5) 0

Patient decision 15 (7.5) 1 (1.0)

Severe 1 (0.5) 0

Moderate 12 (6.0) 1 (1.0)

Mild 2 (1.0) 0

Abbreviations: M4.5 = masitinib 4.5 mg/kg/d; MAR = missing at random;
MNAR =missing not at random; PBO = placebo; TEAE = treatment-emergent
adverse event.
a Discontinuation based on investigator decision as per protocol safety
rules.
b Discontinuation based on investigator decision that was in violation of
protocol safety rules and could have been managed without need to dis-
continue. Adverse events described using MedDRA preferred terms.
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disease severity) significantly favored masitinib (4.5 mg/kg/
d) over placebo. The observed primary end point treatment
effect is supported by convergence in EDSS sensitivity anal-
yses. Moreover, benefit was demonstrated in a relatively di-
verse population that comprised both PPMS and nSPMS
subgroups.

Conversely, results from the uptitrated masitinib 6.0 mg/kg/d
parallel group did not demonstrate any treatment effect. This
was unexpected, the experience of masitinib in another neu-
rodegenerative indication that also targeted mast cell and
microglia activity (i.e., ALS) having indicated possible dose-
dependent efficacy.12One explanation for this divergent result is
that the titrated 6.0 mg/kg/d parallel group placebo arm had an
atypical pattern of EDSS improvement relative to baseline
during the early phase of the study (Figure 2B), which then
compromised all subsequent analysis and resulted in an im-
plausible situation of the placebo arm showing an overall im-
provement relative to baseline after 96 weeks.What we can infer
from these data, however, is that in terms of benefit/risk bal-
ance, the recommended masitinib dose for future development
should be 4.5 mg/kg/d. This is based on an apparent absence of
the dose-dependent treatment effect, as evidenced by similar
EDSS time series profiles (i.e., rate of change in the EDSS over
96 weeks) for the masitinib 4.5 mg/kg/d and titrated masitinib
6.0 mg/kg/d treatment arms (Figure 2, A and B, respectively)
and because of a more favorable safety profile for the masitinib
4.5 mg/kg/d cohort (Table 3).

An innovative design feature of study AB07002 is its use of
EDSS repeated-measures GEE methodology for the primary
efficacy outcome, as opposed to survival or disability pro-
gression analyses that consider a specificmilestone.25 The latter
approaches ignore available data, both before and after reaching
the milestone, do not consider differences between individual
trajectories, and have a relatively low incidence of milestone
attainment over 2 years in the placebo group. Conversely, GEE
repeated-measure models, where observations are clustered
within individuals, use all available information to generate a
population-averaged interpretation of the data, which takes into
account the fluctuating nature of EDSS over time (i.e., all de-
tectable improvement and worsening). Furthermore, this ap-
proach accounts for time variation and the correlations
between repeated measurements found in a longitudinal study
design and is relatively insensitive to within and between pa-
tient EDSSmeasurement variability (i.e., due tomissing data or
investigator variability). Another advantage of this end point is
a reduced sample size requirement for a given study power as
compared with the conventional time to confirmed disability
progression end point, although this gain comes at the expense
of those secondary end points being underpowered. One po-
tential caveat to this approach, however, is that there is no
precedent for its use in other MS trials and that the numeric
values associated with δEDSS (which is now effectively an
interval scale) are not relatable to the original EDSS scores or
intervals (which is an ordinal scale), making direct clinical in-
terpretation more challenging.

Overall, safety results from this study were consistent with the
known profile for masitinib (e.g., diarrhea, rash, nausea, pe-
ripheral edema, pruritus, and dyspepsia), and there were no new
safety concerns.12,26 There was no evidence of increased risk of
infection with masitinib, which could prove advantageous
compared with other MS drugs, many of which are associated
with an increased risk of infectious complications both in terms
of frequency (e.g., increased rates of minor infections) and se-
verity (e.g., potentially life-threatening opportunistic infections
such as progressive multifocal leukoencephalopathy).27,28

The only drug currently approved for treatment of PPMS is
ocrelizumab, a humanized monoclonal antibody targeting the
CD20 antigen on B cells, for which a single pivotal trial was
conducted in PPMS, whereas there is no accepted drug for
nSPMS (siponimod being approved solely for relapsing/active
SPMS).29-31 Comparison between masitinib AB07002 results
and other treatments for progressive MS is complicated by im-
portant differences in study design, patient inclusion criteria,
primary end points used, and pharmacologic action. For exam-
ple, ocrelizumab is approved for treatment of patients with
PPMS with active disease (imaging features characteristic of
active inflammation at baseline) and early disease in terms of
disease duration and level of disability (i.e., younger patients less
than 45 years of age), as reflected in the indication approved by
regulatory authorities.32 In contrast, the positive results from
masitinib study AB07002 are in the context of a broader pop-
ulation with little restriction on age, no restriction on duration of
disease, and targeting patients with progressiveMS (both PPMS
and SPMS) who are progressing but are not clinically active.

Mechanistic implications of masitinib’s dual action against acti-
vated cells of the neuroimmune system may influence the future
direction of drug development in progressiveMS; for example, by
prompting a move away from immunomodulating agents that
predominantly target B-cell and T-cell signaling pathways or a
combined therapeutic approach that targets both the peripheral
adaptive andCNS innate immune systems. These positive clinical
findings also provide compelling evidence implicating mast cells
and/or macrophage/microglia to the pathophysiology of truly
progressive MS. However, further preclinical studies are needed
to better understand howmasitinib’s observed therapeutic benefit
is attributable to inhibition of macrophage, microglia, and mast
cell activity; for example, testing the hypothesis that masitinib is
capable of switching the neuroimmune system from a neurotoxic
state toward a neuroprotective state with resultant remodeling of
the neuronal microenvironment.33 Indeed, neuroprotection as-
sociated with masitinib’s therapeutic targeting of these cells in
other neurodegenerative disorders suggests that reduction of
neuronal damage in MS is also probable.13,15

In conclusion, masitinib at 4.5 mg/kg/d can benefit patients
by slowing EDSS-based disability worsening; however, vali-
dation of these findings via a confirmatory phase 3 study will
be necessary, in part because neuroimaging data were not
collected during the current study and also due to an absence
of signal on secondary end points. Overall, study AB07002
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represents the first successful randomized, controlled, phase 3
trial in progressive MS of a tyrosine kinase inhibitor, targeting
innate immune cells.
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Abstract
Background and Objectives
Recently accumulating evidence suggests the pivotal role of type 1 interferon (IFN-1) signature
in the pathogenesis of neuromyelitis optica spectrum disorder (NMOSD). However, the
mechanism of the initial trigger that augments IFN-1 pathway in the peripheral immune system
of NMOSD has yet to be elucidated.

Methods
Clinical samples were obtained from 32 patients with aquaporin-4 antibody–positive NMOSD
and 23 healthy subjects. IFN-1 induction in peripheral blood mononuclear cells (PBMCs) by
serum-derived cell-free DNA (cfDNA) was assessed in combination with blockades of DNA
sensors in vitro. CfDNA fraction was analyzed for DNA methylation profiles by bisulfite
sequencing, elucidating the cellular origin of cfDNA. The induction of neutrophil extracellular
trap related cell death (NETosis) was further analyzed in NMOSD and control groups, and the
efficacy of pharmacologic intervention of NETosis was assessed.

Results
Enhanced IFN-1 induction by cfDNA derived from NMOSD was observed in PBMCs with
cofactor of LL37 antimicrobial peptide. DNase treatment, cGAS inhibitor, and Toll-like re-
ceptor 9 antagonist efficiently inhibited IFN-1 production. DNAmethylation pattern of cfDNA
in patients with NMOSD demonstrated that the predominant cellular source of cfDNA was
neutrophils. Whole blood transcriptome analysis also revealed neutrophil activation in
NMOSD. In addition, enhanced NETosis induction was observed with NMOSD-derived sera,
and efficient pharmacologic inhibition of NETosis with dipyridamole was observed.

Discussion
Our study highlights the previously unrevealed role of cfDNA predominantly released by
neutrophil in the induction of IFN-1 signature in NMOSD and further indicate a novel
pharmacologic target in NMOSD.
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Neuromyelitis optica spectrum disorder (NMOSD) is an
autoimmune inflammatory disease of the CNS.1 Despite the
major advancements that have been made on unraveling the
pathogenic role of aquaporin-4 (AQP4)-Abs in NMOSD, the
precise mechanism underlying the immune dysregulation in
NMOSD has yet to be elucidated.

It has been reported that interferon (IFN)-β, a well-known
treatment of multiple sclerosis (MS), worsens the disease
course of NMOSD,2-5 and several studies have also demon-
strated the correlation of elevated type 1 IFN (IFN-1) sig-
nature with severe disability in patients with NMOSD.6,7

Serologic coappearance of various antinuclear antibodies, the
hallmark of prototypic IFN-1–mediated diseases such as
systemic lupus erythematosus (SLE) and Sjögren syndrome,
is frequently observed in patients with NMOSD. These
clinical observations suggest the pivotal role of IFN-1 signa-
ture as an underlying mechanism involved in the pathogenesis
of NMOSD.

IFN-1 activates the expression of genes involved in B-cell
activation, such as B cell–activating factor,8,9 thus illustrating
its involvement in B-cell proliferation, differentiation, and
immunoglobulin class switching. Furthermore, IFN-α re-
portedly acts in concert with interleukin (IL)-6 to promote
the differentiation of naive B cells into plasmablasts, thus
resulting in the production of pathogenic autoantibodies in
SLE.10

These previous observations highlight the critical role of IFN
signature in dysregulated immune responses of NMOSD
pathogenesis. However, the precise mechanism by which IFN
signature is imprinted in patients afflicted with NMOSD has
yet to be elucidated. Thus, the purpose of this study was to
clarify the initial trigger that leads to the activation of IFN-1
signature in patients with NMOSD and further elucidate the
precise mechanism and type of immune cells involved in the
process.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
The protocol of this study involving human participants was
reviewed and approved by the Ethics Committee of Osaka
University, Suita, Japan, and written informed consent was

obtained from all subjects before their involvement in the
study in accordance with the tenets set forth in the Declara-
tion of Helsinki.

Clinical Sample
Clinical samples were obtained from patients with NMOSD
positive for AQP4-Abs (n = 32) and healthy control subjects (n
= 23). All the patients with NMOSD in this study fulfilled the
2015 NMOSD diagnostic criteria.11 Demographic data of pa-
tients with NMOSD and healthy control are described in
eTable1. Peripheral blood mononuclear cells (PBMCs) were
isolated with Cytiva Ficoll-Paque PLUS (GE Healthcare, Chi-
cago, IL) in accordance with the manufacturer’s instructions.

For the cell-free DNA (cfDNA) analysis, the patient’s sera
were assessed for the mRNA expression of IFN-αwhen added
to healthy PBMCs, and samples were collected from those
who showed high IFN-α inducibility of more than 25th per-
centile in the patients with NMOSD. All the experiments
examining the stimulatory effects of either sera or cfDNA
were performed on an aliquot of PBMC of allogenic
individuals.

IFN-1 Induction by NMOSD Sera
PBMCs (3 × 105 cells per well) were stimulated with 20%
NMOSD or healthy control sera and then collected after 8
hours.

Extraction and Measurement of Double-
Stranded DNA in Human Sera
Extracellular double-strandedDNA in the sera was extracted by
use of the DNA Extractor SP Kit (FujiFilm Wako Pure
Chemical Corporation, Osaka, Japan) and quantified by the
Quant-iT dsDNA Assay Kit (Invitrogen, Waltham, MA) with
Absorbance/Fluorescence Microplate Reader SH9000lab
(Corona Electric Co., Ibaraki, Japan) in accordance with the
manufacturer’s instructions.

Quantitative PCR
For the preparation of the quantitative PCR(qPCR) analysis, total
RNA was isolated by the use of the RNeasy Micro Kit (Qiagen,
Hilden, Germany). The total RNA was reverse transcribed with
SuperScript IV VILO Master Mix (Thermo Fisher Scientific,
Waltham, MA) in accordance with the manufacturer’s instruc-
tions. qPCR analysis was performed with a SYBR Green qPCR
Assay Kit (Bio-Rad Laboratories, Hercules, CA) against IFN-α
(forward 59-GACTCCATCTTGGCTGTGA-39, reverse 59-

Glossary
AQP4 = aquaporin-4; cAMP = cyclic AMP; cDC = conventional dendritic cell; cfDNA = cell-free DNA; DC = dendritic cell;
FACS = fluorescent-activated cell sorting; GAGE = General Applicable Gene-set Enrichment; GO = gene ontology; IFN =
interferon; IL = interleukin;MS = multiple sclerosis; NMOSD = neuromyelitis optica spectrum disorder; PBMC = peripheral
blood mononuclear cell; pDC = plasmacytoid dendritic cell; PMA = phorbol myristate acetate; PBS = phosphate-buffered
saline; qPCR = quantitative PCR; SLE = systemic lupus erythematosus; TLR9 = Toll-like receptor 9; TNF = tumor necrosis
factor.
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TGATTTCTGCTCTGACAACCT-39), IFN-β (forward 59-
AAACTCATGAGCAGTCTGCA-39, reverse 59-AGGA-
GATCTTCAGTTTCGGAGG-39) and GAPDH (forward 59-
AATCCCATCACCATCTTCCA-39, reverse 59-
rTGGACTCCACGACGTACTCA-39). The results were an-
alyzed by use of the QuantStudio 7 Flex Real-Time PCR
System (Applied Biosystems, Waltham, MA).

Inhibitors of IFN-α Induction
DNaseI RNase-free (Thermo Fisher Scientific, Waltham,
MA) was used at a final concentration of 25 units/mL. The
sera were incubated with these enzymes for 100 minutes at
37°C. PBMCs (3 × 105 cells per well) were stimulated with
3 μM Toll-like receptor 9 (TLR9) antagonist ODN A151
(InvivoGen, San Diego, CA) for 6 hours or 20 μM cGAS
inhibitor G140 (InvivoGen, San Diego, CA) for 3 hours be-
fore the PBMCs being stimulated with 20% NMOSD sera.
The PBMCs were then collected at 8 hours after stimulation.

cfDNA Analysis
Peripheral blood samples were collected in tubes with ethyl-
enediamine tetraacetic acid. The blood samples were first
centrifuged at 1,600g for 10 minutes at 4°C. The plasma frac-
tion was further centrifuged at 16,000g for 10minutes at 4°C to
pellet the residual cells. DNA was extracted from 5 mL of
plasma using the MagMAX Cell-Free DNA Isolation Kit
(Applied Biosystems, Waltham, MA) in accordance with the
manufacturer’s instructions. The concentrations of DNA were
measured by the use of the Quant-iT dsDNA Assay Kit. For
DNA sequencing, plasma DNA libraries were prepared using
the Accel-NGS Methyl-Seq DNA library Kit and Methyl-Seq
Set A Indexing Kit (Swift Biosciences, Ann Arbor, MI). The
bisulfite-treated DNA libraries were sequenced on a NovaSeq
6000 Genome Sequencing System (Illumina, San Diego, CA).
The KL divergence for each number of reads was calculated,
and the variance was simulated. Based on the results, a sufficient
number of reads above 20 ×106 reads were analyzed
(eFigure 1A, links.lww.com/NXI/A698). The raw FASTQ
sequencing files were downloaded and then trimmed using
TrimGalore with the default parameters. Trimmed FASTQ
sequencing files were aligned on the human genome reference,
i.e., GENCODE version 34 using the Bismark software pro-
gram with the default parameters. The deduplication and the
extraction of methylation information were performed using
deduplicate_bismark and bismark_methylation_extractor. Fi-
nally, the deconvolution of the cell of origin of cfDNA was
performed using deconvolve.py12 with modification to apply
the tool to BS-seq (github.com//yyoshiaki/methatlas).

LL37/HNP in Sera
The concentration of LL37 and HNP1-3 in the NMOSD sera
and the healthy control sera was measured using a commer-
cially available kit (Hycult Biotech, Uden, Netherlands).

LL37/HNP and cfDNA
The cfDNA was extracted from NMOSD or healthy control
sera and quantified by the use of the Quant-iT dsDNA Assay

Kit. PBMCs (3 × 105 cells per well) or dendritic cells (DCs)
(2 × 104 cells per well) were incubated with cfDNA extracted
from 3 mL of sera per well and LL37 (10 μM; AnaSpec,
Fremont, CA) or HNP (10 μM;Hycult Biotechnology, Uden,
Netherlands). After the cells were cultured overnight, the
culture media was collected. IFN-α in the culture media was
measured using the IFN alpha Human ELISA Kit (Invitrogen,
Waltham, MA).

Fluorescent-Activated Cell Sorting
(FACS) Analysis
For FACS analysis, PBMCs from healthy individuals were
stained using Pacific Blue-labeled anti-HLA-DR mAb (1:100;
Becton Dickinson, Franklin Lakes, NJ), PE-Cy7-labeled anti-
CD3, CD14, CD19, and CD56 mAb (1:100; Becton Dick-
inson, Franklin Lakes, NJ), APC-labeled anti-CD11c mAb (1:
5; Becton Dickinson), and FITC-labeled anti-CD123 mAb
(1:5; Becton Dickinson). DCs were isolated and quantified
using a BD FACSAria II System (Becton Dickinson). HLA-
DR (+) Lineage (−) CD11c (−) CD123 (+) was defined as
plasmacytoid dendritic cells (pDCs), and HLA-DR (+)
Lineage (−) CD11c (+) was defined as conventional dendritic
cells (cDCs) as previously reported.13

Analysis of RNA-Seq Data
Read count data of whole blood RNA-seq in patients with
NMOSD from the previous article6 were obtained and
reanalyzed. RNA sequence data were analyzed with iDEP (an
integrated web application for differential expression and
pathway analysis of RNA-seq data).14 For the analysis, iDEP
v0.92 was used, and the parameters were set at default.
Principal component analysis, heatmap, and gene ontology
(GO) analysis based on General Applicable Gene-set En-
richment (GAGE) was performed in the healthy control
subjects and the patients with AQP4-Ab–positive NMOSD.

Human Neutrophil Purification
For neutrophil preparation, blood was collected in heparin
tubes by standard phlebotomy techniques.15,16 The blood was
fractionated by density-gradient centrifugation using Cytiva
Ficoll-Paque PLUS. Neutrophils were further purified by
dextran sedimentation of the red blood cell layer followed by
lysis of residual erythrocytes with 0.2% sodium chloride. The
purity of the neutrophils was confirmed by flow cytometry.

Detection and Quantitation of NET
Neutrophils were seeded on Iwaki chamber slides at a density
of 106 cells/mL. Cells were incubated for 1 hour in a CO2
incubator at 37°C and then stimulated with 20% NMOSD,
healthy control sera, phorbol myristate acetate (PMA) (100
nM), and phosphate-buffered saline (PBS). Dipyridamole
(Sigma-Aldrich, St Louis, MO) was added to a final concen-
tration of 40 μM. After stimulation for 4 hours, each well was
washed with PBS, and then, SYTOX green stain (Invitrogen,
Waltham, MA) was added to nonfixed live cells to ensure that
only extracellular DNA was detected.17 Immunofluorescence
confocal microscopy was performed by use of a BZ-X710 All-
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In-One Fluorescence Microscope (Keyence, Osaka, Japan),
and the images were analyzed with ImageJ software (NIH,
Bethesda, MD).

The human NET formation was quantitated by the use of the
NETosis Assay Kit (Cayman Chemical, Ann Arbor, MI)
according to themanufacturer’s protocol. Isolated neutrophils
were primed with tumor necrosis factor (TNF)-α (2 ng/mL)
for 15 minutes.

Statistical Analysis
p Values were calculated by the Mann-Whitney U test (2-
tailed) for comparison between 2 groups and the Kruskal-
Wallis H-test for comparison between multiple groups. The
Wilcoxon signed-rank test was used to compare between 2
groups with correspondence. A p value of <0.05 was consid-
ered statistically significant.

Data Availability
Data that support the findings of this study are available from
the corresponding author on reasonable request.

Results
Sera Derived From Patients With NMOSD
Enhance IFN-1 Gene Expression in Peripheral
Blood Mononuclear Cells
To clarify whether IFN-1 signature is enhanced in patients
with NMOSD, we compared the gene expression of IFN-α
and IFN-β by qPCR in PBMCs derived from either healthy
control subjects or patients with NMOSD. In both groups,
IFN-α gene expression was more prominent than IFN-β, and
significantly enhanced gene expression of both IFN-α and
IFN-β was observed in the patients with NMOSD compared
with that in the healthy control subjects (Figure 1A).

Next, we examined whether sera derived from patients with
NMOSD possess higher capacity to induce IFN-1 gene ex-
pression in PBMCs. Sera of either the healthy control subjects
or the patients with NMOSD were incubated with PBMCs
derived from healthy controls and subsequently analyzed for
the gene expression of IFN-α and IFN-β. Our findings showed
that IFN-αwas significantly induced exclusively in the PBMCs
incubated with sera derived from the patients with NMOSD
(Figure 1B). In contrast, the IFN-β gene expression level was
comparable between both groups.

IFN-α Is Induced by Cell-FreeDNADerived From
the Sera of Patients With NMOSD
Various factors have previously been reported as potent in-
ducers of IFN-1 in autoimmune diseases. Recently, there is
accumulating evidence that demonstrates the presence of
extracellular DNA fraction, termed cfDNA, in biofluid.
Moreover, it has been reported that in SLE, a prototypic IFN-
1–mediated disease, serum cfDNA plays a pivotal role in the
production of IFN-1.18,19

We revealed that DNA concentration was significantly higher
in the sera derived from the patients with NMOSD compared
with that of the control group (Figure 1C). To further clarify
whether cfDNA fraction derived from patients with NMOSD
has the capacity to induce IFN-1 production, PBMCs derived
from healthy control subjects were incubated with NMOSD
sera in both the presence and absence of DNase. DNase
treatment significantly inhibited the gene expression of IFN-α
in the PBMCs (Figure 1D).

cfDNA Is Predominantly Derived From
Neutrophils in Patients With NMOSD
As serum cfDNA of NMOSD was found to be a potent in-
ducer of IFN-1 production, we next aimed to investigate the
primary source of cfDNA production. The cfDNA was col-
lected from the plasma of both healthy control subjects and
patients with NMOSD, and DNA methylation profiles were
analyzed by bisulfite sequencing (Figure 2A). The cell of or-
igin of the cfDNA was estimated by integrating DNA meth-
ylation rate references of 25 tissues and cell types as previously
described.12 In both the healthy control subjects and the pa-
tients with NMOSD, the majority of cfDNA is produced by
neutrophils and erythrocyte progenitors (Figure 2B).

The total amount of cfDNA derived neutrophils was signifi-
cantly elevated in NMOSD (Figure 2C), whereas no signifi-
cant difference in the proportion of cfDNA derived from
neutrophils was found between NMOSD and the control
groups (eFigure 1B, links.lww.com/NXI/A698). In contrast,
the total amount of cfDNA derived from other cell types,
including erythroid progenitors, was not significantly in-
creased. No significant correlation was found between the
neutrophil-derived cfDNA and the total number of neutro-
phils in the peripheral blood or the dosage of prednisolone
(eFigure 1C, links.lww.com/NXI/A698).

Importantly, further reference to various clinical data revealed
a correlation between neutrophil-derived cfDNA concentra-
tion and the length of spinal-cord lesions in patients with
NMOSD (eFigure 1D, links.lww.com/NXI/A698). However,
no correlation was found between the neutrophil-derived
cfDNA concentration and other clinical data such as serum
AQP4-Abs titers and annualized relapse rate (data not
shown). These results together suggest that neutrophils are an
essential source of cfDNA and that the amount of the
neutrophil-derived cfDNA is more prominently present in
patients with NMOSD.

cfDNA of Patients With NMOSD Induces IFN-1
Production in the Presence of LL37
It is known that nuclear-derived self-DNA is not taken up by
DCs without the presence of cofactors such as antimicrobial
peptides.20,21 To further clarify the mechanism by which
cfDNA induces the production of IFN-1, we examined the
amount of LL37 and HNP, antimicrobial peptides that re-
portedly elicit host-derived DNA by DCs.20,21 Although some
patients with NMOSD tended to show higher concentration
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of both LL37 and HNP in serum compared with that in the
control group, no statistically significant difference in the
levels was found between the 2 groups (Figure 3A.a). To
examine whether cfDNA alone can induce the production of
IFN-1 in patients with NMOSD, PBMCs derived from
healthy control subjects were incubated with both healthy
control and NMOSD patient cfDNA fraction samples. When
PBMCs were cultured with cfDNA in the presence of LL37,
but not HNP, IFN-α in the culture media significantly in-
creased in both the NMOSD patient and healthy control
groups (Figure 3A.b and A.c). In addition, a significant in-
crease in IFN-α was found in the culture media of the
NMOSD group patients in comparison to that in the healthy
control group subjects (Figure 3A.b).

cfDNA Derived From NMOSD Induces IFN-1
Production via the cGAS-STING and Toll-like
Receptor 9 Pathways
Recognition of nucleic acid derived from host cells is mediated by
several innate receptors, leading to IFN-1 production. Thus, we
first investigated whether IFN-α gene expression induced by
NMOSD sera is inhibited by G140, a cGAS-specific inhibitor.
When PBMCs collected from healthy donors were cultured with
NMOSD sera, either with or withoutG140, therewas a reduction
of IFN-α gene expression in the G140-treated group (Figure 3B).
In addition to the cGAS-STING pathway, TLR9 is a well-known
innate receptor involved in nucleic acid sensing, which is present
in endosomal compartments. Thus, we further investigated the
inhibitory effect of ODN A151, a TLR9 antagonist, on IFN-α

gene induction by NMOSD sera. When PBMCs collected from
healthy donor subjects were cultured with NMOSD sera, either
with or without ODN A151, ODN A151 also showed a signifi-
cantly suppressed IFN-α gene expression pattern (Figure 3B).

To clarify the major type of cells involved in IFN-α production
induced by NMOSD-derived cfDNA, we next separately isolated
populations of pDCs and cDCs from PBMCs of healthy control
subjects (Figure 3C). cfDNA extracted from either NMOSD or
healthy control sera was added to pDCs and cDCs, respectively,
in the presence of LL37, and IFN-α secreted in the culture media
of each group was then compared. The pDCs incubated with
NMOSD-derived cfDNA alone showed significant production of
IFN-α (Figure 3D.a). In contrast, no statistically significant dif-
ference was observed among the populations of all groups of
cDCs (Figure 3D.b).

Whole Blood Transcriptome Reveals
Neutrophil Activation in Patients With NMOSD
To clarify the unbiased immune landscape of the peripheral
immune dysregulation of patients with NMOSD, whole blood
transcriptome of patients with NMOSD was analyzed refer-
encing to the previously reported RNA sequencing data set.6

The data sets were used to perform a principal component
analysis to compare the patients with NMOSD and healthy
control subjects (Figure 4A).

When GO analysis was performed between the patients with
NMOSD and healthy control subjects using the GAGE

Figure 1 Cell-Free DNA Derived From NMOSD Patient Sera Enhances IFN-1 Gene Expression in PBMCs

(A) IFN-α and IFN-β gene expression levels of PBMCs derived
from patients with NMOSD (n = 16) and healthy control subjects
(n = 15). The Mann-Whitney U test was used to determine sta-
tistical significance. (B) Gene expression levels of IFN-α and IFN-β
of healthy PBMCs stimulated with either NMOSD sera (n = 30) or
healthy control sera (n = 10). The Mann-Whitney U test was used
to determine statistical significance. (C) Concentration of double-
stranded DNA in sera. DNA was purified from NMOSD sera (n =
28) or healthy control sera (n = 10) and quantified. The Mann-
Whitney U test was used to determine statistical significance. (D)
The expression of IFN-α of healthy control PBMCs stimulated by
NMOSD sera, which was pretreated with DNase (n = 10). The
Wilcoxon signed-rank test was used to determine statistical sig-
nificance. *p < 0.05, **p < 0.005. HC = healthy control; ns = not
significant.
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method, various pathways related to neutrophil-mediated
responses were found to be activated in the NMOSD group
(Figure 4, B and C). The identified GO pathways encom-
passed neutrophil activation, neutrophil degranulation, and
neutrophil-mediated immunity.

NMOSD Patient–Derived Sera Are a Potent
Inducer of NETosis
Based on the observation suggesting that neutrophils are
constitutively activated, as well as the finding that the majority

of cfDNA is neutrophil-derived in NMOSD, we next aimed to
investigate whether NETosis, a form of neutrophil cell death
implicated in aberrant IFN-1 production, is efficiently induced
by NMOSD sera.

Neutrophils isolated from healthy donors were stimulated
with sera derived from either patients with NMOSD or
healthy control subjects for 4 hours and subsequently
stained with SYTOX green, a cell-impermeable DNA-
binding dye. The number of SYTOX green–positive cells

Figure 2 Concentration of Neutrophil-Derived cfDNA Is Elevated in Patients With NMOSD

(A) Schematic representation of the calculation of tissue contribution based on tissue-specific methylation profiles. (B) Heat map visualization of cfDNA
concentration from different sources. (C) cfDNA concentration derived from the neutrophils in NMOSD plasma (n = 10) or healthy control plasma (n = 8). The
Mann-Whitney U test was used to determine statistical significance. ***p < 0.002. HC = healthy control.
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was significantly increased in NMOSD sera–treated group
compared with that in the controls (Figure 5A). In addi-
tion, neutrophil elastase (a well-known marker that rep-
resents the degree of NETosis) was quantified to exclude
the possibility that DNA is released independently of
NETosis. As a result, in the NMOSD sera–treated group,
significantly enhanced detection of elastase was observed
compared with that in the control group (Figure 5B).

Because these results demonstrated that NMOSD sera are a
potent inducer of NETosis, we next examined whether
AQP4-Abs alone are capable of eliciting NETosis.

Neutrophils exposed to patient-derived recombinant
AQP4-Abs did not induce NETosis when assessed by
SYTOX green (eFigure 2, links.lww.com/NXI/A698), in-
dicating that certain unidentified factors other than AQP4-
Abs present in NMOSD sera possess the capacity to induce
NETosis.

Dipyridamole Inhibits NETosis Induced by Sera
Derived From Patients With NMOSD
Reportedly, surface adenosine receptors trigger cyclic
AMP (cAMP) formation in neutrophils and subsequently
regulate excess NETosis induction. Moreover, it has been

Figure 3 cfDNA Derived From Patients With NMOSD Induces the Production of IFN-α in the Presence of LL37

(A.a) LL37 (ng/mL) and HNP (ng/mL) in NMOSD sera (n = 23) or healthy control sera (n = 16). The Mann-Whitney U test was used to determine statistical
significance. (A.b) (A.c) IFN-α (pg/mL) in culturemedia. After stimulation of PBMCs with cfDNA extracted fromNMOSD sera (n = 10) or healthy control sera (n =
10) in the presence or absence of LL37 (10 μM) (A.b) or HNP (10 μM) (A.c), culture media were collected and assayed by ELISA. The Kruskal-Wallis H-test
(Bonferroni adjusted) was used to determine statistical significance. (B) The expression of IFN-α of healthy control PBMCs stimulated by NMOSD sera
incubated with cGAS inhibitor (G140) or TLR9 antagonist (ODN A151) (n = 10). TheWilcoxon signed-rank test was used to determine statistical significance. (C)
Gating strategy for cell sorting. HLA-DR (+) Lineage (−) CD11c (−) CD123 (+)was defined as pDCs. HLA-DR (+) Lineage (−) CD11c (+) was defined as cDCs. (D) IFN-α
(pg/mL) in culture media. After treatment of pDCs (D.a) or cDCs (D.b) with cfDNA extracted from NMOSD sera (n = 11) or healthy control sera (n = 11) in the
presence of LL37 (10 μM), culture media were collected and assayed by ELISA. The Kruskal-Wallis H-test (Bonferroni adjusted) was used to determine
statistical significance. *p < 0.05, **p < 0.005. HC = healthy control; ns = not significant.
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reported that dipyridamole, a phosphodiesterase inhibitor,
increases extracellular concentrations of adenosine,
thereby interfering with the breakdown of cAMP.22 To
examine whether NETosis induction by NMOSD patient
sera can be pharmacologically suppressed by dipyridamole,
neutrophils stimulated with NMOSD sera were cultured
in the presence and absence of dipyridamole. We revealed
that treatment with dipyridamole resulted in a significant
reduction of SYTOX green–positive cells (Figure 5C).
Moreover, neutrophil elastase was consistently significantly
inhibited via the addition of dipyridamole (Figure 5D). Al-
together, our data lend support to a model in which NETosis
is involved in the pathogenesis of patients with NMOSD via
IFN-1 signature, and dipyridamole reduces the aberrant in-
duction of NETosis in patients with NMOSD (eFigure 3,
links.lww.com/NXI/A698).

Discussion
The cfDNA is released on cell death and is known to
contain fragments of nuclear DNA. There are several ap-
proaches for identifying the origin of cfDNA based on
tissue-specific epigenetics. Using that cfDNA preserves

tissue- or cell type–specific DNA methylation patterns of
the original tissues,23 methods have been developed to
predict the origin of cfDNA by integrating the predefined
reference of tissue- or cell type–specific DNA methylation
patterns. In a recent study, the development of a highly
specific and sensitive method for estimating the origin of
cfDNA by deconvolution of plasma methylation is repor-
ted.12 Thus, in this study, we used those methods to estimate
the origin of cfDNA in NMOSD. To the best of our
knowledge, there have been few reports on the qualitative
evaluation of cfDNA in autoimmune diseases,24 and evalu-
ation of the origin of cfDNA based on the DNA methylation
patterns by bisulfite sequencing in autoimmune diseases,
including NMOSD, remains to be clarified. In this study, we
found neutrophils to be the predominant source of cfDNA.
Thus, it is possible that neutrophil-derived cfDNA forms a
complex with LL37, which then stimulates cGAS or TLR9 to
produce IFN-1. It has been shown that human DNA binds to
LL37 and forms a complex that allows it to be readily in-
corporated into pDCs.20,21 Reportedly, this LL37-DNA
complex is retained in the early endocytotic compartments
and stimulates TLR9.21 Similarly, in monocytes, the LL37-
DNA complex has been shown to efficiently escape from
endosomal vesicles, enter the cytosolic compartments, and

Figure 4 Whole Blood Transcriptome Reveals Neutrophil Activation in Patients With NMOSD

(A) Principal component analysis indicating transcriptional clustering in whole blood of healthy control subjects (n = 18) and patients with AQP4 antibody–
positive NMOSD (n = 26). (B) Visualization of networks between the gene ontology (GO) biological process in AQP4 antibody–positive NMOSD whole blood
RNA-seq. GO analysis based onGAGEwas performed in healthy controls (n = 18) and patients with AQP4 antibody–positive NMOSD (n = 26). (C) The top 10GO
terms associated with biological process in AQP4 antibody–positive NMOSD whole blood RNA-seq. HC = healthy control.
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stimulate the cGAS-STING pathway to induce IFN
production.25

It is generally accepted that various stimuli can induce
NETosis, including pathogens inflammatory cytokines, and
activated platelets.26,27 For example, it has been suggested that
in rheumatoid arthritis, not only antibodies such as antici-
trullinated vimentin antibodies but also cytokines such as
IL17A and TNF-α induce NETosis.28 It has also been
reported that TNF-α and IL-1β, which are known to be ele-
vated in NMOSD,29 induce NETosis in vitro.27,30 In our
study, we found that NETosis was upstream of IFN signature.
There are also reports that recombinant human IFN-β with
complement induced NETosis in vitro.31 Thus, it is possible
that NETosis is not a simple 1-way relationship but induces a
positive feedback loop of IFN-1 production.

Although recently approvedmonoclonal antibodies efficiently
prevent clinical relapses by inhibiting the production or
pathogenicity of AQP4-Abs, a therapeutic approach that ef-
fectively intervenes with the dysregulated upstream immune
signature of NMOSD has yet to be developed. On the other
hand, in patients with SLE, anifrolumab, a monoclonal anti-
body against IFN-1 receptor subunit 1, is currently un-
dergoing clinical trials and has shown efficacy against the
placebo.32 Our results suggest that the regulation of IFN-1
and, potentially, NETosis and cfDNA may be applicable to
the treatment of patients with NMOSD.

In this study, we reanalyzed the read count data of AQP4-Ab–
positive NMOSD and healthy control from the previous article.6

One of the limitations in our study is that we could not consider
covariates in the analysis of the whole blood transcriptome, as the
demographic data on healthy control were not publicly available.

In conclusion, the findings in this study highlight the pre-
viously unrevealed roles of the neutrophil pathway in the
NMOSD immune signature and provide a novel avenue for
the development of a pharmacologic agent.
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Figure 5 Sera Derived From Patients With NMOSD Induce NETosis

(A.a) Immunofluorescence analysis with
SYTOX green nucleic acid stain was per-
formed on healthy control neutrophils stim-
ulated by PMA (100 nM), PBS, HC sera, or
NMOSD sera. Scale bar: 200 μm. (A.b)
Quantification of NET formation in healthy
control neutrophils, which stimulated by
NMOSDsera (n = 8) or healthy control sera (n
= 3). Data are expressed as total SYTOX
green–positive extracellular DNA area. The
Mann-Whitney U test was used to determine
statistical significance. (B) NET-associated
elastase in healthy control neutrophils stim-
ulated by NMOSD sera (n = 8) or healthy
control sera (n = 4) was measured by ELISA.
The Mann-Whitney U test was used to de-
termine statistical significance. (C.a) SYTOX
green immunofluorescence analysis was
performed on healthy control neutrophils
stimulated by NMOSD sera with or without
dipyridamole (40μM). Scalebar: 200μm(C.b)
Quantification of NET formation in healthy
control neutrophils stimulated by NMOSD
sera (n = 8) with or without dipyridamole
(40 μM). Data are expressed as total SYTOX
green–positive extracellular DNA area. The
Wilcoxon signed-rank test was used to de-
termine statistical significance. (D) NET-asso-
ciated elastase in healthy control neutrophils
stimulated by NMOSD sera (n = 11) with or
without dipyridamole (40μM)wasmeasured
by ELISA. The Wilcoxon signed-rank test was
used to determine statistical significance. *p
< 0.05, **p < 0.005. HC = healthy control.
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Abstract
Background and Objectives
Proteins of the coagulation system contribute to autoimmune inflammation in patients with
multiple sclerosis (MS). On blood-brain barrier (BBB) disruption, fibrinogen enters the CNS
and is rapidly converted to fibrin, unfolding pleiotropic autoimmune mechanisms. Fibrin
accumulation leads to subsequent proteolytic degradation that results in D-dimer generation.
The primary objective of this study was to determine intrathecal levels of D-dimer in CSF as a
measure of intrathecal coagulation cascade activation and to evaluate its diagnostic utility in
patients with MS in contrast to healthy subjects. Key secondary objectives included analysis of
CSF D-dimer in differential diagnoses of MS and its relation to routine clinical markers of
disease activity.

Methods
Patients admitted for the assessment of suspected MS were prospectively recruited from
October 2017 to December 2020. Blood plasma and citrated CSF samples were analyzed using
a highly sensitive luminescent oxygen channeling immunoassay. Intrathecal generation of
D-dimer was analyzed by adjusting for CSF/serum albumin (Qalb) and CSF/plasma D-dimer
quotients (QD-dimer), and corresponding CSF fibrinogen levels were determined. Final di-
agnoses after full evaluation and clinical data were recorded.

Results
Of 187 patients, 113 patients received a diagnosis of MS or clinically/radiologically isolated
syndrome. We found increased intrathecal CSF D-dimer generation levels (QD-dimer/Qalb-
index) for patients with relapsing-remitting MS (RRMS; n = 71, median 4.7, interquartile range
[IQR] 2.5–8.0) when compared with those for disease controls (n = 22, median 2.6, IQR
2.1–4.8, p = 0.031). Absolute CSF D-dimer values correlated with CSF fibrinogen levels (r =
0.463; p < 0 .001) and CSF leukocytes (r = 0.273; p = 0.003) and were elevated in MS patients
with contrast enhancement (CE) compared with MS patients without CE on MRI (n = 48,
median 6 ng/mL, and IQR 3–15.25 vs n = 41, median 4 ng/mL, and IQR 2–7; p = 0.026).
Exploratory subgroup analyses indicated a correlation of intrathecal inflammatory activity and
CSF D-dimer levels.

Discussion
D-dimer in CSF can be reliably determined and correlates with markers of CNS inflammation
and CSF fibrinogen levels. Adjusted for BBB dysfunction, CSF D-dimer may allow the iden-
tification of intrathecal coagulation cascade activation in patients with MS.
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Classification of Evidence
This study provides Class I evidence that CSF D-dimer levels are elevated in patients with RRMS.

Components of the coagulation system have been identified as
major drivers of CNS inflammation.1-3 On blood-brain barrier
(BBB) disruption, fibrinogen enters the CNS and is rapidly
converted into insoluble fibrin.4,5 This initiates pleiotropic detri-
mental immune mechanisms,6 such as macrophage recruitment
and microglial activation,7 which result in inflammatory lesion
formation and neurodegeneration.3,4,8 Accordingly, high levels of
both fibrinogen and fibrin were identified in demyelinating le-
sions in MS, and fibrinogen in CSF was correlated with cortical
lesion load at earlyMS disease stages.5,7,9 The fibrin accumulation
leads to a subsequent plasmin-driven proteolytic degradation of
cross-linked fibrin mesh into D-dimer and other soluble fibrin
degradation products.10,11 Consistently, accumulations of in-
trathecal D-dimer were immunolocalized to MS plaques, and
fibrin degradation products were found elevated in the plasma of
patients with MS.12,13

Additional deregulatory effects on the immune response were
described for prothrombin, factor (F) X, and F XII in both
blood plasma and the CNS.2,14-16 Here, effects derive from
receptor-specific cellular and molecular interactions of F XII
and downstream factors, independent of their proteolytic
functions in the hemostatic coagulation cascade.5,6,17 In ad-
dition, thrombin activation correlates with CNS inflammation
and focal BBB disruption.18

Presence of elevated D-dimer levels in CSF has been de-
scribed for patients with subarachnoid hemorrhage, in-
tracerebral hemorrhage, and neoplastic disease.19-22 In MS,
measurement of D-dimer in CSF as a downstream fibrinolytic
pathway product could allow to monitor intrathecal co-
agulation cascade activation and provide insight into un-
derlying pathophysiologic mechanisms. This study aims to
determine CSF levels of D-dimer in patients with MS and in
differential diagnoses to evaluate their utility as a biomarker
for intrathecal fibrin-driven autoimmunity and coagulation
cascade activation in the CNS.

Methods
Study Population
This single-center prospective study was performed at the
Department of Neurology, Goethe-University, Frankfurt am

Main. Patients admitted to the hospital for the routine or
emergency assessment of suspected MS were recruited from
October 2017 to December 2020. For study enrollment, pa-
tients had to be older than 18 years and had to be scheduled
for a clinically indicated lumbar puncture. Visibly blood-
stained samples due to (traumatic) lumbar punctures were
excluded from the study. Subjects were followed up for the
duration of their hospital stay, and final diagnosis and clinical,
imaging, and laboratory findings were recorded. Medication
plans were evaluated for all patients.

The MR imaging data of brain and spine obtained during the
hospital stay and the respective radiologic reports were
reviewed regarding the presence of contrast-enhancing le-
sions (CE). This was defined as either cerebral or spinal
contrast enhancement of gadolinium-based contrast agent on
an MRI performed 7 days before or after the CSF sample
acquisition. If no contrast agent was given, patients were
separated from analyses regarding CE.

The 2017 revisions of the McDonald criteria were used in
clinical routine to define MS diagnoses.23 For this analysis,
patients were grouped into the following diagnosis cate-
gories: relapsing-remitting MS (RRMS), clinically isolated
syndrome (CIS), radiologically isolated syndrome (RIS),
and primary progressive MS (PPMS). Differential di-
agnoses comprised antimyelin oligodendrocyte glycopro-
tein (MOG)-antibody or anti-aquaporin-4 (AQP4)-
antibody diseases, isolated demyelinating events without
suspicion of chronic inflammatory CNS disease based on
the McDonald criteria, other acute CNS inflammation, CNS
neoplasia, non-CNS neurologic diseases, and other diseases
(not assignable to the categories). If a full diagnostic
workup during the hospital stay (including clinical exami-
nation, brain MRI, and laboratory and CSF findings) did
not reveal signs of an underlying organic disease, patients
were considered as disease controls.

Standard Protocol Approvals, Registrations,
and Patient Consents
A signed written informed consent to participate in the study
was mandatory by patients or their legally authorized repre-
sentative before study inclusion. Ethical approval for the study
was granted by the institutional review board of the ethics

Glossary
%CV = coefficient of variation; AQP4 = aquaporin-4; BBB = blood-brain barrier; CE = contrast-enhancing lesions; CIS =
clinically isolated syndrome; EDSS = Expanded Disability Status Scale; IQR = interquartile range; IVMP = IV
methylprednisolone; MOG = myelin oligodendrocyte glycoprotein; MS = multiple sclerosis; PPMS = primary progressive
MS; RIS = radiologically isolated syndrome; RRMS = relapsing-remitting MS.
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committee at the University Hospital Frankfurt (project-
number: 173/19). All research was performed in accordance
with relevant guidelines and regulations and in accordance
with the Declaration of Helsinki.

Primary, Secondary, and Exploratory
Outcome Parameters
The primary aim of this study was to compare levels of in-
trathecal D-dimer production (i.e., levels of D-dimer in the
CSF corrected for plasma D-dimer and BBB dysfunction)
between patients with RRMS and disease controls. Secondary
goals included the levels of absolute D-dimer generation
(i.e., without adjustment for BBB dysfunction) between pa-
tients with RRMS and disease controls and the association of
adjusted and absolute CSF D-dimer levels with the presence
of CE on MRI and with CSF fibrinogen levels and CSF leu-
kocytes. Exploratory aims included the investigation of ad-
justed and absolute CSF D-dimer levels in differential
diagnoses of MS and analysis of CSF D-dimer in association
with clinical (Expanded Disability Status Scale [EDSS]) and
other laboratory parameters in patients with MS.

Plasma and CSF Sample Acquisition
During lumbar puncture, an extra 2.6 mL of CSF was col-
lected directly into a citrate plasma tube (S-Monovette 2.6
mL LH-GEL+, Sarstedt AG & Co. KG). Visibly blood-
stained CSF samples due to traumatic punctures were dis-
missed (n = 15). Blood plasma was collected into an iden-
tical citrate plasma tube. Both citrated samples were
centrifuged at 3,000 rpm for 10 minutes, immediately
pipetted, and frozen at −20°C. All citrated CSF and citrated
blood samples were processed and frozen within 60 minutes
of collection. Every 4 weeks, the collected samples were
moved to a −80°C freezer, where they remained frozen until
the final laboratory measurements. On the single day of CSF
D-dimer measurements, citrated CSF samples were heated
to +37°C using a ThermoMixer C (Eppendorf AG, Ham-
burg, Germany).

CSF Analysis
In CSF, manually counted cell counts for leukocytes and
erythrocytes per mm3, CSF/serum albumin quotient (Qalb),
and intrathecal immunoglobulin G (IgG) synthesis were
assessed. The Qalb as a marker of BBB dysfunction was
interpreted based on the age-adjusted upper reference limit, as
introduced by Reiber et al.24 (Qalb = 4 + age/15). A CSF/
plasma D-dimer ratio (QD-dimer) was calculated and related to
Qalb to adjust for possible influx of D-dimer from the blood
stream along with albumin and to correct for differing plasma
D-dimer values (QD-dimer/Qalb – index). The QD-dimer/Qalb –
index was multiplied with 10^3 for the purpose of readability.
Fibrinogen in CSF was analyzed at a dilution of 1:51 and 1:
201 using commercially available ELISA according to manu-
facturer’s protocol (RK024A, Hyphen Biomed, France).
Intra-assay imprecision was between 0.4% and 7.4 % co-
efficient of variation (%CV) using 3 different CSF pools of 10
replicates each.

D-Dimer Analysis and Quality Control of
Luminescent Oxygen Channeling
Immunoassay Technology
The quantitative determination of D-dimer in citrated CSF was
performed using a Luminescent Oxygen Channeling Immuno-
assay (INNOVANCE LOCI) based on an Atellica COAG 360
System (Siemens Healthineers, Erlangen, Germany). The cali-
bration curve showed a linear relationship between the plotting
signal and the analyte concentration (hs D-Dimer INNOV-
ANCE LOCI) with only minimal deviation from the manufac-
turer’s target value (max. 9.4%). Dilution series were performed
to assess measurability of D-dimer in very low concentrations (1:
10 [22 ng/mL], 1:20 [11 ng/mL], 1:50 [4 ng/mL], 1:100 [2 ng/
mL], and 1:200 [1 ng/mL]). Intra-assay imprecision of the assay
was between 0.66% and 0.73 %CV using 3 individual samples
(high control, low control, and plasma pool) in 20 replicates.
Duplicate testing in 24 randomly selected patients confirmed the
accuracy of the test results. All laboratory tests were performed in
a single run within 1 day and under identical circumstances. The
quantitative determination of D-dimer in citrated blood plasma
was performed with a HemosIL D-Dimer HS 500 latex-
enhanced immunoassay on an ACL TOP 700 testing system
(Instrumentation Laboratory, Bedford, MA).

Statistical Analysis
Baseline differences between groups were tested by the in-
dependent samples t test for parametric data, the Pearson χ2

test for categorical data, and the Mann-Whitney U test for
nonparametric data. Descriptive statistics were used to present
baseline characteristics, results of outcome measurements, and
interquartile ranges (IQRs). A Spearman rank-order correlation
was run to determine relationships in nonparametric, paired data
with a monotonic relationship. Patients with missing data were
removed from analysis. For all analyses, the level of significance
was set at p < 0.05. The primary end point comprised 1 single
analysis. The results of the secondary end points were corrected
for multiplicity of testing using Bonferroni correction. The ex-
ploratory analyses did not undergo correction.

Data Availability
Anonymized data not published within this article will be
made available by request from any qualified investigator.

Results
Patient Characteristics
In total, 187 patients with a mean age of 38.0 years (SD ± 13.2,
median 35.0 years) were recruited, 65.8% of whom were fe-
male individuals (Table 1). Based on final diagnoses at hos-
pital discharge, we identified 71 patients with RRMS, 23 with
CIS, 8 with RIS, and 11 with PPMS. In addition, 14 patients
experienced an isolated demyelinating event (e.g., isolated
myelitis or optic neuritis), and = 4 experienced an anti-MOG/
AQP4 disease. Patients finally experiencing other differential
diagnoses of MS were grouped as those with CNS neoplasia
(n = 5, including cases with meningeosis carcinomatosa and
astrocytoma), other acute CNS inflammation (n = 5,
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including cases with viral and bacterial meningitis, neuro-
sarcoidosis, and M. Behçet), non-CNS neurologic diseases (n
= 7, e.g., peripheral neuropathies), and other diseases (n = 17,
not assignable to the other categories, including cases with
epilepsy, myopathy, and vascular disorders). In total, 22 pa-
tients without signs of an organic disease after extensive di-
agnostic workup (e.g., unspecific or somatoform symptoms)
were considered as disease controls.

Primary, Secondary, and
Exploratory Outcomes
The adjusted QD-dimer/Qalb – index as the primary outcome
parameter confirmed higher intrathecal D-dimer production
in patients with RRMS (median 4.7, IQR 2.5–8.0) compared
with that in disease controls (median 2.6, IQR 2.1–4.8, p =
0.031) (Figure 1A). The distribution of the adjusted QD-

dimer/Qalb – index values among the 11 study subgroups is
summarized in Table 1. In this study, disease controls showed
the lowest QD-dimer/Qalb – index and the lowest absolute CSF
D-dimer values (Figure 1).

Secondary outcome parameter analysis revealed no differ-
ence for the adjusted QD-dimer/Qalb – index in RRMS

patients with CE on MRI (n = 38, median 5.0, IQR 2.4–8.4)
compared with that in patients without CE on MRI (n = 16,
median 5.4, IQR 3.4–15.1, p = 0.28). Similarly, in all 113
patients with MS (comprising patients with RRMS, CIS,
RIS, and PPMS), there was no difference in the QD-dimer/
Qalb – index between patients with CE on MRI (n = 48,
median 5.3, IQR 2.4–9.5) when compared with that in pa-
tients without CE on MRI (n = 40, median 4.4, IQR 2.6–8.1,
p = 0.57).

For absolute CSF dimer, there was a trend toward higher
values in patients with RRMS (median 4 ng/mL, IQR 3–8)
compared with those in disease controls (median 3 ng/mL,
IQR 2–4.25, p = 0.063, Figure 1B). In all 113 patients with
MS, the presence of CE on MRI was associated with higher
absolute CSF D-dimer levels (n = 48, median 6 ng/mL, IQR
3–15.25) when compared with the absence of CE on MRI
(n = 41, median 4 ng/mL, IQR 2–7, p = 0.026, not signifi-
cant after correction, Figure 2). Analysis of CSF fibrinogen
revealed a strong correlation with CSF D-dimer values in
the 113 MS patients with RRMS, CIS, RIS, or PPMS (r =
0.463; p < 0.001, corrected, Figure 3). Absolute CSF
D-dimer also correlated with CSF leukocytes in the 113

Table 1 Baseline Parameters of the Patient Cohort and CSF Characteristics

Age (y ±SD)
Female
individuals (%)

CSF leukocytes
median (IQR) and %
above 5/mm3 CE on MRI (%)

OKB
positivity (%)

CSF QD-dimer/Qalb

index (IQR)
CSF fibrinogen
in ng/mL (IQR)

All, n = 187 38.0 (±13.2) 123 (65.8%) 3 (1.0–9.0)
36.0% (67)

51 (37.0%) 111 (62.7%) 3.7 (2.2–7.7) 630 (370–1,010)

RRMS, n = 71 34.5 (±9.7) 58 (81.7%) 7 (3.0–15.0)
60.6% (43)

38 (53.5%) 68 (95.8%) 4.7 (2.5–8.0) 640 (430–950)

CIS, n = 23 33.8 (±11.2) 16 (69.6%) 3 (1.0–6.0)
26.1% (6)

6 (27.3%) 17 (73.9%) 3.4 (1.8–7.4) 590 (350–1,360)

RIS, n = 8 34.9 (±11.8) 6 (75%) 4 (2.25–5.75)
28.6% (2)

1 (12.5%) 6 (75.0%) 4.9 (2.4–9.6) 530 (240–1,420)

PPMS, n = 11 49.1 (±11.6) 4 (36.4%) 2 (2.0–13.0)
45.5% (5)

3 (27.3%) 11 (100.0%) 3.3 (1.5–13.9) 920 (380–2,000)

Anti-MOG/AQP4,
n = 4

40.8 (±10.4) 3 (75%) 14 (1.25–52.25)
50.0% (2)

3 (75%) 2 (50.0%) 11.7 (3.9–35.0) 980 (550–1,840)

Isolated demyelinating event,
n = 14

34.3 (±11.7) 7 (50.0%) 2.5 (1.0–5.0)
14.3% (2)

5 (35.7%) 2 (14.3%) 3.9 (2.5–8.0) 510 (300–830)

CNS neoplasia, n = 5 50.6 (±13.3) 3 (60.0%) 2 (0.5–24.5)
40% (2)

2 (40.0%) 1 (20.0%) 9.4 (3.9–144.7) 720 (440–8,390)

Acute CNS inflammation, n = 5 35.2 (±9.7) 0 35 (2.0–362.0)
60.0% (3)

3 (60.0%) 0 97.8 (5.9–339.4) 5,280 (1,640–7,320)

Non-CNS neurologic
diseases, n = 7

57.0 (±15.4) 1 (14.3%) 0 (0–1.0)
0

0 0 3.0 (1.1–9.6) 790 (630–1,290)

Other diseases, n = 17 48.4 (±19.0) 7 (41.2%) 1 (1.0–4.0)
17.6% (4)

0 5 (35.7%) 2.4 (1.3–10.4) 630 (420–1,160)

Disease controls, n = 22 34.8 (±9.7) 18 (81.8%) 1 (0–2.0)
0

0 1 (5.3%) 2.6 (2.1–4.8) 360 (280–740)

Abbreviations: AQP4 = aquaporin 4; CE = contrast-enhancing lesions; CIS = clinically isolated syndrome; Ig = immunoglobulin; IQR = interquartile range; NA =
not applicable; OKB = oligoclonal band; PPMS = primary progressiveMS,MOG=myelin oligodendrocyte glycoprotein; Qalb = CSF/serumalbumin quotient; RIS
= radiologically isolated syndrome; RRMS = relapsing-remitting MS.
The mean values are given with SD. Percentages are provided in relation to all patients of the respective subgroup.
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patients with MS (r = 0.273; p = 0.003, corrected). How-
ever, for QD-dimer/Qalb – index, this correlation with CSF
leukocytes was not significant (r = 0.146; p = 0.13). The
number of CSF erythrocytes did not correlate with absolute
CSF D-dimer (r = 0.04; p = 0.65), and there was no cor-
relation of intrathecal IgG synthesis and CSF D-dimer val-
ues (p = 0.97).

Exploratory analysis of the QD-dimer/Qalb − index was per-
formed for all subgroups (Figure 1A). In this study, the QD-

dimer/Qalb – index was higher in patients with other acute CNS
inflammation (p = 0.005) and CNS neoplasia (p = 0.023)
when compared with that in disease controls (Table 1). We
found no correlation between QD-dimer/Qalb – index and
EDSS score (0–4.5, documented before treatment) (r = 0.07;
p = 0.445). This did not change when dichotomizing patients
with EDSS ≥3.0 and patients with EDSS <3.0 (p = 0.19). The

QD-dimer/Qalb − index in patients with MS did not correlate
with presence of oligoclonal bands (p = 0.42) or with in-
trathecal IgG synthesis (r = 0.07; p = 0.47).

Analysis of absolute CSF D-dimer among the subgroups
revealed highest values in patients with other acute CNS in-
flammation (Figure 1B). Similarly, patients with anti-MOG/
AQP4 diseases showed higher absolute CSF D-dimer values
when compared with disease controls (p = 0.005). Patients
with CNS neoplasia showed a very broad distribution of CSF
D-dimer levels, depending on the presence of meningeosis or
a solid tumor (median 3 ng/mL, IQR 2.5–15,028). Patients
with non-CNS neurologic diseases and patients with other
diseases showed low CSF D-dimer values. The CSF D-dimer
in patients with MS did not correlate with the presence of
oligoclonal bands (p = 0.54) or with intrathecal IgG synthesis
(r = 0.09; p = 0.35).

Figure 1 D-Dimer and Fibrinogen Subgroup Analysis

Boxplot diagrams demonstrating (A) the QD-dimer/Qalb index (Y – axis) in the different study subgroups (X – axis), (B) the absolute D-dimer values in the CSF
(Y – axis [ng/mL]) in the different study subgroups (X – axis), (C) the D-dimer values in the plasma (Y – axis [ng/mL]) in the different study subgroups (X – axis),
and (D) the fibrinogen values in the CSF (Y - axis [ng/mL]) in the different study subgroups (X-axis), each on a logarithmic scale. Circles and asterisks indicate
mild and extreme outliers. AQP4 = aquaporin 4; CIS = clinically isolated syndrome; dis. = disease; inflamm. = inflammation; isol. dem. event = isolated
demyelinating event; MOG = myelin oligodendrocyte glycoprotein; neur. = neurologic; PPMS = primary progressive MS; Qalb = CSF/serum albumin quotient;
QD-dimer = CSF/plasma D-dimer quotient; RIS = radiologically isolated syndrome; RRMS = relapsing-remitting MS.
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We found no differences for plasma D-dimer (median 273 ng/
mL, IQR 194–438) between the subgroups (Figure 1C). The
CSF fibrinogen was increased in patients with RRMS when
compared with that in disease controls (p = 0.012, Figure 1D)

and was not significantly elevated in all 113 MS patients with
CE on MRI (n = 48, median 657 ng/mL, IQR 480–1,017)
when compared with that in patients without CE onMRI (n =
41, median 594 ng/mL, IQR 357–1,099, p = 0.39). The CSF
fibrinogen closely correlated with albumin quotient (Qalb) as
an indicator of BBB disruption (r = 0.660; p < 0.001). In
addition, CSF fibrinogen correlated with intrathecal IgG syn-
thesis (r = 0.265; p = 0.005). The CSF fibrinogen in patients
withMS did not correlate with EDSS score (r = 0.07; p = 0.48),
with CSF leukocytes (r = 0.11; p = 0.26), or the presence of
oligoclonal bands (p = 0.45).

No patients in this study had received MS disease–
modifying drugs before lumbar puncture. Previous admin-
istration of IV methylprednisolone (IVMP) within 7 days of
lumbar puncture in 19 patients experiencing MS (median 5
ng/mL, IQR 3–13) did not affect CSF D-dimer compared with
patients without IVMP (median 4 ng/mL, IQR 3–9; p = 0.50).
One patient (group: other diseases) was on treatment with an
anti-F Xa anticoagulant and showed low absolute CSFD-dimer of
2 ng/mL.

Classification of Evidence
Primary question of the investigation was the measurability of
adjusted CSF D-dimer in patients with MS using a highly
sensitive luminescent oxygen channeling immunoassay and to
analyze its diagnostic utility in differentiating RRMS from
disease controls and active from nonactive disease stages. This
study provides Class I evidence that CSF D-dimer levels are
elevated in patients with RRMS.

Discussion
In this study, we demonstrated that D-dimer can be reliably
measured in CSF using a high-sensitivity assay. When
adjusting for BBB dysfunction with a QD-dimer/Qalb index,
increased intrathecal CSF D-dimer values could be shown for
patients with RRMS when compared with those for disease
controls. Highest absolute values for CSF D-dimer were
found in acute infectious and antibody-mediated autoimmune
diseases (including meningoencephalitis and anti-MOG/
AQP4 autoimmune diseases). Analysis of CSF fibrinogen in
the same patients showed similar results and a strong corre-
lation with CSF D-dimer levels. The findings support the
hypothesis that CNS inflammation is associated with fibrin-
ogen influx through a dysfunctional BBB and a subsequent
intrathecal coagulation cascade activation. In patients with
MS, CSF D-dimer may in perspective constitute a measure of
this intrathecal fibrin-driven autoimmunity.

Previous experience on the measurement of D-dimer in the
CSF was limited to intracranial bleeding, tumor, and major
CNS infection, and no standardized laboratory testing
exists.20-22,25 Those studies relied on ELISA with a lower
detection limit for D-dimer in CSF of approximately 50 ng/
mL. Because considerably lower values for D-dimer were to be

Figure 2 Contrast-Enhancing Lesions on MRI

A boxplot diagramdemonstrates the D-dimer values in the CSF (Y – axis; [ng/
mL]) for 113 patients with MS, comprising patients with relapsing-remitting
MS (n = 71), clinically isolated syndrome (n = 23), radiologically isolated
syndrome (n = 8), and primary progressive MS (n = 11), with and without
contrast enhancement (X – axis) on MRI on a logarithmic scale. Circles and
asterisks indicate mild and extreme outliers. *Not significant after Bonfer-
roni correction for multiplicity of testing.

Figure 3 Scatterplot

Scatterplot demonstrating the 2-sided Spearman correlation of D-dimer
levels in the CSF (X – axis; logarithmic [ng/mL]) with fibrinogen levels in the
CSF (X – axis; logarithmic [ng/mL]) in 113 patients with MS (71 patients with
relapsing-remitting MS, 23 with clinically isolated syndrome, 8 with radio-
logically isolated syndrome, and 11 with primary progressive MS). Abbre-
viation: r = Spearman correlation coefficient.
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expected in CSF of patients with MS, measurements in this
study were performed using high-sensitive chemiluminescence
technology (LOCI). The lower detection limit for D-dimer was
determined in dilution series to be at least 1 ng/mL, with intra-
assay imprecision very well within acceptable limits. To the best
of our knowledge, this is the first study to reliably describe CSF
D-dimer in patients with MS, or in fact in any patients, in such
low concentrations.

The presented findings may enrich the pathophysiologic
understanding of how proteins of the coagulation system,
especially fibrinogen, are embedded into CNS autoimmu-
nity.5 After BBB disruption, fibrinogen is washed into the
CNS and subsequently cleaved by thrombin to fibrin,
which fuels autoimmunity that can be allocated to MS
plaques.5,17,26 This passive fibrinogen influx during CNS
inflammation was well-documented in this study by the
close correlation of CSF fibrinogen levels and Qalb (as a
measure of BBB disruption) in patients with MS, as de-
scribed in previous literature.9,27 Subsequent activation of

the coagulation cascade in the CNS results in accumulation
of fibrin mesh, which is ultimately disintegrated by plasmin
into its degradation products, including D-dimer (Figure 4).
Similar to other coagulation factors, fibrinogen itself is not
expressed within the nervous system.5 Thus, the presence
and extent of D-dimer in the CNS has to be connected to the
fibrinogen influx and its subsequent processing in case of
BBB disruption.24 Noteworthy, because fibrin deposition is
long sustained in CNS lesions,5 presence of D-dimer in the
CNS may also indicate a preceding BBB dysfunction, even
after the BBB is restored.

Aside fibrinogen, thrombin is another driver of the intrathe-
cal fibrinogenic pathway and was shown to be increased in
the CNS and to be associated with axonal damage, de-
myelination, and fibrin deposition in EAE.18 In addition, an
acute increase of other drivers of fibrinogenesis—F X and
prothrombin—was demonstrated in the plasma of patients
with RRMS and SPMS.16 Because those coagulation factors
are likely not produced in the CNS, their presence and

Figure 4Model of the Coagulation Pathways Leading to the Formation of D-Dimer During Blood-Brain Barrier Disruption

During a blood-brain barrier (BBB) disruption, fibrinogen enters the CNS and is rapidly converted to fibrin by thrombin.5,7 Fibrin then immerses in pleiotropic
roles of immune system activation by binding to the integrin receptor CD11b/CD18 of macrophages and microglia, leading to peripheral T-cell recruitment,
axonal injury, demyelinization, and scar formation.3,5,6,8 The fibrinolytic pathway (gray shaded) continues with the formation of cross-linked fibrin mesh by
activated factor XIII (F XIIIa). The fibrin mesh is then degraded to soluble D-dimer and other fibrin degradation products (FDPs) by plasmin, itself activated by
tissue-type plasminogen activator (tPA).10,11 Prothrombin and Factor X (F X) are elevated in the plasma of patients with MS.16 In the CNS, they engage in the
process modulated by activated Factor X (F Xa) of cleaving thrombin from prothrombin. Thrombin then exerts its starter function in the fibrinogenic pathway
by converting fibrinogen to fibrin. In parallel, Factor XII (F XII) drives an adaptive cellular CD87-dependent autoimmune response mediated by dendritic cells
(APC) and was shown to be elevated in the plasma of patients with MS during a relapse.2 Parts in this figure were edited based on data held under a free
Creative Commons Attrition 3.0 license (commons.wikimedia.org/wiki/File:Microglia.svg). APC = antigen-presenting cell; BBB = blood-brain barrier; F = factor;
FDP = fibrin degradation products; tPA = tissue-type plasminogen activator.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 3 | May 2022 7

https://commons.wikimedia.org/wiki/File:Microglia.svg
http://neurology.org/nn


activation are also a consequence of previous inflow through
the dysfunctional BBB.

We conclude that any observed intrathecal coagulation cascade
activation (e.g., depicted byCSFD-dimer increase) seems to be
dependent on the substrates that cross, or have earlier crossed,
a dysfunctional BBB. The measurement of fibrinogen in CSF
allows insight into the extent of BBB disruption in patients
with RRMS and correlates well with the presence of MS
pathology.4,5,7,28 Acute BBB disruption (CSF/serum albumin
quotient) in patients with MS is known to correlate with CNS
inflammation injury and was recently linked to increased in-
trathecal neurofilament light chain, chitinase 3-like 1, metal-
loproteinase 2, and interleukin-6 levels.29,30 However, although
levels of fibrinogen in CSF correlate with levels of acute (or
past) BBB dysfunction, they do not necessarily reflect the ex-
tent of fibrinogenic pathway activation, e.g., processing of fi-
brinogen into fibrin, which effectively exerts proinflammatory
effects.5 By contrast, D-dimer in CSF is not only a substrate
passing the BBB but also a product of the coagulation cascade.
Hence, analysis of D-dimer in CSF can provide additional in-
formation on the amount of activated fibrinogen in the CSF
(i.e., fibrin generation and further processing) andmay allow to
further quantify the degree of coagulation cascade activation,
which is also modulated by, e.g., F Xa, prothrombin, and
thrombin levels. Additional adjustment for Qalb and QD-dimer is
likely necessary to account for passive D-dimer inflow from the
blood and measure intrathecal D-dimer generation more
accurately.

In this study, we demonstrated increased CSF D-dimer and
CSF fibrinogen values for MS patients with contrast-
enhancing lesions on MRI, in whom both an acute BBB
disruption and a high inflammatory burden in the CNS can
be assumed. This correlation was lost after adjusting for
permeability of the BBB (QD-dimer/Qalb – index). Moreover,
the correlation of CSF leukocytes and D-dimer mostly di-
minished after adjustment for BBB dysfunction. A consid-
erable BBB disruption (to be assumed with CE on MRI
and/or leukocytosis) seems to overhaul the effect of in-
flammatory intrathecal D-dimer production. Thus, cor-
recting for Qalb diminishes previously observed differences
in values that either cross the BBB (fibrinogen) or are
highly dependent on previous BBB crossing of other sub-
strates (D-dimer).

The increasingly evident interaction of coagulation system
proteins and CNS inflammation entails the challenge to
identify novel therapeutic targets. Already, fibrin-targeting
immunotherapy has been explored with encouraging effects
on CNS autoimmunity and neurodegeneration.31 In addi-
tion, F XII and other upstream factors of the coagulation
cascade may be promising targets.2,6,16 Although the utili-
zation of warfarin or novel anticoagulants with selective F
Xa blockade showed appealing results,14,15 safer, more site-
specific options are necessary to prevent unwarranted risk
of bleeding.

Limitations of this study include the pilot character of CSF
D-dimer measurements with chemiluminescence technol-
ogy, which has not been formally standardized for the vis-
cosity and lipoprotein composition of CSF. However,
dilution series with control reagent and quality control runs
showed a solid intra-assay precision of the CSF D-dimer
values in this study, and patient samples proved to be
consistent with available data based on ELISA.20,22 In this
study, we found no correlation of functional disability as
assessed by EDSS score at admission with markers of the
coagulation cascade—neither of adjusted CSF D-dimer nor
with CSF fibrinogen. Notably, it must be considered that
the study comprised numerous MS patients with spinal (n
= 12) or cerebral (n = 20) contrast-enhancing lesions as a
marker of activated CNS inflammation but only no to mild
disability (EDSS ≤3.0), causing a high variance within the
sample.

Future studies shall assess additional markers of coagulation
cascade activation in the CSF such as thrombin and pro-
thrombin and relate the parameters of fibrin-derived auto-
immunity to other prognostic markers of MS disease activity,
such as cytokines,28,32 chemokines related to B-cell activity,9

and markers of neuroaxonal degeneration (e.g., neurofilament
light chain33) to deepen the understanding of the in-
terconnection of coagulation system and neuroimmunologic
mechanisms.

In summary, D-dimer in the CSF can be reliably determined
in high-sensitivity assays and correlates well with CSF fi-
brinogen levels. In MS, D-dimer bears diagnostic potential as
a biomarker for disease activity (including CE) and as a sur-
rogate to monitor intrathecal coagulation cascade activation
in future therapeutic studies.
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Abstract
Background and Objectives
Although patients hospitalized with COVID-19 frequently present with encephalopathy, those
with mild initial COVID-19 disease who never required hospitalization also often develop
neurologic symptoms as part of postacute sequelae of severe acute respiratory coronavirus type
2 (SARS-CoV-2) infection (neuro-PASC). The pathogenic mechanisms of COVID-19 en-
cephalopathy and neuro-PASC are unknown. We sought to establish biochemical evidence of
CNS injury in those patients and their association with neuropsychiatric manifestations and
SARS-CoV-2 antigenemia.

Methods
We recruited hospitalized, posthospitalized, and nonhospitalized patients with confirmed di-
agnosis of COVID-19 with neurologic symptoms in addition to healthy control (HC) subjects.
Plasma neurofilament light chain (pNfL), plasma glial fibrillary acidic protein (pGFAP), and
plasma SARS-CoV-2 Nucleocapsid antigen (pN Ag) were measured by HD-X Simoa analyzer
(Quanterix) and compared with neuropsychiatric symptoms, patient-reported quality-of-life
measures, and standardized cognitive assessments. Neuroglial scores (pGFAP/pNfL) were
calculated to estimate the relative contribution of astroglial and neuronal involvement.

Results
We enrolled a total of 64 study participants, including 9 hospitalized patients with COVID-19
encephalopathy (CE), 9 posthospitalization neuro-PASC (PNP) patients, 38 nonhospitalized
neuro-PASC (NNP) patients, and 8 HC subjects. Patients with CE were older, had higher pNfL
and pGFAP concentrations, and more frequent pN Ag detection than all neuro-PASC groups.
PNP and NNP patients exhibited similar PASC symptoms, decreased quality-of-life measures,
and cognitive dysfunction, and 1 of the 38 (2.6%) NNP patients had pN Ag detectable 3 weeks
postsymptoms onset. Patients with neuro-PASC presenting with anxiety/depression had higher
neuroglial scores, which were correlated with increased anxiety on quality-of-life measures.

Discussion
pNfL, pGFAP, and pN Ag measurements indicate neuronal dysfunction and systemic in-
volvement in hospitalized COVID-19 patients with encephalopathy. Detection of SARS-CoV-2
N Ag in blood 3 weeks after symptoms onset in a nonhospitalized patient suggests that
prolonged antigenic stimulation, or possibly latent infection, may occur. Anxiety was associated
with evidence of astroglial activation in patients with neuro-PASC. These data shed new light
on SARS-Cov-2 neuropathogenesis and demonstrate the value of plasma biomarkers across the
COVID-19 disease spectrum.
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According to the World Health Organization, more than 260
million people have been diagnosed with severe acute re-
spiratory coronavirus type 2 (SARS-CoV-2) infection, the
virus that causes COVID-19, leading to close to 5.2 million
deaths between December 2019 and November 26, 2021.1

Infections continue to grow despite the availability of vaccines
that effectively prevent severe disease and death in most cases.
Although acute infection primarily targets the respiratory
tract, extrarespiratory organs, including the CNS, are also
affected.2,3 This results in neurologic symptoms, including
encephalopathy, despite the fact that conclusive evidence of
active viral replication in the CNS is lacking.

Several studies have investigated blood-based biomarkers of
CNS injury in the acute phase of both severe and mild-to-
moderate COVID-19 to assess the nature of CNS injury in
acute infection. Plasma neurofilament light chain (pNfL) is an
intra-axonal structural protein that has been validated as a
biomarker for neuroaxonal damage, and plasma glial fibrillary
acidic protein (pGFAP) is an astrocytic cytoskeletal protein
that is upregulated in activated astrocytes.4,5 Both markers
have been shown to increase in the acute phase of severe and
mild-to-moderate COVID-19, indicating that CNS injury
associated with neuronal damage and astrocytic activation
occurs with acute infection.6,7

A subset of patients with COVID-19 experiences chronic
cardiopulmonary, gastrointestinal, and/or neurologic
symptoms after the acute phase. These postacute sequelae
of SARS-CoV-2 infection (PASC) are observed in patients
who experienced severe disease requiring hospitalization
and those who had mild and even asymptomatic acute
disease.8 PASC patients with neurologic symptoms (neuro-
PASC) most frequently present with cognitive difficulties,
headaches, dizziness, disorders of smell and taste, and
neuropsychiatric complaints such as new-onset depression
and anxiety.9,10 The chronic nature of these complaints
suggests that ongoing neuroinflammation and/or direct
damage to the CNS may persist long after acute infection
resolves.

We sought to assess biochemical evidence of CNS injury in
acutely encephalopathic COVID-19 patients and neuro-
PASC patients with chronic neurologic symptoms 1–13
months after either severe acute disease requiring hospitali-
zation or mild initial infection. We then determined the re-
lationship between these biomarkers and acute disease

severity and whether they associated with findings of neuro-
logic, cognitive, or neuropsychiatric symptoms.

Methods
Participants and Study Design
We recruited patients with COVID-19 who were currently
hospitalized with COVID-19 encephalopathy (CE), post-
hospitalization neuro-PASC (PNP) patients hospitalized for
COVID-19 pneumonia, or nonhospitalized neuro-PASC
(NNP) patients with mild initial infection between March
2020 and December 2020. Plasma samples and quality of life
and NIH Toolbox data were obtained between August 2020
and March 2021. All neuro-PASC patients exhibited neuro-
logic symptoms persisting at least 6 weeks from symptom
onset. COVID-19 diagnosis was performed by SARS-CoV-2
reverse transcriptase PCR (RT-PCR) of nasopharyngeal swab
and/or SARS-CoV-2 antibody testing. Healthy control sam-
ples were obtained from individuals who showed negative
results for RT-PCR and serology tests and had no clinical
suspicion of infection during the SARS-CoV-2 pandemic. All
consenting eligible patients who presented to the Neuro–
COVID-19 clinic were included in the study.

Standard Protocols, Approvals, Registration,
and Patient Consents
The study was approved by the Northwestern University
Institutional Review Board (STU00212583). All participants
were enrolled after giving their written informed consent.

Procedures
Encephalopathy in hospitalized patients was diagnosed by an
attending physician. All patients with neuro-PASC were
evaluated by an attending neurologist in the Northwestern
University Medical Center Neuro–COVID-19 clinic. Patient-
Reported Outcome Measurement Information System
(PROMIS) Computer Adaptive Testing (CAT) assessment
of quality of life in cognition (PROMIS CAT v2.0), fatigue
(PROMIS CAT v1.0), anxiety (PROMIS CAT v1.0), de-
pression (PROMIS CAT v1.0), and sleep disturbance
(PROMIS CAT v1.0) were performed in the outpatient
clinic.11,12 Cognitive function evaluation was performed using
the NIH Toolbox v2.1 instrument, which assessed processing
speed (pattern comparison processing speed test); attention
(inhibitory control and attention test); executive function
(dimensional change card sort test); and working memory (list
sort working memory test).13-16 All tests were administered by

Glossary
CAT = computer adaptive testing; CE = COVID-19 encephalopathy;GLT-1 = glutamate transporter 1;HC = healthy control;
MS = multiple sclerosis; NMOSD = neuromyelitis optica spectrum disorder; NNP = nonhospitalized neuro-PASC; PASC =
Postacute sequelae of SARS-CoV-2 infection; pGFAP = plasma glial fibrillary acidic protein; pNfL = Plasma neurofilament light
chain; PNP = posthospitalization neuro-PASC; PROMIS = Patient-Reported Outcome Measurement Information System;
RT-PCR = reverse transcriptase PCR; SARS-CoV-2 = severe acute respiratory coronavirus type 2.
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clinical or research staff in the Neuro–COVID-19 clinic. Both
PROMIS and NIH Toolbox results are expressed as T scores
with a score of 50 representing the normativemean/median for
the US reference population with an SD of 10. The derivation
cohort for PROMIS was selected to represent the demographic
composition of the US population. NIH Toolbox T scores are
adjusted for age, education, sex, and race/ethnicity. Lower
cognition, processing speed, attention, executive function, and
working memory T scores represent worse performance,
whereas higher fatigue, anxiety, depression, and sleep distur-
bance T scores indicate worse outcomes.

Heparinized plasma samples were obtained at the date of
enrollment, concurrent with quality-of-life and cognition
measures evaluation for PNP and NNP patients. pGFAP and

pNfL and Nucleocapsid antigen titers were performed by
Quanterix Corporation (Billerica, MA) on a Simoa HD-X
analyzer using GFAP discovery (cat. 502656) and Nf-Light
kits (cat. 502296), respectively. All samples were run in du-
plicate with the exception of 3 samples with insufficient vol-
ume, which were run in singleton. The median coefficient
of variation for duplicate measures was 5% for both pGFAP
and pNfL and was normalized to dilution factor, when
appropriate.

Statistical Analysis
Data were summarized as number of patients (percentage/
frequency), normally distributed variables as mean (SD), or
median (interquartile range) for non-normally distributed
variables. Group differences for normally distributed data

Table 1 Study Subject Demographics and Plasma Antigen Concentrations

CE (n = 9) PNP (n = 9) NNP (n = 38) HC (n = 8) p, all groups p, CE excluded

Age (mean [1 SD]) 74.9 (15.8) 54.1 (20.3) 45.5 (12.1) 38.5 (10.9) <0.001 0.07

Female, n (%) 6 (66.6) 3 (33.3) 26 (66.6) 5 (62.5) 0.31 0.18

Male, n (%) 3 (33.3) 6 (66.6) 13 (33.3) 3 (37.5)

Race, n (%)

White 6 (66.6) 6 (66.6) 33 (84.6) 6 (75.0)

Black 2 (22.2) 1 (11.1) 1 (2.6)

Asian 1 (11.1) 4 (10.3) 2 (25.0)

Other 1 (11.1) 1 (11.1) 1 (2.6)

Ethnicity, n (%)

Hispanic 1 (11.1) 2 (22.2) 5 (12.8) 1 (12.5)

Non‐Hispanic 8 (88.8) 7 (77.7) 33 (84.6) 7 (87.5)

DPO (median [IQR]) 20 [10.5–32] 237 [204–294] 196 [147–323] NA <0.001 0.96

Plasma antigen concentration (pg/mL)

pNfL (median [IQR])

<50 186.3 5.1 [3.0–7.4] 5.4 [3.4–7.2] 5.4 [3.3–5.8] NA 0.83

>50 75.6 [70.6–269.7] 14.0 [6.1–16.7] 8.11 [6.7–11.0] 9.25 0.03a 0.44a

pGFAP (median [IQR])

<50 73.6 41.0 [11.9–68.6] 55.3 [42.6–72.0] 40.1 [30.5–96.7] NA 0.80

>50 198.9 [126.3–457.1] 62.4 [23.9–127.7] 67.5 [35.0–91.7] 104.66 0.003a 0.97a

N‐Ag–positive, n (%) 5 (55.6) 1 (2.6)

N‐Ag (median [IQR]) 109.5 [3.9–4,025] 0.37

Neuroglial score (mean [1 SD])

<50 0.4 6.61 (3.20) 12.77 (6.34) 11.76 (7.15) NA 0.17

>50 3.51 (3.57) 5.69 (2.79) 7.89 (4.94) 11.32 0.07a 0.36a

Abbreviations: CE = COVID in‐patients with encephalopathy; PNP = posthospitalization neuro‐PASC; NNP = never hospitalized neuro‐PASC; HC = healthy
control; DPO = sample days postonset; pGFAP = plasma glial fibrillary acidic protein; pNfL = plasma neurofilament light chain.
Bold values indicate any p values <0.05 and were considered significant.
a HC excluded.
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were assessed using ANOVA and non-normally distributed
data with the Kruskall-Wallis test or the Mann-Whitney
test in the case of 2 group comparisons; quantitative data
were compared with the Fisher exact test. Pairwise com-
parisons for normally distributed data were assessed by
2-tailed t tests for independent means, followed by
Hedges’ g effect size for t test. Associations between
quantitative variables were assessed using the Pearson
correlation test. One-sample Wilcoxon rank sum tests were
used to determine whether PROMIS and NIH Toolbox T
scores differed from the demographically matched nor-
mative US population. Effect size calculation was per-
formed using the effect size calculator for t tests from Social
Science Statistics17; all other age-dichotomized analyses
were performed using GraphPad Prism, version 9.2.0.
Linear and logistic regression models were performed in R,
version 4.0.3 (R Foundation for Statistical Computing,
Vienna, Austria). Quantitative models for continuous
biomarkers were performed by linear regression. Qualita-
tive models of patient-reported anxiety were performed by
logistic regression modeling with effects expressed as ORs.
Age was included as a variable in all regression models to
ensure adjustment for potential confounding effects of age
between continuous biomarkers or anxiety measures and
the patient groups.

Study data were collected and managed using REDCap
electronic data capture tools. Subjects with missing variables
were eliminated from quality-of-life analyses when necessary,
and no subject values were missing for biochemical markers.

For all models and statistical tests, 2-sided p values ≤ 0.05
were considered statistically significant.

Data Availability
Anonymized data are available by request to any qualified
investigator.

Results
Patient Demographics and Study Groups
We recruited a total of 64 study participants, including 56
patients experiencing neurologic symptoms attributable to
COVID-19 and 8 healthy control (HC) subjects who have
never been infected with SARS-CoV-2 for inclusion in this
study between March 2020 and December of 2020, before
the availability of COVID-19 vaccines. Study subjects were
subdivided into acutely infected hospitalized patients with
encephalopathy whose samples were collected concurrent to
hospitalization (CE, n = 9); patients who were hospitalized
for pneumonia during acute infection and who have sub-
sequently developed neuro-PASC (PNP, n = 9); patients
who were never hospitalized, exhibiting only mild-to-
moderate symptoms in acute infection, but who sub-
sequently developed neuro-PASC (NNP, n = 38); and HC
(n = 8) subjects who have never been infected with SARS-
CoV-2.

The mean age values for patients with CE were significantly
higher than those in all other groups (74.9 ± 15.8 years, p <
0.001; Table 1), reflecting the increased severity of acute

Figure 1 Plasma Biomarkers of CNS Injury in Patients With COVID-19

Plasma neurofilament (pNfL) and plasma glial fibrillary
acidic protein (pGFAP) concentration stratified by age
in (A) patients hospitalized with Covid-19 encephalop-
athy (CE: younger than 50 years, n = 1, older than 50
years, n = 8) and (B and C) patients who experienced
Covid-19 pneumonia and are now posthospitalization
with neuro-PASC (PNP: younger than 50 years, n = 4,
older than 50 years, n = 5), nonhospitalized neuro-PASC
patients (NNP group: younger than 50 years, n = 20,
older than 50 years, n = 18), and healthy control sub-
jects (HC: younger than 50 years, n = 7, older than 50
years, n = 1). Both pNFL and pGFAP levels are signifi-
cantly higher in CE older than 50 years than those in all
other groups including those older than 50 years
(Kruskal-Wallis test; pNfL: H = 16.23, p = 0.0003; pGFAP:
H = 7.34, p = 0.02). pGFAP/pNfL ratio (D) represents
neuroglial score, where higher scores indicate pre-
dominance of astrocytic activation and lower scores
predominant neuroaxonal damage.
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COVID-19 in older populations. Patients with CE did not
have documented neurologic disease which would account for
increased concentration of either pNfL or pGFAP. The mean
age values for the remaining study groups (PNP: 54.1 ± 20.3
years; NNP: 45.5 ± 12.1 years; HC: 38.5 ± 10.9 years) were
not significantly different by Tukey post hoc analysis. All
populations had greater female enrollment, with the exception
of the PNP group. Most subjects identified as non-Hispanic
White. Samples were obtained in the acute phase for patients
with CE at a median of 20 days postsymptom onset (DPO) (p
< 0.001), when compared with samples of patients with
neuro-PASC, which were collected at 237 (PNP) and 196
(NNP) DPO (p = 0.45).

Biomarkers of CNS Injury in Patients With CE
and Neuro-PASC
We determined the plasma concentration of pNfL and pGFAP
to assess the relationship between CNS and neurologic symp-
toms of SARS-CoV-2 infection and signs of neuronal injury and
astrocytic activation (Table 1 and Figure 1). It is well established
that pNfL concentration is correlated with increasing age, and
therefore, we stratified our study populations into age ranges
younger and older than 50 years, which was the mean age for all
participants, to account for age-dependent changes.18 Acutely
infected CE patients older than 50 years had significantly higher
median pNfL (75.6 [60.6–269.7] pg/mL, p = 0.03) and pGFAP
(198.9 [126.3–457.1] pg/mL, p = 0.003) concentrations than all
other groups (Figure 1A). Neuro-PASC groups and HC groups
comprising subjects younger than 50 years did not differ in the
median pNfL (p = 0.83) or pGFAP concentration (p = 0.80)
(Figures 1B and C). Neuro-PASC groups comprising patients
older than 50 years did not differ in the median pNfL (p = 0.44)
or pGFAP concentration (p = 0.97) (Figures 1B and C).
Healthy control samples older than 50 years could not be in-
cluded in the age-dichotomized comparisons because of low
representation. We additionally performed a linear regression

model for pNfL and pGFAP vs eachCOVID-19 patient category
with adjustment for age to ensure that the observed statistical
difference in pNfL and pGFAP in the CE group was not because
of the higher age of this patient group. Age was not a statistically
significant variable in either model of analyte levels, with a linear
regression p value for age of 0.79 for pNfL and p = 0.06 for
pGFAP. The linear regression models confirmed the age-
stratified findings that pNfL and pGFAP levels are expected to be
significantly greater for patients with CE than any other group,
even after adjusting for age (pNfL model intercept for CE group
236.5 [95% CI 69.4 to 403.6] with a multiple R2 value of 0.33;
model intercepts for other patient groups relative to CE group:
HC group −220.7 [95% CI −348.8 to −92.6], NNP group
−216.5 [95%CI -316.1 to−116.9], and PNP group−212.9 [95%
CI −323.1 to −102.6]. pGFAP model intercept for CE group
135.4 [95% CI −26.9 to 297.1] with a multiple R2 value of 0.38;
model intercepts for other patient groups relative to CE group:
HC group −147.1 [95% CI −271.1 to −23.1], NNP group
−156.9 [95% CI −253.3 to −60.5], and PNP group—178.5
[95% CI −285.2 to −71.8]). Additional models to include sex
and body mass index (BMI) were performed. Inclusion of these
variables did not affect the outcomes of our model: pNfL model
intercept for CE group adjusted for age, sex, and BMI was 209.0
[95% CI −7.03 to 425] with a multiple R2 value of 0.39. Model
intercepts for other groups relative to CE group were as follows:
HC group −220.8 [95% CI −349.3 to −92.3]; NNP group
−219.5 [95% CI −320.7 to −118.3]; and PNP group −226.2
[95% CI -340.8 to −111.5]. Model intercept for pGFAP in CE
group adjusted for age, sex, and BMIwas 150.5 [95%CI−57.8 to
358.8] with a multiple R2 value of 0.39. Model intercepts for
other groups relative to CE were as follows: HC group −152.2
[95%CI −276.1 to −28.3]; NNP group−161 [95%CI −259.0 to
−63.8]; and PNP group −190.8 [95% CI −301.3 to −80.3].

To determine the contribution of glial activation when com-
pared with neuronal damage, we calculated a neuroglial score

Figure 2 SARS-CoV-2 Nucleocapsid Protein (N Ag) in Plasma Samples of Patients With COVID-19

N Ag was detectable in 6 of the 64 (9.4%) plasma samples tested
(CE = 5 of the 9 [55.6%], posthospitalization neuro-PASC patients = 0/9,
nonhospitalized neuro-PASC patient = 1 of the 38 [2.6%], healthy
controls = 0 of the 8).
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based on the ratio of pGFAP to pNfL, as previously described
for other neurologic conditions.5,19,20 Higher scores indicate
that astroglial activation is dominant and lower scores indicate
that neuronal injury is dominant. All age-stratified groups had
similar neuroglial scores except for a trend toward lower
scores in CE patients older than 50 years (p = 0.07), sug-
gesting that there may be greater neuronal damage relative to
astrocytic activation in acutely encephalopathic when com-
pared with patients with neuro-PASC. A linear regression
model of the neuroglial score confirmed that age was not
statistically associated with neuroglial score (p = 0.24), and
that although neuroglial scores tended to be lower for patients
with CE, they did not differ significantly between groups.

SARS-CoV-2 Nucleocapsid Antigen Is Present in
the Blood of Acutely Infected Patients With
Encephalopathy andaPatientWithNeuro-PASC
To determine whether there was correlation between markers
of CNS injury and expression of viral antigen, we tested the

same samples for the presence of SARS-CoV-2 nucleocapsid
(N Ag) protein. We found that 5 of the 9 patients with CE
(55.6%) had detectable titers of N Ag in their blood (Figure 2).
There was no correlation with pNfL, pGFAP, neuroglial score,
or sample DPO and N Ag titer (data not shown). Of interest,
we identified 1 individual from the NNP group (1/38, 2.6%)
who had detectable N Ag (0.37 pg/mL) in the plasma from a
blood sample obtained 3 weeks after symptom onset in a patient
who maintains neuro-PASC symptoms 350 days postinfection
to date, suggesting that there is a productive reservoir of anti-
genemia or infection in this individual 3 weeks postsymptoms
onset. No PNP or HC individuals had detectable plasma N Ag.

Symptoms Associated With COVID-19, Quality-of-
Life Measures, and Standardized Cognitive Tests
We next sought to determine whether there was an associa-
tion between pNfL, pGFAP, and neuroglial scores with in-
dividual symptoms, changes in quality of life, or cognitive
performance associated with neuro-PASC.

Table 2 Symptoms Attributed to COVID‐19

PNP n = 9 NNP n = 38 p Value

Percentage recovered since baseline (median [IQR]) 75 [60–90] 60 [50–70] 0.05

Number of neurologic symptoms attributed to PASC (median [IQR]) 3 [1.5–4] 5.5 [4–7] 0.002

Neurologic symptoms, n (%)

Brain fog 8 (88.9) 35 (92.1) 0.76

Headache 4 (44.4) 28 (73.7) 0.09

Myalgia 3 (33.3) 26 (68.4) 0.05

Dysgeusia 2 (22.2) 27 (71.7) 0.006

Numbness/tingling 3 (33.3) 17 (44.7) 0.53

Anosmia 3 (33.3) 25 (65.8) 0.07

Dizziness 2 (22.2) 19 (50.0) 0.13

Tinnitus 2 (22.2) 14 (36.8) 0.41

Pain in areas other than chest 0 (0.0) 17 (44.7) <0.001

Blurred vision 2 (22.2) 11 (28.9) 0.69

Other symptoms, n (%)

Fatigue 5 (55.6) 36 (94.7) 0.03

Shortness of breath 7 (77.7) 21 (55.3) 0.22

Depression/anxiety 6 (66.6) 26 (68.4) 0.92

Insomnia 3 (33.3) 21 (55.3) 0.24

Chest pain 1 (11.1) 14a (37.8) 0.13

Variations in heart rate and blood pressure 2 (22.2) 12 (31.6) 0.58

GI symptoms 2 (22.2) 14 (36.8) 0.41

Abbreviations: NNP = nonhospitalized neuro-PASC patients; PNP = posthospitalization neuro-PASC patients.
Bold values indicate any p values <0.05 and were considered significant.
a n = 37.
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Neurologic evaluation was performed for all subjects enrolled in
the PNP and NNP groups in the Northwestern University hos-
pital Neuro–COVID-19 clinic. Symptom frequency is described
inTable 2.On average, PNPpatients had amedian of 3 neurologic
symptoms, whereas those who had a mild initial presentation,
which did not require hospitalization, reported a higher number of
neurologic symptoms (NNP M = 5.5; p = 0.002). The most
frequently reported neurologic symptoms among both groups
were brain fog, headaches, and myalgias. Most neurologic symp-
toms were reported with similar frequency between neuro-PASC
groups with the exception of dysgeusia and pain in areas other
than the chest, both of which were reported infrequently in PNP
patients (p = 0.006 and p < 0.001, respectively). Non-neurologic
symptoms most frequently reported in all groups were fatigue,

shortness of breath, and depression/anxiety. Of interest, NNP
patients reported fatigue more frequently than PNP patients (p =
0.03), whereas all other non-neurologic symptoms were reported
with similar frequency between groups.

Neuro-PASC impacts on quality of life and cognitive perfor-
mance were analyzed using PROMIS and NIH Toolbox T
scores, respectively (Figures 3, A and B). Within-group per-
formance was compared with national standardized values for
each test. Both groups showed significantly worse patient-
reported cognition and fatigue scores than the de-
mographically matched cohorts (Figure 3C). NNP patients
had significantly worse patient-reported anxiety scores than
the national averages and significantly worse rates of patient-

Figure 3 Neuro-PASC Negatively Affects Quality Of Life and Cognition

Normalized and demographic-matched T score values for Patient-Reported Outcomes Measurement Information System (PROMIS-57; A) quality of life and
NIH Toolbox (B) cognitive assessment for posthospitalized neuro-PASC patients (PNP) and nonhopitalized neuro-PASC patients (NNP). United States normative
population T score mean/median of 50 (δ = 10) is indicated by a broken black line. Scores lower than 50 for cognition, processing speed, attention, executive
function, and working memory indicate poor outcomes. Scores higher than 50 for fatigue, anxiety, depression, and sleep disturbance indicate poor outcomes.
One-sample 2-tailed t test p values between patient group and normative population and between-group 2-tailed t test are provided in the table. *p ≤ 0.05.
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reported depression. PNP measures were not compared with
national averages for anxiety, depression, or sleep disturbance
because of low enrollment for these measures (n = 2). No
difference was observed in between-group patient-reported
values for any domain tested.

NIHToolboxmeasures showed that PNP patients, but not NNP
patients, performed significantly worse in processing speed and
working memory than the national averages. Conversely, NNP
patients performed worse in attention than the national average,
whereas PNP patients only showed a trend toward significance
(NNP, p = 0.002; PNP, p = 0.06). Overall, only processing speed
was different between groups, with PNP patients showing sig-
nificantly worse measures than NNP patients (p = 0.006).

Collectively, these data suggest that patients with neuro-PASC
have largely similar decreased quality of life associated with
neuro–long-hauler symptoms regardless of severity of the acute
phase of their disease, and both PNP and NNP patients exhibit
cognitive dysfunction, albeit affecting different domains.

Neuroglial Score Shows Associations Between
Astrocytic Predominance and Anxiety in Neuro-
PASC Patients
All the quantitative (Table 2) and qualitative (Figure 3) var-
iables were compared with pNfL, pGFAP, and neuroglial
scores to determine whether either biomarker or the in-
volvement of axonal damage or astrocytic activation pre-
dominance associated with outcomes within groups for both
age-stratified subsets (data not shown).

We observed an association between patient-reported anxiety
and/or depression at the time of the outpatient clinic visit and
lower neuroglial score in both young and older patients
with neuro-PASC (PNP and NNP patients combined)

(Figure 4A). Age in anxiety-stratified or depression-stratified
groupswas statistically similar: themean age for patients younger
than 50 years who experienced anxiety/depression was 36.5
years, whereas those with no anxiety/depression had a mean age
of 34 years (p= 0.56); themean age for those older than 50 years
with anxiety/depression was 59.2 years, whereas those with no
anxiety/depression had a mean age of 57.9 years (p = 0.69).
Logistic regression accounting for age confirmed the association
between increasing neuroglial score and greater qualitative ex-
perience of anxiety/depression, with an odds ratio of 1.32 (95%
CI 1.12, 1.64, p = 0.004) even with adjustment for age.

To determine the respective contributions of anxiety and de-
pression with higher neuroglial scores, we analyzed patient-
reported quantitative values obtained byPROMIS testingwithin 1
week of sample date, which showed a significant positive corre-
lation between neuroglial score and anxiety T score (Rho = 0.64,
p = 0.03; age-adjusted linear regression β = 0.87 PROMIS anxiety
increase per neuroglial unit increase, p= 0.04 with amultiple R2 of
0.41) but not PROMIS depression T score (Rho = 0.30, p = 0.36;
age-adjusted linear regression β = 0.58 PROMIS depression in-
crease per neuroglial unit increase, p = 0.38, with a multiple R2 of
0.13), suggesting that anxiety is associated with increasing neu-
roglial score in patients with neuro-PASC (Figures 4, B and C).
pGFAP concentration independently did not reach significance
with qualitative determination of anxiety/depression but did
correlate with PROMIS anxiety T score (Rho = 0.62, multiple
R2 = 0.38, p = 0.04; data not shown). Collectively, these data
suggest that astrocytic activation is associated with symptoms of
anxiety in patients with neuro-PASC.

Discussion
Our results confirm previously published findings that patients
hospitalized with severe COVID-19 have elevated biomarkers

Figure 4 Higher Neuroglial Score Correlates With Anxiety in Neuro-PASC Patients

Neuro-PASC patients (posthospitalization neuro-PASC patients and nonhospitalized neuro-PASC patients combined) presenting with anxiety and/or de-
pression (A) in the Neuro–Covid-19 clinic showed higher neuroglial scores when compared with neuro-PASC patients who exhibited neither anxiety nor
depression in both younger than 50-year age-group and older than50-year age-group (younger than 50 years: yes, n = 17; no, n = 7, p = 0.01, Hedges’ g effect
size = 1.37; older than 50 years: yes, n = 15; no n = 8, p = 0.02, Hedges’ g effect size = 1.17; two-tailed T tests). Quantitative PROMIS-57 T scores for anxiety (B) but
not depression (C) showed linear correlation with increasing glial activation predominance at the time of sample (anxiety T score: n = 11, R2 = 0.41, p = 0.03;
depression T score: n = 11, R2 = 0.09, p = 0.36; two-tailed Pearson correlation). *p ≤ 0.05.
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of CNS injury in their blood.6,21-25 This finding therefore
supports the body of literature showing that COVID-19 neu-
rologic sequelae in the acute phase are accompanied by damage
to the CNS despite the fact that direct SARS-CoV-2 infection
of the brain parenchyma remains a matter of debate.26 In se-
verely ill patients, the possible causes of CNS injury include
hypoxemia, vasculopathy, coagulopathy, or systemic in-
flammation leading to blood-brain barrier disruption. However,
elevation of serum (s)GFAP has also been observed in acute
moderate cases and elevation of serum (s)NfL in acutemild-to-
moderate cases of COVID-19.6,23,24 Collectively, these findings
suggest that CNS damage may occur in patients with COVID-
19 presenting with a wide range of acute disease severity.

The conceptual basis for analyzing our patient cohorts using a
neuroglial score is derived from the use of these markers in
differentiating between relapsing-remitting and primary pro-
gressive multiple sclerosis (MS) and between neuromyelitis
optica spectrum disorder (NMOSD) and MS. In these cases,
it has been shown that predominance of glial activation cor-
relates with progressive forms of MS, with NMOSD when
compared with MS, with α-aquaporin-4 antibody pre-
dominance in NMOSD, and with increasing disability asso-
ciated with MS and NMOSD, collectively suggesting that the
neuroglial score used in this study is associated with distinct
underlying pathophysiology in those disease processes.4,5,19,20

Within-group comparisons of patients with neuro-PASC
revealed that there was a significant difference in neuroglial
scores for those experiencing depression and/or anxiety as a
symptom of neuro-PASC. Additional quantitative measures
of anxiety and depression revealed that there was a linear
relationship between increasing neuroglial scores and anxiety,
but not depression, in patients with neuro-PASC.

Astrocytic involvement in neuropsychiatric disorders is a de-
veloping field of study. Functional differences have been shown in
astrocytes from animal models of depression, and similar changes
have been observed in postmortem tissues obtained from suicide
victims.27 Among other changes, astrocytic glutamate transporter
1 (GLT-1/EAAT2) expression decreases in animal models of
stress and anxiety, and its expression is increased by exposure to
antidepressants.28,29 Furthermore, transgenic mice that had con-
ditional expression of astrocytic GLT-1 showed greater resilience
to anxiety and depression.30 These and other data show that
astrocytes play a role in anxiety and corroborate our neuroglial
score results, which suggest that astrocytic activation predomi-
nates in neuro-PASC patients experiencing anxiety.

Previous coronaviruses have been implicated in neuropsy-
chiatric disorders such as depression and anxiety in a variety of
ways. Seropositivity for common cold alphacoronavirus strain
HCoV-NL63 was shown to be elevated in new-onset psy-
chosis and more frequent in individuals with mood disorders
such as major depressive disorder.31,32 Furthermore, survivors
of the SARS-CoV-1 epidemic in 2003 showed an increase in
prevalence of psychiatric disorders from 3.3% before infection

to 42.5% at 40 months postinfection, with the most common
diagnoses of post-traumatic stress disorder (54.5%) and de-
pression (39.0%).33 Large-scale surveillance for neuropsy-
chiatric conditions after COVID-19 should continue, and our
data suggest that biochemical markers of CNS damage may
help to identify the mechanistic cause of neuropsychiatric
symptoms in neuro-PASC patients. Nucleocapsid anti-
genemia suggest prolonged SARS-CoV-2 infection in some
nonhospitalized neuro-PASC patients.

The underlying mechanisms of PASC remain unclear. We and
others have shown that most of the non-hospitalized patients
with neuro-PASC are women, who are more likely than men to
develop autoimmune conditions. Furthermore, patients with
neuro-PASC have higher frequency of pre-existing autoimmune
conditions before COVID-19, suggesting that PASC may be a
postinfectious, autoimmune phenomenon.10 However, pro-
longed viral shedding has been documented in some patients
after the acute phase of COVID-19, and the T-cell response to
SARS-CoV-2 in non-hospitalized neuro-PASC patients is con-
sistent with that seen in the setting of persistent antigenic
stimulation.34 Our data indicate that nucleocapsid antigenemia
may occur at least 3 weeks after symptom onset in a non-
hospitalized patient who developed neuro-PASC. Viral RNA in
fecal samples has been detected for greater than 5 weeks
in hospitalized patients who no longer had detectable viral RNA
in nasopharyngeal or throat swab samples, suggesting that the
gut may function as a reservoir of viral replication with longer
duration than the respiratory tract.35 The GI tract contains a
large collection of specialized immune cells. Prolonged viral
replication in this compartment might provoke inflammatory
cascades ultimately inducing chronic inflammation or the in-
duction of autoimmunity through epitope spreading or by-
stander activation. Gut-associated SARS-CoV-2 replication and
antigen persistence has yet to be studied in nonhospitalized
patients or in patients with neuro-PASC, but should be pursued.
Future work should focus on larger surveillance for the presence
of Nucleocapsid Ag in the periphery, including through repeated
fecal and nasopharyngeal sampling, assessing for nucleocapsid-
specific T-cell activation, and should determine whether an on-
going productive infection with SARS-CoV-2 is occurring in
hidden reservoirs such as the gut.36

Our study has limitations, primarily its limited sample size.
The pilot data collected for this study included small HC and
CE groups. Continuing investigations should emphasize
larger sample size and age matching across all groups to in-
crease the statistical power of the observation. We were un-
able to include patients without post-COVID neurologic
symptoms because of underrepresentation in our Neuro–
COVID-19 clinic. Future work should include this patient
population to determine whether SARS-CoV-2 infection af-
fects the levels of plasma biomarkers in the absence of neu-
rologic sequelae. Patients had a single measurement of pNfL,
pGFAP, and plasma SARS-CoV-2 Nucleocapsid antigen, and
patients with neuro-PASC were tested at a median of ap-
proximately 7 months postsymptoms onset, when they felt
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already approximately 70% recovered compared with their
pre–COVID-19 baseline by their own report. It is therefore
possible that higher plasma concentrations of CNS bio-
markers and more frequent detection of SARS-CoV-2 N Ag
could be found in earlier stages of neuro-PASC. PROMIS
questions for anxiety, depression, and sleep disturbance were
added to our standard panel in January 2021 and therefore
were not available for all participants. A prospective study,
including a larger number of patients including those with no
neuro-PASC symptoms, is needed to determine the dynamic
evolution of CNS biomarkers and N Ag shedding in blood or
other bodily fluids over time.

It has been estimated that approximately one-third of all patients
with COVID-19 develop PASC of variable duration, and neuro-
logic symptoms are among themost debilitating manifestations of
PASC.9 With more than 48 million documented infections since
the beginning of the pandemic in the United States, it is likely that
more than 15 million individuals have been or are currently af-
fected by neuro-PASC in the United States alone and tens of
millions in the world.37,38 This wouldmake neuro-PASC the third
most prevalent neurologic disorder in the United States behind
only tension and migraine headaches and ahead of stroke, Alz-
heimer disease and other dementias, spinal cord and traumatic
brain injuries, and idiopathic epilepsy.39 Longitudinal studies are
needed to evaluate persistent SARS-CoV-2 infection and CNS
damage in patients with neuro-PASC over time and the long-term
cognitive impact of COVID-19 in this large patient population.
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Abstract
Background and Objectives
This study aims to quantify microglial activation in individuals with Alzheimer disease (AD) using
the 18-kDa translocator protein (TSPO) PET imaging in the hippocampus and precuneus, the 2
AD-vulnerable regions, and to evaluate the association of baseline neuroinflammation with
amyloidosis, tau, and longitudinal cognitive decline.

Methods
Twenty-four participants from the Knight Alzheimer Disease Research Center (Knight ADRC)
were enrolled and classified into stable cognitively normal, progressor, and symptomatic AD
groups based on clinical dementia rating (CDR) at 2 or more clinical assessments. The baseline
TSPO radiotracer [11C]PK11195 was used to image microglial activation. Baseline CSF
concentrations of Aβ42, Aβ42/Aβ40 ratio, tau phosphorylated at position 181 (p-tau181), and
total tau (t-tau) were measured. Clinical and cognitive decline were examined with longitudinal
CDR and cognitive composite scores (Global and Knight ADRC-Preclinical Alzheimer Cog-
nitive Composite [Knight ADRC-PACC] Score).

Results
Participants in the progressor and symptomatic AD groups had significantly elevated [11C]
PK11195 standard uptake value ratios (SUVRs) in the hippocampus but not in the precuneus
region. In the subcohort with CSF biomarkers (16 of the 24), significant negative correlations
between CSF Aβ42 or Aβ42/Aβ40 and [11C]PK11195 SUVR were observed in the hippo-
campus and precuneus. No correlations were observed between [11C]PK11195 SUVR and
CSF p-tau181 or t-tau at baseline in those regions. Higher baseline [11C]PK11195 SUVR
averaged in the whole cortical regions predicted longitudinal decline on cognitive tests.

Discussion
Microglial activation is increased in individuals with brain amyloidosis and predicts worsening
cognition in AD.

MORE ONLINE

Class of Evidence
Criteria for rating
therapeutic and diagnostic
studies
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Classification of Evidence
This study provides Class II evidence that in patients with AD, higher baseline [11C]PK11195 SUVR averaged in the whole
cortical regions was associated with longitudinal decline on cognitive tests.

The characteristic pathology of Alzheimer disease (AD) is the
deposition of extracellular β-amyloid (Aβ) plaques and in-
tracellular tau fibrils. Amyloid plaques and tau tangles are
believed to initiate a cascade of pathology that includes neu-
roinflammation,1 synaptic dysfunction, and neuronal death,
resulting in dementia. There is extensive literature documenting
a microglial-mediated inflammatory response in AD.2 Multiple
longitudinal studies demonstrate that inflammation and micro-
glial activation begin early in AD, many years before dementia
onset.3,4 It is also notable that microglia play a key role in neu-
roinflammatory response not only to amyloid deposition but also
to tau accumulation in AD brains.5

Despite the association of neuroinflammation with AD, the
exact role of inflammation in AD remains unclear. It has been
suggested that in the early stages of AD, the initial microglial
activation may serve a protective role trying to clear amyloid.6

In the later stages of AD, when clearance fails, microglia could
play a detrimental role by producing proinflammatory cyto-
kines, leading to progressive neurodegeneration.7 Further-
more, the relationship between neuroinflammation,
amyloidosis, and cognitive decline is still unclear and warrants
further investigation. The hippocampus and precuneus are
involved in the earliest neuropathologic changes in AD and
are sensitive to AD pathologies of amyloid and tau.8-11 Fo-
cusing analyses on those regions would shed light on the
relationships among the neuroinflammation, amyloid, tau,
and cognition.

After activation, microglia proliferate and express a series of
genes for proinflammatory cytokines and certain receptors on
their surface, including the 18-kDa translocator protein
(TSPO). The advent of PET radioligands that bind the
microglial protein, TSPO, including [11C]PK11195, allows
assessment of activated microglia in many neurologic disor-
ders, including AD.12 The aim of this study was to measure
microglial activation with [11C]PK11195 PET imaging in
cognitively normal and symptomatic AD participants and
evaluate its association with CSF biomarkers of AD pathology
and performance on cognitive tests. We hypothesized that
microglial activation would be associated with amyloidosis
and tau and would predict cognitive decline. These primary
research questions have been addressed in this study.

Methods
Study Participants
Study participants were enrolled in ongoing studies at the
Knight Alzheimer Disease Research Center (Knight ADRC)
at Washington University School of Medicine (St. Louis, MO).
The Human Research Protection Office at Washington Uni-
versity approved all studies, and written informed consent was
obtained from all participants. Both cognitively normal and
symptomatic AD participants with an age range from 55 to 90
years who underwent [11C] PK11195 PET scans were included
in this study. The cognitively normal and the symptomatic AD
participants were evaluated by the Clinical Core of the Knight
ADRC. Detailed clinical assessments of the participants were
performed in accordance with the Uniform Data Set protocol of
the National Alzheimer’s Coordinating Center.13 A clinical di-
agnosis of symptomatic AD, where appropriate, was made in
accordance with criteria developed by working groups from the
National Institute on Aging and the Alzheimer’s Association.14

The severity of dementia was measured with the global clinical
dementia rating (CDR),15 whereby CDR 0 is cognitively un-
impaired, 0.5 is very mild dementia, 1 is mild dementia, 2 is
moderate dementia, and 3 is severe dementia. The CDR sum of
boxes (CDR-SB) was used as amore granular measure of clinical
impairment.16 The Mini-Mental State Examination (MMSE)
was also administered.17

Participants were categorized into 3 groups. Participants with
normal cognition (CDR = 0) at the time of the PET scan who
remained cognitively normal over 15 years were categorized as
stable cognitively normal. Participants who were cognitively
normal (CDR = 0) at the time of the PET scan and developed
symptomatic AD (encompassing both mild cognitive impair-
ment due to AD and AD dementia [CDR> 0]) over an average
of 7 years of follow-up were categorized as progressors. Partici-
pants with symptomatic AD dementia at the time of PET scan
(CDR > 0) were categorized as symptomatic AD.

Standard Protocol Approvals, Registrations,
and Patient Consents
The local ethics committee of the Washington University
School of Medicine approved the study, and all participants
provided written informed consent before entering the study.

Glossary
AD = Alzheimer disease; Aβ = β-amyloid; CDR = clinical dementia rating; CDR-SB = CDR Sum of Boxes; Knight ADRC-
PACC = Knight Alzheimer Disease Research Center Preclinical Alzheimer Composite Score; MMSE = Mini-Mental State
Examination;MPRAGE =magnetization-prepared rapid acquisition gradient echo;PET = positron emission tomography; SB =
sum of boxes; SUVR = standard uptake value ratio; TSPO = 18 kDa translocator protein.
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Cognitive Measures
As a measure of cognitive performance, we used the Knight
ADRC Preclinical Alzheimer Cognitive Composite (Knight
ADRC-PACC) score and a global composite score for each
individual from the Knight ADRC cognitive battery. Consis-
tent with previously published methods, the Knight ADRC-
PACC score was calculated by averaging the z score across 5
cognitive tests measuring memory, attention, and processing
speed.18 The cognitive tests were performed annually for each
individual. Specifically, the included tests were MMSE, the
Digit Symbol subtask of the Wechsler Adult Intelligence
Scale, the animal naming test, the associate learning summary
score from the Wechsler memory scale, and the free and cued
selective reminding test. The global score was derived by
averaging the z score for each individual across all common
tasks collected by the neuropsychologic battery of the
Knight ADRC. In addition to the tasks described earlier,
the global score also included the Trail A and Trail B
subtasks of the trail making test, the Boston naming test,
the summary score of the crossing-off task, the mental
control subtask of the Wechsler Memory Scale, the sum-
mary score for the S & P word fluency task, the digit span
forward and backward subtasks of the revised Wechsler
Memory Scale, and the information and block subtasks of
the Weschler Adult Intelligence Scale. The resulting Knight
ADRC-PACC and global scores were used as measures of
specific and overall cognitive performance in subsequent
analyses, respectively. The baseline cognitive scores used
the cognitive assessment closest to the TSPO PET scan (all
were within 1 year).

APOE Genotyping
DNA was extracted from peripheral blood samples by stan-
dard procedures. APOE genotyping was performed as pre-
viously described.19 Individuals carrying at least 1 APOE e4
allele were classified as APOE e4 positive (APOE e4+).

CSF Collection and Analysis
CSF was collected under a standard protocol. Participants
underwent a lumbar puncture at approximately 8 AM after
overnight fasting. Twenty to 30 mL of CSF was collected in a
50-mL polypropylene tube through gravity drip using an
atraumatic Sprotte 22-gauge spinal needle. CSF was kept on
ice and centrifuged (2,000 g, 10 minutes) within 2 hours of
collection to pellet any cellular debris and then transferred to
another 50 mL tube. CSF was aliquoted in 500-μL volumes
into polypropylene tubes and stored at −80°C, as previously
described.20

Before analysis, samples were brought to room temperature.
Samples were vortexed and transferred to provided cuvettes
for analysis. Concentrations of Aβ40, Aβ42, tau phosphory-
lated at position 181 (p-tau181), and total tau (t-tau) were
measured by chemiluminescent enzyme immunoassay using a
fully automated platform (LUMIPULSE G1200, Fujirebio,
Malvern, PA) according to manufacturer’s specifications. A
single lot of reagents was used for all samples.

MRI Acquisition
Anatomic MRI was obtained on each participant with T1-
weighted magnetization-prepared rapid acquisition gradient
echo (MPRAGE) sequences using a Siemens Vision 1.5T
scanner or a Siemens Avanto 1.5T scanner (Siemens, Erlan-
gen, Germany). The acquisition parameters for MPRAGE
were the following: TR, 9.7 ms; TE, 4.0 ms; inversion time, 20
ms; imaging resolution, 1 × 1 × 1.25 mm3. The T1-weighted
MRI was used for FreeSurfer parcellation21 (freesurfer.net/).

PET Acquisition and Processing
TSPO PET imaging was performed on a Siemens 962 HR +
PET scanner using the radiotracer [11C]PK11195 [1-(2-
chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-isoquinoline
carboxamide]. A 6th-minute dynamic PET scan in
3-dimensional mode (septa retracted) was acquired (24 ×
5-second frames; 9 × 20-second frames; 10 x 1-minute frames;
9 x 5-minute frames). PET scans were processed, as previously
described, using the 10- to 60-minute motion-corrected
frames for partial volume–corrected standard uptake value
ratio (SUVR).22,23 The visual check on the registration be-
tween the [11C]PK11195 SUVRmaps andMPRAGE images
has been performed for each individual. Cerebellar cortex has
the lowest density of microglia24 and was used as the reference
region. Partial volume–corrected SUVRs23 were calculated for
each [11C]PK11195 scan, using the 10- to 60-minute frames
with the FreeSurfer regions and the calculated reference re-
gion of nonspecific binding in the cerebellar cortex. As the
global index to reflect neuroinflammation, a mean cortical
SUVR was calculated based on the cortical regions defined by
FreeSurfer.

Regions of Interest
The hippocampus and precuneus are the 2 regions of interests
selected based on previous work finding those 2 cerebral re-
gions as sensitive to AD pathologies of amyloid and tau.9,23

Both regions are from FreeSurfer parcellation. [11C]
PK11195 SUVRs were calculated for these regions and the
whole cortex regions.

Statistical Analysis
Nonparametric Kruskal-Wallis and the χ2 tests were used for
comparing continuous and categorical variables of the par-
ticipants’ demographics, respectively. One-way ANOVA was
used to test the group differences in [11C]PK11195 binding,
CSF biomarkers, and cognition. The Tukey honest significant
differences were computed to perform multiple pairwise
comparison between the mean values of groups. Spearman
correlations were used to measure the strength of the asso-
ciations between [11C]PK11195 SUVR and CSF biomarkers
while adjusting for effects of age and sex.25 A random co-
efficient model26 was used to examine whether the baseline
[11C]PK11195 SUVR was associated with the longitudinal
cognitive change for all participants. This statistical method
allows us to accommodate heterogeneous numbers of visits
and intervals between visits for our included participants. The
cognitive measure within 1 year of the [11C]PK11195 scan
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and all available follow-up cognitive measures for each in-
dividual were included in our statistical model. Age and sex
were included in this model as the covariates. Of importance,
time is considered a continuous variable (measured in years)
in this model, representing the interval between the baseline
cognitive assessment and each subsequent visit. Within this
model, time is treated as both a fixed and random effect. The
statistical model is the following:

Cognition = β1 × time + β2 × baseline PK + β3 × time × baseline

PK + β4 × age + β5 × sex (1)

The estimate (β by type 3 sum of squares) and corresponding
p values from the interaction term, time × baseline PK, were
reported to investigate whether the baseline [11C]PK11195
SUVR predicts cognitive decline. The random coefficient
model approach allows for different intercepts and slopes for
each individual across variables of interest. This approach is
particularly useful because it accommodates the heteroge-
neous number of visits and intervals between visits. All sta-
tistical analyses were performed using SAS, version 9.4 (SAS
Institute Inc., Cary, NC) or R (R Core Team [2020]), and p <

0.05 was regarded as statistically significant after Bonferroni
correction.

Data Availability
All data associated with this study are present in the article or
the supplementary material. Deidentified data will be shared
on reasonable request from a qualified investigator.

Results
Participant Demographics
Demographic data are summarized in Table 1. Individuals were
categorized into the following groups: 9 stable cognitively nor-
mal (CDR = 0 at the PET scan and follow-up 13.2 ± 3.9 years
later), 9 progressors (CDR = 0 at the PET scan and CDR > 0 at
follow-up 7.4 ± 4.8 years later), and 6 symptomatic AD (3 with
CDR = 0.5 and 3 with CDR = 1 at the PET scan). Individuals in
the progressor and AD dementia groups were significantly older
than individuals in the stable cognitively normal group (79.7 ±
6.2, 78.2 ± 7.5, and 67.9 ± 9.8 years [mean ± SD], respectively, p
= 0.04). There were no significant group differences in sex, years
of education, APOE e4 status, or race. CDR and CDR-SB at

Table 1 Demographic and Clinic Characteristics of the Participants

Nonconverter Converter AD p Value

No. 9 9 3 3

CDR 0 0 0.5 1 <0.001

CDR-SB 0.1 (0.2) 0.1 (0.2) 3.0 (2.2) 0.004

MMSE 28.3 (1.9) 29.0 (0.7) 23.5 (5.8) 0.30

Age, y 67.9 (9.8) 79.7 (6.2) 78.2 (7.5) 0.04

Female 5 (56%) 5 (56%) 4 (67%) 0.89

Education, y 14.3 (2.6) 16.0 (3.0) 13.8 (3.9) 0.32

APOE «4 carriers 4 (44%) 1 (11%) 4 (67%) 0.09

Non-Hispanic Whites 8 (89%) 9 (100%) 4 (67%) 0.17

Averaged duration of follow-ups, y 13.2 (3.9) 7.4 (4.8) 4.1 (2.9) <0.001

Global composite score 0.11 (0.34) 0.10 (0.44) −0.61 (0.86) 0.08

Rate of change in global composite score −0.03 (0.02) −0.13 (0.12) −0.32 (0.23) 0.004

Knight ADRC-PACC score 0.05 (0.51) 0.01 (0.70) −0.74 (0.94) 0.19

Rate of change in Knight ADRC-PACC score −0.04 (0.04) −0.10 (0.28) −0.39 (0.49) 0.11

CSF measures (no.) 6 6 4

CSF Aβ42 (pg/mL) 971 (286) 672 (380) 505 (125) 0.06

CSF Aβ42/Aβ40 0.08 (0.02) 0.05 (0.02) 0.04 (0.00) 0.008

CSF p-tau181 (pg/mL) 44.1 (11.6) 74.5 (30.7) 151.1 (85.5) 0.008

CSF t-tau (pg/mL) 354 (120) 549 (198) 1,004 (573) 0.02

Abbreviations: AD = Alzheimer disease; ADRC = Alzheimer Disease Research Center; CDR = clinical dementia rating; MMSE = Mini-Mental State Examination;
PACC = preclinical Alzheimer cognitive composite.
The mean (SD) values are provided for continuous variables; number (%) for dichotomous variables.
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baseline were higher (worse) in the symptomatic AD group
compared with the progressor and stable cognitively normal
groups (p < 0.001 and 0.004, respectively). However, there were
no significant group differences in the MMSE, global composite
scores, or Knight ADRC-PACC scores.

[11C] PK11195 PET SUVR Maps
Representative [11C]PK11195 PET SUVR images from 1
representative individual for each group are shown in Figure 1.
Panel A is an individual from the stable cognitively normal group
(mean cortical SUVR of 0.99), panel B is from the progressor
group (SUVR 1.10), and panel C is from the symptomatic AD
group (SUVR 1.18). The mean cortical SUVRs for the groups
were as follows: stable cognitively normal, 1.10 ± 0.07 (mean ±
SD); progressor, 1.11 ± 0.10; symptomatic AD, 1.14 ± 0.15.
Although there were no significant group differences in mean
cortical SUVR, there were significant regional elevations of
[11C]PK11195 SUVR in the hippocampus (Figure 2A) in the
progressor and symptomatic AD groups compared with those in
the stable cognitively normal group. No group differences were
found in the precuneus (Figure 2B).

CSF Biomarkers
Of the 24 participants, 16 had available data on CSF Aβ42,
Aβ42/Aβ40, p-tau181, and t-tau within 1 year of the PET
scan. For CSF Aβ42, which is less accurate than other analytes
in detecting brain amyloidosis, there were no significant group
differences in CSF Aβ42 by omnibus testing (Figure 3A).
Further data exploration revealed a trend toward lower CSF
Aβ42 in the symptomatic AD group compared with the stable
cognitively normal group (p = 0.06) (Figure 3A). Significant
group differences were observed in CSF Aβ42/Aβ40,
p-tau181, and t-tau (Figures 3, B–D). The ratio of CSF Aβ42/
Aβ40, which is more sensitive to amyloidosis than CSF
Aβ42,27 was lower in the symptomatic AD group when
compared with the stable cognitively normal group (p =
0.009) (Figure 3B). CSF p-tau181 and t-tau were higher in the
symptomatic AD group when compared with those in the
stable cognitively normal group (Figures 3, C andD, p = 0.006
and p = 0.01, respectively).

The relationship between CSF biomarkers and [11C]
PK11195 SUVR was further evaluated in the entire subcohort

Figure 1 Representative [11C]PK11195 PET SUVR Maps

[11C]PK11195 PET SUVR maps of 3 represen-
tative cases from the stable cognitively normal
(A), progressor (B), and symptomatic Alzheimer
disease (C) groups.
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with CSF biomarkers using Spearman correlations adjusting
for age and sex. Significant negative correlations were found
between CSF Aβ42 and [11C]PK11195 SUVR in the hip-
pocampus and precuneus and the whole cortex regions as well
(Figures 4, A, E, and I). Significant negative correlations be-
tween CSF Aβ42/Aβ40 and [11C]PK11195 SUVR were
noted in the precuneus (Figure 4J). No significant correla-
tions between CSF p-tau181 or t-tau and [11C]PK11195

SUVR were found. The Spearman rho (R) and p values are
shown in Figure 4.

[11C]PK11195 SUVR Predicts Cognitive Decline
The ability of TSPO PET imaging to predict future cognitive
decline was evaluated. The mean period of cognitive follow-
up for the 3 groups (stable cognitively normal, progressor,
symptomatic AD) were 13.2 ± 3.9, 7.4 ± 4.8, and 4.1 ± 2.9,

Figure 2 [11C]PK11195 PET SUVR in the Hippocampus and Precuneus Regions

Boxplots demonstrate the [11C]PK11195 PET
SUVR in 3 groups in the hippocampus (A) and
precuneus region (B). There is a significant in-
crease in SUVR in the progressor and symp-
tomatic Alzheimer disease groups compared
with that in the stable cognitively normal group
in the hippocampus but not in the precuneus
region. The p values were produced from the
Tukey honest significant differences test to
demonstrate the between-group differences.
Only the p values <0.05 are shown.

Figure 3 CSF Measures of Amyloid and Tau

Boxplots show CSF concentrations of Aβ42,
Aβ42/Aβ40, p-tau181, and t-tau in the stable
cognitively normal, progressor, and symptom-
atic AD groups. There were significant de-
creases in the CSF Aβ42 (A) and Aβ42/Aβ40 (B)
in the Symptomatic AD group compared with
the stable cognitively normal group. There
were significant increases in CSF p-tau181 (C)
and t-tau (D) in the Symptomatic AD group
compared with those in the progressor and
stable cognitively normal groups. The p values
were produced from the Tukey honest signifi-
cant differences test to demonstrate the be-
tween-group differences. Only the p values
<0.05 are labeled here. AD = Alzheimer disease.
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respectively. We used the random coefficient model to in-
vestigate whether the baseline [11C]PK11195 SUVR predicts
the cognitive decline. In this study, we report the estimate (β
by type 3 sum of squares) and corresponding p values from
the interaction term: time × baseline PK from Equation 1. We
found that higher [11C]PK11195 SUVR in the whole cortex
regions (p = 0.03) predicted the cognitive decline in Knight
ADRC-PACC score, but not in global composite score
(Table 2). [11C]PK11195 SUVR in the hippocampus and
precuneus regions did not predict the decline of global and
Knight ADRC-PACC scores with p > 0.05 (Table 2). The
same statistical analysis was performed on 16 participants who
have the CSFmeasures. We found that higher [11C]PK11195
SUVR in the whole cortical regions predicted the cognitive
decline in the global composite score (p = 0.03) and Knight
ADRC-PACC score (p = 0.01) (eTable 1 in the supplement,

links.lww.com/NXI/A704). [11C]PK11195 SUVR in the
precuneus but not in the hippocampus predicted cognitive
decline in Knight ADRC-PACC score (p = 0.01) (eTable 1 in
the supplement). When considering CSF Aβ42/Aβ40 and/or
p-tau181 as covariates, [11C]PK11195 SUVR in the whole
cortical regions still predicted the cognitive decline in global
composite score and Knight ADRC-PACC score, and [11C]
PK11195 SUVR in the precuneus predicted the cognitive
decline in Knight ADRC-PACC score (eTables 2 and 3 in the
supplement).

Classification of Evidence
This study provides Class II evidence that in patients with AD,
higher baseline [11C]PK11195 SUVR averaged in the whole
cortical regions was associated with longitudinal decline on
cognitive tests.

Figure 4 Correlations Between [11C]PK11195 SUVR and the CSF Biomarkers

Scatterplots show the significant correlations between [11C]PK11195 SUVR and CSF levels of amyloidosis (A, E, I, and J). There were no significant correlations
between [11C]PK11195 SUVR and CSF levels of p-tau181 (C, G, and K) and t-tau (D, H, and L). *, p < 0.05; adjusted by age and sex.
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Discussion
The goal of this study was to investigate the relationships
between microglial activation measured by [11C]PK11195,
CSF biomarkers of AD, and cognitive decline. We found that
individuals categorized in the progressor and symptomatic
AD groups had higher [11C]PK11195 SUVR in the hippo-
campus and precuneus regions compared with the stable
cognitively normal group. Lower CSF Aβ42 and Aβ42/Aβ40,
consistent with greater brain amyloidosis, was associated with
higher [11C]PK11195 SUVR in the AD pathology–
susceptible regionsthe hippocampus and precuneus. Of in-
terest, no significant correlations CSF p-tau181 or t-tau were
found with [11C]PK11195 SUVR in any region. Last, [11C]
PK11195 SUVR in the overall cortical region predicted cog-
nitive decline, as measured by the commonly used composite
score, Knight ADRC-PACC score, in AD studies.

As one of the earliest developed PET TSPO radiotracers,
[11C]PK11195 has been used to investigate the microglia
activation in AD brains.28 The lack of group differences of the
mean cortical SUVR may be attributed to the limited sample
size. However, our region-based analysis found elevated
[11C]PK11195 SUVR in the hippocampus of the progressor
and symptomatic AD groups compared with the stable cog-
nitively normal group. The hippocampus is an important
subcortical region that is known to be severely and consis-
tently affected by AD pathologic processes and shows a
considerable shrinkage, distortion, and loss of neurons.29,30

Our previous work has demonstrated that the hippocampus
volume demonstrated higher clinical diagnostic performance
than the traditional volumetric measures for AD.8 The ele-
vated [11C]PK11195 binding in the progressor group in this
region suggests that microglial activation may be an early
event in the pathogenesis of AD that precedes symptom
onset.7,12,31

Although lower CSF Aβ42 is well-established as a biomarker
of amyloidosis,32 the ratio of Aβ42 to Aβ40 (Aβ42/Aβ40) is
superior to Aβ42 as a biomarker of brain amyloidosis.33,34 In
this study, we investigated the relationship between microglial
activation and amyloidosis measured by both CSF Aβ42 and
Aβ42/Aβ40. We found both CSF levels of Aβ42 and Aβ42/
Aβ40 were negatively correlated with [11C]PK11195 SUVR

in the hippocampus and precuneus, suggesting that brain
amyloidosis and microglial activation may be linked.

Although studies have demonstrated an association of neu-
roinflammation and CSFmeasures of tau,4 we did not find any
significant correlations between [11C]PK11195 SUVR and
CSF p-tau181 or t-tau. However, not reaching the significant
level, the trends of positive associations between [11C]
PK11195 SUVR and CSF measures of p-tau and tau in the
whole cortex and precuneus regions have been shown in
Figure 4, suggesting neuroinflammation could increase with
the increase in tau pathology in AD. Notably, our participants
exhibited very early AD. Accumulating evidence suggests that
neuroinflammation may play a neuroprotective role in early
AD, but this role may change and become pathologic in later
stages of AD.7,35 Therefore, measures of neuroinflammation
may vary in a nonlinear fashion across different disease stages,
complicating studies. Large sample sizes and longitudinal
evaluations are necessary to characterize changes in neuro-
inflammation over time.

Although several previous studies have found that TSPO PET
uptake correlates inversely with cognitive measures,36,37 the
relationship between [11C]PK11195 uptake and longitudinal
cognitive decline has not been fully explored. Consistent with
a recent study that demonstrated the ability of [11C]
PK11195 to predict cognitive decline,38 we also found that
[11C]PK11195 SUVRs in the whole cortical region predicted
cognitive decline. Similar results were found on the subset
participants who have CSF measures (eTable 1 in the sup-
plement, links.lww.com/NXI/A704). A further analysis of
whether microgliosis at baseline remains a significant pre-
dictor of subsequent cognitive decline after including amyloid
and tau at baseline as independent predictors was performed.
[11C]PK11195 SUVRs in the whole cortical region predict-
ing cognitive decline still remained (eTables 2 and 3 in the
supplement), suggesting microglial activation is a strong
predictor of cognitive decline.

A linear regression model was also implemented to investigate
the relationship between the baseline [11C]PK11195 binding
and the rate of change in cognitive measures. The results were
summarized in eTable 4 in the supplement, links.lww.com/
NXI/A704. Significant negative correlations were found be-
tween the [11C]PK11195 binding and the rate of change in
Global and Knight ADRC-PACC scores in the hippocampus
region. The negative correlations between the [11C]
PK11195 binding and the rate of change in cognitive mea-
sures in the whole cortex and precuneus regions were found
but not reaching statistical significance. Those results also
support our findings using the random coefficient model that
the baseline [11C]PK11195 binding predicts cognitive de-
cline in AD. The inverse correlation between [11C]PK11195
SUVR and the rate of change in cognitive composite score
Knight ADRC-PACC found in this study suggests that a high
level of microglial activation accelerates the cognition decline
in AD. Although associations between amyloid deposition,

Table 2 Baseline [11C]PK11195 SUVR Predicts Cognitive
Decline

Global composite score Knight ADRC-PACC score

Estimate p Value Estimate p Value

Cortex −0.74 0.11 −1.09 0.03a

Hippocampus −0.53 0.24 −0.68 0.13

Precuneus −0.34 0.24 −0.56 0.05

a p < 0.05; adjusted by age and sex.
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tau load, and microglial activation have been established in
both postmortem and in vivo neuroimaging studies,39,40 how
those key AD pathologies independently or jointly promote
the clinical progression of AD remains unclear. One recent
study considered the interaction of those AD pathologies
found the combined contribution of temporo-parietal tau
pathology and anterior temporal neuroinflammation in pre-
dicting cognitive decline in patients with symptomatic AD.38

Further studies with larger sample size are desired along this
direction.

There are several limitations in this study. First, the sample
size is small. Studies with larger sample sizes are required
to evaluate the interactions of AD pathologies in the pre-
diction of cognitive decline. In addition, this study fo-
cused on the 2 earliest-affected AD pathology-sensitive
regions—the hippocampus and precuneus. Further analysis
on the whole brain will be necessary to deepen our un-
derstanding of the spatial relationships among these AD
pathologies. Finally, CSF measures of amyloidosis and
tauopathy do not provide information on the regional dis-
tribution of AD pathology. Future studies analyzing PET
imaging of amyloid, tau, and microglial activation on the
voxel level will enable the detailed investigation of the
spatial relationships among amyloid, tau, and neuro-
inflammation in AD progression.

In summary, our results indicate a first-generation TSPO PET
tracer developed to image microglial activation in AD. [11C]
PK11195 demonstrates higher binding both in individuals
with symptomatic AD and individuals who are cognitively
normal at baseline and progress to symptomatic AD. We
found that [11C]PK11195 binding correlated with global
amyloidosis measured by CSF biomarkers in the hippocam-
pus and precuneus, suggesting that microglial activation is
associated with brain amyloidosis in early AD. Furthermore,
regional [11C]PK11195 binding in the overall cortical region
predicted cognitive decline in AD.
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Abstract
Background and Objectives
To investigate whether white matter lesion activity, acute axonal damage, and axonal density in
MS associate with CSF neurofilament light chain (NfL) levels.

Methods
Of 101 brain donors with MS (n = 92 progressive MS, n = 9 relapsing-remitting MS), ven-
tricular CSF was collected, and NfL levels were measured. White matter lesions were classified
as active, mixed, inactive, or remyelinated, andmicroglia/macrophagemorphology in active and
mixed lesions was classified as ramified, ameboid, or foamy. In addition, axonal density and
acute axonal damage were assessed using Bielschowsky and amyloid precursor protein (APP)
(immune)histochemistry.

Results
CSF NfL measurements of donors with recent (<1 year) or clinically silent stroke were
excluded. CSF NfL levels correlated negatively with disease duration (p = 6.9e-3, r = 0.31). In
donors without atrophy, CSF NfL levels correlated positively with the proportion of active and
mixed lesions containing foamy microglia/macrophages (p = 9.85e-10 and p = 1.75e-3, re-
spectively), but not with those containing ramified microglia. CSF NfL correlated negatively
with proportions of inactive (p = 5.66e-3) and remyelinated lesions (p = 0.03). In the normal
appearing pyramid tract, axonal density negatively correlated with CSF NfL levels (Biel-
schowsky, p = 0.02, r = −0.31), and the presence of acute axonal damage in lesions was related to
higher NfL levels (APP, p = 1.17e-6). The amount of acute axonal damage was higher in active
lesions with foamy microglia/macrophages and in the rim of mixed lesions with foamy
microglia/macrophages when compared with active lesions containing ramified microglia/
macrophages (p = 4.6e-3 and p = 0.02, respectively), the center and border of mixed lesions
containing ramified microglia/macrophages (center: p = 4.6e-3, border, p = 4.6e-3, and n.s., p =
4.6e-3, respectively), the center of mixed lesions containing foamymicroglia/macrophages (p =
4.6e-3 and p = 0.02, respectively), inactive lesions (p = 4.6e-3 and p = 4.6e-3, respectively), and
remyelinated lesions (p = 0.03 and p = 0.04, respectively).

Discussion
Our results demonstrated that active and mixed white matter MS lesions with foamy microglia
show high acute axonal damage and correlate with elevated CSF NfL levels. Our data support
the use of this biomarker to monitor inflammatory demyelinating lesion activity with axonal
damage in MS.
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Multiple sclerosis (MS) is a chronic inflammatory disease of
the CNS with focal demyelinating lesions throughout the
CNS.1,2 Pathologically, MS is characterized by different types
of lesions that can be staged by the presence and morphology
of microglia/macrophages in relation to demyelination.3,4

Furthermore, some patients show diffuse atrophy with axonal
loss throughout the CNS.3,5 We and others found that at time
of death, there is substantial inflammatory lesion activity,6 and
57% of all lesions in the MS autopsy cohort of the Nether-
lands Brain Bank (NBB) are either active or mixed.3 The level
of inflammatory lesion activity is correlated with a more se-
vere disease course,3 and in this study, we assessed whether
axonal damage coincides with the inflammatory lesion activity
in the same MS autopsy cohort.

Neurofilaments are neuron-specific structural scaffolding
protein components of the cytoskeleton that are essential for
axonal growth and maintenance.7 During axonal damage,
neurofilaments are released into the CSF. Therefore, neu-
rofilaments are a potential molecular fluid biomarker for the
extent of axonal damage.8 Indeed, levels of neurofilament
light chain (NfL) in the CSF or blood plasma/serum have
been used as general indicators or predictors of neuronal
damage in various neurologic disorders and events, among
which are MS, Alzheimer disease, and traumatic brain
injury.8-16 In MS, NfL can serve as a prognostic biomarker in
both relapsing remitting and progressive MS and for moni-
toring clinical relapses and treatment response.13 Previous
studies have focused on understanding the value of NfL
measurements in MS by combining conventional MRI
measurements and clinical data with NfL in the blood and/
or CSF.17-21 NfL levels correlate with clinical relapses and
radiologic biomarkers of inflammatory disease activity be-
cause they reflect the amount of gadolinium-enhancing
lesions,18,20 the amount of paramagnetic rim MRI lesions in
the absence of gadolinium-enhancing lesions,22 and disease
progression regarding the T2 lesion load,12,20 T2 lesion
volume,18,20 and presence of atrophy of the brain and spinal
cord.18,21,23

These observations raise the question whether neuropatho-
logic hallmarks of inflammatory lesion activity, neuroaxonal
damage, or neurodegeneration correlate with axonal damage,
as reflected by CSF NfL levels in MS. In this study, we
assessed the relationship between CSF NfL levels and disease
severity, axonal loss in the normal appearing white matter
(NAWM), and white matter lesion characteristics including
microglia/macrophage activation score (MMAS) and acute
axonal damage, as measured with amyloid precursor protein

(APP) in lesions in a well-characterized MS autopsy cohort of
101 cases of the NBB.

Methods
Donors
For inclusion in this study, we screened a total of 182 brain
donors with MS that came to autopsy at the NBB between
1991 and 2015.3 MS pathology was confirmed by a certified
neuropathologist, and donors with clinical or pathologic fea-
tures of encephalomyelitis were excluded. Donors were also
excluded if there were clinical signs of dementia or if a neu-
ropathologist diagnosed pathologic dementia based on senile
pathology of α-synuclein presence, Tau + tangles, and β-am-
yloid plaques (Braak >2, Thal fase >2). Cases of whom no
CSF was available for analysis were excluded. The included
study cohort consisted of 101 donors with MS (n = 92 pro-
gressive MS, n = 9 relapsing-remitting MS). Clinical disability
status was scored following the Kurtze Expanded Disability
Status Scale (EDSS), and the time from first symptoms to
EDSS-6 and EDSS-8 was determined, together with the age at
onset and the total duration of disease from onset of first
symptoms. Disease severity score was calculated as 5 – log
(years to EDSS6 + 1). Donors were scored for minor senile
pathology (Braak ≤2, Thal fase ≤2), a history of stroke in their
clinical and postmortem neuropathologic files, and for the
presence of atrophy, as based on the postmortem macro-
scopic examination. The exclusion criteria and studied char-
acteristics that were related to NfL levels of the various
subgroups are visualized in the flowchart in Figure 1. Donor
demographics are summarized in Table 1.

Donor Consents
Donors provided informed consent for brain autopsy and for
the use of material and clinical data for research purposes in
compliance with national ethical guidelines.

Tissue Dissection and Sample Collection
The NBB autopsy procedures were approved by the Ethical
Committee of the VU University Medical Center in
Amsterdam, the Netherlands. CSF of all donors was collected
from the ventricles and stored at −80°C. Of 43 donors, blood
was collected from the heart, centrifuged at 3.000 rpm for 15
minutes, and the plasma was aliquoted and stored at −80°C.
Regarding the higher number of donors with available CSF
samples compared with plasma samples, we focused our
current analysis on CSF samples. Blocks were dissected as
previously described3 from standardized locations from the
brain stem and the spinal cord and any MS plaques visible

Glossary
APP = amyloid precursor protein; EDSS = Expanded Disability Status Scale; GLM = Generalized Linear Model; MMAS =
microglia/macrophage activation score; NBB = Netherlands Brain Bank; NfL = neurofilament light chain; SUMI = super mix;
TBS = tris buffered saline.
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macroscopically or on MRI guidance from 1 cm thick coronal
brain slices cut throughout the brain. For the NAWM cohort
(Figure 1), of all donors, the brain stem sample containing the
pyramid tract was analyzed because this area is standardly
dissected and therefore comparable between donors and be-
cause the axons are oriented in the same direction when cut
longitudinal, facilitating comparable quantifications. Donors
were excluded if there was a lesion present in the pyramid
tract or if the pyramid tract was missing, resulting in an
NAWM cohort comprising 57 donors.

Neurofilament Measurements
CSF (n = 101) and paired plasma samples (n = 43) were run
simultaneously using a single molecule array (Simoa) assay to
measure the NfL levels on an HD-X instrument (Quanterix, Bill-
erica, MA) using the manufacturer’s instructions.21,22 The Simoa
assay is a highly sensitive sandwich-based enzyme-linked immune
sorbent assay. The immunocomplex beads fit into 1 femtomolar-
sized chamber, resulting in highly concentrated reaction volume
and signal per well. This technology allows an up to 1,000-fold
increase in sensitivity, with multiple studies reporting strong cor-
relations of CNS proteins between CSF and blood samples.24

Postmortem CSF and plasma samples were standardly diluted 1:
100 and 1:4, respectively, and further diluted to conform the assay’s
dynamic range of 0.686–500 pg/mL, with a dilution linearity
(mean%L between lower limit of quantification and upper limit of
quantification) within the acceptable range of 85%–115%.

Lesion Characterization
Characterization of MS lesions had been conducted pre-
viously for each donor on all available archived materials

(3,819 lesions in total) following the system previously
described.3,26,27 Double immunohistochemistry for proteoli-
pid protein (PLP) (MCA839G, AD Serotec, Oxford, UK,
with DAB) and human leukocyte antigen (HLA-DR-DQ)
(M0775, CR3/43, DAKO, Denmark, with DAB + nickel)3

were performed. Reactive sites and white matter lesion types
were discriminated based on demyelination and HLA-DR +
microglia/macrophages. In reactive sites, there is no de-
myelination, and there is accumulation of microglia/
macrophages. In active lesions, there is partial de-
myelination and accumulation of microglia/macrophages
throughout. In mixed lesions, there is a fully demyelinated,
gliotic center with a border of accumulated microglia/
macrophages. The microglia/macrophages in active and
mixed lesions are scored 0 if most of them are ramified, 0.5 if
most of them are ameboid, or 1 if most of them are foamy. In
inactive lesions, there is complete demyelination of the lesion,
and there is no presence of microglia/macrophages. In
remyelinated lesions, there is partial myelination, and there
are sparse microglia/macrophages throughout.3,25,26

Calculation of Lesion Load and Proportions
of Lesions
All white matter lesion parameters were calculated per donor
previously.3 In the brainstem, a standardly dissected area, of
each donor, the lesion load has been calculated as the sum of
all white matter lesions present, and the reactive load has been
calculated as the numbers of reactive sites identified.3 The
MMAS of each donor has been calculated by dividing the sum
of the scores of the microglia/macrophages values (0, 0.5, and
1) in active and mixed lesions by the amount of active and

Figure 1 Flowchart of Inclusion Criteria and Tests Performed on the Subgroups in theNAWMCohort and the Lesion Cohort

NAWM = normal appearing white matter.
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mixed lesions. Proportions of active, mixed, and inactive
lesions throughout the CNS were calculated per donor as
the sum of the number of the specific type of lesions di-
vided by the number of all lesions (active, mixed, inactive,
and remyelinated lesions), discriminating between rami-
fied, ameboid or foamy microglia/macrophages in active
and mixed lesions. The proportion of remyelinated lesions
was calculated per donor as the number of remyelinated
lesions divided by the sum of inactive and remyelinated
lesions.3

Quantification of Axonal Density and
APP Presence
To quantify axon density, Bielschowsky silver staining was
performed on 8 μm paraffin-embedded pyramid tract of the
NAWM cohort (n = 57). Deparaffinization and rehydration
was performed in a series of xylene and alcohol. Incubation
with preheated 20% silver nitrate solution in H2O at 40°C
was performed for 20 minutes. Tissue was placed in H2O,
and 32% ammonium hydroxide solution droplets were
added before incubation with silver nitrate solution and in-
cubated at 40°C for 20 minutes. Incubation with 1% am-
monium solution was performed for 1 minute. Developer
solution (50% nitric acid (65%) + 0.8% formaldehyde (40%)
+ 0.2% citric acid in depH2O) was added to the ammonium
silver nitrate solution and incubated for 10 minutes. Five
percentage sodium thiosulfate solution was incubated for 5
minutes, and dehydration was performed in alcohol series
and xylene. Images were taken on an Axioskop (Zeiss) at 10×

magnification, and automated random selection of ROIs
comprising >40% of the area was made, and the percentage
of area covered by axons at 40× magnification was analyzed
with the Image Pro Cell Count Grid software (Media
Cubernetics, Rockville, MD).

For APP,27,28 8 μm paraffin-embedded NAWM subcortical
white matter lesion (n = 50) sections were deparaffinized in a
series of xylene and alcohol. Antigen retrieval was performed
by microwaving citrate buffer pH 6.0 for 10 minutes at 800 W
before blocking with super mix (SUMI) (0.25% gelatin +
0.5% Triton-X + 10% normal horse serum in tris buffered
saline [TBS]). Primary antibodies (APP: MAB348 Millipore,
1:1,000) were diluted in SUMI and incubated overnight. After
blocking for endogenous peroxidase (0.03% H2O2 in SUMI),
biotinylated secondary antibody 1:400 in SUMI was in-
cubated for 1 hour and avidin-biotin-complex (1:800 in TBS)
was incubated for 45 minutes, visualized with DAB (50%
diaminobenzidine + 0.03% H2O2 in TBS), and then coun-
terstained with hematoxylin.

In the NAWM, donors were scored for the presence of APP +
bulbs or axons. In the different white matter lesion types, the
number of APP + bulbs and axon fragments relative to the
area were counted, with the center and border of mixed le-
sions separately and in the perilesional white matter of the
same tissue block. The counts were normalized to the APP +
events in the perilesional white matter and to the area of the
lesion.

Table 1 Multiple Sclerosis Donor Characteristics of the Various Subgroups Studied

All donors Donors without recent (<1 y) or clinically silent stroke

All
NAWM pyramid
tract present All Without atrophy

With
atrophy

NAWM pyramid
tract present

N = 101 N = 57 N = 75 N = 57 N = 18 N = 44

Age (y, SD) 64.5 (12.90) 69.10 (11.28) 63.39 (12.57) 62.33 (12.30) 66.72 (13.20) 66.76 (11.53)

Sex (F%) 64.36 59.09 64.00 59.65 77.78 60.61

PMD (h, SD) 8.01 (2.70) 7.81 (3.18) 7.80 (2.72) 7.91 (2.83) 7.46 (2.41) 7.83 (3.43)

Brain weight
(g, SD)

1,182.4 (135.86) 1,198.53 (136.48) 1,168.89 (134.53) 1,202.09 (122.88)a 1,063.78 (116.84)a 1,190.93 (127.37)

pH of CSF (SD) 6.47 (0.25) 6.48 (0.27) 6.46 (0.25) 6.49 (0.25) 6.37 (0.24) 6.49 (0.30)

Storage time
(y, SD)

13.64 (6.23) 14.51 (6.05) 13.65 (6.41) 13.21 (6.11) 15.06 (7.31) 14.60 (5.80)

Age at onset (y) 33.56 (10.52) 35.39 (11.57) 33.54 (11.07) 32.89 (10.79) 35.5 (11.98) 35.03 (11.85)

Years to EDSS6 17.52 (12.12) 18.39 (11.57) 16.85 (11.92) 17.72 (12.90) 13.94 (7.36) 16.72 (11.13)

MMAS (SD) 0.31 (0.27) 0.26 (0.28) 0.30 (0.27) 0.33 (0.28) 0.23 (0.22) 0.25 (0.27)

Lesion load BRS (SD) 6.66 (7.75) 4.12 (4.89) 6.86 (8.05) 6.31 (7.70) 8.56 (9.08) 4.19 (4.92)

Abbreviations: BRS = brain stem; EDSS6 = (Kurtze) Expanded Disability Status Scale; GLM = generalized linear model; MMAS = microglia/macrophage
activation score; NAWM = normal appearing white matter; PMD = postmortem delay.
a Brain weight is significantly lower in donors with atrophy compared with that in donors without atrophy (p = 3.34e-5, GLM).
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Statistical Analysis
NfL measurements of the CSF and plasma, lesion, and re-
active site load of the brainstem were natural log transformed

to normalize the data for further analysis. Correlations be-
tween continuous variables were tested with the Pearson
correlation coefficient. Differences between dichotomous
variables and NfL concentrations were tested with Wilcoxon
rank sum test. Differences between dichotomous variables
and proportion measures were tested with binomial general-
ized linear models (GLMs). Correlations between proportion
measures and continuous variables were tested with quasibi-
nomial GLMs. Associations between dichotomous variables
were tested with the Fisher exact test. If multiple groups were
tested at once, a Kruskal-Wallis rank sum test was used in
combination with pairwise Wilcoxon rank sum tests with
corrections for multiple testing. All statistics were performed
in RStudio Desktop, version 1.2.5033 (Rstudio, Inc, Boston,
MA), using key packages ggplot2, devtools, car, and lsmeans.

Data Availability
The data presented in this study are available on request from
the corresponding author.

Results
Donor Demographics and Sample Handling
Correlations of CSF NfL levels with donor demographics and
sample handling are summarized in Table 2. CSF NfL levels
were not correlated with age, sex, pH of the CSF, weight of the
brain, postmortem delay, or storage time. Compared with do-
nors without stroke, NfL levels were significantly higher in do-
nors with recent stroke (<1 year before death) (pairwise
Wilcoxon rank sum tests with corrections for multiple testing,
p = 2.4e-3) andwith clinically silent stroke (p = 3.5e-4), and there
were no differences found in donors with stroke 1–5 years or >5
years before death. Because recent and clinically silent stroke
elevate CSF NfL levels, this may confound the data. Therefore,
for subsequent MS pathology–specific analysis, MS donors with
recent (<1 year) and clinically silent stroke were excluded from
further analyses (Figure 1, n = 26 excluded, n = 75 remained).
Minor senile pathology (Braak score 1–2 and/or Thal phase
1–2) did not correlate withNfL levels. Last, atrophywas validated
by the lower brain weight of donors with atrophy than those
without atrophy (Wilcoxon rank sum test, p = 7.4e-5).

Neurodegeneration

Clinical Disease Progression
Correlations of CSF NfL with disease progression measures are
summarized in Table 2. CSF NfL levels of MS donors at time of
death did not correlate with age at onset ofMS or severity score as
calculated with time to EDSS 6, but did correlate negatively with
the duration of disease, being higher in patients who exhibited a
shorter disease duration (the Pearson correlation test, p = 6.9e-3, r
= −0.29), also after correction for age (p = 0.04, r = −0.24).

Axonal Damage in the Normal Appearing
White Matter
Of 44 donors with MS, in the dissected medulla oblongate,
the pyramid tract was missing or a lesion was present in the

Table 2 Correlations of Clinical and Pathologic Donor
CharacteristicsWith CSFNfL Levels of All Multiple
Sclerosis Donors

CSF NfL mean (SD)
pg/mL (log) p Value r

Age — 0.85 −0.02

Sex

Male 7.57 (1.25) 0.35 —

Female 7.75 (1.23) — —

pH of CSF — 0.25 −0.12

Brain weight — 0.31 0.10

PMD — 0.38 0.09

Storage time — 0.36 0.09

Plasma NfL (pg/mL (log)) — 1.9e-4 0.54

Minor senile pathology

No 7.71 (1.37) 0.78 —

Yes 7.66 (1.09) — —

Stroke (years from death)

No 7.25 (0.98) — —

Yes

<1 9.42 (1.40) 2.4e-3 —

1–5 7.47 (0.87) 0.46 —

>5 7.68 (1.33) 0.72 —

Clinically silent 8.50 (1.13) 3.5e-4

Atrophy

No 7.73 (1.27) 0.31 —

Yes 7.49 (1.02) — —

Age at onset (y)a 33.53 (11.07) 0.33 0.12

Severity scorea 3.85 (0.31) 0.16 0.16

Disease duration (y)a 30.31 (12.80) 6.9e-3 −0.31

Abbreviations: BRS = brain stem; NfL = neurofilament light chain; PMD =
postmortem delay.
Plasma NfL is positively correlated with CSF NfL. Compared with donors
without stroke and those with stroke >1 y before death, recent (<1 y) and
clinically silent stroke increased NfL levels. In donors without recent and
clinically silent stroke, CSF NfL levels negatively correlated with disease
duration.
All associations were tested with the Pearson correlation coefficient. Wil-
coxon rank sum test was used if 2 groups were compared and pairwise
Wilcoxon rank sum test corrected for multiple testing for stroke at different
time points.
CSF NfL levels were positively correlated to plasma NfL levels (1.9e-4), were
significantly higher in donors with stroke <1 year prior to death (p = 2.4e-3)
and clinically silent stroke (3.5e-4), andwere negatively correlated to disease
duration (6.9e-3).
a Donors without recent (<1 y) or clinically silent stroke.
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pyramid tract. In the remaining 57 donors, axonal density,
quantified as the percentage of Bielschowsky positive area
(high axonal density: Figure 2A, low axonal density:
Figure 2B) in the NAWM, negatively correlated with NfL
(Figure 2C, the Pearson correlation test, p = 0.02, r = −0.31).
In donors without recent or clinically silent stroke (n = 44),
axonal density in the NAWM was not correlated with CSF
NfL levels (data not shown).

In theNAWM(n = 57), the presence of APP + axons and bulbs
was scored (no APP present: Figure 2D, APP + axons and
bulbs present: Figure 2E). CSF NfL levels were significantly
higher in donors with the presence of APP + axons or bulbs
when compared with those without (p = 1.17e-6). In donors
without recent or clinically silent stroke (n = 44), donors with
the presence of APP + axons or bulbs also had significantly
higher CSF NfL levels when compared with donors without
APP + axons or bulbs present (data not shown, p = 2.3e-4).

WhiteMatter InflammationandLesionActivity
Because brain atrophy on MRI is related to NfL levels,9 we
have analyzed correlations of CSF NfL in MS donors with
macroscopic brain atrophy and without atrophy separately.

Donor demographics were not different between donors
with atrophy and without atrophy, as summarized in Table 1.
CSF NfL levels of MS donors without atrophy were similar
to donors with atrophy (Wilcoxon rank sum test, Table 2),
and donors with and without atrophy exhibited comparable
lesion measures (Table 3).

Figure 3 shows ramified microglia/macrophages with MMAS
score 0 (Figure 3A), foamy microglia/macrophages with
MMAS score 1 (Figure 3B), microscopic images of an active
lesion containing ramified (Figure 3C) and foamy
(Figure 3D) microglia/macrophages, a mixed lesion con-
taining ramified (Figure 3E) and foamy (Figure 3F)
microglia/macrophages, an inactive lesion (Figure 3G), and a
remyelinated lesion (Figure 3H). As listed in Table 3, corre-
lations of CSF NfL with lesion measures found in all donors
become stronger when donors with atrophy are removed. In
donors without atrophy, CSF NfL levels correlated with
several lesion type proportions.

In donors without atrophy, the MMAS positively correlated
with CSF NfL (GLM, p = 1.2e-6, Figure 3I). CSF NfL levels
correlated with the proportion of all active lesions (GLM,

Figure 2 NfL Levels Are Negatively Correlated With Axonal Density and Are Increased With the Presence of Acute Axonal
Damage in the NAWM

For axonal density, a Pearson correlation test was performed, and the regression line is visualized with the gray area indicating the 95% CI. For APP+, a
Wilcoxon rank sum test with correction ofmultiple testing was performed. Images are taken at 40×magnification. (A) Representative image of a high number
of Bielschowsky + axons and (B) low number of Bielschowsky + axons. (C) Axonal density, as measured by Bielschowsky + axons, was negatively correlated
with CSF NfL (p = 0.02, r = 0.31). (D) Representative image of NAWM without APP + axons or bulbs, (E) Representative image of NAWM with APP + axons and
bulbs. (F) The CSF NfL levels of donors with APP + axons or bulbs were significantly higher than the levels of those without APP + axons or bulbs (p = 1.17e-6).
APP = amyloid precursor protein; NfL = neurofilament light chain; NAWM = normal appearing white matter.
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p = 6.35e-3), and this correlation was considerably stronger
for active lesions containing foamy microglia/macrophages
(GLM, p = 9.85e-10, Figure 3K). CSF NfL levels did not
correlated with the proportion of all mixed lesions but was
significantly correlated with the proportion of mixed lesions
containing foamymicroglia/macrophages (GLM, p = 1.75e-3,
Figure 3M). CSF NfL levels did not correlate significantly
with the proportion of active or mixed lesions containing
ramified microglia/macrophages (Figure 3, J and L). Re-
ciprocally, CSF NfL levels negatively correlated with the
proportion of inactive lesions (GLM, p = 1.75e-3, Figure 3N)
and remyelinated lesions (GLM, p = 0.03, Figure 3O). Last,
CSF NfL did not correlate with the lesion load or the pro-
portion of reactive sites in the brain stem. In donors with
atrophy, only a weak correlation was found of CSF NfL levels
with the proportion of active lesions containing foamy
microglia/macrophages (GLM, p = 0.03), and no correlation
was found with other lesion proportions.

Plasma NfL Levels and White Matter
Inflammation and Lesion Activity
Regarding the more frequent use of plasma samples com-
pared with CSF samples for NfL analyses in clinical

monitoring of MS activity, we have explored the relation of
plasma NfL with neuropathologic substrates in the small
MS cohort with available plasma samples (N = 43). Un-
fortunately, the sample size of donors without recent (<1
year) or clinically silent stroke with plasma samples was low
(n = 26). Plasma and CSF NfL levels correlated signifi-
cantly (Figure 3P, the Pearson correlation test, p = 1.9e-4,
r = 0.54). Correlations between plasma NfL levels and le-
sion load, reactive site load, lesion proportions, and the
MMAS score are summarized in eTable 1 (links.lww.com/
NXI/A703). In donors without atrophy (n = 22), the
correlation between plasma NfL and the MMAS score and
the proportion of active lesions with foamy microglia/
macrophages showed generally similar trends as CSF NfL
(eFigure 1).

Acute Axonal Damage in Subcortical White
Matter Lesions
To confirm the association of foamy macrophages with in-
creased axonal damage, as reflected by higher CSF NfL levels,
we performed APP stainings in different lesion types. As vi-
sualized in Figure 4, in active lesions containing foamy
microglia/macrophages, the amount of APP + bulbs and axon

Table 3 Correlations of Lesion Proportions and NfL Levels in the CSF in Multiple Sclerosis Donors Without Recent or
Clinically Silent Stroke, Differentiated Between Donors With and Without Atrophy

Lesion
type Subtype

All (n = 75)

Donors without recent or clinically silent stroke
With vs
without
atrophy

With atrophy (n = 18) Without atrophy (n = 57)

Total no. of
lesions

Average load/
proportion/score
(SD) p

Average load/
proportion/score
(SD) p

Average load/
proportion/score
(SD) p p

Lesion load (BRS) 659 1.51 (1.14) 0.36 1.65 (1.27) 0.37 1.46 (1.10) 0.68 0.55

Reactive load
(BRS)

149 0.55 (0.74) 0.85 0.73 (0.87) 0.20 0.49 (0.68) 0.47 0.24

Active 874 0.21 (0.23) 0.01 0.18 (0.22) 0.64 0.22 (0.23) 6,35e-3 0.51

Ramified 299 0.08 (0.15) 0.33 0.09 (0.16) 0.73 0.08 (0.15) 0.31 0.70

Foamy 356 0.07 (0.13) 6.25e-10 0.03 (0.06) 0.03 0.08 (0.14) 9.85e-10 0.14

Mixed 985 0.27 (0.27) 0.50 0.22 (0.29) 0.15 0.28 (0.27) 0.14 0.40

Ramified 416 0.13 (0.17) 0.43 0.07 (0.08) 0.41 0.14 (0.19) 0.41 0.08

Foamy 194 0.04 (0.06) 0.02 0.02 (0.05) 0.13 0.04 (0.07) 1,75e-3 0.14

Inactive 901 0.32 (0.27) 0.04 0.34 (0.30) 0.85 0.32 (0.26) 5,66e-3 0.78

Remyelinated 548 0.20 (0.22) 0.16 0.19 (0.21) 0.14 0.20 (0.22) 0.03 0.39

MMAS 1,859 0.31 (0.27) 7.47e-7 0.23 (0.22) 0.28 0.33 (0.28) 1.2e-6 0.07

Abbreviations: BRS = brain stem; GLM = generalized linear model; MMAS = microglia/macrophage activation score; NfL = neurofilament light chain; PMD =
postmortem delay.
Associations of lesion load and reactive load were tested with the Pearson correlation coefficient, and the rest were tested with quasibinomial GLMs.
CSF NfL levels were positively correlated to the proportion of active lesions in all donors together (p = 0.01) and in donors without recent or clinically silent
stroke without atrophy (p = 6.35e-3). CSF NfL levels were positively correlated to the proportion of active lesions with foamy microlgia/macrophages in all
donors together (p = 6.25e-10) and in donors without recent or clinically silent stroke with atrophy (p = 0.03) andwithout atrophy (p = 9.85e-10). CSF NfL levels
were positively correlated to the proportion of mixed lesions in all donors together (p = 0.02) and in donors without recent or clinically silent stroke without
atrophy (p = 1.75e-3). CSF NfL levels were negatively correlated to the proportion of inactive lesions in all donors together (p = 0.04) and in donors without
recent or clinically silent stroke without atrophy (p = 5.66e-3). CSF NfL levels were negatively correlated to the proportion of remyelinated lesions in donors
without recent or clinically silent stroke without atrophy (p = 0.03). CSF NfL levels were positively correlated to the MMAS score in all donors together (p =
7.47e-7) and in donors without recent or clinically silent stroke without atrophy (p = 1.2e-6).
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fragments, normalized to the amount of APP + bulbs and axon
fragments in the perilesional white matter and the area of
the lesion, was significantly higher compared with active lesions
containing ramified microglia/macrophages (pairwise Wil-
coxon rank sum tests with corrections for multiple testing, p =
4.6e-3), active lesions containing ameboid microglia/
macrophages, the border and the center of mixed lesions
containing ramifiedmicroglia/macrophages (p = 4.6e-3 and p =
4.6e-3, respectively), the center of mixed lesions containing

foamy microglia/macrophages (p = 4.6e-3), inactive lesions
(p = 4.6e-3), and remyelinated lesions (p = 0.03). The amount
of APP + bulbs and axon fragments was significantly higher in
the border of mixed lesions containing foamy microglia/
macrophages compared with active lesions containing ramified
microglia/macrophages (p = 0.02), the center of mixed lesions
with ramified microglia/macrophages (p = 4.6e-3), the center
of mixed lesions with foamy microglia (p = 0.02), inactive
lesions (p = 4.6e-3), and remyelinated lesions (p = 0.04).

Figure 3 CSF NfL Levels Correlate With Pathological Hallmarks of Inflammatory Lesion Activity

Correlations for different lesionmeasures were tested with a general linearmodel, and correlation between NfL levels in the CSF and plasmawas tested with
a Pearson correlation test, and the regression line is visualized with the gray area indicating 95% CI. Representative immunohistochemical stainings show (A)
ramifiedmicroglia/macrophages with MMAS 0 and (B) foamymicroglia/macrophages with MMAS 1. Representative immunohistochemical stainings stained
for PLP in brown and HLA-DR + microglia in black with a scale bar of 200 μm of active lesions with (C) ramified microglia/macrophages, (D) foamy microglia/
macrophages, mixed lesions with (E) ramified microglia/macrophages and (F) foamy microglia/macrophages, (G) inactive lesions, and (H) remyelinated
lesions. In donors without atrophy, CSF NfL levels positively correlated with (I) MMAS (p = 1.2e-6), and proportions of (K) active lesions (p = 9.9e-10) with foamy
microglia/macrophages, (M) mixed lesions with foamy microglia/macrophages (p = 1.8e-3), and CSF NfL levels negatively correlated with the proportions of
(N) inactive lesions (p = 5.7e-3) and (O) remyelinated lesions (p = 0.03). HLA-DR = human leuykocyte antigen - DR isotype; MMAS = microglia/macrophage
activation score; NfL = neurofilament light chain; PLP = proteolipid protein.
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Discussion
In this study, we present a quantitative neuropathologic analysis
of an extensiveMS autopsy cohort of 101 brain donors and 3,819
lesions showing that acute axonal damage relating to active in-
flammatory lesion activity and reduced axonal density associate
with increasedCSFNfL levels. Our key findings are that (1)CSF
NfL levels were negatively correlated with disease duration; (2)
CSFNfL levels were positively correlated with increased axonal
loss andwith acute axonal damage in theNAWM; (3)CSFNfL
levels were positively correlated with proportions of active and
mixed lesions containing foamy microglia/macrophages and
negatively correlated with inactive and remyelinating lesion
proportions; and (4) active lesions with foamy microglia/
macrophages and the border of mixed lesions with foamy
microglia/macrophages have a higher amount of APP + bulbs
and axonal fragments when compared with active and mixed
lesions containing ramified microglia/macrophages, inactive
lesions, and remyelinated lesions. These findings show that
specifically, MS lesions containing lipid-laden foamymicroglia/
macrophages are associated with acute axonal damage and that
proportion of such lesions positively correlate with CSF NfL
levels. Furthermore, CSF NfL levels correlate with fast pro-
gression of MS. Together, this validates CSF NfL as a quanti-
fiable biomarker for inflammatory white matter lesion
activity–driven axonal damage and disease progression in MS.

In our cohort, CSF NfL levels were not confounded by donor
demographics or by postmortem delay or storage time. In line
with clinical studies, we found postmortem CSF NfL levels
positively correlated with postmortem plasma NfL levels, with
the same order of magnitude.19-21 In contrast to some previous
studies, but in line with other clinical cohorts we did not ob-
serve an effect of age on CSF NfL levels in MS.12,14,18,19,21,29

Most likely, increases in CSF NfL due to acute axonal damage
and demyelinating activity are superimposed on the increases
due to ageing in our autopsy cohort.12 Similar to previous
clinical studies, there were no sex-related differences in post-
mortemCSFNfL levels.14,15,19,21 The pH of the CSF, the brain
weight, and the storage time did not correlate with CSF NfL
levels, further validating our postmortem sampling method.

We confirmed a history of a recent stroke and a clinically silent
stroke as confounding factors when studying MS-specific
pathologies in relation to CSF NfL, and these donors were
therefore excluded from MS-specific analyses.30-33 Brain at-
rophy in MS can also be a source of increases in NfL levels,23

but in our study, it did not have an effect on CSF NfL levels.
Most likely, this is due to the spatial and temporal variations in
atrophy that are not taken into account with the yes/no score
used in this study. However, CSFNfL changes due to atrophy,
the irreversible neurodegenerative component of MS,34

superimposed on the effect of lesion characteristics on CSF

Figure 4 Acute Axonal Damage Most Prevalent in Active Lesions With Foamy Microglia/Macrophages and the Border of
Mixed Lesions With Foamy Microglia/Macrophages

A Kruskal-Wallis test, followed by
pairwise Wilcoxon rank sum tests
with correction for multiple testing,
was performed. In active lesions
containing foamy microglia/macro-
phages, the amount of APP + bulbs
and axon fragments is significantly
higher compared with active lesions
containing ramified microglia/mac-
rophages (p = 4.6e-3), the border and
the center of mixed lesions contain-
ing ramified microglia/macrophages
(p = 4.6e-3 and p = 4.6e-3, respectively),
the center of mixed lesions containing
foamy microglia/macrophages (p =
4.6e-3), inactive lesions (p= 4.6e-3), and
remyelinated lesions (p = 0.03). The
amount of APP + bulbs and axon
fragments is significantly higher in the
border of mixed lesions containing
foamy microglia/macrophages com-
pared with active lesions containing
ramified microglia/macrophages (p =
0.02), the center of mixed lesions with
ramified and foamy microglia/macro-
phages (p = 4.6e-3 and p = 0.02, re-
spectively), inactive lesions (p = 4.6e-3),
and remyelinated lesions (p = 0.04).
The amount of APP + bulbs and axon
fragments in the border of mixed le-
sions containing ramified microglia/
macrophages is significantly higher
compared with inactive lesions (p =
0.04). APP= amyloidprecursorprotein.
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NfL. Therefore, the relation between MS lesion characteris-
tics and CSF NfL levels were analyzed separately in donors
with and without atrophy in our study.

CSF and plasma NfL levels have previously been correlated
with progression of MS-related disability during life.11,19,21 In
this study, we showed that CSF NfL levels were negatively cor-
related with the disease duration reflecting a more severe course
but not the age at onset or the disease severity score, as calculated
with time to EDSS6. This suggests that donors with a shorter
disease duration had experienced more neurodegeneration in the
year before death compared with donors with a longer disease
duration. CSF NfL levels reflect recent acute MS-related axonal
damage,15,30 likely reflecting lesion activity causing axonal damage
within a period of approximately the previous year, and are
therefore not likely retrospectively reflecting the speed of disease
progression before reaching EDSS6.

In theNAWM,CSFNfL negatively correlatedwith Bielschowsky
+ axons and therefore positively correlated with increased axonal
loss. CSFNfL levels were significantly higher in donors with APP
+ axons or bulbs in the NAWM compared with donors without
APP + axons or bulbs (p = 1.17e-6). This is most likely due to
both Wallerian degeneration and neuroaxonal damage.35,36

Previously, it was shown that APP + axons and bulbs are more
frequently present in the border of mixed lesions than in the
center.22,37 In this study, we corroborate these findings and ad-
ditionally show in active lesions and the border of mixed lesions
with foamy macrophages significantly more APP + acute axonal
damage compared with active lesions and the border of mixed
lesions with ramified microglia/macrophages. Therefore, the
strong positive correlation between CSF NfL levels and the
proportion of active and mixed lesions with foamy microglia/
macrophages is most likely due to the increased acute axonal
damage in these lesions. The correlation of CSF NfL levels and
proportions of (mixed) active MS lesions is in line with radio-
logic studies showing correlations between NfL with MRI bio-
markers of inflammatory disease activity regarding the amount of
gadolinium-enhancing lesions and paramagnetic rim MRI le-
sions. Of interest, our data suggest that foamy and ramified
microglia may have different implications regarding neuroaxonal
damage, likely relating to functional differences between lipid-
laden foamy vs ramified microglia/macrophages.38

Our study suggests several important issues about the use of CSF
NfL as a biomarker for acute axonal damage in MS relating to
lesion activity. First, we show that recent or clinically silent stroke
and atrophy influence the relation between NfL CSF levels and
MS lesion activity and acute axonal damage. Thus, these are
comorbid conditions to use CSF NfL to monitor lesion activity
and related axonal damage in patients with MS. Sequential NfL
measurements within individual patients should solve this prob-
lem. Second, CSF samples were available of more brain donors
than plasma samples, and therefore, we studiedNfL levels in CSF.
However, we showed that CSF NfL levels and plasma NfL cor-
relate and that plasmaNfL levels show a similar trend as CSFNfL

levels toward a positive correlation with theMMAS score and the
proportion of active lesions with foamy microglia/macrophages.
Future studies should attempt to establish the relation of plasma
NfL with neuropathologic substrates in MS because measure-
ments of plasmaNfLwould be easier to apply clinically than those
of CSF NfL. Last, due to a smaller group of donors with atrophy
compared with donors without atrophy, it is possible that differ-
ences between these 2 groups are due to a loss of statistical power
in the group with atrophy. However, because the relations be-
tweenCSFNfL and lesionmeasures of all donors together are less
significant than the relations between CSF NfL and lesion mea-
sures of only donors without atrophy, this suggests that these
groups are fundamentally different.

In summary, in an MS autopsy cohort of 101 cases, we showed
that CSFNfL levels negatively correlate with disease duration and
positively correlate neuropathologically with proportions of active
and mixed lesions containing foamy microglia/macrophages and
acute axonal damage, validatingNfL as amarker of disease activity.
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Abstract
Background and Objectives
To investigate the long-term effect of permanent demyelination on axonal attrition by exam-
ining an association between intereye asymmetry of the multifocal visual evoked potential
(mfVEP) latency delay and subsequent thinning of retinal ganglion cell axons in patients with a
long-standing history of unilateral optic neuritis (ON).

Methods
Only patients with a significant degree of chronic demyelination (intereye latency asymmetry
>5 ms) were included in this study. The level of optic nerve demyelination was estimated at
baseline by the latency delay of mfVEP, while the degree of axonal loss was assessed by thinning
of the retinal nerve fiber layer (RNFL) thickness between baseline and follow-up visits. Low-
contrast visual acuity (LCVA) was also evaluated at baseline and follow-up. Patients were
examined twice with an average interval of 6.1 ± 1.4 years.

Results
From 85 examined patients with multiple sclerosis, 28 satisfied inclusion criteria. Latency of the
mfVEPwas delayed, and RNFL thickness was reduced in ON eyes compared with fellow eyes at
both visits. There was significant correlation between latency asymmetry and baseline or follow-
up intereye RNFL thickness asymmetry. Intereye asymmetry of LCVA at baseline correlated
with baseline latency asymmetry of mfVEP and baseline asymmetry of RNFL thickness. La-
tency of the mfVEP in ON eyes improved slightly during the follow-up period, whereas latency
of the fellow eye remained stable. By contrast, RNFL thickness significantly declined in both
ON and fellow eyes during the follow-up period. The rate of RNFL thinning in ON eyes,
however, was more than 2 times faster compared with the fellow eyes (p < 0.001). Furthermore,
baseline latency asymmetry significantly correlated with the rate of RNFL thinning in ON eyes
during the follow-up (p < 0.001), explaining almost half of the variability of temporal RNFL
progression. For each millisecond of latency delay (i.e., ;0.5 mm of demyelination along the
optic nerve), temporal RNFL thickness was annually reduced by 0.05%.

Discussion
Our study provides clear in vivo evidence that chronic demyelination significantly accelerates
axonal loss. However, because this process is slow and its effect is mild, long-term monitoring is
required to establish and confidently measure the neurodegenerative consequences of
demyelination.
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Multiple sclerosis (MS) is the most common cause of neu-
rologic disability in young adults. Dysregulation of the adap-
tive immune system, a principal pathophysiologic driver of
MS, results in inflammatory demyelination and progressive
tissue injury.

The persistent clinical (disability) and radiologic (brain atrophy)
features of early relapsing-remitting multiple sclerosis (RRMS)
are primarily determined by substantial axonal damage within
acute inflammatory lesions.1,2 However, although existing treat-
ments significantly diminish the formation of new lesions, they do
not fully arrest disease progression,3,4 suggesting the contribution
of other, potentially neurodegenerative mechanisms.

The nature of the neurodegenerative mechanisms in MS is
largely unknown. Although there are strong experimental data
suggesting that ongoing CNS neurodegeneration is linked to
the permanent loss of myelin sheaths surrounding surviving
axons within MS lesions,5 human data on the role of chronic
demyelination in MS progression are limited.6

There are several reasons why the visual system is an ideal
model to study the effect of chronic demyelination on axonal
loss. First, optic neuritis (ON), which leads to chronic de-
myelination in the optic nerve, is a frequent event in MS. It is
the presenting symptom of MS in approximately 20% of cases
and approximately 50% of patients with MS will experience
symptomatic ONduring the course of the disease.7 In addition,
ON in MS is typically unilateral, which provides an internal
control and reduces intersubject variability when using asym-
metry analysis.8 Furthermore, the degree of demyelination can
be objectively measured by the latency of multifocal visual
evoked potentials (mfVEP),9 whereas optical coherence to-
mography (OCT) provides accurate estimation of retinal
ganglion cell (RGC) axonal loss.10

Therefore, in this study, we used the visual system to examine
the long-term effect of permanent demyelination on axonal
attrition by investigating an association between intereye
asymmetry of the mfVEP latency delay in patients with a long-
standing history of unilateral ON and subsequent thinning of
RGC axonal (as measured by retinal nerve fiber layer [RNFL]
thickness), determined after an average interval of 6 years.

Methods
Participants
Eighty-five consecutive patients with relapsing-remitting MS
(diagnosed based on the 2010 revised McDonald criteria11)

were enrolled in this study. Patients with a history of other
ocular or neurologic diseases were excluded.

All patients underwent low-contrast visual acuity (LCVA),
mfVEP, and OCT testing. Patients with a history of unilateral
ON at least 12 months before enrollment who reached at least
5 years of follow-up and had intereye latency asymmetry of
more than 5ms12 at the study baseline (indicating a significant
degree of chronic optic nerve demyelination) were selected
for further analysis. A numerical value of 5 ms was predefined
based on the 95th percentile of mfVEP latency asymmetry in
normal population.13

Time since the onset of ON was obtained from patient’s
records. The diagnosis of ON was based on clinical findings,
which included an appropriate history and objective exami-
nation findings (decreased visual acuity, a visual field defect,
color vision loss, relative afferent pupil defect, and a com-
patible fundus examination). The long-term data analyzed in
this study were collected between July 2010 and June 2021.

Standard Protocol Approvals, Registrations,
and Patient Consents
The study adhered to the tenets of the Declaration of Helsinki
and was approved by the Human Research Ethics Committee
of the University of Sydney. Written consent was signed by all
participants.

OCT Scans
All patients had a peripapillary ring scan at baseline and
follow-up using the Heidelberg Spectralis OCT as described
previously.6 Data were reported following the APOSTEL
recommendations.14 The same operator performed all scans.
Both global and temporal RNFL thicknesses were analyzed.
OSCAR-IB criteria15 were used to check image quality.

Owing to the fact that substantial thinning of the RNFL was
present in ON eyes at baseline, the relative change of RNFL
was used for analysis, as described previously.6

Multifocal VEP Recordings and Analysis
The level of demyelination in the visual pathways was assessed
by the latency delay of mfVEP recorded using the Vision
Search system (VisionSearch, Sydney, Australia) with stan-
dard stimulus conditions as described previously.16 In brief, 4
gold disk electrodes (Grass, West Warwick, RI) were used for
bipolar recording with 2 electrodes positioned 4 cm on either
side of the inion, 1 electrode 2.5 cm above, and another 4.5 cm
below the inion in the midline. Electrical signals were recor-
ded along 2 channels, measured as the difference between

Glossary
DMT = disease modifying therapies; LCVA = low contrast visual acuity; mfVEP = multifocal visual evoked potentials; MS =
multiple sclerosis; OCT = optical coherence tomography; ON = optic neuritis; RGC = retinal ganglion cell; RNFL = retinal
nerve fiber layer; RRMS = relapsing-remitting multiple sclerosis.
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superior and inferior and between the left and right elec-
trodes. The quality of the VEP signal was assessed by AI-
assisted in-house software, which was also used to estimate
the latency of individual segments. Latency was calculated as
the mean of 56 sectors. Because postchiasmal/optic radiation
lesions are believed to affect latency of the mfVEP in a similar
way, we used between-eye difference (asymmetry) to estimate
the degree of demyelination in ON eyes.

Low-Contrast Visual Acuity Recording
and Analysis
LCVA was tested unilaterally, using Sloan letter logarithmic
translucent contrast charts at 2.5% and 1.25% contrast levels
(Precision Vision, La Salle). Testing was performed on a
retro-illuminated background at the distance of 4 m. The
charts were scored based on the number of letters identified
correctly (maximum of 70 letters per chart).17

Statistics
Statistical analysis was performed using SPSS (version 24.0,
IBM). The Pearson correlation coefficient was used to mea-
sure statistical dependence between 2 numerical variables. p <
0.05 was considered statistically significant. Partial correlation
was adjusted for age, sex, duration of the follow-up, and time
since the onset of ON. Comparisons between groups were
made using the Student t test. Longitudinal changes and dif-
ference between ON and fellow eyes were assessed using
paired two-sample t tests. The Shapiro-Wilk test was used to
test the normal distribution.

Data Availability
Data can be made available on the request of other
investigators.

Results
Of 85 patients with RRMS enrolled in this study, 49 had a
clinical history of ON at least 12 months before the study. Of
those, 28 patients satisfied the inclusion criteria and were
selected for the analysis, presented in this study (see flowchart
in Figure 1). Twenty-one patients (out of 85 patients) were

excluded because of the following: 4 patients had extremely
low mfVEP amplitude (presumably caused by the severe
damage of optic nerve fibers during acute ON), 3 patients had
binocular ON, 12 patients had mfVEP latency asymmetry <5
ms, and in 2 cases, the quality of OCT scans was low.

Patients selected for the analysis were examined twice with an
average interval of 6.1 ± 1.4 years. Demographic data are
provided in Table 1.

At study baseline, 4 patients were receiving interferon-based
therapy, 6-copaxone, 8-gilenya, 3-tysabri, 2-aubagio,
2-tecfidera, and 1-ocrelizumab and 2 patients received no
therapy. This has changed at the follow-up to the following: 1
interferon-based therapy, 3-copaxone, 6-gilenya, 2-tysabri,
1-aubagio, 4-tecfidera, 1-ocrelizumab, 5-ocrevus, 2-lemtrada,
and 1-plegridy and 2 patients received no therapy.

Association BetweenCross-sectionalMeasures
of Demyelination and Axonal Loss
As expected, latency of the ON eyes was significantly delayed
compared with fellow eyes at both baseline and follow-up
visits (p < 0.001 for both time points, Table 2). Similarly,
thickness of RNFL in ON eyes was significantly reduced
compared with fellow eyes at both time points (p < 0.001 for
all, Table 2).

There was significant correlation between baseline intereye
latency asymmetry and baseline intereye RNFL thickness
asymmetry (both total and temporal RNFL thickness) (r =
0.57, p = 0.004 and r = 0.63, p = 0.001 for total and temporal
RNFL thickness, respectively) (Figure 2, A and B), which
remained significant after adjusting for age, sex, duration of
the follow-up, and time since the onset of ON (partial cor-
relation, r = 0.49, p = 0.016 and r = 0.55, p = 0.005 for total and
temporal RNFL thickness, respectively). This relationship
remained unchanged (if slightly higher) at the follow-up visit

Figure 1 Flowchart of Patient Selection Table 1 Demographic Data

Sex (M/F) 9/19

Age, y 38.1 ± 9.6

Disease duration at baseline, y 5.0 ± 4.8

Time since onset of ON at baseline, y 5.5 ± 4.9

EDSS 1.2 ± 0.9

Duration of follow-up, y 6.1 ± 1.4

Low-contrast visual acuity ON eye fellow eye

2.5% baseline 26 ± 16 38 ± 11

1.25% baseline 12 ± 11 25 ± 14

2.5% follow-up 23 ± 14 34 ± 12

1.25% follow-up 9 ± 8 20 ± 15

Abbreviations: EDSS = Expanded Disability Status Scale; ON = optic neuritis.
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(r = 0.63, p = 0.001 and r = 0.68, p < 0.001 for total and
temporal RNFL thickness, respectively, or r = 0.60, p = 0.002
and r = 0.62, p = 0.001 for partial correlation, Figure 2, C
and D).

LCVA was also significantly reduced in ON eyes compared
with fellow eyes (p < 0.001 for both 2.5% and 1.25% con-
trasts). In addition, intereye asymmetry of LCVA at baseline
correlated with the baseline latency asymmetry of mfVEP and
baseline asymmetry of RNFL thickness, both total and tem-
poral RNFL thickness (Table 3 and Figure 3).

Association BetweenChronic Demyelination in
ON and Subsequent Axonal Loss
Latency of the mfVEP in ON eyes improved slightly during
the follow-up period (averaged shortening: −2.6 ms, p <
0.001) (Table 2 and Figure 4A), whereas latency of the fellow
eye remained stable (p = 0.6). This resulted in statistically
significant reduction of latency intereye asymmetry between
baseline and follow-up visits from 19.9 to 17.2 ms (p < 0.001).

By contrast, we observed a significant reduction of total and
temporal RNFL thickness in both ON and fellow eyes during
the follow-up period (Table 2 and Figure 4, B and C). The
rate of RNFL thinning in ON eyes, however, was significantly
larger compared with the fellow eye (2.5% vs 1.0% and 5.8%
vs 2.2%, p = 0.002 and 0.001 for total and temporal RNFL
thickness, respectively) (Figure 4, B and C). Accordingly,
intereye asymmetry of RNFL thickness significantly increased
during the follow-up period (p = 0.02 for both total and
temporal RNFL thickness, Table 2).

Furthermore, the degree of chronic optic nerve demyelination
(latency asymmetry at the baseline) was significantly associ-
ated with the annual rate of both total and temporal RNFL
thinning in ON eyes (but not in fellow eyes) during the
follow-up period (r = 0.47, p = 0.02 and r = 0.67, p < 0.001 for
ON eye total and temporal RNFL thinning, respectively)
(Figure 5, A and B). This correlation remained unchanged
after adjustment for age, sex, and time since the onset of ON
(r = 0.52, p = 0.028 and r = 0.68, p < 0.001 for total and
temporal RNFL thickness, respectively). For each millisecond
of latency delay at baseline (which is believed to be an equiv-
alent of;0.5 mm of demyelination along the optic nerve18-20),
temporal RNFL thickness was annually reduced by 0.05%.

There was significant reduction of visual acuity in both ON and
fellow eyes (Table 1). However, no correlation was observed be-
tween latency asymmetry at baseline and progressive change of
LCVA inONeyes. Therewas also no significant correlation inON
eyes between the reduction of LCVA and rate of RNFL thinning.

Discussion
The main finding of this study was the observation of an
increased rate of RNFL thinning in ON eyes with a substantial
degree of chronic demyelination in comparison with the fel-
low eyes in patients with RRMS. Thus, although RNFL
thickness was significantly reduced in both eyes during the
follow-up period, progressive thinning of total and temporal
RNFL was more than 2 times faster in ON eyes compared
with the fellow eyes. Furthermore, by examining the re-
lationship between baseline intereye latency asymmetry and
progressive change of RNFL thickness, we found a highly
significant association between the degree of chronic optic
nerve demyelination and subsequent loss of RGC axons in
ON eyes. Chronic demyelination explained almost half of
temporal RNFL progression variability. Of note, only patients

Table 2 Baseline and Follow-up mfVEP, RNFL, and LCVA
Data

Baseline Follow-up

p Value
(baseline
vs follow-up)

mfVEP latency

ON eye (ms) 171.9 ± 12.3 169.3 ± 12.9 <0.001

Fellow eye (ms) 151.0 ± 8.8 151.3 ± 8.7 0.6

Asymmetry (ms) 19.9 ± 10.6 17.1 ± 10.1 <0.001

p value (ON vs
fellow eyes)

<0.001 <0.001

Total RNFL

ON eye (m) 75.0 ± 11.3 73.2 ± 11.2 <0.001

Fellow eye (m) 88.3 ± 11.1 87.5 ± 10.7 0.026

Asymmetry (m) 13.3 ± 13.3 14.3 ± 12.9 0.02

p value (ON vs
fellow eyes)

<0.001 <0.001

Temporal RNFL

ON eye (m) 47.4 ± 11.6 44.6 ± 11.7 <0.001

Fellow eye (m) 61.4 ± 12.4 59.9 ± 12.1 <0.001

Asymmetry (m) 13.9 ± 14.9 15.3 ± 14.1 0.02

p value (ON vs
fellow eyes)

<0.001 <0.001

LCVA 2.5%

ON eye 26 ± 16 23 ± 14 0.004

Fellow eye 38 ± 11 34 ± 12 0.002

p value (ON vs
fellow eyes)

<0.001 <0.001

LCVA 1.25%

ON eye 12 ± 11 9 ± 8 0.02

Fellow eye 25 ± 14 20 ± 15 0.001

p value (ON vs
fellow eyes)

<0.001 <0.001

Abbreviations: LCVA = low-contrast visual acuity; mfVEP = multifocal visual
evoked potentials; ON = optic neuritis; RNFL = retinal nerve fiber layer.
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with clearly measurable chronic demyelination, as evidenced
by substantial latency delay in the ON eyes, were included in
this analysis.

These findings lend strong support to the notion that chronic
demyelination does promote axonal loss. This view until now
was mainly based on experimental data. It has been proposed
that permanent demyelination may cause axonal damage by
rendering axons vulnerable to physiologic stress21-23 by the
way of increased energy demands on axonal conduction along
demyelinated axons, leading to compromised axoplasmic
adenosine triphosphate production,24 ionic imbalance, and
Ca2+-mediated axonal degeneration.25 In addition, lack of
trophic support from myelin or oligodendrocytes and the
disruption of normal axon-myelin interactions were also im-
plicated in the accelerated degeneration of chronically
demyelinated axons.22 Furthermore, residual inflammation
caused by infiltration of chronic lesions by macrophages and
T cells and the activation and proliferation of astrocytes may
also contribute to the ongoing damage of demyelinated
axons.23,26

However, although we did confirm the detrimental effect of
chronic demyelination on axonal survival, suggested by the
above experimental studies, the magnitude of the axonal loss
caused by permanent demyelination seems to be very modest
and is only detectable using a relatively long observation pe-
riod (annual relative rate of RNFL thinning in ON eyes
compared with fellow eyes was +0.25% and +0.6% for total
and temporal RNFL thinning, respectively). This may explain
why our previous investigations of the relationship between
chronic demyelination and axonal damage produced less
convincing results.6,27

Our initial short-term study (mean follow-up: 2 years)27

demonstrated amarginally (but not significantly) faster rate of
RNFL thinning in ON eyes compared with fellow eyes (1.5 vs
1.3 μ) and did not show any association between RGC axonal
loss and latency delay, with the caveat that a first generation
temporal domain OCT was used in this study.

After this, a longer follow-up study (mean observation period: 3.5
years)6 also demonstrated faster tRNFL thinning in ON eyes
comparedwith the fellow eyes (1.3% vs 1.0% tRNFL thinning per
year), although was still not statistically significant for both total
and temporal RNFL thinning. The survival analysis, however,
demonstrated a significant difference between the 2 groups.
Furthermore, in cases of more severe optic nerve demyelination,
progressive loss of temporal (but not total) RNFL was signifi-
cantly faster in the ON eyes than in the fellow eyes. In addition,
faster loss of tRNFL significantly correlated with the degree of
ON-related demyelination.

Figure 2 Correlation Between Intereye Latency Asymmetry and Intereye RNFL Thickness Asymmetry

(A) Baseline intereye latency asymmetry vs baseline intereye
total RNFL thickness asymmetry. (B) Baseline intereye latency
asymmetry vs baseline intereye temporal RNFL thickness
asymmetry. (C) Baseline intereye latency asymmetry vs fol-
low-up intereye total RNFL thickness asymmetry. (D) Baseline
intereye latency asymmetry vs follow-up intereye temporal
RNFL thickness asymmetry.

Table 3 Correlation Coefficient of Intereye Asymmetry of
LCVAatBaselineWithBaseline LatencyAsymmetry
of mfVEP and Baseline Asymmetry of RNFL
Thickness

LCVA 2.5% LCVA 1.25%

mfVEP latency 0.77 (p < 0.001) 0.52 (p = 0.007)

Total RNFL thickness 0.58 (p = 0.002) 0.46 (p < 0.02)

Temporal RNFL thickness 0.65 (p < 0.001) 0.54 (p = 0.005)

Abbreviations: LCVA = low-contrast visual acuity; mfVEP = multifocal visual
evoked potentials; RNFL = retinal nerve fiber layer.
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This study benefitted from an even longer (6 years) follow-up
period by clearly demonstrating the difference in the rate of
RGC axonal attrition between ON and fellow eyes and a
significant correlation between the degree of chronic de-
myelination and RNFL thinning for both temporal and total
RNFL measures. Applying asymmetry analysis and careful
patient selection by verifying the presence and degree of
chronic demyelination in ON eyes using latency of the mfVEP
also provided an additional advantage for this study.

Limited (up to 2 years) observation periods,28,29 mixed patient’s
cohorts,29-31 or lack of validation of the degree of chronic
demyelination29-31 may explain why some of the previously
reported studies failed to detect accelerated axonal loss in the
eyes of patients with RRMS with a history of ON. The most
recent study,32 which followedmixed cohort of patients withMS
for 5 years, showed a significant relationship between RNFL
thinning and previous history of ON only in the progressive, but
not in patients with relapsing-remitting MS. However, contrary

to patients with progressive MS, the baseline degree of optic
nerve damage caused by acute ON (and, therefore, degree of
chronic demyelination) in ON eyes of patients with RRMS was
minimal, if any. We believe that the patient selection (using the
VEP or OCT criteria33,34) is extremely important if one wants to
study the effects of chronic demyelination because at the time of
the enrollment, almost half of the clinically diagnosed patients
with ON in our cohort did not show significant residual chronic
demyelination, indicating either potential over-diagnosis or
‟complete” spontaneous remyelination of optic nerve lesions in
the early postacute period.9

Our study demonstrated that the process of axonal attrition
caused by the chronic loss of myelin, while measurable, is slow
and, when combined with the limited sensitivity of modern
OCT technology in eyes that have already lost a substantial
amount of RNFL, requires a lengthy observation period to be
reliably detected. This is contrary to substantial axonal transec-
tion occurring during acute ON,35 corroborated by significant

Figure 3 Correlation Between Intereye Asymmetry of LCVA (1.25% and 2.5% Contrast) at Baseline With Baseline Latency
Asymmetry of mfVEP (A, B) and Baseline Asymmetry of Total (C, D) and Temporal (E, F) RNFL Thickness
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correlation between baseline intereye latency asymmetry (which
reflects the length of the acute optic nerve inflammation18) and
baseline intereye RNFL thickness asymmetry.

Although the correlation between mfVEP latency and RGC
axonal thinning was statistically significant for both total and
temporal RNFL, thinning of the temporal RNFL was more
evident and more strongly associated with the degree of
chronic demyelination. Better correlations of mfVEP latency
with temporal RNFL (both cross-sectionally and longitudi-
nally) are likely to reflect better topographical correspon-
dence between the 2 because the central area of the visual
field, which represents most (80%) of the mfVEP segments,36

is subserved by the temporal RNFL. In addition, ON more
frequently affects the fibers traveling in the center of the
nerve,37,38 as manifested by the longest latency delay observed
in central mfVEP segments.9 This is possibly due to the
proximity of those fibers to the central retinal vessels that
travel in the anterior nerve head.

LCVA, used in this study as a functional measure of vision,39,40

was also significantly diminished in ON eyes compared with

fellow eyes. It demonstrated a significant association with the
level of chronic demyelination in optic nerve and baseline
asymmetry of RNFL thickness, confirming our previous obser-
vation.16 The correlation was stronger for 2.5% compared with
1.25%, which is likely to be due to a higher variability of the
1.25% LCVA measure. However, although there was a signifi-
cant reduction of LCVA in both ON and fellow eyes, no cor-
relation was observed between progressive LCVA change inON
eyes and mfVEP latency asymmetry at baseline or the rate of
RNFL thinning, implying lower sensitivity of this functional
measure in monitoring subtle axonal damage caused by chronic
loss of myelin.41

There are several limitations in this study. First, there is po-
tentially an alternative explanation for accelerated axonal loss
observed in ON eyes, namely, that slow-burning in-
flammation at the rim of chronic active MS lesions can po-
tentially cause axonal degeneration and accompanying lesion
expansion.42,43 Recent studies have demonstrated that this
process is frequent even in the relapsing-remitting stage of the
disease.44,45 This is, however, less likely because there was no
electrophysiologic evidence of lesion growth (i.e., no increase

Figure 4 Change mfVEP Latency (A), Total RNFL Thickness (B), and Temporal RNFL Thickness (C) During the Follow-up
Period in ON and NON Eyes

Figure 5 Correlation Between BaselinemfVP Latency Asymmetry and the Rate of Total (A) and Temporal (B) RNFL Thinning
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of latency delay in the ON eye or increase of intereye latency
asymmetry, which would complement lesion expansion). On
the contrary, latency in the ON eye slightly, but significantly,
shortened during the follow-up period, suggesting continuous
spontaneous remyelination,9 cortical plasticity,46 beneficial
treatment effects, or preferential loss of heavily demyelinated
optic nerve axons. The limited effect of slow-burning rim in-
flammation on axonal loss within lesional tissue may be related
to the anatomy of the optic nerve. Thus, geometrically, the
optic nerve represents a cylindrical shape with a radius of
1.6–2 mm and a length of approximatey 45–50 mm.47 An
average lesion in the optic nerve, as detected by magnetic
resonance imaging, is approximatey 20–25 mm in length and
often occupies the full cross section of the nerve.48 As a result,
the area of potential expansion is limited to the proximal and
distal ends of the lesion along the optic nerve,9 contrary tomost
brain lesions, which are typically fully surrounded by normal
white matter.49 These anatomical characteristics of optic nerve
lesions, therefore, may provide a unique opportunity for in-
vestigating the effect of chronic demyelination in isolation.

Our study is limited by relatively small sample size of patients
who fitted the specific criteria for inclusion, which may hinder
the detection of an association between chronic de-
myelination and LCVA and limit the potential utility of
functional measures of axonal loss.

There is also a possibility that a new episode of ON or the
development of new lesions in the optic radiations during the
follow-up can potentially result in RNFL loss. However, we do
not think that the abovementioned factors would have affected
our results. As we have previously shown, new OR lesions can
affect the RNFL in both eyes through transsynaptic de-
generation,50 but this produces similar loss in both eyes and is
reflected in a symmetrical delay in the mfVEP. In addition, a
new episode of ON is likely to cause substantial unilateral delay
on mfVEP, which was not observed in this study.

Another limitation is related to the fact that patients were on
various disease-modifying therapies (DMT) that, in some
cases, were changed during the follow-up period. Although
this potentially affected our results, there is currently no in-
formation related to the effect of DMT on the neuro-
protection of chronically demyelinated axons available, and
this question remains to be addressed in future studies.

The results of this study may have significant implications for
the design of clinical trials of remyelinating agents. For ex-
ample, even highly sensitive structural measures of axonal loss,
such as OCT, required >5 years of follow-up to unequivocally
establish the effect of chronic demyelination on axonal loss.
Therefore, to demonstrate potential neuroprotective effects
of treatment-induced remyelination on preventing such a loss,
a prohibitively long study duration is likely to be required.

In summary, our study provides clear in vivo evidence that
chronic demyelination significantly accelerates axonal loss.

However, because this process is slow and its effect is mild, long-
term monitoring is required to firmly establish and confidently
measure the neurodegenerative consequences of demyelination.
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Papillomacular bundle and inner retinal thicknesses correlate with visual acuity in
nonarteritic anterior ischemic optic neuropathy. Invest Ophthalmol Vis Sci. 2015;
56(2):682-692.

39. Baier ML, Cutter GR, Rudick R. Low-contrast letter acuity testing captures visual
dysfunction in patients with multiple sclerosis. Neurology. 2015;64(6):992-995.

40. Balcer LJ, Raynowska J, Nolan R, et al. Validity of low-contrast letter acuity as a visual
performance outcome measure for multiple sclerosis.Mult Scler. 2017;23(5):734-747.

41. Klistorner A, Barnett MH. Remyelination trials: are we expecting the unexpected?
Neurol Neuroimmunol Neuroinflamm. 2021;8(6):e1066.

42. Dal-Bianco A, Grabner G, Kronnerwetter C, et al. Slow expansion of multiple sclerosis
iron rim lesions: pathology and 7 T magnetic resonance imaging. Acta Neuropathol.
2017;133(1):25-42.

43. Elliott C, Wolinsky JS, Hauser SL, et al. Slowly expanding/evolving lesions as a
magnetic resonance imaging marker of chronic active multiple sclerosis lesions. Mult
Scler. 2019;25(14):1915-1925.

44. Klistorner S, Barnett MH, Yiannikas C, et al. Expansion of chronic lesions is linked to
disease progression in relapsing–remitting multiple sclerosis patients. Mult Scler J.
2021;27(10):1533-1542.

45. Klistorner S, Barnett M, Yiannikas C, et al. Expansion of chronic MS lesions is
associated with an increase of radial diffusivity in periplaque white matter.Mult Scler.
2021. Online ahead of print, doi: 10.1177/13524585211033464.

46. Raz N, Chokron S, Ben-Hur T, Levin N. Temporal reorganization to overcome
monocular demyelination. Neurology. 2013;81(8):702-709.

47. Frohman EM, Dwyer MG, Frohman T, et al. Relationship of optic nerve and brain
conventional and non-conventional MRI measures and RNFL, as assessed by OCT
and GDx: a pilot study. J Neurol Sci. 2009;282(1-2):96-105.

48. Trip SA, Schlottmann PG, Jones SJ, et al. Optic nerve atrophy and retinal nerve fibre
layer thinning following optic neuritis: evidence that axonal loss is a substrate of MRI-
detected atrophy. Neuroimage. 2006;31(1):286-293.

49. Fillipi M. MRI technologies in multiple sclerosis. In: Cook SD, ed. Handbook on
multiple sclerosis. Taylor & Francis; 2005:179-221.

50. Klistorner A, Sriram P, Vootakuru N, et al. Axonal loss of retinal neurons in multiple
sclerosis associated with optic radiation lesions. Neurology. 2014;82(24):2165-2172.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 3 | May 2022 9

http://neurology.org/nn


RESEARCH ARTICLE OPEN ACCESS

Cryptococcal Meningitis Reported With
Fingolimod Treatment
Case Series

Maurizio Del Poeta, MD, Brian J. Ward, MDCM, Benjamin Greenberg, MD, MHS, FANA, FAAN, CRND,

BernhardHemmer,MD,BruceA.C.Cree,MD,PhD,SreelathaKomatireddy,MSc,PhD, JitendriyaMishra,MPharm,PhD,

Roseanne Sullivan, PharmD, Ajay Kilaru, MD, Alan Moore, MSc Biometry, Thomas Hach, MD, and

Joseph R. Berger, MD, FACP, FAAN, FANA

Neurol Neuroimmunol Neuroinflamm 2022;9:e1156. doi:10.1212/NXI.0000000000001156

Correspondence

Dr. Berger

joseph.berger@

pennmedicine.upenn.edu

Abstract
Background and Objectives
To describe the characteristics of patients with MS reporting cryptococcal meningitis (CM)
while treated with fingolimod.

Methods
The Novartis safety database was searched for cases with CM between January 26, 2006, and
February 28, 2020. The reporting rate of CM was estimated based on the case reports received
and exposure to fingolimod in the postmarketing setting during the relevant period.

Results
A total of 60 case reports of CMwere identified, mostly from the United States. Themedian age
was 48 years, and 51.8% were women. Most of the patients had recovered or were recovering at
the time of final report. A fatal outcome occurred in 13 cases. During the study period, the rate
of CM in patients withMS receiving fingolimod was estimated to be 8 per 100,000 patient-years
(95% CI: 6.0; 10.0). The incidence of CM seemed to increase with duration of treatment;
however, this relationship remains uncertain due to wide CIs and missing data.

Discussion
The causal relationship between fingolimod treatment and CM is not yet fully understood. The
CM mortality rate in fingolimod-treated patients is similar to that reported in HIV-negative
patients. Vigilance for signs and symptoms of CM in patients receiving fingolimod, particularly
the new onset of headaches and altered mental status, is essential. Early diagnosis and treatment
are critical to reducing CM-associated mortality.
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Cryptococcal meningitis (CM) is an opportunistic infection
caused by Cryptococcus sp. that primarily occurs in patients
with advanced immunosuppression. Cryptococcus sp. are
ubiquitously found in the environment, most commonly as-
sociated with eucalyptus trees and bird feces.1,2 The 2 main
species of Cryptococcus that are pathogenic to humans are C
neoformans var. neoformans and C neoformans var. gattii. C
neoformans is responsible for 82% of cryptococcal disease
worldwide and chiefly affects immunosuppressed individuals.
By contrast, Cryptococcus gattii is reported most frequently in
immunocompetent individuals. Although C gatti is most
commonly reported in tropical and subtropical regions, it has
recently emerged as a human pathogen in the Pacific
Northwest of the United States and southern Pacific coastal
region of Canada.

Before the emergence of HIV in the mid-1980s, CM was a
very rare complication seen in patients with advanced cancer
or other serious illnesses/treatments associated with pro-
found immunosuppression.3 Thereafter, HIV became the
main risk factor of CM, which became a fairly common
manifestation of AIDS until highly active antiretroviral ther-
apies were introduced. Over the last 2 decades, CM has slowly
increased above its low background rates in HIV-negative
patients, primarily due to increased use of immunomodula-
tory therapies for a wide range of autoimmune and in-
flammatory conditions and the immunosuppression
accompanying transplantation. Cryptococcal infections aris-
ing from pets and birds have also been reported.4,5 CM is
among the rare opportunistic infections reported in patients
with multiple sclerosis (MS) receiving a variety of disease-
modifying treatments (DMTs), including natalizumab,6,7 di-
methyl fumarate (DMF),8 and fingolimod.9-16

Fingolimod is a sphingosine 1-phosphate (S1P) receptor modu-
lator approved for the treatment of relapsing forms of MS in
patients aged 10 years and older. Fingolimod causes down-
regulation of S1P receptors expressed on the lymphocytes,
thereby preventing the egress of autoreactive lymphocytes from
the lymph nodes and reducing the infiltration of T and
B lymphocytes into the CNS. This results in reduction in the
number of circulating lymphocytes leading to peripheral lym-
phopenia.17 No association was observed between the nadir
in lymphocyte count and the incidence of most common infec-
tions in the clinical trials of fingolimod in patients withMS.18 This
may be attributed to the selective retention of only naive T cells
and centralmemory cells in the lymph nodes and selective sparing
of effector memory T cells by fingolimod.17 On rare occasions,
opportunistic infections, including progressive multifocal leu-
koencephalopathy,19 CM,9-16 and other forms of cryptococcal

infection including skin, lung, and disseminated infections,14,20,21

have been reported with fingolimod in the postmarketing setting.
In this study, we describe the characteristics of CM case reports in
patients with MS treated with fingolimod.

Methods
The Novartis safety database, which captures adverse events
reported to Novartis by health-care professionals (HCPs),
patients, and from a postmarketing surveillance program or
from the literature, was searched for cases with CM using the
following search terms: cryptococcal fungemia, cryptococco-
sis, disseminated cryptococcosis, meningitis cryptococcal, and
neurocryptococcosis (Medical Dictionary for Regulatory
Activities, version 22.1) from January 26, 2006, the inception
of clinical development, to a data lock point of February 28,
2020, a total of 169 months. In cases where adverse event
reports were received from a patient, Novartis followed up
with the patient’s physician if contact information and con-
sent were provided by the patient.

Overall, patient exposure to fingolimod was estimated based
on a combination of patient exposure to fingolimod in clinical
trials and in the postmarketing setting (estimated from the
worldwide sales volume of active substance sold during the
period and the defined daily dose of 0.5 mg). The reporting
rate of CM in patients treated with fingolimod was estimated
using the number of cases with CM and estimated post-
marketing exposure to fingolimod. Patient characteristics,
details of treatment received, and disease outcome were
compiled based on the pharmacovigilance reports received
from consumers and HCPs held in the Novartis safety data-
base, and patient identifiers were not revealed.

The risk of CM in relation to duration of fingolimod treatment
was further analyzed. The fingolimod commercial drug expo-
sure within each year of treatment was calculated from the
average of estimated number of patients at risk at the beginning
and end of each period. To avoid effects of small numbers, the
annual exposure in the periods corresponding to years 6, 7, and
8 and beyond was combined to derive the number of patient-
years of exposure beyond 5 years of exposure. For each period,
the number of cases with CM attributed to fingolimod was
divided by the corresponding exposure to estimate the in-
cidence (hazard) within each period.

Data Availability
Anonymized data can be made available on request for re-
search purposes by sending a request to the corresponding
author.

Glossary
CM = cryptococcal meningitis; DMF = dimethyl fumarate; DMT = disease-modifying treatment; HCP = health-care
professional; S1P = sphingosine 1-phosphate.
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Results
As of February 28, 2020, an estimated 299,600 patients have
been treated with fingolimod, corresponding to 778,900
patient-years of exposure (34,300 patient-years in clinical trials
and 744,600 patient-years in the postmarketing setting). At this
cutoff date, a total of 60 cases with CM were identified in the
Novartis safety database, of which 1 was identified in the long-
term open-label extension study of fingolimod. Of the 60 cases,
56 cases were primarily reported by HCPs. Most of the cases
(N = 26) were reported in the United States and 9 in Europe,
followed by 8 cases each in Australia and Japan (Figure 1). One
of the 26 cases reported in the United States had a travel history
to Cambodia and was later diagnosed with CM. For the
remaining 25 patients, no information was available on travel
history to endemic areas before the diagnosis.

Patient Demographics and
Baseline Characteristics
Owing to the postmarketing nature of the cases, information on
patient demographics and other details was limited. The mean
age based on 52 of 60 cases with known age was 48 years
(range, 22–67 years; median age, 50), and 29 of the 56 patients
with known sex were female individuals. Time-to-onset data
were available in 44 of 60 cases, and in 4 additional cases, an
estimate was provided. Most of the patients (45 of 48) for
whom information about the duration of fingolimod therapy
was provided had an exposure to fingolimod of 2 years ormore.
For the 44 cases with exact data, the mean time to onset was 48
months (range, 12–108 months; median, 44.5 months;
Table 1). Because these cases were from the postmarketing

setting, information on the HIV status was limited. However,
none of the patients were reported to experience HIV. One
patient had an aviary at home with several pet budgerigars.

In 32 of the 60 cases, no information was provided regarding
medical history/concurrent conditions. In the remaining 28
cases where information was available, 9 had medical history/
concurrent conditions and/or concomitant therapy that may
have been contributory: 2 patients experienced diabetes (both
had fatal outcomes, and one of these patients also had con-
current early-stage lung cancer, chronic gastritis, and con-
comitant IV steroids); 5 patients reported concomitant use of
steroids (1 patient also experienced obesity); 1 patient
reported concurrent infection (disseminated Candida krusei
with pneumonia and Acinetobacter urinary tract infection),
and 1 patient experienced immune thrombocytopenic pur-
pura and was treated with steroids.

Clinical Manifestations
The clinical manifestations that heralded CM were provided
in 67% (40 of 60) of the cases (Table 2). The most frequently
reported symptoms were headache, disorientation/confusion,
and fever. Paresis, agitation, vertigo, nystagmus, ataxia, body
aches, memory impairment, decreased appetite, hiccups,
tremors, chills, flu-like symptoms, and hallucinations were
reported in 1 case each.

Lymphocyte Counts
Information on lymphocyte counts at/near the time of CM
diagnosis and the outcome was available in 31 of 60 cases
(Table 3). Owing to the small number of cases with

Figure 1 Geographic Distribution of Cryptococcal Meningitis Cases Reported With Fingolimod Treatment

UAE = United Arab Emirates; UK = United Kingdom; US = the United States.
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information regarding lymphocyte counts, it is not possible to
draw any correlations.

Treatment and Disease Outcome
Information on CM treatment medication was limited and
was provided in 36 cases. In 31 of these 36 cases, the
reported information on CM management seemed to
be consistent with standard treatment (amphotericin,
flucytosine, or fluconazole) for CM, including high-dose
amphotericin-B (4–6 mg/kg/d) in 4 patients and flucytosine
(200 mg/kg/d) in 1 patient. In 5 of the 36 cases, it was stated
that unspecified antifungal treatment was prescribed. Among
them, 58% (21 of the 36) patients recovered/were re-
covering or recovered with sequelae, and 22% (8 of the 36)
had a fatal outcome. In the remaining patients, condition
deteriorated in 1, unchanged in 2, and outcome was not
reported in 4.

In the remaining 24 cases where treatment information was
not provided, 21% (5 of the 24) recovered/recovering, 21%
(5 of the 24) had a fatal outcome, condition was unchanged in
1 case, and in 54% (13 of the 24) cases, the outcome was
unknown. None of the patients were reported to have de-
veloped immune reconstitution inflammatory syndrome.

Mortality
A fatal outcome was reported in 13 cases. Patient age was
provided in 11 of these 13 cases, with a mean age of 54 years
(range, 33–67 years), which is slightly older than the patients
without fatal outcome (mean age, 47 years; range, 22–65
years; age was provided in 40 of 47 cases). These 13 cases
included those with (1) poor documentation (n = 2), (2)
confounding factors such as use of steroids, candida infection,
and concurrent condition of diabetes (n = 6), (3) a history of
CM 4 years before fingolimod initiation (n = 1), (4) other
illnesses not related to CM (n = 1), (5) fingolimod discon-
tinuation 7 months before onset of CM (n = 1), (6) non-
compliance to fingolimod treatment (n = 1), and (7)
experience of multifocal cerebral infactions reported to be
secondary to meningitis.

Risk Analysis
As of February 28, 2020, the postmarketing exposure to fin-
golimod exceeded 744,600 patient-years. The estimated
reporting rate of CM with fingolimod treatment based on 60
cases was 8 per 100,000 patient-years (95% CI: 6.0; 10.0).
The risk of CM in relation to duration of fingolimod treat-
ment was analyzed using 75% of the cases for which data on
time to onset was available. Although the risk seemed higher

Table 1 Demographics and Overview of Cases

Characteristics
No. of cases (N = 60)
Data available from

Age, mean (range), y 48 (22–67) 52 patients (87%)

Female, n 29 56 patients (93%)

Duration of MS since diagnosis, mean
(range), y

13 (3–33) 26 patients (43%)

Previous MS therapy, n (%)

No previous MS therapy 2 28 patients (47%)

Prednisolone pulse therapy 1

Polymedicated (not specified) 1

Other DMT 24

Fingolimod treatment duration, mean
(range) time to onset, mo

48 (12–108) 44 patients (73%)

Lymphocyte count at the time of
diagnosis,/μL

<200 8 31 patients (52%)

200 to <500 17

500 to <800 4

Normal 2

Culture positive 19 patients showed positive
results for C neoformansa

37 patients (62%) were reported to show positive results for CSF test; 17 of
these 37 (28%) included culture results.
2 additional cases, without CSF test results, reported positive results for
serum test

Abbreviation: DMT = disease-modifying therapy.
a No cases of C gattii were reported.
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with treatment duration (Figure 2), no definitive conclusion
was made because of the large proportion of missing data, low
case numbers, and wide 95% CIs.

Discussion
In this study, we reported cases of CM in patients with MS
receiving fingolimod treatment. As of February 28, 2020, a
total of 60 cases were collected in the postmarketing setting
with a reporting rate of 8 per 100,000 patient-years. The
relationship between risk of CM and the duration of fingoli-
mod treatment was investigated, but the large proportion of
missing data, low case numbers, and wide 95% CIs prevented
any definitive conclusions to be drawn on the risk of CM with
fingolimod.

The clinical manifestations of CM can be quite subtle, and
often, the diagnosis is not considered at the time of initial
presentation. Among the cases collected for this study, the
most common clinical features that heralded CM were
headache (reported in 68% of patients), followed by disori-
entation, confusion, and altered mental status (reported in
40% of patients). There was limited information available
regarding treatment. At the time of final report, however,
most of the patients had recovered or were recovering.

Data on CM-associated mortality in patients with MS are
scarce to compare the mortality rates in patients with CM on
fingolimod. Based on the available data from HIV-associated
cases with CM, 1-year mortality rates were high in patients

who were not under care vs those who were receiving treat-
ment. A 100% 1-year mortality rate was observed in patients
from low-income countries who were not under care and 70%
in patients who were under care. For middle-income coun-
tries, the 1-year mortality rates were presumed to be 40% and
60% in patients receiving conventional treatment and in those
who were not under care, respectively. Similarly, in high-
income countries such as Europe and North America, higher
mortality rates were observed in patients who were not under
care vs those who were under care (Europe: 45% vs 30%;
North America: 30% vs 20%).22 Over the years, the mortality
in cases with CM not associated with HIV ranged from 9% to
35% in various studies.23-26 A major reason for the high
mortality associated with CM in all settings is initial failure to
recognize the infection. Delays in the diagnosis and treatment
of CM are associated with poor outcomes, especially in HIV-
negative and nontransplant patients.27 In this study, 26 of the
43 cases with a known outcome had recovered or were re-
covering, and 13 of the 60 cases had a fatal outcome at the
time of final report (28.2%). The mortality rate observed in
our cases is consistent with that reported in CM in HIV-
negative patients.26,27

The exact relationship between the mechanism of action of
fingolimod andCM infections is not known. Fingolimod exerts
its therapeutic effect by down-modulating the S1P1 receptors
on T and B lymphocytes and preventing their egress from the
lymphoid organs. This in turn prevents the autoimmune lym-
phocytes from attacking the CNS. In the FREEDOMS trial,
18% of patients who were receiving fingolimod treatment
reached a nadir of <200 cells/μL.28 Despite such redistribution
of the lymphocytes, no increase in the incidence of infections
was observed with fingolimod treatment in the clinical trials.18

However, an increased risk of common infections such as
herpes viral infections has been observed in the postmarketing
setting.29 Similar to pivotal trial data, in this report, 8 of the 31
patients with available lymphocyte data reported lymphocyte
counts <200 cells/μL and 17 patients reported a count of
200–500 cells/μL. Association between lymphocytes count and

Table 2 Clinical Manifestations Reported in Patients With
Cryptococcal Meningitis

Symptom
Data available from
40 cases, n (%)

Headache 27 (68)

Disorientation, confusion, and altered mental
status

16 (40)

Fever 14 (35%)

Nausea/vomiting 11 (28%)

Somnolence, malaise, fatigue, and lethargy 10 (25%)

Neck pain and nuchal rigidity 9 (23%)

Gait disturbance 5 (13%)

Aphasia, dysarthria, and slurred speech 5 (13%)

Syncope, loss of consciousness, and coma 3 (8%)

Diplopia and blurred vision 3 (8%)

Seizure 3 (8%)

Photophobia 3 (8%)

Dizziness 2 (5%)

Muscular weakness 2 (5%)

Table 3 Lymphocyte Count At/Near the TimeofDiagnosis

Lymphocytes,
cells/μL

No. of
cases Outcome

<200 8 • Recovered/recovering/recovered with
sequelae – 3/6 (50%)

• Unchanged –1/6 (17%)
• Fatal –2/6 (33%)
• Unknown - 2

200 to <500 17 • Recovered/recovering/recovered with
sequelae – 8/15 (53%)

• Unchanged – 2/15 (13%)
• Deteriorated – 1/15 (7%)
• Fatal – 4/15 (27%)
• Unknown - 2

500 to <800 4 • Recovered/recovering – 2/4 (50%)
• Fatal – 2/4 (50%)

Normal 2 • Recovered/recovering – 2/2 (100%)
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risk of CM infections cannot be further elucidated because of
low case numbers and missing data. Recent preclinical research
suggests that fingolimod could reactivate cryptococcosis from
granulomas through S1PR3-dependent mechanisms, resulting
in disorganization of macrophages and M2 polarization; how-
ever, this is likely not the only mechanism given siponimod’s
low affinity for the S1P3 receptor and association with CM.30,31

To the best of our knowledge, CM cases have been reported
only rarely with other DMTs used in patients with MS, such as
natalizumab6,7 and DMF.8 Two published case reports of CM
with natalizumab were identified, and in both cases, patients
were older than 45 years and had been receiving natalizumab
infusions for approximately 2 years. Both patients had no history
of an impaired immune system. CM was reported in a 46-year-
old non-HIV patient who received DMF for 33 months. One
confirmed case of CMwas also reported with sipoimod, another
S1Pmodulator approved for treatment of secondary progressive
MS with active disease. This case occurred in an open-label
extension part of a phase 3 trial and involved a 62-year-old
woman with no other significant medical history who was
treated with siponimod for 30 months31 Rare, nonmeningitic
cryptococcal infections, including cutaneous, pulmonary, and
disseminated, have also been reported in patients with MS re-
ceiving fingolimod in the postmarketing setting14,20,21 and other
opportunistic infections, including progressive multifocal leu-
koencephalopathy, herpes, and varicella.

This report is inherently limited by the quality of the data
typically available from spontaneous reports in the post-
marketing setting. Cases reported in this study included
spontaneous, voluntary reports, patient-only reported events
not confirmed by HCPs, and cases found in the scientific
literature. The risk estimates were based on the number of
cases with CM reported in the Novartis pharmacovigilance
database. The patient exposure data used for estimating the
risk were derived from sales data. Moreover, this report is
limited to cases of CM and not all cryptococcal infections.

Cryptococcus can present with rash, and those cases were not
included in this analysis.

CM is usually not considered in the initial differential di-
agnosis for patients with MS presenting with nonspecific
neurologic complaints, and this omission can result in a se-
rious delay in diagnosis. A higher index of suspicion is needed
in the evaluation of patients treated with fingolimod who
present with symptoms, even very subtle symptoms, sugges-
tive of meningitis. Particularly concerning symptoms are new-
onset headaches, altered mental status, and fever. Prompt
diagnostic evaluation, including lumbar puncture, is man-
dated.28 Novartis implemented measures to minimize the risk
of opportunistic infections including CM in patients taking
fingolimod, such as information in the product label and other
educational endeavors (educational materials and webinars)
that promote greater awareness, earlier detection, diagnosis,
and prompt treatment.
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Figure 2 Incidence of CM per 1,000 Patients by Year of Treatment

CM = Cryptococcal meningitis.
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Abstract
Background and Objectives
To investigate the longitudinal dynamic of lymphocyte subsets during treatment with ocreli-
zumab (OCR) in patients with multiple sclerosis (PwMS).

Methods
A multicenter retrospective study was conducted in 161 PwMS starting treatment with OCR
grouped in naive (naive, n = 40), switching from fingolimod (FTY, n = 52), and switching from
other immunomodulating drugs (other, n = 69). Mean lymphocyte subset (total, CD3+, CD4+,
CD8+, CD20+, and natural killer) counts were analyzed at baseline, 6 months, and 12 months.
Rate of lymphocytopenia for each subset was calculated at all time points in all groups.

Results
Mean total, CD3+, and CD4+ counts were significantly different among groups (p < 0.001) at all
time points, whereas CD8+ and CD20+ counts only at baseline (p = 0.0157; p < 0.001),
consistently lower in FTY. After adjustment for baseline values, interaction time*group was not
statistically significant (p > 0.05 for each subset). The odds of lymphopenia were significantly
higher among FTY patients compared with naive for total, CD3+, CD4+, and CD20+ cells at
baseline, for total and CD4+ cells at the sixth month, and for total cells at the 12th month.

Discussion
OCR per se exerts a modest depleting effect on T cells that seems rather due to a carryover
phenomenon of previous therapies, particularly FTY. These data may help in the overall
evaluation of the risk/benefit profile of treatment sequencing.
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Ocrelizumab (OCR) is a humanized monoclonal antibody with
anti-CD20+ action, approved for clinical use in patients with re-
lapsing remitting multiple sclerosis (RRMS) and primary pro-
gressivemultiple sclerosis (PPMS).1OCR exerts itsmain effect by
depleting peripheralCD20+B cells; nonetheless, inOCRphase III
studies, depletion of T cells has been also observed,2 representing
a potential additional risk factor for infections. Clinical and de-
mographic factors predicting the development of T lymphocy-
topenia are under investigation. Notably, according to the
approved prescribing indications, patients starting OCR may be
naive to treatment or switching from other drugs due to sub-
optimal response.1 Many drugs used for the treatment of multiple
sclerosis (MS) act by modulating, reducing, or sequestering
T cells. Nonetheless, depletion of T lymphocytes may also occur
as an unwarranted off target side effect of immunomodulating
drugs, as previously described for dimethyl fumarate (DMF) and,
more rarely, for other immunomodulators. Drug-induced lym-
phopeniamay last for a long time after treatment suspension, such
as in the case of fingolimod (FTY) or DMF,3,4 and it may overlap
with the effects of the subsequent disease-modifying treatment
potentially reducing its safety. Albeit poorly explored, this is a
critical issue in the overall estimation of the risk/benefit profile of
treatment sequencing. In this study, we aimed to investigate the
dynamic of T-cell subsets during treatment with OCR in patients
with MS and the role of the previous exposure to oral and in-
jectable disease-modifying treatments (DMTs) as potential
modifiers of this dynamic.

Methods
Study Design
We designed a retrospective multicenter observational study
collecting data of patients with MS starting treatment with OCR
from 2019 to 2020 and followed up in 5 ItalianMS centers (Tor
Vergata University Hospital, Rome; University of Campania
“L.Vanvitelli”, Naples; Fondazione Policlinico Universitario
Agostino Gemelli IRCCS, Rome; IRCCS Istituto Neurologico
Mediterraneo “Neuromed”, Pozzilli (IS); and University of
Genoa, Ospedale Policlinico San Martino IRCCS, Genoa).

Clinical and demographic information was gathered by each
participating center by screening medical records and was
stored in an electronic database after anonymization.

Eligibility of patients for the final analysis was based on the
following criteria:

1. Patients starting OCR treatment and undergoing at least a
second 600mg infusion (the first two 300mg infusions were
considered as 1);

2. Patients starting OCR treatment and having
a lymphocyte subset count 12 months (±45 days) after
the baseline lymphocyte subset count.

Exclusion criteria were also applied:

1. Patients treated with azathioprine, natalizumab, cladri-
bine, alemtuzumab, other chemotherapeutic agents, and
other anti-CD20 drugs immediately before OCR;

2. Patients with other medical conditions or exposure to other
drugs (not includingDMTs) associated with lymphocytosis
or lymphocytopenia.

Eligible patients were further divided into 3 groups according to
treatment received before OCR: naive (no therapy), FTY (pa-
tients treated with FTY for a minimum of 3 months before
startingOCR), and other (patients treatedwithDMF, glatiramer
acetate [GA], interferon beta [IFN], or teriflunomide [TERI]
for a minimum of 3 months before starting OCR).

Standard Protocol Approvals, Registrations,
and Patient Consents
The ethics committee of the Tor Vergata University Hospital
approved the study protocol for retrospective analysis of
medical record–derived MS data (no. of approval 115/2021).
Because of the retrospective study design of data obtained for
clinical practice, written consent of each participant was not
required as determined by the local ethics board.

Demographic, Clinical, and
Laboratory Assessments
The following demographic and clinical information was
recorded: date of birth, sex, disease duration from MS initial
symptom, MS type (relapsing remitting, secondary pro-
gressive, and primary progressive),5 number and type of
DMTs used before OCR, and date of OCR infusions.

Data about lymphocyte subset count (total lymphocytes,
CD3+, CD4+, CD8+, CD20+, and natural killer [NK]) were
collected at baseline, 6 months, and 12 months after starting
OCR. Lymphocytes counts were assessed at each participat-
ing center by flow cytometer assay, as per clinical practice.

Lymphocytopenia was defined as lymphocyte counts lower
than the normal (LLN) laboratory range established for each
participating center’s flow cytometer, considering total CD3+,
CD4+, CD8+, CD20+, and NK cell subsets separately.

Data Availability
Anonymized data will be shared with qualified investigators by
request.

Glossary
DMF = dimethyl fumarate; DMT = disease-modifying treatments; FTY = fingolimod; GA = glatiramer acetate; IFN =
interferon beta; MS = multiple sclerosis; NK = natural killer; OCR = ocrelizumab; RRMS = relapsing remitting multiple
sclerosis; TERI = teriflunomide.
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Statistical Methods
Demographic and clinical characteristics of patients and baseline
cell counts are presented as mean (SD), median (min-max), or N
(%), as appropriate; differences among groups were studied using
the Kruskal-Wallis test or analysis of variance test for continuous
variables and the χ2 test or Fisher exact test for categorical variables.

Proportions of patients with lymphocytopenia were presented
as N (%), and χ2 test or Fisher exact test was used, at each
single time point, to study differences among groups. In ad-
dition, we reported, at each time point, the Kruskal-Wallis test
for differences for continuous cell counts. Multivariable age-
adjusted logistic regression models were used to investigate
the impact of the previous treatment and of the duration of
the previous treatment as well as of the washout period among
those who were previously treated with FTY on the proba-
bility of developing lymphocytopenia. In addition, as sensi-
tivity analysis, we studied the impact of previous treatments
while adjusting also for sex and type of MS.

Analysis of variance test for repeated measures was used to
study the effect of time on cell counts and to study the in-
teraction between time and group, investigating the change
from baseline to adjust for initial measurements.

Results
Demographic and Clinical Characteristics
A total of 161 patients with MS (85 women and 76 men, 60%
RMS) met the inclusion criteria and were thus enrolled in the
study.Mean age was 39 (±11) years. Median follow-up was 363
days (range 316–404 days), and for almost all the patients
(88%), blood samples were available at all the 3 time points.
OCR was used as first line therapy for 40 patients (25% of total
population). Among patients who switched to OCR from
other therapies, 52 were previously treated with FTY and 69
with other treatments (DMF,N = 31/69; GA,N = 15/69; IFN,
N = 13/69; TERI, N = 10/69). The median washout period
from all the previous treatments was slightly over 2 months

Table 1 Baseline Demographic and Clinical Characteristics of the Patients

All
N = 161

Naive
n = 40 (25%)

Other
n = 69 (43%)

FTY
n = 52 (32%) p Value

MS type, N (%) 0.016

PP 45 (28%) 19 (48%) 18 (26%) 8 (15%)

RR 97 (60%) 19 (48%) 42 (61%) 36 (69%)

SP 19 (12%) 2 (5%) 9 (13%) 8 (15%)

Age at baseline, mean (SD), y 39.26 (10.96) 42.25 (12.61) 38.64 (11.63) 37.77 (8.06) 0.191

Disease duration, mean (SD), y 9.39 (8.15) 4.59 (6.13) 9.97 (8.66) 12.31 (7.22) <0.001

Female sex, N (%) 85 (53%) 18 (45%) 32 (46%) 35 (67%) 0.039

Follow-up, median (range), d 363 (316–404) 350 (326–400) 358 (316–404) 374 (320–402) 0.016

Total no. of blood samples, median (range) 3 (2–3) 3 (2–3) 3 (2–3) 3 (2–3) 0.128

Time between infusions, median (range), d 190 (133–267) 183 (160–229) 188 (148–231) 196 (133–267) 0.109

Total at baseline, mean (SD), cells/mm3 1864.37 (872.95)
N = 161

2,305.85 (971.05)
N = 40

1940.95 (854.87)
N = 69

1,423.16 (579.62)
N = 52

<0.001

CD3 at baseline, mean (SD), cells/mm3 1,403.76 (701.88)
N = 160

1742.85 (727.01)
N = 40

1,444.27 (691.88)
N = 68

1,089.96 (556.80)
N = 52

<0.001

CD4 at baseline, mean (SD), cells/mm3 805.71 (425.10)
N = 153

1,048.13 (443.89)
N = 39

860.45 (431.64)
N = 66

533.46 (196.90)
N = 48

<0.001

CD8 at baseline, mean (SD), cells/mm3 461.82 (299.74)
N = 153

557.49 (320.75)
N = 39

439.91 (244.90)
N = 66

414.23 (337.44)
N = 48

0.016

CD20 at baseline, mean (SD), cells/mm3 191.86 (158.23)
N = 155

248.03 (164.41)
N = 39

218.99 (174.78)
N = 68

107.80 (75.72)
N = 48

<0.001

NK at baseline, mean (SD), cells/mm3 284.54 (183.53)
N = 153

311.82 (199.72)
N = 39

299.51 (201.45)
N = 66

241.79 (133.26)
N = 48

0.191

Exposure to previous treatments, median (range), y — — 2.09 (0.41–1) 3.8 (0.7–8.2) —

Washout, median (range), d 68 (0–3,059) 62 (14–1,262) 0.520

Abbreviations: MS = multiple sclerosis; NK = natural killer; PP = primary progressive; RR = relapsing-remitting; SP = secondary progressive.
Among other, 31 patients were previously treated with dimethyl fumarate (DMF), 15 with glatiramer acetate (GA), 13 with interferon beta (IFN), and 10 with
teriflunomide (TERI).
Bold indicates statistically significant different values.
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(Table 1). Themedian exposure durationwas 3.8 (0.7–8.2) years
for FTY and 2.09 (0.41–13) years for others (Table 1), and it was
not significantly different comparing FTY with other treatments.

The 3 groups did not differ for age (p = 0.191); the frequency
of patients with RRMS was significantly lower in the naive
group (p = 0.016), the percentage of females was higher in the
FTY group (p = 0.039), and disease duration greatly differed
among groups (p < 0.001) (Table 1).

Lymphocyte Values at Baseline and Over 12
Months Overall and Among Groups
At baseline, total lymphocytes were on average 1864.37 (±872.95)
cells/mm3, but we observed a significant decrease during the first 6
months, which was maintained at 12 months (0–6 months: p <
0.0001; 0–12 months: p = 0.0020, Figure 1A). Such decrease in
total lymphocytes was predominantly accounted for by depletion
of CD20+ cells, which dropped frommore than 190 cells/mm3 at
baseline to less than 20 cells/mm3 at the both 6th and 12thmonths
(p < 0.0001). Indeed, CD3+ cells were found significantly de-
creased at the sixth month, but returned to baseline values at the
12th month (0–6 months: p = 0.0179; 0–12 months: p = 0.9085;
6–12 months: p = 0.0536, Figure 1B), whereas CD4+ and CD8+

cellswere unchanged at the sixth and the twelfthmonths compared
with baseline (p > 0.05) (Figure 1, C and D). Unexpectedly, NK
cell count significantly decreased from baseline to the 12th month
(p = 0.0083).

Comparing the 3 groups, instead, total, CD3+, and CD4+-

lymphocyte cell counts were significantly different among
groups (p < 0.001) at all the time points (baseline, 6 months,
and 12 months); in particular they were consistently lower in
the FTY group (Table 2 and Figure 2, A–C).

Conversely, CD8+ and CD20+ cell counts were significantly
different among groups only at baseline (p = 0.0157; p <
0.001), with means and medians following this decreasing or-
der: naive, other, and FTY (Table 2 and Figure 2D, Figure 3B).
NK cell counts did not show any statistically significant dif-
ference among groups at all the time points (Table 2).

In the other group, separating patients previously treated with
DMF (N = 31/69) from those treated with other immuno-
modulators, the difference in themean baseline total lymphocyte
count remained significant among groups (p < 0.001); namely,
DMF-treated patients showed lower values compared with naive
and other immunomodulators and higher compared with FTY
(baseline total mean: FTY = 1,423.16, DMF = 1,670.46, other
immunomodulators = 2,161.61, and naive = 2,305.85). Similar
results were found also for CD3+, CD4+, and CD8+ subsets at all
the time points.

After adjustment for baseline values, we did not find any
statistically significant interaction between time and previous
treatment group (Figure 2). Consistently with the principal
analysis, also when we considered DMF-treated patients as an
independent group, we did not find any statistically significant
interaction between time and previous treatment group (p =
0.2801).

Lymphocytopenia Proportion at Baseline and
Over 12 Months Overall and Among Groups
Percentages of patients with lymphocytopenia are shown in
Table 3, overall and by groups.

Lymphocytopenia was found in 39% of the population, 46%
of cases occurred at the sixth month, 26% at the 12th month.

Figure 1 Mean Baseline Lymphocyte Count in the Whole Cohort

Mean count of total (A), CD3+ (B), CD4+ (C), CD8+ (D),
lymphocyte subsets in the whole cohort at baseline (0), 6
months, and 12 months after OCR beginning. OCR =
ocrelizumab.
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In line with the expected OCR mechanism of action, in the
whole population the most noticeable change in the rate of
lymphocytopenia was observed for CD20+. Particularly, the
rate of lymphocytopenia increased from 32% at baseline to
96% at 12 months; conversely, it remained almost constant
for the other lymphocytes subsets.

Among groups, instead, the rate of lymphocytopenia signifi-
cantly differed for total, CD4+, and CD20+ cells at baseline,
for total cells and CD4+ at the sixth month, and for total cells
at the 12th month.

Namely, when we found statistically significant differences
among groups, the highest proportion of lymphocytopenia

was always observed in the FTY group, whereas the lowest
among the naive patients. Considering DMF-treated patients
separately from other immunomodulators, these results
remained consistent, with highest rate of lymphocytopenia
observed for DMF and FTY.

Consistently, logistic regression models showed that the odd of
lymphocytopenia was significantly higher among FTY patients
comparedwith the naive ones for total, CD3+, CD4+, andCD20+

cells at baseline, for total and CD4+ cells at the sixth month, and
for total cells at the 12th month (Table 4). Results remained
consistent when we also adjusted for sex and type of MS.

When we studied the role of FTY exposure duration and
washout period among individuals previously treated with
FTY, we did not find any significant increase or decrease in
the risk of lymphocytopenia (data not shown).

Discussion
This study contributes to existing explorations on T-cell
longitudinal dynamic in patients treated with OCR in the
postmarketing setting.

Our results show that in patients with MS exposed to OCR for
12 months, mean T-cell values, including CD3+, CD4+, and
CD8+ cells, are not reduced overall. Nevertheless, when prior
treatment status is taken into account, patients switching from
another disease-modifying treatment, particularly FTY, show
significantly lower CD3+ and CD4+ mean values at all the time
points evaluated.

The reduction of CD4+ cells below the LLN, alias CD4+

lymphocytopenia, was achieved by a larger proportion of
patients pretreated with FTY compared with other treatments
or naive.

Notably, the significantly higher rate of CD4+ lymphocyto-
penia was detectable at 6 months but not at 12 months after
OCR initiation, indicating that CD4+ cells undergo slow re-
covery over time.

Of interest, after adjustment for baseline values, no significant
changes in mean T-cell values were observed during OCR
treatment at all time points and across groups, suggesting that
OCR has a limited role in the reduction of T cells; conversely,
CD20+ B cells were almost completely depleted at 6 and 12
months, confirming the high OCR selectivity of action. Sim-
ilar results were found in a cohort of patients with PPMS
followed up for 6 months.6 In this cohort, OCR induced a
drastic depletion of CD19+ B-cell counts, whereas it did not
affect T-cell numbers, with the exception of CD20+ T cells.

Indeed, several other recent studies have shown that OCR
and the other anti-CD20 monoclonal antibody rituximab may
also deplete CD3+CD20+ T-cell subset7,8 and have indicated

Table 2 Mean Lymphocyte Count for Each Group and
Time Point

All Naive Other FTY p Value KW

Total

Time 0 1864.37 2,305.85 1940.95 1,423.16 <0.001

6 mo 1,598.42 1807.84 1,675.60 1,298.17 <0.001

12 mo 1,684.27 1926.73 1755.59 1,403.13 <0.001

CD3

Time 0 1,403.76 1742.85 1,444.26 1,089.96 <0.001

6 mo 1,302.01 1,479.41 1,390.38 1,013.17 <0.001

12 mo 1,377.48 1,582.45 1,460.46 1,095.00 <0.001

CD4

Time 0 805.70 1,048.13 860.45 533.45 <0.001

6 mo 785.46 963.70 848.70 538.09 <0.001

12 mo 870.73 1,008.2 964.68 631.95 <0.001

CD8

Time 0 461.82 557.48 439.90 414.23 0.0157

6 mo 431.20 478.89 431.45 388.83 0.0526

12 mo 446.95 500.85 451.72 396.51 0.0619

CD20

Time 0 191.86 248.02 218.99 107.80 <0.001

6 mo 17.70 11.64 22.46 15.92 0.2608

12 mo 10.45 9.0 12.28 9.10 0.7815

NK

Time 0 284.54 311.82 299.51 241.79 0.1911

6 mo 228.54 264.86 211.84 220.47 0.1114

12 mo 256.12 281.92 243.82 250.98 0.1503

Abbreviations: KW = Kruskal-Wallis; NK = natural killer.
KW test (group comparison at each time point).
Bold indicates statistically significant different values.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 3 | May 2022 5

http://neurology.org/nn


the action on T cells as possibly related with the efficacy of
these drugs.6,7

However, the CD3+CD20+ T-cell subset accounts for only
about 3–5% of all lymphocytes in human blood8 and 1.6% of
all circulating CD3+ T lymphocytes9; thus, the reduction of
CD3+ T cells observed in our sample is likely not due to the
effect of OCR on this cells subset. In support of this hy-
pothesis, it should be considered that a significant reduction in
mean T-cell values was already detectable at baseline before
OCR initiation, in particular in patients treated with FTY
and DMF.

Moreover, although CD20+ is expressed in both CD4+ and
CD8+ lymphocytes, the ratio of CD4+/CD8+ is shifted

toward a higher proportion of CD20+ T cells coexpressing the
CD8+ antigen. In contrast with that, our study shows that
CD8+ T cells are not significantly depleted during the year of
observation at any time point except for baseline both in the
whole population and across groups.

So, looking at the T-cell dynamic from baseline to 12 months,
we believe that if B-cell depletion is almost exclusively due to
OCR, T-cell depletion should be mainly considered a carry-
over effect of previous therapies, particularly of FTY, although
a minimal impact of OCR on CD3+CD20+ T cells subset
cannot be excluded.

After adjusting for age, in fact, pretreatment with FTY was the
only factor associated with an increased risk of total, CD3+,

Figure 2 Mean Lymphocyte Subset Count During Follow-up in the 3 Groups

Mean count of total (A), CD3+ (B), CD4+ (C), CD8+

(D), lymphocyte subset divided by group (blue
naive, red FTY, and green other) at the each time
point; after adjustment for baseline values, p for
time*group interaction is not significant for all
the subsets. The number of patients for which
the lymphocyte count was available at each time
point is indicated below each panel. OCR =
ocrelizumab.

Figure 3 Mean CD20+ Count at Baseline and During Follow-up in the 3 Groups

Mean count of CD20+ (A) lymphocyte subset in the
whole cohort at baseline (0), 6 months, and 12
months after OCR beginning and divided by group
(blue naive, red FTY, and green other) at each time
point (B). The number of patients for which the
lymphocyte count was available at each time point is
indicated below panel B. OCR = ocrelizumab.
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CD4+, and CD20+ cell lymphopenia at baseline, total and
CD4+ lymphopenia at 6 months, and total lymphopenia at 12
months. In our sample, the median washout period from FTY
was 62 days, which is commonly considered a sufficient in-
terval to restore normal lymphocyte count after treatment
interruption.10 Nevertheless, slower immune reconstitution
after treatment cessation has been previously reported.3,11,12

In the study by Nagy et al.,3 of 58 patients interrupting FTY,
22% were still lymphopenic 1 year after discontinuation and
54% had not reached 80% of the baseline lymphocyte value.
Indeed, because of the lack of large studies, the immuno-
phenotypic profile of patients who have suspended FTY is still
unexplored and needs further clarification. However, it is
known that among lymphocyte subsets, FTY induces a greater

reduction of peripheral CD4+ than CD8+ counts11,13; there-
fore, after treatment withdrawal, a slower return to normal
values of CD4+ with respect to CD8+ may be hypothesized,
which would be in line with our data. Reasons for such pro-
longed effects are unclear and may be related to re-
duced release of lymphocytes from lymph nodes, diminished
production of new T cells,14 or to a synergistic effect with anti-
CD20 therapy.3 Notably, we did not find any association
between the length of FTY treatment and the risk of de-
veloping prolonged lymphopenia after treatment stop.

Similarly, it is uncertain whether this phenomenon is specific
for FTY or may be attributed to MS-related premature
immunosenescence.15,16 Nevertheless, considering patients
treated with DMF separately from other immunomodulators,

Table 3 Rate of Lymphopenia, Absolute Numbers, and
Percentages; p values for χ2 Test (or Fisher Exact)
(Group Comparison at Single Time Point)

Lymphopenia All Naive Other FTY
p Value
χ2/exact

Total

Time 0 42 (26%) 6 (15%) 16 (23%) 20 (38%) 0.030

6 mo 55 (39%) 9 (24%) 24 (38%) 22 (52%) 0.038

12 mo 46 (29%) 6 (15%) 19 (28%) 21 (40%) 0.027

CD3+

Time 0 41 (26%) 5 (13%) 19 (28%) 17 (33%) 0.075

6 mo 42 (30%) 9 (24%) 20 (32%) 13 (31%) 0.715

12 mo 37 (24%) 7 (18%) 19 (28%) 11 (22%) 0.455

CD4+

Time 0 43 (28%) 5 (13%) 15 (23%) 23 (48%) 0.001

6 mo 37 (27%) 5 (14%) 16 (27%) 16 (38%) 0.048

12 mo 33 (21%) 7 (18%) 14 (21%) 12 (24%) 0.725

CD8+

Time 0 30 (20%) 5 (13%) 14 (21%) 11 (23%) 0.454

6 mo 34 (24%) 6 (16%) 17 (28%) 11 (26%) 0.384

12 mo 34 (22%) 6 (15%) 17 (26%) 11 (22%) 0.429

CD20+

Time 0 50 (32%) 7 (18%) 20 (29%) 23 (48%) 0.010

6 mo 132 (93%) 35 (95%) 57 (90%) 40 (95%) 0.583

12 mo 150 (96%) 38 (95%) 64 (94%) 48 (98%) 0.599

NK+

Time 0 12 (8%) 3 (8%) 6 (9%) 3 (6%) 0.928

6 mo 16 (12%) 3 (8%) 8 (14%) 5 (13%) 0.792

12 mo 17 (12%) 3 (8%) 7 (12%) 7 (15%) 0.648

Bold indicates statistically significant different values.

Table 4 Multivariate Age-Adjusted Logistic Regression
Models for Groups

Lymphopenia Time 0 (p Value) 6 mo (p Value) 12 mo (p Value)

Total

Group

Other vs naive 1.60 (0.379) 1.85 (0.185) 2.17 (0.138)

FTY vs naive 3.29 (0.025) 3.34 (0.014) 3.88 (0.011)

CD3+

Group

Other vs naive 3.04 (0.047) 1.60 (0.329) 2.22 (0.123)

FTY vs naive 3.90 (0.018) 1.52 (0.415) 1.76 (0.315)

CD4+

Group

Other vs naive 2.51 (0.115) 2.58 (0.098) 1.45 (0.484)

FTY vs naive 8.70 (<0.001) 4.30 (0.013) 1.82 (0.277)

CD8+

Group

Other vs naive 2.32 (0.153) 2.35 (0.117) 3.06 (0.052)

FTY vs naive 2.77 (0.102) 2.05 (0.214) 2.98 (0.079)

CD20+

Group

Other vs naive 2.14 (0.132) 0.57 (0.504) 0.93 (0.936)

FTY vs naive 4.96 (0.002) 1.18 (0.874) 2.80 (0.409)

NK

Group

Other vs naive 1.36 (0.680) 2.13 (0.304) 1.78 (0.434)

FTY vs naive 0.95 (0.951) 2.00 (0.384) 2.48 (0.228)

Abbreviation: NK = natural killer.
Bold indicates statistically significant different values.
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we observed similar findings at all time points. These results
confirm that a prolonged T cell–depletion can be observed
also in patients treated with DMF.4 Therefore, such potential
effect of DMF should be taken into account in treatment
sequencing.

Of interest, in our study, we have found that 15% of 40 naive
patients were lymphopenic at baseline, before commencing
OCR, suggesting that additional mechanisms other than iatro-
genic may subtend premature immune aging taking place inMS.

Our study has many limitations, mainly consisting in its ret-
rospective observational design. Blood samples were not
available for all the patients at all the time points, and samples
were not analyzed by a central laboratory. Moreover, because
of the limited person-years of observation, it was not possible
to explore the correlation of lymphopenia with malignancies
or infectious complications, but major opportunistic infec-
tions or neoplasms were not reported (data not shown).

In conclusion, our study has shown that T-cell reduction may
be observed during treatment with OCR, particularly in pa-
tients switching from FTY more than other treatments, de-
spite supposedly adequate washout intervals.

Individuals starting OCR pre-exposed to other medications
should be counseled about the potential risk of prolonged
T-cell depletion due to the preconditioning immunologic effect
of previous treatments, determining a double lymphocyte
subset suppression (B and T cells).

Whether this condition is associated with a higher risk of op-
portunistic infections and malignancies is unknown and needs
to be addressed in a larger population with longer follow-up.

A better understanding of the lymphocyte’s dynamic occur-
ring as an effect of specific treatment sequencing is critical for
optimizing both OCR efficacy17 and safety.
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Abstract
Background and Objectives
To characterize the clinical and neuroimaging phenotypes of patients with autoantibodies to
γ-aminobutyric acid type A receptor (GABAAR).

Methods
Ten patients with autoantibodies against GABAAR from Huashan Hospital Autoimmune
Encephalitis cohort were identified. We used MRI assessments and clinical examinations to
summarize major clinical profile and visualize and quantify lesion distribution features. The
relationship between clinical features, neuroimaging phenotypes, and topology of GABAAR
expression were further investigated.

Results
The median age at onset of 10 patients (8 male patients and 2 female patients) with anti-
GABAAR encephalitis was 41.5 years (range: 17–73 years). All patients had prominent seizures
and multifocal spotted or confluent lesions involved in limbic, frontal, and temporal lobes on
brain MRI. Bilateral but asymmetric lesions in cingulate gyri were observed in all patients.
These involved lesions could change dynamically with immunotherapies and relapse. Distri-
bution of patients’ brain MRI lesions was positively correlated with gene expression level of β3
subunit–containing GABAAR (Spearman ρ = 0.864, p = 0.001), the main target of autoanti-
bodies. According to topology of lesions, patients with anti-GABAAR encephalitis could be
classified into 2 clinical-radiological types: confluent type with bilateral confluent lesions in-
volved in almost all limbic, frontal, and temporal lobes and spotted type with multiple scattered
small-to-medium patchy lesions. Patients with confluent type exhibited worse clinical pre-
sentations and outcomes when compared with those with spotted type (maximum modified
Rankin scale [mRS]: 5 [5–5] vs 3.5 [3–4], respectively, p = 0.008; follow-up mRS: 4 [2–6] vs
0.5 [0–1], respectively, p = 0.016).

Discussion
Anti-GABAAR encephalitis has distinctive neuroimaging phenotype. Cingulate gyri were fre-
quently involved in this disorder. The topology of lesions might be associated with the dis-
tribution of β3 subunit–containing GABAAR and reflected patients’ disease severity and
outcomes.
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Autoimmune encephalitis (AE) constitutes a large group of
severe neurologic disorders associated with antibodies di-
rected at neuronal synaptic receptors, ion channels, or cell
surface proteins.1 Diagnosis of AE is important because an
early diagnosis and prompt treatment with immunotherapy
could dramatically improve patients’ outcomes.1,2 Detection
of autoantibodies in serum and/or CSF could confirm the
diagnosis. However, it usually takes several days or weeks
before obtaining antibody testing results, which might delay
the diagnosis.1 Moreover, many countries and regions have
no access to antibody testing, especially for AE mediated by
some rare antibodies. Therefore, to diagnose AE based on
neuroimaging and clinical information is of great clinical
significance.1

Given the broadening spectrum of clinical presentations in AE,
clinical phenotypic characterization focusing on clinical and
neuroimaging features could help identifying precise subtyping
of AE, thus achieving an early and accurate diagnosis. For ex-
ample, central hypoventilation is one of the recognizable clini-
cal phenotypes of anti-NMDAR encephalitis.1,3 More recently,
comprehensive studies of leucine-rich glioma-inactivated (LGI)1
and contactin-associated protein-like (CASPSR)2 antibodies–
related diseases have revealed that the phenotype of faciobrachial
dystonic seizures is highly specific for patients with LGI1 anti-
bodies but not with CASPR2 antibodies.4-6 These studies have
shed light on how a phenotypic study could facilitate the clas-
sification and diagnosis of different subtypes of AE.

AE associated with antibodies against γ-aminobutyric acid
type A receptor (GABAAR) is 1 recently described disease
entity.7 Of interest, some clinical and neuroimaging features
of this disorder might make it different from other antibody-
mediated encephalitis.8,9 However, anti-GABAAR enceph-
alitis is an extremely rare disease. Since the first report in
2014, only approximately 50 cases were reported world-
wide.10 A detailed clinical and neuroimaging description
of this disorder was scarce, thus impeding an early diagnosis
of this potentially treatable disorder based on disease
phenotype.

In this study, we reported a case series of anti-GABAAR en-
cephalitis in China. We investigated whether anti-GABAAR
encephalitis exhibited recognizable clinical and neuroimaging
phenotypes. We further examined the relationship between
clinical features, neuroimaging phenotype, and gene expression
pattern of GABAAR.

Methods
Patients
We enrolled 1,919 patients with suspected AE in Huashan
Hospital, Fudan University, between January 2013 and Febru-
ary 2021. In 483 patients with neuronal cell surface antibodies,
10 were finally diagnosed with anti-GABAAR encephalitis. Pa-
tients’ clinical information was obtained from medical records
and telephone interviews. All patients had at least 1 brain MRI
scan, and their images were reviewed by a neurologist (X.J.C.)
and neuroradiologist (S.G.C.). We used modified Rankin scale
(mRS) to evaluate the severity of symptoms at acute stage. The
outcome at the last follow-up was also assessed with mRS. An
outcome was considered favorable with an mRS 0–2 according
to the previous study.3 CT, B-mode ultrasound, or 18

fluo-
rodeoxyglucose PET was performed to detect underlying
tumors.

Autoantibody Detection and Identification of
Subunit-Binding Specificity With Cell-
Based Assays
Previous studies demonstrated that α1, β3, and γ2 subunits of
GABAAR were targets of autoantibodies in anti-GABAAR
encephalitis.7,8,11 Therefore, we first used live HEK293T cells
transfected with plasmids encoding human α1 (NM_
000806.5), β3 (NM_000814.5), and γ2 (NM_198904.3)
subunits of GABAAR (all were obtained from MiaoLing
Plasmid Sharing Platform, Wuhan, China) in combination to
screen whether patients’ serum and CSF samples had auto-
antibodies to GABAAR. Second, when a patient’s sample
reacted with coexpression of α1β3γ2, we transfected α1, β3, or
γ2 subunit individually to identify the subunit-binding spec-
ificity of autoantibodies from each patient. Because the γ2
subunit was not well expressed in the cell surface when
transfected individually, autoantibodies to γ2 subunit was
observed after fixation and permeabilization, as previously
described.8

HEK293T cells were transfected with an equivalent amount
of indicated single α1, β3, or γ2 subunit of GABAAR or
cotransfected with 3 subunits (ratio 2:2:1). Thirty-six hours
after transfection, cells were used to detect autoantibodies.
For a live cell-based assay (CBA), cells were washed 3 times
with phosphate-buffered saline and then incubated with se-
rum (1:10) or CSF (1:1) for 30 minutes at room temperature
(RT). Cells were washed, fixed with 4% paraformaldehyde for
5 minutes, permeabilized with 0.2% Triton X-100 for 10

Glossary
AE = autoimmune encephalitis; AED = antiepileptic drug; CBA = cell-based assay; Caspr2 = contactin-associated protein-like
2; FLAIR = fluid-attenuated inversion recovery; GABAAR = γ-aminobutyric acid type A receptor; GABABR = γ-aminobutyric
acid type B receptor; GAD = glutamic acid decarboxylase; HHV6 = human herpesvirus 6; ICU = intensive care unit; LGI1 =
leucine-rich glioma-inactivated 1; MNI = Montreal Neurological Institute; MOGAD = myelin oligodendrocyte glycoprotein-
antibody-associated disease; mRS = modified Rankin scale; RT = room temperature.
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minutes, and blocked with PBS containing 10% goat serum
for 30 minutes at RT. For detection of autoantibodies to γ2
subunit, the cells were fixed, permeabilized, and blocked be-
fore incubation with a patient’s serum sample. In experiments
of subunit-binding specificity, cells were incubated with cor-
responding commercial antibodies to α1 subunit (Proteintech
Cat# 12410-1-AP, RRID: AB_2108692), β3 subunit (Milli-
pore Cat# MAB341, RRID: AB_11214320), or γ2 subunit
(Proteintech Cat# 14104-1-AP, RRID: AB_10693527) for 2
hours at RT. Thereafter, Alexa Fluor 488–conjugated sec-
ondary antibodies and Alexa Fluor 594–conjugated secondary
antibodies (1:800; Molecular probes, Eugene, OR) were ap-
plied to label human autoantibodies and commercial anti-
bodies for 1 hour at RT. Finally, nuclei were visualized with
49,6-diamidino-2-phenylindole. Images were acquired by laser
confocal scanning microscope (Olympus FV1200, Tokyo,
Japan).

Detection of Coexisting Autoantibodies
Previous studies demonstrated that patients with anti-GABAAR
encephalitis could have coexisting autoantibodies.7,8,12 There-
fore, patients’ serum and/or CSF samples were tested for
onconeural antibodies (Hu, Yo, Ri, amphiphysin, CRMP5, and
Tr) and antibodies to NMDAR, LGI1, CASPR2, α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor, γ-amino-
butyric acid type B receptor (GABABR) with commercially
available kits (Euroimmun, Lübeck, Germany). Serum glutamic
acid decarboxylase (GAD) 65 antibodies were detected with
ELISA according to the manufacturer’s instructions (RSR,
Cardiff, United Kingdom). Only high serum level of GAD65
antibodies (>10,000 U/mL) was considered clinically relevant.

MRI Data Acquisition
All included participants received T2-weighted fluid-attenuated
inversion recovery (FLAIR) scans to identify their brain lesions.
Of note, although the included participants were diagnosed in
Huashan Hospital, we also retrieved these neuroimaging data
from other hospitals where patients first visited at the onset of
disease. Therefore, some of the participants had neuroimaging
from different scanners and sequences. To visualize the lesion
distribution and quantify regional volumes anatomically, we used
the FLAIR scan with largest lesion volume for each case. FLAIR
parameters with largest lesion volume for each case are listed in
eTable 1 (links.lww.com/NXI/A705). All patients’ lesion vol-
umes on FLAIR scan at each time point are listed in eTable 2.

Classifications of Lesions on FLAIR Imaging
According to the lesion patterns on FLAIR scans, we classified
patients into 2 clinical-radiological types: confluent and
spotted. Specifically, we semiquantitatively defined the con-
fluent type when (1) at least half of the lesion areas grew
together spanning 2 or more lobes and were not discrete with
visual inspection in a consensus meeting and (2) the largest
diameter of a lesion was ≥3 cm. By contrast, spotted type was
primarily defined when at least half of the lesion areas were
small spotted or irregular patchy lesions with scattered dis-
tribution pattern and the largest lesion diameter was <3 cm.

Besides, for patients who did not meet the criteria of confluent
type, they were also defined as spotted type. Patient 2 had
only head CT at acute stage, i.e., largest lesion. Because brain
lesion volumes between CT and MRI scan are not easily
comparable, this patient was not classified and therefore ex-
cluded when comparing clinical features, treatment, and
outcome between patients in confluent type and spotted type
group.

Quantification and Probability Map of Lesions
on FLAIR Imaging
To increase the accuracy of subsequent lesion segmentation,
FLAIR images were first skull-stripped using brain extraction
tool to remove any nonbrain tissue component.13 Visible le-
sions on skull-stripped FLAIR scans were manually seg-
mented by using the interactive software program ITK-
SNAP,14 blinded to the clinical data, followed by a consensus
meeting when the disagreement occurred. A binary lesion
mask for each participant was obtained.

To capture the spatial pattern of brain lesion, we generated the
probabilistic lesion mapping, which is a widely used approach
to visualize lesion distribution and frequency of lesion occur-
rence in a given brain location.15-17 Because high-resolution
T1-weighted scans were not available for all participants, we
used the FLAIR template provided online (brainder.org/
download/flair/) as the reference image to register native space
FLAIR images in Montreal Neurological Institute (MNI)
standard space. This nonlinear spatial normalization was per-
formed by the antsRegistrationSyN.sh tool,18 part of the Ad-
vanced Normalization Tools software package (stnava.github.
io/ANTs/). First, we registered binarized lesion masks in MNI
space for each patient. Probabilistic lesion mapping was gen-
erated by first merging and then averaging all the lesion masks
onto MNI template, and it indicated the percentage of patients
who had lesions localized in a certain brain region. The regis-
tration results were visually inspected, and manual adjustments
were made in case of minor displacements.

GABAAR Gene Expression Data and Brain
Lesion Analysis
Previous studies demonstrated patients’ autoantibodies could
bind to α1, β3, or γ2 subunit of GABAAR, but β3 subunit was
the most frequent subunit that could be recognized by auto-
antibodies.8 We hypothesized that the distribution of patients’
MRI lesions could be related to the topology of GABAAR
expression across the brain. Therefore, we first visualized the
gene expression level of α1, β3, and γ2 subunits (GABRA1,
GABRB3, and GABRG2), as previously described.19 In brief,
complete microarray gene expression data sets were down-
loaded from the Allen Institute of Brain (human.brain-map.
org/static/download).20 These data were originally obtained
from 6 individuals. Gene expression was assayed by the Allen
Institute with custom-designed Agilent arrays. Block-face
images of tissue slabs were used to map samples of gene
expression to anatomical locations. Before brain dissection,
whole brain MRI images were obtained for each brain. The
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Table 1 Demographics, Clinical Profiles, and Auxiliary Examinations of Anti-GABAAR Encephalitis Cases

Patient
no. Age/sex

Prodromal
symptoms

Onset
symptom Main clinical symptoms

Maximum
mRS

ICU
admission

Types of
brain
MRIa

GABAAR
subunit–binding
specificity CSF EEG

1 17/M Fever Memory
impairment

FS, GS, SE, cognitive deficits, irritability, psychosis, movement
disorder, speech dysfunction, hearing loss, weakness and
numbness in right limbs, and coma

5 Yes Type 1 α1, β3, γ2 Elevated
protein

Diffuse slowing, bilateral with
R-dominant epileptiform
activity

2 29/M Excessive
sweating,
malaise

Seizure FS, GS, SE, cognitive deficits, irritability, mood and behavioral
change, speech dysfunction, autonomic dysfunction, muscle
cramps, and coma

5 Yes NAb α1, β3 Normal Bilateral with R-dominant
slowing and epileptiform
activity

3 68/M None Memory
impairment

FS, GS, SE, cognitive deficits, psychosis, and coma 5 Yes Type 1 α1, β3 Normal Diffuse slowing, bilateral
epileptiform activity

4 73/M None Seizure FS, GS, SE, cognitive deficits, irritability, psychosis, movement
disorder, and coma

5 Yes Type 1 α1, β3 Elevated
protein,
OCBs

Bilateral with L-dominant
frontal focal slowing and
epileptiform activity

5 57/F HHV6
encephalitis

Seizure FS, GS, SE, cognitive deficits, hallucinations, and coma 5 Yes Type 1 α1, β3 Normal Diffuse slowing and bilateral
PED

6 66/M None Confusion FS, GS, SE, cognitive deficits, confusion, hallucinations, personality
change, sleep disorder, speech dysfunction, and coma

5 Yes Type 1 α1, β3 Normal Diffuse slowing and bilateral
epileptiform activity

7 45/M None Seizure FS, GS, cognitive deficits, emotional instability, and behavioral
change

3 No Type 2 α1, β3 Elevated
protein

R hemisphere slowing and
epileptiform activity

8 29/F Headache,
fever, and
vomiting

Seizure FS, GS, SE, cognitive deficits, apathy, behavioral change, speech
dysfunction, right arm movement disorder, sleep disorder, and
confusion

4 No Type 2 α1, β3 Pleiocytosis L PED and diffuse slowing

9 38/M Headache Memory
impairment,
and confusion

FS, GS, SE, cognitive deficits, confusion, irritability, bizarre
behavior, movement disorder, and speech dysfunction

4 No Type 2 α1, β3 Elevated
protein

Bilateral slowing and
epileptiform activity

10 24/M None Seizure FS, GS, cognitive deficits, irritability, behavioral change, and
dysgeusia

3 No Type 2 α1, β3, γ2 Normal Diffuse slowing

Abbreviations: FS = focal seizure; GABAAR = γ-aminobutyric acid type A receptor; GS = generalized seizure; HHV6 = human herpesvirus 6; ICU = intensive care unit; mRS = modified Rankin scale; NA = not available;
OCB = oligoclonal band; PED = periodic epileptiform discharges; SE = status epilepticus.
a According to the extent of lesions, brain MRI of patients were classified into 2 types: confluent type (type 1) and spotted type (type 2).
b Patient 2 was not classified because of lack of head MRI at acute stage, i.e., largest lesion.
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MRI images were registered to the MNI152 space using
FreeSurfer (help.brain-map.org/display/humanbrain/Docu-
mentation).20 The downloaded raw data (expression values
and the MNI152 X, Y, and Z coordinates for each brain lo-
cation) were processed with data reduction steps and further
mapped into FreeSurfer space from MNI152 space. Last,
values of gene expression were averaged across all voxels
mapped into the Desikan-Killiany cortical atlas built into the
FreeSurfer software for automatic labeling of regions of in-
terest. These steps have been constructed into a fully estab-
lished pipeline by French et al.19 They offered an R script to
convert the gene expression data into 3D images. This script
produces a gene-specific color lookup table for the FreeSurfer
annotation files.

Moreover, the correlation between patients’ distribution of
lesions and brain regional gene expression level was in-
vestigated, as previously described.21 In brief, gene expression
levels of α1, β3, and γ2 subunits, which were expressed as z

scores, were downloaded from the Allen Institute of Brain.20

The mean expression levels of 3 subunits in the limbic lobe,
frontal lobe, temporal lobe, insular lobe, parietal lobe, occip-
ital lobe, basal ganglia, thalamus, cerebellum, and brainstem
were calculated. The proportions of patients who had lesions
fell into these anatomical regions were also calculated. Finally,
the relationship between gene expression level and pro-
portion of patients who hadMRI lesions in these brain regions
was analyzed by the Spearman correlation analysis.

Statistical Analysis
Statistical analysis was performed with SPSS software, version
20 (IBM, Chicago, IL) and GraphPad Prism, version 6
(GraphPad Software, San Diego, CA). Data were presented as
mean ± SD for normal distribution data and median (range)
for non-normal distribution data. Normal distribution data
were compared by the Student t test, and nonnormal distri-
bution data were compared by Mann-Whitney U test. We
used the Spearman correlation to examine the correlation

Figure 1 Characteristics of Brain MRI in Anti-GABAAR Encephalitis

Note that multiple cortical and subcortical lesions show hyperintense signal on FLAIR imaging (A.a), hypointense signal on T1-weighted imaging without
evident mass effect and gadolinium enhancement (A.b, A.c), and no significant restricted diffusion on diffusion-weighted imaging and apparent diffusion
coefficient maps (A.d, A.e). Long-term follow-up FLAIR scans in 1 representative patient (patient 1) show confluent lesions predominantly involved bilateral
frontal and temporal lobes at the acute stage (B.a, B.b). Some lesions disappeared, but new multifocal lesions emerged 1.5 months later (C.a, C.b). Seven
months after onset, most intracranial lesions at acute stage resolved, but signs of cortical atrophy and enlarged lateral ventricles appeared (D.a, D.b). Three
years after onset, this patient had stable clinical symptoms without any lesion but dilated lateral ventricles (red circle) and brain atrophy predominantly
involved in temporal and frontal lobes (red arrow) (E.a, E.b). Of note, the FLAIR scans at the follow-ups were registered in the native FLAIR space at baseline to
ensure that the scans from4 time points were comparable anatomically with a side-by-side inspection. FLAIR = fluid-attenuated inversion recovery; GABAAR =
γ-aminobutyric acid type A receptor.
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between gene expression level and distribution of MRI lesions.
A 2-tailed p < 0.05 was considered as statistical significance.

Standard Protocol Approvals, Registrations,
and Patient Consents
This study was approved by the institutional review board of
Huashan Hospital, Fudan University. Written informed
consent was obtained from each participant.

Data Availability
Anonymized data are available on reasonable request from
any qualified investigator.

Results
Clinical Characteristics
We identified 10 patients (age 17–73 years, median 41.5
years; 8 male patients and 2 female patients) with anti-
GABAAR encephalitis from Huashan Hospital Autoimmune
Encephalitis cohort (Table 1). GABAAR autoantibodies were
detected in both serum and CSF samples from all patients.
Representative live CBAs of patients’ samples are shown in
eFigure 1 (links.lww.com/NXI/A705). The flow diagram of
diagnostic process is shown in eFigure 2.

Seizures were the dominant neurologic symptoms at the
onset, which occurred in 6 patients. All patients experienced
both focal and generalized convulsive seizures. Eight patients
experienced status epilepticus. Six patients were admitted to
intensive care unit (ICU) because of uncontrolled seizures.
All patients also had cognitive deficits and psychiatric symp-
toms during the clinical course. Other clinical manifesta-
tions included decreased level of consciousness (8/10),
speech dysfunction (5/10), movement disorder (4/10), sleep

disorder (2/10), autonomic dysfunction (1/10), and pe-
ripheral nerve hyperexcitability (1/10). Demographics and
clinical features of patients are summarized in Table 1.

Neuroimaging Findings
All patients presented with remarkable multiple or confluent
cortical and subcortical lesions on T2-FLAIR imaging without
evident mass effect, gadolinium enhancement, and restricted
diffusion (Figure 1). No evidence of lactate accumulation or
increased ratios of N-acetyl aspartate to choline is shown on
proton magnetic resonance spectroscopy (data not shown).

According to the topology of lesions on FLAIR scans, we
classified patients into 2 clinical-radiological types: confluent
and spotted types. The confluent type was characterized by
bilateral frontal, temporal, and limbic confluent lesion distri-
bution and identified in 5 patients; whereas spotted type (in 4
patients) comprised multiple scattered small spotted or ir-
regular patchy lesions. We quantified largest lesion volumes
for each patient (except for patient 2) and found the mean
lesion volume in confluent type group was much larger
compared with that in the spotted lesion group (313 ± 114 cm3

vs 80 ± 19 cm3, p = 0.005). Representative brainMRI scans of 2
types are shown in Figure 2. Compared with spotted type,
patients with confluent type had more severe disease, reflected
by maximum mRS (5 [5–5] vs 3.5 [3–4], p = 0.008) and a
higher rate of ICU admission (100% vs 0).

In our series, patients’ brain lesions frequently appeared in the
limbic lobe (10/10), frontal lobe (10/10), and temporal lobe
(10/10), but no patient had lesion in the cerebellum and
brainstem (0/10) (eFigure 3, links.lww.com/NXI/A705).
Lesion probability map also revealed that all lesions were
distributed in supratentorial region but not likely in

Figure 2 Two Types of Representative Lesion Distribution Patterns in Anti-GABAAR Encephalitis

Type 1: confluent type (A); type 2: spotted type (B). Note that patients with both types had bilateral but asymmetric lesion involvement in cingulate gyri (red
arrow). GABAAR = γ-aminobutyric acid type A receptor.
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infratentorial regions (Figure 3). Of interest, all patients were
featured by bilateral but asymmetric cingulate gyri in-
volvement (Figures 2 and 3).

Autoantibodies from all 10 patients in our cohort reacted to
α1 and β3 subunits but only 2 reacted to γ2 subunit (Table 1
and eFigure 4, links.lww.com/NXI/A705). To explore
whether the distinctive distribution of MRI lesions in anti-
GABAAR encephalitis is related to the expression level of
GABAAR (especially β3 subunit), we first visualized gene
expressions of α1, β3, and γ2 subunits projected onto the
FreeSurfer cortical regions. These results demonstrated that
β3 subunit, but not α1 or γ2 subunit, was highly expressed in

limbic, frontal, and temporal lobes (Figure 4). We also found
z scored mean expression of β3 subunit gene (GABRB3) in
supratentorial region (0.81 ± 0.45) was higher than that in
infratentorial region (−0.74 ± 0.57) (p < 0.001). Meanwhile, a
positive correlation was demonstrated between the expres-
sion level of GABRB3 and distribution of MRI lesions of 10
patients in each brain region (Spearman ρ = 0.864, p = 0.001).
However, neither α1 nor γ2 subunit expression level was corre-
lated with the topology of MRI lesions (α1: Spearman ρ = 0.342,
p = 0.334; γ2: Spearman ρ = −0.565, p = 0.089).

Of interest, follow-up FLAIR scans demonstrated that the
brain lesions of patient dynamically changed during the

Figure 4 Lateral and Medial Views of GABRA1, GABRB3, andGABRR2 Gene Expression Data Projected Onto the FreeSurfer
Cortical Regions

Expression level was log2 transformed. Note the high expression ofGABAB3 in limbic, frontal, and temporal lobes but a relative low expression in parietal and
occipital lobes.

Figure 3 Lesion Probability Map of Anti-GABAAR Encephalitis

Note that limbic (especially bilateral anterior cingulate gyri, white arrow), frontal, and temporal lobes were dominantly involved. GABAAR = γ-aminobutyric
acid type A receptor.
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clinical course. In short-term follow-up (e.g., usually within 6
months after onset), some lesions diminished or disappeared,
but some lesions could enlarge or new lesions could appear at
the same time, although patients’ clinical status was stable or
improved after treatment. In long-term follow-up (e.g., over 1
year after onset), brain lesions usually disappeared with clin-
ical improvement. In 3 patients with relapses, new lesions
always appeared in different brain regions. Long-term follow-
up FLAIR scans (in 2 patients) at 3 and 4 years showed
cortical atrophy and enlarged lateral ventricle. Representative
follow-up scans are shown in Figure 1.

Treatment and Outcome
All patients received immunotherapies, of whom 7 had at least
2 kinds of first-line immunotherapeutic agents, whereas 2 re-
ceived second-line immunotherapeutic agents. All patients re-
ceived prescription with multiple antiepileptic drugs (AEDs).
Notably, when immunotherapies were given to patients, sei-
zures became controllable with reduced dosage of AEDs. The
median follow-up time was 17.5 months (range 2–99 months).
Eight patients became seizure free with oral AEDs at the last
follow-up. Among 6 patients achieving favorable outcome, 4
had spotted lesion type. Two patients with confluent lesion
type deceased, 1 died of severe pulmonary infection and the
other died of complications of disseminated intravascular co-
agulation. Age, interval from disease onset to immunotherapy,
proportion of underlying tumor, and follow-up time were not
significantly different between patients in confluent type and

spotted type group (all p > 0.05). However, patients with
confluent type had poorer outcome than patients with spotted
type (mRS: 4 [2–6] vs 0.5 [0–1], p = 0.016). Detailed treat-
ment and outcome data are summarized in Table 2.

Discussion
AE associated with antibodies against GABAAR was first de-
scribed in 2014.7In this study, we identified 10 patients with
anti-GABAAR encephalitis with a detailed description of
clinical and neuroimaging phenotypes, thus providing a better
understanding of this disorder: (1) Lesions in patients with
anti-GABAAR encephalitis had the dominant predilection site
in supratentorial regions (i.e., limbic, frontal, and temporal),
and lesion involvement in bilateral cingulate gyri was observed
in all patients. This distinctive lesion distribution pattern
could be positively associated with the expression level of β3
subunit–containing GABAAR. (2) Anti-GABAAR encephalitis
could be classified into 2 topological types, namely confluent
type and spotted type. Patients with confluent type had worse
clinical course and poorer outcomes. (3) On temporal evo-
lution, brain lesions of anti-GABAAR encephalitis were dy-
namic during the clinical course, with diminishment after
immunotherapies and new lesions during relapse.

In clinical practice, multifocal brain lesions in MRI could be
caused by a variety of underlying etiologies, such as tumors,

Table 2 Immunologic Features, Treatment, and Outcomes of Anti-GABAAR Encephalitis Patients

Patient
no.

Additional
antibodies Tumor Relapse

Interval from onset to
immunotherapy, d

First-line
treatment AEDs

Second-line
treatment

Last follow-up,
mo; mRS

1 None None Yes 41 HDMP VPA, CBZ, LEV, TPM,
DZP, PB, CZP

No 89; 2

2 LGI1,a Caspr2,a

GADb
Thymoma Yes 7 HDMP, IVIG, PE VPA, LEV RTX, CTX 54; 2

3 None None No 32 PE, IVIG VPA, CBZ, OXC, LEV,
TPM, DZP, PB, LTG

No 36; 4

4 LGI1c None No 67 PE, IVIG VPA, DZP, LEV No 7; 6

5 None None No 4 HDMP, IVIG, PE VPA, CZP, LEV, LTG,
TPM

No 7; 6

6 None None No 9 HDMP, IVIG, PE OXC, LEV, MDZ No 3; 3

7 None Thymoma No 20 HDMP VPA,LEV MMF 99; 0

8 None None Yes 6 HDMP, IVIG VPA, OXC, LEV, CZP,
MDZ

No 18; 1

9 GADb None No 9 HDMP, IVIG VPA, LEV No 17; 0

10 None Thymoma No 54 HDMP VPA, CBZ No 2; 1

Abbreviations: AED = antiepileptic drug; AZA = azathioprine; Caspr2 = contactin-associated protein-like 2; CBA = cell-based assay; CBZ = carbamazepine; CTX =
cyclophosphamide; CZP = clonazepam; DZP = diazepam; GABAAR = γ-aminobutyric acid type A receptor; GAD = glutamic acid decarboxylase; HDMP = high-
dosemethylprednisolone; IVIG = IV immunoglobulin; LEV = levetiracetam; LGI1 = leucine-rich glioma-inactivated 1;MDZ =midazolam;MMF =mycophenolate
mofetil; mRS =modified Rankin scale; OXC = oxcarbazepine; PB = phenobarbital; PE = plasma exchange; RTX = rituximab; TPM = topiramate; VPA = valproate.
a LGI1 and Caspr2 antibodies showed positive results in serum and negative results in CSF byCBAs.
b The GAD65 antibody titers of both patients were higher than 10,000 U/mL by ELISA.
c LGI1 antibodies were tested positive both in serum and CSF by CBA.
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demyelinating diseases, infections, and mitochondrial ence-
phalomyopathy, lactic acidosis, and stroke-like episodes. As a
consequence, correct differential diagnosis is challenging. Our
study validated that multifocal cortical-subcortical MRI ab-
normalities were the core imaging features of anti-GABAAR
encephalitis.7,8 In fact, all patients in our study and most cases
in previous reports presented with multifocal or confluent
lesions on brainMRI.10 Therefore, anti-GABAAR encephalitis
should be considered as a possible etiology for this condition.
By extensively reviewing cases from previous studies7-9,22,23

and quantitative analysis of lesions in our series, 3 distinctive
imaging features of anti-GABAAR encephalitis could be
summarized. First, lesions of anti-GABAAR encephalitis pre-
sented without mass effect, enhancement, or restricted dif-
fusion. Second, these lesions were mainly distributed in
supratentorial regions, and the predilection regions were
limbic, frontal, and temporal lobes. Third, lesion in bilateral
cingulate gyri could be a recognizable feature of anti-GABAAR
encephalitis because this sign was presented in all patients of
this study and cases from previous reports.7-9,22,23 To the best
of our knowledge, only 3 reported cases of myelin oligoden-
drocyte glycoprotein antibody–associated disease (MOGAD)
showed similar lesions in cingulate gyrus.24,25 However, le-
sions in anti-GABAAR encephalitis had asymmetric distribu-
tion, more frequently involved in anterior cingulate gyrus, still
making it different from MOGAD. In summary, the above-
mentioned neuroimaging phenotype was a strong indicator of
anti-GABAAR encephalitis, which could be useful to distin-
guish this disorder from other mimics.

In view of our findings, it would be intuitive to raise the question
about why anti-GABAAR encephalitis presented a distinctive
lesion distribution pattern. Therefore, we explore whether this
phenomenon is related to the topology of GABAAR expression.
Indeed, our study found that in supratentorial regions where
there were multiple brain MRI lesions, the mean z scored
GABRB3 gene expression level was much higher compared with
that in the infratentorial region (no MRI lesion). Moreover, the
expression level of β3 subunit, but not α1 or γ2 subunit, was
positively correlated with the distribution of brainMRI lesions of
patients. Subunit-binding specificity studies of previous reported
cases7,8,12 and our cases demonstrated that 92.1% (35/38),
81.6% (31/38), and 28.9% (11/38) of the patients with anti-
GABAAR encephalitis had autoantibodies reacted to β3, α1, and
γ2 subunit, respectively (eFigure 5, links.lww.com/NXI/A705),
indicating β3 subunit was the main subunit that could be rec-
ognized by autoantibodies of patients. This result further cor-
roborated the close relationship between β3 subunit expression,
autoantibody-binding preference, and MRI lesion distribution.
Of interest, a trend of negative correlation between expression
level of γ2 subunit and patients’ distribution of lesions was found
(Spearman ρ = −0.565, p = 0.089), suggesting that lower γ2
subunit expressionmight correlate with lesion burden. However,
this finding from our study was limited by small sample size.
Future larger studies are warranted to confirm this observation.
Taken together, our study demonstrated that cerebral lesion
distribution pattern in anti-GABAAR encephalitis could reflect

the topology of β3 subunit–containing GABAAR, thus providing
a new insight into the distinctive lesion features of this disorder.

Five patients in our series showed extensive confluent lesions
spanning 2 or more lobes. These patients had prominent sei-
zures and decreased consciousness and needed an ICU admis-
sion. We classified these patients into confluent type group.
However, the other 4 patients with multiple scattered spotted or
patchy lesions had less severe symptoms and did not need an
ICU admission. These patients were classified into spotted type
group. In the long-term follow-up, patients with confluent type
had poorer outcomes as well. Therefore, the extent of brainMRI
lesions could be a potential useful marker of disease severity and
prognosis. In light of the relationship between MRI lesion dis-
tribution, the topology of β3 subunit–containing GABAAR,
vanishing of lesions after immunotherapies, and emergence of
new lesions at relapse, we considered β3 subunit–containing
GABAARmight be dominantly affected in this disorder. Previous
studies have found that autoantibodies could reduce the number
of synaptic β3 subunit–containing GABAAR clusters and de-
crease the current mediated by GABAAR in cultured hippo-
campal neurons.7,12 However, further studies are warranted to
clarify the relationship between the pathogenic effects of auto-
antibodies and imaging phenotype of multiple brain lesions and
whether the extent of brain lesions could reflect the intensity of
antibody-mediated pathogenic reaction.

Our study had several limitations. First, this was a retrospective,
single-center study with relatively small sample size. Multivar-
iable analysis or stratified analysis to identify possible con-
founders is confined by sample size. Further studies, preferably
with larger sample size, are needed to validate the relationship
between 2 types of MRI lesions and clinical outcomes. Second,
we did not include children and could not compare the phe-
notypic difference between children and adults. Third, we did
not quantify brain atrophy due to the lack of high-resolution T1
scans. High-resolution MRI data and advanced imaging tech-
niques are needed to further elucidate the specific abnormal
imaging phenotype and its association with clinical findings.
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Abstract
Background and Objectives
Rarefication of the retinal vasculature as measured by optical coherence tomography angiog-
raphy (OCT-A) is a novel finding in patients with multiple sclerosis (MS). This study aimed to
analyze longitudinal dynamics of the retinal vasculature following an acute inflammatory relapse
including acute optic neuritis (ON) and to search for associations with alterations of the retinal
architecture and visual function.

Methods
This prospective longitudinal cohort study included patients with relapsing-remitting MS or
clinically isolated syndrome having an acute ON (n = 20) or a non-ON relapse (n = 33). Patients
underwent examinations at baseline and after 7, 14, 28, 90, and 180 days with OCT, OCT-A, and
assessment of the high- (HCVA) and low-contrast visual acuity (LCVA).

Results
Retinal vessel loss of the superficial vascular complex (SVC) evolves early after ON and reaches
a plateau between 90 and 180 days (relative vessel loss 15% ± 8% [mean ± SD]). In addition, an
18% ± 18% intraindividual increase of the foveal avascular zone (FAZ) is evident within 180
days after acute ON. Both SVC thinning and FAZ enlargement were associated with worse
HCVA and LCVA. Rarefication of the SVC evolved simultaneously to thinning of the common
ganglion cell and inner plexiform layer (GCIP) after ON. No alterations of the deep vascular
complex were seen in eyes with ON, and no alterations of the retinal vasculature were rec-
ognized in patients having acute non-ON relapses.

Discussion
Rarefication of the SVC and growing of the FAZ evolve rapidly after ON and are linked to
persistent visual disability. ON-related SVC thinning might be closely linked to GCIP atrophy
and might occur due to an altered local metabolic activity within inner retinal layers.
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Besides inflammatory and neurodegenerative changes within
the brain and spinal cord, patients with multiple sclerosis
(MS) commonly reveal alterations of the optic nerve and the
retina. Optical coherence tomography (OCT) allows high-
resolution visualization of retinal layers and is increasingly
applied to study the retinal pathology during the MS disease
course. Loss of retinal ganglion cells and atrophy of the retinal
nerve fiber layer (RNFL) are a common feature in patients
with MS,1 which may result from retrograde transaxonal
neurodegeneration,2 previous optic neuritis (ON),3 or sub-
clinical optic neuropathy.4

OCT angiography (OCT-A) is a novel technique allowing
rapid, noninvasive, and high-resolution imaging of retinal blood
flow most likely reflecting blood vessel structures. It acquires
consecutive scans at 1 location of the retina, and after removal
of stationary tissue signals, the remaining signal reflects the
area-intrinsic motion of corpuscular blood constituents in both
venous and arterial blood vessels.5 There is growing evidence
that patients with MS may also reveal changes in the retinal
vasculature. In this context, rarefication of superficial retinal
vessels has been reported in eyes with and without a history of
ON.6,7 The underlying mechanism, however, is not yet un-
derstood. It is a matter of debate whether ON-related retinal
vessel loss results primarily from direct local inflammatory
processes8 or whether it is a secondary phenomenon due to
metabolic changes and reduced oxygen demand after the de-
cline of ganglion cells and axons.1

In the current study, we aim to describe longitudinal dynamics
of retinal vascular changes in patients with relapsing-remitting
MS (RRMS) and clinically isolated syndrome (CIS) having
an acute inflammatory relapse. We furthermore integrate al-
terations of the retinal vasculature into changes of the retinal
architecture and visual function to establish a hypothesis
about the underlying pathophysiologic mechanisms.

Methods
Study Design
In this prospective longitudinal cohort study, we recruited pa-
tients with RRMS or CIS aged 18–60 years from the De-
partment of Neurology, Klinikum rechts der Isar at the
Technical University of Munich between 2019 and 2021. Pa-
tients were recruited by convenience sampling consecutively.
We applied the 2017 McDonald criteria9 for the definition of
RRMS or CIS. Inclusion criteria consisted of an acute suspected

demyelinating event and a maximum duration since the re-
lapse onset of 30 days. Here, all patients revealed relapse-
corresponding inflammatory T2 lesions duringMRI of the brain
or spinal cord before study inclusion. We excluded patients with
substantial eye disease that may affect the integrity of the retinal
architecture or vasculature (like macular degeneration, retinal
tumor, retinal detachment, vascular occlusions, and history of
eye surgery), refractory errors >6 diopters, an additional relapse
within 90 days before study enrollment, poor OCT-A quality
during baseline examination of any eye if the patient had acute
ON or poor OCT-A quality of both eyes if the patient had a
non-ON relapse. We furthermore excluded patients with poor
OCT-A quality in more than 50% of their OCT examinations.
Individual eyes with a history of ON in the past or poor OCT-A
quality were removed from the analysis.

At study enrollment (baseline), patients underwent retinal
OCT, OCT-A, physical examination with assessment of the
Expanded Disability Status Scale (EDSS) and visual testing
with recording of the high-contrast (HCVA) and low-contrast
visual acuity (LCVA). A detailed medical history, especially on
former ON history, was taken from all individuals. Relapse
duration was defined as the time period between clinical onset
of relapse symptoms and baseline OCT-A measurement. We
tested for a history of an unilateral subclinical ON as proposed
previously,10 which was suspected by intereye differences of
both the peripapillary RNFL (pRNFL) and the common
ganglion cell and inner plexiform layer (GCIP) of more than 5
and 4 μm, respectively.10 After baseline examination, patients
underwent follow-up examinations at 7 ± 2 days (visit 1), 14 ± 2
days (visit 2), 28 ± 2 days (visit 3), 90 ± 7 days (visit 4), and 180
± 7 days (visit 5) after baseline with OCT and OCT-A analysis
and assessment of the HCVA and LCVA. We divided all pa-
tients into 2 groups depending on whether they had an acute
ONor a non-ON relapse.We followed STROBE guidelines for
reporting cohort studies.

Standard Protocol Approvals, Registrations,
and Patient Consents
The study was approved by the ethics committee of the
Technical University of Munich School of Medicine and ad-
hered to the Declaration of Helsinki. All participants gave
written informed consent.

Retinal Imaging
OCT and OCT-A examinations were acquired for both eyes of
each patient under low lighting conditions using a spectral-domain
OCT with angiography module (Heidelberg Engineering

Glossary
CIS = clinically isolated syndrome; DVC = deep vascular complex; EDSS = Expanded Disability Status Scale; FAZ = foveal
avascular zone;GCIP = ganglion cell and inner plexiform layer;HCVA = high-contrast visual acuity; INL = inner nuclear layer;
LCVA = low-contrast visual acuity; MS = multiple sclerosis; OCT = optical coherence tomography; OCT-A = OCT
angiography; ON = optic neuritis; OPL + ONL = combined outer plexiform and outer nuclear layer; pRNFL = peripapillary
RNFL; RNFL = retinal nerve fiber layer; RRMS = relapsing-remitting MS; SVC = superficial vascular complex.
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Spectralis OCT2) by 2 experienced technicians. Conventional
OCT images were acquired as described elsewhere11 and included
examination of the pRNFL (12° ring scan) and the macula (30° ×
25° macular scan). We checked all scans for sufficient quality
according to the OSCAR-IB criteria.12 Retinal segmentation was
performed automatically by an inbuilt software algorithm (Eye
Explorer, version 2.5.4.) and was manually corrected if necessary.

For OCT-A imaging, en face images and decorrelation signals
were recorded with a 15° × 15° angle and a lateral resolution of
5.7 μm/pixel, resulting in a 2.9 × 2.9 mm area focusing on the
fovea centralis. Full-spectrum amplitude decorrelation algorithm
was used formotion detection and image creation, and active eye
tracking was accomplished by TruTrack. Segmentation of the
macular area was performed automatically by the in-built soft-
ware (version 2.5.4) into the superficial vascular complex (SVC)
and the deep vascular complex (DVC). For analysis of retinal
vessel density measures of the SVC and DVC, we applied the
Erlangen Angio tool provided by the Department of Ophthal-
mology of the University Hospital of Erlangen-Nuremberg as
described elsewhere.13 In brief, pictures of the SVC and DVC
were exported, and a binary picture was generated in which
vessel pixel appeared white, and tissue pixel appeared black. The
center of the macula (fovea) was marked manually. We then
defined the region of interest, which consisted of a circle around
the fovea between 0.8 mm and 2.9 mm eccentricity (area
6.1 mm2). The vessel density was calculated as the percentage of
white area (vessels) in the total region of interest area. Quanti-
fication of the foveal avascular zone (FAZ)was calculated using a
self-customized MATLAB (MathWorks, vR2019b) algorithm,
which applied a similar approach as the Erlangen Angio tool. A
binary picture was generated, and the center of the picture
containing the fovea centralis was automatically evaluated. Here,
black pixels (tissue) that were exclusively surrounded by black
pixels within a radius of 10 pixels were summed up to the FAZ.
To ensure sufficient OCT-A image quality, we only included
examinations with a signal strength of Q ≥30 and correct seg-
mentation. OCT-A recordings with apparent problems (for
example, retinal pathology), decentration of the imaging focus,
and major motion artifacts defined as a motion artifact score14

>2 were excluded.15

Testing of Visual Function
Monocular visual acuity was measured at high (100%) and low
(2.5%) contrast using Early Treatment Diabetic Retinopathy
Study charts. Charts were placed in a retroilluminated cabinet
(Precision Vision) with 80 candelas per square meter in 2-m
distance. Visual acuity was tested with best refractive correction
according to the manufacturer’s specifications. Visual acuity
was calculated from the smallest correctly read line as the
decimal value of the Snellen faction.

Statistical Analysis
We applied GraphPad Prism (version 9.2.0). To account for
intereye correlations, we used a paired-eye statistical ap-
proach.11 Mean values of both eyes were used as 1 data point
when both eyes were available and allocated to the same group

(ON, no ON). If 1 eye was excluded, values of the remaining
eye were used.We applied the Fisher exact test for contingency
analysis concerning sex, diagnosis, glucocorticoid therapy, oc-
currence of ON or relapse, and exclusion of OCT-A images.
Quantitative differences between 2 groups were calculated
using an unpaired t test if values were normally distributed and
a nonparametric Mann-Whitney U test if not. Differences be-
tweenmore than 2 groupswere calculated by an ordinary 1-way
analysis of variance with Tukey multiple comparisons or a
nonparametric Kruskal-Wallis test with Dunn multiple com-
parisons. To evaluate worsening of visual acuity in eyes with
ON, changes in HCVA and LCVA were referenced to the
measures of the respective fellow eye without ON at the same
time point. To test for differences in longitudinal trends in
vessel densities between eyes with and without ON, we applied
fixed-effects and random-effects models with Šidák multiple
comparisons. Multiple linear regression models were used to
test the impact of OCT-A values on OCT measures, clinical
disease patterns, and visual acuity. We corrected all models for
the covariates age, sex, relapse duration, glucocorticoid therapy,
and time to glucocorticoid therapy if not otherwise stated and
provide the respective estimates (β value) as regression pa-
rameters. Values are provided as mean ± SD if normally dis-
tributed, otherwise as median (25%–75% interquartile range).
The statistical significance threshold was p < 0.05.

Data Availability
Data are available on reasonable request. We will share raw
imaging OCT-A data in an anonymized way on request by any
qualified investigator. The data are not publicly available due
to privacy or ethical restrictions.

Results
Study Cohort and Visual Diagnostics
at Baseline
Ninety-one patients were enrolled into our study. Seventy-
seven patients completed follow-up examinations and were
considered for further analysis. Eight patients were excluded
due to poor OCT-A quality ratings in >50% of their exami-
nations and 16 patients because of insufficient OCT-A quality
during the baseline examination. Thus, we used 53 patients
for the final analysis.

Fifty patients were diagnosed with RRMS and 3 with CIS.
Twenty patients (17 RRMS and 3 CIS) had acute ON. We did
not detect any unilateral subclinical ON. Disease durations were
very short in patients both with ON or non-ON relapses be-
cause this was the first relapse in the majority of patients. Most
patients of both groups underwent glucocorticoid therapy
(Table 1). As expected, eyes having acute ON revealed thick-
ening of the pRNFL and reduced HCVA and LCVA measures
at baseline. No differences were seen in volumes of the GCIP,
inner nuclear layer (INL), or the combined outer plexiform and
outer nuclear layer (OPL + ONL), and no vascular alterations
were recognized in eyes with or without ON during the acute
relapse (Table 2).
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Dynamics of Retinal Vascular Loss After
Acute Relapse
As a first step, we aimed to describe longitudinal dynamics of
retinal vessel rarefication following acute ON. Here, a vessel
loss was recognized during the first 90 days after baseline ex-
amination (Figure 1A). After this, SVC measures remained

stable between day 90 (23% ± 3%) and day 180 (22% ± 4%).
Compared with baseline, eyes having acute ON lost 4% ± 2%
points of vessel density after 180 days (relative loss of 15% ±
8%). No SVC vessel loss was recognized in the fellow eyes or in
eyes of patients having non-ON relapses (Figure 1A). There
was a by trend increase in SVC vessel densities from baseline to
day 7 in eyes from individuals with non-ON relapses (p = 0.18;
1-way analysis of variance). We did not see any alterations of
DVC vessel densities in eyes from any group (Figure 1B), and
there were no major differences in FAZ areas on the group level
between eyes with or without ON (Figure 1C). Because FAZ
measures may vary distinctly between individuals,16 intra-
individual alterations of the FAZ sizewere analyzed separately as
a next step. Starting on day 30 after acute ON, a relative increase
of the FAZ compared with baseline was observed in eyes having
ON, but not in fellow eyes, leading to an intraindividual relative
FAZ growth of 18% ± 18% after 180 days (Figure 1D).

Dynamics of Retinal Injury After Acute Relapse
In line with the literature,3 ON episodes went along with
atrophy of the pRNFL and GCIP and worsened visual func-
tion. We recognized pRNFL swelling at baseline (Table 2)
compared with the fellow eye, which turned into pRNFL
atrophy at day 90 and day 180 (Figure 2A). A GCIP loss was
seen on day 14 and day 28 and reached a plateau as of day 90
after acute ON (Figure 2B). A by trend but nonsignificant
increase of the INL volumes was recognized in eyes having
ON (Figure 2C), and no alterations of the OPL + ONL were
recognized (Figure 2D). Impairment of high-contrast vision
improved mainly during the first 28 days after acute ON and
reached pre-ON levels in the majority of eyes (Figure 2E). In
contrast, a slight improvement of low-contrast vision was

Table 1 Study Population and Baseline Characteristics

ON relapse
(n = 20)

Non-ON relapse
(n = 33)

p
Value

Diagnosis, n (%) 0.049

RRMS 17 (85) 33 (100)

CIS 3 (15) 0 (0)

Female, n (%) 15 (75) 23 (70) 0.76

Age, y 35 ± 10 33 ± 9 0.52

Disease duration, mo 0 (0–0) 0 (0–1.5) 0.43

Relapse duration, d 11 (6–16) 9 (5–17) 0.60

EDSS score 2.0 (1.0–3.0) 2.0 (2.0–2.5) 0.14

Glucocorticoid therapy, n (%) 19 (95) 30 (91) 0.66

Time from onset to
glucocorticoid therapy, d

5 (3–8) 7 (4–18) 0.34

Abbreviations: CIS = clinically isolated syndrome; EDSS= ExpandedDisability
Status Scale; ON = optic neuritis; RRMS = relapsing-remitting multiple
sclerosis.
Relapse duration reflects days from symptom onset to first optical co-
herence tomography angiography measurement; Fisher exact test (di-
agnosis, sex, and glucocorticoid therapy); unpaired t test; statistical
significant p values (<0.05) are indicated in bold.

Table 2 Visual Diagnostics at Baseline

ON relapse Non-ON relapse

p ValueNON eyes (n = 20) ON eyes (n = 20) NON eyes (n = 33) ON eyes (n = 0)

pRNFL, μm 98 ± 12 112 ± 21 100 ± 11 NA 0.007a

GCIP, mm3 1.98 ± 0.16 1.94 ± 0.16 1.99 ± 0.17 NA 0.18

INL, mm3 0.96 ± 0.07 0.96 ± 0.07 0.98 ± 0.05 NA 0.36

OPL + ONL, mm3 2.56 ± 0.20 2.59 ± 0.23 2.54 ± 0.18 NA 0.71

SVC, % vessel density 26.4 ± 2.7 27.2 ± 2.7 25.8 ± 3.4 NA 0.50

DVC, % vessel density 25.3 ± 3.5 25.3 ± 2.0 25.7 ± 2.4 NA 0.33

FAZ, mm2 0.24 ± 0.10 0.25 ± 0.11 0.25 ± 0.10 NA 0.81

HCVA 1.0 ± 0.2 0.5 ± 0.3 0.9 ± 0.2 NA <0.001b

LCVA 0.2 ± 0.1 0 ± 0 0.3 ± 0.1 NA <0.001c

Abbreviations: DVC = deep vascular complex; GCIP = ganglion cell and inner plexiform layer; HCVA =high-contrast visual acuity; INL = inner nuclear layer; LCVA
= low-contrast visual acuity; NA = not available; NON = no optic neuritis; OCT = optical coherence tomography; ON = optic neuritis; OPL + ONL = combined
outer plexiform and outer nuclear layer; pRNFL = peripapillary retinal nerve fiber layer; SVC = superficial vascular complex.
pRNFL, commonGCIP, INL, andOPL+ONLasmeasuredbyoptical coherence tomographyOCT; SVCandDVCasmeasuredbyOCTangiography;ordinary1-wayanalysisof
variancewithTukeymultiplecomparisonsoranonparametricKruskal-Wallis testwithDunnmultiplecomparisons;statisticalsignificantpvalues (<0.05)are indicated inbold.
a pRNFL NON eyes (ON relapse) vs ON eyes (ON relapse) p = 0.01; pRNFL NON eyes (non-ON relapse) vs ON eyes (ON relapse) p = 0.01.
b HCVA NON eyes (ON relapse) vs ON eyes (ON relapse) p < 0.0001; HCVA NON eyes (non-ON relapse) vs ON eyes (ON relapse) p < 0.0001.
c LCVA NON eyes (ON relapse) vs ON eyes (ON relapse) p < 0.0001; LCVA NON eyes (non-ON relapse) vs ON eyes (ON relapse) p < 0.0001.
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recognized within the first 28 days after acute ON, whereas
complete remission of the LCVA did not occur in most eyes
by day 180 after acute ON (Figure 2F).

Association of Retinal Vessel Loss, Retinal
Injury, and Visual Function
As a next step, we searched for associations between retinal
vessel loss, clinical characteristics, and alterations of the retinal

architecture. Applying multiple linear regression models, a
decline of the SVC on day 180 was associated with a loss of
ganglion cells (Figure 3A) and by trend with thinning of the
pRNFL (p = 0.07, β = 0.07, 95% CI −0.01 to 0.16) after acute
ON and greater residual impairment of the visual function, in
particular of the LCVA (Figure 3B). Similarly, an increase of
the FAZ was linked to GCIP loss (Figure 3C) and HCVA
impairment (Figure 3D) after 180 days. Moreover, we found

Figure 1 Longitudinal Dynamics of the Retinal Vessel Measures After Acute Relapse

Temporal dynamics after acute relapse (x-axis,
days) of vessel densities of the superficial vascular
complex (SVC) (A), deep vascular complex (DVC)
(B), and the foveal avascular zone (FAZ) (C and D)
in patients having acute optic neuritis (ON) (ON
relapse, left panels) and relapses other than ON
(non-ON relapse, right panels). Symbols depict
mean values of single patient values with stan-
dard deviations at baseline (ON relapse n = 20,
non-ON relapse n = 33), visit 1 (ON relapse
n = 14, non-ON relapse n = 24), visit 2 (ON re-
lapse n = 16, non-ON relapse n = 28), visit 3 (ON
relapse n = 15, non-ON relapse n = 24), visit 4
(ON relapse n = 17, non-ON relapse n = 29), and
visit 5 (ON relapse n = 19, non-ON relapse n =
29). Lines with clear circles depict ON eyes, lines
with black circles illustrate the respective fellow
eyes, and lines with gray circles display eyes of
individuals with a non-ON relapse. p Values in-
dicate differences between both groups all over
the time course (fixed-effects model); *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001
compared with the other group within the re-
spective time points (Šidák multiple comparisons).
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an association of GCIP loss with impairment of both HCVA
(p = 0.002, β = 0.49, 95% CI 0.20–0.78) and LCVA (p =
0.048, β = 0.49, 95% CI 0.01–1.40). When additionally con-
trolling for GCIP atrophy, an increase of the FAZ remained
robustly linked to HCVA impairment (p = 0.007, β = 0.11,
95% CI 0.04–0.19), whereas the association of SVC thinning
and LCVA impairment got lost (p = 0.12, β = 8.3, 95%CI −2.7
to 19.4). When analyzing relative changes compared with the
respective baseline measures, longitudinal SVC vessel and
GCIP loss following acute ON revealed very congruent dy-
namics (Figure 3E). For both parameters SVC and FAZ, no
association was found with age, sex, disease duration, EDSS,
time to glucocorticoid therapy, INL, or OPL + ONL values
(data not shown).

Discussion
Our study describes longitudinal dynamics of macular
retinal vessel loss following ON in patients with RRMS

and CIS. Our data indicate a close relation of retinal vessel
loss, the decline of ganglion cells, and worsening of the
visual function. Based on this, we established the hy-
pothesis that an ON-related decrease in retinal perfusion
might be the immediate result of an atrophy of ganglion
cells and their axons, potentially due to an altered local
metabolic activity.

During the last years, the OCT-A technique has been applied
by several groups6,17-19 and us7,15 to study alterations of retinal
vasculature in patients with MS. Here, superficial vessel loss
with thinning of the SVC has been shown to be a consistent
finding in patients with RRMS and a history of ON of more
than 3months beforeOCT-A analysis.6,7,17-19 In a recent cross-
sectional study intereye differences of SVC measures between
fellow eyes with and without an ON history were evident in
patients with a time lag of more than 3–12 months (by trend)
and more than 12 months to the last ON.17 Our study is—in
principle—in line with these findings, whereas we could detect
SVC loss already 14 and 28 days after ON, which might be due

Figure 2 Longitudinal Dynamics of the Retinal Architecture and Visual Function After Acute ON

Temporal dynamics after acute optic neuritis
(ON) (x-axis, days) of the peripapillary retinal
nerve fiber layer (pRNFL) (A), the common
ganglion cell and inner plexiform layer (GCIP)
(B), the inner nuclear layer (C), the combined
outer plexiform and outer nuclear layer (OPL +
ONL) (D), the high-contrast visual acuity (HCVA)
(E), and low-contrast visual acuity (LCVA) (F) in
patients having acute ON. Symbols depict
mean values of eyes having ON (ON eye) and
the healthy fellow eye (fellow eye) with stan-
dard deviations at baseline (n = 20), visit 1 (n =
14), visit 2 (n = 16), visit 3 (n = 15), visit 4 (n = 17),
and visit 5 (n = 19); p values indicate differences
between both groups all over the time course
(fixed-effects model); *p < 0.05, and ***p <
0.001 compared with the other group within
the respective time points (Šidák multiple
comparisons).
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to an increased sensitivity of a prospective longitudinal study
design.

Data on alterations of the DVC in eyes with anON history are
conflicting. Both DVC loss,7,20 DVC thickening,19 and com-
parable DVC measures to non-ON eyes6,18 have been de-
scribed by different groups using different OCT-A devices.
Here, vessel measures may vary greatly and cannot be trans-
ferred interchangeably between OCT-A devices.21 In the
present study, we did not see any clear longitudinal alteration
of the DVC in eyes with or without past ON, suggesting that

deep retinal vessels might be rather not affected during and
after ON.

Enlargement of the FAZ is evident in the eyes of patients with
MS irrespective of an ON history compared with healthy
people, whereas on the group level, no differences have been
recognized in ON and fellow eyes in recently published cross-
sectional analyses.15,22With the same result on cross-sectional
comparison, we could detect an intraindividual longitudinal
growth of the FAZ following acute ON. Here, given the large
variability of individual FAZ measures,16 the sensitivity of

Figure 3 Association of the Retinal Vasculature With Visual Function and Retinal Atrophy

(A) Association of changes of the superficial vas-
cular complex (SVC) and changes of the common
ganglion cell and inner plexiform layer (GCIP) be-
tween baseline and day 180 in 19 eyes of 19 pa-
tients having acute optic neuritis (ON). (B)
Association of changes of the SVC between base-
line and day 180 and impairment of the low-con-
trast visual acuity (LCVA) compared with the fellow
eye at day 180 in 19 eyes of 19 patients having ON.
(C) Association of foveal avascular zone (FAZ) en-
largement and changes of the GCIP between
baseline and day 180 in 19 eyes of 19 patients
having acute ON. (D) Association of FAZ enlarge-
ment between baseline and day 180 and impair-
ment of the high-contrast visual acuity (HCVA)
comparedwith the fellow eye at day 180 in 19 eyes
of 19 patients having ON. (E) Relative change
compared with baseline measures of SVC and
GCIP measures in eyes having ON (ON eye, n = 19)
and the respective healthy fellow eye (fellow eye,
n = 19). (A–D) Multiple linear regression models
adjusted for age, sex, relapse duration, glucocor-
ticoid therapy, and time to glucocorticoid therapy.
(E) Fixed-effects model.
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cross-sectional studies might be too low to detect discrete
intraindividual alterations of the FAZ. The significance of
FAZ enlargement during RRMS is unclear. In patients with
neuromyelitis optica spectrum disorders, growths of the FAZ
might go along with damage of astrocytes and might indicate
subclinical and relapse-independent inflammatory disease
activity.15 In patients with RRMS and acute ON, FAZ en-
largement might reflect worsening of the visual function,
whereas its integration into the pathophysiologic concept of
MS remains to be determined.

As already shown in other OCT studies,6,17 visual function
recovered during the first month after ON. In our study,
HCVA improved within the first weeks, whereas LCVA re-
covery took several months and still remained incomplete 6
months after ON in themajority of patients. Superficial retinal
vessel loss and enlargement of the FAZ were associated with
impairment of the visual function 6 months after ON. These
findings suggest that OCT-A might be a diagnostic tool to
evaluate retinal injury, recovery, and visual impairment after
acute ON.

So far, the underlying mechanisms of SVC loss after ON are
unclear. We recognized a loss of ganglion cells and optic nerve
axons following acute ON. In line with the literature,3,23,24

both ganglion cell and axonal loss occurred within the first 3
months after ON reaching a plateau afterward. ON-related
axonal loss was partly masked by axonal swelling during the
first 3 months. As shown above, the decline of superficial
retinal vessels occurred simultaneously to the atrophy of
ganglion cells and their axons, suggesting that both processes
might be closely pathophysiologically linked. In the current
anatomical concept and supported by OCT-A based stud-
ies,25 the approximately 80-μm-thick SVC is supplied by the
central retinal artery and encompasses the whole RNFL and
GCIP. It appears possible that an atrophy of both neuronal
and axonal structures after ON results in a reduced metabolic
activity and lower oxygen demand within the RNFL and
GCIP. As an immediate result, a lower local layer perfusion as
detected by OCT-A and subsequent regression of vessels
surrounding these impaired layers, namely the SVC but not
the DVC, might evolve.

On the contrary, a primary pathology of retinal vessels in-
ducing secondary atrophy of inner retinal layers appears less
likely. Given the fact that up to 11% of patients with MS show
signs of retinal periphlebitis at autopsy,8 it was speculated that
ON-related rarefication of the superficial retinal vessels might
be due to a primary inflammatory process affecting retinal
vessels. The current study argues against this hypothesis. It is
known that disturbance of the retinal perfusion and reduced
oxygen supply leads to a subsequent but delayed atrophy of
inner retinal layers. OCT-based longitudinal studies on pa-
tients having acute retinal artery branch occlusion revealed
loss of both RNFL and GCIP between 3 and 12 months after
the initial event.26 In the current study, we did not see any
time gap between SVC perfusion decline and ganglion cell

atrophy, and both measures reached a plateau phase after 3
months, which would be unusual for a primary vascular event.
In addition, inflammatory diseases affecting the retinal vas-
culature like Behçet disease27 or retinal vasculitis28 mostly
reveal thinning of both the SVC and DVC and might go along
with thickening of all inner retinal layers in the acute phase.
Here, we did neither recognize thinning of the DVC nor
thickening of the inner retinal layers except the pRNFL.

Based on the simultaneous occurrence of GCIP reduction and
vessel loss, however, it cannot be excluded that both features
are secondary phenomena to the same inflammatory detri-
mental trigger or appear both gradually after an acute in-
flammatory injury of both retinal vessels and tissue. In this
scenario, however, sparing of the DVCwould be unusual. The
DVC is fed by anastomoses of the SVC and supplies the inner
nuclear and outer plexiform layer.25 Therefore, it appears
unplausible that an inflammatory process affecting both the
GCIP and SVC would not impair the integrity and change the
size of the DVC.

Our study has several limitations. First, we had a rather high
portion of patients that were excluded due to OCT-A quality
reasons (26% of patients). OCT-A is a novel technique, and
examinations are technically challenging compared with
conventional OCT, particularly in eyes with visual impair-
ment. All examinations were conducted by 2 experienced and
well-trained technicians, and we applied a strict and rigorous
approach for OCT-A quality control to ensure reliable OCT-
A follow-up measures. Here, widely accepted OCT-A quality
criteria are missing to date. Second, OCT-A measures are
device specific and cannot be transferred interchangeably.21

We cannot exclude a device-specific effect on our results and
conclusions, and further studies using different OCT-A ma-
chines are needed to reproduce our findings. However, all
patients were measured with the same device, and moreover,
the data of the current study reproducing known aspects of
transformation after ON are in line with findings from other
groups and devices. Third, there are methodological issues of
the used technique that confine the interpretability of the
presented findings. Although OCT-A is an accepted tool to
analyze the retinal vasculature and retinal vessel pathology, it
only provides information about retinal perfusion patterns,
but not on vessel morphology and vessel integrity. For ex-
ample, an automatic and robust differentiation of retinal vessel
structures into veins and arteries is not possible at the mo-
ment. The vessel density measures generated by OCT-A in
this study cannot ensure irreversibility. Moreover, the cur-
rently used OCT-A technique makes it difficult to clearly
distinguish whether a decrease in retinal vessel density is a
matter of true loss of vessel branches, a constriction, or
shrinking of vessel structures. This is also due to the fact that
3-dimensional OCT-A raw data are consolidated into a
2-dimensional OCT-A picture. However, animal studies have
addressed this question in the past and suggest that mainly the
size of capillaries decreases after optic nerve injury, whereas
their number remains unaltered.29 Here, advances in both
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hardware and software solutions are needed to address this
feature in the future.

In conclusion, this study shows that rarefication of the superficial
retinal vasculature occurs within the first 90 days after acute ON
and evolves simultaneously to the atrophy of ganglion cells. This
process is possibly caused by an altered metabolic activity within
the inner retinal layer, suggesting that ON-related SVC thinning
might be an immediate secondary phenomenon after GCIP
atrophy. Further studies are needed to integrate retinal vessel
pathology into the pathophysiologic concept of MS.
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Abstract
Background and Objectives
Siponimod is an oral, selective sphingosine-1-phosphate receptor-1/5 modulator approved for
treatment of multiple sclerosis.

Methods
Mouse MRI was used to investigate remyelination in the cuprizone model. We then used a
conditional demyelination Xenopus laevis model to assess the dose-response of siponimod on
remyelination. In experimental autoimmune encephalomyelitis–optic neuritis (EAEON) in
C57Bl/6J mice, wemonitored the retinal thickness and the visual acuity using optical coherence
tomography and optomotor response. Optic nerve inflammatory infiltrates, demyelination, and
microglial and oligodendroglial differentiation were assessed by immunohistochemistry,
quantitative real-time PCR, and bulk RNA sequencing.

Results
An increased remyelination was observed in the cuprizone model. Siponimod treatment of
demyelinated tadpoles improved remyelination in comparison to control in a bell-shaped dose-
response curve. Siponimod in the EAEON model attenuated the clinical score, reduced the
retinal degeneration, and improved the visual function after prophylactic and therapeutic
treatment, also in a bell-shapedmanner. Inflammatory infiltrates and demyelination of the optic
nerve were reduced, the latter even after therapeutic treatment, which also shifted microglial
differentiation to a promyelinating phenotype.

Discussion
These results confirm the immunomodulatory effects of siponimod and suggest additional
regenerative and promyelinating effects, which follow the dynamics of a bell-shaped curve with
high being less efficient than low concentrations.

*Equally contributing first authors.

†Equally contributing senior authors.
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Siponimod, a potent and highly selective sphingosine-1-phos-
phate receptor 1 and 5 (S1P1/5) modulator, is a disease-mod-
ifying therapy that significantly reduced disability progression,
cognitive decline, and total brain volume loss vs placebo in pa-
tients with secondary progressive multiple sclerosis (SPMS), as
demonstrated in the phase III EXPAND study.1 It has beneficial
effects in the CNS of experimental autoimmune encephalomy-
elitis (EAE) mice that are independent of peripheral immune
effects, suggesting that in addition to its anti-inflammatory ef-
fects, siponimod may be effective in limiting neurodegenerative
pathologic processes in SPMS.2

Promoting remyelination is another key therapeutic strategy
to limit disability progression and represents one of the major
therapeutic challenges in MS. Therefore, experimental mod-
els to investigate substances promoting remyelination in vivo
are of paramount interest.3,4 The cuprizone intoxication
mouse model is a well-established mechanistic model to study
remyelination processes.5 As oligodendrocyte precursor cells
(OPCs) are not affected by cuprizone, they readily proliferate,
migrate, differentiate, and integrate again into the circuitry
resulting in remyelination after withdrawal. Novel data from a
Xenopus laevis demyelination model indicated a remyelinating
potential of siponimod. Optic neuritis (ON) presenting with
reduction of visual function is frequent in MS and accompa-
nied by retinal nerve fiber layer thinning and retinal ganglion
cell (RGC) loss, which can be used as an outcome parameter
for neuroprotection studies investigating ON as a model for
acute inflammatory relapses.6-9 Therefore, in this innovative
approach investigating the visual pathway of siponimod-
treated EAE-associated ON (EAEON) mice, we used longi-
tudinal visual system readouts, namely optical coherence
tomography (OCT) and optomotor response (OMR), which
are ideally suited to evaluate CNS degeneration in preclinical
studies and clinical approaches.10-13

In this study, we assessed the impact of siponimod in 3 dif-
ferent animal models of demyelination: (1) a toxic cuprizone-
induced demyelination mouse model, (2) a conditional
demyelination of the optic nerve in transgenic Xenopus laevis,
and (3) a myelin oligodendrocyte glycoprotein fragment

35-55 (MOG35-55)-induced EAEON by visual system read-
outs, revealing yet unknown mechanisms on the shift of the
microglial cell population toward a regenerative phenotype.

Methods
Cuprizone Intoxication Model and
Measurement of C57Bl/6J Mice
Cuprizone preparation and randomization is described in the
eMethods. In brief, female C57BL/6J mice (8–10 weeks old
fromCharles River, Germany) received normal diet over 7 weeks
(control group) or were fed with cuprizone-loaded pellets (2 g/
kg food) for 5 weeks and then switched either to siponimod-
loaded pellets (10 mg/kg food) over 2 weeks (cuprizone/
siponimod group) or to drug-free pellets (cuprizone/sham
group). MRI measurements were performed at weeks 5, 6, and 7
and histology onweek 7 with LFB andGST-π as described in the
eMethods, links.lww.com/NXI/A706.

Xenopus laevis Demyelination Model
To test the effect of siponimod on remyelination in vivo, we
used a conditional demyelination transgenic model, Tg(mbp:
GFP-NTR), developed in Xenopus laevis as described before14-
16 and in the eMethods. Before the quantification of GFP+
cells, we anesthetized the tadpoles of either sex in 0.05% MS-
222 (ethyl-3-aminobenzoate methanesulfonate; Sigma-
Aldrich) and returned them to standard water conditions
for recovery. Tadpoles were euthanized in 0.5% MS-222 be-
fore the optic nerve was dissected.

For regeneration experiments, metronidazole (MTZ)-exposed
animals (MTZ preparation described in the eMethods) were
allowed to recover for 3 days in either normal water (control)
or water containing siponimod at increasing concentrations in
ambient laboratory lighting (12 hours light/12 hours dark).

Induction of EAEON and Treatment of
C57Bl/6J Mice
EAEON was induced in female, 6-week-old C57Bl/6J by
200 μg MOG35-55 (Biotrend, Germany) immunization fol-
lowed by intraperitoneal injections of 200 ng of pertussis toxin

Glossary
ANOVA = analysis of variance;Arg-1 = arginase-1;AUC = area under the curve; BAF312/Sip = siponimod;BW = bodyweight;
c/d = cycles per degree; CC = corpus callosum; DEG = differentially expressed gene; dpi = days postimmunization;
EAE(ON) = experimental autoimmune encephalomyelitis (optic neuritis); EAEON = experimental autoimmune
encephalomyelitis–optic neuritis; FDR = false discovery rate; GCL = ganglion cell layer; GFAP = glial fibrillary acidic
protein; IPL = inner plexiform layer; IRL = inner retinal layer; LC/MS/MS = liquid chromatography/tandem mass
spectrometry;MBP =myelin basic protein;MOG35-55 =myelin oligodendrocyte glycoprotein fragment 35-55;MS =multiple
sclerosis; MTR = magnetization transfer ratio; MTZ = metronidazole; NTR = nitroreductase; OCT = optical coherence
tomography; OMR = optomotor response; OPC = oligodendrocyte precursor cell; PDGFRα = platelet-derived growth factor
receptor A; RGC = retinal ganglion cell; RNFL = retinal nerve fiber layer; S1P1/5 = sphingosine-1-phosphate receptor 1 and 5;
SPMS = secondary progressive multiple sclerosis; T2-WSI = T2-weighted signal intensity; TNF-α = tumor necrosis factor
alpha; Ym1/Chi3l3 = chitinase 3-like-3.
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(Sigma-Aldrich, Germany) at days 0 and 2 as previously de-
scribed.17 Mice were fed with siponimod-loaded pellets at
0.01 or 0.03 g/kg of food, leading to a daily drug intake of
approximately 2 and 6 mg/kg bodyweight, respectively
(considering a mean daily food intake of 3 g/mouse).18-21

Treatment was started at the same day (d0), 14 days (d14), or
30 days (d30) after MOG35-55 immunization. The clinical
EAE score was graded daily as described previously.17

OCT and OMR in Mice
The measurements of retinal layers were performed using a
Spectralis HRA + OCT device (Heidelberg Engineering,
Germany) with several adaptions for rodents.22 The analysis
and scanning protocols are described elsewhere11,23 and in the
eMethods, links.lww.com/NXI/A706, in line with the APOS-
TEL recommendations.24 Visual function analysis was per-
formed with a testing chamber and OptoMotry software from
CerebralMechanics, Canada, as previously described23,25 and
explained in detail in the eMethods, links.lww.com/NXI/A706.

Histologic Analysis

Wholemount of the Xenopus Optic Nerve and Analysis
Tadpoles were fixed by immersion in 4% paraformaldehyde for
1 hour at room temperature. Fixed optic nerves were carefully
dissected out and processed as described in the eMethods. In
brief, oligodendrocytes were stained with anti-GFP (1:1,000,
Aves Lab) and microglial cells with Bandeiraea simplicifolia
isolectin B4 (Alexa Fluor594-conjugated IB4, 1:1,000, Invi-
trogen), and images were acquired using theOlympus FV-1200
upright confocal microscope (Obj 20X-zoom 1.6).

Electron Microscopy of Xenopus Tadpole Optic Nerve
Xenopus larvae were fixed in a mixture of 2% para-
formaldehyde, 2% glutaraldehyde, in 0.1 M cacodylate buffer
pH 7.4 and 0.002% calcium chloride overnight at 4°C and
processed as described in the eMethods, links.lww.com/NXI/
A706. Ultrathin sections were examined on an HT7700
electron microscope (Hitachi) operated at 70 kV. Electron
micrographs were taken using the integrated AMT XR41-B
camera (2048X2048 pixels).

Quantification of GFP+ Cells in the Xenopus
Optic Nerve
As described previously,16 GFP fluorescence was analyzed
directly in vivo in Xenopus embryos using an AZ100 Nikon
Multizoom Macro-Microscope. From the emergence of the
optic nerve, directly after the chiasm, to the retinal end, the
total number of GFP+ cells was counted independently by 2
researchers in a double-blinded manner. The counts were
compared with control untreated animals of the same de-
velopmental stage.

Wholemounts and Histologic Optic Nerve Analysis of
C57Bl/6J EAEON Mice
After 21, 35, or 90 days of EAEON, mice were killed, and eyes
and optic nerves were extracted and processed as described in
the eMethods.

Bulk RNA Sequencing of the Optic Nerve From
EAEON Mice
RNA extraction was performed as previously described.26

RNA was stored at −80°C until analysis as described in the
eMethods, links.lww.com/NXI/A706.

qPCR Analysis of the Optic Nerve of EAEON C57Bl/6J
Mice
RNA extraction, reverse transcription, and quantitative real-
time PCR were performed as previously described26 using
Fam/Dark quencher probes from the Universal Probe Library
(Roche, Switzerland) or individually designed Fam/Tamra
probes (Eurofins Genomics, Germany). HPRT and GAPDH
served as endogenous control genes. Primer sequences can be
found in eTable 1, links.lww.com/NXI/A706.

Statistics
Statistical analysis was performed using Prism 5 (version 5.00,
Graphpad Software, Inc.) and IBM SPSS Statistics (version
20, IBM Corporation, USA). A 2-tailed analysis of variance
(ANOVA) with the Dunnett post hoc test was used to
compare the area under the curve for the EAE scores and
blood siponimod concentration time courses. qPCRs were
analyzed using 2-way ANOVA with the Bonferroni post hoc
test. Group means were compared by 1-way ANOVAwith the
Dunnett post hoc test using 1 eye per animal for the histologic
investigations. Differences in retinal thickness and visual
function were analyzed using generalized estimating equa-
tions with an exchangeable correlation matrix to adjust for
intrasubject intereye correlations.

MRI data were analyzed using ANOVA with random effects
(Systat version 13; Systat Software Inc., San Jose, CA) to take
into account the longitudinal structure of the data. A value of p <
0.05 was considered significant. For the RNAseq, the statistical
analysis is described in the eMethods, links.lww.com/NXI/A706.

Study Approval

C57Bl/6J Mice

The procedures were performed in accordance with the An-
imal Research: Reporting of In Vivo Experiments guidelines,
approved by the regional authorities (State Agency for Nature,
Environment andConsumer Protection; AZ84-02.04.2016.A137)
and conform to the Association for Research in Vision and
Ophthalmology (ARVO) Statement for the Use of Animals in
Ophthalmic and Vision Research. Cuprizone studies were
approved by the Swiss Cantonal Veterinary Authority of Basel
City, Switzerland (license BS-2711).

Xenopus laevis Tadpoles

Animal care was in compliance with institutional and national
guidelines. All animal experiments conformed to the Euro-
pean Community Council directive (86/609/EEC) as mod-
ified (2010/603/UE) and have been approved by the ethical
committee of the French Ministry of Higher Education and
Research (APAFIS#5842-2016101312021965).
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Data Availability
Data not provided in the article because of space limitations
may be shared at the request of any qualified investigator for
purposes of replicating procedures and results.

Results
Siponimod Promotes Remyelination After
Cuprizone Intoxication
We used the cuprizone model of toxic demyelination to study
siponimod’s effects on remyelination in vivo. During the
5-week intoxication phase, no particular health issue could be
detected in cuprizone-treated vs control mice, and similar
longitudinal bodyweight changes vs baseline were observed in
the 3 study groups (Figure 1A). Hence, at the start of the
treatment, all 3 groups presented similar mean bodyweights
(21.9 ± 0.4 g; 21.4 ± 0.4 g; and 22.2 ± 0.3 g).

Over the following 2 weeks, the mice that received drug-free
pellets (cuprizone/sham group) showed a slight but signifi-
cant loss in bodyweight vs controls. This was not observed in

mice that received siponimod-loaded pellets (cuprizone/
siponimod group) (Figure 1A). In this group, the mean
siponimod concentrations measured in blood and brain ho-
mogenates were within the expected ranges, that is, 0.41 ±
0.01 μM and 2.7 ± 0.7 nmol/g (equivalent to 2.7 ± 0.7 μM),
respectively, confirming the success of the treatment.

As expected, cuprizone-intoxicated mice showed marked de-
myelination within their CC at week 5, as suggested by signifi-
cantly decreased magnetization transfer ratio (MTR) in these
regions when comparedwith values in controlmice (Figure 1C).
On cuprizone washout in weeks 5–7, MTR in mice fed with
drug-free pellets increased in the CC (Figure 1C), suggesting
spontaneous partial remyelination. This effect was particularly
evident when calculating the area under the curve (AUC)
(eFigure 1A, links.lww.com/NXI/A706). Five weeks of cupri-
zone intoxication resulted also in T2-weighted CC signal in-
creases by 53% (Figure 1B). After cuprizone withdrawal at week
5, the T2-weighted signal intensity (T2-WSI) was reduced in the
CC at weeks 5–7 (Figure 1D), consistent with spontaneous
partial remyelination and reduction of neuroinflammation in
these areas.27 Addition of siponimod to food pellets increased

Figure 1 Siponimod Therapy Promotes Remyelination After Toxic Demyelination by Cuprizone

(A) Longitudinal body weight changes
in all study groups. (B) T2-WSI after 5
weeks. (C) Longitudinal MRI monitor-
ing for magnetization transfer ratio
changes in the CC. (D) Longitudinal T2-
WSI monitoring for T2-WSI changes in
the CC of mice in all study groups.
Changes are expressed asmean ± SEM
(n = 7 animals per group), and gray
dots show individual data points.
Magnet symbol indicates the timing for
the MRI readouts. ***p < 0.001 com-
pared by ANOVAwith theDunnett post
hoc test for area under the curve bar
graph and *p < 0.05 and ***p < 0.001
by ANOVA with random effects com-
pared with the cuprizone/sham group
for time courses. ANOVA = analysis of
variance.
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this reduction of T2-WSI (Figure 1D) with a significant differ-
ence to siponimod-free pellet treated mice in the CC. This effect
was again particularly evident when analyzing the AUC
(eFigure 1B). T2-WSI in the CC of control mice remained
unaltered. Both MTR and T2-WSI data of the CC indicate the
beneficial effects of siponimod treatment in the cuprizone
model. Terminal qIHC for LFB density and oligodendrocyte
numbers (GST-π) revealed a degree of myelination in the CC
reduced by about half in cuprizone-challenged mice receiving
drug-free food pellets vs controls. A trend toward a lower degree
of CC demyelination was observed in siponimod-treated mice,
with changes in LFB density and oligodendrocyte numbers re-
duced by about 25–45% vs siponimod-free mice (eFigure 1).

Siponimod-Driven Activation of S1P1/5
Receptor Promotes Remyelination
Conditional oligodendrocyte ablation and demyelination fol-
lowed by spontaneous remyelination was investigated in the
Tg(mbp:GFP-NTR) Xenopus laevismodel, and the dynamics are
reported in eAppendix 1 and eFigure 2, links.lww.com/NXI/
A706. Demyelination and remyelination were analyzed by
counting the number of GFP+ cells per optic nerve in vivo
before (D0), at the end of MTZ treatment (D10), and then on
day 3 (R3) of the repair period. To assess remyelination potency

on stopping MTZ exposure, siponimod was added in the
swimming water at nominal doses ranging from 0.1 nM to 1 μM.
Under these conditions, siponimod accumulated over time in
tadpole tissues in a dose-proportional manner reaching mean
levels of 30–60 pmol/g (equivalent to 30–60 nM) at nominal
doses ≤3 nM, whereas mean tissues exposures equivalent to 0.6,
1.7, and 36 μM were achieved at the nominal dose of 0.03, 0.1,
and 1 μM, respectively. Of interest, at all nominal doses tested,
similar siponimod levels were measured in brain vs body sam-
ples, with a mean brain/body ratio of 0.9 ± 0.3.

Siponimod treatments, at nominal doses from 0.1 to 3 nM, im-
proved remyelination in a dose-dependent manner, with a max-
imal and significant 2.3 ± 0.2 fold increase vs control observed at
the nominal dose of 1 nM (i.e., achieving about 60 nM accu-
mulated in tissues over 3 days). At nominal doses >3nM(i.e., >60
nM in tissues), the promyelination effect of siponimod reduced
markedly in a dose-dependent manner, with nearly no trend
observed at nominal doses ≥30 nM (i.e., 600 nM accumulated in
tissues), revealing an unclassical bell-shaped overall dose-response
curve for siponimod in this remyelination model (Figure 2A).

In addition to S1P5, siponimod acts also on S1P1, a receptor
expressed by microglia. To explore the effect of siponimod

Figure 2 Spontaneous Remyelination of Transgenic Xenopus laevis With Siponimod Treatment; Effects on Microglia,
Oligodendrocytes, and Remyelination

Stage 52–53 transgenic Tg(mbp:GFP-NTR) Xenopus laevis tadpoles were exposed for 10 days inmetronidazole (10mM) before being returned in normal water
or water containing increasing concentrations of siponimod. (A) Remyelination was assayed by counting the number of GFP + oligodendrocytes per optic
nerve in vivo on day 3 (R3) of the repair period (n = 5–8 tadpoles per group). (B and C) After demyelination, animals were returned for 3 days to either normal
water (Ctrl) or water containing siponimod (1 nM). Confocal images of oligodendrocytes (GFP+ green) and microglia (IB4+ red) in the optic nerve following
spontaneous recovery (B, left) or siponimod treatment (B, right). Quantification of the effects of siponimod treatment on the number of myelin-forming (C,
GFP+) oligodendrocytes and (C, IB4+) microglia (ctrl n = 4; siponimod n = 6). Electron micrograph of transversally cut optic nerve 3 days after either (D, left)
spontaneous recovery or (D, middle) siponimod treatment. (D, right) Higher magnification of ongoing remyelination under siponimod treatment showing
axons ensheathedwith increasing number ofmyelinwraps. (C,myelinated axons)Quantification of the number ofmyelinated axons per optic nerve following
siponimod treatment vs control of spontaneous remyelination (n = 5). Data are expressed as mean ± SEM, and gray dots show individual data points). **p <
0.01 calculated using 1-way ANOVA, followed by the Dunn post hoc test for (A) compared with control (Ctrl) condition. For C with *p < 0.05 and ***p < 0.001
(Student 2-tailed unpaired t test). Scale bars: B = 20 μm; D = 2 μm. §One data point out of axis limits. ANOVA = analysis of variance.
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treatment on microglial cells, transgenic Tg(mbp:GFP-NTR)
Xenopus were demyelinated by 10-day exposure to MTZ
(10 mM) and then returned to either normal water or water
containing siponimod (1 nM) for 3 days. Optic nerves were
dissected and doubly labeled with IB4 isolectin and anti-GFP
(Figures 2, B and C). In addition to the expected increase
(2.04 fold vs ctrl p = 0.017) in the number of GFP+ cells, we
also observed a 1.81 fold increase (p < 0.0001) in the number
of IB4-labeled microglial cells (Figure 2C). After 3 days of
recovery, microglial cells presented with an elongated mor-
phology, extending their processes along the optic nerve, and
we did not notice a change in the morphology of microglia on
siponimod treatment (Figure 2B).

To verify that the siponimod-induced increased number of
oligodendrocytes (GFP+ cells) translated into increased
myelination, optic nerves were dissected and processed for
electron microscopy. The number of myelinated axons
quantified on semithin sections was nearly doubled (1.97 ±
0.14 fold vs ctrl; p = 0.042) (Figure 2C), and there was no
noticeable morphologic changes compared with control
conditions (Figure 2D).

Siponimod Reduces the Disability Score and
Retinal Degeneration in an EAEON Model
Before investigating the effects of siponimod on EAEON, we
performed a pharmacokinetic study, which demonstrated that
treatment by loaded food pellets was superior to supply by
drinking water and showed a robust effect on circulating
blood cell counts in flow cytometry (eAppendix 1, eFigure 3,
and eFigure 4, links.lww.com/NXI/A706). After observing
these promising data in the cuprizone and the Xenopus laevis
demyelination models, we longitudinally investigated retinal
neurodegeneration inMOG33-55 peptide–induced EAEON in
C57BL/6J mice over 90 days to test the potential of siponi-
mod to protect from acute inflammatory relapses, as well as
chronic degeneration, similar to the progression of SPMS. In
this model, prophylactic siponimod treatment acted benefi-
cially on clinical EAE scores with more pronounced effects
compared with therapeutic treatment. Siponimod pro-
phylactic diet treatments at 2 and 6 mg/kg BW attenuated the
clinical EAE scores by approximately 80% and 95%, re-
spectively. The therapeutic effect was significant with the
lower dose (2 mg/kg) at both time points and when started at
d14 almost similar to the prophylactic treatment (Figure 3A).

Figure 3 Siponimod Attenuates Myelin Oligodendrocyte Glycoprotein Fragment 35-55–Induced EAE in C57BL/6J Mice in a
Dose- and Time-Dependent Manner

(A)Clinical EAEscore, (B) degenerationof the inner retinal layers, and (C) visual functionby spatial frequency in cyclesperdegree (c/d)of femaleC57BL/6J EAEmiceover
90 days of EAE. (D.a) Brn3a stained RGCs after 90 days of EAE of sham-, MOG EAE–, and siponimod-treatedmice, scale bar = 200 μm. (D.b) The bar graph shows the
RGCdensity 90 days after immunization. Siponimodwas administered either on the day of immunization (d0), 14 days (d14) or 30 days (d30) post immunization (dpi).
All graphs represent thepooledmean±SEM,andgraydots show individualdatapoints (outof2 independentexperimentseachwithn= 6animalspergroup)with*p<
0.05, **p < 0.01, and ***p < 0.001, area under the curve compared by generalized estimating equation or ANOVA with the Dunnett post hoc test for time courses
comparedwith untreatedMOGEAE. *p < 0.05 and ***p < 0.001 by ANOVAwith theDunnett post hoc test comparedwithMOGEAE untreatedmice for the bar graph.
ANOVA = analysis of variance; EAE = experimental autoimmune encephalomyelitis; MOG = myelin oligodendrocyte glycoprotein; RGC = retinal ganglion cell.

6 Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 3 | May 2022 Neurology.org/NN

http://links.lww.com/NXI/A706
http://neurology.org/nn


Analyzing the structural changes by OCT, untreated sham
control mice showed a nearly constant IRL thickness, whereas
MOG peptide–immunized animals presented a prominent
loss of IRL thickness until day 90. Prophylactic siponimod
therapy at 2 and 6 mg/kg BW reduced the OCT-measured
degeneration of the IRL by approximately 50%. Beneficial
effects were observed with therapeutic diet treatments starting
at day 14, with 2 mg/kg BW being superior over 6 mg/kg BW
(p < 0.01), but not at day 30 (Figure 3B). Analyzing the visual
acuity, a strong decrease of spatial frequency over 90 days of
vehicle-treated MOG EAE mice was revealed. This was sig-
nificantly prevented by almost all therapeutic interventions,
despite the late treatment (d30) with the higher dose (6 mg/

kg) of siponimod (Figure 3C). These effects, measured lon-
gitudinally in vivo, were well reflected by the investigation of
RGC survival 90 days postimmunization (dpi). Prominent
RGC loss of untreated EAE animals was diminished by
siponimod prophylactic diet, as well as therapeutic treatment
with 2 mg/kg, but not 6 mg/kg starting 14 dpi (Figure 3D).

Siponimod Prevents Inflammation and
Demyelination of the Optic Nerve
To assess the effects of siponimod on immune cell infiltration
into the CNS during EAE, we performed histologic analyses
of Iba1+ microglia/macrophages and CD3+ T cells in longi-
tudinal optic nerve sections (Figure 4A). A significant

Figure 4 Prophylactic Siponimod Therapy Reduces Immune Cell Infiltration and Prevents Demyelination

(A) Longitudinal sections of optic nerves of C57Bl/6Jmicewere stained for Iba1, CD3, andMBP 90 days aftermyelin oligodendrocyte glycoprotein fragment 35-
55 immunization; dotted lines indicate areas of demyelination, scale bar = 50 μm. Quantitative analyses of microglial activation (Iba1, B) by fluorescence
intensity measurement, T-cell infiltration (CD3 score, C), andmyelin status (MBP score, D). One optic nerve per mouse was included. All graphs represent the
pooled mean ± SEM, and gray dots show individual data points (n = 6 animals per group out of 2 independent experiments), with *p < 0.05, **p < 0.01, and
***p < 0.001 by ANOVA with the Dunnett post hoc test compared with myelin oligodendrocyte glycoprotein untreated mice. §Few data points out of axis
limits. ANOVA = analysis of variance.
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reduction of microglial/macrophage activity as well as T-cell
infiltration was observed in the optic nerves of mice after
prophylactic (d0) siponimod treatment compared with un-
treated EAE mice. Interventions at later time points did not
diminish the infiltrating Iba1+ cells (Figure 4B). Nevertheless,
a therapeutic siponimod treatment at the peak of disease
(d14) led to a less severe infiltration of CD3+ lymphocytes
compared with MOG EAE vehicle–treated mice. When the
mice were fed with siponimod-loaded pellets from 30 days
after MOG immunization, the number of immune cells could
not be reduced at 2 or 6 mg/kg BW (Figure 4C). To test the
capacity of siponimod to prevent from demyelination, we
analyzed the myelin status of the optic nerve by performing
immunohistologic stainings against the myelin basic protein
(MBP) protein. The axonal tissue of MOG-immunized mice

presented large areas of demyelination, whereas the optic
nerves from untreated sham mice showed a homogeneous
myelin structure. The MBP-stained lesions in the optic nerve
were significantly reduced after a prophylactic siponimod
therapy, showing almost the same uniform pattern as sham
control animals. Even late siponimod therapy (d14) showed a
beneficial effect at 2 mg/kg BW, whereas a treatment starting
at day 30 had no significant effect on the myelin loss during
EAEON in C57Bl/6J mice until 90 days after immunization
(Figures 4, A and D).

Extended analysis of oligodendrocyte populations revealed
that siponimod (d14) improved survival of Olig2+ cells in the
optic nerve after 35 dpi compared with untreated MOG EAE
mice (Figures 5, A and D). As a marker for OPCs, PDGFRα-

Figure 5 Siponimod Also Reduces Early Demyelination but Does Not Alter Oligodendrocyte Precursor Cell Survival

Quantitative analysis of longitudinal sections of optic nerves of C57Bl/6J mice for (A) Olig2, (B) PDGFRα, and (C) MBP at 21 and 35 days after myelin
oligodendrocyte glycoprotein fragment 35-55 immunization. Representative images of the stainings (D); dotted lines indicate areas of demyelination, scale
bar = 50 μm.One optic nerve permouse was included for histologic examination. All graphs represent the pooledmean ± SEM, and gray dots show individual
data points (n = 6 animals per group out of 2 independent experiments), with *p < 0.05, **p < 0.01, and ***p < 0.001 by ANOVAwith the Dunnett post hoc test
compared with untreated myelin oligodendrocyte glycoprotein experimental autoimmune encephalomyelitis. §Few data points out of axis limits. ANOVA =
analysis of variance.
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stained cells showed no difference in cell number when we
compared untreated and siponimod-treated EAEmice at 2 and 6
mg/kg BW, whereas sham control mice had higher OPC
numbers at 21 and 35 dpi (Figures 5, B and D). Similar as after
90 dpi, early demyelination was reduced after siponimod therapy
for both doses (Figures 5, C andD). Increased astrocytosis in the
optic nerve, analyzed by GFAP staining, was observed in MOG
EAE mice after 21 and 35 dpi, whereas no effect of siponimod
was observed (eFigure 5, links.lww.com/NXI/A706).

In the retina of the mice, we assessed microglia (Iba1) and
astrocyte/Mueller cell (GFAP) appearance also 90 days after
MOG immunization. We found an increased number of
Iba1+ cells in untreated EAEON animals compared with
sham mice, but only observed a significant decrease for
microglial numbers at the 2 mg/kg BW siponimod dose (d0)
(eFigure 6, links.lww.com/NXI/A706).

Siponimod Shifts Microglia to a
Promyelinating Phenotype
As siponimod still had beneficial effects on theMBP level even
in the therapeutic approach (d14), we expanded the expres-
sional and histologic analysis in the optic nerve, testing genes
involved in oligodendrocyte as well as microglial regulation.
After siponimod treatment (2 mg/kg BW), we found signifi-
cant upregulation in the optic nerve mRNA expression level 35
dpi of genes marking OPCs NG2 and PDGFRα, as well as for
the markers for resting microglia CD206 and TMEM 119
(eFigure 7, A and B, links.lww.com/NXI/A706), which could,
however, not be corroborated on the protein level by histologic
examinations. Chitinase-3-like-3 (Chi3l3/Ym1) and arginase-1
(Arg-1) mRNA levels were significantly upregulated 21 and 35
dpi, especially after treatment with 2 mg/kg BW siponimod
compared with MOG EAE–untreated mice (eFigure 7, C and
D). Both are markers for regeneration-supporting microglia.
Similar results were observed in BV2 cells, a microglial cell line,
where Ym1 and Arg-1 mRNA levels were upregulated after
siponimod treatment (eFigure 8, A and B). In addition, mRNA
levels of TNF-α, a cytokine expressed by activated, proin-
flammatory microglia, were significantly reduced after siponi-
mod therapy compared with untreated EAEmice (eFigure 7E).
The transcriptional regulation was mirrored by the histologic
examination of the optic nerve, where Ym1 (Figures 6, A and
D) and Arg-1 (Figure 6, B and D) were found upregulated 21
and 35 dpi after siponimod treatment with a trend toward a
more potent effect of the lower siponimod dose (2 mg/kg
BW). TNF-α was significantly upregulated in the optic nerve of
EAE animals with a peak at 35 dpi, whereas mice under sipo-
nimod therapy showed a significantly lower expression of TNF-
α (Figures 6, C and D).

RNA Sequencing Analysis of the EAEON Optic
Nerve Reveals Downregulation of Genes
Associated With Inflammation After
Siponimod Treatment
In a completely unbiased approach, we used bulk RNA se-
quencing of the optic nerve of EAEON animals with and

without siponimod treatment at 21 dpi, starting the therapy
14 days after immunization (d14). p Values were adjusted for
multiple testing to control the false discovery rate (FDR)
(pFDR < 0.05), and fold change (FC) was set to 1.5. In a heat
map, showing the differentially expressed genes (DEGs),
sham and MOG EAE animals show a fully altered expression
profile, whereas the DEGs of MOG- and siponimod-treated
mice (2 mg/kg) are more similar (Figure 7A).

Comparing sham with MOG EAE animals, an upregulation of
2,109 genes and a downregulation of 623 genes were ob-
served, displayed in a volcano plot (Figure 7B). After the
siponimod treatment, we found a downregulation of 129
genes and an upregulation of 1 gene after treatment with 2
mg/kg BW siponimod (Figure 7C) and a downregulation of
106 genes with 6 mg/kg BW siponimod compared with un-
treated MOG EAE control. The 5 most differentially expressed
genes associated with inflammation are summarized in eTa-
ble 2, links.lww.com/NXI/A706.

Discussion
Although the early disease progression in MS can be effec-
tively prevented or mitigated by immunomodulatory therapy,
there is still an unmet need for remyelinating strategies and
substances to attenuate or inhibit the degeneration occurring
in the later stages.28 Siponimod has recently demonstrated
efficacy in SPMS.1

As a first step, the remyelinating potential of siponimod after
toxic demyelination by cuprizone was investigated by MRI of
the corpus callosum. MTR and T2-WSI measurements at 1
week after cuprizone withdrawal demonstrated significant
beneficial effects of siponimod treatment on CC integrity.
Other studies with the more unspecific S1P1 receptor modu-
lator fingolimod reported a downregulation of S1PR1 brain
levels, and fingolimod-treated mice presented more oligoden-
drocytes in the secondary motor cortex after 3 weeks of
remyelination. However, no differences in remyelination or
axonal damage were observed compared with placebo.29 In a
novel MS model, a combination of EAE and cuprizone in-
toxication, siponimod mitigated the extent of demyelination.30

To further assess the remyelinating potential of siponimod,
we used an inducible experimental model developed in Xen-
opus laevis. After demyelination of the Xenopus tadpoles over
10 days, spontaneous remyelination occurred. However,
remyelination was significantly accelerated by siponimod in a
bell-shaped dose-response curve. We had previously shown
that in both the mouse and Xenopus brain, S1PR5 is only
expressed by oligodendrocytes and that the remyelinating
potency of siponimod is lost on deletion of S1PR5.15,31 It is
therefore likely that the mechanism of action of siponimod-
induced remyelination is by activating the myelination pro-
gram of oligodendrocyte through activation of S1PR5. In
addition, as S1P1 is also expressed on microglia,32 a cell
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population required during spontaneous remyelination,33 we
also investigated their regulation after siponimod treatment.
An increased number of IB4+ microglia were observed pre-
senting an elongatedmorphology 3 days after recovery. In line
with this hypothesis, recent observations suggest that in
contrast to the S1P1 receptor, the S1P5 receptor is not subject
to agonist-induced downmodulation and that siponimod
should be considered as a true S1P5 agonist.34 In this case, a
phenomenon such as S1P5 desensitization at supramaximal
stimulation could be suspected to explain the bell-shaped
curve for the promyelination effect of siponimod.

After these promising results, we then moved to mouse EAE
models to investigate the effects in a more disease specific
model with translational potential. Siponimod crosses the
blood-brain barrier and targets different S1P receptor sub-
types, associated with T-cell migration into the CNS, astro-
gliosis, repair mechanisms via modulation of S1PR5 on
oligodendrocytes, and cell survival.35,36 Hence, the EAEON
model in mice appears as a perfectly suitedmechanistic tool to
assess the impact of siponimod on all these central effects. In
this model, a significant attenuation of the clinical EAE score
with 2 and 6 mg/kg BW was observed, when the therapy was

Figure 6 Siponimod Therapy Shifts Microglia to a Regenerative Phenotype

Quantitative analysis of longitudinal sections of optic nerves of C57Bl/6J mice for Ym1 (A), TNF-α (B), and Arg-1 (C) at 21 and 35 days after myelin oligo-
dendrocyte glycoprotein fragment 35-55 immunization. Representative images of the stainings (D), scale bar = 50 μm. One optic nerve per mouse was
included for histologic examination. All graphs represent the pooledmean ± SEM, and gray dots show individual data points (n = 6 animals per group out of 2
independent experiments), with *p < 0.05, **p < 0.01, and ***p < 0.001 compared by ANOVAwith the Dunnett post hoc test compared with untreatedmyelin
oligodendrocyte glycoprotein experimental autoimmune encephalomyelitis. ANOVA = analysis of variance.

10 Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 3 | May 2022 Neurology.org/NN

http://neurology.org/nn


initiated at the day of immunization, in line with previous ap-
proaches, using various EAE models in mice and rats.2,37-39 To
explore effects of siponimod beyond its immunomodulatory
capacity, we not only used different dosing paradigms but also
started the siponimod diet at prophylactic (d0) and early or late
therapeutic (d14/d30) time points. Other studies addressing
similar issues varied only one of these parameters and started
treatment no later than 8 days after EAE immunization.38 A
significant beneficial effect on the EAE score was observed when
treatment was started at days 14 and 30 after MOG immuni-
zation, but surprisingly onlywith the lower concentration (2mg/
kg BW), indicating a bell-shaped dose-effect curve. We already
identified the same dose dependency in a rat MOG28–152–
induced EAE in C57Bl/6J mice, where the same dosing (10mg/
kg food or 2 mg/kg BW) led to the most effective reduction of

the EAE score of 72.5%,18,20 with robust dose-proportional CNS
penetration and distribution for siponimod.18 As preclinical
study designs with readouts directly transferable to clinical trials
are of increasing interest and other preclinical studies on sipo-
nimod’s central effects lack of these techniques, we included
visual system measurements to evaluate the results. The IRL,
consisting of the RNFL, GCL and IPL contains the axons of the
optic nerve, ganglion cells and their dendritic arbor, and is the
ideal structure to study neuroprotection and retinal degeneration
in MS,6,9,40 as well as in preclinical EAEON studies.10-12,17,41 As
functional readout, the OMR is a suitable measure for the visual
acuity in rodents.17,23,42 Although IRL degeneration was atten-
uated by a prophylactic and a therapeutic 2mg/kgBW treatment
starting 14 dpi, the visual function was even preserved by a
therapeutic regimen starting at 30 dpi. This observation was

Figure 7 Gene Expression Profile of Optic Nerves of MOG EAE– and Siponimod-Treated Mice at 21 Dpi

(A) Hierarchical clustering of differen-
tially expressed genes after sham,
MOG EAE, and MOG with 2 mg/kg BW
siponimod treatment. Red indicates
increased expression, and blue indi-
cates decreased expression. Differ-
ences in expression were set to FC ≥
1.5, with p(FDR) < 0.05. Volcano plot
showing differentially expressed genes
21dpi for (B) shamcomparedwithMOG
EAE animals and (C) MOG EAE com-
pared with MOG with 2 mg/kg siponi-
mod. For each plot, the x-axis
represents log2 FC, and the y-axis rep-
resents −log10 (p values). DEGs are
shown as red dots. EAE = experimental
autoimmuneencephalomyelitis;MOG=
myelin oligodendrocyte glycoprotein.
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mirrored by the number of RGCs, as the loss of these cells was
significantly diminished by prophylactic, but also therapeutic
siponimod therapy, mainly by the lower dose of 2 mg/kg BW,
also observed in similar studies.43-45

The reduced number of circulating T cells led to a decreased
infiltration of CD3+ cells into the optic nerve, if the intervention
was started not later than d14. A therapy at d30 still reduced the
circulating T cells by a significant level, but the infiltration into the
optic nerve,mainly occurring around days 11–14 at the peak of the
EAEON,41 could not be prevented. Antidemyelinating effects, also
observed by other researchers in mouse organotypic slice cul-
tures,36 were detected after prophylactic siponimod treatment at
both doses and interestingly also after therapeutic treatment with 2
mg/kg BW. As S1P receptors, with the exception of S1P5, are also
expressed on microglial cells,32 we expected a reduced number of
Iba1-positive cells in the optic nerve after siponimod treatment.
However, this effect was only observed after prophylactic therapy,
which can be explained by the fact that microgliosis is already
present as early as 7 dpi in EAEON.41 We therefore extended the
histologic investigations on genes associated with oligodendrocyte
and microglial regulation. We found no transcriptional regulation
of genes regulating oligodendrocytematuration andmyelination at
the early time points of 21 and 35 dpi. On the other hand, his-
tologic stainings of the optic nerve revealed an improved Olig2+
cell survival at 35 dpi and a less pronounced demyelination at 21
and 35 dpi, measured by theMBP score, similar as at the end point
of 90 dpi. Together with the result that no regulation of PDGFRα
positive cells by siponimodwas found, this indicates an effect of the
drug on mature oligodendrocytes rather than on OPCs. Further-
more, we observed significant upregulation of the microglial re-
generative markers Ym1 and Arg-1 and a downregulation of the
proinflammatory cytokine TNF-α on a transcriptional and trans-
lational level at 21 and 35 dpi after siponimod therapy in the optic
nerve. In mice, Ym1 is highly expressed in inflammatory brain
lesions during EAE and has been demonstrated to induce oligo-
dendrogenesis.46 Thus, it seems reasonable to assume that the
observed beneficial effects of siponimod on the myelin status,
observed at 90 dpi may, at least in part, be resulting from its effects
on microglial cells, shifting them to a promyelinating phenotype.
This is in line with the assumption that the beneficial effects of
siponimod go beyond lymphocyte trafficking and rely on its in-
teractions with other cells of the CNS, like astrocytes and neurons,
as the drug crosses the blood-brain barrier and S1P receptors are
expressed on almost all CNS cell types.47

In addition to the targeted investigations of oligodendroglial and
microglial genes and proteins, we also applied an unbiased ap-
proach, analyzing the transcriptome of the optic nerve by bulk
RNAseq. It was striking that 129 and 106 genes were down-
regulated, whereas only 1 and no gene were upregulated after 2
and 6 mg/kg BW siponimod treatment in EAEON, respectively.
Significantly downregulated genes potentially altering the disease
progression were associated with inflammation. We decided to
perform a bulk RNAseq of the whole optic nerve to receive a
cell-unspecific, unbiased overview on DEGs after siponimod
treatment of EAEON mice. However, a more targeted approach

sequencing single cells, such as oligodendrocytes, microglia, or
astrocytes, might have led to more homogeneous and conclusive
results. Aswe focusedourEAEONstudy on in vivo readouts of the
visual system, the histology and transcriptomic analyses were also
focused on the optic nerve.We acknowledge that also investigating
the spinal cord may have yielded additional information, but this
would have been beyond the focus of this study.

Taken together, these observations suggest a beneficial effect
of siponimod in the CNS by shifting microglia to a regenerative
phenotype and protective effect on oligodendrocytes, in line with
the proremyelination effects observed in theXenopus laevismodel.

In summary, siponimod demonstrated increased remyelination in
the CC in the cuprizone demyelination model, proremyelination
potential in the Xenopus model, and strong prophylactic and
therapeutic effects in the mouse EAEON, as revealed by visual
(functional and structural) readouts. Having used 3 experimental
models in 2 different animal species strengthens our results in
favor of a remyelinating potential for siponimod in MS.
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Göttle performed consultancy work for GeNeuro and received
support from the Research Commission of the medical faculty of
theHeinrichHeineUniversity. H.P.Hartung has received fees for
serving on steering and data monitoring committees from Bayer
HealthCare, Biogen, Celgene BMS, CSL Behring, GeNeuro,
MedImmune, Merck, Novartis, Octapharma, Roche, Sanofi
Genzyme, TG Therapeutics, and Viela Bio, fees for serving on
advisory boards from Biogen, Sanofi Genzyme, Merck, Novartis,
Octapharma, and Roche, and lecture fees from Biogen, Celgene
BMS, Merck, Novartis, Roche, and Sanofi Genzyme. P. Küry
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Hospital

Major role in the acquisition
of data

Dominique
Langui, PhD

Sorbonne Université,
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Abstract
Background and Objectives
Autoantibodies against α3-subunit–containing nicotinic acetylcholine receptors (α3-nAChRs),
usually measured by radioimmunoprecipitation assay (RIPA), are detected in patients with
autoimmune autonomic ganglionopathy (AAG). However, low α3-nAChR antibody levels are
frequently detected in other neurologic diseases with questionable significance. Our objective was
to develop a method for the selective detection of the potentially pathogenic α3-nAChR anti-
bodies, seemingly present only in patients with AAG.

Methods
The study involved sera from 55 patients from Greece, suspected for autonomic failure, and 13
patients from Italy diagnosed with autonomic failure, positive for α3-nAChR antibodies by
RIPA. In addition, sera from 52 patients with Ca2+ channel or Hu antibodies and from 2,628
controls with various neuroimmune diseases were included. A sensitive live cell-based assay
(CBA) with α3-nAChR–transfected cells was developed to detect antibodies against the cell-
exposed α3-nAChR domain.

Results
Twenty-five patients were found α3-nAChR antibody positive by RIPA. Fifteen of 25 patients
were also CBA positive. Of interest, all 15 CBA-positive patients had AAG, whereas all 10 CBA-
negative patients had other neurologic diseases. RIPA antibody levels of the CBA-negative sera
were low, although our CBA could detect dilutions of AAG sera corresponding to equally low
RIPA antibody levels. No serum bound to control-transfected cells, and none of the 2,628
controls was α3-CBA positive.

Discussion
This study showed that in contrast to the established RIPA for α3-nAChR antibodies, which at
low levels is of moderate disease specificity, our CBA seems AAG specific, while at least equally
sensitive with the RIPA. This study provides Class II evidence that α3-nAChR CBA is a specific
assay for AAG.
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studies
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Classification of Evidence
This study provides Class II evidence that an α3-nAChR cell-based assay is a more specific assay for AAG than the standard
RIPA.

Neuronal nicotinic acetylcholine receptors (nAChRs) are a group
of pentameric ligand–gated cationic channels formed by 5 sub-
units, selected among 12 different subunits (α2-α10, β2-β4).1

Neuronal nAChRs are ubiquitously expressed in the CNS and
peripheral nervous system2,3modulating neurotransmitter release
or mediating postsynaptic neurotransmission. nAChR dysfunc-
tion has been described in several neurologic diseases, including
Parkinson disease, Alzheimer disease, autism, and schizophrenia.4

In the peripheral nervous system, nAChRs are linked to auto-
immunity, specifically autoimmune autonomic ganglionopathy
(AAG), with antibodies against α3-subunit–containing nAChRs
(α3-nAChRs).5-7

Several studies indicate that α3-nAChR antibodies may have
pathogenic properties resulting in deterioration of synaptic
transmission at the sympathetic, parasympathetic, and enteric
ganglia.6,8,9 Such antibodies have been found in patients with
AAG characterized by autonomic failure, with main clinical
features: orthostatic hypotension, xerostomia, impaired pupil
responses, urinary retention, anhidrosis, and gastrointestinal
dysmotility.5 However, low levels of α3-nAChR antibodies
have been detected in various neurologic diseases5,10-12 of
unknown clinical and therapeutic implications.

The currently established diagnostic method for α3-nAChRs
antibodies is a radioimmunoprecipitation assay (RIPA) with
125I-epibatidine–labeled α3-nAChR. Although this method
is widely used for AAG diagnosis, low antibody levels have
low specificity for AAG (;50%), frequently identified in
postural orthostatic tachycardia syndrome (POTS), en-
cephalopathy, or other neurologic syndromes, where the
role of these antibodies has not been justified.11-13 There-
fore, there is a need for the development of an assay that
detects only disease-specific α3-nAChR antibodies and yet
with high sensitivity. Cell-based assay (CBA) is the gold
standard method for the detection of potentially pathogenic
antibodies against neuronal and glial antigens, usually with
high disease specificity14-16

Expression of neuronal nAChRs by transfected cells is usually
low, prohibiting the required high sensitivity of the corresponding

CBAs. The chaperons RIC3 and NACHO and the ligand nico-
tine increase expression of some nAChR subtypes.17-19 Here, we
optimized α3-nAChR expression and therefore the assay’s sen-
sitivity by the combined use of the 2 chaperons and nicotine.
With this CBA, we studied sera of patients from a broad spectrum
of neurologic diseases. Of interest, we found that, contrary to
RIPA, our CBA was totally AAG specific, without compromising
the high RIPA sensitivity.

In this study, we aimed to overcome the low disease speci-
ficity of the current diagnostic assays for α3-nAChR anti-
bodies at the low titer range. To do this, we developed an
assay (a CBA), which detects only antibodies to cell-exposed
epitopes of the antigen (i.e., the potentially pathogenic
antibodies).

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
This study was approved by the IRBs of the Attikon Uni-
versity Hospital and the Fondazione IRCCS Istituto Neuro-
logico Carlo Besta. Patients signed informed consents,
approved by the ethics committees.

Patients, Sera, and mAbs
We screened sera from 2 patient groups: (1) patients with
neuroimmune diseases referred to Tzartos NeuroDiagnostics
(Athens) between January 2017 and August 2020; of them, 55
were referred for α3-nAChR antibody testing, 52 were posi-
tive for antibodies to voltage-gated Ca2+ channels P/Q-type
(VGCC) or Hu antigen, and 2,628 patients were referred for
antibodies relevant to autoimmune encephalitis, paraneo-
plastic syndromes, neuromyelitis optica, autoimmune pe-
ripheral neuropathies, and myasthenia gravis; and (2) 13
RIPA-positive patients with autonomic failure, identified in
the Neurology Department, Carlo Besta Institute, Milan, and
the Syncope and Orthostatic Disorders Unit Clinica Medica,
Humanitas Research Hospital, Rozzano, Italy. Subunit-
specific mAb-295 (anti-β2) and mAb-299 (anti-α4) were
provided by J. Lindstrom.20

Glossary
AAG = autoimmune autonomic ganglionopathy; AQP4 = aquaporin-4;CBA = cell-based assay;DMEM =Dulbecco’s modified
Eagle’s medium; HEPES = 0.46% w/v N-(2-hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid); LIPS = luciferase
immunoprecipitation system; mAb = monoclonal antibody; nAChR = nicotinic acetylcholine receptor; POTS = postural
orthostatic tachycardia syndrome; RIPA = radioimmunoprecipitation assay; RT = room temperature; VGCC = voltage-gated
Ca++ channels P/Q-type; α3-nAChR = α3-subunit–containing nAChR.
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Population Sample and Clinical Features of
Patients With AAG
We studied 15 patients with AAGwith a typical hemodynamic
profile characterized by remarkable orthostatic hypotension
without any reflex increases in heart rate. The amount of
orthostatic hypotension spanned between −30 and −60 mm
Hg, depending on the magnitude of the supine hypertension.
Additional autonomic symptoms were present, including
impaired pupil response to light, early satiety and significant
constipation, sweat loss, dry mouth and eyes, and bladder and
erectile dysfunctions in the patients with AAG. Notably,
erectile dysfunction was the earliest presenting symptom in
almost all male patients, and most patients had at least 1
syncope episode on standing up during the 12 months pre-
ceding the study enrollment. Most patients also complained
for interrupted, troubled, and unrestful sleep; however, no
EEG recordings were performed.

Diabetes, autoimmune diseases, and other causes potentially
causing dysautonomia were excluded on the basis of clinical
examination, appropriate blood test, electrophysiologic test-
ing, and brain MRI. Amyloidosis was excluded with biopsy of
periumbilical fat in 3 patients.

In terms of response to immunosuppressive therapies, we
obtained clinical data from 9 patients. Specifically, these pa-
tients were treated with plasma exchange (5 patients), IV
immunoglobulins (2 patients), azathioprine followed by
mycophenolate mofetil (1 patient), and/or corticosteroids (5
patients). As previously reported for patients with AAG,21,22

response to immunotherapies for these 9 patients significantly
improved autonomic function, with most prominent the
achievement of orthostatic tolerance.

Radioimmunoprecipitation Assay
RIPA was performed with 125I-epibatidine–labeled extracts
of HEK293 cells transfected with α3β4-nAChR. Cells were
solubilized with 0.5% Triton/PBS for 30 minutes at 4°C. Cell
supernatant was incubated with 125I-epibatidine for 1 hour at
room temperature (RT). Indirectly 125I-labeled α3-nAChR
(;10,000 cpm/reaction) was incubated with the patient’s
serum for 2 hours at RT and subsequently overnight at 4°C.
Then, goat anti-human IgG (H + L) (RSR Ltd, Cardiff;
product number RBA/Ig100) was added and incubated for
1.5 hours at 4°C. One milliliter buffer was added, centri-
fuged, pellets washed and their radioactivity was counted in a
γ-counter. The cutoff for positivity was 0.05 nM (average of
the values of 20 healthy controls + 4 SD). All sera tested by
RIPA were previously tested either in Euro Diagnostica,
Sweden (Athens sera) or in Carlo Besta (Milan sera) with
125I-epibatidine–labeled IMR32 extracts. All positive sera by
the later systems were also positive by the recombinant
α3β4-nAChR, with occasional differences in antibody levels.
These differences may be due to differences in the specific
activity of 125I-epibatidine used, the amount of antigen in the
reaction, and/or to nAChR heterogeneity in the IMR32 cell
extracts.

Cell Culture and Transfection
HEK293 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum and 1%
penicillin-streptomycin at 37°C in 5% CO2. Various parameters
were tested in preliminary experiments to identify the best con-
ditions. The final selected conditions were as follows: cells were
seeded on culture dishes and transiently transfectedwith amixture
of plasmids pCMV6-XL4-CHRNA3 or pCMV6-XL5-CHRNA4,
pCMV6-XL5-CHRNB4 or pCMV6-XL5-CHRNB2, pCMV6-
XL5-TMEM35 (NACHO), and pCMV6-XL5-RIC3 (OriGene,
Herford, Germany); 3.7 μg/plasmid for α3β4 or α3β2 and 2.5 μg
for α4β2 per 100 mm culture dish; or control vector, using jet-
PRIME kit transfection reagent (Polyplus jetPRIME, France).
Cells were treated with 1 mM nicotine (N3876, Sigma), 24 hours
before analysis. Cells were washed to remove nicotine before
incubation with the test sera.

Development of a Novel Cell-Based Assay
All sera were screened using the live CBA with HEK293 cells
expressing the α3β4- or α3β2-nAChR. Forty-eight hours post-
transfection, cells were washed with DMEM/0.46% w/v N-(2-
hydroxyethyl)-piperazine-N’-(2-ethanesulfonic acid) (HEPES)
buffer (DMEM-HEPES) in principle as described.23,24

CBA involved incubation of serum (1/10 dilution in 1% bovine
serum albumin in DMEM-HEPES buffer) with transfected cells.
After 1 hour, cells were washed 3 times with DMEM-HEPES
buffer and fixed immediately with 4% paraformaldehyde for 10
minutes. Fixed cells incubated with rabbit anti-human IgG
(Invitrogen) at 1/750 dilution for 1 hour, followed by incubation
with Alexa Fluor-568 goat anti-rabbit IgG (H + L) (Invitrogen),
as the third antibody, at 1/750 dilution for 1 hour (all at RT).
The use of the third antibody increased signal, without increasing
background, and therefore, it increased sensitivity. Microscopy
was performed under blinded conditions by 2 or 3 independent
observers. The Olympus microscope CKX-41 was used, and
images were analyzed using Infinity Analyze-6.5 Lumenera
software. As negative controls, AQP4-transfected HEK293 cells
were used. Positive sera were subsequently tested at serial dilu-
tions to determine their titer, expressed as the highest positive
dilution. All positive sera were also tested with HEK293 cells
transfected with α4β2- and α7-nAChRs.

Colocalization of serum α3-nAChR antibody with the rat anti-
β2 mAb295 was tested by their coincubation with α3β2-
nAChR–expressing cells, fixation as above, followed by in-
cubation with rabbit anti-human IgG (Invitrogen) at 1/750
dilution for 1 hour, followed by simultaneous incubation with
Alexa Fluor-488 goat anti-rat IgG (Invitrogen) (1/200 di-
lution), and Alexa Fluor-568 goat anti-rabbit IgG (Invitrogen)
(1/750 dilution). Cell incubation with only mAb or serum,
followed by incubation with only the antiantibodies to IgG of
the heterologous species, showed no background binding.

The fluorescent signal of a CBA-positive serum antibodies was
also counterstained with Hoechst 33258 (40044 Biotium) for
cell nucleus staining: Hoechst dye at 1/40000 dilution was
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simultaneously incubated with the third antibody for the hu-
man serum (Alexa Fluor-568 goat anti-rabbit IgG [H + L]).

Statistical Analysis
We tested both RIPA and CBA variables for normality, and
given the small data set, we used the Shapiro-Wilk test. To

explore possible associations, we used the Pearson correlation
coefficient and the coefficient of determination R2.

Data Availability
Reasonable requests from any qualified investigator for ano-
nymized data will be satisfied.

Table 1 RIPA and CBA α3-Subunit–Containing Nicotinic Acetylcholine Receptor Antibody Titers of All RIPA-Positive
Patients and Summary of Clinical Characterizationa

Patient
number Country F:M

Age at
onset

Months with
autonomic
dysautonomia
symptoms Disease

RIPA antibody
level (nM)

CBA titer
(α3β4)

CBA titer
(α3β2)

CBA ratio
α3β4/α3β2

RIPA
level (nM)
needed for
α3β4 CBA+

1 IT F 67 180 AAG 3.35 1,000 250 4 0.034

2 IT M 56 48 AAG 3.22 1,000 600 1.7 0.032

3 IT M 77 108 AAG 2.73 1,000 250 4 0.027

4 IT M 65 192 AAG 2.20 1,250 250 5 0.018

5 IT F 64 3 AAG 1.94 250 250 1 0.078

6 GR F 70 24 AAG 1.40 1,000 1,000 1 0.014

7 IT F 59 180 AAG 1.25 250 100 2.5 0.050

8 GR F 67 4 AAG 1.17 300 300 1 0.039

9 IT F 71 30 AAG 0.98 200 100 2 0.049

10 IT M 65 18 AAG 0.94 200 200 1 0.047

11 IT M 53 96 AAG 0.92 200 250 0.8 0.046

12 IT F 66 132 AAG 0.90 200 200 1 0.045

13 GR M 54 2 AAG 0.83 1,000 1,000 1 0.008

14 IT M 49 180 AAG 0.53 200 100 2 0.027

15 IT M 24 18 POTS 0.13 Negative Negative

16 GR Μ 35 48 POTS 0.11 Negative Negative

17 GR Μ 47 n.a. IMG 0.06 Negative Negative

18 IT M 60 12 AAG 0.05 10 Ambiguous >1 0.050

19 GR F 44 12 ASG 0.05 Negative Negative

Average 1.9 0.038 ± 0.018

Patients with antibodies to Hu or VGCC

Antigen

20 GR F Hu+ 0.11 Negative Negative

21 GR M VGCC+ 0.10 Negative Negative

22 GR F Hu+ 0.08 Negative Negative

23 GR F VGCC+ 0.07 Negative NT

24 GR F VGCC+ 0.07 Negative Negative

25 GR M VGCC+ 0.06 Negative Negative

Abbreviations: AAG = autoimmune autonomic ganglionopathy; ASG = autoimmune sensory ganglionopathy; CBA = cell-based-assay; IMG = inflammatory
myenteric ganglionopathy; n.a. = not applicable; POTS = postural orthostatic tachycardia syndrome; RIPA = radioimmunoprecipitation assay; VGCC = voltage-
gated Ca2+ channels P/Q-type.
a Patients are presented in decreasing order of their RIPA antibody level.
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Results
Identification of Sera Positive for α3-nAChR
Antibodies by RIPA
Two patient cohorts were tested by RIPA for α3β4-nAChR
serum antibodies: (1) 55 patients suspected for AAG referred
from Greek clinics to Tzartos NeuroDiagnostics and (2) 13
RIPA-positive patients already found positive in Carlo Besta,
Milan, by RIPA with 125I-labeled IMR32 nAChR extracts and
with verified final clinical diagnosis.

In total, 6/55 patients of the Greek cohort were positive, 3
with high (1.2–1.5 nM) and 3 with low (0.05–0.11 nM)
antibody levels (Table 1). In addition, all 13 patients of the
Milan cohort were also found positive by the α3β4-nAChR
RIPA: 11 of them with medium-to-high antibody concen-
trations (0.53–3.35 nM) and 2 with low concentrations
(0.05 and 0.13 nM) (Table 1). We also tested 31 sera from
patients with VGCC antibodies and 21 from patients with
antibodies to the paraneoplastic antigen Hu; 6 sera were
found α3-nAChR RIPA positive, all with low antibody levels,
0.06–0.11 nM (Table 1); i.e., overall, 25 sera were identified
as RIPA positive.

Development of a Sensitive CBA for α3-nAChR
Antibodies. Optimization of Conditions
Myc-flag and GFP tags reduced nAChR expression; therefore,
we used untagged subunits in the following experiments,
detecting their expression with RIPA-positive sera, and anti-
β2 mAb-295, to determine the optimal conditions for a very
sensitive CBA.

The expression of α3β4- and α3β2-nAChRs was compared at
4 conditions: (1) with only chaperon RIC3, (2) with RIC3
and NACHO, (3) with RIC3 and culture with 1 mM nicotine
24 hours after transfection, or (4) with RIC3, NACHO, and
nicotine. Figure 1 and eTable 1, links.lww.com/NXI/A707,
show that the combined use of both chaperons and nicotine
resulted in the strongest staining for both α3-nAChRs.
Therefore, we used all 3 factors in all subsequent experiments.
Similarly, the use of these factors was also beneficial for α4β2-
nAChR expression (not shown). None of the Greek or Italian
cohorts suspected for autonomic failure had antibodies to
α4β2-nAChR.

Coincubation of α3β2-nAChR HEK293 cells with positive
sera (no. 2 and 13) and the anti-β2 mAb-295 revealed ex-
cellent colocalization, confirming that serum antibodies in-
deed bound to nAChRs (Figure 1B). Moreover, Figure 1C
shows that serum antibody bound on viable cells; antibody-
labeler cells were ;1/5 of the total cells.

Binding of Patients’ Sera to Cell-Exposed α3-
nAChR by CBA and Comparison With Their
Binding to Solubilized nAChR by RIPA
Using the live CBAs with α3β4- and α3β2-nAChRs, with
optimized conditions, we screened all 25 RIPA-positive sera

and sera from the 49 patients referred for α3-nAChR anti-
bodies but found RIPA negative. As controls we screened the
remaining control 2,674 sera.

Fifteen RIPA-positive patients were α3-nAChR CBA positive
(Table 1). Figure 2 shows binding of selected sera to α3β4-
and α3β2-nAChRs but not to the control-transfected cells.
Figure 3 shows that correlation between RIPA and CBA
values exists; however, it is rather weak (R2 = 0.502), while a
stronger association was observed for the log-log trans-
formation of RIPA and CBA values (R2 = 0.77).

Importantly, all sera from the 2,674 controls and all RIPA-
negative sera from the 49 patients referred for α3-nAChR
antibodies were CBA negative, further confirming the speci-
ficity of the assay (9 sera showed nonspecific weak staining,
similar to the control-transfected cells).

Although half of the CBA-positive sera had similar CBA titers
for α3β4- and α3β2-nAChRs, the other half had higher titers
with the α3β4-nAChR. On the average, α3β4-nAChR CBA
resulted in nearly 2 times higher titers than α3β2-nAChRCBA
but varying from 0.8 to 5.0 times higher (Table 1). Yet, almost
all sera positive for α3β4-nAChR were also positive for α3β2-
nAChR, suggesting that all sera contain anti-α3 antibodies,
with or without anti-β2/β4 antibodies.

Although most CBA-positive sera had high RIPA levels, and all
CBA negative had low RIPA levels, apparently antibody con-
centration was not the limiting factor for CBA positivity be-
cause CBA could efficiently detect low antibody concentrations
in patients with AAG. Table 1 (last column) presents the cal-
culated minimum RIPA levels, which would be needed for
positive CBA (at the adopted 1/10 dilution). These minimum
RIPA levels for CBA positivity are derived from the ratio:
[RIPA]/[CBA] multiplied by 10 (because the adopted test
serum dilution is 1/10). It is shown that an average 0.038 ±
0.018 nM RIPA values would be sufficient for CBA positivity.
Taking into account that the RIPA cutoff is 0.05 nM, we
conclude that CBA is at least as sensitive as the RIPA.

Clinical Characterization of Patients Whose
Sera Were Positive for α3-nAChR Antibodies by
RIPA and/or CBA Shows Superiority of the CBA,
With High Specificity for AAG
Clinical characterization of the 19 RIPA-positive AAG-
suspected patients showed that 15 had AAG (with auto-
nomic symptoms including orthostatic hypotension, impaired
pupil response to light, erectile dysfunction, constipation,
bladder symptoms, loss of sweating, lightheadedness, and dry
mouth and/or dry eyes, without any additional symptoms
from the peripheral nervous system or CNS), whereas the
remaining 4 patients had other neurologic diseases (Table 2
and eTable 2, links.lww.com/NXI/A707). However, in terms
of RIPA concentration, all 14 patients with medium to high
α3-nAChR antibody concentration had AAG, whereas only 1
of the 5 low RIPA patients had AAG. Among the remaining 4
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low RIPA patients, 2 had POTS, 1 had autoimmune sensory
ganglionopathy with Sjögren disease, and 1 had inflammatory
myenteric ganglionopathy.

Of interest, the CBA, opposed to RIPA, detected α3-AChR
antibodies selectively in all 15 patients with AAG, in-
dependently of the RIPA level, but in none of the 4 patients
without AAG, despite their RIPA positivity (i.e., 100% spec-
ificity for AAG). Patient 18, with low RIPA level and marginal
CBA positivity, had a limited form of AAG (loss of sweating,
dry eyes andmouth, and lightheadedness with only a transient
episode of hypotension). In addition, none of the 6 RIPA-
positive patients with VGCC or Hu antibodies was CBA
positive; it should be noted that none of these patients had
mentioned any features of dysautonomia.

Ig Class and Subclass of the α3-nAChR
Antibodies Determined by CBA
Finally, we determined the Ig class/subclass of the α3-nAChR
antibodies by CBA because this characteristic may be related
to their pathogenicity. eTable 3, links.lww.com/NXI/A707,
shows that all tested CBA-positive sera contain α3-nAChR
antibodies of the complement-binding IgG1 subclass. In ad-
dition, 4 sera also contained IgG2 and/or IgG3 or IgM
antibodies.

Discussion
In this study, we introduce a novel assay (a sensitive live CBA)
for the detection of α3-nAChR antibodies, at least as sensitive
as the currently established RIPA, but, importantly, appar-
ently AAG specific. Detection of autoantibodies against
nAChRs containing the α3-subunit (α3-nAChR/ganglionic
nAChR) for the serologic diagnosis of AAG has been usually
performed by a RIPA developed by Vernino et al.7 who have
discovered the presence of α3-nAChR antibodies in AAG
using solubilized α3-AChR (from extracts of α3-
nAChR–bearing cells) preincubated with 125I-epibatidine.
This assay has revolutionized diagnosis and therefore the
proper treatment of AAG.5,6 In addition, another group10

developed a luciferase immunoprecipitation system (LIPS)
for the detection of antibodies to individually expressed α3
or β4 nAChR subunits.10 Recently, a FACS assay has been
described25 with IMR32 cells, detecting potentially patho-
genic α3-nAChR antibodies in high RIPA samples, in
agreement with an earlier study on the immunomodulating
capacity of the α3-nAChR antibodies.26 This assay may
prove an attractive diagnostic assay, especially if it can sub-
stitute the IMR32 cells with α3-nAChR–transfected and
control-untransfected cells and confirm a high specificity and
sensitivity.

Figure 1 Optimization of the α3-nAChR Cell-Based-Assay

(A) Treatment of α3-nAChR–transfected HEK293 cells, with RIC3, NACHO, and nicotine increases significantly the expression of these receptors. Cells
expressingα3β4-,α3β2-nAChRs, or controlmolecules AQP4 andα4β2-nAChRwere cotransfectedwith 1 (RIC3) or 2 (RIC3 andNACHO) chaperons and cultured
in the presence or absence of 1 nM nicotine. Cells were then incubated with the serumof a patient with autoimmune autonomic ganglionopathywith positive
RIPA titer for α3-nAChR. Scale bar: 20 μm. (B) Colocalization of patient 2 serumwith the rat anti-β2mAb. (C) Colocalization of α3-nAChR antibody binding and
cell nucleus/DNA staining. The fluorescent signal of patient 13 antibodies was counterstained with Hoechst (for cell nucleus staining). α3-nAChR = α3-
subunit–containing nicotinic acetylcholine receptor; RIPA = radioimmunoprecipitation assay.
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Although the RIPA and secondarily the LIPS have been in-
valuable for AAG diagnosis, they are not without caveats.
Important limitations are as follows: (1) about 50% of the low
antibody concentration seem nonspecific, present in various
neurologic disease11,27; (2) both assays, using detergent-
solubilized nAChR or subunits, cannot discriminate between
antibodies to cell-exposed nAChR (i.e., the potentially path-
ogenic) and antibodies to in vivo inaccessible nAChR sites;
(3) RIPA can be performed only in laboratories eligible to use
radioactivity; and (4) LIPS uses individual nAChR subunits,
which probably lack several intact epitopes.

Over the last decade, it has been shown that CBAs are superior
for detecting autoantibodies of clinical significance.16,23,24 In
live CBAs, the detected antibodies bind to extracellular epi-
topes of the antigens in native conformation, that is, they
are potentially pathogenic. By excluding the detection of

nonpathogenic antibodies, CBA is generally more disease
specific than other assays. In addition, live CBA preserves the
intact conformation of the epitopes, contrary to fixed-cell CBAs
and other assays, improving the specificity of the assay. Thus,
live CBAs are now the gold standard assays for the detection of
several autoantibodies to cell surface antigens involved in
neuroimmune diseases.14,15

Until recently, the development of sensitive and reliable CBAs
for antibodies to neuronal nAChRs was too difficult because
of their low surface expression.17,26 However, the chaperons
RIC3 and NACHO and nicotine have shown to increase ex-
pression of some nAChR subtypes.17,19,28 Herein, we tested
the effect of these 3 factors on α3-nAChR expression by the
transfected HEK293 cells. In addition, nAChR subunits were
untagged because the use of myc-flag or GFP tags reduced
nAChR expression. We found that the combined use of

Figure 3 Correlation of α3 nAChR Antibody Levels by RIPA vs CBA Titers for the 15 Patients With Autoimmune Autonomic
Ganglionopathy

The normality Shapiro-Wilk test showed that the RIPA data
follow normal distribution, whereas the CBA data do not (RIPA
Shapiro-Wilk p = 0.109; CBA Shapiro-Wilk p = 0.002). Pearson
correlation coefficient r = 0.71 and coefficient of determination
R2 = 0.50. We also plotted the values using log-log trans-
formation of the RIPA and CBA values, which resulted in
improved r (=0.88) and R2 (=0.77). CBA = cell-based-assay;
RIPA = radioimmunoprecipitation assay.

Figure 2 The Novel CBA With α3β4-nAChR–Transfected HEK293 Cells Detects Antibodies in Sera With High or Low RIPA
Antibody Levels Specifically in Patients With AAG

HEK293 cells expressing α3β4, α3β2-nAChRs, or
control AQP4 molecule were incubated with sera
from patients with AAG (of high or low RIPA anti-
body levels) or from a patient with POTS and
stained with anti-human IgG (red). It is shown that
both patients with AAG showed positive staining,
independently of the RIPA antibody level, whereas
the patient with POTS gave no staining. The AAG
RIPA-high, AAG RIPA-low, and POTS RIPA-low
patients are patients no. 6 (RIPA 1.4 nM, CBA
1/1,000), 18 (RIPA 0.05 nM, CBA 1/10), and 16 (RIPA
0.13 nM, CBA negative) of Table 1, respectively.
Scale bar: 20 μm. AAG = autoimmune autonomic
ganglionopathy; CBA = cell-based-assay; POTS =
postural orthostatic tachycardia syndrome; RIPA =
radioimmunoprecipitation assay.
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chaperons, nicotine, and untagged subunits resulted in the
most sensitive live CBA.

The major advantage of our α3-nAChR CBA is on its disease
specificity. As described above, with the currently used as-
says, about 50% of the patients with low α3-nAChR anti-
body levels present a variety of disorders other than AAG,
including POTS,13 small- and large-fiber neuropathy, en-
cephalitis, LEMS, and Hu-related paraneoplastic disorders,
of unknown clinical significance.5,7,11 Therefore, the signifi-
cance of a low RIPA antibody level is questionable. Of interest,
we observed that our CBA is AAG specific. Specifically, all 15
patients with AAG were both RIPA and CBA positive
(Table 1). Although the majority of these patients had medium
to high RIPA levels (i.e., considered AAG specific), 1 patient
had a borderline RIPA (0.05 nM) and yet was also CBA pos-
itive. Of interest, this patient had a limited form of AAG,
probably due to the very low α3-nAChR antibody titers (by
RIPA andCBA) in agreement with Vernino et al.21 conclusions

for limited forms of AAG in patients with intermediate anti-
body levels. Further studies should define how marginal α3-
CBA titers should be evaluated. In contrast, all 4 patients
without AAG, with low RIPA levels (0.05–0.13 nM), were
CBA negative. The predominant IgG subclass of the α3-
nAChR antibodies of the CBA-positive patients was IgG1, very
efficient in inducing effector mechanisms and therefore dam-
aging the α3-nAChR–bearing cells. IgM antibodies were a
minority, detected in only 1 patient. Similarly, preliminary
RIPA experiments with high-titer sera and anti–Fc-IgG for
precipitation suggested that the majority of the RIPA-detected
α3-nAChR antibodies are IgG.

Importantly, none of the 2,680 control sera from patients
verified or suspected for various neuroimmune diseases was
found α3-CBA positive. These included the 52 patients with
anti-VGCC or anti-Hu antibodies, 6 of which were found α3-
nAChR RIPA positive but CBA negative.

All sera of Table 1 were tested with CBA with both ganglionic
nAChR subtypes, α3β4 and α3β2. All CBA-positive sera bound
to both nAChRs, strongly suggesting that all had antibodies to
the α3 subunit. This is further supported by the fact that none
of these sera bound to the α4β2- nAChR; therefore, any
binding to α3β2-nAChR should be due to binding to the α3
subunit. However, there was very considerable variation in the
titer ratio between α3β4- and α3β2-nAChRs among the dif-
ferent sera, from 0.8 to 5 (average 1.9). The high α3β4/α3β2
CBA ratios in several sera (6/15 sera with ratio ≥2) could be
attributed to several possible reasons: (1) some sera may also
contain anti–β antibodies, especially anti-β4; (2) several mostly
α3-subunit antibodies may bind to epitopes on the different
α3β2/α3β4 subunit interphases; (3) the 2 different β-subunits
may impose different conformational changes on the α3 epi-
topes; or (4) the likely higher expression of α3β4 than α3β219

could have affected the CBA titers. Although anti–β4 anti-
bodies may exist,10,29 Nakane et al.10 showed that anti–β4
antibodies are generally much fewer than the anti–α3 anti-
bodies, which cannot justify the large heterogeneity in α3β4/
α3β2 CBAs. Any difference in expression efficiency between
the 2 nAChRs would be expected to have similar effect on the
binding of all sera. Therefore, we suggest that differences in
subunit interphases and/or conformational differences on the
α3 subunits between the 2 nAChRs are the most likely reasons
for the different CBA titers between the 2 nAChRs.

In conclusion, our findings suggest that the novel CBA for α3-
nAChR antibodies is at least equally sensitive with the currently
established RIPA, and, importantly, contrary to RIPA, it is highly
AAG specific. Furthermore, in contrast to RIPA, which can be
performed only in laboratories eligible to use radioactivity, this
CBA, following our suggested conditions for high α3-nAChR
expression, can be performed by many laboratories worldwide.
Because of the limited number of patients with AAG of the
current investigation, further studies on larger patient cohorts are
needed to evaluate the exact specificity and sensitivity of this
assay and to better determine AAG as a clinical entity.

Table 2 Summary of Clinical Characteristics of the α3-
Subunit–Containing Nicotinic Acetylcholine
Receptor Antibody–Positive Patients

RIPA+/CBA+ RIPA+/CBA2

F/M 7/8 2/2

Age at onset (y) 62.9 ± 7.6 37.5 ± 10.3

Months with autonomic
dysautonomia symptoms

84.2 ± 75.1 26.0 ± 19.3

Autonomic manifestations

Orthostatic hypotension without
heart rate changes

15/15 (100%) 0/4 (0%)

Severe constipation 13/15 (87%) 1/4 (25%)

Bladder retention 5/15 (33%) 0/4 (0%)

Loss of sweating 9/15 (60%) 1/3 (33%)

Lightheadedness 11/15 (73%) 2/4 (50%)

Dry mouth and/or dry eyes 14/15 (93%) 0/4 (0%)

Extra-autonomic manifestations

Any specific CNS findings (memory
deficits, altered level of
consciousness, lethargy,
personality change, psychosis or
epilepsy, ataxia, and
parkinsonism)

0/15 (0%) 1/4 (25%)

Any specific PNS symptoms (i.e.,
peripheral neuropathy)

0/15 (0%) 0/4 (0%)

Any specific brain symptoms or
imaging findings

0/15 (0%) 1/4 (25%)

Presence of any specific cancer? 0/15 (0%) 0/4 (0%)

Other autoimmune diseases? 3/15 (20%) 1/4 (25%)

Abbreviations: CBA = cell-based assay; RIPA = radioimmunoprecipitation
assay.
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Abstract
Background and Objectives
Nodo-paranodopathies are peripheral neuropathies with dysfunction of the node of Ranvier. Af-
fected patients who are seropositive for antibodies against adhesion molecules like contactin-1 and
neurofascin show distinct clinical features and a disruption of the paranodal complex. An axoglial
dysjunction is also a characteristic finding of diabetic neuropathy. Here, we aim to investigate a
possible association of antibody-mediated nodo-paranodopathy and diabetes mellitus (DM).

Methods
We retrospectively analyzed clinical data of 227 patients with chronic inflammatory de-
myelinating polyradiculoneuropathy and Guillain-Barré syndrome from multiple centers in
Germany who had undergone diagnostic testing for antiparanodal antibodies targeting
neurofascin-155, pan-neurofascin, contactin-1–associated protein 1, and contactin-1. To study
possible direct pathogenic effects of antiparanodal antibodies, we performed immunofluores-
cence binding assays on human pancreatic tissue sections.

Results
The frequency of DM was 33.3% in seropositive patients and thus higher compared with
seronegative patients (14.1%, OR = 3.04, 95% CI = 1.31–6.80). The relative risk of DM in
seropositive patients was 3.4-fold higher compared with the general German population. Se-
ropositive patients with DM most frequently harbored anti–contactin-1 antibodies and had
higher antibody titers than seropositive patients without DM. The diagnosis of DM preceded
the onset of neuropathy in seropositive patients. No immunoreactivity of antiparanodal anti-
bodies against pancreatic tissue was detected.

Discussion
We report an association of nodo-paranodopathy and DM. Our results suggest that DMmay be
a potential risk factor for predisposing to developing nodo-paranodopathy and argue against
DM being induced by the autoantibodies. Our findings set the basis for further research
investigating underlying immunopathogenetic connections.
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partment of Neurology (F.L.), Kiel University; Department of Neurology (M.M.), Klinikum Würzburg Mitte gGmbH, Standort Juliusspital; Department of Neurology (P.M.), LVR-Klinik,
Bonn; Department of Pathology (M.R.), JuliusMaximilianUniversity ofWürzburg; Department of Neurology (A.-D.S.), Sächsisches Krankenhaus Altscherbitz, Schkeuditz; Department of
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In the past decade, nodo-paranodopathy has emerged as a new
concept in the spectrum of peripheral neuropathies. In this con-
text, immunoglobulin (Ig) G autoantibodies against cell adhesion
molecules like contactin-1, contactin-1–associated protein 1
(Caspr-1), and neurofascin isoforms have been described.1 These
proteins constitute the axoglial junction at the paranodal region of
the node of Ranvier and are essential for saltatory conduction.2

Antiparanodal antibodies impair nodal integrity and function.1

The primary trigger of autoimmunity, however, has still not been
identified. The patients show a distinct phenotype, which fre-
quently manifests with an acute onset, severe sensorimotor neu-
ropathy, sensory ataxia, tremor, and neuropathic pain.1,3,4 The IgG
subclass may influence the course of disease and response to
therapy.1,5 Antiparanodal antibodies thus are novel biomarkers
with direct implications for monitoring and treatment.

An axoglial dysjunction at the node of Ranvier also occurs in
diabetic neuropathy, possibly exposing antigens to the immune
response.6 Diabetes mellitus (DM) has been discussed contro-
versially as a risk factor in chronic inflammatory demyelinating
polyradiculoneuropathy (CIDP) and has lately been confirmed
in multicenter studies.7 We previously described DM as a
comorbidity in patients with antiparanodal antibodies.5 However,
little is known about the frequency of DM in nodo-para-
nodopathy. We therefore investigated a possible clinical associa-
tion of DM and nodo-paranodopathy in a large cohort of patients
with immune-mediated neuropathies.

Methods
Patients and Clinical Data
We included 156 patients with CIDP fulfilling the European
Federation of Neurological Societies/Peripheral Nerve Society
criteria from 20108 (n = 129 definite, n = 19 probable, and n = 8
possible) and 71 patients with Guillain-Barré syndrome (GBS)
according to the Brighton criteria9 (n = 50 level 1, n = 11 level 2,
n = 2 level 3, and n = 8 level 4) whose sera had been collected
between 2005 and 2021 atmultiple centers inGermany for routine
diagnostic workup purposes and who had undergone anti-
paranodal autoantibody testing via ELISA and confirmation with
cell-based assay at the University Hospital of Würzburg as pre-
viously described.5,10 Clinical data were collected retrospectively.
Patients with/without antiparanodal antibodies are further referred
to as seropositive/seronegative.

Standard Protocol Approvals, Registrations,
and Patient Consents
The Ethics Committee of the Medical Faculty, University of
Würzburg, approved the study. The patients whose sera were
used in the analysis had given written informed consent.

Statistical Analysis
Descriptive and statistical data analysis were performed using
SPSS Statistics version 28.0 (IBM, Armonk, NY) and Prism
V9.3.0 (GraphPad Software, San Diego, CA), including the
d’Agostino Pearson test for normality distribution and the χ2

test, Student’s t test, Mann-Whitney test, and Spearman cor-
relation coefficient.

Immunofluorescence Staining on Human
Normal Pancreatic Tissue
Five-micrometer sections of paraffine-embedded pancreatic tis-
sue from the Department of Pathology of the University of
Würzburg were deparaffinized, rehydrated, and steamed in
10 mM citrate buffer. The slides were washed and blocked.
Afterwards, double immunofluorescence staining was performed
with rabbit-anti-synaptophysin (AB9272; Merck, Darmstadt,
Germany) as one primary antibody and either serum of a patient
with anti-glutamate decarboxylase (GAD)-associated DM type
1, or 2 seronegative patients, or 2 seropositive patients of each
paranodal target antigen or commercial antiparanodal antibodies
(polyclonal chicken anti–pan-neurofascin 1:1,000, AF3235;
R&D Systems, Minneapolis, MN; monoclonal mouse anti-
–Caspr-1 1:100, Sc-373777 [E-8]; Santa Cruz Biotechnology,
Dallas, TX; polyclonal goat anti–contactin-1 1:200, ab191285;
Abcam, Cambridge, United Kingdom) as the other primary
antibodies. After a secondary antibody incubation (Jackson
Immuno Research, West Grove, PA), sections were viewed with
a fluorescence microscope (Zeiss Axiovert 200M; Zeiss, Ober-
kochen, Germany).

Data Availability
Anonymized data will be made available on request from any
qualified investigator.

Results
Frequencies of Antiparanodal Antibodies in
the Cohort
Our cohort included 191 (84.1%) seronegative patients and
36 (15.9%) patients IgG seropositive for antiparanodal anti-
bodies. The predominant antibody subclass was IgG4 in 18/
36 patients, IgG3 in 12/36 patients, IgG2 in 3/36 patients,
IgG1 in 1/36 patients, and not determinable in 2/36 patients.
Table 1 displays serostatus and demographic data.

Increase in Frequency of DM in
Seropositive Patients
A disorder of glucose metabolism was diagnosed in 17.2% of the
entire cohort (39/227; according to the World Health Organi-
zation criteria11: n = 2 DM type 1; n = 33 DM type 2; n = 4

Glossary
Caspr-1 = contactin-1–associated protein 1; CIDP = chronic inflammatory demyelinating polyradiculoneuropathy; DM =
diabetes mellitus; GAD = glutamate decarboxylase; GBS = Guillain-Barré syndrome; HbA1c = hemoglobin A1c; Ig =
immunoglobulin; PE = plasma exchange.
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impaired glucose tolerance). In seropositive patients, the fre-
quency ofDMwas 33.3% and thus significantly higher compared
with seronegative patients (14.1%), especially in anti–contactin-
1-seropositive patients (58.3%; Table 2 and Figure, A). Per-
forming a subanalysis in the CIDP and GBS cohort, we could

show a significant increase in the frequency of DM in the CIDP
subcohort (seropositive 33.3% vs seronegative 15.1%). In the
GBS subcohort, we found a similar tendency that did not reach
statistical significance (Table 2). Although patients with DM
were significantly older than patients without DM in the total

Table 1 Serostatus, Diagnoses, and Demographic Data of the Cohort

Total, N (%) CIDP, n (%) GBS, n (%) Age, mean (SD)

Seronegative 191 (84.1) 126 (55.5) 65 (28.6) 58.09 (14.6)

Seropositive 36 (15.9) 30 (13.2) 6 (2.6) 57.51 (16.5)

Neurofascin-155 8 (3.5) 8 (3.5) 0 (0.0) 48.00 (21.5)

Pan-neurofascin 10 (4.4) 9 (4.0) 1 (0.4) 60.00 (15.5)

Contactin-1 10 (4.4) 8 (3.5) 2 (0.9) 63.70 (13.6)

Caspr-1 6 (2.6) 4 (1.8) 2 (0.9) 53.67 (16.2)

Caspr-1/contactin-1 2 (0.9) 1 (0.4) 1 (0.4) 63.50 (6.4)

+ 227 (100) 156 (68.7) 71 (31.3) 58.00 (14.9)

Abbreviations: Caspr = contactin-1–associated protein; CIDP = chronic inflammatory demyelinating polyradiculoneuropathy; GBS = Guillain-Barré syndrome.
Numbers represent the number of patients included in the study. Frequencies are displayed in brackets as percentage of the total cohort. Mean age is shown
with SD in brackets.

Table 2 Results of Statistical Testing

Seropositive Seronegative p Value OR (95% CI)

Frequency of DM, n (%)

Total cohort, all antiparanodal antibodies 12/36 (33.3) 27/191 (14.1) 0.014a 3.04 (1.31 to 6.80)

CIDP subcohort 10/30 (33.3) 19/126 (15.1) 0.034a 2.82 (1.14 to 6.94)

GBS subcohort 2/6 (33.3) 8/65 (12.3) 0.197a 3.56 (0.56 to 22.70)

Anti–contactin-1 subcohort 7/12 (58.3) 27/191 (14.1) <0.001a 8.50 (2.64 to 25.42)

Anti-neurofascin subcohort 4/18 (22.2) 27/191 (14.1) 0.316a 1.74 (0.53 to 5.67)

Anti–Caspr-1 subcohort 3/8 (37.5) 27/191 (14.1) 0.102a 3.64 (0.82 to 16.14)

Subcohort of all patients >age 60 y 8/20 (40.0) 18/98 (18.4) 0.042a 2.96 (1.01 to 7.65)

Subcohort of anti–contactin-1 >age 60 y 5/9 (55.0) 18/98 (18.4) 0.021a 5.56 (1.36 to 22.77)

Patients with documented HbA1c only 11/19 (57.9) 22/84 (26.2) 0.013a 3.88 (1.41 to 11.41)

Female-to-male ratio, n (%) 11/25 (30.5) 43/148 (22.5) 0.294a 0.66 (0.31 to 1.44)

Mean age (SD)

Total cohort 57.50 (16.68) 58.09 (14.60) 0.828b −4.77 to 5.94

DM subcohort 65.07 (11.79) 64.25 (9.40) 0.832b −7.00 to 8.65

Median HbA1c

Total cohort 5.50 5.70 0.821c

DM subcohort 6.50 6.45 0.985c

Abbreviations: CIDP = chronic inflammatory demyelinating polyradiculoneuropathy; DM = diabetes mellitus; HbA1c = hemoglobin A1c.
Frequencies (n/total, with percentage in brackets) in the main analysis and subanalysis, female-to-male ratio, and mean/median values (including SD in
brackets) of age and HbA1c are displayed in seropositive and seronegative patients of the cohort. Results of statistical tests are displayed in the last 2 rows.
Results are considered statistically significant at p < 0.05 (aχ2 test, bStudent’s t test, and cMann-Whitney test). OR is displayed with 95% CI.
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cohort (64.82 vs 56.57, p < 0.002), the mean age and female-to-
male ratio did not differ between seropositive and seronegative
patients (Table 2). In patients aged >60 years, the frequency of
DMwas still significantly elevated in seropositive vs seronegative
patients.

Treatment with plasma exchange (PE), IVIg, and corticosteroids
was assessed retrospectively in the last 28 days before serum
withdrawal and rituximab or further immunosuppressive treat-
ment until 1 year before the withdrawal. There were no significant
differences in previous PE, IVIg, and corticosteroid treatment in
patients with and without DM (PE 2/12 [16.6%] vs 2/24 [8.3%],
p = 0.59; IVIg 2/12 [16.7%] vs 8/24 [33.3%], p = 0.44; corti-
costeroids 1/12 [8.3%] vs 13/24 [54.2%], p= 0.22).Nevertheless,
patients having received corticosteroids (n = 8) were excluded
from the titer analysis to avoid bias. Theyweremainly found in the
nondiabetic group because corticosteroids are often avoided in
patients with diabetes. Furthermore, corticosteroid treatment in-
fluences total IgG levels until 2–4 weeks after application.12 None
of the patients had received rituximab treatment or further im-
munosuppressive treatment before antibody testing. Titers in the
remaining 28 seropositive patients ranged from 1:100 to 1:40,000
and were significantly higher in patients with DM than without
DM (median of 1:2,000 vs 1:500, p = 0.035).

Hemoglobin A1c (HbA1c) was determined at the onset of
neurologic symptoms in 103 (45.4%) patients. The maximum
HbA1c values were significantly higher in patients with DM
compared with individuals without diabetes (mean of 6.5 vs
5.5, p < 0.001), but did not differ in seropositive and sero-
negative patients with DM (Table 2). We performed a sub-
analysis of the frequency of DM with patients whose HbA1c
values were measured and documented at the time point of
serologic testing. Here, the frequency of DM stayed signifi-
cantly higher in seropositive vs seronegative patients
(Table 2). Furthermore, HbA1c levels correlated significantly
with the autoantibody titer (r = 0.584, p = 0.029; Figure, B) in
n = 14 patients whose titer and HbA1c were assessed simul-
taneously and considered in the analysis (see above).

In all seropositive patients, the diagnosis of DM preceded the
acute onset of nodo-paranodopathy without any close tem-
poral connection. In 2/12 seropositive patients, the time
point of diagnosis was documented >10 years before the onset
of neurologic symptoms. In the other patients, the exact time
point of DM diagnosis was not documented, but all patients
carried an established diagnosis of diabetes before the onset of
nodo-paranodopathy, and 10/12 patients had received long-
term antidiabetic treatment.

DM type 2 occurred independently of the predominant IgG
subclass: in 1/1 (100%) patients with predominant IgG1, in
1/3 (33%) patients with predominant IgG2, in 3/12 (25%)
patients with predominant IgG3, and in 6/18 (33.3%)

Figure Frequency of DM and Immunofluorescence Stain-
ings on Pancreatic Tissue

(A) Frequency of diabetes mellitus is significantly elevated in patients
seropositive for antiparanodal antibodies (33.3%) compared with sero-
negative patients (14.1%, p = 0.014) and with the general German pop-
ulation (9.9%, p < 0.001), especially in anti–contactin-1-seropositive
patients (58.3% vs 14.1% in seronegative, p < 0.001 and 9.9% in the
German population, p < 0.001). Significance levels are marked with as-
terisks: *p < 0.05, **p < 0.01, ***p < 0.001. (B) In seropositive patients not
having received corticosteroid treatment within the last 28 days and
who were therapy naive to rituximab, HbA1c levels (y-axis, %) were de-
termined in 14 patients at the time point of serum withdrawal and cor-
related significantly with the autoantibody titer, displayed on a
logarithmic scale (r = 0.58, p = 0.029). (C.a–l) Photomicrographs show
human pancreatic normal tissue sections with nucleus staining (DAPI)
shown in blue (C.a, C.d, C.g, and C.j) and double staining with synapto-
physin as marker for the islets of Langerhans (displayed in green, C.b,
C.e, C.h, and C.k) and serum or antiparanodal antibodies (displayed in
magenta, C.c, C.f, C.i, and C.l). Serum of a patient with CIDP and DM type
1 with GAD antibodies binds to β cells in pancreatic islets of Langerhans
(C.a–c), whereas serum of a patient with anti–contactin-1 antibodies
(C.d–f) and commercial goat anti–contactin-1 (C.g–i) and commercial
chicken anti–pan-neurofascin (C.j–l) do not show any binding. Photo-
micrographs of binding of the other patients’ sera or commercial anti-
bodies tested in the assay are not shown. Scale bar = 10 μm. CNTN =
contactin-1; DAPI = 49,6-diamidino-2-phenylindole; DM = diabetes mel-
litus; HbA1c = hemoglobin A1C.
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patients with predominant IgG4. In 1 patient, DM type 1 was
diagnosed 15 years before the onset of nodo-paranodopathy.
This patient had reported normal total IgG4 levels 3 years
before the onset of nodo-paranodopathy. At the onset of
neurologic symptoms, IgG4 antibodies against pan-
neurofascin were detected.

Relative Risks and Comparison to
Previous Studies
The relative risk of DM compared with the general German
population according to health insurance data13 was 3.4-fold
higher in seropositive patients (33.3% vs 9.9%, p < 0.001;
Figure, A) and 1.88-fold higher in our entire CIDP cohort
(18.6% vs 9.9%, p < 0.01). The frequency of DM in our total
CIDP cohort did not differ significantly from previously de-
scribed European CIDP cohorts7 (n = 29/156, 18.6% vs n =
48/257, 18.7%, p > 0.999).

No Binding of Antiparanodal Antibodies to
Pancreatic β-Cell Islets
On normal pancreatic tissue sections, commercial antibodies
against synaptophysin and patient anti-GAD antibodies as
positive controls bound specifically to insulin-producing β
cells in the Langerhans islets (Figure, C). Neither the com-
mercial antibodies against nodo-paranodal antigens nor the
patient sera with anti-contactin-1, anti-Caspr-1, and anti-
neurofascin antibodies showed any binding to β cells (Figure,
C representatively illustrates binding assays with serum and
commercial anti–contactin-1 and commercial anti–pan-
neurofascin, other data not shown).

Discussion
We report an association of antiparanodal antibodies and DM
and identify DM as a possible risk factor for developing nodo-
paranodopathy. An approximately 2-fold increase of the rel-
ative risk of DM compared with the general population has
been described in European cohorts of CIDP7 and was con-
firmed by our data. Furthermore, we detected a 3.4-fold in-
crease of the relative risk in antibody-mediated CIDP,
supporting the notion of humoral immunity playing a major
role in the association of CIDP and DM.

As we did not detect any binding of antiparanodal antibodies to
pancreatic tissue, our data suggest that immunogenic target
epitopes of proteins recognized by the antibodies are likely not to
be present in the pancreas. Thus, antiparanodal antibodies do
probably not have a direct pathogenic effect on pancreatic β cells.
This hypothesis is supported by the fact that in the patient with
DM type 1, diagnosis preceded the onset of IgG4-related neu-
rologic disease. We therefore hypothesize that nodo-
paranodopathy may be associated to a preexisting DM or hy-
perglycemic condition.

A diabetes-related blood-nerve barrier dysfunction and
upregulation of proinflammatory cytokines have been

suggested as promoting factors for CIDP.6,14 DM leads to a
disruption of the paranodal junction.6,15 This could expose
paranodal targets like contactin-1 to the adaptive immune re-
sponse, supported by our finding of higher autoantibody titers in
patients with DM and the correlation of HbA1c levels with the
autoantibody titers. Especially IgG4-related disease occurs after
chronic antigen exposure16 and might therefore be triggered by
diabetes-associated long-term pathologic structural changes.
Furthermore, the disruption of paranodal architecture could fa-
cilitate the access of the autoantibodies to the paranodal com-
plex, which is protected by the myelin barrier under physiologic
conditions.17 We hypothesize that these factors increase the risk
of developing nodo-paranodopathy.

Patients with IgG4-related nodo-paranodopathy respond well
to antibody depletion with rituximab, as recommended in the
European Federation of Neurological Societies/Peripheral
Nerve Society guidelines.18 Whether additional treatment
should be adapted depending on the presence of DMneeds to
be addressed in further studies.

A possible bias when comparing frequencies in cohorts with
the general population prevalence rates in this and other
studies7 is the age-dependent increase of the prevalence of
DM. Therefore, we used age-matched controls in our cohort
and considered age-dependent effects by a subanalysis of
patients aged >60 years, thus reducing the risk of age as a
possible confounder for our cohort data.

Within seropositive patients, we found a strong association of
DM and anti–contactin-1. These patients are older than pa-
tients with antibodies targeting neurofascin-155.4 We there-
fore hypothesize that in the elderly, DM and its associated
conditions may potentially predispose to developing nodo-
paranodopathy. In the young, however, other triggers still
need to be investigated.

In a subanalysis, we found the frequency of DM only to be
increased in our CIDP cohort. In our GBS cohort, we found a
similar tendency, but studies with larger GBS cohorts are needed
to study an association. Furthermore, the frequency of anti-
paranodal antibodies in our cohort is higher than previously
reported prevalences,1 possibly due to a selection bias as a national
center for antibody diagnostics. Therefore, given the low preva-
lence of antiparanodal antibodies and the retrospective character
of this explorative analysis, larger international multicenter studies
are needed to address the role of humoral immunity with focus on
antiparanodal antibodies and DM in CIDP and GBS and in-
vestigate the role of DM and its associated conditions in para-
nodopathy using multivariate models. Following experimental
studies may elucidate the exact pathoimmunologic mechanisms.
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Abstract
Background and Objectives
Decreased vitamin D levels and obesity are associated with an increased risk for multiple
sclerosis (MS). However, whether they also affect the disease course after onset remains
unclear. With larger data sets now available, we used Mendelian randomization (MR) to
determine whether serum 25-hydroxyvitamin D (25OHD) and body mass index (BMI) are
causally associated with MS risk and, moving beyond susceptibility toward heterogeneity, with
relapse hazard.

Methods
We used genetic variants from 4 distinct genome-wide association studies (GWASs) for serum
25OHD in up to 416,247 individuals and for BMI from a GWAS in 681,275 individuals.
Applying 2-sampleMR, we examined associations of 25OHD and BMIwith the risk ofMS, with
summary statistics from the International Multiple Sclerosis Genetics Consortium GWAS in
14,802 MS cases and 26,703 controls. In addition, we examined associations with relapse
hazard, with data from our GWAS in 506 MS cases.

Results
A 1-SD increase in genetically predicted natural-log transformed 25OHD levels decreased odds
of MS up to 28% (95% CI: 12%–40%, p = 0.001) and decreased hazard for a relapse occurring
up to 43% (95% CI: 15%–61%, p = 0.006). A 1-SD increase in genetically predicted BMI,
corresponding to roughly 5 kg/m2, increased risk for MS with 30% (95% CI: 15%–47%, p =
3.76 × 10−5). On the contrary, we did not find evidence for a causal role of higher BMI with an
increased hazard for occurrence of a relapse.

Discussion
This study supports causal effects of genetically predicted serum 25OHD concentrations and
BMI on risk of MS. In contrast, serum 25OHD but not BMI is significantly associated with
relapse hazard after onset. These findings might offer clinical implications for both prevention
and treatment.
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Low levels of serum 25-hydroxyvitamin D (25OHD) and higher
body mass index (BMI) are causally associated with increased risk
formultiple sclerosis (MS).1-12Notwithstanding 25OHDandBMI
being established risk factors for MS, it remains to be determined
whether intervening on these risk factors after disease onset has an
effect on disease severity measures, such as relapse rate. Relapses
are a core feature of relapsing remittingMSand a commonprimary
outcome of clinical trials. Observational studies show that lower
25OHD levels are associated with a higher relapse rate in MS,13-16

whereas there are conflicting results for BMI.17,18 However, ob-
servational studies are prone to reverse causation and recall bias and
thereby preclude drawing conclusions regarding causality.

Progress in availability of genome-wide association studies
(GWASs) for heterogeneity measures, such as relapse hazard in
MS,19 enables us to apply the Mendelian randomization frame-
work (MR) for causal inference assessments with heterogeneity
measures as outcome. In this way,MR is an elegant tool to inform
intervention strategies, also after disease onset, when the patient is
followed up by the neurologist.20 InMR analysis, genetic variants
that are a proxy for environmentally modifiable exposures are
used to assess the presence of a causal relationship between these
exposures and an outcome.21

We first explore whether genetically predicted serum 25OHD
levels, BMI, and risk of MS are causally associated by using the
latest GWAS summary statistics to date and by comparing
different sources for 25OHD-associated genetic variants.
Subsequently, we move beyond susceptibility toward het-
erogeneity and assess whether 25OHD and BMI are causally
associated with relapse hazard in MS.

Methods
Data Sources
Data sources for 25OHD, adult BMI,MS risk, and relapse hazard
are summarized in eTable 1, links.lww.com/NXI/A709. In-
strumental variables (IVs) associated with 25OHD levels were
derived from 4 GWASs from 2 populations (SUNLIGHT
and UK Biobank).22-25 The SUNLIGHT consortium identified
6 common single nucleotide variations (SNVs [formerly SNPs])
in 79,366 participants of European ancestry.22 A GWAS for low-
frequency variants in 42,274 European-descent individuals
added 1 variant.23 Finally, a total of 138 and 143 genetic variants
(with 61 SNVs in LD with r2 > 0.5 across the 2 data sets) were
discovered for serum 25OHD levels, in respectively, 401,460 and
417,580 UK Biobank participants of European ancestry.24,25

For the latter, primary analyses were conducted with results

expressed per 1-SD change in natural-log transformed 25OHD
levels from GWAS in 416,247 individuals but with BMI ad-
justment. Secondary analyses were conducted with results
expressed per unit change in rank-based inverse normal trans-
formed 25OHD levels, without adjustment for BMI (eTable 1,
links.lww.com/NXI/A709).

For BMI, we included 656 primary genome-wide significant
associations listed in the GIANT consortiumGWAS in 681,275
individuals.9,26 Corresponding effects of 25OHD- and BMI-
associated SNVs on MS susceptibility and on relapse hazard in
MS were derived from the discovery cohorts of the In-
ternational Multiple Sclerosis Genetics Consortium meta-
analysis, including up to 41,505 participants (14,802 MS and
26,703 controls),27 and our GWAS for relapse hazard per-
formed in 506 individuals of European descent,19 respectively.

Selection of Instrumental Variables
Clumping and data harmonization were implemented in R
v3.6.1 using the TwoSampleMR package (v0.5.5).28 For each
genetic variant, alleles were aligned and matched so that their
effects correspond to an increase in the corresponding exposure
based on marginal effect estimates. To prevent result bias by
strongly correlated SNVs, for SNVs in linkage disequilibrium
(LD) with r2 > 0.05 in the European samples of 1000 Genomes,
only the SNVwith the lowest p value for exposure is retained. To
prevent strand ambiguity issues, palindromic SNVs were
replaced by nonpalindromic proxy SNVs in high LD (r2 ≥ 0.9)
identified with LDlinkR package v1.1.2 in R v4.0.2.

An overview of IVs included in eachMR analysis is provided in
eTables 2–12, links.lww.com/NXI/A709. The proportion of
variance in exposure explained by each IV set and mean
F-statistic are shown in eTable 13 and eTables 15–17, links.
lww.com/NXI/A709.

Statistical Analyses
MR analyses were implemented in R v3.6.1 with the TwoSam-
pleMR package (v0.5.5).28 As primary analysis, themultiplicative
random-effects inverse-variance weighted (IVW) analysis was
used to estimate the effects of IVs on outcomes.28,29 Cochran Q
test and I2 statistic30 were calculated to measure the degree of
heterogeneity across individual effect estimates derived from
each genetic variant.31

For an IVWanalysis to be valid, 3 keyMR assumptions need to be
satisfied. These assumptions are as follows: (1) the genetic variants
are associated with the exposure of interest; (2) the genetic vari-
ants are independent of confounding factors for the association of

Glossary
BMI = body mass index; GWAS = genome-wide association study; HR = hazard ratio; IV = instrumental variable; IVW =
inverse-variance weighted; LD = linkage disequilibrium; MHC = major histocompatibility complex; MR = Mendelian
randomization; MR-PRESSO = MR Pleiotropy RESidual Sum and Outlier; MS = multiple sclerosis; RCT = randomized
controlled trial; SNV = single nucleotide variation; 25OHD = 25-hydroxyvitamin D.
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exposure and outcome; and (3) the genetic variants must not be
associated with the outcome through other pathways other than
the exposure of interest (horizontal pleiotropy).21

To relax the assumptions regarding pleiotropic variants, additional
sensitivity tests were performed, including MR Egger,32 weighted
median regression,33 and weighted mode-based estimator.34 Hor-
izontal pleiotropy was evaluated based on the intercept obtained
from theMREgger analysis being significantly different from032,35

and by visual inspection of the funnel plot, where asymmetry is
indicative of horizontal pleiotropy.28 Furthermore,we used theMR
Pleiotropy RESidual Sum andOutlier (MR-PRESSO)method for
detection of horizontal pleiotropy (MR-PRESSO global test) and
correction of horizontal pleiotropy, if detected, via outlier removal
(MR-PRESSO outlier test).36 In addition, sensitivity tests were
applied in which we excluded variants within the major histo-
compatibility complex (MHC) region, if present, as it is strongly
associatedwithMS risk and susceptible to bias frompleiotropy due
to its complex LD patterns. As multiple exposure data sets for the
same exposure variable and the multiple MR tests performed are
correlated, we considered as primary analysis the IVWMR in the
largest IV data set and as further indicative of causal effects those
that were concordant in direction across multiple IV data sets and
MR approaches.

For the secondary analyses with the 25OHD summary sta-
tistics25 unadjusted for BMI, results are expressed per unit
rank-based inverse normal transformed 25OHD levels. For all
other 2-sample MR analyses, results are expressed per 1-SD
increase in natural-log transformed 25OHD levels or in BMI.
One SD equals a mean of 4.70 BMI units (kg/m2) among
cohorts in the GIANT consortium26 and 0.33–0.46 units of
natural log-transformed 25OHD.25,37

Standard Protocol Approvals, Registrations,
and Patient Consents
All data sources used in this study received approval from
institutional review boards and obtained informed consent
from all participants.19,22-25

Data Availability
Summary-level data for the genetic associations with 25OHD,
adult BMI and MS are publicly available and can be obtained
through the sources provided in eTable 1, links.lww.com/
NXI/A709. The relapse hazard GWAS summary statistics are
available from the corresponding author on request. Please
see supplementary data.

Results
Vitamin D and BMI Are AssociatedWith the Risk
of MS

25OHD SNVs Derived From the SUNLIGHT Consortium
GWAS
Including five 25OHD SNVs (eTable 2, links.lww.com/NXI/
A709) from the SUNLIGHT Consortium GWAS,22 the odds

for MS decreased with 17% per 1-SD increase in genetically
predicted natural log-transformed 25OHD levels with the
random-effects IVW method (Figure 1). Findings from sensi-
tivity tests were consistent (eFigure 1A, eFigure 2A, and eTa-
ble 13, links.lww.com/NXI/A709). The Cochran Q test and I2

statistic did not provide evidence for substantial heterogeneity
among the individual SNV effect estimates in the IVW analysis,
and there was no evidence for horizontal pleiotropy from the
MR Egger regression intercept (eTable 14, links.lww.com/
NXI/A709). However, the funnel plot was found to be asym-
metric (eFigure 3A, links.lww.com/NXI/A709).

Adding the low-frequency SNV rs117913124 from Man-
ousaki et al.23 (eTable 3, links.lww.com/NXI/A709), the
odds for MS decreased with 23% per 1-SD increase in ge-
netically predicted natural log-transformed 25OHD levels
(Figure 1), and findings from sensitivity tests were consistent
(eFigure 1B, eFigure 2B, and eTable 13, links.lww.com/NXI/
A709). There was no evidence for horizontal pleiotropy
(eTable 14, links.lww.com/NXI/A709). However, the funnel
plot was found to be asymmetric (eFigure 3B, links.lww.com/
NXI/A709), and there was evidence for substantial hetero-
geneity among the individual SNV effect estimates (eTa-
ble 14, links.lww.com/NXI/A709).

25OHD SNVs Derived From UK Biobank GWASs
First, we selected a total of 70 independent SNVs for MR24

(eTable 4, links.lww.com/NXI/A709). Results from the
IVW method did not show clear evidence for an effect of
25OHD on risk of MS due to the large CI (Figure 1), al-
though causal effect estimates were concordant in direction
across multiple MR approaches (eFigure 1C, eFigure 2C,
and eTable 13, links.lww.com/NXI/A709). Heterogeneity
was present among the individual SNV effect estimates,
and the MR-PRESSO global test indicated overall pleiot-
ropy (eTable 14, links.lww.com/NXI/A709). SNVs
rs2762942 and rs73015021 were excluded in the outlier-
corrected MR-PRESSO test. These outliers are indicated
on the scatter plot (eFigure 1C, links.lww.com/NXI/
A709). MR-PRESSO outlier-corrected estimates were
consistent with the main IVW analysis (eTable 13, links.
lww.com/NXI/A709). Both the MR Egger regression in-
tercept (eTable 14, links.lww.com/NXI/A709) and visual
inspection of funnel did not show evidence for horizontal
pleiotropy (eFigure 3C, links.lww.com/NXI/A709).

Second, we included a total of 104 independent SNVs in
MR25 (eTable 5, links.lww.com/NXI/A709). The odds for
MS decreased with 28% per 1-SD increase in genetically
predicted natural log-transformed 25OHD levels (OR 0.72,
95% CI: 0.60–0.88, p = 0.001) (Figure 1), with consistent
findings across sensitivity tests (eFigure 1D, eFigure 2D,
and eTable 13, links.lww.com/NXI/A709). However,
heterogeneity among individual SNV effect estimates
was present (eTable 14, links.lww.com/NXI/A709). Ex-
cluding MHC SNV rs28374650 slightly improved precision
(eTable 13, links.lww.com/NXI/A709). The MR-PRESSO
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global test p was <0.0001. SNVs rs116970203, rs142158911,
rs2762943, and rs28374650 were identified as outliers, as
also visible on the scatter plot (eFigure 1D, links.lww.com/
NXI/A709). The distortion test p value of 0.01 indicated a
significant difference between raw- and outlier-corrected
MR-PRESSO estimates, although findings from outlier-
corrected MR-PRESSO estimates were in line with the
main IVW analysis (eTable 13, links.lww.com/NXI/A709).
Horizontal pleiotropy was not evident from the MR Egger
regression intercept (eTable 14, links.lww.com/NXI/
A709) nor from visual inspection of the funnel plot
(eFigure 3D, links.lww.com/NXI/A709). The association
between 25OHD and risk of MS remains when summary
statistics unadjusted for BMI are used, with effect estimates
within the same range (eTable 13, links.lww.com/NXI/
A709).

BMI
Genetic predisposition to an increased BMI was associated
with an increased risk for MS (OR 1.30, 95% CI: 1.15–1.47,
p = 3.76 × 10−5) (Figure 2), with a total of 588 SNVs
included (eTable 6 and eTable 7, links.lww.com/NXI/
A709). Findings were consistent across sensitivity analyses
(Figure 2 and eTable 15, links.lww.com/NXI/A709). The
Cochran Q test and I2 statistic did show heterogeneity
among individual SNV effect estimates (Q = 1,026, I2 =
43%, p = 2.21 × 10−26). Excluding the MHC SNV rs498240
did not alter our results (eTable 15, links.lww.com/NXI/
A709). The MR-PRESSO global test p was <0.0001, with
11 SNVs identified as outliers (rs1048932, rs1106908,
rs2010281, rs273504, rs3803286, rs3810291, rs3814883,
rs419261, rs498240, rs7535528, and rs7941030). The
outliers are indicated on the scatter plot (eFigure 4, links.
lww.com/NXI/A709). MR-PRESSO outlier-corrected es-
timates were consistent with the main IVW (eTable 15,
links.lww.com/NXI/A709). Finally, there was no evidence
for directional pleiotropy from the MR Egger regression
intercept (Egger intercept −0.002, 95% CI: −0.008 to
0.003, p = 0.42) nor from visual inspection of the funnel
plot (eFigure 5, links.lww.com/NXI/A709).

Vitamin D but Not BMI Is Associated With
Relapse Hazard in MS

25OHD SNVs Derived From the SUNLIGHT Consortium
GWAS
Using the 6 SUNLIGHT Consortium 25OHD GWAS SNVs
(eTable 8, links.lww.com/NXI/A709), a 1-SD increase in
genetically predicted natural-log transformed 25OHD levels
is associated with a 41% decreased hazard for a relapse oc-
curring in IVW analysis (hazard ratio [HR] 0.59, 95% CI:
0.38–0.94, p = 0.025) (Figure 3). Findings from sensitivity
tests were consistent (eFigure 6A, eFigure 7A, and eTable 16,
links.lww.com/NXI/A709). The Cochran Q test and I2 sta-
tistic did not provide evidence for substantial heterogeneity
among the individual SNV effect estimates (Q = 8, p = 0.18; I2

= 34%). There was no evidence for horizontal pleiotropy from
the MR Egger regression intercept (intercept 0.021, 95% CI:
−0.102 to 0.144, p = 0.75) and MR-PRESSO global test (p =
0.39) nor from visual inspection of funnel plot (eFigure 8A,
links.lww.com/NXI/A709).

Adding the low-frequency SNV rs117913124 (eTable 9,
links.lww.com/NXI/A709) led to a slightly improved pre-
cision in causal effect estimation (HR 0.59, 95% CI:
0.41–0.86, p = 0.007) (Figure 3), with consistent findings
across sensitivity tests (eFigure 6B, eFigure 7B, and eTa-
ble 16, links.lww.com/NXI/A709). There was no evidence
for pleiotropy nor heterogeneity (intercept 0.019, 95% CI:
−0.084 to 0.121, p = 0.74; MR-PRESSO global test p = 0.43;
Q = 8, p = 0.27, I2 = 21%) (eFigure 8B, links.lww.com/NXI/
A709).

25OHD SNVs Derived From UK Biobank GWASs
Using genetic estimates for 25OHD for 71 SNVs (eTable 10, links.
lww.com/NXI/A709),24 no clear evidence for an effect was ob-
served in IVW analysis (HR 0.77, 95% CI: 0.41–1.44, p = 0.414)
(Figure 3), although causal effect estimates were concordant in
direction, i.e., negative, across MR sensitivity analyses (eFigure 6C,
eFigure 7C, and eTable 16, links.lww.com/NXI/A709). Therewas
no evidence for heterogeneity among the individual SNV effect

Figure 1 Inverse-Variance Weighted MR Estimates of the Association Between 25OHD and Risk of MS

Genetic associations with 25OHD were derived from 4 different
GWASs.22-25 OR for MS risk is reported per 1-SD increase in ge-
netically predicted natural-log transformed 25OHD levels.
GWAS = genome-wide association study; IVW = inverse-variance
weighted; MR = Mendelian randomization; MS = multiple sclero-
sis; N SNVs = number of variants in the analysis; SNV = single
nucleotide variation; 25OHD = 25-hydroxyvitamin D.
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estimates in the IVW analysis (Q = 70, p = 0.48; I2 = 0.01%), and
theMR-PRESSOglobal test did not indicate pleiotropy (p= 0.45).
In contrast, there was evidence for horizontal pleiotropy from the
MR Egger regression intercept (intercept 0.028, 95% CI:
0.001–0.056, p = 0.05). The funnel plot is depicted in eFigure 8C,
links.lww.com/NXI/A709.

Finally, when we include a total of 103 SNVs25 (eTable 11,
links.lww.com/NXI/A709), genetic predisposition to in-
creased levels of natural-log transformed serum 25OHD
levels was associated with a decreased hazard for a relapse
occurring (HR: 0.57, 95% CI: 0.39–0.85, p = 0.006)
(Figure 3, eFigure 6D, and eFigure 7D, links.lww.com/
NXI/A709), with no evidence for pleiotropy nor hetero-
geneity (intercept 0.015, 95% CI: −0.002 to 0.032, p = 0.09;
MR-PRESSO global test p = 0.92; Q = 81, p = 0.93, I2 =
25%) (eFigure 8D, links.lww.com/NXI/A709). Exclusion
of the MHC SNV rs28374650 had no influence on the
results (eTable 16, links.lww.com/NXI/A709). The asso-
ciation between 25OHD and relapse hazard remains when
summary statistics unadjusted for BMI are used, with effect
estimates within the same range (eTable 16, links.lww.
com/NXI/A709).

BMI
Genetic predisposition to an increased BMI was not associated
with relapse hazard under IVW method (HR 0.88, 95% CI:
0.63–1.23, p = 0.453), with concordant direction across
weighted median and weighted mode. The MR Egger estimate
was in the opposite direction due to the large CI (Figure 4,
eFigure 9, and eTable 17, links.lww.com/NXI/A709).

TheCochranQ test and I2 statistic did not provide evidence for
heterogeneity among the individual SNV effect estimates in the
IVW analysis (Q = 663, p = 0.05; I2 = 9%). There was no
evidence for directional pleiotropy from the MR Egger re-
gression intercept (intercept −0.005, 95% CI: −0.020 to 0.010,
p = 0.54) or MR-PRESSO global test (p = 0.05) and no evi-
dence for asymmetry in the funnel plot (eFigure 10, links.lww.
com/NXI/A709). Excluding the MHC SNV rs498240 led to
very similar findings (eTable 17, links.lww.com/NXI/A709).

Discussion
In keeping with previous studies1-12 and validating our IV sets,
we identified genetically predicted increased BMI to be a risk
factor and increased levels of serum 25OHD to be protective

Figure 3 Inverse-Variance Weighted MR Estimates of the Association Between 25OHD and Relapse Hazard

Genetic associations with 25OHD were derived from 4 different
GWASs.22-25 Hazard ratio for relapse hazard is reported per 1-SD
increase in genetically predicted natural-log transformed 25OHD
levels. GWAS = genome-wide association study; HR = hazard ratio;
IVW= inverse-varianceweighted;MR =Mendelian randomization;
N SNVs = number of variants in the analysis; SNV = single nucle-
otide variation; 25OHD = 25-hydroxyvitamin D.

Figure 2 Forest Plot of MR Estimates of BMI With Risk of MS

Data are displayed as OR and 95% CI per 1-SD increase in ge-
netically predicted BMI levels. BMI = body mass index; IVW =
inverse-variance weighted method; MR = Mendelian randomi-
zation; MS = multiple sclerosis; N SNVs = number of variants in
the analysis; SNV = single nucleotide variation.
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for MS risk. Each SD increase in BMI, corresponding to a shift
from normal weight to overweight, confers a 30% increase in
MS risk. Per SD increase in genetically predicted natural log-
transformed 25OHD levels, corresponding to;37–75 nmol/L1,
the odds for MS decrease with approximately 20%.

With risk factors for MS now being well established, we
moved beyond susceptibility and investigated whether in-
tervening on these factors after onset of disease does have a
beneficial effect on disease course,20 building on our previous
GWAS for relapse hazard in MS in a cohort of 506 untreated
patients with MS.19 Across the 4 25OHD data sets as expo-
sures, we identified genetically predicted increased levels of
serum 25OHD to be protective for a relapse occurring. In the
primary analysis, each SD increase in genetically predicted
natural-log transformed 25OHD levels decreases the hazard
for a relapse occurring with approximately 40%. In contrast to
25OHD, our MR study does not provide support for a sub-
stantial causal role of BMI in relapse hazard, although larger
studies will be required to exclude smaller effects.

In our previous GWAS, we have demonstrated that genetic
associations with relapse hazard are enriched for genes in the
response to vitamin D gene ontology set by performing a
competitive gene-set enrichment analysis.19 In addition,
studies applying a polygenic score approach have shown an
association between increased 25OHD levels and a decreased
relapse hazard in MS.38,39 These studies differ from our
2-sample MR design by combining multiple genetic variants
into a single variable, i.e., polygenic score, and/or by not
limiting to genome-wide significant SNVs. Moreover, tools
for pleiotropy and heterogeneity assessment are limited in the
polygenic score setting.21

Strengths of our study include the reduction of concerns
about confounding and reverse causation by applying an MR
approach, as genetic variants are fixed at conception and less
associated with confounders than directly measured envi-
ronmental exposures.40 To fulfill the first and second as-
sumption, i.e., the genetic variants are associated with the

exposure of interest, independent of confounding factors for
the association of exposure and outcome, we only selected as
IVs genetic variants that are robustly associated with the ex-
posure of interest (p < 5 × 10−8) from large GWASs including
roughly 40,000–700,000 individuals. However, we cannot
entirely rule out confounding as it is currently not feasible to
test for associations with each potential (un)known con-
founding factor. To overcome population stratification, we
only included SNVs that were found in GWASs in individuals
of European ancestry, although this inherently limits gener-
alization of our findings to other populations.41 When collider
bias is present, unmeasured factors associated with both dis-
ease incidence and disease course drive an association be-
tween the IVs and disease course variable.42 To illustrate, our
MR study of 25OHD and relapse hazard among cases with
MS would be subject to collider bias if there are variants
associated with both risk of MS and relapse hazard, but not
25OHD, potentially inducing spurious association between
25OHD and relapse hazard.43 However, if collider bias were
present, we would also expect to see a spurious association
between BMI and relapse hazard, which is not the case.
Furthermore, we have previously shown that a genetic burden
for risk of MS is not associated with relapse hazard,19 in line
with other studies.44 Therefore, we believe that the effect of
25OHD on relapse hazard cannot be explained by the genetic
burden for risk of MS. Collider bias may also arise from the
fact that the estimates from the SUNLIGHT consortium
GWAS22 and the UKBiobank GWAS data25 used in this study
were adjusted for another risk factor, BMI. A simulation
study45 demonstrated that using covariable-adjusted sum-
mary associations may bias MR analyses. Nonetheless, addi-
tional analyses using summary statistics from rank-based
inverse normal transformed 25OHD values without adjust-
ment for BMI do not change the conclusions regarding the
causal effect of 25OHD on risk of MS and relapse hazard. The
third MR assumption entails that the genetic variants must
not be associated with the outcome through pathways other
than the exposure of interest (horizontal pleiotropy). BMI-
associated genes are enriched for genes involved in neuro-
genesis.26 The IV sets for 25OHD range from the inclusion of

Figure 4 Forest Plot of MR Estimates of BMI With Relapse Hazard

Data are displayed as hazard ratio (HR) and 95% CI per 1-SD
increase in genetically predicted BMI levels. BMI = body mass
index; IVW = inverse-variance weighted method; MR = Mende-
lian randomization;N SNVs =number of variants in the analysis;
SNV = single nucleotide variation.
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SNVs predominantly in biologically plausible genes to larger
sets of SNVs also involved outside the vitamin D canonical
metabolic pathway, such as in lipid metabolism and dermal
tissue properties and even brain-related and behavioral
phenotypes.24,25We assessed the potential limitation of
pleiotropy by performing additional sensitivity tests. Con-
sistent estimates across different IV sets and across addi-
tional pleiotropy robust MR methods support the validity of
our findings. Nevertheless, pleiotropy can only be assessed
indirectly and therefore not completely excluded. MR ap-
proaches are dependent on the instrument strength of the
IVs. The proportion of variance explained by the selected
SNVs is 2%–5% for 25OHD, with the weakest IV data set24

corresponding to the largest CIs, and 6% for BMI. Impor-
tantly, our MR study agrees with observational studies in
pointing to an overall protective effect of higher baseline
25OHD levels on subsequent relapse occurrence in cohorts
of pediatric or adult MS cases (between 73 and 1,482 par-
ticipants per study)13,15,16,46 or meta-analyses of up to 3,130
patients.14

On the contrary, randomized controlled trials (RCTs), of
which the largest to date include up to 412 individuals,47-49

provide inconclusive evidence regarding the benefits of vita-
min D supplement intake after disease onset.16 In the
CHOLINE study, add-on supplementation with high-dose
vitamin D3 (cholecalciferol) was associated with decreased
relapses in the post hoc analysis of completers after 2 years of
follow-up.48 In addition, in an RCT testing the effect of the
vitamin D analog Alfacalcidol (1-hydroxycholecalciferol), the
treated group had a reduced number of relapses and a higher
proportion of patients remained relapse-free.47 Finally, the
SOLAR RCT with high-dose vitamin D3 add-on supple-
mentation could not identify a significant effect on relapse.49

Main limitations of the completed RCTs include small sample
size and short follow-up (from 6 months up to 2 years).50 In
addition, the add-on design may mask small effects of vitamin
D3, disease-modifying treatment may affect vitamin D lev-
els,51 patients enrolled in RCTs may already have an adequate
vitamin D status,52 and timing of intervention may be im-
portant, i.e., early in disease course or even before onset of
disease.

Cholecalciferol and 25OHD need to be metabolized and
are subject to complex regulatory mechanisms. The cor-
relation between 25OHD and the active form of vitamin D
(1,25-dihydroxyvitamin D or calcitriol) is highly significant
but limited in magnitude.53 The small sample size of the
available 1,25-dihydroxyvitamin D GWAS limits the power
for characterization of 1,25-dihydroxyvitamin D loci.24 Yet,
overlapping genetic associations in the canonical vitamin D
metabolic pathway indicate that genetically determined
interindividual natural metabolic variation may affect the
vitamin D supplementation response as well.24 In addition,
gene-environment interactions, including interactions with
season, may need to be considered.25

Ongoing trials such as VIDAMS,54 PrevANZ (ACTRN1261
2001160820), and D-Lay-MS (NCT01817166), including up to
316 individuals withmaximum follow-up of 2 years, might further
clarify the efficacy of vitamin D supplementation on MS disease
activity.50 TheD-LayMSRCTwill, in addition to its primary end
point, investigate the influence of genetic variation in metabolism
of vitamin D on vitamin D levels after supplementation.

In conclusion, our study supports a causal effect of serum
25OHD concentrations and BMI on risk of MS. Furthermore,
we moved beyond susceptibility toward heterogeneity and
found that 25OHD levels, but not BMI, are associated with
relapse hazard after onset.
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Abstract
Background and Objectives
Recovery from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection
appears exponential, leaving a tail of patients reporting various long COVID symptoms in-
cluding unexplained fatigue/exertional intolerance and dysautonomic and sensory concerns.
Indirect evidence links long COVID to incident polyneuropathy affecting the small-fiber
(sensory/autonomic) axons.

Methods
We analyzed cross-sectional and longitudinal data from patients with World Health
Organization (WHO)-defined long COVID without prior neuropathy history or risks who
were referred for peripheral neuropathy evaluations. We captured standardized symptoms,
examinations, objective neurodiagnostic test results, and outcomes, tracking participants for 1.4
years on average.

Results
Among 17 patients (mean age 43.3 years, 69% female, 94% Caucasian, and 19% Latino), 59%
had ≥1 test interpretation confirming neuropathy. These included 63% (10/16) of skin bi-
opsies, 17% (2/12) of electrodiagnostic tests and 50% (4/8) of autonomic function tests. One
patient was diagnosed with critical illness axonal neuropathy and another with multifocal
demyelinating neuropathy 3 weeks after mild COVID, and ≥10 received small-fiber neuropathy
diagnoses. Longitudinal improvement averaged 52%, although none reported complete reso-
lution. For treatment, 65% (11/17) received immunotherapies (corticosteroids and/or IV
immunoglobulins).

Discussion
Among evaluated patients with long COVID, prolonged, often disabling, small-fiber neurop-
athy after mild SARS-CoV-2 was most common, beginning within 1 month of COVID-19
onset. Various evidence suggested infection-triggered immune dysregulation as a common
mechanism.
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Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) can cause long-term disability (long COVID)
with new neurologic manifestations after even mild in-
fections.1 Reports of peripheral neuropathy include
Guillain-Barré syndrome, mononeuritis multiplex, bra-
chial plexitis, cranial neuropathies, and orthostatic in-
tolerance, although some studies included patients with
potentially contributory conditions. Various long COVID
symptoms overlap with those of small-fiber polyneuropathy
(SFN).2,3 Hence, we prospectively analyzed a cross-section
of patients with long COVID evaluated for incident
neuropathy.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
This retrospective analysis was approved by the hospitals’
ethical review committee (1999P009042). Although par-
ticipant consent was not required, all 17 provided verbal
consent and 16 signed agreements for participation and
publication of anonymized results.

Study Design
Inclusion required no known prior neuropathy or risks plus
confirmation of SARS-CoV-2 infection according to

Table 1 Participants, Objective Tests, and Treatments

ID
Age
(y) Sex Latino Race

Day of
initial
EDX

EDX
report

Day of initial
skin biopsy

END
lower leg

END
upper
thigh

Day of
initial
AFT

AFT
interpretation Therapy

Patient-
reported
improvement
since nadir

1 33.7 F No White 299 Normal 202 Diagnostic Diagnostic 203 Borderline 50%

2 27.2 F No White 430 Normal 236 Diagnostic Diagnostic Pred 0%

3 51.9 F No White 140 Normal 527 Diagnostic
(<1.0%)

189 Normal Pred 90%

4 37.0 F No Mixed 272 Normal 299 Normal
(60.2%)

Normal IVIg,
pred, HC

70%

5 58.9 F No White 365 Normal 379 Diagnostic Diagnostic 50%

6 58.4 M No White 293 Normal
(95.3%)

230 Normal 35%

7 38.1 F No White 409 Normal 354 Diagnostic
(<1.0%)

275 Abnormal IVIg 40%

8 41.1 F Yes White 268 Normal 409 Diagnostic
(<1.0%)

Diagnostic 597 Borderline IVIg 65%

9 35.2 M Yes White 208 Diagnostic 376 Diagnostic 25%

10 31.0 F No White 63 Normal
(60%)

Normal MP 70%

11 30.1 M No White 110 Normal
(54.5%)

Normal 70%

12 22.3 M Yes White 215 Normal 213 Diagnostic
(<1.0%)

Diagnostic IVIg 0%

13 34.9 F No White 44 Normal 44 Normal
(69.4%)

Normal 49 Abnormal IVIg,
pred,
MP

88%

14 58.3 F No White 250 Diagnostic 236 Incomplete Pred 28%

15 65.6 M No White 122 Diagnostic IVIg 75%

16 47.9 F No White 189 Normal 244 Normal
(40.6%)

Normal 203 Abnormal 50%

17 64.0 M No White 226 Diagnostic
(<1.0%)

149 Abnormal 75%

Abbreviations: AFT = composite autonomic function testing; EDX = electrodiagnostic testing; END = skin biopsy epidermal neurite density; HC = hydrocor-
tisone; IVIg = IV immunoglobulin therapy; MAGNET = Mass. General Neuropathy Exam Tool; MP = methylprednisolone; Pred = prednisone.
EDX occurred on average on D258 ± 29 of illness; AFT occurred on average on D192 ± 17. Skin biopsy testing occurred on average on D264 ± 32; results are
reported as % of predicted normative END if calculated by the laboratory (with ≤5% of predicted END diagnostic), or normal/diagnostic if laboratory had not
performed statistical modeling. Patient 6’s nondiagnostic but abnormally high END suggested intraneural inflammation with exuberant axonal regeneration
and their initially normal AFT was abnormal when repeated.

2 Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 3 | May 2022 Neurology.org/NN

http://neurology.org/nn


guidelines of the World Health Organization (WHO).
COVID severity classification followed WHO guidelines.
Inclusion required meeting the WHO definition of long
COVID (onset of symptoms within 90 days of the first day of
COVID symptoms that last for >2 months).1 Participants
were enrolled upon COVID confirmation and neuromus-
cular referral before record review or most testing and
treatment. Participants documented neuropathy symptoms
via online REDCap surveys, and their neurologists docu-
mented standardized in-person and occasional telehealth
neuropathy examinations.4,5 Because most participants had
received symptom-relieving medications at varying doses,
we analyzed only potentially preventive treatments, all of
which were immunotherapies. Parametric analyses were
used with variability represented by standard errors.

Data Availability
Any anonymized data not published within the article will be
shared by request from any qualified investigator.

Results
Among 17 patients with SARS-CoV-2 onset between Feb-
ruary 21, 2020, and January 19, 2021, treated in 10 states/
territories (Table 1), 16 had mild COVID. The one (#9) with
severe COVID (1 month stay in intensive care with ventila-
tory support) had electrodiagnostically confirmed sensori-
motor polyneuropathy ascribed to critical care illness in
addition to SFN. Medical histories and comprehensive blood
screening (not shown) identified none with conventional
neuropathy risks nor evidence of systemic dysimmunity. Im-
aging of the brain or spine, if performed, was unrevealing.

Participants’ ages averaged 43.3 ± 3.3 years on COVID D1, and
68.8% were female; 18.8% were Latino, and 94.1% were Cauca-
sian. Diagnostic tests for neuropathy (Table 1) revealed that
16.7% electrodiagnostic studies were abnormal, whereas 62.5%
(10/16) of lower leg skin biopsies pathologically confirmed SFN,
as corroborated by 50% of upper thigh biopsies and autonomic

Table 2 Initial Symptom Scores

ID
Time since
COVID onset

Total symptom
severity

Sensory
severity

Cardiovascular
severity

Gastrointestinal
severity

Urinary/sexual
severity

Miscellaneous
severity

Pain score
(0–10)

1 14.9 58.8% 62.5% 50.0% 41.7% 31.3% 67.5% 6

2 3.0 67.6% 87.5% 54.2% 75.0% 50.0% 62.5% 8

3 14.5 19.1% 25.0% 12.5% 12.5% 0.0% 30.0% 2

4 14.0 25.0% 9.4% 8.3% 16.7% 0.0% 27.5% 1

5 3.9 22.8% 21.9% 29.2% 8.3% 0.0% 37.5% 1

6 8.9 39.7% 37.5% 16.7% 16.7% 50.0% 65.0% 6

7 6.7 61.8% 53.1% 50.0% 70.8% 37.5% 80.0% 1

8 0.1 22.1% 25.0% 8.3% 16.7% 25.0% 30.0% 1

9 3.0 37.5% 78.1% 20.8% 37.5% 6.3% 27.5% 8

10 0.3 80.9% 100.0% 66.7% 91.7% 25.0% 90.0% 10

11 9.7 9.6% 12.5% 8.3% 0.0% 0.0% 17.5% 0

12 8.1 19.1% 46.9% 0.0% 0.0% 0.0% 27.5% 7

13 1.4 61.0% 78.1% 33.3% 70.8% 62.5% 57.5% 8

14 3.0 60.3% 59.4% 45.8% 58.3% 87.5% 72.5% 8

15 10.3 17.6% 15.6% 12.5% 8.3% 12.5% 30.0% 0

16 0.1 30.1% 21.9% 25.0% 33.3% 0.0% 50.0% 7

17 0.7 58.8% 50.0% 41.7% 66.7% 62.5% 70.0% 7

Mean 6.03 40.7% 46.1% 28.4% 36.8% 26.5% 49.6% 4.8

SEM 1.3 5.3% 6.8% 4.8% 7.3% 6.7% 5.4% 0.9

Data represent summaries of participant’s initial responses to the REDCap online Small-fiber Symptom Survey, a comprehensive survey of symptoms
associated with small-fiber polyneuropathy.4 Scores are reported as % of full scale (100% maximally present) where never = 0%, rarely = 25%, sometimes =
50%, often = 75%, and always = 100%. The sensory domain reflects positive and negative sensory symptoms and the cardiovascular domain including
tachycardia and orthostatic symptoms plus extremity edema and color changes. Gastrointestinal symptoms include upper and lower dysfunction. The
miscellaneous domain includes physical and mental fatigue, poor sleep, headaches, vision, hearing, sweating, movement/muscle concerns, and distal hair
loss. See eTable 1, links.lww.com/NXI/A697, for scores for individual symptoms.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 3 | May 2022 3

http://links.lww.com/NXI/A697
http://neurology.org/nn


function tests.2 Initial SFN symptom scores (Table 2) were
abnormal—reduced to 40.7% of ideal on average—with pain
scores averaging 4.8/10. Initial neuromuscular examinations
(Table 3) averaged 77.0% of ideal, with reduced/abnormal distal
pin and vibration sensations and absent Achilles reflexes most
prevalent.4,5 Participants 9 and 15 had distal muscle weakness and
atrophy. Some patients were initially evaluated early in the course
and others later, and investigations continued for months. Sixteen
participants with 2020 onset had >1 year follow up, with the latest
onset on 1/19/21. See Figure 1 (case 15) and eFigure 1, links.lww.
com/NXI/A697, (case 13) for longitudinal details.

Treatments comprised corticosteroids in 35.3% (6/17) and
IV immunoglobulins (IVIg) in 35.3% (6/17). Five were ini-
tially dosed at 2.0 g/kg/4 weeks and 1 at 1.6 g/kg/4 weeks.
The 5 patients who received repeated IVIg, and their neu-
rologists, reported benefit (e.g., Figure 1, Table 1). eFigure 1
reports patient 13’s graphed symptom and examination scores
before and during IVIg. Patients’ impressions of recovery
varied (averaging 51.8 ± 6.7%), reflecting varying illness se-
verity, treatment status, and assessment timing.

Discussion
Neuromuscular evaluations proved useful inmost of these patients
with long COVID. However some symptoms, exam changes and
test results may have been false-negative, given that assessments
were not often optimally timed (e.g., #6) and many patients
reported care delays. This reported case of multifocal motor neu-
ropathy (Figure 1) increases the spectrum of COVID-associated
dysimmune neuropathies. Critical illness neuropathy—reported in
approximately 10% of intubated patients with COVID—is at-
tributed to various prolonged insults including intense in-
flammation and nerve compressions.6 Inherent study limitations
include bias toward referrals for sensory neuropathy and under-
powering. The initial evaluations reported occurred at varying
times during the illness and treatment, whereas longitudinal as-
sessments at standardized intervals are ideal for diagnostic and
treatment decisions. Timing also complicates analysis of blood
testing for immune markers (not shown). We screened patients
with newly diagnosed neuropathy for all common established
causes of distal sensory neuropathy, including routinely measuring
ANA, ESR, IgG anti–SS-A/SS-B antibodies, and complement

Table 3 Neuropathy Examination Scores

ID

Timing of initial
examination
(mo)

Total
examination
normality

Vital sign
normality

Leg/foot/
toe
appearance

Toe
strength

Toe
position
sensation

Toe
vibration
sensation

Leg/foot/toe
light touch
sensation

Leg/foot/toe
pin
sensation

Achilles
reflexes

1 14.9 53% 50% 100% 100% 100% 0% 33% 20% 0%

2 6.0 94% 100% 100% 100% 100% 67% 100% 100%

3 4.1 94% 100% 67% 100% 100% 100% 100% 100%

4 12.5 58% 33% 50% 100% 100% 100% 20%

5 10.0 94% 100% 100% 100% 100% 67% 100% 100%

6 9.6 85% 100% 67% 100% 100% 0% 100% 80% 100%

7 14.9 84% 67% 100% 100% 100% 100% 67% 75% 100%

8 15.0 65% 67% 33% 100% 100% 100% 100% 40% 100%

9 3.6 68% 100% 100% 0% 100% 0% 67% 60% 0%

10 1.6 94% 100% 100% 100% 100% 67% 100%

11 7.4 78% 0% 100% 100% 100% 100% 33% 80% 100%

12 7.0 90% 100% 100% 100% 100% 100% 67% 100% 0%

13 1.4 53% 0% 100% 100% 100% 100% 0% 20% 100%

14 7.8 84% 100% 100% 100% 100% 100% 100% 40% 100%

15 10.6 70% 100% 67% 0% 0%

16 7.8 80% 100% 100% 100% 100% 0% 100% 60% 0%

17 7.5 65% 100% 100% 100% 100% 0% 100% 0% 0%

Mean 8.33 77.0% 72.6% 87.3% 88.2% 100.0% 64.3% 72.9% 62.2% 60.0%

SEM 1.05 3.6% 10.1% 5.3% 8.1% 0.0% 13.3% 7.6% 8.7% 11.7%

Data represent initial neurologists’ responses to the MAGNET (Mass. General Neuropathy Exam Tool).5 Scores are reported as % of full scale (normal
examination findings).
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components C3 and C4, the most productive markers of dys-
immunity in initially idiopathic SFN.7 We did not detect evi-
dence of Sjögren syndrome, and other inflammatory markers
were only occasionally elevated. Interpretation is complex as
early elevations could be nonspecifically associated with acute
COVID, and many months later, inflammation and markers
might have subsided leaving residual axonopathy as the proxi-
mate cause of current symptoms. Regeneration can take up to 2
years or be incomplete.

These results identify small-fiber neuropathy as most prevalent
in this small group of patients with long COVID, also known as
post-acute sequelae of SARS CoV-2 infection.2 In SFN, the

small-diameter unmyelinated and/or thinly myelinated sensory
and autonomic fibers are predominantly affected, although
most patients with severe or advanced polyneuropathy, e.g.,
case 9, develop large- and small-fiber damage. The small fibers
are disproportionately vulnerable, with their lack of myelin
exposing them to environmental stressors including immunity,
while inability to use saltatory conduction increases metabolic
demand, and cytoplasmic paucity limits axonal regeneration.
However, small-fiber axons grow throughout life to reinnervate
continuously dividing tissues such as the skin and to help repair
injuries. If toxic conditions improve, axon elongation and
sprouting accelerate to increase the probability of reinnervating
enough target cells to resolve symptoms.

Here, most patients treated with sustained IVIg, the primary
treatment for inflammatory neuropathy, with preliminary evidence
of effectiveness for dysimmune SFN,8 perceived improvement (e.g.,
Figure 1, eFigure 1, links.lww.com/NXI/A697). Some treated only
with corticosteroids did as well; participant 3 reported that pred-
nisone helped her toward 90% improvement and was discontinued
only because of adverse effects. Others improved substantially
without immunotherapy (e.g., case 17), documenting spontaneous
recovery and need to individualize treatment decisions.

The hypothesis that some long COVID symptoms reflect
underlying small-fiber pathology is supported by research
observation of small-fiber loss applying in vivo corneal con-
focal microscopy to patients with longCOVID.9 As with other
post-COVID neurologic illnesses, susceptibility to in-
flammatory mediators appears essential. Autopsy study of
post-COVID patients identified neuritis with perivascular
macrophage infiltrates but no viral antigens, implicating in-
flammatory immune responses rather than direct infection. In
addition, 1/4th of human DRG neurons express mRNA for
SARS-CoV-2–associated receptors and deploy ACE2 protein.
Thus, virus or spike protein fragments may attach to them,
promoting formation of antibodies that can also target adjacent
neural epitopes. Here, the slightly delayed onsets, prolonged
postinfectious courses, and apparent responses to continued
immunotherapy suggested dysimmune mechanisms.

This report strengthens evidence linking several idiopathic
multisymptom conditions—including SFN and fibromyalgia—
with dysimmunity, sometimes incident to infections or vaccina-
tions.2 As with COVID-incident Guillain-Barré syndrome and all
referral-based case series, the current cases neither confirm cau-
sality nor the clinical significance or magnitude of any association.
However, identifying small-fiber neuropathy andmultifocal motor
neuropathy in 1 small sample of patients withWHO-defined long
COVID provides rationale and preliminary data for larger inves-
tigations and may influence interim medical evaluations of similar
patients.
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Figure 1 Case 15: Prolonged COVID-Incident Multifocal
Motor Neuropathy

CMAP = compound motor action potential; D = day; EDX = electrodiagnostic
testing; IVIg = IV immunoglobulin therapy; MMN = multifocal motor neu-
ropathy; SNAP = sensory nerve action potential. Three weeks after 12/04/
1920 onset of mild COVID-19, this previously healthy 65-year-old developed
progressive R > L hand weakness and atrophy. Three months later, he could
not hold eating utensils or a pen and noted hand “limpness” tingling and
pain, and finger cramps without lower limb symptoms. Neurosurgical re-
ferral prompted cervical MRI showing unrelated degenerative changes. A
local neurologist’s EDX suggesting MMN or lower motor neuron disease
prompted our neuromuscular evaluation on post-COVID D67. This revealed
weakness in the distal ulnar and median nerve distributions, 4/5 finger ab-
duction strength, and R > L interosseus and thenar eminence atrophy. He
could not make a fist or hold utensils; sensory self-examination was normal.
EDX on D122 documented demyelinating neuropathy with conduction
blocks in both ulnar nerves at the forearms and across the elbows and
prolonged latencies and reduced conduction in bothmedian nerves. Fwaves
were prolonged in the upper and lower limbs, and the right peroneal CMAP
was low amplitude. SNAP velocities were normal, with slightly diminished
amplitude in the median, ulnar, and sural nerves. Serum immunoglobulins
and immunofixation were normal, andGM1 antibodies were absent. Hemet
the diagnostic criteria for MMN and began standard treatment, IVIg 2 g/kg/4
weeks, on D146. A few weeks later, he noticed improved hand dexterity with
ability to fully open hands and use utensils and decreased hand cramps, with
90% improvement after the 3rd cycle. Then, expiration of IVIg orders caused
regression. After 2 missed cycles, D292 evaluation documented R > L in-
creasing difficulty opening his hands and return of hand and forearm tin-
gling. He self-reported hair loss on legs, muscle difficulties, skin color
changes, tingling, itching, and needing to move legs for comfort (eFigure 1,
links.lww.com/NXI/A697). Same-dose IVIg was restarted, and after 2 cycles
with improvement, clinic return on D341 documented 80% improved
weakness, handopening, finger dexterity, andhand cramps. Hehadbilateral
4/5 finger abduction strength, and this image documented significant
remaining R > L interossei muscle atrophy. IVIg was continued, and he was
referred for interosseus exercises.
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Immunoglobulin (Ig) G anti–neurofascin 155 antibodies (anti-NF155 Abs) have been de-
scribed in rare forms of chronic inflammatory demyelinating polyradiculoneuropathy (CIDP)
and in combined central and peripheral demyelination (CCPD).1 We report herein a case of a
patient presenting CCPD and IgM anti-NF155 Ab.

Case Report
A 43-year-old woman with no medical history was referred to our department for a 3-year
history of progressive hand and feet paresthesia, with mild postural and head tremor. She had
quadridistal hypesthesia, with ataxic gait, and diffuse diminished tendon reflexes. The Overall
Neuropathy Limitations Score (ONLS) was 1/12. Electroneuromyography (ENMG) revealed
a diffuse homogeneous demyelinating neuropathy. Nerve ultrasonography and MRI of the
cervical plexus (Figure 1, D and E) found a diffuse enlargement of peripheral structures. CSF
analysis showed elevated protein level (0.7 g/L, normal <0.4) and 14 white blood cells/mm3

(normal <2) with oligoclonal IgG bands. Cerebral MRI revealed multiple hyperintensities in
the periventricular and juxtacortical white matter (diagnosis of radiologically isolated syn-
drome). All the 97 genes of a panel of genes involved in hereditary neuropathies, especially
demyelinating Charcot-Marie-Tooth (CMT), were negative. Peripheral involvement fulfilled
the CIDP diagnosis,2 and the patient received 3 monthly IVIg doses (2 g/kg) leading to a
subjective improvement of the paresthesia.

Eighteen months later, she reported an acute onset (within 3 weeks) of abnormal stiff gait with
increased paresthesia in the 4 limbs and tremor. Clinical examination revealed mild spastic
paraparesis, with quadridistal weakness (Medical Research Council score between 3 and 4/5
and ONLS score at 4/12). Complementary examinations (Figure 1, A–C and F) revealed
increased demyelinating parameters on ENMG, associated with 3 cervical myelitis lesions and
new cerebral lesions responding to themultiple sclerosis criteria. A simultaneous peripheral and
central relapse of CCPD was diagnosed. The patient presented positive antinuclear antibodies
(1/1,280), positive IgM anti-GM3 and GM4 Abs without anti-MAGAbs, and an IgM (lambda)
monoclonal gammopathy of undetermined significance (MGUS).

Using flow cytometry (human embryonic kidney cells),3 IgG4 anti-NF155, anti-contactin 1,
anti-NF186, and anti-CASPR1 Ab were negative, but IgM anti-NF155 Abs were positive
(Figure 2). The patient was treated with 3 monthly IV corticosteroid pulses, with concomitant
rituximab treatment (2 infusions of 1 g within 2 weeks and then 1 every 6 months), and
experienced a great clinical improvement, as only a mild postural tremor (ONLS at 1/12)
remained, without any clinical or radiologic relapse after 2 years of follow-up.
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Discussion
We reported herein an instructive case with (1) a peripheral
clinical picture of CIDP with ataxia and tremor associated
with simultaneous acute relapse of cervical myelitis leading to
CCPD diagnosis, (2) a positivity of IgM anti-NF155 Ab
without IgG4, and (3) an effectiveness of corticosteroid and
rituximab treatment. CIDP associated with IgG4 anti-NF155
Ab is rare (5%–10% of CIDP cases) and presents specific
clinical characteristics: young age at onset, distal motor lower
limb weakness, sensory ataxia, tremor, poor response to IVIg,
and good response to corticosteroids and rituximab.1 NF155
protein is expressed in both the central and peripheral nervous
systems explaining the CCPD due to anti-NF155 Ab (up to
half the cases of CCPD reported in a Japanese study).1

IgM anti-NF155 Abs have also been rarely described, and their
pathogenicity remains unknown.Most IgM anti-NF155Abs have
been associated with IgG4 in patients with neuropathies,3-5 but
some were found isolated.4-7 Isolated IgM anti-NF155 Abs have
been reported in only 20 patients: 10 withCIDP (3with tremor),
2 with Guillain-Barré syndrome, 4 with axonal neuropathies, 2
with CMT, 1 with upper trunk brachial plexopathy, and 1 with
facial numbness with normal ENMG, none in CCPD.4-7

We are unable to demonstrate a pathophysiologic link be-
tween this case of CCPD and IgM anti-NF155 Ab; however,
few elements can be discussed. First, the clinical presentation
resembles the previously reported cases of CIDP with IgG4
anti-NF155 Ab, notably regarding ataxia, tremor, and associ-
ated demyelinating lesion in the CNS,1 although other cases

Figure 1 Complementary Examinations in Favor of a Combined Central and Peripheral Demyelination Diagnosis

(A) Cerebral MRI fluid-attenuated in-
version recovery (FLAIR) images (axial):
periventricular and juxtracortical lesions
on hypersignal. (B) Cerebral MRI T1 im-
ages (axial): black hole lesions on hypo-
signal. (C) Spine MRI FLAIR images
(sagittal): medullar hypersignal in C3, C4,
and C5-C6. (D) MRI T2 fat saturation (co-
ronal): bilateral diffuse hyperintensity
and diffuse severe hypertrophy of the
bilateral brachial plexus. (E) Nerve ultra-
sonography of the brachial plexus
(interscalene): upper, middle trunk en-
largement (cross-sectional area [CSA] at
17 mm2; nerve enlargement if CSA
>9 mm2).2 (F) Electroneuromyography of
the left ulnar nerve: reduced distal com-
pound muscle action potential (CMAP)
amplitude at 2.3 mV (normal >4 mV), as-
sociated with severe demyelinating ab-
normalities with prolonged distal motor
latency at 11.9 milliseconds (normal <3.6
milliseconds), slow motor conduction
velocities at 17 m/s (normal >45 m/s),
motor conduction blocks until 62% am-
plitude reduction at axilla and temporal
dispersion, and prolonged distal CMAP
duration at 16.4 milliseconds (de-
myelination if >8.6 milliseconds).2

Figure 2 Detection and Monitoring of Anti-NF155 Antibodies in the Blood by Flow Cytometry, Using Human Embryonic
Kidney Cells

Antihuman immunoglobulin (Ig) G4 (A) or IgM (B)
using fluorescein isothiocyanate (FITC) was used.
The mean fluorescence intensity (MFI) is reported
in the figure (number per row). In white, a negative
control (without IgG4 or IgM antibodies) is shown.
In gray, a patient with IgG4 anti-NF155 CIDP
(without associated IgM) is shown. In orange, the
first sample of a patient positive for IgM anti-
NF155 antibody at 2639 MFI (without associated
IgG4), and in red, a second sample from the same
patient (18 months later), still positive for IgM anti-
NF155 antibody at 2799 MFI.
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of neuropathies with IgM anti-NF155 Ab have been described
with various heterogeneous characteristics.4-7 Second, the pa-
tient presented an IgM-MGUS, an immune disease, and an
antibody with IgM isotype, as in anti-MAG neuropathies, and
chronic ataxic neuropathy, ophthalmoplegia, IgM paraprotein,
cold agglutinins, and disialosyl antibodies, in which this path-
ophysiologic link is already known. Finally, an enhancement
and prolongation of experimental autoimmune neuritis has
been reported in rats after injection of anti-neurofascin IgM,
suggesting a pathogenicity of these IgM anti-NF155 Ab.3

In published studies, several techniques have been used to detect
IgM anti-NF155 Ab (e.g., cell-based assay [CBA], flow cytom-
etry, ELISA, and Western blot), sometimes with unspecific rat-
NF155, which can explain the clinical heterogeneity of patients,
especially considering the possible false-positive results.4-8 Some
authors recommend another confirming technique (e.g., ELISA
and immunohistochemistry) associated with CBA (the gold
standard technique) because this technique yields a 5.6% false-
positive rate in a cohort of 108 patients with inherited neuropa-
thies; in addition, the authors advise against the use of rat-NF155
(leading to false-positive results) and recommend the use of
human-NF155.8 Anti-CD20 is a classical treatment of multiple
sclerosis and is sometimes effectively used in CIDP, especially
with IgG4 anti-NF155, and has been found effective in CCPD.1

Our study presents some limitations. Only 1 method of detection
was used without confirming technique. Also, the search for IgM
anti-NF155 Ab in the CSF was not performed, neither was nerve
biopsy to investigate the presence of disruption of myelin para-
nodal loops.Moreover, the titers of IgM anti-NF155 Ab remained
unchanged after treatment, despite clinical improvement.

In conclusion, this patient presented a CCPD with concomi-
tant peripheral relapse and cervical myelitis leading to find
isolated IgM anti-NF155 Ab and responded well to cortico-
steroids and rituximab. Prospective studies are necessary to
demonstrate a pathophysiologic link between IgM anti-NF155
Ab and CCPD and assess the prevalence of this Ab in CCPD.
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Abstract
Background and Objectives
Opsoclonus-myoclonus-ataxia syndrome (OMAS) is a rare disorder of the nervous system that
classically presents with a combination of characteristic eyemovement disorder andmyoclonus,
in addition to ataxia, irritability, and sleep disturbance. There is good evidence that OMAS is an
immune-mediated condition that may be paraneoplastic in the context of neuroblastoma. This
syndrome may be associated with long-term cognitive impairment, yet it remains unclear how
this is influenced by disease course and treatment. Treatment is largely predicated on immune
suppression, but there is limited evidence to indicate an optimal regimen.

Methods
Following an international multiprofessional workshop in 2004, a body of clinicians and scientists
comprising the InternationalOMSStudy group continued tomeet biennially in a joint professionals
and family workshop focusing on pediatric OMAS. Seventeen years after publication of the first
report, a writing group was convened to provide a clinical update on the definitions and clinical
presentation of OMAS, biomarkers and the role of investigations in a child presenting with OMAS,
treatment and management strategies including identification and support of long-term sequelae.

Results
The clinical criteria for diagnosis were reviewed, with a proposed approach to laboratory and
radiologic investigation of a child presenting with possible OMAS. The evidence for an upfront
vs escalating treatment regimen was reviewed, and a treatment algorithm proposed to recognize
both these approaches. Importantly, recommendations on monitoring of immunotherapy re-
sponse and longer-term follow-up based on an expert consensus are provided.
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Discussion
OMAS is a rare neurologic condition that can be associated with poor cognitive outcomes. This report proposes an approach to
investigation and treatment of children presenting with OMAS, based on expert international opinion recognizing the limited
data available.

Opsoclonus-myoclonus-ataxia syndrome (OMAS) is a rare
disorder of the nervous system with onset usually in the
second year of life. This condition classically presents with a
combination of characteristic eye movement disorder and
myoclonus, in addition to ataxia, irritability, and sleep dis-
turbance. In around 50% of children presenting with OMAS,
there is an underlying neuroblastoma. There is good evidence
that OMAS is an immune-mediated condition that may be
paraneoplastic in the context of neuroblastoma.1 In 2004,
following an international multiprofessional workshop, a re-
port on immune pathogenesis, clinical features, acute and
chronic neurologic manifestations, and current and thera-
peutic approaches to OMAS was published.2 This in-
ternational body of clinicians and scientists continued to meet
biennially in a joint professionals and family workshop fo-
cusing on many aspects of this neurologic syndrome.3

Although there have been significant advances, including earlier
recognition and diagnosis of the clinical syndrome, many chal-
lenges remain. Moreover, treatment is largely predicated on im-
mune suppression, although there is limited evidence to guide
optimal treatment regimens. OMAS can be associated with long-
term cognitive impairment, yet it remains unclear how this is
influenced by disease course and treatment. Recent series, how-
ever, suggest that higher intensity of therapy may predict better
outcomes.4,5 Following the series of biennial meetings and work-
shops of the International OMAS study group, a writing groupwas
convened to provide a clinical update on the definitions and clinical
presentation of pediatric OMAS, biomarkers and the role of in-
vestigations in a child presenting with OMAS, treatment and
management strategies including identification and support of
long-term sequelae (Methods attached as supplementary material,
links.lww.com/NXI/A702).

Background, Definitions, and
Clinical Presentation
Multiple acronyms have been used to describe the same phe-
nomenon: opsoclonus-myoclonus-ataxia syndrome (OMAS),
opsoclonus-myoclonus syndrome (OMS), opsoclonus-myoclonus-
ataxia (OMA), and dancing eye syndrome. The incidence of
OMAS has been reported for the United Kingdom in a

prospective study as 0.18 cases permillion of the population6 and
in a retrospective study in Japan as 0.27 cases per million chil-
dren.7 The mean age at presentation was 18 months in the
prospective study, and the median age was 16.5 months in the
retrospective study. In a large retrospective single-center study of
356 children, the mean age at onset in children was not signifi-
cantly different between those with tumor (1.7 years ± 0.89 SD)
and those without (2.1 years ± 1.4 SD), with the vast majority
presenting before age 5 years.8 Those children presenting after
age 24months were found to be less likely to present with tumor
than those younger than 24 months (<12 months, 58%, 12–24
months, 52%, >24 months, 38%, p = 0.03).9 No cases in this
large published series presented after age 10.8

OMAS falls along the spectrum of acquired cerebellar ataxias of
childhood, which may include syndromes presenting purely with
ataxia, but is distinct for its paraneoplastic association with neu-
roblastoma (26%–44%)6,7,10 and the presence of opsoclonus and
myoclonus. Opsoclonus (vimeo.com/208498940), due to sac-
cadic bursts, produces chaotic eye movements, without an inter-
saccadic interval, unlike nystagmus that is rhythmic and has fast or
slow waves depending on the etiology. Because children with
OMAS often present with gait imbalance, initial diagnosis is often
acute cerebellar ataxia, an infectious or postinfectious illness, which
in some cases is associated with varicella zoster or Mycoplasma
pneumoniae.9 The development of opsoclonus and/or myoclonus
declares the OMAS diagnosis. Occasionally, eye movement ab-
normalities present first and can resemble the sensory nystagmus
seen in patients with visual loss. In such cases, primary ophthal-
mologic disorders should be considered, especially in children
with onset less than 3 months of age.

Kinsbourne’s initial description of 6 children with OMAS was of
a myoclonic encephalopathy,11 which would include the differ-
ential of pediatric neurodegenerative conditions with or without
associated epilepsy, such as Batten disease. However, these
conditions may be distinguished by the absence of the other
features of OMAS, and an often prolonged time course in
comparison to OMAS, where onset is noted to be acute or
subacute in over half (57%) of patients.9

Although the majority of children who eventually receive a di-
agnosis of OMAS present to the clinician with opsoclonus,

Glossary
ACTH = adrenocorticotropic hormone; ADS = acquired demyelinating syndrome; IVIg = IV immunoglobulin;MIBG = meta-
iodo-benzyl-guanidine scan;OMA = opsoclonus-myoclonus-ataxia;OMAS = opsoclonus-myoclonus-ataxia syndrome;OMS =
opsoclonus-myoclonus syndrome; OS = overall survival.
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importantly, the first sign may be ataxia (staggering and falling)8

with later development of opsoclonus. Opsoclonus can be tran-
sient, difficult to see during examination and smartphone videos
may be a useful adjunct to diagnosis. Opsoclonus may be elicited
by saccades, and by a squeeze test in which the child forcefully
closes the eyelids, which are held open by the examiner.

Behavioral abnormalities, including sleep disturbance, irritability,
and inconsolable crying, are frequent (over half of patients).8

Many children lose previously acquired motor and language
skills, with this regression related to age at presentation. The
Mitchell-Pike OMS rating scale is the most frequently used
disease-specific scale and involves the grading of 6 categories on
an ordinal scale: stance, gait, arm/hand function, opsoclonus,
mood/behavior, and speech, with higher scores representing
more severe clinical presentations.12 Some studies, including the
Children’s Oncology Group (COG) study13 and EU study
(NCT01868269), used only 5 of the 6 items, excluding speech
and language, for a 15 point maximum. Initial presentation may
be variable, with atypical presentation in 20% of children in a
prospective UK study.6 Based on an expert panel recommen-
dation, a diagnosis may be made with 3 of 4 features are present:
(1) opsoclonus, (2) ataxia or myoclonus, (3) behavior change or
sleep disturbance, and (4) neuroblastoma.2

Immunopathogenesis
The very specific association of peripheral neuroblastic tumors
(neural antigens) and the relatively specific pathognomic
clinical features make a specific adaptive response very likely in
OMAS. Peripheral neuroblastic tumors are identified in 50% of
children with OMAS,9 and some have suggested the presence

of occult tumor in many more, with spontaneous regression in
these cases.14 No clinical characteristics distinguish children
with OMAS with and without occult tumor.8 Neuroblastoma
(73%) is the most common tumor type, followed by ganglio-
neuroblastoma (22%) and ganglioneuroma (4%). The tumors
are never in the brain: all are located along the sympathetic
chain or in the adrenals, including the neck, thoracic, abdom-
inal, or pelvic cavities.9 Notably, 93% of neuroblastoma is early
stage (stage 1 or 2) in this population.9 Although rare, OMAS
has been reported in adolescents with ovarian teratoma.15

A variety of infections have been reported in association with
OMAS, includingMycoplasma, Streptococcus, Epstein-Barr virus,
adenovirus, HIV, and dengue virus, among others,16 suggesting
that no single etiologic infectious agent exists. Importantly,
however, as an infectious prodrome may occur even in children
with underlying tumor,9 all children presenting with OMAS
should be screened for peripheral neuroblastic tumor.

The search for a specific and reproducible biomarker has to
date been disappointing. Currently available biomarkers are
available primarily on a research basis (Table 1) and do not
discriminate paraneoplastic from idiopathic cases. Many
nonspecific biomarkers have been described in OMAS.
CSF in OMAS typically contains a small number of immune
cells, but the cells can be immunophenotyped to determine
whether there are aberrant or skewed immune cell pop-
ulations. B-cell expansion in the CSF is reported in OMAS,17

correlating with severity and response to the B cell–depleting
biologic therapy.18 Similarly, CSF oligoclonal bands have
been found in 58% of untreated patients with OMAS, in-
ferring intra-CNS production of antibodies.19

Table 1 Biomarkers in OMAS and Neuroblastoma

Biomarker Significance OMAS vs control
Research or
clinical setting Specificity Reference

CSF immunology

CSF B-cell expansion Expansion of B cells in OMAS Increased Research No 17,18

CSF oligoclonal bands Clonal expansion of immunoglobulin G Intrathecal synthesis in 58% of untreated
OMAS

Clinical No 19

CSF neopterin Cellular immune activation biomarker Increased in majority Clinical (limited) No 20

CSF cytokines and
chemokines

Support involvement of B-cell, T-cell,
and innate immune activation

Increased in OMAS, higher in severe
disease, and reduce with treatment

Research No 20-25

Neuronal damage

Neurofilament Evidence of neuronal damage marker Elevated in the acute phase and correlates
with outcome

Research No 26

Peripheral neuroblastic tumor markers

Neuroimaging (MRI,
CT, and ultrasound)

Evidence of peripheral neuroblastic
tumor

Present in ;50% of patients Clinical Yes 8

Urine catecholamine Support presence of catecholamine-
secreting tumor

Elevated in the minority of patients Clinical Yes 8

Abbreviation: OMAS = opsoclonus-myoclonus-ataxia syndrome.
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CSF neopterin is elevated in the acute phase of OMAS, cor-
relates with OMAS severity, and reduces rapidly with treat-
ment,20 but is nonspecific. Likewise, cytokines and chemokines
involved in B-cell (BAFF and CXCL13)21 and T-cell (CCL17,
CCL19, CCL21, and CCL22),23,24 and microglial25 activation
are elevated in CSF of OMAS but are also nonspecific. Finally,
CSF elevation of neurofilament, a marker of axonal injury, is
associated with OMAS outcome.26 Taken together, although
these CSF biomarkers correlate with some degree with disease
activity and therefore offer some hope for monitoring, in
practice they lack sensitivity and specificity. Future studies to
evaluate their utility in longitudinal assessments of response to
therapy are needed.

The elevation of cytokines and chemokines involved in B-cell
activation, alongside CSF oligoclonal bands, may argue for a
role for a pathogenic humoral autoimmune process in
OMAS,27 and discovery of a pathogenic autoantibody would
advance the field substantially. This is supported by evidence of
IgG binding to the cell surface of neurones in a minority of
patients with OMAS.28 An alternate explanation is that the
driving autoimmune process is T cell mediated, resulting in
greater challenges from a discovery and biomarker perspective.

Investigating the Child Presenting
With OMAS
Although a diagnosis may be made in the presence of 3 of 4
features: opsoclonus, ataxia or myoclonus, behavior change or
sleep disturbance, and neuroblastoma,2 presentation may be

atypical. In a prospective UK study, 3 of 15 children sub-
sequently diagnosed with OMAS were initially misdiagnosed,
2 as acute cerebellar ataxia and 1 as Guillain-Barre syndrome.6

In the absence of a disease biomarker, investigations to ex-
clude other neurologic and inflammatory conditions that may
mimic some or all of the features seen in OMAS are per-
formed. Notably, the presence of neuroblastoma associates
strongly with OMAS; therefore, early investigation for neu-
roblastoma may allow timely diagnosis and immune treat-
ment in those children with an atypical or incomplete
presentation. Reexamining the child with an atypical pre-
sentation after 2 weeks is important in distinguishing acute
cerebellar ataxia (in whom the clinical course is of improve-
ment, without myoclonus or opsoclonus) from OMAS.29

CSF
Lumbar puncture, including cell count, protein, and glucose
level, should be assessed at onset to exclude potential mimics
of OMAS. As mild elevation of CSF WBC (>4/mm3) has
been observed in 14% of untreated patients and oligoclonal
bands positive in 58% of OMAS, with higher positivity in
those over 2 years at symptom onset than those under 2 years,
evaluation of serum and CSF oligoclonal bands should be
performed.9 If possible, lymphocyte flow cytometry should be
performed on CSF as the presence of relative expansion of
B cells is a biomarker of active OMAS and correlates with
response to B cell–depleting therapies.17

As noted above, many pathogens have been associated with
the occurrence of the disease and differ according to patient
geographical localization and history, and evidence of

Table 2 Recommendations for Initial Investigations of Children With OMAS

Blood tests ➢ Full blood count, Erythrocyte sedimentation rate, electrolytes, urea, uric acid, lactate, creatinine, C-reactive protein, liver
function tests, glucose (with paired CSF), clotting studies (international normalized ratio and partial thromboplastin time),
IgG/IgM and albumin synthesis index (with paired CSF), and infectious studies to identify potential trigger (with CSF if
indicated), immunophenotyping by FACS for B cell subsets if available, IgG, IgA, IgM

Infection screening ➢ PCR and/or serology for herpes viruses (CMV, EBV, VZV, HHV-6), West Nile virus, adenovirus, enterovirus and influenza in
blood, CSF, stool and nasopharyngeal aspirate as indicated by clinical circumstances

CSF ➢ Cell count, protein level, glucose (with paired blood glucose to exclude glucose transporter defect), lactate, IgG and
albumin synthesis index (with paired blood sample), oligoclonal bands (with paired serum), immunophenotyping by FACS
for B cell subsets if available, neopterins if available (neurotransmitter panel)

Neuroimaging MRI Brain to exclude focal lesion in the posterior fossa

Laboratory screening for
neuroblastoma

➢ Urine catecholamine metabolites. If not available on random urine (as opposed to 24 hours collection) this may be
deferred pending imaging results.
➢ Serum: neuron specific enolase (NSE) and lactate dehydrogenase (LDH)
➢ N.B: consider other tumors including screening for antibodies such as anti-Hu/ANNA1 antibodies

Imaging for neuroblastoma Whole body imaging should be performed in all children with OMS. Where there may be delay in obtaining whole body
magnetic resonance imaging, first-line imaging comprising chest x-ray, abdominal ultrasound, and MIBG scintigraphy may
be performed, proceeding to whole body imaging if no neuroblastoma is identified. The following MRI sequences are
recommended: 4-mm sections of regions typically affected by neuroblastoma:
➢ Abdomen/pelvis: Axial T1-w, T2-w, T2-w fat suppression; coronal T2-w; sagittal (spine) T1-w, T2-w, T2-w fat suppression
➢ Chest: Axial T1-w, T2-w; coronal: T2-w; sagittal (spine) T1-w, T2-w, T2-w fat suppression
➢ Axial T1-w, T2-w; sagittal (spine) T1-w, T2-w, T2-w fat suppression
N.B.: If a tumor is suspected in one of the native investigations, T1-w contrast-enhanced sequence of that investigation
(abdomen, chest, or neck) should be added. An equivalent CT protocol may be used following consideration of the above.

Abbreviations: CMV = cytomegalovirus; EBV = Epstein Barr virus; FACS = fluorescence activated cell sorting; HHV-6 = human herpes virus 6; Ig = immuno-
globulin; OMAS = opsoclonus-myoclonus-ataxia syndrome; VZV = varicella zoster virus.
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infection may be sought accordingly with optimized investi-
gations (Table 2).

Neuroimaging
Initially, neuroimaging in children with acute or subacute
onset of ataxia, regardless of whether they present with
opsoclonus, is necessary to exclude focal lesions in the pos-
terior fossa, including those due to tumor and other in-
flammatory or metabolic diseases. Neuroimaging of the brain
is typically normal in the acute phase of OMAS, although
cerebellar atrophy and cortical volume loss are occasionally
seen longitudinally, and atrophy correlates with a higher
OMAS score.30

Tumor Identification
High-resolution imaging, radioisotope imaging, and de-
tection of excreted catecholamine metabolites are available
methods in establishing the diagnosis of a peripheral neu-
roblastic tumor. Although no specific established hierarchy
of investigation exists in OMAS, urine catecholamine

metabolites, homovanillic acid, and vanillylmandelic acid
(VMA/HVA) may be measured first but are very insensitive
in OMAS. Most pediatric laboratories can do spot urine
testing for VMA/HVA as a ratio to creatinine instead of 24-
hour urine collections. As peripheral neuroblastic tumors
associated with OMAS are generally small and thus mini-
mally secreting or nonsecreting, the yield from this in-
vestigation is often disappointing, being as low as 24%,31

further confounded by challenges of collecting adequate
urine samples in very young children. For these reasons,
urine VMA screening alone is inadequate to exclude
neuroblastoma.

Meta-iodo-benzyl-Guanidine (MIBG) scan scintigraphy is
routinely used for screening and staging of neuroblastic tu-
mors due to its high specificity.32 However, the false-negative
rate of MIBG scintigraphy is around 8% and even higher in
tumors with more differentiated pathology, and those are
often associated with OMAS. In these cases, the false-negative
rates can be as high as 24%.33 This is likely to be due to the

Figure 1 Immune Treatment Algorithm Whereby Both Treatment Upfront and Escalation Regimes Are Integrated

Treatment generally persists at least for a full year. *Redosing of rituximab may be required if B-cell repopulation occurs quickly (<4 months) and/or clinical
relapse. **Treatment may be extended if incomplete response or if there is clinical relapse and in this context is tailored to prior patient response and
clinician experience.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 3 | May 2022 5

http://neurology.org/nn


nonsecreting nature and small size of low-grade neuroblas-
tomas and ganglioneuroblastomas associated with OMAS.6

Fluorine 18 fluorodeoxyglucose PET/CT has been used in
patients who have negative MIBG imaging as a less specific
but more sensitive test.34 More evidence is needed to support
the diagnostic accuracy of this test.34

In recent years, whole body imaging from the neck to
pelvis, covering the wide range of possible tumor sites in-
cluding the adrenals and the entire neural crest, has become
the gold standard for detecting neuroblastic tumor in
OMA. The majority of tumors, however, are either in the
adrenals or in paraspinal regions of the chest and abdomen.
Chest x ray and abdominal ultrasound alone are inadequate
for detecting underlying neuroblastoma due to lower yields
than other imaging modalities such as MRI, CT, and ra-
dioisotope imaging.6 Although there is no clear evidence of
superiority of MRI over CT, the fact that CT needs to be
performed both with and without IV contrast, for superior
detection of small amounts of calcification seen in some

tumors,35 and it involves a relatively high dose of radiation,
has led to a shift toward the use of MRI. MRI avoids ex-
posure to radiation, and its sensitivity reaches 100% in
some studies,31 although general anesthesia is required in
younger children. High resolution (4-mm cuts), imaging in
multiple planes (axial, sagittal, and coronal), and diffusion
weighted images are needed, together with interpretation
by an experienced pediatric radiologist36 (Table 2).

Importantly, investigations to look for peripheral neuro-
blastic tumors may need to be repeated over time if no
tumor is found at first attempt. The optimal timing and
duration of repeat imaging has not been established, but
repeat imaging at 6 months is practical and should detect
the majority of tumors that may have been missed at first
screening. Although in practice, MRI is frequently the ini-
tial investigation, complementary tests can be performed in
the event of negative findings, in particular MIBG scintig-
raphy with single-photon emission computerized tomog-
raphy or PET/CT.

Table 3 Recommendations for the Dosing and Monitoring of Immunotherapeutic Agents in the Treatment of OMAS:
Steroid Treatment and IVIg

Treatment of OMS in children

Prompt treatment is generally considered important and should be initiated when a diagnosis of OMS has been made. Brief delay for surgical
removal of an associated neuroblastoma may be considered or initial doses of immunotherapy given before tumor resection if there is delay in
surgery.

There remains uncertainty as to the benefits of a regimen of escalation of treatment vs front-loading treatment. Some children will respond to steroid
treatment alone and will therefore be overtreated by a front-loading regimen. However, delay in effective treatment may be associated with a poorer
disease outcome. If an escalation regimen is used, aggressive escalation may be required in cases with a poor response to initial treatment.

Steroid treatment

Regimen Various regimens have been used including pulsed dexamethasone, adrenocorticoptropic hormone (ACTH), and
methylprednisolone followed by prednisolone.
Pulsed dexamethasone has been widely used as first-line steroid treatment. This may be given as:
➢ 20 mg/m2/day in 2 divided doses on 3 consecutive days (3 d-treatment defined as 1 pulse)
➢ 12 pulses at 3 to 4 weekly intervals
➢ The scheduled 12 pulses of dexamethasone should always be completed, even with earlier complete remission.
➢ Additional dexamethasone pulsesmay be given, or the interval between the scheduled dexamethasone pulsesmay be shortened
in patients showing insufficient response or improvement after dexamethasone but worsening of symptoms before the scheduled
date of the next dexamethasone pulse.
ACTH may be given as:
➢ 75 iu/m2 intramuscularly twice daily for 1 wk, once daily for 1 week, alternate days for 2 wk, and then a gradual wean over 11 mo,
but a slower titration from daily to alternate day treatment is often needed.
Alternative corticosteroid regimens include:
➢ IV pulse methylprednisolone (30 mg/kg/d for 3–5 d)
➢ Pulse repeated monthly for 6–12 mo or followed by oral prednisone or prednisolone (starting dose 1–2 mg/kg/d)
➢Weaning may be performed over 12 mo, which may be more rapid with steroid-sparing agent. Longer treatment may be needed.

Side effects Potential side effects include irritability, hypertension, hyperglycemia, weight gain infections, and osteopenia, whichmaybe lessened
by using pulse rather than daily steroids.

Safety monitoring ➢ H2 blockers and/or antacids are recommended as prophylaxis for gastritis during steroid administration according to standard
local procedures.
➢ Blood pressure, blood or urine glucose, full blood cell count, and blood electrolytes should be monitored by standard local
procedures as clinically indicated.
➢Patients on chronic corticosteroids should receive adjunctive treatment for bone health (calciumand vitaminD) with consideration
of Dual-energy X-ray absorptiometry scan if on steroids for more than 6 mo, and Pneumocystis prophylaxis (trimethoprim-
sulfamethoxazole), particularly if also had received other immunotherapy.

IVIg

Regimen May be given as: 2 g/kg over 2–5 d followed by 1–2 g/kg every 4 wk for up to 12 mo

Side effects Potential side effects of IVIg include allergic reactions, thrombosis, headaches, and aseptic meningitis.

Abbreviations: IVIg = IV immunoglobulin; OMAS = opsoclonus-myoclonus-ataxia syndrome; OMS = opsoclonus-myoclonus syndrome.
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Treatment of Associated Peripheral
Neuroblastic Tumors
Peripheral neuroblastic tumors are the most frequent extra-
cranial solid tumors in children,37 with an annual incidence of

8 cases/106 children younger than 15 years, per year. The
median age at presentation is 22 months. Peripheral neuro-
blastic tumors are characterized by clinical and genetic het-
erogeneity. They represent a spectrum of disease, ranging from
benign, well differentiated tumors (ganglioneuroma) to un-
differentiated very aggressive malignancies (neuroblastoma).37

Although all types of peripheral neuroblastic tumor have been
found in association with OMAS, most have been found to be
differentiating neuroblastomas, with cases reported of inter-
mixed ganglioneuroblastoma or even ganglioneuroma. Lym-
phocyte infiltration is abundant in neuroblastoma associated
withOMAS, with follicular formation.38 The favorable prognosis
of OMAS-associated peripheral neuroblastic tumor may suggest
that this inflammatory infiltration is protective from a tumor
perspective but creates the risk of a paraneoplastic process.

An increased frequency of segmental chromosomal abnor-
malities has been reported in tumor tissue compared with a
control group of localized peripheral neuroblastic tumors not
associated with OMAS.39 The genetic and molecular analysis
of these tumors is complicated by the low percentage of tumor
cells in the samples.

The risk stratification of peripheral neuroblastic tumors has
evolved from anatomic and clinical40 (age, presence of me-
tastases, and site of metastases) to genetic41 (N-myc-proto-
oncogene amplification, 17q gain, 1p36 LOH, and 11q LOH)
and molecular42 (tumor anaplastic lymphoma kinase [ALK]
amplification or mutation burden, Ras pathway mutation
burden, telomere maintenance mechanisms, and X-linked
Alpha Thalassemia Mental Retardation [ATRX] mutation
burden). In 2004, a landmark global collaboration developed
a new International Neuroblastoma Risk Group classification
system, using factors such as age at presentation, stage, pa-
thology,MYCN amplification, 11q LOH, ploidy and stratifies
patients in very low risk (overall survival [OS] > 85%), low
risk (OS 75%–85%), intermediate risk (OS 50%–75%), and
high risk (OS < 50%).

Accordingly, treatment has also evolved toward risk-adapted
strategies. The majority of patients with peripheral neuro-
blastic tumor–associated OMAS have very low, low, or in-
termediate risk, nonmetastatic neuroblastoma. For low- and
intermediate-risk patients, clinical trials have aimed at re-
duction of chemotherapy, without compromising the excel-
lent outcome. In the COG P9641 trial, asymptomatic low-risk
patients with neuroblastoma with or without OMAS achieved
5-year OS ≥ 95% with surgery alone.43 In the same study,
chemotherapy was reserved for cases that were inoperable,
symptomatic, or with progressive disease after surgery alone.
Patients with stages 2a or 2b neuroblastoma received 2–8
cycles of chemotherapy (based on carboplatin, etoposide,
cyclophosphamide, and doxorubicin), with 5-year OS > 85%.
With a similar risk-adapted approach (4–8 cycles of chemother-
apy based on carboplatin, etoposide, doxorubicin, and cyclo-
phosphamide), patients with intermediate-risk neuroblastoma

Table 4 Mitchell and Pike OMS Rating Scale

Stance 0 Standing and sitting balance normal for age

1 Mildly unstable standing for age, slightly wide
based

2 Unable to stand without support but can sit
without support

3 Unable to sit without using hands to prop or other
support

Gait 0 Walking normal for age

1 Mildly wide-based gait for age, but able to walk
indoors and outdoors independently

2 Walks only or predominantly with support from
person or equipment

3 Unable to walk even with support from person or
equipment

Arm/hand
function

0 Normal for age

1 Mild, infrequent tremor or jerkiness without
functional impairment

2 Finemotor function persistently impaired for age,
but less precise manipulative tasks normal or
almost normal

3 Major difficulties in all age-appropriate fine
motor and manipulative tasks

Opsoclonus 0 None

1 Rare or only when elicited by change in fixation or
squeeze test

2 Frequent, interferes intermittently with fixation
or tracking

3 Persistent, interfering continuously with function
and tracking

Mood/behavior 0 Normal

1 Mild increase in irritability but consolable and/or
mild sleep disturbances

2 Irritability and sleep disturbances interfering with
child and family life

3 Persistent severe distress

Speech 0 Normal for age, no loss

1 Mildly unclear, plateaued in development

2 Loss of some words or some grammatical
constructs (i.e., from sentences to phrases) but
still communicates verbally

3 Severe loss of verbal communication and speech.

Abbreviation: OMS = opsoclonus-myoclonus syndrome.
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also achieve comparable 5-year OS above 90% in the A3961
trial.44 Similarly, in Europe, the Localized Neuroblastoma
Europe Study 145 achievedOS> 90% in neuroblastoma stages 1
and 2 (non-MYCN-amplified) with surgery alone.

Rare cases of high-risk neuroblastoma and only anecdotal
cases ofMYCN-amplified tumors associated with OMAS have
been reported. Molecularly targeted agents and immuno-
therapy are now being incorporated in frontline induction
chemotherapy, with the intention to further intensify the
initial treatment and prevent the development of resistance.
Nevertheless, despite intensive multimodality treatment,46

these cases often have poor outcome (OS ; 40%).46

Follow-up of patients with neuroblastoma in remission after the
end of treatment includes evaluation of urinary tumor markers
(homovanillic and vanillylmandelic acid) if positive at pre-
sentation and surveillance by ultrasound or chest x rays. In rare
cases, MRI is needed for surveillance of areas not adequately
visualized with less invasive modalities. The role of MIBG
scintigraphy in surveillance remains unclear, in particular in high-
risk patients, whose prognosis after relapse is poor. Consider-
ation should be given to the balance between risk of relapse and
risk of exposure to radiation or repeated general anesthetics to
minimize the long-term sequelae in survivors. Oncologic sur-
veillance is recommended every 3 months in the first year after
the end of treatment, every 4 months in the second year, and

annually thereafter, until 5 years after the end of treatment.
Tumor relapse occurs more frequently in the initial 2 years after
the end of treatment, and few relapses occur greater than 5 years
after the end of treatment. Tumor relapse is rare in the context of
OMAS.47

Immune Treatment Strategies
in OMAS
Although the optimal treatment for OMAS has not been
established, the rarity of spontaneous remission, the high rate
of chronic relapsing course, the risk of permanent neurologic
sequelae, and evidence supporting an autoimmune cause have
led to the widespread use of immunotherapy. Within this con-
struct, there are 2 broad approaches. In many parts of the world
including America and Australia, an upfront, aggressive approach
using multiple agents is used, typically adrenocorticotropic
hormone (ACTH) or corticosteroids, plasmapheresis, IV im-
munoglobulin (IVIg), and rituximab or cyclophosphamide.1,48

In a multinational European clinical trial (NCT01868269), now
closed to recruitment, a stepwise approachwas used startingwith
pulse oral dexamethasone (20 mg/m2/d for 3 consecutive days
monthly) and reserving cyclophosphamide for patients who do
not respond adequately by 3 months and rituximab for those
who do not respond adequately to cyclophosphamide. In clinical
practice, there has been amove tomore rapid escalation than this

Table 5 Recommendations for the Dosing and Monitoring of Immunotherapeutic Agents in the Treatment of OMAS:
Rituximab

Rituximab

Regimen Used as upfront treatment and if an escalation regime is used, rituximab should be considered in the case of insufficient response
(see monitoring) to steroids and/or cyclophosphamide.
➢ Rituximab regimes vary between centers with no evidence of superiority and include:
➢ Rituximab given as 375 mg/m2/dose for 4 weekly doses
➢ Rituximab given as 500 mg/m2/dose for 2 doses 10–14 d apart
➢ Rituximab given as 750 mg/m2/dose for 2 doses 14 d apart

Side effects Potential side effects of rituximab include allergic and infusion reactions, infections, and chronic hypogammaglobulinemia.

Safety monitoring ➢ Patients should be premedicatedwith a corticosteroid and an antihistamine. This can be dexamethasone 10mg/m2 IV before each
rituximab infusion. This represents the morning dose of dexamethasone and therefore half the daily dose.
➢ Alternative steroid options include hydrocortisone and prednisolone
➢ Blood pressure, pulse, and body temperature should be monitored at regular intervals.
➢ In case of severe infusion-related reactions, the infusion should be immediately stopped and appropriate treatment initiated.
Whether to resume rituximab treatment after rituximab-related reactions has to be decided by the treating physician, taking into
account the severity of the reaction.
➢ All children should be hepatitis screened before commencing rituximab. Hepatitis B surface antigen, anti-Hep core antibodies for
Hep B, plus Hepatitis C serology should be checked. The timing of this is to be as per local practice, but may need to be initiated if not
responding at the time of the third dose of cyclophosphamide.
➢ Generally, serum immunoglobulins and lymphocyte subsets are monitored periodically to assess ongoing effects of rituximab.
Blood counts and blood chemistries are monitored on a clinical basis.
➢ Prophylaxis for Pneumocystis using trimethoprim-sulfamethoxazole or others (according to local guidelines) and antifungal
prophylaxis (according to local guidelines) are recommended for all children on rituximab and until 4–6 mo after rituximab
treatment, although regional practice varies.
➢ If the patient has contact with individuals with varicella or measles, urgent contact with themedical team is recommended, and, if
appropriate, prophylactic measures according to local pediatric oncology guidelines are recommended.
➢ In case of increased infection rate, consider administering IV immunoglobulin (e.g., 0.5 g/kg) irrespective of measured IgG levels.
➢ For patients with treatment escalation to rituximab, vaccinations may not be effective as long as B lymphocytes are decreased.
After the end of immunosuppressive treatment, investigation of antibodies against vaccines or reimmunization may be considered
according to local guidelines.

Abbreviation: OMAS = opsoclonus-myoclonus-ataxia syndrome.
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protocol advocated and early introduction of rituximab before or
in place of cyclophosphamide. With either approach, rapid di-
agnosis and early initiation of treatment is recommended with 1
study showing improved outcomes in patients treated within 2
months12

The upfront aggressive approach borrows from treatment
paradigms in oncology, rheumatology, and neuroimmunology
whereby the goal is to achieve remission quickly and then to
maintain it. Considering the consistent paradigm change in neu-
roinflammation for earlier escalation to second-line therapy, usually
within 4–6 weeks of initiation of 1st-line treatment,49 many would
consider the timeline to escalation of the European trial protocol
too lengthy. A revised algorithm is proposed (Figure 1) to outline
the current treatment recommendations.

Although some providers and studies have suggested that
ACTH is superior to corticosteroids, little evidence supports
this. However, the expert panel observes that some refractory
patients may respond to ACTH and that patients who have not
responded to dexamethasone alongside other first-line therapy
should be considered for ACTH. Potential advantages of cor-
ticosteroids over ACTH include oral vs IM administration and
lower cost. Two commonly used corticosteroid regimens in-
clude (1) IV pulse methylprednisolone (30 mg/kg/d for 3–5
days, maximum 1 g/d) followed by oral prednisone or pred-
nisolone (starting dose 1–2 mg/kg/d) or (2) oral dexameth-
asone (20 mg/m2/d for 3 consecutive days as pulses 3–4
weekly), although a number of alternative steroid regimes are in
use (Table 3). Daily oral steroids were used as part of standard
therapy in a clinical trial (NCT00033293). IVIg is typically
given as 2 g/kg over 2–5 days followed by 1–2 g/kg every 4
weeks for up to a year. In a clinical trial, children with OMAS
associated with neuroblastoma were randomized to conven-
tional treatment (prednisolone + cyclophosphamide)with (n =

26) or without (n = 27) concurrent IVIG. IVIG was associated
with a higher treatment response rate (81% vs 41%) defined as
a sustained improvement in OMS score (Table 4).13

Rituximab is typically given in doses ranging from 375 mg/
m2/dose for 2 to 4 weekly doses to 750 mg/m2/dose for 2
biweekly doses (Table 5). The potential effectiveness of ritux-
imab in OMAS is supported by (1) an open-label study of 12
patients suggesting a reduction in relapse rate when combined
with ACTH and IVIg,50 (2) higher IQ in a modern cohort (in
which 11/15 received rituximab) compared with a historical
cohort (in which 0/23 received rituximab),4 and (3) reduction in
the duration of corticosteroid and IVIg treatment in those given
rituximab.48 One study showed that 15 patients who received
rituximab within 12 months of OMAS onset were more likely to
achieve a good response (defined asmodified Rankin score 0–2)
compared with 16 patients who received it later.5 A retrospective
comparison of children receiving multimodal treatment with
dexamethasone, IVIG, and rituximab to those receiving steroids
with or without IVIG found that multimodal treatment was
associated with a more complete resolution of biomarkers of
inflammation (B-cell frequencies, inflammatory markers, and
oligoclonal bands).51 Children who are treated with rituximab
should have lymphocyte subsets and immunoglobulin levels
checked at baseline and serially. There are emerging data that
younger age at rituximab initiation, neuroimmunologic di-
agnosis, and cumulative rituximab dose correlate with the risk of
hypogammaglobulinemia,5 which should be carefullymonitored.

Cyclophosphamide contributes both B-cell and T-cell sup-
pression and is typically given IV as 750 mg/m2/dose
monthly for 6 months (Table 6). Its potential benefit was first
suggested by the finding that patients with OMAS who re-
ceived tumor-directed chemotherapy (which commonly in-
cluded cyclophosphamide) had better outcomes than those

Table 6 Recommendations for the Dosing and Monitoring of Immunotherapeutic Agents in the Treatment of OMAS:
Cyclophosphamide

Cyclophosphamide

Regimen If not front-loading treatment, escalation to introduce cyclophosphamide should be considered if response to steroids is insufficient
(see monitoring).
➢ Dosing regimens vary between centers, with regimens including:
➢ 25 mg/kg for patients <10 kg; 750 mg/m2 for patients ≥10 kg
➢ Or: 500 mg/m2 then escalation according to tolerance
➢ Administered IV at 4 weekly intervals until 6 doses have been given (or 3 doses if treatment is escalated to rituximab)

Side effects Potential side effects of cyclophosphamide include nausea, vomiting, hair loss, infections, hemorrhagic cystitis, infertility, and
secondary malignancy, although the more serious of these are uncommon with the above dosing regimen.

Safety monitoring ➢ Baseline renal function (creatinine) should be checked before each cyclophosphamide infusion
➢Hydration and cystitis prophylaxis with Uromitexan (Mesna) may be given according to local guidelines. IV hydration is optional, but
should be considered when oral hydration is inadequate
➢ Urine for erythrocytes may be monitored on the day of administration
➢ Pneumocystis prophylaxis using trimethoprim-sulfamethoxazole or others (according local guidelines) is recommended for
children on cyclophosphamide and for a minimum of 3 mo after the end of treatment (or as per local guidelines).
➢ Precautionary measures for children at risk of varicella or measles apply according to local practice including advice about urgent
contact with the relevant hospital team where there is exposure and, if necessary, prophylactic measures according to local pediatric
oncology guidelines.

Abbreviations: OMAS = opsoclonus-myoclonus-ataxia syndrome; OMS = opsoclonus-myoclonus syndrome.
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who did not.52 Although cyclophosphamide offers rapid re-
covery of immune function after cessation compared with
rituximab, concerns around potential side effects, impact on
fertility, and proposed B cell–mediated mechanism of OMAS
have resulted in a tendency toward using rituximab in pref-
erence to cyclophosphamide.

Given the lack of definitive data on which treatments offer the
best outcomes for OMAS, physicians must engage in a de-
tailed discussion about potential risks and benefits of each
treatment and single vs combined treatments. In general, the
data suggest that multimodal immunotherapy, with concur-
rent initiation of rituximab, or rapid escalation of treatment
may reduce relapses and improve long-term outcomes4 but
may be associated with more serious potential side effects.
Further studies are needed to guide patients, families, and
providers in choosing treatments. Similarly, the optimal du-
ration of immunotherapy in OMAS is not known. However,
rapid tapers of steroids are often associated with OMAS re-
lapses and should be avoided, and consideration given to the
use of steroid sparing agents. The use of rituximab upfront
may allow for more rapid tapering of corticosteroids and
IVIg.48 A decision to initiate tapering of treatment should be
strongly guided by the symptoms of OMAS, and reduction of
therapy avoided while a patient remains symptomatic. Clinical
symptoms of OMAS are suggestive of ongoing inflammation
with potential for a poorer outcome.

Remission can be separately defined as remission on therapy,
which always needs to be continuously reevaluated as treat-
ment is weaned, and sustained remission off therapy. A clinical
definition of remission used in the aforementioned European

trial (NCT01868269) required disappearance of symptoms
for 2 successive OMS scorings at minimum 4-week intervals
as indicated by scores of zero in the categories of stance, gait,
arm and hand function, and opsoclonus and a score 0 or 1 in
the category of behavior (they did not include speech and
language in definition of remission). In clinical practice, re-
mission on therapy can be considered to be achieved when
symptom free other than speech and behavioral scores of 1,
for at least 2 months, with clinical judgment as to whether any
residual behavioral symptoms are causally related to in-
flammation. Even where remission on therapy is achieved,
immunotherapy should be continued for up to a year and
reduced gradually.

To consider OMAS to be in sustained remission requires that
symptoms have resolved and not recurred with intercurrent
infection or stress, at a point where immunotherapies no
longer have demonstrable biological effect. Specifically, if
B-cell complement has not recovered after rituximab, re-
mission is considered to be on therapy. However, at no point
should sustained remission be considered equivalent to per-
manent remission, as relapses are possible even several years
later and have been reported decades later53 with specific
stresses such as pregnancy.54

Relapses reportedly occur in over half of cases in 1 series.10

Long-term sequelae including cognitive impairment and
speech problems may be seen in up to 75% of patients but
may potentially be mitigated by earlier and more aggressive
immunotherapy.7,55 OMAS relapses or escalation of ongoing
symptoms are typically associated with triggers including in-
fections (typically common viral infections) and/or with

Table 7 Recommendations for the Monitoring of Children With OMAS

Monitoring in children with OMAS

OMS scoring

TheMitchell-Pike OMS rating scale defines symptoms severity on an ordinal scale of 0–3 in each of 6 domains (stance, gait, arm/
hand function, opsoclonus, mood/behavior, and speech). Scores within this scale allow identification of clinical progress and
should be assessed every 4 wk during treatment:

Assessments ➢ All children with a history of OMAS, including those who responded well and are in remission, should be followed up at least yearly.
➢ Ophthalmologic assessment should be obtained at presentation and at age 5 y to exclude cataracts.
➢ Safety monitoring in immune treatment is described in the treatment text box.

At relapse For patients without previously identified neuroblastoma: Repeat laboratory and biological studies (as described in investigations)
including serum, CSF studies if clinically indicated, urinary catecholamine metabolites, and repeat imaging to exclude neuroblastoma.

For patients with previously identified neuroblastoma: Imaging studies according to tumor localization to rule out relapse of
neuroblastoma.

Cognitive OMAS is associated with cognitive difficulties that may progress despite clinical remission of disease.
➢ All children with OMAS should be followed up to detect cognitive sequelae with special attention to ataxia, language development,
attention, executive function, and behavior and sleep dysregulation.
➢ All children with OMAS should undergo a formal neurocognitive assessment to identify difficulties and provide early support within an
education setting.

Assessment
tools

To include both functional and quality of life assessments, including (but not exclusively):
➢ Cognitive testing: Bayley III, Wechsler Preschool and Primary Scale of Intelligence (WPPSI), and Wechsler Intelligence Scale for Children
(WISC) depending on age
➢ Behavior, attention and emotion: Child Behavior Checklist (CBCL)
➢ Social behavior and autistic traits: Social Responsiveness Scale (SRS)

Abbreviations: OMAS = opsoclonus-myoclonus-ataxia syndrome; OMS = opsoclonus-myoclonus syndrome.
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reduction in immunotherapy.9 Patients with possible relapse
should be evaluated promptly and assessed for treatable
causes (i.e., intercurrent infection) and potentially reassessed
for tumor depending on the timing and prior investigations.53

Temporary worsening of OMA symptoms during a febrile
illness is not generally considered a relapse if it resolves
promptly when febrile illness resolves. Conversely, OMA
symptoms appearing during the recovery phase after an in-
tercurrent illness are much more likely to represent a signif-
icant relapse, as they are occurring during a period of immune
activation. Depending on the severity and timing of the re-
lapse, increase in existing immunotherapy and/or escalation
to more intensive immunotherapy should be strongly con-
sidered. For patients who relapse after previously receiving
rituximab, B-cell number should be checked to see whether
the relapse correlates with B-cell repopulation, in which case a
repeat course can be considered. If B-cell (CD19) count is
fully suppressed at the time of relapse, additional rituximab
course is unlikely to be helpful and other modalities of
treatment should be considered, such as switch from oral
corticosteroids to ACTH. For patients who relapse after they
are completely off immunotherapy, restarting at least a single
modality of therapy is generally indicated, depending on prior
response to therapies. Often, a course of pulse corticosteroids
or a few months of pulse IVIG can reestablish remission, but
some require a more aggressive approach to reinduce
remission.

The Long-term Outcome and
Management of OMAS
Long-term outcomes after childhood OMAS have largely
been studied retrospectively. Patients usually recover rela-
tively well, although incompletely in terms of motor function.
Ataxia, apraxia, coordination deficits, and impaired fine motor
skills or tremor have been described in 20%–60% in follow-up
spanning 1–50 years4,12,31,56,57 but usually do not severely
affect everyday function. In contrast, cognitive and behavioral
deficits can severely affect function. Good cognitive outcome
is reported in only 10%–50% of patients in older series. The
range of cognitive and behavioural sequelae in children with
OMAS includes intellectual disability, specific learning dis-
abilities such as dyslexia, as well deficits in attention, expressive
language, visuospatial function, and behavioral dysregulation,
even in children with normal IQ.4,12,57,58

Cerebellar atrophy of the vermis and hemispheres has been
described in patients who had follow-up imaging years after
the acute phase, particularly in children who had severe
presentations.12,30 In addition, a reduction of cerebral cortical
thickness in visual and motor cortex areas has been reported
on imaging 10–29 years after symptom onset in children.30

The correlation of these structural changes with cognitive and
behavioral issues is not clear as variable results have been
reported in small series, while cognitive testing in younger

children is challenging.12,30 Further research in this area is
needed.

Knowledge of risk factors associated with adverse cognitive
outcome is limited. Delay in treatment,12 younger age at onset,
and severe presenting symptoms have been reported to asso-
ciate with poor outcome, but these findings are inconsis-
tent across multiple retrospective studies. The presence or
absence of neuroblastoma does not associate with neurologic
outcome.12,56 Several retrospective studies have shown asso-
ciations between a relapsing course and poor outcome.56,57

This has been confirmed by a recent prospective and retro-
spective analysis of a large cohort of patients in which a greater
number of relapses was associated with a poorer cognitive
outcome whereas clinical and demographic information at
presentation did not.55 Furthermore, type of therapy may
matter: 1 study has reported that more front-loaded immu-
nosuppressive treatment associates with better cognitive out-
comes.4 Finally, cognitive outcomes may evolve through time.
One series of 3 patients described progressive cognitive dys-
function despite a stable clinical course following treatment.59

Given the significant symptoms and impact on development,
treatment is targeted at inducing full remission, tolerating no
symptoms, and acting promptly to avoid or mitigate relapses.
Ongoing physical, occupational, and speech therapy should
be recommended for all patients with OMAS, although many
children will not tolerate therapies early in the course due to
irritability. Often children may also require psychological
support and behavioral therapy. As children with OMAS
reach school age, neurocognitive testing should be performed,
special services in the school are often necessary, and planning
should begin early (Table 7).

Restarting Immunizations in Patients
With OMAS
Because of the age at onset, children with OMAS often receive
treatment that interrupts the routine pediatric immunization
schedule. Although most experts agree that immunizing patients
with OMAS while on treatment should be avoided, there is no
consensus on when to reimmunize or commence catch-up im-
munization in patients after treatment is complete. Several issues
need to be considered: (1) the risk of reactivation of OMAS
symptoms due to nonspecific immune stimulation by vaccina-
tion; (2) the risk of preventable illnesses; and (3) the ability of
patients to mount an immune response after OMAS treatment.

Although there may be concerns regarding reactivation of
OMAS symptomswith vaccination, in a series of 14 patients with
neuroblastoma-associated OMAS, 6 had undergone revaccina-
tion a minimum of 2 years after treatment, none of whom had
exacerbation of OMAS symptoms.47 Evidence for the risk of
reactivation is extrapolated from large retrospective studies of
patients with acquired demyelinating syndromes (ADS), yet
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several population-based studies suggest that the risk of an ADS
within 3 years of a vaccination is not increased.60,61

Similarly, vaccine effectiveness while on immune treatment is
generally extrapolated from the pediatric oncology and pe-
diatric rheumatology experience, whereby live vaccinations
are avoided and routine vaccination halted during active im-
munotherapy. Catch-up vaccination with or without booster
doses depending on level of immune suppression are rein-
stituted following completion of immunotherapy,62 based on
national vaccination schedules. The time lag to immune
competency is often pragmatically considered from the im-
mune biologic perspective (6 months) or longer based on
physician or institutional preferences. Notably, such decisions
should reflect critical outbreaks of life-threatening commu-
nicable disease whereby decision to immunize may be un-
dertaken even if a suboptimal response may be expected. For
infections where herd immunity cannot be relied on, such as
seasonal influenza and SARS CoV2, immunization even while
on immunotherapy should be strongly considered and po-
tential risk and benefits discussed with families.

Summary
There remains uncertainty as to the optimal management of
children presenting with OMAS with or without neuroblas-
toma, and where data from well-controlled studies are lacking,
the consensus of expert opinion has allowed several key points
to be established:

c Early diagnosis is important
c Clinical severity scales are important to help evaluate and

monitor OMAS (Tables 4 and 7)
c Investigations are important, but biomarkers still do not

have an established role in management (Tables 1 and 2)
c Initiation of treatment to establish disease remission and

prevent relapses is crucial (Tables 3, 5 and 6; Figure 1)
c Children with OMAS must have long-term follow-up

(Table 7)

Recommendations have been made to support clinicians in
the investigation, treatment, and long-term support of chil-
dren and families with OMAS. No one optimal treatment
strategy has been established, but whether an upfront or es-
calating approach is taken, adherence to the key principles of
rapidly establishing remission and preventing relapses is key,
with informed decisions around the risk and benefit of more
aggressive initial immune suppression. International collabo-
ration will remain crucial in answering the ongoing un-
certainty around this rare disease.

Acknowledgment
The authors thank the OMS Life Foundation and Dancing Eye
Syndrome Support Trust for the enormous contributions to
support clinicians, researchers, and families. They also thankMike
Michaelis for his continuous support of work done by the

International Study Group, alongside all the remarkable efforts to
foster greater knowledge of OMS. Here, the authors on behalf of
the International OMAS community pay tribute to their friend,
colleague, and physician extraordinaire, Dr. Michael Pranzatelli,
who sadly passed away in October 2018. As will be evident from
this review, he has been a pioneer, teacher, and champion for the
many children and families who have bravely faced this condition.

Study Funding
No targeted funding reported.

Disclosure
T.E. Rossor reports no disclosures relevant to the manuscript.
E.A. Yeh has received research funding from the NMSS,
CMSC, CIHR, NIH, OIRM, SCN, CBMH Chase an Idea,
SickKids Foundation, Rare Diseases Foundation, MS Scien-
tific Foundation (Canada), McLaughlin Centre, and Mario
Battaglia Foundation; investigator-initiated research funding from
Biogen; scientific advisory—Biogen, Hoffmann-La Roche and
Viela Bio; speaker honoraria—Saudi Epilepsy Society, NYU, MS-
ATL; ACRS, and PRIME, all unrelated to this manuscript.
Y. Khakoo receives support from theNCICancer Center Support
Grant P30 CA008748. P. Angelini and C. Hemingway report no
disclosures relevant to the manuscript. S. Irani has received grants
from CSL Behring, UCB Pharma, and Ono Pharmaceutical and
personal fees from UCB Pharma and ADC Therapeutics; is a
coapplicant and receives royalties on patent applicationWO/210/
046716; and is supported by theWellcomeTrust (104079/Z/14/
Z), the UCB Oxford University Alliance, BMA Research Grants,
Vera Down grant (2013) and Margaret Temple grant (2017),
Epilepsy Research UK (P1201), the Fulbright UK-US Commis-
sion (MS Society research award), and the National Institute for
Health Research Oxford Biomedical Research Centre. G.
Schleiermacher, P. Santosh, and T. Lotze report no disclosures
relevant to the manuscript. R. Dale is supported by NHMRC
Investigator grant (Australia), Cerebral Palsy Alliance, and Petre
Foundation. K. Deiva received speaker honoraria from Novartis,
Biogen, Sanofi, and participation in scientific advisory boards of
Novartis, Alexion, and Viela, all unrelated to this manuscript. B.
Hero reports no disclosures relevant to the manuscript. A. Klein
received speaker honoraria from Roche, Biogen, Santhera, and
Sarepta and participated in scientific advisory boards of Novartis,
Biogen, Santhera, Pfizer, Roche, and Sarepta, all unrelated to this
manuscript. P. de Alarcon reports no disclosures relevant to the
manuscript. M.P. Gorman has received research funding from
Novartis, Biogen, Roche/Genentech, and Pfizer. W. Mitchell re-
ports no disclosures relevant to the manuscript. M.J. Lim receives
research grants from Action Medical Research, the DES society,
the GOSH charity, the National Institute for Health Research, the
MS Society, and the SPARKS charity; receives research support
grants from the London Clinical Research Network and the
Evelina Appeal; has received consultation fees from CSL Behring,
Novartis and Octapharma; has received travel grants fromMerck
Serono; and was awarded educational grants to organize meetings
by Novartis, Biogen Idec, Merck Serono, and Bayer. Go to
Neurology.org/NN for full disclosures.

12 Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 3 | May 2022 Neurology.org/NN

https://nn.neurology.org/content/9/3/e153/tab-article-info
http://neurology.org/nn


Publication History
Received by Neurology: Neuroimmunology & Neuroinflammation
November 4, 2021. Accepted in final form January 18, 2022. Submitted
and externally peer reviewed. The handling editor was Josep O. Dalmau,
MD, PhD, FAAN.

Appendix 1 Authors

Name Location Contribution

Thomas Rossor,
PhD

Children’s Neurosciences,
Evelina London Children’s
Hospital at Guy’s and St
Thomas’NHS Foundation
Trust, King’s Health Partners
Academic Health Science
Centre, London, UK;
Department Women and
Children’s Health, School of
Life Course Sciences (SoLCS),
King’s College London, UK

Drafting/revision of the
manuscript for content,
including medical writing
for content

E. Ann Yeh, MD Division of Neurology,
Department of Pediatrics,
Neurosciences and Mental
Health (RI), The Hospital for
Sick Children, Toronto,
Ontario, Canada; Faculty of
Medicine, The University of
Toronto, Toronto, Ontario,
Canada

Drafting/revision of the
manuscript for content,
including medical writing
for content

Yasmin Khakoo,
MD

Department of Pediatrics,
Memorial Sloan Kettering
Cancer Center, New York,
New York; Department of
Neurology, Memorial Sloan
KetteringCancerCenter, New
York, New York; Department
of Pediatrics, Weill Medical
College of Cornell University,
New York, New York

Drafting/revision of the
manuscript for content,
including medical writing
for content

Paola Angelini,
MD

Children and Young
People’s Unit, The Royal
Marsden, Downs Road,
Sutton, Surrey SM2 5PT, UK

Drafting/revision of the
manuscript for content,
including medical writing
for content

Cheryl
Hemingway,
PhD

UCL Great Ormond Street
Institute of Child Health,
Department of Neurology,
Great Ormond Street
Hospital for Children,
London, United Kingdom

Drafting/revision of the
manuscript for content,
including medical writing
for content

Sarosh R. Irani,
MD, DPhil

Oxford Autoimmune
Neurology Group, Nuffield
Department of Clinical
Neurosciences, University
of Oxford, Oxford, UK;
Department of Neurology,
Oxford University
Hospitals NHS Foundation
Trust, Oxford, UK

Drafting/revision of the
manuscript for content,
including medical writing
for content

Gudrun
Schleiermacher,
PhD

SiRIC RTOP, Translational
Research Department, PSL
Research University, Institut
Curie Research Center,
Paris, France; INSERM U830,
PSL Research University,
Institut Curie Research
Center, Paris, France;
SIREDO Center: Care,
Innovation and Research for
Children, Adolescents and
Young Adults with Cancer,
Institut Curie, Paris, France

Drafting/revision of the
manuscript for content,
including medical writing
for content

Appendix 1 (continued)

Name Location Contribution

Paramala
Santosh, PhD

Department of Child and
Adolescent Psychiatry,
King’s College London,
London, UK; Centre for
Interventional Paediatric
Psychopharmacology
and Rare Diseases
(CIPPRD) Research Team,
South London and
Maudsley NHS
Foundation Trust,
London, UK

Drafting/revision of the
manuscript for content,
including medical writing
for content

Tim Lotze, MD Baylor College of Medicine,
Texas Children’s Hospital,
Houston, TX

Drafting/revision of the
manuscript for content,
including medical writing
for content

Russell C. Dale,
PhD

Kids Neuroscience Centre,
The Children’s Hospital at
Westmead, Westmead,
NSW, Australia; TY Nelson
Department of Neurology
and Neurosurgery, The
Children’s Hospital at
Westmead, Sydney,
Australia; The Children’s
hospital at Westmead
Clinical School, Faculty of
Medicine, University of
Sydney, Sydney, NSW,
Australia

Drafting/revision of the
manuscript for content,
including medical writing
for content

Kumaran Deiva,
PhD

Pediatric Neurology
Department, Assistance
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OMS workshop in
2018

Esther
Ganelin-
Cohen

Schneiders
Children’s Medical
Center Of Israel

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Dido Green Centre for
Rehabilitation,
Oxford Brookes
University, UK

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Marios
Hadjivassiliou

Departments of
Neurology, Sheffield
Teaching Hospitals
NHS Foundation
Trust, UK

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions duringOMS
workshop in 2018

Yael Hacohen Great Ormond
Street Hospital,
London, UK

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions duringOMS
workshop in 2018

Anu Jacob Department of
Neurology,Walton
Centre NHS
Foundation Trust,
Liverpool, UK

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Bethan Lang Nuffield
Department of
Clinical
Neurosciences,
University of
Oxford, UK

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Wendy
London

Dana-Farber/
Boston Children’s
Cancer and Blood
Disorders Center,
Harvard Medical
School, Boston,
USA

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Araz
Marachelian

Children’s
Hospital Los
Angeles, USA

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions duringOMS
workshop in 2018

Rinze
Neuteboom

Department of
Pediatric
Neurology
Erasmus MC
University Medical
Center,
Rotterdam,
Netherlands

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Ingrid Ora Karolinska
University
Hospital,
Stockholm,
Sweden

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018
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Appendix 2 (continued)

Name Location Role Contribution

Catherine
Otten

Seattle Children’s
Hospital, USA

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Ki Pang Newcastle
General Hospital,
Newcastle upon
Tyne, UK

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions duringOMS
workshop in 2018

Jing Peng First Hospital,
Peking University,
Beijing, China

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Catherine
Petty

Department of
Neurology, Boston
Children’s
Hospital, Harvard
Medical School,
Boston, USA

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Michael Pike Nuffield
Department of
Clinical
Neurosciences,
John Radcliffe
Hospital,Oxford,UK

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Ferne Pinard Department of
Neurology, Boston
Children’s
Hospital, Harvard
Medical School,
Boston, USA

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Miriam
Rosenberg

Department of
Genetics, Hebrew
University of
Jerusalem, Isreal

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions duringOMS
workshop in 2018

Ian Rossman Neuro-
developmental
Science Center,
Akron Children’s
Hospital, Akron,
OH, USA

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Jonathan
Santoro

Keck School of
Medicine,
University of
Southern CA, and
Children’s
Hospital Los
Angeles

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Marc Tardieu Hôpitaux
Universitaires
Paris-Sud, Paris,
France

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Jean Marie
Tersak

Children’s
Hospital of
Pittsburgh of
UPMC, Pittsburgh,
PA, USA

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Appendix 2 (continued)

Name Location Role Contribution

Kavita
Thakkar

Department of
Pediatrics, Division
of Child Neurology,
Children’s Hospital
of Pittsburgh of
UPMC, USA

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Jeremy Turk South London &
Maudsley NHS
Foundation Trust,
London, UK

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Cynthia Wang Department of
Neurology, UT
Southwestern
Medical Center,
Dallas, TX, USA

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

David Webb Department of
Paediatric
Neurology, Our
Lady’s Children’s
Hospital, Crumlin,
Dublin Ireland

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Elizabeth
Wells

Department of
Neurology,
Children’s
National Medical
Center,
Washington DC,
USA

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Bernd Wilken Department of
Neuropediatrics,
Klinikum Kassel,
Kassel, Germany.

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions duringOMS
workshop in 2018

Lifen Yang Department of
Pediatrics, Xiangya
Hospital, Central
South University,
Changsha, China

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Victoria
Bartholomew

Patient, family and
public

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Nichoa Ejaz Dancing Eye
Support Trust

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Ron Dimant Patient, family and
public

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Limor Gallo Patient, family and
public

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMSworkshop in 2018
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27. Armangué T, Sabater L, Torres-Vega E, et al Clinical and immunological features of
opsoclonus-myoclonus syndrome in the era of neuronal cell surface antibodies. JAMA
Neurol 2016;73(4):417-424.

28. Panzer JA, Anand R, Dalmau J, Lynch DR. Antibodies to dendritic neuronal surface
antigens in opsoclonus myoclonus ataxia syndrome. J Neuroimmunol 2015;286:
86-92.

29. Poretti A, Benson J, Huisman TGM, Boltshauser E. Acute ataxia in children: approach
to clinical presentation and role of additional investigations. Neuropediatrics 2013;
44(3):127-141.

30. Anand G, Bridge H, Rackstraw P, et al Cerebellar and cortical abnormalities in
paediatric opsoclonus-myoclonus syndrome. Dev Med Child Neurol 2015;57(3):
265-272.

31. Brunklaus A, Pohl K, Zuberi SM, De Sousa C. Investigating neuroblastoma in
childhood opsoclonus-myoclonus syndrome. Arch Dis Child 2012;97(5):461-463.

32. Pfluger T, Schmied C, Porn U, et al Integrated imaging using MRI and 123I meta-
iodobenzylguanidine scintigraphy to improve sensitivity and specificity in the di-
agnosis of pediatric neuroblastoma. Am J Roentgenol 2003;181(4):1115-1124.

33. Biasotti S, Garaventa A, Villavecchia GP, Cabria M, Nantron M, De Bernardi B. False-
negative metaiodobenzylguanidine scintigraphy at diagnosis of neuroblastoma. Med
Pediatr Oncol 2000;35(2):153-155.

34. Bleeker G, Tytgat GAM, Adam JA, et al 123I-MIBG scintigraphy and 18F-FDG-PET
imaging for diagnosing neuroblastoma. Cochrane Database Syst Rev 2015;2015(9):
CD009263.

Appendix 2 (continued)

Name Location Role Contribution

Ian Grummitt Dancing Eye
Support Trust

Member of
International
OMAS study
group

Refined concept of
consensus and
contributed to
discussions during
OMS workshop in
2018

Wanda Kirby Patient, family and
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International
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Foundation, Dana
Point, CA, USA

Member of
International
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2018

16 Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 3 | May 2022 Neurology.org/NN

http://dancingeyes.org.uk/information-documents-and-reports/Published%202021
http://dancingeyes.org.uk/information-documents-and-reports/Published%202021
http://neurology.org/nn


35. Donaldson JS, Gilsanz V, Miller JH. CT scanning in patients with opsomyoclonus:
importance of nonenhanced scan. Am J Roentgenol 1986;146(4):781-784.

36. Slovis TL, Meza MP, Cushing B, et al Thoracic neuroblastoma: what is the best
imaging modality for evaluating extent of disease?. Pediatr Radiol 1997;27(3):
273-275.

37. Matthay KK, Maris JM, Schleiermacher G, et al Neuroblastoma. Nat Rev Dis Prim
2016:2:16078.

38. Gambini C, Conte M, Bernini G, et al Neuroblastic tumors associated with
opsoclonus-myoclonus syndrome: histological, immunohistochemical and molecular
features of 15 Italian cases. Virchows Arch 2003;442(6):555-562.

39. Hero B, Clement N, Øra I, et al Genomic profiles of neuroblastoma associated with
opsoclonus myoclonus syndrome. J Pediatr Hematol Oncol 2018;40(2):93-98.

40. Evans AE, D’Angio GJ, Randolph J. A proposed staging for children with neuro-
blastoma. Children’s cancer study group A. Cancer 1971;27(2):374-378.

41. Ikegaki N, Shimada H. Subgrouping of unfavorable histology neuroblastomas with
immunohistochemistry toward precision prognosis and therapy stratification. JCO
Precis Oncol 2019;3(3):1-7.

42. Ackermann S, Cartolano M, Hero B, et al A mechanistic classification of clinical
phenotypes in neuroblastoma. Science. 2018;362(6419):1165-1170.

43. Strother DR, London WB, Lou SM, et al Outcome after surgery alone or with
restricted use of chemotherapy for patients with low-risk neuroblastoma: results of
Children’s Oncology Group study P9641. J Clin Oncol 2012;30(15):1842-1848.

44. Baker DL, Schmidt ML, Cohn SL, et al Outcome after reduced chemotherapy for
intermediate-risk neuroblastoma. N Engl J Med 2010;363(14):1313-1323.

45. De Bernardi B, Mosseri V, Rubie H, et al Treatment of localised resectable neuro-
blastoma. Results of the LNESG1 study by the SIOP Europe Neuroblastoma Group.
Br J Cancer 2008;99(7):1027-1033.
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CORRECTION

Siponimod Inhibits the Formation of Meningeal Ectopic Lymphoid
Tissue in Experimental Autoimmune Encephalomyelitis
Neurol Neuroimmunol Neuroinflamm 2022;9:e1174. doi:10.1212/NXI.0000000000001174

In the Article “Siponimod Inhibits the Formation of Meningeal Ectopic Lymphoid Tissue in
Experimental Autoimmune Encephalomyelitis” by Brand et al.,1 Rosa Margareta Brand should
be listed without a degree after her name. The publisher regrets the error.
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