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Josep Dalmau, MD, PhD, Editor, Neurology® Neuroimmunology & Neuroinflammation

Diagnostic and treatment challenges,
a new section in N2
Neurol Neuroimmunol Neuroinflamm November 2018 vol. 5 no. 6 e511. doi:10.1212/NXI.0000000000000511

This issue of Neurology® Neuroimmunology and Neuroinflammation (N2) includes a new section
named “Diagnostic and Treatment Challenges” that contains a classical case-report presentation
and multidisciplinary discussion among physicians, with the aim to underscore the “pearls,”
“pitfalls,” and fundamental principles that can be effectively integrated in our practices. This
educational offering will include cases selected from the Conference Webinars presented by the
National Multiple Sclerosis Society Clinical Fellows and other submissions from our readers of
similarly formulated case reports and discussions from forums such as grand rounds or multi-
disciplinary conferences. Cases will include patients with any type of neuroimmunologic diseases.
The introductory case in this issue of N2 “A young man with numbness in arms and legs”
exemplifies how this section is envisioned.1

Gender differences occur in many autoimmune diseases including those that affect the nervous
system. Defining and understanding gender differences will lead to improved health care for all
patients. The study by Lee et al.2 explores gender differences in the adverse effects of prednisone
in a cohort of patients with myasthenia gravis. Almost 2,000 patients enrolled in the Myasthenia
Gravis Registry, a nationwide database, were sent a short survey about their disease and use of
steroids, and 398 patients (21%) responded. About two-thirds had or were taking steroids while
the remaining had never taken steroids. Although prednisone adverse events were commonly
reported by both sexes, they were more frequently reported in women (95% vs 77%). Women
also reported more adverse events that were intolerable as compared with men (81% vs 50%),
and this was associated with women being less willing to accept an increase of their steroid dose.
The reasons for these gender differences will need to be fully elucidated but appear to include
differences between women and men in their tolerance of adverse events related to appearance
and social interactions. The authors also raise an immediately addressable possibility. They found
that women and men had comparable peak steroid dosage suggesting that dosing was not based
on ideal body weight. This would likely result in women receiving a higher steroid dose (on a per-
weight basis) leading to more adverse events. Additionally, not only did the steroid dose and
dosing schedule vary (reflecting the lack of consensus guidelines) but most of the patients were
on a daily dosing schedule that is more likely to be associated with adverse events than alternate
day dosing.

In a retrospective cohort study, Kleiter et al.3 set out to determine whether 1 of 2 apheresis
techniques, therapeutic plasma exchange (PE) or immunoadsorption (IA), was superior in
treating attacks of neuromyelitis optica spectrum disorders (NMOSD) and to identify predictive
factors for complete response. Patients were identified from the German Neuromyelitis Optica
Study Group registry that includes patients with NMOSD diagnosed according to the 2006
Wingerchuk criteria or with aquaporin-4 antibody seropositive NMOSD. Attacks were defined
following the definition for multiple sclerosis (MS) relapses, as objective neurologic worsening
lasting for at least 24 hours in the absence of fever or infections, and occurring more than 30 days
after a previous attack. Both PE and IA were similarly effective and induced at least partial

Funding information and disclosures are provided at the end of the article. Full disclosure form information provided by the authors is available with the full text of this article at
Neurology.org/NN.
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remission in the majority of attacks, regardless of whether they
were used as first- to fifth-line therapy, with no difference in the
change of Expanded Disability Status Scale (EDSS) score be-
tween the 2 techniques. However, complete remission only
occurred when aphesis was initiated within days of attack onset
with a stepwise decline in improvement with apheresis delay.
Strong predictors for complete remission were the use of
apheresis therapy as first-line therapy, time fromonset of attack
to start of therapy (in days), the presence of aquaporin-4
antibodies, and monofocal attack manifestation.

The innate immune system uses DNA sensing pathways to
detect the presence of DNA in the cytoplasm and, in re-
sponse, lead to the activation of defense mechanisms, such as
increased interferon expression. DNA sensing plays a role in
the response to DNA virus, in tumor surveillance, and cel-
lular senescence. However, aberrant DNA sensing can result
in an overactive immune system leading to autoimmune
disease, as have been shown for Aicardi-Goutieres syn-
drome. The study by Morgensen et al.4 in this issue of N2
provides a novel association between defects in DNA sensing
and CNS disease. The authors describe a set of monozygotic
twins with recurrent CNS vasculitis and stroke-like episodes
that were associated with varicella zoster virus (VZV) reac-
tivation in the CSF. Both patients were found to have a het-
erozygous missense mutation in the POL3RF subunit of the
cytosolic DNA sensor POL III. The authors show that this
mutation results in impaired antiviral responses and increased
VZV replication in patients’ peripheral blood mononuclear
cells compared to controls. Both patients had clinical responses
to acyclovir and corticosteroids but experienced symptom re-
currence and new MRI lesions when acyclovir was dis-
continued. This study provides further evidence of the
importance of DNA sensors and of their emerging role in
neuroinflammatory and infectious diseases. The identification
of aberrant DNA sensing pathways is an important step in
developing novel therapeutic targets.

The other articles in this issue of N2 also deserve attention and
cover a wide range of topics including among others the
demonstration that incorporating in-home telemedicine in the
care of patients with MS reduces travel and caregiver burden
and enables more efficient and convenient follow-up care, and
another study showing that long-term use of rituximab in
patients with NMOSD is associated with the risk of developing
hypogammaglobulinemia and related complications.

Study funding
No targeted funding reported.

Disclosure
J. Dalmau is the editor of Neurology®: Neuroimmunology and
Neuroinflammation, is on the editorial board for Neurology
UpToDate; holds patents for and receives royalties from Ma2
autoantibody test, NMDA receptor autoantibody test,
GABA(B) receptor autoantibody test, GABA(A) receptor
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toantibody test; and receives research support from Euro-
immun, NIH, Fundació CELLEX, Instituto Carlos III
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EDITORIAL OPEN ACCESS

Plasmapheresis for acute attacks in neuromyelitis
optica spectrum disorders
Michael Levy, MD, PhD

Neurol Neuroimmunol Neuroinflamm 2018;5:e510. doi:10.1212/NXI.0000000000000510

Correspondence

Dr. Levy
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The focus of treatment in MS is trending away from interventions for acute relapses, but
surprisingly, the opposite is occurring in neuromyelitis optica spectrum disorder (NMOSD).
Disability in NMOSD results from accumulating damage in the CNS related to individual
relapses over the course of the disease. Therefore, acute interventions designed to reduce
damage may preserve long-term neurologic function.1,2 The most frequent treatment ap-
proach for relapses of NMOSD comprises a schedule of high-dose steroids similar to that
adopted in MS, but steroids are only partially effective. Their benefit is most apparent in
blunting the extent and severity of the inflammatory response; in fact, only one-third of the
patients with NMOSD revert to their previous neurologic status without additional inter-
ventions.3 Escalation to plasmapheresis after steroids in NMOSD relapses leads to a return to
baseline in up to two-thirds of the patients.3

In this issue of Neurology: Neuroimmunology & Neuroinflammation, Dr. Ingo Kleiter and col-
leagues sought to answer 2 questions about plasmapheresis in acute NMOSD relapses: (1)
What type of plasmapheresis is better, plasma exchange (PE) or immunoadsorption (IA)? and
(2) what are the clinical factors that predict a good outcome after plasmapheresis?4

Plasmapheresis involves the extracorporeal filtration of patients’ blood. The simplest form of
plasmapheresis is plasma exchange (PE), in which plasma is replaced by synthetic human
albumin in saline. PE has been used for numerous inflammatory neurologic disorders.5 Con-
cerns about bleeding, a rare event caused by the depletion of fibrinogen and other coagulation
factors, have prompted the search for novel methods of plasmapheresis. One of these is IA,
which implements a protein A column to selectively remove immunoglobulin G (IgG) anti-
bodies while preserving all other plasma proteins and factors. IA has equal efficacy to PE in
antibody-mediated conditions, but with fewer bleeding complications.6

The authors compared 192 NMOSD attacks that were treated with PE with 38 that were
treated with IA. They found that both types of plasmapheresis were equally effective. This
suggests that IgG antibody removal is the important treatment effect of plasmapheresis in
NMOSD. Although the authors do not compare the bleeding complication rate between PE
and IA, it may be inferred that patients with NMOSD would likely have fewer bleeding
complications with IA, provided the study was powered sufficiently. However, IA is limited to
specialized tertiary care centers and is more expensive. It also carries a risk of reaction to protein
A, a cell wall component derived from Staphylococcus aureus. The authors answer their first
question by conceding that there are not enough data to disentangle the risks and benefits
between PE and IA in the acute treatment of NMOSD relapses.

The second question focused on the clinical predictors of a better outcome from plasmaphe-
resis. They found that the use of plasmapheresis (either PE or IA) as first-line therapy and the
initiation of plasmapheresis within 3 days of the onset of the attack associated with good
outcomes. Forty percent of patients who received plasmapheresis within 3 days returned to
baseline compared with less than 4% of those who started plasmapheresis after 7 days. There

From the Department of Neurology, Johns Hopkins University, Baltimore, MD.
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was still a >80% chance of achieving at least partial benefit for
those who started plasmapheresis after 7 days. A third factor
that helped predict a favorable outcome with plasmapheresis
was aquaporin-4 (AQP4) seropositivity. However, the
authors acknowledge that the number of AQP4-seronegative
patients was low, thus this part of the study was underpow-
ered. Other studies suggest that AQP4-seronegative patients
respond satisfactorily to plasmapheresis for acute relapses as
well, implying there may be other autoantibodies at work or
other supplementary benefits of plasmapheresis. The final
factor predictive of a good outcome with plasmapheresis
was the presence of a single lesion, either in the spinal cord or
the optic nerve, but not both simultaneously. It is unclear why
the latter presentation would not be equally amenable to
plasmapheresis.

One of the study items that did not necessarily predict a good
outcome was the simultaneous use of disease-modifying im-
munotherapy at the time of the attack. Disease-modifying
immunotherapy not only prevents relapses but seems to re-
duce the severity of breakthrough episodes.3 This question
remains unanswered.

For acute relapses inNMOSD, the current preferred treatment is
plasmapheresis. Unless a patient presents with mild clinical
features that reverse quickly with high-dose steroids, the treat-
ment approach of most NMOSD experts is the prompt use of
plasmapheresis to limit the inflammatory process and optimize
the long-term outcome. Currently, there is no trial design that
would allow an unbiased comparison of plasmapheresis vs high-
dose steroids alone for relapses of NMOSD. Other potential
acute treatments in early phase trials may show promise as well.
These include complement inhibitors, as well as intravenous
immunoglobulin, especially for myelin oligodendrocyte
glycoprotein (MOG)-seropositive NMOSD.7–9 Whether the
combination of these treatments with plasmapheresis may
improve outcome is also a question for future studies.

Study funding
No targeted funding reported
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Abstract
Objective
To analyze whether 1 of the 2 apheresis techniques, therapeutic plasma exchange (PE) or immunoadsorption (IA), is superior
in treating neuromyelitis optica spectrum disorder (NMOSD) attacks and to identify predictive factors for complete
remission (CR).

Methods
This retrospective cohort study was based on the registry of the German Neuromyelitis Optica Study Group, a nationwide network
established in 2008. It recruited patients with neuromyelitis optica diagnosed according to the 2006 Wingerchuk criteria or with
aquaporin-4 (AQP4-ab)-antibody–seropositive NMOSD treated at 6 regional hospitals and 16 tertiary referral centers until March
2013. Besides descriptive data analysis of patient and attack characteristics, generalized estimation equation (GEE) analyses were
applied to compare the effectiveness of the 2 apheresis techniques. A GEE model was generated to assess predictors of outcome.

Results
Two hundred and seven attacks in 105 patients (87% AQP4-ab-antibody seropositive) were treated with at least 1 apheresis
therapy. Neither PE nor IA was proven superior in the therapy of NMOSD attacks. CR was only achieved with early apheresis
therapy. Strong predictors for CR were the use of apheresis therapy as first-line therapy (OR 12.27, 95% CI: 1.04–144.91, p =
0.047), time from onset of attack to start of therapy in days (OR 0.94, 95% CI: 0.89–0.99, p = 0.014), the presence of AQP4-ab-
antibodies (OR 33.34, 95% CI: 1.76–631.17, p = 0.019), and monofocal attack manifestation (OR 4.71, 95% CI: 1.03–21.62, p =
0.046).

Conclusions
Our findings suggest early use of an apheresis therapy in NMOSD attacks, particularly in AQP4-ab-seropositive patients. No
superiority was shown for one of the 2 apheresis techniques.

Classification of evidence
This study provides Class IV evidence that for patients with NMOSD, neither PE nor IA is superior in the treatment of
attacks.
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Adequate treatment of attacks in neuromyelitis optica spec-
trum disorders (NMOSDs) is crucial as long-term disability in
these patients is accumulated by poor recovery from
attacks.1,2 We have previously shown in a retrospective ana-
lysis that aggressive treatment of attacks, particularly escala-
tion of attack therapy, can improve the attack outcome with
the sequence of treatments being crucial.3 In particular, our
study suggested that first-line therapy with apheresis therapies
may be superior to high-dose steroid pulse therapy in attacks
involving the spinal cord.

Apheresis therapies aim to eliminate pathogenic antibodies
and other proinflammatory factors from the patient’s circu-
lation. Two major techniques are used. Therapeutic plasma
exchange (PE) separates patient’s plasma from the whole
blood.4 Centrifugation devices or highly permeable filters are
used to separate the plasma filtrate with molecules up to 1,000
kD, including immunoglobulins, complement factors, and
albumin from blood cells. The plasma filtrate is discarded, and
either 5% albumin solution or fresh-frozen plasma is added to
the filtered blood before reinfusion. For immunoadsorption
(IA), plasma separation is equally needed as the first step.5

The plasma fraction is then passed through an IA device.
Single-pass devices use tryptophan as an adsorber, whereas
reusable devices use in most cases the Staphylococcus aureus
cell wall–derived protein A. Several plasma constituents,
including immunoglobulins and complement, are removed
from the plasma, whereas albumin and clotting factors are
mostly spared and reinfused. Besides the immediate intra-
vasal reduction of autoantibodies, e.g., those targeting
aquaporin-4 (AQP4-ab),6 PE and IA also show effects on
immunoglobulin redistribution and subsequent immuno-
modulatory changes.7–10

It remains to be elucidated whether one of the apheresis
therapies might be superior in the treatment of NMOSD
attacks. We therefore conducted a retrospective analysis of
207 NMOSD attacks in 105 patients who were treated either
with PE or IA and aimed to identify predictive factors for
a favorable therapeutic response.

Methods
Study design
This retrospective cohort study is based on data of the registry
of the German Neuromyelitis Optica Study Group (NEMOS,
nemos-net.de). Final data entry varied across centers and was
performed between January 2012 and March 2013. At this
time, the registry contained 215 patients with both NMO

diagnosed according to the 2006 Wingerchuk criteria11 and
AQP4-ab-seropositive NMOSD.12

Previously, we identified and characterized 1,124 attacks in
186 patients with NMO and NMOSD, treated at 6 regional
hospitals and 16 tertiary referral centres.3 Of these, all attacks
treated with an apheresis therapy, PE or IA, were included in
this subgroup analysis. Twelve centers used both PE and IA, 9
centers used only PE, and 1 center used only IA. Further
details on data collection, quality, and processing can be found
in the original characterization of the cohort.3

For each patient, demographic and diagnostic data, as well as
the number and dates of acute attacks from disease onset to
last follow-up, were included in the analysis. Moreover, attack-
related clinical features (Expanded Disability Status Scale
[EDSS] and visual acuity were available) and information on
attack treatment and outcome were assessed from the patient
records. The definition of an attack followed the definition
used for MS relapses: an objective neurologic worsening
lasting for at least 24 hours in the absence of fever or infec-
tions and occurring more than 30 days after the previous
attack. All attacks were confirmed by neurologic examination.

PE and IA were conducted according to local standard pro-
cedures. IA was performed using tryptophan (TR-350;
Diamed Medizintechnik GmbH) or protein A (Immuno-
sorba; Fresenius Medical Care) as an adsorber. One apheresis
treatment course was defined as at least 3 therapeutic PEs or
at least 3 IAs.

Short-term remission status of attack-related neurologic def-
icits was chosen as the primary outcome parameter and rated
as complete remission (CR) when there was full recovery,
partial remission (PR) when there was incomplete recovery,
and no remission (NR) when there was no improvement at all
of the attack-related neurologic deficits in relation to the
therapy cycle. The remission status was evaluated immedi-
ately after the end of the apheresis therapy.

The primary research question was to evaluate whether PE or
IA was more beneficial for NMOSD attack therapy. Given its
retrospective nature, this study was expected to provide Class
IV evidence.

Standard protocol approvals, registrations,
and patient consents
Ethics approval was obtained from the Institutional Review
Board of the Ruhr University Bochum (#4573-13) and of the
participating centers. Patients provided written informed

Glossary
AQP4-ab = aquaporin-4; CR = complete remission; EDSS = Expanded Disability Status Scale; GEE = generalized estimating
equation; IA = immunoadsorption; IQR = interquartile range; NEMOS = Neuromyelitis Optica Study Group; NMOSD =
neuromyelitis optica spectrum disorder;NR = no remission;ON = optic neuritis; PE = plasma exchange; PR = partial remission.
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consent. The study was performed according to ICH/GCP
and current German legal requirements; it was not registered
because registration was neither required nor available for
retrospective, noninterventional studies at the time of data
collection.

Statistical analysis
Patient characteristics were descriptively analyzed. Com-
parison of the use as first-line or consecutive treatment of PE
and IA, as well as distribution among treatment courses and
clinical attack manifestation, was performed using the exact
χ2 test. Generalized estimating equations (GEEs)13 with
remission status (CR vs PR or NR) of attacks as the de-
pendent variable were used for the analysis of direct com-
parisons of the effectiveness of PE vs IA in the first- or
second-line use. ORs with 95% CIs and corresponding p
values were given. GEE analyses with the same dependent
variable were also used to identify predictors of outcome.
The following variables were analyzed: sex, age at attack,
time from onset of disease to attack, AQP4-status, NMO vs
NMOSD, clinical manifestation (absence or presence of
myelitis, isolated manifestation of optic neuritis [ON] or
myelitis vs simultaneous), disease-modifying immunother-
apy, time from onset of attack to initiation of therapy,
apheresis as first- vs second-line therapy, technique of
therapy (PE vs IA), and center (to control for a center ef-
fect). We indicated missing data in the figure legends; the
corresponding observations were dropped in the multivari-
ate statistical analyses as usual. p Values < 0.05 were con-
sidered statistically significant. All tests were performed as
exploratory data analysis, therefore, no adjustments for
multiple testing were made. IBM SPSS Statistics, Version 24,

STATA (Data Analysis and Statistical Software; StataCorp
LP) and StatXact 6 (CYTEL Software Corp) were used for
computations and GraphPad Prism version 6.0f (GraphPad
Software) for visualization.

Data availability
As far as permitted, according to data protection requirements
and consent provided by the participants, original data are
available from the corresponding author on request from any
qualified investigator within 5 years after publication.

Results
Demographic and clinical characteristics
Among the initial 1,124 attacks in 186 patients, 253 attacks
were excluded due to insufficient data, 42 were not treated,
and 622 attacks did not receive an apheresis therapy
(figure 1).

Two hundred and seven attacks in 105 patients were treated
with apheresis therapies, of these 189 with a single apheresis
therapy and 18 with multiple apheresis therapies. A total of
192 PE (in 99 patients) and 38 IA procedures (in 23 patients),
each with at least 3 exchanges, were examined. Patient and
attack characteristics are given in table 1.

Apheresis therapies were applied as first-line choice in 72
attacks, as second-line (another attack therapy was given be-
fore the start of apheresis therapy) in 98 attacks, and as third-
line or later (2 or more previous attack therapies were given)
in 37 attacks. Time from onset of attack to start of therapy was

Figure 1 Study flow chart

HD-S = high-dose IV steroids; IA = immunoadsorption; PE = plasma exchange.
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median 1 day (interquartile range [IQR] 0–4, n = 58) in first-
line therapy, 11.5 days (IQR 5.0–22.75, n = 92) in second-line
therapy, and 15.5 days (IQR 10–45.75, n = 32) in third-line or
later therapy. No difference between PE and IA usage was
found in terms of distribution among lines of therapy (p =

0.303, exact χ2 test) and clinical attack manifestation (p =
0.055, exact χ2 test, figure 2).

PE and IA are both effective in the therapy of
NMOSD attacks
Both PE and IA were effective and induced at least PR in most
attacks when used as first- to fifth-line therapy (figure 3, A and
B). Although attacks treated with IA always showed a clinical
response as nonresponders were not found in this treatment
group, we could not show a difference in efficacy between PE
and IA (p = 0.264, GEE analysis, CR as the dependent vari-
able) (figure 3C). There was also no difference for the change
in EDSS between PE and IA (figure 3D). Because of over-
lapping effects of preceding attack therapies, we excluded
third- to fifth-line apheresis therapies from this statistical
analysis. Clinical characteristics of first- and second-line
apheresis therapies are given in table 2.

The use of apheresis therapies as first-line and
early therapy is associated with the highest
remission rate
CR was only reached with apheresis therapy initiated early
(first- and second-line therapy in IA, first- to third-line therapy
in PE). Forty percent of patients had CR when apheresis
therapy was started without delay, i.e., day 0–2 after onset of
symptoms, but improvement declined stepwise with later
treatment start (figure 3E). No patient completely recovered
when apheresis therapy was commenced later than 20 days
after symptom onset. CR was reached more often with early
PE (start after symptom onset day 0–6: 29%; day ≥7: 3.7%, n =
144 attacks) than with early IA treatment (start after symptom
onset day 0–6: 6.7%; day ≥7: 0%, n = 28 attacks).

Table 1 Patient characteristics

Patients (n = 105)

NMOa (n, %) 84 (80%)

AQP4-ab positive NMOSDb (n, %) 21 (20%)

Female sex (n, %) 82 (78%)

Age at onset (y; mean, SD) 43.4 (14.7)

Disease onset to last visit (y; median, IQR) 5.9 (3.0–10.1)

AQP4-ab positivec (n, %) 91 (87%)

≥1 optic neuritis ever (n, %) 87 (83%)

≥1 myelitis ever (n, %) 102 (97%)

Relapsing disease coursed (n, %) 99 (94%)

Attacks/patient (n, IQR) 5 (3–8)

ARR (n = 97; median, IQR)e 0.91 (0.63–1.46)

Abbreviations: AQP4-ab = anti-aquaporin-4 antibody; ARR = annualized re-
lapse rate; IQR = interquartile range; NMO = neuromyelitis optica; NMOSD =
neuromyelitis optica spectrum disorder.
a According to 2006 Wingerchuk criteria.11
b According to Wingerchuk et al. 2007.12
c AQP4-ab result not available in 1 NMO patient.
d Two or more attacks.
e Only patients with follow-up >1 year.

Figure 2 Overview of apheresis therapies

Plasma exchange and immunoadsorption were applied at similar frequencies for escalation from first- to fifth-line treatment (A) and for various clinical
manifestations (B) of NMOSD attacks. The chi-square test was used for statistical analysis. IA = immunoadsorption; MY = myelitis; ON = optic neuritis; PE =
plasma exchange.
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For multivariate GEE analyses of predictors of CR, we fur-
ther excluded attacks that were treated with an apheresis
therapy in both first and second line of treatment (n = 3),
attacks where a second-line apheresis therapy was not pre-
ceded by high-dose steroids (n = 4), and attacks with missing
clinical information (n = 24). Therefore, multivariate

analyses were possible in 139 attacks in 79 patients (see flow
chart figure 1).

Strong predictors for CR were the use of apheresis therapy as
first-line therapy (OR 12.271; 95%CI: 1.04–144.91, p = 0.047),
time from onset of attack to start of therapy in days (OR 0.937;

Figure 3 Clinical outcome of apheresis therapies for NMOSD attacks

Remission status of all attacks (total n = 207) treatedwith plasma exchange (A) or immunoadsorption (B).Missing data plasmaexchange: 1st line, n = 1; 2nd line,
n = 4; 3rd line, n = 6; and 4th line, n = 1. (C) Short-term remission status after first- or second-line therapy with plasma exchange or immunoadsorption.
Treatment courses with PE/IA as first- and second-line therapy were excluded (n = 2). Missing data plasma exchange: 1st line, n = 1 and 2nd line, n = 4.
Generalized estimationequationswith complete remission as thedependent variablewereused for statistical analysis. (D) Change in EDSSafter first or second-
line therapywithplasmaexchange (gray triangles) or immunoadsorption (red triangles).Missing data plasmaexchange: 1st line, n = 19; 2nd line, n = 30;missing
data immunoadsorption: 1st line, n = 7 and 2nd line, n = 15. One out of range value (immunoadsorption, −6.0) is not shown. Generalized estimation equations
were used for statistical analysis. TheMedian is highlighted as black line. (E) Short-term remission status after apheresis therapy according to time intervals of
attack onset to start of therapy. CR = complete remission; IA = immunoadsorption; NR = no remission; PE = plasma exchange; PR = partial remission.
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95% CI: 0.89–0.99, p = 0.014), and the presence of AQP4-abs
(OR 33.338; 95% CI: 1.76–631.17, p = 0.019) (table 3).
Monofocal attack manifestations were more likely to show CR
than multifocal attacks (OR 4.709; 95% CI: 1.03–21.62, p =
0.046). Age (per year) was an intermediate predictor (OR
0.925; 95% CI: 0.85–1.01, p = 0.081): the chance to have a CR
of attack symptoms decreasedwith age by approximately 8% per
year. Other factors such as apheresis technique, sex, center,
diagnosis of NMO vsNMOSD, disease duration, or presence of
disease-modifying immunotherapy did not predict CR.

Discussion
Two hundred and seven NMOSD attacks in 105 patients
were identified in the NEMOS registry, which were all treated
with an apheresis therapy (PE or IA). Confirming previous

reports from smaller patient cohorts,14–22 both PE and IA
were effective in the therapy of NMOSD attacks. We could
not detect differences between the 2 apheresis techniques
with regard to clinical outcome. Although techniques are
different, both therapies aim at eliminating circulating anti-
bodies from the patient’s circulation. This is of particular
importance in patients with NMOSD. Accordingly, our
analysis revealed that the presence of serum AQP4-abs was
a strong predictor for CR after apheresis therapies. This is in
contrast to observations from other case series, where effec-
tiveness of apheresis therapy was independent of the AQP4-
ab serostatus16,17,23 and supports the notion that AQP4-abs
have direct pathogenic effects. Nevertheless, these differences
have to be interpreted with caution as endpoints in these case
series were different. Moreover, the analyzed number of se-
ropositive patients in our GEE analysis was more than 10

Table 2 First- and second-line use of apheresis therapies for NMOSD attacks

First line (n = 72) Second line (n = 101)

PE (n = 63) IA (n = 9)
p
Value PE (n = 83) IA (n = 18)

p
Value

Characteristics of attacks and
therapies

Isolated optic neuritis (n, %) 10 (15.9%) 2 (22.2%) 0.879a 14 (16.9%) 6 (33.3%) 0.167a

Isolated myelitis (n, %) 44 (69.8%) 6 (66.7%) 55 (66.3%) 12 (66.7%)

MY + ON (n, %) 9 (14.3%) 1 (11.1%) 13 (15.7%) 0

Age at attack (y; mean, SD) 44.9 (16.3) 38.2 (7.7) 0.192b 49.6 (14.4) 39.0 (9.4) 0.002b

Disease duration (y; median, IQR) 3.3 (0.8–9.0) 4.6 (2.8–8.8) 0.216b 2.7 (0.2–6.1) 2.5 (0.8–4.8) 0.845b

Attack number (median, IQR) 6 (3–12) 4 (3–8) 0.411b 4 (2–7) 4 (3–7) 0.524b

EDSS at start of therapy (median,
IQR)

6.0 (3.5–7.5) (n = 50) 8.5 (4.5–9.5) (n = 3) 0.116b 7.0 (4.1–8.0) (n = 56) 5.8 (3.9–7.1) (n = 6) 0.281b

HD-S as first-line therapy (n, %) NA NA NA 77 (92.8%) 17 (94.4%) 0.800a

Time from attack onset to start of
therapy (d; median, IQR)

1 (0–4) (n = 52) 1.5 (0–18) (n = 6) 0.548b 13 (6–23) (n = 74) 6 (5–24) (n = 18) 0.321b

No. of exchanges (median, IQR) 5 (5–8) (n = 55) 8 (5.75–9) (n = 6) 0.020b 5 (5–7) (n = 75) 5 (5–6) (n = 17) 0.552b

Plasma exchange volume per
session (l; median, IQR)

3 (2.5–3.5) (n = 15) 2 (n = 1) NA 2.5 (2.35–3.5) (n = 28) 2 (1.5–2.55) (n = 9) 0.063b

Characteristics of patients

Treated patients (n) 28 7 70 15

NMO (n, %) 22 (78.6%) 6 (85.7%) 0.673a 55 (78.6%) 12 (80%) 0.902a

AQP4-ab positive NMOSD (n, %) 6 (21.4%) 1 (14.3%) 15 (21.4%) 3 (20%)

Female sex (n, %) 23 (82.1%) 6 (85.7%) 0.823a 54 (77.1%) 13 (86.7%) 0.413a

AQP4-ab positive (n, %) 26 (92.9%) 5 (71.4%) 0.111a 60 (87%) 15 (100%) 0.139a

Abbreviations: AQP4-ab = anti-aquaporin-4 antibody; EDSS = Expanded Disability Status Scale; HD-S = high-dose IV steroids; IA = immunoadsorption; IQR =
interquartile range; MY = myelitis; NA = not applicable; NMO = neuromyelitis optica; NMOSD = neuromyelitis optica spectrum disorder; ON = optic neuritis;
PE = plasma exchange.
Characteristics of attacks and therapies andbelow characteristics of treated patients (total, n = 90).Missing data second line:MY+ON (n = 1), AQP4-ab status (n = 1).
Significant values (p < 0.05) are shown in bold.
a χ2 test.
b Mann-Whitney test was used for statistical analysis.
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times as high as the seronegatives, resulting in considerable
statistical uncertainty. Therefore, apheresis therapies should
also be considered in antibody-negative NMOSD patients.

In NMOSD attacks, escalation and sequence of therapy is
decisive, and we have previously observed an advantage for
patients treated with apheresis therapies as a first choice when
the spinal cord was affected.3 Here, we could not show a su-
periority for one of the 2 different apheresis techniques in the
use as first-line therapy. Because of the small numbers of
patients with IA therapy included in our study, our data could
be biased. A definite comparison between the 2 techniques
should be conducted in a prospective randomized clinical trial
with appropriate patient numbers. In the absence of further
evidence, the decision to use one of both techniques should be
made taking availability, side effects, economic factors, and
patient preferences into account.24

The time between attack onset and start of therapy is decisive,
and early initiation of PE was shown to be a predictor of good
outcome in studies of CNS demyelination.25,26 In a recent
study, early initiation of PE within 5 days was identified as
a strong predictor for CR of severe attacks in patients with
NMOSD.27 Most of our patients received apheresis after

a remarkably short period, usually because they had experi-
enced insufficient remission of earlier relapses on steroid
treatment and were being treated at tertiary care centers with
immediate availability of apheresis therapies. Indeed, time
from onset of attack to start of therapy was also a strong
predictor in our current study, and an immediate start (within
2 days of symptom onset) was associated with a 40% rate of
CR as compared to 3.2% when started later as 6 days after
symptom onset. Whether high-dose steroids should be given
shortly before or concomitant with apheresis therapy is,
however, an open question. In our previous study, first-line
exclusive apheresis therapy without high-dose steroid pulse
therapy was superior to first-line high-dose steroids in cases of
isolated myelitis, but not in ON.3 The concomitant applica-
tion of high-dose steroids started on the day of admission, and
PE initiated “as early as possible” is a procedure reported to be
highly efficient in patients with severe NMOSD attacks.16,27

Monofocal vs multifocal attack manifestation was also a pre-
dictor of CR with apheresis therapies. However, it has to be
noted that monofocal attacks principally have a better chance
to recover completely compared with multiregional in-
volvement independent of the chosen attack therapy.3

Because of its retrospective nature, our study has limitations.
Nevertheless, the analysis comprises one of the largest data
sets assembled so far for the analysis of apheresis therapies in
NMOSD attacks. Data quality was highly ensured by the
“flying doctor” approach as previously described; briefly, 2
neurologists visited the contributing centers and used a pre-
defined standardized evaluation form to assess clinical data.3

However, bias cannot be excluded. Particularly the decision
on therapy modality, IA or PE, and on the time point when
apheresis therapy was started was an individual decision of the
treating physician. A center effect could be excluded in our
data set, reflecting a high standard and good availability of
apheresis therapies in the participating centers. Unfortunately,
data of attack severity or tolerability of therapy were not
systematically registered and could therefore not be included
in our analysis. In addition, delayed improvement may have
been missed because remission status was assessed at the
conclusion of apheresis, and no prespecified follow-up visits
were performed; because this applied to both PE and IA
groups, however, it is unlikely to have compromised our main
finding. Of interest, concomitant long-term immunotherapy
had influence neither on the use of apheresis therapy nor on
its effectiveness.

This study has immediate implications for clinical manage-
ment of NMOSD attacks. The early start of apheresis thera-
pies is strongly recommended. Whether IA or PE is used can
be decided individually.
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Table 3 Factors associatedwith complete remission from
NMOSD attacks after apheresis therapy

Multivariate analysis

p Value OR (95% CI)

Female sex (vs. male) 0.456 3.447 (0.13–89.40)

Age at attack (per 1 y) 0.081 0.925 (0.85–1.01)

Time from onset of disease to
attack (per 1 y)

0.247 0.926 (0.81–1.06)

AQP4-ab positive (vs negative) 0.019 33.338 (1.76–631.17)

NMO (vs NMOSD) 0.316 2.951 (0.36–24.41)

MY present (vs absent) 0.726 1.350 (0.25–7.2)

Isolated ON or MY (vs
simultaneous ON + MY)

0.046 4.709 (1.03–21.62)

Prophylactic immunotherapy
present (vs absent)

0.532 1.683 (0.33–8.63)

Time from onset of attack to
start of therapy (per 1 d)

0.014 0.937 (0.89–0.99)

First-line apheresis therapy (vs
second-line)

0.047 12.271 (1.04–144.91)

PE (vs IA) 0.107 4.946 (0.71–34.59)

Center number 0.247 1.080 (0.95–1.23)

Abbreviations: AQP4-ab = anti-aquaporin-4 antibody; IA = immu-
noadsorption; MY = myelitis; NMO = neuromyelitis optica; NMOSD = NMO
spectrum disorder; ON = optic neuritis; PE = plasma exchange.
Multivariate generalized estimating equation (GEE) analyses with remission
status (complete remission vs partial remission and no remission) of attacks
as the dependent variable (working correlationmatrix autoregressive of the
1st order; n = 79 patients).
Significant values (p < 0.05) are shown in bold.
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Appendix 1 Coinvestigators of the Neuromyelitis Optica Study Group (NEMOS) in alphabetical order. All institutions are
in Germany, unless otherwise indicated

Name Affiliation Role Contribution

Albrecht, P. University of Düsseldorf Site investigator Collected data

Ayzenberg, I. Ruhr-University Bochum Site investigator Collected data

Bayas, A. Klinikum Augsburg Site investigator Collected data

Bellmann-Strobl, J. Charité University Medicine Berlin Site investigator Collected data

Bischof, F. University of Tübingen Site investigator Collected data

Bittner, S. Johannes Gutenberg University Mainz Site investigator Collected data

Continued
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Appendix 1 Coinvestigators of the Neuromyelitis Optica Study Group (NEMOS) in alphabetical order. All institutions are
in Germany, unless otherwise indicated (continued)

Name Affiliation Role Contribution

Böttcher, T. Bonhoeffer Klinikum Neubrandenburg Site investigator Collected data

Brettschneider, J. University of Ulm Site investigator Collected data

Buttmann, M. Caritas Hospital Bad Mergentheim Site investigator Collected data

DSouza, M. Charité University Medicine Berlin Site investigator Collected data

Ettrich, B. University of Leipzig Site investigator Collected data

Frank, B. University of Essen Site investigator Collected data

Gass, A. University hospital Mannheim Site investigator Collected data

Grothe, M. University of Greifswald Site investigator Collected data

Guthke. K. Klinikum Görlitz Site investigator Collected data

Haarmann, A. University of Würzburg Site investigator Collected data

Habedank, E. University of Göttingen Site investigator Collected data

Hoffmann, F. Krankenhaus Martha-Maria Halle Site investigator Collected data

Hoffmann, O. St. Josefs-Krankenhaus Potsdam Site investigator Collected data

Hümmert, M.W. Hannover Medical School Site investigator Collected data

Junghans, J. Krankenhaus Martha-Maria Halle Site investigator Collected data

Kaste, M. Nordwest-Krankenhaus Sanderbusch Site investigator Collected data

Kaulen, B. University of Hamburg Site investigator Collected data

Kermer, P. Nordwest-Krankenhaus Sanderbusch Site investigator Collected data

Kern, P. Asklepios Klinik Teupitz Site investigator Collected data

Klotz, L. University of Münster Site investigator Collected data

Köhler, W. Universitätsklinikum Leipzig Site investigator Collected data

Kolesilova, E. Asklepios Klinik Teupitz Site investigator Collected data

Korsen, M. University of Münster Site investigator Collected data

Kowarik, M. University of Tübingen Site investigator Collected data

Langel, S. Landeskrankenhaus Rheinhessen Site investigator Collected data

Lee, D.H. University of Erlangen Site investigator Collected data

Liebetrau, M. St. Josefs-Hospital Wiesbaden GmbH Site investigator Collected data

Luessi, F. Johannes Gutenberg University Mainz Site investigator Collected data

Marouf, W. University Hospital Bonn Site investigator Collected data

Meister, S. University of Rostock Site investigator Collected data

Melms, A. University of Erlangen Site investigator Collected data

Metz, I. University of Göttingen Site investigator Collected data

Münch, C. Charité University Medicine Berlin Site investigator Collected data

Niehaus, S. Klinikum Dortmund Site investigator Collected data

Pawlitzki, M. University of Magdeburg Site investigator Collected data

Pellkofer, H. Ludwig-Maximilians University Munich Site investigator Collected data

Puhlmann, H.U. Schlosspark-Klinik Berlin Site investigator Collected data

Continued
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Süße, M. University of Greifswald Site investigator Collected data

Tackenberg, B. University of Marburg Site investigator Collected data

Tünnerhoff, J. University of Tübingen Site investigator Collected data
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Abstract
Objective
To determine the persistence of no evident disease activity (NEDA) in a population-based
relapsing-remitting MS (RRMS) cohort.

Methods
All incident cases of RRMS in Olmsted County between 2000 and 2011 were identified using
a medical records linkage system. Persistence of NEDA after RRMS diagnosis was determined
by retrospective chart review.MRI activity, relapse, or Expanded Disability Status Scale (EDSS)
worsening resulted in failure of NEDA.

Results
We identified 93 incident cases of RRMS including 82 individuals with sufficient follow-up to
determine the persistence of NEDA. There were 44 individuals not on disease-modifying
therapy (DMT), whereas 37 individuals were prescribed an injectable DMT and 1 received
mitoxantrone during the interval over which NEDA was maintained. NEDA was maintained by
63% at 1 year, 38% at 2 years, 19% at 5 years, and 12% at 10 years according to routine care
assessment. At 10 years, there was no difference in EDSS disability among patients who
maintained NEDA vs those who failed NEDA at 1 year (p = 0.3).

Conclusions
NEDA infrequently persists beyond 2 years in a population-based cohort of newly diagnosed
patients with RRMS.
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“No evident disease activity” (NEDA) is a proposed indicator
of disease activity free status in MS.1 The most common
NEDA definition, NEDA-3, is a composite measure, which
requires no relapses, no progression, and no MRI activity.1

NEDA may be a useful primary end point for clinical trials of
disease-modifying therapy (DMT).2 NEDA has also been
proposed as a goal in the clinical management of relapsing-
remitting MS (RRMS), given the availability of DMT to
suppress inflammatory disease activity.1 Cohort studies from
MS clinics suggest that NEDA is not sustained over time in
most patients despite DMT but may be limited by referral
bias.3,4 We are not aware of previous population-based
assessments of NEDA. We sought to characterize the persis-
tence of NEDA among newly diagnosed patients with RRMS
in a geographically defined region.

Methods
Standard protocol approvals, registrations,
and patient consents
This study was approved by the institutional review boards at
Mayo Clinic (08-007846) and OlmstedMedical Centre (060-
OMC-12). All patients consented for the use of their medical
records for research.

Patients
The Rochester Epidemiology Project medical records linkage
system, a database of all medical practitioners in Olmsted
County, was used to identify all cases of RRMS.5 Cases were
identified by searching medical records from January 1, 2000,
to December 31, 2011, as described previously.6

Definitions
NEDA was defined as freedom from (1) relapses, (2) pro-
gression, and (3) MRI activity.1,7 Relapses were new or
worsening neurologic symptoms persisting ≥24 hours in the
absence of fever/infection.5 Progression was defined as the
Expanded Disability Status Scale (EDSS) score increase
confirmed by 2 assessments separated by ≥ 6 months of ≥1.5
points for EDSS 0, ≥1 point for EDSS 1.0–5.0, and ≥0.5 if
EDSS ≥5.5.1,7 MRI activity was any new or enlarging T2
lesion or gadolinium-enhancing lesion.1,7 Retrospective chart
review was conducted to evaluate time to NEDA failure from
RRMS diagnosis according to clinical evaluations and imaging
performed during routine care. We evaluated the median
number of clinic visits and MRI studies as a rate from RRMS
diagnosis until NEDA failure. Patients without clinical and
neuroimaging follow-up were excluded from further analysis
because NEDA could not be determined. In the event of
partial follow-up, patients were categorized as having failed

NEDA if there was any component of NEDA failure, whereas
patients with no activity with incomplete assessment (lacking
clinical examination or MRI brain) were excluded.

Long-term functional status was determined by the EDSS at
approximately 10 years after RRMS diagnosis. As assessments
were performed during routine care, the EDSS score closest to
10 years was considered, provided it was between 8 and 12
years after RRMS diagnosis.

Statistical analysis
Univariate associations between baseline characteristics and
DMT status were assessed using the Wilcoxon rank-sum test
and χ2 test. Kaplan-Meier survival analysis was used to de-
termine the probability of NEDA survival. The effect of DMT
on maintenance of NEDA was evaluated using the log-rank
test. The effect of NEDA at 1 year on the EDSS at 10 years was
evaluated using the Kruskal-Wallis test. Univariate logistic
regression was performed for persistence of NEDA at 1, 2, and
5 years. All tests were 2 sided, and p values <0.05 were con-
sidered statistically significant. Analysis was performed using
SAS software version 9.4 (SAS Inc., Cay, NC).

Data availability
Any data not published within this article will be made
available in an anonymized fashion and shared if requested
from any qualified investigator.

Results
We identified 93 individuals who met the diagnostic criteria
for RRMS. We excluded 11 individuals for inability to de-
termine the persistence of NEDA because there was limited
follow-up after RRMS diagnosis. Among the remaining
patients (table), the median age at RRMS diagnosis was 34.5
years (range, 16–60 years) with female predominance (2.3:1).
The median EDSS score was 1 (range, 0–6) at diagnosis.
Before NEDA failure, 44 patients (54%) had not received any
DMT, 37 received interferon-β or glatiramer acetate, and 1
patient was prescribed mitoxantrone. Among the 38 patients
on DMT, 28 patients received DMT for ≥75% duration of
NEDA. After RRMS diagnosis and before NEDA failure, the
median number of clinic visits was 3 (interquartile range
[IQR], 3–5), and the median number of MRIs undertaken
was as follows: head, 2 (IQR, 2–3); cervical spine, 1 (IQR,
1–2); and thoracic spine, 1 (IQR, 0–1).

NEDA was maintained in 63% (95% confidence interval [CI]
52.0%–72.8%) at 1 year, 38% (27.3%–48.4%) at 2 years, 19%
(10.3%–29.0%) at 5 years, and 12% (4.7%–22.0%) at 10 years

Glossary
DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; NEDA = no evident disease activity; RRMS =
relapsing-remitting MS.
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(figure). Of 82 patients with RRMS at baseline, the number
remaining at risk was 54 at 1 year, 30 at 2 years, 9 at 5 years,
and 4 at 10 years. Kaplan-Meier analysis demonstrated that
50% of patients failed to maintain NEDA by 19 months (95%
CI 14–23 months) (figure). Among those who failed to
maintain NEDA, failure was due to 1 or more of MRI activity
(52/68, 76%), relapse (39/68, 57%), or progression (9/68,
13%); 25 patients (37%) failed because of isolated MRI ac-
tivity. DMT did not have an effect on sustained NEDA

compared with no DMT (p = 0.2) (figure). In those who
maintained NEDA, the median duration of follow-up was 41
months (range, 14–141 months).

Among those with available EDSS scores at 10 years, there
were 22 (59%) with NEDA at 1 year and 15 (41%) who had
failed NEDA by 1 year. The median EDSS at 10 years was
1.0–1.5 among those with NEDA at 1 year compared with 2.0
among those who had failed NEDA at 1 year (p = 0.3). At final

Table Baseline characteristics according to DMT status while experiencing “no evident disease activity” (NEDA)

DMT Initiated (n = 38) No DMT (n = 44) p Value

Age at RRMS diagnosis, years (median, range) 36 (18–59) 33 (16–60) 0.86

Sex (male:female) 11:27 14:30 0.78

EDSS, baseline (median, range) 2 (0–6) 1 (0–4) 0.06

Number of lesions, baseline (median, range)

MRI brain

T2 lesions 10 (0–112)a 10 (1–124)b 0.83

GAD + lesions 1 (0–88)c 1 (0–27)d 0.63

MRI cervical spine

T2 lesions 1 (0–11)e 1 (0–7)f 0.41

GAD + lesions 0 (0–3)g 0 (0–3)e 0.40

MRI thoracic spine

T2 lesions 1 (0–4)h 1 (0–4)h 0.88

GAD + lesions 0 (0–1)i 0 (0–2)i 0.06

Abbreviations: DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; GAD = gadolinium enhancing; RRMS = relapsing-remitting MS.
Scans available for review: a37, b44, c38, d43, e29, f31, g28, h21, i20.

Figure NEDA survival

Kaplan-Meier survival curves of (A) overall survival of NEDA in a population-based cohort of relapsing-remitting MS and (B) survival of NEDA with (green line)
and without (black line) DMT. DMT = disease-modifying therapy; NEDA = no evident disease activity.
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follow-up, 62 of 82 patients (76%) with RRMS had received
DMT. Univariate logistic regression for NEDA status at 1, 2,
and 5 years did not identify a consistent predictor of NEDA
among age, sex, EDSS at diagnosis, and whether a DMT was
initiated.

Discussion
In this population-based analysis of newly diagnosed patients
with RRMS, the proportion of patients with NEDA was 63%
at 1 year, 38% at 2 years, 19% at 5 years, and 12% at 10 years.
In an MS clinic cohort with a mean disease duration of 6.6
years at study onset, NEDA was present among 46.0% at 1
year, 27.5% at 2 years, and 7.9% at 7 years.3 In another cohort
with a mean disease duration of 5.3 years, only 9% had NEDA
at 10 years.4 The rates of sustained NEDA between our study
and clinic-based cohorts were similar, suggesting that those
clinical cohort studies were likely not affected by referral bias,
although differing frequency of DMT use across studies limits
direct comparisons.

There was no difference in survival of NEDA stratified by
whether a DMT, primarily first-tier injectable therapy, was
initiated similar to previous studies,3,4 but these findings
should be interpreted with caution. In this study, a selection
bias toward treating more severe cases may contribute to the
lack of difference in NEDA between treated and untreated
individuals. Furthermore, NEDA failure early in the first year
could have reflected the time taken for medications to take
effect. However, the early separation in the Kaplan-Meier
curves (figure) would suggest some possible early treatment
effect of older-generation DMTs used in this study on sus-
taining NEDA with most eventually breaking through and
failing NEDA in the long term. Patients maintain NEDA for
longer with higher-potency therapies, as NEDA was demon-
strated among 34% treated with natalizumab at 7 years8 and
60%–68% receiving autologous stem cell transplant at 5
years.9 We found that NEDA at 1 year was not associated with
disability status measured by the EDSS at 10 years. This study
may have been underpowered to detect minor differences, but
a larger study demonstrated that NEDA at 2 years was not
protective against EDSS progression at 10 years.10

Strengths of this study include that it is population based
preventing referral bias. Follow-up was done as part of clinical
care, so this is a real-world assessment of NEDA status
according to current clinical practice.

Limitations of this study include variable interval of clinical
and radiologic assessment. Persistence of NEDA is highly
dependent on the frequency of MRIs undertaken, and be-
cause our study was retrospective, we could not control how
often MRIs were undertaken, which can impact comparison
to other studies. Nonetheless, our study gives a sense of
NEDA in the real-world setting where interpatient variability
in MRI frequency is typical. The effect of missing data from
the 11 patients with insufficient follow-up to calculate

NEDA status is unknown. We were unable to assess the
effect of oral (dimethyl fumarate, fingolimod, and teri-
flunomide) or higher-potency (alemtuzumab, natalizumab,
and ocrelizumab) therapy because no patient was prescribed
these medications and most were not available during the
study period. In our study and previous studies of NEDA,
a floor effect may affect the assessment of the long-term
impact of NEDA because most fail NEDA within the first 2
years.

Maintenance of NEDA beyond 2 years is uncommon among
a population-based cohort of newly diagnosed RRMS patients
treated with older-generation DMT and similar to what has
been reported in clinic-based cohorts. Future studies in-
cluding patients treated with higher-potency MS therapies are
needed to assess the clinical utility of NEDAmaintenance and
its association with long-term disability.11
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Abstract
Objective
To determine whether the assessment of brain white matter lesion (WML) central veins
differentiate patients with primary progressive MS (PPMS) from relapsing-remitting MS
(RRMS) and ischemic small vessel disease (SVD) using 3T MRI.

Methods
In this cross-sectional study, 71 patients with PPMS, RRMS, and SVD were imaged using
a T2*-weighted sequence. Two blinded raters identified the total number of WMLs, proportion
of WMLs in periventricular, deep white matter (DWM) and juxtacortical regions, and pro-
portion of WMLs with central veins in all patient groups. The proportions were compared
between disease groups, including effect sizes. MS or SVD was categorized using a threshold of
≥40%WMLs with central veins as indicative ofMS. Interrater and intrarater reproducibility was
calculated.

Results
The mean proportion of WMLs with central veins was 68.4% in PPMS, 74.3% in RRMS, and
4.7% in SVD. The difference in proportions between PPMS and SVD groups was significant
(p < 0.0005; effect size: 3.8) but not significant betweenMS subtypes (p = 0.3; effect size: 0.29).
Distribution of WMLs was similar across both MS groups, but despite SVD patients having
more DWM lesions than PPMS patients, proportions of WMLs with central veins remained
low (2.75% in SVD; 62.5% in PPMS). Interrater and intrarater reproducibility comparing
proportions of WMLs with central veins across all patients was 0.86 and 0.90, respectively.
Level of agreement between the proportion of WML central veins and established diagnosis
was 0.84 and 0.82 for each rater.

Conclusions
WML central veins could be used to differentiate PPMS from SVD but not between MS
subtypes.
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Approximately 15% of patients with MS develop progressive
symptoms from the onset; primary progressive MS (PPMS)1,2

can pose more diagnostic challenges compared to relapsing-
remitting MS (RRMS).3,4 The presence of white matter
lesions (WMLs) becomes more frequent with age,5 as such
the risk of misdiagnosis of MS rises. Occasionally, the location
of WMLs is helpful in distinguishing MS from ischemic small
vessel disease (SVD), a common MRI mimic of MS.6

SometimesWMLs in SVD can affect the same brain regions as
MS, fulfilling dissemination in space MS MRI criteria.7 In
SVD, deep white matter (DWM) and subcortical lesions are
the most common areas for WMLs,8 although periventricular
(PV) lesions can also occur.9 WMLs in the DWM and
juxtacortical (JC) areas are most likely to cause diagnostic
confusion between MS and SVD.10

T2*-weighted MRI allows visibility of small veins within
WMLs secondary to increased deoxyhemoglobin concen-
trations. This represents the imaging equivalent of in-
flammatory activity surrounding a vein on histology.11,12

Studies in RRMS have shown its potential to differentiate
RRMS from neuromyelitis optica13–15 and SVD at 3 and
7T.10,16,17 Studies at 7T showed PPMS had similar pro-
portions ofWMLs with central veins compared to RRMS.16,18

We used 3T T2* to (1) determine if the proportion of WMLs
with central veins in PPMS is as high as RRMS and (2)
determine if the difference between the proportion of WMLs
with central veins in PPMS and SVD is as significant as seen in
RRMS.

Methods
Patient selection
All patients recruited were adults over the age of 18 years who
attended the MS or general neurology clinics at Nottingham
University Hospitals NHS Trust, United Kingdom with
a confirmed diagnosis of PPMS, RRMS, or SVD. Consecutive
patients with PPMS seen in the MS clinic were invited for this
study if they had at least one brain lesion on their clinical T2
or fluid-attenuated inversion recovery (FLAIR) MRI scan.
RRMS patients were part of a wider study looking at the use of
central veins in MS. All patients were diagnosed by experi-
enced MS neurologists and were regularly followed up for
their MS. All patients had typical MRI findings, supported by
a consultant neuroradiology report, with some having CSF
testing for oligoclonal bands. Time of initial diagnoses span-
ned from prior to the year 2000, as a consequence Poser and
McDonald criteria 2001–2010 were initially used but all of
them fulfill the 2017 criteria.19

All patients with a diagnosis of SVD were referred to the
neurology service by their general practitioner for a variety of
symptoms. The diagnosis was based on clinical evaluation by
a consultant neurologist, ruling out symptoms suggestive of
demyelination or another white matter disease and identifi-
cation of vascular risk factors such as a history of hypertension,
hypercholesterolemia, diabetes mellitus, smoking, and high
body mass index. Some of these patients had supportive
laboratory findings (blood tests, e.g., checking cholesterol,
autoimmune screen, and sometimes CSF testing to exclude
possible demyelination). Each patient had an MRI brain scan
reported by a consultant neuroradiologist confirming the
appearance of the scan was in keeping with SVD.

Exclusion criteria for both groups included patients who had
other autoimmune diseases that could potentially also cause
WMLs and patients who were pregnant.

Standard protocol approvals, registrations,
and patient consents
Written informed consent from all patients was obtained
before inclusion, and the study was approved by the local
research ethics committee.

MRI protocol
MRI was performed using a 3T Achieva (Philips Healthcare,
Best, The Netherlands) with a 32-channel receive-only head
coil. The protocol consisted of a high-resolution 3D T2*-
weighted gradient echo scan with a high echo planar imaging
factor of 15.20 The matrix was 448 × 448 × 336 with a non-
interpolated voxel size of 0.55 × 0.55 × 0.55 mm. Parallel
imaging factors of 2 were used in both phase encoding
directions. In addition, the water-only excitation flip angle was
10 degrees, effective echo time 29 ms, repetition time 54 ms, 2
averages, duration 254 seconds.

Image analysis
Only T2* images were used for the analysis. Images were saved in
a DICOM format and then converted to NIfTI format.21 Each
brain T2* scan was cut into 8 blocks using an in-house algorithm
(A.P.). This was done to prevent the brain being seen in its
entirety, in an attempt to blind the raters as much as possible to
the overall pattern of WMLs with central veins throughout the
brain. We aimed to prevent lesion location and the presence of
a vein in some lesions influencing the “detection” of veins in other
lesions in the same brain, revealing the diagnosis of MS or SVD.

In-house image analysis software NeuROI (nottingham.ac.uk/
research/groups/clinicalneurology/neuroi.aspx) was used to
identify WMLs manually by raters blinded to the clinical

Glossary
DWM = deep white matter; ICC = intraclass correlation coefficient; IQR = interquartile range; JC = juxtacortical; PPMS =
primary progressive MS; PV = periventricular; RRMS = relapsing-remitting MS; SVD = small vessel disease; WML = white
matter lesion.
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diagnoses. A WML central vein was judged as present if it
appeared as a black hypointense line (running along the long
axis of the WML) or a hypointense dot within the centre of
a WML surrounded by a hyperintense ring. This had to be in at
least 2 of 3 orthogonal planes. All WMLs were more than 3
voxels in diameter with demarcated borders. Confluent WMLs
withmultiple veins coursing through themwere not counted, as
sometimes it was difficult to identify a definite central vein.
Therefore, the vein also had to be located within the centre of
the WML irrespective of the lesion shape.22 This applied to
WMLs in both the MS and the SVD groups. Total WML
numbers, WML central vein numbers, and the proportion of
WMLswith central veins were calculated for each block of brain
volume and total brain volume. The location of each WML in
the brain was also assessed by one rater (A.P.R.S.) and classified
as (1) PV if one border of the WML was in contact with the
ventricular surface; (2) JC if one border of the WML was in
contact with cortical grey matter; (3) DWM if the WML did
not meet either of the above 2 criteria.23,24 Infratentorial lesions
were not included in the analysis because of limitations of T2*
in detecting lesions in this area (more noise and sometimes it
was difficult to delineate lesions from the CSF in between the
folia of the cerebellum, which is also hyperintense). Each scan
was finally classified asMS if 40% or more ofWMLs had central
veins or as SVD if less than this. This threshold in previous
studies allowed a clear differentiation of the 2 groups.16,25

To determine interrater reproducibility of the proportion of
WMLs with central veins for each patient (i.e., can each rater
determine a similar proportion of WMLs with central veins),
a second blinded rater (Y.F.) analyzed 50% of the T2* scans.
Additionally to test the intrarater reproducibility, 2 months
after the initial assessment, 2 further procedures were fol-
lowed by blinded assessor (A.P.R.S.); first, 71 randomly se-
lected brain blocks (one from each subject) were assessed for
WML number and proportion of WMLs with central veins.
Second, 25% of whole brain scans were reviewed again to
establish intrarater reproducibility of the whole brain WML
assessment and of the disease classification.

Statistical analysis
Mean values with SDs or medians and interquartile ranges
(IQRs) for nonparametric data are quoted. Histograms were
used to determine normal and nonnormal distributed data. A
Mann-Whitney U test was used to compare nonnormal data
and an independent t test for normally distributed data. An
intraclass correlation coefficient (ICC) 2-way random model
was used to determine the interrater and intrarater absolute
agreement of identifying the proportion of WMLs with cen-
tral veins. The agreement between 2 blinded raters in terms of
the diagnosis (MS or SVD) based on using the presence of
WML central veins alone was calculated with a Cohen kappa
coefficient, as was the agreement between each rater and the
known, established diagnosis. Effect sizes were calculated
using Cohen d. Statistical significance was set at p < 0.05.
Statistical analyses were performed using Statistical Package
for the Social Sciences (IBM SPSS 22).

Data availability
All anonymized raw data can be provided by request from any
qualified investigator.

Results
Demographics
Seventy-one patients were scanned; 32 patients with PPMS
(14 female and 18 male patients), 23 with RRMS (13 female
and 10 male patients), and 16 with SVD (8 female and 8 male
patients). The mean age of the PPMS group was 55.4 ± 9.5
years (range, 35–73 years) and mean expanded disability
status scale (EDDS) was 5.6 (range, 2–7); mean age was 41.1
± 12.3 years (range, 18–64 years) and mean EDSS was 2.7
(range, 0–6) in the RRMS group; mean age was 50.9 ± 9.6
years (range, 38–75 years) in the SVD group. The difference
in age between PPMS and SVD patients was not significantly
different (p = 0.14, effect size: 0.47), although it was between
the RRMS and the PPMS groups (p < 0.0005, effect size: 1.3).
Median disease duration, taken as the time from a confirmed
diagnosis by a neurologist to the date of the T2* scan, was 36
months (IQR, 2–144) in the RRMS group and 43.5 months
(IQR, 25–63) in the PPMS group (p = 0.93).

PPMS and SVD
Comparisons for these 2 groups are summarized in table 1,
with examples of the central vein visibility in PPMS and ab-
sence in SVD shown in figure 1. A total of 1,501 WMLs were
detected between both groups. SVD patients had a higher
number of WMLs (median: 35 [17–44.8]) than PPMS
patients (median: 17 [8–44.5]). Although this difference was
not statistically significant, there was a trend toward signifi-
cance (mean difference: −18; 95% CI, −34.5 to −1.5; p =
0.06). The mean proportion of WMLs with central veins in
the PPMS group was much higher than in those with SVD
(table 1 and figure 2).

PPMS and RRMS
MRI results for the MS cohorts are summarized in table 2,
with examples of the central vein visibility in RRMS shown in
figure 1. The total number of WMLs identified in both groups
was 1,956. As described in the table, the median WMLs in the
PPMS group was lower than in RRMS (p = 0.03). The mean
proportion of WMLs with central veins in all locations for the
PPMS group was similar to the RRMS patients (68.4% and
74.3%, respectively; p = 0.3; effect size: 0.29). The differences
in proportions of WMLs with central veins in the PV, DWM,
and JC regions are summarized in table 2 and figure 3.

A significant finding was that the proportion of WMLs that
were in the DWM region of the SVD group was higher than
the PPMS patients.

However, the proportion of these DWM lesions with central
veins was much lower, with only 2.75% having central veins in
the SVD cohort compared to 62.5% in PPMS (figure 3).
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Interrater reproducibility
Interrater ICC was high when the proportion of WMLs with
central veins was compared between both raters (0.86; 95%
CI, 0.56–0.94; p < 0.0005). The level of agreement between
using the proportion of WMLs with central veins alone
(≥40% indicative of MS) to categorize a scan as MS or SVD,
and the established diagnosis was good for both raters (rater
Y.F.: 0.84; 95% CI, 0.54–1; p < 0.0005 and rater A.P.R.S.:
0.82; 95% CI, 0.67–0.97; p < 0.0005).

Intrarater reproducibility
High values were found for intrarater reproducibility (0.90;
95% CI, 0.73–0.96; p < 0.0005).

Intrarater reproducibility was tested again 2 months after the
initial assessment by A.P.R. Samaraweera. Seventy-one ran-
domly selected brain blocks (1 from each subject) were
assessed for WML number and proportion of WMLs with
central veins and compared to the first attempt. For WML
numbers, ICC was 0.99 (95% CI, 0.98–0.99, p < 0.0005), and
for the proportion of WMLs with central veins, ICC was 0.95
(95% CI, 0.91–0.97, p < 0.0005).

Classification of MS or SVD based on 40%
threshold of the central vein marker
Testing if both raters agreed with each other about the cate-
gorization of MS and SVD for each scan showed moderate
agreement (0.54; 95% CI, 0.15–0.93; p = 0.001). Twenty-five
percent (18/71) of all whole brain scans were reviewed again

by one rater (A.P.R.S.), and the categorizations of MS and
SVD, and the established diagnoses were compared between
both attempts by this rater (0.73; 95% CI, 0.38–1; p = 0.001).

Discussion
We found that WML central veins were present in patients
with PPMS using a T2*-weighted sequence at 3T MRI, and
hence suggest that the central vein marker could be used as
supportive criterion in the diagnosis of PPMS. This has the
potential to influence patient care promoting earlier diagnosis
of PPMS, with early initiation of treatment in PPMS being
shown to be more likely to produce greater benefits.26

The new diagnostic criteria for MS19 are already advancing
early diagnosis in the clinical setting, but they were not de-
veloped to differentiate MS from other conditions. PPMS is
more difficult to diagnose than RRMS, due to it insidious
onset, older age at presentation (and as a consequence greater
number of differential diagnoses), less brain WMLs on MRI,
and WMLs which can be mistaken for ischemic WMLs.27 As
a result, patients with a suspicion of progressive MS are more
likely to have a longer time from symptom onset to diagnostic
confirmation4 and have additional investigations, such as
spinal cord MRI, CSF testing, and evoked potentials.28

Of all the differential MRI diagnoses, distinguishing MS from
SVD and other incidental WMLs detected on MRI is one of

Table 1 Brain WML central veins by region in the PPMS and SVD groups

PPMS (n = 32) SVD (n = 16) Difference p Value
Effect
sized

Median WML numbers
(median)

17 (IQR, 8%–44.5%) 35 (IQR, 17%–44.8%) −18 (95% CI, −34.5 to −1.5) 0.06

Proportions of WMLs with
central veins (mean)

68.4% ± 23.1% (SD) 4.7% ± 4.3% (SD) 63.7% (95% CI, 55.1 to 72.3) 0.0005c 3.8

Proportion of WMLs which
were PV (median)

45.4% (IQR, 23.9%–53.8%) 3.7% (IQR, 0%–9.9%) 41.8% (95% CI, 35.9 to 47.7) 0.0005

Proportion of WMLs which
were DWM (median)

45.8% (IQR, 35.6%–60.9%) 93.7% (IQR, 83.2%–98.4%) −47.9% (95% CI, −57.6 to −38.2) 0.0005

Proportion of WMLs which
were JC (median)

6.9% (IQR, 0%–17.6%) 0% (IQR, 0%–5%) 6.9% (95% CI, 1.1 to 12.7) 0.006

Proportion PV WMLs with
central veins (median)b

80% (IQR, 65.7%–100%) 0% (IQR, 0%–100%) 80% (95% CI, 65.3 to 94.7%) 0.0005

Proportion DWM WMLs with
central veins (median)b

62.5% (IQR, 27.5%–88.1%) 2.75% (IQR, 0%–6.28%) 59.8% (95% CI, 42 to 77.5) 0.0005

Proportion JC WMLs with
central veins (median)b

42.9% (IQR, 0%–100%) 0% (N/A)a 42.9% (95% CI, 9.5 to 76.2) 0.0005

Abbreviations: DWM = deep white matter; IQR = interquartile range; JC = juxtacortical; N/A = not applicable; PPMS = primary progressive MS; PV = peri-
ventricular; SVD = small vessel disease; WML = white matter lesion.
a No JC lesions had a central vein in the SVD group, and so an IQR cannot be quoted.
b The proportion of WMLs with central veins according to their location was calculated using the total number of WMLs in the same location as the
denominator.
c Calculated using t test.
d Calculated using Cohen d.
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the most common.6,29 This becomes more challenging
when the clinical presentation is not with a relapsing pat-
tern, but with progressive neurologic symptoms, as in
PPMS. We have found that WML central veins could be
used to distinguish PPMS from SVD, as it has been shown
with RRMS in multiple studies before.10,13,14,16,17,25,30,31

Although SVD patients had more WMLs on average than
patients with PPMS, we found that this had no diagnostic
value. As expected, the majority of the WMLs in the SVD
group were in the DWM, in keeping with the literature on
the distribution of lesions in SVD.10,32–34 Although this
reached statistical significance at the group level, the WML
location was not able to differentiate PPMS and SVD
(results not shown here). In this study, we specifically
evaluated sections of the brain separately, so the observer
could not be influenced by the presence of veins in other
WMLs of the same brain or overtly be influenced by the
location of the WMLs.

The clinically important diagnostic finding of this study was
the stark contrast between the proportion of WMLs with
central veins in the PPMS group (68.4%) and the SVD
patients (4.7%). Even the more common DWM lesions of the
SVD group had fewer central veins compared to DWM
lesions of PPMS patients (approximately 3% vs 62%).

The central vein marker has been found to be diagnostically
useful in MS before; however, most studies have reported on
RRMS patients that usually pose less of a diagnostic challenge
than PPMS. Until now, to our knowledge, 2 studies have
reported on a small number of PPMSpatients withT2*-weighted
imaging at 3T.17,35 Our study confirmed both the pathologic
findings of perivenous demyelination in PPMS, and ultra-high-
field MRI results.16,18

We found that all PPMS and RRMS patients studied had
similarly high proportions of WMLs with central veins, and
higher than all individuals with SVD. This has been shown in
smaller cohorts in previous studies only at 7T.18 Like previous
reports, our work has not been able to differentiate the 2 MS
subtypes apart using the central vein marker, which is not
surprising considering the histopathologic similarities of the 2
MS subtypes. Although the number of WMLs was, as a group,
lower in the PPMS patients, the location of WMLs in the
supratentorial brain was similar across both MS groups, with
most WMLs in the PV and DWM regions. WMLs in the PV
region had high numbers of central veins (80% of PV lesions
in PPMS and 90% in RRMS). This would be expected because
of the high venous density in the PV distribution, caused by
deep medullary veins draining toward subependymal veins of
the lateral ventricles.36 Furthermore, over 60% of DWM

Figure 1 White matter lesion central vein visibility in MS and absence in small vessel disease (SVD)

(A and B) Two different patients with
primary progressive MS, showing
a deep white matter (DWM) lesion
with a central vein (A) and periven-
tricular lesion with a central vein (B).
(C) A patient with relapsing-remitting
MS showing 3 DWM lesions each with
a central vein. (D) A patient with SVD
showing 2 DWM lesions with no cen-
tral vein.
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lesions in both MS groups also had central veins. Any small
differences in the proportions of PV, DWM, and JC lesions
with central veins between PPMS and RRMS patients were
not significant, reinforcing that lesion location and the

presence of central veins cannot distinguish the 2 subtypes.
This also is in keeping with the evidence suggesting similari-
ties in the pathophysiology of WML formation in these 2
subtypes of MS.

The diagnostic rule of using 40% of WMLs with central veins
as a cut-off for categorizing MS allowed high agreement with
the established diagnoses for both raters. However, moderate
agreement was shown when using this rule to determine if
both raters agreed with each other about the established di-
agnosis. We can only hypothesize that identifying all WMLs
and central veins may lead to more error (potentially mis-
taking CSF, perivascular spaces, nonspecific lesions, and
cortex as demyelinating lesions). More studies will be needed
to assess if identifying a subset of WMLs with central veins is
more accurate.31

Our study cohorts were derived from a typical UK neurosci-
ence centre with a large outpatient clinical setting, combining
both general neurology and MS clinics. The demographics
were as anticipated. The mean age of our RRMS cohort was
lower than the PPMS group, with slightly more females than
males in the RRMS group and the opposite in the PPMS
cohort. Our PPMS patients had a higher level of disability
compared to RRMS patients. WML numbers were also lower
in the PPMS group in keeping with the previous literature.1,37

Some limitations of this study should be noted. First, there
was a difference in age between the PPMS and RRMS group,
with a mean difference of 14.2 years. As nonspecificWMLs are

Figure 2 Frequency of the proportion of total WMLs with
central veins in PPMS, RRMS, and SVD

Results were derived from the analysis of one rater (A.P.R.S.) who analyzed
all the blinded scans. PPMS = primary progressive MS; RRMS = relapsing-
remitting MS; SVD = small vessel disease; WML = white matter lesion.

Table 2 Brain WML central veins by region in the PPMS and RRMS groups

PPMS (n = 32) RRMS (n = 23) Difference p Value
Effect
sizec

Median WML numbers
(median)

17 (IQR, 8–44.5) 39 (IQR, 13%–57%) −22 (95% CI, −41.2 to −2.8) 0.03

Proportions of WMLs with
central veins (mean)

68.4% ± 23.1% (SD) 74.3% ± 17.1% (SD) −5.9% (95% CI, −17.3 to 5.5) 0.3b 0.29

Proportion of WMLs which
were PV (mean)

42.8% ± 23.3% (SD) 41.1% ± 15.9% (SD) 1.7% (95% CI, −9.6 to 12.9) 0.77b 0.08

Proportion of WMLs which
were DWM (mean)

46.5% ± 23% (SD) 47.2% ± 14.8% (SD) −0.8% (95% CI, −11.7 to 10.2) 0.89b 0.03

Proportion of WMLs which
were JC (median)

6.9% (IQR, 0%–17.6) 9.1% (IQR, 7.7%–12.3%) −2.2% (95% CI, −7.8 to 3.4) 0.36

Proportion PV WMLs with
central veins (median)a

80% (IQR, 65.7%–100%) 90% (IQR, 80%–100%) −10% (95% CI, −26.9 to 6.9) 0.23

Proportion DWM WMLs with
central veins (median)a

62.5% (IQR, 27.5%–88.1%) 68.2% (IQR, 51%–85.7%) −5.7% (95% CI, −26.6 to 15.2) 0.39b

Proportion JC WMLs with
central veins (median)a

42.9% (IQR, 0%–100%) 66.7% (IQR, 28.6%–100%) −23.9% (95% CI, −69.4 to 21.7) 0.1

Abbreviations: DWM= deepwhitematter; IQR = interquartile range; JC = juxtacortical; PPMS = primary progressiveMS; PV = periventricular; RRMS = relapsing
remitting MS; WML = white matter lesion.
Mann-Whitney U test used to calculate p values, unless otherwise stated.
a Proportion of WMLs with central veins according to their location was calculated using the total number of WMLs in the same location as the denominator.
b Independent t test used.
c Calculated using Cohen d.
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more commonly seen with advancing age, one would have
expected a higher number of non-MS WMLs without a central
vein in the older PPMS group.32 However, the difference in the
proportion of WMLs with central veins between PPMS and
RRMS groups was not statistically different. Infratentorial
WMLswere also not analyzed as we detected very few lesions in
this region using the T2* sequence (3 in PPMS, 2 in RRMS, and
3 in SVD groups). This is possibly a limitation of T2* in this
location. Despite this, as the proportion of WMLs with central
veins in the supratentorial brain was high for both MS groups,
the exclusion of a few infratentorial lesions probably would not
affect the overall ability to differentiate MS from SVD. Addi-
tionally, our study did not use the central vein marker in
patients with PPMS or SVD at disease onset. A prospective
study in the difficult to diagnose phenotype needs to validate
our cross-sectional central vein data. This is currently underway
at our institution. Furthermore, if the central vein marker ever
entered clinical practice, training for clinicians reporting scans
would be needed if, for example, the North American Imaging
in Multiple Sclerosis consensus criteria22 are used.

A number of centers have reported that fused images (e.g.,
FLAIR*) qualitatively can detect infratentorial lesions with
central veins reliably.35,38 Similarly, some advocate the use of
contrast agents in the detection of the central vein. No doubt
over the next few years, more specific MRI sequences and
refinement of the central vein criteria will be developed op-
timizing the use of this new MRI sign. We would expect
similar or larger differences between the MS and non-MS
groups of patients with any improved methods.

Our findings show that WML central veins are present in
PPMS patients in as high proportions as those found in
RRMS. These can be identified in WMLs irrespective of the

chronicity of the disease using 3T, noncontrast T2*-weighted
imaging. The difference in these proportions between PPMS
and SVD patients is significant, irrespective of supratentorial
brain location, and may be helpful in the clinical setting when
there is difficulty in differentiating these 2 conditions, clini-
cally or radiologically.

In this article, we wanted to demonstrate the clear potential of
the WML central vein marker in the differentiation of PPMS
from SVD using clinical scanners. The exact methodology
used by neuroradiologists in clinical practice will depend on
the gradually accumulating clinical experience, as the central
vein marker is increasingly being used by different centers.
Specific prospective studies assessing the minimum number
of WMLs required to be assessed in patients with diagnostic
uncertainty need to be undertaken. Additionally, studies
comparing the diagnostic benefit of the central vein marker to
the recent 2017 McDonald criteria would be important to
perform, alongside comparing its use to other current
diagnostic tests, e.g., CSF oligoclonal bands, spinal cord
inflammatory lesions and using a higher number of WMLs for
dissemination in space.

Using noncontrast T2* imaging and clinical 3TMRI scanners,
present now in many large hospitals worldwide, we can detect
the central vein marker inmuch higher proportions in patients
with PPMS and RRMS compared to patients with SVD. This
could be diagnostically useful. The newMS diagnostic criteria
strengthen the value of lumbar punctures in the diagnosis of
MS.19 Not all patients of course are keen or willing to have
a lumbar puncture. One can speculate that the WML central
vein marker might possibly offer a noninvasive alternative to
lumbar puncture if the diagnosis is in doubt. That of course
would require confirmation by a specific study.

Figure 3 Distribution of WMLs with central veins in the PV, DWM, and JC regions

DWM = deep white matter; JC = juxtacortical;
PPMS = primary progressive MS; PV = peri-
ventricular; RRMS = relapsing-remitting MS;
SVD = small vessel disease; WML = white mat-
ter lesion.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 5, Number 6 | November 2018 7

http://neurology.org/nn


Author contributions
A.P.R. Samaraweera was involved in the study concept and
design, acquisition of data and analysis and interpretation.
Y. Falah was involved in the analysis of the data. A. Pitiot was
involved in the analysis and interpretation of the data and
critical revision of the manuscript for important intellectual
content. R.A. Dineen was involved in the critical revision of
the manuscript for important intellectual content. P.S. Mor-
gan and N. Evangelou were involved in the study concept and
design, critical revision of the manuscript for important in-
tellectual content, and study supervision.

Study funding
This study was in part funded by a MRC Confidence in
Concept award (CiC12014).

Disclosure
A.P.R. Samaraweera received travel funding and/or speaker
honoraria from Biogen, Teva, Novartis. Y. Falah reports no
disclosures. A. Pitiot is co-director for Ilixa. R.A. Dineen and
P.S. Morgan report no disclosures. N. Evangelou served on
the scientific advisory board for Novartis, Biogen, Genzyme,
and Roche; received travel assistance from Novartis, Biogen,
Teva; and received research support from PCORI, Medical
Research Council, MS Society. Full disclosure form in-
formation provided by the authors is available with the full
text of this article at Neurology.org/NN.

Received May 16, 2018. Accepted in final form June 28, 2018.

References
1. Stevenson VL, Miller DH, Rovaris M, et al. Primary and transitional progressive MS:

a clinical and MRI cross-sectional study. Neurology 1999;52:839–845.
2. Confavreux C, Vukusic S. Natural history of multiple sclerosis: a unifying concept.

Brain 2006;129:606–616.
3. Thompson A. Overview of primary progressive multiple sclerosis (PPMS): similari-

ties and differences from other forms of MS, diagnostic criteria, pros and cons of
progressive diagnosis. Mult Scler 2004;10(suppl 1):S2–S7.

4. Cottrell DA, Kremenchutzky M, Rice GPA, et al. The natural history of multiple
sclerosis:a geographically based study 5: the clinical features and natural history of
primary progressive multiple sclerosis. Brain 1999;122:625–639.

5. Wardlaw JM, Allerhand M, Doubal FN, et al. Vascular risk factors, large-artery ath-
eroma, and brain white matter hyperintensities. Neurology 2014;82:1331–1338.

6. Solomon AJ, Klein EP, Bourdette D. “Undiagnosing” multiple sclerosis the challenge
of misdiagnosis in MS. Neurology 2012;78:1986–1991.

7. Liu S, Kullnat J, Bourdette D, et al. Prevalence of brain magnetic resonance imaging
meeting Barkhof and McDonald criteria for dissemination in space among headache
patients. Mult Scler J 2013;19:1101–1105.

8. Lambert C, Benjamin P, Zeestraten E, Lawrence AJ, Barrick TR, Markus HS. Lon-
gitudinal patterns of leukoaraiosis and brain atrophy in symptomatic small vessel
disease. Brain 2016;139:1136–1151.

9. Kim KW, MacFall JR, Payne ME. Classification of white matter lesions on magnetic
resonance imaging in elderly persons. Biol Psychiatry 2008;64:273–280.

10. Kilsdonk ID, Wattjes MP, Lopez-Soriano A, et al. Improved differentiation between
MS and vascular brain lesions using FLAIR* at 7 Tesla. Eur Radiol 2014;24:841–849.

11. Dawson JW. XVIII—the histology of disseminated sclerosis. Earth Environ Sci Trans
R Soc Edinb 1916;50:517–740.

12. Lucchinetti C, Brück W, Parisi J, Scheithauer B, Rodriguez M, Lassmann H. Het-
erogeneity of multiple sclerosis lesions: implications for the pathogenesis of de-
myelination. Ann Neurol 2000;47:707–717.
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Abstract
Objective
To evaluate the long-term effects of rituximab (RTX) on total and specific immunoglobulins
(Igs) in patients with neuromyelitis optica spectrum disorders (NMOSDs).

Methods
Total IgG, IgA, and IgM levels were evaluated in 15 patients with NMOSDs treated with RTX
(median follow-up 70 months). Anti-aquaporin 4 (AQP4)-IgG titration was performed on
samples from 9 positive patients. Anti-tetanus (TET), anti-varicella-zoster virus (VZV), and
anti-Epstein–Barr virus nuclear antigen (EBNA) IgGs were also tested in patients with
NMOSDs and in 6 healthy controls (HCs).

Results
RTX reduced total IgG by 0.42 g/L per year, IgA by 0.08 g/L per year, and IgM by 0.07 g/L per
year. Hypogammaglobulinemia (hypo-IgG) (IgG < 7 g/L) developed in 11/15 patients. Severe
hypo-IgG (IgG < 4 g/L) was found in 3/15 patients, of whom 2 patients developed serious
infectious complications. In group analysis, anti-AQP4 IgG titers were reduced by RTX over
time, and a significant correlation between anti-AQP4 IgG titers and total IgG levels was found.
The effects of RTX were observed on pathogen-specific IgGs as well. In particular, the levels of
anti-TET IgG in patients were significantly lower than those in HCs. The half-life of anti-TET
IgG was reduced by about 50% in patients compared with the general population.

Conclusions
Long-term RTX treatment is associated with the risk of hypo-Ig and reduction of anti-TET
protection in patients with NMOSDs. Results obtained in this study suggest the importance of
monitoring total and specific Ig levels before and during treatment with anti-CD20 drugs to
prevent hypo-Ig–related complications and to optimize clinical management.
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Rituximab (RTX) is a monoclonal antibody that recognizes
the CD20 antigen expressed on B lymphocytes. Its mecha-
nism of action involves B-cell cytotoxicity through various
pathways.1,2 After more than 2 decades of use, RTX is widely
prescribed not just in the treatment of non-Hodgkin lym-
phomas,3 in which it was first approved, but for a variety of
autoimmune diseases wherein depletion of circulating CD20+

B cells is the common therapeutic goal.4–9 It is also an ef-
fective, yet off-label treatment for neuromyelitis optica spec-
trum disorders (NMOSDs),10,11 a group of inflammatory
immune-mediated demyelinating disorders of the CNS.12,13

Ample evidence exists for major side effects including hypo-
gammaglobulinemia (hypo-Ig) after a prolonged treatment
with RTX in patients with rheumatologic14–16 diseases (table
e-1, links.lww.com/NXI/A70). However, in NMOSDs, the
evaluation of hypo-Ig as a side effect of RTX treatment has
seldom been the focus of the available studies till date (table
e-2, links.lww.com/NXI/A71). A recent study focused on
infectious complications associated with hypo-Ig in 5
patients with NMOSDs treated with RTX.17 In view of the
treatment duration of RTX along with new anti-CD20
therapies with extensive neurologic use (e.g. in MS),18 it is
vital for the clinicians to recognize and manage the safety
concerns and side effects of this drug. Thus, we sought to
characterize the qualitative and quantitative changes in
humoral immunity in patients with NMOSDs during a sus-
tained RTX therapy through the evaluation of total IgG,
IgA, and IgM levels, anti-aquaporin 4 (anti-AQP4) IgG
levels, and of levels of 3 pathogen-specific antibodies. Key
strengths of our study are a long follow-up period, sys-
tematic measurements, and a relatively large number of
patients under study.

Methods
Patients and healthy controls
This is an observational retrospective case series study, in
which serum levels of total IgG, IgA, IgM, and specific IgGs
namely anti-tetanus (TET), varicella-zoster virus (VZV), and
Epstein–Barr virus nuclear antigen (EBNA) were evaluated in
15 patients with NMOSDs undergoing long-term RTX
treatment. This specific humoral immunity was evaluated in 6
healthy controls (HCs) as well.

Patients were followed up at the Regional Reference Centre
for Multiple Sclerosis (CReSM) at Orbassano (Turin, Italy).
The demographic and clinical19–22 details of the patients have
been described in table 1.

All patients were treated with RTX and monitored monthly
according to a treatment-to-target approach, where RTX
reinfusions were given whenever the percentage of
CD19+B cells was more than 0.1% in peripheral blood
mononuclear cells. The details of RTX therapy and of other
treatments given to patients before or during RTX treatment
have been described in table 1. Treatment regimens during
clinical relapses included IV methylprednisolone (1000 mg
for 5 consecutive days without tapering) and/or plasma
exchange courses (PLEX) performed in 3–7 plasmapheresis
procedures every other day for each course or intravenous
immunoglobulin (IVIG) infusions (0.4 g/kg for 5 consec-
utive days for each course).

Themedian follow-up period of RTX treatment in the present
study was 70 (range 17–124) months for a total of 972
person-months of RTX follow-up. Seven patients were fol-
lowed up for at least 70 months. Ninety-one total RTX
infusions were administered (median 4 infusions/patient;
range: 2–13 infusions/patient). The median interval between
treatments was 11 (range: 3–36) months.

Samples selection
A blood sample was collected approximately every 6 (median
6.6; range 5.0–16.5) weeks, following rigorous procedures from
blood collection to serum sample storage. A total of 715 serum
samples were available, stored at −80°C in the CReSM col-
lection. Of note, 236 samples were tested in the present study.

The following selection criteria for samples were applied: (1)
overlap of sample collection time with anti-AQP4 IgG titra-
tion when possible; and (2) exclusion of samples collected
within 3 months since a PLEX or IVIG course or within 1
month after any immunosuppressive treatment withdrawal
(table 1).

Standard protocol approvals, registrations,
and patient consents
All patients provided written informed consent for the use of
their collected samples (approval number 12819/2016).

Laboratory assessments
We performed serologic examinations on 236 samples from
15 patients with NMOSDs. We evaluated total IgG, IgA, and
IgM levels in 188/236 samples (median sampling time in-
terval = 4.9 months, range 3.3–6.2 months). For 84/188
samples (from 7 patients), data on anti-AQP4 IgG titers were
available as well.23 In addition, in the present study, 37 sam-
ples were evaluated for anti-AQP4 IgG titer (median sampling

Glossary
anti-AQP4 = anti-aquaporin 4; EBNA = Epstein–Barr virus nuclear antigen; HC = healthy control; hypo-Ig =
hypogammaglobulinemia; IFI = immunofluorescence; IVIG = IV immunoglobulin; LMM = linear mixed model;
NMOSD = neuromyelitis optica spectrum disorder; PLEX = plasma exchange course; RTX = rituximab; TET = tetanus;
VZV = varicella-zoster virus.

2 Neurology: Neuroimmunology & Neuroinflammation | Volume 5, Number 6 | November 2018 Neurology.org/NN

http://links.lww.com/NXI/A70
http://links.lww.com/NXI/A71
http://neurology.org/nn


time interval = 4.5 months, range 3.0–7.0 months). In the
remaining 48/236 samples (median sampling time interval =
13.5 months, range 7–25 months), anti-TET, anti-VZV, and
anti-EBNA IgGs were tested. All the pathogen-specific anti-
gens were tested in 12 samples from 6 HCs as well.

Total immunoglobulin levels
Serum concentrations of IgG, IgM, and IgA were determined
in the Laboratory of Humanitas Hospital Gradenigo (Turin,
Italy) by turbidimetry (DXC 600, Beckman-Coulter)
according to the manufacturer’s instructions. The details re-
garding the detection of Ig levels are shown in table e-3, links.
lww.com/NXI/A72.24,25

Anti-AQP4 IgG titration
According to the latest diagnostic guidelines,13,26 anti-AQP4
IgG titers were assessed and titrated using a commercial in-
direct immunofluorescence (IFI) cell-based assay (FA 1128-
1010-50, Euroimmun, Lubeck, Germany), following the
manufacturer’s instructions.

We used the same procedure as the one used in our previous
studies.23,27

IFI reactions were analyzed using Nikon Eclipse 90i (Nikon)
with a ×20 magnification. Two different operators (F.M. and
P.V.), blinded to the sample type, independently evaluated all
reactions. Euroimmun kindly provided all the kits.

Anti-pathogen specific IgG detection
Anti-TET, anti-VZV, and anti-EBNA IgGs were analyzed in
the CDC Laboratory (Turin, Italy), by commercial ELISA
(SkyLAB™ 752, AXA Diagnostics, Pomezia RM, Italy; Mago
4; Erba, Mannheim, Germany) as per the manufacturer’s
instructions. The details regarding their quantification are
shown in table e-3, links.lww.com/NXI/A72.

Statistical analysis
Differences of continuous variables between groups were
assessed by the unpaired t-test or the Kruskall–Wallis test, as
appropriate, whereas differences of categorical variables by the

Table 1 Demographic and clinical characteristics of patients

Patient ID Sex
Age
at T0a

Follow-
up mo

Serum
samples Disease

Auto-Ab
status

RTX
coursesb

Follow-
up ARR

Other intercurrent
treatmentsc (mo)
or [courses]

Previous treatments
(mo) or [courses]

1 F 38 120 22 NMOd AQP4+ 13 0.3 PLEX [1]

2 F 20 124 21 RLETMd AQP4+ 9 0.1 R-IVIG [3] IFN (14)

3 F 60 70 17 rLETMd AQP4+ 6 0 PLEX [1]

4 F 48 48 13 NMOd AQP4+ 4 1 CFX (3), PLEX [3] MTX (36), AZA (19)

5 M 60 39 8 NMOd AQP4+ 4 0 PLEX [1], PRED (11),
MMF (60)

6 F 57 83 16 NMOd AQP4+ 8 0 MTX (13), IFN (6),
PLEX [1], GA (3)

7 F 25 123 20 NMOd AQP4+ 10 0.2 PLEX [1], R-IVIG [1] IVIG [1]

8 F 21 106 20 rLETMd AQP4− 10 0.8 IVIG [1] PLEX [1]

9 F 50 106 20 rLETMd AQP4− 10 0.2

10 F 57 23 6 rON AQP4− 3 0 PLEX [1]

11 F 77 24 6 NMOd AQP4+ 4 0 PLEX [1], AZA (1),
MMF (4)

12 F 59 20 5 rONd MOG+ 2 1.2

13 M 23 23 7 LETM AQP4− 4 0

14 F 36 10 2 NMOd AQP4+ 2 0 PLEX [1]

15 F 43 17 5 rLETMd AQP4− 2 2.1 IVIG[1] MTX (12)

Abbreviations: ARR = annualized relapse rate; AZA = azathioprine; CFX = cyclophosphamide; GA = glatiramer acetate; IFN = interferonβ-1a; IVIG = intravenous
immunoglobulin; MMF =mycophenolatemofetil; MTX =mitoxantrone; NMO = neuromyelitis optica; NMOSD = neuromyelitis optica spectrum disorder; PLEX
= plasma exchange; PRED = oral prednisolone (5 mg every other day); rLETM = (recurrent) longitudinally extensive transverse myelitis; R-IVIG = intravenous
immunoglobulin replacement therapy; rON = recurrent optic neuritis; RTX = rituximab.
Patients not completely matching the 2015 criteria for NMOSD diagnosis (their treatment regimen was the same, given the presence of acute neurologic
episodes, suggesting an autoimmune inflammatory disorder at risk of developing relapses and converting to NMOSD19–22).
a T0: beginning of RTX treatment.
b Initial RTX dose: 375 mg/m2 once a week for 4 weeks; subsequent RTX courses: 1000 mg infused twice, with a two-week interval.
c Only treatments interfering with Ig levels were considered.
d Diagnosis according to 2015 Wingerchuck revised diagnostic criteria.13
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Fisher exact test. Correlation between continuous variables
was assessed by means of the Pearson correlation. Correla-
tion between IgG levels and anti-AQP4 IgG titers was
evaluated by a linear regression model. Univariate linear
mixed models (LMMs) with time as a fixed effect and
patients as random intercepts were performed to investigate
the longitudinal effect of RTX treatment on the Ig titer. An
LMM with time and group (patient/control) as fixed effects
and participants as random intercepts was used to examine
the longitudinal changes of anti-TET IgG and to compare
them between patients and controls. The anti-TET IgG half-
life (T1/2) of patients was calculated from the coefficient of
the fixed effect of time in an LMM run with patients’ data
only. Anti-TET IgG concentrations were log-transformed to
make data conform to normality. p values were obtained by
likelihood ratio tests of the full models against the models
without the effect of interest. All analyses were run with R
software (r-project.org).

Data availability
Individual de-identified patient data not published within the
article including clinical evaluations, IgG, IgA, and IgM levels,
anti-AQP4 IgG titers, and specific anti-pathogen IgG levels
will be shared upon request from any qualified investigator.

Results
Hypo-Ig as an effect of RTX treatment

Reduction of IgG, IgA, and IgM levels during RTX
treatment
In the present study, the longitudinal effect of RTX treatment
on total Ig levels was investigated using univariate LMMs
(figure 1).

RTX significantly reduced total IgG by 0.42 g/L per year
(LMM, p < 0.0001, 95% CI, −0.49 to −0.35), IgA by 0.08 g/L
(LMM, p < 0.0001, 95% CI, −0.09 to −0.06), and IgM by
0.07 g/L (LMM, p < 0.0001, 95% CI, −0.09 to −0.06).

Hypogammaglobulinemia
In the present study, hypo-IgG (IgG < 7.0 g/L) was found in
11/15 (73%) patients in at least 1 measurement. Notably, in
4/11 patients, hypo-IgG status was present before the start of
RTX treatment. Of note, 3/15 (20%) patients demonstrated
severe hypo-IgG (IgG <4.0 g/L) in at least 1 measurement
(figure e-1, links.lww.com/NXI/A66).

Hypo-IgA (IgA < 0.7 g/L) was found in 6/15 (40%) patients.
In 2 patients, this deficiency was present before the start of
RTX treatment (figure e-2, links.lww.com/NXI/A67).

Hypo-IgM (IgM < 0.4 g/L) was found in 9/15 (60%)
patients. In 1 patient, this deficiency was present before the
start of RTX treatment. Of note, 2/15 (13%) patients de-
veloped severe hypo-IgM (IgM < 0.2 g/L) in at least 1
measurement (figure e-3, links.lww.com/NXI/A68).

The prevalence of hypo-IgG, hypo-IgA, and hypo-IgM, eval-
uated in patients with a prolonged follow-up period (≥5 years,
n = 7 patients), increased over time during RTX treatment
(figure 1, B, D, F).

Correlation between Ig classes
A strong correlation was found between the IgG class and IgA
or IgM concentrations (Pearson correlation; p < 0.0001; r =
0.51 and r = 0.49, respectively), whereas IgA and IgM serum
concentrations were weakly correlated (Pearson correlation;
p < 0.0001; r = 0.34) (figure e-4, links.lww.com/NXI/A69).
Moreover, the occurrence of hypo-IgG was significantly as-
sociated with the occurrence of hypo-IgA, IgM, or both
(Fisher exact test, p = 0.002).

Infectious complications
Two patients (#2 and # 8) developed infectious complications
after 9 and 8 years of RTX treatment (8 and 5 RTX infusions),
respectively. Total IgG concentration during that period was
3.6 g/L and 3.5 g/L, respectively. In addition, IgM serum
concentration of patient 2 decreased to 0.14 g/L during the
same period. Such low levels are considered as risk factors for
bacterial infections.24,25 Patient 2 developed pneumonia along
with hand, foot, and mouth disease. Consequently, a new
treatment regimen, including RTX and monthly IVIG re-
placement treatment, was required. On the other hand, patient
8 developed multifocal bilateral pyelonephritis, which was
treated with wide-spectrum antibiotics. In this case, severe
hypo-IgGwas present, although not investigated. In fact, in that
period, there were scant evidences of RTX-induced hypo-Ig.

IgG levels and anti-AQP4 IgG titer
In group analysis, anti-AQP4 IgG serum levels showed a sig-
nificant reduction in annualmedian titer (Kruskal–Wallis test, p
< 0.0001) (figure 2A). In individual analysis, reduction in anti-
AQP4 IgG titers was not observed in patients 4 and 5, whereas
patient 2 became negative for anti-AQP4 IgG during the RTX
follow-up period. On exclusion of patients 4 and 5, a strong
correlation was found between total IgG levels and anti-AQP4
IgG titers (linear regression model; p < 0.0001) (figure 2B).

Effect of RTX on specific humoral immunity
Longitudinal effects of RTX on specific humoral immunity
were evaluated on 3 pathogen-specific IgGs.

Anti-TET IgG
Anti-TET IgG levels were found to be below the protection
threshold (≤0.1 IU/mL) at the beginning of the follow-up in
4/15 (27%) patients. In 1/15 (7%) patients, the concentra-
tion of anti-TET IgG decreased below the defined threshold
during RTX treatment. By contrast, anti-TET IgG levels were
never found to be below the protection threshold in HCs.
Anti-TET IgG showed a reduction in 10/15 patients and in 3/
6 HCs (figure 3A).

Further analyses were conducted on anti-TET IgG, based on
the quantitative nature of the measurements. The analyses
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were performed after excluding values which showed a dou-
bling of the previous level, thus identifying an anti-TET vac-
cination recall.28

Here, the levels of anti-TET IgG during RTX treatment were
found to be significantly lower as compared to HCs (unpaired
t test, p = 0.006) (figure 3B).

Figure 1 Total IgG, IgA, and IgM levels and hypo-Ig prevalence during RTX treatment

IgG, IgA, and IgM levels were measured in 188 samples from 15 patients with NMOSDs treated with RTX. Median follow-up period was 70 (range 17–124)
months. Levels of total IgG, IgA, and IgM in all serum samples are represented in panels A, C, and E, respectively. Black lines represent the thresholds defining
hypo-IgG (<7.0 g/L), –IgA (<0.7 g/L), and –IgM (<0.4 g/L). In addition, based on augmented infectious risk, severe hypo-IgGwas defined as total IgG levels <4.0 g/
L and severe hypo-IgM as total IgM levels <0.2 g/L. Long-term RTX treatment reduced the levels of all Ig classes. Statistical analysis was performed using
univariate linear mixed models. Panels B, D, and F show the prevalence of hypo-Ig over time according to each specific cutoff. The percentage of patients
developing hypo-IgG, hypo-IgA, and hypo-IgM has been calculated in patients with a prolonged follow-up period (≥5 years, n = 7 patients), which showed an
increased prevalence over time. In particular, prevalence of patients developing hypo-IgG is represented in panel B: patients developing severe hypo-IgG (IgG
< 4g/L) are represented in purple, as patients showingmild hypo-IgG (5 g/L ≤ IgG < 7 g/L) are represented in gray. Prevalence of patients developing hypo-IgA
(IgA < 0.7 g/L) is shown in panel D (gray). Prevalence of patients developing hypo-IgM is shown in panel F: patients developing severe hypo-IgM (IgM <0.2 g/L)
are represented in purple, as patients showing mild hypo-IgM (0.2 g/L ≤ IgG < 0.4 g/L) are represented in gray.
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In addition, anti-TET IgG T1/2 in seroprotected patients
(anti-TET IgG > 0.1 IU/mL at beginning of the follow-up
period) was 5.52 years (95%CI: 3.63–10.89), which represents
a 50% reduction compared with the general population.28

Anti-VZV and anti-EBNA IgG
Anti-VZV negativity was found in 1 patient since the beginning
ofmonitoring, whereas another patient developed it during RTX
treatment. No individuals from theHC group showed a negative
status. On the other hand, anti-EBNA negativity was found in
both 1 HC and 1 patient since the beginning of monitoring.

Anti-VZV and anti-EBNA IgG showed a reduction in 8/15
patients and 0/6 controls and in 12/15 patients and 1/6
controls, respectively (figure 3, C and D).

LMMs could not be performed for anti-VZV and anti-EBNA
IgG because their levels were expressed as “Index” and not as
quantitative concentrations.

Discussion
There has been a continuous increase in the usage of anti-
CD20 drugs in the treatment of CNS autoimmune diseases
during the past decade. This will be further reinforced by the
therapeutic indications of recently approved ocrelizumab for
MS. There is a significant proportion of patients with MS and
NMOSDs who positively respond to anti-CD20 drugs such as
RTX.11,21 Thus, it is vital to consider the side effects of these
drugs from a wider temporal perspective, given the long-term
treatment regimens used in themanagement of these diseases.
RTX has been used “off label” for more than a decade in
NMOSDs. The present study evaluates the long-term effects
of RTX in patients with NMOSDs on total Ig levels, anti-
AQP4 IgG levels, and on levels of 3 pathogen-specific IgGs
(anti-TET, anti-VZV, and anti-EBNA IgG).

A study published recently in this field has investigated the
secondary antibody deficiency as a complication of long-term
RTX therapy in patients with NMOSDs.17 In comparison, the
key strengths of our study include the largest median follow-up
period among studies on NMOSDs in addition to sample se-
lection based on strict criteria to reduce the effect of confounding
variables. Serum samples used in this study were collected from
patients with NMOSDs and stored in the CReSM Collection,
following rigorous and consistent procedures.

We observed a significant reduction in total IgG, IgA, and IgM
levels in patients with NMOSDs after long-term RTX treat-
ment (figure 1). A strong correlation was observed between
the 3 classes (figure e-4, links.lww.com/NXI/A69). Conse-
quently, these changes might stem from a single phenomenon
of the sustained depletion of CD20 + Ig—secreting circulating
B cells. These B cells are responsible for a significant portion
of immunoglobulin synthesis,29,30 as well as for replenishment
of plasmablasts and plasma cell compartments.31 In our co-
hort, hypo-IgG occurred in 11/15 patients (73%), hypo-IgA
in 6/15 patients (40%), and hypo-IgM in 9/15 patients (60%)
during treatment. The percentage of hypo-Ig patients in-
creased over time (figure 1). Comparable results have been
demonstrated by studies on rheumatic diseases with similar
follow-up and RTX dose characteristics14–16(table e-1, links.
lww.com/NXI/A70).

Although the group analysis demonstrates a reduction of Igs
during RTX treatment, the individual analysis presents dis-
parate Ig concentrations across patients. We then attempted
to identify the presence of any association between Ig levels
and clinical demographic variables. In patients with at least 2
years of follow-up, no differences in age, IgG baseline levels, or
annualized relapse rate were found between patients showing
a reduction of IgG over time and patients showing a stable
level of IgG during follow-up (data not shown).

Figure 2 Correlation between total IgG levels and anti-AQP4 IgG titer

Anti-AQP4 IgG levels were measured in 121 samples from 9 patients positive to AQP4 antibodies. Anti-AQP4 IgG titer decreases during the RTX follow-up
period (panel A, Kruskal–Wallis test, p = 0.0001). One of 9 patients (#2) seroreverted during the follow-up period. A strong correlation between total IgG and
anti-AQP4 IgG levels was shown in 7 of 9 patients (panel B; linear regression model, p < 0.0001).
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Notably, all patients demonstrated a depletion of CD19 + B cells
after each RTX infusion, indicating the biological effectiveness
of the drug. No association between the occurrence of hypo- or

severe hypo-Ig and baseline Ig values, the number of RTX
cycles, and the duration of treatment was found. Finally, no
relationship was found between previous immunosuppressive

Figure 3 Effects of RTX on specific anti-pathogen IgGs

Anti-TET, anti-VZV, and anti-EBNA IgGs were tested in 48 samples from 15 patients with NMOSDs and in 12 samples from 6 HCs. Panels A, C, and D show the
over-time variation in the levels of anti-TET IgG, anti-VZV, and anti-EBNA IgG index in patientswith NMOSDs (circle, black line) and in HCs (triangle, purple line).
The first measurement (open circle or triangle) and the last available measurement (closed circle or triangle) among the entire follow-up period were
considered for each subject. Anti-TET IgG showed a reduction in 10/15 patients and in HCs (A). The yellow line shows the threshold of ineffective protection
from tetanus (light-gray zone, anti-TET IgG <0.1 U/mL). The levels of anti-TET IgG resulted significantly lower in patients during RTX treatment as compared to
HCs (B). Anti-VZV IgG was reduced in 8/15 patients and 0/6 controls (C). The yellow line shows the threshold of negativity status for anti-VZV (light-gray zone,
index ≤1.0). Seven patients with NMOSDs and 3 HCs showed levels of anti-VZV IgG index upper the limit of detection (index >6.4, dark-gray zone).
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treatments and basal hypogammaglobulinemia condition (data
not shown). It is important to note that the sample size of our
cohort does not allow for adequate statistics to be performed for
such analyses.

However, the heterogeneity emerging in this case series study
is a motivation to plan further studies on this side effect, given
the evidence in literature wherein, in a variable proportion of
cases, Ig deficit was further complicated by infections16 and
could require an Ig-replacement therapy.32,33

In our cohort, 3/15 patients showed IgG concentrations be-
low 4 g/L during treatment, a level indicative of augmented
infectious risk.24,25 Similarly, another independent risk factor,
i.e. IgM serum concentration <0.2 g/L, was found in 2 of our
patients. Both these conditions are associated with increased
incidence of bacterial infections, especially affecting the air-
way.25 In our cohort, 2 patients (13.3%) developed severe
infectious complications while having hypo-IgG status. Based
on the design and intent of the current study, it is not possible
to make any conclusive statement regarding the causal re-
lationship between serious infections and RTX/hypo-Ig.
However, we do speculate that a relationship might exist
between infections and RTX/hypo-Ig as supported by the
following evidences: (1)We never observed serious infections
in other RTX-treated patients wherein IgG and IgM levels
were normal; (2) serious infections have never been reported
by the same patients during other treatments before starting
RTX; and (3) the prevalence of serious infectious events in
our cohort is in line with those reported in the literature.27

In addition to total Ig (IgG, IgA, and IgM), we investigated
several specific IgGs (i.e. anti-AQP4 IgG and anti-pathogen
IgGs). In patients with NMOSDs, anti-AQP4 IgG titers have
been suggested to be related to biological and clinical re-
sponse to RTX treatment.34,35 Data from this study confirmed
our previous findings regarding the reduction of anti-AQP4
IgG titer during long-termRTX treatment23 in a bigger cohort
of patients (figure 2A). Of interest, in individual analysis, such
a reduction was not observed in 2 patients (#4 and #5). Both
patients showed high anti-AQP4 IgG titers during their entire
follow-up period. In particular, patient 4 was considered
a clinical nonresponder to RTX and was shifted to tocilizumab
after 4 years of treatment and 4 RTX infusions. A correlation
was observed between IgG levels and anti-AQP4 IgG titers on
excluding these patients with anomalous titers (figure 2B).

The systematic evaluation of the levels of specific anti-
pathogen IgGs during RTX therapy is rare in the literature.
Yet, this aspect is of particular interest, given the long-term
management of patients with NMOSDs and/or for patients
treated with anti-CD20 drugs. The effects of RTX on anti-
TET IgG were investigated because of previous evidences of
specific protection and immunization impairments in RTX-
treated patients and the importance of short half-life sero-
protection during such a long-term therapy. Anti-VZV and
anti-EBNA IgGs levels were also measured to gain novel

insights about temporal changes of specific humoral immunity
against latent viral pathogens during B-cell depletion.

A reduction in the analyzed anti-pathogen IgG levels was
observed more frequently in RTX-treated patients compared
with HCs (figure 3). Also, our results highlight anti-TET IgG
half-life of 5.52 years (95% CI: 3.63–10.89), representing
a substantial (50%) reduction as compared to the estimated
T1/2 in the general population.28 These patients, therefore,
might be at a risk to become unprotected from tetanus un-
expectedly and may require additional vaccination. This is of
particular interest, given an immunosuppressive therapy,
which has been proven to impair the efficacy of active im-
munization with either recall or new, bacterial or viral
antigens.36

Given these results, it is important to mention the limitations
of the current study. First, this is a retrospective study on
a small group of patients. The analysis of specific anti-
pathogen IgGs was restricted to only 3 pathogens. Moreover,
it was conducted specifically only on RTX treatment with
a “treatment-to-target” approach. RTX maintenance regimen
with fixed reinfusion intervals (mainly every 6 months)18

could further enhance hypo-Ig risk in comparison with the
regimen used in this study (resulting in 11-month reinfusion
rate). In fact, data from ocrelizumab phase III trials showed
a 16% hypo-IgM incidence after the first year of treatment.37

Our data demonstrate a 7% incidence at a similar time point.

In spite of these limitations, the present study is based on
a high number of measurements, a long follow-up period, and
a rigorous selection of samples. Thus, an attempt may be
made to provide practical suggestions for neurologists in-
volved in the management of patients with NMOSDs andMS
treated with both existing and novel anti-CD20 drugs
(table 2).

The concentration of serum Ig should be measured before
therapy and at least once a year during treatment. In the
present study, we did not observe any sudden reductions in Ig
levels throughout the treatment course. Based on our data,
annual monitoring provides information regarding the change
in Ig concentration over time. Such monitoring could prevent
persistent Ig deficiency and would be useful for the prevention
of infectious complications as well. Of importance, any de-
crease in IgG levels below the warning threshold (4 g/L) was
always preceded by deficient (hypo-IgG) values for more than
a year during our study.

Regarding anti-pathogen IgGs, our data strongly suggest
measurement of anti-TET IgG before starting RTX and to
perform vaccination if necessary. Moreover, anti-TET IgG
should be measured at least after 5 years to evaluate any
further need to ensure seroprotection (table 2).

Finally, this study highlights the phenomenon of long-term
RTX treatment inducing a reduction in specific anti-pathogen
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IgGs. Humoral defense against hepatitis B virus and anti-
pneumococcal polysaccharide IgG have been found to be
reduced38 after RTX treatment, suggesting the need for vig-
ilant monitoring of anti-pathogen IgGs. The reduction in
specific anti-pathogen IgGs could be of vital importance when
patients with MS treated with RTX or other anti-CD20 drugs
are being considered for a shift to fingolimod or natalizumab
who require a serologic screening for anti-VZV and anti-JC
virus IgG, respectively.39

To recapitulate, the present study demonstrates that long-
term RTX treatment is associated with the risk of hypo-Ig
and reduction in anti-TET protection in patients with
NMOSDs. Monitoring total and specific Ig levels before
and during treatment with RTX might prevent hypo-Ig–
related complications. Further studies involving a larger
number of participants are needed to evaluate similar
effects of other anti-CD20 drugs used to treat CNS auto-
immune disorders to optimize the clinical management of
patients.
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Table 2 Clinical suggestions for management of patients
undergoing anti-CD20 treatment

Clinical suggestions

Ig serum concentrations

Evaluate IgG, IgA, and IgM levels before start of RTX treatment.

Repeat measurements yearly.

Focus monitoring on patients who show

Hypo-IgG and/or hypo-IgM (particularly if at baseline).

Accelerated IgG decay.

Anti-TET IgG

Check for presence of anti-TET serum protection before start of RTX
treatment.

Repeat vaccination in unprotected cases.

Consider revaccination in low-level protected patients (<1.0 IU/mL)
because of accelerated anti-TET IgG decay.

Repeat measurement within 5 years.

Future perspectives

Other specific anti-pathogen IgGs in RTX-treated patients

HBsAb levels: Risk of reactivation of latent HBV infection in RTX-treated
patients38

Anti-PP IgG: Long-term changes in seroprotection and immunization
impairment36

Other specific anti–pathogen IgGs in patients with MS

Possible “false negativity” for anti-JCV IgG after RTX treatment.

Possible “false negativity” for anti-VZV IgG after RTX treatment.

Abbreviations: anti-PP = anti-pneumococcal polysaccharide; anti-TET = anti-
tetanus; anti-VZV = varicella-zoster virus; HBsAB = hepatitis B surface
antibody; HBV = hepatitis B virus; hypo-Ig = hypogammaglobulinemia; Ig =
immunoglobulin; RTX = rituximab.
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Abstract
Objective
To assess the association between daily moderate-to-vigorous physical activity (MVPA) and
dentate gyrus volume (DGv) in pediatric patients with acquired demyelinating syndromes
(ADSs) of the CNS.

Methods
Cross-sectional analysis of accelerometry (7 days) and research protocol MRI data from 12
pediatric MS and 18 children with monophasic ADS (monoADS). Total brain and DGv were
quantified using standardized methods. The association of daily minutes of MVPA with nor-
malized DGv (nDGv) was assessed using multivariable generalized linear models.

Results
Median (interquartile range) MVPA was lower in MS patients [9.5 (14)] and exhibited less
variation than in monoADS patients [24.5 (47)]. nDGv did not differ significantly between
groups [mean nDGv (SD) [cm3]: MS 0.34 (0.1); monoADS 0.4 (0.1); p = 0.100]. In the
monoADS group, every 1-minute increase in MVPA was associated with a 2.4-mm3 increase in
nDGv (p = 0.0017), an association that was independent of age at incident demyelination, time
from incident demyelination, sex, and brain white matter T2 lesion volume. No significant
association was found between MVPA and nDGv (−2.6 mm3/min, p = 0.16) in the MS group.

Conclusions
Higher MVPA associates with greater nDGv in children who have recovered from monophasic
demyelination. Larger studies are required to determine whether MVPA can promote regional
brain development, or limit tissue damage, in youth with MS.
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The hippocampus is responsible for memory and spatial
processing. Hippocampal atrophy is observed in adults and
children with MS and is associated with impaired visuospatial
and episodic memory.1 Recently, moderate-to-vigorous
physical activity (MVPA), via its pleotropic effects, has been
associated with improvedmemory performance and increased
hippocampal volume in healthy adults2,3 and adults with MS.4

Evidence in mice and humans further supports the notion that
physical activity selectively increases dentate gyrus (DG)
volume (DGv), perfusion, and neurogenesis.5 Currently, in-
formation is lacking regarding the association betweenMVPA
and DGv in children with acquired demyelinating syndromes
(ADSs), 20% of whom are diagnosed withMS. Accelerometry
is used widely in the pediatric population, including in chil-
dren as young as 3 years of age, for objective documentation
of physical activity.6,7 It is important to note that having
patients wear an accelerometer for 7 days has been shown to
be a reliable metric of usual physical activity in both healthy
children and children with various chronic conditions.8,9 We
investigated the association between MVPA levels, quantified
as average minutes per day of MVPA using 7-day accel-
erometry, and the DGv of pediatric patients with ADS, in-
cluding those ascertained as having MS and those who remain
as monophasic ADS (monoADS). We hypothesized that
higher levels of MVPA would be associated with greater DGv.
We also explored whether more modest physical activity in-
tensities (sedentary and light physical activity) were associated
with DGv in children withMS and monophasic demyelination.

Methods
Study population
This was a cross-sectional analysis of prospectively collected data
on MS or monoADS patients recruited between 2014 and 2015
attending a specialized Pediatric MS Center. Standard definitions
of MS and monophasic demyelinating disorders were followed.10

Patients with research MRI scan and accelerometry acquired
within 30 days of one each other that passed quality assurance,
and who had been followed up for a minimum of 2 years after
incident demyelination, were enrolled. Patients who experienced
a relapse or received corticosteroids within 30 days from study
start were excluded from the present analysis.

Clinical factors
Demographic and clinical variables were collected using a stan-
dardized case report form. Disability (ExpandedDisability Status
Scale [EDSS]) and depression status (Centre for Epidemio-
logical Studies Depression Scale for Children [CES-DC]),11 2

factors that may influence physical activity levels, were evaluated
within 30 days of the accelerometry measure. CES-DC scores
≥15 were considered suggestive of major depression.11

Physical activity measurement
Physical activity was measured according to a standardized 7-day
protocol with accelerometry (ActiGraph 7,164 accelerometer;
ActiGraph, Pensacola, FL) as described.12 Because physical ac-
tivity levels are fairly stable in children within the same
season,13,14 we assumed general stability of patterns of behavior
over a period of 30 days in the absence of a specific intervention.
To further mitigate concern regarding change in physical activity
in the interval between accelerometry and imaging, we performed
MRI scanning and accelerometry in close temporal relation.

Physical activity was classified based on the accelerometer
counts as sedentary to vigorous, depending on the rate of energy
consumption [1Metabolic Equivalent of Task (MET) = 3.5ml/
kg/min of O2 consumption] estimated for a given count, sex,
and age range. We followed validated accelerometry cutoff
points calibrated with energy expenditure in children and youth
aged 6 years and older.15 MVPA was measured in minutes per
day and defined as physical activity exceeding 3,199 counts per
minute (CPM).12 Sedentary and light physical activity were
defined as activities below 100 and 3,199 CPM, respectively.15

MRI
The MRI protocol included (1) a sagittal T1-weighted, 3D
spoiled gradient recalled echo sequence (1.5 × 1 × 1 mm;
repetition time (TR) = 22ms; echo time (TE) = 8ms; flip angle
= 30°); (2) a 2D axial dual-echo proton density-/T2-weighted
fast spin-echo sequence (1 × 1 × 2 mm; TR = 3,500 ms; TE1/
TE2 = 15/63 ms; echo train length = 8); and (3) an axial 2D
multislice fluid-attenuated turbo inversion recovery sequence
(1 × 1 × 5 mm; TR = 9,000 ms; TE = 100 ms; TI = 2,250 ms).
After a 9-parameter linear registration based on intensity, cross-
correlation was performed as a similarity measure between each
native T1-weighted volume and the ICBM152 template; a brain
mask was extracted using a multiresolution nonlocal segmen-
tation technique. Each brain mask was warped back onto each
T1-weighted native space using the inverse transformations and
used to compute the brain volume.16,17 T2 lesion volume (LV)
were measured according to established pipelines.17 The man-
ual tracing of the DG within the hippocampal body and tail was
performed according to a standardized protocol18 (itksnap.org)
by a single observer blinded to patients’ clinical data, with
computation of total (right + left) DGv normalized for brain
size (normalized DGv [nDGv]). To test intraobserver re-
producibility of DG segmentation, the scans of 10 randomly

Glossary
ADS = acquired demyelinating syndrome; CES-DC = Centre for Epidemiological Studies Depression Scale for Children;
CPM = counts per minute; DG = dentate gyrus; DGv = dentate gyrus volume; DMT = disease-modifying treatment; EDSS =
Expanded Disability Status Scale; LV = lesion volume;monoADS =monophasic ADS;MVPA =moderate-to-vigorous physical
activity; nDGv = normalized DGv.
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selected patients were evaluated twice, 2 weeks apart; the
intraclass correlation coefficient was 0.89.

Statistical analysis
SPSS (SPSS Inc, Release 23.0) was used to compute de-
scriptive statistics based on the Fisher exact test, independent
samples t test, or Mann-Whitney U test, where appropriate.
Modeling was performed using Python (python.org) and the
R (R Team, 2015) package lme4.

A general linear model was used to model the nDGv in each
group (monoADS or MS):

nDGv ; MVPA +Group p MVPA +Group + Sex

+ Age  at  incident  demyelination

+Time  from  incident  demyelination + LV

Our model takes into account multiple fixed factors and cova-
riates including the daily minutes of MVPA, group (MS and
monoADS), age at incident demyelination, time from incident
demyelination, sex, and T2-LV. In particular, the term MVPA
estimates the magnitude of the association betweenMVPA and
nDGv in theMS group, whereas the interactionGroup *MVPA
estimates the additional effect in monoADS vs MS. We also
tested separately the sum MVPA + Group * MVPA, which
estimates the magnitude of the association in the monoADS
group (table 1). We refit the model with the EDSS or de-
pression status replacing LV to assess the effect of these factors,
which are potentially correlated with each other. EDSS was
treated as a categorical variable. Depression status was coded as
a binary variable, equal to 1 if the CES-DC score was ≥15 and

0 otherwise. Finally, we refit the model with sedentary activity
or light physical activity replacing MVPA. Results were cor-
rected for multiple comparisons (Bonferroni correction for 5
independent tests: adjusted p = 0.01).

Standard protocol approvals, registrations,
and patient consents
Ethics approval was received from the Research Ethics Board at
the Hospital for Sick Children, Toronto, Canada (REB#
1000005356 and 1000042743). Written informed consent was
obtained from all guardians and informed assent from all patients.

Data availability
Anonymized data will be shared by request from any qualified
investigator.

Results
Eighteen patients with monoADS [acute disseminated en-
cephalomyelitis = 8, monofocal monoADS = 9, and poly-
focal monoADS = 1] and 12 with MS (phenotype of initial
presentation: transverse myelitis = 2, optic neuritis = 3,
hemispheric syndromes = 3, and brainstem syndromes = 4)
were included in the analysis. The median time between
MRI and accelerometry was 1 day (interquartile range 1.3).
Seven patients were excluded because of the elapsed time
between accelerometry and research MRI exceeding 30
days. Pediatric MS patients were older at the time of in-
cident demyelination, had a shorter elapsed time from in-
cident demyelination, higher LV (as measured at the time of
accelerometry), and lower daily MVPA with limited

Table 1 Results of the general linear model (reference group: MS)

nDGv

Model goodness of fit: F = 4.159; p = 0.0047; adj. R2 = 0.433

Effect Effect estimate (mm3) 95% CI p Value

Intercept 473 259–688

MVPA (MS) −2.6 −6.1 to 9.0 0.16

Group (monoADS) * MVPA 5.0 1.6–8.4 0.008

Group (monoADS) −117 −237 to 2.9 0.069

Sex (F) −24.5 −94 to 45 0.50

Age at incident demyelination [y] −4.0 −15 to 7.2 0.47

Time from incident demyelination [y] −0.9 −19 to 17 0.92

LV [cm3] −4.1 −12 to 3.7 0.31

MVPA + group (monoADS) * MVPA 2.4 1.1–3.8 0.0017

Abbreviations: CI = confidence interval; monoADS = monophasic acquired demyelinating syndrome; MS = multiple sclerosis; nDGv = total (left + right)
normalized dentate gyrus volume; F = female; MVPA = moderate-to-vigorous physical activity per day; LV = brain lesion volume.
The effect estimate is the amount inmm3 of additional nDGv expected with a 1-unit increase in the effect, and the pmeasures the significance of that change.
The “*” indicates an interaction. Patients with monoADS experienced an average 2.4 mm3 increase in nDGv with a 1-minute increase in MVPA [Group
(monoADS) *MVPA interaction]. The termMVPA gives the estimated effect on nDGv in theMS group, whereas the interaction Group *MVPA is the difference
between the MS and monoADS groups. The sum of these terms is the estimated effect in the monoADS group and is provided in the last row.
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variance compared with monoADS patients. nDGv did not
differ significantly between groups (table 2). Ten of the 11
MS patients were being treated with a first-line disease-
modifying treatment (DMT) at the time of the study (gla-
tiramer acetate = 4, interferon β-1a = 2, interferon β-1b = 1,
and dimethyl fumarate = 3). Three of them received pre-
vious treatment with another injectable DMT (glatiramer
acetate, interferon β-1a, or interferon β-1b). One MS pa-
tient, on natalizumab at the time of the study, previously
received cyclophosphamide pulses. Our general linear
model controlling for age at the time of incident de-
myelination, time from incident demyelination, sex, and LV
showed that in the monoADS group, each one-minute in-
crease in MVPA was associated with 2.4 mm3 larger nDGv
(p = 0.0017). The estimated mean effect in the MS group
was negative (−2.6 mm3/min increase in MVPA); however,
this association was not significant (R2 = 0.19, p = 0.16),
likely a result of the small sample size and one outlying value.
Consequently, our data do not allow the direction of an
effect, if any, to be confidently ascertained. However, when
we compared the magnitude of the association of MVPA
with nDGv between groups, patients with MS showed
significantly less increase in nDGv with increased MVPA
than did those with monoADS (5.0 mm3 smaller nDGv
increase per minute of MVPA in MS vs monoADS, p =
0.008) (table 1, figure).

Neither the EDSS (37 mm3/min of MVPA for the EDSS
score 1 vs 0, p = 0.25; −12.5 mm3/min of MVPA for the EDSS
score 2 vs 0, p = 0.83) nor the presence or absence of de-
pression (56 mm3/min of MVPA, p = 0.073) was associated
with the nDGv. None of the models for sedentary or light

physical activity was significant (sedentary physical activity:
model goodness of fit: F = 0.794; p = 0.60; adj. R2 = −0.052;
light physical activity: model goodness of fit: F = 1.194;
p = 0.35; adj. R2 = 0.045).

Discussion
Higher levels of MVPA in children with monophasic de-
myelination are associated with greater DG size, after
adjusting for age at the time of incident demyelination, time
from incident demyelination, sex, T2 lesion burden, physical
disability, and depression. Children with monophasic de-
myelination recover well neurologically, have a very low rate
of depression, and typically have a low burden of residual T2
lesions; thus, although these factors were considered, they did
not influence our findings.

Previous studies have documented an association between
MVPA and preservation of global hippocampal volume4,19–21

and improved memory function4,22 in adult MS patients. We
did not find a statistically significant association between
MVPA and nDGv in our pediatric MS patients (−2.6 mm3 for
each 1-min increase in MVPA, p = 0.16), likely in part due to
the limited amount and level of physical activity. This is
consistent with previous data indicating lower participation in
physical activity in children with MS compared with both
monoADS and healthy youth.12 However, our results leave
open the possibility that the correlation between MVPA and
DGv is, in fact, negative. Previous studies in adult relapsing-
remitting MS have shown hippocampal morphological
changes consistent with increased DGv; this effect was not
present in primary or secondary progressive MS.23 This

Table 2 Demographic and clinical characteristics

MS monoADS p Valuea

No. of patients 12 18 —

Median clinical follow-up (IQR) [y] 4.4 (2.2) 6 (2.5) 0.001

Females/males 9/3 7/11 0.072

Mean age at incident demyelination (SD) [y] 12.8 (2.3) 8 (3.3) 0.001

Median time from incident demyelination (IQR) [y] 2.5 (2) 4.1 (2.5) 0.001

Median no. of clinical attacks (IQR) 1.5 (2) 1 (0) 0.022

Median MVPA (IQR) [min/d] 9.5 (14) 24.5 (47) 0.017

Median EDSS (IQR) 1.3 (1.3) 1 (1.1) 0.346

Depressed/nondepressed 4/12 3/18 0.392

Mean nDGv (SD) [cm3] 0.34 (0.1) 0.4 (0.1) 0.100

Median LV (IQR) [cm3] 2.5 (10.8) 0.1 (0.01) 0.001

No. of patients with >1 gadolinium-enhancing lesions (%) 3/12 (25) — —b

Abbreviations:monoADS =monophasic acquired demyelinating syndrome; IQR = interquartile range;MVPA =moderate-to-vigorous physical activity per day;
nDGv = normalized dentate gyrus volume; LV = brain lesion volume; SD = standard deviation.
a Fisher exact test, independent samples t test, and Mann-Whitney U test, where appropriate.
b UnenhancedMRI scanswere performed in all except onemonoADS patients, who did not show any contrast enhancement after gadolinium administration.
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observation suggests that the volume of the DG might in-
crease in MS in response to inflammation. Our observation of
a nonsignificant negative correlation between MVPA and
nDGvmay thus hint to an anti-inflammatory effect of physical
activity within the DG of patients withMS.We computed that
a study with 37 patients with MS would be required to con-
firm a negative correlation between MVPA and nDGv of the
magnitude we observed (one-tailed t test, β = 0.8).24 In future
studies, more specificMRmeasures than DGvmay be required.
Possibilities include evaluation of changes in cellularity and
water content25 or tissue microstructure.26 Of note, the MS
group did not differ from the monoADS patients in terms of
physical disability (maximum EDSS score = 2 in both the MS
and monoADS groups). Thus, the limited amount of MVPA in
the MS group and, arguably, the lack of a statistically significant
association between MVPA and nDGv were not due to greater
physical disability. Flu-like symptoms are a common side effect
of beta interferons therapy, which may have limited physical
activity engagement in our MS patients. However, only three of
11 were receiving such treatment at the time of the study. A
study of 29 adult MS patients with depression demonstrated an
association between depression and smaller DG/Cornu
Ammonis 2–3 volume.27 We did not detect depression as
a significant contributing factor in our patients, probably be-
cause of the low sample size and the low frequency of de-
pression within our MS group. Other studies have shown an
association between depression and reduced participation in
physical activity in adolescents with MS.12 Future studies are
needed to sort out the complex relationship between de-
pression, physical activity, and DGv in this population.

In addition to consideration of patient-based experiential
factors, we also evaluated relationships between nDGv and
MS disease activity (LV). Both in adults28 and children,1

moderate direct correlations have been documented between
LV and morphological changes of the DG surface suggestive
for DG hypertrophy of uncertain significance.1,23 Our analysis
did not reveal a significant association between LV and DGv.
This may have been due to the different techniques applied
(DG segmentation and volumetry vs radial mapping analysis)
or the smaller sample size of our study.

The cross-sectional, observational nature of this study did not
allow us to draw a causal or mechanistic relationship between
increased MVPA and nDGv in children with monophasic de-
myelination. However, many studies support the biological
plausibility of this finding. On a histologic level, animal studies
have shown that voluntary wheel running selectively
increases neurogenesis,5,29,30 angiogenesis,5,31 and dendritic
complexity32,33 within the DG. Within the hippocampus, vol-
untary wheel running is also known to increase the secretion of
neurotrophic factors2,34 and anti-inflammatory cytokines.3 In-
creased MVPA levels may thus reduce inflammatory injury
and/or promote repair after acute demyelination. In children
with monophasic demyelination, the absence of ongoing in-
flammation may lead to a permissive environment for MVPA
to supply a trophic stimulus. In the context of MS, however, the
ability of MVPA to modulate inflammation-related injury may
be challenged by persistent pathologic processes, both in-
flammatory and degenerative. Our finding of significantly less
increase in nDGv with increased MVPA in the MS patients
compared with the monoADS group seems to support this
notion. In particular, recent work suggests a pattern of micro-
glial activation within the DG, which is associated with selective
neurodegeneration, alteration in synaptic transmission, and
memory impairment inmice with early experimentalMS.35 It is
thus possible that increasingly effective immune-modulating
therapies, which lead to a reduction inMRI and clinical burden
of inflammatory disease, may facilitate the benefit of physical
activity in patients with MS.

As an alternative explanation for the different strength of the
association of MVPA with nDGv between groups, the effect of
MVPAonDGvmay occur in the context of higher levels of daily
MVPA (similar to that observed in our monoADS group), or
increments in DGv may proceed in a nonlinear fashion, with
smaller increases for patients with lower daily MVPA. There-
fore, the limited participation in MVPA in our MS group may
have limited our ability to detect its relationship with nDGv.
Importantly, the hippocampus is involved in the complex cog-
nitive processing associated with certain kinds of physical ac-
tivity and exploratory behavior.36 To follow this argument, we
cannot exclude reverse causality—specifically, the possibility
that MS-related insult to hippocampal structure and function
led to reduced engagement in physical activity in ourMS group.

Hippocampal subfield segmentation is feasible in children and
adolescents using the 3D-T1 1.5T sequences acquired,37 but

Figure Comparison between minutes of MVPA/day and
nDGv in patients with MS (green) or monoADS
(blue)

Patients with monoADS demonstrated a range of MVPA levels that corre-
lated positively with nDGv (R2 = 0.32; p = 0.0016). Although the green line
suggests an adverse effect of MVPA on nDGv, this association was not sig-
nificant in theMSgroup (R2 = 0.19; p= 0.16), likely a result of the small sample
size and one outlying value. However, patients with MS showed significantly
less increase in nDGv with increased MVPA than did those with monoADS
(p = 0.008). monoADS = monophasic acquired demyelinating syndrome;
MVPA = moderate-to-vigorous physical activity; nDGv = normalized dentate
gyrus volume.
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our DG measures would have been enhanced by
hippocampal-targeted high-resolution sequences. Future
longitudinal studies should evaluate the effects of physical
activity levels on age-expected regional and whole brain
growth over time, which has been recently found to be af-
fected even in children with monophasic demyelination.38

We show that moderate to vigorous exercise associates with
increased size of the DG in children who have recovered from
monophasic demyelination. Our results also show that the re-
lationship between MVPA and DGv in MS may be more
complicated, possibly confounded by other factors, such as in-
flammation or therapy; more specific imaging techniques may
be required to quantify these factors. Longitudinal design with
controlled intervention would also reduce confounding factors.
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Abstract
Objective
Deficiency in the cytosolic DNA sensor RNA Polymerase III (POL III) was recently described
in children with severe varicella-zoster virus (VZV) infection in the CNS or lungs. Here, we
describe a pair of monozygotic female twins, who both experienced severe recurrent CNS
vasculitis caused by VZV reactivation. The clinical presentation and findings included recurrent
episodes of headache, dizziness, and neurologic deficits, CSF with pleocytosis and intrathecal
VZV antibody production, and MRI of the brain showing ischemic lesions.

Methods
We performed whole-exome sequencing and identified a rare mutation in the POL III subunit
POLR3F. Subsequently, antiviral responses in patient peripheral blood mononuclear cells
(PBMCs) were examined and compared with healthy controls.

Results
The identified R50W POLR3F mutation is predicted by bioinformatics to be damaging, and
when tested in functional assays, patient PBMCs exhibited impaired antiviral and inflammatory
responses to the POL III agonist poly(dA:dT) and increased viral replication compared with
controls.

Conclusions
Altogether, these cases add genetic and immunologic evidence to the novel association between
defects in sensing of AT-rich DNA present in the VZV genome and increased susceptibility to
severe manifestations of VZV infection in the CNS in humans.
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Varicella-zoster virus (VZV) is a human pathogenic alpha-
herpesvirus causing chickenpox in children during primary
infection and herpes zoster in elderly or immunocompromised
individuals on reactivation from latency. However, in a minor-
ity of infected individuals, VZV may cause pneumonia, or even
more rarely, infection in the CNS. VZV disease manifestations
in the CNS may present as a viral meningoencephalitis with
classic signs of viral meningitis but may also present in a more
atypical stroke-like manner, in which case, the immunopatho-
genesis appears to be vasculitis.1 VZV vasculitis can occur
during primary infection or during reactivation from latency,
and in both cases with considerable delay, and may affect either
small or large vessels of the cerebral parenchyma. Whereas
large-vessel disease is most common in immunocompetent
individuals, small-vessel disease usually develops in immuno-
compromised patients; however, in some patients, both large
and small vessels are involved. Overall, CNS involvement in
VZV infection, of which CNS vasculitis represents only
a smaller fraction, is rarer with an estimated incidence of 1–3/
10.000 primary VZV infections, whereas the incidence of me-
ningoencephalitis during VZV reactivation is more difficult to
establish.2,3

Here, we describe 2 monozygotic twins with similar clinical
presentations, suggesting recurrent CNS vasculitis caused by
VZV reactivation. Genetic and functional immunologic
analyses were performed to examine a possible genetic and
pathophysiologic basis of the clinical phenotype.

Methods

Patient material
The patient and her twin sister were admitted for clinical im-
munologic evaluation. See supplementary medical history for
further clinical details. A total of 84mL of blood was drawn from
each patient. Four milliliters of blood was used for DNA-
isolation and subsequent whole-exome sequencing (WES),
whereas the remaining 80mLwas used for isolation of peripheral
blood mononuclear cells (PBMCs), performed using SepMate
tubes (Stemcell Technologies, Vancouver, BC, Canada) with
Ficoll-Paque (GE Healthcare Life Sciences, Chicago, IL), and
cells were then stored in liquid nitrogen. Control PBMCs were
obtained from healthy controls after written consent.

Whole-exome sequencing
DNA was isolated from ethylenediaminetetraacetic acid
(EDTA)-stabilized blood using EZ1 DNA Blood 350 μL Kit
and an EZ1 Advanced XL instrument (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. See
supplementary methods for description of WES data analysis.

Stimulation of PBMCs
PBMCs from patients and controls were thawed in 50-mL tubes
containing 15 mL of preheated media (RPMI-1,640 w/L-
glutamin [Biowest, Riverside, MO]) supplemented with 10%
heat-inactivated fetal bovine serum (Biowest) and 1% penicillin/
streptomycin and spun down at 350 g for 8 minutes. The
PBMCs were resuspended in media and divided into 24-well
plates at a concentration of 5 × 105 cells per 300 μL media per
well. Next, cells were incubated overnight at 37°C in an atmo-
sphere of 5%CO2. The cells were subsequently transfected using
Lipofectamine 3000 at 0.75 μL/μgDNA (Invitrogen by Thermo
Fischer Scientific, Waltham, MA) and Opti-MEM (Gibco,
by Life Technologies, Carlsbad, CA), by the TLR3-agonist
Poly(I:C) [2 μg/mL] or transfected with the POL III agonist
poly(dA:dT) [2 μg/mL] [Cayla, Invivogen, San Diego, CA]).
Cells were incubated for 6 hours before harvest and cell lysis. For
virus experiments, PBMCs were infected with VZV-infected
MeWo cells (ROka strain) (PBMC:MeWo-VZV ratio, 1:1).
One vial of VZV-infectedMeWo cells was thawed, spun down at
1,000 rpm for 10minutes, and resuspended in 400 μL preheated
media. From this solution, 30 μL was added to the wells to be
stimulated with VZV. Cells were incubated for 6 hours, except
VZV, whichwas incubatedwith PBMCs for 48 hours before cells
lysis and RNA harvest. The stimulations were performed in
triplicates, and each experiment was performed 2–3 times.

Isolation of RNA and reverse transcription
quantitative PCR
RNA was purified from PBMC whole-cell lysates, as per the
manufacturer’s instructions, using the High Pure RNA Isolation
Kit (Roche, Basel, Switzerland). Before cDNA synthesis, VZV-
infected PBMCs underwent DNAse treatment and removal
step (Turbo-DNA-free Kit, Thermo Fischer Scientific,
Watlham,MA). From the isolated RNA, cDNAwas synthesized
using the QuantiTect Reverse Transcription Kit (Qiagen,
Hilden, Germany) following the manufacturer’s instructions.
The synthesized cDNA was subsequently used for real-time
quantitative PCR using TaqMan probes, allowing amplification
and analysis of levels of IFNB1, TNFA, the interferon (IFN)-
stimulated gene CXCL10, and the viral VZV geneORF63. TBP
was used as housekeeper gene for reference. All analyses were
performed as technical duplicates for all samples, and the
TaqMan probes (Thermo Fischer Scientific, Waltham, MA)
used were IFNB1: Hs01077958; TNFA: Hs01113624; and
CXCL10: Hs01124251. For analysis of ORF63, which was
performed separately, SYBR Green was used for ORF63 (LGC
Biosearch Technologies, Petaluma, CA).

Statistical analysis
The Mann-Whitney rank-sum t-test was used to determine
statistical significance; nonsignificant (ns); *p≤ 0.05; **p≤ 0.001.

Glossary
CADD = combined annotation dependent depletion;DOCK = dedicator of cytokinesis; IFN = interferon; PBMC = peripheral
blood mononuclear cell; POL III = polymerase III; VZV = varicella-zoster virus; WES = whole-exome sequencing.
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Ethics
The project was approved by the Regional Ethics Committee
(#1-10-72-275-15), and the patients provided informed
written consent before blood sampling.

Data availability
All data published may be shared at the request of other
investigators.

Results
A 37-year-old woman (P1) was referred to the international
center for immunodeficiency diseases for clinical immuno-
logic evaluation based on recurrent stroke-like manifestations
diagnosed in the neurologic department as presumed CNS
vasculitis caused by VZV reactivation. The first episode
occurred at age 25 years when she experienced an episode
of left-sided hemiparesis and headache. CT of the brain
demonstrated two infarcts in the right temporal region and
2 minor ones in the cerebellum. Eight years later, she was
readmitted with right-sided hemiparesis, and –paresthesias
double vision and impaired balance, and CT again revealed
a 4-mm infarction. Neurologic symptoms including headache,
dizziness, and paresthesias of the left arm and leg developed 1
year later, leading to another hospital admission. MRI demon-
strated a lacunar infarction in the right subcortical temporal
region. A subsequent lumbar puncture revealed mild pleocytosis
of 7 × 109 cells/L and an elevated index for intrathecal VZV IgG
antibodies with negative intrathecal herpes simplex virus (HSV)
index, negative PCR for HSV-1/2, VZV, and enterovirus and
negative bacterial cultures from the CSF (table 1). Sarcoidosis,
MS, and systemic vasculitis were excluded by blood tests, MRI,
and angiography, respectively. The patient was treated with
acyclovir 10 mg/kg tds for 14 days together with corticosteroids
(prednisolone 50 mg once daily for 10 days) because the clinical
presentation was interpreted as CNS vasculitis.

The identical twin sister (P2) experienced a very similar
medical history with the first episode at the age of 35 years,
including right-sided paresthesias followed after 6 months by
another episode of right-sided paresthesias involving upper
and lower extremities and the face. Lumbar puncture dem-
onstrated a mild pleocytosis of 10 × 109 cells/L and positive
intrathecal test for VZV, although no virus, neither HSV-1/2
nor VZV was detected by PCR. MRI of the total medulla and
brain demonstrated myelitis at the level of C6 and Th2 (figure
1A) and signs of paraventricular parietal cerebral ischemic
lesions on the left side with several small juxtacortical lesions
bilaterally (figure 1, B and C). Another episode occurred
6 months later with reoccurrence of VZV intrathecal IgG
antibodies (positive VZV IgG index in CSF) leading to
a presumed diagnosis of VZV vasculitis. Finally, both sisters
were reported to have had a normal course of primary VZV
infection (chickenpox) in childhood at almost the same time.
Moreover, they did not report any increased susceptibility to
other viral, bacterial, or fungal infections, neither in the past Ta
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nor at present. According to Danish health recommendations,
neither of the sisters were vaccinated against VZV.

Because of this unusual presentation in both monozygotic twin
sisters, we suspected a genetic etiology of the recurrent VZV
CNS vasculitis. A routine clinical immunologic evaluation was
normal, including normal immunoglobulins, lymphocyte dis-
tribution and proliferation within the normal range, and
a negative HIV test. We therefore performed WES on DNA
fromP1, which resulted in the identification of a novelmissense
mutation in the POLR3F subunit of the cytosolic DNA sensor
RNA Polymerase III (POL III) (figure 2A). The mutation,
R50W POLR3F, is rare and predicted to be damaging by bio-
informatics software, such as PolyPhen-2 and SIFT and with

a high combined annotation dependent depletion (CADD)
score of 25.8, which is well above the mutation significance
cutoff score of 13.0 for this gene.4,5 Further population genetic
analyses, based on study of POLR3F variations from the
GnomAD database, demonstrate a lower frequency of non-
synonymous and loss-of-function mutations with a CADD
score >12, and a global minor allele frequency <10−4 for
nonsense mutations. Moreover, when performing natural se-
lection assessment based on mouse and human gene homol-
ogous comparison, the POLR3F gene appears to be under
purifying selection as reflected by a dN/dS score of 0.0172
below the threshold of 1. Finally, there is a selective pressure
neutrality index of 0.126, predicting moderate purifying selec-
tion (figure 2A and figure e-1, links.lww.com/NXI/A73).

Figure 1 MRI of the total medulla and brain of P2

(A) MRI of the medulla (sagittal STIR
sequence) demonstrating ischemic
lesions/myelitis at the level of C6 and
Th2. (B and C) MRI of the brain (3D
FLAIR sequence) in (B) coronal and (C)
transverse projection demonstrating
a parietal paraventricular lesion on
the left side. Red arrows indicate
lesions in the medulla and brain.

Figure 2 Identification of a heterozygous mutation in POLR3F, protein structure, and pedigree

(A) Summary of genetic information on the
identified variant in POLR3F. (B) Sanger se-
quencing of P1, P2, their parents, and
a control, with the POLR3F variant c.148C>T
present in P1, P2, and the father. (C) Coo-
massie blue staining of SDS-PAGE revealing
similar solubility of wild-type POLR3F and
mutant R50W POLR3F expressed from
Escherichia coli. (D) Molecular model of
POLR3F first winged helix domain based on
the Protein Data Bank ID 2DK8with the R50
shown as sticks. (E) Pedigree showing the
affected monozygotic twins with the R50W
POLR3F variant inherited in a heterozygous
manner from the father with possible pre-
vious VZV CNS disease. CADD = combined
annotation dependent depletion; dN/dS =
ratio of non-synonymous to synonymous
substitutions; GDI = gene damage index;
MSC = mutation significance cutoff; NI =
neutrality index.
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The identified POLR3F variant (NM_001282526.1 c.25C>T,
p.R50W) causes an amino acid shift from the positively charged
arginine (R) to a bulky aromatic tryptophan (W) in the
N-terminal region of the POLR3F subunit, which together with
POLR3C and POLR3G constitutes a POLR3 subcomplex es-
sential for POLR3 promoter transcription initiation(figure 2, A
and D). As expected, the same POLR3F variant was found by
Sanger sequencing to be present in themonozygotic twin sister.
The mutation was inherited from the father (figure 2B), who
was previously admitted to hospital with clinical signs and
symptoms of stroke, which retrospectively might have been
linked to VZV CNS vasculitis; however, this was not examined
at the time. Biochemical analyses demonstrated that expression
and solubility of the mutant POLR3F protein were unaltered
compared with wild type, suggesting that the R50W mutation
affects protein function, such as ligand recognition or enzy-
matic conversion of the adenosine-thymidine–rich DNA ligand
into 59 triphosphorylated RNA, rather than expression of the
POLR3F protein (figure 2C). Two additional rare gene var-
iants with a high CADD score identified through the WES
analysis are listed in table e-2 (links.lww.com/NXI/A74);
however, none of these were judged to be of any relevance for
the infectious phenotype of these patients.

Next, we investigated in vitro antiviral and inflammatory
responses in P1 to VZV infection and the POL III agonist
poly(dA:dT), the latter being a constituent of the AT-rich
VZV genome (figure 3). As shown, PBMCs from P1 showed
significantly impaired IFNβ−, TNFα−, and CXCL10 responses
to poly(dA:dT) (figure 3, A–C). By contrast, responses to
transfected Poly(I:C) were normal as expected because this
ligand activates the cytosolic RNA receptor Retinoic acid-
inducible-I (RIG-I) directly downstream of POL III (figure 3,
D–F). Moreover, we observed significantly impaired pro-
duction of the 2 proinflammatory cytokines TNFα and IL6 in
response to VZV infection of PBMCs from P1 and controls
(figure 3, J and K), although IFNβ, IFNλ, and CXCL10
responses were comparable between P1 and controls (figure 3,
G–I). It is important to note that on VZV infection, a signifi-
cantly increased amount of the viral immediate-early gene
ORF63 mRNA was detected in P1 cells relative to controls,
demonstrating increased viral replication, i.e., reduced viral
control in patient cells (figure 3L). Taken together, these results
demonstrate impaired immune responses to the POL III ligand
poly(dA:dT) and impaired proinflammatory responses to VZV
in the setting of increased VZV replication in patient cells.

Discussion
A number of primary immunodeficiencies affecting innate
and adaptive immunity have been previously recognized to
predispose to severe disseminated VZV infection. These clas-
sically comprise disseminated VZV infection occurring in
children with severe combined immunodeficiency, as well as
immunodeficiencies more specifically involving defects in
natural killer cells, includingMonoMAC caused by theGATA2
mutation, but also involves a number of immunodeficiencies, in

which the precise cellular and immunologic basis of increased
susceptibility to VZV infection is less well defined. These in-
clude autosomal recessive hyper-IgE syndrome caused by
a mutation in dedicator of cytokinesis 8 (DOCK8) or TYK2,
mendelian susceptibility to mycobacterial disease due to in-
terferon gamma receptor 1 deficiency, and, finally, DOCK2
deficiency.6

Recently, a novel primary immunodeficiency involving POL
III deficiency in 4 children with severe VZV infection in the
CNS and/or lungs was described.7 In the present work, we
provide further genetic and immunologic evidence for a role
of POL III in protective immunity to VZV infection, partic-
ularly in the CNS. RNA POL III is a 17-subunit enzyme with
dual functions in both promoter-dependent transcription of
tRNA and rRNA and innate sensing of AT-rich DNA, con-
verting this into 59-phosphorylated single-stranded RNA,
which serves as a ligand for the RNA sensor RIG-I.8,9 The
present report is the first description of an association be-
tween the POLR3F subunit of POL III and severe recurrent
VZV CNS vasculitis. There has been a report of the presence
of a potentially disease-causing mutant in Toll-like receptor
(TLR)3 in a 31-year-old male patient with VZV meningo-
encephalitis, although no functional studies to support a role
for TLR3 deficiency in VZV CNS infection were provided.10

Of note, mutations in the POLR3A and POLR3B subunits
have been genetically linked to noninfectious hypomyelinat-
ing leukodystrophy.11,12

The cases described here are notable for the occurrence of an
extremely rare disease presentation suggestive of CNS vascu-
litis caused by recurrent VZV reactivation in monozygotic
twins. The clinical history consisting of recurrent neurologic
deficits presenting in a stroke-like manner with headache,
hemiparesis, pleocytosis, and elevated VZV IgG levels in CSF
and white matter lesions detected on brain MRI are all in
agreement with VZV vasculitis in the CNS. However, this di-
agnosis is rather difficult to make with certainty, and even MR
angiography is only suggestive and not a conclusive evidence of
this diagnosis. Moreover, histopathologic evidence of vasculitis
in the CNS could not be provided in the 2 cases described here.
In a case series of 14 adults with cerebral vasculitis, it was
reported that positive intrathecal anti-VZV IgG combined with
relevant neurologic symptoms and imaging was a definite
marker of this disease rather than VZVDNA detection by PCR
because the latter was positive in only 4 of the patients.13 In this
respect, the absence of detectable VZV by PCR in CSF is not
surprising and is consistent with VZV CNS meningoenceph-
alitis, including vasculitis.2 It is important to note that both
patients described in the present study have a good clinical
response to acyclovir and corticosteroid treatment during
clinical episodes but experience recurrence of symptoms and
new MRI lesions during discontinuation of acyclovir. There is
clearly a different pathogenesis between classic VZV menin-
goencephalitis and the presence of vasculitis developing in
some cases of VZV CNS infection.1 At the cellular level, in-
creased viral replication, which for VZV is known to also
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include endothelial cells within the CNS, may evoke enhanced
inflammatory responses secondary to the presence of virus and
thereby explain the occurrence of vasculitis and immunopa-
thology in these patients1.

In summary, we describe 2 female monozygotic twins both
experiencing recurrent stroke-like episodes associated with
VZV reactivation in the CSF diagnosed as presumed CNS
vasculitis, in whom we identified a heterozygous missense
mutation in the POLR3F subunit of the cytosolic DNA sensor

POL III, resulting in impaired antiviral responses and in-
creased VZV replication in patient PBMCs compared with
controls. Since then, both P1 and P2 receive prophylactic
acyclovir treatment, and notably, P1 has repeatedly experi-
enced symptoms and new white matter lesions when inter-
rupting prophylaxis. We propose that impaired sensing of
AT-rich DNA in the VZV genome contributes to increased
susceptibility to the rare condition of VZV-induced CNS
vasculitis, thereby extending the spectrum of CNS manifes-
tations linked to POL III deficiency. Altogether, this case adds

Figure 3 Impaired antiviral and inflammatory responses to the POL III ligand poly(dA:dT) and increased VZV replication in
patient PBMCs

PBMCs from P1 and 9 healthy controls were used for
experiments. (A–C) PBMCs were transfected with
poly(dA:dT) (2 μg/mL) for 6 hours. (D–F) PBMCs were
transfected with poly(I:C) (2 μg/mL) for 6 hours. (G–K)
VZV-infectedMeWocells were coculturedwith PBMCs
for 48 hours. Total RNA was isolated for measure-
ment of mRNA for the indicated cytokines by reverse
transcription-qPCR. (L), VZV replication was assessed
by measuring the viral transcript ORF63. Cytokine
levels and ORF63 levels were normalized to TBP and
compared with pooled results of 9 healthy controls.
Data are shown as column bars, and error bars rep-
resent SD. The nonparametric Mann-Whitney rank-
sum test was used to evaluate statistical significance
between groups. Significance level *p < 0.05 and **p <
0.001. mRNA = messenger RNA; PBMC = peripheral
blood mononuclear cell.
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further genetic and immunologic evidence to the novel as-
sociation between defects in DNA sensing and increased
susceptibility to severe manifestations of VZV infection in
the CNS in humans.
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Abstract
Objective
To investigate the relationship between antibody reactivities against glycolipid complexes and
clinical features in Miller Fisher syndrome (MFS), Bickerstaff brainstem encephalitis (BBE),
and Guillain-Barré syndrome with ophthalmoplegia (GBS-OP).

Methods
Using glycoarray, antibodies against 10 glycolipid antigens (GM1, GM2, GM4, GD1a, GD1b,
GQ1b, galactocerebroside, lactosylceramide, GA1, and sulfatide) and 45 glycolipid complexes
consisting 2 of the glycolipids were examined in the sera of 63 patients with GBS-OP, 37
patients with MFS, and 27 patients with BBE.

Results
Antibodies to antigens containing GQ1b were identified in 73% of patients with GBS-OP
(46/63), 86.5% of patients with MFS (32/37), and 74.1% of patients with BBE (20/27), and
GD1b-related antibodies were identified in 49.2% of patients with GBS-OP (31/63), 29.7% of
patients with MFS (11/37), and 11.1% of patients with BBE (3/27). Comparing clinical
features between patients with GBS-OP with and without both antibodies, the proportion of
patients requiring artificial ventilation and presenting moderate or severe muscle weakness was
higher in the positive group than in the negative group (p = 0.017 and p = 0.046, respectively).

Conclusions
Antibodies binding to antigens containing GD1b and to those containing GQ1b may be
involved in the development of limb weakness and respiratory failure in anti-GQ1b
antibody–related diseases.
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Antibodies to glycolipids, including gangliosides, are fre-
quently detected in serum samples from patients with
immune-mediated neuropathies such as Guillain-Barré syn-
drome (GBS), IgM (immunoglobulin M) paraproteinemic
neuropathy, and multifocal motor neuropathy. In particular,
anti-GQ1b antibodies are associated with ophthalmoplegia
(OP), ataxia, and areflexia, resulting in the development of
GBS with OP, Miller Fisher syndrome (MFS), and Bickerstaff
brainstem encephalitis (BBE).

Recently, antibodies against glycolipid complexes were iden-
tified in GBS and MFS.1–3 Glycolipid complexes containing
GQ1b can be target antigens in such diseases. However, in
these anti-GQ1b antibody–related diseases, the factors that
induce clinical differences remain unclear. Here, we in-
vestigated the associations between antibody activities to
various glycolipid complexes and the clinical features of anti-
GQ1b antibody–related diseases, using a combinatorial gly-
coarray, which can be a useful tool for investigation of the
reactivity against multiple glycolipid complexes as reported
previously.4–7

Methods
Patients and serum samples
Acute-phase serum samples obtained from patients with
neuroimmunologic diseases before treatment were sent to our
laboratory from various hospitals throughout Japan for testing
antiglycolipid antibodies using ELISA. We sent questionnaires
to attending physicians of consecutive cases of GBS-OP, MFS,
and BBE between 2015 and 2016. Finally, 168 patients, in-
cluding 63 patients with GBS-OP, 37 with MFS, and 27 with
BBE (probable BBE, 14 patients; definite BBE, 13 patients),
were enrolled into the present study.

Diagnostic criteria
GBS was diagnosed according to the diagnostic criteria of
Asbury and Cornblath,8 and patients with GBS with weakness
of 1 or more extraocular muscles were diagnosed as having
GBS-OP. MFS was diagnosed as the presence of the clinical
triad (OP, ataxia, and areflexia), without limb weakness, im-
pairment of consciousness, and bulbar palsy. BBE was di-
agnosed according to the diagnostic criteria presented
previously.9 When a patient fulfilled both the GBS criteria and
BBE criteria, the patient was included in the BBE group.

Combinatorial glycoarray
Antibodies against 10 glycolipid antigens (GM1, GM2, GM4,
GD1a, GD1b, GQ1b, galactocerebroside, lactosylceramide,

GA1, and sulfatide) and 45 glycolipid complexes involving 2
different individual glycolipids were investigated through
a combinatorial glycoarray. Each glycolipid was recon-
stituted in 1:1 chloroform and methanol (1 mg/mL solu-
tion). The purity of these glycolipids was confirmed by
thin-layer chromatography (TLC). The above glycolipids
were diluted to a concentration of 100 μg/mL with metha-
nol. Glycolipid complexes were created by mixing equal
volumes of each glycolipid. Spots (0.1 μL of the 100 μg/mL
glycolipid solution) were spaced 2 mm apart on a glass slide
adhering to a polyvinylidene membrane using a TLC auto-
sampler with winCATS software (Camag, Muttenz, Swit-
zerland). Each sample was introduced in duplicate on 1
slide. After blocking the arrays using 2% (w/v) bovine serum
albumin (BSA) in phosphate-buffered saline (PBS) for 1
hour at room temperature, they were incubated with serum
diluted at 1:100 with 1% (w/v) BSA in PBS for 2 hours at
4°C and were then washed with 0.1% (w/v) BSA in PBS for
15, 15, and 30 minutes. They were subsequently incubated
with Alexafluor 555 conjugated goat anti-human IgG
(H + L) cross-absorbed secondary antibodies (Thermo
Fisher Scientific, Eugene, OR) diluted at 1:1,000 with
1% (w/v) BSA in PBS for 1 hour at 4°C and were then
washed again. Finally, the glass slides were washed with
distilled water for 5 minutes. Fluorescence signals of the
arrays were scanned using Typhoon 9200 (GE Healthcare
UK Ltd.), and image analysis was performed with Quent TL
software (GEHealthcare UK Ltd.). Reactivity to a glycolipid
or glycolipid complex was considered positive when the
fluorescence intensity was higher than thrice the SD + mean
of 41 healthy controls.

Statistical analysis
We compared the positive rates of antibodies against gly-
colipids and glycolipid complexes. The Bonferroni test
was used for three-group comparisons. The χ2 test or
Fisher exact probability was used for 2-group comparisons. A
2-tailed p value <0.05 was considered statistically significant.
All analyses were performed using SPSS software (IBM
Corp., Armonk, NY).

Study approval and patient consents
This study was approved by the Internal Review Board of
Kindai University Faculty of Medicine. All participants pro-
vided written informed consent.

Data availability
Anonymized data not published within the article will be
shared by request from any qualified investigator.

Glossary
BBE = Bickerstaff brainstem encephalitis; BSA = bovine serum albumin; GBS = Guillain-Barré syndrome; IgM =
immunoglobulin M; MFS = Miller Fisher syndrome; OP = ophthalmoplegia; PBS = phosphate-buffered saline; TLC = thin-
layer chromatography.

2 Neurology: Neuroimmunology & Neuroinflammation | Volume 5, Number 6 | November 2018 Neurology.org/NN

http://neurology.org/nn


Results
Patient characteristics
The characteristics of the patients with GBS-OP, MFS, and
BBE are presented in table 1. In all 3 patient groups, ante-
cedent infections were frequently observed, and most of them
were upper respiratory tract infections. Patients requiring
mechanical ventilation were frequent in the GBS-OP (31/63,
49.2%) and BBE (7/27, 25.9%) groups, whereas no patient

required mechanical ventilation in the MFS group. Although
ataxia was frequently observed in theMFS (37/37, 100%) and
BBE (22/24, 91.7%) groups, it was noted in less than half of
the patients in the GBS-OP group (39.6%, 25/63). Electro-
physiologic data were available for 43 of the 63 patients in the
GBS-OP group. A single nerve conduction study was per-
formed at a median of 5 days (interquartile range 3–9 days)
following onset. According to the criteria presented pre-
viously,10 the condition in most patients with GBS-OP was

Table 1 Clinical features of patients with Guillain-Barré syndrome with ophthalmoplegia, Miller Fisher syndrome, and
Bickerstaff brainstem encephalitis

GBS-OP (n = 63) MFS (n = 37) BBE (n = 27)

Sex (male/female) 32/31 18/19 14/13

Age (y), median (range) 57 (1–87) 47 (22–89) 40 (15–77)

Preceding infection, n (%) 52 (83) 33 (89) 25 (93)

Upper respiratory infectious symptoms 42 29 19

Diarrhea 6 4 6

Other 4 0 0

Neurologic signs, n (%)

Disturbance of consciousness 0 (0) 0 (0) 27 (100)

External ophthalmoplegia 63 (100) 37 (100) 27 (100)

Bulbar palsy 41 (65) 0 (0) 17a (74)

Ataxia 25 (40) 37 (100) 22a (92)

Tendon reflexess, n (%)

Absent or decreased 63 (100) 37 (100) 17 (63)

Normal or brisk 0 (0) 0 (0) 10 (37)

Pathologic reflex 0 (0) 0 (0) 8 (30)

Sensory disturbance 47 (75) 24 (65) 15 (56)

Dysesthesia 40 (63) 17 (46) 12 (44)

Superficial sense impairment 17 (27) 1 (3) 3 (11)

Deep sense impairment 19 (30) 9 (24) 2 (7)

Limb weaknesss, n (%)

Mild (MRC score = 4) 10 (37) 0 (0) 7a (27)

Moderate/severe (MRC score <4) 53 (63) 0 (0) 9a (35)

Artificial ventilation, n (%) 31 (49) 0 (0) 7 (26)

CSF, n (%) n = 59 n = 33 n = 27

Albuminocytologic dissociation 23 (39) 10 (30) 5 (19)

Pleocytosis (≥5/μL) 11 (19) 2 (6) 9 (33)

Serum IgG anti-GQ1b antibodies (ELISA), n (%) 36 (57) 33 (89) 20 (74)

BBE = Bickerstaff brainstem encephalitis, GBS-OP = Guillain-Barré syndrome with ophthalmoplegia, MFS = Miller Fisher syndrome, MRC = Medical Research
Council.
a Of 27 enrolled patientswith BBE, bulbar palsy was evaluated in 23, ataxia in 24, and limbweakness in 26, as it was difficult to evaluate these symptoms owing
to consciousness disturbance.
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categorized as either unclassified (21/43, 48.8%) or acute
inflammatory demyelinating polyneuropathy (18/43, 41.9%),
whereas the condition in only 2 patients was categorized as
acute motor axonal neuropathy (2/43, 4.7%). Among the
patients with BBE, 9 (9/26, 34.6%) had moderate/severe
limb weakness (Medical Research Council score < 4) and 8
(8/24, 30.0%) had pathologic reflex or hyperreflexia. Of the 8
presenting pyramidal signs, 2 were patients with definite BBE
(2/13, 15.4%) and 6 were patients with probable BBE (6/14,
42.9%). Pleocytosis in CSF was more frequent in patients
with BBE (9/27, 33.3%) than in patients with GBS-OP
(11/59, 18.6%) and patients with MFS (2/33, 6.0%) (p =
0.336 and p = 0.024, respectively). The 9 patients with BBE
with pleocytosis were composed of 5 patients with definite
BBE (5/13, 38.5%) and 4 patients with probable BBE (4/14,
28.6%). Brain MRI showed abnormal findings in 1 patient
with definite BBE (1/11, 9.1%) and 2 patients with probable
BBE (2/13, 15.4%).

Detection of antibodies to glycolipids or
glycolipid complexes using a glycoarray
IgG antibodies against isolated GQ1b were detected in 57.1%
of patients with GBS-OP (36/63), 89.2% of patients with
MFS (33/37), and 74.1% of patients with BBE (20/27) on
ELISA. Of the 20 patients with BBE with anti-GQ1b IgG
antibodies, 13 were patients with definite BBE (13/13, 100%)
and 7 were patients with probable BBE (7/14, 50%). Using
the glycoarray, the overall sensitivities of IgG antibodies to
GQ1b or glycolipid complexes containing GQ1b were 73.0%
in patients with GBS-OP (46/63), 86.5% in patients with
MFS (32/37), and 74.1% in patients with BBE (20/27). On
using both ELISA and glycoarray assays, the sensitivities of
GQ1b-related IgG antibodies increased to 74.6% in patients
with GBS-OP (47/63), 91.9% in patients with MFS (34/37),
and 81.5% in patients with BBE (22/27).

Among 38 patients without IgG antibodies to GQ1b alone on
ELISA, we detected IgG antibodies to glycolipid complexes
containing GQ1b in 14 patients using the glycoarray. Most of
these patients (11) had GBS-OP. Representative results for
antibodies specific to various glycolipid complexes containing
GQ1b are shown in figure, A.

Antibodies binding to GD1b-containing antigens (e.g.,
GM1/GD1b) were more frequently observed in patients
with GBS-OP than in patients with MFS and BBE (p = 0.003
and p = 0.012, respectively). There were no differences in
reactivities between patients with BBE and MFS. The details
are shown in table 2. Patients with GBS-OP more frequently
had both antibodies to GQ1b-containing antigens and those
to GD1b-containing antigens than in patients with MFS and
BBE (GBS-OP, 49.2% [31/63]; MFS, 29.7% [11/37]; BBE,
11.1% [3/27]; p = 0.132 and p < 0.001, respectively)
(figure, B).

IgG reactivities to glycolipids or glycolipid complexes are vi-
sually shown in figure, C as a heat map.

Antibody binding to both GQ1b and GD1b in
patients with GBS-OP
As the proportion of patients with both GQ1b-related anti-
bodies and GD1b-related antibodies was higher in the GBS-
OP group than in the MFS and BBE groups, we compared
clinical features between patients with GBS-OP with these
antibodies and other patients with GBS-OP. The frequency of
artificial ventilation was higher in patients with GBS-OP
positive for both antibodies (20/31, 64.5%) than in other
patients with GBS-OP (11/32, 34.4%) (p = 0.017). In addi-
tion, moderate/severe limb weakness was more frequent in
patients with GBS-OP positive for both antibodies (24/31,
77.4%) than in other patients with GBS-OP (16/32, 50.0%)
(p = 0.046). The immunoabsorption test by ELISA showed
that the activities of antibodies binding to both GQ1b and
GD1b decreased by absorption using either GQ1b or GD1b
antigen in patients with GBS-OP positive for both antibodies
(data not shown).

Discussion
Our previous report has shown that IgG antibodies toGQ1b or
glycolipid complexes containing GQ1b were more frequently
observed in patients with GBS-OP than in patients with GBS
without OP.7 Those results would suggest that GQ1b-related
antibodies are involved in OP. In addition, it has been reported
that the presence of anti-GQ1b antibodies in patients withGBS
may be a predictive factor of artificial ventilation.11 An in vitro
study showed that human and mouse anti-GQ1b antibodies
have an alpha-latrotoxin-like blockade effect on neuromuscular
transmission.12 Moreover, an in vivo mouse model generated
through intraperitoneal injection of anti-GQ1b antibodies and
normal human serum showed respiratory paralysis due to
transmission block at diaphragm neuromuscular junctions.13

However, most patients with MFS having anti-GQ1b anti-
bodies do not need artificial ventilation. It remains to be clar-
ified why anti-GQ1b-positive GBS patients, but not MFS
patients, show an association with artificial ventilation re-
quirement. We found that antibodies against glycolipid com-
plexes containing GD1b were more frequent in patients with
GBS-OP than in patients withMFS or BBE.Moreover, artificial
ventilation was more frequently required, andmoderate/severe
limb weakness was more common in patients with GBS-OP
with both GQ1b-related antibodies and GD1b-related anti-
bodies. Therefore, antibodies binding to not only GQ1b-
containing antigens but also GD1b-containing antigens may be
significantly associated with bothmuscle weakness and artificial
ventilation requirement in patients with GBS-OP.

In the present study, no significant difference was identified
between patients with MFS and BBE. Considering that there
was no significant difference in antibody reactivities, we had
difficulty in distinguishing patients withMFS frompatients with
BBE, particularly among patients with BBE who have normal
MRI or CSF findings. This result indicates that BBE and MFS
are closely related and could form a continuous spectrum.
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There are several limitations in the present study. First, be-
cause GBS-OP, MFS, and BBE are rarer diseases, clinical in-
formation and sera of those patients were collected from
various hospitals throughout Japan, so we could not avoid
selection bias by attendant physicians. Second, each clinical
information was only retrospectively investigated using
a questionnaire. Third, the number of antigens investigated in
this study was limited despite using a combinatorial glyco-
array. Further prospective studies using a larger number of
lipid complexes, including phospholipids and cholesterol,

should be performed to clarify the causes of phenotypic dif-
ferences in anti-GQ1b antibody–related diseases.
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Figure Representative antibody reactivities and heat map of antibody binding patterns

(A) Glycoarray grids are presented in
duplicate with single glycolipids and
their 1:1 heteromeric complexes. Spe-
cific binding to glycolipid complexes
containing GQ1b antigens in a patient
with BBE (blue boxes). (B) Antibodies
binding to both GQ1b-containing anti-
gens and GD1b-containing antigens
are more frequently identified in
patients with GBS-OP than in patients
with MFS or BBE (red boxes). (C) Heat
map of antibody binding patterns to
glycolipid antigens in the 3 patient
groups and in controls. Each row rep-
resents a single patient, and each col-
umn represents a single glycolipid or
glycolipid complex. BBE serum sam-
ples are at the top, followed by GBS-
OP, MFS, and HC serum samples. The
binding intensity of IgG antibodies for
each antigen is shown by a color scale,
ranging from green (negative) to red
(strongest). BBE = Bickerstaff brainstem
encephalitis; GBS-OP = Guillain-Barré
syndrome with ophthalmoplegia; HC =
healthy control; MFS = Miller Fisher
syndrome; ns = no significance.
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Table 2 Comparison of positive rates among the 3 patient groups

GBS-OP MFS BBE Two-tailed p value

(n = 63) (n = 37) (n = 27) GBS-OP vs MFS GBS-OP vs BBE MFS vs BBE

Overall GQ1b-containing antigens 46 (73%) 32 (86.5%) 20 (74%) ns ns ns

Overall GD1b-containing antigens 31 (49.2%) 11 (29.7%) 3 (11.1%) ns <0.001 ns

GD1b 10 (15.9%) 0 (0%) 0 (0%) 0.021 ns ns

GM1/GD1b 14 (22.2%) 0 (0%) 0 (0%) 0.003 0.012 ns

GM4/GD1b 13 (20.6%) 0 (0%) 1 (3.7%) 0.003 ns ns

GD1a/GD1b 10 (15.9%) 0 (0%) 0 (0%) 0.021 ns ns

Gal-C/GD1b 11 (17.5%) 0 (0%) 0 (0%) 0.012 0.045 ns

GA1/GD1b 16 (25.4%) 2 (5.4%) 0 (0%) 0.027 0.006 ns

Sulfatide/GD1b 25 (39.7%) 11 (29.7%) 2 (7.4%) ns 0.003 ns

Overall both GQ1b- and
GD1b-containing antigens

31 (49.2%) 11 (29.7%) 3 (11.1%) ns <0.001 ns

BBE = Bickerstaff brainstem encephalitis, GBS-OP = Guillain-Barré syndrome with ophthalmoplegia, MFS = Miller Fisher syndrome, ns = no significance.
The chi-square test and Fisher exact test were used to compare differences in proportions.
The Bonferroni test was used as a post hoc test in multiple group comparisons.
A two-tailed p value <0.05 was considered statistically significant.
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Abstract
Objectives
To apply advanced diffusionMRI methods to the study of normal-appearing brain tissue in MS
and examine their correlation with measures of clinical disability.

Methods
Amulti-compartment model of diffusion MRI called neurite orientation dispersion and density
imaging (NODDI) was used to study 20 patients with relapsing-remitting MS (RRMS), 15
with secondary progressive MS (SPMS), and 20 healthy controls. Maps of NODDI were
analyzed voxel-wise to assess the presence of abnormalities within the normal-appearing brain
tissue and the association with disease severity. Standard diffusion tensor imaging (DTI)
parameters were also computed for comparing the 2 techniques.

Results
Patients with MS showed reduced neurite density index (NDI) and increased orientation
dispersion index (ODI) compared with controls in several brain areas (p < 0.05), with patients
with SPMS having more widespread abnormalities. DTI indices were also sensitive to some
changes. In addition, patients with SPMS showed reduced ODI in the thalamus and caudate
nucleus. These abnormalities were associated with scores of disease severity (p < 0.05). The
association with the MS functional composite score was higher in patients with SPMS com-
pared with patients with RRMS.

Conclusions
NODDI and DTI findings are largely overlapping. Nevertheless, NODDI helps interpret
previous findings of increased anisotropy in the thalamus of patients withMS and are consistent
with the degeneration of selective axon populations.
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The factors triggering the transition from relapsing-remitting
MS (RRMS) to secondary progressive MS (SPMS) are still
largely unknown. The time to transition and the degree of
long-term disability show only limited correlation with white
matter (WM) lesion number or volume,1,2 suggesting that the
accumulation of tissue damage outside of macroscopic lesions
contributes to the determination of clinical disability, partic-
ularly in SPMS.1,3–5 Damage to the normal-appearing WM
(NAWM) has been extensively studied using quantitative
MRI techniques,3,6–8 and particularly diffusionMRI (dMRI).1,8

dMRI indirectly measures WM orientation and integrity by
probing the random motion of water molecules within tissue.8

The most popular model of diffusion, diffusion tensor imaging
(DTI),9 assumes a single water compartment and a dominant
tissue orientation per voxel. The indices derived from this
model, and in particular mean diffusivity (MD) and fractional
anisotropy (FA), have been used as surrogate measures of
microstructural tissue change, although their specificity is
limited.8 Gray matter (GM) damage including lesions in the
cortex and subcortical structures is a prominent aspect of MS
pathology,2,10–13 which might be associated with disease
progression. Because of the structure of GM, DTI is less
sensitive to changes occurring within this tissue, where par-
tial volume effects with CSF (in the cortex) can also act as
a confound. Neurite orientation dispersion and density im-
aging (NODDI)14 was recently proposed to overcome the
limitations of DTI and to capture the morphology of den-
drites and of axons. The NODDI model is a simplified ver-
sion of a diffusion model of neurite morphology,15 shown to
correlate well with histologic analyses of neuropil orientation
in vitro. NODDI was designed to work with data acquired
within a clinically feasible scan time, thus enabling clinical
applications. NODDI assumes that each MRI voxel may
contain CSF and tissue and that the tissue itself comprises
intra- and extracellular water. The main parameters derived
from NODDI are neurite density index (NDI), quantifying
neurite concentration, and neurite orientation dispersion in-
dex (ODI).14 The intracellular component of NODDI is
designed to be representative of both axons and dendrites, thus
providing an improved description of GM microstructure. In
addition, NODDI enables changes to tissue density and tissue
ODI (both expressed by FA changes when using DTI) to be
disentangled, ultimately offering superior sensitivity to tissue
changes. This ability to distinguish between neurite loss and
changes to fiber arrangement can shed light on the mecha-
nism underpinning the pathology observed in MS brains. A

recent postmortem study16 highlighted significant changes
in ODI within spinal cord lesions, supported by histopa-
thology. Therefore, we hypothesize that reduced NDI
should reflect decreased axonal and myelin density, whereas
changes to ODI could reflect secondary fiber degeneration,
but also morphological changes to single axons in the WM,
and altered dendritic arborization in the GM. Initial obser-
vations in relatively small MS cohorts suggest that NDI is
reduced in both lesions and NAWM, whereas changes in
ODI can occur in both directions.17–19 This study aimed to
identify MRI-derived hallmarks to distinguish between
patients with RRMS and SPMS, exploiting the close re-
lationship between NODDI metrics and brain microstruc-
ture. The main hypothesis was that SPMS would present
more widespread changes in both NDI and ODI and that
such changes would involve both the white and the GM. We
first compared the ability of NODDI indices to characterize
tissue abnormalities inMS brains with those of standard DTI
indices, and we assessed the relationship between NODDI
metrics in the GM and clinical scales. Ultimately, we tested
NODDI for its potential ability in clarifying the mechanisms
beyond relapsing-remitting and secondary progressive phe-
notypes and in providing clinical utility for biomarking MS
progression. Our expectation was that specific patterns of
ODI and NDI changes in the GM might help characterizing
the pathophysiologic substrate for the transition from RR to
SPMS.

Methods
Participants
Twenty patients with RRMS (mean ± SD, age 42.9 ± 6.1,
male/female 8/12) and 15 patients with SPMS (mean ± SD,
age 50.7 ± 7.2, male/female 8/7)20,21 were included. No pa-
tient experienced any clinical relapse or underwent any ste-
roid treatment over the 3 months preceding recruitment.
Twenty age- and sex-matched healthy participants (mean ±
SD age 44.5 ± 11.7, male/female 8/12) were also recruited
and served as healthy controls (HCs). All patients were rated
with the Expanded Disability Status Scale (EDSS) score22 and
the MS functional composite (MSFC) score.23 For each
patient, the z-scores of the MSFC subtests were created with
reference to the control participants. Patients were defined
as impaired when their score was at least 2 SD below that of
HC. Patients underwent MR scanning within 1 week after
enrolment.

Glossary
ANT = advanced normalization tool;DTI = diffusion tensor imaging; EDSS = Expanded Disability Status Scale; FA = fractional
anisotropy; FLAIR = fluid-attenuated inversion recovery; FOV = field of view; GM = gray matter; HARDI = high angular
resolution diffusion imaging; HC = healthy control; MD = mean diffusivity; MSFC = MS functional composite; NAWM =
normal appearing WM; NDI = neurite density index; NODDI = neurite orientation dispersion and density imaging; ODI =
orientation dispersion index; RRMS = relapsing-remitting MS; SPMS = secondary progressive MS; TE = echo time; TI = inversion
time; TR = repetition time; TSE = turbo spin echo; WM = white matter.
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Standard protocol approvals, registrations,
and patient consents
This study was approved by the local Ethics Committee of the
Santa Lucia Foundation. All participants provided written
informed consent before study initiation.

MRI acquisition
MRI data were acquired at 3T (Philips Achieva, Philips, Best,
The Netherlands), including (1) dual-echo turbo spin echo
(TSE) (TR = 2,000 ms, TE1 = 10 ms, TE2 = 80 ms; TSE
factor = 10; matrix = 400 × 250 × 28; slice gap = 1mm; field of
view [FOV] = 230 × 184 × 139 mm3; slice thickness = 4 mm;
total number of slices = 28); (2) fast fluid-attenuated in-
version recovery (FLAIR) (repetition time [TR] = 11,000ms,
echo time [TE] = 125 ms, inversion time [TI] = 2,800 ms;
TSE factor = 31; matrix = 288 × 211 × 28; slice gap = 1 mm;
FOV = 230 × 192 × 167 mm3; slice thickness = 5 mm; total
number of slices = 28); (3) T1-weighted inversion-recovery
fast field echo (TR = 11 ms; TE = 5.3 ms; Flip angle = 8°;
matrix = 256 × 228 × 190; slab thickness = 0.9 mm; FOV =
230 × 192 × 167 mm3); and (4) 2-shell high angular resolu-
tion diffusion imaging (HARDI) scheme, optimized for the
NODDI protocol.14 The optimized protocol consists of 1
shell with 30 gradient directions at b = 711 s/mm2 and the
other with 60 directions at b = 2,855 s/mm2. The HARDI
shells were acquired using diffusion-weighted spin-echo echo-
planar imaging (TR = 12.5 s, TE = 91 ms, isotropic resolu-
tion = 2.3mm3, SENSE reduction factor = 2). Nine b = 0 images
were also acquired, with the same imaging parameters as the
dMRI. The scan time for the NODDI component of this
protocol was approximately 20 minutes.

Lesion volume assessment
T2-hyperintense lesions were identified by the consensus
of 2 expert observers (B.S. and M.B.) on FLAIR and T2-
weighted images, for every patient, and outlined on FLAIR
scans using semi-automated local thresholding contouring
software (Jim 5.0; Xinapse System, West Bergholt, Essex,
UK, xinapse.com/), yielding the total lesion volume. A
lesion mask was then created for each patient by assigning
a value of 1 to every voxel corresponding to a lesion and
a value of 0 elsewhere. A diffeomorphic transformation was
computed using the advanced normalization tools (ANTs)
24 to warp FLAIR images into standard space, and the same
transformation was then applied to the corresponding le-
sion mask. A probabilistic lesion map, indicating the per-
centage of patients with a lesion in a given area, was
obtained by combining every patient’s lesion mask in
standard space (figure 1, A). Then, a population lesion
mask was created by thresholding the probabilistic lesion
mask at 10% and binarizing it (i.e., setting the value equal
to 1 for voxels where at least 10% of the patients had
a lesion and 0 elsewhere). This threshold was chosen to
match with previous studies.25 The population lesion mask
was subtracted from the statistical parametric mapping
(fil.ion.ucl.ac.uk/spm/) brain mask, and the resulting im-
age was used to confine the statistical analysis of quanti-
tative data (i.e., NODDI) to the normal-appearing brain
tissue, thus excluding the areas where at least 10% of
patients had lesions. Figure 1, B shows the binary mask
used for the analysis (thresholded at 10%) compared with
the lesion distribution across all patients (i.e., thresholded
at 1%).

Figure 1 Lesion distribution in patients

(A) Probabilistic lesion map showing the absolute number and percentage (in brackets) of patients with MS with a lesion in a given area. The map is overlaid
onto a T1-weighted image in Montreal Neurological Institute space. (B) Binarized lesion mask after thresholding at 10% (purple) and 1% (blue). This
comparison shows the extent of tissue included in the analysis, which was partially affected by macroscopic lesions.
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Computation of the NODDI maps
For every participant, dMRI data were corrected for eddy cur-
rent effects and involuntary movement by affine coregistration
using the FLIRT tool (part of the FMRIB Software Library;
FSL21), as described elsewhere.26 NODDI fitting was then
performed using the accelerated microstructure imaging via the
convex optimization (github.com/daducci/AMICO/)27 tool-
box, which is a linear implementation of theNODDImodel. To
obtain DTI maps comparable with the existing literature, we
used the inner shell (b = 711) and the b0 images to estimate the
tensor by multivariate linear regression in CAMINO (camino.
cs.ucl.ac.uk). MD and FA maps were derived for every partici-
pant. The resulting NODDI (NDI and ODI) and DTI (FA and
MD) maps were normalized into standard space, warping the
skull-stripped mean b0 images to the skull-stripped T2 MNI
atlas available in FSL (JHU-ICBM-T2-2 mm) and then ap-
plying the same nonlinear transformation to the NODDI and
DTI maps. To compute this space transformation, we used the
diffeomorphic transformations algorithm as implemented by
ANTs,21 which is able to compensate for the spatial distortions
shown by the diffusion-weighted images. Finally, the normal-
ized images were smoothed using an 8 mm3 Gaussian kernel
before statistical analysis.

Statistical analysis
The statistical analyses on demographic, clinical, and con-
ventional MRI data were performed using SPSS 21.0 for
Windows (SPSS Inc). Chi-square tests and one-way analyses
of variance with post hoc Tukey comparisons (to assess
specific group differences) were used to compare all groups
for sex and age, respectively. Disease duration, MSFC score,
and T2-L volume were compared between patient groups
using 2-sample t tests (2-tailed). Between-group EDSS score
differences were assessed using a Kruskal-Wallis test. Voxel-
wise statistical analyses of MRI data were performed using
SPM8. Between-group comparisons of NODDI (NDI and
ODI) and DTI (MD and FA) metrics were performed using 4
separate full factorial designs, in which 3 groups weremodeled
(HC, RRMS, and SPMS). Age and sex were always added as
covariates of no interest. T-contrasts were used for testing
between-group differences. Linear correlation was used to
assess the potential relationship between each clinical score
(EDSS and MSFC) and NODDI (NDI and ODI) and DTI
(FA and MD) metrics in the brain. First, we tested for the
presence of any group-by-score interaction, by modeling 2
groups (RRMS and SPMS). If no significant interaction was
present, the analysis was repeated by grouping all patients
together. If a significant result was found, scatterplots of the
diffusion index averaged across all significant voxels vs the
clinical scores were examined to support the interpretation.
All voxel-wise analyses were adjusted for age and sex, explicitly
masking for normal-appearing brain tissue (i.e., using the 10%
thresholded mask). For detection of results on whole-brain
level, we always used a cluster-forming threshold of p = 0.001,
with cluster-level whole brain corrected (family wise error)
p < 0.05 as the statistical significance threshold. These
thresholds are based on current recommendations.28

Results
Demographic, clinical, and conventional
MRI data
Participants’ demographic, clinical, and conventional MRI
(lesion volume) data are reported in table. There were no
significant differences between HC and either patient group
with respect to age and sex distribution. As expected, patients
with SPMS were older and more disabled than those with
RRMS and had higher T2-L volumes.

Voxel-wise NDI comparisons
Patients with RRMS compared with HC showed bilateral
reductions of NDI in the tail of the hippocampus, fornix and
fimbria, cingulate and lingual gyri, corpus callosum, thalamus,
cerebellum, and brainstem (figure 2, A, upper panel, in red).
More extensive NDI reductions were observed in patients
with SPMS compared with HC involving the pre- and post-
central gyri, inferior and orbitofrontal gyri, operculum, supe-
rior, middle and inferior temporal gyri, supramarginal and
angular gyri, cuneus and precuneus, insula, lingual gyrus,
parahippocampal and fusiform gyri, hippocampus, fornix and
fimbria, corpus callosum, paracingulate and cingulate gyri,
thalamus, internal/external capsule, caudate, putamen, cere-
bellum, and brainstem (figure 2, B, upper panel, in red).
Despite at a lesser extent, a similar pattern of NDI reductions
was found when comparing patients with SPMS with patients
with RRMS (figure 2, C, upper panel, in red). No areas of
increased NDI were found in either patient group compared
with HC and in patients with SPMS compared with patients
with RRMS.

Voxel-wise ODI comparisons
Across the brain, we observed areas of both increased and
reduced ODI in patients with MS compared with HC.
Patients with RRMS showed significant ODI increase in the
left supramarginal and angular gyri, in the left cingulate and
paracingulate gyri, in the left corpus callosum anteriorly, in
the right cingulate and precuneus gyri, and in the fornix,
thalamus, and cerebellum bilaterally (figure 2, A, bottom row,
in red). Patients with SPMS showed a more widespread and
bilateral pattern of ODI increase including all these anatomic
regions plus the orbitofrontal gyrus, operculum, hippocampal,
parahippocampal and fusiform gyri, insula, caudate, and
brainstem (figure 2, B, middle row, in red). Patients with
SPMS compared with HC showed also significant ODI
reductions in the caudate nucleus, in the anterior and poste-
rior limb of the internal capsule, and in the thalamus bi-
laterally (figure 2, B, bottom row). When looking at the
differences between patient groups, increased ODI was ob-
served in patients with SPMS in the hippocampus and para-
hippocampus, in the superior and middle temporal gyri,
cingulate and paracingulate gyri, and in the anterior corpus
callosum bilaterally (figure 2, C, middle row, in red). In ad-
dition, patients with SPMS compared with patients with
RRMS showed significant ODI reductions in the right thal-
amus (figure 2, C, bottom row).
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Voxel-wise DTI differences across groups
Between-group differences in FA and MD that are shown in
figure 2 are overlaid onto the same sections as the NODDI
parameters, to ease the comparison. For all the categorical
comparisons, MD increases were broadly overlapping with
NDI reductions, whereas reductions in FA-mapped areas
were ODI was found to be increased. No areas of increased
FA in either patients with RRMS or patients with SPMS
compared with HC and in patients with SPMS compared with
patients with RRMS were found.

NDI correlations
When looking at the relationship between EDSS or MSFC
scores and NDI, no significant interaction for both EDSS and
MSFC score by group (RRMS vs SPMS) was observed. By
contrast, significant correlations were found between NDI
and EDSS, as well as MSFC scores across all patients withMS.
The areas of significant correlation are shown in figure 3, A (in
red for EDSS and green for MSFC). NDI was found to cor-
relate negatively with EDSS and positively with MSFC scores
in several areas of the brain. These clusters, which were largely
overlapping (yellow areas in the figure), but were larger for
the MSFC scores, are localized in the pre- and postcentral
gyri, inferior and orbitofrontal frontal gyri, operculum, supe-
rior, middle and inferior temporal gyri, supramarginal and
angular gyri, cuneus and precuneus, insula, lingual gyrus,
parahippocampal and fusiform gyri, hippocampus, fornix and
fimbra, corpus callosum, paracingulate and cingulate gyri,

thalamus, internal/external capsule, caudate, putamen, cere-
bellum, and brainstem. The scatterplots suggest that such
correlations are driven by the SPMS group.

ODI correlations
No areas of significant score by group interaction were
found for EDSS and ODI. Increased EDSS scores were as-
sociated with increased ODI, bilaterally, in the cingulate
gyrus, precuneus, insula, corpus callosum, cerebellum, and
brainstem, other than the left superior and middle temporal
gyri and the right orbito-frontal gyrus (figure 3, B). In ad-
dition, reduced ODI changes in the right caudate nucleus
and thalamus were associated with increased EDSS scores
(figure 3, C). To support the interpretation of these results,
scatterplots of the average ODI from the areas of significant
association vs the clinical scores are presented alongside.
When looking at the relationship between MSFC scores and
ODI, a significant interaction for the MSFC score by group
(RRMS vs SPMS) was observed in the right thalamus, in-
dicating an association between increased MSFC scores and
increased ODI values in SPMS, which is not present in
patients with RRMS (figure 3, C). By contrast, reduced ODI
values were associated with increased MSFC across all
patients in the anterior portion of caudate and cingulate gyri,
as well as in the left insula, orbito-frontal, superior, and
medial temporal gyri (figure 3, B). Again, the scatterplots
indicate that these correlations are mainly driven by SPMS
(figure 3, B).

Table Participants’ demographic, clinical, and conventional MRI characteristics

HC (n = 20)
RRMS
(n = 20)

SPMS
(n = 15)

Group comparisons

HC vs RRMS HC vs SPMS RRMS vs SPMS

Sex, M/Fa 8/12 8/12 8/7 χ(2) = 0.789, p = 0.674b

Age, yc 44.5 ± 11.7 42.9 ± 6.1 50.7 ± 7.2 F(2,54) = 3.689, p = 0.032d

t = 1.600; p = 0.834;
95% CI = −5.12 to 8.32e

t = −6.283;
p = 0.102; 95%
CI = −13.55 to 0.98e

t = −7.883; p = 0.030;
95% CI = −15.15 to −0.62e

Disease duration, yc — 10.3 ± 8.2 19.9 ± 9.5 — — t(33) = −3.178; p = 0.003;
95% CI = −15.67 to −3.44f

EDSSg — 2.0 (1.0–4.0) 5.0 (3.5–6.5) — — KW(1) = 22.636; p < 0.001h

MSFCc — −0.4 ± 1.3 −4.4 ± 2.0 — — t(33) = 6.889; p < 0.001;
95% CI = 2.93 to 5.18f

Impaired participantsa — 3 (15%) 13 (87%) — — χ(1) = 24.792; p < 0.001b

T2-L volume, mLc — 6.0 ± 6.5 27.0 ± 19.0 — — t(33) = −4.099; p = 0.001;
95% CI = −30.23 to −11.72f

Abbreviations: HC = healthy control; RRMS = relapsing-remitting MS; SPMS = secondary progressive MS.
95% CI = 95% CI for the size of each test effect, expressed as lower and upper bound, respectively.
a Value are expressed as number (%).
b Group comparisons were performed with χ2 tests.
c Value are expressed as mean ± SD.
d Group comparisons were performed with ANOVA.
e Group comparisons were performed with post hoc Tukey HSD tests.
f Group comparisons were performed with independent-sample t tests.
g Value are expressed as median (minimum–maximum).
h Group comparisons were performed with Kruskal-Wallis tests.
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Figure 2 Voxel-wise differences across groups

NODDI indices are shown in red, DTI indices in green, and the overlap in yellow. NDI/MD and ODI/FA are shown on the same overlay, respectively.
(A) Differences between HC and RRMS. (B) Differences between HC and SPMS. (C) Differences between RRMS and SPMS. Significant clusters are shown at
p value < 0.05 (FWE corrected), overlaid onto a template in Montreal Neurological Institute space. DTI = diffusion tensor imaging; FA = fractional anisotropy;
FWE = familywise error; HC = healthy control; MD=mean diffusivity; NDI = neurite density index; NODDI = neurite orientation dispersion and density imaging;
ODI = orientation dispersion index; RRMS = relapsing-remitting MS; SPMS = secondary progressive MS.

6 Neurology: Neuroimmunology & Neuroinflammation | Volume 5, Number 6 | November 2018 Neurology.org/NN

http://neurology.org/nn


DTI correlations
Significant associations with clinical scores were found also for
DTI indices. In particular, disability was mainly associated
with FA of the corpus callosum, inferior longitudinal fascic-
ulus, and orbito-frontal WM. MD showed broader areas of
association, including medial-temporal structures, insular
cortex, thalamus, and parietal lobe. These are shown in the
figure e-1 (links.lww.com/NXI/A76).

Data availability
All relevant data are available on request addressed to the
corresponding author.

Discussion
So far, NODDI has been applied to several neurologic and
psychiatric conditions, including Alzheimer disease,29 focal

cortical dysplasia,30 idiopathic Parkinson disease,31 and psy-
chosis.32 One of the main advantages of NODDI over DTI is
in its ability to disentangle the contributions of axonal/
dendritic density and fiber orientation to microscopic
changes, by contrast both represented by FA changes. As
discussed below, NODDI thus allows a better definition of the
neurobiological substrate underlying brain tissue damage in
MS and, possibly, its relationship with clinical aspects of the
disease. Our data indicate the presence of diffuse brain ab-
normalities in patients with MS, with RRMS showing only
localized changes and patients with SPMS showing a signifi-
cantly more widespread involvement, particularly in the GM.
Both DTI and NODDI indices have proven to be sensitive to
these changes; however, NODDI provides valuable insights
into the likely nature of these abnormalities. GM pathology
(including demyelinated cortical lesions and diffuse cortical
and deep GM degeneration) has emerged as an important
feature of long-term disability and disease progression in

Figure 3 Areas of significant association

Areas of significant association between NODDI metrics and EDSS (in red) and MSFC (in green). The overlap is shown in yellow. (A) Areas of significant
association between NDI and EDSS/MSFC. (B) Areas of significant association between ODI and EDSS (positive) and MSFC (negative). (C) Areas of significant
correlation between ODI and EDSS (negative) and MSFC (positive). For each panel, the scatterplot shows the trends for RRMS and SPMS separately. In all
scatterplots NDI, ODI, and FA are averaged across all significant voxels, ranging from 0 to 1, and are dimensionless. Significant clusters are shown at p value <
0.05 (FWE corrected) overlaid onto a template in Montreal Neurological Institute space. EDSS = Expanded Disability Status Scale; FA = fractional anisotropy;
FWE = family wise error; MSFC = MS functional composite; NDI = neurite density index; NODDI = neurite orientation dispersion and density imaging; ODI =
orientation dispersion index; RRMS = relapsing-remitting MS; SPMS = secondary progressive MS.
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MS.33 Indeed, pathologic evidence suggests that the WM is
predominantly involved in inflammatory demyelination of
RRMS, whereas cortical and subcortical GM is predominantly
involved in neurodegenerative processes of SPMS.33 We
found that patients with SPMS exhibited a widespread loss of
neurite integrity (i.e., decrease of NDI) along with a loss of
fiber coherences (i.e., an increase of ODI) in the GM (cortical
and subcortical). Conversely, neurite/fiber abnormalities in
the GM of patients with RRMS were less extensive. This fits
with the hypothesis that GM pathology is subclinical in the
early RR phase of MS, but dominates the clinical picture of
SPMS by causing irreversible disability.5,12,34 In concert with
our results, a recent postmortem study35 evaluated axonal and
dendritic alterations in different cortical brain regions
(i.e., insular, fronto-temporal, and occipital lobe) of patients
with MS and long disease duration. The authors found
a widespread loss of dendritic spines across the whole GM and
of cortical axons within the demyelinated GM.35 Changes to
the status of local microglia have also been proposed as
a possible contributor to the observed dMRI changes in the
GM.12,36 This is still a matter of debate because a recent
postmortem study has failed to demonstrate a significant
presence of activated microglia in the cortex, thus suggesting
that inflammation is not prominent in GM lesions.37 Consis-
tent with that, a recent study combining 7T postmortem MRI
data with histopathologic examination38 was designed specif-
ically to test the hypothesis that microglial activation may
explain the increased FA in cortical GM lesions and concluded
that such an explanation is unlikely. Based on comparison with
histology, it was recently shown that NDI reflects both axonal
and myelin loss,16 whereas ODI reflects morphologic changes
to axons and dendrites. Our results suggest that the changes to
ODI are confined to specific regions of the brain and might
have a relationship with disease progression. We found both
increased and decreased ODI in different areas of the brain.
This apparently counterintuitive result can be explained by the
fact that ODI reflects a complex combination of structural
changes, which range from axonal loss, dendritic pruning, and
tissue reorganization. Some of these changes will result in an
increase, whereas others in a decrease of this parameter. This
will also be partially determined by the original tissue config-
uration (i.e., whether the area of the change is characterized by
a high or low dispersion in the healthy brain). In other words,
areas that in the normal brain exhibit a high ODI, such as the
GM, are more likely to show a decrease inODI, if, for example,
they experience a loss of dendrites. By contrast, highly co-
herent WM fibers might show an increase in ODI after tissue
disruption. A range of other scenarios can also occur. Indeed,
we observed a significantly reduced ODI in the caudate nuclei
and thalami in patients with SPMS when compared with both
HC and patients with RRMS.More importantly, in the areas in
which ODI was reduced, this same parameter was strictly as-
sociated with patients’ EDSS and MSFC scores. Both these
associations were significant in patients with SPMS but not in
those with RRMS (in the case of MSFC, with a significant
interaction). Although we can only speculate on the pathology
underpinning these findings, we argue that the lower neurite

ODI in the caudate nuclei and thalamus of patients with SPMS
can be due to targeted degeneration of a single axon pop-
ulation, which would result in diminished dispersion. Al-
though we did not find evidence of increased FA in the same
area, this might be due to the fact that FA reflects both loss of
NDI and changes in dispersion, which might cancel each other
out.39 Other authors have previously reported increased FA in
the thalamus and basal ganglia of patients with MS,12,40 as
discussed below. The presence of profound neuronal loss in
the thalamus and other deep GM nuclei has already been
previously implicated in MS pathophysiology, often in asso-
ciation with clinical measures of disability.2 This neuronal loss
in the deep GM could, in part, be explained by anterograde
and/or retrograde neuronal degeneration due to lesions within
connecting fiber tracts.34,41 With respect to diffusion anisot-
ropy, the caudate nucleus and the thalamus are characterized
by differing structures: the cells in the caudate (cell bodies and
dendrites) tend to show near-isotropy at the voxel scale,
whereas the presence of myelinated fibers between thalamic
nuclei tend to result in higher anisotropy of the latter structure.
The caudate nucleus receives information from multiple cor-
tical regions and transmits it via the globus pallidus and the
thalamus back to the neocortex,40,42,43 thus exhibiting a large
ODI. If the fibers that connect cortical areas with these sub-
cortical structures are selectively affected by Wallerian de-
generation or neuronal dysfunction (diaschisis), this could
result in decreased ODI. Such an interpretation has been
previously suggested by Ciccarelli et al.,40 who showed a par-
adoxical increase in FA of the normal-appearing basal ganglia
(caudate and putamen) along with a MD reduction in patients
with MS. These authors excluded a contribution from gliosis,
which would have caused a more marked tissue disorganiza-
tion (i.e., reduced anisotropy and increased T2) and attributed
this apparently paradoxical finding to axonal degeneration due
to fiber transection in remote focal MS lesions. Later on, other
authors also reported paradoxical increases of tissue anisot-
ropy in the basal ganglia and in the thalamus of patients with
MS, together with correlations with scores of disease
severity.2,10,12,36 A recent study12 speculated that an increase in
FA of both caudate and thalamic nuclei might reflect pro-
gressive GM degeneration in patients with RRMS and SPMS
and that this measure might constitute a sensitive biomarker of
specific pathologic processes, such as the loss of dendrites. The
increased specificity of NODDI confirms these earlier spec-
ulations and suggests that such pathologic processes might be
closely associated with disability, specifically in SPMS. As
a consequence, deep GM ODI might provide a valuable bio-
marker, and its ability to predict the risk of transition from
RRMS to SPMS should be evaluated with longitudinal designs.

This study also suffers from a series of limitations. First, we
chose to exclude from our analysis voxels where at least 10%
of the patient cohort had a lesion. On the one hand, this led to
the exclusion of a large proportion of the WM, which might
explain the specific location of the changes we found. On the
other hand, by not excluding all the lesions, we are unable to
draw conclusions about the independent contributions of
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lesions and NAWM to the abnormalities we detected. One
possible way to assess this would be to include the total lesion
load as an additional covariate to our clinical correlation
analysis. However, in this heterogeneous patient cohort, le-
sion load and disability are highly likely to be correlated
(SPMS tends to have a higher lesion load), and therefore,
adding T2L volume as a covariate is bound to account for
a large part of the variance without necessarily informing the
underlying processes. Another potential confound is atrophy.
Partial volume with CSF can bias the voxel-wise comparison
of dMRI parameters; however, as NODDI models separately
the isotropic component of diffusion (free water), it should be
less sensitive to atrophy than DTI. To ensure that atrophy was
not the main driver for our findings, we repeated the analysis
adjusting for GM volume. As expected, the results were vir-
tually identical (figure e-2, links.lww.com/NXI/A76). Al-
though NODDI arguably provides advantages compared with
DTI, its limitations must also be considered. Similar to all
models, it provides a simplified representation of tissue
complexity, and to enable the use of a clinically friendly ac-
quisition time, it makes a series of assumptions, which might
not always hold true.44 Despite this, increasing evidence
supports the concordance of NODDI with histology.16 Our
data show widespread microscopic abnormalities in the GM
of MS brains and support the notion that different substrates
(i.e., neuropil, axons, dendrite proliferation, and connections)
are likely to contribute to neurodegenerative progression of
disease and global disability of the patients. GM abnormalities
are more prominent in SPMS than RRMS and correlate
strictly with patients’ clinical disability. Although confirmation
from larger studies is needed, this indicates that NODDI may
provide reliable information of prognostic value in MS and
might in future be used for clinical trial monitoring and,
hopefully, for clinical routine. This will be facilitated by the
advent of increasingly faster acquisition schemes, such as
those based on simultaneous multislice.45 The changes we
observed in the basal ganglia and in the thalamus might result
from the selective degeneration of a single axonal population.
Future work should focus on relating NODDI changes di-
rectly with histopathologic findings and comparing them with
other, complementary, MRI contrasts.
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Abstract
Objective
To describe the routine use of telemedicine-enabled neurologic care in an academic outpatient
MS and neuroimmunology clinic and quantify its role in reducing patient burden.

Methods
Between January 2017 and December 2017, we surveyed patients and MS neurologists after 50
consecutive routinely scheduled televideo visits and a convenience sample of 100 in-clinic visits.
Summary statistics were calculated and comparisons performed.

Results
Overall, 98% televideo participants found the technology easy to use, and only 17% believed
that an in-person examination would have more effectively addressed their needs for the visit.
MS neurologists reported achieving their clinical goals in 47/48 (98%) of televideo visits and an
adequate physical examination with 2 exceptions (possible cauda equina syndrome and visual
field loss). Three emergency department referrals were avoided due to televideo availability.
Telemedicine reduced travel burden, including a mean (±SD) travel distance of 160 (±196)
miles and avoiding overnight lodging and air travel. Telemedicine also reduced indirect costs,
including time off work (65% of employed patients) and caregiver burden (30% avoided
caregiver time off from work/obligations). Across 8 domains of provider interpersonal com-
munication skills, telemedicine and in-clinic participants rated only 1 domain to be different
(eye contact), and overall, 96% of in-clinic and 100% of telemedicine participants agreed/
strongly agreed that their clinical goals had been met.

Conclusions
When incorporated as part of the continuum of MS/neuroimmunology care, clinic to in-home
telemedicine reduces travel and caregiver burden and enables efficient, convenient, and ef-
fective follow-up.
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For people living with a chronic neuroinflammatory disease
such as MS, medical appointments can represent one of many
“hassles of daily life”1 and have hidden financial and oppor-
tunity costs. Various models of telemedicine have been trialed
to improve MS care, especially in the realm of rehabilitation,2

symptom management,3 and care coordination.4 In the US,
hospital-to-hospital telemedicine models using a trained
provider with the patient at the bedside have matured into an
important part of the care model for acute stroke5 and some
other Veterans Affairs telemedicine solutions.6,7 There is
emerging interest in using at-home telemedicine visits to
augment or possibly replace in-person clinic visits for man-
agement of other chronic neurologic conditions, such as
Parkinson disease.8 Telemedicine is part of a larger movement
in medicine to promote patient-centered care by developing
viable alternatives to traditional in-clinic appointments while
preserving the fundamental patient-doctor connection.9

The application of in-home telemedicine as part of routine
clinical care of the patient with MS and other neuro-
inflammatory conditions remains under-explored.10 For the
past 4 years, the UCSFMS andNeuroinflammationCenter has
routinely provided clinic to in-home televideo appointments
for established patients. Here, we report on this experience and
determine whether the routine use of telemedicine-enabled
neurologic care reduces patient and provider burden.

Methods
Setting and participants
We invited UCSF MS and Neuroinflammation Center clinic
patients scheduled for clinic to in-home telemedicine visits
with each of 5 participating MS neurologists to complete an
electronic survey about their visit. Neurologic visits occurred
via telemedicine for patients living in California using a secure,
web-based teleconferencing platform (zoom.us). Participants
were adults (aged ≥18 years) and carried a range of neurologic
diagnoses, including MS, neuromyelitis optica spectrum dis-
order, and other neuroinflammatory disorders (e.g., autoim-
mune encephalitis and neurosarcoidosis). Participating
neurologists were all MS/neuroimmunology experts and at
study onset had variable experience with telemedicine in their
clinical practice (range 10–100 estimated previous visits,
representing between <5% and 40% of a clinician’s total
weekly scheduled clinical encounters). Patients were con-
secutively contacted for participation by email by the study
coordinator after the telemedicine visit until 50 had com-
pleted the surveys (December 2017).

As a reference group, we also invited in-clinic patients seen by
these same providers to complete a survey. On clinical days

selected based on the research coordinator’s availability, all
patients seen by these providers were consecutively
approached by the coordinator, until 100 had completed the
surveys (September 2017).

Data
Surveys were administered on the same day as the clinical visits
via a secure, web-based research application (project-redcap.
org), with paper surveys as an option if the patients preferred. A
follow-up reminder was emailed to participants who had not
responded within 1 week of the visit. If surveys were not
completed within this time frame, participants were considered
nonrespondents. Demographic and clinical details were
obtained via medical record review, including clinical diagnosis
and, for patients with MS, a neurologist-scored expanded dis-
ability status scale (EDSS) within the past year (details of
a telemedicine-assessed EDSS are reported elsewhere11). To
compare responses between in-clinic and telemedicine-based
visits, t tests and χ2 analyses were performed. Data were ana-
lyzed using SAS software program JMP, version 13 (Cary, NC).

Standard protocol approvals, registrations,
and patient consents
The UCSF Committee of Human Research approved the
study protocol (15–18,362), and all participants provided
written informed consent completed electronically.

Data availability
An anonymized data set including data not published within the
article will be shared on request from any qualified investigator.

Results
Demographic, clinical, and visit characteristics
The overall response rate was 61% (from 246 participants
approached; no differences in age or sex between respondents
and nonrespondents). The 50 participants seen in televideo
were more likely than the 100 participants seen in the clinic to
have completed college; there was also a trend for the televideo
participants to be older, more often male, less likely to use
televideo daily, and more likely than the patients seen in the
clinic to have MS, whose diagnoses were more varied. Median
EDSS for participants with clinically isolated syndrome (CIS)/
MS in both groups was 3 (table 1). All study participants
reported access to the internet in a convenient location (such
as home). Telemedicine visits were shorter (mean [SD]
minutes 29.7 [12.7] vs 53.7 [17.4], p < 0.0001]) and more
often focused on specific topics (e.g., symptom management,
results review, education, and counseling, p < 0.0001) than in-
clinic visits; this was true when we compared telemedicine
visits with in-clinic follow-up visits only (N = 68).

Glossary
EDSS = expanded disability status scale.
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Table 1 Demographic, clinical, and visit characteristics across 100 in-clinic and 50 telemedicine-based visits

Telemedicine

In-clinic p Value

All Follow-up only Telemedicine vs all in-clinic

Demographic characteristics N = 50 N = 100 N = 68

Patient age (y) 47.9 (12.0) 44.3 (11.9) 44.7 (12.3) 0.092

Sex (female) 32 (65%) 80 (80%) 53 (78%) 0.069

Education N = 49 N = 99 N = 67 0.013

Did not complete college 8 (16%) 38 (38%) 29 (43%)

Completed college 24 (49%) 29 (29%) 20 (30%)

Some or completed advanced degree 17 (35%) 32 (32%) 18 (27%)

Employment status N = 49 N = 97 N = 67 0.091

Full time 20 (41%) 44 (45%) 30 (45%)

Part time 3 (6%) 11 (11%) 8 (12%)

Disability 9 (18%) 25 (26%) 20 (30%)

Retired 10 (20%) 5 (5%) 3 (4%)

Homemaker 3 (6%) 4 (4%) 3 (4%)

Other (e.g., student, unemployed) 4 (8%) 8 (8%) 3 (4%)

Internet use N = 49 N = 99 N = 67 0.064

Daily 7 (14%) 21 (21%) 13 (19%)

Weekly 11 (22%) 24 (24%) 17 (25%)

Monthly 6 (12%) 5 (5%) 4 (6%)

Occasionally 21 (43%) 30 (30%) 20 (30%)

Rarely, never 4 (8%) 19 (19%) 13 (19%)

Clinical characteristics

Diagnosis N = 50 N = 100 N = 68 0.16

MS/clinically isolated syndrome 49 (98%) 85 (85%) 55 (72%)

Neuromyelitis optica spectrum disorder 0 3 (3%) 3 (4%)

Neurosarcoidosis 0 2 (2%) 1 (1%)

Other (see below) 0 6 (6%) 6 (9%)

Uncertain 1 (2%) 4 (4%) 3 (4%)

MS patients only: MS type N = 49 N = 85 N = 55 0.081

Clinically isolated syndrome 0 6 (7%) 3 (5%)

Relapsing-remitting MS 38 (78%) 62 (73%) 43 (78%)

Progressive MS (primary + secondary) 11 (22%) 13 (15%) 8 (15%)

Suspected MS 0 4 (5%) 1 (2%)

EDSS (median [interquartile range, range]) 3 (2.5–6.5, 1–8) 3 (2–4, 0–8.5) 2.5 (1.5–4, 0–8.5) 0.003

Visit characteristics

Visit type N = 48 N = 100 N = 68 0.22

Routinely scheduled 38 (79%) 88 (88%) 57 (84%)

Semi-urgent 10 (21%) 12 (12%) 11 (16%)

Continued
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Features and outcomes of televideo visits
Televideo visits are usually scheduled for routine follow-ups
after an annual in-clinic visit, at sooner time frames for ongoing
symptomatic management, and more urgently for new
symptoms or to review significant results. Patients mostly
conducted televideo visits in their homes (79%) and at work
(19%). They used laptops (51%), smartphones (33%), desk-
tops (10%), and tablets (6%), which in all cases they currently
owned or had access to. In 27% of the cases, a companion
(typically their spouse or partner) was present with the patient.
Occasionally, a partner or family member joined the televideo
visit from a third location. During the encounters, the clini-
cians followed the usual clinical encounter format, initially
eliciting the patients’ objectives for the visit, then guiding the
patient through subjective reporting and a review of symp-
toms. For the neurologic examination, instructions for posi-
tioning the patient are described elsewhere.11 As many of the
visits were focused on symptomatic management, results re-
view, and pregnancy counseling, a full neurologic examination
was not always required and was often limited to the relevant
functional systems. Physicians reported an adequate physical
examination for the purposes of the clinical encounter, in 48
(96%) visits (table 2). In the 2 exceptions when the televideo
examination did not provide sufficient sensitivity (concern for
cauda equina syndrome and visual field loss), a timely follow-
up in-clinic evaluation was recommended. To review results,
televideo software allows sharing of screens so that the clini-
cian could display and highlight salient features of MRIs or
laboratory results. Physicians reported that televideo visits
avoided 3 patients being sent to the emergency department.
Overall, physicians reported achieving their clinical goals in 49
(98%) of the televideo visits.

Patient satisfaction
Patients reported high satisfaction with their telemedicine
care: 98% reported that the televideo technology was easy to

use, and only 17% reported that an in-person examination
would have been more effective in addressing their visit goals
(72% “no,” 11% “I am not sure”). When comparing patient
satisfaction across in-clinic and telemedicine visits, satisfac-
tion was globally high, with only minor differences noted
(table 3). There was no association between a clinician’s
number of previous televideo visits and patient satisfaction
with the visit. Across 8 domains of provider interpersonal
communication skills, only 1 domain was significantly dif-
ferent (maintaining eye contact: 100% vs 96% visits
where provider was rated as extremely/moderately good),
but for the other 7 domains, satisfaction with in-clinic and
telemedicine-based care was similar. Overall, 96% of in-clinic
and 100% of telemedicine participants agreed/strongly
agreed that their clinical goals had been met.

Table 1 Demographic, clinical, and visit characteristics across 100 in-clinic and 50 telemedicine-based visits (continued)

Telemedicine

In-clinic p Value

All Follow-up only Telemedicine vs all in-clinic

Primary purpose N = 48 N = 94 N = 62 <0.0001

Symptom management 18 (38%) 37 (39%) 37 (60%)

Establish/transfer care 0 32 (34%) 0

Medication adjustment, monitoring 5 (10%) 11 (12%) 11 (18%)

New symptom 4 (8%) 7 (7%) 7 (11%)

Results review 14 (29%) 3 (3%) 4 (6%)

Education and counseling 7 (15%) 4 (4%) 3 (5%)

Visit duration (min) 29.7 (12.7) 53.7 (17.4) 51.1 (17.1) <0.0001

Abbreviations: EDSS = expanded disability status scale.
Other diagnoses: Chronic relapsing inflammatory optic neuropathy (CRION, n = 2); glutamic acid decarboxylase 65 (GAD65) autoimmune encephalitis;
migraine; neuropsychiatric syndrome; and transverse myelitis not otherwise specified.
p Values <0.05 are in bold.

Table 2 Provider satisfaction with telemedicine visits

Response option
Responded
“yes” (N = 48)

Remote examination was sufficient to address my
patient’s needs

46 (96%)

Iwas able to performall of the testing andevaluation
that I wanted to do today

47 (98%)

An urgent in-person follow-up was recommended
sooner than routinely scheduled to address issues
raised during the telemedicine visit

3 (6%)

Because I saw my patient via televideo today, I was
able to avoid recommending certain unnecessary
care details including (check all that apply)

Trip(s) to the clinic 48 (100%)

Trip(s) to the emergency department 3 (6%)

Referral(s) ordered 4 (8%)

Test(s) ordered 3 (6%)

4 Neurology: Neuroimmunology & Neuroinflammation | Volume 5, Number 6 | November 2018 Neurology.org/NN

http://neurology.org/nn


Ta
b
le

3
P
at
ie
n
t
sa

ti
sf
ac

ti
o
n
w
it
h
te
le
m
ed

ic
in
e
an

d
in
-c
lin

ic
vi
si
ts

Te
le
m
ed

ic
in
e
(N

=
50

)

In
-c
li
n
ic

(N
=
10

0)
p
V
a
lu
e

A
ll
(N

=
10

0)
Fo

ll
o
w
-u
p
o
n
ly

(N
=
68

)
Te

le
vs

a
ll

in
-c
li
n
ic

Te
le

vs
fo
ll
o
w
-u
p

o
n
ly

I
a
cc

o
m
p
li
sh

ed
m
y
go

a
ls

a
t
to

d
a
y’
s
vi
si
t

N
=
47

N
=
94

N
=
63

0.
08

6
0.
15

St
ro

n
gl
y
a
gr

ee
40

(8
5%

)
71

(7
6%

)
48

(7
6%

)

A
gr

ee
7
(1
5%

)
19

(2
0%

)
12

(1
9%

)

N
ei
th

er
a
gr

ee
n
o
r
d
is
a
gr

ee
0
(0
%
)

4
(4
%
)

3
(5
%
)

D
is
a
gr

ee
,s

tr
o
n
gl
y
d
is
a
gr

ee
0
(0
%
)

0
(0
%
)

0
(0
%
)

Sa
ti
sf
a
ct
io
n
w
it
h
vi
si
t

EG
M
G

SG
M
B

EG
M
G

SG
M
B

EG
M
G

SG
M
B

N
=
47

N
=
97

N
=
65

G
iv
in
g
yo

u
en

o
u
gh

ti
m
e

43
(9
1%

)
4
(9
%
)

0
(0
%
)

0
(0
%
)

87
(9
0%

)
8
(8
%
)

1
(1
%
)

1
(1
%
)

59
(9
1%

)
5
(8
%
)

0
(0
%
)

1
(2
%
)

0.
81

0.
69

A
sk

in
g
a
b
o
u
t
yo

u
r
sy

m
p
to

m
s

43
(9
1%

)
4
(9
%
)

0
(0
%
)

0
(0
%
)

95
(9
8%

)
1
(1
%
)

1
(1
%
)

0
(0
%
)

64
(9
8%

)
1
(2
%
)

0
(0
%
)

0
(0
%
)

0.
05

7
0.
08

R
ev

ie
w
in
g
a
n
d
ex

p
la
in
in
g
te

st
s
re

su
lt
s

42
(8
9%

)
4
(9
%
)

1
(2
%
)

0
(0
%
)

92
(9
4%

)
5
(5
%
)

0
(0
%
)

0
(0
%
)

64
(9
8%

)
1
(2
%
)

0
(0
%
)

0
(0
%
)

0.
61

0.
09

In
vo

lv
in
g
yo

u
in

d
ec

is
io
n
s
a
b
o
u
t
yo

u
r
ca

re
46

(9
8%

)
1
(2
%
)

0
(0
%
)

0
(0
%
)

94
(9
7%

)
3
(3
%
)

0
(0
%
)

0
(0
%
)

64
(9
8%

)
1
(2
%
)

0
(0
%
)

0
(0
%
)

0.
74

0.
81

Tr
ea

ti
n
g
yo

u
w
it
h
ca

re
a
n
d
co

n
ce

rn
46

(9
8%

)
1
(2
%
)

0
(0
%
)

0
(0
%
)

97
(1
00

%
)

0
(0
%
)

0
(0
%
)

0
(0
%
)

65
(1
00

%
)

0
(0
%
)

0
(0
%
)

0
(0
%
)

0.
15

0.
24

Ta
k
in
g
yo

u
r
p
ro

b
le
m
s
se

ri
o
u
sl
y

46
(9
8%

)
1
(2
%
)

0
(0
%
)

0
(0
%
)

97
(1
00

%
)

0
(0
%
)

0
(0
%
)

0
(0
%
)

65
(1
00

%
)

0
(0
%
)

0
(0
%
)

0
(0
%
)

0.
15

0.
24

M
a
in
ta

in
in
g
ey

e
co

n
ta

ct
40

(8
5%

)
5
(1
1%

)
1
(2
%
)

1
(2
%
)

96
(9
9%

)
1
(1
%
)

0
(0
%
)

0
(0
%
)

65
(1
00

%
)

0
(0
%
)

0
(0
%
)

0
(0
%
)

0.
00

8
0.
01

6

A
d
d
re

ss
in
g
p
h
ys

ic
a
ls

ym
p
to

m
s

42
(8
9%

)
1
(2
%
)

4
(9
%
)

0
(0
%
)

95
(9
8%

)
2
(2
%
)

0
(0
%
)

0
(0
%
)

64
(9
8%

)
1
(2
%
)

0
(0
%
)

0
(0
%
)

0.
06

5
0.
11

A
b
b
re
vi
at
io
n
s:

EG
=
ex

tr
em

el
y
go

o
d
;M

G
=
m
o
d
er
at
el
y
go

o
d
;S

G
=
so

m
ew

h
at

go
o
d
;M

B
=
m
o
d
er
at
el
y
b
ad

(n
o
t
sh

o
w
n
:s

o
m
ew

h
at

b
ad

o
r
ex

tr
em

el
y
b
ad

).
p
V
al
u
es

<0
.0
5
ar
e
in

b
o
ld
.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 5, Number 6 | November 2018 5

http://neurology.org/nn


Travel burden
Telemedicine visits offered a distinct advantage in reducing
travel burden to the clinic (table 4). The in-clinic participants
spent a mean (SD) of 7.3 (10) hours traveling from within and
beyond California, with travel costs averaging 69.3 US dollars

(SD 123.6, range 0–600), and mean roundtrip travel distance
of 298 (SD 908)miles [480 km (SD 1,462)]. The patients seen
via televideo, which was restricted to California residents only,
reported avoiding an average travel distance of 160 (SD 196)
miles [258 km (SD 316)]; 17% avoided overnight lodging, and

Table 4 Burden of travel to the clinic

Telemedicine (N = 50)
In-clinic
(N = 100)

Mean (SD) round trip travel distance from home to the MS clinic, in miles 160 (196) 298 (908)

Mean (SD) travel time to and from the visit, in h 7.8 (9.8) 7.3 (10.0)

Mean (SD) costs of travel (transportation, lodging, and parking), in US dollars 69.3 (123.6); N = 84

Actual: “during
today’s televideo
visit”

Hypothetical: “had
you traveled to
clinic today”

Company at the time of the visit N = 47 N = 47 N = 98

Alone 34 (72%) 24 (51%) 39 (40%)

Spouse/partner 10 (21%) 17 (36%) 36 (37%)

Parent 1 (2%) 0 (0%) 12 (12%)

Caregiver 1 (2%) 2 (4%) 4 (4%)

Child 1 (2%) 0 (0%) 2 (2%)

Friend 0 (0%) 2 (4%) 3 (3%)

Other 0 (0%) 2 (4%) 2 (2%)

Caregiver/spouse/partner take personal time off work or
school (answering: “yes”)

14 (30%) 29 (30%)

Need for personal time off work or school N = 46 N = 94

Yes 15 (33%) 36 (38%)

Arrange care for a dependent N = 47 N = 99

No or not applicable (no dependents) 32 (68%) 72 (73%)

Child 6 (13%) 25 (25%)

Spouse 0 (0%) 1 (1%)

Parent 0 (0%) 1 (1%)

Other 9 (19%) 1 (1%)

Need to stay overnight (answer yes) N = 46 N = 97

Yes 8 (17%) 13 (13%)

Modes of transportation (number yes, can overlap) N = 45 N = 95

Private car (someone else driving) 17 (38%) 42 (44%)

Private car (with me as driver) 25 (56%) 34 (36%)

Taxi or car service 3 (7%) 11 (12%)

Public transportation 3 (7%) 6 (6%)

Airplane 1 (2%) 2 (2%)

Paratransit 0 (0%) 1 (1%)

Comparison of actual travel burden for participants seen in the clinic to hypothetical travel burden for participants seen via telemedicine (limited to
California).
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1 avoided airfare. Caregiver burden was also reduced: 30%
avoided caregiver time off from work, and 13% avoided
arranging care for a dependent. Of the 46% of the patients who
were employed, 65% avoided taking a day off from work.

Discussion
In this survey study, analyzing experience with clinic to in-
home telemedicine in our academic MS and neuro-
immunology clinic, travel and caregiver burden were reduced
with the convenience of televideo-enabled visits while pre-
serving efficient and effective care in the opinion of both
patients and clinicians. These results support the integration
of clinic to in-home telemedicine within the continuum of
MS/neuroimmunology specialty care.

Overall, patient satisfaction with the neurologic encounter
and perception of provider interpersonal skills were similar
between telemedicine and in-clinic visits, with the over-
whelming number of patients rating all components highly.
These results are encouraging, given that many participants
did not have considerable previous experience with technol-
ogy and indicate that being technologically savvy is not nec-
essarily needed to benefit from telemedicine-enabled care.

Patients also reported that substantial time and money were
saved for themselves and their families and dependents. In
a study of delivery of cognitive evaluations remotely for
people with MS, it was estimated that $144 in travel costs and
lost wages were saved relative to in-clinic evaluations.12 Fur-
ther studies are needed to expand on these cost analyses by
more comprehensively quantifying the opportunity costs of
in-clinic visits, such as “sick days” from work and childcare for
children, as well as differences between in-clinic– and
telemedicine-related billed health care costs or cost savings.

As might be expected, there were select clinical questions for
which timely in-person visits were requested after the tele-
medicine encounter. There are also components of the neu-
rologic examination that are less reliable or unable to be
performed adequately using televideo6,7,11 without a trained
provider at the bedside (e.g., deep tendon reflexes) or spe-
cialized hardware (e.g., nonmydriatic fundus cameras). As
a contingency, in our practice, providers and/or patients
could and did request rapid in-person follow-up evaluation if
outstanding questions remained after the televideo evalua-
tion. Our results also demonstrate slight qualitative differ-
ences in patient assessment of the patient-doctor relationship
between in-clinic and televideo clinical visits, particularly
lower “eye contact” scores for televideo visits. Response bias
could belie differences in patient satisfaction, although there
were no clear differences in demographic characteristics be-
tween respondents and nonrespondents.

Given the generally high rates of patient satisfaction with the
current encounters, it was not possible to probe whether

specific aspects of MS-related disability affected the relative
benefits and costs of televideo visits. For example, the tele-
video visit might slightly decrease the sensitivity of the ex-
amination to disease progression for a patient with severe
ambulatory or cognitive impairment, but provide substantial
convenience for a spouse experiencing a large caregiving
burden, allowing them to maintain other competing needs
(employment, home care, and self-care). For a patient with
minimal functional impairment and intact cognition, the tel-
evideo visit might allow them to maintain high work pro-
ductivity, but could limit the examiner’s ability to detect subtle
changes in vibratory function or muscle tone suggestive of
disease progression. Therefore, the determination of the ideal
scheduling and ratio of in-clinic to televideo visits will likely
continue to be individualized.

More research will be needed to evaluate effects of clinic to in-
home telemedicine on health care quality, outcomes, and cost
metrics and to study a range of other potential telemedicine
applications such as with interprofessional providers and to
focus on symptom management and rehabilitation. It will be
critical for insurers and policy makers to recognize the in-
herent value of telemedicine and develop more uniform
approaches to reimbursement for telemedicine visits as part of
the continuum of subspecialty outpatient care. As the field of
neurologic telemedicine matures, it will also be important to
develop best practices and to integrate telemedicine teaching
into 21st century medical education. Our study supports the
expansion of clinic to in-home telemedicine solutions for
longitudinal outpatient care for neuroimmunologic
conditions.

Author contributions
Study concept and design: R. Bove and J.M. Gelfand; Statis-
tical analysis and interpretation of data: R. Bove; Acquisition
of data and interpretation of results: P. Garcha, C.J. Bevan,
E. Crabtree, R. Bove, and J.M. Gelfand; Manuscript drafting
and revision: all authors.

Study funding
This research was supported by the National MS Society
Career Transition Award (RB).

Disclosure
R. Bove served on the scientific advisory board of Roche-
Genentech, Sanofi Genzyme, and Novartis; has a patent
pending for selective estrogen receptor modulators and
remyelination; and received research support from Akili In-
teractive, California initiative to advance precision medicine,
the National MS Society, the Hilton Foundation, and the
Sherak Foundation. P. Garcha reports no disclosures. C.J.
Bevan reports no disclosures. E. Crabtree-Hartman received
speaker honoraria from Biogen and Sanofi Genzyme;, con-
sulted for Teva, Novartis, and Biogen; and served on the
speaker’s bureau for Teva and Biogen. A. Green served on the
scientific advisory board of MedImmune, Novartis, Inception
5 Sciences, Pipeline, and Bionure; served on the editorial

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 5, Number 6 | November 2018 7

http://neurology.org/nn


board of JAMA Neurology; served as an associate editor for
Neurology; holds a patent for remyelination molecules and
pathways; consulted for Inception 5 Sciences; received re-
search support from Novartis, Inception Sciences SRA,
NINDS, NIA, NIH, the National MS Society, the Sherak
Foundation, and the Hilton Foundation; holds stock or stock
options in Inception 5 Sciences, Pipeline, and Bionure; and
served as an expert witness for Mylan Pharmaceuticals v Teva
Pharmaceuticals. J. Gelfand is on the editorial board of Neu-
rology: Neuroimmunology & Neuroinflammation; consulted for
Biogen; received research support to UCSF from Genentech,
MedDay, and Quest Diagnostics; received research support
from the National MS Society; and received compensation for
medical-legal consulting. Dr. Gelfand’s spouse is an associate
editor for JAMA Neurology; has received honoraria from
UpToDate; and received consulting fees from Zosano, Eli
Lilly, Biohaven, and eNeura. Full disclosure form information
provided by the authors is available with the full text of this
article at Neurology.org/NN.

Received April 25, 2018. Accepted in final form August 22, 2018.

References
1. van der Hiele K, Spliethoff-Kamminga NG, Ruimschotel RP, Middelkoop HA, Visser

LH. Daily hassles reported by Dutch multiple sclerosis patients. J Neurol Sci 2012;
320:85–90.

2. Khan F, Amatya B, Kesselring J, Galea MP. Telerehabilitation for persons with
multiple sclerosis: a Cochrane review. Eur J Phys Rehabil Med 2015;51:311–325.

3. Zissman K, Lejbkowicz I, Miller A. Telemedicine for multiple sclerosis patients:
assessment using Health Value Compass. Mult Scler 2012;18:472–480.

4. Finkelstein J, Cha E, Wood J, Wallin MT. Predictors of successful acceptance of home
telemanagement in veterans with Multiple Sclerosis. Conf Proc IEEE Eng Med Biol
Soc 2013;2013:7314–7317.

5. Wechsler LR, Tsao JW, Levine SR, et al. Teleneurology applications: Report of the
TelemedicineWork Group of the American Academy of Neurology. Neurology 2013;
80:670–676.

6. Wood J, Wallin M, Finkelstein J. Can a low-cost webcam be used for a remote
neurological exam? Stud Health Technol Inform 2013;190:30–32.

7. Kane RL, Bever CT, Ehrmantraut M, Forte A, Culpepper WJ, Wallin MT. Tele-
neurology in patients with multiple sclerosis: EDSS ratings derived remotely and from
hands-on examination. J Telemed Telecare 2008;14:190–194.

8. Schneider RB, Biglan KM. The promise of telemedicine for chronic neurological
disorders: the example of Parkinson’s disease. Lancet Neurol 2017;16:541–551.

9. Duffy S, Lee TH. In-person health care as option B. N Engl J Med 2018;378:104–106.
10. Hatzakis M Jr, Haselkorn J, Williams R, Turner A, Nichol P. Telemedicine and the

delivery of health services to veterans with multiple sclerosis. J Rehabil Res Dev 2003;
40:265–282.

11. Bove R, Bevan C, Crabtree E, et al. Towards a low-cost, in-home, telemedicine-
enabled assessment of disability in multiple sclerosis. Mult Scler Epub 2018 Aug 24.

12. Settle JR, Robinson SA, Kane R, Maloni HW, Wallin MT. Remote cognitive assess-
ments for patients with multiple sclerosis: a feasibility study. Mult Scler 2015;21:
1072–1079.

8 Neurology: Neuroimmunology & Neuroinflammation | Volume 5, Number 6 | November 2018 Neurology.org/NN

http://nn.neurology.org/lookup/doi/10.1212/NXI.0000000000000505
http://neurology.org/nn


ARTICLE OPEN ACCESS

Gender differences in prednisone adverse effects
Survey result from the MG registry

Ikjae Lee, MD, Henry J. Kaminski, MD, Tarrant McPherson, MA, Michelle Feese, MPH, and Gary Cutter, PhD

Neurol Neuroimmunol Neuroinflamm 2018;5:e507. doi:10.1212/NXI.0000000000000507

Correspondence

Dr. Lee

Ikjaelee@uabmc.edu

Abstract
Objective
Prednisone is a first-line immunosuppressive treatment for myasthenia gravis (MG), whereas
short-term and long-term adverse effects (AEs) are a limiting factor in its usage.

Method
TheMGpatient registry is a patient-driven, nation-wide database with patients of age ≥18 years,
who were diagnosed with MG and live in the United States. Custom-designed “prednisone-
steroid use and MG” survey was sent out to MG registry participants as part of semi-annual
follow-up. Data were collected and analyzed for frequency.

Results
A total of 398 MG participants (21% response rate) completed the survey, including 173 men
and 225 women. Among them, 298 reported current (174) or past (288) prednisone intake.
Current prednisone dosage varied from 0.5 to 75 mg (median 10 mg, IQR 7–20), dosing
frequency was daily in 132 (76%) and every other day in 31 (18%). Peak prednisone dose was
commonly between 25 mg and 60 mg (Median 50 mg, IQR 25–60); however, doses more than
60 mg daily were reported in 59 (20%). Prednisone AEs were reported more commonly in
women (95% vs 81%, p < 0.0001). Women reported more intolerable AEs (77% vs 50%, p <
0.00001) and less willingness to accept a dose increase (26% vs 44%, p = 0.03) compared with
men.

Conclusions
Prednisone is commonly used in the treatment of MG, with highly variable dosages and dosing
frequencies reflecting the absence of a standard guideline. Intolerable AEs were more com-
monly reported among women and was associated with unwillingness to accept a dose increase.
Consensus guidelines and their validation are required to guide prednisone treatment for MG.
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Prednisone has been shown to be effective in treating myas-
thenia gravis (MG) and is currently used as a first-line im-
munosuppressive therapy.1–6 The use of prednisone, however,
is often limited because of the numerous short- and long-term
adverse effects (AEs) associated with its glucocorticoid and
mineralocorticoid activities. These AEs tend to increase with
higher doses, more frequent dosing, and prolonged treatment
period.7–13 The frequency of steroid AEs has been reported
in up to 67% of treated populations2,3 and is likely under-
estimated. Clinicians are concerned of serious AEs such as
osteoporosis-related fracture, aseptic necrosis, infection, and
gastrointestinal bleeding. AEs that are clinically considered
“benign” can still be disturbing from the patient’s perspective
and might lead to the request of dose reduction or poor
compliance. Tapering the dose of prednisone while main-
taining disease control has become a treatment goal in MG
care and an important end point in MG clinical trials.14–16

Recent analyses from the MG patient registry showed that
women were less likely to be on current prednisone treatment
despite having worse disease severity ratings compared with
men.17 We suspect that this observation is due to gender
differences in the frequency or tolerability of steroid AEs;
however, we found no studies that systemically evaluated this
hypothesis in the MG population. Therefore, we designed
a survey of MG registry participants regarding AEs and per-
sonal beliefs governing the use of prednisone to delineate
potential gender effects on the perception of prednisone AEs.

Methods
The MG patient registry is a database managed by the
Myasthenia Gravis Foundation of America and the coordinat-
ing center at the University of Alabama at Birmingham (UAB),
with oversight by the UAB Institutional Review Board (IRB).
Details of the registry, registry participants, mode of data col-
lection, and collected participant-reported outcome measures
were described in the previous study.17

We composed a Prednisone-Steroid use and MG Survey
(Prednisone Survey), which included 11 questions asking the
participants about the status of prednisone use, current and
highest doses and frequencies, AEs experienced, and willing-
ness to increase steroid dose for better disease control. The 33
items included in the AEs list were derived from MGTX
treatment-associated symptoms and treatment-associated
complications.14 Participants were asked to select AEs they
experienced from taking steroid (prednisone) and select them
once more if any of them were difficult to tolerate (appendix
e-1, links.lww.com/NXI/A77). This survey was sent to the

MG registry participants along with the semi-annual follow-
up for those who enrolled before April 15, 2017.

Inclusion and exclusion criteria
Patients age ≥18 years who answered “Yes” to “Has your
doctor diagnosed you with MG?”, resided in the United
States, and completed the 9th semi-annual follow-up survey
before November 29, 2017 were included.

Statistical analysis
Basic demographic, disease-related history and answers to the
survey questions were compared between survey responders
vs nonresponders, responder with prednisone use vs no
prednisone use, male vs female responders, and responders
with intolerable AEs vs no intolerable AEs. The Student t-test
was used to compare continuous variables such as age, age at
symptom onset, age at treatment onset, current dose, highest
dose, treatment duration, MGquality of life 15 (MG-QOL15),
and MG activity of daily living (MG-ADL) sum scores. Cat-
egorical variables such as sex, race, thymoma, thymectomy,
intensive care unit (ICU) admission in the past, feeding tube in
the past, current and past prednisone use, current use of im-
munosuppressant agents, current intravenous immunoglobu-
lin (IVIG) treatment, and current plasma exchange (PLEX)
treatment were summarized and compared using the Fisher
exact test. A p value less than 0.05 was used for statistical
significance without adjustments for multiple comparisons
because of the exploratory nature of this article. SAS version
9.4 and programs from the R project version 3.3. 2 were used
for statistical analysis.

Data availability statement
Data not provided in the article because of the space limi-
tations will be made available in a trusted data repository or
shared at the request of other investigators for purposes of
replicating results.

Standard protocol approvals, registrations,
and patient consents
General registry and each study and/or survey obtains ap-
proval by the UAB IRB, and consent for participation is be-
lieved to be obtained when each participant completes their
survey.17

Results
One thousand eight hundred fifty-nine MG patient registry
enrollees received the 9th semi-annual follow-up and the
Prednisone Survey irrespective of whether they had ever
responded to a semi-annual update after registration. Among
them, 398 participants responded to the 9th semi-annual

Glossary
AE = adverse effect; ICU = intensive care unit; IRB = institutional review board; IVIG = IV immunoglobulin treatment;MG =
myasthenia gravis; PLEX = current plasma exchange; UAB = University of Alabama at Birmingham.

2 Neurology: Neuroimmunology & Neuroinflammation | Volume 5, Number 6 | November 2018 Neurology.org/NN

http://links.lww.com/NXI/A77
http://neurology.org/nn


follow-up survey and Prednisone Survey (21% response rate).
When the demographics of survey responders were compared
with nonresponders, survey responders were more likely to be
white and older at enrollment. Among the 398 Prednisone
Survey responders, 100 participants answered that they were
never treated with prednisone and that the survey was ended
(no-prednisone group). The remainder, 298 participants, who
answered that they took prednisone (prednisone group) in
the past or are currently taking prednisone completed the
survey. Compared with the no-prednisone group, the pred-
nisone group had higher (worse) MG-ADL score at enroll-
ment, reported more frequent ICU admission, and was more
likely to be receiving an immunosuppressant and IVIG
treatment (table 1).

Among the 298 participants in the prednisone group, 173
(58%) were currently receiving prednisone. Peak predni-
sone dose was reported most commonly between 25 and
60 mg (median 50 mg, IQR 25–60); however, doses more
than 60 mg daily were reported in 59 (20%). Peak dosage
was daily in 249 (83%) and every other day in 18 (6%).
Current prednisone dosage varied from 0.5 to 75 mg
(median 10 mg, IQR 7–20). Current prednisone dosing
frequency was daily in 132 (76%) and every other day in
31 (18%).

Among the survey responders who took prednisone,
women were younger, younger at the age of initiation of
steroid treatment, lower in weight, higher in MG-QOL15,
and MG-ADL (worse) scores, and more likely to report an
MG exacerbation in the past 6 months. The rate of treat-
ment with prednisone, current prednisone treatment, cur-
rent dose, highest dose, treatment duration, and dosing
frequency were comparable between men and women.

Women were more likely to answer that their steroid dose
was lowered from the highest dose because of AEs com-
pared with men. Women also answered “no” more fre-
quently than men when asked “if your MG symptoms
worsen, are you willing to try a dose of steroid (prednisone)
higher than your current dose or to start steroid if not on it
currently.?” This gender difference was not observed when
asked “if your MG symptoms worsen significantly, are you
willing to try your previous highest dose steroid (predni-
sone) or, if currently on your highest dose to increase it
further?” (table 2).

Women reported prednisone AEs and intolerable AEs more
commonly compared with men (95% vs 81%, 77% vs 50%,
respectively). Women reported weight gain, increased appe-
tite, changed appearance, moon face, prominent scar,
increased hair loss, gingival hyperplasia, mood swing, de-
pression, fatigue, poor concentration, headache, sleeplessness,
and palpitationmore commonly thanmen.When asked about
intolerable AEs, women reported more frequently than men
including weight gain, changed appearance, moon face, de-
pression, fatigue, mood swing, increased hair loss, sleepless-
ness, and stomach complaints (table 3).

The group of responders who reported intolerable AEs
(INTOL) were more likely to be women, younger in age,
who took a higher peak dose of prednisone, and were less
likely to say “yes” when asked to increase prednisone dose
for worsened MG compared with the group reporting no
intolerable AEs (NO INTOL) from prednisone. MG ex-
acerbation in the past 6 months was more frequent in the
group with intolerable AEs, and MG-QOL15 and MG-ADL
sum scores were significantly higher (worse) compared with
the no intolerable AE group (table 4).

Table 1 Comparison of the basic demographic and disease-related history between responder vs nonresponder and
prednisone vs no-prednisone groups

Responder (398)

Nonresponder (1,461) p ValueTotal (398) Prednisone (298) No-Prednisone (100)

Sex (% F) 57% 54% 64% 64% NS

Race (% white) 95% 95% 97% 89% 0.0019

Age at enrollment (SD) 58.7 (12.2) 58.3 (12.5) 59.8 (11.8) 53.8 (15.2) <0.0001

Time from enrollment (y) 2.19 NA NA 2.13 NS

ICU admission (%) 29% 33% 17% — 0.02

Feeding tube (%) 11% 12% 7% — NS

Current immunosuppressant (%) 44% 47% 34% — 0.03

Current IVIG (%) 17% 19% 10% — 0.03

Current PLEX (%) 3.7% 3.4% 5% — NS

MG-ADL (SD) 5.2 (4.1) 5.5 (4.1) 4.4 (3.9) — 0.016

Abbreviations: ICU = intensive care unit; IVIG = intravenous immunoglobulin; MG-ADL = myasthenia gravis activity of daily living; NS = not significant; PLEX =
plasma exchange.
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Discussion
In our study, majority of the participants took prednisone for
the treatment of MG, whereas a quarter answered that they
did not take prednisone. Those who did not take prednisone
generally had less severe disease; however, a significant pro-
portion of these participants had severe enough disease that
required immunosuppression, IVIG, or PLEX. Among par-
ticipants who took prednisone, the reported prednisone usage
patterns were variable in terms of dosages and dosing fre-
quencies. Comparable peak dosage between men and women
suggests that the dosing in this population is not commonly
based on ideal body weight. Daily dosing was the pre-
dominant dosing frequency, especially at the peak dose
(84%), despite literature that supports the use of alternate-day
dosing to decrease AEs.6,14

As expected, reported AEs were very common among patients
with MG taking oral corticosteroid treatment, consistent with
the previous reports.1–10,18 The efficacy of the corticosteroid
medications such as prednisone rely on its pleiotropic effects
on the glucocorticoid receptors through multiple signaling
pathways, which inevitably evoke physiologic signaling along

with its anti-inflammatory effect.19 Women in this study not
only reported AEs more commonly but also perceived them as
more intolerable compared with men. Consistent with this
result, women more frequently reported that the dosage of
prednisone had to be lowered because of AEs. Experiencing
intolerable AEs was associated with a tendency to be resistant
to a possible future dose increase if needed for an MG exac-
erbation, and this was more common in women.

A previous study that looked at symptom experience associated
with chronic immunosuppressive treatment in heart transplant
recipients and the result showed that clear gender difference
exists.18 In the study, women reported adverse symptomsmore
frequently with a higher distress level, and the pattern of
symptoms was different from men. Women also experienced
more AEs in the MG patient registry, the MG population
treated with long-term steroids. There are many potential
factors that might explain this observation. Physiologically,
women have lower height and weight compared with men.
Considering that the mean highest and current dose of pred-
nisone were comparable, women would generally be receiving
a higher dose of prednisone on a per weight basis, which would
be expected to be associated with more adverse events.

Table 2 Comparison of the basic demographic, disease-related history, Prednisone Survey results, and patient-reported
outcomes between male and female survey responders

Men Women p Value

Total 173 225 NA

Age (SD) 67 (9.8) 59 (12.5) <0.0001

Age at treatment onset (SD) 60.9 (14.5) 50.7 (11.5) <0.0001

Prednisone treatment (%) 79% 72% NS

Current prednisone (%) 48% 40% NS

Current daily dose (mg, SD) 15.3 (14.0) 13.5 (10.0) NS

Current dose frequency (% daily) 81% 71% NS

Treatment duration (mo, SD) 44.3 (74.6) 52.0 (85.7) NS

Highest daily dose (mg, SD) 52.6 (29.5) 50.1 (30.2) NS

Highest dose frequency (% daily) 82% 85% NS

Highest dose duration (mo, SD) 3.0 (1.1) 3.1 (1.1) NS

Dose lowered because of adverse effects 13% 27% 0.01

If MG worsens, dose increases? (% yes) 44% 26% 0.03

If MG worsens significantly, dose increases to previous highest dose? (% yes) 45% 38% NS

MG-QOL15 14.5 (12.7) 22.4 (14.9) <0.0001

MG-ADL 4.3 (3.6) 6.5 (4.3) <0.0001

Exacerbation in the past 6 months (%) 22% 38% 0.015

Height (cm, SD) 176 (7) 161 (7) <0.00001

Weight (kg, SD) 102 (25) 83 (22) <0.00001

Abbreviations: MG-ADL = myasthenia gravis activity of daily living; MG-QOL15 = myasthenia gravis quality of life 15; NA = not applicable; NS = not significant.
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Table 3 Comparison of the reported prednisone AEs and intolerable AEs between male and female survey responders

Men (137) INTOL Women (161) INTOL Ratioa p Value p Value (INTOL)

Any AEs? 81% 95% <0.0001

Any intolerable AEs? 50% 77% <0.0001

Acne 8.0% 2.2% 12.5% 7.5% 2.2 0.3 0.06

Back pain 15.3% 5.8% 16.3% 5.0% 0.8 0.9 0.8

Bruises 32.8% 5.1% 42.5% 11.3% 1.7 0.1 0.09

Changed appearance 29.2% 6.6% 56.3% 31.9% 2.5 0.003 <0.0001

Changed taste 8.8% 2.9% 13.1% 5.0% 1.2 0.4 0.6

Decreased interest in sex 14.6% 2.2% 21.9% 6.3% 1.9 0.2 0.15

Depression 16.1% 7.3% 24.4% 18.8% 1.7 0.09 0.006

Diabetes mellitus/elevated blood sugar 19.7% 10.9% 25.0% 13.8% 1.1 0.4 0.6

Diarrhea 19.7% 6.6% 18.8% 8.1% 1.3 0.9 0.7

Fatigue 29.2% 9.5% 34.4% 19.4% 1.7 0.6 0.02

Fracture 3.6% 2.9% 8.8% 7.5% 1.1 0.1 0.1

Fragile skin 32.1% 10.9% 33.8% 10.6% 0.9 0.9 1

Gingival hyperplasia (gum swelling) 2.9% 1.5% 9.4% 0.6% 0.1 0.03 0.6

Headache 10.9% 5.8% 20.0% 11.9% 1.1 0.04 0.1

High blood pressure 20.4% 7.3% 19.4% 6.3% 0.9 0.9 0.8

Impotence/painful menstruation 2.9% 2.2% 3.1% 0.6% 0.3 1 0.3

Increased appetite 39.4% 9.5% 51.9% 16.9% 1.4 0.04 0.09

Increased hair loss 3.6% 0.7% 28.1% 8.8% 1.6 <0.0001 0.002

Inflammation 5.1% 2.2% 11.3% 5.0% 1.0 0.1 0.4

Mood swings 30.7% 11.7% 43.1% 24.4% 1.5 0.03 0.006

Moon face 27.0% 8.8% 59.4% 30.6% 1.6 <0.0001 <0.0001

Painful/inflamed/prominent scar 0.7% 0.0% 6.3% 1.9% NA 0.03 0.3

Palpitations 8.8% 4.4% 21.3% 9.4% 0.9 0.01 0.2

Persistent chest pain 2.9% 1.5% 3.8% 1.3% 0.7 0.8 1

Poor appetite 1.5% 0.0% 5.0% 1.3% NA 0.1 0.5

Poor concentration 10.2% 8.8% 20.6% 10.0% 0.6 0.02 0.8

Poor vision 15.3% 7.3% 16.9% 10.6% 1.3 0.9 0.4

Serious infection 5.1% 5.1% 9.4% 7.5% 0.8 0.3 0.5

Sleeplessness 31.4% 18.2% 48.1% 36.3% 1.3 0.04 0.01

Stomach complaint 16.1% 5.8% 19.4% 14.4% 2.1 0.6 0.03

Swollen ankles 24.1% 6.6% 26.9% 10.6% 1.4 0.7 0.3

Tremor 10.2% 5.1% 8.1% 3.1% 0.8 0.7 0.6

Weight gain 56.2% 25.5% 68.8% 48.8% 1.6 0.03 <0.0001

A B C D

Abbreviations: AE = adverse event; INTOL = intolerable.
a Ratio: calculated by AD/BC.
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Pharmacokinetics are different between men and women. Fe-
male sex and oral contraceptive use have been associated with
lower prednisolone clearance and volume of distribution, in-
creasing the area under the curve in healthy volunteers and
kidney, lung, and heart transplant recipients.20 Women in the
MG registry generally have more severe disease compared with
men,17 which might have led to higher cumulative dosage ex-
posure. The peak and current dosages and treatment durations
were comparable between the sexes in our study; however, this
may not precisely reflect the cumulative dosage of prednisone
because of its highly variable titration and tapering courses.

AEs related to appearance and social interactions were signifi-
cantly more likely to be intolerant in women compared with
men, suggesting that the study result might have been affected
by different perception of AEs between the 2 sexes. For ex-
ample, altered appearance was 2.5 times more likely to be
intolerable by women than men. Weight gain, acne, bruises,
loss of sexual interest, depression, fatigue, increased hair loss,
mood swing, moon face, weight gain, and stomach complaints
all weremore frequently noted as intolerable AEs in women. By
contrast, factors that are neutral to social interaction such as
palpitation, chest pain, poor vision, or infection were consid-
ered intolerable at similar frequencies between the sexes. This
observation is not surprising because studies showed that
women as a groupmaintainmore social contacts, communicate
more frequently, and strive to stay in the center of a social
network.21,22 In the same context, women are more cognizant
of their visual appearance as shown by the study of the social
network using Facebook, a large social network service.22

Experiencing AEs is known to affect quality of life and can
trigger medication noncompliance.23–26 The result from our
study also demonstrates that having intolerable AEs might
lead to resistance in prednisone dose increase when it is

needed for MG treatment. Participants who reported in-
tolerable AEs were more likely to be women, younger, had
more severe disease, and were treated with higher peak dose
of prednisone. These findings might simply indicate that
those with more severe disease received higher dosages of
prednisone and therefore developed intolerable AEs. Alter-
natively, initial high dose of prednisone challenge might have
caused intolerable AEs and resistance to future prednisone
treatment, leading to incomplete disease control. In the latter
case, applying a strategy to avoid intolerable AEs might pos-
itively affect the patient’s perception and compliance with
prednisone, a potential target to improve the treatment out-
come. We cannot make a cause and effect relationship based
on this cross-sectional study, and a further prospective study is
needed to further guide prednisone use in the treatment
of MG.

Potential recall bias is one of the main limitations of our study.
Most of our patients were treated with long-term prednisone,
and it might be difficult to accurately remember and report
various AEs they have experienced. Many of the patients were
also treated with other medications including pyridostigmine,
immunosuppressants, or received no MG-related medi-
cations, making it difficult for them to link certain symptoms
to specific medications. We also acknowledge that there might
be a gender bias in reporting, one way or another affecting the
survey results. The responders of this particular survey were
older and mostly white compared with nonresponders and
may not reflect the whole MG patient registry population
or patients with MG in the United States. The response
rate for the semi-annual follow-up and Prednisone Survey was
not high, reflecting the early evolution of the registry and
not having a way to exclude participants who agree with
registration but prefer not to participate in semi-annual
updates. As pointed out in our previous study, data in the

Table 4 Characteristics of participants reporting intolerable prednisone AEs

INTOL (192) NO INTOL (106) p Value

Sex (%F) 65% 35% <0.00001

Current age (SD) 58.7 (11.6) 64.1 (12.8) 0.0004

Current prednisone (%) 61% 54% 0.5

Highest prednisone daily dose (mg, SD) 55.6 (28.9) 44.5 (30.0) 0.002

Highest dose duration (mo) 50.8 (79.3) 43.8 (83.6) 0.5

Current prednisone daily dose (mg, SD) 15.1 (12.8) 13.0 (10.4) 0.3

Exacerbation in the past 6 months (% yes) 43% 21% 0.0003

MG-QOL15 22.6 (14.2) 12.1 (12.6) <0.00001

MG-ADL 6.4 (4.1) 3.8 (3.6) <0.00001

If MG worsens, dose increases? (% yes) 25% 51% <0.00001

If MG worsens significantly, dose increases to previous highest dose? (% yes) 37% 49% 0.05

Abbreviations: AE = adverse event; INTOL = group of responders who reported intolerable AEs; NO INTOL = group reporting no intolerable AEs; MG-ADL =
myasthenia gravis activity of daily living; MG-QOL15 = myasthenia gravis quality of life 15.

6 Neurology: Neuroimmunology & Neuroinflammation | Volume 5, Number 6 | November 2018 Neurology.org/NN

http://neurology.org/nn


registry are entered by the participant and did not go through
confirmation by a physician. Some of the information such as
the dose or duration might not be precise, as it is relying on
the sole memory of the individual participant. Nonetheless,
we believe that the value of our study lies in the data collected
to represent the perspective of patients without significant
influence from the providers. Ultimately, the final decision
whether or not to take the medicine is on the patient, not the
treating physician.

In summary, subjective treatment-associated AEs are ex-
tremely common in patients taking prolonged oral cortico-
steroids such as prednisone, more frequent in women with
higher tendency for intolerance. Experiencing intolerable AEs
is linked to resistance in increasing the dose of prednisone
when it is needed for the treatment of underlying disease.
Consensus guidelines and their validation are required to
guide prednisone treatment for MG.
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Abstract
Objective
To elucidate the immunomodulatory effects of dimethyl fumarate (DMF) on B cells in patients
with relapsing MS receiving DMF as a “1st-line” vs “2nd-line” therapy.

Methods
B cells were isolated from 43 patients with MS at baseline and after 15-week DMF therapy.
Phenotype and functional markers and cytokine profile were assessed by flow cytometry.
Analysis included clinical and MRI parameters recorded during a 1-year follow-up.

Results
1st-line and 2nd-line patients presented several differences in their baseline immune profile,
which corresponded with differences in their immunologic response to DMF treatment. DMF
reduced the proportions of B cells and CD8 T cells whereas increased monocytes. DMF
reduced memory B cells, including plasma cells in 2nd-line patients only, whereas strongly
increased transitional B cells. Several IL10+ B-cell subsets and TGFβ+ B cells were increased.
Proinflammatory LTα+ and TNFα+ B cells were reduced, while IL4+ B cells elevated, whereas
IFNγ+ B cells showed opposite effects in 1st-line and 2nd-line patients. HLA and ICAM-1
expression was increased, but % CD86+ B cells reduced. The expression of B-cell activating
factor receptor and the proportion of activated CD69 B cells were increased.

Conclusions
DMF is associated with increased transitional and IL10+ and TGFβ+ regulatory B cells and
a shift toward a more anti-inflammatory immune profile. Cell activation with reduced cos-
timulatory capacity may induce immune hyporesponsiveness. Carryover effects of preceding
therapies in 2nd-line patients and the stage of disease influence the immune profile of the
patients and the immunomodulatory effects of DMF.
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MS is an immune-mediated neurodegenerative disease of the
CNS. Accumulating evidence has demonstrated the importance
of B cells in MS pathology,1 including most convincingly the
beneficial clinical outcomes of selective B-cell therapies.2–4 Di-
methyl fumarate (DMF) is an oral MS drug, with a not yet fully
elucidated mechanism of action. DMF appears to act through
immunomodulation of various cells and through neuro-
protection, inducing the nuclear factor (erythroid-derived 2)-
related factor 2 (Nrf2) pathway,5 while downregulating the
NF-κB pathway.6,7 DMF therapy was shown to reduce the
numbers of CD4+, CD8+ T cells, and B cells in the periphery8–10

and to reduce the lymphocyte count by ;30%.11–13 Recent
reports have found that DMF alters several B-cell subsets.14–16

DMF is approved as either a 1st-line or 2nd-line medication for
patients with relapsing-remitting (RR) MS. 2nd-line drug
patients are generally in a more advanced disease stage and may
present yet undetermined, “carryover” effects from previous MS
drugs. This may affect the immunologic profile of the patients
and thereby the mode the disease-modifying therapy (DMT)
affects the patients. We therefore, in this study, aimed at exam-
ining how DMF affects B cells in “1st-line” and “2nd-line”
patients with MS (PwMS). The study further elucidates the
mechanism of action of DMF and demonstrates how the in-
dividual patient disease and immune profile may affect the
modulatory action of a medication.

Methods
Standard protocol approvals, registrations,
and patients consents
The study obtained approval from the Institutional Ethical
Committee on human experimentation (0034-13-CMC).
Written informed consent was obtained from all patients
participating in the study.

Study participants
Forty-three patients with RRMS (aged >18 years) fulfilling the
revised McDonald criteria17 were recruited at the Carmel
Medical Center, Israel. Bloodwere obtained before and 15weeks
after initiating DMF therapy. Patients were free of previous
DMT or steroid treatment for at least 1 month, in remission,
with an Expanded Disability Status Scale score (EDSS) of ≤6.

Isolation of B cells and culture
Peripheral blood mononuclear cells (PBMCs) were isolated
by density gradient centrifugation (Novamed) and B cells
isolated by negative selection (EasySep kit [Stemcell]) with
a purity >90%. Cells were cultured in RPMI-1640 medium

containing 10% fetal bovine serum, penicillin-streptomycin-
nystatin (100 U/mL), and L-glutamine (2 mM) (Biological
Industries) in a 37°C humidified 5% CO2 incubator.

Flow cytometry
Cells were stained with monoclonal antibodies against CD14,
CD3, CD8 (Biolegend), CD4, and CD19 (BD Bioscience)
for immune cell subsets; against CD19 (BD Bioscience),
CD27, IgD, CD24, CD138, and CD38 (Biolegend) for B-cell
subsets; against IL10, CD1D (BD Bioscience), CD5 and
CD25 (Biolegend) for regulatory markers; against CD80
(Biolegend) and CD86 (BD Bioscience) for costimulatory
molecules; against human leucocyte antigen (HLA)-DR,
CD40, and intercellular adhesion molecule-1 (ICAM-1) for
antigen-presenting markers; and against B-cell activating
factor receptor (BAFF-R) and CD69 (Biolegend) for activa-
tion markers. For cytokines, B cells stimulated with or without
10 μg/mL anti-immunoglobullin M (IgM) (SouthernBiotech)
and 1 μg/mL anti-CD40 (BioLegend) were cultured for 40
hours (with 4 hours Golgistop) and stained against CD19,
CD27, IL10, IL4, LTα, TGFβ, TNFα (BD Bioscience), and
interferon γ (IFNγ) (Biolegend) using a Fix & Perm kit (Invi-
trogen). Unstained cells and appropriate isotype controls were
used as negative control for staining, and BD CompBeads (BD
Bioscience) were used for compensation. Analysis was per-
formed on an LSRFortessa (BD bioscience), and results were
analyzed using FlowJoX. Cytometer Setup & Tracking beads
(BD Bioscience) were used at baseline and after 3.5 months to
keep the cytometer performance consistent. Gating strategy is
presented in figure e-1-I, links.lww.com/NXI/A78. The level of
secreted IL10 after 24 hours culture was assessed using the
HumanTh1/Th2/Th17Cytometric BeadArray (CBA) kit (BD
bioscience) according to the manufacturer’s protocol.

Statistical analysis
Statistical analysis was performed using SPSSv22 or Graph-
Pad Prism 5. Data before and after 3.5-month therapy were
compared using the paired t-test orWilcoxon signed-rank test,
and 1st-line vs 2nd-line patients were compared using the
unpaired t test or Mann-Whitney test, according to the nor-
mality of the data as assessed by the Kolmogorov-Smirnov
test. Correlation tests were performed using GraphPad Prism
5. A p value < 0.05 was considered statistically significant.

Results
Forty-three patients were recruited for this study, 22 patients
receiving DMF as 1st-line medication (without previous

Glossary
ALC = absolute lymphocyte count; ARR = annual relapse rate; BAFF-R = B-cell activating factor receptor; Breg = B regulatory
cell;CBA = cytometric bead array;DMF = dimethyl fumarate;DMT = disease-modifying therapy; EDSS = Expanded Disability
Status Scale; FC = fold change; PBMC = peripheral blood mononuclear cell; PwMS = patients with MS; RR = relapsing
remitting.
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DMT) and 21 patients receiving DMF as 2nd-line medication
(with at least 1 previous DMT). The demographic and clinical
data of the patients are summarized in table (full data are
presented in table e-1, links.lww.com/NXI/A79). There was
no significant difference in age, sex, or the baseline EDSS
score between the 1st-line and 2nd-line patients. Interferon-β
was the previous DMT in most 2nd-line patients, whereas 4
patients had received fingolimod, and the median time since
previous DMT was 1 month. Eleven patients switched from
previous therapy to DMF because of disease activity, whereas
9 switched because of adverse events and 1 patient for oral

treatment. Within 1-year follow-up, no significant change was
observed in the EDSS score in all patients or in 2nd-line
patients; however, the EDSS score was reduced in 1st-line
patients after 6 months (by 29.3%; p = 0.003). While 18 and 7
relapses occurred in 1st-line and 2nd-line patients, re-
spectively, during 1 year before DMF, only 6 patients expe-
rienced a relapse after DMF initiation, 3 from each group with
two 2nd-line patients relapsing twice during the follow-up.
Three relapses occurred within 3 months of drug initiation.
The annual relapse rate (ARR) 1 year after DMF initiation
was significantly reduced in all and in 1st-line patients, but not

Table Summary of demographic and clinical data

All patients
“1st-line”
patients

“2nd-line”
patients

p Value 1st vs
2nd line (baseline)

Age (y) 38 ± 2 (35) 34.9 ± 2.7 (34) 41.2 ± 2.9 (42) ns

Sex 28 F/15 M 14 F/8 M 14 F/7 M

Disease duration (y) 5.8 ± 1 2.1 ± 1 9.7 ± 1.5 <0.0001

Time since previous DMT (mo) — — 12.3 (1) —

EDSS 0 mo 2.26 ± 0.3 2.39 ± 0.4 2.12 ± 0.4 ns

EDSS 3.50 mo 2.18 ± 0.3 ns 2.12 ± 0.3 ns 2.24 ± 0.5 ns —

EDSS 6 mo 2.17 ± 0.3 p = 0.09 1.69 ± 0.3 p = 0.003 2.76 ± 0.5 p = 0.07 —

EDSS 12 mo 2.22 ± 0.3 ns 1.80 ± 0.4 p = 0.06 2.71 ± 0.5 ns —

ARR 1 year before DMF therapy 0.58 ± 0.09 (25) 0.82 ± 0.11 (18) 0.33 ± 0.13 (7) 0.035

ARR 1 year after DMF therapy initiation 0.2 ± 0.08 (8) p = 0.0042 0.14 ± 0.07 (3) p = 0.0003 0.26 ± 0.14 (5) ns ns (at 1 y)

MRI disease activity (1 y) 7 patients 3 patients (14%) 4 patients (24%) —

ALC (×109/L) baseline 1.94 ± 0.1 2.11 ± 0.13 1.75 ± 0.14 ns

ALC (×109/L) 3.5 mo 1.81 ± 0.1 ns 1.96 ± 0.17 ns 1.67 ± 0.12 ns —

ALC (×109/L) 6 mo 1.51 ± 0.1 p = 0.012 0.53 ± 0.17 p = 0.088. 1.49 ± 0.12 p = 0.057 —

ALC (×109/L) 12 mo 1.55 ± 0.1 p = 0.0001 1.59 ± 0.14 p = 0.002 1.51 ± 0.15 p = 0.019 —

% Lymphocytes baseline 28.2 ± 1.3 28.90 ± 1.8 27.51 ± 1.9 ns

% Lymphocytes 3.5 mo 27.7 ± 1.2 ns 29.32 ± 1.9 ns 26.28 ± 1.6 ns —

% Lymphocytes 6 mo 25.7 ± 1.4 ns 26.40 ± 2.2 ns 24.97 ± 1.8 p = 0.009 —

% Lymphocytes 12 mo 25.9 ± 1.4 ns 26.70 ± 2.2 ns 25.14 ± 1.7 p = 0.099 —

AMC (×109/L) baseline 0.43 ± 0.02 0.40 ± 0.03 0.46 ± 0.04 ns

AMC (×109/L) 3.5 mo 0.48 ± 0.003 p = 0.052 0.49 ± 0.04 p = 0.014 0.46 ± 0.04 ns —

AMC (×109/L) 6 mo 0.44 ± 0.02 ns 0.40 ± 0.02 ns 0.48 ± 0.05 ns —

AMC (×109/L) 12 mo 0.44 ± 0.02 ns 0.41 ± 0.03 ns 0.48 ± 0.04 ns —

% Monocytes baseline 6.41 ± 0.3 5.69 ± 0.4 7.18 ± 0.4 0.017

% Monocytes 3.5 mo 7.35 ± 0.3 p = 0.008 7.32 ± 0.4 p = 0.006 7.38 ± 0.4 ns —

% Monocytes 6 mo 7.36 ± 0.5 p = 0.019 6.42 ± 0.3 p = 0.04 8.37 ± 0.5 ns —

% Monocytes 12 mo 7.55 ± 0.4 p = 0.007 6.96 ± 0.4 p = 0.022 8.14 ± 0.5 ns —

Abbreviations: ALC = absolute lymphocyte count; AMC = absolute monocyte count; ARR = annual relapse rate; DMT = disease-modifying therapy; EDSS =
Expanded Disability Status Scale; ns = not significant.
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in 2nd-line patients, compared with 1 year before DMF (66%,
p = 0.004; 83% p = 0.0003, respectively). Comparison of
available brain MRI after >12 months of treatment with MRI
before DMF initiation revealed disease activity (new and/or
active lesions) in 14% among 1st-line and 24% among 2nd-line
patients. There was no difference in the absolute lymphocyte
count (ALC) at baseline between the 1st-line and 2nd-line
patients, and the ALC was reduced by 22% after 6-month
therapy in all patients (p = 0.012). A temporary increase in the
absolute monocyte count was seen after 3.5-month therapy
(11.6%, p = 0.052 all patients; 22.5%, p = 0.014 1st-line
patients), not sustained after 6 months. However, the per-
centage of monocytes was increased after 3.5 months and
throughout the 1-year follow-up in all patients and in 1st-line
patients (15%, p = 0.008; 29%, p = 0.006, respectively), but not
in 2nd-line patients, who had higher % monocytes at baseline.

DMF therapy alters the proportions of
immune cells
We assessed the proportions of B cells, CD4 and CD8 T cells,
and monocytes within PBMCs to confirm previous reports on
DMF effects,8–10 and to compare the effects in 1st -line vs 2nd-
line patients, in 20 PwMS (10 1st line and 10 2nd line) before
and after DMF therapy. Gating strategies are presented in figure
e-1-I, links.lww.com/NXI/A78 and results in figure e-1-II, links.
lww.com/NXI/A78. Table e-2, links.lww.com/NXI/A80 sum-
marizes baseline differences between the 1st-line and 2nd-line
patients. DMF caused a reduction in % CD8 T cells in all
patients (15.2%, p = 0.003) and in 1st-line patients (18.6%, p =
0.0096), while not in 2nd-line patients, who at baseline had less
% CD8 cells (28%, p = 0.045, figure e-1-IIA, links.lww.com/
NXI/A78, table e-2, links.lww.com/NXI/A80). Percent CD4
T cells was increased in 1st-line patients only (26%, p = 0.047)
(figure e-1-IIB, links.lww.com/NXI/A78), and there was an in-
crease in the ratio of CD4/CD8T cells in all patients (28.6%, p=
0.003) and in 1st-line patients (47.1%, p = 0.001), whereas 2nd-
line patients had a trend higher ratio at baseline (p= 0.07) (figure
e-1-IIC, links.lww.com/NXI/A78, table e-2, links.lww.com/
NXI/A80). Percent monocytes was increased in 1st-line patients
only (35%, p= 0.034) (figure e-1-IIE, links.lww.com/NXI/A78).
Percent B cells was reduced by 34% in 1st-line patients (p =
0.008), however increased by 49% in 2nd-line patients (p =
0.027) (figure e-1-IID, links.lww.com/NXI/A78), although no
difference was found on the baseline level between the groups
(table e-2, links.lww.com/NXI/A80). There was no change in
the absolute cell number of B cells or CD8 T cells, but an
increase in the number of monocytes (39%, p = 0.0057) and
CD4 T cells (34%, p = 0.017) (data not shown). Plotting all
patients, we found a significant correlation between the change
in % B cells after 15-week therapy and the change in the EDSS
score after 12 months (p = 0.014, r2 = 0.3) (figure e-1-IIF, links.
lww.com/NXI/A78), suggesting that the reduction in % B cells
is associated with a reduction in the EDSS score.

DMF modulates proportions of B-cell subsets
DMF therapy reduced % memory B cells (15.2%, p = 0.049)
whereas increased % naive B cells (9.1%, p = 0.048) in all

patients (figure 1, A–B). A trend reduction in nonswitched
memory cells was seen in all patients (15%, p = 0.059) (figure
1C), whereas no change was found on double-negative cells
(figure 1D). % naive cells and the ratio of naive/memory cells
were significantly higher at baseline in the 2nd-line patients,
whereas the nonswitchedmemory cells were higher in 1st-line
patients at baseline (table e-2, links.lww.com/NXI/A80). A
strong increase in transitional cells was found in all patients
(89%, p = 0.013) and in 1st-line patients (208%, p = 0.006),
but not in 2nd-line patients, who had a 1.9 times higher %
transitional cells at baseline (p = 0.029, figure 1E, table e-2,
links.lww.com/NXI/A80). A 51% reduction in plasma cells
was seen in 2nd-line patients only (p = 0.003) (figure 1F).
The absolute number of naive, memory, and plasma cells did
not change significantly; however, the number of transitional
cells increased in all patient groups (data not shown).

DMF therapy increases IL10+ B
regulatory subsets
B regulatory cells (Bregs) are not yet clearly defined, and
several subsets have been shown to have regulatory capacities
(reviewed in1). We assessed the effect of DMF therapy on
IL10+ B cells andmarkers associated with Bregs, such as CD25,
CD5, CD1D, CD80, and CD86. DMF increased % IL10+

B cells in all patients (176%, p = 0.021) and in 2nd-line patients
(1,143%, p = 0.0098), whereas the change was not significant in
1st-line patients, who had higher % IL10+ cells at baseline (p =
0.019) (figure 2A, table e-2, links.lww.com/NXI/A80). Several
IL10+ B-cell subsets were also increased after DMF therapy,
such as CD80+IL10+ (114%, p = 0.049 all patients; 498%, p =
0.022 2nd line) (figure 2B), CD1D+IL10+ (891%, p = 0.039,
2nd line) (figure 2C), and CD5+IL10+ (1,104%, p = 0.008, 2nd
line) (figure 2D). Furthermore, IL10 expression was increased
in B-cell subsets such as CD86+ cells (1.2 fold change [FC], p =
0.002; 1.3 FC, p = 0.039; 1.2 FC, p = 0.032) (figure 2E) and
CD5+ cells (1.14 FC, p = 0.005; 1.2 FC, p = 0.039; 1.11 FC, p =
0.039) (figure 2F) in all, 1st-line and 2nd-line patients, re-
spectively; in CD80+ cells (1.16 FC, p = 0.007; 1.3 FC, p =
0.008) (Figure 2G), and in CD1D+ cells (1.13 FC, p = 0.005;
1.21 FC, p = 0.027) (figure 2H) in all and 1st-line patients,
respectively, and in CD25+ cells in 1st-line patients (1.3 FC, p =
0.038) (data not shown). The baseline level of IL10 in these
subsets was higher in 2nd-line patients (figure 2, E-H, table e-2,
links.lww.com/NXI/A80). The absolute number of IL10+

B cells was increased in all and 2nd-line patients (data not
shown). Assessment of IL10 secretion in the media by CBA
confirmed a 185% increase (p = 0.059, trend) (figure 2I).

DMF therapy reduces proinflammatory and
increases anti-inflammatory cytokines
We compared the cytokine profile of B cells before and after
3.5-month DMF therapy in 23 PwMS (12 1st-line and 11 2nd-
line patients), culturing cells for 40 hours with or without
stimulation. We confirmed in this additional cohort and setup
that DMF increases % IL10+ B cells (data not shown). Fur-
thermore, DMF increased % TGFβ+ B cells in all patients
(26%, p = 0.06, trend) (figure 3A) and the expression of
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TGFβ (median flouresence intensity [MFI]) in 1st-line
patients (25%, p = 0.028) (figure 3B). We found a correlation
between % IL10+ and % TGFβ+ B cells after DMF therapy (p
= 0.0004, r2 = 0.5) (figure 3C). % IFNγ+ B cells were in-
creased in 2nd-line patients (294%, p = 0.005) whereas re-
duced in 1st-line patients (48%, p = 0.077, trend) (figure 3D).
Percent LTα+ B cells was reduced in 1st-line patients (71%, p
= 0.002) (figure 3E); however, the expression of LTα was
increased within LTα+ cells (FC = 1.5, p = 0.02, all patients;
FC = 1.78, p = 0.012, 1st line) (figure 3F). Percent TNFα+

B cells was reduced in 1st-line patients (36%, p = 0.06, trend)
(figure 3G), whereas % IL4+-naive B cells was elevated in all
patients (45%, p = 0.046) (figure 3H).

DMF modulates markers of antigen
presentation and activation
We assessed the effect of DMF onmolecules involved in antigen
presentation such as ICAM-1, HLA-DR, and CD40, CD80, and
CD86 (figure 4A-D). We found no change in % HLA+, ICAM-
1+, or CD40+ cells (data not shown), but the expression of HLA-
DR and ICAM-1 was increased in all patients (1.2 FC, p = 0.04;
1.6 FC, p = 0.014 respectively) (figure 4, A–B). In contrast, %
CD86+ B cells was decreased by 60% (p = 0.047) in 1st-line
patients (figure 4C). The baseline level of CD86+ B cells was
significantly lower in 2nd-line patients (p = 0.026, figure 4C,

table e-2, links.lww.com/NXI/A80). We found no effect on the
expression of CD86 or CD80 (data not shown) or on % CD80+

cells (figure 4D). HLA-DR and CD86 are also markers of acti-
vation in B cells, along with CD69. There was a 2.9 times in-
crease in % CD69+ B cells in all patients (p = 0.007) and a 6.5
times increase in 1st-line patients (p = 0.0001), whereas no effect
was found in 2nd-line patients, who had a higher baseline level (p
= 0.035, figure 4E, table e-2, links.lww.com/NXI/A80). The
expression of CD69 (MFI) was increased by 123% in all patients
(p = 0.01) and by 129% in 2nd-line patients (p = 0.06, trend)
(figure 4F), whereas in 1st-line patients, the baseline level was
higher (p = 0.001, table e-2, links.lww.com/NXI/A80). There
was no difference on % receptor for BAFF-R+ B cells (data not
shown), but the expression of BAFF-Rwas increased by 109% in
2nd-line patients (p = 0.018) (figure 4G).

Discussion
DMF is an oral therapeutic approved for patients with RRMS,
with more than 4 years in “real-world” usage, although its
mechanism(s) of action still to be fully elucidated. This study
aimed at further understanding the immunomodulatory effects
of DMF therapy on B cells, specifically comparing the effects in
patients receiving DMF as a 1st-line vs 2nd-line therapy. 1st-line

Figure 1 Proportions of the major B-cell subsets in DMF-treated patients

B cells were collected from 20 PwMS (10 “1st line” and 10 “2nd line”) at baseline and after 3.5-month DMF therapy and immediately stained with CD27, IgD,
CD24, CD38, and CD138 and analyzed by flow cytometry for the proportions of (A) naive cells (CD27-), (B) memory cells (CD27+), (C) nonswitchedmemory cells
(CD27+IgD+), (D) double-negative memory cells (CD27-IgD-), (E) transitional T1 cells (CD27-CD38hiCD24hi), and (F) plasma cells (CD27+CD38+CD138+). Results
are presented as % of B cells. DMF = disease-modifying therapy; PwMS = patients with MS.
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patients are usually in a relatively early phase of the disease,
shortly after diagnosis, whereas 2nd-line patients are generally in
a more advanced disease stage. Because MS is believed to follow
a chronic disease course, where the inflammatory processes are
gradually replaced by neurodegenerative processes,18 the im-
munologic profile of patients at different disease stages may
differ. Furthermore, 2nd-line patients have previously been ex-
posed to at least 1 other MS DMT and may present immuno-
logic carryover effects, depending on the length of time since
preceding immunotherapy and themode of action of the specific
DMT. We found several differences in baseline values of various

subsets and markers between the 1st-line and the 2nd-line
patients, which could underlie the differences in response to
DMF therapy, as observed on some of these parameters. Thus,
our results elucidate how the individual, baseline immunologic
profile of the patient may affect the immunomodulatory effect of
DMF. An important message of this observation is that
pooling of the 1st-line and 2nd-line patients in a study on
drug response may mask biological relevant changes and
potential biomarkers of treatment response. This observation
may also have consequences for drug development and for
implementation of personalized therapy.

Figure 2 DMF therapy increases IL-10–producing regulatory B cells

B cells were collected from 20 PwMS (10 “1st line” and 10 “2nd line”) at baseline and after 3.5-month DMF therapy and cultured for 4 hours with GolgiStop and
then stained extracellularly for CD86, CD1D, CD80, CD5, and CD25 and intracellularly for IL10 and read by flow cytometry. (A-D) Data presented as%of B cells.
(E-H) MFI-median fluorescence intensity of IL10 in different B-cell subsets. (I) IL10 secretion after 24 hours culture as measured by CBA, % of baseline. DMF =
disease-modifying therapy; PwMS = patients with MS.
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Clinically, 1st-line patients showed a reduction in the EDSS
score after 6 months, whereas in 2nd-line patients, the EDSS
score remained stable. This difference may represent more
beneficial clinical response in the 1st-line group vs 2nd-line
group. However, it may also represent better recovery after the
first relapse compared with recovery after repeated relapses.
Although there was no difference in the relapse rate between the
2 groups after DMF therapy, there was a significant reduction in
the ARR in 1st-line patients, but not 2nd-line patients, who in
most cases were under treatment before DMF, and only half of

them switched to DMF because of insufficient response to the
previous DMT. Of 4 patients who ceased fingolimod therapy
before DMF, 2 patients relapsed within 6 months of DMF
therapy, and again after 10 months, suggestive of a rebound ef-
fect of disease activation after fingolimod cessation.19

There was also a lower percentage of 1st-line patients with
MRI disease activity after 1-year treatment compared with the
2nd-line group; however, not all 2nd-line patients had avail-
able MRI. Together, these observations can suggest that the

Figure 3 DMF promotes an anti-inflammatory cytokine B-cell profile

B cells were collected from 23 PwMS (12 “1st line” and 11 “2nd line”) at baseline and after 3.5-month DMF therapy and cultured for 40 hours with or without
anti-CD40/anti-IgD and then stained for CD27, TGFβ, IL10, LTα, IFNγ, TNFα, and IL4 and read by flow cytometry. (A) Data presented as%of unstimulated B cells.
(D, E, G) Data presented as % of stimulated B cells. (H) Data presented as % of CD27--naive, unstimulated B cells. (B and F) MFI-median fluorescence intensity
data. (C) Correlation (Pearson) between % IL10+ B cells and % TGFβ+ B cells after 15-week DMF therapy. DMF = disease-modifying therapy; PwMS = patients
with MS.
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clinical effect of DMF may be more favorable in 1st-line
patients; however, long-term clinical follow-up (>2 years) and
larger patient cohorts are necessary to reach conclusions on
this matter.

We confirmed that DMF therapy is associated with reduced
proportion of CD8+ T cells, but not CD4+ T cells, as previously
shown.8,10 The lack of effect on CD8 T cells in the 2nd-line
patients may be due to the lower % CD8 T cells already
at baseline. We showed that although B cells were reduced in
1st-line patients, they were increased in 2nd-line patients,
which also included patients previously receiving fingolimod,
a drug shown by us and others to strongly reduce circulating
B cells.20,21 Without the previous fingolimod-treated patients,
the increase in B cells was still a trend in 2nd-line patients, thus
confirming that the effect on B cells may depend on the disease
stage and previous therapies. Previous studies have reported
similar results on immune cell numbers.8–10,14–16 The exact
mechanism responsible for the reduction in lymphocytes
during treatment is not yet known, although DMF has been
shown in vitro to induce apoptosis in B cells15 and T cells.8,22

Of interest, a significant correlation was found between the
reduction of B cells after 15 weeks and a reduction in the EDSS
score after 12 months and thus with more beneficial clinical
effect. Whether this may serve as a surrogate marker for re-
sponse to therapy is to be verified in further studies.

We showed that DMF therapy reducedmemory B cells, whereas
increased naive cells, specifically transitional B cells, in line with
previous reports.14–16 Of interest, a similar effect is found after
fingolimod therapy,21 despite the different modes of actions of
these 2 drugs, suggesting that they reset the B-cell composition
toward a more naive and regulatory state. In line with this, the
2nd-line patients had higher % naive and transitional cells at
baseline, likely because of carryover effects of previous therapies
such as fingolimod and IFNβ.1 The observed reduction in
plasma cells, found in 2nd-line patients only, has not previously
been reported. We suggest that this could be a result of DMF
stabilizing an effect already induced by previous therapy.

Because transitional B cells have been associated with regu-
latory capacities, including high production of IL10,23–25 their

Figure 4 DMF therapy modulates markers of antigen presentation and B-cell activation

B cells were collected from 20 PwMS (10 “1st line” and 10 “2nd line”) at baseline and after 3.5-month DMF therapy and immediately stained for ICAM-1, HLA-
DR, CD40, CD86, CD80, CD69, and BAFF-R and read by flow cytometry. (A, B, F, G) MFI-median fluorescence intensity data. (C-E) Data presented as% of B cells.
ALC = absolute lymphocyte count; AMC = absolutemonocyte count; ARR = annual relapse rate; DMT = disease-modifying therapy; ns = not significant; PwMS =
patients withMS. Data presented asmean + SEM.Median age and time since last DMT presented in parenthesis. Disease duration calculated from the time of
MS diagnosis. ARR: number of relapses appears within the parenthesis. EDSS p value at any time point compared with baseline (0 m) calculated by the
Wilcoxon signed-rank test or paired t-test, according to normality. p value between the 1st- and 2nd-line therapy patients calculated by the Mann-Whitney U
test or by the unpaired T-test, according to normality. MRI–patients withMRI disease activity after >1 year, % calculated out of patients with available MRI (1st
line, 22 patients; 2nd line, 17 patients).
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increase suggests that DMFmay enhance Bregs. Several B-cell
subsets have been described as having regulatory capacities,1

including CD27-CD24hiCD38hi transitional cells,23,24

CD27+CD24hi memory cells,26 and CD27+CD25+ memory
cells.27–30 This indicates that either various Breg subsets exist
or that distinct B-cell subsets can adopt anti-inflammatory
capacity in response to appropriate stimuli.1 Bregs can inhibit
the expansion of inflammatory T cells, through particularly
IL10, but also IL35 or TGFβ.31We found that DMF increased
IL10 expression and % IL10+ B cells within several subsets,
such as CD1D+, CD80+, CD5+, CD86+, and CD25+ B cells,
all markers associated with Breg subsets.1 Two previous
reports did not find an increase in IL10+ B cells15,16; however,
this may be masked when pooling 1st-line and 2nd-line
patients in the analysis. The higher baseline level of IL10
expression in 2nd-line patients could be due to carryover
effects from previous therapies because both fingolimod and
IFNβ increase IL10 in B cells.1 We showed here for the first
time that DMF increases TGFβ+ B cells and TGFβ expres-
sion. Because DMF also reduced proinflammatory LTα+ and
TNFα+ B cells and increased IL-4+ cells, our results suggest
a shift toward a more anti-inflammatory, regulatory profile of
B cells. This is in line with a recent report of a reduced ratio of
GM-CSF, TNFα, and IL6 to IL10 in B cells in DMF-treated
patients.15 We found an increase in IFNγ+ B cells in 2nd-line
patients, which could result from the lower baseline level of
this cytokine than in 1st-line patients, who in contrast showed
a trend reduction in this cytokine. Thus, DMF therapy may
reset the cytokine profile of the patients, which has been
shown to be altered in B cells in MS.32,33

One of the major roles of B cells is the presentation of antigen
and stimulation of T cells. Efficient activation of T cells requires
a first signal through the T-cell receptor and a second cos-
timulatory signal through CD28-CD80/CD86 binding.34,35 In
the absence of a second signal, T cells become unresponsive or
anergic.35–37 Although DMF therapy was associated in this
study with increased antigen-presenting molecules CD54 and
HLA-DR,38 the reduction in%CD86+ B cells, and no change in
CD86, CD80, or CD40 expression, may suggest that DMF
could induce T-cell insensitivity. The increased proportion of
peripheral activated CD69 B cells may contribute to retain
a functional immune system, as demonstrated by the good
safety profile of DMF.11,12

We are aware of certain limitations of this study. The 3.5-
month therapy duration may not be sufficient to capture all
immunomodulatory effects of DMF on B cells; however, those
detectable after 3.5 months are likely to be of biological rele-
vance and potential biomarkers. A recent report showed that
observations on B-cell subsets after 3-month therapy were
persistent also after 12months15, thus confirming the relevance
of our findings. Another limitation is the relative small cohorts
of the subanalysis of 1st-line vs 2nd-line patients, especially with
the variability among the latter group, due to differences in
previous DMT and time since previous DMT cessation. Fur-
thermore, time between the onset of symptoms to diagnosis

may vary greatly inMS, thus limiting the timing of disease cause
of a patient. However, the differences in baseline immune
profile and in DMF immunomodulation between the 1st-line
and 2nd-line patients demonstrated in this study call for further
validation in larger cohorts and for careful consideration of such
variance in studies of drug biomarkers.

To conclude, DMF therapy is associated with reduced memory
and increased transitional B cells. The drug increases IL10+ and
TGFβ+ Bregs and promotes an anti-inflammatory cytokine
profile. An increased proportion of activated B cells may allow
retained functional immunity; however, with a reduction in
CD86, these cells might potentially induce a restricted immune
hypo-responsiveness. The 1st-line and 2nd-line patients pres-
ent differences in their baseline immunologic profiles, sup-
posedly because of carryover effects from previous DMTs and
changes in disease mechanisms occurring along the disease
course, and these differences may affect the individual immune
response to DMF therapy.
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The causes of encephalopathy in the posttransplant setting are diverse and include medication
toxicity (e.g., posterior reversible encephalopathy syndrome), infections (e.g., human herpes
virus type 6 [HHV-6]), and neoplastic disease (posttransplant lymphoproliferative disorder).
Autoimmune etiologies are not well recognized in this setting, although a few cases are
described.1–5 Herein, we report 3 patients with posttransplant autoimmune encephalitis (AE).

Methods
Standard protocol approvals, registrations, and patient consents
All 3 patients consented to the use of their medical records for research purposes.

Case reports
We retrospectively identified patients by searching the Mayo Clinic (Rochester, MN) elec-
tronic medical record and Neuroimmunology Laboratory database from January 1, 2005, to
January 1, 2018. Three patients met the inclusion criteria: (1) definite autoimmune encephalitis
by 2016 criteria6 and (2) neurologic onset after solid-organ or hematopoietic stem cell
transplantation (HCT). Neural autoantibody (Ab) testing occurred at the Mayo Clinic Neu-
roimmunology Laboratory, as previously described.7

Case 1
A 68-year-old Caucasian woman presented with psychosis, orofacial dyskinesias, and memory
loss 10 years after a heart transplant for dilated cardiomyopathy. Maintenance immunosup-
pression at that time included tacrolimus and mycophenolate mofetil. She was initially
diagnosedwith psychotic depression.MRI revealed subtle rightmesial temporal T2-hyperintensity
(figure, A). CSF revealed elevations in the white blood cell count (62/μL; normal, <5) and protein
level (59 mg/dL; normal, <45 mg/dL). CSF N-methyl-D-aspartate (NMDA) receptor (R) ab
(titer 2 [normal, <2]; positive cell-based assay [CBA]) and Epstein-Barr Virus (EBV) PCR were
positive, but HHV-6 PCR was negative. PET-CT body was normal. Additional immunosup-
pressive treatment with IV methylprednisolone (IVMP) × 12 weeks and rituximab (1 g IV × 2
doses) resulted in resolution of psychosis and memory improvement (34/38–38/38 on Kokmen
Short Test of Mental Status [STMS]). She was maintained on cyclosporine and mycophenolate.
The modified Rankin Scale (mRS) score was 0 at 24 months from onset.

Case 2
A 61-year-old Caucasian man had subacute memory loss and disorientation 1 month after liver
transplant for sclerosing cholangitis. He had received basiliximab and had commenced tacro-
limus and mycophenolate mofetil for maintenance immunosuppression. MRI revealed bilateral
mesial-temporal T2-signal abnormality (figure, B). The CSF white cell count and protein level
were normal, andHHV-6 PCRwas negative. Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid Receptor (AMPAR) ab was detected in serum (titer = 30,720; CBA positive) and CSF

From the Department of Neurology (D.A.C., A.S.L-C., S.J.P., A.G., A.Z., E.P.F.), Department of Laboratory Medicine and Pathology (S.J.P., E.P.F.), Department of Medicine, Divisions of
Cardiology (B.A.B.), Department of Hematology (W.J.H., Y.L.), Department of Gastroenterology (J.J.P.), and Mayo Medical School (K.M.W.), Mayo Clinic, Rochester, MN.

Funding information and disclosures are provided at the end of the article. Full disclosure form information provided by the authors is available with the full text of this article at
Neurology.org/NN.

The Article Processing Charge was funded by the authors.

This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND), which permits downloading
and sharing the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal.

Copyright © 2018 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 1

http://dx.doi.org/10.1212/NXI.0000000000000497
mailto:flanagan.eoin@mayo.edu
http://nn.neurology.org/lookup/doi/10.1212/NXI.0000000000000497
http://creativecommons.org/licenses/by-nc-nd/4.0/


(titer = 32; CBA positive). CT body was essentially normal.
Additional immunosuppression with IVMP (1 g/d for 5 days
and then weekly), plasmapheresis (x5), IVIg (0.4 g/kg weekly),
rituximab (1 g intravenously × 2 doses), and later oral pred-
nisone (40mg/d) and a switch from tacrolimus to cyclosporine
resulted in improved cognition (26/38–33/38 on Kokmen
STMS). Twelve months after onset, his mRS score was 3.

Case 3
A 54-year-old Caucasian woman presented with subacute en-
cephalopathy and bilateral vision loss (left > right) 38 months
after HCT for multiple myeloma. She was not taking mainte-
nance immunosuppression but had previously received cyclo-
phosphamide, bortezomib, dexamethasone, and melphalan.
MRI showed enhancement of the brainstem, thalamus, and
optic nerves (figure, C) consistent with acute disseminated
encephalomyelitis (ADEM). CSF revealed an elevated white
blood cell count (568/μL; 79% neutrophils) and protein level
(117 mg/dL). Serum myelin oligodendrocyte glycoprotein
(MOG) ab was positive by fluorescent-activated cell-sorting
live CBA (IgG-binding-index 49.7; normal, <2.5). PET-CT
body was normal. Five days of IVMP (1 g/d) resolved her
encephalopathy, but left eye visual acuity remained 20/400 and
the mRS score was 1 at last follow-up, 26 months after onset.

Discussion
We show that AE can occur posttransplant and highlight the
potential benefit of additional immunosuppression, particu-
larly antibody/B-cell depleting therapy. Our identification of
3 patients over a 13-year timeframe at our facility and the few
previous reported cases suggests that posttransplant AE is
rare, but could also reflect AE diagnoses being overlooked in
patients receiving immunosuppression.

Each included patient had a neural autoantibody of path-
ogenic potential with a compatible clinical syndrome
(NMDAR: psychosis and orofacial dyskinesia; AMPAR:
limbic encephalitis; MOG: ADEM) and improved with

additional immunosuppression supporting AE over competing
diagnoses. Three case reports of posttransplant anti-NMDAR
encephalitis are described. One case occurred 16 months after
kidney transplantation for radiation nephropathy preceded by
HCT for non-Hodgkin lymphoma5; the 2 other cases were
after renal transplant for reflux nephropathy and pyelonephri-
tis, respectively2,3; all developed AE while taking immuno-
suppressants (mycophenolate, 3; prednisone, 2; tacrolimus, 1).
Similar to our anti-NMDAR encephalitis patient, 2 cases had
concurrent EBV infection detected in CSF potentially sug-
gesting a post-infectious AE similar to post-HSV encephalitis or
facilitation by blood-brain barrier breakdown with EBV in-
fection or reactivation. Similar to our case of ADEM with
MOG Ab, ADEM cases posttransplant are described, but most
reports preceded MOG Ab availability.1 Leucine-rich glioma-
inactivated 1 (LGI1) ab encephalitis in a child 15 months after
HCT for aplastic anemia is also reported.4 HHV-6 reactivation
is associated with limbic encephalitis posttransplant (particu-
larly HCT), but our patients with limbic encephalitis tested
negative. Our report suggests that imbalance between B- and
T-cell depletion can provoke autoimmunity, similar to how it
occurs with congenital (e.g., Di-George syndrome) and iatro-
genic (e.g., alemtuzumab) immunodeficiency.
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Figure MRI of posttransplant autoimmune encephalitis

(A) Right mesial temporal T2-hyper-
intensity (arrow) on coronal Fluid-
attenuated inversion recovery (FLAIR)
in a patient with posttransplant anti-
NMDA receptor encephalitis. (B) Bi-
lateral (right more than left) mesial
temporal T2-hyperintensity (arrows)
in a patient with posttransplant anti-
AMPA receptor encephalitis. (C) Con-
currentmidbrain enhancement (arrow)
and bilateral optic nerve enhance-
ment (arrowheads) in patient with
posttransplant myelin oligodendro-
cyte glycoprotein antibody disease.
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Antibodies against myelin oligodendrocyte glycoprotein (MOG) have been identified in CNS
inflammatory demyelinating disorders (IDDs) including neuromyelitis optica spectrum disorders
(NMOSDs) without aquaporin-4 (AQP-4) antibodies. As in NMOSD, spinal cord and optic
nerves are 2 of the most frequently involved CNS sites in combined central and peripheral
demyelination (CCPD) syndromes.1–3 Spinal cord lesions of variable length and abnormal visual
evoked potentials with andwithout clinical optic neuritis have been commonly described inCCPD
series and single reports, but AQP-4 antibodies were detected in a minority of patients.1–4 MOG
antibodies have not been reported inCCPD cases, and their role inCCPD is largely unknown. The
clinical relevance of previously suggested antigens, such as neurofascin-155 (NF-155), expressed
both in peripheral and central myelin, remains controversial. We present a CCPD case with
elevated serum MOG-IgG1 antibodies and suggest their potential role in CCPD syndromes.

Case report
An 18-year-old man developed numbness and weakness in the left upper extremity and bilateral
lower extremities, loss of bladder and bowel control, and erectile dysfunction over a 3-week
period. There was no preceding infection or vaccination, and he denied visual symptoms. On
examination, he had features of both CNS and peripheral nervous system (PNS) involvement,
including right facial and trigeminal nerve dysfunction, mild left upper motor neuron pattern of
weakness, with superimposed left wrist and foot drop, length-dependent sensory deficits in the
lower extremities, reduced patellar reflexes, absent Achilles reflexes, and left arm hyperreflexia.
A T8 sensory level and equivocal plantar responses were noted. MRI studies revealed multiple
contrast-enhancing T2/fluid-attenuated inversion recovery hyperintense lesions in supra-
tentorial and infratentorial brain structures, cervical spine (involving ≥3 vertebral segments),
thoracic spine, and conus medullaris (figure, A, C, E, G) and diffuse thickening and en-
hancement of the lumbosacral nerve roots. Nerve conduction studies showed a patchy, pre-
dominantly demyelinating neuropathy with absent left tibial F waves and abnormal temporal
dispersion or conduction block in the left tibial, median, and radial motor nerves, resembling
multifocal acquired demyelinating sensory and motor neuropathy. CSF revealed 20 cells/mm,3

protein of 80 mg/dL, and 6 CSF-restricted oligoclonal bands. A sural nerve biopsy confirmed
the presence of an inflammatory demyelinating neuropathy (figure, I–K). The patient’s serum
was negative for antibodies against GM1, GD1a, GD1b, GQ1b, contactin-1, sulfatides, NF (NF-
155, NF-140), and myelin-associated glycoprotein. AQP-4 antibodies and paraneoplastic an-
tibody panel (including CRMP-5) were negative in serum and CSF. Infectious, toxic-metabolic,
granulomatous and infiltrative processes, hereditary neuropathies (including CMT1A,
CMT1B, CMT1X, and hereditary neuropathy with liability to pressure palsies), and inherited
leukodystrophies (adrenomyeloneuropathy, metachromatic leukodystrophy, and Krabbe dis-
ease) were excluded by pertinent additional testing. Elevated serum MOG-IgG1 antibodies
were detected using a clinically validated live cell-based assay.5 A diagnosis of MOG antibody-
related demyelinating disease was made. Intravenous corticosteroids resulted in clinical
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improvement with only mild residual neurogenic bladder and
erectile dysfunction at 3 months and radiographic improve-
ment of the brain and spinal cord enhancing lesions (figure, B,
D, F, H). PNS features also improved with normalization of
leg reflexes and complete recovery of the facial palsy and the
wrist and foot drop. MOG-IgG1 antibodies were not detected
at 9-month follow-up, which might suggest a low relapse risk.6

Discussion
In recent years, some efforts have been made to try to identify
antigenic targets and serologic markers in CCPD syndromes.
This is a case of confirmed MOG antibody–related de-
myelinating disease in a patient with CCPD and inflammatory
demyelinating polyradiculoneuropathy. Its molecular structure

and location on the CNS surface myelin sheath and oligo-
dendrocyte processes predict MOG to be an important target
of autoantibodies and cell-mediated immune responses in
IDDs. Although the PNS antigen remains elusive in this case,
we propose 3 hypotheses to explain the simultaneous CNS and
PNS involvement. MOG is found in a secreted isoform, which
could be released into the CSF, triggering or “spreading” au-
toimmunity when drained into the PNS by means of molecular
mimicry with peripheral myelin proteins. Although this process
would theoretically imply a temporal delay between CNS and
PNS symptom onset, a short interval between both cannot be
entirely excluded in our patient. In addition, the identification
of peripheral MOG expression in rats and primates increases
the possibility of an immune response directed to MOG in
central and peripheral nerve structures, but this requires further
investigations in humans.7 Finally, autoimmune attacks could

Figure Neuroimaging studies and sural nerve biopsy in CCPD associated with MOG-IgG1 antibodies

(A) Gadolinium-enhanced axial T1-weightedMRI of the brain, showing several enhancing lesions in the right pons/middle cerebellar peduncle (trigeminal nerve
entry zone), (C) the left periatral region and subcorticalwhitematter of both cerebral hemispheres; and (BandD)at 3-month follow-up, showing resolutionof the
previously observed contrast-enhancing supratentorial and infratentorial lesions. (E andG) Sagittal T2 short tau inversion recovery sequenceMRI of the cervical
and thoracic spine, showing a longitudinally extensive lesion from C5 through T1, lesions involving T10-T11 segments, and conusmedullaris; and (F and H) at 3-
month follow-up, showing a marked decrease in the size of previously observed cervical, thoracic, and conus medullaris lesions. (I) Teased nerve fiber
preparation (×16) of the left sural nerve, revealing increased demyelination and remyelination (arrows) and axonal degeneration (asterisks). (J) Semithin epoxy-
embeddedsection (×40), showingmoderately to severely reducedmyelinated fiber density and rare degenerating profiles (arrow). (K) CD45 (leukocyte common
antigen) preparation (×16), showing reactive individual cells within the endoneurium (arrow) and a single small perivascular epineurial collection (not shown).
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potentially target nonshared antigens in both CNS and PNS
compartments in individuals with an increased susceptibility to
autoimmunity.

PNS involvement should not discourage clinicians from in-
vestigating the presence of MOG antibodies in IDDs. We also
propose that MOG autoimmunity may play a role in some
CCPD cases.
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Sarcoidosis is a systemic illness of unknown etiology, characterized histologically by the for-
mation of noncaseating granulomata in the affected tissue. The most common sites of in-
volvement include the pulmonary system; however, neurologic involvement may be seen as
well, though typically presenting with systemic findings.1 Diagnosing sarcoidosis is challenging
due to the lack of reliable serum or imaging markers and hence typically relies on tissue
diagnosis.1 Although fluorodeoxyglucose positron emission tomography (FDG-PET) has been
used in the diagnosis of sarcoidosis, its role is not well established.2–4 FDG-PET is an imaging
technique wherein FDG, a glucose analogue, is introduced into the body, where it is metab-
olized with varied rates by different cells.2–4 Certain conditions, such as malignancy or in-
flammatory disease, demonstrate increased metabolism and therefore uptake of FDG, which is
visualized by PET scan. We report a case of probable neurosarcoidosis presenting with an
unusual pattern of FDG uptake without concomitant brain MRI findings.

Case report
A48-year-old womanwith generalized anxiety disorder presentedwith 1month of recurrent fevers
of unclear etiology, pancytopenia, and progressive neurologic symptoms including dysarthria,
vertigo, diplopia, and severe gait ataxia with inability to walk. Her neurologic symptoms had
a waxing and waning course, worse during febrile episodes. Her examination was notable for
dysconjugate gaze with left eye exotropia, multidirectional nystagmus, and gait instability. She
underwent multiple brain MRI scans with gadolinium contrast (sequences: sagittal and axial T1
precontrast, axial T1 postcontrast, sagittal and coronal T1 fat sat postcontrast, axial T2 FLAIR,
sagittal and axial T2, diffusion-weighted imaging, and apparent diffusion coefficient), which
demonstrated mild generalized volume loss and mega cisterna magna, but no other abnormal
findings (figure). MRI of her cervical spine was unremarkable. Extensive infectious workup was
unrevealing (negative bacterial culture, bacterial PCR, mycobacterial PCR, fungal PCR, and viral
PCR [varicella zoster virus, herpes simplex virus, enterovirus], toxoplasma immunoglobulin
M/immunoglobulin G, Bartonella Ab, Borrelia species Ab, Treponema pallidum, Lyme disease,
QuantiFERON Gold, and HIV). Laboratory studies showed positive antinuclear antibody, with
homogenous and speckled pattern at 1:320, indeterminate antichromatin and negative anti-
dsDNA, complement levels, and antiphospholipid antibody panel. A paraneoplastic panel was
negative. CSF analysis showed 3 red blood cells, 11 white blood cells (92% lymphocytes), protein
45 (mg/dL), and glucose 97 (mg/dL). Serum and CSF angiotensin-converting enzyme levels
were within normal limits. CT of the chest, abdomen, and pelvis was notable for mild bilateral
axillary lymphadenopathy, splenomegaly, and a left ovarian cystic lesion. Pelvic ultrasound showed
a benign-appearing left ovarian cyst, and her mammogram was negative. A bone marrow biopsy
demonstrated no evidence of malignancy and was normal. Given the concern for malignancy,
whole-body FDG-PET CT scan was performed (2 days after the most recent brain MRI), which
showed diffusely increased FDG uptake in the bilateral cerebellar hemispheres, splenomegaly, and
FDG avid subpectoral and mesenteric lymph nodes not detected on previous CT (figure). She
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underwent excisional biopsy of a right axillary lymph node,
which on histopathology demonstrated numerous well-formed,
nonnecrotizing granulomata. Gomori methenamine silver and
acid-fast stains were negative for fungi and acid-fast bacteria,
respectively. Flow cytometry performed on peripheral blood,
CSF, and the right axillary lymph node did not identify
any abnormal B- or T-cell populations. She was diagnosed as
probable neurosarcoidosis, with biopsy that confirmed systemic
sarcoidosis in the context of a consistent clinical neurologic
syndrome. A brain biopsy was considered but deferred given the
risk. Her fevers and neurologic symptoms promptly improved
after initiation of an empiric three-day course of IV methyl-
prednisolone 1000 mg daily, followed by a slow oral prednisone
taper. She was placed on mycophenolate mofetil for mainte-
nance therapy. At 1 month after discharge, her neurologic
symptoms had completely resolved, and she returned to work.
At 6 months clinic follow-up, she had no residual symptoms or
neurologic signs and had no recurrent episodes. At 22 months
electronic and phone follow-up, she continued to report stability
without residual symptoms. Repeat FDG-PET scan was con-
sidered to determine change in hypermetabolic activity after
treatment, but could not be obtained because of cost barriers.

Discussion
We present a unique case of probable neurosarcoidosis with
a clinical presentation and a pattern of diffuse cerebellar

involvement that has not been previously reported in the
literature to our knowledge.1,5,6 Extensive diagnostic workup
with MRI, CSF analysis, and serologic studies was unreveal-
ing, and the diagnosis was uncertain until FDG-PET discov-
ered cerebellar pathology and additional lymphadenopathy,
eventually allowing confirmation of systemic sarcoidosis.
FDG-PET is often used in the workup of malignancy, and
more recently, it has become increasingly established to
identify hypermetabolic extrapulmonary sites of sarcoidosis.3,7

However, FDG-PET findings of CNS activity are not well
established to diagnose neurosarcoidosis. Our case demon-
strates that FDG-PET may show abnormal metabolic activity
in the brain even when conventional MRI imaging is unre-
vealing. Such discrepancy between MRI and FDG-PET find-
ings has been previously reported in 2 cases of spinal
sarcoidosis.4,5 In addition, FDG-PET may identify lesions
amenable to biopsy even when conventional imaging techni-
ques do not. In summary, FDG-PETmay have a critical role in
contributing to the diagnosis of neurosarcoidosis, especially
when serologic studies and conventional imaging remain
nondiagnostic.
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Figure FDG-PET, lymph node biopsy, and brain MRI

(A) FDG PET CT coronal and sagittal
images, showing diffusely increased
FDG uptake in the bilateral cerebellar
hemispheres. Increased FDG uptake
was also seen in the right axillary and
mesenteric lymph nodes. (B) H&E
stain of the right axillary lymph
node biopsy with histology finding of
noncaseating granuloma. Stains for
microorganism were negative (War-
thin-Starry, Gomori methenamine
silver, acid-fast bacillus). (C–E) Brain
MRI performed 2 days before FDG
PET. (C) Axial T1 precontrast se-
quence with mild generalized vol-
ume loss and mega cisterna magna.
(D) Axial T1 postcontrast sequence
with no abnormal enhancement. (E)
Axial T2 sequence with no signal
abnormalities. FDG PET = fluo-
rodeoxyglucose positron emission
tomography; H&E = hematoxylin and
eosin.
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Case presentation
A gentleman in his late 40s developed a “pins and needles” sensation and numbness in his left
hand that was exacerbated by leaning on his left arm or hyperextending his neck. The numbness
developed over a few weeks. Over the next 2months, the numbness spread proximally in the left
arm, then to the right arm, and in patches over his bilateral upper chest and next to the bilateral
posterior thighs. He denied pain, weakness, fatigue, cognitive changes, vision changes, dysar-
thria, or dysphagia or changes in bladder or bowel function. A review of systems was otherwise
negative or normal. Past medical history was notable for hyperlipidemia, treated with ator-
vastatin 20 mg daily. There was no family history of neurologic or autoimmune disease. Vital
signs and general physical examination were normal. Neurologic examination was notable for
normal mental status and cranial nerve examinations. Gait, coordination, and the remainder of
the motor examinations were normal. Sensation was mildly reduced to light touch circum-
ferentially throughout both arms, in patches over the anterior chest, and over the posterior
thighs, with preserved sensation to vibration, pinprick, and temperature. The Romberg sign was
not present. Deep tendon reflexes were normal. The plantar response was flexor bilaterally.

Serum testing was negative for aquaporin-4 IgG, and targeted infectious, metabolic, and he-
matologic studies were unrevealing (table 1). The MRI showed a longitudinally extensive
transverse myelitis (LETM, where the T2 hyperintensity extends ≥3 vertebral segments)1

(figure 1). CSF examination showed no pleocytosis, normal glucose, elevated total protein
(84 mg/dL), normal IgG index, and zero oligoclonal bands (table 2).

Differential diagnosis
This patient’s symptom onset and evolution were both subacute. The differential of a partial
myelopathy includes structural (compressive), inflammatory, metabolic, toxic, infectious,
paraneoplastic, vascular (especially spinal dural arteriovenous fistula), and malignant causes.
Genetic/inherited causes usually present more insidiously.2 In acute cases of myelopathy where
inflammation of the spinal cord is demonstrated by imaging or in CSF, but no more specific
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etiology is found, the label idiopathic acute transverse myelitis
may be applied, typically reaching nadir in 4–21 days.3 This
case presented as a subacute partial myelitis.

A key clinical feature of this patient’s presentation is the relative lack
of earlymajor clinical deficits despite such an extensive longitudinal
spinal cord lesion, which favors neurosarcoidosis, differing from
neuromyelitis optica spectrum disorder (NMOSD) pathophysi-
ology (which typically causes extensive tissue destruction all along
the lesion, and profound early deficits). While LETM is excep-
tionally uncommon in MS, it is highly characteristic of NMOSD
and can be associated with other inflammatory myelitides, partic-
ularly with neurosarcoidosis. Dorsal subpial post-gadolinium en-
hancement is characteristic of neurosarcoidosis myelitis when
compared to NMOSD, whereas the ring configuration of en-
hancement is highly reminiscent of the inflammatory patternmost
commonly affiliated with those diagnostic entities under the rubric
of the NMOSD.4 The “trident sign” describes central canal en-
hancement with dorsal subpial enhancement in neurosarcoidosis
myelitis.5 This pattern of enhancement can also be seen with CNS
infection (including granulomatous infection) and lymphoma.

The circumferential, nondermatomal pattern of sensory loss
favors a CNS lesion. The contiguous spread from arms to chest

Table 1 Laboratory results: blood

Result Reference range

Erythrocyte sedimentation rate 4 mm/h 2–28 mm/h

C-reactive protein 1.5 mg/L <6.3 mg/L

Antinuclear antibodies 1:160, speckled <1:40

Anti-proteinase 3 <10 CU <20 CU

Anti-myeloperoxidase <10 CU <20 CU

Smith antibody <10 CU <20 CU

RNP antibody <10 CU <20 CU

Aquaporin-4 IgG Not detected

Vitamin B12, ng/L 388 211–911

Methylmalonic acid, μmol/L 0.19 <0.3

Copper, μg/dL 76 70–140

Alpha tocopherol, mg/L 15.7 5.7–19.9

Beta and gamma tocopherols, mg/L 1.7 <4.3

Lactate dehydrogenase, U/L 94 102–199

Serum protein electrophoresis and immunofixation Normal pattern/Negative

HIV antigen/antibody Negative

Nontreponemal screen (RPR) Nonreactive

Lyme disease antibody total (EIA) Negative

Coccidioides antibody immunodiffusion Negative

Bartonella henselae IgG and IgM Negative

Bartonella quintana IgG and IgM Negative

Quantiferon Gold Negative

Abbreviations: EIA = enzyme-linked immunosorbent assay; RNP = ribonucleoprotein; RPR = rapid plasma reagin.

Table 2 Laboratory results: CSF

Result
Reference
range

White blood cell count, cells/μL 4 0–5

Red blood cell count, cells/μL 3 0–10

Protein, total, mg/dL 84 15–45

Glucose, mg/dL 53 40–80

Oligoclonal bands No bands identified

IgG index 0.49 <0.66

VDRL Nonreactive

Abbreviation: VDRL = Venereal Disease Research Laboratory.
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to legs, yet sparing the face, suggests an evolving or expanding
cervical spinal cord process below the level of the spinal tri-
geminal nucleus, which carries pain and temperature as low as
C2–C4.2 The syndrome points towards a partial cervical mye-
lopathy with only 1 of the 3 main spinal cord pathways affected
(sensory, specifically dorsal column, but not motor or bowel/
bladder), as opposed to a true transverse myelopathy.6

Given a strong clinical suspicion and high pretest probability for
neurosarcoidosis causing his myelitis, a chest CT with IV con-
trast was performed. The chest CT revealed bilateral hilar and
mediastinal calcified lymph nodes and perilymphatic pulmonary
nodules, consistent with pulmonary sarcoidosis. Fine needle
aspiration revealed rare nonnecrotizing granulomas consistent
with sarcoidosis, with no evidence of infection or malignancy.

Final diagnosis
Probable neurosarcoidosis, manifesting as a partial longitu-
dinally extensive transverse cervical myelitis, supported by
biopsy-confirmed pulmonary sarcoidosis.

Discussion
Pathobiological mechanisms of noncaseasting
granulomatous inflammation
CNS involvement from sarcoidosis occurs in approximately
5%–15% of sarcoidosis patients and canmanifest with variable

combinations of leptomeningitis, meningoencephalitis,
pachymeningitis, optic neuropathy, other cranial neuropa-
thies, hypothalamic/pituitary involvement, myelitis, or radi-
culitis.7 While sarcoidosis is classically and formally described
as a multisystem disease, about 10%–20% of neurosarcoidosis
cases have seemingly exclusive CNS involvement.7,8

On MRI, neurosarcoidosis spinal cord parenchymal in-
volvement can appear longitudinally extensive, smaller
segmental or multifocal.7,9 In addition to the enhancement
pattern seen in this case, there may also be enhancement
involving the central canal, nerve roots, meninges, or other
parts of the CNS if also affected by neurosarcoidosis.9

Neurosarcoidosis lesions can exhibit persistent T1 post-
gadolinium enhancement for months or years at a time,
even with treatment, whereas inflammatory-demyelinating
lesions of MS and NMO typically remit within 1–2
months.4,8,10,11

Our patient’s chest CT revealed bilateral hilar and mediastinal
calcified lymph nodes and perilymphatic pulmonary nodules,
consistent with pulmonary sarcoidosis. If the CT is negative,
a whole-body Fludeoxyglucose Positiron Emission Topogra-
phy (FDG-PET) can be diagnostically valuable to look for
metabolically active but still normal sized lymph nodes that
may be targets for biopsy. A skin examination looking for
evidence of cutaneous sarcoidosis and eye examination (and
sometimes conjunctival biopsy) may also be helpful in this
context.

Figure 1 MRI of inflammatory myelitis before and after treatment

(A and B) Sagittal and axial T2-weighted images that reveal hyperintensity fromC4 to C7 involving the central gray and dorsal whitematter bilaterally. T1 post-
gadolinium images revealed partial, dorsal enhancement of the lesion with likely pial involvement (C and D) with some involvement of the leptomeninges
(arrowhead). Repeat MRI after 2 months of oral prednisone (E–H) shows near resolution of the hyperintense lesion previously extending from C4 to C7, but
persistent dorsal enhancement likely indicating a nidus of active granulomatous inflammation.
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Angiotensin-converting enzyme (ACE) level is commonly
considered in the diagnostic evaluation for sarcoidosis, but it
is a nonspecific marker. While serum ACE tends to be higher
on average in patients with sarcoidosis (and especially active
pulmonary sarcoidosis) compared to those without sarcoid-
osis, sensitivity for sarcoidosis is low, 29%–60%, with speci-
ficity of about 89%.12–15 Similarly, in the CSF, sensitivity and
specificity of ACE for neurosarcoidosis are 24%–55% and
94%, respectively.16,17 In summary, a normal ACE should
not exclude neurosarcoidosis, and an elevated ACE can be

nonspecific and sometimes seen in association with other
inflammatory, infectious, malignant, or metabolic processes or
polymorphisms in the ACE gene.

The inflammation of sarcoidosis is characterized by well-
formed, noncaseating (nonnecrotizing) granulomas contain-
ing monocytes and macrophages, T lymphocytes,
B lymphocytes, and fibroblasts, among other cell types (figure
2).18,19 Granulomas in the CNS tend to have a perivascular
predilection. The granulomatous inflammation of sarcoidosis

Figure 2 Putative mechanisms of noncaseating granulomatous inflammation in neurosarcoidosis

This figure illustrates putativemechanisms the assembly and organizationof the complex coordination of putative cellular andmolecularmechanisms, which
are thought to represent the pathobiological underpinnings for noncaseating granulomatous inflammation in neurosarcoidosis. Immune cells traffic into the
“target tissue” via arterioles and can subsequently exhibit properties of antigen presentation. A collection of various immune cell types (e.g., B and T cells,
macrophages, and plasma cells) acquire an affinity to become part of what we analogize as an “island of inflammatory cells,” delimited by a perimeter
principally composed of hyaline collagen (shown on the figure). As opposed to granulomatous inflammation associated with tuberculosis and other
processes, those compositional cellular elements in sarcoidosis usually do not undergo necrotic granulomatous transformation. The M1 designated mac-
rophage is an important constituent of the sarcoid granuloma, andmost particularly with respect to its ability to coordinate the inception and prolongation of
“pro-inflammatory” cascades, thereby representing a key feature of the noncaseating granuloma of sarcoidosis. Alternatively, the M2 macrophage is
characterized by its ability to provide reciprocal properties, in striking contradistinction, to the M1 macrophage, by exhibiting cardinal anti-inflammatory
characteristics, including, but not limited to, the elaboration of a highly stereotyped set of anti-inflammatory cytokines and chemokines. Taken together, the
repertoire and heterogeneity of intragranulomatous mononuclear cells serve to orchestrate the immune regulatory networks that provide for both
the ignition and the complex coordination of the cellular andhumoral factors, which have nowbecome classic hallmarks of granulomatous inflammation. The
noncaseasting granuloma is equipped with counterbalancing mechanisms (i.e., the inflammatory “braking system”) capable of both high precision attenu-
ation, as well as a corresponding ability to abolish those cascades that serve to provoke and perpetuate granulomatous inflammation in nearly every organ
and tissue within the human body. TCR = T cell receptor.
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is primarily T cell mediated, and classically considered Th1
driven, but emerging evidence promotes a Th17-driven pro-
cess, at least in the lungs and mediastinal lymph nodes.20,21

Common cytokines involved in signaling in sarcoidosis
include IFNγ, TNFα, and various interleukins and
chemokines.18,19 Environmental and infectious exposures
have been proposed as possible contributors to sarcoidosis
susceptibility, but none have yet been convincingly demon-
strated.19 Genetic susceptibility to sarcoidosis has been asso-
ciated with specific human leukocyte antigen alleles, supporting
an autoimmune etiology.19

Several proposed diagnostic approaches to neurosarcoidosis
have been used in the literature over the years.22,23 Updated
consensus diagnostic criteria for neurosarcoidosis were
published in 2018.24 Diagnosis of “definite” neuro-
sarcoidosis is supported by a confirmatory biopsy from the
nervous system consistent with sarcoidosis in the context of
a consistent clinical phenotype and rigorous exclusion of
other causes, particularly infection and malignancy. How-
ever, CNS biopsy is often not preferable or advisable due
to risk of morbidity. A diagnosis of “probable” neuro-
sarcoidosis, as in this case, can be made with a syndrome
consistent with granulomatous inflammation of the CNS
and a confirmatory biopsy of sarcoidosis from another organ
system. Cases in which sarcoidosis is suspected but in which
there is no biopsy confirmation are best designated as “pos-
sible” neurosarcoidosis.

There are no randomized controlled trials of treatment of
CNS neurosarcoidosis. While glucocorticoids are effective
for most patients with neurosarcoidosis, the doses needed to
achieve or sustain remission can be prohibitive due to glu-
cocorticoid toxicity.22 Common steroid-sparing therapies in
clinical practice include methotrexate, azathioprine, myco-
phenolate mofetil, leflunomide, hydroxychloroquine, and,
increasingly, infliximab.25 Retrospective analyses suggest
that mycophenolate mofetil may be less effective than
methotrexate (at least for preventing “relapse”), but such
studies risk confounding by indication.25,26 In retrospective
analyses, infliximab, a TNFα inhibitor, is associated with
favorable outcomes, including some cases refractory to other
therapies.8

In the patient presented here, given concern about gluco-
corticoid adverse effects, the patient elected to initiate
infliximab with weekly oral methotrexate and tapered off
glucocorticoids completely within 4 months with gradual
resolution of symptoms without functional limitation. Sur-
veillance MRIs at 7 and 12 months showed complete
remission.
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