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Pediatric Central Nervous
System Demyelinating
Diseases

By Tanuja Chitnis, MD, FAAN

ABSTRACT

PURPOSE OF REVIEW: This article provides an up-to-date summary of the
categories, diagnosis, and management of pediatric demyelinating
disorders.

RECENT FINDINGS: Understanding of the diverse spectrum of pediatric
demyelinating disorders, including monophasic and multiphasic forms,
has improved. Pediatric multiple sclerosis (MS) is the most common
demyelinating disorder in children, and recent genetic and environmental
risk research has clarified that pediatric MS is on the same continuum of
disease as adult MS. Recent advances in the treatment of pediatric MS
include clinical trials leading to regulatory agency-approved treatments.
The identification of myelin oligodendrocyte glycoprotein and
aquaporin-4 antibodies in children has been a major advance, allowing
for appropriate treatment and management of these syndromes.

suMMARY: Antibody testing is now helping to define subtypes of
pediatric demyelinating disorders, including myelin oligodendrocyte
glycoprotein-seropositive and aquaporin-4-seropositive cases that are
distinct from pediatric MS. Treatments for pediatric MS are being
evaluated in clinical trials.

INTRODUCTION
ignificant progress has been made in the field of pediatric central
nervous system (CNS) demyelinating disorders over the past 5 years.
These disorders include acute disseminated encephalomyelitis
(ADEM), multiple sclerosis (MS), neuromyelitis optica spectrum
disorder (NMOSD), and clinically isolated syndromes. Major
advances in the past 5 years include improved diagnostic criteria, antibody-based
biomarkers, predictors of a multiphasic course, and treatment advances for these
disorders, which are summarized in this article. Recent work on the genetic and
environmental risk factors for pediatric MS points to similarities with adult
disease. Immunobiological studies for MS suggest a continuum of disease with
adult disease; however, both clinical and immunobiological features point to a
more inflammatory profile in children.»* Characterizations of the pediatric
phenotypes associated with aquaporin-4 (AQP4) antibody-seropositive NMO
and myelin oligodendrocyte glycoprotein (MOG) antibody-associated disease
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PEDIATRIC CNS DEMYELINATING DISEASES

KEY POINTS

® Major advances in
pediatric demyelinating
disease in the past 5 years
include improved diagnostic
criteria, antibody-based
biomarkers, predictors of a
multiphasic course, and
treatment advances for
these disorders. Recent
work on the genetic and
environmental risk factors
for pediatric multiple
sclerosis points to
similarities with adult
disease.

® An important advance in
pediatric demyelinating
disorders is the recognition
that an acute demyelinating
syndrome can represent the
first attack of not only
multiple sclerosis but also
neuromyelitis optica
spectrum disorder
(NMOSD), myelin
oligodendrocyte
glycoprotein (MOG)
antibody-associated
demyelinating disease, and
other multiphasic disorders
in children.
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have demonstrated diverse phenotypes that differ from adult presentations,
which has relevance for both diagnostic and treatment considerations. Recent
clinical trials and therapeutic cohort studies in pediatric MS have shed
considerable light on the treatment response in this highly inflammatory disease
and established new paradigms for clinical trial design and conduct in children
with neuroinflammatory disorders.

CLASSIFICATION OF PEDIATRIC CNS DEMYELINATING DISEASES
Pediatric CNS demyelinating diseases are generally classified as either
monophasic or multiphasic disorders. However, it is entirely possible that what
appears to be a monophasic episode can represent the first attack of a multiphasic
disorder. Initial attacks have been termed acute demyelinating syndromes or
clinically isolated syndromes and include optic neuritis, transverse myelitis, and
other initial attack demyelinating syndromes. ADEM is another acute
demyelinating syndrome; it appears to have a pathophysiology that is distinct
from clinically isolated syndromes. In contrast to clinically isolated syndromes,
ADEM rarely represents a first attack of MS in children. An important advance is
the recognition that an acute demyelinating syndrome can represent the first
attack of not only MS but also NMOSD, MOG antibody-associated disease, and
other multiphasic disorders in children.?

We now have a better understanding of predictors for a multiphasic disease
course that can be seen at initial presentation. Identifying the location and
symptomatology of the presenting syndrome, as well as the presence of brain
lesions, is an important key step both for managing the current attack and for
prognostication. Focal lesions in the optic nerve(s) may be unilateral or bilateral
and may involve the optic chiasm. Myelitis may be focal or diffuse. The absence
of brain lesions in the setting of optic neuritis or myelitis tends to favor a
monophasic course. A diffuse or longitudinally extensive transverse myelitis may
be seen in monophasic disorders (such as ADEM) and in MS and NMO in
children (R. Ameli, MD, and the US Network of Pediatric MS Centers,
unpublished data, 2019). The presence of encephalopathy is the hallmark of
ADEM. Common presentations of pediatric demyelinating disorders, symptoms,
and diagnostic considerations are presented in TABLE 11-1.

ACUTE DISSEMINATED ENCEPHALOMYELITIS
The incidence of ADEM was estimated to be 0.3 to 0.6 per 100,000 per year in
two population-based studies.** The neurologic symptoms of ADEM generally
accrue rapidly over a period of a few days.® Symptoms include motor or sensory
symptoms, ataxia, weakness, optic neuritis or other cranial nerve involvement,
seizures, spinal cord syndrome, and impairment of speech. Encephalopathy is a
critical component of the ADEM diagnosis.” Acute evaluation of ADEM should
include a neurologic examination; gadolinium-enhanced MRI of the brain, spinal
cord, and orbits; evaluation for urinary retention; and CSF examination to rule
out infection, including cell count, protein, lactate, IgG index, and oligoclonal
bands (in CSF and serum) in addition to screening for infectious agents,
especially herpes simplex virus, Enterovirus, Epstein-Barr virus (EBV), and
Mycoplasma. Blood work should include white blood cell count, erythrocyte
sedimentation rate, C-reactive protein, and AQP4 and MOG antibodies.

The author’s practice is to start an infectious workup immediately; once initial
tests, including polymerase chain reaction (PCR) for herpes simplex virus,
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return as negative, treatment with a 5-day course of IV steroids is started and
immediate transition to IV immunoglobulin (IVIg) or plasma exchange is
considered in refractory cases. A prednisone taper is generally instituted for
4 weeks, starting at 1 mg/kg/d and halving the dose every 5 days. Typically,
neurologic improvement occurs within days following initiation of steroid
treatment, and recovery to baseline is generally reached within a few weeks.?

Longer-term cognitive deficits have been observed involving executive function,

Common Presentations and Diagnostic Considerations of Pediatric

Demyelinating Disorders

Presentation Key Symptoms

Diagnostic Testing

Considerations

TABLE 11-1

Differential Diagnosis Beyond
Demyelinating Syndromes

Blurred vision, loss of vision,
pain on eye movement,
change in color vision

Optic neuritis

Transverse myelitis Subacute-onset arm or leg
weakness, sensory changes,
sensory level, bowel/bladder

retention or incontinence, pain

Cranial nerve involvement,
ophthalmoplegia, ataxia,
nausea/vomiting

Brainstem syndromes

Acute disseminated
encephalomyelitis
(ADEM)

Encephalopathy, polyfocal
neurologic symptoms, diffuse
central nervous system lesions

Ophthalmoscopic examination,
MRI orbits and brain and
cervical-thoracic spine with
gadolinium, visual evoked
potentials, MOG and
aquaporin-4 (AQP4) antibody
testing; consider CSF evaluation
especially if brain lesions;
optical coherence tomography
provides measures of retinal
damage

CSF evaluation; MRI cervical-
thoracic spinal cord,
urodynamic studies, MOG and
AQP4 antibody testing

CSF evaluation; MRI brain,
cervical-thoracic spine, and
orbits; serum and CSF antibody
testing for autoimmune
encephalitis, including NMDA
receptor antibody; serum and
CSF AQP4 antibody; serum
MOG antibody; GQib serum
antibody

CSF evaluation; MRI brain,
cervical-thoracic spine, and
orbits; serum and CSF antibody
testing for autoimmune
encephalitis, including NMDA
receptor antibody; serum and
CSF AQP4 antibody; serum
MOG antibody; magnetic
resonance spectroscopy

Sarcoidosis, Leber hereditary
optic neuropathy, vitamin B,
deficiency

Spinal cord infarction,
arteriovenous malformation,
acute flaccid myelitis, human
lymphotropic virus type |
(HTLV-1) myelopathy, systemic
lupus erythematosus, Sjégren
syndrome, vitamin B,
deficiency

Systemic lupus erythematosus,
antiphospholipid antibody
syndrome, brainstem glioma,
CLIPPERS, Miller Fisher
syndrome

Herpes simplex virus
encephalitis, regional
encephalitis/meningitis, central
nervous system vasculitis,
autoimmune encephalitis,
leukodystrophies, lymphoma,
glioma, mitochondrial disorders

CLIPPERS = chronic lymphocytic inflammation with pontine perivascular enhancement responsive to steroids; CSF = cerebrospinal fluid;
MOG = myelin oligodendrocyte glycoprotein; MRl = magnetic resonance imaging; NMDA = N-methyl-D-aspartate.
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PEDIATRIC CNS DEMYELINATING DISEASES

attention, verbal processing, lowered IQ scores, and behavioral changes,
especially in children younger than 5 years of age.”*° Rarely, some children
will go on to have multiphasic disease, such as MS, NMOSD, or MOG

antibody-associated disease; prognostic factors are listed in TABLE 11-2.""**

CLINICALLY ISOLATED SYNDROMES

Clinically isolated syndrome is a general term used for isolated demyelinating
syndromes. Clinically isolated syndrome events are heterogeneous; however,
several dominant clinical phenotypes exist.

Optic Neuritis

Optic neuritis is one of the most common presentations of acquired
demyelinating syndromes in childhood, with an estimated incidence of 0.2 per
100,000 (95% CI, 0.16-0.3) in Canada.” In optic neuritis, inflammation of one or
both optic nerves leads to visual dysfunction. Unilateral presentation at onset
may be followed rapidly by bilateral involvement within a few weeks, or bilateral
involvement may occur at onset.’® Approximately two-thirds of children with
optic neuritis who are younger than 10 years of age present with bilateral optic
neuritis, whereas most children older than 10 years of age present with unilateral
optic neuritis." Pain with eye movement is reported in approximately 50%

of pediatric cases and thus does not consistently differentiate inflammatory

TABLE 11-2 Predictors of Multiphasic Demyelinating Disease in Children

Predictors of Multiphasic

Predictors of Myelin Oligodendrocyte
Neuromyelitis Optica  Glycoprotein—Seropositive
Initial Presentation Predictors of Multiple Sclerosis Spectrum Disorder Disease
Optic neuritis Oligoclonal bands in CSF,* presence  Aquaporin-4 (AQP4) Persistent serum MOG
of MRI brain ovoid lesions,*" age >10"  antibody in serum or  antibody
CSF

Persistently elevated titers of
MOG antibody

Transverse myelitis Female gender,” presence of MRI AQP4 antibody in Persistent serum MOG
brain ovoid lesions,” acute partial serum or CSF antibody
transverse myelitis'

Clinically isolated Female gender,” age >10 years ® AQP4 antibody in Persistent serum MOG
syndrome (all clinical postpubertal status in females," serum or CSF antibody
phenotypes) Epstein-Barr virus seropositivity,® low

vitamin D levels,® multifocal/
polyfocal symptoms at onset,”
fulfillment of 2010 McDonald MRI
criteria, presence of brain lesions

Acute disseminated Fulfillment of 2010 McDonald criteria, AQP4 antibody in Persistent serum MOG
encephalomyelitis Epstein-Barr virus seropositivity, low  serum or CSF antibody
(ADEM) vitamin D levels, age >11 years,

postpubertal status

CSF = cerebrospinal fluid; MOG = myelin oligodendrocyte glycoprotein; MRl = magnetic resonance imaging.
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from noninflammatory optic neuropathies in children. Other symptoms
include loss of or decreased visual acuity, decreased color vision, and visual
field deficits. Evaluation should include an ophthalmologic examination and an
MRI of the orbits and brain. Spine MRI should be included if the patient has any
myelopathic symptoms. Visual evoked potential testing and optical coherence
tomography may provide additional quantitative measures of optic nerve and
retinal damage, respectively. Testing should include serum MOG and AQP4
antibodies.

Acute management includes a course of IV steroids and, in refractory cases,
IVIg or plasma exchange. Ophthalmologic monitoring and institution of
visual aids are important in the management of children with optic neuritis.
Recovery, as measured by visual acuity, is generally good in children with
optic neuritis.”” Optic neuritis may occur in isolation or as an attack (or first
attack) of MS, NMOSD, ADEM, or MOG antibody-associated disease. Up to
one-third of children with optic neuritis will have a second attack, signifying
the onset of MS or NMOSD. Some children will have a relapsing MOG
antibody-associated disease. Prognostic factors for multiphasic disease are
listed in TABLE 11-2.

Transverse Myelitis

The incidence of acute transverse myelitis in children younger than 16 years of
age is 2 per 10° children per year, and acute transverse myelitis accounts for
one-fifth of children experiencing a first demyelinating attack.”*® Pediatric
transverse myelitis accounts for 20% of all cases of demyelinating disease in
children and has a bimodal age distribution, with toddlers and adolescents
most affected.” Although a slight predominance of males exists with acute
transverse myelitis, a female preponderance is seen in adolescents and is
associated with relapsing diseases, including MS and NMOSD. Symptoms can
include weakness, numbness, urinary incontinence or retention, and myelopathic
pain. Occasionally, respiratory symptoms and autonomic dysfunction may occur.
Myelopathic symptoms are a neurologic emergency, and prompt diagnosis and
treatment may lessen the severity of neurologic sequelae. Emergent spinal
imaging with contrast-enhanced pan-spine MRI rapidly discerns alternative
etiologies requiring surgical intervention. Testing should include serum MOG
and AQP4 antibodies. CSF evaluation will aid in excluding infectious etiologies.
CSF protein and white blood cell counts may be normal in up to 50% of children
with transverse myelitis.

Acute treatment includes IV steroids urgently and plasma exchange or IVIg
in refractory cases. Bladder ultrasound and catheterization should be considered
for urinary retention. Children with acute transverse myelitis have a better
outcome than adults, with 50% making a complete recovery by two years.’*°
Mortality is associated with respiratory failure and high cervical cord lesions.”"**
Sensory issues and bladder dysfunction (15% to 50%) are the most common
sequelae. Approximately one-third of patients require walking aids, and 10% to
20% of children lose mobility or bladder function.

Other Clinically Isolated Syndromes
Clinically isolated syndromes may affect any one area or multiple areas of the
CNS. A multifocal or polyfocal onset generally is more predictive for MS.
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PEDIATRIC CNS DEMYELINATING DISEASES

Brainstem syndromes may occur as monophasic disorders or part of
multiphasic syndromes.

Predictors of a Multiphasic Disease Course

Several studies have identified risk factors for MS in children presenting with

a clinically isolated syndrome, including CSF profiles with pleocytosis,
EBV-positive serostatus, obesity, low vitamin D levels, and the presence of

T2 lesions on brain MRI. Age older than 11 and postpubertal status at the time
of a clinically isolated syndrome also increase the risk for MS. At present,
investigations into NMOSD and MOG-seropositive disease beyond antibody
presence are limited. The presence of AQP4 antibodies predicts multiphasic
NMOSD regardless of clinical presentation, and patients with AQP4
seropositivity should be treated with preventive immunotherapy because of the
significant disability associated with attacks. The presence of MOG antibodies at
initial attack does not necessarily predict multiphasic disease. Several studies
have suggested that persistent MOG antibodies at follow-up time points are
associated with multiphasic disease, but definitive studies to determine the
specific timeline and retesting parameters are needed.***

MULTIPLE SCLEROSIS

Multiple sclerosis is an immune-mediated demyelinating disorder of the CNS
with typical onset in young adulthood. Over the past 15 years, there has been a
growing recognition that MS occurs in children and adolescents.

Epidemiology and Demographics

Pediatric MS is defined as MS with an onset before age 18. The cutoff age varies,
with some studies using age 16; however, for practical purposes, most studies
(including treatment trials) use age 18 as the cutoff.” Case reports of MS in
children as young as 2.5 to 3 years of age exist, but the vast majority of patients are
age 11 or older, with a mean age at onset of 15 at first symptom in the US Network
of Pediatric MS Centers.*

Studies in large MS cohorts have consistently found that approximately 3%
to 5% of all patients with MS are pediatric at the time of first symptoms.*®
Pediatric MS cases are increasingly being diagnosed in many world regions,
particularly in countries distal to the equator. A study from California estimated
the incidence of pediatric MS as approximately 0.51 per 100,000 insured persons
younger than 18 years of age,” while a German study estimated the incidence
as 0.64 per 100,000 between 2009 and 2011.">*® Children with MS have a
more diverse ethnic background than adult patients with MS,* and one study
in a large US cohort found that 40% of patients were first-generation
Americans.”

Risk Factors
The risk factors for pediatric MS are largely similar to the risk factors for adult
MS and include the environmental risk factors of low vitamin D status,"
exposure to cigarette smoking,” obesity,>* and remote EBV infection. Puberty
is an important transition period for the clinical onset of pediatric MS, with 80%
to 85% of children being peripubertal or postpubertal at the time of first
symptoms in a large US cohort.””

The genetic susceptibility factors largely replicate those observed in
adult MS, with the major histocompatibility complex locus HLA-DRB1*1501
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being the major contributor, as demonstrated in several studies of
g ]
pediatric MS.>*¢-28

Pathophysiology

MS is an autoimmune disease that is mediated by a variety of immune cells, likely
in response to a CNS antigen.” T lymphocytes and B lymphocytes play a key role
in MS immunopathogenesis, recruiting macrophages and dendritic cells in the
peripheral immune system to participate in antigen presentation and
amplification of a proinflammatory milieu. CNS immune cells, including
microglia and astrocytes, are activated early and increasingly in the progressive
stages of disease.>® Pediatric MS likely represents MS disease in its earliest stages.
Two studies have demonstrated increased activation of CD4+ T memory cells in
pediatric patients with MS.»*® Increased CD4+ T-cell responses to myelin
peptides and increased proportions of Ty17 central memory T cells were found in
untreated pediatric patients with MS compared to healthy children and adults
with MS.* Another group found increased proportions of memory cells and
fewer recent immature T cells or thymic emigrants in children with MS in
comparison to healthy children.”® This study also found that the suppressive
function of FOXP3 regulatory cells was impaired in pediatric patients with MS.
Increased levels of proinflammatory B cells and fewer regulatory B cells are
found in pediatric MS.*

The pathology of MS in adults demonstrates activated T cells and
macrophages/microglia. Few studies of the pathology of pediatric MS have been
conducted. A systematic analysis of 19 pediatric patients with MS showed a 50%
increase in acute axonal damage in pediatric patients compared to adult patients
with MS. This study found an inverse relationship of age at biopsy and acute
axonal damage as well as an increase in activated macrophages and microglia in
pediatric patients with MS.>*

Clinical Presentation

Pediatric-onset MS has clinical features similar to adult MS overall; however, the
pediatric disease is characterized by a more inflammatory disease course as well
as important age-associated symptoms.

ACUTE ATTACKS. More than 95% of pediatric patients with MS present with
the relapsing-remitting form of MS. In general, children with MS experience 2
to 3 times as many relapses as adult patients with MS,?*33 reflecting a
continuum in the inverse relationship of age and relapse rate.>* Types of
relapses or attacks in pediatric MS include optic neuritis, myelitis, brainstem
attacks, and cerebral attacks. These can affect vision, cognition, motor
function, sensation, and bladder/bowel function and cause pain and
spasticity.>* The clinical course and attack types vary from patient to patient.3*
In general, children tend to recover better from attacks than adults;
however, given the higher attack rate, pediatric patients with MS can still
accrue significant disability in later life. Children with MS may also experience
subacute or chronic symptoms of fatigue, depression,® and anxiety, which
may appear or worsen with attacks or appear independently. Cognitive
deficits may occur in the context of attacks or chronically.

DISABILITY ACCRUAL. In general, with equal disease durations, disability accrual
as measured by the Expanded Disability Status Scale (EDSS), which focuses on
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@ Several studies have
identified risk factors for
multiple sclerosis in
children, including CSF
profiles with pleocytosis,
Epstein-Barr virus—positive
serostatus, obesity, low
vitamin D levels, and the
presence of T2 lesions on
brain MRI. Age older than 11
and postpubertal status at
the time of a clinically
isolated syndrome also
increase the risk for multiple
sclerosis.

® Puberty is an important
transition period for the
clinical onset of pediatric
multiple sclerosis, with
80% to 85% of children
being peripubertal or
postpubertal at the time

of first symptoms in a large
US cohort.

@ In general, children with
multiple sclerosis
experience 2 to 3 times as
many relapses as adult
patients with multiple
sclerosis, reflecting a
continuum in the inverse
relationship of age and
relapse rate.

® Types of relapses or
attacks in pediatric multiple
sclerosis include optic
neuritis, transverse myelitis,
brainstem attacks, and
cerebral attacks.
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locomotor disability, is slower in a child or adolescent with MS compared to an
adult patient with MS.337 Poor prognostic features in pediatric MS include

a short interval (less than 1 year) between the first two demyelinating
episodes, incomplete recovery after the first attack, and a progressive disease
course.?”

COGNITIVE DEFICITS. Between one-third and two-thirds of pediatric patients
with MS may have significant cognitive deficits, including issues with
information processing and processing speed, memory deficits, executive
dysfunction, and lowered IQs, as well as deficits in social cognition.?®%
Evaluation and monitoring by a neuropsychologist shortly after diagnosis is
important to evaluate for the presence of cognitive dysfunction. A 504 plan or
individualized education program (IEP) should be instituted to address cognitive
deficits and ensure appropriate programming at school.

Diagnostic Criteria

The current diagnostic criteria for pediatric MS from the 2012 International
Pediatric MS Study Group” are based on the 2010 McDonald criteria for adult MS
and were validated in children older than 11 years of age. However, these
diagnostic criteria may be nonspecific, and further work is required to
differentiate pediatric MS from the emerging entities NMOSD and MOG
antibody-associated disease.

Treatment and Management
The management of pediatric MS is subcategorized into acute attack
management, attack prevention, symptomatic therapy, and rehabilitation.

GENERAL APPROACH. Immunotherapy is generally used for acute attacks to
mitigate attack severity and duration. Disease-modifying therapies are

TABLE 11-3 Options for Disease-Modifying Treatments in Pediatric Multiple Sclerosis
Disease-Modifying Treatment Level of Evidence Potential Side Effects
Fingolimod (oral) US Food and Drug Administration (FDA) approved  Bradycardia, macular edema,
for pediatric multiple sclerosis (2018) based on lymphopenia, infections, seizures
phase 2 randomized controlled trial*° (rare)
Interferon beta-1a and interferon European Medicines Agency approval for Injection site reactions, flulike
beta-1b (IM or subcutaneous children >12 years of age; prospective and symptoms, depression
injections) retrospective observational studies***°
Glatiramer acetate Retrospective observational studies® Injection site reactions, postinjection
(subcutaneous injections) tachycardia
Natalizumab (IV infusion) Prospective observational studies® Progressive multifocal
leukoencephalopathy, infusion
reactions
Rituximab (IV infusion) Retrospective observational studies*®™® Infusion reactions, infections,

hypogammaglobulinemia

IM = intramuscular; IV = intravenous.
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strongly recommended once a diagnosis of pediatric MS has been established.
The primary effect of disease-modifying therapies is to reduce relapse
frequency.

ACUTE ATTACKS. Treatment of an acute attack with immunotherapy reduces the
degree and impact of inflammation on the CNS. Methylprednisolone, IVIg,

and plasma exchange have been used for acute attacks in pediatric MS. IV
methylprednisolone is generally used as first-line relapse treatment at a dose of
30 mg/kg/d, with a maximum of 1000 mg daily for 5 to 7 days. If response to IV
methylprednisolone is minimal or if the patient has severe symptoms upon
presentation, IVIg administered at 2 g/kg divided over 2 to 5 days or plasma
exchange is appropriate. Upon completion of IV methylprednisolone in a first
attack, the author uses an oral steroid taper starting at 1 mg/kg/d up to 60 mg/d
maximum dosing. The author then tapers the prednisone by reducing the dose
by half every 5 days for a total of 4 weeks starting on the first day after
completion of IV steroids. The author generally does not use prednisone tapers
for subsequent attacks in pediatric patients with MS to reduce the exposure to
long-term steroids.

DISEASE-MODIFYING THERAPIES. Over the past 20 years, significant advances
have been made in MS therapeutics, with regulatory approval by the European
Medicines Agency (EMA) and US Food and Drug Administration (FDA) for
more than 15 therapies for adult MS. In 2018, fingolimod was approved by

the FDA for use as first-line treatment in children with MS aged 10 to 17; it
has received preliminary approval by the EMA as second-line treatment based
on the results of the PARADIGMS (Safety and Efficacy of Fingolimod in
Pediatric Patients With Multiple Sclerosis) clinical trial.** Interferon beta and
glatiramer acetate have received limited approval from the EMA for use in
children 12 years of age or older based on open-label or retrospective studies.**
Safety data for interferon beta-1a subcutaneously 3 times a week for children
older than 2 years of age are included in the European label. Other treatments
studied in open-label or retrospective studies in pediatric MS include
natalizumab and rituximab. Prospective clinical trials of dimethyl fumarate,
teriflunomide, and alemtuzumab for pediatric MS are ongoing, with results
anticipated in 2019-2020.*** A summary of studies of disease-modifying
therapies used in pediatric MS and their potential side effects is found in
TABLE 11-3.4474%

FINGOLIMOD. Fingolimod is an oral sphingosine-1-phosphate immunomodulator
that primarily inhibits the egress of central memory T cells from lymph

nodes. It is approved by the FDA and EMA for use in adult MS and received
FDA approval for pediatric MS in 2018 based on the result of the PARADIGMS
clinical trial.*® This study demonstrated an 82% reduction in annualized relapse
rate in patients treated with fingolimod compared to those treated with
interferon beta-1a. Fingolimod is dosed at 0.5 mg orally daily in pediatric
patients with MS who weigh more than 40 kg (88 Ib) and at 0.25 mg in
patients who weigh 40 kg (88 1b) or less. First-dose observation for 6 hours is
required to monitor for bradycardia. Monitoring and pretesting for macular
edema, varicella titers, hepatic enzymes, and lymphocyte counts are
recommended.
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® Between one-third and
two-thirds of pediatric
patients with multiple
sclerosis may have
significant cognitive deficits,
including issues with
information processing and
processing speed, memory
deficits, executive
dysfunction, and lowered
1Qs, as well as deficits in
social cognition.

® In 2018, fingolimod was
approved by the US Food
and Drug Administration for
use as first-line treatment in
children with multiple
sclerosis aged 10 to 17; it has
received preliminary
approval by the European
Medicines Agency as
second-line treatment
based on the results of the
PARADIGMS clinical trial.
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INTERFERON BETA. Interferon beta is a type I interferon with diverse effects on
lymphocytes and innate immune cells approved for use in adult MS, with several
different forms and dosing schedules. Interferon beta use in pediatric MS was
compared with a control group in two randomized unblinded studies.***° Both
studies demonstrated a reduction of relapses and new MRI T2 lesions and delayed
disability accumulation in comparison to the untreated group.*>° The
retrospective REPLAY (Retrospective Cohort Study of Rebif Use in Pediatric
Multiple Sclerosis Subjects) phase 4 study is the largest cohort study to be
conducted in pediatric MS; it evaluated the safety profile of interferon beta-1a in
307 pediatric patients with MS treated with 22 meg or 44 mcg interferon beta-1a.**
This study reported adverse events (less than 2%) including allergic reactions
(1.6%), epilepsy and convulsive disorders (1.6%), thyroid dysfunction (1.0%),
autoimmune disorders (0.7%), osteogenic disorders (0.7%), and serious
infections (0.7%).

No pharmacodynamic/pharmacokinetic studies of interferon beta and
glatiramer acetate have been conducted in pediatric MS. In general, it is
recommended to initiate interferon beta therapy at 25% to 50% of the adult dose
and then titrate up to the full adult dose as tolerated, especially for children older
than 12 years of age with a body weight greater than 30 kg (66 1b).

GLATIRAMER ACETATE. Glatiramer acetate is a copolymer of peptides
administered by subcutaneous injection and is approved for use in adult MS.
Glatiramer acetate was evaluated in a retrospective cohort of seven pediatric
patients with MS with favorable clinical outcomes and safety profile.® A case of
acute hepatotoxicity in an adolescent treated with glatiramer acetate was
reported in 2013.>" The author generally initiates and uses full adult dosing in
pediatric patients with MS.

NATALIZUMAB. Natalizumab is a humanized monoclonal antibody that targets
the a4 subunit of a4p1 integrin and is approved for the treatment of adult MS.
Several prospective observational studies have described the effect of
natalizumab in pediatric MS.>*® The largest study to date is the Italian study
cohort of 101 patients (69 females) with a mean age of MS onset of 12.9 +

2.7 years and mean age at natalizumab initiation of 14.7 + 2.4 years.”® Mean
treatment duration was 34.2 + 18.3 months. The annualized relapse rate
decreased from 2.3 + 1.0 in the year prior to 0.1 + 0.3 (P=.001) after natalizumab
initiation. Disability scores stabilized or improved, and MRI lesion accrual
was reduced. No relevant adverse events were reported in this study.”® The
frequency of JC virus antibodies was reported in these studies as 38% to 39%,">*
which is lower than that reported in adults (57%) but higher than the rate in
non-MS pediatric populations. Mild to moderate side effects can include
infections and hypersensitivity. The author generally doses at 6 mg/kg IV
infusions monthly to a maximum adult dose of 300 mg per dose. JC virus
antibodies should be monitored every 6 months at minimum, and, if
seroconversion to a positive test, then consider switching to an alternate
therapy. Extensive studies in adult patients have demonstrated an increased
risk of progressive multifocal leukoencephalopathy (PML) in patients who are
JC virus positive compared to patients who are JC virus negative. Risk factors
of prolonged duration on natalizumab as well as prior immunosuppression are
associated with increased risk of PML in the setting of seropositive JC virus
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testing. For more information on risk factors for PML, refer to the article
“Monitoring, Switching, and Stopping Disease-Modifying Therapies” by Robert
H. Gross, MD, and John R. Corboy, MD, FAAN,* in this issue of Continuum.

RITUXIMAB. Rituximab is a monoclonal antibody that targets CD20+ B
lymphocytes and reduces clinical and magnetic resonance activity in adult
patients with MS** and in patients with NMO. A small retrospective case series
of 11 patients, including three pediatric patients with MS, reported stabilization
of disease.” A detailed discussion of rituximab dosing is included in the NMO
treatment section later in this article.

CHEMOTHERAPEUTICS. Other treatments historically used in pediatric MS include
the chemotherapeutic agents cyclophosphamide and mitoxantrone. However,
because of their significant toxicity, these agents are now rarely used. A
retrospective study of cyclophosphamide use in 17 pediatric patients with MS
found a decreased relapse rate and stabilization of disability scores.”® However,
side effects included nausea and vomiting in 15 of 17 patients, alopecia in

10 of 17 patients, menstrual irregularities in five patients, anemia in 10 patients,
and thrombocytopenia in five patients. A case series of four pediatric

patients with MS who received mitoxantrone for highly active
relapsing-remitting MS followed for 3.8 to 18 years reported laboratory
abnormalities in all patients.””

MANAGEMENT CONSIDERATIONS. The author monitors disease-modifying
therapy response clinically and with annual MRIs.”® Annual MRIs may be
conducted with gadolinium if a new relapse is suspected. Noncontrast MRIs
may be conducted for routine monitoring to reduce the long-term exposure to
gadolinium, especially since linear forms of gadolinium have been noted to
accumulate in brain regions, although the clinical effects of this accumulation
are unclear.”® Adherence to medications may be challenging, particularly in
adolescents, in the setting of miseducation about the expectations for
disease-modifying therapies, unaddressed side effects, busy family schedules,
and travel/college.®®

If evidence of intractable nonadherence, intolerance, or treatment failure
is present, switching treatments should be considered.®* Treatment failure may
be defined as one to two new lesions or attacks occurring within a 12-month
period. The tolerance for new lesions or attacks versus switching and the risks
and benefits of both should be discussed between the neurologist and family.

Contraceptives should be considered in sexually active teenagers. This is an
important conversation to have before treatment initiation, since many disease-
modifying therapies may have adverse effects on a pregnancy and some are
teratogens. For more information on the use of disease-modifying therapies in
pregnancy, refer to the article “Pregnancy and Family Planning in Multiple
Sclerosis” by Annette M. Langer-Gould, MD, PhD,®? in this issue of Continuum.
Symptomatic treatments should be considered as needed and may include
antidepressants, fatigue medications, and bladder management medications.?
NEUROMYELITIS OPTICA SPECTRUM DISORDER
NMOSDs are distinct from MS and are characterized by predominant optic
neuritis and transverse myelitis attacks. The majority of patients with NMOSDs
have AQP4 antibodies.®*5
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Epidemiology and Demographics

Up t0 3% to 5% of cases of NMOSD have pediatric onset.°® The overall incidence
of NMOSD in children and adults ranges from 0.05 to 4 per 100,000 per year,
and prevalence ranges from 0.52 to 4.4 per 100,000.%” In Japan, the incidence
of pediatric NMOSD was reported as 0.06 per 100,000 children.®® Patients as
young as 16 months of age have been reported; however, the typical age of
onset is 10 to 12 years.? Females are more likely to be affected than males at a ratio
of 3:1 in the pediatric population but up to 9:1 in adults.®

Clinical Features

Pediatric NMO is a relapsing disease. A mean of 1.8 attacks per year during the first
2 years of disease was noted in a US study of 38 children with NMO.? As described
in case series from the United States and United Kingdom, the most common
presenting symptoms are unilateral or bilateral optic neuritis, transverse myelitis,
and brainstem/cerebellar syndromes.*”° Vomiting and intractable hiccups are
observed in area postrema syndrome and can be initial symptoms of NMOSD.”
ADEM and seizures have also been described as presenting attacks of NMO.”* As
compared to MS or ADEM, pediatric patients with NMOSD have a higher EDSS
score within 2 years of disease onset (2.25 versus 1.28 and 0.5, respectively).?

Laboratory Testing

Approximately 65% of pediatric patients with NMOSD are AQP4 antibody
seropositive; however, seropositivity may not occur at the time of the initial
attack but up to 4 years later. Therefore, serial testing is recommended for highly
suspicious cases.? Although rare cases of AQP4 antibody in the CSF with negative
serum testing have been reported in adults, this was not observed in a large
pediatric NMOSD case series.?

TABLE 11-4
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Diagnostic Criteria for Neuromyelitis Optica Spectrum Disorder From the
2015 International Panel for Neuromyelitis Optica Diagnosis®

Aquaporin-4 (AQP4) Antibody Positive

# One core clinical characteristic, positive AQP4 antibodies, and exclusion of alternative
diagnoses

< Core clinical characteristics include optic neuritis, acute myelitis, area postrema
syndrome of hiccups or nausea, symptomatic narcolepsy or acute diencephalic
clinical syndrome with MRI diencephalic lesions typical of neuromyelitis optica (NMO)
spectrum disorder, acute brainstem syndrome, and symptomatic cerebral syndrome
with NMO spectrum disorder-typical brain lesions

AQP4 Antibody Negative or Unknown AQP4 Status
4 Two core clinical characteristics that meet all the following requirements:

<& One core clinical characteristic must include optic neuritis, acute myelitis with
longitudinally extensive transverse myelitis, or area postrema syndrome

< Dissemination in space of two or more core clinical characteristics

< Fulfillment of additional MRI requirements

MRI = magnetic resonance imaging.
@ Data from Wingerchuk, DM, et al, Neurology.®®
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Approximately 10% to 15% of cases of pediatric NMOSD are MOG antibody
seropositive, which has implications for both prognosis and treatment, and they
may be considered separately from AQP4 antibody-seropositive cases. Dual
seropositivity has not been reported in children. Approximately 15% of pediatric
NMOSD cases are both AQP4 and MOG antibody seronegative. Coexisting
autoimmune diseases, including systemic lupus erythematosus, Sjogren
syndrome, and autoimmune thyroid disease, are observed with NMOSD and
were reported in 16% in a multicenter US study,’ 9% of patients in a Brazilian
study,” and 42% in a study from Mayo Clinic in children who were AQP4
seropositive.”” Testing for these comorbid diseases should be considered on a
case-by-case basis.

CSF testing in pediatric NMOSD typically shows pleocytosis with a lymphocyte
predominance. CSF leukocyte counts vary between 100 cells/mm? and 200
cells/mm? and are typically higher than in pediatric MS or ADEM.? Among the CSF
leukocytes, the lymphocyte percentage is approximately 75%, while pediatric MS
typically has 90% lymphocytes. Elevated IgG index and positive oligoclonal band
testing was observed in 30% of pediatric patients with NMO.?

Pathophysiology

AQP4-seropositive patients with NMO have pathologic features that are distinct
from those of MS. The immune attack is focused on the astrocytes, with
secondary damage to myelin and axons; a variety of immune cells, including

T cells, B cells, plasma cells, and neutrophils, are found in NMO lesions.”*+”*
Complement and antibody deposition is also found in lesions.

Diagnostic Criteria

The most recent diagnostic criteria for NMOSD were published by the International
Panel for NMO Diagnosis in 2015.° These diagnostic criteria classify patients as
AQP4 antibody positive and AQP4 antibody negative (TABLE 11-4) and were
found to detect pediatric NMO cases with a 97% sensitivity compared to earlier
diagnostic criteria.’

Treatment Options

Management of NMOSD includes treatment of acute attacks, preventive
therapy, and symptomatic management. Limited Class I evidence is available for
treatments for both pediatric and adult NMOSD.

ACUTE ATTACKS. Treatment for an acute attack with immunotherapy reduces
the degree and impact of inflammation on the CNS in patients with NMO.
Aggressive management of relapses is recommended in pediatric NMO since
these patients accrue disability with attacks and have higher disability rates
than pediatric patients with MS.? The author’s practice is to initiate IV
methylprednisolone at a dose of 20 mg/kg to 30 mg/kg (up to 1 g/d) for 5 days.
If no evidence of improvement is seen or symptoms worsen, then five cycles
of plasma exchange should be started immediately.

PREVENTIVE THERAPY. Preventive or disease-modifying therapy is used to
decrease the risk of relapses and associated disability. Disease-modifying
treatment options used in adult and pediatric NMOSD include mycophenolate
mofetil, rituximab, and azathioprine.
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MYCOPHENOLATE MOFETIL. Mycophenolate mofetil has been shown to reduce
relapse rate and stabilize disability scores in adults with NMOSD.”¢7% A
retrospective study also demonstrated the efficacy of mycophenolate mofetil in
children with NMOSD.”” Mycophenolate mofetil is generally dosed based on
body surface area at 600 mg/m? 2 times a day to a maximum dose of 1000 mg
2 times a day (2000 mg maximum per day). To improve tolerability, an initial
dose titration schedule should be followed: one-fourth of 600 mg/m® 2 times a
day for 1 week; then one-half of 600 mg/m? 2 times a day for 1 week, then
three-fourths of 600 mg/m? 2 times a day for 1 week, then 600 mg/m? 2 times a
day. Side effects of this drug include gastrointestinal symptoms (nausea,
diarrhea, abdominal pain), dizziness, rash, increased risk of infection, and
fatigue.”®7° Rarely, cases of PML have been associated with mycophenolate
mofetil.*

RITUXIMAB. Rituximab is a chimeric monoclonal anti-CD20 antibody that depletes B
cells. It has been used for both adults®® and children with NMOSD® as well as for
other autoimmune diseases. One retrospective study in 16 pediatric patients found a
reduction in relapse rate with rituximab.*® B-cell repopulation was associated with
recurrence of relapse; however, a wide range of time to B-cell repopulation was
noted, with a mean of 6.8 months.*® Therefore, B-cell repopulation times should be
initially monitored monthly starting at 3 months, and redosing times should be
individualized to pediatric patients. The dosing protocol for children is 375 mg/m*
every week (maximum total loading dose of 2 g) for 4 weeks and then 750 mg/m®
(maximum total dose of 1 g) at approximately 6 months or earlier upon B-cell
return.®® Side effects of rituximab include nausea, vomiting, infusion reactions, and
risk for infections, including hepatitis B virus reactivation.* PML has been rarely
associated with rituximab in the treatment for lymphoma.®

AZATHIOPRINE. Azathioprine, a purine analogue, interferes with DNA synthesis
in proliferating B cells and T cells. Azathioprine at a dose of 2 mg/kg/d to

3 mg/kg/d decreases relapse rates in adults and children with NMOSD.*%
However, tolerability issues were noted in children. Side effects include nausea,
elevated liver function tests, diarrhea, severe leukopenia, rash, and
hypersensitivity reactions. Lymphoma is a rare side effect.*

MEDICATIONS TO AVOID IN NEUROMYELITIS OPTICA SPECTRUM DISORDER. Some
of the disease-modifying therapies used in MS are either ineffective for or
exacerbate NMOSD, demonstrating the need for accurate diagnosis. Increased
relapses have been associated with the use of interferon,*®® glatiramer acetate,”
dimethyl fumarate,®* alemtuzumab,®” and natalizumab.”™

MYELIN OLIGODENDROCYTE GLYCOPROTEIN
ANTIBODY-ASSOCIATED DEMYELINATING SYNDROMES

MOG antibody-associated demyelinating syndromes are a recently recognized
group of syndromes that predominantly occur in children.

Epidemiology and Demographics
Since cell-based assays became available, anti-MOG antibodies have been reported
in the serum of 18% to 35% of children with an acute demyelinating syndrome.?*%
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More females are affected than males at a ratio of approximately 3:1. The disease
occurs throughout the age spectrum but is more common in children.

Clinical Features
Children with MOG antibodies in the serum present with a variety of clinical
syndromes that include, but are not limited to, ADEM, multiphasic ADEM,
optic neuritis, ADEM followed by optic neuritis, recurrent optic neuritis,
encephalitis or meningitis (often associated with seizures), transverse myelitis,
and NMOSD.**® The phenotype seems to follow an age-related spectrum,
with ADEM and optic neuritis being the most common presentations in children,
while NMO and transverse myelitis are the most common in adults (CASE 11-1).
Rarely, cases of typical MS have been associated with MOG antibodies. Other
features of MOG-seropositive disease are elevated CSF lymphocyte counts
and elevated neutrophil counts.”” Brain lesions from MOG-seropositive
syndromes have been associated with acute inflammation with demyelination
and relative preservation of astrocytes.” Occasionally MOG seropositivity
has been observed in association with other CNS autoimmune syndromes,
including N-methyl-D-aspartate (NMDA) receptor antibody-associated
encephalitis.**®

Approximately 50% of cases follow a relapsing course.” Of note, relapses
may occur within a few weeks or more than 10 years after the initial attack. At
present, data on which patients are at highest risk of relapse are limited.
MOG-seropositive ADEM in children seems to follow a monophasic course in
the majority of patients. Generally, demonstration of new MRI lesions or a new
relapse indicates a relapsing course and warrants longer-term immunomodulatory
treatment.

Laboratory Testing

MOG antibody testing has now been optimized with a cell-based assay
expressing a short-length MOG intracellular chain, offering increased sensitivity
and specificity compared to other methods.”** The MOG antibody is most
often detected in the serum and rarely in the CSF. The current consensus is
that serum testing has the highest yield. The presence of antibody is usually
detected at the time of acute inflammation and may decrease with time or

with immunomodulatory therapy.*®® In some cases, the antibody is transient,
while in other cases, the antibody persists. The transient detection of anti-MOG
antibodies is more frequent in children at the onset of ADEM, optic neuritis,
and relapsing optic neuritis, and anti-MOG positivity predicts a non-MS disease
course.”**°* The persistence of anti-MOG antibodies has been associated with a
relapsing course, although fewer than 10% of pediatric patients with classic
features of MS have detectable anti-MOG antibodies.***

Diagnostic Criteria

Diagnostic criteria for MOG antibody-associated demyelinating syndrome have
been suggested by several groups but have not been fully validated.***
Ultimately, MOG antibody-associated demyelinating syndrome needs to be
reconciled with existing MS and NMOSD criteria, and efforts to
comprehensively evaluate clinical presentations, MRI features, and treatment
response of MOG antibody-associated demyelinating syndrome and the
similarities to and differences from MS and NMOSD are under way.
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Treatment Options
The management of MOG antibody-associated demyelinating syndrome can be
divided into treatment of acute attacks and attack prevention.

ACUTE ATTACKS. Acute attacks generally respond to a 3- to 7-day course of
methylprednisolone or other high-dose IV steroids. Rebound attacks or
worsening symptoms have been described with prednisone tapers, and debate
exists regarding the duration of prednisone taper. Rebound attacks in this
setting may indicate a relapsing disease course, warranting longer-term
treatment. The author has used periodic IVIg in the case of prednisone-
dependent worsening, 1 g/kg for one to two doses (if two doses, then give

2 days apart) every 4 to 8 weeks if symptoms return. Plasma exchange has
been used in some cases with severe attacks that do not respond to steroids

or IVIg.

CASE 111

A 15-year-old girl presented to the emergency department with 1 week of
worsening eye pain and, over the past 2 hours, complete loss of vision in
her left eye. Her past medical history was notable for headaches with
onset in the past 2 months.

Neurologic examination showed complete blindness in the left eye,
left optic disc edema, a left afferent pupillary defect, and limited upgaze
in both eyes. Vision in her right eye was 20/20. The neurologic
examination was otherwise normal. MRl demonstrated left optic nerve
enhancement but no brain lesions. Her CSF showed a leukocyte count of
84 cells/mm? with 80% lymphocytes and negative oligoclonal bands. She
received 3 days
of IV methylprednisolone (1 g/d) followed by 14 days of oral prednisone.
She had immediate improvement of ocular pain and slow improvement
of vision.

One week after her final dose of prednisone, she developed loss of
vision in her right eye along with pain. She again presented to the
emergency department, where she was able to count fingers in both
eyes. Examination demonstrated right optic disc edema and left optic
atrophy.

Repeat MRI 1 month later demonstrated diffuse enhancement of
the optic nerves bilaterally (FIGURE 11-1a). Full-spine MRI showed no
lesions. She received a 5-day course of IV methylprednisolone.

Six months later, she presented with an attack of right facial weakness,
dysarthria, clumsiness and weakness of her right hand, gait ataxia, and
bilateral pallor of the optic discs. MRI showed multiple new enhancing
foci in both the white and gray matter of the brain (FIGURE 11-18). Serologic
testing demonstrated myelin oligodendrocyte glycoprotein (MOG)
antibodies. Aquaporin-4 antibody testing was negative. She was treated
with 5 days of IV steroids followed by a 4-week prednisone taper and was
started on mycophenolate mofetil 750 mg 2 times a day. She had no
further episodes over 1.5 years of follow-up.
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PREVENTIVE THERAPY. For relapsing cases of MOG antibody-associated
demyelinating syndrome, mycophenolate mofetil and rituximab are the most
commonly used immunomodulatory treatments, with approximately 50%
efficacy.”'> Azathioprine has also been used in MOG-seropositive patients who
meet diagnostic criteria for NMOSD.**®

CONCLUSION

Much progress has been made over the past 10 years in pediatric
demyelinating diseases. The diverse spectrum of pediatric demyelinating
disorders, including monophasic and multiphasic forms, is now better
understood (FIGURE 11-2). The identification of MOG and AQP4
antibodies in children has been a major advance, which now allows for
appropriate treatment and management of these disorders. In the past 5 years,

FIGURE 11-1

Imaging of the patient in cAsE 11-1. A, Axial postcontrast T1-weighted MRI showing bilateral
optic neuritis. B, Axial postcontrast T1-weighted MRIs showing multiple juxtacortical
lesions demonstrating gadolinium enhancement. C, Axial fluid-attenuated inversion
recovery (FLAIR) MRIs showing increased T2-signal lesions in the bilateral corpus callosum
and juxtacortical white matter.

This case exemplifies a diagnosis of MOG antibody-associated disease, COMMENT
which has unique features on MRl and requires management strategies that

differ from pediatric MS.
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FIGURE 11-2

Spectrum of monophasic and multiphasic demyelinating disorders in children.

ADEM = acute disseminated encephalomyelitis; AQP4 = aquaporin-4; CIS = clinically isolated

syndrome; MOG = myelin oligodendrocyte glycoprotein; MS = multiple sclerosis; ON = optic neuritis;
NMO = neuromyelitis optica; NMOSD = neuromyelitis optica spectrum disorder; TM = transverse myelitis.

enormous strides have been made in the treatment of pediatric MS with

the introduction of regulatory agency-approved treatments and new clinical
trials. The establishment of refined diagnostic criteria for these disorders and
the continued development and evaluation of treatments are important
future directions. Biomarkers that aid in the prognostication of a relapsing
course or relapse may further enhance patient management. Studies focused
on long-term outcomes of all these pediatric-onset disorders are needed.

REFERENCES

Vargas-Lowy D, Kivisékk P, Gandhi R, et al.
Increased Thi7 response to myelin peptides in
pediatric MS. Clin Immunol 2013;146(3):176-184.
doi:10.1016/j.clim.2012.12.008.

Schwarz A, Balint B, Korporal-Kuhnke M, et al.
B-cell populations discriminate between
pediatric- and adult-onset multiple sclerosis.
Neurol Neuroimmunol Neuroinflamm 2017;4(1):
€309. doi:10.1212/NX1.0000000000000309.

Chitnis T, Ness J, Krupp L, et al. Clinical features
of neuromyelitis optica in children: US Network
of Pediatric MS Centers report. Neurology 2016,86(3):
245-252. doi:10.1212/WNL.0000000000002283.

Heussinger N, Kontopantelis E, Gburek-Augustat
J, et al. Oligoclonal bands predict multiple
sclerosis in children with optic neuritis. Ann Neurol
2015;77(6):1076-i1082. doi:10.1002/ana.24409.

Deiva K, Absoud M, Hemingway C, et al. Acute
idiopathic transverse myelitis in children:
early predictors of relapse and disability.
Neurology 2015;84(4):341-349. d0i:10.1212/
WNL.0000000000001179.

Banwell B, Bar-Or A, Arnold DL, et al. Clinical,
environmental, and genetic determinants of
multiple sclerosis in children with acute
demyelination: a prospective national cohort
study. Lancet Neurol 2011;10(5):436-445.
doi:10.1016/51474-4422(11)70045-X.

Krupp LB, Tardieu M, Amato MP, et al. International
Pediatric Multiple Sclerosis Study Group criteria
for pediatric multiple sclerosis and immune-
mediated central nervous system demyelinating
disorders: revisions to the 2007 definitions.
Mult Scler 2013;19(10):1261-1267. doi:10.1177/
1352458513484547.

Korporal M, Haas J, Balint B, et al. Interferon
beta-induced restoration of regulatory T-cell
function in multiple sclerosis is prompted by an
increase in newly generated naive regulatory

T cells. Arch Neurol 2008;65(11):1434-1439.
doi:10.1001/archneur.65.11.1434.

Ghezzi A, Moiola L, Pozzilli C, et al. Natalizumab in
the pediatric MS population: results of the Italian
registry. BMC Neurol 2015;15:174. doi:10.1186/
512883-015-0433-y.

JUNE 2019

Copyright © American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



10 Ghezzi A, Pozzilli C, Grimaldi LM, et al.
Natalizumab in pediatric multiple sclerosis:
results of a cohort of 55 cases. Mult Scler 2013;
19(8):1106-1112. d0oi:10.1177/1352458512471878.

11 Waldman AT, Stull LB, Galetta SL, et al. Pediatric
optic neuritis and risk of multiple sclerosis:
meta-analysis of observational studies. J AAPOS
2011;15(5):441-446. doi:10.1016/j.jaapos.201.
05.020.

12 Meyer P, Leboucqg N, Molinari N, et al. Partial
acute transverse myelitis is a predictor of
multiple sclerosis in children. Mult Scler 2014;
20(11):1485-1493. doi:10.1177/1352458514526943.

13 laffaldano P, Simone M, Lucisano G, et al.
Prognostic indicators in pediatric clinically
isolated syndrome. Ann Neurol 2017;81(5):
729-739. doi:10.1002/ana.24938.

14 Ahn JJ, O’'Mahony J, Moshkova M, et al. Puberty
in females enhances the risk of an outcome
of multiple sclerosis in children and the
development of central nervous system
autoimmunity in mice. Mult Scler 2015;21(6):
735-748. doi:10.1177 /1352458514551453.

15 Banwell B, Kennedy J, Sadovnick D, et al.
Incidence of acquired demyelination of the CNS
in Canadian children. Neurology 2009;72(3):
232-239. doi:10.1212/01.wnl.0000339482.
84392.bd.

16 Bonhomme GR, Waldman AT, Balcer LJ, et al.
Pediatric optic neuritis: brain MRI abnormalities
and risk of multiple sclerosis. Neurology
2009;72(10):881-885. doi:10.1212/01.wnl.
0000344163.65326.48.

17 Malik MT, Healy BC, Benson LA, et al. Factors
associated with recovery from acute optic
neuritis in patients with multiple sclerosis.
Neurology 2014;82(24):2173-2179. doi:10.1212/
WNL.0000000000000524.

18 Absoud M, Lim MJ, Chong WK, et al. Paediatric
acquired demyelinating syndromes: incidence,
clinical and magnetic resonance imaging
features. Mult Scler 2013;19(1):76-86. doi:
10.1177 /1352458512445944.

19 Pidcock FS, Krishnan C, Crawford TO et al. Acute
transverse myelitis in childhood: center-based
analysis of 47 cases. Neurology 2007;68(18):
1474-1480. doi:10.1212/01.wnl.0000260609.11357.6f.

20 Defresne P, Hollenberg H, Husson B, et al. Acute
transverse myelitis in children: clinical course
and prognostic factors. J Child Neurol 2003;18(6):
401-406. doi:10.1177/08830738030180060601.

2

Defresne P, Meyer L, Tardieu M, et al. Efficacy of
high dose steroid therapy in children with severe
acute transverse myelitis. J Neurol Neurosurg
Psychiatry 2001,71(2):272-274. doi:10.1136/
jnnp.71.2.272.

22 Absoud M, Greenberg BM, Lim M, et al.
Pediatric transverse myelitis. Neurology
2016;30;87(9 suppl 2):546-S52. doi:10.1212/
WNL.0000000000002820.

CONTINUUMJOURNAL.COM

23 Hennes EM, Baumann M, Schanda K, et al.
Prognostic relevance of MOG antibodies in
children with an acquired demyelinating
syndrome. Neurology 2017;89(9):900-908.
doi:10.1212/WNL.0000000000004312.

24 Baumann M, Hennes EM, Schanda K, et al.
Children with multiphasic disseminated
encephalomyelitis and antibodies to the myelin
oligodendrocyte glycoprotein (MOG): extending
the spectrum of MOG antibody positive
diseases. Mult Scler 2016;22(14):1821-1829.
doi:10.1177 /1352458516631038.

25 Belman AL, Krupp LB, Olsen CS, et al.
Characteristics of children and adolescents with
multiple sclerosis. Pediatrics 2016;138(1).
doi:10.1542 /peds.2016-0120.

26 Chitnis T, Glanz B, Jaffin S, Healy B. Demographics
of pediatric-onset multiple sclerosis in an MS
center population from the Northeastern
United States. Mult Scler 2009;15(5):627-631.
doi:10.1177 /1352458508101933.

27 Chitnis T, Graves J, Weinstock-Guttman B, et al.
Distinct effects of obesity and puberty on risk
and age at onset of pediatric MS. Ann Clin Transl
Neurol 2016;3(12):897-907. doi:10.1002/acn3.365.

28 Balint B, Haas J, Schwarz A, et al. T-cell
homeostasis in pediatric multiple sclerosis: old
cells in young patients. Neurology 2013;81(9):
784-792. doi:10.1212/WNL.0b013e3182a2ce0e.

29 Reich DS, Lucchinetti CF, Calabresi PA. Multiple
sclerosis. N Engl J Med 2018;378(2):169-180.
doi:10.1056/NEJMral401483.

30 Chitnis T, Weiner HL. CNS inflammation and
neurodegeneration. J Clin Invest 2017;127(10):
3577-3587. doi:10.1172/JCI90609.

3

Pfeifenbring S, Bunyan RF, Metz |, et al. Extensive
acute axonal damage in pediatric multiple
sclerosis lesions. Ann Neurol 2015;77(4):655-667.
doi:10.1002/ana.24364.

32 Benson LA, Healy BC, Gorman MP, et al. Elevated
relapse rates in pediatric compared to adult
MS persist for at least 6 years. Mult Scler
Relat Disord 2014;3(2):186-193. doi:10.1016/
j.msard.2013.06.004.

33 Gorman MP, Healy BC, Polgar-Turcsanyi M,
Chitnis T. Increased relapse rate in
pediatric-onset compared with adult-onset
multiple sclerosis. Arch Neurol 2009;66(1):54-59.
doi:10.1001/archneurol.2008.505.

34 Waldman A, Ness J, Pohl D, et al. Pediatric
multiple sclerosis: clinical features and outcome.
Neurology 2016;87(9 suppl 2):S74-S81.
doi:10.1212/WNL.0000000000003028.

35 Pakpoor J, Goldacre R, Schmierer K, et al.
Psychiatric disorders in children with demyelinating
diseases of the central nervous system. Mult Scler
2018;24(9):1243-1250. doi:10.1177 /1352458517719150.

36 Renoux C, Vukusic S, Mikaeloff Y, et al. Natural
history of multiple sclerosis with childhood
onset. N Engl J Med 2007;356(25):2603-2613.
doi:10.1056/NEJM0a067597.

8N

Copyright © American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



PEDIATRIC CNS DEMYELINATING DISEASES

37 Fay AJ, Mowry EM, Strober J, Waubant E. Relapse
severity and recovery in early pediatric multiple
sclerosis. Mult Scler 2012;18(7):1008-1012.
doi:10.1177/1352458511431725.

38 Amato MP, Krupp LB, Charvet LE, et al. Pediatric
multiple sclerosis: cognition and mood. Neurology
2016;87(9 suppl 2):582-587. doi:10.1212/WNL.
0000000000002883.

39 Charvet LE, Cleary RE, Vazquez K, et al. Social
cognition in pediatric-onset multiple sclerosis
(MS). Mult Scler 2014;20(11):1478-1484.
doi:10.1177/1352458514526942.

40 Chitnis T, Arnold DL, Banwell B, et al. Trial of
fingolimod versus interferon beta-1a in pediatric
multiple sclerosis. N Engl J Med 2018;379(11):
1017-1027. d0i:10.1056 /NEJM0a1800149.

4

Chitnis T, Tenembaum S, Banwell B, et al.
Consensus statement: evaluation of new and
existing therapeutics for pediatric multiple
sclerosis. Mult Scler 2012;18(1):116-127.
doi:10.1177/1352458511430704.

42 Chitnis T, Tardieu M, Amato MP, et al.
International Pediatric MS Study Group Clinical
Trials Summit: meeting report. Neurology 2013;80(12):
1161-1168. doi:10.1212/WNL.0b013e3182886%4e.

43 Simone M, Chitnis T. Use of disease-modifying
therapies in pediatric MS. Curr Treat Options
Neurol 2016;18(8):36. doi:10.1007/s11940-016-0420-7.

44 Tenembaum SN, Banwell B, Pohl D, et al.
Subcutaneous interferon Beta-1a in pediatric
multiple sclerosis: a retrospective study.

J Child Neurol 2013;28(7):849-856. doi:10.1177/
0883073813488828.

45 Krupp LB, Pohl D, Ghezzi A, et al. Subcutaneous
interferon B-1a in pediatric patients with
multiple sclerosis: regional differences in clinical
features, disease management, and treatment
outcomes in an international retrospective study.
J Neurol Sci 2016;363:33-38. doi:10.1016/j.
jns.2016.01.023.

46 Nosadini M, Alper G, Riney CJ, et al. Rituximab
monitoring and redosing in pediatric
neuromyelitis optica spectrum disorder.
Neurol Neuroimmunol Neuroinflamm 2016;3(1):
e188. doi:10.1212/NX1.0000000000000188.

47 Dale RC, Brilot F, Duffy LV, et al. Utility and safety
of rituximab in pediatric autoimmune and
inflammatory CNS disease. Neurology 2014;83(2):
142-150. doi:10.1212/WNL.0000000000000570.

48 Chitnis T, Waubant E. B-cell depletion in children
with neuroimmunologic conditions: the learning
curve. Neurology 2014;83(2):111-112. d0i:10.1212/
WNL.0000000000000576.

49 Mikaeloff Y, Caridade G, Tardieu M, et al.
Effectiveness of early beta interferon on the first
attack after confirmed multiple sclerosis: a
comparative cohort study. Eur J Paediatr Neurol
2008;12(3):205-209. doi:10.1016/j.ejpn.2007.08.001.

50 Pakdaman H, Fallah A, Sahraian MA, et al.
Treatment of early onset multiple sclerosis
with suboptimal dose of interferon beta-1a.
Neuropediatrics 2006;37(4):257-260.
doi:10.1055/s-2006-924723.

5

Makhani N, Ngan BY, Kamath BM, Yeh EA.
Glatiramer acetate-induced acute
hepatotoxicity in an adolescent with MS.
Neurology 2013;81(9):850-852. doi:10.1212/
WNL.0b013e3182a2cc4a.

52 Kornek B, Aboul-Enein F, Rostasy K, et al.
Natalizumab therapy for highly active pediatric
multiple sclerosis. JAMA Neurol 2013;70(4):
469-475. doi:10.1001/jamaneurol.2013.923.

53 Gross RH, Corboy JR. Monitoring, switching, and
stopping disease-modifying therapies. Continuum
(Minneap Minn) 2019;25(3 Multiple Sclerosis and
Other CNS Inflammatory Diseases):715-735.

54 Hauser SL, Waubant E, Arnold DL, et al. B-cell
depletion with rituximab in relapsing-remitting
multiple sclerosis. N Engl J Med 2008;358(7):
676-688. d0i:10.1056/NEJM0a0706383.

55 Beres SJ, Graves J, Waubant E. Rituximab use
in pediatric central demyelinating disease.
Pediatr Neurol 2014;51(1):114-118. doi:10.1016/
j.pediatrneurol.2014.02.007.

56 Makhani N, Gorman MP, Branson HM, et al.
Cyclophosphamide therapy in pediatric multiple
sclerosis. Neurology 2009;72(24):2076-2082.
doi:10.1212/WNL.0b013e3181a8164c.

57 Kornek B, Bernert G, Rostasy K, et al. Long-term
follow-up of pediatric patients treated with
mitoxantrone for multiple sclerosis.
Neuropediatrics 2011;42(1):7-12. doi:10.1055/
$-0031-1275345.

58 Banwell B, Arnold DL, Tillema JM, et al. MRl in the
evaluation of pediatric multiple sclerosis.
Neurology 2016;87(9 suppl 2):S88-596.
doi:10.1212/WNL.0000000000002787.

59 Gulani Vv, Calamante F, Shellock FG, et al.
Gadolinium deposition in the brain: summary
of evidence and recommendations. Lancet
Neurol 2017;16(7):564-570. doi:10.1016/S1474-
4422(17)30158-8.

60 Schwartz CE, Grover SA, Powell VE, et al. Risk
factors for non-adherence to disease-modifying
therapy in pediatric multiple sclerosis. Mult Scler
2018;24(2):175-185. doi:10.1177 /1352458517 695469.

61 Yeh EA, Waubant E, Krupp LB, et al. Multiple
sclerosis therapies in pediatric patients with
refractory multiple sclerosis. Arch Neurol 2011;
68(4):437-444. doi:10.1001/archneurol.2010.325.

62 Langer-Gould AM. Pregnancy and family planning
in multiple sclerosis. Continuum (Minneap Minn)
2019;25(3 Multiple Sclerosis and Other CNS
Inflammatory Diseases):773-792.

63 Chitnis T, Ghezzi A, Bajer-Kornek B, et al. Pediatric
multiple sclerosis: escalation and emerging
treatments. Neurology 2016;87(9 suppl 2):
$103-S109. doi:10.1212/WNL.0000000000002884.

JUNE 2019

Copyright © American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



64 Lennon VA, Kryzer TJ, Pittock SJ, et al. I8G marker
of optic-spinal multiple sclerosis binds to the
aquaporin-4 water channel. J Exp Med 2005;
202(4):473-477. doi:10.1084/jem.20050304.

65 Wingerchuk DM, Banwell B, Bennett JL, et al.
International consensus diagnostic criteria for
neuromyelitis optica spectrum disorders.
Neurology 2015;85(2):177-189. doi:10.1212/
WNL.0000000000001729.

66 Quek AM, McKeon A, Lennon VA, et al. Effects
of age and sex on aquaporin-4 autoimmunity.
Arch Neurol 2012;69(8):1039-1043. doi:10.1001/
archneurol.2012.249.

67 Pandit L, Asgari N, Apiwattanakul M, et al.
Demographic and clinical features of
neuromyelitis optica: a review. Mult Scler 2015;
21(7):845-853. doi:10.1177/1352458515572406.

68 Yamaguchi Y, Torisu H, Kira R, et al. A nationwide
survey of pediatric acquired demyelinating
syndromes in Japan. Neurology 2016;87(19):
2006-2015. doi:10.1212/WNL.0000000000003318.

69 Tenembaum S, Chitnis T, Nakashima I, et al.
Neuromyelitis optica spectrum disorders in
children and adolescents. Neurology 2016;
87(9 suppl 2):859-S66. doi:10.1212/WNL.
0000000000002824.

70 Absoud M, Lim MJ, Appleton R, et al. Paediatric
neuromyelitis optica: clinical, MRI of the brain
and prognostic features. J Neurol Neurosurg
Psychiatry 2015;86(4):470-472. doi:10.1136/
jnnp-2014-308550.

7

Popescu BF, Lennon VA, Parisi JE, et al.
Neuromyelitis optica unique area postrema
lesions: nausea, vomiting, and pathogenic
implications. Neurology 2011;76(14):1229-1237.
doi:10.1212/WNL.0b013e318214332c.

72 McKeon A, Lennon VA, Lotze T, et al. CNS
aquaporin-4 autoimmunity in children.
Neurology 2008;71(2):93-100. doi:10.1212/01.
wnl.0000314832.24682.c6.

73 Amorim AL, Cabral NC, Osaku FM, et al.
Association between demyelinating disease and
autoimmune rheumatic disease in a pediatric
population. Rev Bras Reumatol Engl Ed 2017;57(3):
224-228. doi:10.1016/j.rbre.2016.09.016.

74 Roemer SF, Parisi JE, Lennon VA, et al.
Pattern-specific loss of aquaporin-4
immunoreactivity distinguishes neuromyelitis
optica from multiple sclerosis. Brain 2007;
130(pt 5):1194-1205. doi:10.1093/brain/awl371.

75 Misu T, Hoftberger R, Fujihara K, et al. Presence
of six different lesion types suggests diverse
mechanisms of tissue injury in neuromyelitis
optica. Acta Neuropathol 2013;125(6):815-827.
doi:10.1007 /s00401-013-1116-7.

76 Huh SY, Kim SH, Hyun JW, et al. Mycophenolate
mofetil in the treatment of neuromyelitis optica
spectrum disorder. JAMA Neurol 2014;71(11):
1372-1378. doi:10.1001/jamaneurol.2014.2057.

CONTINUUMJOURNAL.COM

77 Jacob A, Matiello M, Weinshenker BG, et al.
Treatment of neuromyelitis optica with
mycophenolate mofetil: retrospective analysis
of 24 patients. Arch Neurol 2009;66(9):1128-1133.
doi:10.1001/archneurol.2009.175.

78 Montcuquet A, Collongues N, Papeix C, et al.
Effectiveness of mycophenolate mofetil as
first-line therapy in AQP4-1gG, MOG-IgG, and
seronegative neuromyelitis optica spectrum
disorders. Mult Scler 2017;23(10):1377-1384.
doi:10.1177 /1352458516 67847 4.

79 Chen H, Qiu W, Zhang Q, et al. Comparisons of
the efficacy and tolerability of mycophenolate
mofetil and azathioprine as treatments for
neuromyelitis optica and neuromyelitis optica
spectrum disorder. Eur J Neurol 2017;24(1):
219-226. doi:10.1111/ene.13186.

80 Henegar CE, Eudy AM, Kharat V, et al. Progressive
multifocal leukoencephalopathy in patients with
systemic lupus erythematosus: a systematic
literature review. Lupus 2016;25(6):617-626.
doi:10.1177/0961203315622819.

8

Longoni G, Banwell B, Filippi M, Yeh EA.
Rituximab as a first-line preventive treatment
in pediatric NMOSDs: Preliminary results in

5 children. Neurol Neuroimmunol
Neuroinflamm 2014;1(4):e46. doi:10.1212/NXI.
0000000000000046.

82 Nikoo Z, Badihian S, Shaygannejad V, et al.
Comparison of the efficacy of azathioprine
and rituximab in neuromyelitis optica spectrum
disorder: a randomized clinical trial. J Neurol
2017;264(9):2003-2009. doi:10.1007/s00415-017-
8590-0.

83 Mahmood NA, Silver K, Onel K, et al. Efficacy
and safety of rituximab in pediatric neuromyelitis
optica. J Child Neurol 2011;26(2):244-247.
doi:10.1177/0883073810381445.

84 Tien YC, Yen HH, Chiu YM. Incidence and
clinical characteristics of hepatitis B virus
reactivation in HBsAg-negative/HBcAb-positive
patients receiving rituximab for rheumatoid
arthritis. Clin Exp Rheumatol 2017;35(5):
831-836.

85 Kelly D, Monaghan B, McMahon E, et al.
Progressive multifocal leukoencephalopathy
secondary to rituximab-induced immunosuppression
and the presence of John Cunningham virus: a
case report and literature review. Radiol Case
Rep 2016;11(3):251-254. doi:10.1016/j.radcr.
2016.06.003.

86 Costanzi C, Matiello M, Lucchinetti CF, et al.
Azathioprine: tolerability, efficacy, and
predictors of benefit in neuromyelitis optica.
Neurology 2011;77(7):659-666. doi:10.1212/
WNL.0b013e31822a2780.

87 Elsone L, Kitley J, Luppe S, et al. Long-term
efficacy, tolerability and retention rate of
azathioprine in 103 aquaporin-4 antibody-positive
neuromyelitis optica spectrum disorder patients:
a multicentre retrospective observational study
from the UK. Mult Scler 2014;20(11):1533-1540.
doi:10.1177 /1352458514525870.

813

Copyright © American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



PEDIATRIC CNS DEMYELINATING DISEASES

814

88 Kim SH, Kim W, Li XF, et al. Does interferon
beta treatment exacerbate neuromyelitis optica
spectrum disorder? Mult Scler 2012;18(10):
1480-1483. doi:10.1177 /1352458512439439.

89 Wang KC, Lin KH, Lee TC, et al. Poor responses
to interferon-beta treatment in patients with
neuromyelitis optica and multiple sclerosis with
long spinal cord lesions. PLoS One 2014;9(6):
€98192. doi:10.1371/journal.pone.0098192.

90 Ayzenberg I, Schéllhammer J, Hoepner R, et al.
Efficacy of glatiramer acetate in neuromyelitis
optica spectrum disorder: a multicenter
retrospective study. J Neurol 2016;263(3):
575-582. doi:10.1007/s00415-015-7991-1.

9

Yamout Bl, Beaini S, Zeineddine MM, Akkawi N.
Catastrophic relapses following initiation of
dimethyl fumarate in two patients with
neuromyelitis optica spectrum disorder. Mult
Scler 2017;23(9):1297-1300. doi:10.1177/
1352458517694086.

92 Azzopardi L, Cox AL, McCarthy CL, et al.
Alemtuzumab use in neuromyelitis optica
spectrum disorders: a brief case series. J Neurol
2016;263(1):25-29. doi:10.1007/s00415-015-7925-y.

93 Lee DH, Laemmer AB, Waschbisch A, et al.
Neuromyelitis optica presenting with relapses
under treatment with natalizumab: a case report.
J Med Case Rep 2014;8:155. doi:10.1186/
1752-1947-8-155.

94 Kitley J, Evangelou N, Kiker W, et al. Catastrophic
brain relapse in seronegative NMO after a single
dose of natalizumab. J Neurol Sci 2014;339(1-2):
223-225. doi:10.1016/j.jns.2014.01.035.

95 Jacob A, Hutchinson M, Elsone L, et al. Does
natalizumab therapy worsen neuromyelitis
optica? Neurology 2012;79(10):1065-1066.
doi:10.1212/WNL.0b013e31826845fe.

96 Jurynczyk M, Messina S, Woodhall MR, et al.
Clinical presentation and prognosis in
MOG-antibody disease: a UK study. Brain
2017;140(12):3128-3138. doi:10.1093/brain/
awx276.

97 Fernandez-Carbonell C, Vargas-Lowy D,
Musallam A, et al. Clinical and MRI phenotype of
children with MOG antibodies. Mult Scler 2016;
22(2):174-184. doi:10.1177 /1352458515587 751.

98 Sugimoto T, Ishibashi H, Hayashi M, et al. A case
of anti-MOG antibody-positive unilaterally
dominant meningoencephalitis followed by
longitudinally extensive transverse myelitis. Mult
Scler Relat Disord 2018;25:128-130. doi:10.1016/
j.msard.2018.07.028.

99 Wang JJ, Jaunmuktane Z, Mummery C, et al.
Inflammatory demyelination without astrocyte
loss in MOG antibody-positive NMOSD.
Neurology 2016;87(2):229-231. doi:10.1212/
WNL.0000000000002844.

100 Zhou J, Tan W, Tan SE, et al. An unusual case of
anti-MOG CNS demyelination with concomitant
mild anti-NMDAR encephalitis. J Neuroimmunol
2018;320:107-110. doi:10.1016/j.jneuroim.2018.03.019.

S

Ramanathan S, Mohammad S, Tantsis E, et al.
Clinical course, therapeutic responses and out-
comes in relapsing MOG antibody-associated
demyelination. J Neurol Neurosurg Psychiatry
2018;89(2):127-137. d0i:10.1136/jnnp-2017-316880.

102 Waters P, Woodhall M, O'Connor KC, et al. MOG
cell-based assay detects non-MS patients with
inflammatory neurologic disease. Neurol
Neuroimmunol Neuroinflamm 2015;2(3):e89.
doi:10.1212/NX1.0000000000000089.

103 Jarius S, Ruprecht K, Kleiter |, et al. MOG-IgG in
NMO and related disorders: a multicenter study
of 50 patients. Part 1: frequency, syndrome
specificity, influence of disease activity,
long-term course, association with AQP4-1gG,
and origin. J Neuroinflammation 2016;13(1):279.
doi:10.1186/512974-016-0717-1.

104 Lopez-Chiriboga AS, Majed M, Fryer J, et al.
Association of MOG-IgG serostatus with relapse
after acute disseminated encephalomyelitis
and proposed diagnostic criteria for
MOG-IgG-associated disorders. JAMA
Neurol 2018;75(11):1355-1363. doi:10.1001/
jamaneurol.2018.1814.

105 Hacohen Y, Wong YY, Lechner C, et al. Disease
course and treatment responses in children
with relapsing myelin oligodendrocyte glyco-
protein antibody-associated disease. JAMA
Neurol 2018;75(4):478-487. doi:10.1001/
jamaneurol.2017.4601.

106 Jarius S, Ruprecht K, Kleiter I, et al. MOG-IgG in
NMO and related disorders: a multicenter study
of 50 patients. Part 2: epidemiology, clinical
presentation, radiological and laboratory features,
treatment responses, and long-term outcome.

J Neuroinflammation 2016;13(1):280. doi:10.1186/
s12974-016-0718-0.

JUNE 2019

Copyright © American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



