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Summary

The diagnosis of multiple sclerosis (MS) is based on typical neurological symptoms and
signs along with evidence of dissemination of central nervous system (CNS) lesions in space
and time. Magnetic resonance imaging (MRI) is often sufficient to confirm the diagnosis
when characteristic lesions of MS accompany a typical clinical syndrome, but in some
patients, further supportive information can be obtained from cerebrospinal fluid examination
and neurophysiological testing. It is important to differentiate MS not only from other
diseases in which demyelination is a feature e.g. neuromyelitis spectrum disorder (NMOSD)
and acute disseminated encephalomyelitis (ADEM), but also non-demyelinating conditions
such as chronic small vessel disease and other inflammatory, granulomatous, infective,
metabolic and genetic causes that can mimic MS. Advances in MRI, serological and genetic
tests have greatly helped in distinguishing MS from these conditions, but misdiagnosis can
occur. In this review, we explore the progress and challenges in the diagnosis of MS with
reference to diagnostic criteria, important differential diagnoses, current controversies and

uncertainties, and future prospects.



Introduction

Multiple sclerosis (MS) is a chronic, immune-mediated demyelinating disorder of the central
nervous system (CNS). MS can present with alterations in sensation, mobility, balance,
sphincter function, vision and cognition. Although the course is highly variable, many people
develop irreversible disability, and MS remains a leading cause of neurological disability in

young adults.

MS is classified based on the initial disease course as either relapsing-remitting (RRMS) or
primary progressive (PPMS). RRMS is more common affecting 85-90% of patients and is
characterised by relapses (episodes of neurologic dysfunction lasting at least 24 hours in the
absence of fever or infection?) followed by periods of remission. Recovery from relapses is
variable and may be incomplete.? RRMS typically affects young adults (mean age at onset
30 years) and women are affected three times as commonly as men.? There is evidence that
the incidence of RRMS may be increasing, particularly in women.® PPMS (10-15% of
patients) is characterised by an insidious, slowly progressive increase in neurological
disability over time, usually without relapses.? PPMS typically presents at an older age than
RRMS (mean age at onset 40 years) and there is no gender bias. People with RRMS may
develop a progressive course with time (secondary progressive MS) with a gradual increase

in disability with or without relapses.?

An early and accurate diagnosis of MS is essential because there are now effective
treatments for RRMS. Currently, the diagnosis is based on clinical symptoms and signs and
magnetic resonance imaging (MRI), which is highly sensitive to the detection of
characteristic CNS lesions.! Advances in MRI, immunological and genetic tests have
improved the diagnosis of other conditions that can be mistaken for MS. A major discovery

was the association between neuromyelitis optica spectrum disorder (NMOSD) and serum



aquaporin-4 1gG (AQP4-lgG), confirming that NMOSD is a different disease from MS

requiring distinct treatments.*

In this review, we discuss the diagnosis of MS including the approach to investigating
patients with suspected MS, the diagnostic criteria for MS and their application in clinical
practice. We cover key MS differential diagnoses with particular focus on other idiopathic
inflammatory disorders including acute disseminated encephalomyelitis (ADEM) and
NMOSD . Finally, we consider areas of controversy and uncertainty and the potential for

future changes in diagnostic criteria.

Diagnosis of MS
Presenting symptoms of MS

The initial presentation of MS is varied and depends both on the location of lesions within the
CNS and their onset (relapsing or progressive). Patients can present to a variety of doctors
depending on the nature of their symptoms (e.g. GPs, ophthalmologists, orthopaedic

surgeons) and if MS is suspected prompt referral to a neurologist is indicated.

Some common presenting symptoms and signs of MS and those either less common or
suggestive of an alternative diagnosis are shown in Table 1. A first episode of neurologic
dysfunction, presumably due to RRMS, is called a clinically isolated syndrome (CIS).%®
Common CIS presentations include acute unilateral optic neuritis, a partial myelitis or a
brainstem syndrome.® Clinical features that suggest demyelination as the cause of such an
episode include age <40 years, an acute/subacute onset over hours to days, maximal deficit
within 4 weeks of onset and spontaneous remission. The onset of PPMS in contrast is

characterised by slowly progressive symptoms, most often an asymmetric paraparesis that



evolves over months or years® or, less commonly, a progressive hemiparesis or cerebellar

ataxia or very rarely, visual failure or dementia.®

In assessing a patient with suspected MS it is important to determine the onset and evolution
of their symptoms and to seek details of previous neurological symptoms that could indicate
an earlier unrecognised attack that may help establish the diagnosis and disease course
(relapse or progressive onset). The neurological examination is important to localise the site
of involvement in the CNS and may provide evidence of other lesions, for example

pathologically brisk reflexes or an extensor plantar response in a patient with optic neuritis.

Approach to investigating patients with suspected MS

When a patient presents with symptoms or signs that could indicate MS, an MRI is essential
as an abnormal brain MRI is seen in virtually all patients with established MS’ and over 80%
of CIS patients who develop MS.2 MRI is also helpful in excluding other pathologies, for
example, a compressive lesion in a patient with a progressive myelopathy, or identifying
abnormalities that suggest an alternative diagnosis (e.g. leptomeningeal enhancement,

longitudinally-extensive spinal cord lesion).

Brain MRI in MS typically shows multifocal T2-hyperintense white matter lesions (Figure 1) in
characteristic locations: periventricular (including the corpus callosum), juxtacortical (abutting
the cerebral cortex) and infratentorial regions.® On T1-weighted images, lesions may appear
hypointense (T1 “black holes”). Spinal cord lesions occur in 80-90% of patients with
established MS and up to half of patients with CIS, most often in the cervical cord.%!

Lesions extend over <1-2 vertebral segments and are often eccentrically placed abutting the



pial surface. Brain and spinal cord lesions may show enhancement after the administration

of gadolinium (Figure 1).

A standardised MRI protocol was recently proposed by the MAGNIMS network to assist in
the diagnosis of MS.'? In addition to obtaining brain images with an axial orientation, a
sagittal T2 fluid-attenuated inversion recovery (FLAIR) sequence is recommended for
detecting juxtacortical and corpus callosum lesions, which can be helpful in differentiating
MS from other disorders.'21® A post-contrast T1-weighted scan is recommended in patients
with brain MRI lesions, to assist in diagnosis and differential diagnosis.'? Spinal cord MRI is
recommended in patients with myelopathy or when MRI brain findings are not diagnostic of

MS.12

In most patients with a typical clinical picture and MRI findings a Cerebrospinal fluid (CSF)
examination is usually not necessary, but can provide supportive evidence of MS. CSF
findings in MS include a normal or mildly raised white cell count (<25 cells/cm?,
predominantly lymphocytes) and protein (usually <1g/L), a raised IgG index and IgG
oligoclonal bands (OCBs) not present in serum.}* Qualitative assessment of IgG using
isoelectric focusing and immunofixation is the optimal method for detection of OCBs.* OCBs
are found in up to 90% of people with MS (less often in CIS patients)® and sometimes in
other neuroinflammatory disorders and their presence needs to be interpreted carefully.
Neurophysiological testing of evoked potentials in visual, sensory or auditory pathways can
also provide supportive evidence of MS by identifying a clinically silent lesion in the CNS
indicating dissemination in space. A prolonged latency and well-preserved waveform on

evoked potential testing is suggestive of demyelination but is not specific.®



Laboratory investigations are often requested as part of the diagnostic work-up for MS.
Routine testing for systemic autoimmune diseases has a very low-yield in patients with
presentations typical of MS.” Non-specific antibodies are frequently detected that may not
be clinically relevant with low-titre antinuclear antibodies (ANA) particularly prevalent in
patients with MS.'” Further targeted laboratory tests to exclude MS mimics might be

indicated if the history, examination, or MRI findings are atypical.

Diagnostic criteria for MS and their application in clinical settings

The diagnosis of MS requires objective evidence of CNS lesions disseminated in time and
space. Historically, this has been on the basis of clinical findings alone requiring two
separate attacks with signs of two or more lesions.'® The current diagnostic criteria for MS,
the McDonald 2010 criteria, are shown in Panel 1. Using the McDonald 2010 criteria a
diagnosis of MS can still be made on clinical grounds alone; however, MRI is used to provide
evidence for dissemination in time and space, including in patients with CIS.! For RRMS,
MRI evidence of dissemination in space requires =1 T2 lesion in at least two of four sites —
periventricular, juxtacortical, and infratentorial regions and the spinal cord (Figure 1), with
symptomatic lesions in the brainstem and spinal cord excluded.! Dissemination in time
requires either asymptomatic gadolinium-enhancing and non-enhancing lesions on the same
MRI scan or a new lesion on a follow up scan.! Using the McDonald 2010 criteria a

diagnosis of RRMS can be made in up to one third of CIS patients with a single MRI scan.*®

The McDonald criteria provide separate recommendations for the diagnosis of PPMS which
include CSF abnormalities in addition to MRI.! Brain T2 lesion load tends to be lower in
PPMS® and the combination of MRI and CSF findings provides a higher sensitivity than MRI
alone.?® Dissemination in space in suspected PPMS requires two or more of the following:

(1) =1 T2 brain lesion in at least one of the three sites typically affected in MS



(periventricular, juxtacortical, infratentorial); (2) 22 T2 spinal cord lesions; (3) positive CSF
(22 OCBs not present in serum, raised 1gG index, or both). Progressive worsening over a

period of at least 12 months provides evidence of dissemination in time.

The McDonald 2010 criteria are easily applied in a clinical setting and allow for an earlier
diagnosis of MS.!®* However, there are important caveats when using MRI criteria to
diagnose MS. Firstly, the criteria are intended for use in patients in whom a diagnosis of MS
is clinically suspected, rather than to differentiate MS from other neurological disorders. MRI
in patients with small-vessel cerebrovascular disease, other inflammatory and non-
inflammatory disorders affecting white matter (see examples in Tables 2 & 3), and even in
healthy subjects (especially in older age groups), may show brain lesions that fulfil MRI
criteria for MS212* The McDonald MRI criteria were developed and tested in CIS patients
with symptoms typical of MS (e.g. unilateral optic neuritis) and they should not be applied to
patients with non-specific neurological symptoms such as paraesthesia, dizziness or
headache, in which the diagnosis is much less likely.?® Secondly, MRI criteria were tested
and validated in European populations with a high incidence of MS2°, although recent
studies investigating the McDonald 2010 criteria in CIS cohorts in Latin America?® and Asia?’
have reported a similarly good performance. Finally the diagnosis of MS should only be
made by a neurologist taking into account the clinical picture, MRI findings and the results of

any other investigations.

The radiologically isolated syndrome

The widespread use of MRI means incidental findings suggestive of MS are sometimes
identified in some people who have no clinical symptoms. This is referred to as a

radiologically isolated syndrome (RIS).?® The typical demyelinating lesions that characterise



RIS need to be carefully differentiated from small-vessel cerebrovascular disease and non-

specific white matter lesions (the latter being common in people with migraine?:24).

A third of RIS patients will develop clinical symptoms in the first 5 years of follow up (either a
relapse or progressive symptoms).?® Younger age, male gender and gadolinium-enhancing,
cortical or spinal cord lesions may be associated with an increased risk of developing MS.%*
31 There are no accepted diagnostic criteria for RIS, but the Okuda 2009 criteria?® have been
used in research studies and can also be applied in a clinical setting. These criteria consider
only dissemination in space and are more stringent than the McDonald criteria, taking into
account lesion size and morphology as well as location to help differentiate asymptomatic

demyelinating lesions from other white matter lesions.

At this time it is considered essential that a diagnosis of MS only be made in a patient who
has symptoms suggestive of demyelination.? However, patients with RIS are at significant

risk for developing MS and should be counselled and offered follow up as appropriate.

MS in special patient populations
MS in children

Up to 5% of people with MS develop their first symptoms in childhood, almost always
RRMS.*2 In younger children (<12 years) MS may present differently from adolescents and
adults; encephalopathy, multifocal neurological deficits (often with prominent
brainstem/cerebellar involvement) and seizures are more common.® MRI findings may
include large, confluent T2-hyperintense lesions that show remarkable resolution on follow-
up scans.® The clinical features and MRI findings may be suggestive of ADEM (see below).

Older children (212 years) usually present with clinical features and MRI findings similar to



adults with CIS.3234 The performance of the McDonald 2010 criteria has been tested in
children with CIS and the criteria have a similar sensitivity/specificity for the development of
MS as in adult populations® but should not be applied in the setting of encephalopathy (i.e.

ADEM).3

MS in older adults

People presenting with MS after the age of 50 years have typically been classified as having
late-onset multiple sclerosis.®® In this age group males are over-represented and a
progressive onset is more common. Establishing a diagnosis of MS can be more difficult in
older adults because white matter lesions due to small-vessel cerebrovascular disease are
frequently found on brain MRIL.”3" In this situation a stringent interpretation of brain MRI
criteria for MS is mandatory and spinal cord MRI is helpful since spinal cord lesions do not
occur with healthy aging.'! A CSF examination looking for OCBs can also be particularly
helpful in older adults, as may visual evoked potentials. Studies investigating MRI criteria for
a diagnosis of MS have typically excluded patients older than 50 years and the McDonald

criteria have not been investigated in this group.

Atypical demyelinating lesions

Brain lesions in MS are typically small (<1cm diameter) and ovoid with a homogenous signal
on T2-weighted sequences.® Occasionally, MS presents with an atypical demyelinating
lesion characterised by their large size (>2cm diameter, sometimes with peri-lesional
oedema and mass effect), enhancement pattern (open or closed-ring enhancement) or
morphology (infiltrative or heterogeneous appearance including concentric rings).%-4° These
lesions may have the appearance of a neoplasm (glioma, primary CNS lymphoma) or
infection (brain abscess, progressive multifocal leukoencephalopathy), sometimes

necessitating brain biopsy. While some patients presenting with atypical demyelinating
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lesions have a monophasic course, 30-60% develop MS.%4° MRI might help predict
outcome; the presence of typical MS lesions and a closed-ring enhancement pattern have
been associated with a higher risk of MS.3® Atypical demyelinating lesions are also seen in

NMOSD and ADEM. #

Differential diagnosis of MS

The differential diagnosis of MS is broad and many neurologists use the approach of
identifying “red flag” clinical, imaging or other laboratory features that suggest an alternative
diagnosis.*> The differential diagnosis depends on the clinical presentation with different
considerations in patients with relapsing or progressive courses. These disorders include
several closely related idiopathic inflammatory CNS diseases, along with a range of other
disorders that may involve white matter including inherited leukodystrophies, vasculopathies,
metabolic disorders and other neuroinflammatory diseases (e.g. sarcoidosis, vasculitis,
Behcet’s disease). Although a comprehensive differential diagnosis is beyond this review,
Tables 2 and 3 provide further information on a limited number of disorders that, in our
experience, can be confused with MS. Selected idiopathic inflammatory disorders in which

demyelination is a feature are discussed in more detail below.

Acute disseminated encephalomyelitis (ADEM)

ADEM is an inflammatory demyelinating disorder of the CNS distinct from MS that occurs
mainly in childhood and is rare in adults. Patients present with multifocal neurological deficits
and encephalopathy sometimes with a history of antecedent infection or vaccination. MRI
findings include large (>1-2cm), bilateral white matter lesions and deep grey matter lesions
and contrast enhancement.*> CSF findings include a lymphocytic pleocytosis and raised
protein. CSF OCBs may only be present transiently. The clinical, imaging and laboratory

features of ADEM and MS overlap and diagnostic criteria emphasise the requirement of
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encephalopathy (altered level of consciousness, behavioural or cognitive change) in making
the diagnosis of ADEM (Supplementary Panel 1).32 ADEM is almost always monophasic;
however, an encephalopathic ADEM-like illness can sometimes be the first presentation of

MS in both children®23* and adults*® and diagnostic criteria for ADEM remain imperfect.

Neuromyelitis optica spectrum disorder (NMOSD)

NMOSD is an inflammatory astrocytopathy of the CNS with clinical and radiological features
that overlap with MS.* The identification of a pathogenic 1gG antibody directed against the
aquaporin-4 (AQP4-1gG) water channel has established NMOSD as a specific disease entity
that needs to be differentiated from MS because of important differences in prognosis and
treatment.*4+45 NMOSD is approximately 100 times less common than MS in European and
North American populations but is relatively more common in Asia and Africa where MS is
less common.*® NMOSD shows a strong gender bias (female:male ratio up to 9:1) and a
mean age at onset of 39 years*, although all age groups can be affected including children
and the elderly. A history of autoimmunity including thyroid disease and connective tissue
disorders (e.g. systemic lupus erythematosus, Sjogren’s syndrome) is not uncommon.*
Most patients with NMOSD have a relapsing course with accumulation of disability over time
related to poor recovery from individual attacks and a secondary progressive course is
rare.*4” An accurate diagnosis of NMOSD is essential since prompt treatment of acute
attacks and long-term immunosuppression appear to reduce disability, while conventional

MS treatments may aggravate NMOSD. 4448

The core clinical features of NMOSD are optic neuritis and transverse myelitis. Compared
with MS, optic neuritis in NMOSD is more likely to be bilateral (either simultaneous or rapidly
sequential) and associated with poor visual recovery. Lesions extending over more than half

the length of the optic nerve, and sometimes into the optic chiasm are characteristic of
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NMOSD.#%0 Attacks of myelitis are associated with longitudinally-extensive spinal cord
lesions on MRI (23 vertebral bodies) with prominent involvement of the central cord*®
(Supplementary Figure 4), in contrast to MS where lesions are usually short (<1-2 vertebral
bodies) and located peripherally. Brain involvement also occurs in NMOSD especially in
areas rich in aquaporin-4 such as the dorsal medulla/area postrema (where lesions may
cause intractable nausea, vomiting and hiccoughs), diencephalon, and periependymal
regions of the corpus callosum, third and fourth ventricles (Supplementary Figure 1).°
Recently it has been recognised that some patients with NMOSD have brain lesions that
may be difficult to distinguish from MS, with up to a quarter fulfilling Barkhof criteria.>! * CSF
occasionally shows features distinct from MS (white cell count >50 cells/cm?, neutrophils or
eosinophils >5 cells/cm?®); however, a mild CSF pleocytosis is more common (white cell
count <25 cells/cm?®).52 In contrast to MS CSF OCBs are uncommon in patients with NMOSD

(<20%).52

Approximately 70% of patients with relapsing NMOSD are AQP4-1gG positive, with the
sensitivity increased with the use of cell-based rather than ELISA assays.>*** AQP4-IgG is
highly specific for NMOSD, although false positives occur in up to 0.5% of MS patients using
ELISA assays, potentially resulting in misdiagnosis.®*®> A recently identified subgroup of
AQP4-1gG seronegative NMOSD patients have antibodies against myelin oligodendrocyte
glycoprotein (MOG-IgG)*® and may have a more favourable course.®®*” MOG-IgG is also
found in some patients with ADEM (particularly in children), and in ADEM followed by optic
neuritis, and isolated or recurrent optic neuritis.%®%° It is not clear whether MOG-IgG-
associated inflammatory demyelinating syndromes will remain part of NMOSD or be

considered as a distinct nosologic entity in the future.®®
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Diagnostic criteria for NMOSD have recently been updated (Supplementary Panel 2 ).4” The
diagnostic criteria are more stringent in AQP4-IgG negative patients requiring at least two
attacks affecting different sites, one of which must be optic neuritis, myelitis or an area

postrema syndrome.

Although the first attack of NMOSD can mimic CIS (e.g. acute unilateral optic neuritis or
short-segment partial myelitis®?), routine testing for AQP4-IgG in CIS populations with a high
incidence of MS and low incidence of NMOSD has a very low vyield and is not
recommended.®? A first demyelinating event suggestive of NMOSD (e.g. severe or bilateral
optic neuritis, longitudinally-extensive transverse myelitis, area postrema syndrome) should

always mandate testing for AQP4-1gG and facilitates an earlier diagnosis and treatment.

Misdiagnosis of multiple sclerosis

Rates of misdiagnosis of MS may be as high as 10%.% In a survey of MS specialist
neurologists in the United States, 95% of respondents had seen one or more patients in the
previous year who had been misdiagnosed with MS, many of whom were being treated
inappropriately with disease-modifying therapies. The major disorders identified that were
misdiagnosed as MS were small-vessel cerebrovascular disease, migraine, fiboromyalgia and
functional neurological disorders.®* These disorders usually present quite differently to MS
and reasons for misdiagnosis included misinterpretation of clinical findings (symptoms not
typical of demyelination, absence of objective neurological signs) and inappropriate
application of MRI criteria.?® The application of McDonald criteria and the diagnosis of MS
should be undertaken by neurologists who are familiar with MS with additional expert advice

when needed (e.g. MRI review by a neuroradiologist).
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Controversies and areas of uncertainty

Although there has been major progress in diagnosing MS, areas of uncertainty remain. The
role of spinal cord imaging® and CSF examination® in MS diagnosis is particularly
controversial. Current guidelines recommend spinal cord MRI in patients with symptoms of
myelopathy or when brain MRI findings are not diagnostic of MS.'2 However, spinal cord
lesions can be very helpful in making a diagnosis of MS (cord lesions do not occur with
healthy aging or cerebrovascular disease!! and provide additional evidence of dissemination
in space?®) and may provide important prognostic information.®” Therefore routine imaging of
the whole spinal cord in all patients with suspected MS has recently been proposed.®® The
McDonald 2010 criteria do not mandate a CSF examination and there is much variation
between neurologists as to how often a lumbar puncture is done in in the diagnosis of MS.¢
As noted previously the sensitivity of OCBs is <100% and may be significantly lower in
people with a first demyelinating event!®, the time when a lumbar puncture is most likely to
be performed. However, OCBs may provide additional prognostic information'® and may
increase diagnostic confidence, especially when considering long-term disease-modifying

treatment.

Gadolinium-enhancing lesions provide evidence for dissemination in time and can also
assist in differential diagnosis.'*? Current guidelines recommend a post-contrast T1-
weighted scan as part of the diagnostic evaluation of patients with suspected MS.'? The
United States Food and Drug Administration and the European Medicines Agency are
investigating the clinical significance of gadolinium deposits in the brain reported in some
patients after the repeated use of gadolinium-based contrast agents.®®’° At this time, the
safety concern should not preclude the use of gadolinium-based contrast agents for

diagnostic purposes but should be considered in monitoring patients with MS.
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MRI criteria for MS require a balance between sensitivity (diagnosing MS at an early stage)
and specificity (making an accurate diagnosis). The optimal balance of sensitivity and
specificity using MRI criteria is uncertain. Using the McDonald criteria, MS is being
diagnosed significantly earlier than with the use of clinical criteria alone facilitating earlier
treatment.'® However, the criteria are intended to provide diagnostic rather than prognostic
information. Conventional brain MRI findings around the time of diagnosis are only modestly
predictive of long-term disability® and there is uncertainty as to the extent to which criteria for
diagnosis and treatment should be linked. The McDonald criteria identify a subgroup of
patients with a single attack and MRI evidence of dissemination in time and space who do
not experience further relapses even with long-term follow-up.” In the past this group would
be considered to have CIS rather than MS. The changes to the diagnostic criteria may be
favourably shifting the apparent long-term outcome of MS (the so called “Will Rogers

phenomenon”), independent of any effect of disease-modifying treatments.’?

Conclusions and future perspectives

Current diagnostic criteria for MS integrate clinical and MRI findings and enable an earlier
and more reliable diagnosis of MS than with clinical findings alone, potentially facilitating
earlier treatment. The criteria are best applied in an individual patient when there are typical
symptoms and signs of MS and when relevant differential diagnoses have been excluded.
Further supportive information from CSF and/or evoked potentials can be obtained if

diagnostic uncertainty remains.

Despite the current usefulness of the McDonald criteria, the MAGNIMS network have
recently proposed a number of modifications, such as inclusion of optic nerve, cortical and
symptomatic lesions in dissemination in space and standardisation of dissemination in space

criteria for RRMS, PPMS and RIS.®8 Some of these recommendations are evidence-
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based”’* and others are based on expert consensus. These and other changes to the
diagnostic criteria for MS will be considered at a meeting of an international panel in late

2016.

Further iterations of the McDonald criteria may allow for inclusion of new and emerging MRI
techniques with improved pathological specificity.?>¢® Cortical grey matter is frequently
involved in MS pathologically, but cortical lesions are rarely visualised on conventional MRI
sequences and are better seen using double inversion recovery (DIR) or phase-sensitive
inversion recovery (PSIR) techniques.”®”™ Cortical grey matter lesions may be helpful in
making a diagnosis of MS® 7 and have not been found in NMOSD’® or migraine.?* MS
lesions characteristically have a perivenular distribution and using T2* or susceptibility-
weighted imaging a central vein can be detected in most MS lesions, especially at higher
field strengths.”” The presence of a “central vein sign” might help differentiate MS from
NMOSD"® and white matter lesions due to small vessel disease, migraine, and healthy
aging.”” Research is also focused on novel CSF and body fluid biomarkers that are
associated with the development of MS in patients with CIS including CSF IgM-OCBs, MRZ-
specific IgG, kappa free light chains, CXCL13, chitinase-3-like protein 1 and neurofilament
light chain.” However, their utility in differentiating MS from other disorders is yet to be
established. Optical coherence tomography (OCT) is also being investigated as an MS
biomarker. Evidence that retinal nerve fibre layer thinning occurs in MS means that OCT has
potential utility as a predictor of progression from CIS to MS® and OCT findings may assist

in differentiating MS from NMOSD?® and Susac’s syndrome.®!

The diagnosis of MS and its many differential diagnoses can still be challenging but progress
continues to be made. Diagnostic criteria for both MS and NMOSD have changed in recent

years as new pathological, immunological, imaging, clinical and therapeutic findings have
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emerged. It is likely that there will be future changes in diagnostic criteria for MS and other

CNS inflammatory disorders as new knowledge and clinical experience evolves.
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Table 1. Typical presentations of relapsing-remitting MS and selected atypical presentations

that are more suggestive of an alternative diagnosis.

Typical

Atypical

Acute unilateral optic neuritis

Double vision due to an internuclear
ophthalmoplegia or sixth nerve palsy *

Facial sensory loss or trigeminal neuralgia *

Cerebellar ataxia and nystagmus

Partial myelopathy

Sensory symptoms

Lhermitte’s symptom

Asymmetric limb weakness

Urge incontinence, erectile dysfunction

Bilateral optic neuritis, or unilateral optic
neuritis with a poor visual recovery

Complete gaze palsy or fluctuating
ophthalmoparesis

Intractable nausea, vomiting or hiccups

Complete transverse myelopathy with

bilateral motor/sensory involvement

Encephalopathy

Subacute cognitive decline

Headache, meningism

Isolated fatigue / asthenia

Constitutional symptoms

* In a young adult (< 40 years)
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Table 2. Differential diagnosis of multiple sclerosis: selected disorders with a relapsing-

remitting course.

Disorder Clinical features MRI findings CSF findings Other investigations
NMOSD Optic neuritis — especially Longitudinally-extensive | Mild CSF pleocytosis AQP4-IgG

bilateral or with visual optic nerve lesions sometimes with MOG-IgG

poor recovery (involving >50% of the neutrophils or +/- OCT

Transverse myelitis
Intractable nausea and
vomiting

Paroxysmal tonic spasms

optic nerve) +/-
extension into the optic
chiasm

Brain lesions in
diencephalon, dorsal
midbrain,
periependymal regions;
“cloudlike”
enhancement
Longitudinally-extensive
spinal cord lesions
extending over >3
vertebral segments

eosinophils
OCBs present 20%

Neurosarcoidosis

Optic neuropathy and
myelopathy; facial palsy
Early relapse after
stopping steroids

+/- Systemic involvement

Meningeal
enhancement
Enhancement of the
optic nerve sheath
Persistent, nodular
enhancement within
lesions

Enlarged lacrimal glands

OCBs sometimes present
Raised CSF ACE level (not
sensitive or specific for
neurosarcoidosis)

Serum ACE level

Chest x-ray, HRCT, lung
function tests

CT/PET scan

Slit-lamp examination
Tissue biopsy

CNS vasculitis
(primary or
secondary)

Headache, acute CNS
syndromes including
hemiparesis and ataxia
Early cognitive
impairment

+/- Systemic involvement

Punctate or larger
lesions in the grey and
white matter, often
enhancing, sometimes
with restricted diffusion
and evidence of micro-
haemorrhages

OCBs sometimes present

Serum ANCA (systemic
vasculitis)

Tissue biopsy —
systemic site or brain
biopsy (if possible)

Susac’s syndrome

Encephalopathy, visual
loss, deafness

“Snow-ball” lesions in
the corpus callosum
associated with

OCBs usually absent

Fluorescein angiogram
looking for branch
retinal artery

restricted diffusion in occlusions
the acute phase and ocT
then T1-hypointensity; Audiogram
also “icicle” and “spoke”
lesions
CADASIL Migraine, especially with Extensive white matter OCBs absent Testing for NOTCH3
complex or prolonged abnormalities; gene mutation
aura prominent involvement Skin biopsy

Recurrent acute
hemiparesis and other
vascular syndromes
Neuropsychiatric
disturbance

Dementia

of the temporal poles
and external capsule

Connective tissue
disorders (SLE,
Sjogren’s syndrome,

Optic neuritis,
longitudinally extensive
transverse myelitis,

Variable

OCBs usually absent

Serologic testing — ANA,
ENA, antiphospholipid
antibodies

antiphospholipid Systemic involvement AQP4-IgG
syndrome) Recurrent miscarriage,
thrombosis
(antiphospholipid
syndrome)
Behcet’s disease Brainstem syndrome, Mass-like enhancing Significant pleocytosis Pathergy testing
myelopathy (rare) lesions, predilection for (WCC >50 cells/cm3), may | HLA typing
Oral and genital ulceration | the midbrain, thalami be neutrophil
Intraocular inflammation and internal capsules predominant
OCBs usually absent
CLIPPERS Subacute ataxia, double Punctate gadolinium- OCBs sometimes present Brain biopsy
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vision and slurred speech
Early relapse after
stopping steroids

enhancing lesions within
the brainstem and
cerebellum +/- lesions in
the basal ganglia,
supratentorial white
matter and spinal cord

Leber’s hereditary
optic neuropathy

Bilateral sequential optic
neuropathies with poor
visual recovery

Males > females

Normal or may show
white matter lesions
(Harding’s disease)

OCBs absent

Genetic testing
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Table 3. Differential diagnosis of multiple sclerosis: selected disorders with a progressive

course.
Disorder Clinical features MRI findings CSF findings Other investigations
HTLV1-associated Progressive myelopathy Spinal cord atrophy OCBs CSF HTLV1 antibody testing
myelopathy Residence or travel to an (thoracic > cervical) sometimes
endemic area (especially T2-hyperintense brain present
West Indies, Japan) lesions in some patients
Dural AV fistula Subacute, progressive Extensive spinal cord T2- OCBs absent Spinal angiogram
myelopathy hyperintensity often
extending to the conus +/-
gadolinium enhancement
Dilated veins over the
dorsal surface of the cord
(often subtle)
Brain MRI normal
Nutritional myelopathy Subacute progressive T2-hyperintensity upper OCBs absent Serum B12, methylmalonic
(vitamin B12 or copper myelopathy or cervical cord classically acid
deficiency) myeloneuropathy affecting the posterior Serum copper levels,
Optic atrophy (severe B12 columns caeruloplasmin
deficiency) Brain MRI normal
Anaemia or pancytopenia
Primary lateral sclerosis Spastic quadriparesis or MRI normal or showing T2- OCBs absent EMG looking for lower
(or upper motor neurone hemiparesis hyperintensity in the motor neurone
predominant ALS) +/- Bulbar involvement corticospinal tracts involvement
+/- Development of lower
motor neurone signs
Leukodystrophies Progressive myelopathy Highly variable OCBs absent Very-long chain fatty acids
- Adrenomyeloneuropathy | (adrenomyeloneuropathy, Diffuse, symmetrical T2- (adrenomyeloneuropathy)
- Krabbe’s disease Krabbe’s) hyperintensity sparing
- Alexanders disease Bulbar symptoms, ataxia subcortical U fibres; with Genetic testing available
- Hereditary diffuse (Alexander’s disease) posterior hemispheric for some leukodystrophies
leukoencephalopathy Early cognitive impairment predominance
with axonal spheroids (HDLS) (adrenomyeloneuropathy)
(HDLS) Spinal cord MRI normal or
showing atrophy
Hereditary spastic Slowly progressive Spinal cord atrophy OCBs absent Genetic testing
paraplegia myelopathy Supratentorial and
(especially SPG5) (spasticity>weakness) infratentorial white matter
+/- Other neurological lesions (SPG5)
symptoms Atrophy of the corpus
+/- Family history callosum
Spinocerebellar ataxias Progressive cerebellar Early, prominent cerebellar OCBs absent Genetic testing

ataxia

+/- Other neurological
symptoms

+/- Family history

+/- spinal cord atrophy
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Panel 1. McDonald 2010 diagnostic criteria for multiple sclerosis (modified from Polman et al 2011%)

Clinical scenario

22 attacks with objective evidence of
22 |esions

22 attacks with objective evidence of

1 lesion

1 attack with objective evidence of

22 |esions

1 attack with objective evidence of 1

lesion

One year of disease progression
(retrospectively or prospectively

determined)

Additional evidence required

None

Dissemination in space demonstrated by:

- 21 T2 lesion in at least 2 of 4 areas of the CNS typically affected in
demyelination: periventricular, juxtacortical, infratentorial, spinal cord
(Figure 1)

- Second clinical attack at a different site

Dissemination in time demonstrated by:

- Simultaneous presence of asymptomatic gadolinium-enhancing and
nonenhancing lesions on a single scan or a new T2 and/or gadolinium-
enhancing lesion on follow-up MRI (Figure 2)

- Second clinical attack

Dissemination in space demonstrated by:

- 21 T2 lesion in at least 2 of 4 areas of the CNS typically affected in
demyelination: periventricular, juxtacortical, infratentorial, spinal cord

- Second clinical attack at a different site

Dissemination in time demonstrated by

- Simultaneous presence of asymptomatic gadolinium-enhancing and
nonenhancing lesions on a single scan or a new T2 and/or gadolinium-
enhancing lesion on follow-up MRI (Figure 2)

- Second clinical attack

Two of the following:

- 21 T2 brain lesions in at least one MS-characteristic regions
(periventricular, juxtacortical, or infratentorial)

- 22 T2 spinal cord lesions

- Positive CSF (=2 oligoclonal bands not present in serum, elevated

IgG index, or both)
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Figure 1. Locations of typical multiple sclerosis lesions in the brain and spinal cord indicated

by white arrows. Axial brain MRI scans showing multiple periventricular lesions (a) with
contrast enhancement of one lesion (b), juxtacortical lesions (c) and infratentorial lesions (d).
Sagittal (e,f) and axial (g,h) scans with a cervical spinal cord lesion showing contrast

enhancement in (f,h)
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Supplementary Panel 1. Diagnostic criteria for acute disseminated encephalomyelitis (modified from

Krupp et al 20133?)

1. Afirst polyfocal, clinical CNS event with presumed inflammatory demyelinating cause

2. Encephalopathy that cannot be explained by fever

3. No new clinical and MRI findings emerge three months or more after the onset

4. Brain MRI is abnormal during the acute (three-month) phase. Typical brain MRI findings include:
o Diffuse, poorly demarcated, large (>1-2 cm) lesions involving predominantly the cerebral

white matter

e T1 hypointense lesions in the white matter are rare

e Deep grey matter lesions (e.g. thalamus or basal ganglia) can be present
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Supplementary Panel 2. Neuromyelitis optica spectrum disorder (modified from Wingerchuk et al 20154)
Core clinical characteristics

1. Optic neuritis

2. Acute myelitis

3. Area postrema syndrome (an episode of otherwise unexplained hiccups or nausea and vomiting)

4. Acute brainstem syndrome

5. Symptomatic narcolepsy or acute diencephalic clinical syndrome with NMOSD-typical diencephalic MRI lesions
6. Symptomatic cerebral syndrome with NMOSD-typical brain lesions

Diagnostic criteria for NMOSD with AQP4-IgG

1. At least 1 core clinical characteristic

2. Positive test for AQP4-1gG using best available detection method

3. Exclusion of alternative diagnoses

Diagnostic criteria for NMOSD without AQP4-IgG or NMOSD with unknown AQP4-1gG status

1. At least 2 core clinical characteristics occurring as a result of one or more clinical attacks and meeting all of the following requirements:

a. At least 1 core clinical characteristic must be optic neuritis, acute myelitis with LETM, or area postrema syndrome

b. Dissemination in space (2 or more different core clinical characteristics)
c. Fulfilment of additional MRI requirements, as applicable (see Wingerchuk et al 2015%)
2. Negative tests for AQP4-1gG using best available detection method, or testing unavailable

3. Exclusion of alternative diagnoses
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Supplementary Figure 1. T2-weighted MRI scans in AQP4-1gG positive neuromyelitis optica
spectrum disorder (NMOSD).




(A) a longitudinally extensive spinal cord lesion (arrows); (B) a lesion involving the central
spinal cord (arrow heads); (C) a lesion in the dorsal medulla (arrow); (D) multifocal lesions
around the lateral ventricles, third ventricle and diencephalon.
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Search strategy and selection criteria

We searched MEDLINE (01 January 1995 — 15 May 2016) using the search terms “multiple
sclerosis”, “neuromyelitis optica”, “acute disseminated encephalomyelitis, “diagnosis”,
“diagnostic criteria” and “differential diagnosis” for articles published in the English language.
Additional articles were also sought from the reference lists of relevant articles. Priority was
given to new studies published in the last 5 years. Where appropriate review articles have

been referenced to provide more detailed information on individual topics.

Contributions

WJB performed the literature search. WJB and DHM planned the outline of the manuscript
and drafted the text. All of the authors edited the manuscript, tables and figures. DHM

accepts responsibility for the final manuscript.

Acknowledgements

Kate Brunskill, Deputy Librarian, Queen Square Library, Archive & Museum assisted in
planning and conducting the literature search. The Queen Square Multiple Sclerosis Centre
at UCL Institute of Neurology is supported by the United Kingdom MS Society and UCL-
UCLH Biomedical Research Centre.

Declaration of interests
WJB has nothing to disclose.

TAH has received honoraria for talks and advisory boards, and support for scientific

meetings from Novartis, Biogen ldec, Merck-Serono, Alexion and Genzyme.

FF serves on scientific advisory boards for Bayer-Schering, Biogen Idec, Genzyme, Merck
Serono, Pfizer, Novartis, Parexel and Teva Pharmaceutical Industries Ltd and has received
speaker honoraria and support from Biogen ldec, Bayer Schering, Merck Serono, Novatrtis,

Pfizer, Sanofi-Aventis, Shire and Teva Pharmaceutical Industries Ltd.

DHM has received honoraria through payments to his employer, UCL Institute of Neurology,
for Advisory Committee and/or Consultancy advice in MS studies from Biogen Idec,

Novartis, Mitsubishi Pharma Europe and Bayer Schering Pharma; compensation through

30



payments to his employer for performing central MRI analysis of MS trials from Biogen ldec,

Novartis and Apitope.

References

1. Polman CH, Reingold SC, Banwell B, et al. Diagnostic criteria for multiple sclerosis:
2010 Revisions to the McDonald criteria. Ann Neurol 2011; 69: 292-302.

2. Lublin FD, Reingold SC, Cohen JA, et al. Defining the clinical course of multiple
sclerosis: the 2013 revisions. Neurology 2014; 83: 278-86.

3. Hirst C, Ingram G, Pickersgill T, Swingler R, Compston DA, Robertson NP.
Increasing prevalence and incidence of multiple sclerosis in South East Wales. J Neurol
Neurosurg Psychiatry 2009; 80: 386-91.

4, Wingerchuk DM, Banwell B, Bennett JL, et al. International consensus diagnostic

criteria for neuromyelitis optica spectrum disorders. Neurology 2015; 85: 177-89.

5. Brownlee WJ, Miller DH. Clinically isolated syndromes and the relationship to
multiple sclerosis. J Clin Neurosci 2014; 21: 2065-71.

6. Miller DH, Leary SM. Primary-progressive multiple sclerosis. Lancet Neurol 2007; 6:
903-12.
7. Offenbacher H, Fazekas F, Schmidt R, et al. Assessment of MRI criteria for a

diagnosis of MS. Neurology 1993; 43: 905-9.

8. Fisniku LK, Brex PA, Altmann DR, et al. Disability and T2 MRI lesions: a 20-year

follow-up of patients with relapse onset of multiple sclerosis. Brain 2008; 131: 808-17.

9. Fazekas F, Barkhof F, Filippi M, et al. The contribution of magnetic resonance
imaging to the diagnosis of multiple sclerosis. Neurology 1999; 53: 448-56.

10. Sombekke MH, Wattjes MP, Balk LJ, et al. Spinal cord lesions in patients with

clinically isolated syndrome: a powerful tool in diagnosis and prognosis. Neurology 2013; 80:
69-75.

31



11. Bot JC, Barkhof F, Lycklama a Nijeholt G, et al. Differentiation of multiple sclerosis
from other inflammatory disorders and cerebrovascular disease: value of spinal MR imaging.
Radiology 2002; 223: 46-56.

12. Rovira A, Wattjes MP, Tintore M, et al. Evidence-based guidelines: MAGNIMS
consensus guidelines on the use of MRI in multiple sclerosis-clinical implementation in the
diagnostic process. Nat Rev Neurol 2015; 11: 471-82.

13. Garg N, Reddel SW, Miller DH, et al. The corpus callosum in the diagnosis of
multiple sclerosis and other CNS demyelinating and inflammatory diseases. J Neurol
Neurosurg Psychiatry 2015; 86: 1374-82.

14. Freedman MS, Thompson EJ, Deisenhammer F, et al. Recommended standard of
cerebrospinal fluid analysis in the diagnosis of multiple sclerosis: a consensus statement.
Arch Neurol 2005; 62: 865-70.

15. Dobson R, Ramagopalan S, Davis A, Giovannoni G. Cerebrospinal fluid oligoclonal
bands in multiple sclerosis and clinically isolated syndromes: a meta-analysis of prevalence,

prognosis and effect of latitude. J Neurol Neurosurg Psychiatry 2013; 84: 909-14.

16. Leocani L, Comi G. Clinical neurophysiology of multiple sclerosis. Handb Clini Neurol
2014; 122: 671-9.

17. Negrotto L, Tur C, Tintore M, et al. Should we systematically test patients with
clinically isolated syndrome for auto-antibodies? Mult Scler 2015; 21: 1802-10.

18. Poser CM, Paty DW, Scheinberg L, et al. New diagnostic criteria for multiple

sclerosis: guidelines for research protocols. Ann Neurol 1983; 13: 227-31.
19. Brownlee WJ, Swanton JK, Altmann DR, Ciccarelli O, Miller DH. Earlier and more
frequent diagnosis of multiple sclerosis using the McDonald criteria. J Neurol Neurosurg

Psychiatry 2015; 86: 584-5.

20. Montalban X, Sastre-Garriga J, Filippi M, et al. Primary progressive multiple sclerosis

diagnostic criteria: a reappraisal. Mult Scler 2009; 15: 1459-65.

32



21. 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 2013; 19: 1101-5.

22. Nielsen JM, Korteweg T, Barkhof F, Uitdehaag BM, Polman CH. Overdiagnosis of

multiple sclerosis and magnetic resonance imaging criteria. Ann Neurol 2005; 58: 781-3.

23. Selchen D, Bhan V, Blevins G, et al. MS, MRI, and the 2010 McDonald criteria: a
Canadian expert commentary. Neurology 2012; 79: S1-15.

24. Absinta M, Rocca MA, Colombo B, et al. Patients with migraine do not have MRI-
visible cortical lesions. J Neurol 2012; 259: 2695-8.

25. Montalban X, Tintore M, Swanton J, et al. MRI criteria for MS in patients with
clinically isolated syndromes. Neurology 2010; 74: 427-34.

26. Patrucco L, Rojas JI, Miguez JS, Cristiano E. Application of the McDonald 2010
criteria for the diagnosis of multiple sclerosis in an Argentinean cohort of patients with
clinically isolated syndromes. Mult Scler 2013; 19: 1297-301.

27. Huh SY, Kim SH, Kim W, et al. Evaluation of McDonald MRI criteria for dissemination
in space in Korean patients with clinically isolated syndromes. Mult Scler 2014; 20: 492-5.

28. Okuda DT, Mowry EM, Beheshtian A, et al. Incidental MRI anomalies suggestive of
multiple sclerosis: the radiologically isolated syndrome. Neurology 2009; 72: 800-5.

29. Okuda DT, Siva A, Kantarci O, et al. Radiologically isolated syndrome: 5-year risk for
an initial clinical event. PLoS One 2014; 9: e90509.

30. Lebrun C, Bensa C, Debouverie M, et al. Association between clinical conversion to
multiple sclerosis in radiologically isolated syndrome and magnetic resonance imaging,
cerebrospinal fluid, and visual evoked potential: follow-up of 70 patients. Arch Neurol 2009;
66: 841-6.

31. Giorgio A, Stromillo ML, Rossi F, et al. Cortical lesions in radiologically isolated
syndrome. Neurology 2011; 77: 1896-9.

33



32. 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: 1261-
7.

33. Chabas D, Castillo-Trivino T, Mowry EM, Strober JB, Glenn OA, Waubant E.
Vanishing MS T2-bright lesions before puberty: a distinct MRI phenotype? Neurology 2008;
71: 1090-3.

34. Peche SS, Alshekhlee A, Kelly J, Lenox J, Mar S. A long-term follow-up study using
IPMSSG criteria in children with CNS demyelination. Pediatr Neurol 2013; 49: 329-34.

35. Sadaka Y, Verhey LH, Shroff MM, et al. 2010 McDonald criteria for diagnosing
pediatric multiple sclerosis. Ann Neurol 2012; 72: 211-23.

36. Tremlett H, Devonshire V. Is late-onset multiple sclerosis associated with a worse
outcome? Neurology 2006; 67: 954-9.

37. de Seze J, Delalande S, Michelin E, et al. Brain MRI in late-onset multiple sclerosis.
Eur J Neurol 2005; 12: 241-4.

38. Wallner-Blazek M, Rovira A, Fillipp M, et al. Atypical idiopathic inflammatory
demyelinating lesions: prognostic implications and relation to multiple sclerosis. J Neurol
2013; 260: 2016-22.

39. Seewann A, Enzinger C, Filippi M, et al. MRI characteristics of atypical idiopathic
inflammatory demyelinating lesions of the brain : A review of reported findings. J Neurol
2008; 255: 1-10.

40. Lucchinetti CF, Gavrilova RH, Metz I, et al. Clinical and radiographic spectrum of

pathologically confirmed tumefactive multiple sclerosis. Brain 2008; 131: 1759-75.
41. Hardy TA, Reddel SW, Barnett MH, Palace JDM, Lucchinetti CF, Weinshenker BG.

The spectrum of atypical CNS inflammatory demyelinating disease. Lancet Neurol 2016; In

press.

34



42. Miller DH, Weinshenker BG, Filippi M, et al. Differential diagnosis of suspected
multiple sclerosis: a consensus approach. Mult Scler 2008; 14: 1157-74.

43, Schwarz S, Mohr A, Knauth M, Wildemann B, Storch-Hagenlocher B. Acute
disseminated encephalomyelitis: a follow-up study of 40 adult patients. Neurology 2001; 56:
1313-8.

44, Trebst C, Jarius S, Berthele A, et al. Update on the diagnosis and treatment of
neuromyelitis optica: recommendations of the Neuromyelitis Optica Study Group (NEMOS).
J Neurol 2014; 261: 1-16.

45, Zekeridou A, Lennon VA. Aquaporin-4 autoimmunity. Neurol Neuroimmunol
Neuroinflamm 2015; 2: e110.

46. Pandit L, Asgari N, Apiwattanakul M, et al. Demographic and clinical features of

neuromyelitis optica: A review. Mult Scler 2015; 21: 845-53.

47, Kitley J, Leite MI, Nakashima I, et al. Prognostic factors and disease course in
aguaporin-4 antibody-positive patients with neuromyelitis optica spectrum disorder from the
United Kingdom and Japan. Brain 2012; 135: 1834-49.

48. Kimbrough DJ, Fujihara K, Jacob A, et al. Treatment of Neuromyelitis Optica: Review
and Recommendations. Mult Scler Relat Disord 2012; 1: 180-7.

49, Kim HJ, Paul F, Lana-Peixoto MA, et al. MRI characteristics of neuromyelitis optica
spectrum disorder: an international update. Neurology 2015; 84: 1165-73.

50. Ramanathan S, Prelog K, Barnes EH, et al. Radiological differentiation of optic
neuritis with myelin oligodendrocyte glycoprotein antibodies, aquaporin-4 antibodies, and
multiple sclerosis. Mult Scler 2016; 22: 470-82.

51. Matthews L, Marasco R, Jenkinson M, et al. Distinction of seropositive NMO

spectrum disorder and MS brain lesion distribution. Neurology 2013; 80: 1330-7.

52. Jarius S, Paul F, Franciotta D, et al. Cerebrospinal fluid findings in aquaporin-4
antibody positive neuromyelitis optica: results from 211 lumbar punctures. J Neurol Sci 2011;
306: 82-90.

35



53. Waters PJ, McKeon A, Leite MI, et al. Serologic diagnosis of NMO: a multicenter
comparison of aquaporin-4-lgG assays. Neurology 2012; 78: 665-71.

54, Pittock SJ, Lennon VA, Bakshi N, et al. Seroprevalence of aquaporin-4-IgG in a
northern California population representative cohort of multiple sclerosis. JAMA Neurol 2014;
71: 1433-6.

55. Kister I, Paul F. Pushing the boundaries of neuromyelitis optica: does antibody make
the disease? Neurology 2015; 85: 118-9.

56. Kitley J, Woodhall M, Waters P, et al. Myelin-oligodendrocyte glycoprotein antibodies
in adults with a neuromyelitis optica phenotype. Neurology 2012; 79: 1273-7.

57. Kitley J, Waters P, Woodhall M, et al. Neuromyelitis optica spectrum disorders with
aguaporin-4 and myelin-oligodendrocyte glycoprotein antibodies: a comparative study.
JAMA Neurol 2014; 71: 276-83.

58. Kim SM, Woodhall MR, Kim JS, et al. Antibodies to MOG in adults with inflammatory
demyelinating disease of the CNS. Neurol Neuroimmunol Neuroinflamm 2015; 2: e163.

59. Hacohen Y, Absoud M, Deiva K, et al. Myelin oligodendrocyte glycoprotein
antibodies are associated with a non-MS course in children. Neurol Neuroimmunol
Neuroinflamm 2015; 2: e81.

60. Reindl M, Rostasy K. MOG antibody-associated diseases. Neurol Neuroimmunol
Neuroinflamm 2015; 2: e60.

61. Flanagan EP, Weinshenker BG, Krecke KN, et al. Short myelitis lesions in aquaporin-
4-1gG-positive neuromyelitis optica spectrum disorders. JAMA Neurol 2015; 72: 81-7.

62. Costa C, Arrambide G, Tintore M, et al. Value of NMO-IgG determination at the time
of presentation as CIS. Neurology 2012; 78: 1608-11.
63. Solomon AJ, Weinshenker BG. Misdiagnosis of multiple sclerosis: frequency,

causes, effects, and prevention. Curr Neurol Neurosci Rep 2013; 13: 403.

36



64. Solomon AJ, Klein EP, Bourdette D. "Undiagnosing” multiple sclerosis: the challenge
of misdiagnosis in MS. Neurology 2012; 78: 1986-91.

65. Hutchinson M. Spinal cord MRI should always be performed in clinically isolated
syndrome patients: Commentary. Mult Scler 2014; 20: 1690-1.

66. Hutchinson M. CSF oligoclonal bands are important in the diagnosis of multiple
sclerosis, unreasonably downplayed by the McDonald criteria 2010: Commentary. Mult Scler
2013; 19: 719-20.

67. Swanton JK, Fernando KT, Dalton CM, et al. Early MRI in optic neuritis: The risk for
disability. Neurology 2009; 72: 542-50.

68. Filippi M, Rocca MA, Ciccarelli O, et al. MRI criteria for the diagnosis of multiple
sclerosis: MAGNIMS consensus guidelines. Lancet Neurol 2016; 15: 292-303.

69. United States Food and Drug Administration. FDA evaluating the risk of brain
deposits with repeated use of gadolinium-based contrast agents for magnetic resonance
imaging (MRI). http://www.fda.gov/Drugs/DrugSafety/ucm455386.htm (accessed 07/06/16).

70. European Medicines Agency. EMA reviewing gadolinium contrast agents used in
MRI scans.
http://www.ema.europa.eu/ema/index.jsp?curl=pages/medicines/human/referrals/Gadolinium
-containing_contrast_agents/fhuman_referral_prac_000056.jsp&mid=WC0b01ac05805c516f
(accessed 07/06/16).

71. Chard DT, Dalton CM, Swanton J, et al. MRI only conversion to multiple sclerosis
following a clinically isolated syndrome. J Neurol Neurosurg Psychiatry 2011; 82: 176-9.

72. Sormani MP, Tintore M, Rovaris M, et al. Will Rogers phenomenon in multiple
sclerosis. Ann Neurol 2008; 64: 428-33.

73. Filippi M, Rocca MA, Calabrese M, et al. Intracortical lesions: relevance for new MRI
diagnostic criteria for multiple sclerosis. Neurology 2010; 75: 1988-94.

74. Brownlee W, Swanton J, Miszkiel K, Miller D, Ciccarelli O. Should the symptomatic
region be included in dissemination in space in MRI criteria for MS? Neurology 2016; In

press

37



75. Sethi V, Yousry TA, Muhlert N, et al. Improved detection of cortical MS lesions with
phase-sensitive inversion recovery MRI. J Neurol Neurosurg Psychiatry 2012; 83: 877-82.

76. Sinnecker T, Dorr J, Pfueller CF, et al. Distinct lesion morphology at 7-T MRI
differentiates neuromyelitis optica from multiple sclerosis. Neurology 2012; 79: 708-14.

77. Tallantyre EC, Morgan PS, Dixon JE, et al. A comparison of 3T and 7T in the

detection of small parenchymal veins within MS lesions. Invest Radiol 2009; 44: 491-4.

78. Kister I, Herbert J, Zhou Y, Ge Y. Ultrahigh-Field MR (7 T) Imaging of Brain Lesions
in Neuromyelitis Optica. Mult Scler Int 2013; 2013: 398259.

79. Teunissen CE, Malekzadeh A, Leurs C, Bridel C, Killestein J. Body fluid biomarkers

for multiple sclerosis--the long road to clinical application. Nat Rev Neurol 2015; 11: 585-96.
80. Bennett JL, de Seze J, Lana-Peixoto M, et al. Neuromyelitis optica and multiple
sclerosis: Seeing differences through optical coherence tomography. Mult Scler 2015; 21:

678-88.

81. Ringelstein M, Albrecht P, Kleffner I, et al. Retinal pathology in Susac syndrome
detected by spectral-domain optical coherence tomography. Neurology 2015; 85: 610-8.

38



