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The evolution of knowledge in biology has necessarily forged together immu-
nology and the neurological sciences. The amalgamation and interaction of 
these two complex fields have resulted in increasing impetus for research in 
molecular behaviors, in clinical diagnosis, in the management of a myriad of 
human disorders, and in further developments of translational medicine. 
Remarkable advances and discoveries taking place in the last decades make 
research on immunology the essential ally in the understanding and founda-
tion for therapies that can now be offered for many neurological diseases—
some previously devoid of this possibility.

The book Neuroimmunology should indeed be considered as a treatise in 
this field. The production of this work provides the most advanced and 
updated presentation of clinical phenomena, and the identified (or proposed) 
intimate pathogenesis of disordered immunologic mechanisms affecting the 
nervous system. The editors designed a multifaceted yet sophisticated the-
matic outline constituted by 6 parts containing 32 chapters. The authors of the 
diverse sections of the book are prominent basic and clinical researchers. 
Their recognized work in the field contributes to further enhance the attrac-
tive quality of this production.

In the flow of the text, the reader initially has access to a mosaic of intro-
ductory aspects addressing the general concepts of neuroimmunology and 
neural autoantibodies, as well as neuroimaging developments, and their con-
tribution to diagnosis. In this ever-changing environment, clinical trials uti-
lized in neuroimmunological disorders have increasingly become more 
complex and demanding, hence their proper design is imperative, with the 
aim to include all elements and parameters required to acquire objective and 
meaningful results, regardless of whether these are positive or negative. 
While treatment of each entity, if applicable, is specifically discussed in their 
corresponding section, as preamble, basic principles of management of dis-
ease and general concepts of immune therapy are presented in the introduc-
tion, or part I, of this book.

Multiple Sclerosis (MS) is assigned a special place in the book (Part II). 
The understanding of this disease over the last decades has flourished, result-
ing in notable scientific findings, including identification of novel immuno-
logic molecular paths and development of sensitive pathology technology. 
Epidemiologically, MS is the most common inflammatory, demyelinating, 
and degenerative disease of the CNS. Although MS is identified in all corners 
of the world and affects most racial and ethnic populations (with a few 

Foreword



vi

exceptions), the disease is typically more prevalent among Caucasian indi-
viduals of northern European ancestry and their descendants living in diverse 
areas of the world. It is possible that historical dissemination of the European 
genetic risk to theoretically less susceptible populations have contributed to 
the globalization and appearance of MS in other groups (i.e., Latin Americans, 
African Americans). MS has a prominent determining genetic component. 
Disease susceptibility effectively interacts with environmental factors, many 
still not identified, and many, in fact, playing an epigenetic role.

Increasing understanding of clinical and MRI behaviors has greatly con-
tributed to comprehension not only of the natural (spontaneous) course of 
MS, not altered by the introduction of a specific therapy, but also by the effect 
in the clinical course exerted by the many disease-modifying therapies (DMT) 
available at present. The current therapeutic armamentarium has enhanced 
the options of management for the patient while raising important challenges 
to the process of proper therapy selection. Discussions on the complexities of 
DMT use and MS symptomatic management are addressed in Section 6: 
Clinical Approaches.

The modern clinical classification of MS considers clinical conducts and 
MRI activity to categorize the diverse phenotypes. This classification is 
retained by the internationally utilized 2017 version of the McDonald diag-
nostic criteria. The evolution of these criteria is a clear example of the prog-
ress on knowledge of the disease in the last 2 decades. The appropriate 
application of the criteria increases sensitivity and specificity of the clinical 
diagnosis and aims to reduce possibilities of misdiagnosis.

Autoimmunity is the cardinal mechanism involved in the disorders cov-
ered in this treatise. There is evidence that autoimmune responses are driven 
by a tremendously varied set of autoantigens provoking concomitantly 
intense and complicated molecular responses. The nature of many of the 
autoantigens and their targets remain elusive, although several candidates for 
both spaces have been proposed. Part III, the chapters discussing autoimmune 
and paraneoplastic syndromes, is a welcome addition. Paraneoplastic syn-
dromes typically pose a diagnostic challenge manifesting rather atypical 
clinical features, whether presenting as encephalitis (although some encepha-
litides may also be associated with immune therapies), epilepsies, or move-
ment disorders. The possibility of managing autoimmune encephalitis with 
neuronal cell surface antibodies opens a great gateway to therapeutic options 
to be further studied for the other entities discussed in this part of the book.

In this same part, communicating the different aspects of autoimmune dis-
eases, the editors include Neuromyelitis Optica Spectrum Disorder 
(NMOSD). This syndrome has acquired an important place of consideration 
in the study and differential diagnosis of inflammatory demyelinating dis-
eases, in this case, NMOSD typically affecting non-Caucasian populations. 
The spectrum disorder is associated with the development of anti-NMO-IgG 
antibody with direct immunologic damage to astrocytes and structures rich in 
the water channel Aquaporin-4  in the CNS.  Most cases have a relapsing 
course, each attack adding neurological deficits but without displaying a 
secondary kind of progression. Involvement of the optic nerve by attacks of 
neuritis is severe and often leads to blindness. Involvement of the spinal cord 
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characteristically produces an extensive longitudinal myelitis involving ≥3 
cord levels. NMOSD is a serious disease and not infrequently may have a 
fatal outcome. The spectrum includes association of endocrinopathies as well 
as coexisting autoimmunity, such as Systemic Lupus Erythematous (SLE) 
and antiphospholipid and Sjögren’s syndromes. Treatment with B-cell-
depleting monoclonal antibodies and complementary activation cascade 
inhibitors, has shown a high degree of efficacy in reducing relapses and pre-
venting disability.

Anti-MOG antibodies syndrome is also included by the editors in Part III, 
“Autoimmune Neurology.” This recently identified disorder in which anti-
bodies against membrane-embedded myelin oligodendrocyte glycoprotein 
(MOG) produce multifocal areas of demyelination, affecting optic nerves 
(simultaneous bilateral optic neuritis is common) and spinal cord as well, has 
provoked substantial interest in pediatric and adult neurology. The brain may 
also be involved. Almost 50% of patients with clinical diagnosis of NMO 
who test anti-NMO-IgG antibody negative are identified as belonging to the 
anti-MOG syndrome group. This disorder tends to be less aggressive clini-
cally than the NMOSD. In children and adults there is a peculiar association 
with Acute Disseminated Encephalomyelitis (ADEM). High-dose steroids 
are typically used for the management of relapses while diverse immunosup-
pression protocols are proposed for long-term management. These aspects 
are updated and comprehensibly approached in the corresponding chapters of 
this section.

Outside the CNS, neuro-autoimmune disorders affecting the peripheral 
nervous system (Part IV) are historically indeed the “pioneers” of this recently 
established branch of neurology, even though in their very early origins the 
concept of autoimmunity did not exist yet. The part dedicated to acute and 
chronic immune neuropathies and radiculopathies reminds us of the classic 
collaboration as young French army officers during the First World War of 
Georg Guillain (1876–1961) and Jean A. Barré (1880–1967). They used the 
most advanced laboratory technology of that time: cerebrospinal fluid (CSF) 
analysis obtained through a lumbar puncture (first described and employed 
by Heinrich Quincke in 1891). Guillain and Barré described two soldiers with 
an acute symmetrical lower motor neuron picture and polyradiculopathy 
manifested by rapid ascending limb paralysis. CSF disclosed an acellular 
fluid with high protein content. The modern understanding of acute polyra-
diculopathies embraces the causal concept of autoimmune processes (trig-
gered by a recent precedent infection?); hence these entities traditionally may 
respond clinically to acute and aggressive immunotherapy. Chronic periph-
eral neuropathies carry the necessity to activate an extensive differential diag-
nosis requiring the exclusion of metabolic and toxic causes, nutritional 
deficiencies, the previously noted paraneoplastic syndromes, genetic muta-
tions, and even iatrogenic adverse effects. A comprehensive workup is dis-
cussed, including state-of-the-art imaging studies with muscle/nerve 
ultrasound techniques, designed electrophysiologic studies, and nerve and 
neuro-diagnostic skin biopsies utilizing advanced histopathological tech-
niques. The long-noted response to immunomodulatory therapies such as 
intravenous humanized immunoglobulin-g (IVIg), plasma exchange, and par-

Foreword



viii

ticularly the exquisite sensitivity to many neuropathies to steroids poses a 
fundamental challenge for the clinician regarding the choice of initial and 
maintenance therapy. Satisfactory therapeutic response (improvement, remis-
sion) may be achieved utilizing oral steroid protocols in many patients with 
sensory/motor chronic inflammatory demyelinating neuropathies (CIDP). 
Some steroid-responsive neuropathies have shown demyelination and infil-
tration of immune cells in the endoneurium—predominantly natural killers 
(NK) lymphocytes, and other subsets with lytic capacity such as CD3−, 
CD56+, and other “small lymphocytes” (SLs).

Part IV of the book addressing autoimmune peripheral neuropathies 
includes the typically, polysymptomatic autoimmune autonomic disorders 
due to axonal small-fiber damage. This relatively recently identified type of 
neuropathy requires highly specialized laboratories for proper assessment 
and diagnosis, as commonly utilized tests in this field like QSART 
(Quantitative Sudomotor Axon Reflex Test) are not readily available to the 
community neurologist. Some researchers include complex regional pain 
syndromes in this group of neuropathies.

Chapter 19 addresses autoimmune neuromuscular junction diseases initi-
ates the dissertation with Myasthenia Gravis (MG)—another “classic” exam-
ple of a disorder eventually adjudicated to autoimmunity after a remarkable 
journey of scientific discoveries overcoming traditional non-evidenced think-
ing against scientifically based discoveries. In this case, even social and gen-
der prejudices played a role in the modern development of the understanding 
of the MG pathogenesis and its effective management. Samuel Wilks, a 
British physician, reported the first case in 1877 as “bulbar paralysis,” and 
Friedrich Jolly (Berlin, Germany) coined the term “myasthenia gravis pseu-
doparalytica.” Nevertheless, the most compelling story of this saga is the uti-
lization and demonstration of a symptomatic remedial therapy by Mary 
Broadfoot Walker (1888–1974), a Scottish physician, in 1934. Walker theo-
rized MG resembled curare poisoning known to respond to physostigmine, an 
anticholinesterase agent. Dr. Walker showed a visually dramatic immediate 
response to a subcutaneous injection of this agent in a patient with MG mani-
festing bilateral ptosis and facial weakness. This report was received with 
tremendous skepticism by her British male peers at a clinical meeting of the 
Royal Society of Medicine gathering at the National Hospital Queen Square, 
London. Nevertheless, her report was initially published as a letter in the 
Lancet in 1934, initiating the epoch of effective symptomatic management of 
an otherwise totally untreatable disease. Notable response to removal of a 
diseased thymus in people with MG in the 1940s paved the road for consid-
eration of MG as an autoimmune disorder.

MG is a relatively uncommon disease (global prevalence of 200–400/mil-
lion) but it can be incapacitating irrespective of the age of the afflicted person, 
or the clinical variety. MG has been established as a multifactorial antibody-
mediated disease directed to interfere with polysynaptic acetylcholine recep-
tors (AchR) at the myoneural junction where removal of Ca+ channels 
involving transmitter release result in different clinical phenotypes. Detection 
of AchR antibody in serological assays is practically specific of MG. However, 
about 40% of individuals with MG disclose tyrosine muscle specific kinase 

Foreword



ix

protein (MuSK) receptor antibodies. This protein tends to cluster in AchRs at 
the motor-end plate. This immunologic development has not been completely 
elucidated but usually reflects clinically as aggressive clinical forms of MG 
in seronegative individuals. The section on autoimmune neuromuscular junc-
tion disorders discussing MG includes the current methods to determine a 
prompt clinical diagnosis and the utilization of present and future biomarkers 
expediting nosological identification.

The current international classification categorizing degrees of neuromus-
cular involvement (Class I, Class II, and Class IIa) is analyzed and criticized. 
Thymectomy and immunotherapy, including the novel utilization of mono-
clonal antibodies, and optimization of the diverse presentations of symptom-
atic medication (pyridostigmine), complement the current proposal of 
management of this potentially incapacitating disease.

In the same chapter, Lambert-Eaton myasthenic syndrome (LEMS) is dis-
cussed. This rare presynaptic motor-end plate autoimmune disorder is over-
whelmingly associated with small-cell lung cancer (SCLC), but it has also 
been reported in conjunction with other malignancies, including malignant 
thymoma, lymphosarcoma, and even prostate cancer. While LEMS produces 
a myasthenic-like picture due to impaired release of Ach packages at the pre-
synaptic space of the neuromuscular junction (producing a different electro-
myographic pattern than MG), and may be accompanied by autonomic 
dysfunction (the mechanism of this association is not completely under-
stood). LEMS is typically refractory to immunomodulation, except for 
reports of some response to IVIg. A formulation manufactured by com-
pounded pharmacies and used symptomatically off-label for years, 
Amifampridine, a chemical based on 3,4- diaminopyridine, a K+ channel 
blocker, has been approved by the FDA for symptomatic management of 
muscle weakness produced by LEMS. This chapter discusses may aspects on 
the pathophysiology that help with a prompt diagnosis and subsequent mod-
ern management of this syndrome.

Part IV of the book dedicated to peripheral nervous system disorders 
includes immune and inflammatory myopathies. These myopathic clinical 
pictures may produce profound proximal muscle weakness, tenderness to 
palpation of muscular groups, and eventually segmental atrophy. The typical 
example is Polymyositis, chronic or “active.” Generally, if the picture pres-
ents as sporadic, isolated, and not associated with other disorders, the physi-
cal findings are purely myopathic without associated neurological deficits, 
i.e., primary sensory involvement or abnormal reflexes. The necessity for an 
extensive workup and differential diagnosis is inescapable. The chapter 
addresses the most updated data on electrophysiologic studies, muscle biopsy 
performed open or with needle utilization, including the proposal and indica-
tions for MRI-guided procedures. Advanced technology for histochemistry 
staining and immunologic management of the samples and the use of elec-
tronic microscopy are aspects the reader will find of interest.

Management of immune inflammatory myopathies tends to be confound-
ing if myositis is part of the spectrum of other disorders such as 
dermatomyositis, or as a remote effect of cancer, or if this represents a case of 
sporadic gradually progressive inclusion body myositis (IBM), or the heredi-
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tary form (hIBM). Determination of autoantibodies and immune markers in a 
clinically suspected individual is assisted by the material discussed in the 
chapter.

The editors of Neuroimmunology include topics on neurorheumatology 
and neurosarcoidosis in Part V, delivered by experts on these commonly 
encountered clinical challenges in day-to-day practice. The elements and fac-
tors to be taken into consideration to reach the correct diagnosis in the exten-
sive field of rheumatology (particularly with the advent of a host of available 
immunotherapies), and the adequate differential that sarcoid disease requires 
with the so many entities it may mimic, constitute more than intellectual exer-
cises, but important clinical undertakings in view of the potential severity and 
complications these disorders may produce.

Chapter 24 on central nervous system vasculitis discusses one of the most 
serious disorders in the field of clinical neuroimmunology. While the autoim-
mune mechanism has not been elucidated, the clinical picture is usually one 
of severe acute or subacute encephalopathy with associated acute multi-
ischemic state due to occlusion of arterial blood vessels. Involvement of the 
spinal cord may result in acute quadriplegia or paraplegia, depending on the 
affected level of the cord. The term “Primary Angiitis” is generally employed 
when the process is independent from other immune disorders; otherwise in 
association with other forms of vasculitis (i.e., granulomatosis with polyangi-
itis, SLE, Behҫet’s disease, rheumatoid arthritis, infectious processes), the 
preferred terminology is “secondary CNS vasculitis (or angiitis).” CNS vas-
culitis displays a typical angiographic pattern visualized by magnetic reso-
nance angiography or standard arteriography. CSF analysis may show 
nonspecific inflammatory abnormalities, and serological blood tests usually 
do not contribute to diagnostic identification, particularly in primary angiitis. 
Frequently, invasive diagnostic procedures are required, including meningeal 
or cerebral artery biopsy. This chapter will be of invaluable assistance to the 
reader seeking the most comprehensive and updated information on this 
theme, including options for treatment.

The editors assigned Chapter 25 to review the infrequently discussed com-
plications of immunotherapies. In the same section, infections and immuno-
deficiency are approached by known researchers in these areas. In contrast to 
paraneoplastic disease, Chapter 26 now redirects to oncological mimics of 
inflammatory CNS disease. The impact of this clinical situation in the real 
world requires effective differential diagnosis, and hence implications into 
specific managements. These aspects are emphasized.

The last part of the book (Part VI: Clinical Approaches in Neuroimmunology) 
is distributed into varied topics. Chapter 27 dedicated to autoimmune myelitis 
and myelopathic inflammatory disorders discusses spinal cord disease not 
associated with bona fide systemic autoimmune diseases or to demyelinating 
disorders such as MS, NMOSD, or anti-MOG syndrome. An episode of iso-
lated transverse myelitis is usually characterized by an acute and devastating 
development of motor paraplegia showing a sensory dermatome level and 
sphincter disturbance. Most of these cases may exhibit a unique extensive 
lesion in the spinal cord by MRI images and generally have a discrete func-
tional recovery despite steroids and other immunomodulatory modalities. 
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The underlying immunopathology has not been consistently reproduced in 
these cases. It is feasible, then, to conclude that mechanisms responsible for 
inflammatory myelopathies are compounded by heterogenous immunologic 
settings. The immunology mechanisms reported thus far and the current clini-
cal management are presented.

Chapter 28 discussing the clinical approach to ophthalmic disease reminds 
us that the eye is a frequent target of autoimmune attack whether affecting the 
optic nerve as part of systemic disease (i.e., SLE and sarcoidosis) or as one of 
the manifestations of a more generalized inflammatory demyelinating disease 
(MS, NMOSD, anti-MOG syndrome, and ADEM). Optic neuritis can also 
develop as an isolated disorder. The typical example is the case of the for-
merly called clinically isolated syndrome (CIS) manifested as a pure case of 
optic neuritis. While the overwhelming majority of cases eventually will 
transform into clinically definite MS, just a very small proportion will remain 
as CIS.  Another disorder specifically affecting the optic nerve is Chronic 
Recurrent Inflammatory Optic Neuropathy (CRION). This condition is a rare, 
poorly understood, and apparently heterogeneous autoimmune disorder. 
CRION produces recurrent attacks of optic neuritis involving one or both 
eyes. Other areas of the nervous system are not affected and tests conducive 
to diagnosis of the major demyelinating disease are negative. CRION attacks 
are highly sensitive to steroids but the patient usually requires long-term pro-
phylactic use of immunosuppressants.

Neuro-ophthalmological conditions resulting from autoimmune processes 
are extremely diverse and varied. Uveitis may produce ocular pain, blurred 
vision, photophobia, and reddish inflammation of the eye secondary to reac-
tive conjunctivitis. Uveitis is a common manifestation of sarcoidosis, Crohn’s 
disease, Behҫet’s disease, and certain forms of ankylosing arthritis. Recent 
data suggest individuals carrying the HLA-B27 allele may experience uveitis 
associated with other disorders through the process of antigen mimicry trig-
gering T-cell immunologic inflammatory attack. Other ophthalmological dis-
eases intimately related to autoimmune mechanisms, including development 
of proptosis and extraocular myopathy, prominently manifest in cases of 
immune thyroiditis. The reader will find a rich collection of clinical examples 
and discussions on management in this section.

Chapter 29 addressing clinical approach to pediatric demyelinating dis-
ease discusses the formidable advances in this field. Monophasic disorders 
(mainly CIS and ADEM), and the multiphasic forms (relapsing) MS, 
NMOSD, anti-MOG syndrome, and even a type of ADEM, pose a diagnostic 
and management challenge to the clinicians in view of the particular neuro-
logical manifestations children with these disorders exhibit.

The editors include Chapter 30 to discuss “Stiff Person Syndrome” (SPS) 
assigned to experts on this unusual topic. This syndrome, formally known as 
“stiff man syndrome”, is properly denominated at present since it affects 
woman in a larger proportion to men. The clinical picture is one of slow, 
gradual, insidious development of stiffness; pronounced rigidity; and spasms 
involving the trunk and extremities increasing in severity; and incapacitation 
with time. Advanced cases may develop joint deformities. Delay in diagnosis 
is usually due to the fact this disorder is not suspected or identified in its early 
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stages, being frequently confused with a functional or conversion disorder. 
SPS results from autoimmune interference with GABAergic transmission in 
central motor pathways. The molecular abnormality has been adjudicated to 
elevated anti-GAD (glutamic acid decarboxylase) antibodies. Other immune-
related disorders may be associated with SPS including vitiligo and thyroid-
itis. IVIg courses and Rituximab (anti CD20 monoclonal antibody) have been 
proposed as potential therapies along with a well-designed symptomatic pro-
gram and physical therapy.

Neuroimmunology is, in fact, a sophisticated and yet practical scientific 
production serving as an extraordinary consultation source for students, prac-
titioners, and scholars. One of the most meritorious aspects of this multi-
authored work is precisely the stellar list of contributors that the editors 
constructed for this scientific communication artwork. The discussions from 
the authors displayed in each chapter, in each theme, provides the reader with 
state-of-the-art information and encourages thoughts on complex and fasci-
nating areas of neuroimmunology that remain to be explored.

Victor M. Rivera, MD, FAAN
Distinguished Emeritus Professor

Baylor College of Medicine 
Houston, TX, USA
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Neuroimmunology is a rapidly evolving field with significant diagnostic and 
treatment advancements over the last decade. Even basic concepts in clinical 
neuroimmunology have changed considerably over this time. New data has 
driven treatment paradigms for multiple sclerosis (MS) and increased clinical 
knowledge and antibody testing capability for a multitude of newly recog-
nized autoimmune neurological syndromes. Treatment for neuromyelitis 
optica spectrum disorder (NMOSD), antibody-mediated autoimmune 
encephalitis, and stiff person syndrome (SPS), among others, has therefore 
dramatically improved. As the field of neuroimmunology evolves, the need 
for a comprehensive, up-to-date textbook has become apparent.

Neuroimmunology is a comprehensive handbook written with the clinician 
in mind and targets residents, fellows, advanced practice providers, general 
neurologists, and subspecialists. The aim of this book is to make recent devel-
opments in Neuroimmunology and Autoimmune Neurology accessible to 
clinicians as well as review basic concepts in Neuroimmunology. The chap-
ters have been written by experts in their fields. Part I introduces concepts in 
Neuroimmunology, including an overview of the immune system, antibody 
testing, basics in neuroimaging, and concepts of immunotherapy. Part II con-
sists of 6 chapters focused on MS, including diagnostic criteria, immunology, 
pathology, epidemiology, and genetics. Part III consists of 6 chapters focused 
on antibody-mediated diseases across a spectrum of various neurological 
subspecialties, including autoimmune and paraneoplastic encephalitis, epi-
lepsy, movement disorders, and other demyelinating syndromes. This part 
includes a chapter discussing treatment approaches in Autoimmune Neurology 
that helps to highlight the successful completion of the first randomized trials 
in Autoimmune Neurology for NMOSD and the evolution of treatment algo-
rithms in antibody-mediated autoimmune encephalitis. Part IV includes 4 
chapters focused on immune disorders of the peripheral nervous system, a 
topic often overlooked in classic Neuroimmunology training programs, but 
includes relatively common conditions such as myasthenia gravis and 
Guillain-Barré syndrome along with newly described conditions. Part V 
includes 5 chapters of various systemic diseases with prominent neurological 
manifestations such as rheumatological disorders, sarcoidosis, vasculitis, 
immunodeficiencies, and oncological mimics. The final part, Part VI, includes 
6 “clinical approach” chapters. These chapters, designed with the clinician in 
mind, use case-based examples to provide readers with a systematic approach 
to high-yield topics in Neuroimmunology, including clinical diseases 
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(myelitis, ophthalmologic disease, pediatric demyelinating disease, and SPS) 
as well as treatment approaches with disease-modifying therapies and symp-
tomatic therapies in MS.

We hope health professionals who are interested in neuroimmunological 
disorders will find this book useful. Finally, we would like to thank our con-
tributing authors for all their hard work and dedication.

Aurora, CO, USA� Amanda L. Piquet, MD
� Enrique Alvarez, MD, PhD  
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Introduction to Neuroimmunology: 
What the Cerebrospinal Fluid 
Teaches Us About Diseases 
of the Central Nervous System

Nancy L. Monson

�Introduction to the Topic

There continues to be a rising interest in under-
standing the potential role of the immune 
response in diseases of the central nervous sys-
tem (CNS). Neurologists, neuroscientists, and 
immunologists alike accept the challenge in 

learning each other’s languages all for the good 
of a growing population of patients with diseases 
of the CNS who need better care. Several excel-
lent reviews on the subject of neuroinflammation 
in neurodegenerative diseases of the brain are 
available [1–4], and so our task is instead to 
framework our subject matter in the context of 
the one compartment we can readily access in a 
living human subject that can provide important 
clues regarding the immunology of CNS dis-
ease: the cerebrospinal fluid. This is particularly 
important as CNS diseases that we once thought 
did not involve the immune system have now 
required a second consideration because of evi-
dence acquired in the examination of their cere-
bral spinal fluid (CSF). Immunological factors 
that can influence the development or resolution 
of CNS disease are listed in Fig. 1.1. For exam-
ple, memory B-cell frequencies in the CSF of 
patients at high risk to develop Alzheimer’s dis-
ease correlate positively with amyloid burden in 
the brain [5]. Others have demonstrated that B 
cells from patients with multiple sclerosis (MS) 
secrete factors that can cause death to oligoden-
drocytes and neurons [6]. Generalized informa-
tion regarding CSF (i.e., where it is made, how 
much of it is made, chemical composition, and 
the like) is available elsewhere [7].
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Key Points
1.	 There are nonspecific (innate) and 

highly specific (adaptive) components 
to the immune system.

2.	 Lymphocytes (both B and T cells) are 
part of the adaptive immune system that 
are involved in immunosurveillance and 
are highly activated in many diseases of 
the central nervous system (CNS).

3.	 The innate immune system involvement 
in diseases of the CNS is largely unex-
plored, however our knowledge of its 
role continues to expand.

4.	 Our goal in focusing research efforts 
into these CNS diseases should be to 
identify cellular and humoral factors 
that are the best target candidates.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-61883-4_1&domain=pdf
https://doi.org/10.1007/978-3-030-61883-4_1#DOI
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�An Introduction to the Immune 
System

The immune system is designed to protect the 
body from invasion by foreign agents such as 
viruses and bacteria (pathogenic agents) 
(reviewed in [8–11]). There are both nonspecific 
(innate) and highly specific (adaptive) compo-
nents of the immune system. The innate immune 
response is a broadly reactive component of the 
immune system based on pattern recognition of 
pathogenic agents. The adaptive immune 
response is a specific reactive component of the 
immune system based on distinct proteins 
expressed by particular pathogenic agents. In 
general, the innate and adaptive immune 
responses work in concert to restrict the invasion 
space of the pathogenic agent (innate immunity) 
and either reduce its numbers or eradicate it alto-
gether (innate and adaptive immunity). The adap-
tive immune response has a second feature which 
is to survey the body continually for possible 
invasion by the same pathogenic agent. Upon 
encounter with the same pathogenic agent a sec-
ond time, the immune response occurs much 
more quickly since the adaptive immune response 
has already been established against that particu-
lar pathogenic agent.

Innate immunity is the first line of defense 
against pathogenic agents and is activated within 
hours or days of the invasion. The innate immune 
response is based on a barrier approach: anatomic 
barriers such as the skin prevent pathogenic 
agents from entering the body, physiological bar-
riers such as fever prevent pathogenic agents 
from expansion, and phagocytic barriers include 
specialized cells that engulf the pathogenic 
agents and destroy them. The innate immune 
response also includes the secretion of inflamma-
tory molecules that recruit cells of the adaptive 
immune response to more specifically target the 
invading pathogenic agent.

The adaptive immune response is particu-
larly critical in those cases where innate immu-
nity is unable to eradicate the pathogenic agent. 
It is composed of T cells and B cells that 
express receptors specific for distinct proteins 
expressed by particular pathogenic agents. T 
cells are activated by antigen-presenting cells 
(APC), which are part of the innate immune 
system that display peptides of the proteins 
expressed by foreign agents in the context of 
the MHC (major histocompatibility complex) 
to the T cell. If the T cell expresses a T-cell 
receptor that recognizes this peptide as pre-
sented by the APC, it will receive the necessary 

Fig. 1.1  Immunological factors that may influence CNS disease
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signals from the APC to become activated. 
Once activated, the T cell can participate in the 
immune response either by secreting cytokines 
that perpetuate the response by other immune 
cells to the pathogenic agent or by killing cells 
that have been invaded by it. There are also 
regulatory T cells that limit or suppress the 
immune response.

B cells express immunoglobulins on their sur-
face that bind proteins directly. Once the 
membrane-bound immunoglobulin binds to its 
target, the complex is internalized which leads to 
the activation of the B cell. It is important to note 
that most B-cell responses require cytokines 
secreted by T cells for effective activation. The B 
cell undergoes a unique process of affinity matu-
ration, which is designed to improve binding of 
the immunoglobulin to the specific protein. Those 
B cells that accomplish this goal secrete the 
immunoglobulin they express into the body. 
These secreted immunoglobulins circulate 
throughout the body and bind to the protein 
expressed by the pathogenic agent and are thus 
either neutralized or tagged for destruction by 
other immune cells.

This basic overview of the immune system 
was established from studies of blood and 
peripheral lymphoid organs of humans. The 
remaining chapter components focus on the 
historic context and current understanding of 
immunological elements within the central ner-
vous system.

�There Are Lymphocytes in the CSF

The first indication of an immune response in a 
CNS disease was described by Kabat in 1942 
[12]. Here, the data inferred that immunoglob-
ulins were being synthesized in the cerebrospi-
nal fluid of patients with either neurosyphilis 
or MS. This observation readily suggested that 
there must be cells in the CSF that could 
secrete immunoglobulin. In the following 
decade, scientists began to study the CSF for 
evidence of lymphocyte infiltration, and sev-
eral scientists documented that lymphocyte 
numbers were increased in the CSF of patients 

with MS and other diseases [13–22]. Two labo-
ratories linked immunoglobulin synthesis and 
lymphocytes in the CSF [23, 24] by demon-
strating that CSF cells could make immuno-
globulin in  vitro without stimulation. This 
finding was confirmed by others over the next 
two decades [25–28].

The development of antibodies to identify 
T-cell subsets created a gateway for several stud-
ies that demonstrated T cells were present in the 
CSF of adults [17–22, 29–31] and pediatric [32] 
subjects. Prior to the use of antibodies, T-cell fre-
quencies in the CSF were determined using roset-
ting techniques [29–31]. Cashman et  al. (1982) 
used the then new OKT (Ortho-Kung T) antibod-
ies to determine the frequency of OKT4 and 
OKT8 T cells in the CSF and blood of 40 patients 
with MS and 15 patients with other neurological 
diseases (OND) [33]. They found that OKT8+ T 
cells were reduced in the CSF of MS patients 
who had experienced an exacerbation within 
14  days of CSF sampling compared to OND 
patients (14.5% vs. 28.4%; p < 0.001). The con-
clusion from these studies was that during an 
exacerbation, T cells leave the CSF and extrava-
sate to the brain tissue where they can participate 
in the disease process.

�Lymphocytes Use the CSF 
as a Conduit to Get into the Brain

The journey toward understanding how lympho-
cytes extravasate from the CSF to the brain tis-
sue has taken several decades. The first 
demonstration that lymphocytes travel from the 
periphery to the CNS was published by Hafler 
et  al. in 1987 [34]. In this study, the authors 
introduced a monoclonal antibody recognizing 
the sheep red blood cell antigen on T cells by 
injecting it into the veins of four patients with 
progressive MS.  Several hours to a few days 
later, they collected cerebrospinal fluid from 
each subject and looked for lymphocytes that 
were labeled with the antibody. By 3 days post-
injection, 70% of the lymphocytes in the CSF 
were labeled with the antibody, indicating their 
ability to travel from the periphery to the CSF. 

1  Introduction to Neuroimmunology: What the Cerebrospinal Fluid Teaches Us About Diseases…
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Other studies suggest that many of these cells do 
not survive the trip [35, 36]. Current under-
standing of immune cell trafficking from the 
CSF to the brain tissue is provided in excellent 
reviews [37, 38], including the use of lymphat-
ics to enter the brain tissue [39, 40], the neces-
sity of VCAM1 expression on the endothelial 
cells of the blood-brain barrier [41–43], and the 
influence of Th17 cells on blood-brain barrier 
breakdown [44].

�Lymphocytes Are Highly Activated 
in the CNS

Several studies have provided evidence that lym-
phocytes are present in brain tissue from patients 
with various diseases of the central nervous sys-
tem. Henderson et al. demonstrated the presence of 
multiple inflammatory cell subtypes in the perivas-
cular cuff of active lesions from patients with MS 
[45]. Lucchinetti et  al. demonstrated that lesions 
could be stratified according to their immune cell 
component [46, 47]. Other excellent demonstra-
tions of lymphocyte infiltration to the brain paren-
chyma have been reviewed elsewhere [48–53].

The brain offers an excellent environment for 
lymphocyte activation [54–56]. Thus, evidence 
of clonal expansion of T and B cells in brain tis-
sue would be expected and has been confirmed 
[57–62]. Even activated astrocytes can support 
germinal center maintenance and activation of 
resident B cells in the CNS [63].

�The Lymphocyte Profile Varies 
Depending on Disease

While clonal expansion is strongly suggestive of 
activation, the first evidence that CSF cells are 
highly activated derived from a study by Noronha 
et al. in 1980 [64]. CSF was obtained from 17 MS 
patients and 21 controls. The cells were labeled to 
identify those in each phase of the cell cycle. 
From this analysis of CSF cells, it was evident 
that MS patients had more cells in G1 than control 
subjects (12.2 vs. 5.4, p < 0.001). Flow cytometric 

studies have been used to provide further confir-
mation that these activated CSF cells are subsets 
of T cells and B cells that can contribute to the 
inflammatory state of the MS brain [43, 65].

More recently, we have come to understand that 
other diseases of the CNS may also present a lym-
phocyte profile indicative of disease. For example, 
patients with autism demonstrate a pro-
inflammatory profile, which may be related to dis-
ease worsening [66]. In other cases, an 
anti-inflammatory signature is identified with the 
disease rather than a pro-inflammatory signature. 
For example, the percentage of CD4+CD127(dim) 
regulatory T cells was significantly higher in 
patients with major psychiatric disorders (MPDs) in 
comparison to controls [67]. In contrast, the pres-
ence of regulatory B cells in the CSF may indicate 
improved prognosis in stroke [68]. Early detection 
of lymphoma in the CSF is also aided by flow 
cytometry [69], and the pro-inflammatory profile of 
patients with HIV can inform about cognitive 
decline [70]. Understanding the immune profile of 
atypical CNS disease is a growing need [71], but it 
is unlikely to be informative until we understand 
how the location of the CNS damage impacts the 
type of lymphocyte present and its influence on dis-
ease worsening or repair [72]. Such studies will be 
critical in understanding the underlying mechanism 
of the anti-MOG disorders [73–76].

�Adaptive Immune Cells in CNS 
Disease

An adaptive immune response requires the acti-
vation and differentiation of T cells [77]. There 
are several subtypes of T cells, all of which 
express the T-cell receptor (TCR). The interac-
tion of a T cell with an antigen-presenting cell 
(APC) requires the TCR to bind the antigen pre-
sented by the APC in the context of the major 
histocompatibility complex (MHC) molecule. 
The source of the antigen is usually a complex 
protein that the APC internalized upon contact 
and processed into individual peptides that fit 
into the peptide groove of the MHC molecule. T 
cells that recognize this MHC-antigen complex 

N. L. Monson
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are activated, undergo clonal expansion, and dif-
ferentiate into one of several different T-cell sub-
types that survey the body with the purpose of 
generating an immune response toward any tissue 
or cell expressing the antigen by which they were 
originally activated.

Helper T cells (identified by their expression 
of CD4) generally mediate the initiation of an 
immune response to targets expressing the acti-
vating antigen, while cytotoxic T cells (identified 
by their expression of CD8) generally mediate 
destruction of the targets expressing the activat-
ing antigen. Both T-cell subtypes secrete cyto-
kines and chemokines that facilitate their optimal 
response, and further T-cell subtyping can be 
done using these secreted factor signatures, 
which facilitate an understanding of their ability 
to either antagonize or regulate an adaptive 
immune response [78]. For example, regulatory 
T cells are increased in the CSF of patients with 
MS [79, 80]. However, much work has yet to be 
done to determine the mechanism of autoimmune 
suppression by regulatory T cells in the CSF.

While T cells are the dominant lymphocyte 
subset in the CSF [81], there has been consider-
able debate regarding which T-cell subtype domi-
nates in CNS diseases [82]. Studies in the model 
of MS, experimental autoimmune encephalomy-
elitis (EAE) perpetuated some of this debate. For 
example, CD4+ T cells secreting pro-
inflammatory factors such as IFNgamma could 
transfer disease in EAE, but CD4+ T cells secret-
ing anti-inflammatory factors such as IL-4 could 
not [83–86]. This finding was essential in under-
standing the impact of CD4+ T cells on the 
human MS disease, as early work had suggested 
that the frequency of myelin-reactive T cells was 
similar in both MS patients and healthy donors 
[87]. However, while the myelin-reactive T cells 
from the MS patients displayed a pro-
inflammatory signature, the myelin-reactive T 
cells from the controls could not [88, 89]. Thus, 
model and human studies in aggregate led to a 
clearer understanding of how cytokine output by 
T-cell subsets can impact MS. Similar approaches 
should enhance our understanding of other CNS-
related diseases.

Despite the intense study of CD4+ T cells in 
the pathogenesis of MS, the dominant T-cell sub-
type in human CSF and brain tissue by frequency 
are the cytotoxic CD8+ T cells [62, 90, 91]. 
CD8+ T cells undergo extensive clonal expansion 
in the CSF and brain tissue in comparison to 
CD4+ T cells [62, 92], and in one case, a single 
CD8+ T cell clone constituted 30% of all T cells 
in the sample [62]. Karandikar et  al. demon-
strated a high prevalence of CD8+ T cells in cir-
culation of MS patients and not controls that 
respond to CNS autoantigens by proliferation 
using an in vitro flow cytometry assay [89]. In the 
EAE model, CD8+ cytotoxic T cells drive a pro-
gressive disease course [93, 94] and demonstrate 
the ability to transect axons [82]. Further under-
standing of the potential role of CD8+ T cells in 
MS and other CNS-related diseases will likely 
reveal important targets of therapy.

B cells are a central component of the humoral 
immune response within the adaptive immune 
system [95]. The primary purpose of a B cell is 
to produce antibodies that bind to any tissue or 
cell expressing the antigen against which they 
were originally produced to facilitate clearance 
of the target. B cells initially express their anti-
body on the cell surface in complex with signal-
ing molecules. This receptor complex is called 
the B-cell receptor (BCR). Once the BCR binds 
the antigen, and the complex is internalized, the 
B cell is activated, undergoes clonal expansion, 
and finally differentiate to antibody-producing 
cells. Unlike T cells, B cells do not require pre-
sentation of the antigen by antigen-processing 
cells. Instead, B cells survey for antigen recogni-
tion directly through antigen interaction with the 
surface-bound antibody. Thus, B cells can recog-
nize antigens in their native conformation rather 
than restricted to recognition of antigens pro-
cessed as peptides.

Targeting B cells as a therapeutic strategy for 
MS was not considered until the late 1990s when 
case reports of B-cell presence and expansion in 
the CSF of MS patients were reported [96, 97]. 
The demonstration that B:T ratios correlate with 
disease progression [98] and that increases in 
B-cell subtypes correlate with larger numbers of 
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T2 lesions [99] also contributed to the pursuit of 
using B-cell depletion therapy in MS. Clear effi-
cacy was demonstrated in the first B-cell deple-
tion therapy trials in MS [100] resulting in 
FDA-approved use in the treatment of relapsing 
disease, and the first FDA-approved drug in the 
treatment of progressive disease. Mechanistic 
understanding of B cells as a therapeutic target 
emerged in tandem, demonstrating that B cells 
promote T-cell pro-inflammatory activity [101, 
102], clonally expanded [57, 103–106], and often 
correlated with disease type [107]. Mouse mod-
els further demonstrated a prominent role of B 
cells in disease course culminating in the finding 
that increasing frequencies of plasmablasts that 
remain following B cell depletion drive residual 
disease [108, 109].

�Innate Cell Types in CNS Disease

Initiation of the immune response is mediated by 
cells of the innate immune subsystem, which 
include myeloid cell types (monocytes, macro-
phages, dendritic cells, and microglia in the 
CNS), NK cells, and other granulocytes [50, 
110]. The study of these cell types remains 
largely unexplored, although both their potential 
role in CNS disease propagation and protection 
must be considered. For example, myeloid cells 
are able to produce neurotrophic factors as well 
as remove cellular debris [111]. In mouse mod-
els, in  vivo activated microglia are also able to 
protect neurons from apoptosis by removing 
inhibitory synapses from neurons in the damaged 
area [112]. Innate cell studies are less frequent in 
human CNS disease. However, there have been 
recent demonstrations that innate cells are 
expanded in patients with stroke [113] and 
patients at high risk to develop Alzheimer’s dis-
ease [5, 114]. Determining the impact these 
expanded innate cell subtypes on neurodegenera-
tion and protection will certainly reveal a new 
depth in understanding the mechanism(s) of CNS 
disease. In this context, it is important to note that 
peripheral inflammation can impact the activa-
tion state and cytokine output of microglia in the 
brain [115].

�Other Inflammatory Factors  
in CNS Disease

The activation programming of immune cells 
includes secretion of pro-inflammatory cytokines 
[116] and other products such as neurotrophins 
[117]. For example, Bar-Or laboratory demon-
strated that B cells from MS patients had an 
increased capacity to secrete pro-inflammatory 
cytokines such as lymphotoxin (LT) and tumor 
necrosis factor (TNF)-alpha, while their ability to 
secrete anti-inflammatory cytokines such as 
IL-10 was diminished [118]. Others have demon-
strated that there is a relationship between cyto-
kine profiles (particularly CXCL13) and the 
severity of cortical damage in MS [119]. Cytokine 
profiles in the CSF can also reveal mechanistic 
differences in the immune response of distinct 
CNS diseases [120].

�How This Information Changes 
the Way We Approach Diseases 
of the CNS

Aberrant immune responses are considered a sig-
nificant contributor to the pathogenesis of MS, 
while the role of the immune system in other dis-
eases of the CNS remain in the earliest stages of 
investigation. Observations made in the MS field 
have allowed the research community to expand 
its investigations in the neuroimmunology of 
other CNS diseases, resulting in some unex-
pected findings. Of particular interest here is the 
expansion of innate cells in the CSF of patients at 
increased risk for Alzheimer’s disease [5, 114] 
and the possible egress of regulatory B cells in 
stroke [121]. Understanding the impact of bio-
logicals in consideration for therapy on cells in 
the CSF [122, 123] can actually facilitate 
improved use and delivery. For example, the rise 
of B-cell depletion therapy in relapsing [124] and 
progressive [125] forms of MS is in part attribut-
able to investigations demonstrating that B-cell 
depletion therapy impacts the targeted cells in the 
CSF [126, 127]. Understanding the impact of a 
drug on non-target cells in the CSF [43] is also an 
important consideration [128].
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�Conclusion

The CSF can provide important clues regarding 
the immune response in a variety of CNS dis-
eases (Table 1.1). Our goal in focusing research 
efforts into these CNS diseases should be to iden-
tify cellular and humoral factors that are the best 
target candidates. These immune component tar-
gets are likely to vary depending on the immune 
response that either perpetuates or abrogates 
inflammation associated with each individual 
CNS disease. Study and translational application 
of relevant murine models is critical in this con-
text. Finally, there is emerging evidence that 
mapping the neuro-immunological signature 
within the CSF is essential to effectively develop 
beneficial therapeutic strategies without causing 
undo harm.
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Antibody Detection Methods 
for Neural Autoantibodies 
and Introduction to Antibody 
Pathogenesis
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�Introduction

Autoimmune neurology is a rapidly evolving 
field largely driven by the discovery of new auto-
antibodies (Table  2.1). Autoimmune neurologic 
disorders (ANDs) are a heterogeneous group of 
diseases thought to occur as a result of an aber-
rant immune response targeting the nervous sys-
tem. Patients with these disorders are frequently 
identified by the detection of an autoantibody in 
their serum or cerebrospinal fluid (CSF), and thus 
the response is considered antigen specific. 
ANDs typically present with a subacute onset 
with rapid progression of symptoms that may 
affect any and often multiple parts of the nervous 
system. Thus, they can present with a wide array 
of symptoms ranging from nonspecific flu-like 
symptoms such as fever, headache, and pain to 
more specific neurologic symptoms including 
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2

Key Points
	1.	 Neural autoantibodies are markers of 

autoimmune neurologic disorders, with 
only a few shown to be pathogenic.

	2.	 Detection of neural autoantibodies can 
play an important role in the diagnosis, 
prognosis, and management of patients 
with autoimmune neurologic disorders.

	3.	 Failure to detect a neural autoantibody 
does not rule out an autoimmune neuro-
logic disorder.

	4.	 Tests for detecting neural autoantibod-
ies have complexities that must be con-
sidered, including the performance 
characteristics of the method used and 
the specimen type evaluated.

	5.	 Results of neural antibody testing must 
be interpreted within the clinical con-
text; taking them as conclusive evidence 
of autoimmune neurologic disorder 
could be a mistake.

	6.	 The number of neural autoantibodies 
continues to grow, as does the number 
of specimens tested. This presents a 
challenge for both clinicians and labo-
ratories in determining which autoanti-
bodies to test, by which methods, and 
whether testing should be performed 
independently or in which 
combinations.
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seizures, cognitive issues, movement disorders, 
dysautonomia, and psychiatric symptoms and 
can even result in loss of consciousness or death. 
Due to this wide array of symptoms, there are a 
number of other potential causes including infec-

tious, metabolic, genetic, and toxic etiologies 
that need to be ruled out in order to diagnose a 
patient with an AND [1].

The workup for a suspected AND includes 
brain magnetic resonance imaging (MRI) and/or 

Table 2.1  Neural autoantibodies and methods for their detection in the clinical laboratory

Category Specific antibody Detection methodsa

TBA WB/LIA RIA ELISA CBA/IFA CBA/FACS
Intracellular antigens AGNA-1 (Sox-1) x x – x – –

Amphiphysin x x – x – –
ANNA-1 (Hu) x x – x – –
ANNA-2 (Ri) x x – x – –
ANNA-3 x – – – – –
CRMP-5 (CV2) (CV2) x x – x x –
GAD65 x x x x – –
Ma/Ta x x – – – –
PCCA-1 (Yo) x x – x – –
PCCA-2 x – – – – –
PCCA-Tr (DNER) x x – x – –
Recoverin x x – x – –
Titin – – – x – –
Zic4 x x – – – –

Neural cell-surface antigens AMPAR x – – – x –
AQP4 x x – x x x
CASPR2 x – – – x –
DPPX x – x – x –
gACHR – – x – – –
GABABR x – – – x –
LGI1 x – – – x –
mGluR1 x – – – x –
MOG x – – – x x
Myelin x – – – x –
NMDAR x – – x x –

Neuromuscular junction antigens mACHRBIN – – x – – –
MuSK – – x – – –
N-VGCC – – x – – –
PQ-VGCC – – x – – –
STR x – – x – –
VGKC – – x – – –

TBA tissue-based assay, WB Western blot, LIA line immunoblot assay, RIA radioimmunoprecipitation assay, ELISA 
enzyme-linked immunosorbent assay, CBA cell-based assay, IFA indirect immunofluorescence assay, FACS fluorescence-
activated cell sorting, AGNA-1 anti-glial nuclear antibody, ANNA anti-neuronal nuclear antibody, CRMP collapsing 
response mediator protein, GAD glutamic acid decarboxylase, PCCA Purkinje cell cytoplasmic antibody, AMPAR 
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptor, AQP aquaporin, CASPR contactin-associated pro-
tein, DPPX dipeptidyl aminopeptidase-like protein, gACHR ganglionic acetylcholine receptor, GABABR gamma-
aminobutyric acid receptor, type B, LGI1 leucine-rich glioma inactivated 1 protein, mGluR1 metabotropic glutamate 
receptor 1, MOG myelin oligodendrocyte glycoprotein, NMDAR N-methyl-D-aspartate glutamate receptor, mACHRBIN 
muscle acetylcholine receptor binding antibody, MuSK muscle-specific tyrosine kinase, VGCC voltage-gated calcium 
channel, STR striated muscle, VGKC voltage-gated potassium channel
aTable properties limited to detection methods currently available for diagnostic testing at commercial laboratories 
(www.aruplab.com, www.mayocliniclaboratories.com and www.questdiagnostics.com; accessed January 1, 2019). 
Other autoantibodies have been identified but testing may only be available on a research basis (e.g., GlyR, DR2, 
GABAAR, IgLON5, mGluR5, ARHGAP26) [3, 4].
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positron-emission tomography (PET) to screen 
for hyperintensities or metabolic abnormalities, 
respectively; electroencephalography (EEG) to 
confirm or exclude seizures; CSF studies to eval-
uate for the presence of elevated levels of white 
blood cells, protein and/or immunoglobulin type 
G (IgG) and oligoclonal bands, as well as molec-
ular methods or culture to explore infectious 
causes; and serum studies to evaluate for other 
potential autoimmune causes or indications of an 
autoimmune tendency and the presence of neural 
autoantibodies [1]. Depending on the results of 
these studies, additional testing may be per-
formed to evaluate for malignancy. The diagnos-
tic workup for various ANDs is discussed in 
detail in Part III of this book.

Neural autoantibodies are commonly divided 
into two categories based on the subcellular loca-
tion of the antigens targeted [2]. One group of 
autoantibodies recognizes intracellular targets 
including RNA-binding proteins, transcription 
factors, and other nuclear and cytoplasmic pro-
teins. Paraneoplastic syndromes (PNS), ANDs 
classically associated with malignancy, are most 
frequently associated with autoantibodies against 
intracellular targets (discussed in Chap. 16). The 
second group of autoantibodies recognizes cell-
surface proteins including ion channels, water 
channels, and neurotransmitter receptors. 
Autoantibodies against cell-surface proteins have 
been associated with a variety of disorders, with 
two of the most common being autoimmune 
encephalitis (Chap. 12) and autoimmune neuro-
muscular junction disease (Chap. 19). Detection 
of any of these neural autoantibodies can play a 
significant role in the diagnosis, prognosis, and 
management of patients with ANDs.

�Methods for the Detection of Neural 
Autoantibodies

A variety of techniques are used to detect the 
presence of neural autoantibodies. These include 
the following: (1) tissue-based assays, (2) 
Western blot or line immunoblot assays, (3) 
immunoprecipitation assays, (4) cell-based 
assays, (5) enzyme-linked immunosorbent assays 

(ELISAs), and (6) primary culture-based immu-
nofluorescence assays, with this last methodol-
ogy primarily performed on a research basis 
(Table 2.1, Fig. 2.1) [3, 4].

The first autoantibodies associated with PNS 
were identified by incubating patient serum or 
CSF with brain tissue sections and observing 
autoantibodies binding to intracellular neural 
proteins [4]. The majority of neural autoantibod-
ies can be screened for using this tissue-based 
assay (TBA) method on sections of the cerebel-
lum and the hippocampus, with the exception of 
autoantibodies against neuromuscular junction 
antigens, since they are not present in these tis-
sues. However, detection by TBA must be fol-
lowed by testing using a different methodology 
in order to identify the specific antigen recog-
nized by the autoantibody. Autoantibodies against 
intracellular neural antigens primarily recognize 
linear epitopes. Western blot or line immunoblot 
assays are frequently used to identify these auto-
antibodies. In contrast, autoantibodies against 
cell-surface or synaptic neural antigens primarily 
recognize conformational epitopes. Thus, differ-
ent methodologies are preferred for the detection 
of these autoantibodies. Cell-based assays 
(CBAs) are the method of choice for autoanti-
bodies against cell-surface receptors, and radio-
immunoprecipitation assays (RIAs) are preferred 
for the detection of autoantibodies against many 
of the synaptic receptors.

�Tissue-Based Assays

TBAs for the detection of neural autoantibodies 
using indirect immunofluorescence assay (IFA) 
or immunohistochemistry (IHC) are performed 
by incubating patient serum or CSF on sections 
of primate or rodent neural tissue(s), bound auto-
antibodies are detected with a fluorescent- or 
enzyme-conjugated anti-human IgG secondary 
antibody, and the presence and pattern of bound 
autoantibodies are determined by microscopy 
(Fig.  2.1a). An important consideration for the 
optimal detection of neural autoantibodies is the 
region of the brain used and preparation of the 
tissue sections with regard to pretreatment and 
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Substrate

Brain tissue section(s) on slide If using IHC

Proteins on membrane

Proteins coated on plastic wells

Cells expressing protein of interest

Radioactively-labeled proteins

Add serum/ CSF Add secondary
antibody or antigen

Read out for
interpretation

Add substrate

A. Tissue-Based Assay (TBA)

B. Western Blot (WB)/Line Immunoassay (LIA)

C. Enzyme-Linked Immunosorbent Assay (ELISA)

D. Cell-Based Assay (CBA)

E. Radioimmunoprecipitation Assay (RIA)

Microscopy

Color change/
densitometry 

Spectrophotometry

Microscopy or
flow cytometry

Count on a
gamma counter

Control Hu Ri Yo

Fig. 2.1  Overview of methods for the detection of neural 
autoantibodies. (a) Tissue-based assays are performed 
using sections of primate or rodent neural tissue(s), patient 
serum or CSF is added; bound autoantibodies are detected 
with a fluorescent- or enzyme-conjugated anti-human IgG 
secondary antibody; substrate is added to induce a color 
change when an enzyme-conjugated antibody is used; and 
the presence and pattern of bound autoantibodies is deter-
mined by microscopy. (b) Western blot or line immunob-
lot assays are performed using strips of membrane 
containing neural proteins, patient serum or CSF is added, 
bound autoantibodies are detected using an enzyme-
conjugated antibody against human IgG, which after addi-
tion of the substrate are visualized as a change in color at 
a specific position on the strip. (c) Enzyme-linked immu-
nosorbent assays are performed using plastic wells coated 

with neural proteins, patient serum or CSF is added, 
bound autoantibodies are detected by addition of biotin-
conjugated protein of interest, which after addition of 
enzyme-conjugated streptavidin and substrate are visual-
ized as a change in color measured by spectrophotometry. 
(d) Cell-based assays are performed using cells express-
ing the neural antigen and/or receptor of interest, patient 
serum or CSF is added, bound autoantibodies are detected 
using a fluorochrome-conjugated antibody against human 
IgG, which are visualized by either microscopy or flow 
cytometry. (e) Radioimmununoprecipitation assays are 
performed using radioactively labeled proteins, patient 
serum or CSF is added, bound autoantibodies are precipi-
tated with an anti-human IgG secondary antibody, radio-
activity in pelleted immune complexes is measured with a 
gamma counter
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fixation, which differs between intracellular and 
cell-surface antigens [4, 5]. Primate cerebellum 
snap-frozen, sectioned using a cryostat and fixed 
with paraformaldehyde or acetone is the pre-
ferred substrate for the detection of autoantibod-
ies against intracellular neural antigens. Whereas, 
rat hippocampus fixed with paraformaldehyde, 
cryoprotected in sucrose, snap-frozen, and 
sectioned using a cryostat is the preferred sub-
strate for the detection of autoantibodies against 
cell-surface or synaptic neural antigens.

A major advantage of TBAs is that a large 
number of neural antigens are available and 
accessible in the tissue sections. Thus, TBAs can 
be used to screen for a wide variety of neural 
autoantibodies at the same time and to discover 
new autoantibodies. Indeed, many neural autoan-
tibodies have been discovered using this method-
ology. A major disadvantage is that it takes 
significant training to become proficient at identi-
fying all of the possible patterns [5]. Additional 
disadvantages include the fact that autoantibod-
ies against different antigens can produce similar 
patterns of staining, so additional testing must be 
performed to confirm the specificity of the auto-
antibodies. It can also be difficult to identify 
coexisting autoantibodies using this method. 
Many of these autoantibodies are very rare mak-
ing it difficult to obtain positive specimens for 
validating assays, functioning as controls for the 
assay, training new staff, and maintaining compe-
tency and proficiency. TBAs are also time con-
suming, labor intensive, lack standardization, and 
can be subjective [4].

Detection of autoantibodies using TBAs can 
be performed individually or using mosaics of 
biochips containing various brain or other tissue 
sections [6–8]. This technology consolidates the 
ability to screen for multiple neural autoantibod-
ies and identification/confirmation of some of 
their specific targets into a single assay. An 
important consideration when using this approach 
is whether positive controls for all autoantibodies 
to be reported are tested on every run [4].

�Western Blot or Line Immunoblot 
Assays

Western blot (WB) or line immunoblot assays 
(LIAs) are the preferred method for confirming 
the presence of autoantibodies against intracellu-
lar targets. These methods are performed using 
lysates or proteins purified from extracts of brain 
tissue or cells expressing the proteins of interest, 
which are either run on a polyacrylamide gel 
and transferred to a membrane in the case of 
WBs or printed directly on a membrane in the 
case of LIAs. The membranes are cut into strips, 
incubated with patient serum or CSF and bound 
autoantibodies are detected using an enzyme-
conjugated antibody against human IgG, which 
after addition of the substrate are visualized as a 
change in color at a specific position on the strip 
(Fig. 2.1b). Advantages of this methodology are 
that multiple autoantibodies can be tested for 
simultaneously, the testing can be automated and 
the results are more specific than those obtained 
by TBAs because specific antigens are present at 
particular locations on the membrane. 
Disadvantages of this method are that purifica-
tion of the proteins often affects their conforma-
tion and/or interactions with other proteins, 
which can lead to false-negative results if the 
autoantibodies in the patient serum recognize 
conformational epitopes. This method also suf-
fers from the same problem as TBAs with regard 
to difficulty in obtaining samples containing rare 
autoantibodies in order to validate the assay, 
serve as controls for performance of the assay, 
train laboratory staff, and maintain competency 
and proficiency. In addition, clinical significance 
of an immunoblot positive but TBA negative 
result is uncertain.

WB of brain tissue extracts allows for the 
detection of multiple autoantibodies. However, 
this advantage is off-set by the possibility of 
more than one antigen occupying the same loca-
tion on the membrane. This problem is solved 
using LIAs where antigens are placed at specific 
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locations. Thus, LIA does not offer the advantage 
of examining the entire repertoire of proteins 
observed by WB, as it is limited to the number of 
proteins selected for inclusion on the membrane.

�Enzyme-Linked Immunosorbent 
Assays

ELISAs can be used to identify autoantibodies 
against intracellular antigens as well as select 
cell-surface or synaptic receptors. Similar to 
immunoblots, this method is performed using 
protein extracts but instead of using a membrane, 
the antigens are coated on the wells of a 96-well 
plate, and bound autoantibodies are detected 
using spectrophotometry. Several ELISAs used 
to detect neural autoantibodies use a variation of 
the technique, where autoantibodies present in 
patient serum or CSF form a bridge between anti-
gen coated on the plate and biotinylated-antigen, 
which after addition of streptavidin peroxidase 
and substrate are detected using a spectropho-
tometer (Fig. 2.1c). In bridge ELISA testing, the 
detection method is not a secondary antigen 
against human IgG. Therefore, these assays are 
not antibody isotype specific. This can result in 
detection of autoantibodies of the IgA and/or 
IgM isotypes in addition to IgG autoantibodies. 
The clinical relevance of IgA or IgM autoanti-
bodies is currently uncertain [9, 10]. In contrast 
to an immunoblot, ELISAs typically only test for 
autoantibodies against one target at a time, which 
can be considered a disadvantage of this method. 
Advantages of ELISA include increased sensitiv-
ity and specificity, decreased subjectivity com-
pared to TBAs, and it is a high-throughput 
method that can be performed in many laborato-
ries and can be automated. ELISAs can suffer a 
similar disadvantage to immunoblots in that the 
antigens may not be in their native conformation 
as a result of the purification process, which can 
lead to false-negative results. ELISAs can also 
yield false-positive results as a result of nonspe-
cific binding due to the antibodies themselves 
binding to the plate or to the presence of hetero-
phile antibodies [3]. In addition, some ELISAs, 
such as those used for the detection of autoanti-

bodies against aquaporin 4 (AQP4) and glutamic 
acid decarboxylase (GAD65) antibodies, evalu-
ate serum directly, whereas most methodologies 
dilute serum prior to testing in order to reduce 
background signal. Taken together, the lack of 
isotype specificity and the use of undiluted serum 
may explain differences in correlation with dis-
ease and/or other methodologies, especially for 
sera found to have low positive results by ELISA.

�Cell-Based Assays

CBAs are the preferred method for detecting 
autoantibodies against cell-surface antigens and 
some synaptic receptors. They are performed 
using cells transfected with the antigen and/or 
receptor of interest. Transfected cells are incu-
bated with patient serum or CSF, and bound auto-
antibodies are detected using a fluorescently 
conjugated antibody against human IgG and 
evaluated either by microscopy or flow cytometry 
(Fig.  2.1d). Advantages of this method include 
that the antigens are in their native conformation 
and that the results are more specific than TBAs 
because the cells are transfected with a single 
antigen of interest. Thus, interpretation is less 
subjective than TBAs and requires less training to 
become proficient. Disadvantages include that 
only autoantibodies against the antigen expressed 
by the cells are detected. Thus, this method can-
not be used for the discovery of new 
autoantibodies.

Both live and fixed CBAs have been used for 
the detection of autoantibodies against cell-
surface antigens. Commercially available CBAs 
use fixed cells out of necessity. Use of live cells 
requires continuous culturing of cells and the 
generation and maintenance of transfected cell 
lines. An important difference between assays 
using live cells instead of fixed cells is that anti-
bodies only have access to targets on the surface 
of the cells. Fixation of cells can lead to permea-
bilization of the cell membrane, which can allow 
antibodies access to antigens inside the cell in 
addition to those on the cell surface. Fixation can 
also alter the presentation or accessibility of anti-
gens, so the antigens present on live cells may be 
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present in a more native form than those of fixed 
cells. Difference in performance between fixed 
and live CBAs varies among antigens, with live 
cells showing slightly better sensitivity for some 
autoantibodies, whereas fixed cells demonstrate 
higher sensitivity for others such as N-methyl-D-
aspartate glutamate receptor (NMDAR) [11]. 
However, it is important to consider the number 
of clinically defined patient specimens used to 
make these comparisons. Differences in the 
results for a single specimen can appear to have a 
considerable effect on sensitivity or specificity 
when few clinically defined specimens are 
included in the analysis, as is frequently the case 
for these rare autoantibodies.

Detection of autoantibodies using fixed CBAs 
evaluated by IFA can be performed individually 
or using mosaics of biochips containing various 
transfected cells expressing different neural anti-
gens, brain and/or other tissue sections [6–8]. 
This technology consolidates the ability to screen 
for multiple neural autoantibodies and identifica-
tion/confirmation of some of their specific targets 
into a single assay. An important consideration 
when using this approach is whether positive 
controls for all autoantibodies to be reported are 
tested on every run. Multiplexing of CBA using 
mosaics can present a challenge with regard to 
manual reading and interpretation. As the number 
of biochips included in the mosaic increases so 
does the risk of confusing which biochip is being 
observed. Automation can aid in this process, but 
additional process controls should be incorpo-
rated to ensure the accuracy of results.

Detection of autoantibodies using live cell 
CBAs evaluated by flow cytometry decreases the 
subjectivity in visual interpretation commonly 
observed in CBA/IFA assays [5]. This method is 
gaining in popularity, but it is currently only 
available for diagnostic testing of a few neural 
autoantibodies (Table 2.1).

�Immunoprecipitation Assays

RIAs are the preferred method for detecting many 
of the autoantibodies against synaptic targets. 
RIA is performed using either iodine-125 radio-

actively labeled recombinant proteins or lysates 
of brain, muscle or cells expressing the antigen of 
interest that have been incubated with radioac-
tively labeled toxins with high affinity for specific 
synaptic receptors. Patient serum or CSF is incu-
bated with the radioactively labeled proteins or 
lysates containing the radioactively labeled recep-
tors, unbound antibodies are washed away, and 
then anti-human IgG or protein A or G sepharose 
is added to form immune complexes and facilitate 
precipitation of the antigen/autoantibody com-
plexes. Presence of autoantibodies is measured by 
the detection of radioactivity using a gamma 
counter, and quantitation is based on comparison 
to a standard curve or directly based on the spe-
cific activity of the radioactive ligand (Fig. 2.1e). 
Advantages of this method include that the anti-
gens are in their native conformation and that the 
method is very sensitive due to the use of radioac-
tivity. However, use of radioactivity is also a dis-
advantage because it poses a health hazard to 
laboratory personnel and requires a license for use 
and proper disposal [4]. Another disadvantage of 
this method is that it is possible to precipitate 
entire immune complexes, which then requires 
additional testing to confirm the specificity of the 
autoantibody [5]. This is the case for immunopre-
cipitation of the voltage-gated potassium channel 
(VGKC) complex, which is then followed by 
CBA to evaluate whether the reactivity is specific 
for leucine-rich glioma inactivated 1 protein 
(LGI1), contactin-associated protein 2 (CASPR2), 
or other proteins in the complex.

�Primary Neuronal Cell Cultures

Primary cell culture-based IFA is performed by 
isolating cells from specific parts of the brain and 
culturing them for 2–3 weeks before using them 
to detect autoantibodies. Thus, this method is pri-
marily used on a research basis. Patient serum or 
CSF is incubated with live neurons, and bound 
autoantibodies are detected using a fluorescently 
conjugated antibody against human IgG and 
visualized by microscopy. Autoantibodies to a 
variety of extracellular antigens can be detected 
using this method, but the staining patterns pro-
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duced are often indistinguishable requiring the 
use of additional methods to determine the spe-
cific targets. Important considerations when 
interpreting the results are the presence and level 
of expression of the antigen of interest at the time 
of testing and that the binding of antibodies 
against some cell-surface proteins can alter their 
localization. This second point is relevant for 
both autoantibodies that may be present in patient 
serum or CSF and purified antigen-specific anti-
bodies used as controls or in co-localization stud-
ies performed to evaluate the specificity of the 
autoantibodies [4, 5].

�Specimen Type (Serum or CSF)

In addition to considering which methodology to 
use when testing for neural autoantibodies, 
another important consideration is specimen 
type. Some autoantibodies may only be present 
in one body fluid due to the location of their anti-
genic target, for example, autoantibodies against 
the muscle acetylcholine receptor (mAChR) are 
primarily only detected in serum. Alternatively, 
intrathecally synthesized autoantibodies may 
only be detectable in CSF (e.g., NMDAR autoan-
tibodies) [4, 12]. Advantages of using serum 
include that its collection is less invasive making 
it more suitable for serial testing in monitoring 
response to treatment, and autoantibodies are 
often present at higher titers in serum. However, 
serum contains other proteins and non-neural 
autoantibodies that can cause high background or 
nonspecific binding resulting in false-positive 
results. Advantages of testing CSF include that it 
contains less extraneous proteins, so fewer false 
positives are observed due to nonspecific bind-
ing. CSF can be more sensitive and specific for 
the detection of neural cell-surface autoantibod-
ies, and if the neural autoantibodies are being 
produced intrathecally, serum may be negative. 
Disadvantages to testing CSF include that its col-
lection is more invasive and that autoantibodies 
are often present at low titers, if at all, which can 
lead to false-negative results. For example, CSF 
has been reported to be less sensitive than serum 

for the detection of AQP4 and LGI1 [4, 7]. Thus 
in some cases it may be important to test both 
serum and CSF, specifically in the setting of sus-
pected LGI1 autoimmune encephalitis [13].

�Sensitivity and Specificity

Widely divergent figures of the combined sensi-
tivity for the known neural autoantibodies have 
been published [14, 15]. Discussion of this large 
group of heterogeneous surrogate biomarkers of 
disease and/or pathogenic autoantibodies is com-
plicated by autoantibody presence being the 
defining characteristic in certain ANDs. 
Inconsistent laboratory findings in a setting of 
multiple autoantibody-associated disorders, with 
similar clinical presentation, add to the confu-
sion. In addition, autoantibodies are not detected 
in all patients with clinically defined encephalitis 
suggestive of an autoimmune etiology [3]. This is 
in part due to the ongoing identification of addi-
tional antigenic targets and differing composition 
of autoantibody panels performed at different ref-
erence laboratories. In one single-center 1-year 
retrospective cohort, a combined sensitivity for 
paraneoplastic autoantibodies of 34% was esti-
mated [14]. Whereas, in another multiyear retro-
spective study an estimated combined sensitivity 
between 60% and 80% was reported for clini-
cally defined autoimmune encephalitis patients 
[15]. An important consideration when evaluat-
ing sensitivity of specific methods are the species 
and/or the region(s) of the brain from which the 
tissues or proteins are derived. Lack of detection 
of neural autoantibodies may be due to absence 
of epitopes/antigenic targets due interspecies dif-
ferences [5].

Neural autoantibodies are rarely detected in 
serum from non-encephalitis disease control or 
healthy individuals. False-positive rates vary by 
methodology, isotype of secondary detection 
antibody used (polyclonal, IgG only, IgG1), and 
autoantibody of interest (NMDAR IgA, IgM, and 
IgG polyclonal detection by CBA has approxi-
mately a 10% false-positive rate) [6, 14, 16]. 
Interestingly, autoantibodies associated with 
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classical PNS can be detected at an elevated fre-
quency in patients with particular malignancies 
(approximately 20% of small cell lung cancer 
patients have Hu autoantibodies), yet very few of 
these patients develop neurologic symptoms 
(<0.01%) [3, 17].

Important considerations when evaluating 
sensitivity and specificity include the cut-offs 
used, how they were generated, and whether the 
results reported are qualitative or quantitative. 
Interpretation of low-titer antibody results can be 
challenging since some autoantibodies such as 
those against the VGKC complex and GAD65 
have been found at low levels in patients without 
neurologic disease, but these have also been 
shown to be clinically relevant as is the case for 
patients with low level VGKC complex results 
but high LGI1 or CASPR2 results [1]. Low titer 
results can also be seen in the setting of immuno-
therapy as some antibody levels may decrease in 
response to therapy. It is important to note that 
the majority of information regarding sensitivity 
and specificity of assays to detect neural autoan-
tibodies is based on testing of serum. Data are 
lacking for sensitivity and specificity for detec-
tion of neural autoantibodies in CSF.

�Challenges Related to Detection 
of Neural Autoantibodies

Current challenges for the detection of autoanti-
bodies associated with ANDs include that testing 
is very segmented in some countries with only 
certain labs able to perform testing for certain 
autoantibodies due to intellectual property 
restrictions. Many neural autoantibodies are 
very rare creating difficulty in obtaining positive 
samples for validation, training, competency, 
proficiency, and to function as controls when 
performing the assays. This is complicated by 
the fact that detection of staining patterns associ-
ated with neural autoantibodies requires signifi-
cant training to become proficient and that 
overlap of symptoms between patients with mul-
tiple autoantibodies makes it difficult to deter-
mine the sensitivity of an assay since the diseases 

are defined by the presence of the autoantibody. 
Another challenge is that the number of autoan-
tibodies associated with ANDs is continuing to 
grow, as is the availability of commercial assays 
to detect them, but the thorough characterization 
required to establish clinical context and preva-
lence often lags due to the rarity of positive 
patients.

�Introduction to the Role of Neural 
Autoantibodies in Pathogenesis

Although clear associations between autoanti-
bodies and ANDs have been demonstrated, it is 
less clear whether these autoantibodies play a 
role in the pathogenesis of the diseases or are 
simply markers of the disease process, since 
only a few have actually been shown to cause 
disease. Distinction between neural autoanti-
bodies based on the subcellular location of their 
antigenic targets is also relevant in discussions 
on the pathogenic role of these autoantibodies. 
The three main groups include autoantibodies 
that target intracellular nuclear and cytoplasmic 
antigens, autoantibodies that target intracellular 
synaptic antigens, and autoantibodies that target 
cell-surface and synaptic antigens (Fig.  2.2). 
Evidence for the pathogenicity of the autoanti-
bodies is based on data from in  vitro studies, 
animal models, and biopsy and autopsy tissue 
studies, as well as the responsiveness of patients 
positive for these autoantibodies to immuno-
therapy [18].

Autoantibodies to intracellular nuclear or 
cytoplasmic targets have limited access to their 
target antigens and are therefore considered not 
to be directly pathogenic. Instead, they are 
thought to be biomarkers of a T-cell-mediated 
response against their corresponding neuronal 
target antigen [2]. Evidence exists that autoan-
tibodies to intracellular cytoplasmic or nuclear 
targets present in the CNS, may be synthesized 
intrathecally, can be taken up by neurons and in 
some cases lead to neuronal cell death in vitro 
[19–21]. However, animal models involving 
passive transfer of these autoantibodies or 
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immunization with their corresponding target 
antigens have failed to confirm a pathogenic 
role for these autoantibodies in  vivo [22, 23]. 
Evidence for a T-cell-mediated response against 
intracellular nuclear or cytoplasmic neuronal 
antigens includes the detection of neuronal 
antigen-specific T-cell responses in patients 
with paraneoplastic encephalomyelitis, the 

presence of more T cells than B cells in their 
brain and peripheral nerve tissues, expression 
of a marker of cytotoxic effector T-cell func-
tion, granzyme B, in close proximity to neurons 
in areas with evidence of neuronal cell loss [19, 
24, 25].

Intracellular synaptic targets such as GAD65 
and amphiphysin may be targeted by both T cells 

Cell surface Ags

AMPAR
GABA-BR
NMDAR
mGIuR1

Neuromuscular
junction Ags
mAChR
MuSK
N-VGCC
P/Q-VGCC
VGKC*

Nuclear Ags
ANNA-1 (Hu)
ANNA-2 (Ri)
ANNA-3
Ma/Ta
Zic4

Cytoplasmic Ags
PCCA-1 (Yo)
PCCA-2
PCCA-Tr (DNER)
CRMP-5(CV2)

Amphiphysin
GAD65

MOG
AQP4

Astrocyte Oligodendrocyte

Myelin

CASPR2*
LGI1*
DPPX
gAChR

Intracellular
synaptic Ags

 Dendritic
        spine

Fig. 2.2  Depiction of the subcellular location of the anti-
genic targets of neural autoantibodies and the relationship 
between location and the pathogenic role of these autoan-
tibodies. Three main groups of neural autoantibodies 
include autoantibodies that target intracellular nuclear and 
cytoplasmic antigens, autoantibodies that target intracel-
lular synaptic antigens, and autoantibodies that target cell-
surface and synaptic antigens. Autoantibodies to 
intracellular nuclear or cytoplasmic targets have limited 
access to their target antigens and are therefore not con-
sidered directly pathogenic. In contrast, autoantibodies to 
intracellular synaptic targets are proposed to have access 
to their target antigens during fusion and reuptake of syn-
aptic vesicles, and thus maybe directly pathogenic. 
Autoantibodies against cell surface and neuromuscular 
junction have direct access to their antigenic targets and 
are considered to be directly pathogenic. The majority of 
the targets of neural autoantibodies are expressed in neu-
rons, but AQP4 and MOG are expressed on the cell sur-

face of astrocytes and oligodendrocytes, respectively. 
* = antigens expressed both on the neuronal cell surface 
and in the neuromuscular junction. AGNA-1 anti-glial 
nuclear antibody, AMPAR alpha-amino-3-hydroxy-5-
methyl-4-isoxazolepropionate receptor, ANNA anti-
neuronal nuclear antibody, AQP4 aquaporin 4, CASPR2 
contactin-associated protein 2, CRMP5 collapsing 
response mediator protein 5, DPPX dipeptidyl 
aminopeptidase-like protein, GABABR gamma-
aminobutyric acid receptor, type B, GAD glutamic acid 
decarboxylase, gAChR ganglionic acetylcholine receptor, 
LGI1 leucine-rich glioma inactivated 1 protein, mGluR 
metabotropic glutamate receptor, MOG myelin oligoden-
drocyte glycoprotein, mAChR muscle acetylcholine 
receptor, MuSK muscle-specific tyrosine kinase, NMDAR 
N-methyl-D-aspartate glutamate receptor, PCCA Purkinje 
cell cytoplasmic antibody, VGCC voltage-gated calcium 
channel, VGKC voltage-gated potassium channel
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and autoantibodies. In contrast to the antigenic 
targets discussed in the previous section, autoan-
tibodies have access to these antigens during 
fusion and reuptake of synaptic vesicles [16]. A 
direct pathogenic role for this group of autoanti-
bodies was demonstrated by intrathecal injection 
of anti-amphiphysin into rats resulting in stiff 
person syndrome-like symptoms [26]. Evidence 
for a T-cell-mediated response against intracellu-
lar synaptic antigens includes development of 
encephalomyelitis in immunized mice producing 
GAD65-specific T cells and development of neu-
rologic symptoms upon transfer of these GAD65-
specific T cells to naïve mice or mice lacking B 
cells [2, 27].

Autoantibodies against cell-surface receptors 
are thought to play a more direct role in patho-
genesis through agonistic or antagonistic effects 
on the receptors, disrupting the function of the 
receptors either by causing them to be internal-
ized or preventing their ligands from binding to 
them, or potentially leading to cytotoxicity due to 
antibody- and/or complement-mediated mecha-
nisms [18, 25]. These pathogenic effects of cell-
surface neural autoantibodies have been 
demonstrated both in vitro and in vivo using pas-
sive transfer of patient IgG into mice [28, 29]. 
Reports that this neural dysfunction is frequently 
reversible upon removal of the autoantibodies 
and many patients often experience complete 
recovery in response to immunotherapy suggests 
that autoantibodies play a direct pathogenic role 
[18]. Additional support for a pathogenic role is 
that autoantibodies against some neural cell-
surface receptors produce effects similar to 
genetic or pharmacologic disruption of the recep-
tors [2].

In PNS, pathogenesis is thought to be due to 
an immune response against a neural protein that 
is aberrantly expressed on a tumor, leading to 
activation and expansion of autoreactive T and B 
cells, and production of autoantibodies [17]. 
When these immune agents gain access to the 
nervous system, they can cause damage leading 
to neurologic symptoms. However, tumors are 
detected in less than a third of patients with 

ANDs at the onset of neurologic symptoms and 
autoantibody detection, which begs the question 
of what triggers autoantibody production in these 
patients. Current hypotheses include an infec-
tious trigger and multiple recent publications 
have drawn a link between herpes simplex 
encephalitis and NMDA receptor encephalitis 
(discussed further in Chap. 25) [9]. Another pos-
sibility is that a tumor is not detected because the 
immune response is effective in fighting the 
malignancy [17]. It also remains to be deter-
mined, how chronicity is established or how 
relapses are triggered in the case of idiopathic 
AND [29].

Additional questions about the role of autoan-
tibodies in the pathogenesis of ANDs include the 
following: why there is diversity in clinical pre-
sentations associated with a particular autoanti-
body and how specificity of symptoms occurs 
despite widespread expression? Potential expla-
nations include heterogeneity in the antibody 
response with respect to subtype of IgG and 
epitope(s), post-translational modifications or 
conformational changes specific to particular 
regions of the brain, and the presence of co-
existing autoantibodies [2, 17, 18].

�Conclusion

The number of autoantibodies associated with 
ANDs continues to grow, as does the number of 
specimens being tested. Clinical laboratories are 
faced with the challenge of determining how 
many and which assays to offer, by which meth-
ods and in which combinations. Clinicians are 
faced with deciding which tests or panels of tests 
to use in the assessment for neural autoantibodies 
in their patients. Despite uncertainty about the 
role of autoantibodies in the pathogenesis of 
ANDs, they can play a significant role in diagno-
sis and treatment. Thus, it is important for clini-
cians to be aware of the limitations of the various 
methods for detecting autoantibodies and to note 
that failure to detect a neural autoantibody does 
not rule out diagnosis of an AND.
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Key Points
	1.	 Because of its high sensitivity to detect 

white matter hyperintensities on 
T2-weighted images, magnetic reso-
nance imaging (MRI) plays a central 
role in diagnosing and monitoring dis-
ease activity in multiple sclerosis (MS). 
MS plaques have a typical appearance 
on MRI (i.e., location, size, and mor-
phology), which helps distinguish MS 
from other conditions. MRI can facili-
tate an earlier diagnosis of MS, often at 
first clinical presentation, by demon-
strating dissemination in space and time 
within the central nervous system 
(CNS), the central tenet of MS 
Diagnostic Criteria.

	2.	 MS misdiagnosis is common when MRI 
criteria are not applied in the appropri-
ate clinical context, particularly when 
the clinical presentation and/or MRI 
appearance is atypical or nonspecific. 

Detection of central veins within white 
matter lesions and/or demonstration of 
cortical lesions may increase the speci-
ficity of MRI for MS and are active 
areas of research currently.

	3.	 Neurodegeneration is a fundamental 
component of MS pathology. Whole 
brain volume decline on MRI can be 
measured reproducibly, is clinically rel-
evant and modifiable with several avail-
able disease-modifying therapies, and 
has good face validity as a surrogate 
marker of neurodegeneration. There is 
also a high degree of interest in several 
regional volumes as MRI surrogate 
markers of neurodegeneration, includ-
ing thalamus, other deep gray matter 
structures, and spinal cord.

	4.	 Positron emission tomography (PET) is 
a promising clinical research tool that 
can offer a high degree of pathologic 
specificity and can complement MRI to 
better understand MS pathology. PET 
can study aspects of the disease which 
are “MRI invisible,” such as microglial 
activation, or to which MRI is relatively 
insensitive, such as remyelination.
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�Introduction

Over the past few decades, magnetic resonance 
imaging (MRI) has evolved to play an essential 
role in the diagnosis and management of neuro-
immunological diseases, including multiple scle-
rosis (MS), and has furthered our basic 
understanding of MS substantially. This chapter 
discusses MRI as a tool to diagnose and monitor 
MS, and to distinguish MS from other neurologic 
conditions. Volumetric MRI and positron emis-
sion tomography (PET) imaging are highlighted 
as specific areas of interest that are currently 
within the realm of MS clinical research, but may 
have applications for clinical care in the future.

�The Role of MRI in the Diagnosis 
of MS

Despite having undergone multiple revisions, the 
central tenet of the diagnosis of MS has remained 
unchanged, that is, dissemination in space and 
time (DIS and DIT, respectively) within the cen-
tral nervous system (CNS). Each iteration of the 
Diagnostic Criteria for MS, including the current 
2010 Criteria [1] and the recently proposed 2017 
revisions [2], has allowed the diagnosis of clini-
cally definite MS to be made following two sepa-
rate clinical events that demonstrate both DIS 
and DIT.  MRI was first incorporated into the 
Diagnostic Criteria in 2001 [3] to facilitate earlier 
diagnosis at the time of the initial clinical presen-
tation, that is, clinically isolated syndrome (CIS).

MRI is highly sensitive to visualize white 
matter (WM) signal abnormalities on 
T2-weighted images, and the characteristic 
appearance of demyelinating lesions has become 
well recognized. Typical demyelinating lesions 
are hyperintense on T2-weighted images, are 
round or ovoid in shape, are at least 3 mm in size 
(in-plane), and occur in characteristic locations 
within the CNS [4]. Because of the location of 
venules within the brain, classic periventricular 
demyelinating lesions are oriented perpendicu-
larly to the long axis of the ventricles (so-called 
Dawson’s fingers; Fig. 3.1a, b). If demyelination 
involves the subcortical U-fibers, the lesions 

appear juxtacortical on MRI, which abut the cor-
tex but respect the gray-white border (Fig. 3.1c). 
Demyelination often occurs in the infratento-
rium, commonly in the spinal cord, brainstem, 
middle cerebellar peduncle, or the deep WM of 
the cerebellum (Fig. 3.1d, f–h).

Contrast-enhanced MRI can be useful in dif-
ferentiating acute or “active” lesions from chronic 
or “inactive” lesions [5] (Fig.  3.1e, h). Acute 
inflammation leads to breakdown of the blood-
brain barrier, allowing leakage of the paramag-
netic contrast agent gadolinium into the brain 
parenchyma. Most acute MS lesions enhance for 
2–4  weeks [6, 7], though this time window is 
dependent on the dose and timing of contrast 
administration, particularly the delay in acquisi-
tion of the post-contrast images following gado-
linium injection. Most MS lesions enhance in 
either a nodular or ring pattern, though dynamic 
imaging has shown that both patterns can be seen 
in the same lesion depending on when the image 
is acquired [8]. Initially, contrast extravasates 
from the inflamed central vein, spreads centrifu-
gally outward, and will be seen as nodular 
enhancement. However, in more established 
acute lesions, the leakage of contrast occurs at 
the inflamed margins of the lesions, resulting in 
ring enhancement, which spreads centripetally 
over minutes [9]. Periventricular or juxtacortical 
white matter lesions may enhance in an “open 
ring” fashion, with the open portion of the ring 
facing either the ventricle or the cortex [9]. 
Persistent enhancement beyond 6  weeks is 
uncommon in MS and should prompt consider-
ation of other etiologies, such as malignancy or 
sarcoidosis.

In the 2010 Criteria [1], DIS can be demon-
strated by >1 T2 lesion in ≥2 of the four typical 
locations for MS (periventricular, juxtacortical, 
infratentorial, and spinal cord; Fig. 3.1). DIT can 
be demonstrated by a new T2 lesion on any fol-
low-up scan, irrespective of its timing, or by the 
simultaneous presence of gadolinium-enhancing 
and non-enhancing lesions on a single scan. From 
an MRI perspective, the proposed 2017 revisions 
to the Diagnostic Criteria [2] are largely similar, 
but with some important modifications. Whereas 
the 2010 Criteria did not allow the symptomatic 
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Fig. 3.1  Brain and spinal cord MRIs demonstrating typi-
cal demyelinating lesions from a patient with MS. (a) 
Ovoid, periventricular lesions oriented perpendicularly to 
the long axis of the lateral ventricles on axial FLAIR. (b) 
The same periventricular lesions from Panel A are seen in 
the sagittal plane, oriented perpendicularly to the ventricle 
and involving the corpus callosum, classically described 
as “Dawson’s fingers.” (c) Typical juxtacortical lesions 
(arrows) involving the subcortical U-fibers, abutting the 
cortex and respecting the gray-white border. (d) 

Demyelinating lesions in the pons and middle cerebellar 
peduncle, typical for infratentorial location. (e) An acute 
demyelinating lesion showing ring enhancement on post-
contrast T1-weighted image. (f) Demyelinating lesion in 
the cervical spinal cord on sagittal T2-weighted image, 
which is located, (g) in a typical dorsolateral position in 
the spinal cord on axial T2. (h) After gadolinium adminis-
tration, this lesion demonstrates enhancement on post-
contrast T1-weighted sagittal image
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lesion to be included in the lesion count to satisfy 
DIS, the 2017 revisions no longer distinguish 
between symptomatic and asymptomatic lesions. 
Perhaps the biggest proposed revision is that, for 
the first time, lesions in the optic nerve and/or 
cortical lesions, if present, can be used to demon-
strate DIS. As with previous revisions, the 2017 
Criteria aim to facilitate an earlier diagnosis of 
MS, which they may achieve with increased sen-
sitivity, but reduced specificity for a second 
attack [10]. However, there are some important 
caveats in the real-world application of the pro-
posed 2017 MRI Criteria, with particular caution 
advised regarding cortical lesions. Cortical 
lesions are not routinely seen using standard clin-
ical MRI protocols, and early attempts to detect 
cortical lesions such as double inversion recovery 
(DIR) are highly artifact-prone and suffer from 
poor sensitivity, specificity, and interobserver 
agreement [11–13]. Efforts to visualize cortical 
lesions are ongoing in the field and will be of 
interest (see “Cortical Lesion Detection”).

�Increasing the Specificity of MRI 
for CNS Demyelination

It is of fundamental importance to understand 
that each version of the Diagnostic Criteria for 
MS, including the MRI Criteria, has been devised 
to facilitate an early MS diagnosis by demon-
strating DIS and DIT in patients who present 
with a clinical syndrome that is typical of CNS 
demyelination. Current and historic MRI criteria 
were not created to differentiate MS from other 
(non-MS) conditions, nor were they designed to 
be applied in clinical scenarios in which the 
symptoms and/or MRI lesions are atypical for 
CNS demyelinating disease. Although MRI is 
highly sensitive to detect white matter abnormali-
ties, it is inherently nonspecific pathologically. 
T2-hyperintensity can result from any process 
that increases the water content of the tissue and 
therefore may reflect not only demyelination, but 
also inflammation, edema, gliosis, or any combi-
nation thereof. In recent years, an emerging lit-
erature focused on MS misdiagnosis has found 
that the misinterpretation of MRI findings is a 

common cause of misdiagnosis, particularly 
when the clinical presentation is nonspecific or 
atypical [14]. Entities commonly misdiagnosed 
as MS include migraine, nonspecific symptoms 
with abnormal MRI, fibromyalgia, and conver-
sion or psychogenic disorders [15]. This under-
scores the need to develop and incorporate MRI 
techniques with improved specificity for demye-
lination into routine clinical care, which is an 
area of high interest in the field currently.

�Radiologically Isolated Syndrome

Occasionally, typical demyelinating lesions may 
be demonstrated incidentally on MRI obtained 
for an unrelated indication, such as headache or 
trauma. When there are no clinical symptoms or 
signs of MS but MRI demonstrates demyelinating-
appearing lesions that meet 2005 DIS Criteria 
without alternate explanation, radiologically iso-
lated syndrome (RIS) may be diagnosed [16]. 
Observational studies suggest that over a period 
of 5  years, roughly 1/3 of RIS patients will 
develop clinical symptoms and therefore fulfill 
Criteria for CIS/RRMS or PPMS [17, 18] sug-
gesting that RIS is a pre-symptomatic stage of 
MS for many patients. However, because of the 
lack of typical clinical symptoms that would 
ordinarily provide specificity for CNS demyelin-
ation (e.g., optic neuritis, partial myelitis, or 
brainstem syndrome), diagnosing RIS requires 
extreme caution. Nonspecific T2 WM changes 
are common, and RIS may be misdiagnosed if 
MRI criteria for DIS are inappropriately applied, 
which is especially concerning if treatment is ini-
tiated. RIS is a poignant example of the need to 
develop techniques that can increase the specific-
ity of MRI for CNS demyelination.

�Central Vein Imaging

Central vein imaging is a promising technique to 
increase the specificity of MRI and was the topic 
of a recent Consensus Statement by the North 
American Imaging in MS (NAIMS) Cooperative 
[19]. That WM MS plaques form around venules 
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was described pathologically over 100 years ago 
[20]. Susceptibility-based MR techniques (e.g., 
phase imaging, T2*, quantitative susceptibility 
mapping) are highly sensitive to iron and can be 
used to demonstrate the presence of a central vein 
within a T2-hyperintense lesion (Fig.  3.2a, b). 
One method with particular promise is FLAIR* 
[23], which combines 3D FLAIR and 3D T2*-
weighted images in the post-processing setting 
(after they have been acquired). FLAIR* lever-
ages the high sensitivity of FLAIR to demon-
strate WM lesions, combined with the ability of 
T2* to detect blood vessels. Currently, FLAIR* 
is available on some commercial scanners, with 
increased availability across multiple MR manu-
facturers expected in the near future.

Further work is needed in order to implement 
central vein imaging into routine clinical care. 

The optimal MR technique to identify central 
veins is not known, and there is no standardized 
definition of the “central vein sign.” Relatively 
small studies using variable susceptibility-based 
MRI techniques and field strengths have demon-
strated central veins in the majority (67–80%) of 
demyelinating lesions and the minority (20–30%) 
of WM lesions from other causes such as small 
vessel disease and vasculopathies [24–26]. Many 
of these studies have relied on manually counting 
the proportion of WM lesions that surround a 
central vessel, which is time-consuming and 
likely not feasible in clinical care. As such, sim-
ple, practical rules have been proposed to define 
and implement the central vein sign [19]. Once a 
standardized definition of the central vein sign is 
adopted, its operating characteristics (sensitivity, 
specificity, positive predictive value, and negative 

Fig. 3.2  T2*-weighted image acquired at 7T demonstrat-
ing a hypointense central vein (arrow) on magnitude (a) and 
phase images (b). On phase images, a hypointense rim 
around the periphery of the lesion is also seen, which may 
suggest the presence of iron-laden microglia at the periph-

ery of the demyelinating plaque. (c) High-resolution T2*-
weighted image acquired at 7 T in axial plane showing an 
intracortical (Type 2) lesion (arrow). Source images in this 
figure were previously published and [21 (Panels A and B), 
22 (Panel C)] and are used with permission
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predictive value) will need to be determined prior 
to implementation into clinical care, not only in 
patients who present with typical demyelinating 
syndromes, but also in clinical scenarios with 
nonspecific/atypical symptoms and/or MRI find-
ings, where it is perhaps needed most.

�Cortical Lesion Detection

Cortical lesion detection may offer another 
approach to increase the specificity of MRI for 
CNS demyelination. Cortical lesions were 
described on histopathology several decades 
ago [27], but their clinical significance is not 
known due to difficulty visualizing them with 
current MR technology. Histopathologically, 
they are classified into Types 1, 2, and 3 (leuko-
cortical, intracortical, and subpial, respectively) 
[28]. Subpial lesions are thought to be the most 
common, may span several gyri, and may be 
extensive, particularly in progressive MS [29]. 
Visualization of all three subtypes has been 
challenging, but particularly subpial lesions, 
which remain essentially undetected at conven-
tional field strengths (1.5 and 3T). Multiple rea-
sons for these challenges exist, including partial 
voluming from adjacent CSF, the small size of 
cortical lesions within an already thin cortex of 
2–3 mm (which is often below the resolution of 
typical clinical images), and their relative lack 
of MR contrast due to their paucity of inflamma-
tion. Emerging MR techniques at higher resolu-
tions and field strengths (7T) can generate better 
tissue contrast and may offer better visualiza-
tion of these lesions (Fig. 3.2c). Recent work at 
7T has described subpial lesions in the postmor-
tem setting [30, 31]. However, translating this 
in  vivo will require a clinically feasible scan 
time, which remains a challenge. Like central 
vein imaging, once cortical lesions can be reli-
ably detected, further studies will be needed 
prior to implementation into routine clinical 
care to determine sensitivity and specificity pro-
spectively in patients who present with typical 
demyelinating syndromes, and in clinical sce-
narios with nonspecific/atypical symptoms and/
or MRI findings.

�Role of MRI in Monitoring Patients 
with Established MS

�New White Matter Lesion Formation

In addition to its utility in establishing the diag-
nosis of MS, MRI plays a central role in moni-
toring MS longitudinally. Formation of new 
lesions over time is one of the main hallmarks 
of MS, and detecting new lesions is one of the 
primary roles of MRI. The clinical relevance of 
new MRI lesion formation has been demon-
strated conclusively as a predictor of clinical 
relapse in the short term [32] and of disability 
accrual in the longer term [33, 34]. Importantly, 
MRI lesions satisfy the stringent Prentice crite-
ria as a statistically valid surrogate marker of 
clinical relapse both at the group level [35] and 
the individual level [36]. As such, in relapsing 
MS, it has become standard to use new MRI 
lesions as the primary endpoint in Phase 2 clini-
cal trials to screen candidate drugs in the devel-
opmental pipeline. If a drug effectively prevents 
new MRI lesion formation in Phase 2, it has 
historically worked when tested in Phase 3, 
where clinical relapses are the primary 
endpoint.

Despite the clear implications of new MRI 
lesion formation, monitoring MS patients in clin-
ical practice remains somewhat challenging. 
Although several national and international con-
sortia have published recommendations for stan-
dardized MRI protocols by which to monitor MS 
patients in clinical practice [37, 38], these guide-
lines have not been adopted in the real world. 
Clinicians routinely face the challenge of manu-
ally comparing MRI scans that have been 
obtained on different MRI scanners with hetero-
geneous acquisition protocols, often with varying 
pulse sequences and tissue contrasts, and gaps 
between slices. Images are generally not realigned 
to facilitate lesion-by-lesion comparison. 
Manually determining new lesion formation can 
be particularly difficult in patients with a high 
lesion burden. Given these challenges, there has 
been interest in automated lesion detection algo-
rithms, which may provide better power to detect 
new lesions [39, 40]. The output of these algo-
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rithms could be presented to clinicians to assist a 
manual reading and overall interpretation of the 
scan. Automated lesion detection remains an area 
of active interest.

In addition to new/enlarging T2 lesions, the 
detection of contrast-enhancing lesions is stan-
dard in clinical practice to monitor disease activ-
ity. Although there are certain clinical scenarios 
in which the detection of gadolinium enhance-
ment is very useful (e.g., upon diagnosis, to 
exclude alternate diagnoses, or during a clinical 
relapse), there are limitations of relying on gado-
linium enhancement to detect new MS disease 
activity on routine follow-up MRIs, which are 
often obtained annually. Because new MS lesions 
enhance with gadolinium for an average of 4 
weeks [6, 7], detecting gadolinium enhancement 
on an annual MRI scan is essentially random, and 
new lesion formation can typically be identified 
on T2-weighted images without contrast. 
Moreover, recent descriptions of gadolinium 
accumulation in the brain [41] have raised con-
cerns about administering repeated dosages of 
gadolinium over time. Whether gadolinium accu-
mulation has long-term clinical effects is 
unknown; nonetheless, the North American 
Consortium of Multiple Sclerosis Centers 
(CMSC) MRI working group revised their guide-
lines to address this concern [38]. The new guide-
lines recommend judicious use of gadolinium, 
recognizing that gadolinium is essential when 
monitoring a patient with highly active disease, 
especially in the first few years, when there is an 
unexpected decline in the patient’s clinical status, 
upon first clinical presentation (i.e., at CIS), and 
when there is question of an alternative 
diagnosis.

�Recommended MRI Protocol 
and Clinical Guidelines in Diagnosing 
and Monitoring MS

The reader is referred to published CMSC rec-
ommendations for standardized MRI protocols 
and clinical guidelines, most recently revised in 
2018 [38]. Scans should be of good quality, with 
adequate signal-noise ratio (SNR) and spatial 

resolution (in slice pixel resolution of 
≤1 mm × 1 mm), cover the whole brain, and have 
≤3  mm slice thickness without gaps for 2D 
acquisition or 3D reconstruction. 3D acquisitions 
(≤1 mm × 1 mm × 1 mm isotropic voxel size) are 
generally recommended, but options for 2D 
acquisitions are also provided. Recommended 
core sequences include 2D/3D sagittal and axial 
FLAIR, 2D/3D axial T2, axial 2D DWI, 3D gra-
dient echo T1, and post gadolinium 2D/3D axial 
T1 as required. The CMSC recommends a base-
line scan and at 6  months after initiation of a 
DMT. Thereafter, a periodic brain MRI, typically 
annually, should be performed to assess subclini-
cal disease activity. Interim imaging is indicated 
when there is unexpected decline or suspicion for 
a relapse or PML. Cervical spinal cord imaging is 
recommended at the time of diagnosis and if new 
symptoms develop that are referable to the spinal 
cord. Spinal cord MRI may also be useful to 
increase specificity while establishing the diag-
nosis in atypical presentations.

�Volumetric MRI

Neurodegeneration is a fundamental component 
of MS pathology and probably results from mul-
tiple mechanisms, including axonal transection 
within WM lesions [42] causing downstream 
degeneration, as well as glutamate excitotoxicity, 
iron accumulation, mitochondrial dysfunction, 
and microglial activation. These mechanisms 
may lead to a final common pathway of oxidative 
stress that eventually overwhelms cellular com-
pensatory mechanisms and results in neuronal 
cell death [29]. Whole brain volume decline on 
MRI likely represents the net accumulation of tis-
sue damage in MS, including neuroaxonal, 
myelin, and glial cell loss, and reduced synaptic 
density. Neuroaxonal loss is thought to be the 
major pathologic substrate of irreversible clinical 
disability in MS [43]; as such, understanding and 
preventing neuroaxonal loss has become a major 
focus in the field.

Whole brain volume has been studied exten-
sively in MS [44, 45]. Most studies suggest that 
the rate of whole brain atrophy in MS averages 
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−0.7% per year, which is about 3x the rate of 
healthy controls [46]. In MS, whole brain vol-
ume loss correlates with several clinical end-
points, including ambulation [47], cognition 
[48], and quality of life [49]. Several available 
DMTs can slow the rate of whole brain atrophy 
significantly [44], and it has now become stan-
dard to include whole brain volume decline as a 
secondary or tertiary outcome in clinical trials 
testing primarily anti-inflammatory agents, and/
or to use whole brain volume as the primary end-
point in phase 2 trials testing primarily neuro-
protective agents [50].

Despite its many practical advantages, there 
are limitations of whole brain volume measure-
ments. Whole brain volume may lack sensitivity 
in early phases of MS, such as CIS and RIS, 
though data in these phases are mixed [45]. 
Whole brain volume measurements, particularly 
at a single time point, can be confounded by sev-
eral other factors that reduce the specificity for 
neurodegeneration, such as diurnal fluctuations 
[51], patient hydration status [52], or corticoste-
roid administration and/or newly initiated DMT 
(so-called pseudoatrophy [53]). Because of these 
limitations, interest has emerged in regional brain 
atrophy metrics, which may be more sensitive in 
earlier phases of MS and should be less con-
founded by tissue fluid dynamics. Thalamic vol-
ume loss, for example, is an early occurrence in 
MS and has been documented in RIS, CIS, and 
pediatric MS [54–57]. Thalamic volume declines 
persistently throughout the MS disease duration 
[58], correlates with clinical endpoints including 
cognition [58–60], and appears to provide 
feasible sample sizes as a primary MRI endpoint 
[58]. For these reasons, regional gray matter met-
rics, such as thalamic and other deep gray matter 
volumes, cortical thickness, and spinal cord vol-
umes, are an active area of ongoing research in 
the field.

Despite a high degree of interest in volumetrics 
and their face validity as measures of neurodegen-
eration, several barriers exist in incorporating 
brain volume measurements into MS clinical 
practice, a topic which has been recently reviewed 
[61, 62]. The heterogeneous images that are col-
lected in clinical practice present major chal-

lenges to current image processing software. No 
“gold standard” software to measure brain vol-
umes has been identified. Most published work 
has assessed brain volume loss at the group level; 
the optimal statistical methods to translate brain 
volumes into a clinically meaningful metric at the 
individual level remain to be defined. Efforts have 
been made to define pathologic “cutoff” values 
for whole brain volume decline [63], but further 
work is needed to refine these values, including an 
adjustment for age. Because of the aforemen-
tioned fluctuations, brain volume decline over 
multiple time points may be more useful than 
single time point measurements, but this is diffi-
cult to implement in a clinical setting. Robust data 
from a large reference population that include 
both MS patients and healthy controls will be 
needed to develop an individual level metric. 
Statistical methods to adjust for variation from 
scan parameters, tissue fluid status, etc., could be 
developed, but these will need validation before 
implementing in the clinic [62].

�Positron Emission  
Tomography (PET)

Although MRI is an invaluable tool in MS clini-
cal practice and clinical research, it has limita-
tions. MRI may not detect “other” types of 
inflammation besides WM lesions that are pres-
ent in MS, such as microglial activation, and MRI 
does not reliably detect diffuse pathology in the 
NAWM and/or cortical GM. In addition, because 
MRI is pathologically nonspecific, its ability to 
measure remyelination is limited. Positron emis-
sion tomography (PET) can investigate aspects of 
MS not visualized by MRI and can provide a 
higher degree of specificity depending on the 
ligand used. PET measures radiation (positrons) 
emitted by specific radioisotopes tagged to a spe-
cific ligand, which binds to a target of interest. 
The signal measured by PET can provide in vivo 
quantitative information about the concentration 
of these target molecules. The use of PET in MS 
has been reviewed elsewhere [64, 65]. Herein, we 
focus on current PET approaches to measure 
microglial activation and remyelination.
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�Activated Microglia

Microglia are the key component of the innate 
CNS immune system and are activated in the set-
ting of chronic inflammation [66]. Although acti-
vated microglia are an area of high interest in 
MS, their role in disease pathophysiology is not 
entirely clear. Histopathologically, activated 
microglia are seen at the edge of chronically 
active and expanding (aka “smoldering”) MS 
lesions, but not at chronic inactive lesions [67]. 
Both blood-derived monocytes and resident CNS 
microglia may contribute to neuronal damage by 
releasing pro-inflammatory cytokines and reac-
tive oxygen species, leading to oxidative stress 
[68], which is thought to be an important mecha-
nism in the pathophysiology of progressive MS 
[29]. Chronic, “smoldering” inflammation occurs 
behind an intact blood-brain barrier and is MRI-
invisible, but it can be detected by PET strategies 
targeting activated microglia. This could enhance 
our fundamental understanding of MS and ulti-
mately lead to the development of new therapeu-
tic targets for progressive MS, which are urgently 
needed in the field.

Translocator protein (TSPO) is an 18 KDa 
protein that is expressed on the outer mitochon-
drial membrane of activated microglia and is the 
most commonly studied radiotracer target to 
visualize microglial activation in MS. Formerly 
known as the peripheral benzodiazepine recep-
tor, TSPO is expressed predominantly on acti-
vated CNS resident microglia, but it is also found 
on blood-derived macrophages, reactive astro-
cytes, and vascular endothelial and smooth mus-
cle cells [66]. TSPO is also expressed in the 
normal human brain, mainly neurons [69]. The 
first-generation radioligand, [11C]PK11195, has 
high specificity for TSPO, but binds to multiple 
cell types that express TSPO including reactive 
astrocytes, endothelial cells, and plasma pro-
teins, in addition to activated microglia. [11C]
PK11195 has a short half-life of about 20 min-
utes and a low signal-to-noise ratio, and signal 
quantification can be difficult. Typically, [11C]
PK11195 binding quantification uses a normal 
reference region, but because such a region does 
not exist in MS, relatively complex mathemati-

cal modeling is required. The second-generation 
TSPO radioligands, such as [11C]PBR28 and 
[18F]PBR111, have higher binding affinity and 
better signal-to-noise ratio, but their binding 
affinity is affected by TSPO gene polymor-
phisms, making genetic testing mandatory for 
proper interpretation of the PET signal [70]. 
Like [11C]PK11195, the second-generation 
TSPO ligands also bind to activated astrocytes 
and endothelial cells [71, 72].

TSPO uptake is increased in MS plaques dur-
ing relapse [73] (Fig. 3.3) and in some but not all 
chronic lesions [70, 75], potentially consistent 
with the “smoldering” inflammation described 
pathologically in chronic active lesions. Diffuse 
TSPO binding in NAWM has been shown in 
RRMS patients compared to healthy controls 
[76], and may be more pronounced in SPMS 
compared to RRMS [77]. TSPO uptake in the 
cortex, cortical lesions, deep GM, and NAWM in 
MS patients is also associated with worse clinical 
disability, cognitive function, and more cortical 
thinning on MRI [77].

It has been thought that TSPO expression on 
the surface of microglia is upregulated upon 
exposure to pro-inflammatory stimuli. However, 
TSPO was recently shown to be downregulated 
on macrophages exposed to pro-inflammatory 
stimuli and unchanged upon exposure to anti-
inflammatory stimuli [78]. In another study, 
TSPO was upregulated upon exposure to pro-
inflammatory stimuli in rodents, but did not 
change in human microglia exposed to the same 
stimulus [79]. The implications of these findings 
are not clear in humans with MS, but further 
study is needed to understand TSPO localization 
in MS brain tissue in situ [66] and the correct 
interpretation of TSPO binding in vivo in MS. It 
is possible that TSPO expression measured by 
PET may reflect microglial/macrophage density 
rather than activation status [79].

�Myelination

Imaging myelin content is perhaps one of the 
most promising applications of PET imaging in 
MS. Developing remyelinating agents, which are 
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currently lacking in the field, has become a major 
focus in MS clinical research. Remyelination 
should not only improve functional recovery 
after demyelinating injury in the short term, but 
should also protect axons in the long term, as 
chronically denuded axons are more susceptible 
to inflammatory insults that eventually lead to 
neurodegeneration [29]. One major barrier to 
developing remyelinating agents has been evalu-
ating their efficacy in  vivo. Compared to 
MR-based methods that have been used for this 
purpose (e.g., magnetization transfer ratio, diffu-
sion tensor imaging, myelin water imaging), PET 
offers a more direct and specific measure of 
myelin and is thus a promising approach.

Stilbene derivative radiotracers bind to intact 
myelin sheath proteins such as PLP, MBP, or the 
sites of interactions between myelin lipids and 
these proteins [80]. Amyloid tracers such as 
Pittsburgh Compound B (PiB) also bind to myelin 
and may be useful. PiB has been shown to be 

highly sensitive to detect myelin loss in EAE [81] 
and has been used in humans longitudinally to 
create a global index of myelin content change in 
a voxel-wise, individual-level analysis [82]. 
However, PiB must be mixed in an on-site cyclo-
tron prior to administration to the patient, which 
many centers do not have; newer fluorinated 
amyloid tracers such as florbetapir, flutemetamol, 
and florbetaben may improve availability because 
they are more stable and do not require a 
cyclotron.

In addition to its low availability, several limi-
tations of PET exist. PET has a low spatial reso-
lution (typically 2–3  mm at best), which can 
make changes in small lesions difficult to detect 
due to partial voluming. PET is an expensive 
technique that requires a high degree of on-site 
expertise, and data analysis/signal quantification 
can be challenging. Finally, radiation exposure is 
a concern with PET, particularly in longitudinal 
studies.

Fig. 3.3  MRI and 11C-PBR28 PET images from a patient 
with relapsing multiple sclerosis. Panels a–c show post-
contrast T1-weighted MR images demonstrating an acute 
lesion that enhances following gadolinium administration 
(arrows) in sagittal (a), axial (b), and coronal (c) plane. 
Panels d–f show the corresponding VT (volume of distri-

bution) parametric map demonstrating a focal increase 
(arrows) in uptake of 11C-PBR28, a second-generation 
TSPO ligand, perhaps suggesting the presence of acti-
vated microglia within these acute lesions. Source images 
in this figure were previously published and are used with 
permission [74]
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�Conclusion

MRI plays a central role in the diagnosis and 
clinical management of MS due to its high sensi-
tivity, but approaches such as central vein imag-
ing and cortical lesion detection are needed to 
increase specificity for CNS demyelination. MRI 
is a useful tool to monitor disease activity and 
assess efficacy of DMTs both in clinical trials 
and in clinical practice. Brain volume decline is 
clinically relevant, but more work is needed 
before incorporation of volumetrics into routine 
clinical care. Finally, PET may further our under-
standing of the disease biology by its ability to 
study specific aspects of the disease not visible 
with MRI.
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�Introduction

Clinical trial design in neuroimmunology has 
evolved over time, which reflects our increased 
knowledge of these diseases and they have pro-
vided great insights into these conditions. Clinical 
studies have resulted in the approval of disease-
modifying therapies (DMTs) for multiple sclero-
sis (MS) and neuromyelitis optica spectrum 
disease (NMOSD) along with symptomatic ther-
apies such as dalfampridine. Treatment of 
relapsing-remitting MS (RRMS) has seen dra-
matic changes with therapies that can stabilize 
the vast majority of patients with more than 20 
drugs available including generics. Progressive 
MS has proven to be a more challenging frontier, 
although treatments are beginning to become 
available. As of 2019, the first three clinical trials 
were successfully conducted in NMOSD, paving 
the way for new therapies in this rare disease. 
Additionally, clinical trials are also helping us 
understand how to use these DMTs. This chapter 
describes how treatments are approved, frame-
works for evaluating clinical trials, and the evolu-
tion of clinical trial design including newer trial 
design concepts to help the reader better interpret 
these studies.

Key Points
	1.	 Clinical trial design in neuroimmunol-

ogy has evolved as we learn about these 
diseases and has led to the approval of 
treatments in multiple sclerosis (MS) 
and neuromyelitis optica spectrum dis-
ease (NMOSD).

	2.	 Randomized controlled trials remain the 
gold standard trial design but newer 
studies are increasingly being used.

	3.	 The process of developing and conduct-
ing a clinical trial starts with a well-
thought-out question that can then be 
tested and analyzed following an 
approved protocol.

	4.	 Treatments must follow a series of 
phases in drug development before they 
are approved by regulatory agencies.
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�Types of Clinical Studies

Clinical trials are important as they translate our 
knowledge of basic scientific research into treat-
ments that help prevent, diagnose, or treat a dis-
ease. Clinical trials are considered the “gold 
standard” in clinical research. A clinical trial is a 
type of research study that is defined by the 
National Institutes of Health (NIH) as a study 
where “one or more human subjects are prospec-
tively assigned to one or more interventions to 
evaluate the effects of those interventions on 
health-related biomedical or behavioral outcomes 
(https://grants.nih.gov/policy/clinical-trials/defi-
nition.htm).” Their design aims to reduce bias 
and variability in our understanding of therapies 
and provide information on the magnitude of the 
efficacy and their safety in humans. They often 
can help our understanding of the pathology of 
the underlying disease by answering other 
research questions.

Case reports and observational studies are 
complementary to clinical trials. Case reports, for 
instance, can provide examples of drugs that 
could be explored in larger clinical trials such as a 
description of rituximab in a patient with MS who 
was repeatedly failing interferons and mitoxan-
trone [1] or tocilizumab for patients with NMOSD 
who were failing rituximab [2]. Observational 
studies can provide information where a clinical 
trial is not appropriate such as due to a lack of 
clinical equipoise, unfeasible due to lack of cost 
to compare multiple drugs, or difficulty in study-
ing certain populations such as patients with rare 
autoantibodies. Observational studies are also 
developing rapidly with improved statistical tech-
niques such as the use of propensity-based match-
ing or weighing methods.

�Clinical Trial Overview

Designing a clinical trial requires significant 
planning in order to ensure the quality of data 
obtained and its generalizability while reducing 
biases and maximizing the amount of data 
obtained. The planning stages can help reduce 
amendments later and increase the speed at which 
a question can be answered by remaining focused 
yet allow for the flexibility to adapt to potentially 
changing conditions. The general overview of a 
study is outlined in Fig. 4.1.

�Defining the Research Question

A clinical trial needs to start with a good ques-
tion, which can be evaluated with the FINER cri-
teria (Table 4.1) [3]. Once a question is identified, 
a study plan can be developed around it. Defining 
the question does require one to start developing 
the trial design, but a good question makes this 
process much easier.

Feasibility includes many aspects and has 
posed challenges in the design of clinical trials 
evaluating antibody-mediated autoimmune neu-
rological conditions where few patients exist. 
Additionally, feasibility for these conditions can 
be limiting because of the increasing costs 

Fig. 4.1  Clinical trial overview. A finalized protocol often requires several iterative cycles of developing the research 
question and designing the trial to help develop the best protocol. IRB Institutional Review Board

Table 4.1  FINER criteria for evaluating a research 
question

Feasible (answerable due to recruitment, expertise, 
tools, and costs)
Interesting
Novel
Ethical
Relevant
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needed to bring in more sites to study enough 
patients with diseases that have low prevalence 
rates. The expertise and resources can also limit 
what questions are feasible by identifying sites 
that can conduct a study. It is important to have 
the tools needed to study certain conditions. The 
Schumacher criteria in 1965 provided the diag-
nostic criteria that provided the backbone to 
identify patients with multiple sclerosis that 
could be included in clinical trials [4]. Having 
laboratory and clinical tools led to the refine-
ment of these criteria. The Poser criteria in 1965 
included paraclinical information such as oligo-
clonal banding in cerebrospinal fluid and visual 
evoked potentials [5]. These criteria were subse-
quently replaced in 2001 by the McDonald crite-
ria with the advent of magnetic resonance 
imaging (MRI) [6].

In addition to Feasibility, the FINER criteria 
also help formulate a research question that is 
Interesting, Novel, Ethical, and Relevant. The 
effort and resources needed to conduct a clinical 
trial can be tremendous, and it can be difficult to 
drive a study forward unless the study is interest-
ing or novel. Ethical considerations in conduct-
ing a clinical trial will be expanded upon below, 
but the question has to meet the principle of equi-
poise in which there is a genuine uncertainty 
about which treatment is most beneficial and pro-
vides the ethical basis for assigning patients to 
the different treatment arms in a clinical trial. 
This term was first used by Benjamin Freedman 
in 1987 [7]. Finally, the question has to be rele-
vant to the field that is going to use the informa-
tion learned from the study.

�Developing the Trial Design

Once an appropriate question is identified, a trial 
can be designed to help answer it. The plan for 
the trial can be designed and refined using the 
PICO or PICOT criteria (Table  4.2) [8]. These 
two steps often form an iterative cycle that 
together can result in identifying the best study 
plan. The steps for developing the trial design are 
described below.

�Selecting the Patient Population
Defining the population to study can greatly 
influence clinical trials in patients with MS and 
NMOSD, and it is generally defined by a set of 
inclusion and exclusion criteria. Despite these 
criteria, there are inevitable differences among 
studies, some planned while others are unplanned. 
For example, in RRMS trials, it has been noted 
that the patients entering studies tend to have 
more benign disease than they did in earlier stud-
ies and have less disability [9]. This possibly 
reflects a reluctance to place patients with very 
active disease into a trial whereby a patient could 
receive placebo, or a drug deemed to have a low 
therapeutic effect as more drugs become avail-
able. This changing demographic makes compar-
ing newer trials with older trials challenging. 
Additionally, it can make recruitment difficult, 
and therefore some studies rely heavily on 
recruiting in countries where there are fewer ther-
apeutic options. However, most regulatory agen-
cies require that studies be done in patients from 
their region or country, which can sometimes 
delay entry into those markets but also increases 
the generalizability of that study to that country.

In progressive MS trials, the age of the popu-
lation and the percent of patients with contrast 
enhancing lesions (CELs) can greatly affect a 
study. This was seen in the European and North 
American interferonβ(beta)-1b studies in patients 
with secondary progressive MS where a treat-
ment effect on delaying disability progression 
was seen compared to placebo in the European 
study but not in the North American study. It is 
worth pointing out that the North American study 
had a mean age of 46.8 years at study entry com-
pared to 41.0 years in the European study, while 

Table 4.2  PICO(T) criteria for developing research 
criteria

Population (patients) – Disease and its characteristics 
along with demographics of subjects
Intervention – Dose, duration, location, route of 
administration, study design, etc.
Comparison – Placebo or other treatment if any
Outcome – Measure of benefit/risk, at what time/
frequency, analyzed as dichotomous/continuous
Time – Follow-up time
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the mean number of CEL was 1.5 and 2.6, respec-
tively [10]. Since younger patients tend to have 
more active disease, this comparison suggested 
that interferonβ(beta)-1b had its effects by treat-
ing this active component of MS. Similarly, the 
OLYMPUS (A Study to Evaluate the Safety and 
Efficacy of Rituximab in Adults with Primary 
Progressive MS) study in primary progressive 
MS did not find a reduction in the 12-week con-
firmed disability progression (CDP) by rituximab 
versus placebo [11]. However, the subpopula-
tions that were younger (<51  year old) or had 
CEL showed a reduction in CDP of 48% and 
59%, respectively. This likely played a role in 
changing the age limit from 65 years in this study 
to 55 years for the ocrelizumab primary progres-
sive MS trial (ORATORIO) to 55 years [12]. This 
resulted in a reduction in the mean age of the 
B-cell depleting therapy groups from 50.1 years 
to 44.7 years. ORATORIO showed a reduction of 
24% in the 12-week CDP, which led to the 
approval of ocrelizumab as the first treatment for 
primary progressive MS.

Similarly in NMOSD, the decision of includ-
ing patients who were aquaporin-4 (AQP4) anti-
body negative was variable and had dramatic 
differences in the NMOSD trials, including for 
eculizumab (PREVENT) [13], satralizumab (in 
2 trials, SAkuraSky as an add-on therapy [14] 
and SAkuraStar as monotherapy [15]), and ine-
biluzimab (N-Momentum) [16]. PREVENT 
included only AQP4 antibody positive patients 
and saw a reduction in the risk of relapses of 
94.2%. In SAkuraSky, the reduction was 79.2% 
in AQP4 antibody positive patients but only 
33.7% if seronegative. Similarly in 
N-Momentum, the overall reduction in the study 
was 72.8%, but increased to 77.3% in AQP4 
antibody positive patients. Other differences in 
study length and relapse ascertainment made 
comparison across these trials difficult, but this 
difference in inclusion criteria in NMOSD 
clearly affected the study results.

Another aspect of identifying the study popu-
lation includes the decision to include special 
populations, which can sometimes pose chal-
lenges but is essential for conclusions that benefit 
all populations. Studies in MS tend to have poor 

representation of minorities and often exclude 
patients with significant medical comorbidities 
and other vulnerable populations such as children 
or pregnant or lactating women.

The importance of studying DMTs in these 
other populations has been highlighted by the 
recent studies conducted in pediatric populations. 
The PARADIGMS study of fingolimod versus 
interferon beta-1a in patients younger than 
18 years old showed a reduction in the annual-
ized relapse rate of 82% (0.12 vs. 0.67; p < 0.001) 
[17]. However, the phase 3 trial in adults 
(TRANSFORMS) that similarly studied fingoli-
mod and interferon beta-1a showed a reduction in 
the annualized relapse rate of 52% (0.16 vs. 0.33; 
p < 0.0001) [18]. One of the likely differences in 
these studies is that younger patients as described 
above are more likely to experience more relapses 
allowing fingolimod to demonstrate a larger 
effect.

�Defining the Intervention
The intervention in the clinical trial is informed 
by prior studies. The phases of clinical trials will 
be described below; these gradually help to define 
the dose, frequency, duration, and route of admin-
istration of drugs, procedure, or interventions in a 
study. The pharmacokinetics and pharmacody-
namics greatly influence these decisions. Doses 
are gradually narrowed down to one or two 
options in most phase 3 studies.

Other aspects of study design can also greatly 
impact a study. Designing the study well is quite 
understandably crucial and includes several 
factors:

•	 Drug washouts. Some immunosuppressive 
medications can greatly affect the immune 
system for long periods of time. In order to 
reduce the effects of prior medications, it is 
important to define periods of time to let prior 
medications wash out from a patient before 
entering a study. This also needs to be consid-
ered in studies that employ a crossover study 
design including going into extension studies. 
These washout periods can be reduced using 
activated charcoal or cholestyramine (i.e., for 
rapid elimination of teriflunomide).

E. Alvarez et al.



47

•	 Randomization. Multiple methods can be used 
to create random groups to help reduce the 
possibility of bias in a clinical trial. The ease 
of use across multiple sites needs to be consid-
ered in larger studies. Examples include sim-
ple randomization (e.g., using sealed 
envelopes with an equal number of envelopes 
with control vs. treatment group), random 
allocation (e.g., using a random number gen-
erator), blocking designed to allow random-
ization into equal-sized groups ensuring 
balance across groups over time, and stratifi-
cation to allow randomization within a cate-
gorical covariate such as gender or age. 
Although this can be done with the best of 
intentions, some studies can end up with 
unbalanced groups such as was seen in the 
HERMES (B-Cell Depletion with Rituximab 
in Relapsing MS) where the rituximab group 
had a mean number of CEL of 2.1 vs. 0.3 in 
the placebo arm [19]. Consider having a pre-
planned method of analysis for correcting 
these imbalances should they occur in a study.

•	 Allocation (1:1, 2:1, 3:1, etc.). For several rea-
sons, including to help with recruitment into a 
trial by making it more likely for participants 
to receive treatment or to allow for stratifica-
tion, studies may recruit more heavily into 
certain groups.

•	 Blinding. This can help reduce bias by having 
either the subject, the person administering 
the treatment, and/or the person evaluating the 
response blind to the treatment that the subject 
received. Single blinding is when only one 
party is blinded, usually the subject, whereas 
double blind is when both the subject and 
study staff are blinded. Triple binding extends 
blinding to the data analysis. In open-label 
studies, no blinding is used.

•	 Duration of the study. The TENERE study 
compared teriflunomide to interferon beta-1a 
and failed to show a difference between annu-
alized relapse rate between teriflunomide 
14  mg and interferon beta-1a [20]. The pri-
mary outcome of this study was time to fail-
ure, although teriflunomide is known to have a 
significant lag to therapeutic efficacy while 
interferons have shown a quick onset of action. 
A better comparison would have been likely 
achieved by examining the relapses over a 
fixed period of time or resetting a baseline 
after several months when both treatments 
have reached steady state.

•	 Study design. Selection of the primary study 
design is key, and most times, it relates to the 
type of therapeutic approach (Fig.  4.2). 
Crossover designs have been used to test 
symptomatic medications, especially when the 

Fig. 4.2  Randomized clinical trial designs. Parallel arm 
studies are the classic randomized clinical trials, which 
can compare one treatment (a) or multiple treatments (b) 
to either a control (shown here) or an active comparator. 
Crossover studies have some statistical advantages by 
studying multiple treatments in the same patient popula-

tion and are shown here with a washout between treat-
ments (c). Adaptive or SMART (Sequential Multiple 
Assignment Randomized Trials) are more complicated 
but can help reduce the exposure to less promising treat-
ment by eliminating certain arms early during an interim 
analysis (d)
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effect of the intervention is expected to wash-
out over a short period of time. This allows 
studying treatments within one subject, which 
can reduce the variability observed and can 
increase the statistical power of the study. For 
DMTs in RRMS, double-blind randomized 
active comparator studies are preferred with 
parallel treatment arms. Multiple parallel 
arms have been used in progressive studies to 
help minimize the number of patients in pla-
cebo arms should each of these treatments 
required its own placebo control group. The 
MS-SMART study examined riluzole, fluox-
etine, and amiloride in a 1:1:1:1 ratio vs. pla-
cebo, which helped effectively eliminate two 
placebo arms in studying these three medica-
tions [21]. An additional layer of complexity is 
added to these multiple arm studies in adaptive 
or SMART (Sequential Multiple Assignment 
Randomized Trials) clinical trial designs, 
which are gaining popularity. These studies are 
designed to adapt after initial in-trial observa-
tions by dropping lower performing treatments 
and reducing exposure to ineffective therapies. 
Additionally, pragmatic trials are designed to 
evaluate the effectiveness of interventions in 
real-life routine practice conditions by reduc-
ing the inclusion and exclusion criteria so that 
the results can be more broadly applied in rou-
tine clinical practice.

�Comparison
Deciding whether the study drug or intervention 
should be against placebo or an active compara-
tor can determine whether differences can be 
observed and whether the treatment might be 
approved by regulatory agencies. The compari-
son drug can affect recruitment and/or blinding 
(e.g., the comparator drug has notable side 
effects). The decision to use an active comparator 
depends on whether other treatment options are 
available. For example, it is much more accept-
able to have a placebo arm in a progressive trial 
in MS compared to RRMS.

�Outcomes and Endpoints
Outcome selection is a cornerstone of good clini-
cal trial design. Outcomes should be selected to 

optimally demonstrate the effects of the thera-
peutic intervention. Selection of the primary out-
come will vary based on the ultimate objective of 
the study. For phase 1 trials, outcomes will center 
on safety. In phase 2 trials, outcomes will focus 
on demonstrating a therapeutic effect across a 
range of doses and ideally will be biologically 
closer to the mechanism of action. For phase 3 
trials, outcomes will need to satisfy the require-
ments of regulators and reflect the function of 
patients. The phases of clinical trials are described 
in more detail below. Secondary or even tertiary 
outcomes support effectiveness of the primary 
outcome, while exploratory outcomes investigate 
novel effects of the intervention or mechanisms. 
Clinical trials are powered to demonstrate an 
effect on the primary outcome, and statistical 
power is concentrated on that outcome. For sec-
ondary outcomes, hierarchical testing is prespec-
ified for a rational spending of alpha function in 
the setting of multiple comparisons. Exploratory 
outcomes are considered hypothesis generating 
and typically do not require corrections for mul-
tiple comparisons. In these sections, we will 
review the most commonly employed outcomes 
in the context of phase 3 clinical trials focusing 
first on measures that are generally used as pri-
mary or secondary outcomes:

•	 Annualized Relapse Rate (ARR): The ARR is 
the most commonly used outcome measure in 
RRMS clinical trials [22], and it formed the 
basis of the approval of more than a dozen MS 
DMTs. The ARR is calculated from the num-
ber of relapses annualized over a 12-month in 
study follow-up. The ARR many times is 
expressed as a relative reduction between the 
active and comparator arm. The ARR, when 
presented as a percentage reduction is imme-
diately interpretable both for neurologists and 
people with MS. Relapses have the advantage 
that they are easily discernable and generally 
require confirmation of neurological function 
on the neurological exam. In addition to this, 
relapses in phase 3 trials are highly predicted 
by development of new MRI lesions in phase 
2 trials, which provides reasonable estimates 
of efficacy and sample sizes for phase 3 trials 
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[23]. There is evidence that the ARR has 
decreased over time in MS trials [24]. This 
finding and the fact that placebo comparators 
are likely no longer ethical in RRMS trials has 
prompted the use of alternative methods of 
relapse analysis, including time to first relapse 
[25]. Relapses and ARR will continue to be 
the primary outcome for ongoing anti-
inflammatory drug programs in relapsing MS.

•	 Disability Progression. A second and perhaps 
more meaningful outcome measure in clinical 
trials has included assessment of neurological 
disability. Disability in MS has traditionally 
been measured using the Expanded Disability 
Status Scale (EDSS). The EDSS has several 
advantages as it is well known to neurologists, 
is relatively easy to perform, has been used in 
most clinical trials to date, and provides a sim-
ple 0–10 determination of neurological dis-
ability that is easy to understand and compare 
among patients/groups of patients [26]. The 
EDSS, however, also has several limitations 
including low inter-rater reliability, low intra-
rater reliability, ordinal nature of the scale, 
roof and ceiling effects with plateaus at cer-
tain levels of disability, overreliance on lower 
extremity function, noise, relative underrepre-
sentation of cognition, and limited use in gen-
eral clinical practice [27]. Nonetheless, the 
EDSS has been the most widely used disabil-
ity measure in clinical trials. Worsening of 
disability progression in trials typically must 
be sustained over a given time period, with 3 
or 6  months being typically used. Specific 
thresholds for change including a half a point, 
a whole point, and greater than a point have 
been used in the past. The rationale for requir-
ing a confirmed worsening at a second time 
point is that the EDSS may have some noise. 
Additionally, ascertaining worsening outside 
of relapses or daily fluctuation is desirable. 
EDSS progression has been used both in 
relapsing trials to document progression of 
disability that may occur through incomplete 
recovery of relapses, and perhaps more impor-
tantly, in progressive MS trials where disabil-
ity is accrued slowly and independent of 
relapses. In the progressive MS trials, EDSS 

progression is normally the primary outcome, 
while in RRMS trials, it is usually a secondary 
outcome.

•	 Composite Disability Outcomes. Due to the 
multiple known limitations of the EDSS, the 
Multiple Sclerosis Functional Composite 
(MSFC) was developed as a quantitative neu-
roperformance test, initially designed to cap-
ture disability in three realms: upper extremity 
function (9 hole peg test), lower extremity 
function (timed 25 foot walk), and cognition 
(Paced Serial Addition Test [PASAT]) [28]. 
Newer iteration of the MSFC now includes 
measures that capture vision (low contrast let-
ter acuity) and the PASAT was replaced with 
the Symbol Digit Modalities Test (SDMT) 
[29]. The MSFC components can have 
Z-scores derived, which improves psychomet-
ric properties, and the composite is formed by 
the addition of the Z-Scores. Although the 
MSFC is quite widely used, it has still not 
been fully endorsed by regulatory agencies; 
this, however, is likely to change in the near 
future. The MSFC generally is reserved as a 
secondary outcome, but it has been used in 
combination with the EDSS and alone as a 
primary outcome. Specific thresholds of 
meaningful change in the components has 
been established, and disability worsening can 
be defined as worsening of one or more com-
ponents along with changes in the EDSS.

•	 MRI Measures. MRI outcomes are commonly 
used in clinical trials as secondary outcomes 
and are often primary outcomes in phase 2 
studies. Typical measures include number of 
new T2, new gadolinium-enhancing lesions, 
new combined unique lesions (T2 or gadolin-
ium without double counting) [30]. New 
T1-hypointense lesions and conversion to T1 
black holes (persistent T1-hypointense 
lesions) have also been used. Semi-automated 
and fully automated methods also can derive 
new T2, gadolinium, and T1-hypointense 
lesion volumes. Volumetric measures of whole 
brain have also been employed and are highly 
predictive of future clinical disability, making 
them a particularly interesting secondary out-
come measure. Indeed, several progressive 
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MS trials have successfully used brain volume 
loss as phase 2 outcomes, and ongoing studies 
will determine if atrophy will translate into 
effects on disability progression in phase 3 
studies [31, 32]. Segmenting brain volume 
further including measurement of deep gray 
matter, cortical gray matter, or specific struc-
tures such as thalamus might have some value, 
but how much noise is generated with seg-
mentation of smaller structures has to be 
weighed against improved interrogation along 
a specific biological pathway [33].

•	 Patient Experience. Patient-reported out-
comes (PROs) are of interest as they 
interrogate the patient directly on clinically 
meaningful constructs. Several general neuro-
logical PROs have been validated in MS and 
have been used in the clinical trial setting. One 
such measure, Neurological quality of life 
(Neuro-QoL), has been validated in the MS 
population and has both long forms and more 
efficient computer adaptive testing [34]. More 
specific MS scales have also been developed. 
Perhaps one of the most used scales in MS is 
the MS Impact Scale (MSIS-29) and the 
Multiple Sclerosis Quality of Life-54. These 
scales have the advantage that they interrogate 
MS-related disability better, but perhaps fall 
short of dedicated instruments for specific 
symptoms, such as the Modified Fatigue 
Impact Scale, which has also been used in 
clinical trials. One overriding problem with 
PROs is that differences in clinical trials, 
although many times statistically significant, 
do not reach the threshold of clinically mean-
ingful differences.

•	 Biomarkers. Blood biomarker for MS remains 
elusive; however, significant progress has 
been made with one candidate, neurofilament 
light chain (NFL). Although NFL is readily 
measured in cerebrospinal fluid, it has not 
been until recently, with the use of new tech-
nologies, that it can be measured in blood due 
to its low concentration. NFL is an axonal 
cytoskeletal protein that has been shown to 
increase in the setting of focal lesion develop-
ment in MS.  NFL has also shown to have 
treatment effects in clinical trials [35]. While 

NFL seems most promising as a measure of 
focal inflammation, and an outcome for anti-
inflammatory DMT trials, the use in progres-
sive disease has also been proposed. A key 
unknown for implementation in progressive 
MS has been defining normal levels on 
NFL. NFL levels increase in the blood as we 
age, along with other factors including dis-
ability level and comorbidities that also affect 
the central and peripheral nerves; moreover, 
there is potential decrease in levels in obese 
patients because of dilution.

�Institutional Review Board 
Approval and Study Registration

Clinical trials are closely monitored to maintain 
patient safety. They must be approved by super-
vising ethics committees before a trial can start. 
In the United States, these committees are called 
Institutional Review Boards (IRBs), and in the 
European Union, they are called ethics commit-
tees. Although most ethics committees are 
located at the investigator’s institutions, some 
independent central IRBs are available for inves-
tigators at smaller institutions and are sometimes 
preferred due to quicker reviews of studies. 
Additionally, local IRBs must often certify 
researchers and their staff in order to conduct 
clinical studies by understanding patient privacy 
law (HIPAA) and good clinical practice princi-
ples set forth by the International Conference of 
Harmonisation Guidelines for Good Clinical 
Practice. The ongoing safety of subjects in a 
study is often done by a Data and Safety 
Monitoring Board (DSMB), which is an indepen-
dent committee or an Independent Safety Officer.

The ethical principles involved in clinical tri-
als are often extracted from the following 
documents:

	1.	 Nuremburg Code (1947) is a 10-point state-
ment meant to prevent future abuse of human 
subjects by emphasizing that consent for 
research must be voluntary, avoid unneces-
sary suffering, and participants are free to 
withdraw from the research [36]. It was 

E. Alvarez et al.



51

developed in response to Nazi atrocities of 
using concentration camp prisoners for 
human experiments.

	2.	 Declaration of Helsinki (1964) is a code of 
medical ethics developed by the World 
Medical Association (WMA) and expands 
informed consent protections by describing 
that study subjects should be fully informed of 
the study procedures including risks and ben-
efits, goals of the study, and sources of fund-
ing including potential conflicts of interest 
(https://www.wma.net/what-we-do/medical-
ethics/declaration-of-helsinki/doh-jun1964/).

	3.	 Belmont Report (1979) that identified the pri-
mary principles underlying ethical research 
with human beings as respect for persons 
(informed consent with subjects able to com-
prehend the information given), beneficence 
(benefits and risks of a study), and justice (the 
fair selection of subjects) (https://www.hhs.
gov/ohrp/regulations-and-policy/belmont-
report/index.html).

Once a clinical trial protocol has been devel-
oped and approved, it is important to consider 
registering the study in a public registry. This is 
increasingly becoming a requirement by both 
publishers and funders with the goal of reducing 
publication bias and selective reporting. The 
International Committee of Medical Journal 
Editors announced in 2004 a policy that as a con-
dition of publication, clinical trials would be 
required to be registered [37]. Additionally, regu-
latory authorities started requiring clinical trial 
information and, in some cases, a summary of 
results to a publicly accessible registry. The 
World Health Organization subsequently speci-
fied elements that clinic trials should contain and 
maintains an international registry portal at http://
apps.who.int/trialsearch/ [38]. The seventh revi-
sion of the Declaration of Helsinki in 2008 stated, 
“Every clinical trial must be registered in a pub-
licly accessible database before recruitment of 
the first subject” [39]. Many registries are coun-
try specific with the two most common registries 
being ClinicalTrials.gov (https://www.clinicaltri-
als.gov/ct2/home) run by the United States 

National Library of Medicine in the United States 
and the European Union Clinical Trials registry 
(https://www.clinicaltrialsregister.eu/).

�Data Collection and Analysis

After developing and getting approval for a clini-
cal study, it is helpful, if not imperative, to 
develop good tools for data collection. This is 
often in the form of a case report form (CRF) to 
help guarantee that all of the data are collected in 
a way that can be entered into a database easily. 
During this time, it is helpful to work directly 
with a statistician or the person who is going to 
have to analyze the data by setting up the data-
base in such a way to easily extract the data and 
create reports or enter into statistical analysis 
software for analysis. Evaluation of data integrity 
and protection of privacy is crucial. These pro-
cesses are often overlooked in the excitement to 
start the study and can create a lot of work later in 
having to transcribe data or reclassify data, which 
is prone to errors and can create delays in the 
analysis. A full description of the statistics is out 
of scope for this chapter but working with a stat-
istician early and often cannot be emphasized 
enough. Preplanned interim analysis can be help-
ful to make sure that enough events are occurring 
in the study to analyze and assess feasibility to 
continue the study. These interim analyses can 
also include safety evaluations by a DSMB or 
safety officer as described above.

Data from a trial are often analyzed with an 
intent-to-treat (ITT) analysis in which the data 
from subjects are analyzed according to the group 
to which they were assigned, even if they did not 
receive or adhere to the intended treatment. ITT 
compares intervention strategy and not the inter-
vention. Treatments or interventions that have 
tolerability issues will result in poor adherence, 
and an ITT may not provide useful information 
for subjects who adhered to the treatment or 
intervention. A per-protocol analysis can then be 
instructive in identifying the treatment or inter-
vention effect in patients who are fully 
compliant.
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�Reporting and Publishing 
the Clinical Study

Disseminating the information gathered in the 
study ensures that the information learned can be 
used by others. It also helps to reduce the risks to 
subjects by reducing duplication of studies espe-
cially if studies were not published because of 
harmful side effects. This process can begin early 
even before the data collection begins by 
publishing the clinical trial protocol especially in 
more complicated trials. Additionally, interim 
analyses can be presented at meetings or pub-
lished to help introduce the study to the scientific 
community as well as helping guide our thinking 
about what the results will look like and what 
secondary or exploratory analysis might be more 
interesting.

The reporting of clinical trials is increasingly 
following the CONsolidated Standards of 
Reporting Trials or CONSORT statement, which 
was last revised in 2010 [40]. This is an evidence-
based set of minimum recommendations for 
reporting randomized trials. This statement con-
sists of 25 items consisting of how the trial was 
designed, analyzed, and interpreted (Fig.  4.3). 
Additionally, a participant flow diagram follows 
the flow of participants through the study 
(Fig.  4.4). These documents can be found and 
downloaded at http://www.consort-statement.
org/. Most journals have endorsed the CONSORT 
guidelines and require that manuscripts follow 
them before consideration of any manuscript 
reporting a clinical trial.

�Phases of Clinical Research

The process of getting treatments approved 
involves a series of steps including clinical trials 
that eventually can lead to approved treatments. 
These steps have been described as phases of 
clinical research with each step having different 
goals. Here we will provide an overview of these 
phases (Fig. 4.5):

�Preclinical

Before drugs are tried in humans, they are often 
tested in the laboratory in cell or tissue cultures. 
This process involves screening many com-
pounds to identify those that are most promising. 
Sometimes these drugs can then be modified or 
designed to improve some of their chemical 
properties, which may improve the efficacy or 
decrease their side effect profiles. The drug dis-
covery often then proceeds to animal testing 
depending on whether good models of the dis-
ease being studied exist.

�Phase 1

These studies are often the first studies involving 
human participants. Phase 0 studies are some-
times done, which are sometimes called human 
microdosing studies, and they provide no safety 
or efficacy data as the dose is too low to cause a 
therapeutic effect. Phase 1 studies are often car-
ried out in healthy volunteers, although they are 
sometimes carried out in patients, which are then 
designated as phase 1/2 studies. This occurs if the 
test drug is too toxic in healthy volunteers, the 
dose needed is higher than healthy volunteers can 
tolerate, or the therapeutic range is very narrow.

Phase 1 studies are used to assess the pharma-
cokinetics (PK) and pharmacodynamics (PD) of 
a drug. PK is how our bodies affect a drug and 
involve absorption, distribution, metabolism, and 
excretion (ADME) of a drug. PD is how a drug 
affects our bodies and evaluates the drug activity 
on at its target and the therapeutic window includ-
ing the onset and duration of action.

Phase 1 studies are often carried out in ascend-
ing dose studies. These can either be single ascend-
ing dose studies (phase 1a) where a small group of 
people are given a single dose of a drug and 
observed before moving to larger doses until the 
maximum tolerated dose is achieved or multiple 
ascending dose studies (phase 1b) where several 
groups are given different doses and followed.

E. Alvarez et al.
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a

b

Fig. 4.3  (a, b) CONSORT 2010 checklist. These 25 
items form the minimum list of items to include when 
reporting a randomized trial. http://www.consort-state-
ment.org/consort-2010. (Reprinted under terms of 
Creative Commons Attribution CC BY 2.0 from Schulz 

KF, Altman DG, Moher D, for the CONSORT Group. 
CONSORT 2010 Statement: updated guidelines for 
reporting parallel group randomised trials. BMC Medicine 
2010, 8:18. (24 March 2010))
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Fig. 4.4  CONSORT 2010 Participant flow diagram. This 
diagram describes how subjects dropped out from a study 
and how many were finally included in the final analysis. 
http://www.consort-statement.org/consort-2010. 
(Reprinted under terms of Creative Commons Attribution 

CC BY 2.0 from Schulz KF, Altman DG, Moher D, for the 
CONSORT Group. CONSORT 2010 Statement: updated 
guidelines for reporting parallel group randomised trials. 
BMC Medicine 2010, 8:18. (24 March 2010))
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�Phase 2

Once a dose range is determined, the next goal 
becomes evaluating if the drug has any biological 
effect. These are conducted in larger populations 
often involving hundreds of patients and often 
involve several doses. Surrogate endpoints are 
often evaluated and the drug effect on biomarkers 
is explored. Preliminary data are obtained on 
clinical outcomes to help determine the size of 
phase 3 studies. Patients who respond better to 
treatment are identified, which can influence the 
design and size of phase 3 studies.

These studies assess efficacy which is the 
effect of a drug under ideal and controlled set-
tings. Effectiveness refers to the performance of a 
drug under real-world conditions. As studies 
move on to later phases, the drug’s effectiveness 
is increasingly studied.

�Phase 3

Phase 3 studies are the cornerstone studies 
designed to assess the effectiveness of a new 
treatment or intervention that helps to assess their 
value in clinical practice. These studies require a 

clinical endpoint and involve multiple centers to 
recruit the large number of patients needed in 
these studies. They are also often multinational in 
order to help get approval in a variety of coun-
tries as there is often a requirement that a certain 
number of patients or subjects come from the 
country in which the study will be approved. The 
inclusion and exclusion criteria are more relaxed, 
although they may still not represent the full 
spectrum of disease in which a study will be 
approved. These studies are also longer than prior 
studies helping to evaluate adverse event with 
longer drug exposures. For all of these reasons, 
these studies become the gold standard assess-
ment for a treatment. It is typical that two phase 3 
studies be required for approval by the FDA 
(Food and Drug Administration) in the United 
States and the EMA (European Medicine 
Agency) in the European Union. Once a drug has 
shown satisfactory results, all of the manufactur-
ing, preclinical, and trial data accumulated to this 
point are combined into a large document that is 
submitted to the regulatory agencies as a regula-
tory submission for drug approval though an 
NDA (New Drug Application). The process for 
approval of a drug has averaged 10–15 years and 
cost 2.6 billion dollars in the early 2010s [41].

Lab studies Pharmacology Dosing Efficacy Safety

Patients

Variable $

- Compliance

- Special group

- 10,000s

- Safety

Patients

1 FDA approved
drug

- 1000s

- PK/PD - MRI Efficacy

- Safety

Patients

5 drugs

- 100s

- Safety

Humans or
Patients

250 drugs

- dosing

- Toxicity levels

Animals

10-100,000 of
drugs studied

$ $$ $$$ $$$$

IND FDA approval

Preclinical Phase 1 Phase 2 Phase 3 Phase 4

Fig. 4.5  Phases of clinical research. Drug development follows a series of steps that can lead to drug approval. The 
goals of the study evolve through these steps, which involve an increasing number of patients and costs
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�Phase 4

Phase 4 studies are also known as post market-
ing surveillance trials and provide longer-term 
safety data (pharmacovigilance) and ongoing 
studies, which may be required by the regula-
tory agencies at the time of approval. The inclu-
sion and exclusion criteria are more relaxed 
and can include studies in special populations. 
These studies provide a more real-world expe-
rience on the effectiveness of a treatment. The 
longer period of evaluation allows for the study 
of rare events, including interactions with other 
drugs. These studies often involve reporting data-
bases, registries, and monitoring health records. 
Pharmaeconomic studies help differentiate drugs 
of equal efficacy and safety.

�Conclusion

The treatment of patients with neuroimmune 
conditions will require combining the informa-
tion gleaned from all of these methods and evalu-
ating that they yield similar results. Comparing 
across clinical trials should be undertaken with 
caution due to differences in baseline demo-
graphics, how outcomes are defined, underlying 
biases, etc. However, when studies are dissimilar, 
studying why they are different can provide 
invaluable information into a disease process. 
Similarly, studying subpopulations within a clini-
cal trial can provide information of who is 
responding better or not at all and help apply this 
information into clinical practice.
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Concepts of Immune Therapy 
and Disease Management

Gabrielle Macaron and Mary Alissa Willis

�Introduction

Autoimmune inflammatory disorders constitute 
an important proportion of neurological diseases 
of the central, peripheral, and, to a lesser extent, 
autonomic nervous system. Their course is often 
marked by subacute development of new symp-
toms or worsening of previous symptoms. These 
relapses reflect active inflammation and should 
be promptly recognized. The importance of iden-
tifying clinical, biological, radiological, or elec-
trophysiological activity is crucial to (1) treat the 
acute episode timely and appropriately to avoid 
irreversible damage to neural tissues and accu-
mulation of disability over time and (2) escalate 
maintenance immunosuppressive therapy to bet-
ter control the disease and avoid further recrudes-
cence of inflammation. On the other hand, the 
evolution of these disorders often involves fluc-
tuation of established symptoms, rather than 
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5

Key Points
	1.	 Early identification and treatment of 

clinical, biological, radiological, or 
electrophysiological activity in neuro-
logical autoimmune disorders is key in 
the prevention of irreversible disability.

	2.	 Differentiating between pseudorelapses, 
fluctuating symptoms, and symptoms 
due to comorbid conditions from actual 
relapses is needed to avoid unnecessary 
treatment escalation.

	3.	 Treatment of acute relapses of neuro-
logical autoimmune disorders includes 
corticosteroids, intravenous immuno-
globulin, and plasmapheresis, depend-
ing on the condition and the severity of 
symptoms.

	4.	 Long-term immunosuppressive therapy 
is needed to control most neurological 
autoimmune disorders.

	5.	 Optimal symptom management is 
essential to improve the quality of life of 

patients and to complement the benefi-
cial effect of long-term maintenance 
therapies.

	6.	 With the exception of multiple sclerosis 
(MS), high-quality trials studying the 
efficacy of acute and chronic treatment 
approaches and strong evidence on opti-
mal disease monitoring strategies are 
lacking in the field of autoimmune neu-
rological disorders.
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bona fide relapses. Distinguishing these episodes 
of intermittent worsening from actual disease 
activity is key. Hence, a major part of disease 
management includes symptomatic treatments, 
complementing the long-term benefit of immu-
nosuppressive medications.

Autoimmune neurology is a complex field. In 
order to understand the mechanism of action and 
potential therapeutic advantage of immunomodu-
lating therapies, one should keep in mind the 
pathophysiology of each group of diseases. For 
some disorders, development of symptoms is 
thought to be due to direct antibody-mediated 
effect on a specific antigen in the nervous system. 
Examples include autoimmune neuromuscular 
disease (e.g., antibodies directed against acetyl-
choline receptors, muscle-specific tyrosine 
kinase [MuSK], lipoprotein receptor-related pro-
tein 4 [LRP4] in myasthenia gravis), [1] limbic 
encephalitis with antibodies directed toward 
extracellular antigens (e.g., antibodies directed 
against the anti-N-methyl-D-aspartate [NMDA] 
receptor in NMDA encephalitis) [1], and neuro-
myelitis optica spectrum disorders (NMOSD) 
[2]. In the latter, antibody binding to aquaporin-4 
(AQP4) receptors induces demyelination and 
neuronal death by antibody-mediated cytotoxic-
ity, whereas in limbic encephalitis and myasthe-
nia gravis, antibodies modulate reversibly the 
effect of surface or synaptic proteins [2, 3]. For 
other disorders, cytotoxic T-cells are the major 
culprit in disease development, like the classical 
paraneoplastic disorders associated with antibod-
ies directed toward intracellular antigens (e.g., 
anti-Hu also known as anti-neuronal nuclear anti-
body type 1 [ANNA-1]) [1]. Antibody pathogen-
esis is further discussed in Chap. 2. Finally, many 
disorders have a more complex pathophysiology, 
with incompletely understood dysregulation of 
the immune system. These include multiple scle-
rosis (MS) [4], chronic inflammatory demyelin-
ating polyneuropathy (CIDP) [5], and systemic 
diseases with CNS involvement such as sarcoid-
osis [6].

In this chapter, we will review the general 
concepts of monitoring and treatment of disease 
activity as well as the management of common 
symptoms. Detailed treatment strategies are 

reserved for subsequent chapters dedicated for 
each disorder.

�Diagnosis of Disease Activity

�Identifying Disease Activity 
and Recognizing Pseudorelapses or 
Comorbid Syndromes

A relapse or exacerbation is broadly defined as an 
immune-mediated insult to the nervous system 
resulting in new or worsening neurological symp-
toms and ongoing neuronal damage or modifica-
tion of neural cell function. The demyelinating 
CNS diseases (MS and NMOSD) are representa-
tive examples, where a relapse can result in irre-
versible damage and disability accumulation [7, 
8]. Other autoimmune disease can also present 
with a relapsing course, including autoimmune 
encephalitis (e.g., NMDA-R encephalitis [9, 10], 
LGI-1 encephalitis [3]), neurosarcoidosis [11], 
and CIDP [12], among others. Diagnosis of a 
relapse is largely based on clinical history and 
detection of objective changes on neurological 
examination. Validated neuroperformance assess-
ments—measurements of gait, manual dexterity, 
cognition, and quality of life—have been incor-
porated into clinical practice in some MS centers 
[13] with the hope of detecting clinical change 
more sensitively. In neurosarcoidosis, diseases of 
the neuromuscular junction, and autoimmune 
polyneuropathies, neurologic symptoms are 
often chronic and treatment-dependent rather 
than distinct and well-defined [12, 14, 15]. 
Worsening when weaning immune suppression 
may be the clearest indicator that ongoing symp-
toms are related to an active immune process.

The term pseudorelapse is mostly used in MS 
and NMOSD. It is defined as worsening of preex-
isting neurological symptoms in the context of 
systemic metabolic derangement. The presence 
of typical and previously unexperienced symp-
toms is highly suspicious of a bona fide relapse. 
Conversely, worsening or reoccurring neurologi-
cal symptoms should raise concern for a pseudo-
relapse induced by infection, heat, metabolic 
abnormality, initiation of a new medication, or 
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emotional stress. For example, new vision loss in 
a patient with NMOSD would be strongly sug-
gestive of a true relapse. Symptoms of increased 
leg spasticity in a patient with a previous myelitis 
could be a pseudorelapse [16]. In addition to 
evaluation for common causes of pseudorelapse, 
imaging can help differentiate true from pseudo-
relapses in MS and NMOSD.  Pseudorelapses 
should generally not be treated with corticoste-
roids or a change in disease-modifying therapy.

�Monitoring of Disease Activity

Regular clinical assessments remain the founda-
tion of disease activity monitoring. For some dis-
orders, clinical judgment is sufficient to initiate 
treatment and modify long-term management. 
Two examples are recurrent seizure activity and 
behavioral symptoms in a patient with NMDA 
encephalitis or new-onset unilateral painful visual 
impairment in a patient with NMOSD [10]. 
Disease activity monitoring in MS includes evalu-
ation of subclinical activity with serial magnetic 
resonance imaging (MRI) studies in addition to 
identification of relapses and objective clinical 
changes. Most MS patients develop asymptom-
atic lesions more commonly than symptomatic 
lesions [14], and detection of the subclinical 
lesions would warrant consideration of a change 
in disease-modifying therapy [17, 18]. Serial 
MRIs of the neuroaxis are also helpful in assess-
ing disease activity and treatment response in 
neurosarcoidosis with CNS involvement [19, 20].

Biological markers can help identify inflam-
matory activity in some cases. The presence of 
CSF NMDA-R antibodies confirms a diagnosis 
of NMDA encephalitis, and changes in titers after 
treatment may be helpful for prognostication, 
although strong evidence to support following 
titers is lacking [15, 16]. AQP4 antibodies 
increase from their baseline weeks before the 
occurrence of a relapse in NMOSD [21]; how-
ever, clinical meaningfulness of the absolute 
value is difficult to interpret, and serial titer mea-
surements are not routinely done in clinical prac-
tice to monitor disease activity. In other 
cases—such as anti-GAD antibodies in stiff per-

son syndrome (SPS) [22]—antibody titers are not 
correlated to disease course.

Though MS has been studied more exten-
sively than most other neuroinflammatory disor-
ders, there are currently no biomarkers for 
monitoring of disease activity and treatment 
response.

The interest in finding such biomarkers 
remains high, with hope for markers such as neu-
rofilament light chain detectable in both serum 
and CSF [17].

�Acute Management of Relapses

�Corticosteroids

The anti-inflammatory action of glucocorticoids 
is complex, pleiotropic, dose-dependent, and 
incompletely elucidated. Glucocorticoids are 
thought to inhibit initial events triggering inflam-
mation as well as the processes maintaining an 
inflammatory response [18]. After being exposed 
to glucocorticoids, the glucocorticoid receptor 
subunit translocates in the nucleus and binds 
response elements that modulate the transcription 
of genes controlling leukocyte function to gluco-
corticoid response elements on various genes, 
leading to up- or downregulation of these genes 
depending on their function [18–20]. 
Glucocorticoids also act on non-genomic path-
ways, which ultimately modulate transcription of 
pro- and anti-inflammatory genes [19]. The net 
effects of glucocorticoids in the CNS are sup-
pression of inflammation (decreasing the produc-
tion of pro-inflammatory cytokines and growth 
factors), modulation of the immune repertoire in 
the blood and CSF (stimulating lymphocyte 
apoptosis through complex mechanisms, redistri-
bution of T-cells, decreased memory T-cells, 
decreased Fc receptor expression by macro-
phage), and restoration of the blood-brain barrier 
function (by regulating expression of adhesion 
molecules on the blood-brain barrier and decreas-
ing leukocyte migration in the injured CNS) [19]. 
Examples on the use of steroids in the acute man-
agement of autoimmune diseases of the nervous 
system are summarized in Table 5.1.
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In the 1980s, high-dose methylprednisolone 
(HDMP) gradually became the standard of care 
in MS relapses following three randomized trials 
showing its non-inferiority to intramuscular (IM) 
or intravenous (IV) adrenocorticotropic hormone 
(ACTH), which was previously the gold standard 
approach [23, 24]. The high cost of ACTH and 
the accessibility of HDMP have limited the use 
of ACTH (HP Acthar® gel, repository corticotro-
pin injection) though it remains available to treat 
MS relapses for those patients who do not toler-
ate or do not respond to HDMP [22]. Numerous 

randomized controlled trials subsequently evalu-
ated the benefit of various doses and routes of 
HDMP in the treatment of MS relapses [22, 25, 
26]. A methylprednisolone dose of 500 to 
1000  mg/day for 3 to 5  days is most common, 
though variations may be considered in some 
scenarios. Several recent studies in MS patients 
showing comparable effectiveness of high-dose 
oral steroids [22–26] led to increased adoption of 
oral methylprednisolone 1000 mg daily or pred-
nisone 1250  mg daily as an alternative to IV 
administration. There is no strong evidence sup-

Table 5.1  Overview of the use of corticosteroids in the treatment of exacerbations in neurological autoimmune 
diseases

Disease Comment
Multiple sclerosis First-line therapy: 1000 mg IV MP for 3–5 d

Evidence supports beneficial effect of high-dose steroids on relapse outcome
High-dose oral prednisone (1250 mg) or MP (1000 mg) for 3–5 d is equivalent to IV 
administration
No evidence supporting the use of an oral taper
IV course can be repeated for up to 10 d in severe relapses with incomplete improvement after 
5 days

NMOSD/
anti-MOG disease

First-line therapy: 1000 mg IV MP for 3–5 d
Strong evidence for specific regimen is lacking
Prompt use of plasmapheresis is advocated if minimal or no response is observed

Idiopathic acute 
transverse myelitis 
and optic neuritis

First-line therapy: 1000 mg IV MP for 3–7 d
Strong evidence based on the large ONTT 

Autoimmune 
encephalitis

First-line therapy: 1000 mg IV MP for 3–5 d
Strong evidence for specific regimen is lacking
Followed by a maintenance dose of 1000 mg IV MP/w for 4–8 w with a gradual decrease in 
dose frequency over months, depending on response
Prompt use of plasmapheresis in severe/refractory cases
Response to treatment may be limited in disorders with antibodies directed toward intracellular 
antigens

Neurosarcoidosis High-dose bolus (500–1000 mg IV MP for 3–5 d) reserved to severe cases
Followed by a maintenance dose of oral prednisone, typically 60 mg/d with a slow taper over 6 
to 12 months depending on clinical and radiological response
Mild to moderate neurological involvement can be initially treated with low-dose oral 
prednisone (20 to 40 mg/d)

CIDP IVIg advocated as first-line therapy, but corticosteroids are overall equally effective
Multiple corticosteroid regimens have been used, including monthly 1000 mg IV MP, 
80–100 mg oral prednisone daily for at least 1 month followed by a slow taper, pulse 500 mg 
oral MP/week for at least 3 months followed by a taper, and pulse 40 mg/d oral dexamethasone 
for 4 days every month for 6 months, followed by a taper

Inflammatory 
myopathiesa

First-line therapy
Prednisone 1 mg/kg/d, to a maximum daily dose of 80 mg/d for 4–6 w followed by dose 
adjustment depending on response
1000 mg IV MP for 3 d can be used initially in severely affected patients

Abbreviations: CIDP chronic inflammatory demyelinating polyneuropathy, d day, IV intravenous, IVIg intravenous 
immunoglobulin, MP methylprednisolone, MOG myelin oligodendrocyte glycoprotein, NMO neuromyelitis optica, 
NMO-SD neuromyelitis optica spectrum disorder, ONTT optic neuritis treatment trial, w week(s)
aInflammatory myopathies include polymyositis, dermatomyositis, and inclusion body myositis
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porting the use of tapering regimen after a short 
course of high-dose steroids [24]; however, this 
approach is often advocated in clinical practice, 
particularly in patients with a high number/vol-
ume of active lesions.

While acute management is not as well-
studied in other disorders, HDMP is typically ini-
tiated when confronting a patient with a subacute 
neurological presentation suggestive of an 
inflammatory monophasic or relapsing disease, 
and after ruling out an infectious process, HDMP 
remains the first-line therapy in suspected or 
relapsing autoimmune encephalitis [3], NMOSD 
[27, 28], idiopathic acute transverse myelitis 
[29], isolated optic neuritis [30], inflammatory 
myopathies [31], and to a lesser extent autoim-
mune peripheral neuropathies [5, 32]. High-dose 
steroids can be detrimental in some neuroinflam-
matory disorders. For example, HDMP may pre-
cipitate a myasthenic crisis or may worsen 
symptoms in multifocal motor neuropathy; the 
neuropathy is steroid-unresponsive and can even 
be worsened by their use [33].

The use of high-dose steroids is associated with 
a number of potential side effects (Table  5.2). 
Patients should be assessed for preexisting condi-
tions that may be associated with higher risk of 
complications. Side effects of short-term pulse ste-
roids are typically mild and manageable with the 
use of antacids, proton-pump inhibitors, anxiolyt-
ics, and/or a short-acting sedative-hypnotic. Blood 
glucose and blood pressure should be monitored in 
patients with diabetes and hypertension during 
therapy. Inpatient administration should be consid-
ered for patients with severe psychiatric disorders.

�Intravenous Immunoglobulins (IVIg)

Pooled polyclonal immunoglobulins from the 
blood of thousands of donors are delivered intra-
venously at high dose to provide an immunomod-
ulatory effect in autoimmune disease [34]. The 
immunomodulatory and anti-inflammatory 
mechanism of action of intravenous immuno-

Table 5.2  Side effects of corticosteroid use

Onset Adverse effect
Occurring during 
high-dose short-term 
use

Gastrointestinal side effects:
 � Abdominal pain
 � Nausea and vomiting
 � Peptic ulcera

 � Intractable hiccups
 � Pancreatitis
 � Hepatitis
Neuropsychiatric:
 � Insomnia
 � Euphoria
 � Mania
 � Anxiety
 � Psychosisa

 � Depressiona

Cutaneous:
 � Flushing and diaphoresis
 � Easy bruising
 � Acnea

Other:
 � Hypertension
 � Diabetesa

 � Cardiac arrhythmia
 � Metallic taste
 � Headache
 � Myalgia
 � Increased appetite
 � Glaucoma

Occurring with 
long-term use

Musculoskeletal:
 � Osteopenia and osteoporosis
 � Avascular osteonecrosis
 � Myopathy
General appearance:
 � Cushingoid features
 � Weight gain
Cardiovascular:
 � Premature atherosclerotic 

disease
 � Hypertension
 � Diabetes
Ophthalmologic:
 � Cataract
 � Glaucoma
 � Exophthalmos
 � Central serous 

chorioretinopathy
Other:
 � Skin thinning and ecchymosis
 � Pseudotumor cerebri
 � Hypothalamic-pituitary-

adrenal axis suppression
 � Immunosuppression

aSide effects occurring more frequently in people with 
predisposing conditions
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globulin (IVIg) is thought to be mediated by neu-
tralizing and eliminating autoantibodies, blocking 
cellular receptors and hence, pro-inflammatory 
cell interactions, neutralizing complement pro-
teins, inhibiting pro-inflammatory cytokine pro-
duction (interleukin 1 [IL1] and tumor necrosis 
factor-alpha [TNF-α]), blocking effector cells by 
saturating Fc receptors, inhibiting antibody-
dependent cellular toxicity, and modulating 
T-cell function and antigen recognition [34, 35].

Table 5.3 lists neuroinflammatory disorders 
for which IVIg is used in either the acute or 
chronic setting. The role of IVIg is best estab-
lished in PNS disorders such as Guillain-Barré 
syndrome [36, 37], CIDP [32, 36, 38], and multi-

focal motor neuropathy [36, 39]. The efficacy of 
high-dose IVIg has been reported in other periph-
eral neuropathies including painful sensory neu-
ropathy associated to Sjögren’s syndrome [40] 
and sarcoidosis [41]. IVIg may be used for treat-
ment of worsening myasthenia gravis or myas-
thenic crisis [36, 42], although its use as a 
maintenance therapy in this disease is controver-
sial. There is some evidence to support the use of 
short- and long-term therapy in Lambert-Eaton 
myasthenic syndrome [36, 43] as well as severe 
or steroid-refractory inflammatory myopathy 
[44].

IVIg is also commonly used as a first-line 
therapy in patients with suspected autoimmune 

Table 5.3  Overview of the use of intravenous immunoglobulin in the treatment of neurological autoimmune diseases

Disease Comment
CIDP and GBS Recommendation based on strong evidence

For CIDP: 2 g/kg infused over 2 to 5 d, followed by maintenance therapy of 1–2 g/kg infused 
over 2–5 d every 3 w for a few months until improvement stabilizes
For GBS: 2 g/kg infused over 2 to 5 d

Multifocal motor 
neuropathy

Recommendation based on strong evidence
2 g/kg infused over 2 to 5 d followed by 1–2 g/kg every 2–8 w, depending on response
Corticosteroids and plasma exchange are ineffective

Myasthenia gravis 
and Lambert-Eaton 
myasthenic 
syndrome

Equally effective as plasma exchange in myasthenia crisis
Efficacy of IVIg less certain in patients with mild disease and purely ocular form
Chronic use of IVIg is less certain in myasthenia gravis but can be reserved for patients with 
refractory disease or contraindication to immunosuppressants
In myasthenia crisis/acute worsening: 2 g/kg infused over 2 to 5 d
In Lambert-Eaton: 2 g/kg infused over 2 to 5 d followed by maintenance therapy with repeat 
infusions at 4- to 12-w intervals in initial responders

Small-fiber 
neuropathy in 
neurosarcoidosis and 
Sjögren’s disease

Evidence based on small case series
Efficacy on neuropathic pain
2 g/kg infused over 2 to 5 d
Repeat administration depending on clinical response

Inflammatory 
myopathiesa

Most convincing data for dermatomyositis, less established for polymyositis
Benefit in inclusion body myositis is controversial
2 g/kg per month for 3 months based on one RCT in dermatomyositis, no established regimen 
available

Autoimmune 
encephalitis

Efficacy based on retrospective studies and rare randomized trials
Often used as first-line therapy
2 g/kg infused over 2 to 5 d

MS Insufficient evidence for recommending its use in MS relapses
Positive results in reversing deficits after steroid-refractory MS-related optic neuritis in one 
uncontrolled trial
Can be used in patients with severe refractory relapses and contraindication to plasmapheresis
2 g/kg infused over 2 to 5 d

NMOSD Insufficient evidence for recommending its use in NMOSD relapses
Can be used in steroid-refractory cases with contraindication to plasmapheresis
2 g/kg infused over 2 to 5 d

Abbreviations: CIDP chronic inflammatory demyelinating polyneuropathy, d day, GBS Guillain-Barré syndrome, 
HDMP high-dose methylprednisolone, IV Intravenous, IVIg intravenous immunoglobulin, MS multiple sclerosis, 
NMOSD neuromyelitis optica spectrum disorder, w week(s)
aInflammatory myopathies include polymyositis, dermatomyositis, and inclusion body myositis
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encephalitis, often after HDMP fail to improve 
symptoms [45]. The efficacy of IVIg in this set-
ting is limited to retrospective observations and 
small randomized trials. For example, a random-
ized trial of IVIg versus placebo in SPS with anti-
GAD antibodies showed a significant decrease in 
stiffness scores and heightened sensitivity scores 
in patients treated with IVIg [46]. Controlled 
studies are needed to formally establish the effi-
cacy of IVIg in autoimmune encephalitis.

Trials of IVIg for treatment of MS relapses 
have shown little benefit [47–49]. A small open-
label nonrandomized study evaluating the effi-
cacy of IVIg in steroid-refractory optic neuritis 
within 60 to 90 days after onset showed a signifi-
cant benefit on visual outcome for patients on 
IVIg versus those without additional treatment 
[50]. Though this result was not confirmed in a 
larger randomized controlled trial, it suggests a 
potential benefit of IVIg for acute treatment of 
some MS patients. The efficacy of IVIg in 
NMOSD relapses was observed in case series 
and reports [51] and is based on the rationale that 
IVIg should be effective in humoral-mediated 
disorders.

Potential side effects of IVIg are summarized 
in Table 5.4 [42].

�Plasmapheresis

Plasmapheresis is used in numerous autoim-
mune disorders in the acute setting, particularly 
in severely ill patients. See Table  5.5 for over-
view. Different apheresis techniques are cur-
rently available. Plasma exchange (PLEX) can 
be performed using a centrifugation (separates 
plasma from cellular components based on den-
sity) or a filtration technique (separates plasma 
from cellular components using a filtration mem-
brane), both of which require replacement of the 
removed fluid [52]. Other techniques include 
double filtration plasmapheresis and immuno-
adsorption where IgG and other humoral factors 
are selectively removed, and both do not require 
replacement fluid [52]. The evident mechanism 

of action of PLEX is through the removal of 
pathogenic autoantibodies. Other postulated 
actions of PLEX include increased sensitivity of 
antibody-producing cells to immunosuppressants 
following plasma exchange, removal of immune 
complexes and, hence, improvement of monocyte 
and macrophage function, removal of inflamma-
tory cytokines, and increase in T suppressor and 
decreased natural killer cell function [52].

The use of PLEX is usually reserved for the 
acute setting as a second-line therapy after 

Table 5.4  Side effects of intravenous immunoglobulin

Immediate 
reactions

Infusion site pain and erythema

Headache
Myalgia, arthralgia
Nausea, vomiting
Phlogistic reactionsa

 � Generalized inflammatory reaction 
specifically in patients with active 
infections

Anaphylaxis-like reaction a

 � Non-Ig-E-mediated reaction
 � Patients present with urticaria, 

flushing, tachycardia, hypertension, 
shortness of breath, chest pain, 
anxiety

Transfusion-related acute lung injury
Transfusional volume overloadb, c

Anaphylaxis in IgA-deficient patients
Delayed 
reactions

Persistent headache

Aseptic meningitis
Thromboembolic events
Acute kidney injuryc

Hyponatremiac

Transient hemolytic anemia (positive 
Coombs) or neutropenia
Enterocolitis

Late 
reactions

Eczematous dermatitis

Impaired immune response to 
vaccination
Interference with immunodiagnosis
Blood-borne infections

Generalized inflammatory reaction specifically in patients 
with active infections
aRate-related adverse event
bIn patients with preexisting cardiac insufficiency
cIn patients with preexisting renal insufficiency
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HDMP or first-line therapy in severely ill patients. 
PLEX is equally effective as IVIg as first-line 
therapy for Guillain-Barré Syndrome, CIDP, and 
myasthenia gravis [53–56]. Short-term benefits 
of PLEX have been reported in Lambert-Eaton 
myasthenic syndrome [57]. PLEX use in autoim-
mune encephalitis is based on numerous retro-
spective observations [45]. Small randomized 
controlled trials and retrospective studies [58] 
have shown benefits of PLEX for MS patients 
with severe attacks unresponsive to repeat courses 
of HDMP. Several studies suggest high efficacy 
of PLEX when used early in NMOSD [27, 47].

Potential complications with plasmapheresis 
are summarized in Table 5.6 [48].

�Long-Term Management

Long-term immunosuppressive therapy is needed 
to control most neurological autoimmune disor-
ders. These therapies will be detailed in each 
disease-specific chapter; however, it is important 
to highlight the concepts of long-term therapy to 
prevent disability accumulation. An illustrative 
example is NMOSD, where disability is relapse-
driven, relapses are typically severe, poor recov-
ery from relapses is frequent, and the risk of 
having a relapse after an initial event is high [49, 
59]. Hence, and in the absence of predictive bio-
markers of worse prognosis, the risk of discon-
tinuing therapy in NMOSD (and particularly 

Table 5.5  Overview of the use of plasmapheresis in the treatment of neurological autoimmune diseases (non-
exhaustive list)

Disease Comment
GBS and CIDP Recommendation based on strong evidence

For GBS: five plasma exchanges, approximately every other day (7–14 d)
For CIDP: four to six plasma exchanges every other day (8–10 d) followed by one exchange every 
3–4 w and depending on clinical response
Equally effective as IVIg for both disorders
In GBS: early administration after onset of symptom associated with improved efficacy of 
plasmapheresis; beneficial effect can be observed for up to 4 weeks

Myasthenia 
gravis

Established as an effective treatment based on numerous trials
Used in myasthenia crisis and in the perioperative period in patients undergoing major surgery
Five plasma exchanges, approximately every other d (7–14 d)
Equally effective as immunoglobulin in myasthenia crisis
Plasmapheresis could be more effective in MUSK-positive patients

Lambert-Eaton 
myasthenic 
syndrome

Small trials suggest short-term benefits

Autoimmune 
encephalitis

Efficacy based on retrospective studies
Can be used as first-line therapy, specifically in severely affected patients
Five plasma exchanges, approximately every other d (7–14 d)
Response to treatment is deceiving in disorders with antibodies directed toward intracellular 
antigens

MS Efficacy based on few small randomized controlled trials and observational studies
Reserved as a rescue therapy in severe relapses unresponsive to HDMP
Five plasma exchanges, approximately every other d (7–14 d)

NMO/NMO-SD Recommendation based on numerous positive retrospective trials
Typically used in severe attacks as an add-on therapy to HDMP early in the course of the attack
Early administration after onset of symptom associated with improved efficacy of plasmapheresis
Five plasma exchanges, approximately every other d (7–14 d)

Abbreviations: CIDP chronic inflammatory demyelinating polyneuropathy, d day, GBS Guillain-Barré syndrome, 
HDMP high-dose methylprednisolone, IV intravenous, IVIg intravenous immunoglobulin, MS multiple sclerosis, 
MUSK muscle-specific kinase, NMO neuromyelitis optica, NMO-SD neuromyelitis optica spectrum disorder, RCT ran-
domized controlled trial, w week
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seropositive cases) appears to outweigh the ben-
efit, and this approach is not recommended [59].

In MS, there are also many arguments advo-
cating for the long-term and early use of disease-
modifying therapies (DMT) (see Chap. 31). 
Evidence show that the probability of achieving 
long-term NEDA (no evidence of disease activ-
ity) is low even with higher-efficacy DMT, rang-
ing from 13% to 46% after 2 years and 7.9% after 
7 years of treatment [60]. Autologous hematopoi-
etic stem cell transplantation yields a higher 
probability of achieving NEDA (78–83% at year 
2 and 60–68% at year 5) [61]. Recent data also 
suggest that early use of higher-efficacy DMT is 
associated with a lower risk of secondary conver-
sion to progressive MS [62]. The question of 
DMT discontinuation frequently arises in older 
individuals often facing increased financial bur-
den of medication use or higher risk of adverse 
effects in the context of an increasing burden of 
comorbid medical issues. The Discontinuation of 
Disease Modifying Therapies in Multiple 
Sclerosis (DISCOMS) study (clinicaltrial.gov 

identifier: NCT03073603) aims to define charac-
teristics of patients who may benefit from DMT 
discontinuation.

Long-term use of immunosuppressive thera-
pies is increasingly common in other neuroin-
flammatory disorders. For example, in NMDA 
encephalitis, the absence of use of immunother-
apy is associated with a worse prognosis [16]. In 
CIDP and MMN, long-term maintenance treat-
ment (typically with IVIg or corticosteroids) is 
standard of care, although some patients might 
remain stable off-therapy [63]. Dosing algo-
rithms to optimize the use of long-term therapies 
in inflammatory neuropathies have been pro-
posed in an effort to avoid unnecessary overdos-
ing and costs [64]. More details will be provided 
in individual chapters.

�Management of Symptoms

Optimal symptom management is essential to 
improve quality of life of patients and to comple-
ment the beneficial effect of long-term mainte-
nance therapies. Chronic symptoms may occur 
early in the disease and might even precede the 
diagnosis by several years as in the case of many 
MS patients [65]. Many patients will have more 
than one symptom and these may be interrelated 
[66]. Routine evaluations should include screen-
ing for persistent symptoms, preferably using 
validated scales (i.e., Symbol Digit Modalities 
Test, Fatigue Impact Scale, Patient Health 
Questionnaire-9) [67, 68].

Table 5.7 summarizes the main symptoms 
encountered and their treatment options. Detailed 
symptom management will be discussed in Chap. 
32. Many of these issues are best addressed by a 
multidisciplinary care team.

�Future Perspectives in Autoimmune 
Neurology

Neuroimmunology is a rapidly evolving field 
with many immune-mediated disorders yet to be 
identified and best practices in monitoring and 
treatment yet to be defined. With the exception of 

Table 5.6  Complications of plasmapheresis

General 
reactions

Hypotension

Anaphylaxis
Catheter-related complications
 � Hematoma at puncture site
 � Pneumothorax
 � Infection of catheter
Bleeding
 � Due to coagulation factor 

depletion
Pulmonary 
complications

Transfusion-related acute lung 
injury (TRALI)
Transfusional volume overload 
(TACO)
Bronchospasm
 � With or without an anaphylactic 

reaction
Dyspnea, wheezing, and chest pain
 � Rarely in the context of a 

complement-mediated membrane 
incompatibility

Ion metabolism 
disorder

Citrate-induced hypocalcemia

Citrate-induced metabolic alkalosis
Hypokalemia
Hypocalcemia
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MS, there is little consensus on how to monitor 
disease activity. For example, questions remain 
about the utility of serial antibody titers in auto-
immune encephalitis, the need for repeat imaging 
in NMOSD, and the benefits of serial electro-
physiologic studies in MMN.

Biomarkers of inflammation or axonal dam-
age—such as neurofilament light chain—are 
needed to enhance monitoring of disease activity 
and evaluation of treatment response [69, 70].

With the exception of MS and more recently 
NMOSD, high-quality trials studying the effi-
cacy of acute and chronic treatment approaches 
are lacking. Randomized controlled trials are 
challenging to undertake in most neuroinflamma-
tory disorders due to the rarity of these diagno-

ses. Thus, development of clinical management 
guidelines will need to come from data captured 
in pragmatic trials, large cohorts, and disease reg-
istries [66]. Further treatment approaches for 
autoimmune encephalitis and a discussion of the 
barriers to clinical trials in autoimmune encepha-
litis are discussed in Chap. 17.
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Evolution of the Diagnostic 
Criteria in Multiple Sclerosis
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�Introduction

Diagnostic criteria in multiple sclerosis (MS) 
provide an important framework for how we 
define the disease and the requirements for mak-
ing a formal diagnosis. The criteria have evolved 
over time from a purely clinical definition to 
incorporation of imaging and laboratory evi-
dence. As our understanding of MS has expanded, 
the need to evaluate how we distinguish MS from 
other conditions, including other autoimmune 
and inflammatory disorders, has become more 
important. Similarly, harmonization of the crite-
ria used to diagnose MS in diverse populations is 
needed to promote consistency. Although there 
have been substantial improvements to the crite-
ria over time, there remain areas that need refine-
ment including nonclassical presentations, (e.g., 
radiologically isolated syndrome, solitary sclero-
sis, etc.), the need for nonimaging diagnostic bio-
markers, better utilization of advanced magnetic 
resonance imaging (MRI) measures, and the role 
of ancillary testing. The purpose of the criteria is 
to provide formal definitions of several key 
themes that create a useful framework to aid with 
early and accurate diagnosis (Table 6.1).
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6

Key Points
	1.	 The goal of the diagnostic criteria is to 

facilitate accurate and early diagnosis of 
multiple sclerosis (MS).

	2.	 The key features of the diagnostic crite-
ria are clinical presentation, establish-
ing dissemination in time and space, 
role of magnetic resonance imaging 
(MRI), and utility of cerebrospinal fluid 
(CSF) and other paraclinical tests.

	3.	 More research is needed to understand 
the utility and applicability in diverse 
populations and nonclassical 
presentations.

	4.	 The diagnostic criteria will continue to 
evolve, and there is a need for develop-
ment of unique biomarkers and 
advanced imaging techniques to 
improve diagnostic accuracy.
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�Clinical Criteria

�Clinical Features and Courses

MS was first described by Jean-Martin Charcot in 
1868 based on the clinical triad of nystagmus, 
intention tremor, and scanning speech [1]. This 
description was the initial step to defining the 
clinical characteristics of the disease, which still 
form the foundation for diagnosis. An early 
attempt to define formal criteria and course was 
made by Allison and Millar in 1954 [2]. In this 
paper, four distinct classification schemes were 
proposed: early disseminated sclerosis, probable 
disseminated sclerosis, possible disseminated 
sclerosis, and discarded cases. This breakdown 
was based on clinical presentations and examina-
tion findings. The distinction between a relapsing 
and progressive course was also alluded to and 
was the main distinguishing feature between 
probable and possible cases. Another key concept 
was the need to exclude all other potential diag-
noses. The concepts of core clinical criteria and 
courses coupled with exclusion of other potential 
etiologies have been retained in subsequent 
criteria.

Schumacher expanded on the clinical courses 
by acknowledging two distinct courses: relapsing 
episodes or slow/stepwise progression [3]. 
McDonald and Halliday combined the classifica-
tion schemes and concept of different courses in 
1977 [4]. They defined five diagnostic categories: 
clinically definite, early probably or latent, pro-
gressive probable, progressive possible, and sus-
pected. These criteria were similar to Schumacher 
with further refinement of the distinct relapsing 
remitting and progressive courses. This criterion 
was created to provide a more reliable and struc-
tured framework to the diagnosis of MS to facili-

tate the development of therapeutic agents. 
Definite MS was defined by six criteria: (1) 
objective neurological abnormalities, (2) involve-
ment of two or more separate parts of the central 
nervous system (CNS) based on history or exam, 
(3) objective evidence that the process predomi-
nately reflects white matter involvement, (4) evo-
lution over time, (5) onset at age 10–50  years, 
and (6) the manifestations not better explained by 
another disease.

The Poser criteria in 1983 proposed two dis-
tinct categories: definite and probable MS [5]. 
The clinically definite MS was defined as clinical 
evidence of two separate attacks that localized to 
two anatomic sites typical of MS with no other 
explanation. The novel revision was the addition 
of definite MS by laboratory evidence, discussed 
more below. Probable MS was defined as two 
attacks with evidence of only one lesion. The 
purpose of incorporating probable MS was to 
allow prospective evaluation of new diagnostic 
methods.

New criteria were developed nearly 20 years 
later by McDonald et  al. in 2001 [6]. Unlike 
many of the prior criteria, the so-called McDonald 
or international criteria represented an attempt to 
create a scheme intended not only for research 
but also for clinical use. In addition to integrating 
MRI, the McDonald criteria also aimed to sim-
plify the scheme and formally incorporate pri-
mary progressive disease. Definite MS could be 
defined through five different presentations based 
on a combination of clinical events and paraclini-
cal data. Diagnostic options were simplified to 
only three categories: MS, possible MS, and not 
MS. This simplification has continued through-
out the McDonald revisions to make it easier to 
use in clinical practice, and the incorporation of 
MRI has helped facilitate earlier diagnosis 
(Table 6.2).

�Relapse Definition

Although it was recognized early that MS is asso-
ciated with periods of acute clinical worsening, 
the first formal definition of relapse was by 
Schumacher [3]. He described the major prob-

Table 6.1  Purposes of diagnostic criteria

Define diagnostic categories (indicating certainty of the 
diagnosis)
Define relapse
Define progression
Provide criteria for dissemination in space and time
Define the role of laboratory and ancillary tests
Define the role of imaging
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lems associated with utilizing data around 
relapses including uncertain number of patients 
with this type of disease activity, wide disagree-
ment among observers regarding the frequency, 
questionable validity of retrospective data, and 
lack of a uniform definition. The proposed defini-
tion stated the symptoms had to be new or aggra-
vated for at least 24  hours with associated 
objective change on exam and preceded by at 
least a month of stability or improvement. This 
definition was continued to be used by McDonald 
and Halliday in 1977 [4]. Poser also utilized this 
basic definition but acknowledged that some 
symptoms may last for considerably less time, 
notably Lhermitte’s sign or vertigo [5]. In the 

Poser criteria, these short-lasting symptoms were 
not defined as a relapse. Similarly, the 2001 
McDonald criteria used the same definition but 
stated multiple paroxysmal events recurring over 
at least 24 hours could constitute a relapse [6]. In 
2010, the panel clarified that before a definitive 
diagnosis of MS can be made, at least one relapse 
must be corroborated by findings on neurological 
exam, visual evoked potential (VEP), or MRI 
consistent with the reported symptoms [7]. When 
the clinical course of MS was redefined in 2013, 
the concept of “activity” was also introduced [8]. 
Activity in a relapsing remitting MS patient is 
indicated by a clinical relapse and/or MRI activ-
ity (contrast enhancing lesion or new or enlarging 
T2 lesion). Finally, the most recent 2017 
McDonald criteria clarified that relapse, attack, 
and exacerbation are synonyms [9]. In addition to 
requiring the symptom to last 24  hours, it was 
also stipulated that it must occur in the absence of 
fever or infection. The refinement of the defini-
tion provides better understanding of what con-
stitutes a relapse clinically and aids with 
distinguishing relapse from fluctuating symp-
toms, pseudo-relapses, or progression.

�Progression Definition

Although progression was first mentioned in the 
1954 Millar and Allison criteria, it has been more 
difficult to define and utilize compared to relapse. 
Schumacher discussed progression as a potential 
clinical course and discussed quantitative meth-
ods to monitor neurological function. It was at 
this time that Kurtzke first developed a scale for 
evaluating disability in MS, which ultimately led 
to the expanded disability status scale (EDSS) 
[10, 11]. In the multiple iterations of the diagnos-
tic criteria, the definition of progression offered is 
simply disability worsening that is sustained over 
at least 6  months, but an objective method to 
quantify this concept has not been agreed upon 
for the purposes of the diagnostic criteria. In the 
first iteration of the primary progressive MS diag-
nostic criteria, it was acknowledged that objective 
documentation of progression was desirable, but 
not always available [12]. The concept of progres-

Table 6.2  Evolution of the McDonald criteria

Clinical 
presentation

McDonald 2001 
[6] and 2005 [15]

McDonald 2010 [7] 
and 2017 [9]

Two or more 
relapses and 
objective 
evidence of 
two or more 
lesions

No additional 
testing needed

No additional testing 
needed

Two or more 
relapses and 
objective 
evidence of 
one lesion

Dissemination in 
space by MRI or 
2+MRI lesions 
plus positive 
CSF or second 
clinic relapse in 
different location

Dissemination in 
space proven by 
MRI or wait for the 
relapse with 
different 
symptomatology

One relapse 
and objective 
evidence of 
two lesions

Dissemination in 
time by MRI or 
two or more MRI 
lesions plus 
positive CSF and 
dissemination in 
time on MRI or 
second clinical 
relapse

Dissemination in 
time proven by MRI 
or wait for the 
second relapse
(Note: 2017 allows 
for OCBs to 
substitute for DIT 
criteria)

One relapse 
and objective 
evidence of 
one lesion 
(clinically 
isolated 
syndrome)

Dissemination in 
space by MRI or 
two or more MRI 
lesions plus 
positive CSF and 
dissemination in 
time on MRI or 
second clinical 
relapse

Dissemination in 
time and space by 
MRI or wait for the 
second relapse and 
dissemination in 
space proven by 
MRI scan or wait 
for the second 
relapse with 
different 
symptomatology

CSF cerebrospinal fluid, DIT dissemination in time, MRI 
magnetic resonance imaging, OCBs oligoclonal bands
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sion was also incorporated in the definition of MS 
phenotypes. In these definitions, it was acknowl-
edged that progression does not occur in a uni-
form fashion and should be evaluated by history 
or objective measures [8]. In the field, efforts have 
focused on the development of quantitative neuro-
logical testing, most notably the multiple sclerosis 
functional composite (MSFC) [13]. The most 
common way to demonstrate disability accrual in 
MS clinical trials and observational studies has 
been worsening on the EDSS or MSFC indepen-
dent of relapses, but these rating scales or other 
methods have not been formally incorporated into 
diagnosis criteria.

�Evolution of the Concept 
of Dissemination in Time

The concept of dissemination in time (DIT) refers 
to identifying development of new CNS lesions 
over time. This concept was first suggested by 
McAlpine [14]. He detailed several typical clini-
cal symptoms including acute retrobulbar neuri-
tis, paraesthesias, motor weakness, sphincter 
disturbance, and brainstem signs. He emphasized 
the importance of obtaining a detailed history to 
elucidate prior episodes that suggested distinct 
CNS events. Although not explicitly stated, this 
description was the first attempt at incorporating 
DIT into diagnosis. It was not until the 
Schumacher criteria in 1965 that a formal require-
ment was stated [3]. This initial iteration refined 
the distinct clinical scenarios and clinical fea-
tures and added the need for DIT and dissemina-
tion in space (DIS). Schumacher’s description of 
temporal dissemination could be by either two or 
more episodes of worsening separated by a period 
of 1 month or more and lasting at least 24 hours 
(relapses) or slow/stepwise progression of signs 
and symptoms over a period of at least 6 months 
(progression). The goal of the time parameters 
was to prevent labeling a new clinical event that 
was a fluctuation attributed to another cause or 
acute nonrecurrent neurological disease. All of 
these features were used again by McDonald and 

Halliday in 1977 for the definition of “clinically 
definite” MS with the additional requirement that 
symptoms or signs were present for at least 1 year 
[4]. The Poser criteria utilized a similar concept.

The next shift in defining DIT occurred with 
the 2001 McDonald criteria [6]. Prior to this cri-
terion, DIT had always been defined by clinical 
events, but with the advent of MRI, DIT could 
now be defined by either clinical events or MRI 
findings (Table 6.3). The goal of these definitions 
was to ensure any new lesion was unrelated to 
previous clinical events, intentionally conserva-
tive to maximize specificity of the criteria. In 
2005 the definition changed to allow for a T2 
lesion detected 30 days from the baseline MRI to 
fulfill DIT [15]. This change was made to allow 
for more rapid diagnosis. Further refinements in 
2010 and 2017 removed the repeat scan time 
restriction and allowed for the presence of simul-
taneous Gd-enhancing and nonenhancing lesions 
to fulfill DIT (Fig. 6.1) [7, 9].

Table 6.3  Demonstration of dissemination in time by 
MRI in the McDonald criteria

McDonald 2001 
[6]

McDonald 
2005 [15]

McDonald 2010 
and 2017 [7, 9]*

(1) One 
Gd-enhancing 
lesion at least 
3 months after the 
onset of first 
clinical 
symptoms. This 
lesion should not 
be the one 
responsible for the 
clinical symptoms
(2) Presence of a 
new T2 
hyperintense 
lesion or a 
Gd-enhancing 
lesion on the 
second MRI scan 
performed not 
sooner than 
3 months after the 
first scan

(1) Unchanged
or
(2) Detection 
of a new T2 
lesion if it 
appears at any 
time compared 
with a 
reference scan 
done at least 
30 days after 
the onset of the 
initial clinical 
event

(1) A new T2 
and/or 
Gd-enhancing 
lesion(s) on 
follow-up MRI, 
with reference to 
a baseline scan, 
irrespective of the 
timing of the 
baseline MRI
(2) Simultaneous 
presence of 
asymptomatic 
Gd-enhancing 
and nonenhancing 
lesions at the any 
time
*2017 criteria 
make no 
distinction 
between 
symptomatic and 
asymptomatic 
lesions

Gd gadolinium
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Fig. 6.1  2017 McDonald Criteria for Dissemination in 
Time. (a) Two clinical events. (b) Clinical event and a new 
T2 lesion on follow-up scan. (c) Clinical event and simul-
taneous gadolinium enhancing (GdE) and non-GdE lesion 
at any time. (d) Clinical event and simultaneous GdE and 

non-GdE lesions. (e) Clinical event and MRI demonstrat-
ing dissemination in space plus CSF specific oligoclonal 
bands. (Reprinted with permission, Cleveland Clinic 
Center for Medical Art & Photography © 2018-2020. All 
Rights Reserved)
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�Evolution of the Concept 
of Dissemination in Space

The Schumacher criteria first required involve-
ment of two or more distinct neuroanatomic sites 
in the CNS, which was the origin of the DIS con-
cept [3]. He made the important point that the 
presence of multiple neurological symptoms is 
not sufficient, because a solitary lesion can pro-
duce a variety of symptoms. Therefore, careful 
examination to confirm true “multiplicity” of 
lesions is needed. The definition remained pri-
marily a clinical definition until the Poser crite-
ria, which allowed cerebrospinal fluid (CSF) 
(presence of unique CSF oligoclonal bands or 
elevated immunoglobulin G [IgG]) to be substi-
tuted for demonstration of a second lesion [5].

Another shift in this concept occurred with the 
incorporation of MRI in the McDonald criteria. 
As with DIT, MRI could now fulfill DIS 
(Table 6.4). The several most recent iteration of 
the McDonald criteria has required T2 lesions in 
two or more characteristic areas of the CNS: peri-
ventricular, juxtacortical/cortical, and infratento-
rial brain regions and spinal cord.

�Laboratory Evidence

The Schumacher criteria explicated stated that 
“no laboratory test pathognomonic of multiple 
sclerosis useful in the selection of cases for an 

experimental study has been discovered” [3]. 
This statement remains true today, but both CSF 
and other laboratory tests can contribute to diag-
nostic certainty. The Poser criteria were the first 
to include a diagnostic category that allowed 
laboratory evidence to be utilized in place of a 
clinical evidence to support the diagnosis [5].

�Cerebrospinal Fluid

Throughout the iterations of the diagnostic crite-
ria, the role of CSF has fluctuated in importance. 
Starting with McAlpine, it was acknowledged 
that CSF was often abnormal in MS [14]. At that 
time, it was thought CSF was abnormal in ~70% 
of cases. The most commonly seen abnormalities 
were mild pleocytosis, increased protein, and 
abnormal large colloidal gold curve, which was 
related to the gamma-globulin content. The util-
ity of CSF was discussed by Schumacher to rule 
out other conditions and support an MS diagnosis 
based on the presence of abnormalities that could 
be attributed to MS [3]. Recommended testing 
included manometrics, gross appearance, cell 
count, protein content, serological reaction for 
syphilis, and colloidal gold curve. There was 
growing evidence at this time that the test with 
the greatest diagnostic utility for MS was the 
quantification of the gamma-globulin content.

In the Poser criteria, “laboratory-supported 
definite MS” consisted of demonstration of CSF-

Table 6.4  Demonstration of dissemination in space by MRI in the McDonald criteria

McDonald 2001 [6] McDonald 2005 [15] McDonald 2010 [7] McDonald 2017 [9]
Three of the four following 
conditions:
(1) At least one Gd-enhancing 
lesion or at least nine T2 
hyperintense lesions
(2) At least one infratentorial 
lesion must be present
(3) At least one subcortical 
lesion must be present
(4) At least three periventricular 
lesions must be present
*Spinal cord lesion can 
substitute for a brain lesion

2001 definitions plus
A spinal cord lesion can be 
considered equivalent to a 
brain infratentorial lesion
A Gd-enhancing spinal cord 
lesion is considered to be 
equivalent to an enhancing 
brain lesion, and individual 
spinal cord lesions can 
contribute together with 
individual brain lesions to 
reach the required number of 
T2 lesions

≥1 T2 lesion in at least 
two of four areas:
periventricular, 
juxtacortical, 
infratentorial, or spinal 
cord
*A Gd-enhancing lesion 
not required for DIS
*If subject has a 
brainstem or spinal cord 
lesion that is the 
symptomatic lesion, it is 
excluded

2010 criteria plus
Cortical lesions can 
be used in fulfilling 
MRI criteria for 
dissemination in 
space
No distinction 
between symptomatic 
and asymptomatic 
MRI lesions is 
required

DIS dissemination in space, Gd gadolinium
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specific IgG oligoclonal bands or increased IgG 
synthesis rate [5]. It was stipulated that the oligo-
clonal bands must not be present in the patient’s 
serum and the serum IgG level had to be normal. 
CSF abnormalities suggestive of another diagno-
sis must also be absent. In this criterion, one 
event could be clinical and the second “event” 
could be paraclinical CSF evidence. The incorpo-
ration of CSF for diagnosis had a goal of allow-
ing for an earlier diagnosis.

CSF continued to be utilized in the McDonald 
2001 criteria to satisfy DIS coupled with MRI 
definitions [6]. When the MRI criteria for DIS 
were liberalized in 2010, the role of CSF was 
only utilized to demonstrate the inflammatory 
demyelinating nature of the condition and rule 
out alternative diagnoses. CSF could no longer be 
utilized to fulfill DIS [7]. In the most recent 
McDonald criteria (2017), the utility of CSF was 
reemphasized, and now oligoclonal bands can be 
utilized in place of the requirement for demon-
stration of DIT [9]. A subsequent retrospective 
study demonstrated that oligoclonal bands 
increased the specificity for diagnosis (80.6 vs. 
88.1) for clinically isolated syndrome patients 
that had DIS on MRI [16]. This finding further 
supports the use of oligoclonal bands in lieu of 
demonstration of DIT in the 2017 McDonald cri-
teria, specifically the presence of oligoclonal 
bands that are CSF specific [9].

�Other Laboratory Testing

The minimum routine laboratory investigations 
initially proposed by Schumacher were intended 
to rule out other potential diagnoses [3]. Core 
testing included hematocrit, hemoglobin, leuko-
cyte count, urinalysis, serological reaction for 
syphilis, and fasting glucose. Also, depending on 
the patient’s history, further testing may include 
blood urea nitrogen, glucose tolerance test, serum 
electrophoresis, and gastric analysis. Over time, 
the differential diagnosis of MS and potential 
testing have evolved. The differential diagnosis 
can be extensive; therefore, the workup should be 
tailored to the individual patient. Vascular, auto-
immune, infection, genetic, neurodegenerative, 

metabolic, and neoplastic etiologies should be 
evaluated under the appropriate clinical contexts. 
The potential for misdiagnosis of MS is still a 
concern; therefore, differentials should always be 
considered, and the clinician should remain vigi-
lant for atypical features that suggest an alterna-
tive diagnosis. None of the diagnostic criteria 
were created to distinguish MS from other disor-
ders, and a detailed discussion is beyond the 
scope of this chapter.

With the development of the aquaporin-4 
(AQP4) serum antibody testing for neuromyelitis 
optica spectrum disorder (NMOSD), it was first 
recommended to be checked in the 2005 McDonald 
criteria, specifically in cases of recurrent optic 
neuritis and transverse myelitis [15]. In the 2010 
McDonald criteria, consideration of NMOSD was 
again emphasized with special attention added to 
the occurrence of area postrema syndromes or 
periaqueductal medullary lesion on MRI [7]. 
Additionally, patients with antibodies to myelin-
oligodendrocyte glycoprotein (MOG) have a clini-
cal picture that overlaps that of anti-AQP4-positive 
NMOSD patients. As more information has accu-
mulated about anti-AQP4 and anti-MOG diseases, 
the 2017 McDonald criteria recommended that the 
possibility of NMOSD be considered in all cases 
being evaluated for MS and tested for when there 
are manifestations suggestive of NMOSD [9]. The 
diagnostic criteria for NMOSD are further dis-
cussed in Chap. 15.

�Magnetic Resonance Imaging 
Evidence

Before the advent of MRI, imaging included 
roentgenography of the skull or spine and 
myelography, but these were considered ancillary 
testing if the clinical history warranted more 
detailed testing [3]. The Poser criteria also 
allowed for the use of computed tomography 
(CT) and nuclear magnetic resonance scans as 
paraclinical evidence to fulfill diagnostic criteria 
of definite MS, but it was not until MRI became 
clinically useful and generally available that 
imaging became a key factor in diagnostic 
criteria.
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MRI findings were formally incorporated for 
the first time in the 2001 McDonald criteria 
(Table  6.3), based on the criteria proposed by 
Barkhof and Tintore [6, 17, 18]. In addition to 
specifying characteristic locations of the lesions, 
the criteria also stated the lesions should be at 
least 3 mm in cross section. The goal of these cri-
teria was to create enough sensitivity while main-
taining rigor to keep the criteria accurate. The 
2005 McDonald criteria made no changes to 
location and number of lesion requirements 
except to bring more clarity to the utility of a spi-
nal cord lesion for diagnosis [15]. The 2010 and 
2017 McDonald criteria further simplified the 
criteria based on the number of lesions required 
and role of Gd-enhancing lesions [7, 9]. Both 
2010 and 2017 McDonald criteria adopted the 
European Magnetic Resonance Imaging in 
Multiple Sclerosis (MAGNIMS) network recom-
mendations, except that the 2017 criteria did not 
incorporate optic nerve as a fifth anatomic 
location and maintained that only one periven-
tricular lesion was required [19–22]. MAGNIMS 
criteria had proposed that since a solitary peri-
ventricular lesion can occur in other disease 
states (migraine, vascular), a minimum of three 
periventricular lesions should be utilized. A 
recent comparison of the 2016 MAGNIMS crite-

ria to the 2010 McDonald criteria reported simi-
lar accuracy for predicting the development of 
definite MS [23]. The removal of the distinction 
between symptomatic and asymptomatic lesions 
was intended to simplify use in clinical practice. 
Future efforts are needed to determine optimal 
number of lesions in certain locations—e.g., peri-
ventricular lesions and optic nerve—to find the 
ideal balance between diagnostic accuracy and 
sensitivity to allow early diagnosis.

�Primary Progressive MS

The McDonald criteria were primarily developed 
for “attack onset” MS, i.e., to make the diagnosis 
of MS beginning with a clinically isolated syn-
drome. Throughout the evolution of the diagnos-
tic criteria, the existence of MS with progression 
from onset was acknowledged, but formal diag-
nostic criteria for primary progressive (PP) MS 
were not devised until 2000 [12]. To make the 
diagnosis of PPMS, a patient needed to have 
1 year of progression and positive CSF and meet 
DIS criteria. Over time, the requirement for posi-
tive CSF was removed, and the MRI criteria for 
DIS reflected the changes in the overall diagnos-
tic criteria (Table  6.5). A recent comparison of 

Table 6.5  Diagnostic criteria for primary progressive MS

Thompson 2000 [13] and McDonald 2001 
[6] McDonald 2005 [7] McDonald 2010 and 2017 [8, 9]
Clinical progression for 1 year
and
Positive CSF
and
Dissemination in space demonstrated by:
(1) Nine or more T2 lesions in brain, or
(2) Two or more lesions in the spinal cord, or
(3) Four to eight brain plus one spinal cord 
lesion or abnormal VEP associated with four 
to eight brain lesions or with fewer than four 
brain lesions plus one spinal cord lesion 
demonstrated by MRI
and
Dissemination in time, demonstrated by 
MRI, or
Continued progression for 1 year

(1) One year of disease 
progression (retrospectively or 
prospectively determined)
(2) Plus two of the following:
 � (a) Positive brain MRI (nine 

T2 lesions or four or more 
T2 lesions with positive 
VEP)

 � (b) Positive spinal cord MRI 
(two focal T2 lesions)

 � (c) Positive CSF (isoelectric 
focusing evidence of 
oligoclonal IgG bands or 
increased IgG index or both)

One year of disease progression 
(retrospectively or prospectively 
determined) plus two of three of the 
following criteria:
(1) Evidence for DIS in the brain 
based on one T2 lesions in the MS 
characteristic (periventricular, 
juxtacortical, or infratentorial 
regions)
(2) Evidence for DIS in the spinal 
cord based on two T2 lesions in the 
cord
(3) Positive CSF (isoelectric 
focusing evidence of oligoclonal 
bands and/or elevated IgG index)

CSF cerebrospinal fluid, DIS dissemination in space, IgG immunoglobulin G, MRI magnetic resonance imaging, VEP 
visual evoked potentials
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the 2010 McDonald criteria and MAGNIMS 
2016 criteria indicated that 2016 MAGNIMS cri-
teria for DIS, incorporation of CSF, and at least 
1 year of progression had the highest sensitivity 
and specificity. The 2013 revised MS phenotypes 
also introduced the concept of “activity” to pro-
gressive disease. In addition to the formal diag-
nostic criteria, progressive patients could further 
be defined by the presence or absence of activity 
(clinical relapse and/or MRI activity) [8].

�Diagnostic Criteria in Diverse 
Populations

The McDonald criteria were originally devel-
oped for and validated in adult Caucasian cohorts 
of Western European ethnic origin. There have 
been several small studies that have indicated that 
the criteria are valid in diverse populations 
including Canada [24], Italy [25], the Netherlands 
[26], Spain [27], Russia [28], Asia [29–31], 
Middle East [32, 33], and Latin American [34, 
35]. Care is needed when making the diagnosis 
of MS outside of Europe and North America, par-
ticularly to address potential mimics, including 
infectious diseases and NMOSD.

MS typically presents between the ages of 20 
and 40, but both pediatric-onset MS (POMS) and 
later-onset MS are well-recognized variants. 
POMS typically presents with a relapsing-
remitting course, but there are several unique fea-
tures that can complicate diagnosis. The 2010 
McDonald criteria were evaluated in postpubertal 
patients (≥12 years) with a reported positive pre-
dictive value of 76% and negative predictive 
value of 100% [36]. For younger, prepubertal 
children (<12 years), the positive predictive value 
was only 55%. In order to address some of the 
unique challenges in POMS diagnosis, the 
International Pediatric MS Study Group 
(IPMSSG) revised the proposed POMS diagnos-
tic to allow acute disseminated encephalomyeli-
tis to be the first clinical presentation of POMS as 
long as it is followed by a clinical event more 
typical of an MS relapse 3 or more months after 
symptom onset and is associated with new MRI 
lesions fulfilling the 2010 McDonald criteria 

[37]. A recent study of 2017 McDonald criteria in 
POMS indicated that the inclusion of CSF 
improved performance in POMS [38]. This study 
also looked at the utility of testing anti-MOG 
serology and found it did not improve perfor-
mance of the diagnostic criteria. As in adults, it 
should be tested in patients with atypical 
features.

Later-onset MS is defined as MS initially 
appearing after age 50. Recent reports indicate it 
remains rare (3–4%) and most often presents 
with a progressive course [39, 40]. This 
population has more comorbidities, which need 
to be considered when interpreting symptoms 
and test results. Since late onset is atypical of 
MS, this is another situation in which CSF testing 
should be considered to increase diagnostic cer-
tainty. It is thought that the McDonald criteria are 
applicable in this age group, but further research 
is needed to validate this assumption.

�Balancing Early Diagnosis 
and Avoiding Misdiagnosis

The desire to diagnose early while avoiding mis-
diagnosis has been a concern for decades [41–
44]. McAlpine first discussed this issue in 1957 
when he noted that most individuals are not diag-
nosed until the fourth or fifth year of disease [14]. 
In his description of MS, he pleaded for early 
diagnosis. Since that time, there has been an 
effort to simplify the diagnostic criteria for utili-
zation in clinical practice and facilitate earlier 
diagnosis in patients likely to have MS, particu-
larly as effective therapies emerged. As the crite-
ria have been simplified, there has been an 
increasing concern they are too liberal, poten-
tially resulting in more misdiagnosis. In addition 
to the changes in criteria, the widespread use of 
MRI has resulted in identification of nonspecific 
abnormalities that can lead to inappropriate diag-
noses without careful consideration of the entire 
clinical picture. This topic was discussed in the 
2017 McDonald criteria revision [9]. Previous 
reports indicated that a sizable number of people 
diagnosed with MS are misdiagnosed [45]. This 
is a significant concern because many of these 
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patients are started on disease-modifying therapy 
(DMT), which is not risk-free. One report of 110 
misdiagnosed patients found that 70% of these 
patients received DMT and 31% experienced 
unnecessary morbidity because of the misdiagno-
sis [45]. The most common disorders that were 
misdiagnosed as MS were migraine, fibromyal-
gia, nonspecific symptoms with abnormal MRI, 
and NMOSD.  Misdiagnosis is, unfortunately, 
partly a consequence of the lack of any unique 
diagnostic marker for MS; the diagnosis is based 
on a combination of clinical, laboratory, and 
imaging findings. It remains crucial for clinicians 
to remain vigilant for atypical features, because 
ultimately every diagnostic criterion requires that 
there is not a more appropriate diagnosis. There 
will always be the trade-off of sensitivity and 
specificity for the MS diagnostic criteria. 
Therefore, future efforts should focus on devel-
opment of laboratory, imaging, and clinical mea-
sures that aid the diagnostic process. Future 
research should also be done to validate the 2017 
McDonald criteria in a routine clinical practice 
setting with an unselected population.

�Areas That Need Further 
Refinement

�Nonclassical Situations: 
Radiologically Isolated Syndrome, 
Solitary Sclerosis, Etc.

As MRI has advanced and became readily avail-
able, people are sometimes identified with imag-
ing abnormalities characteristic of MS but 
without any definite clinical manifestations, 
termed radiologically isolated syndrome (RIS) 
[46]. Although the situation is rare (0.8 cases per 
100,000), approximately one-third of RIS 
patients are diagnosed with MS within 5  years 
[47]. When a patient meets radiological criteria 
for DIS and DIT and has positive CSF, some 
studies have demonstrated subtle sequelae [48]. 
These findings have led to the recommendation 
that these patients should be treated as 
MS. However, making the erroneous diagnosis of 
MS in patients with absent or nonspecific clinical 

manifestations and nonspecific MRI is a common 
source of misdiagnosis [45]. Therefore, the 2017 
McDonald criteria maintained the requirement 
for a definitive clinically isolated syndrome or 
progression to make an MS diagnosis.

Similarly, there are patients who have an iso-
lated lesion with a progressive course, termed 
solitary sclerosis [49]. Again, these patients do 
not meet the diagnostic criteria for primary pro-
gressive MS due to insufficient MRI findings to 
fulfill DIS.

�Visual System

The visual system is commonly affected in MS, 
but there has not been a consistent approach to 
how to incorporate this manifestation into diag-
nostic criteria. Optic neuritis is a classic clinical 
isolated syndrome presentation, but the utility of 
visual system objective testing is unclear. In the 
2001 McDonald criteria, there was an attempt 
made by allowing abnormal VEP to be used as 
supplemental information to provide objective 
evidence of a second lesion [6]. The 2016 
MAGNIMS criteria went a step further by pro-
posing the optic nerve as a fifth anatomical loca-
tion to fulfill MRI criteria for DIS, in patients 
without a clear-cut history of optic neuritis [22]. 
This recommendation was not adopted in the 
2017 McDonald criteria, because this change 
only minimally improved sensitivity and lowered 
the specificity. Optical coherence tomography 
(OCT) also has demonstrated some potential as a 
meaningful assessment in MS.  A recent study 
that investigated the OCT-derived ganglion cell 
and inner plexiform layer thickness in patients 
with clinically isolated syndrome indicated that 
patients with lower thickness of the retinal nerve 
fiber layer were more likely to have recurrent dis-
ease activity [50]. The existing data for VEP and 
OCT suggest they may be more useful than MRI 
to confirm a prior optic neuritis, but the current 
research is inadequate to justify their ability to 
fulfill criteria for DIS. There is a need for better 
evidence supporting and validating the objective 
visual system techniques, to refine their value for 
MS diagnosis.
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�Advanced MRI Measures

MRI has become an important component to the 
diagnostic criteria, but since the initial incorpora-
tion into the 2001 McDonald criteria, only T2 
lesions and Gd lesions have been utilized. The 
2017 McDonald criteria were the first to incorpo-
rate cortical lesions but acknowledged that cur-
rently there is limited ability to identify these 
lesions with available MRI techniques [23, 51, 
52]. A recent study found that less than half of 
cortical lesions were reliably detected with 3T 
double inversion recovery sequences, thus 
emphasizing the need to develop and validate 
techniques to identify these lesions in clinical 
practice [53].

The McDonald MRI criteria have focused on 
T2 lesion location and number, but there is a need 
to develop techniques that are capable of differ-
entiating MS lesions from other etiologies. 
Potential novel techniques include the central 
vein sign and thalamic volume and warrant fur-
ther validation [54–56]. MRI criteria are further 
complicated by the recent discovery of the so-
called myelocortical MS (MCMS) [57], in which 
patients had typical T2 white matter lesions on 
MRI but on pathological examination had demy-
elinating lesions only in the cortex and spinal 
cord but not in the cerebral white matter. These 
patients illustrate the lack of specificity of cur-
rently used MRI markers of disease.

�Nonimaging Biomarkers

A significant obstacle in the diagnosis of MS is 
the lack of a diagnostic biomarker. With the 
exception of CSF oligoclonal bands that support 
the diagnosis of MS in the appropriate setting but 
are not specific for MS, all of the other laboratory 
testing sent as part of the diagnostic process is 
primarily intended to rule out other conditions. 
When a biomarker is identified, the accurate 
identification of a disease state dramatically 
improves. This was well illustrated with NMOSD, 
which has a very sensitive and specific biomarker. 
Diagnostic biomarkers have been proposed for 
MS, but none has been validated [58].

�Conclusion

The evolution of diagnostic criteria for MS 
reflects our improved understanding of the dis-
ease process and advances in medical technol-
ogy. From the initial clinical description by 
Charcot, the clinical criteria have been refined to 
include better defined syndromes and improved 
definitions of dissemination in space and time. 
The addition of MRI dramatically changed the 
diagnostic process, allowing for early and more 
accurate identification of MS. Nevertheless, there 
are several areas that need additional studies to 
allow for better clinical and research outcomes.
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Natural History of Multiple 
Sclerosis

Laura E. Baldassari and M. Mateo Paz Soldán

�Introduction

The clinical presentation of multiple sclerosis 
(MS) can vary significantly among patients in 
terms of age at onset, rate of disability worsen-
ing, and clinical symptoms. MS phenotypes have 
been described and refined over time [1], but 
even within subtypes of the disease, presenta-
tions can be quite heterogeneous.

In this chapter, we review the literature regard-
ing the natural history of multiple sclerosis by 
phenotype, known factors that can influence its 
clinical course, and the impact of disease modify-
ing therapies (DMTs) on MS.  Several historic 
observational studies of population-, clinic- and 
hospital-based MS patient cohorts have made 
important contributions to the understanding of 
MS and will be discussed as well. Although some 
aspects of each topic will be briefly mentioned in 
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Key Points
	1.	 The clinical presentation of multiple 

sclerosis (MS) can vary among patients 
in terms of age at onset, rate of disabil-
ity worsening, and clinical symptoms.

	2.	 Different phenotypes and presentations 
along the spectrum of central nervous 
system (CNS) demyelinating disease, 
including clinically and radiologically 
isolated syndromes, have heterogeneous 
clinical features that have variable prog-
nostic utility.

	3.	 Relapsing-remitting MS (RRMS) is the 
most common MS phenotype and is 
characterized by relapses consistent 
with CNS demyelination, from which 
there is a spectrum of recovery.

	4.	 Over time, the majority of patients with 
RRMS transition from predominantly 
inflammatory to more neurodegenera-
tive driving forces of the disease, with 
age-dependent development of second-

ary progressive (SP) MS. Use of disease 
modifying therapies (DMTs) has 
reduced the incidence of conversion to 
SPMS and ultimate level of disability.

	5.	 Clinical and imaging features in MS 
that aid in prognostication include age 
at disease onset, gender, race, relapse 
rate, recovery from relapses, gadolin-
ium-enhancing lesions, infratentorial 
and brainstem lesions, tobacco use, and 
the presence of comorbidities.
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this chapter, detailed discussions regarding MS 
diagnostic criteria, epidemiology, and genetics 
can be found in Chaps. 6, 10, and 11, 
respectively.

Disability in MS has historically been tracked 
using the Expanded Disability Status Scale 
(EDSS) [2], in which patients receive a score 
ranging from 0 to 10 based on seven functional 
systems and ambulation scores. In the EDSS, 0 
indicates no disability, 6.0 indicates the need for 
a unilateral walking aid, and 9.0 indicates that the 
patient is bedbound from MS (Fig. 7.1). Several 
studies discussed in this chapter utilize the EDSS 
as a benchmark for disability development.

�Multiple Sclerosis Phenotypes

Defining the course of MS is an evolving area 
that, similar to diagnostic criteria, is periodically 
updated. This section will discuss MS pheno-
types according to the Lublin-Reingold MS phe-
notypes described in 2014 [1]. In these criteria, 
patients with MS are characterized as having 
either relapsing-remitting (RRMS), secondary 
progressive (SPMS), or primary progressive mul-

tiple sclerosis (PPMS) (Fig. 7.2). Each of these 
three phenotypes is further qualified as having 
activity in the form of gadolinium-enhancing or 
new T2 lesions on magnetic resonance imaging 
(MRI) or in the form of clinical relapses. 
Additionally, the progressive MS phenotypes are 
further qualified as to whether they have evident 
clinical progression independent from relapses.

Different phenotypes and presentations along 
the spectrum of CNS demyelinating disease, 
including clinically and radiologically isolated 
syndromes (CIS and RIS, respectively), have 
heterogeneous clinical and prognostic features 
of which a clinician should be aware (Tables 7.1 
and 7.2).

�Radiologically Isolated Syndrome

The term radiologically isolated syndrome (RIS) 
is applied when a patient has MRI findings typi-
cal of MS, but without any clinical symptoms [3]. 
Such incidental findings are often revealed when 
a patient undergoes MRI for other indications, 
such as headache. Given the absence of clinical 
symptoms, patients with RIS are not considered 

0: No disability

1.0 – 1.5: No disability, abnormal signs on exam

2.0 – 2.5: Minimal disability

3.0 – 3.5: Moderate disability, but fully ambulatory

4.0 – 4.5: Moderate disability, able to walk 300 – 500 m

5.0 – 5.5: Moderate disability, able to walk 100 – 200 m

6.0 – 6.5: Unilateral or bilateral walking assistance

7.0 – 7.5: Use of wheelchair

8.0 – 8.5: Restricted to wheelchair

9.0 – 9.5: Restricted to bed

10: Death due to MS

Fig. 7.1  The Expanded Disability Status Scale (EDSS) is 
considered the standard disability measure in multiple 
sclerosis clinical trials. Patients are assigned an overall 
EDSS score based on their disability within seven func-
tional systems (vision, brainstem, pyramidal, cerebellar, 

sensory, bowel/bladder, cerebral) and ambulation ability. 
In the EDSS, 0 indicates no disability, 4.0 indicates ambu-
lation limitations, 6.0 indicates the need for a unilateral 
walking aid, and 9.0 indicates that the patient is essen-
tially bedbound from MS
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Fig. 7.2  Comparison of multiple sclerosis phenotypes. 
Patients with relapsing-remitting multiple sclerosis 
(RRMS) present initially with relapses from which there is 
variable recovery. After approximately 15 to 20  years, 
patients generally transition to secondary progressive mul-
tiple sclerosis (SPMS), which is characterized by gradual 

accumulation of disability with or without superimposed 
relapses. Generally, patients reach an Expanded Disability 
Status Scale (EDSS) score of 6 within 15 to 20 years after 
RRMS onset. Patients with primary progressive multiple 
sclerosis (PPMS) have a gradual accumulation of disabil-
ity from onset, with or without superimposed relapses

to have MS. However, patients with RIS can tran-
sition to either RRMS or PPMS.

Several observational studies have followed 
cohorts of RIS patients over time to determine its 
natural history [3–8]. It is estimated that between 
27% and 91% of patients with RIS experience 
radiographic dissemination in time (DIT), with a 
mean time to DIT of 0.6 to 2.7 years. Estimates 
for the overall percentage of patients who have 
conversion from RIS to either CIS or definite MS 
range from 15% to 50% across studies, with a 

mean time to clinical conversion ranging 
between 2.3 and 6  years [4]. In terms of CIS 
alone, 31% to 45% of patients converted to CIS 
over a mean period of 2.3 to 4.1 years. In terms 
of clinically definite MS, studies estimate that 
3% to 36% of patients with RIS will convert to 
definite MS over a mean of 2.4 to 8.5  years. 
Although the majority of patients who convert 
from RIS to clinically definite MS develop 
RRMS, there is a subset of patients with RIS 
who develop PPMS [4, 6].

Table 7.1  Predictors of conversion to multiple sclerosis from radiologically and clinically isolated syndromes

Radiologically isolated syndrome Clinically isolated syndrome
Demographic 
characteristics

Younger age
Male gender (possible)

Younger age
Non-Caucasian race

Clinical 
characteristics

N/A Myelitis or brainstem presentation (possible)

Imaging 
characteristics

Gadolinium-enhancing lesions on MRI
Posterior fossa involvement
Spinal cord lesions

Abnormal brain MRI

Ancillary 
testing

Abnormal visual evoked potentials Abnormal cerebrospinal fluid (either positive oligoclonal 
bands or increased intrathecal IgG synthesis)

MRI magnetic resonance imaging, IgG immunoglobulin G

7  Natural History of Multiple Sclerosis
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Additionally, studies have investigated poten-
tial characteristics associated with RIS that are 
predictive of development of CIS or definite MS 
(Table 7.1) [4]. Clinical and demographic charac-
teristics associated with development of CIS or 
MS include younger age (less than 35 or 37 years) 
and male gender in some studies [6–8] but not in 
others [3]. In terms of MRI characteristics, the 
presence of gadolinium-enhancing lesions [3, 4, 
8], spinal cord involvement [5–7], and posterior 
fossa involvement [6] are more predictive of 
developing CIS or clinically definite MS.  The 
number of T2 lesions at presentation has not been 
predictive of CIS or MS [8]. Abnormal cerebro-
spinal fluid (CSF) findings have not consistently 
been associated with increased risk of CIS or MS 
in the setting of RIS [8]. Abnormal visual evoked 
potential testing [8] and retinal nerve fiber layer 
thickness on optical coherence tomography [9] 
have also been identified as predictors of conver-
sion to CIS or MS.

�Clinically Isolated Syndrome

Clinically isolated syndrome (CIS) refers to a 
single demyelinating event, such as optic neuritis 
or partial myelitis, that is often the first clinical 
manifestation of MS. Certain patients can meet 
diagnostic criteria for MS at the time of CIS; it is 

important to recognize that criteria have changed 
over time, which has resulted in newer CIS 
cohorts averaging less disease burden than older 
CIS cohorts. Per 2017 McDonald Diagnostic 
Criteria, patients can be diagnosed with MS at 
the time of CIS if there are both enhancing and 
non-enhancing lesions characteristic of MS on 
MRI that would meet criteria for dissemination in 
time and space or if dissemination in space crite-
ria are met and there are CSF-specific oligoclonal 
bands (OCBs) present [10]. In patients who do 
not meet MS diagnostic criteria at the time of 
CIS, certain characteristics are associated with a 
higher risk of developing MS in the future and 
therefore warrant closer clinical and radiographic 
monitoring in these patients (Table 7.1). Of note, 
changes in diagnostic criteria have resulted in 
more patients with CIS meeting MS criteria, so 
studies of CIS cohorts per older criteria may 
overestimate the risk of conversion among 
patients with CIS per 2017 McDonald Diagnostic 
Criteria. From a pragmatic perspective, however, 
CIS studies utilizing either older or newer diag-
nostic criteria remain the best source of informa-
tion by which to estimate conversion risk.

In terms of CIS presentations, the most com-
mon syndromes are optic neuritis (approximately 
20 to 30%), myelitis (approximately 30%), and 
brainstem syndromes (approximately 20%) [11, 
12]. Some studies report that patients with optic 

Table 7.2  Summary of prognostic factors in multiple sclerosis

Factors associated with 
better prognosis Factors associated with worse prognosis

Demographic 
characteristics

Male gender
Older age at onset
African-American race

Clinical 
characteristics

Use of disease modifying 
therapies
Isolated optic neuritis

Early, frequent, severe relapses
Incomplete relapse recovery
Rapid conversion to SPMS
Multifocal presentations involving motor function, bowel/bladder 
function, cerebellum, cognition

Imaging 
characteristics

Minimal lesion burden at 
presentation

Multiple gadolinium-enhancing lesions
Infratentorial lesions
Spinal cord involvement
Early brain atrophy
T1 hypointensities

Comorbidities 
and health 
behaviors

Tobacco use
Presence of medical comorbidities, including vitamin D deficiency
Presence of mental health comorbidities

SPMS secondary progressive multiple sclerosis
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neuritis are less likely to develop clinically defi-
nite MS compared to those with myelitis or 
brainstem syndromes [11, 13], but others have 
reported equal incidence of MS following each 
CIS subtype [14]. The Optic Neuritis Treatment 
Trial (ONTT) reported the risk of MS following 
CIS with optic neuritis at 30% at 5 years [15] and 
50% at 15 years [16], with higher incidence of 
conversion to MS in patients with abnormal brain 
MRI at baseline in both analyses.

Age at CIS presentation, race/ethnicity, and 
gender are also reported as determinants of MS 
risk following CIS. The risk of MS following CIS 
by gender has been variably reported, with no 
clear gender predominance due to conflicting 
results. However, a meta-analysis suggested a 
nonstatistically significant increased risk of MS 
in women with CIS [17]. Overall, younger age is 
associated with a higher risk of conversion to MS 
following CIS [18, 19]. One observational study 
of a CIS cohort found patients with non-white 
race/ethnicity, younger age, and a lower number 
of functional systems affected by CIS were more 
likely to have a second demyelinating event 
within 1 year [18].

Regarding imaging characteristics at the time 
of CIS, brain and cervical spine MRI are crucial 
for both initial evaluation and ongoing surveil-
lance for development of demyelinating disease 
activity. Studies of CIS patients demonstrate that 
increasing abnormalities characteristic of MS on 
baseline MRI as defined by the Barkhof-Tintoré 
criteria [19–22] are highly predictive of the risk 
of subsequent definite MS and also correlate with 
disability at 5 years as measured by the EDSS [2, 
23]. Similarly, several studies report increased 
risk of conversion to MS in patients with abnor-
mal brain MRI at CIS presentation [16, 24, 25]. 
Overall, patients with normal brain MRI at the 
time of CIS are thought to have approximately a 
20% risk of MS development, compared to 60% 
to 80% in patients with abnormal brain MRI at 
the time of presentation [26].

Patients with CIS who have CSF abnormali-
ties (defined as either CSF-specific OCB or 
increased intrathecal immunoglobulin G [IgG] 
synthesis) at presentation have increased risk of 
conversion to MS [19, 27, 28]. A meta-analysis 

of 71 studies estimated that CIS patients with 
CSF-specific OCBs had a 9.88 (95% confidence 
interval, 6.54 to 15.27) times increased odds of 
conversion to MS compared to those who did not 
have this finding [27].

�Relapsing-Remitting and Secondary 
Progressive Multiple Sclerosis

Relapsing-remitting MS is the most common MS 
phenotype, as it accounts for approximately 85% 
of MS cases at symptomatic onset [29]. Patients 
with RRMS present with relapses consistent with 
demyelination, from which there is a spectrum of 
recovery. The median age of RRMS onset is 
approximately 28 to 30  years [30–32]. Certain 
patients can present with a highly aggressive 
course characterized by frequent relapse despite 
DMT.  In general, the frequency of relapse 
decreases over time [33, 34], with an estimate of 
relapse decrease by 17% for every 5 years of dis-
ease duration [33]. The observed decrease in 
relapse risk in this study is more pronounced in 
patients with older age at onset. However, not all 
studies have demonstrated this finding.

Several large studies of the natural history of 
MS have reported extensively on RRMS and sub-
sequent SPMS development [29–32, 35–43]. 
These heterogeneous studies in terms of geo-
graphic location, setting, timing in relation to 
DMT availability, and patient populations have 
provided various estimates regarding time to cer-
tain disability milestones, conversion to SPMS, 
and other elements of the natural history of 
MS. A summary of various elements of the natu-
ral history of RRMS and PPMS is presented in 
Table 7.3 [39].

In terms of development of disability with 
relapsing-onset MS, the median time to EDSS 
of 3, indicating relatively mild to moderate lev-
els of disability, has been reported as ranging 
from 8 to 30 years from diagnosis [32, 44–46]. 
The median time to EDSS of 6 has been esti-
mated to be between 15.0 and 23.1 years [31, 
32, 35, 40]. Overall, the median age at which 
patients with RRMS reach an EDSS of 3 is 
reported as 43  years [47], EDSS of 4 as 

7  Natural History of Multiple Sclerosis
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Fig. 7.3  Natural history of multiple sclerosis by age. 
Patients with relapsing-remitting multiple sclerosis 
(RRMS) generally develop their first demyelinating event 
between the ages of 28 to 30  years, with subsequent 
relapses for the next 10 to 15 years. Between the ages of 
38 to 49 years, RRMS patients generally develop second-
ary progressive multiple sclerosis (SPMS), characterized 
by a gradual accumulation of disability. RRMS patients 
generally reach an Expanded Disability Status Scale 
(EDSS) of 4 between the ages of 44 and 46  years and 
EDSS of 6 between 50 and 56 years. Primary progressive 

multiple sclerosis (PPMS) patients have onset of disease 
and therefore progression between the ages of 35 and 42, 
which is approximately the same age of SPMS onset in 
patients with RRMS.  Despite later age of onset, PPMS 
patients reach disability milestones earlier than patients 
with relapsing-onset MS, with EDSS of 4 between 40 and 
44 years and EDSS of 6 between 50 and 56 years. MRI 
disease activity occurs in the preclinical phase and contin-
ues over the course of disease. Brain atrophy also occurs 
over time, as brain volume begins to decrease even early 
in the disease process

44.8  years (95% CI, 43.8 to 45.9) [39], and 
EDSS of 6 between 50 and 56 years (Fig. 7.3 
and Table 7.3) [39, 47–49]. It should be noted, 
however, that some of these median age esti-
mates are increased by the proportion of RRMS 
patients who do not transition to SPMS [39]. 

The ages at which these disability milestones 
were reached were higher in patients with older 
age of MS onset [39, 41]. Additionally, it has 
been shown that the number and severity of 
relapses are indicative of both short- and long-
term disability [34, 42, 43].

Table 7.3  Natural history of relapsing-onset MS, primary progressive MS, and pediatric-onset MS

Relapsing-onset MSa Primary progressive MS Pediatric-onset MS
Median age at:
 � Onset of symptoms 28 to 30 years 35 to 42 years 15 years
 � Onset of progression 38 to 49 years 35 to 42 years 41 years
 � EDSS 4 44 to 46 yearsb 40 to 44 yearsb 34 to 40 years
 � EDSS 6 50 to 56 years 48 to 58 years 42 to 45 years
Time from symptom onset to:
 � Onset of progression (SPMS) 18.9 to 20 years N/A 28 years
 � EDSS 6 15 to 23 years 3 to 14 years 28 to 31 years

CI confidence interval, EDSS Expanded Disability Status Scale, MS multiple sclerosis, SPMS secondary progres-
sive MS
aSome estimates for relapsing-onset MS disability milestones were derived from cohort studies that included either only 
SPMS patients or a mixed population of those with SPMS and those that did not transition to SPMS. Patients with 
SPMS have earlier age at disability milestones compared to overall relapsing-onset MS patients
bEstimate obtained from one natural history cohort [39]
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Over time, the majority of patients with 
RRMS transition from predominantly inflamma-
tory to more neurodegenerative driving forces of 
the disease, with development of SPMS [49]. The 
transition to SPMS is an age-dependent process 
[39, 41, 50], and it is estimated that approxi-
mately 30% to 40% of patients with SPMS have 
relapses superimposed upon this typical gradual 
decline [31, 43]. The time from RRMS diagnosis 
to SPMS conversion is age of onset-dependent 
and ranges from 18.9 to 20 years for all patients 
per several of the natural history studies [33, 39, 
46, 51]. Generally, the younger a patient is at the 
time of RRMS onset, the longer the disease dura-
tion prior to SPMS conversion. The time to SPMS 
is shorter for males at approximately 15  years 
versus females at approximately 20  years; this 
difference is also confounded by the gender dif-
ference in the mean age of RRMS onset [33, 46, 
51]. The overall median age of SPMS onset is 
approximately 40 to 49  years but is generally 
younger in men and those with motor symptoms 
at onset [35, 39, 41, 47, 51–53]. In one study, the 
median age at disability milestones was younger 
for RRMS patients who transitioned to SPMS 
than for the entire relapsing-onset cohort (37.6 
versus 44.8  years for EDSS 4 and 45.5 versus 
55.3 years for EDSS 6, respectively) and was also 
younger than PPMS patients (Table 7.3) [39].

�Primary Progressive Multiple 
Sclerosis

Patients with MS can present with a gradual 
accumulation of neurological symptoms from 
onset, which is referred to as primary progressive 
MS (PPMS). Generally, in PPMS, patients have a 
more neurodegenerative presentation, but super-
imposed relapses or inflammatory MRI activity 
can exist. It is estimated that between 3% and 
39% of patients with PPMS have superimposed 
relapses [31, 43]. A 5-year follow-up study of 
patients with RIS estimated that approximately 
3% of patients converted to PPMS, indicating the 

presence of inflammatory activity preceding clin-
ical onset [5].

The large natural history studies in MS have 
also provided information regarding PPMS, 
though the proportions of PPMS patients within 
each cohort were relatively low [31, 35, 43, 54–
56]. The median age of onset of PPMS is approx-
imately 39 to 41  years of age [35, 55]. These 
studies have demonstrated that the accrual of dis-
ability in PPMS can be quite varied across patient 
populations, but it is important to note the hetero-
geneity in PPMS definition across studies. In 
terms of development of disability with PPMS, 
the median time to EDSS of 6 has been reported 
as between 3 and 14  years [32, 40, 44, 46, 54, 
55], which is lower than that of RRMS (Fig. 7.3 
and Table 7.3). Overall, the median age at which 
patients with PPMS reach an EDSS of 4 was 
reported as 42.1 years (95% CI, 40.2 to 44.0) [39] 
and EDSS of 6 as approximately 48 to 58 years 
[47–49, 55]. As noted above, these median ages 
are older than for relapsing-onset patients who 
transition to SPMS.

�Fulminant Onset Multiple Sclerosis

Patients can present with fulminant or aggressive 
disease, requiring high potency medications to 
rapidly control the inflammatory disease activity. 
Proposed criteria for aggressive MS suggest that 
patients with RRMS have one or more of the fol-
lowing: EDSS of 4 within 5 years, at least two 
relapses with incomplete resolution in the previ-
ous year, more than two MRIs demonstrating 
new or enlarging T2 or gadolinium-enhancing 
lesions despite treatment, and no response to one 
or more DMTs for a year [57]. In these patients, 
the severity of disease often warrants potent 
immunosuppression as first-line treatment [58]. 
Entities such as Balo’s concentric sclerosis [59], 
Marburg variant MS [60], tumefactive MS, and 
acute disseminated encephalomyelitis (ADEM)-
like presentations of MS are often included in the 
category of fulminant onset MS.

7  Natural History of Multiple Sclerosis
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�Benign Multiple Sclerosis

Given the heterogeneity of clinical presentation 
in MS, the concept of “benign MS” has emerged, 
where patients can have relatively infrequent 
relapses and slow or no disability accrual over 
time. Although certain prognostic factors for MS 
are known, identification of patients who will 
have a benign course at onset is unreliable [61–
63]. It is also difficult to discern an individual 
patient’s clinical course on DMT from the actual 
natural history if he or she was not on 
DMT. Additionally, patients who have a milder 
MS course can experience potentially disabling 
cognitive impairment in the absence of physical 
disability [62, 63]. Therefore, the diagnosis of 
“benign MS” should only be made in hindsight.

�Pediatric-Onset Multiple Sclerosis

Pediatric-onset MS (POMS) refers to patients 
with MS who have their first clinical event prior 
to the age of 18 years, usually in childhood and 
early adolescence, and comprises approximately 
10% of adults with MS [64]. The median age of 
onset of POMS is estimated to be approximately 
14 to 16 years [65, 66]. Although patients with 
POMS generally present with similar syndromes 
as adults with MS, ataxia, encephalopathy, sei-
zures, and brainstem syndromes are more com-
mon in children below the age of 10 [64]. Studies 
estimate that between 6% and 18% of patients 
who present with acute disseminated encephalo-
myelitis (ADEM) will go on to meet diagnostic 
criteria for MS [67]. The vast majority of patients 
with POMS have a relapsing-remitting course 
and tend to have good recovery from relapses 
despite relatively high relapse frequency early in 
the disease course.

In terms of longer-term prognosis in the set-
ting of POMS, median time to SPMS from dis-
ease onset was 28  years, with a median age at 
conversion of 41  years [66]. Although patients 
with POMS have longer time to SPMS conver-
sion from disease onset (estimates ranging from 
28 to 32 years, versus approximately 20 years in 
adult-onset MS patients [65, 66]), the median age 

at onset of SPMS has been reported as 41.4 years 
(95% CI, 37.8 to 45.7), approximately 5  years 
younger than patients with adult-onset MS 
(Table 7.3) [66]. Similarly, patients with POMS 
have longer time to disability milestones but 
younger median age at these milestones com-
pared to those with adult-onset MS; age at EDSS 
4 has been reported to range between 34 and 
40 years (at disease duration 20 to 24 years) and 
EDSS 6 between 42 and 45  years (at disease 
duration 28 to 31  years) (Table  7.3) [65, 66]. 
Another important consideration for patients 
with POMS is that of early cognitive impairment 
and severe fatigue, with resultant impairment in 
quality of life [67].

�Prognostic Factors in Multiple 
Sclerosis

Through various studies, it has become apparent 
over time that certain clinical and other charac-
teristics portend different prognoses in 
MS. However, it remains difficult to predict prog-
nosis of MS in an individual patient. Prognostic 
factors in MS are summarized in Table 7.2 and 
are discussed further in this section.

�Age

In MS, younger age at onset tends to be associ-
ated with better prognosis in terms of time to dis-
ability milestones [31]. A study involving a large 
cohort of 1023 patients with MS indicated that 
older age at RRMS onset was associated with 
higher risk of reaching disability milestones, 
independent of disease duration and relapse fre-
quency [47]. This observation was thought to be 
driven by the increased risk of SPMS conversion, 
which portends poor prognosis in terms of reach-
ing disability milestones. A European Database 
for MS study (n = 957) also demonstrated that the 
risk of PPMS presentation increased with age 
[50]. This study also demonstrated that with 
increased age of onset, the number of relapses 
between onset and SPMS conversion, as well as 
median time to SPMS conversion, decreased. 
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Though not always explicitly considered, each of 
these observations reflects the age-dependent 
nature of progressive MS onset. Specifically, 
older age at RRMS onset equates to fewer years 
until reaching the median age of progressive MS 
onset.

�Gender

Men with MS tend to have worse prognosis than 
women in terms of having shorter time to disabil-
ity milestones and SPMS from an initially RRMS 
course [31]. In the Lyon MS Cohort Study, the 
time to each disability milestone of EDSS 4, 6, 
and 7 was significantly higher in women [31]. 
Women had median time to onset of EDSS 4, 6, 
and 7 of 9.6  years, 23.1  years, and 30.4  years, 
respectively. In contrast, men had median time to 
these disability milestones of 7.2  years, 
17.2 years, and 25.1 years, respectively. It should 
be considered, though, that some of this differ-
ence may be accounted for by men having an 
average older age of RRMS onset compared to 
women.

�Race

Race is another prognostic factor in patients with 
MS.  Although MS is less common in non-
Caucasian races, studies indicate that MS tends 
to be more aggressive in African Americans [68–
70]. African-American patients with MS are 
more likely to have multifocal signs and symp-
toms or transverse myelitis at presentation. 
Additionally, African-American patients with 
MS had higher risk for development of disability 
compared to Caucasian patients, even with 
adjustment for other baseline characteristics and 
DMT use; this observation was partially attrib-
uted to the older age of onset seen in African-
American patients [68]. An observational study 
of a CIS cohort found patients with non-white 
race/ethnicity were more likely to have a second 
demyelinating event within 1 year [18]. However, 
the underrepresentation of minorities in MS clin-
ical trials and other socioeconomic barriers 

potentially limit the understanding of treatment 
response and natural history of MS in non-
Caucasians with MS [71].

�Imaging Characteristics

Certain imaging characteristics can also be useful 
in determining an MS patient’s prognosis. 
Patients who have a high burden of T2 lesions 
early in the disease course tend to have worse 
prognosis, as demonstrated by a 13-year longitu-
dinal study of 30 patients [72]. Baseline T2 lesion 
volume correlated with normalized whole-brain 
volume after 13  years. These results were also 
corroborated in a study of patients with CIS, 
where the MRI T2 lesion volume at 5 years and 
the increase in lesion volume over the first 5 years 
of follow-up were both moderately correlated 
with the median EDSS at 14 years of follow-up 
[73].

Accumulation of new T2 lesions early in the 
course of disease also correlates with long-term 
imaging and clinical outcomes. A 13-year longi-
tudinal study of 30 patients demonstrated that 
increase in T2 lesions over the first 2 years was 
moderately correlated with normalized whole-
brain volume, Multiple Sclerosis Functional 
Composite scores, and Paced Auditory Serial 
Addition Test scores at last follow-up [72].

Multiple gadolinium-enhancing lesions at 
baseline MRI and at follow-up are also shown to 
predict poor prognosis. In a study of 307 patients, 
the mean number of gadolinium-enhancing 
lesions on MRIs over the first 6 months following 
presentation was associated with the relapse rate 
in the first year following diagnosis [74]. 
Additionally, the mean number of gadolinium-
enhancing lesions over the first 6 monthly MRIs 
was weakly predictive of EDSS change after 
2 years.

Other imaging markers are also thought to 
indicate long-term prognosis. In terms of axo-
nal injury, T1 hypointensities, otherwise known 
as “black holes” on MRI, have been shown to 
predict disability worsening over time [75]. 
Neurodegeneration as captured by brain atro-
phy can occur early in some patients with MS, 
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and rate of ventricular enlargement indicating 
central atrophy was predictive of disability 
worsening in patients with MS at 5.5 years of 
follow-up [76]. Patients with infratentorial 
lesions have also been shown to have worse prog-
nosis [57, 77].

�Clinical Characteristics

Several aspects regarding MS clinical presenta-
tion are also known to influence natural history 
and prognosis of MS. Patients who present with 
RRMS have longer time to disability milestones 
compared to those with PPMS, with estimates for 
a median time of 23.1  years to EDSS of 6  in 
patients with RRMS compared to 7.1  years in 
patients with PPMS [31]. Some studies have 
demonstrated that the presence of relapses in the 
setting of PPMS or SPMS does not affect time to 
disability milestones [31, 40]. However, one 
study reported that superimposed relapses did 
result in shorter time to EDSS 6 in a cohort that 
included both PPMS and SPMS patients [43]. 
Another study indicated that in patients with 
PPMS and superimposed relapses, treatment of 
inflammatory disease activity (and therefore pre-
vention of relapses) via DMT was associated 
with lower likelihood of confirmed disability 
worsening [78].

The initial clinical presentation of MS is also 
thought to affect time to disability milestones. In 
the Lyon MS Cohort Study, patients who pre-
sented with isolated optic neuritis had longer 
time to disability milestones, with a median time 
to EDSS 4 of 14.1 years, compared to 10.5 years 
and 6.0 years in patients with a brainstem or long 
tract dysfunction presentation, respectively [31]. 
Patients with multifocal presentations also are 
thought to have poorer prognoses [57]. The sever-
ity of MS relapses is also indicative of prognosis, 
as patients with severe relapses are at higher risk 
of experiencing subsequent severe events [18]. 
However, relapses are thought to indicate more 
short-term rather than long-term disability but do 
likely accelerate conversion to SPMS [34]. The 

majority of patients with frequent early relapses 
in RRMS convert to SPMS, but some did not con-
vert to SPMS in a large cohort study [79]. Overall, 
frequent early relapses portend a more aggressive 
MS course [37, 57].

Recovery from early relapses is also an impor-
tant prognostic indicator in MS, along with 
relapse frequency [11, 80]. In particular, patients 
with poor recovery from early relapses are at sig-
nificant risk for shorter duration to conversion to 
SPMS [42]. Clinical relapses can occur in any 
MS phenotype and have been shown to result in 
worsening of 0.24 to 0.57 points on the EDSS 
that is sustained at least to some degree in the 
majority of patients [81]. Studies have demon-
strated that patients with complete early relapse 
recovery had a longer time interval to reach dis-
ability milestones compared to patients with 
incomplete recovery [31, 42]. Time to disability 
milestones was also increased in patients who 
had longer intervals between the first and second 
demyelinating event [31]. Poor initial relapse 
recovery also has been shown to predict poor 
subsequent relapse recovery [18, 42].

�Genetics

Although several genes that confer risk for MS 
have been identified, the etiology of MS remains 
multifactorial, with both genetic susceptibility 
and environmental components [82]. Genome-
wide association studies have identified genes 
involved in a broad range of cellular functions 
that confer certain MS characteristics [83]. 
However, these are generally not utilized in clini-
cal practice due to their unknown predictive value 
regarding disease course, as well as high cost. 
Patients with MS who had a first-, second- or 
third-degree relative with MS were followed in 
the Ontario Natural History of MS Study [84]. 
Although age of MS was lower in those with a 
family history of MS, time to disability mile-
stones did not differ compared to those without 
relatives with MS. The genetics of MS is further 
discussed in Chap. 11.
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�Impact of Disease Modifying 
Therapies on the Natural History 
of MS

Over the past 20 years, over a dozen medications 
have received regulatory approval for treatment 
of MS.  Although these immunotherapies have 
diverse mechanisms of action and properties, the 
clinical course of MS has been positively 
impacted by the advent of the DMT era. Most 
patients with MS accumulate disability and 
evolve to a SPMS course, but multiple studies 
demonstrate that patients treated with DMT have 
substantially decreased risk of and delayed con-
version to SPMS compared to patients in the pre-
DMT era [85–91] (Fig. 7.4). Additionally, DMT 
use has been shown to delay reaching disability 
milestones [85, 88–90] (Fig. 7.4).

One study investigated changes in overall dis-
ability worsening among all MS phenotypes from 
the pre- to post-DMT eras in Nova Scotia [90]. 
Prior to DMT availability, annual EDSS increases 
were 0.1 for RRMS, 0.31 for SPMS, and 0.16 for 
relapsing-onset (combined RRMS and SPMS) 
MS patients. The study concluded that the EDSS 
increases avoided per year on first DMT were sta-
tistically significant in the RRMS, SPMS, and 
relapsing-onset groups, with relative treatment 
effect estimates of 112%, 21%, and 105%.

Despite these improvements in overall MS 
prognosis with initiation of DMTs, several 
questions remain regarding management of 
MS.  First, the ideal overall treatment strategy 
for MS is unclear; the two major considerations 
are escalation versus early treatment with high 
potency medication. Escalation is the classic 
treatment paradigm in MS and involves initiat-
ing a safer, but generally less efficacious, 
DMT.  Patients then transition to more potent 
and potentially less safe medications with 
breakthrough disease activity. Although this 
approach is appealing from a safety perspective, 
it can delay time to optimal control of inflam-
matory disease activity, therefore increasing the 
risk of ongoing relapses, tissue injury, and dis-
ability worsening. On the other hand, early 
treatment with high efficacy medications 
involves utilizing more potent medications ini-
tially. Although safety concerns may arise with 
the use of these medications, this strategy is 
gaining popularity due to increasing focus on 
early, effective control of inflammatory disease 
[92]. Overall, there is currently a state of clini-
cal equipoise between escalation and early, 
highly efficacious treatment strategies, and large 
pragmatic clinical trials are underway to com-
pare both short- and long-term outcomes of 
each strategy.
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Fig. 7.4  Effect of disease modifying therapies (DMTs) 
on the natural history of multiple sclerosis (MS). DMTs 
for MS have several beneficial effects on the natural his-
tory of the disease. First, patients started on DMT, particu-
larly earlier in their disease course, have reduction in 
clinical relapses and MRI disease activity, with resultant 
decreased disability accumulation during the relapsing 
phase of the disease. Second, DMTs have been shown to 

decrease the risk of conversion to SPMS [85]. Third, 
DMTs have been shown to delay the time to conversion to 
SPMS, by approximately 4 to 9 years [87]. Finally, DMTs 
overall delay time to disability milestones based on the 
Expanded Disability Status Scale (EDSS). In particular, 
time to EDSS of 6.0 was reported to be delayed by 
approximately 2 to 11 years in patients on DMT [87]
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Another currently unanswered question 
regarding DMTs is that of discontinuation timing 
[93]. As patients age, the inflammatory activity of 
MS tends to become quiescent, and DMTs are 
less likely to have a positive impact in that stage 
[49, 94]. Currently, DMT discontinuation is con-
sidered in older patients with clinical and radio-
graphic stability over several years [95]. Several 
studies indicate that it is appropriate to consider 
DMT discontinuation in older patients (generally 
>60 years) who have not had evidence of active 
inflammatory disease for several years, but no 
widely accepted guidelines exist for this scenario 
[93, 95, 96]. Clinical trials are underway at the 
time of this publication to investigate appropriate 
timing of DMT discontinuation in older patients, 
as well as associated short- and long-term out-
comes. The clinical approach to selection and 
discontinuation of DMT in MS is further dis-
cussed in Chap. 31.

�Comorbidities and Health 
Behaviors

Overall health and wellness have been increas-
ingly emphasized as part of MS multidisciplinary 
care [97]. A growing body of literature is indica-
tive of the fact that medical comorbidities portend 
worse overall prognosis in patients with MS [98]. 
In addition to higher levels of disability [99], 
patients with comorbidities have delays in diag-
nosis [100], worse cognition, increased mortality 
[101], increased disease activity [102], and worse 
health-related quality of life [98, 103]. Vascular 
risk factors and obesity are thought to be impor-
tant determinants of overall health and the aging 
process of the central nervous system, which is 
accelerated in the setting of MS [97]. Management 
of comorbidities in the setting of MS should be an 
important part of multidisciplinary care with a 
patient’s primary care physician in order to mini-
mize the risk of these adverse outcomes.

Mental health comorbidities are also known to 
impact prognosis and mortality in patients with 
immune-mediated inflammatory diseases, includ-
ing MS [104]. A study of 28,384 patients with 
immune-mediated inflammatory disease, 5496 of 
whom had MS, indicated that having depression 

in particular was associated with a greater than 
additive interaction with disease status in terms 
of increased mortality [104]. The authors also 
found that having either depression, anxiety, or 
bipolar disorder in the setting of MS and other 
immune-mediated inflammatory diseases was 
associated with increased risk of suicide.

Vitamin D deficiency is also recognized as an 
important determinant of MS risk and disease 
activity. Studies have suggested that low vitamin 
D is associated with MS risk, future clinical and 
MRI disease activity [105], and greater disability 
[97, 106].

Adverse health behaviors have been associ-
ated with worse outcomes in the setting of MS, 
particularly tobacco use. Smoking has been asso-
ciated with worse disease at baseline in terms of 
EDSS, MS Severity Score, and brain parenchy-
mal fraction [107]. Smokers were more likely to 
have PPMS and had faster conversion from 
RRMS to SPMS compared to nonsmokers [107]. 
Smokers with MS have also been noted to have a 
more sustained malignant course overall [108]. 
MRI metrics of disease activity were also worse 
in smokers, as T2 lesion volume increased and 
brain parenchymal fraction decreased more 
quickly in a longitudinal analysis [107].

Given this knowledge, it is important for clini-
cians to inform their patients about the role of 
wellness, regular medical care, and avoiding 
adverse health behaviors such as tobacco use in 
the setting of MS.

�Conclusions

MS is a heterogeneous disease with varying phe-
notypes and clinical characteristics. In general, 
patients presenting with CIS are diagnosed with 
RRMS with a second demyelinating event or 
supportive paraclinical data at the time of CIS, 
and many evolve to develop SPMS over time in 
an age-dependent process (Fig. 7.3). Development 
of SPMS and disability in general has been 
reduced by the advent of more than a dozen 
DMTs for MS that have positively impacted the 
natural history of the disease. A smaller percent-
age of patients develop progressive disease from 
onset and are referred to as PPMS. RRMS/CIS 
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patients who present with relapses affecting the 
posterior fossa, enhancing lesions, high spinal 
cord lesion burden, and incomplete recovery 
from relapses tend to have worse long-term prog-
nosis. It is becoming increasingly recognized that 
health behaviors, particularly tobacco use, and 
comorbidities affect the natural history of 
MS. Clinicians should be mindful of these prog-
nostic and some potentially modifiable risk fac-
tors for MS-related disability and, in addition to 
treatment with DMTs, should encourage patients 
to optimize their general health as part of com-
prehensive MS management.
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Pathology of Multiple Sclerosis

Jordon Dunham and Kedar R. Mahajan

�Introduction

Pathological characterization of multiple sclerosis 
(MS) postmortem and biopsy tissue has led to an 
improved understanding of inflammatory lesions 
and neurodegeneration and shed light on potential 
therapeutic targets. Since Charcot’s recognition of 
MS as a distinct disease in the nineteenth century 
[1, 2], several seminal concepts have emerged. 
Demyelination is a key pathological feature of 
MS associated with inflammation that is wide-
spread, involving the white matter (WM), cortical 
and deep gray matter (GM), and spinal cord [3]. 
Focal inflammatory lesions are associated with 
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Key Points
	1.	 Multifocal demyelinated lesions occur 

in both the white and gray matter of the 
central nervous system (CNS), are pres-
ent early in the disease course, and 
accumulate over time.

	2.	 Active lesions are associated with 
demyelination, axonal injury, gliosis, 
oligodendrocyte destruction, microg-
lial/macrophage activation, and infiltra-
tion of immune cells including 
macrophages and T- and B-cells.

	3.	 Axonal transection has historically been 
described as “relative sparing,” although 
in some chronic lesions up to 80% of 
axons are lost.

	4.	 Secondary pathogenic mechanisms 
including oxidative energy and mito-

chondrial deficits may drive 
neurodegeneration.

	5.	 Although magnetic resonance imaging 
(MRI) is a useful tool in the diagnosis of 
multiple sclerosis (MS), limitations 
exist in discriminating the underlying 
pathology of lesions, e.g., only approxi-
mately 55% of T2-only lesions are 
demyelinated, subpial and intracortical 
lesions are poorly visualized on MRI, 
and individuals with myelocortical MS 
have cerebral white matter lesions on 
MRI without significant cerebral white 
matter demyelination (but do have corti-
cal and spinal cord demyelination).
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neuronal injury and axon/neurite transection [4, 
5]. Neurodegeneration, either as a secondary con-
sequence to focal inflammatory lesions, mediated 
by oxidative injury and energy failure [4], or per-
haps independent of demyelination, contributes to 
clinical disability more significantly than WM 
lesions. Magnetic resonance imaging (MRI), 
while an invaluable tool, may not reflect pathol-
ogy as accurately as we presume; contrary to pop-
ular belief, only 55% of T2-hyperintense lesions 
in patients with MS are demyelinated [6]. Here, 
we detail our current understanding of MS pathol-
ogy, correlations with MRI where applicable, its 
clinical relevance, and gaps in our understanding.

�Lesions

A hallmark of MS is the presence of focal lesions 
characterized by demyelination and neuronal/
axonal injury in the brain and spinal cord [7]. 
Myelin sheaths, produced by oligodendrocytes 
enwrapping axons to promote rapid saltatory 
conduction and trophic support to axons, can be 
extensively lost in demyelinated lesions. A higher 
proportion of myelin is composed of lipids 
(70–85%weight/weight), with the remainder 
being proteins—mainly myelin basic protein 
(MBP), proteolipid protein (PLP), and myelin 
oligodendrocyte glycoprotein (MOG). Myelin 
loss is readily detected by immunohistochemistry 
using monoclonal antibodies to these proteins. 
Chemical staining techniques such as Luxol fast 
blue are limited in that they are poorly able to 
visualize GM demyelination and are not specific 
to demyelination as they can also reflect lipid 
perturbations. Focal demyelinating lesions have 
clearly demarcated margins [8] and occur either 
in perivenular or subependymal/subpial areas. 
Areas with a greater predilection for lesions 
include the hippocampus, lateral ventricles, and 
superficial cortical layers [8].

A second prominent feature of MS lesions is 
neurodegeneration associated with neuronal 
injury (dystrophic neurons and reduced neuronal 
size), axonal pathology (transection and swell-
ing), and synaptic/dendritic changes. “Relative 
sparing” of axons can be misleading as axonal 

loss in chronically demyelinated lesions can 
reach up to 80% [9]. The extent of neuronal loss 
associated with demyelination has been mixed 
[10–12], but neuronal pathology in lesions 
includes neurite transection, shrinking of the neu-
ronal soma, and synaptic stripping [5, 12, 13].

Axonal injury, which has been recognized 
since the early 1900s, is associated with clinical 
disability worsening and is noted in both demye-
linated and remyelinating lesions with high vari-
ability between individuals. Smaller caliber axons 
are more vulnerable [14], and pathology includes 
transection and proximal spheroids [9, 15]. Direct 
mechanisms of injury may include proteases and 
reactive oxygen/nitrogen species (ROS/RNS) 
from activated macrophages/microglia (mØ) in 
close contact and granules released by cytotoxic 
T-cells. Secondary means of injury could be by 
impaired axoplasmic membrane permeability and 
intra-axonal energy failure due to oxidative tissue 
injury and accumulation of respiratory-deficient 
neurons [16–20]. Axonal loss in eloquent areas 
such as the pyramidal tract can cause significant 
clinical disability [21]. Together these processes 
comprise mechanisms of tissue injury that con-
tribute to physical disability.

�White Matter Lesions

White matter lesions (WMLs) gather more atten-
tion as they are readily identifiable as hyperpig-
mented plaques on gross pathology and associated 
with demyelination, inflammation, and axonal 
loss with immunohistochemistry [5, 15]. They 
are commonly located in corpus callosum, cen-
trum semiovale, periventricularly, juxtacorti-
cally/cortically, and in the spinal cord [7, 8]. The 
extent of inflammatory cell infiltration with mØ 
and T-cells, demyelination, and axonal loss var-
ies with the stage of the lesion noted below [22].

Histologically, earlier WMLs are more inflam-
matory than later stage lesions. The majority of 
CD3+ cells (76%) are major histocompatibility 
complex class I (MHC-I) restricted CD8+ T-cells 
and express markers associated with tissue-
resident memory cells [23]. In active lesions, up 
to a third of CD8+ T-cells are granzyme B posi-
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tive, suggesting cytotoxic activity against a yet 
unidentified self-antigen [23, 24]. B-cells 
(CD20+), in contrast, are predominantly in peri-
vascular spaces with a lower number infiltrating 
the lesion parenchyma [23]. These observations 
are common in either relapsing or progressive 
disease courses and even in acute fulminant 
lesions. MHC-I is expressed on inflammatory 
cells and neuroglia [25], and MHC-II is observed 
in activated mØ [26, 27]. The inflammatory 
milieu of the active lesion changes when chronic 
active, characterized by a hypocellular lesion 
center with a rim of activated mØ [23].

Axonal pathology in the WML includes disrup-
tion of axonal transport with spheroids and tran-
section [9]. Proposed mechanisms of acute 
transection include oxidative injury, cytokines, 
and proteolytic enzymes [4, 28]. Chronically 
demyelinated axons likely degenerate due to intra-
axonal energy failure, altered sodium-potassium 
(Na+/K+) ATPase function, and accumulation of 
intra-axonal calcium levels [6, 16, 29].

While MRI has been paramount in the diagno-
sis of MS and monitoring for disease activity, 
there are clear limitations in detecting and stag-
ing lesions. Lesions suggestive of MS on MRI 
are defined by location (periventricular, juxtacor-
tical/cortical, infratentorial, and spinal cord) and 
the presence of gadolinium enhancement (GdE) 
associated with a breakdown in the blood-brain 
barrier seen at the onset of lesion formation. Both 
the presence of GdE lesions and new/enlarging 
T2 lesions are useful in establishing the diagnosis 
of MS and surveillance of disease activity. GdE 
aids in the identification of new lesions on con-
ventional T1 post-contrast images despite being 
relatively insensitive to blood-brain barrier dis-
ruption [30]. It is important to recognize that the 
presence of an MRI lesion does not necessarily 
equate to pathologically identifiable demyelin-
ation. In one analysis, 45% of T2-only 
(T2-hyperintense) and 17% of T2T1MTR 
(T2-hyperintense, T1-hypointense, and reduced 
magnetization transfer ratio) were not demyelin-
ated with postmortem validation [29]. T2T1MTR 
lesions are more likely to be chronic inactive 
(68%) and have reduced axonal density [29]. 
T2-only changes do not always reflect demyelin-

ation, as they can be due to mØ activation and 
non-demyelinating axonal pathology [31]. T2 
lesions that are not apparent on gross pathology 
can include preactive and active demyelinating 
lesions, while grossly visible lesions are often 
chronic inactive [32]. Remyelinated lesions can-
not be discriminated by T2, but using T1 and 
MTR may improve sensitivity [33]. As lesions 
track venous vasculature, a “central vein sign” 
(imaged using T2*-echo planar imaging [34, 35]) 
can be useful to discriminate MS lesions from 
mimics such as microvascular disease, migraine, 
vasculitis, and aquaporin 4-positive neuromyeli-
tis optica spectrum disorder (NMOSD) [36–38].

�White Matter Lesion Classification/
Staging

Histologically, focal lesions can be classified by 
the presence and distribution of inflammation 
(mØ) and the temporal pattern of demyelination. 
Staging lesions with in situ MRI-histopathology 
postmortem correlations provides insight into the 
efficacy of therapeutics—as one would expect 
minimal active lesions in individuals on highly 
effective therapies. More importantly, validating 
conventional and advanced imaging modalities 
with pathology lends to better clinical translation 
with in vivo imaging of myelin and neurodegen-
eration [39]. The lexicon for delineating lesion 
types has evolved over time to be more descrip-
tive and is summarized in Table 8.1 [9, 22, 27, 
40–42]. The use of “early” and “late” activity can 
be noted by mØ-containing myelin degradation 
products: cyclic nucleotide phosphodiesterase 
(CNP), myelin oligodendrocyte glycoprotein 
(MOG), or myelin-associated protein (MAG) in 
early and MBP and PLP in late [22]. Features of 
more recent lesion characterization include a 
description of the extent of inflammation, typi-
cally with mØ, and the presence of ongoing 
demyelination as evidenced by myelin degrada-
tion product inclusions in mØ.

The simplest classification (Bö/Trapp) charac-
terizes lesions as active, chronic active, and inac-
tive based on cellularity, predominantly by mØ 
[27]. The Lucchinetti/Brϋck/Lassmann classifica-
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tion, derived from biopsy and autopsy samples, 
includes myelin degradation products to discrimi-
nate early and late active lesions [26, 42]. 
Recently, Kuhlmann proposed including activity 
without demyelination (myelin degradation prod-
ucts) and “mixed active/inactive” ± demyelin-
ation; smoldering/slowly expanding lesions may 
be included in the latter category [22]. The De 
Groot/van der Valk modification introduces the 
concept of a preactive/early active lesion type 
with mØ clusters in normal-appearing regions 
without demyelination [39]. The Vienna consen-
sus identifies six types based on inflammation as 
well as demyelination by the presence of myelin 
degradation products but is uncommonly utilized. 
For most purposes, the Bö/Trapp and Lucchinetti/
Brϋck/Lassmann methods are sufficient to inter-
pret pathological findings. See Fig. 8.1.

�Gray Matter Lesions

GM pathology correlates with physical disability, 
disability worsening, and cognitive impairment 
more significantly than WM lesion burden but is 
greatly underappreciated due to limitations with 
gross examination and MRI [43–46]. GM demy-
elination involves the cortex, deep GM (hippo-
campus, thalamus, caudate, putamen, amygdala, 
hypothalamus, and substantia nigra), and the spi-
nal cord [47–50]. Grossly, cortical GM demye-
lination does not exhibit characteristic 
hyperpigmentation from marked myelin loss as 
in WM lesions. GM atrophy correlates with clini-
cal disability, can precede WM atrophy, is associ-
ated with GM lesions, and is detectable in 
individuals even with low cerebral WM lesion 
burden [51–54].

Table 8.1  Lesion types characterized by immunohistochemistry for the presence of inflammation and myelin protein 
inclusions

Classification and histological MS lesion staging proposed by the respective groups

Bö/Trapp 1994 
[9, 27]

Vienna consensus 
1997 [40]

De Groot/van der Valk 
1999 [41]

Lucchinetti/Brϋck/
Lassmann 2000 [42]

Kuhlmann/Brϋck/
Lassman 2017 [22]

Active—
hypercellular

Chronic 
active—
hypocellular 
center with 
hypercellular 
rim

Chronic 
inactive—
hypocellular

Inflammatory; 
demyelinating

Inflammatory; not 
demyelinating

Inflammatory rim 
with hypocellular 
center; not 
demyelinating

No inflammation; 
demyelinating(not 
yet observed)

No inflammation; 
not demyelinating

Preactive —abnormal 
WM, HLA-DR+/
CD45+ microglial 
clusters, few 
perivascular 
inflammatory cells, no 
demyelination

Active 
demyelinating—
macrophages with 
myelin inclusions

Active non-
demyelinating—
lacking myelin 
inclusions

Chronic active—
hypocellular center 
with hypercellular rim

Chronic 
inactive—hypocellular

Early active—mØ with 
myelin protein (MOG+/
MRP14+)/lipids

Late active—mØ 
(MRP14−, 27E10+) with 
myelin debris (MBP+, 
PLP+, MOG−)

Inactive—mØ 
(MRP14−, 27E10−) 
with glycolipids 
(PAS+), without myelin 
breakdown products

Early remyelinating—
lymphocytes, mØ, 
thinly myelinated axons

Late remyelinating—
mØ, astrogliosis, thinly 
myelinated axons

Active and early 
demyelinating—mØ 
throughout containing 
myelin degradation 
products (CNP, MAG, 
MOG, MBP, PLP)

Active and late 
demyelinating—
mØ-containing MBP and 
PLP

Active and post-
demyelinating—foamy 
lipid laden mØ lacking 
myelin proteins or LFB

Mixed active/inactive and 
demyelinating—mØ rim 
with hypocellular center 
and mØ-containing 
myelin degradation 
products

Mixed active/inactive and 
post-demyelinating—mØ 
devoid of myelin 
degradation products

Inactive—sharply 
demarcated hypocellular 
lesion with sparse mØ

Abbreviations: LFB Luxol fast blue, mØ microglia/macrophages, WM white matter
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Cortical GM lesions are classified by their ana-
tomic location: leukocortical (type I) lesions span 
the GM/WM interface, intracortical (type II) 
lesions are limited to the cortical GM, subpial (type 
III) lesions are on the surface of the cortex and 
extend to layers III/IV, and “type IV” lesions are 
sometimes used to describe subpial lesions span-
ning the entire width of the cortex and are relatively 
infrequent compared to other lesion types [5]. The 
degree and nature of inflammation and injury is 
variable between these lesion types. In early lesions 
characterized by biopsy specimens, cortical lesions 
are highly inflamed and suggested to precede WM 
demyelination [55]. Leukocortical lesions are seen 
earlier in the disease and typically start from sub-
cortical WM (with greater inflammation) and 
extend into the cortex (with lesser inflammation). 
Intracortical lesions project radially from vessels 
and have less inflammation than leukocortical and 
WMLs [56]. Subpial lesions are the most common 
type of cortical lesion and are unique to MS. These 
lesions can be extensive, involving entire gyri, fre-
quently occur in deep sulci regions, and often have 
clearly demarcated demyelinated lesion borders 
that sharply halt at layer III/IV [9, 50]. Similar to 
WML, subpial lesion borders frequently contain a 
line of activated mØ.

Subpial lesions in deep sulci and WMLs adja-
cent to the lateral and third ventricle suggest a 
role of cerebrospinal fluid (CSF) factors mediat-
ing demyelination. Consistent with this hypothe-
sis are findings of subpial cortical demyelination 
and neurodegeneration correlating to the pres-
ence of meningeal follicle-like structures in a 
cohort of postmortem tissue from the UK 
Multiple Sclerosis Tissue Bank from donors with 
an aggressive disease course [57, 58]. In patients 
with a secondary progressive (SP) course, a gra-
dient of neuron, astrocyte, and oligodendrocyte 
loss associated with follicle-like structures in 
low-flow sulci regions was observed, suggesting 
the role of yet unidentified soluble factors in 
mediating neurodegeneration [11]. Additionally, 
subpial demyelination was noted in association 
with persistent leptomeningeal enhancement 
(LME) in biopsy specimens from two subjects 
with MS [59]. Others have failed to replicate 
these findings, however, and found no correlation 
between meningeal inflammation and subpial 
lesions, nor cortical demyelination and neuronal 
loss [44, 60, 61]. In one report, meningeal inflam-
mation was similar across myelinated and demy-
elinated associated subpial regions [60]. There is 
considerable debate as to the cellular organiza-

a b

c d

e f

Fig. 8.1  Classification 
of white matter 
demyelinating lesions 
using 1994 Bö/Trapp 
staging (see Table 8.1). 
Areas of perivascular 
demyelination were 
identified with 
proteolipid protein 
(PLP) staining (a, c, e) 
in 30 μm free floating 
sections of MS thalamic 
tissue. Staining for 
activated microglia/
macrophages (MHC 
class II; b, d, f) is 
useful for identifying 
cellularity. Active 
lesions (a, b) are 
hypercellular, chronic 
active lesions (c, d) 
have a rim of 
hypercellularity (d), 
and chronic inactive 
lesions are hypocellular 
(e, f)
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tion of leptomeningeal inflamed regions and what 
degree aggregates of immune cells constitute a 
“follicle-like” structure. It has been suggested 
that such discrepancies could be due to cohort 
differences and methods of analysis [62]. LME 
on MRI was noted in 17% (40/240) of individu-
als with MS [59]. Furthermore, the presence of 
LME in a longitudinal study was associated with 
GM and cortical atrophy, and subjects with LME 
had a longer disease duration and greater disabil-
ity [63, 64].

A clear unmet need is reliable imaging of cor-
tical pathology. Ultrahigh field 7 Tesla (7 T) MRI 
and sequences such as 3D T1 magnetization-
prepared 2 rapid gradient echo (MP2RAGE) have 
improved detection of cortical lesions. Using 7 T 
MRI with postmortem validation, 100% of leu-
kocortical (type I), 11% intracortical (type II), 
32% of subpial extending partially through the 
cortex (type III), and 68% of subpial extending 
the length of the cortex (type IV) lesions are 
detected [65].

�Atypical Demyelinating Lesions

Some atypical lesions in patients with MS include 
Balo’s concentric sclerosis and tumefactive 
lesions. Balo’s is characterized by WMLs with 
alternating concentric rings of demyelination and 
non-demyelinated regions associated with T-cell 
and mØ inflammation and hypoxia-like tissue 
injury [8, 66, 67]; no GM lesions have been noted 
[68]. Tumefactive lesions are greater than 2 cm 
with perilesional edema and/or ring enhancement 
mimicking a malignant glioma or cerebral 
abscess [69] and are hypercellular with atypical 
reactive astrocytes and mitotic figures.

�Neurodegeneration

Clinical symptoms such as cognitive impairment 
and fatigue as well as the accumulation of dis-
ability, particularly in progressive courses, are 
frequently attributed to neurodegeneration 
including neuronal injury and axonal transection. 
For example, deep GM atrophy, particularly tha-
lamic, occurs at a greater rate attributable to MS 

earlier in the disease course, and later the contri-
bution of age-related atrophy matches or exceeds 
MS-related atrophy [70]. While its precise etiol-
ogy remains elusive, neurodegeneration (neuro-
nal and axonal injury) can be directly mediated 
by cytokines and ROS/RNS or indirect conse-
quences of chronic demyelination such as mito-
chondrial dysfunction and antero-/retrograde 
degeneration [16, 71, 72]. This is suggested by 
observations in pediatric-onset MS of WML bur-
den (T2-lesion volume) correlating with thalamic 
atrophy [73] and limited brain growth [74]. 
Primary neurodegeneration with loss of neurons 
and axons independent of demyelination is 
another proposed mechanism.

The spectrum of axonopathy in WML ranges 
from impaired axonal transport of proteins/
organelles (amyloid precursor protein accumula-
tion and spheroid structures) and impaired fast 
axonal transport (nonphosphorylated neurofila-
ment heavy chain/SMI-32 immunoreactivity) to 
irreparable axonal transection and the presence 
of terminal axonal ovoids distal to site of injury 
[9, 75]. The degree of axon loss in WMLs corre-
lates with the extent of peripheral immune or 
resident glial inflammation [9, 15]. Anterograde 
axonal loss by Wallerian degeneration can occur 
in normal-appearing WM either adjacent or distal 
to the lesion and occurs early in MS as evidenced 
by pathologic and MRI studies [76–79].

GM normal-appearing and demyelinated 
areas are associated with neurite transection, syn-
aptic and dendritic loss, and reduced neuron size 
without clear evidence of neuronal loss [13]. Up 
to 79% of hippocampi in cohort exhibited demy-
elinating lesions with reduced synaptic density, 
neuronal proteins essential for synaptic plasticity, 
and reduced glutamate neurotransmission, with-
out a significant decrease in neuronal count [80, 
81]. These observations are consistent with 
altered hippocampal MRI measures correlating 
with memory dysfunction [82].

�Myelocortical MS

Contrary to dogma, both WM and GM exhibit 
areas of demyelination [71, 83], and only approx-
imately half of MRI T2-only lesions in patients 
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with MS are demyelinated [29]. Recently, a new 
subtype of MS, termed myelocortical MS 
(MCMS), has been identified with the applica-
tion of a rapid postmortem in situ MRI with 
immunohistochemistry [61]. Both patients with 
typical MS (TMS) and MCMS had similar 

appearing cerebral WM T2-weighted fluid-
attenuated inversion recovery (FLAIR)-lesion 
burden on MRI (Fig. 8.2a–d) and had severe dis-
ability (mean expanded disability status scale 
[EDSS] > 8.0). However, subjects only had 
demyelination of the spinal cord and cerebral 

a b

c d

e f

Fig. 8.2  A novel 
subtype of multiple 
sclerosis (MS), termed 
“myelocortical,” is 
characterized by cortical 
and spinal cord 
demyelination without 
significant cerebral 
white matter 
demyelination. 
Distribution of MRI 
FLAIR lesions is 
comparable between 
typical (a, c) and 
myelocortical (b, d) MS, 
but no apparent 
demyelination is noted 
on gross examination (e 
and f, respectively) or 
with 
immunohistochemistry 
for myelin using PLP 
(not shown). MRI 
images are shown in 
radiological convention 
(left side of screen 
represents right 
hemisphere); both axial 
(a, b) and coronal (c, d) 
orientations for the 
subjects shown in gross 
images are depicted to 
appreciate lesion 
distribution. (e, f: 
Reprinted with 
permission from Trapp 
et al. [61])
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cortex without any significant cerebral WM 
demyelination observed grossly (Fig.  8.2f) and 
histologically. MRI regions of interest were 
selected for greater demyelination and axonal/
neuronal injury—T2T1MTR rather than T2-only 
areas [29]. These T2T1MTR regions in patients 
with MCMS however lacked significant demye-
lination and did not have any T- or B-cell infiltra-
tion but had swollen myelinated axons.

Compared to MCMS, TMS had more WM 
and GM atrophy and spinal cord demyelination. 
A striking observation from this study was the 
reduction in neuronal densities in five cortical 
regions not directly connected to the spinal cord 
in layers III, V, and VI in MCMS compared to 
control; significant differences were only 
observed between TMS and control in layer V. In 
all layers, neuronal densities trended lower in 
MCMS compared to TMS. Confirming previous 
work, cortical neuronal loss did not correlate 
with subpial cortical demyelination in either 
MCMS or TMS [12]. Neuronal loss in MCMS 
was not explained by cerebral WM or cortical 
demyelination, supporting the concept that corti-
cal neurodegeneration can occur independent of 
cerebral WM demyelination [29].

�Oxidative Tissue Injury 
and Mitochondrial Deficits

Oxidative damage and mitochondrial dysfunc-
tion can mediate axonal pathology and neurode-
generation (reviewed in [16, 84]). Oxidative 
injury, iron accumulation, energy failure, and 
impaired ion channels are all potential mecha-
nisms of axonal and neuronal injury, which could 
occur independently or due to inflammatory 
lesions.

An example of oxidative damage is the 
production of ROS by upregulation of the 
nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase 2 catalytic subunit (NOX2). 
NOX2 upregulation is observed on mØ in pre-
active lesions, diffusely in active demyelinating 
lesions, and in the rim of chronic active lesions 
[85, 86]. The release of iron from demyelinat-
ing axons, demonstrated by iron deposition and 

changes in iron homeostasis, is another example 
[87, 88]. Oxidative injury can be amplified by 
liberation of ferric iron (Fe3+) from myelin loss 
and oligodendrocyte death [87], reduction to 
ferrous iron (Fe2+) by a superoxide anion, and 
production of highly reactive hydroxyl radi-
cals after combination with hydrogen peroxide 
(Fenton reaction) [89].

Collectively, ROS/RNS cause metabolic 
stress, deoxyribonucleic acid (DNA) alkylation, 
and peroxidation of phospholipids and proteins 
[90]. Oxidative injury is extensively observed in 
oligodendrocytes, neurons, myelin, and axons 
[4], and markers of oxidative insult coincide with 
upregulation of antioxidant enzymes [4, 28].

A functional consequence of oxidative stress 
and tissue injury is mitochondrial dysfunction 
and consequent disease progression [6, 91–94]. 
Reduced energy production occurs by disruption 
of the mitochondrial respiratory chain which 
involves oxidative phosphorylation of adenosine 
diphosphate to adenosine triphosphate (ATP) 
[95]. Due to the lack of protective histones, 
mitochondrial DNA (mtDNA) is particularly 
susceptible to oxidative stress leading to dele-
tions and point mutations that may be propa-
gated during clonal expansion. Lesions have 
neurons functionally deficient in mitochondrial 
respiratory chain complex IV and mtDNA dele-
tions throughout the GM [6, 91]. Furthermore, 
deceased ATP production causes dysfunction of 
the Na+/K+ ATPase, which leads to a reversal of 
the axolemmal Na+/Ca2+ exchanger, increased 
intracellular calcium, and consequently axonal 
degeneration. Demyelinated axons in chronic 
lesions have a 50% reduction in Na+/K+ ATPase 
expression [16, 96]. Histotoxic hypoxia, an 
impaired ability to uptake oxygen, has also been 
described in lesions as a consequence of mito-
chondrial injury and a potential contributor to 
neurodegeneration [96].

�Distinctions Between Relapsing 
and Progressive MS

The clinical course of MS is heterogeneous, and 
there are several patterns of disease phenotypes 
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characterized based on progression of disability 
[97]. Of MS patients, 85% start with a relapsing 
remitting (RR) disease course, and half of those 
individuals will transition to a SP course after 
10–15  years. From onset, 15% of MS patients 
have a primary progressive (PP) course. 
Postmortem analysis of 185 subjects with PP and 
SP with 3188 tissue blocks with 7562 lesions 
shows similar lesion activity and lesion load [98]. 
While no differences in lesion pathology were 
noted, a greater lesion burden and a greater pro-
portion of mixed active/inactive lesions at time of 
death was associated with a faster clinical dis-
ability worsening (time to EDSS 6). Consistent 
with these findings, subjects with RR had lower 
lesion load and a greater proportion of lesions 
with remyelination.

�Conclusion

Pathological analysis of postmortem and biopsy 
tissue has fundamentally shaped our understand-
ing of MS and has provided valuable insight to 
advance therapeutic discovery and disease moni-
toring. A postmortem donation program for the 
procurement of tissue with in situ and post-fixed 
co-registered MRI, as well as clinical character-
ization, is vital in advancing our knowledge of 
MS pathology and clinical disability worsening. 
Postmortem validation of advanced MRI 
sequences striving for quantification of myelin 
and axonal perturbations will be necessary as 
biomarkers of neurodegeneration for clinical 
in  vivo applications and outcome measures in 
clinical trials targeting inflammation and 
neurodegeneration.
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�Introduction

Multiple sclerosis (MS) is strongly linked to the 
immune system via multiple lines of evidence, 
which we will describe in this chapter. The neu-
ropathology, genetics, cerebrospinal fluid (CSF) 
abnormalities, and beneficial responses to treat-
ments that dampen the immune system, all sup-
port a link to the immune system, especially the 
cellular immune system. The neuropathology of 
most active MS lesions includes mononuclear 
inflammatory cell infiltration, antibodies, com-
plement, and soluble immune mediators such as 
cytokines and chemokines (see Chap. 8 for 
pathology of MS) [1, 2]. International studies of 
MS genetics have identified associations of risk 
of MS with variants of multiple genes that encode 
immune system components (see Chap. 11 for 
genetics of MS) [3]. Although MS clearly 
involves the immune system, whether MS is an 
autoimmune disease has not been definitively 
proven.

Lessons regarding the immunology of MS 
have been learned, sometimes by accident, from 
clinical trials. An ill-fated clinical trial of inter-
feron gamma (IFNγ[gamma]) led to clinical 
relapses in people with relapsing-remitting MS 
(RRMS). This study implicated interferon 
gamma in relapse induction. Additionally, a trial 
testing varying doses of altered peptide ligands of 
myelin basic protein (MBP) led to relapses with 
enhanced T cell responses to MBP peptide 83–99 
[4]. The apparent induction of relapses with 
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Key Points
	1.	 Multiple sclerosis (MS) is thought to be 

an autoimmune disease, but this is 
unproven and no single autoimmune 
target has been identified in MS.

	2.	 Central nervous system (CNS) injury in 
MS results from an amalgamation of 
innate and adaptive immune responses—
B cells, CD4 and CD8 T cells, and 
innate immune cells (such as mono-
cytes, macrophages, and dendritic cells 
[DCs]), each contributes to the damage.

	3.	 Resident central nervous system cells, 
such as microglia and astrocytes, as 
well as cells infiltrating from the periph-
ery, contribute to the pathogenesis of 
MS.

	4.	 Lymphoid and innate immune system 
responses can contribute to regulation 
of the immune response during MS.
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higher doses of altered MBP peptide added sup-
port to the notion that MS is truly autoimmune.

�Part 1. The Adaptive Immune 
System in Multiple Sclerosis: T 
and B Cells

The human immune system has two major divi-
sions: the innate and the adaptive components. 
The adaptive immune system responds in a 
highly specific manner to specific antigenic tar-
gets (such as infectious agents) it encounters, 
developing “memory” for subsequent exposures 
and thereby protecting against future exposures 
to the same agent. The adaptive immune system 
consists primarily of T lymphocytes and B lym-
phocytes and their products (see Chap. 1). 
Despite the stringent mechanisms to eliminate 
and control autoreactive T and B cells, evidence 
indicates that healthy humans harbor such cells 
[5]. CD4 and CD8 T lymphocytes reactive to 
“self” myelin antigens (MBP, proteolipid protein 
[PLP], and myelin oligodendrocyte glycoprotein 
[MOG]), or neuronal antigens have been detected 
in similar numbers in healthy controls and in MS 
patients. However, many studies have pointed 
toward altered and more activated phenotypes of 
such self-reactive cells in people with MS versus 
healthy controls (reviewed in [6]). MS patients 
harbor more previously activated T cells that rec-
ognize several different myelin components, 
including myelin basic protein [7, 8], proteolipid 
protein [9], and myelin oligodendroglial cell pro-
tein, than healthy controls.

Current evidence strongly points toward T 
cells as playing a central role in MS pathogene-
sis. Among the lines of evidence implicating T 
cells in MS pathogenesis is that they are promi-
nently present in active MS lesions in the central 
nervous system (CNS). The main T cell subsets 
are CD4 T lymphocytes, also called helper T 
cells (Th), and CD8 T lymphocytes, also known 
as cytotoxic T cells. Both types of T cells have 
been implicated in MS pathogenesis. CD4+ and 
CD8+ T cells are each present in active MS 
lesions, but are distributed differently [10]. In 
most studies CD4+ T cells are present at the lead-

ing edges of lesions, as well as in the center and 
with a few CD4+ T cells in the parenchyma of the 
CNS, whereas CD8+ T cells are mainly at the 
border of lesions [11]. The concentrations of 
CD4+ T cells and the number of CD8+ T cells 
present in MS lesions are each correlated with the 
degree of axon loss [12]. CD8+ T cells dominate 
in numbers within active lesions, as shown in 
several studies [13]. These CD8+ T cells are 
clonally expanded, which supports the notion 
that they are undergoing an antigen-driven 
response [14].

T cell lineages and their development are 
extremely complex and still being elucidated. 
CD4+ and CD8+ T cells are the two main types 
of T cells, most of which express a T cell receptor 
(TcR) comprised of an alpha and beta subunit, 
and the CD3 signaling protein is also part of the 
TcR complex. Both CD4+ and CD8+ T cells rec-
ognize their antigenic targets only as processed 
peptide antigens that are presented in context of 
major histocompatibility complex (MHC) class 
II or MHC class I molecules on antigen present-
ing cells (APCs), respectively. Subsets of CD4+ 
and CD8+ T cells can have many different func-
tions, such as effector functions, antigen-specific 
memory, and immune system regulation.

�CD4+ T Cells

The main human gene associated with increased 
risk of MS is MHCII. Having one copy of HLA 
(human leukocyte antigen) DRB1*1501 or 1503 
confers a two to threefold risk of MS develop-
ment. As MHCII is required for antigen presenta-
tion to CD4+ T cells, this implicates CD4+ T 
cells in MS.  Another key finding implicating 
CD4+ T lymphocytes in MS is that CD4+ T cells 
are sufficient to induce the primary animal model 
for MS, experimental autoimmune encephalomy-
elitis (EAE). EAE can be transferred to naïve 
syngeneic recipient animals (often mice) of sus-
ceptible strains by CD4+ T cells that target sev-
eral different myelin antigens, including MBP, 
PLP, and MOG.

In MS, CD4+ T cells of differing subtypes 
likely play both effector roles and regulatory 
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roles. CD4+ T cells subtypes can be defined by 
their expression of transcription factors, cyto-
kines, and their distinct functions. T helper (Th) 
1, Th2, Th17, and T-regulatory (T-reg) cells are 
the main CD4+ T cell subtypes. Th1 and Th17 
cells are each independently capable of inducing 
EAE [15]. CD4+ Th2 cells do not induce 
EAE. Notably, the identity of Th cells as Th1 ver-
sus Th17 is not fixed—cells can shift from one 
subtype to the other depending upon cytokine 
milieu.

Despite the unequivocal role of CD4 T cells in 
the development of EAE, proving their role in 
human MS has been more difficult. Anti-CD4 
depleting antibody therapy did not produce any 
clinical benefits in MS patients, although it is 
possible that studies thus far have been under-
powered to detect an effect [16–18]. However, 
more recent larger studies with monoclonal anti-
bodies targeting Th1 and Th17 cells are in accord. 
Recent appreciation of the contribution of non-T 
lymphocytes, in particular B cells, in MS patho-
genesis has focused attention away from T cells.

�Th1 Cells

Th1 cells are a subtype of CD4  +  T cells that, 
upon activation, secrete interleukin-2 (IL-2), 
IFNγ(gamma), and tumor necrosis factor-alpha 
(TNFα[alpha]). Naïve T cells become polarized 
toward Th1 cells in the presence of IL-12, which 
is mainly produced by myeloid lineage cells. 
T-bet is an essential and specific transcription 
factor for Th1 cell development in mice. As with 
all CD4+ T cells, Th1+ cells recognize processed 
antigen that is presented by another cell (the 
APC) in context of MHC class II. Several groups 
of investigators have shown that myelin-specific 
CD4 Th1 cells secreting IFNγ(gamma) are suffi-
cient to transfer EAE into naïve mice [20, 21]. 
Moreover, mice lacking T-bet are resistant to 
EAE, confirming the key importance of Th1 type 
CD4+ T lymphocytes in EAE induction [19].

The role of Th1 cells in MS is less clear than 
it is in murine EAE, although a strong associa-
tion of Th1 cells with MS has been observed. 
Th1 cells are present in increased numbers in 

MS lesions and in MS CSF compared with con-
trol tissues/CSF.  Activated Th1 cells secrete 
copious amounts of IFNγ(gamma), which was 
shown to be deleterious in relapsing MS in an 
ill-fated study treating RRMS patients with 
exogenous IFNγ(gamma) [21]. On the other 
hand, TNFα(alpha), which is produced chiefly 
by activated macrophages but is also produced 
by CD4 Th1+ lymphocytes (and other cells such 
as natural killer [NK] cells, neutrophils, mast 
cells, and eosinophils), may be protective in MS 
based on data demonstrating neutralization of 
TNFα(alpha) in people with MS leading to clini-
cal relapses [22].

�Th17 Cells

Th17 cells represent a more recently described 
CD4+ T cell lineage that is distinct from the Th1 
and Th2 phenotypes [23, 24]. It appears that 
Th17 and Th1 cells may each play critical but dif-
ferent roles in EAE pathogenesis and, by exten-
sion, in MS. Recent evidence indicates that the 
cells responsible for inducing inflammation in 
many EAE mouse models are Th17 cells. In 
EAE, it has been proposed that a first wave of 
Th17 cells enter the CNS through the choroid 
plexus and trigger the entry of a second wave of 
T cells that migrate in large numbers into CNS by 
crossing activated parenchymal vessels [25].

Despite IL-17 mRNA first being reported in 
MS lesions in 2002, the roles of Th17 cells and 
their soluble products (IL-17, IL-21, and IL-22) 
in the pathogenesis of MS are yet to be fully elu-
cidated [26]. During MS relapses, T cells char-
acterized by Th17 expression are seen at 
increased frequency. Th17 cells may be more 
critical than Th1 cells for MS lesion develop-
ment, although Th1 cells are tenfold more 
numerous than Th17 cells in the CSF and periph-
eral blood of MS patients. Evidence also exists 
that the two T cell subtypes are not strictly sepa-
rate, with some CD4+ T cells present in MS 
lesions expressing both IL-17 and IFNγ(gamma) 
[27]. One interesting study showed expression of 
IL-17 receptors on human blood-brain barrier 
(BBB) endothelial cells in MS lesions, which 
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would be expected to promote Th17 cell migra-
tion across the BBB [28].

The key soluble modulator IL-23, together 
with IL-6, transforming growth factor beta (TGF-
β[beta]), and IL-21, leads to the differentiation, 
activation, and expansion of Th17 cells [29–31]. 
The transcription factor that specifically defines 
the Th17 subtype is retinoid-related orphan 
receptor-γ(gamma)t (ROR-γ[gamma]t) [31]. 
Elevated concentrations of sodium may be 
another trigger of development of pathogenic 
Th17 cells [32]. In an important study, it was 
noted that a high-salt diet in mice induced to 
develop EAE-enhanced Th17 responses and 
worsened clinical and histological EAE severity 
compared with mice on a regular diet [33]. 
Perhaps the modern world’s typical high-salt diet 
is an environmental factor leading to increased 
risk of developing the disease via enhancing 
Th17 cells [34, 35].

Notably, a clinical trial has shed doubt on the 
importance of Th1 cells and Th17 cells in MS 
pathogenesis. Treatment with ustekinumab, a 
monoclonal antibody targeting the IL-12/IL-23 
p40 chain, which is common to both IL-12 and 
IL-23 (cytokines required for differentiation of 
Th1 and Th17 cells, respectively), failed to stop 
magnetic resonance imaging (MRI) activity in 
RRMS patients in a multi-center phase 2 study 
[36].

�Th2 Cells

CD4+ Th2 cells are particularly important in 
humoral immunity in humans. Th2 cells secrete 
IL-4, IL-5, IL-10, and IL-13, and they do not 
alone induce EAE [37]. In fact, several different 
studies indicate a regulatory role of Th2 cells in 
MS and in the EAE model. This may be via pro-
duction by Th2 cells of immunoregulatory cyto-
kines such as IL-4 and IL-10, and/or neurotrophic 
factors [38, 39]. Treatments that increase Th2 
over Th1 cells tend to ameliorate EAE, and by 
inference possibly MS [40]. A relative enhance-
ment in Th2 cells over Th1 cells is thought to be 
a mechanism of action of glatiramer acetate in 
RRMS patients [41].

�T Follicular Helper (Tfh) Cells

T follicular helper (Tfh) cells constitute a subset 
of CD4 T cells that is essential for generation of 
memory B cells [42]. Tfh cells produce IL-21, a 
cytokine that supports the development of high 
affinity B cells in germinal centers. Bcl-6 is the 
transcription factor essential for Tfh cell genera-
tion in  vivo [43]. Tfh cells express CXCR5, a 
chemokine receptor for CXCL13, which also is a 
chemoattract of B cells.

Tfh cells are found in ectopic lymphoid folli-
cles (ELFs) that are frequently found at sites of 
chronic inflammation, including in the CNS of 
MS patients [44]. These collections are defined 
by the co-localization of Tfh cells, proliferating 
B cells, and CXCL13. Since Tfh cells (and other 
cell types such as B cells) express CXCR5, the 
presence of high concentrations of CXCL13 pro-
motes Tfh cell migration into lymphoid follicles. 
Excessive concentrations of CXCL13 have been 
consistently found in CSF of MS patients, which 
would perhaps encourage ELF formation and 
maintenance [45]. ELFs are most commonly seen 
in deep meningeal recesses in progressive MS 
patients; their importance is underscored by their 
association with worse MS prognosis [46].

�CD8+ T Cells

CD8+ T cells are found in larger number within 
active lesions than CD4+ T cells, as shown in 
several studies. CD8+ T cells in MS lesions are 
clonally expanded, which supports an antigen-
driven response [14]. The number of CD8+ T 
cells present in MS lesions is associated with the 
degree of axon loss [47]. Together, these findings 
suggest that CD8+ T cells play an important role 
in the human disease. In contrast to CD4+  T 
cells, CD8+ T cells recognize their cognate anti-
gen in context of MHC class I. Compared with 
MHCII, MHCI can be expressed on a far larger 
range of cell types, including oligodendroglial 
cells and even neurons [48].

Normal mice harbor CD8+ MHC class I–
restricted cytotoxic T cells that recognize 
MBP.  These cells can also transfer an autoim-
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mune encephalomyelitis, which is somewhat dif-
ferent from the CD4+ T cell–mediated EAE 
because the cerebellum, rather than the spinal 
cord, is a main target [49]. Thus far, no studies 
specifically depleting CD8+ T cells have been 
done in MS patients to our knowledge.

�Regulatory T Cells (T-regs)

Self-tolerance toward myelin antigens is clearly 
maintained in normal healthy people. Active 
suppression of T cells reactive with self-antigens 
by T-regs plays a critical role in the maintenance 
of this self-tolerance in vivo [50]. CD4+ T-regs 
are defined by high expression of the IL-2 recep-
tor (CD25) and expression of the FoxP3 tran-
scription factor. CD4+ T-regs secrete the 
immunoregulatory cytokine IL-10 and are pro-
tective against EAE [51]. However, despite 
numerous studies, it remains controversial as to 
whether T-regulatory cells are reduced in num-
ber or function in MS patients compared with 
healthy controls. Overall, studies to date do not 
consistently show altered numbers of T-regs in 
people with MS.  Some studies have indicated 
that T-regs are dysfunctional in MS, but this will 
require confirmation [52].

�B Cells and Their Products

B cells have long been implicated in MS patho-
genesis. Excessive B cells are commonly noted in 
MS CSF [52–54]. Yet, B cells are far less com-
mon in MS brains than T cells, and they are 
mostly localized around vessels in active lesions 
and rarely in CNS parenchyma. Nonetheless, the 
number of B cells in MS lesions has been corre-
lated to the degree of axon loss [55]. Also, several 
groups of investigators have identified clonal 
overlap between B cell receptor sequences in 
peripheral blood, MS brain parenchyma, menin-
geal ELFs, and CSF, which indicates trafficking 
between these compartments [55–57].

Immunoglobulins (Ig), the product of B cells 
and of plasma cells (which differentiate from B 
cells), have been identified in excess in MS CSF 

and in MS CNS tissues for many decades [58]. 
Excessive oligoclonal immunoglobulins in CSF 
are used in MS diagnosis [59]. Plasma cells are 
found both in perivascular regions and in tissue 
parenchyma, often in large numbers, and even in 
inactive disease [60].

It was the advent of monoclonal antibodies 
that specifically deplete circulating B cells that 
led to the decisive establishment of a critical role 
of B cells in MS pathogenesis. Studies of four 
different monoclonal antibodies that lyse CD20+ 
B cells, rituximab, ocrelizumab, ofatumumab, 
and ublituximab have all shown a rapid and pro-
found reduction in clinical relapses and in 
gadolinium-enhancing lesions on MRI. 
Interestingly, almost all other approved disease-
modifying treatments for relapsing MS reduce B 
cells, especially memory B cells [61]. It is not 
known if the major role of B cells occurs in the 
CNS, the peripheral immune system, or both.

Exactly how B cells exert a pathogenic role in 
MS is not fully understood. Although B cells 
make antibody and differentiate into plasma 
cells, which make the majority of antibodies, 
reduction in antibody production is unlikely to be 
related. This is because the rapid reduction in MS 
activity seen after B cell depletion in the periph-
eral blood occurs prior to any reduction in IgG, 
IgM, or IgA levels in blood or CSF [62]. B cells 
are a source, directly or indirectly, of several key 
cytokines and chemokines that appear key to MS 
activity, and reduction in these factors may be 
part of why B cell depletion is so effective in 
relapsing MS [62–64]. Moreover, B cells are 
highly effective APCs for autoimmune CD4+ T 
cells, including T cells that recognize MBP and 
MOG—two CNS myelin proteins that are 
believed to be targets in MS [65]. A likely role 
that B cells play in inciting MS disease activity is 
through presentation of self-antigen to CD4+ T 
cells, and enhancing inflammation and recruiting 
other inflammatory cells via production of cyto-
kines and chemokines. Also, as noted before, 
proliferating B cells, as well as TfH cells and 
CXCL13, are associated with ELFs in the menin-
ges in MS patients. ELFs are associated with 
more aggressive clinical MS and earlier death 
from MS [66].
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�Part 2: The Innate Immune System 
in Multiple Sclerosis

Several innate cell subtypes participate in the 
inflammatory changes that occur during 
MS.  Historically, the characterization of MS 
plaques focused on phagocytic cells in active and 
chronic active lesions or “plaques” [67–69]. 
Macrophages have been observed to participate 
in the destruction of intact myelin within MS 
plaques. In fact, CD68+ macrophages are found 
in great abundance within active plaques [70], 
often engorged with lipids after stripping myelin 
from axons [71]. This effector process is thought 
to occur in concert with infiltration of monocytes 
from the periphery [71, 72] but has also been 
ascribed to endogenous microglial cells [74]. 
Microglia, rather than macrophages, preferen-
tially express triggering receptor expressed on 
myeloid cells 2 (TREM2) within the CNS [75], 
enabling clearance of debris by microglia [76] 
and potentially contributing to their activation 
status [77]. Other functional distinctions between 
microglia and macrophages include differential 
production of distinct chemokines and cytokines, 
antigen processing and presentation, and response 
to aging [77, 78]. These differences may contrib-
ute to the relative timing and impact on myelin 
injury caused by macrophages and microglia dur-
ing the genesis of MS lesions. Overall, phago-
cytic innate cells belonging to several cellular 
subtypes contribute to the end effector stages of 
myelin destruction in MS.

Macrophages and microglia also mediate axo-
nal damage concomitant with, and ensuing, 
myelin injury [79, 80]. During formation of MS 
lesions, many microglia transition from a role in 
maintaining axonal integrity at steady state [81, 
82] to exerting direct inflammatory damage to 
axons [83, 84]. Macrophages are also often asso-
ciated with axonal injury in MS lesions [86]. 
Correlations between axonal damage in MS 
plaques and the density of human leukocyte anti-
gen-DR+ (HLA-DR+) macrophages/microglia 
suggest a causal relationship [55]. Mechanisms 
of axonal damage by innate cells in MS lesions 
include production of reactive oxygen and nitro-
gen species, proteases, and complement [87]. 

Whether these same mechanisms contribute to 
the neuronal changes in cortical and deep grey 
matter in MS has yet to be definitively 
demonstrated.

�Macrophages

Similar to distinct polarization states of T cells, a 
dichotomy of macrophage polarization has been 
described. Macrophages have been categorized 
into M1 and M2 phenotypes [88]. Although this 
dichotomy represents an oversimplification, it 
can be used to broadly distinguish between mac-
rophages (M1) which exhibit pro-inflammatory 
properties, including expression of IL-1β(beta), 
TNFα(alpha), and inducible nitric oxide syn-
thase (iNOS), as well as up-regulation of MHCII 
and co-stimulatory molecules [89]. M1 markers 
have been detected in MS lesions, including 
iNOS and CD40 [89, 90, 91]. Using animal 
models of MS, blockade of macrophage co-stim-
ulation [92, 93] or use of iNOS inhibitors [94–
96] has reduced the severity of disease, 
implicating M1 macrophages in the pathogene-
sis of neuro-inflammation.

In contrast, M2 macrophages (also termed 
“alternatively activated” macrophages) are 
defined by the production of suppressive cyto-
kines and the tendency to propagate anti-
inflammatory adaptive immune responses [89]. 
M2 macrophages emerge in greater numbers 
after the peak of EAE, gradually replacing M1 
macrophages. In the later phases of EAE devel-
opment, M2 macrophages presumably quell the 
inflammatory milieu but also promote healing 
[96, 97]. M2 macrophages are identified by the 
production of cytokines such as IL-4, IL-13, and 
IL-10 and the expression of arginine (Arg) [98]. 
Segal and colleagues describe the accumulation 
of Arg1+ myeloid cells in the CNS that are sig-
nificantly impaired in antigen presentation to 
CD4 T cells [99]. Myelin-containing macro-
phages within MS lesions have been shown to 
express M2 traits, suggesting that, once damage 
is done, macrophages can revert to a suppressive 
state [78]. The strict delineation between M1 and 
M2 macrophages is probably an oversimplifica-
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tion in  vivo. For example, a majority of foamy 
macrophages present in active demyelinating 
lesions express both M1 and M2 markers [100]. 
Further, a true division of macrophage polarity 
and function has been questioned in part because 
a singular set of gene expression representing one 
or the other state (M1 vs. M2) has never been 
clearly demonstrated in vivo [101]. Nevertheless, 
subgroups of macrophages are critical for the 
crescendo as well as resolution of inflammation 
targeting the CNS during MS, and macrophages 
are recognized as participating in both myelin 
injury and removal throughout the genesis and 
repair of an MS lesion. Overall, it should be rec-
ognized that macrophages likely exhibit a broad 
and possibly fluid spectrum of function in MS.

�Microglia

Traditionally, microglial contributions to CNS 
injury, including during MS lesion genesis, occur 
after activation. “Resting” microglia are charac-
terized by ramified processes with dynamic prob-
ing activity [102]. In contrast, activated microglia 
are rounded/amoeboid in shape and exhibit 
inflammatory features, including up-regulation 
of MHCII, production of nitric oxide (NO), and 
enhanced phagocytosis [103]. The cues respon-
sible for activation of microglia are wide-ranging 
and remain undefined in MS [73, 103]. Like mac-
rophages, microglia have been classified into M1 
and M2 polar states [87, 104, 105]. This distinc-
tion is controversial for several reasons [106], 
including the idea that microglia are adapted spe-
cifically to their microenvironment and that indi-
vidual microglia may exhibit a multitude of 
different functional phenotypes. Nevertheless, 
microglia can produce a variety of pro-inflamma-
tory cytokines and chemokines, such as TNF-
α(alpha), IL-6, IL-23, and IL-1β(beta), along 
with reactive oxygen species [106, 107]. In part 
via these soluble molecules, microglia can 
orchestrate pro-inflammatory T cell function 
in  vivo, resulting in amplification of adaptive 
responses within the CNS [108, 109]. In contrast, 
microglia can also exhibit reparative qualities. 
For example, soluble factors produced by microg-

lia promote proliferation and differentiation of 
oligodendrocytes [110] and promote remyelin-
ation of lesions in EAE [111]. Additionally, 
microglia may possibly induce the development 
of T-reg, leading to the suppression of inflamma-
tory responses targeting the CNS [112]. Hence, 
microglia are capable of a wide range of immune 
responses, including phagocytic activity, produc-
tion of soluble immune factors, and coordination 
of T cell responses that can both damage and 
repair CNS tissue in MS.

Consideration for how each subgroup of 
innate cells contributes to MS lesion formation 
and resolution must account for the barriers 
between the periphery and CNS. Macrophages of 
hematopoietic origin must traffic into the CNS 
compartment to exert myelin damage in MS. The 
dynamic interplay between the many different 
immune cell subsets, including peripheral innate 
and adaptive cells, is depicted in Fig.  9.1 with 
particular attention to the blood-brain barrier. 
Microglia share surface expression of markers 
with several myeloid-derived innate cell popula-
tions, including CD45, CD11b, CX3CR1, and 
F4/80 [113]. One significant pursuit in recent 
years has been to accurately distinguish microg-
lial cells from peripherally derived monocytes 
and macrophages. The genetic and ontological 
basis for a division between microglia and mono-
cytes/macrophages is undergoing refinement via 
high throughput gene expression analysis [75, 
78, 112–114]. In murine systems, several gene 
pathways specifically define microglia, including 
TREM2 and TGFβ(beta) expression [107]. 
Additionally, using microglial transcriptome 
datasets, TMEM119 was identified as a useful 
surface marker specific to human microglia 
[115]. In more intensive analyses, a multitude of 
cells with phagocytic characteristics were distin-
guished in the murine CNS using a combination 
of single-cell proteomics, high parametric mass 
cytometry, and fate mapping [79]. Ultimately, the 
diversity of various innate cells within the CNS 
will assist in defining commonalities as well as 
unique aspects of inflammation both regionally 
as well as temporally during MS.  It should be 
noted that the different subsets of innate cells 
within the naïve and inflamed CNS as identified 
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in mice may not always apply to the human. The 
degree of distinction between microglia and mac-
rophages in the pathology of MS remains less 
clear. Ultimately, a better understanding of the 
diversity of various innate cells within the CNS 
will assist in defining commonalities as well as 
unique aspects of inflammation both regionally 
as well as temporally during MS.

�Antigen Processing and Presentation 
by Innate Immune Cells

Innate immune cells can perform another function 
that is essential to the pathogenesis of MS: the pro-

cessing and presentation of antigens to T cells 
(Fig.  9.1). To participate in antigen-specific 
immune responses, naïve CD4 T cells must be 
activated by professional APCs that express pro-
cessed antigen-MHCII complexes (Fig.  9.2). 
Dendritic cells (DCs), macrophages, and B cells 
are considered professional APCs and, along with 
microglia, have the capacity for activating naïve 
CD4 T cells due to expression of MHCII and co-
stimulatory molecules. Antigen presentation by 
APCs coordinates cognate interactions that are 
required for neuro-inflammation to be propagated 
in MS [116]. Experimentally, there is considerable 
evidence that antigen-specific interactions between 
APCs and CD4 T cells are required once the CD4 
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Fig. 9.1  The pathogenesis of MS occurs in multiple 
phases and locations. In this simplified schematic of the 
immunopathogenesis of MS, CD4 T cells are central to 
each phase of disease. The coordinated immune response 
targeting CNS antigens in MS is initiated with activation 
of CD4 T cells by APCs, presumably outside of the 
CNS.  Any number of different APCs can present target 
antigen via MHCII to CD4 T cells, including DCs, macro-
phages, and B cells. Migration by T cells through the 
blood-brain barrier (BBB) is essential. Cognate interac-
tions between CD4 T cells and APCs are thought to be 

required again prior to fulminant inflammatory changes 
involving breakdown of the BBB, infiltration of other leu-
kocytes, and production of cytokines and antibodies. 
Ultimately, myelin and nerve injury occur during the effec-
tor phase. Infiltration of monocytes through the BBB can 
result in the expansion of available innate cells during the 
propagation and resolution of lesions. Chronically, accu-
mulation of immune cells in structures resembling lym-
phoid tissue and largely composed of lymphocytes 
including B cells can be observed in the meninges of 
patients with progressive MS
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T cell has migrated to the CNS [116, 117], 
although in MS this has not been established. The 
identity and characteristics of CNS APCs remain 
unknown, as are the anatomic locations where this 
cognate interaction takes place. Different APC 
populations inhabit various sites within the CNS 
that can serve as entry points for CD4 T cells dur-
ing MS, including the post-capillary venules, 
meninges, and choroid plexus [118, 119]. In EAE, 
microglia are dispensable as APCs, signifying the 
importance of hematopoietically derived APCs in 

propagating adaptive inflammatory activity in MS 
[120, 121]. Whether the bulk of MHCII expression 
by macrophages found in MS lesions indicates 
that they perform all APC functions within the 
CNS or whether other specialized cells such as 
DCs [122] or antigen-specific B cells [122, 123] 
make critical contributions is unclear. One cell 
subset poised to contribute to regulation of antigen-
specific CD4 T cells within the CNS is border-
associated macrophages (BAMs). BAMs include 
choroid plexus macrophages and perivascular 
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Fig. 9.2  Antigen-specific interactions between the innate 
and adaptive immune system in MS. Target antigens, such 
as peptides from myelin proteins, are presented via 
MHCII to T cells and recognized by TcRs. For CD8 T 
cells antigen is recognized when presented by MHCI, 
while for CD4 T cells antigen targets are recognized when 
presented in the context of MHCII. Co-stimulatory inter-

actions between APCs and T cells (e.g., via CD80/CD28) 
are required in order for inflammatory responses to be 
generated. Different APCs are capable of presenting anti-
gen based on expression of MHCI and/or MHCII, loca-
tion, and timing. B cells constitutively express MHCII and 
are optimal APCs for antigens in low abundance, such as 
myelin antigens

9  Immunology of Multiple Sclerosis



126

macrophages [79]. Again, due to limited surface 
markers to allow specific distinctions between 
APCs such as DCs and BAMs, particularly during 
inflammation, identifying specific roles remains 
challenging. For example, BAMs and DCs share 
expression of CD11c under various inflammatory 
circumstances [78, 120, 124, 125]. A thorough 
review of APCs in MS concluded that the func-
tionally relevant APC or APC subtype responsible 
for T cell reactivation within the CNS has not been 
definitively identified [126]. Which of these cells 
in fact act as APCs for T cell reactivation and to 
what extent they can exert this function has been 
studied intensively, but unfortunately with no firm 
conclusion. It should also be noted that the work 
identifying BAMs and most of the work on APC 
function within the CNS have been done in animal 
models and will require future confirmation in 
humans.

�Dendritic Cells

Dendritic cells (DCs) are a heterogeneous collec-
tion of innate immune cells populating lymphoid 
and non-lymphoid tissues throughout the body. 
DCs are critical regulators of adaptive immune 
responses [127]. Among all APCs, DCs—almost 
all of which express the integrin CD11c—are 
able to function as APCs during all phases of 
CD4 T cell activation due to their high profi-
ciency at antigen processing, presentation of tar-
get antigens, and migratory properties [128]. In 
animal models of MS, DCs are responsible for 
initiation of myelin-targeted CNS autoimmunity 
[119, 122, 128]. In EAE, DCs not only initiate 
disease but also propagate autoimmunity via epi-
tope spreading [129]. As part of their sentinel 
nature, DCs capture extravascular antigens from 
tissue and then migrate via lymphatic vessels to 
secondary lymphoid organs to coordinate adap-
tive immune responses. With respect to the 
immune-specialized characteristics of CNS tis-
sue, the possibility that the CNS somehow 
restricts routine surveillance by DCs that occurs 
for other tissues has been debated for years [130]. 
DCs may be able to access CNS antigens and 
present them in draining lymph nodes [131]. 

Trafficking of APCs, including DCs, to and from 
the CNS is now a concept under intense scrutiny 
in part due to the re-emergence of a CNS lym-
phatic system in the literature [131–133].

DCs likely make several contributions to the 
pathogenesis of MS. DCs are found in and around 
MS lesions [121]. DCs from MS patients produce 
greater amounts of inflammatory cytokines and 
generate more robust inflammatory responses 
from CD4 T cells compared with healthy controls 
[134]. In steady state within the CNS, DCs are 
thought to populate barriers between the CNS 
and the periphery such as the meninges and 
microvasculature [134–136]. As such, they are 
positioned to initiate antigen-specific responses 
from entering T cells. In fact, DCs could serve as 
the first APC to locally initiate autoreactive 
adaptive immune responses as T cell traffic into 
the CNS [119, 122]. B cells may assume critical 
APC roles later in the disease [137] (see in 
Adaptive Immune System section).

As with other innate immune cell types, DCs 
can exhibit pro-inflammatory as well as suppres-
sive behavior during immune-mediated diseases 
such as MS [122]. For example, early work in the 
EAE model demonstrated that the expression of 
co-stimulatory molecules was reduced by 
MHCII+ CD11c+  mononuclear cells isolated 
from the brains of mice with disease, leading to 
decreased capacity to induce T cell proliferation 
[138]. In MS patients, immuno-suppressive traits 
were identified in MHCII+ cells containing 
myelin antigens in cervical lymph nodes, sug-
gesting a regulatory function of some migratory 
DCs [139]. Complicating matters is the tremen-
dous rate of discovery of functional and develop-
mental traits of DCs, which has led to a vast 
refinement of DC nomenclature [140]. Using 
contemporary analysis of human DC subsets will 
allow for greater resolution in determining the 
role of bona fide DCs in the pathogenesis of MS.

�Other Hematopoietically Derived 
Innate Cells

A special category of myeloid cells termed 
myeloid-derived suppressor cells (MDSCs) has 
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the unique ability to suppress inflammatory 
immune responses. MDSCs emerge during states 
of chronic inflammation or injury [141] and have 
been found in greater abundance in MS patients 
during relapses [141–143]. A loss of negative reg-
ulation by MDSCs may play a role in the overall 
inflammatory nature of MS, as fewer MDSCs are 
found in MS patients compared to healthy controls 
[144]. This is further supported by the observation 
that MDSCs from MS patients exhibited reduced 
suppressive qualities. Further, in murine EAE, 
expansion of MDSCs reduced the severity of dis-
ease [144]. More recently, MDSCs were shown to 
influence the function of other immune cells in 
EAE.  Korn and colleagues found that MDSCs 
serve to limit B cell infiltration into the CNS and 
dampen pro-inflammatory traits of B cells during 
EAE [145]. Notably, some characteristics are 
shared between MDSCs and neutrophils (PMNs) 
[146]. A role for PMNs in the pathogenesis of MS 
has been suggested by observations not only in 
animal models of MS [147] but also from CSF 
examination of MS patients [148]. However, MS 
plaques are almost completely devoid of neutro-
phils and are not observed in significant numbers 
within the CSF of MS patients [149], making it 
difficult to imagine how PMNs would be instru-
mental in the development of MS lesions. Hence, 
the influence of polymorphonuclear cells (PMNs) 
as well as MDSCs may all be exerted at a distance 
from the actual CNS lesions in MS.

�Astrocytes

The contribution by astrocytes has often been 
overlooked in terms of CNS immune surveillance 
and autoimmune demyelination in MS. Reactive 
astrocytes are a common feature of active lesion 
formation [150]. Astrocytes are capable of pro-
ducing cytokines and chemokines that participate 
in inflammatory responses within the CNS [150]. 
In addition to signaling from astrocytes to vari-
ous immune cells, inflammatory mediators pro-
duced by astrocytes such as NO and glutamate 
have the potential to directly injure myelin and 
axons [151]. In addition to employing soluble 
factors, astrocytes modulate immune reactivity 

within the CNS by influencing the BBB. Physical 
connections by astrocyte end-foot processes with 
microvasculature of the CNS impart regulatory 
properties on the BBB that influence immune cell 
entry [152]. As is becoming more the convention, 
in vivo and in vitro analyses have led to the appli-
cation of pro- and anti-inflammatory subsets to 
reactive astrocytes, termed A1 and A2 [153]. 
Inflammatory features such as the production of 
IL-1α(alpha) and TNF define A1 astrocytes, 
whereas A2 astrocytes express several neuro-
trophic factors and are more able to promote neu-
ronal and oligodendrocyte survival and growth. 
Interestingly, changes in polarization state are in 
part dependent upon microglia, demonstrating 
the entwined nature of glial responses during 
CNS injury [153]. How distinct each astrocyte 
polarization state remains to be seen, and how 
this relates to the inflammatory changes in MS 
remains undefined.

�Conclusion

Both the innate and adaptive branches of the 
immune response contribute to the pathological 
changes in MS, supporting the notion that MS is 
an autoimmune disease. Herein, we have 
attempted to summarize current knowledge 
regarding how each arm of the immune system 
contributes to MS.
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Epidemiology of Multiple Sclerosis 
and Environmental Risk Factors

Kyla A. McKay and Helen Tremlett

�Introduction

Worldwide, multiple sclerosis (MS) is the most 
common progressive neurological disease of 
young adults [1]. Three-quarters of those diag-
nosed are women, and MS can affect a wide 
range of individuals—from young children to 
older adults [2]. Despite substantial efforts to 
uncover its etiology, the exact cause(s) of MS at 
the individual level remain elusive, but there is a 
growing literature pointing toward a range of 
population-level risk factors [3]. As with many 
complex diseases, it is thought that MS arises 
from a combination of a genetic predisposition 
and exposure to one or more candidate environ-
mental factors. These environmental factors may 
be required in combination (at the same time or 
in a specific sequence) and at critical time peri-
ods. In this chapter, we will summarize the cur-
rent understanding of MS epidemiology, with a 
focus on the environmental risk factors for its 
development.

A central concept of epidemiology is causal-
ity, which is assessed through the careful analysis 
of the relationship between exposures (e.g., ciga-
rette smoking) and outcomes (e.g., lung disease 
and cancer). A widely accepted definition of cau-
sality has not been achieved, as there are limita-
tions to all current theories of causal inference 
[4]. However, most agree that in order for an 
exposure to be deemed a causal factor for dis-
ease, it must occur before the onset of disease 
(temporality) and be replicable across studies 
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Key Points
	1.	 Between 2.0 and 2.3 million people are 

living with multiple sclerosis (MS) 
worldwide, with increased rates further 
from the equator.

	2.	 The typical onset age is around 30 years, 
and more women are affected than men.

	3.	 Lifestyle and environmental factors, in 
combination with genetic predisposi-
tion, are likely chief contributors to MS 
risk.

	4.	 Strongest evidence suggests a role for 
markers of Epstein–Barr virus infec-
tions, low sunlight exposure and/or low 
vitamin D intake or serum levels, ciga-
rette smoking, and adolescent obesity as 
factors that increase the risk of develop-
ing MS.

	5.	 There appear to be critical risk periods 
for exposure, and these risk factors can 
also interact, sometimes in an additive 
way, to increase the risk of MS.
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(consistent). Observational research carries a set 
of unique challenges, and in interpreting findings 
one must consider several important points. By 
definition, epidemiological studies capture natu-
rally occurring events, making them vulnerable 
to bias and imprecision, unless appropriate con-
siderations are made to the study design, analy-
ses, and interpretation [5]. For this chapter, we 
will focus on the best evidence to date, published 
in peer-reviewed journals. We will include a 
range of observational study designs, including 
case–control or cohort studies and systematic 
reviews that have collated relevant bodies of 
work related to the epidemiology and environ-
mental risk factors for MS.

�Multiple Sclerosis Epidemiology

�Incidence and Prevalence

Patterns of MS prevalence have been reasonably 
well studied within certain regions, but lacking in 
others, and reliable estimates for MS incidence 
remain scarce [6]. Further, a lack of standardiza-
tion of estimates to the age and sex distributions 
in the underlying population (which will influ-
ence risk estimates) and differences in ascertain-
ment across studies can make comparing 
estimates or tracking changes over time difficult 
[7, 8]. Global estimates of MS in 2013 and 2015 
suggest that between 2.0 and 2.3 million people 
are living with MS worldwide, equating to a 
global median prevalence of up to 33 per 100,000 
[1, 2]. However, in many regions of the world, 
either formal studies have never been conducted 
or data remain suboptimal, including much of 
Africa and South America. Nonetheless, reports 
point to a rising prevalence over time, estimated 
at a 19% increase in people living with MS over 
a 10-year period (2005–2015) [1]. This increase 
is likely due to enhanced surveillance and recog-
nition of MS combined with increased life expec-
tancy [9–11]. Much less is known of MS 
incidence; two systematic reviews spanning 
Europe and North America concluded that incon-
sistencies in methodologies prevented any defini-
tive conclusions [7, 8]. The incidence of MS may 

have increased in specific jurisdictions or over 
certain time periods [12, 13], although stable 
incidence rates have also been reported in Canada 
and the United Kingdom in recent decades [9, 10, 
14–17].

�Global Distribution

There is a marked latitudinal gradient in the 
prevalence of MS across the globe, in which 
rates increase with increasing distance from the 
equator [2]. Access to health services (including 
magnetic resonance imaging [MRI] scanners 
and neurologists) and the comprehensive health 
data needed to accurately estimate population 
prevalence also tends to mirror this gradient [2]. 
Medium- to high-prevalence areas include 
Australasia, Europe, and North America, while 
low-prevalence areas include South Asia, Latin 
America, Africa, and the Caribbean [18]. 
Clearly, differences in case ascertainment and 
ability to recognize and diagnose MS exist 
between countries. One way of assessing the 
presence of a latitude gradient is to examine MS 
incidence/prevalence within a specific jurisdic-
tion, the premise being that access to health sys-
tems is consistent throughout the area under 
study. For example, a latitudinal gradient for 
MS incidence (studied in women only) and 
prevalence for both sexes has been found within 
the USA [19, 20]. However, a 2018 study pub-
lished by the US Burden of Disease Collaborators 
demonstrated that health and life expectancy are 
region-specific, even within the USA [21]. 
Nonetheless, a latitude gradient for MS preva-
lence has also been observed in Australia and 
New Zealand [18, 22]. Whether the global lati-
tude gradient for MS incidence and/or preva-
lence has attenuated over time has been debated 
[18, 23]; it is feasible that it has (or will), as pre-
viously underserved regions develop more com-
prehensive health systems [12].

Some of the earliest epidemiological studies 
in MS focused on the potential relationship 
between migration to or from low- and high-risk 
regions and subsequent MS risk [24–28]. These 
early studies and some subsequent work have 
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suggested that persons who were past adolescence 
at the time of migration maintained the MS risk 
of their country of origin, while younger individ-
uals adopted the MS risk of the country to which 
they migrated [27, 28]. However, many method-
ological challenges face migration studies, as 
people who migrate are typically not the same as 
those who remain in their country of origin, and 
both immigration status and the age of migration/
language ability may also influence an individu-
al’s ability to access their new country’s health 
system [29]. Nonetheless, these migration studies 
have been interpreted by some as evidence of a 
population-level, but region-specific, exposure to 
environmental factors in the development of MS 
[24, 26].

�Demographic Characteristics

The majority of individuals with MS first develop 
symptoms in early adulthood, with the typical 
onset age being around 30 years. However, age is 
no barrier to developing MS; between 2% and 
10% of MS patients develop the disease in child-
hood [30] and 4–10% after the age of 50 [31–
33]. MS was historically considered a disease of 
white persons or persons of Northern European 
descent. However, emerging evidence suggests 
that the risk may be higher in black persons (liv-
ing in the USA) than previously thought [34]. 
More women are affected by MS than men, and 
the female:male sex ratio has increased in some 
areas over certain time periods, with a system-
atic review estimating a mean sex ratio of 1.4 in 
1955 and 2.3  in 2000 based on studies from 
Europe, North America, and Australia [12], 
although the sex ratio has been relatively steady 
in other places and more recent time periods, for 
example, across Canada in the last 2 decades [9, 
10, 14, 16].

�Mortality

Although MS is not considered a fatal disease, it 
is the most commonly reported cause of death in 

persons with MS [35]. Population-based studies 
have shown that survival rates have improved 
over time, in line with the general population 
[36–38]. Still, on average persons with MS live 
5–10 years less than the general population [35, 
37, 38].

�Risk Factors for Multiple Sclerosis

In this section of the chapter, we will summarize 
our current understanding of the environmental 
factors associated with MS disease susceptibility. 
The evidence has been organized into the follow-
ing subsections: “Infections”; “Vaccines”; 
“Sunlight Exposure and Vitamin D”; “Smoking”; 
“Dietary Macro- and Micronutrients, Alcohol, 
and Caffeine Consumption”; “Obesity”; 
“Socioeconomic Status”; “Stress”; and 
“Occupational Exposures.” A schematic outlin-
ing the most consistent and emerging evidence 
for the environmental factors that may alter MS 
susceptibility is provided in Fig. 10.1. Last, we 
briefly describe the role of timing of exposures 
and gene–environment interactions in relation to 
MS onset.

�Infections

Infectious agents have long been considered a 
putative causal agent in MS given the immuno-
logical nature of the disease. Patterns of migra-
tion led researchers to hypothesize that childhood 
exposure to pathogens may alter MS risk. As 
such, the following pathogens have been studied 
the most extensively: Epstein–Barr virus (EBV), 
measles, mumps, rubella, varicella zoster virus 
(VZV), human herpes virus-6 (HHV-6), and 
Chlamydia pneumoniae [39].

�Epstein–Barr Virus
Epstein–Barr virus (EBV) is ubiquitous in the 
global population, with more than 90% of people 
exposed [40]. EBV exposure has also been con-
sistently linked to MS risk [39]. Most persons are 
exposed to EBV in early childhood, typically 
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resulting in an asymptomatic or mild flu-like ill-
ness. If a person is first exposed to EBV in ado-
lescence or adulthood, it can manifest as 
infectious mononucleosis. Both high antibody 
titers against EBV and history of infectious 
mononucleosis have repeatedly been associated 
with an increased MS risk. The most striking 
examples of this include data from the USA’s 
Department of Defense Serum Repository [41, 
42]. The repository houses more than 40 million 
serum samples from military personnel collected 
approximately every 2 years [43]. This allows for 
an estimation of the possible timing of EBV 
infection (measured as the presence of antibod-
ies) prior to the onset of MS. MS risk increased 
with increasing titers of antibodies against EBV, 
such that persons in the highest sextile of anti-
body levels had 36 times the risk of MS relative 
to persons in the lowest sextile, although the con-
fidence intervals (CI) were wide (95% CI: 9.6–
136) [41]. The same researchers followed all 

persons who were negative for EBV antibodies at 
their first serum testing and found that the 10 per-
sons who eventually developed MS all developed 
EBV antibodies prior to the symptomatic onset 
of their disease [42].

A 2010 meta-analysis summarized the evi-
dence for a potential causal association between 
prior infectious mononucleosis and MS risk, 
which included 18 studies, comprising 19,390 
MS patients and 16,007 controls. Taken alto-
gether, authors reported over a twofold increased 
risk of MS among persons with a history of infec-
tious mononucleosis relative to no history of 
infectious mononucleosis (95% CI: 1.97–2.39) 
[44]. A meta-analysis of the published literature 
(prior to December 2011) concluded that EBV 
antibodies were present in 98.3% of adult MS 
patients tested, relative to 93.7% of controls not 
known to have MS. In pediatric-onset MS, lower 
EBV seropositivity has been reported relative to 
adults with MS; 8.3% of pediatric MS patients 

Fig. 10.1  Illustration of factors considered protective or risk factors for multiple sclerosis (MS), categorized by level 
of evidence
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and 34.7% of control children were seronegative 
for EBV [45]. The authors interpreted findings to 
infer that EBV infection is necessary for the 
development of MS [45], although not all agree 
and it remains possible that EBV is an epiphe-
nomenon rather than a causative agent [46, 47].

�Other Infectious Agents
Whether other childhood exposures to pathogens 
can alter the risk of MS is unclear, in part related 
to the quality of evidence [48]. Many studies con-
ducted in adults have relied upon recall of prior 
infection, which may be susceptible to recall 
bias, or antibody levels from prevalent cases of 
MS, in which temporality cannot be established 
[48]. Studies of viral pathogens such as measles, 
mumps, rubella, and varicella zoster (chicken-
pox) have shown mixed results, although some of 
the best evidence suggests no association with 
MS [39]. HHV-6 is another common virus, pres-
ent in virtually all humans by the age of 2 years 
[49]. Given the scarcity of HHV-6-negative indi-
viduals, and the very young age of exposure, it 
has been effectively impossible to perform a 
case–control study. Instead, the evidence for a 
role of HHV-6 has come largely from pathologi-
cal data, which found the virus in MS lesions on 
autopsy [50]. Due to a lack of evidence surround-
ing temporality, it cannot be concluded that 
HHV-6 plays a causal role in MS. A single study 
found an increased immune response to HHV-6 
among individuals in the early phase of MS 
(relapsing-remitting MS [n = 42] and clinically 
isolated syndrome [n = 53]) relative to individu-
als without MS (n = 50) [51].

Interest in the bacterial species, Chlamydia 
pneumoniae, in relation to MS risk (and/or pos-
sible subsequent progression) piqued in the late 
1990s/early 2000s after one team found evidence 
of Chlamydia pneumoniae antibodies and DNA 
in the cerebrospinal fluid of an MS patient [39, 
52]. Chlamydia pneumoniae is thought to be rela-
tively common in the general population, with 
seroconversion often occurring between the ages 
of 5 and 14 [53]. It is also estimated to cause 10% 
of community-acquired pneumonia and 5% of 
bronchitis and sinusitis cases in US adults [53]. 

However, while some studies reported an 
increased risk of MS in relation to markers of 
Chlamydia pneumoniae infection, others did not 
[54–56]. Replication of some of the earlier assays 
to detect the presence of the bacteria was prob-
lematic, and interest in Chlamydia pneumoniae 
in relation to MS risk appears to have waned [39].

Parasitic gut infection with helminths, such as 
Trichuris trichiura (human whipworm), has been 
considered as a potential protective factor against 
MS, in part based on the high levels of human 
parasite infection in areas of low MS prevalence 
[57]. However, studies to date have been rather 
limited, often involving small numbers of partici-
pants, so while an area of interest, no conclusions 
can be drawn.

In summary, demonstrating temporality 
between a prior infection or infestation and sub-
sequent risk of MS is very challenging. 
Differences in the biomarkers or assays used to 
measure the presence of a prior infection also 
create challenges when comparing between stud-
ies. The best evidence is for a prior EBV infec-
tion, assessed as either presence of antibodies or 
infectious mononucleosis and increased risk of 
MS. Although even if causation was definitively 
demonstrated, and an effective vaccine was avail-
able, it is unclear as to the value in preventing MS 
as the primary goal; large numbers of EBV-
negative individuals would have to be vaccinated 
to prevent a single case of MS [58].

�Vaccines

Following recommendations from the World 
Health Organization (WHO), France initiated a 
vaccination program against hepatitis B in 1994, 
targeting all students in their first year of second-
ary school [59]. By 1998, a series of case reports 
of MS had been described to the French Health 
Authorities that were thought to be related to the 
vaccine, leading to a suspension of the program 
[59]. Subsequently, a series of well-designed 
studies were conducted, resulting in a 2011 meta-
analysis of hepatitis B and other vaccines in rela-
tion to MS risk. The authors of the meta-analysis 
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concluded that there was no evidence for an 
altered risk of MS following vaccination against 
hepatitis B, tuberculosis (bacille Calmette–
Guérin [BCG] vaccine), influenza, measles–
mumps–rubella (MMR), polio, or typhoid fever 
[60]. A subsequent California, USA-based study 
compared 780 incident cases of CNS demyelinat-
ing syndromes (including MS) with 3885 
matched controls and also found no relationship 
between hepatitis B vaccination and MS risk 
[61]. No relationships have been found between 
other vaccines targeting the human papilloma 
virus (HPV) or the H1N1 influenza A virus and 
MS risk, despite concerns raised regarding the 
adjuvants used in some vaccines and/or individ-
ual case reports of MS occurring after vaccina-
tion [62, 63]. The potential for some vaccines, 
such as diphtheria or tetanus, to have a protective 
effect against MS is intriguing but requires repli-
cation [60].

�Sunlight Exposure and Vitamin D

Ecological studies of latitude and MS prevalence 
prompted interest in climatic factors, with the 
suggestion that sunlight exposure may influence 
MS risk (incidence). Specific wave lengths within 
the ultraviolet (UV) spectrum stimulate human 
skin to initiate the synthesis of 25-hydroxyvitamin 
D (25(OH)D). Both 25(OH)D and direct sunlight 
exposure have systemic immunomodulatory 
effects, which provides a biological rationale 
[64]. Low sunlight exposure, low serum 25-OH-D 
levels, and/or low vitamin D intake have all been 
associated with a higher MS risk [65]. The litera-
ture is vast and growing, as additional important 
aspects are studied in further detail and across 
different populations. Here we include a selec-
tion of key studies examining these relationships 
in MS.

�Sunlight Exposure
A population-based case–control study based in 
Tasmania, Australia, provided crucial insights 
into the potential role of sunlight exposure in 
modulating MS risk. In total, 136 prevalent MS 
cases and 272 community controls were asked 

about their past sunlight exposure. In addition, 
actinic (skin) damage was measured, providing 
an objective measure of cumulative lifetime sun 
exposure [66]. Higher sun exposure between 
the ages of 6 and 15 years was associated with 
a reduced risk of MS (adjusted odds ratio = 0.31; 
95% CI: 0.16–0.59), as was greater actinic 
damage [66]. Several subsequent studies have 
both replicated and extended these observa-
tions. For example, others have now demon-
strated that the exposure window extends from 
birth to early adulthood [67]. In addition, while 
consistency in the relationship between higher 
sunlight and lower MS risk has been observed 
across racial/ethnic groups (living in Southern 
California, USA [68]; see also Sect. “Serum 
Vitamin D”), others have explored seasonal 
effects and shown that the region of residence can 
influence whether summer and/or winter sun is of 
greater relevance [67].

�Serum Vitamin D
One team accessed a valuable biobank of serum 
samples from the USA’s Department of Defense 
Serum Repository, which included personnel 
entering the military, some of whom later devel-
oped MS.  Overall, 257 MS cases had samples 
available prior to their disease onset. Higher 
serum 25(OH)D levels were associated with 
lower MS risk among the white participants (148 
cases, 296 controls; odds ratio = 0.59; 95% CI: 
0.36–0.97 for a 50 nmol/L increase in 25(OH)D). 
Authors reported a slightly stronger relationship 
when analyses were restricted to serum levels 
measured before age 20  years. Similar associa-
tions were not observed for blacks or Hispanics 
(109 cases, 218 controls) [69]. A later study from 
Southern California observed a similar racial dis-
parity [68]. Although they found higher sunlight 
exposure, measured as lifetime ultraviolet radia-
tion, associated with lower MS risk for all racial 
groups (whites 247 cases/267 controls, blacks 
116/131, and Hispanics 183/197), higher serum 
25(OH)D levels were only associated with a 
lower MS risk in whites [68].

Serum 25(OH)D levels during pregnancy and 
risk of MS in the offspring were assessed using 
the Finnish Maternity Cohort [70]. In this nested 
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case–control study, 176 MS cases were matched 
to 326 controls on birth region, date of maternal 
serum sample collection, and date of the mother’s 
and child’s birth. Gestational 25(OH)D defi-
ciency (<12.02 ng/mL vs. 12.02–<20.03 ng/mL) 
was associated with an almost twofold increased 
risk of MS in the offspring (relative risk = 1.90; 
95% CI: 1.20–3.01).

One meta-analysis attempted to address the 
issue of serum 25(OH)D levels and MS risk. 
However, of the 11 studies included (comprising 
of 1007 MS cases and 829 controls), the majority 
examined serum levels some years after onset of 
disease [71]. Therefore, the observation that the 
MS cases had lower serum vitamin D levels than 
controls could have been a consequence of MS 
and not related to MS onset [71].

�Diet and Dietary Supplements 
as Sources of Vitamin D
Diet can contribute to serum vitamin D levels, 
although food and beverage intake is particularly 
challenging to study, especially retrospectively. 
The USA Nurses’ Health Study comprises of two 
prospectively followed cohorts of female nurses, 
totalling more than 238,000 participants, with a 
diet-related questionnaire completed every 
4 years [72]. By 2000, 173 women had developed 
MS, and when compared to controls [73], those 
in the highest (versus lowest) quintile of total 
vitamin D intake (sourced from food or supple-
ments) were at a reduced risk of MS (relative 
risk = 0.67; 95% CI: 0.40–1.12; p for trend = 0.03). 
This relationship remained significant when sup-
plementary intake alone was assessed but not for 
vitamin D sourced from food [73].

A subsequent investigation using the USA 
Nurses’ Health Study cohorts reported a reduced 
risk of MS in the offspring of women with high 
dietary vitamin D intake during pregnancy, the 
primary source being from fortified milk [74]. For 
the women whose mothers consumed two to three 
glasses of milk per day (versus <3 glasses per 
month), while pregnant, the risk of MS was lower 
(adjusted rate ratio = 0.62, 95% CI; 0.40–0.95; p 
trend 0.001). The use of dietary supplements was 
not captured in sufficient detail to assess (no dose-
related information were available).

�Mendelian Randomization
Mendelian randomization is a technique applied to 
observational studies that, if designed well, can 
eliminate reverse causation and confounding when 
assessing causality [75]. Careful selection of gene 
markers, single nucleotide polymorphisms (SNPs), 
which are independently associated with the expo-
sure of interest, are studied in relation to disease 
risk. As genes are determined at fertilization/con-
ception, the premise is that they cannot be affected 
by lifetime exposures and must occur prior to the 
onset of disease. Three SNPs known to be associ-
ated with higher 25(OH)D levels were found to be 
protective against MS based on a case–control study 
design involving non-Hispanic whites in California, 
USA, and participants in Sweden (pooled meta-
analysis of 7391 MS cases and 14,777 controls, 
OR = 0.85; 95% CI: 0.76–0.94) [76].

�Summary Statement and Future 
Directions
Higher sunlight exposure and/or higher serum 
vitamin D levels appear to be consistently asso-
ciated with a reduced risk of MS. While there 
has been much discussion surrounding how to 
use these observations to pursue preventive 
strategies against the development of MS, much 
still remains unknown, including fundamental 
aspects such as which intervention to use (sun-
light and/or vitamin D supplements), dose, 
duration, and the optimal timing (gestation, 
childhood, and/or adulthood) [67]. Further, 
most work to date has been conducted in whites/
people of Northern European ancestry, with 
women predominating in virtually all studies. 
Findings may not apply to other racial groups 
and/or men [34, 68, 69, 77]. Nonetheless, teams 
in Australia and New Zealand are already target-
ing specific high-risk populations to address 
some of these fundamental issues. Specifically, 
a phase II-b randomized placebo-controlled trial 
has been underway (2013–2019) to assess three 
different doses of oral vitamin D supplements in 
people with a first demyelinating event (clini-
cally isolated syndrome). The overarching goal 
is to prevent or delay a second demyelinating 
event and hence delay or prevent a diagnosis of 
MS [78].
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�Smoking

Cigarette smoking is the leading cause of pre-
ventable death in the world [79]. While the 
number of smokers is declining globally, ciga-
rette use is increasing in parts of the developing 
world [79]. Cigarette smoking has been impli-
cated in heightened autoimmunity and an 
increased risk of rheumatoid arthritis, systemic 
lupus erythematous, and MS [80]. Smoking is 
believed to initiate an immune response primarily 
through its inflammatory properties [80].

A meta-analysis collated published studies 
from 1960 to May 2010 and concluded that the 
risk of developing MS was 50% higher among 
smokers based on 3052 MS cases and 457,619 
controls (risk ratio  =  1.52, 95% CI: 1.39–1.66) 
[81]. Subsequent studies have found a greater 
risk of MS in persons exposed to passive smok-
ing [82]. Parental smoking at home was associ-
ated with an increased incidence of 
childhood-onset MS in France [83], the USA 
[84], and Canada [85]. A Swedish record-linkage 
study found no association between maternal 
smoking during pregnancy (collected around the 
time of pregnancy) and risk of MS in the off-
spring [86], suggesting that the “at-risk” period 
for smoke exposure occurs in the postnatal 
period.

In summary, the results of the meta-analysis 
and subsequently published original observa-
tional studies, coupled with the biological plausi-
bility of a relationship, provide strong evidence 
for an effect of smoking on MS risk.

�Dietary Macro- and Micronutrients, 
Alcohol, and Caffeine Consumption

While diet may play a role in the risk of many 
chronic diseases, it is particularly challenging to 
measure objectively. Further, it is worth remem-
bering that the ability to assess whether a specific 
dietary component affects disease risk will 
depend on the frequency of that dietary compo-
nent in the wider (general) population under 
study. If a population consumes a food or bever-
age item in low to modest amounts (e.g., fatty 

fish or alcohol or coffee/caffeine), then it is very 
unlikely that a relationship with the disease (MS) 
of interest will be found, even if such a relation-
ship exists.

Some of the best available evidence related to 
diet and MS risk stems from the USA’s Nurses’ 
Health Study [87, 88]. One of the earliest studies 
conducted looked at dietary fat and concluded 
that there was no evidence to support a relation-
ship between total fat intake nor specific types of 
fat (animal, vegetable, saturated, monounsatu-
rated, polyunsaturated, transunsaturated, choles-
terol) and MS risk. Almost 2 decades later, the 
relationship with fat intake was assessed in more 
detail, with a focus on polyunsaturated fatty acids 
(PUFAs). Higher intake of PUFAs was associated 
with a lower MS risk (highest versus lowest quin-
tile, hazard ratio  =  0.67; 95% CI: 0.49–0.90), 
with the effect most prominent for the plant-
based PUFA α(alpha)-linolenic acid. No signifi-
cant relationship with MS risk was found for the 
primarily marine-derived PUFAs, the long-chain 
fatty acids eicosapentaenoic acid and docosa-
hexaenoic acid [89].

Additional works also accessing the Nurses’ 
Health Study cohorts have concluded that 
dietary intake of salt, carotenoids, vitamin C, 
and vitamin E did not alter MS risk [88, 90]. 
While these insights from women living in the 
USA are invaluable, there remains much scope 
to assess the potential role of diet on MS risk in 
other settings and populations. Also, as individ-
ual components of the diet might not act in iso-
lation, there may be value in assessing the role 
of overall food intake and dietary patterns on 
MS risk.

Whether alcohol intake alters MS risk is 
unclear [91–93]; no association was found based 
on the prospective Nurses’ Health Study cohorts 
[91]. A later retrospective Swedish study 
reported that high alcohol intake in the 1 year 
pre-MS onset reduced MS risk [92]. While 
reverse causation could explain the latter study 
findings, MS can cause both bladder and gait 
(walking) issues, which are evident up to 5 years 
prior to MS onset [94], and both may limit abil-
ity or desire for excessive alcohol intake. 
Nonetheless, the Swedish study authors also 
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noted that most Nurses’ Health Study partici-
pants were low-to-moderate drinkers, such that 
if a relationship existed with higher intakes, this 
could have been missed [92]. Authors of a United 
Kingdom-based study used a different approach 
by accessing hospital records to identify persons 
with MS and persons who had been admitted for 
an alcohol misuse disorder. They found that 
alcohol misuse disorders were associated with 
an increased MS risk, particularly in men [93]. 
However, hospitalized individuals can differ 
substantially from the wider population, making 
the generalizability of findings unclear. Overall, 
long-term prospective cohort studies are required 
to clarify the potential relationship between 
alcohol intake and MS risk.

Like alcohol, the study of coffee/caffeine in 
relation to MS risk has produced mixed evi-
dence in the different populations studied [91, 
95]. A single prospective study using the USA’s 
Nurses’ Health Study reported no altered risk 
of MS among caffeine consumers (coffee, tea, 
or cola). Subsequently, a USA- and Sweden-
based case–control study garnered much inter-
est after suggesting that high consumers of 
coffee were at a reduced risk of MS [95]. 
Among high coffee consumers (>900  mL 
[~6 cups] daily versus none), a lower MS risk 
was observed (OR = 0.70; 95% CI: 0.49–0.99 in 
Sweden; OR  =  0.69; 95% CI: 0.50–0.96  in 
Northern California, USA). The authors note 
that their study was based on retrospective self-
reported data, which is susceptible to both 
recall and misclassification bias [95]. 
Unmeasured confounding is another important 
consideration; coffee drinking may be associ-
ated with other health- and lifestyle-related fac-
tors that may also be associated with the 
presence of MS, such as migraine [96].

�Obesity

Globally, the prevalence of obesity has tripled 
since 1975, and the health and social conse-
quences of this epidemic are myriad [97]. Obesity 
contributes to both the onset and progression of a 

number of immune-mediated diseases including 
type 1 diabetes, rheumatoid arthritis, and possi-
bly also MS [98]. Adipose tissue is thought to be 
involved in the chemical signaling that can mod-
ulate immune responses [98].

One of the first studies providing a convincing 
link between obesity and MS risk was published 
in 2009 using the USA Nurses’ Health Study data 
[99]. Women who reported higher body size in 
early adulthood (at age 20; relative to a “normal”/
average body size) were at a significantly 
increased risk of later developing MS (relative 
risk  =  1.96; 95% CI: 1.33–2.89). Body mass 
index (BMI) was available for these women, 
measured at age 18  years, and the presence of 
obesity (≥30  kg/m2) was similarly associated 
with an increased risk of MS [99]. These findings 
were later corroborated by studies in Sweden 
[100], Norway, and Italy [101]. A study of pedi-
atric MS (or CIS) found an increased risk among 
obese girls but not boys [102]. There may be a 
period in childhood, extending through to early 
adulthood, in which obesity increases MS risk.

�Socioeconomic Status

Socioeconomic status (SES) refers to a person’s 
position in society due to social or economic fac-
tors [103]. Disease, disability, and mortality are 
all increased among persons in lower socioeco-
nomic strata [103]. As such, high SES is typically 
associated with better health outcomes. However, 
at least historically, it has been suggested that a 
high SES is associated with a greater risk of 
MS.  This led authors to perform a systematic 
review of the evidence. Of 21 studies (published 
until August 2013), 5 reported an association 
between high SES and increased risk of MS, 13 
reported no evidence of an association, and 3 
found that low SES was associated with increased 
MS risk [104]. Challenges in comparing across 
studies investigating SES included differences in 
SES metrics used, calendar time periods covered, 
and impact of SES within each country on access 
to healthcare or exposure to environmental fac-
tors (smoking, pollutants). The authors noted that 
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there was evidence of a stronger effect of SES in 
countries with higher inequality [104]. Level of 
education may also contribute; some of the same 
authors conducted two subsequent studies, 
accessing two different cohorts of people with 
and without MS in Norway. Both studies showed 
that a higher level of education was associated 
with a lower risk of MS [105, 106]. The most 
recent, and largest, study accessed the Norwegian 
MS Registry and the National Education Registry, 
combined with population registries. A higher 
level of educational attainment was associated 
with a lower risk of MS (odds ratio = 0.73; 95% 
CI: 0.59–0.90). This observation appeared con-
sistent across a 50-year period in Norway; 
whether these same effects are observed in other 
jurisdictions overtime might provide insights into 
what could be driving this relationship (such as 
lifestyle factors) [106].

�Stress

Psychological stress has long been considered a 
putative agent for the onset of chronic illness, 
perhaps related to the enhanced inflammatory 
response to chronic stress [107]. A systematic 
review summarized the published evidence link-
ing stress to MS risk (1980 to November 2010) 
[108]. While the five studies included pointed to 
an increased risk of MS following stressful life 
events, the measures of stress were so heteroge-
neous that the authors could draw no firm conclu-
sions [108]. A subsequent study found no 
relationship between stress and MS risk among 
women in the USA Nurses’ Health Study. Stress 
was measured as work- and home-related (with 
questions asked prospectively, before onset of 
MS), and as physical and sexual abuse during 
childhood and adolescence (with questions asked 
retrospectively, after MS was diagnosed) [109].

�Occupational Exposures

Occupational exposure to organic solvents such 
as in paints, varnishes, adhesives, and cleaning 

agents is common. These organic solvents are 
also used in the production of dyes, polymers, 
plastics, textiles, printing inks, agricultural prod-
ucts, and pharmaceuticals [110]. Two meta-
analyses have explored the relationship with MS 
risk; both concluded that exposure to organic sol-
vents was associated with an increased risk of 
MS [111, 112]. The most recent study pooled 
data from 15 publications (1994–2012) and 
reported that the odds of developing MS were 
1.5 times higher (95% CI 1.0–2.3) among work-
ers exposed to organic solvents relative to unex-
posed persons [112].

There is a growing body of evidence to sug-
gest that shift work may increase the risk of 
chronic disease [113]. The potential mechanism 
of action is not understood, but immune dysregu-
lation [113] and the indirect effect of higher rates 
of adverse health behaviors associated with night 
shift work have been hypothesized [114]. Shift 
work could also just be a marker of an adverse 
health profile, not a direct cause of MS; individu-
als who become shift workers are more likely to 
have a lower socioeconomic status and engage in 
adverse behaviors, such as smoking [115]. 
Nonetheless, a population-based case–control 
study from Sweden asked participants to recall 
their working hours and subsequently found an 
association between prior shift work and an 
increased risk of MS (odds ratio = 1.6; 95% CI, 
1.2–2.1). The odds of MS were slightly higher if 
the shift work had occurred before the age of 20 
(odds ratio = 2.0; 95% CI, 1.2–3.6) [116, 117]. A 
later Danish study reached a similar conclusion, 
reporting that for every additional 100 night 
shifts, the odds ratio for developing MS was 1.20 
(95% CI: 1.08–1.34) [118].

�Timing of Exposure and Gene–
Environment Interactions for MS 
Onset

The timing of environmental exposures may play 
a role in the subsequent triggering of MS onset 
(Fig. 10.2) [119, 120]. While early childhood and 
adolescence appear to represent critical “at-risk” 
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periods, there is evidence to suggest that risk fac-
tors may act in utero and into adulthood as well 
[67, 119]. Suggestions of a prenatal risk period 
include the reported associations between mater-
nal prepregnancy obesity [84], low vitamin D (or 
low milk) intake during pregnancy [74], and pos-
sibly an older paternal age [121]. All have been 
associated with an increased risk of MS. While 
birth month or season has been reported as asso-
ciated with MS risk (spring births associated with 
a higher MS risk and autumn births with lower 
risk) [122], challenges with these analyses, 
including factoring in the seasonality effects of 
births in the underlying general population, make 
these observations uncertain [123].

The strongest evidence has suggested that 
exposures during childhood and adolescence are 
important for the eventual development of MS 
[119]. Lower serum 25(OH)D levels [69], lower 
sunlight exposure [66], and higher BMI [99, 102, 
124] have been shown to exert their effect during 
this time. The “at-risk” period may exist through 
until early adulthood, as reported with smoking 

[81], stress [108], shift work, low serum vitamin 
D levels [73], and low sunlight exposure while 
living in areas of low UV radiation [67].

The ability to combine both environmental 
exposure information and genetic risk factors for 
MS has led to the identification of key factors that 
might act synergistically to increase the risk of 
MS [125]. The interplay between human leuko-
cyte antigen (HLA) genes, EBV, smoking, and/or 
organic solvents has been investigated. 
Individuals in Sweden who were HLA-DRB1*15 
positive and HLA-A*02 negative and had been 
exposed to EBV were at a 16-fold higher odds for 
MS than those who did not carry any of these fac-
tors (odds ratio = 16.0; 95% CI: 9.4–27.3) [126]. 
Another Swedish study reported a 13-fold 
increased risk of MS among smokers who were 
HLADRB1*15 positive and HLA-A*02 negative 
relative to persons with none of these risk factors 
(odds ratio = 13.5; 95% CI: 8.1–22.6) [127]. In a 
third study, researchers pooled resources from 
three case–control studies in Australia, the USA, 
and Sweden to explore the interplay between 

Fig. 10.2  Illustration of the potential modifiable/environmental risk factors for adult-onset multiple sclerosis (MS) 
across the life span
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smoking, EBV, and HLA-DRB1*15 status on 
MS risk [128]. They found that antibody levels 
against EBV were significantly higher among 
smokers, but no modification by HLA status was 
observed, suggesting that the HLA-DRB1*15 
MS risk is independent of smoking [128].

A final case–control study from Sweden (2042 
incident MS cases and 2947 controls) found that 
in individuals carrying HLA-DRB1*15 and lack-
ing HLA-A*02, exposure to smoking and organic 
solvents was associated with a 30-fold increased 
risk of MS (OR = 30.3; 95% CI:11.7–78.3); 40 
cases and 5 controls contributed to these risk esti-
mates, meaning 40 MS cases were exposed to all 
3 elements and 5 controls were exposed to none 
[129]. Overall, the multiplicative effect of some 
risk factors suggests that interactions between 
factors play an important role in MS develop-
ment and may point to shared casual pathways 
[125].

�Conclusion

There is compelling evidence to suggest that MS 
risk is shaped, in part, by environmental expo-
sures. The strongest evidence to date suggests a 
role for markers of EBV infections, reduced sun-
light exposure/serum vitamin D levels, cigarette 
smoking, and adolescent obesity as factor(s) that 
may increase the risk of developing MS. There 
appear to be critical risk periods for exposure, 
and these factors can also interact, sometimes in 
an additive way, to increase the risk of MS [125].

There are many challenges in studying MS 
epidemiology and risk factors for MS [3]. 
Recognition of MS by both the general public 
and clinicians has increased over time, and the 
diagnostic criteria for MS have also been refined. 
Further, access to health services and neurolo-
gists specialized in MS can differ, such that sum-
marizing information across decades or between 
regions can be challenging. Further, the exact 
time of MS onset for any individual remains 
unknown. Indeed, recent studies are suggesting 
that the disease processes and even changes in 
physical, cognitive, and other health behaviors 
may begin many years before current clinical rec-

ognition of MS [94, 130, 131], such that estab-
lishing temporality in MS can be challenging. 
Thus, it can be sometimes difficult to differenti-
ate between a risk factor for MS and a change in 
behavior/lifestyle because the disease processes 
have already begun (in the yet to be diagnosed 
individual).

�Future Perspectives

Recent insights into the MS prodrome are help-
ing narrow the etiologically relevant period when 
searching for factors triggering MS.  A better 
understanding of the MS prodrome might also 
facilitate the more timely recognition of MS in 
the future [94, 130, 131]. Prospectively following 
very large cohorts of otherwise healthy people 
prior to onset of disease can represent an optimal 
study design, akin to the USA Nurses’ Health 
Study [132]. However, these studies are also very 
costly and challenging to conduct well, with min-
imal loss to follow-up.

The identification of causal factors for MS can 
provide valuable insights into disease mecha-
nisms and potentially be used to develop preven-
tative strategies. Based on the current evidence, 
however, the total prevention of MS is not possi-
ble. For instance, some have estimated that 90% 
of MS cases might be preventable with the elimi-
nation of EBV [133]. However, with no suitable 
vaccine available [58] and uncertainties in possi-
ble unwanted sequelae with eliminating a com-
mon virus that humans have coevolved with for 
millennia, this approach is currently not feasible. 
Gene–environment studies have reported reason-
ably high odds ratios for MS risk; however, from 
a public health perspective, genetic testing is not 
useful or indicated. Around one-third of North 
America or European populations may carry the 
HLA “risk genes” for MS. Promoting the reduc-
tion of smoking and adolescent obesity and safely 
“optimizing” sunlight exposure and/or vitamin D 
intake may be recommended for persons who are 
considered “at risk” for MS (although the optimal 
doses for the latter have yet to be elucidated).

Despite best efforts, much remains unknown 
about the cause(s) of MS. Some new avenues of 
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inquiry include interrogation of the gut microbi-
ome and the role of the gut–brain axis in relation to 
MS risk [134]. Other potentially modifiable fac-
tors, such as diet and exercise, may also play a role 
and are currently not well understood. Specific 
interactions between genes and environmental fac-
tors have been identified, and the field of epi-
genetics may also shed further light on the 
pathways to MS onset [125]. Given the large pop-
ulations required for the study of MS, international 
collaborative efforts combined with substantial 
and strategic investment in research will be neces-
sary if the causes of MS are to be uncovered.
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�Introduction

Multiple sclerosis (MS) is an autoimmune dis-
ease of the central nervous system (CNS) charac-
terized by injury to the myelin sheath and 
subsequent neurodegeneration. The maladaptive 
autoimmune response in MS results in a myriad 
of neurological symptoms affecting motor, sen-
sory, coordination, and cognitive functions. MS 
is a leading cause of disability among young 
adults and affects females more than males [1, 2]. 
The identified MS risk factors are varied and 
likely at interplay with one another. Among them 
are genetic factors (about 25% of the risk) and 
environmental factors including living at a high 
geographic latitude, smoking, obesity, low vita-
min D levels, and Epstein-Barr virus (EBV) 
exposure [3–5].

There has been debate about whether MS is an 
“outside in” or an “inside out” disease, arising 
from an abnormal peripheral immune system or 
from abnormalities within the CNS that trigger 
an immune response, respectively. As outlined 
below, the study of the genetics of MS strongly 
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Key Points
	1.	 Of multiple sclerosis (MS) genetic heri-

tability, 48% has now been accounted 
for.

	2.	 The HLA allele DRB1*15:01 accounts 
for up to 10.5% of genetic variance 
underlying MS susceptibility, making it 
the single largest genetic risk factor; 
however, this allele has also been found 
to have epistatic effects on other genetic 
haplotypes, demonstrating a nuanced 
and complex impact of gene-gene inter-
actions in MS.

	3.	 Genome-wide association studies 
(GWAS) have identified more than 200 
non-HLA genetic risk factors of MS and 
have helped to demonstrate that these 
genetic loci associated with MS are gen-
erally related to T-cell activation and 
proliferation in the immune system.

	4.	 MS has considerable genetic overlap 
with other autoimmune diseases.

	5.	 Low levels of vitamin D and an 
increased body mass index (BMI) were 
found to significantly increase the risk 
of MS development in Mendelian ran-
domization studies.
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implicates that it is primarily a disease of the 
immune system. MS genetic risk factors are more 
closely overlapping with those of other autoim-
mune diseases, including rheumatoid arthritis 
and type 1 diabetes than with diseases of the CNS 
[6].

With now more than 230 genetic risk factors 
identified for MS, leveraging tens of thousands of 
samples, questions related to gene-gene or gene-
environment interactions, genetic influence on 
phenotype, and pharmacogenetic factors for 
treatment response have been raised [7]. However, 
these areas of inquiry have proven to be very 
challenging, requiring large sample sizes, unified 
approaches to phenotype, and better understand-
ing of some medications’ mechanisms of action. 
Nonetheless, some gene-environment interac-
tions have been reported, and some genetic fac-
tors have been associated with relapse rate and 
regions of lesion burden. Mendelian randomiza-
tion experiments have been successfully 
employed to use genetic drivers of environmental 
risk factors to support causal associations 
between these factors and MS risk, eliminating 
concerns for reverse causation.

The pursuit of genetic risk factors for MS has 
led to critical insights on the pathophysiology of 
the disease, and future work will help determine 
what shapes a person’s experience of the 
disease.

�Heritability

Heritability in MS can be defined as the propor-
tion of total variance in risk of disease develop-
ment that could be explained by genetic factors 
[8]. Estimation of heritability has largely been 
based on studies investigating MS risk within 
families. First-degree relatives (siblings, chil-
dren, parents) have an increased risk of develop-
ing MS (3–5%) [9]. Risk is notably increased to 
25–30% in monozygotic twins [9–11]. One of the 
early twin studies in MS was a longitudinal, 
population-based study of twins in Canada, 
which established a 25% risk in monozygotic 
twins. These twin results have led to estimation 

that MS genetic susceptibility explains a quarter 
of the overall risk of the disease. Notably, the 
Canadian twin study also found that the risk of 
MS in dizygotic twins is doubled compared to 
non-twin siblings [11]. These latter results sug-
gest that there may be an influence of the shared 
intrauterine environment since dizygotic twins 
and non-twin siblings share the same amount of 
genetic material, but the former also share very 
early environmental exposures. Nonetheless, 
additional studies investigating the MS risk in 
half-sibling, adoptee, and spouse studies have 
demonstrated that the primary responsible factor 
of MS occurrence within families is genetics, 
more so than the environment of early childhood 
and adulthood [12, 13]. In sum, there is cluster-
ing of MS in genetically related familial groups, 
and as expected the strongest risk is within mono-
zygotic twins.

In concordant sibling studies, age of onset was 
determined to be a more important factor than 
year of onset of MS; this means that siblings who 
were both diagnosed with MS were more likely 
to be diagnosed at the same age, rather than in the 
same calendar year [14, 15]. Genetics was a more 
powerful predictor than cohabitation [14, 15]. If 
two siblings had both been diagnosed in the same 
calendar year at different ages, the environment 
would be suspected to have played the more 
important role in MS development. However, 
being diagnosed at the same chronological age 
points toward a genetic factor influencing MS 
predisposition.

As an update to estimations of heritability, a 
later meta-analysis evaluated eight twin studies 
from France, United Kingdom (UK), Denmark, 
North America, Italy, Finland, and Sweden [16]. 
A biometric multigroup analysis was conducted 
under a liability threshold model and found meta-
analytic estimates for genetic heritability as close 
to 50% (0.50, 95% CI: 0.39–0.6) [16]. The model 
also found an estimate of 0.21 (95% CI: 0.11–
0.30) for a shared environmental factor of MS and 
a 0.29 (95% CI: 0.26–0.33) for a unique environ-
mental factor. These results suggest a higher heri-
tability estimate of MS and also a shared very 
early environmental risk factor. In pediatric MS, 
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perinatal environmental factors have been associ-
ated with risk of disease onset [17].

Sex dimorphism is a predominant feature of 
MS, with more females affected than males [10, 
18, 19]. Sex chromosome contribution to the 
imbalance in risk has been challenging to study, 
as X and Y chromosomes are not typically 
included in genome-wide association studies 
(GWAS). In a recent large analysis by the 
International MS Genetics Consortium (IMSGC) 
of 47,000 cases and 68,000 controls, a locus on 
the X chromosome was identified with MS risk 
that reaches genome-wide statistical significance 
(rs2807267) [7]. The functional consequence of 
this polymorphism and relation to pathophysiol-
ogy of MS is not yet fully understood.

Sex effects in MS also include higher trans-
mission of risk through mothers as opposed to 
fathers, suggesting a genetic or epigenetic factor 
influencing this gender disparity [20]. Several 
studies have implicated mitochondrial DNA 
(mtDNA), which is transmitted to a child strictly 
from the mother, in MS susceptibility [21, 22]. 
Mitochondrial dysfunction has been linked to the 
pathophysiology of chronic neurodegenerative 
disorders [21, 22]. In regard to demyelinating 
disorders, a mouse model was established using 
mtDNA with double-strand breaks that were 
introduced into myelinating oligodendrocytes 
[21]. This introduction led to impairment of loco-
motor function, demyelination, glial activation, 
and axonal degradation in both male and female 
mice [21]. These findings suggest that mtDNA 
damage can cause chronic demyelination and 
axonal loss in mice [21]. A human haplotype 
analysis in which mtDNA was sequenced showed 
a trend toward an overrepresentation of super-
haplogroup U in MS participants [23]. Tranah 
et  al. observed in a pooled analysis from seven 
clinical sites a 1.15-fold higher risk of MS in JT 
haplotype carriers [24]. These results support the 
hypothesis that mtDNA variation contributes to 
MS susceptibility, with potential to explain 
maternal inheritance of risk.

With the efforts of the IMSGC and generous 
participation of more than 100,000 individuals, 
48% of heritability of MS has now been explained 

[7]. The specific susceptibility factors are 
described below and include more than 30 alleles 
within the human leukocyte antigen region 
(HLA) and more than 200 non-HLA alleles.

�HLA Risk Factors

The human major histocompatibility complex 
(MHC) is located on chromosome 6 (6021.3) and 
contains a cluster of more than 200 genes, many 
of which encode proteins essential to a variety of 
immune responses [25, 26]. These include the 
human leukocyte antigen (HLA) class I and class 
II genes, which encode heterodimeric cell surface 
glycoproteins that bind and present peptide anti-
gens to T-cell receptors (TCR) [26]. This process 
of antigen presentation is central to initiation of 
an adaptive immune response against pathogens 
and plays a major role in autoimmune disease 
pathogenesis [25, 26]. Humans have three class I 
genes, HLA-A, HLA-B, and HLA-C, which are 
highly polymorphic and encode the α(alpha) 
chain of the HLA-A, HLA-B, and HLA-C mole-
cules, respectively [26]. There are three class II 
gene sets, HLA-DR, HLA-DP, and HLA-DQ, 
which encode the α(alpha) and β(beta) chains of 
their respective molecules and are also highly 
polymorphic [26]. The combination of HLA 
alleles inherited from each parent is termed the 
HLA haplotype. The expression of each HLA 
allele at a locus is codominant [26]. Due to the 
extensive diversity of HLA alleles, the World 
Health Organization (WHO) Nomenclature 
Committee for Factors of the HLA System has 
established a system of nomenclature for HLA 
genes based on locus, type, subtype, synonymous 
DNA substitutions within the coding region, dif-
ferences in the noncoding region, and expression 
status [27]. Specific HLA alleles have been asso-
ciated as risk factors for many diseases, including 
MS [25]. The association between HLA allelic 
variants and MS susceptibility and progression 
was first established in 1972 [28, 29]. Since then, 
many studies have been conducted to better 
understand how HLA genetic risk factors con-
tribute to MS (Table 11.1) [23, 25–28, 30–44].
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�HLA Factors of Increased Risk

Investigations into the potential genetic heritabil-
ity of MS began in the 1970s by multiple research 
groups that used small-sized candidate gene stud-
ies to begin to analyze genetic factors related to 
MS [29, 45]. Among these early studies was 
investigation of HLA risk factors. The strongest 
genetic risk factor found to correlate with MS is 
the HLA-DRB1*15:01 allele [32]. Carrying a 
single copy of this allele confers a threefold 
increase in MS risk in European populations 
[33]. HLA-DRB1*15:01 is generally inherited 
with other HLA alleles as part of an extended 
DRB1*1501-DQB1*0602 haplotype [32]. A 
Human Genome Epidemiology (HuGE) review 
examined 72 papers investigating the impact of 
these specific genetic loci published between 
1993 and 2004; the review found that in all but a 
limited few articles, the frequency of DRB1*15:01 
was significantly increased in cases compared to 
control subjects [30]. The only studies that did 
not find this association were carried out in non-
European populations, suggesting a differential 
genetic susceptibility among ancestral groups 
[30]. The large impact of DRB1*15:01 was also 
demonstrated in a GWAS, which found that this 
allele in the class II region of the MHC accounts 
for up to 10.5% of the genetic variance underly-
ing the risk of developing MS [31]. This is the 
largest effect of any single factor, which we know 
of, that contributes to MS risk.

Patients with MS who carry the DRB1*15:01 
haplotype are more likely to be female and have 
an earlier age of onset; additionally, this haplo-
type has also been associated with oligoclonal 
band presence and high immunoglobulin G (IgG) 
levels in the cerebrospinal fluid (CSF), both of 
which are markers of increased CNS autoimmune 
activity [36, 37]. A recent next-generation 
sequencing study investigated the HLA-DQB1, 
HLA-DQA1, and HLA-DRB1 alleles in 1403 
unrelated European-American MS patients and 
1425 healthy controls. This study additionally 
confirmed that the HLA-DRB1*15:01 allele 
occurred at a significantly higher frequency in 
patients compared to controls [37]. The HLA-
DRB1*15:01, HLA-DRB5*01:01:01, and HLA-

DRB5*01:01:01vl_STR1 alleles were all present 
in significantly higher frequencies in MS patients 
compared with controls [37]. Finally, the study 
also determined that when the HLA-DRB1*15:01 
haplotypes were excluded, the HLA-
DQB1*03:02:01~HLA-DQA1*03:01:01~HHLA-
DRB1*04:01:01SG~HLA-DRB4*01:03:01:01 
haplotypes occurred at a higher frequency in MS 
patients compared to controls and were all signifi-
cantly associated with MS susceptibility [37]. 
These results illustrate that while the HLA-
DRB1*15:01 allele has a strong impact on MS 
susceptibility, there are other important genetic 
loci in the HLA region that influence MS 
development.

The risk of MS is further modified by other 
HLA factors. The DRB1*03:01 and *13:03 
alleles have been associated with an increased 
risk of MS. The relationship between the occur-
rence of *03:01 and MS was first observed in a 
study using patients from Sardinia; patients who 
carried the *13:03 allele were identified to be at a 
higher risk of MS development [38, 46]. A 2012 
Spanish study genotyped HLA-B, HLA-DRB1, 
and HLA-DQA1 haplotypes in a population of 
1069 MS patients and 624 ethnically matched 
healthy control patients; the results demonstrated 
that DRB1*03:01 presence within a haplotype 
contributed to MS susceptibility [47]. In popula-
tions with an increased frequency of MS, the 
DRB1*13:03 allele is also considered to be a risk 
factor for MS development. The *13:03 allele is 
most frequently seen in Ashkenazi Jewish 
patients; a study focusing on this population was 
the first to identify the association of DRB1*13:03 
with MS with a significant effect size [48]. 
Building from these findings, a study investigat-
ing Israeli families impacted by MS found that 
there was an association of the *13:03 allele with 
disease frequency [49]. While the effect sizes of 
the *03:01 and the *13:03 HLA alleles are not as 
large as the *15:01 genetic loci, they demonstrate 
important effects on disease susceptibility in cer-
tain populations and ethnicities.

The HLA-DRB1*15:03 allele has also been 
implicated in MS susceptibility and especially in 
those of African descent [50]. African-Americans 
have greater HLA haplotype diversity, as well as 
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unique patterns of linkage disequilibrium that 
separates their genetic predisposition to MS from 
Caucasian populations [51]. A 2008 study found 
that while HLA-DRB1*15:01 was still found to 
be an important factor in MS development in 
African-American populations, HLA-
DRB1*15:03 was also significantly associated 
with susceptibility [50]. The HLA-DRB5*01:01 
haplotype is often linked to MS risk in patients of 
African descent. The HLA-DRB5 allele also has 
been found to attenuate MS severity; this is sup-
ported by the evidence that HLA-DRB5*null sub-
jects are at an increased risk of developing 
secondary progressive MS [50]. This finding is 
supported by evidence that HLA-DRB5 acts as a 
modifier in experimental autoimmune encepha-
lomyelitis [35]. Additionally, patients who pres-
ent with HLA-DRB5*null carrier allele status are 
also always in the DRB1*15:03 haplotypes; the 
HLA-DRB1*15:03 haplotype is not observed in 
Caucasian populations [50].

The strong impact of the HLA-DRB1*15:01 
allele has been shown to interact with other 
genetic risk alleles within the HLA.  The 
DRB1*15:01 homozygous genotype was 
observed to have an epistatic effect on the 
DRB1*08:01 allele; the presence of the 
DRB1*15:01/*08:01 heterozygous genotype had 
an increased risk of MS development when com-
pared to the other heterozygous *15:01 geno-
types investigated [52]. An important finding 
from this study was that the DRB1*08:01 geno-
type was not predisposing on its own; it only con-
tributed significantly to risk of disease onset 
when the *15:01 allele was present in the same 
genotype [52]. These findings add nuance to the 
understanding of the *15:01 risk alleles and sus-
ceptible genotypes for MS and demonstrate the 
complexity behind genetic predisposition.

�HLA Protective Factors

While the aforementioned HLA alleles are asso-
ciated with an increased risk for MS develop-
ment, other HLA alleles have been associated 
with protective effects. These associations tend to 
be more challenging to identify than risk factors 

and seem to vary more widely between different 
ethnic groups. In European populations, an allele 
commonly associated with protective effects 
against MS development is DRB1*14:01 [52, 
53]. A UK study observed that protection stem-
ming from this allele is dominant, and carrying 
this allele outweighed the increased risk from 
carrying DRB1*15:01 [53]. In a study of 4347 
MS patients, investigating the genetic complexity 
of MHC haplotypes, the DRB1*14:01 allele was 
confirmed as a protective factor, along with 
DRB1*01, and suggested a common mechanism 
underlying the function of both [52].

Alleles that have been further linked to protec-
tive effects against MS development are found in 
the class I HLA loci, including HLA A and HLA 
B. The HLA-A*02 allele was linked to protection 
against MS in a study in Portuguese MS patients 
[54]. The results of this study found that the HLA-
A*02 allele decreased the risk of developing MS 
and that this effect was independent from the 
impact of HLA-DRB1*15:01 [54]. A later study 
found that the HLA-A*02 allele independently 
reduced susceptibility to developing MS [39]. In a 
Scandinavian cohort study of more than 3000 
patients and healthy controls, it was observed that 
all HLA-A*02-bearing haplotypes were protective 
against MS development, as long as they did not 
carry the HLA-DRB1*15:01 haplotype as well 
[40]. This study also identified a single class I 
haplotype, which carried A*02-C*05-B*12, 
which negated the risk of carrying HLA-
DRB1*15:01, demonstrating a complex role of 
class I alleles in MS risk and development [40].

The same study that demonstrated supporting 
evidence for the protective role of HLA-A*02 
also identified the HLA-B*44 allele as a protec-
tive factor and found that it was associated with 
better radiologic outcomes when the disease was 
present [39]. These brain-related outcomes 
include better brain parenchymal function and 
decreased T2 hyperintense lesion volume [39]. 
Both the HLA-A*02 and HLA-B*44 alleles were 
assessed after accounting for the effect of 
HLA-DRB1*15:01.

A study that investigated HLA-DRB1 and 
HLA-DQB1 alleles in 120 Iranian MS patients 
found that the DRB1*10:01 allele was negatively 
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correlated with MS occurrence, suggesting a 
potential protective effect against the disease, but 
the sample size was very modest [55]. While a 
proportion of the healthy controls carried this 
gene, none of the MS patients did [55]. A sepa-
rate case-control study in the Slovak population 
identified the DRB1*07, DRB1*13, and DRB1*03 
alleles to be protective against MS development, 
along with the DRB1*13-DQB1*06 and 
DRB1*11-DQB1*03 haplotypes [56]. Part of 
these results was replicated in a study using a 
Finnish cohort, which found the 
DRB1*13~DQB1*06 haplotype to have protec-
tive properties against MS [57]. Two independent 
investigations from Brazil and Canada found pro-
tective effects of the DRB1*11 allele, signifying 
an important multicultural correlation for this 
specific loci [58, 59]. The results of multiple 
studies investigating protective HLA factors 
against MS development have demonstrated that 
increased, region-specific research is needed in 
order to fully identify different factors.

In total, 32 loci within the MHC region have 
been confirmed to have association with increased 
or decreased risk to have MS [7]. While these loci 
represent a substantial proportion of MS herita-
bility, the rest of the currently identified factors 
reside within the autosomal non-MHC genome.

�Genome-Wide Association Studies: 
Non-HLA Risk Factors

Although early studies of non-HLA genetic risk 
factors identified a few alleles of interest, the 
results were not initially reliably replicated, 
largely due to modest sample sizes. In 2007, a 
study by Fisher et  al. demonstrated that MS is 
likely characterized by a diverse spectrum of risk 
allele frequencies underlying susceptibility—a 
theory termed the polygenic model of MS [60]. 
The risk in evidential support for the polygenic 
model of MS genetic heritability gave the theo-
retical support necessary to begin intensive 
genome-wide studies that utilized large datasets 
to effectively screen thousands of single nucleo-
tide polymorphisms (SNPs) [61]. These GWAS 
were made possible through technological 

advancements and the development of novel 
methodological approaches such as the SNP 
array and have provided the foundation for later 
advances in our understanding of the genetic her-
itability of MS. GWAS are conducted by compar-
ing the allele frequency at each position in the 
genome between case and control subjects, 
assuming an additive model of genetic effects, 
and a significant difference between the two 
highlights a genetic association to MS risk [62]. 
GWAS research investigations are agnostic, or 
hypothesis-free, and target the entire genome by 
tagging linkage disequilibrium (LD) blocks; this 
means that they require large sample sizes of par-
ticipants, but the sample is not restricted to 
family-based relationships. Case-control samples 
can be used. Over time, statistical thresholds 
have been adopted in order to account for multi-
ple comparisons and to ensure reproducibility in 
independent studies [63]. The current standard 
for genome-wide significance level is P < 5*10−8, 
which is equivalent to P  <  0.05 after the 
Bonferroni correction for the number of indepen-
dent tests in the entire genome, given LD between 
known variants [63].

The first GWAS targeted non-HLA elements 
of MS and was completed by the International 
Multiple Sclerosis Genetics Consortium 
(IMSGC) in 2007 [64]. Using 1540 parent-
affected offspring trios, this study was able to 
identify two genetic loci outside of the HLA 
genes that had previously not been implicated in 
MS: the interleukin-7 receptor (IL-7R) and the 
interleukin-2 receptor (Il-2R) [64]. Both of these 
genetic loci are linked to cytokine receptors, and 
replication studies have provided evidence for a 
causal link between these two receptors and MS 
pathogenesis [65–68]. The gene product of 
IL-7R, the interleukin-y receptor alpha chain, 
forms a complex with a gamma chain cytokine 
receptor that is critical for the proliferation and 
survival of T and B lymphocytes in the immune 
system [66, 69]. Genetic aberrations in this com-
plex have been demonstrated to lead to immune 
deficiency syndromes [70]. An mRNA assay 
study using peripheral blood mononuclear cells 
(PBMCs) in MS patients found that there was an 
increased expression of the IL7 signaling path-
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way in the CSF of patients compared to controls 
[66]. This suggested that the disruption of this 
signaling pathway in the CNS could partially 
account for the onset of MS.  Polymorphism in 
the IL-7R gene was classified as a significant risk 
factor for MS, as identified by four independent 
case-control and family-based datasets [65]. 
Additionally, the IL-2R gene, which was also 
implicated in MS through the preliminary GWAS, 
encodes a subunit of a receptor for the pro-
inflammatory cytokine interleukin 2 (IL2); this 
cytokine has been associated with multiple auto-
immune diseases in addition to MS, including 
rheumatoid arthritis and type 1 diabetes [64, 71, 
72]. IL-2R helps to maintain suppressive func-
tions of a T-cell subtype, which in turn facilitates 
effector and memory T-cell differentiation and 
plays an important role in immune system func-
tion [73]. Furthermore, the IL-2R gene is regu-
lated by vitamin D in CD4+ T-cells, implicating a 
known environmental factor in MS development 
in genetics [71].

After the first GWAS was completed and the 
roles of IL-7R and IL-2R in MS were identified, 
the results were quickly replicated by indepen-
dent studies; the buildup of investigation sur-
rounding GWAS and heritability in MS led to a 
marked increase in genetic studies and sample 
sizes [65, 66]. In order to create a larger subject 
pool and achieve greater statistical power, the 
IMSGC expanded to include approximately 23 
research groups from 15 countries. By 2010, a 
large series of GWAS and meta-analyses made 
possible by this expansion increased the number 
of confirmed genetic loci associated with MS to 
26 [74]. While the study was able to maximize its 
subject pool by using case-controls instead of 
family-based, this method created confounding 
such as population stratification that limits inter-
pretation of results [74]. To control for this, a 
novel approach called the variance component 
method was used to adjust for this genomic infla-
tion bias [74]. Another GWAS was conducted by 
the IMSGC a few years later, which identified 52 
loci that were definitely associated with the risk 
of developing MS, including 29 completely novel 
loci [75]. Of these identified genes, 23 were pre-
viously known to be involved in other autoim-

mune diseases; this suggested that a common 
mechanism may underlie several autoimmune 
disorders [75]. A GWAS in 2013 brought the 
number of established MS-associated genetic 
loci up to 110, with 103 of these loci existing out-
side of the HLA [76]. The most recent GWAS, 
conducted in 2017 by the IMSGC, included a 
sample size of more than 115,000 case and con-
trol subjects [77]. This study found that the total 
number of MS risk-associated genes is approxi-
mately 233, with 200 of these loci non-HLA 
related and 32 HLA-related [77]. The speed 
with which the multiple consecutive GWAS 
were able to identify increasingly large numbers 
of genetic loci outside of the HLA that are 
involved in this multifaceted disease is a testa-
ment to this study design in our understanding of 
MS susceptibility.

Pediatric-onset MS may represent an extreme 
example of genetic susceptibility given the young 
age of disease development. To date, many of the 
adult susceptibility alleles have been confirmed 
in this population, although some with poten-
tially higher effect sizes than seen in adults [78]. 
MHC class III variants were also associated with 
MS risk in children [78]. A caveat of these stud-
ies is that sample sizes are limited in this more 
rare MS population.

A strength of the GWAS was their incredibly 
large datasets that generated important connec-
tions between genetic loci and disease preva-
lence, but they are not without limitations. LD is 
the idea that the regions where SNPs exist as 
indicated by GWAS are not overly specific; these 
regions can be expansive sections of the genome 
that include several genes that could potentially 
be implicated in MS [79]. Additionally, incredi-
bly large sample sizes were required to detect 
even marginal genetic associations with minor 
effects, under any inheritance model; this means 
that the era of GWAS has mostly come to an end, 
due to the increasing statistical need for datasets 
of larger sizes. Follow-up experiments have 
helped to refine our understanding of the conclu-
sions reached by GWAS in the past decade and 
look to new methodologies.

The conclusion from sustained GWAS investi-
gations into MS has been that the loci associated 
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with MS are generally related to T-cell activation 
and proliferation in the immune system [80, 81] 
and that MS susceptibility genes are enriched in 
all immune cell types [7]. Transcriptomic and 
epigenetic enrichment analyses demonstrate that 
T-cell biology is a major feature of MS but stops 
short of naming it the key characteristic of the 
disease; alternatively, it is noted that there are 
many active components in MS outside of T-cell 
activity, including adaptive and innate immunity 
in pathogenesis [10, 80–82]. However, this pic-
ture of the genetics of MS is not complete, and 
statistical analyses have demonstrated that there 
are potential remaining genetic factors in addi-
tion to the environmental factors that remain to 
be elucidated. Susceptibility studies have demon-
strated that while MS has important genetic com-
ponents, and these implicate the immune system 
as the origin of the disease, it is not an entirely 
heritable disease.

�Non-Caucasian Populations

The majority of research conducted on the genet-
ics of MS has included participants with European 
ancestry; ethnic minority populations have been 
underrepresented in heritability research [83]. 
While historically MS has been reported to have 
the highest prevalence in Caucasians with 
Northern European ancestry, it has also been con-
sistently reported in most ethnic groups [84]. In 
order to untangle the complex genetic interac-
tions that lead to MS, it is imperative to investi-
gate the genetic differences between populations 
that lead to the same disease.

When compared to Caucasian populations, 
people with African ancestry have a statistically 
smaller risk of MS development; however, if they 
do develop MS, they may be at risk for faster dis-
ease progression and increased disability [85]. 
These observations implicate genetic factors as 
potential modifiers of the differences in MS risk 
and phenotype in different populations, but envi-
ronmental factors may also notably contribute.

The MHC class II HLA-DRB1*15 and HLA-
DRB1*15:03 alleles are susceptibility factors in 
populations of African descent. As mentioned in 

a previous section, African-Americans have 
greater HLA haplotype diversity, in addition to 
patterns of LD that changes their genetic predis-
position to MS as compared to Caucasian popu-
lations [51]. The HLA-DRB1*15:03 allele has 
been significantly associated with MS suscepti-
bility in cohorts with African descent [50]. The 
class II HLA-DRB*15 alleles have been observed 
to indicate severity of disease progression in this 
cohort [50, 86]. A study investigating differences 
in MS clinical outcomes in 673 African-American 
and 717 European American participants demon-
strated that African ancestry of HLA correlated 
with an earlier age of onset and increased disabil-
ity, as measured by the Multiple Sclerosis 
Severity Score (MSSS) and cane dependency 
[87].

In order to investigate the MS susceptibility 
genetic profile in African-Americans, a replica-
tion study investigated allele frequencies of 19 
SNPs in 12 MHC genetic loci in 918 patients and 
656 controls [88]. The results showed both HLA 
and non-HLA factors were associated with MS 
risk; it also demonstrated consistent findings of 
SNP associations compared to the literature in 
Caucasian populations, showing common immu-
nological mechanisms for MS development [88]. 
A follow-up study was conducted a few years 
later, which used an expanded population size of 
1162 cases and 2092 controls to assess the asso-
ciation of MS risk variants in a population with 
African ancestry [89]. This study, using a signifi-
cance threshold of p < 0.01, found none of the 
HLA-DQB1 alleles were significantly associated 
with MS; conversely, researchers identified eight 
SNPS associated with MS outside of the MHC 
[89]. While research has suggested there are not 
large differences in HLA risk factors among 
African and Caucasian populations, more modest 
sample sizes in these studies limit the identifica-
tion of factors that may be rare in the population 
or have small effect sizes.

In addition to those with European or African 
ancestry, there are distinct patterns of MS disease 
diagnosis and course in those with Asian genetic 
ancestry. A Japanese study found an association 
of DRB1*15 alleless with a more typical course 
of MS; if a patient had no presence of this allele, 
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they were more likely to have the clinically dis-
tinct opticospinal MS [90]. Opticospinal MS in 
Asian patients was associated with the risk vari-
ant DRB1*04:05; this allele was linked to a dis-
ease course characterized by an earlier age of 
onset, reduced severity, and a statistically smaller 
number of brain lesions compared to similar 
studies in Caucasian populations [90, 91]. 
However, these studies predate research sur-
rounding neuromyelitis optica (NMO) and 
myelin oligodendrocyte (MOG) antibodies. A 
meta-analysis investigated the association 
between HLA genes and MS in Chinese popula-
tions and found that the HLA-DR2.DRB1*15 
haplotypes were associated with risk of MS in 
Chinese patients but to a lesser extent than in 
Western MS population [92]. Additionally, this 
study identifies HLA-DR9 alleles as conferring 
resistance to MS in this population [92]. Wang 
et  al. conducted a whole-exome sequencing 
study on MS patients from Southern China, in an 
attempt to identify genetic variants in a Chinese 
population compared to Caucasian populations 
[92]. They found 17 variants that were previ-
ously unreported in the literature as being related 
to MS that were shown to have significantly dif-
ferent frequencies between the MS patients and 
healthy controls, specifically a rare variant 
located on exon 7 of TRIOBP [92]. While this 
research has helped to fill in our understanding 
of the genetics of MS in patients with Asian 
ancestry, the small sample size (n  =  8) means 
that the study will have to be further supported 
by continuing investigation.

�Multiple Sclerosis Genetic Overlap 
with Other Autoimmune Diseases

Multiple sclerosis has been characterized as an 
autoimmune disorder, a definition that has been 
supported by the implication of HLA genetic loci 
in its etiopathogenesis. Autoimmune diseases, or 
AIDs, are known to have some amount of similar 
implicated biological mechanisms that lead to an 
overactive immune response (Fig. 11.1). In MS, 
the largest single risk factor is the presence of the 
HLA DRB1*15:01 allele. As described previ-

ously, this allele follows what is called the addi-
tive model; the more copies of the allele present 
in the genome, the more genetically susceptible 
an individual is to developing MS [53, 93]. This 
phenomenon is also seen in other autoimmune 
diseases, such as celiac disease, narcolepsy, and 
type 1 diabetes; in all of these cases, homozygos-
ity for a gene increases risk in comparison to het-
erozygous genetic groups [41, 42, 94]. The 
similarity between dosage effects in HLA genes 
of known autoimmune diseases and MS strongly 
suggests that MS arises primarily from an abnor-
mal peripheral immune system and provides the 
theoretical foundation for further parallels 
between MS and other AIDs.

GWAS have provided researchers with the 
ability to use large sample sizes in order to 
unravel some of the genetic components of com-
plex diseases, like MS [46]. The results from 
these studies demonstrate that MS-related genes 
overlap notably with genetic loci that have previ-
ously been associated with many other AIDs 
[95]. GWAS demonstrate that just over one-third 
of the known MS risk loci overlapped with 
regions that have previously been associated with 
other AIDs, including celiac disease, type 1 dia-
betes, and rheumatoid arthritis [72].

Autoimmune diseases, such as MS, are incred-
ibly complex; the polygenic mechanisms under-
lying each individual pathology remain 
challenging to fully elucidate as the field is only 
beginning to reach sample sizes that allow for 
studies of gene-gene interactions. In addition to 
genes underlying risk factors present in multiple 
AIDs, there are also genes that act as protective 
factors for some AIDs but risk factors for others. 
Sirota et  al. compared genetic profiles of six 
autoimmune diseases, including MS, and five 
non-autoimmune diseases, in order to identify 
SNPs that are both protective and susceptibility 
factors [96]. The study identified two broad 
classes of autoimmune diseases, where specific 
MHC SNPs that make an individual susceptible 
to one protect against the other. Rheumatoid 
arthritis and ankylosing spondylitis belong to one 
class, while MS and autoimmune thyroid dis-
eases belong to the other, and they are differenti-
ated by certain MHC polymorphisms [96]. The 
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study hypothesized that the SNP alleles associ-
ated with different autoimmune phenotypes may 
interact differently with both environmental and 
other genetic factors, thereby changing the bio-
logical context of the SNP in different people 
[96]. Further investigation is necessary to 
understand the relationships between these AIDs 
more clearly.

�Susceptibility Factors and MS 
Disease Course

In a multifaceted disease such as MS, there are a 
multitude of both environmental and genetic risk 
factors (as well as interactions among these) that 

may impact not only disease onset but also phe-
notype. Preserving function and day-to-day qual-
ity of life is an especially important driver of 
medical standard of care. In order to slow the 
progression of MS as best as possible, it is impor-
tant to continue investigating the impact of differ-
ent susceptibility factors on disease course.

The HLA is one of the most important sites of 
genetic heritability for MS diagnosis and may 
have importance also for phenotype. Carrying 
HLA-DRB1*15:01 has been associated with ear-
lier age of MS [97, 98]. The HLA alleles HLA-
DRB1*15:01, HLA-DQB1*03:01, 
HLA-DQB1*03:02, HLA-DQB1*06:02, and 
HLA-DQB1*06:03 have been associated with 
more severe MS progression, as indicated by 
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patient magnetic resonance imaging (MRI) scans 
and evidence of increased inflammation and neu-
rodegeneration [99, 100]. The presence of HLA-
DRB1*15:01 may also be associated with greater 
lesion burden in the spinal cord [101]. In addi-
tion, the HLA-DRB1*04:05 allele has been 
shown to influence the severity of MS progres-
sion, independent of environmental risk factors 
such as latitude, in a Japanese cohort study [102]. 
Patients with this specific allele were shown to 
have lower MSSS scores, lower frequency of 
brain lesions meeting the Barkhof criteria, and 
decreased levels of CSF abnormalities compared 
to HLA-DRB1*0405-negative patients [102]. A 
similar study used 282 non-related Slovak 
patients to investigate the impact of the HLA-
DRB1 and HLA-DQB1 alleles on MS progression 
[56]. The study demonstrated that carriers of a 
homozygous genotype for DRB1*15 and 
DQB1*03 reached a higher rate of disability sig-
nificantly faster than noncarriers; additionally, 
DRB1*15:15 was found to be less frequent in 
patients with slowly progressing MS, and 
DQB1*03:03 was found to be associated with a 
slower disease progression [56]. Better MRI out-
comes (T2 burden and atrophy) have also been 
observed in those carrying HLA B*44 [39]. 
Genetic loci within the HLA may also be par-
tially responsible for an individual’s response to 
several disease-modifying therapies (DMTs). 
Fifteen specific HLA alleles were found to have 
modifying effects on DMTs, all of which led to a 
reduction in the MS severity score (MSSS), a 
type of disability status calculation for the sever-
ity of MS [103].

In addition to HLA-related genetic suscepti-
bility factors impacting MS disease progression, 
non-HLA factors have been associated with dis-
ease course [104, 105]. In a set of approximately 
800 participants, modest associations were found 
between some allelic variants outside the HLA 
and MS phenotype (age at onset, MSSS, brain 
parenchymal volume, and T2 lesion load), but 
many of these did not reach genome-wide signifi-
cance [104]. A genetic risk or burden score of 
non-HLA susceptibility alleles has been associ-
ated with age at onset and the presence of oligo-
clonal bands [106]. A similar unweighted genetic 

risk score was not associated with relapses in 
pediatric-onset MS [107]. The non-HLA MS sus-
ceptibility variant within the AH1 gene is associ-
ated with MS relapse hazard in both children and 
adults [108]. In a genome-wide analysis, varia-
tion at a loci associated with the gene LRP2 
(rs12988804) was also associated with relapses 
in children and adults [105].

Worse clinical outcomes and more severe dis-
ease progression were also found to be predicted 
by the rs12959006 variant in the myelin basic 
protein (MBP), a major component of the myelin 
sheath in the CNS, even though this genetic vari-
ant is not associated with risk of disease onset 
[109]. Unexpectedly, a SNP detection study iden-
tified genetic variants located in CPXM2, 
IGSSF9B, and NLRP9 that have the potential to 
modulate MS disease course; the relationship 
found was so strong that these genes may be used 
as disease activity biomarkers to identify MS 
patients with divergent disease courses [110].

The above research supports the concept that 
genetic risk factors have some impact on the 
severity of MS. Further understanding the intri-
cacies of these susceptibility factors could help 
improve treatment approaches for MS patients in 
the future.

�Mendelian Randomization: Support 
for Environmental Risk Factors

Mendelian randomization studies offer the ability 
to study environmental risk factors with minimal 
concern for reverse causation. This kind of study 
assesses the impact of genetically determined 
variation in a biological pathway marker on a dis-
ease, which helps scientists to support or reject 
the pathway’s hypothesized causal role in disease 
etiology [5]. Mendelian randomization studies 
are ecologically valid and natural studies that 
attempt to emulate randomized control trials, the 
gold standard for assessing causality in a rela-
tionship. The genetic alleles driving an environ-
mental risk factor (cards dealt at birth before 
disease onset) can be used as a proxy for the risk 
factor in the analysis. Being upstream of the final 
risk factor level and non-mutable by the disease 
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itself or other confounding environmental fac-
tors, these alleles greatly reduce concerns of 
reverse causation and other confounding.

�Vitamin D

In research cohorts across the world, people with 
MS exhibit lower vitamin D levels than healthy 
controls [111, 112]. In those with MS, individu-
als with more disability or higher relapse rates 
have lower vitamin D levels than those with less 
severe disease [113]. These observations may in 
part explain the historical observation that MS 
prevalence is greater in higher latitude areas with 
less sunlight [114]. Vitamin D has been demon-
strated to have direct effects on the immune sys-
tem, making it a plausible risk factor, but 
concerning among many of these studies is the 
possibility that the observation is explained by 
reverse causation—that those with MS-related 
disability venture outside less, causing low vita-
min D levels.

In order to understand vitamin D mechanisms 
more thoroughly and how they relate to MS, 
Mendelian randomization studies have been 
undertaken. The study by Mokry et  al. used 
almost 34,000 subjects to demonstrate that alleles 
of vitamin D metabolism genes caused geneti-
cally determined variation in vitamin D status; 
this means that vitamin D level is not just linked 
to sun exposure but also to baseline genetics 
[103]. The study found that individuals with 
genetically determined vitamin D deficiency had 
more than a 10x risk of developing MS compared 
to those with the highest quartile of genetically 
determined vitamin D levels [103]. A GRS of 
three variants associated with vitamin D level is 
associated with increased risk of pediatric-onset 
MS [115]. These studies demonstrate a causal 
link between the genetically determined vitamin 
D levels and the pathology of MS.

Mendelian randomization can also be used to 
assess associations with phenotype. In a cohort of 
approximately 200 pediatric participants with 
MS, a vitamin D genetic risk score was associ-
ated with relapse rate, demonstrating that those 
with highest risk for low vitamin D levels had 

2.6-fold higher relapse rates [116]. These results 
were replicated in an independent cohort of chil-
dren with MS [116].

�Obesity

In addition to vitamin D, the process of Mendelian 
randomization has also been used in order to 
determine the causality of the relationship of 
obesity with MS risk and progression. The justi-
fication for using this type of investigation is 
similar to the reasoning behind vitamin D stud-
ies: in order to establish causality and understand 
the nature of the relationship between obesity 
and MS in a naturalistic setting with unmeasured 
confounders.

A growing body of evidence has demonstrated 
that obesity has some level of impact on MS 
onset and progression. A body mass index (BMI) 
of more than 30  kg/m2 during late adolescence 
and early adulthood is associated with a twofold 
increase in MS risk in women compared to those 
with a healthy weight [117]. Obesity in child-
hood has also been correlated with the diagnosis 
of MS in pediatric- and later-onset patients [118, 
119].

In order to better understand the relationship of 
obesity and MS, Mendelian randomization stud-
ies were conducted. A 2016 investigation used a 
two-sample MR approach with summary statis-
tics from both the Genetic Investigation of 
Anthropometric Traits (GIANT) consortium and 
the International MS Genetics Consortium 
(IMSGC); the study weighted the effect of SNPs 
on MS by their effect on BMI. The large collab-
orative effort found that genetically elevated BMI 
was causally associated with risk of MS develop-
ment [120]. A separate-sample MR study using an 
international dataset found a causal effect of 
increased BMI on susceptibility of MS using 19 
established variants that predict BMI [43]. This 
study also identified the fat mass and obesity-
associated gene, FTO, to be implicated in MS; 
specifically, FTO alone increased the risk of 
MS.  FTO has been previously associated with 
cancers, Alzheimer’s disease, dementia, and cog-
nitive decline in healthy adults [44, 121–123]. 
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These results suggest that not only does BMI have 
an indirect impact on MS through inflammatory 
pathways, but there are characteristics of a geneti-
cally elevated BMI that directly increase disease 
risk. BMI-related genes are also associated with 
increased risk of pediatric-onset MS [115].

Obesity has also been shown to play a role in 
vitamin D levels in the body, thereby demonstrat-
ing an indirect impact that an increased BMI may 
have on MS [124]. A MR study investigated a 
proposed theory that lower vitamin D bioavail-
ability in obese patients constitutes the biological 
mechanism through which obesity impacts MS 
[124, 125]. The study found that for every unit 
increase in BMI, there was a reduced 25OHD 
(vitamin D) concentration in the body by 1.15% 
[124]. A separate study importantly found that 
both vitamin D and obesity genetic variants have 
independent impacts on disease risk [115]. The 
results of these Mendelian randomization studies 
demonstrate important variables in an individu-
al’s risk for developing MS and have shown that 
BMI has both indirect and direct impacts on MS 
diagnosis and progression.

�Conclusion

The aforementioned research has clearly demon-
strated that MS is a partially heritable disease. 
Genetic factors both within and outside the HLA 
region are associated with MS risk, the greatest 
influence of which is from carrying the HLA-
DRB1*15:01 allele. GWAS studies over the last 
decade have captured the strong genetic similari-
ties of MS with other autoimmune diseases, sug-
gesting MS is an “outside in” disease. More work 
is needed to understand the relationship of 
genetic factors with disease course, requiring 
more consistency across research cohorts in how 
investigators phenotype the disease. Mendelian 
randomization studies have grown in prevalence 
as a methodology with which to analyze the 
impact of environmental factors leveraging 
genetic drivers of those factors to minimize bias 
and reverse causation forms of confounding. 
With the larger sample sizes now available, it will 
also become possible to better study epistatic 

effects among susceptibility factors as well as 
begin to study critical gene-environment interac-
tions that likely lead to onset of disease.
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Autoimmune and Paraneoplastic 
Encephalitis

Anastasia Zekeridou

�Introduction

Encephalitis of all etiologies causes more than 
20,000 hospitalizations per year in the United 
States [1] with 35–50% of cases being of 
unknown etiology [1, 2]. Autoimmune encephali-
tis has been increasingly recognized as a treat-
able cause of encephalitis in patients with 
subacute onset of cognitive difficulties in the 
presence or absence of a tumor. Recent studies 
have suggested that incidence rates of autoim-
mune and infectious encephalitis in Minnesota 
were comparable (0.8/100,000 and 1.0/100,000 
person-years, respectively) [3]. The frequency of 
autoimmune N-methyl-d-aspartate receptor 
(NMDAR) encephalitis among young adults in 
the California encephalitis project surpassed that 
of any individual viral etiology [4]. Recognition 
of autoimmune encephalitis (including in the 
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Key Points
	1.	 Autoimmune encephalitis is a treatable 

and potentially reversible cause of cog-
nitive dysfunction with incidence and 
prevalence similar to infectious causes.

	2.	 Autoimmune encephalitis should be 
suspected in patients with subacute 
onset of cognitive difficulties or rapidly 
progressive dementia especially if asso-
ciated with new-onset drug-resistant 
seizures, movement disorder, evidence 
of cancer, or personal history of 
autoimmunity.

	3.	 Clinical phenotypes include limbic and 
brainstem encephalitis, prominent psy-
chiatric manifestations, progressive 
encephalopathy with rigidity, and myoc-
lonus or more restricted phenotypes, 
such as autoimmune epilepsy.

	4.	 Brain magnetic resonance imaging 
(MRI), electroencephalography (EEG), 
and cerebrospinal fluid (CSF) can be 
useful in diagnosing autoimmune 
encephalitis but can also be normal.

	5.	 Testing both serum and CSF for neural 
antibodies aids clinical diagnosis of 
both autoimmunity and cancer (if appli-
cable) and improves diagnostic sensitiv-
ity. The absence of neural autoantibodies 
does not exclude autoimmune 
encephalitis.

	6.	 Early recognition, appropriate immuno-
therapy treatment, and cancer screening 
are crucial for patients’ outcomes.
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context of a paraneoplastic neurological syn-
drome and cancer) is crucial as it is a potentially 
treatable and reversible disorder, especially if 
recognized early [5]. Often the patients’ symp-
toms are misdiagnosed as non-treatable neurode-
generative disorders or are thought to correspond 
to cancer progression in paraneoplastic cases. 
The discovery of neural autoantibody biomarkers 
has revolutionized how we diagnose and approach 
the neural autoantibody-positive encephalitis 
cases and has broadened the spectrum of recog-
nizable syndromes now attributable to autoim-
mune or paraneoplastic encephalitides. Suggested 
criteria for neural autoantibody-negative cases 
are based on disease presentation and ancillary 
testing and are valuable aids to guide diagnosis 
and treatment [6] (Table 12.1).

The presence of cancer, central nervous system 
(CNS) infections, or systemic infections have been 
implicated as triggers in the pathogenesis of para-
neoplastic, autoimmune, and postinfectious 
encephalitides [7–12]. In paraneoplastic cases, 
systemic tumors expressing onconeural antigens, 
often in mutated forms to bypass self-tolerance, 
may trigger autoimmunity [12–15]. A  
Paraneoplastic encephalitis is evidence of a potent 
antitumor immune response targeting either intra-
cellular onconeural antigens (e.g., anti-neuronal 
nuclear antibody 1 [ANNA1] or anti-Hu encepha-
litis in patients with small-cell lung cancer 
[SCLC]) or neural synapses (e.g., NMDAR 
encephalitis in patients with ovarian teratomas) 
[15]. Autoimmune encephalitis, especially cases 
of NMDAR encephalitis, has also been described 
both in children and in adults after a herpes sim-
plex virus (HSV) encephalitis (discussed further in 
Chap. 25) [7, 10]. Different pathophysiological 
mechanisms have been suggested in these cases, 
including viral-induced release of NMDAR and 
other neural proteins, or mechanisms of molecular 
mimicry [10]. Molecular mimicry has also been 
suggested as hypothesis in postinfectious acute 
disseminated encephalomyelitis (ADEM) [16].

In patients with neural autoantibody-positive 
autoimmune and paraneoplastic encephalitides, the 
cellular location of the respective antigen target 
(cell surface versus intracellular) hints to the patho-
physiological mechanisms of the disease. In patients 
with autoantibodies targeting accessible proteins in 

neuronal, glial, or neuromuscular synapses (synap-
tic autoantibodies), the antibodies have pathogenic 
potential and thus antibody-depleting or B-cell-
depleting therapies can be very efficient [17, 18]. 
On the other hand, in cases where the respective 
antigen is located intracellularly, the neural autoan-
tibodies are just a biomarker of the cytotoxic T-cells 
of the same specificity targeting cells that present 
the respective antigenic peptides on their MHC-1 
molecules [13]. Even though the latter cases have a 
higher association with malignancies, neural synap-
tic antibodies are also found in patients with cancer, 
e.g., α(alpha)-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor (AMPAR) 
encephalitis in patients with small-cell lung cancer 
[8]. Neural autoantibodies, when present, guide 
diagnosis, cancer screening, and treatment modali-
ties and may inform prognosis.

Table 12.1  When to suspect an autoimmune/paraneo-
plastic encephalitis

Clinical clues
Subacute onset of neurological symptoms consistent 
with encephalitis
+/− fluctuations
+/− rapid progression
New-onset seizures, resistant to antiepileptic drugs 
(incl. faciobrachial dystonic seizures)
Coexisting psychiatric/behavioral manifestations
Coexisting autonomic dysfunction
Coexisting movement disorders (orofacial dyskinesias, 
chorea, etc.)
Viral prodrome
Personal history of autoimmunity
Personal history of current or past malignancy
Symptoms developing in the setting of immune 
checkpoint blockade treatment for cancer
Ancillary testing clues
MRI imaging of mesiotemporal lobe T2/FLAIR 
hyperintensities
Specific MRI patterns:
 � Linear perivascular radial enhancement around the 

ventricles (GFAP-IgG)
 � Multifocal non-enhancing cortical-subcortical T2/

FLAIR hyperintensities (GABAAR-IgG)
Inflammatory CSF (lymphocytic pleocytosis, 
oligoclonal bands, elevated IgG index; elevated protein 
alone is not specific)
Serological evidence of coexisting systemic or 
organ-specific autoimmunity
Presence of well-established neural autoantibodies 
detected with contemporary assays
EEG evidence of epileptiform activity or slow waves in 
temporal lobe(s); extreme delta brush
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�Clinical Manifestations

Neurological autoimmunity can affect any level of 
the neuraxis. CNS autoimmunity can present with 
psychiatric manifestations, cognitive impairment 
with or without altered consciousness, seizures, 
movement disorders, cerebellar and brainstem 
dysfunction, or myelitis. An autoimmune origin 
should be suspected in the setting of subacute 
onset of neurological manifestations especially in 
patients with evidence of systemic autoimmunity 
or cancer or after immune checkpoint inhibitor 
treatment for systemic malignancies (neurological 
complications of immune checkpoint inhibitors 
are discussed further in Chap. 25). Specific syn-
dromes such as limbic encephalitis and brainstem 
encephalitis should raise suspicion for an autoim-
mune origin. Ancillary testing findings, such as an 
inflammatory CSF in the absence of infection, can 
also reinforce the suspicion of autoimmune 
encephalitis as can distinctive clinical manifesta-
tions that point toward a specific diagnosis (Tables 
12.1 and 12.2).

This chapter focuses on the clinical and auto-
antibody manifestations of autoimmune and 
paraneoplastic encephalitis based on the patho-
physiological mechanisms underlying these dis-
eases. In addition, we will discuss some other 
well-defined autoimmune neurological syn-
dromes and will provide a diagnostic and man-
agement algorithm for these challenging cases. 
Cerebellar (autoimmune ataxia in the context of 
paraneoplastic neurological syndromes) and 
basal ganglia syndromes (autoimmune move-
ment disorders) are discussed in Chaps. 16 and 
14, respectively.

�Neural Autoantibody-Positive 
Autoimmune and Paraneoplastic 
Encephalitides

A list of neural autoantibodies implicated in 
autoimmune encephalitis along with their dis-
tinctive manifestations and cancer associations is 
provided in Tables 12.3 and 12.4.

Table 12.2  Clinical clues suggesting a specific diagnosis 
in patients with autoimmune/paraneoplastic encephalitis

Clinical phenotype
Neural autoantibody 
specificities

Faciobrachial dystonic seizures LGI-1
“Dizziness spells” LGI-1
Status epilepticus, predominant 
seizures

GABAAR, GABABR, 
GAD65 (and others)

Myoclonus DPPX, glycine R
Opsoclonus myoclonus ANNA2 (Ri)
Psychosis NMDAR (and 

others)
Coexisting ataxia GAD65, ANNA1 

(Hu), Caspr2 
(episodic ataxia)

Progressive encephalopathy 
with rigidity and myoclonus; 
exaggerated startle

Glycine R, DPPX

Stiff-person syndrome Amphiphysin, 
GAD65, glycine R

Peripheral nerve 
hyperexcitability

Caspr2, LGI1

Coexisting gastrointestinal 
dysmotility

ANNA1 (Hu)

Coexisting gastrointestinal 
hypermotility

DPPX

Morvan’s syndrome (central, 
peripheral, and autonomic 
nervous system 
hyperexcitability)

Caspr2

Coexisting sensory 
neuronopathy

ANNA1 (Hu)

Prominent meningeal 
involvement

GFAP

Coexisting myelopathy GFAP, amphiphysin, 
ANNA1, CRMP5

Children Aquaporin 4, MOG, 
NMDAR, GABAAR

Table 12.3  Neural autoantibodies associated with 
encephalitis of synaptic specificities

Name/
antigen

Common neurological 
presentations

Common 
oncological 
associations

VGKC 
(Kv1)
LGI-1
Caspr2

Limbic encephalitis, 
faciobrachial dystonic 
seizures, hyponatremia
Peripheral nerve 
hyperexcitability, limbic 
encephalitis, 
dysautonomia, neuropathy

Rare 
(thymoma)
Thymoma

(continued)
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�Antibodies Targeting Neural 
Synapses

One of the most common and well-described 
autoimmune encephalitides that has a distinctive 
clinical syndrome is NMDAR encephalitis. Even 
though it was first described in 2007  in young 
women presenting with psychiatric manifesta-
tions in the context of an ovarian teratoma, we 
now know that patients harboring autoantibodies 
targeting the NMDAR (NR1 subunit) include 
men and children [19–22]. It can be seen follow-
ing an infectious HSV encephalitis [10]. Accurate 
diagnosis with testing of the autoantibodies in the 
CSF of patients who are suspected to have 
NMDAR encephalitis with assays specific for the 
NR1 subunit of the NMDAR is critical as there 
have been reports of false positivity. Median age 
at disease onset is 21 years with a vast majority 
(>80%) being women [20]. NMDAR encephali-
tis can be paraneoplastic; tumors found (38% of 
patients) are most often encountered in women 
between the age of 18 and 45 years, and the vast 
majority are ovarian teratomas [20]. Neural ele-
ments are found in ovarian teratomas of seroposi-
tive patients that are morphologically atypical but 
not in control ovarian teratomas [15]. The patients 
are often diagnosed based on the characteristic 
clinical presentation and confirmed by autoanti-
body testing. Patients present with psychiatric 
manifestations (new-onset psychosis, hallucina-
tions, stereotypical behaviors, agitation, or cata-
tonia) that can be misdiagnosed as a primary 
psychiatric disorder. They also develop, in the 
course of the disease, short-term memory loss, 
followed by seizures, movement disorders (oro-
facial dyskinesias are a hallmark of the disease), 
and autonomic instability with central hypoventi-
lation [23]. Children present with seizures as 
their first symptom more frequently than adults 
and have significantly more abnormal move-
ments [21]. Male patients present more often 
with seizures as initial manifestation of their dis-
ease [22]. Intensive care unit (ICU) stays have 

Table 12.3  (continued)

Name/
antigen

Common neurological 
presentations

Common 
oncological 
associations

DPPX 
(Kv4.2, 
Kv4.3)

Dysautonomia with 
gastrointestinal 
hypermotility, psychiatric 
manifestations, limbic 
encephalitis, ataxia, 
oculomotor dysfunction, 
myoclonus, rigidity, 
exaggerated “startle”

B-cell 
neoplasia

NMDAR Psychosis, catatonia, 
seizures, encephalitis, 
central dysautonomia

Ovarian 
teratoma

AMPAR Limbic encephalitis, 
seizures

Thymoma, 
SCLC, breast 
carcinoma

mGluR5 Limbic encephalitis, 
psychiatric manifestations

Hodgkin 
lymphoma

GABAAR Encephalitis with 
prominent seizures

Thymoma, 
lymphoma

GABABR Limbic encephalitis with 
prominent seizures

SCLC

Glycine 
receptor

Progressive 
encephalomyelitis with 
rigidity and myoclonus, 
optic neuritis

Thymoma, 
lymphoma, 
breast cancer

Neurexin 
3a

Encephalitis, seizures No cancer 
association

IgLON5 Sleep disorder (NREM and 
REM) and brainstem 
dysfunction

No cancer 
association

AQP4 Neuromyelitis optica 
spectrum disorder (optic 
neuritis, transverse 
myelitis, circumventricular 
organ involvement), 
encephalitis in children 
(ADEM-like phenotype)

Breast 
carcinoma, 
thymoma, 
carcinoid, 
B-cell 
neoplasia

MOG Optic neuritis, myelitis, 
acute disseminated 
encephalomyelitis

No cancer 
association

AMPAR α(alpha)-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor, AQP4 aquaporin-4, 
Caspr2 contactin-associated protein-2, DPPX dipeptidyl-
peptidase–like protein-6, GABA γ(gamma) aminobutyric 
acid, LGI1 leucine-rich, glioma inactivated 1 protein, 
mGluR metabotropic glutamate receptor, MOG myelin 
oligodendrocyte glycoprotein, NMDAR N-methyl-d-
aspartate receptor, NREM non-rapid eye movement, REM 
rapid eye movement, SCLC small-cell lung carcinoma, 
VGKC voltage-gated potassium channel
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been reported to be necessary in up to 75% of 
cases [20]. The majority of patients have a good 
outcome (80%), but the recovery can take multi-
ple months; predictors of good outcome identi-
fied are early treatment and no admission to an 
intensive care unit [20]. MRI findings are not 
specific and can include T2/FLAIR hyperintensi-
ties in the hippocampi, cerebellar or cerebral cor-
tex, basal ganglia, or brainstem [23]. 
Electroencephalogram (EEG) is often abnormal 
with findings of generalized slowing or epilepti-
form discharges. A subset of patients with 
NMDAR encephalitis have “extreme delta brush” 
[24].

Except for NMDAR encephalitis that has a 
specific disease phenotype, limbic encephalitis 
has been associated with multiple neuronal auto-

antibodies of both synaptic and intracellular 
specificities. Limbic encephalitis refers to the 
rapid development of short-term memory loss, 
psychiatric manifestations, seizures, and confu-
sion and is often associated with EEG abnormali-
ties, an inflammatory CSF, and T2/FLAIR 
mesial-temporal lobe hyperintensities (Fig. 12.1) 
[25]. Even in the absence of a neural-specific 
autoantibody, this clinical phenotype is evocative 
of an autoimmune encephalitis but can also be 
seen in infectious causes (e.g., HSV 
encephalitis).

Voltage-gated potassium channel (VGKC) 
autoimmunity can be seen in patients with lim-
bic encephalitis. Autoantibodies targeting the 
leucine-rich, glioma inactivated-1 protein 
(LGI-1) and contactin-associated protein-2 

Table 12.4  Neural autoantibodies associated with encephalitis of nuclear and cytoplasmic specificities

Name/antigen Common neurological presentations
Common oncological 
associations

ANNA-1 (Hu) Limbic encephalitis, diffuse encephalomyelitis, polyneuropathy 
and sensory neuronopathy, dysautonomia (with gastrointestinal 
dysmotility)

SCLC, neuroblastoma in 
children (rare), thymoma 
(rare)

ANNA-2 (Ri, 
Nova 1/ Nova2

Opsoclonus myoclonus, jaw dystonia, laryngospasm, brainstem 
encephalitis

Carcinoma (lung [SCLC] and 
breast)

ANNA-3 Limbic encephalitis, diffuse encephalomyelitis, polyneuropathy SCLC, other lung and 
pharyngeal carcinomas

Ma1/Ma2 Limbic encephalitis, brainstem encephalitis, cerebellar ataxia Lung carcinoma, renal 
carcinoma

Ma2 Limbic and brainstem encephalitis Seminoma (testicular 
germ-cell tumor)

PCA-2 (MAP1B) Encephalitis (limbic and/or other), cerebellar ataxia, peripheral 
neuropathy

SCLC

CRMP5 Cranial neuropathies, uveoretinitis, encephalitis (limbic and/or 
other), chorea, myelitis, radiculoplexopathies, polyneuropathies

SCLC, thymoma

Amphiphysin Encephalomyelopathy (limbic and/or other), stiff-man 
phenomena, neuropathy

Breast carcinoma, SCLC

GAD65 Stiff-person syndrome, cerebellar ataxia, encephalitis (limbic 
and/or other); predominant seizures, myelopathy

Rare: thymoma, SCLC

GFAP Meningoencephalomyelitis (predominant meningeal 
involvement)

Ovarian teratoma, diverse 
adenocarcinomas

AK5 Limbic encephalitis with prominent short-term memory loss, 
anxiety

No associated cancer

NIF, light chain Cerebellar ataxia, encephalopathy, myelopathy Neuroendocrine (SCLC, 
Merkel cell carcinoma)

Septin 5 Cerebellar ataxia with brainstem encephalitis and predominant 
oculomotor deficits

No associated cancer

AK5 adenylate kinase 5, ANNA anti-neuronal nuclear antibody, CRMP collapsin response-mediator protein, GAD glu-
tamic acid decarboxylase, GFAP glial fibrillary acidic protein, MAP1B microtubule-associated protein 1B, NIF neuro-
nal intermediate filaments, PCA Purkinje cell cytoplasmic antibody, SCLC small-cell lung carcinoma
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(Caspr2) are more specific in the setting of 
VGKC autoimmunity; the significance of 
VGKC-immunoglobulin G (IgG) positivity in 
the absence of LGI1 and Caspr2 subspecifici-
ties is unclear [26]. Patients with LGI1-IgG can 
present early with faciobrachial dystonic sei-

zures (FBDS), which is a hallmark of this dis-
ease. FBDS respond poorly to antiepileptic 
medication but do respond to immunotherapy 
[5, 27]. Cognitive impairment also occurs, and 
early immunotherapy is essential in order to 
avoid longer-term cognitive impairment [5]. 

a b

c d

Fig. 12.1  Magnetic resonance imaging (MRI) in patients 
with encephalitis. (a) GABAAR encephalitis with cortical 
and subcortical, non-enhancing (not shown) FLAIR 
hyperintensities. (b) Radial gadolinium enhancement in a 
patient with GFAP meningoencephalitis. (c) T1 basal gan-

glia hyperintensity (left) in a patient with LGI-1 encepha-
litis and faciobrachial dystonic seizures. (d) Mesiotemporal 
lobe FLAIR hyperintensity (left) in a patient with limbic 
encephalitis
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Peripheral manifestations often accompany 
LGI1 encephalitis (or can be seen alone) includ-
ing peripheral nerve hyperexcitability [27]. 
Hyponatremia is often seen [27]. Paroxysmal 
dizziness spells have been described in 14% of 
patients [27]. Patients with LGI1 encephalitis 
are older (medial age of 65  years), are more 
often male, and rarely have cancer (13%) [27]. 
The CSF in these patients is rarely inflamma-
tory. MRI changes include FLAIR/T2 mesio-
temporal lobe hyperintensities and in 13% of 
cases T1 basal ganglia hyperintensities 
(Fig. 12.1). A minority of patients with VGKC 
autoimmunity have autoantibodies targeting 
Caspr2. Even though in the past it was consid-
ered that Caspr2 autoantibodies associate with 
a peripheral phenotype (including peripheral 
nerve hyperexcitability), we now know that 
more than 60% of cases have CNS manifesta-
tions, especially in older adults [27]. Morvan’s 
syndrome (central, peripheral, and autonomic 
hyperexcitability), even though rare, is a syn-
dromic manifestation of Caspr2 autoimmunity.

Autoantibodies targeting gamma-
aminobutyric acid (GABA)BR are seen in patients 
with limbic encephalitis with prominent seizures 
[28]. A cancer is diagnosed in half of the patients, 
and it is most often small-cell lung cancer 
(SCLC). This disorder can respond favorably to 
immunotherapy, but the overall survival might be 
dictated by the presence of cancer [28]. GABAAR 
autoantibodies are also seen in patients with 
encephalitis and prominent seizures with refrac-
tory status epilepticus and FLAIR/T2 cortical 
and subcortical hyperintensities (Fig. 12.1a) [29]. 
Less than one-quarter of the patients have a 
malignancy (mostly thymomas). It can coexist 
with other autoantibodies, such as glutamic acid 
decarboxylase-65 (GAD65)-IgG and LGI1-IgG 
[28, 29]. Even though the median age of the 
patients is 40 years, this is a disorder that can be 
seen in children [29].

Another example of paraneoplastic limbic 
encephalitis is AMPAR encephalitis. More than 
half of the patients present a cancer including 
thymoma, SCLC, and breast and ovarian tumors 
[30–32]. Even though this disorder can be para-
neoplastic, the patients can respond favorably to 

immunotherapy. When AMPAR-IgG is accompa-
nied by antibodies to intracellular neural anti-
gens, then the prognosis is worse [30]. Examples 
of complete recovery after severe encephalopa-
thy necessitating ICU stays and intubation rein-
force the necessity of early immunotherapy and 
highlight the importance of giving these patients 
time to recover [30].

Metabotropic glutamate receptor-5 (mGluR5) 
antibodies were first described in patients with 
limbic encephalitis and Hodgkin’s lymphoma 
[33]. The syndrome was described as “Ophelia’s 
syndrome” (character from Shakespeare’s play 
Hamlet) by Dr. Carr who described the first case 
of limbic encephalitis in his 15-year-old daughter 
who was found to have Hodgkin’s lymphoma fol-
lowed by improvement of her neurological syn-
drome after cancer treatment [34]. A series of 
mGluR5-IgG-positive patients confirmed the 
clinical phenotype and also described a patient 
with SCLC; patients in their majority respond 
favorably to immunotherapy and cancer treat-
ment [35].

Encephalitis with dipeptidyl-peptidase–like 
protein-6 (DPPX)-IgG (Kv4.2 and Kv4.3 sub-
units of the potassium channel) can manifest with 
limbic or brainstem features and is associated 
with central hyperexcitability (myoclonus, exag-
gerated startle, rigidity, and hyperreflexia) as well 
as dysautonomia (mostly gastrointestinal hyper-
motility) [36]. A PERM phenotype (progressive 
encephalopathy with rigidity and myoclonus) 
that has been described with glycine receptor-
IgG (see below) has also been seen in patients 
with DPPX-IgG [37]. B-cell neoplasms have 
been described, and in general the patients can 
respond favorably to immunotherapy (60%) [36].

Five patients were described with antibodies 
targeting neurexin-3α(alpha) with a severe form 
of encephalitis that can be potentially treatable 
(three patients had improvement with immuno-
therapy) [38]. No cancer association has yet been 
reported.

Glycine receptor-IgG has been associated 
with PERM but also limited forms of stiff-per-
son syndrome (SPS) that is immunotherapy 
responsive [39, 40]. Tumor associations are 
rare, but lymphoma and thymoma have been 
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described [39, 40]. This is discussed further in 
Chap. 30.

While most of the aforementioned neurologi-
cal syndromes respond favorably to immunother-
apy as often seen in autoimmune neurological 
diseases mediated by potentially pathogenic anti-
bodies (see above), IgLON5-IgG has been seen in 
patients with chronic progression of their neuro-
logical symptoms and often unfavorable response 
to immunotherapy [41]. Rapid eye movement 
(REM) and non-REM parasomnias were firstly 
described with sleep breathing disorders and are 
the hallmark of this disease. Brainstem dysfunc-
tion, findings compatible with hyperexcitability 
(myoclonus, cramps, exaggerated startle), neuro-
psychiatric disorders, and dysautonomia have 
been seen [42]. Even though some patients might 
have an improvement with immunotherapy, the 
clinical phenotype mostly resembles a neurode-
generative disorder, and the brain pathology 
reveals neuronal loss and deposits of hyperphos-
phorylated tau [41, 42].

Aquaporin-4 (AQP4) autoimmune astrocyto-
pathy and myelin oligodendrocyte glycoprotein 
(MOG) autoimmune oligodendrogliopathy can 
be associated with encephalitis, especially in the 
pediatric population [11, 43]. ADEM is a syndro-
mal manifestation of MOG autoimmunity and 
can also be a presenting manifestation of AQP4 
autoimmunity in children [11, 43]. These dis-
eases will be discussed in Chap. 15.

�Autoantibodies Specific 
for Intracellular Neural Antigens

Autoantibodies specific for intracellular antigens 
were the first described in cases of paraneoplastic 
CNS disorders. ANNA1 autoimmunity (anti-Hu) 
is a classic example of T-cell-mediated neuro-
logical autoimmunity. It is strongly associated 
with SCLC, but it can also rarely be seen in 
patients with thymoma or children with opsoclo-
nus myoclonus and neuroblastoma (this syn-
drome is rarely associated with a neural 
autoantibody) [13]. Except for the limbic enceph-
alitis phenotype, ANNA1 autoimmunity can 

present with other multiple central manifesta-
tions, including seizures, abnormal movements, 
brainstem and cerebellar dysfunction, and 
myelopathy [13]. Even though a mixed senso-
rimotor polyneuropathy is more common, a clas-
sic syndromic manifestation of ANNA1 
autoimmunity is a sensory neuronopathy or gan-
glionopathy as well as dysautonomia with promi-
nent gastrointestinal dysmotility [13]. As these 
manifestations can coexist in the same patient, 
they can give us clues to the diagnosis 
(Table 12.2).

Other examples of limbic encephalitis with 
autoantibodies targeting intracellular antigens 
include adenylate kinase 5 (AK5)-IgG; no malig-
nancy has been described [44]. Encephalitic 
manifestations have also been described in 
patients with autoantibodies targeting the 
Purkinje cell cytoplasmic antibody 2 (PCA2), 
which is specific for the microtubule-associated 
protein 1B (MAP1B) that is most often seen in 
patients with diffuse neurological manifestations 
that include the peripheral nervous system and 
ataxia [45]. It is also seen in patients with 
SCLC. Other markers of SCLC that can be seen 
in patients with encephalopathy are CRMP5-IgG 
(also seen in thymoma), amphiphysin-IgG (also 
seen in women with breast cancer and other 
gynecological malignancies), and neuronal 
intermediate filament (NIF), light chain-IgG 
(also seen in other neuroendocrine tumors such 
as Merkel cell carcinomas) [46–48]. 
Amphiphysin-IgG autoimmunity is accompa-
nied by stiff-person syndrome manifestations, 
myelopathy and peripheral neuropathy; NIF 
light chain-IgG by ataxia and myelopathy; and 
CRMP5-IgG by retinitis, optic neuritis, basal 
ganglionitis, myelopathy, and radiculoneuropa-
thy [46–48].

Young male patients with seminoma can pres-
ent with a severe encephalitis (limbic, dience-
phalic, and brainstem) associated with ataxia. 
The autoantibodies described to date are specific 
for Ma2. The patients often respond to cancer 
treatment [49]. Dual seropositivity for the 
homologous Ma1 protein is seen mostly in 
women with a diverse clinical phenotype and 
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cancer associations and predicts a worse neuro-
logical outcome [50].

A brainstem encephalitis is also seen in 
patients (both men and women) with ANNA2 (or 
anti-Ri) antibodies. The syndromic manifesta-
tions of ANNA2 autoimmunity are opsoclonus 
myoclonus associated with jaw dystonia and 
laryngospasm [51]. The cancers associated are 
breast (and gynecological tract more rarely) in 
women and lung (mostly SCLC) in both sexes 
[51]. Some patients improve with cancer treat-
ment and immunotherapy [51]. Septin-5-IgG has 
also been described recently in five patients with 
cerebellar ataxia and encephalitis with brainstem 
symptoms without any cancer associations [52].

GAD65 autoimmunity is rarely associated 
with malignancies and can be seen in patients 
with autoimmune endocrinopathies such as dia-
betes type 1. Neurological manifestations are 
most often seen in patients with higher serum 
values of GAD65-IgG (>20  nmol/L). GAD65 
autoimmunity syndromic CNS manifestations 
include autoimmune epilepsy, cerebellar ataxia, 
anxiety, and brainstem symptoms that can be 
associated with other encephalitic manifestations 
[53]. In addition, GAD65-IgG can be seen in 
patients with stiff-person syndrome, which is dis-
cussed in detail in Chap. 30 [53].

A recently described autoimmune astrocytop-
athy unified by the presence of glial fibrillary 
acidic protein (GFAP)-IgG in the patients’ CSF 
manifests as a relapsing meningoencephalomy-
elitis with optic disk edema [54]. There is promi-
nent meningeal involvement, and the patients can 
also present with myelitis [55]. They are gener-
ally responsive to prolonged steroid treatment. A 
characteristic MRI imaging with periventricular 
linear radial perivascular enhancement is seen in 
50% of cases (Fig. 12.1) [55]. This disease can be 
paraneoplastic in more than 30% of cases [55].

�Other Encephalitides

Often patients will have a neural antibody-
negative autoimmune encephalitis that can be 
suspected on the basis of clinical presentation 

and ancillary testing (Table  12.1). Other well-
described entities are discussed below. ADEM 
will be discussed in Chap. 29.

�Steroid Responsive Encephalopathy 
Associated with Autoimmune 
Thyroiditis (SREAT, Also Known 
as Hashimoto’s Encephalopathy)
Hashimoto’s encephalopathy presents mostly in 
women with seizures, myoclonus, hallucinations, 
or stroke-like episodes in the presence of subclin-
ical or mild thyroid disease (usually hypothyroid-
ism) and serum thyroid (thyroid peroxidase 
[TPO], thyroglobulin) antibodies [6]. TPO anti-
bodies are seen in 10% of normal patients and are 
not specific for Hashimoto’s encephalitis [6]. 
Caution is advised in the diagnosis of patients 
without the classic clinical phenotype that have 
elevated TPO antibodies. Response to steroids is 
seen in more than 90% of cases [56].

�Bickerstaff Encephalitis
Bickerstaff encephalitis is characterized by pro-
gressive ophthalmoplegia and ataxia with distur-
bance of consciousness and is seen often in a 
postinfectious setting [6, 57]. Other features that 
can accompany this entity are pupillary abnor-
malities and facial diplegia, with other brainstem 
manifestations and generalized weakness with 
Guillain–Barré features of demyelinating radicu-
loneuropathy on electromyography (EMG) [6, 
57]. CSF pleocytosis occurs in almost half of 
cases, and ganglioside Q1b antibodies are seen in 
more than 60%. This disease is most often mono-
phasic and responsive to immunotherapy [6, 57].

�Ancillary Testing

MRI patterns that are consistent with limbic 
encephalitis include mesiotemporal lobe T2/
FLAIR hyperintensities, with or without gado-
linium enhancement (Fig. 12.1d). Distinctive pat-
terns of MRI CNS abnormalities can be 
suggestive of a specific diagnosis. Cortical and 
subcortical multifocal, most often non-enhancing, 
T2/FLAIR hyperintensities can be seen in cases 
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with GABAAR autoimmunity (Fig.  12.1a) [29]. 
Basal ganglia T2/FLAIR hyperintensities can be 
seen in patients with CRMP5 autoimmunity, 
while T1 hyperintensities can be seen in patients 
with LGI1 autoimmunity and FBDS (Fig. 12.1c) 
[58, 59]. In patients with autoimmune GFAP 
astrocytopathy, about half of the cases have asso-
ciated periventricular linear radial perivascular 
enhancement (Fig. 12.1b) [55].

2-Deoxy-2-[fluorine-18]fluoro-D-glucose 
integrated with computed tomography (18F-FDG/
PET-CT) abnormalities are not specific but can 
be useful in cases of autoimmune encephalitis, 
especially if the MRI is negative [60]. 
Hypometabolism is the most common finding, 
followed by the presence of both hypo- and 
hypermetabolism in different brain regions [60]. 
Isolated hypermetabolism can also be seen [60]. 
FDG/PET-CT abnormalities can also be helpful 
in monitoring the response to immunotherapy in 
the absence of MRI abnormalities.

Electroencephalogram (EEG) is not diagnos-
tic for autoimmune encephalitis, and the changes 
are not specific. EEG is very useful for detecting 
subclinical seizures [61]. Extreme delta brush 
(rhythmic delta activity with bursts of beta super-
imposed on the delta waves) has been described 
in 33% of cases with NMDAR encephalitis [62].

CSF studies should always include cell count 
and subtype of cells and total protein but also oli-
goclonal bands and IgG index. White blood cell 
count and IgG index can be elevated, and CSF-
restricted oligoclonal bands can be present in 
cases of autoimmune encephalitis. An elevated 
protein alone is not specific in the diagnosis of 
autoimmune encephalitis. An elevated IgG index 
specific for the antibody in question can be useful 
to identify severe cases as seen in patients with 
LGI1 autoimmunity [63]. There are some cases 
of autoimmune encephalitis with a normal CSF 
profile, as reported in LGI1 encephalitis [27]. In 
these cases, establishing an autoimmune diagno-
sis can be difficult, especially in the absence of 
neural-specific autoantibodies. Clinical 
presentation and other ancillary testing can sug-
gest an autoimmune origin (Table 12.1).

Neural autoantibody testing is discussed in 
Chap. 2. As in all cases of suspected neural auto-
immunity, the testing for neural autoantibodies 
should be done in both serum and CSF.

�Autoimmune Encephalitis 
Management Approach

When an autoimmune or paraneoplastic encepha-
litis is suspected, an extensive workup including 
CNS imaging, CSF studies, and neural autoanti-
body testing is suggested to establish a baseline 
(Fig. 12.2). Cancer screening is essential, espe-
cially in cases where a cancer-predictive neural 
autoantibody is detected, such as ANNA-1. The 
detection of a specific neural autoantibody can 
guide cancer screening; for example, detection of 
Ma2 antibodies in a young male should suggest a 
testicular seminoma. FDG/PET-CT of the body 
increases the yield of malignancy detection in 
patients with negative screening by whole body 
computed tomography (CT) [64]. In women, 
screening should include a gynecological exam 
with ultrasound and a mammogram, while in 
men screening should include a testicular ultra-
sound to look for seminoma. Dermatological 
evaluations and gastrointestinal endoscopies are 
suggested in cases of high suspicion of a parane-
oplastic neurological disorder. Depending on the 
clinical and the serological manifestations of 
autoimmunity, in cases of negative initial cancer 
screening, this can be repeated in regular inter-
vals (e.g., in cases of ANNA1 autoimmunity in 
smokers).

Once an autoimmune encephalitis is sus-
pected, then an immunotherapy trial can help 
define if this is an immunotherapy-responsive 
condition (Fig.  12.2). In addition, there are 
some encephalitides that are monophasic or oth-
ers that are relapsing requiring long-term immu-
nosuppression. If a malignancy is diagnosed, 
specific treatment is required in combination 
with immunotherapy, if needed. Treatment 
approaches to autoimmune encephalitis are dis-
cussed in Chap. 17.
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�Conclusion

Autoimmune encephalitis is potentially treatable, 
especially if diagnosed early. Neural autoanti-
body testing and recognition of new autoantibod-
ies have expanded the spectrum of manifestations 
related to autoimmune encephalitis. Cancer 
screening is essential, as is early immunotherapy 
treatment. Cognizance of the potential clinical 
and serological manifestations, cancer associa-
tions, and treatment modalities in autoimmune 
encephalitis can significantly improve patient 
outcomes.
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Autoimmune Epilepsy

Khalil Husari and Divyanshu Dubey

�Introduction

Epilepsy is a chronic debilitating disease affecting 
0.5–1.0% of the world’s population [1]. Although 
epilepsy can arise from different structural, meta-
bolic, infectious, or genetic etiologies, the cause of 
a significant proportion of cases remains unknown 
[2]. The link between subset of epilepsies and neu-
roinflammation has been recognized for decades. 
This includes the suspected inflammatory patho-
genesis of epilepsy syndromes such as Rasmussen’s 
encephalitis [3] and favorable response to immu-
notherapy of others, for example, Landau-Kleffner 
syndrome [4]. Furthermore, in the 1960s, initial 
cases of paraneoplastic limbic encephalitis associ-
ated with epilepsy were described [5]. Over the 
past 2 decades, a plethora of neural autoantibodies 
targeting cell surface or intracellular antigens 
associated with encephalopathy and/or epilepsy 
have been discovered [6]. Many more biomarkers 
with specific clinical and/or oncological associa-
tions are likely to be discovered over the coming 
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Key Points
	1.	 A considerable proportion of patients 

(10–16%) with epilepsy of unknown 
etiology may have an autoimmune or 
paraneoplastic cause.

	2.	 Among patients with epilepsy, coexist-
ing clinical features such as subacute 
progressive cognitive decline, psychiat-
ric symptoms, viral prodrome, auto-
nomic dysfunction, inflammatory 
cerebrospinal fluid (CSF), medial tem-
poral lobes hyperintensities on mag-
netic resonance imaging (MRI), or 
presence of underlying malignancy are 
suggestive of an autoimmune etiology.

	3.	 A predictive scoring system (antibody 
prevalence in epilepsy and encephalop-
athy [APE2] score) can be utilized in 
identifying those patients with autoim-
mune seizures or epilepsy.

	4.	 Early diagnosis and initiation of immu-
notherapy is critical for favorable clini-
cal outcomes.

	5.	 The field of autoimmune epilepsy is 
likely to expand further with discovery 
of several novel autoantibodies and 
improved mechanistic understanding.
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years. The rate of discovery may be fueled by 
development and validation of phage immunopre-
cipitation sequencing and immunoprecipitation–
mass spectrometry techniques [7, 8].

Diagnosis of autoimmune epilepsy, in a major-
ity of the cases, is based on their clinical charac-
teristics, magnetic resonance imaging (MRI) 
results, cerebrospinal fluid (CSF) analysis, and/or 
response to immunotherapy trials [9]. The 
International League Against Epilepsy (ILAE) 
has recognized autoimmune epilepsy as a distinct 
entity in the 2017 epilepsy classification [10]. 
However, diagnostic criteria for autoimmune epi-
lepsy are lacking. A subset of these patients who 
have coexisting encephalopathy may be charac-
terized using the autoimmune encephalitis diag-
nostic criteria proposed by Graus et al. in 2016 
[11]. Diagnostic criteria for autoimmune enceph-
alitis is further discussed in Chap. 12.

�Epidemiology

The true incidence of autoimmune epilepsy 
remains unknown. Some information can be 
deduced from a population-based epidemiologi-
cal study evaluating incidence and prevalence of 
autoimmune encephalitis. In Olmsted County, 
Minnesota, the incidence of autoimmune enceph-
alitis was found to be 0.8/100,000 with a 
prevalence of 13.7/100,000 [12]. This study also 
showed significant increase in incidence of auto-
immune encephalitis in the last decade, with 
increased recognition of neural-specific antibod-
ies associated with autoimmune encephalitis [13]. 
However, in this study, proposed autoimmune 
encephalitis diagnostic criteria were utilized for 
selection of their cases. Among the selected cases, 
only a subset had epilepsy as a part of their syn-
drome. Additionally, autoimmune epilepsy cases 
without cognitive impairment were excluded.

A hospital-based prospective study reported 
that 20% of adult patients with epilepsy of 
unknown etiology were seropositive for neural-
specific antibodies associated with autoimmune 
epilepsy or encephalopathy [14]. In another 
UK-based retrospective study, estimated fre-
quency of neural-specific antibodies was 15% 
among patients without a genetic, structural, or 

metabolic etiology for epilepsy [14–16]. 
Epilepsies of unknown etiology are estimated to 
constitute one-third of all epilepsies among adults 
[17]. Therefore, the rate of autoimmune epilepsies 
based on these studies can be inferred to be around 
5–7% of all epilepsies, at least in adults. The fre-
quency of autoantibodies in pediatric epilepsy is 
more unclear. Wright et al. showed the presence 
of autoantibodies in about 10% of pediatric 
patients with new-onset epilepsy [18].

�Clinical Presentation

Clinical presentations of autoimmune epilepsy 
are variable and evolving as new antibodies are 
being discovered. However, a majority of these 
cases have coexisting features of autoimmune 
encephalitis including subacute progressive cog-
nitive decline, psychiatric symptoms, viral pro-
drome, autonomic dysfunction, inflammatory 
CSF, oncological association, or brain MRI 
changes consistent with autoimmune encephali-
tis [11]. In this regard, a predictive model based 
on clinical features and initial neurological 
assessment (antibody prevalence in epilepsy and 
encephalopathy [APE2] score) may aid in identi-
fication of these patients with autoimmune epi-
lepsy [14, 15, 19]. Furthermore, a scoring system 
for response to immunotherapy (response to 
immunotherapy in epilepsy and encephalopathy 
[RITE2] score) may also be utilized for immuno-
therapy trials (Tables 13.1 and 13.2). The APE2 
score of greater or equal to 4 was 99% sensitive 
and 93% specific for neural-specific-antibodies, 
while a RITE2 score of greater than or equal to 7 
had 96% sensitivity and 86% specificity for 
favorable initial immunotherapy response [19].

�Neural-Specific Antibodies 
Associated with Autoimmune 
Epilepsy

�Cell Surface Epitopes

N-methyl-D-aspartate receptor (NMDA-R) 
encephalitis typically affects young women with 
a reported median age of 22  years (range: 

K. Husari and D. Dubey



191

Table 13.1  Components of the APE2 score. The assigned 
APE2 score is the sum of values for all components

1A: Antibody prevalence in epilepsy and 
encephalopathy (APE2score) Value:
New onset, rapidly progressive mental status 
changes that developed over 1–6 weeks, or 
new onset seizure activity (within 1 year of 
evaluation)

(+1)

Neuropsychiatric changes; agitation, 
aggressiveness, emotional lability

(+1)

Autonomic dysfunctiona (+1)
Viral prodrome (rhinorrhea, sore throat, 
low-grade fever) to be scored in the absence 
of underlying systemic malignancy within 5 
years of neurological symptom onset

(+2)

Faciobrachial dystonic seizures (+3)
Facial dyskinesias, to be scored in the absence 
of faciobrachial dystonic seizures

(+2)

Seizure refractory to at least to two anti-
seizure medications

(+2)

CSF findings consistent with inflammationb 
(elevated CSF protein >50 mg/dL and/or 
lymphocytic pleocytosis >5 cells/mcL, if the 
total number of CSF RBC is <1000 cells/
mcL)

(+2)

Brain MRI suggesting encephalitisb (T2/
FLAIR hyperintensity restricted to one or 
both medial temporal lobes, or multifocal in 
grey matter, white matter, or both compatible 
with demyelination or inflammation)

(+2)

Neoplasm diagnosed within 5 years of 
neurological symptom onset (excluding 
cutaneous squamous cell carcinoma, basal 
cell carcinoma, brain tumor, cancer with brain 
metastasis)

(+2)

Total 
(max: 
18)

Abbreviations: CSF cerebrospinal fluid, RBC red blood 
cells, MRI magnetic resonance imaging, FLAIR fluid 
attenuated inversion recovery
Key: aSustained atrial tachycardia or bradycardia, ortho-
static hypotension (≥20 mm Hg fall in systolic pressure or 
≥10 mm Hg fall in diastolic pressure within 3 minutes of 
quiet standing), hyperhidrosis, persistently labile blood 
pressure, ventricular tachycardia, cardiac asystole, or gas-
trointestinal dysmotility. Scored only if no history of auto-
nomic dysfunction prior to onset of suspected autoimmune 
syndrome and the autonomic dysfunction not attributable 
to medications, hypovolemia, plasmapheresis, or infec-
tion. bPatients scored zero if MRI brain or CSF analysis 
not performed

Table 13.2  Components of the RITE2 score. RITE2 
score included all the components of APE2 score and two 
additional variables: initiation of immunotherapy within 
6  months of symptom onset and plasma membrane-
specific autoantibody detected. The assigned RITE2 
scores are the sum of values for all components

1B: Response to immunotherapy in epilepsy 
and encephalopathy score (RITE2 score) Value:
New-onset, rapidly progressive mental status 
changes that developed over 1–6 weeks or 
new onset seizure activity (within 1 year of 
evaluation)

(+1)

Neuropsychiatric changes; agitation, 
aggressiveness, emotional labiality

(+1)

Autonomic dysfunctiona (+1)
Viral prodrome (rhinorrhea, sore throat, 
low-grade fever) only to be scored in the 
absence of underlying malignancy within 
5 years of neurological symptom onset

(+2)

Faciobrachial dystonic movements (+3)
Facial dyskinesias, to be scored in the absence 
of faciobrachial dystonic seizures

(+2)

Seizure refractory to at least two anti-seizure 
medications

(+2)

CSF findings consistent with inflammationb 
(elevated CSF protein >50 mg/dL and/or 
lymphocytic pleocytosis >5 cells/mcL, if the 
total number of CSF RBC is <1000 cells/
mcL)

(+2)

Brain MRI suggesting encephalitisb (T2/
FLAIR hyperintensity restricted to one or 
both medial temporal lobes, or multifocal in 
grey matter, white matter, or both compatible 
with demyelination or inflammation)

(+2)

Neoplasm diagnosed within 5 years of 
neurological symptom onset (excluding 
cutaneous squamous cell carcinoma, basal 
cell carcinoma, brain tumor, cancer with brain 
metastasis)

(+2)

Immunotherapy initiated within 6 months of 
symptom onset

(+2)

(continued)

2 months to 85 years) [20]. Clinical presentation 
usually begins with a prodrome of a headache or 
fever, followed by psychiatric manifestations 
including delusions, hallucinations, mania-like epi-
sodes, alternating episodes of extreme agitation, 
and catatonia. Patients then progress to develop 
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seizures, encephalopathy, oral dyskinesia, cho-
reoathetosis, and autonomic dysfunction [21]. 
Seizures in NMDA-R encephalitis are usually 
focal non-motor seizures that might progress to 
refractory status epilepticus [22]. If untreated, 
patients will progress to a comatose state [21].

In about half of the patients, a trigger can be 
identified. The two main triggers are the presence 
of ovarian teratoma [23] and a history of herpes 
simplex virus (HSV) encephalitis [24]. 
Approximately two-thirds of adult women 
between the ages of 18 to 45 years with NMDA-R 
encephalitis have been reported to have ovarian 
teratoma [21]. However, the presence of this 
tumor is extremely rare in children younger than 
12 years or older adults (≥45 years) [6, 21, 25]. 

Furthermore, prospective evaluation of HSV 
encephalitis patients showed that 17% of these 
cases developed NMDA-R encephalitis during 
follow-up. Three additional patients in this cohort 
were positive for NMDA-R immunoglobulin G 
(IgG) without any clinical features of autoim-
mune encephalitis on follow-up evaluation [24].

Leucine-rich, glioma-inactivated 1 (LGI1) 
immunoglobulin G is typically associated with 
seizures and memory deficits usually among 
older patients (>40 years). However, a few pedi-
atric cases have also been described [26]. One 
characteristic phenotype described among the 
adult patients is faciobrachial dystonic seizures 
(FBDS). These are brief focal dystonic motor sei-
zures and occur multiple times a day. They have 
a characteristic stereotypic contraction of the 
face, arm, and leg [27]. Another characteristic 
seizure semiology is unilateral piloerections epi-
sodes. More recently, paroxysmal dizzy spells 
have also been described in a subset of patients 
[28]. These “dizzy spells” or “out of body experi-
ences” may precede encephalopathy by 
2–12 months.

A minority (~2%) of patients with voltage-
gated potassium channel-complex (VGKC) anti-
bodies have coexisting contactin-associated 
protein-like 2 (CASPR-2) IgG.  Peripheral ner-
vous system involvement is more common (neu-
romyotonia, myokymia, or dysautonomia) 
among these patients. However, a considerable 
proportion of patients, especially older patients, 
may have coexisting epilepsy or encephalitis. 
Recent studies have highlighted that VGKC IgG 
in the absence of LGI1 and/or CASPR-2 IgG 
seropositivity is not a specific biomarker of auto-
immunity [29].

α(alpha)-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor 
antibody-associated encephalitis typically pres-
ents with classic limbic encephalitis symptoms 
(anterograde memory deficits, retrograde amne-
sia, mood changes, and temporal lobe seizures). 
Recent studies have supported direct antibody-
mediated pathogenicity [30, 31]. Median age of 
onset is around 60 years old (range: 23–81 years), 
and it occurs more commonly in females (64%) 
[21]. Two-thirds of the patients have underlying 

Table 13.2  (continued)

1B: Response to immunotherapy in epilepsy 
and encephalopathy score (RITE2 score) Value:
Neural plasma membrane autoantibody 
detected (NMDAR, GABAAR, GABABR, 
AMPAR, DPPX, mGluR1, mGluR2, mGluR5, 
LGI1, CASPR2 or MOG)

(+2)

Total 
(max: 
22)

Abbreviations: AMPAR amino-3-hydroxy-5-methyl-4-
isoxazolepropionic, ANNA-1 Antineuronal nuclear anti-
body-1, ANNA-2 antineuronal nuclear antibody-2, 
ANNA-3 antineuronal nuclear antibody-3, CASPR-2 
contactin-associated protein-2, CRMP5 collapsin 
response-mediator protein-5, CSF cerebrospinal fluid, 
DPPX dipeptidyl-peptidase-like protein 6, FLAIR fluid 
attenuated inversion recovery, GAD65 glutamic acid 
decarboxylase-65, GABABR γ(gamma)-aminobutyric 
acid-B receptor, GFAP α(alpha) glial fibrillary acidic pro-
tein, LGI1 leucine-rich glioma-inactivated protein-1, 
MOG myelin oligodendrocyte glycoprotein, MRI mag-
netic resonance imaging, NMDAR N-methyl D-aspartate 
receptor, PCA-1 Purkinje cell cytoplasmic antibody type 
1, PCA-2 Purkinje cell cytoplasmic antibody type 2, RBC 
red blood cells
Key: aSustained atrial tachycardia or bradycardia, ortho-
static hypotension (≥20 mmHg fall in systolic pressure or 
≥10 mmHg fall in diastolic pressure within three minutes 
of quiet standing), hyperhidrosis, persistently labile blood 
pressure, ventricular tachycardia, cardiac asystole or gas-
trointestinal dysmotility. Scored only if no history of auto-
nomic dysfunction prior to onset of suspected autoimmune 
syndrome and the autonomic dysfunction not attributable 
to medications, hypovolemia, plasmapheresis, or infec-
tion. bPatients scored zero if MRI brain or CSF analysis 
not performed
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malignancy, mainly small cell lung cancer and 
thymoma [32]. A considerable proportion of 
patients have a refractory course and go on to 
develop diffuse cortical atrophy [30, 31, 33].

γ(gamma)-aminobutyric acid type B 
(GABA-B) receptor encephalitis usually presents 
as refractory non-convulsive status epilepticus 
[21]. Median age of onset is 61  years (range: 
16–77 years) and tends to occur more commonly 
in males [6]. A subset of these cases have under-
lying malignancy, most commonly small cell 
lung carcinoma.

Fulminant encephalitis and refractory sei-
zures or status epilepticus have been associated 
with GABA-A receptor encephalitis. These 
patients have characteristic multifocal cortical 
and subcortical T2/FLAIR hyperintensities [22]. 
Age of symptom onset tends to be younger 
(median age: 40 years) than cases with GABA-B 
encephalitis [6].

Patients with dipeptidyl-peptidase-like-
protein 6 (DPPX) antibody-associated encephali-
tis can also have seizures as part of the syndrome. 
The usual clinical manifestations include gastro-
intestinal dysfunction, weight loss followed by 
cognitive dysfunction, hyperekplexia, myoclo-
nus, parasomnias, and occasionally progressive 
encephalomyelitis with rigidity and myoclonus 
(PERM) [21, 34].

Metabotropic glutamate receptor 5 (mGluR5) 
IgG encephalitis patients usually present with 
subacute onset of encephalopathy, mood 
changes, movement disorder, and seizures [35]. 
Status epilepticus has been reported to be a com-
mon presenting feature especially among pediat-
ric cases [36].

�Intracellular Epitopes

Glutamic acid decarboxylase (65  kd, GAD65) 
antibodies (serum titers >20 nmol/L or detection 
in CSF) are associated with various autoimmune 
neurological diseases including autoimmune epi-
lepsy, stiff person syndrome, cerebellar ataxia, 
limbic encephalitis, and PERM [37, 38]. Women 
are more frequently affected than men, and the 
median age of symptom onset is 30 years (range: 

5–80 years) [22]. In a study of 112 patients with 
unexplained adult-onset focal epilepsy, 5.4% 
were found to have high titers of GAD65 anti-
bodies (>1000 U/mL) [39]. Usually patients with 
GAD65 antibodies (serum titers >20 nmol/L or 
detection in CSF) are associated with a treatment-
refractory course [38, 39]. Refractory nature of 
the disease is postulated to be secondary to cell-
mediated cytotoxicity rather than a direct 
antibody-mediated pathogenesis.

Patients with antineuronal nuclear antibody 
type-1(ANNA-1, a.k.a. anti-Hu) IgG antibodies 
present with various central and peripheral ner-
vous system manifestations. ANNA-1 IgG sero-
positivity has a strong association with small cell 
cancer (81%). Sensory neuronopathy and auto-
nomic dysfunction, especially gastroparesis, are 
hallmarks of ANNA-1 autoimmunity [13]. 
However, a considerable proportion (10–17%) 
of cases present with limbic encephalitis or 
refractory seizures. Both temporal and extratem-
poral localization of the seizures have been 
reported [40].

Seizures and limbic encephalitis are less com-
mon among patients with ANNA-2 IgG (a.k.a 
anti-Ri). These patients usually present with a 
brainstem or cerebellar syndrome. Initial mani-
festations include opsoclonus-myoclonus, jaw 
opening dystonia, and laryngospasms [41].

Ma2 IgG patients usually have a limbic 
encephalitis or brainstem encephalitis phenotype. 
In a retrospective study, bilateral tonic-clonic or 
focal unaware seizures occurred in 12 out of 27 
(44%) patients [42]. A majority of Ma2 IgG sero-
positive have testicular germ cell tumor [43].

Collapsin response-mediator protein-5 
(CRMP5) IgG is a paraneoplastic biomarker of 
small cell lung cancer or thymoma [44]. Patients 
with CRMP-5 IgG usually manifest with various 
neurologic signs including chorea, cranial neu-
ropathy, dementia, cerebellar ataxia, myelopathy, 
and peripheral neuropathy [22, 45, 46]. Focal 
aware and unaware seizures have also been rarely 
reported in patients with CRMP-5. Management 
of underlying malignancy and early initiation of 
immunotherapy may be associated with favor-
able outcomes [47].
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�Rasmussen’s Encephalitis

Rasmussen’s encephalitis is a rare chronic neu-
rological disorder characterized by drug-resis-
tant focal motor epilepsy (epilepsia partialis 
continua), cognitive decline, hemiplegia, and 
unilateral hemispheric brain atrophy [5]. 
Clinical onset is usually during childhood, 
although it has been reported during adulthood. 
The disease progresses over three stages, with 
the first being a “prodromal stage” with a rela-
tively low seizure frequency and rarely a mild 
hemiparesis. Following that, the patient will 
enter the “acute stage,” which is characterized 
by frequent intractable seizures along with pro-
gressive neurological decline (hemiparesis, 
hemianopia, cognitive deterioration, and apha-
sia if dominant hemisphere). During the final 
“residual” stage, the patient develops perma-
nent and stable neurological deficits and intrac-
table focal motor seizures [48]. CSF 
examination may be normal or may show 
inflammatory changes (lymphocytic pleocyto-
sis and elevated CSF protein). 
Electroencephalogram (EEG) shows unilateral 
inter-ictal epileptiform discharges, slowing, 
and ictal rhythms with occasional spread to the 
contralateral side due to bilateral synchrony. 
No specific electrographic signatures have been 
associated with Rasmussen’s encephalitis. MRI 
brain scan shows FLAIR/T2 hyperintensity and 
atrophy involving unilateral cortical and/or 
subcortical regions with a predilection for peri-
sylvian area. Fluorodeoxyglucose positron 
emission tomography (FDG-PET) scan may 
show increased uptake in the affected hemi-
sphere [5, 48]. Multiple case reports have dem-
onstrated favorable response to immunotherapy. 
In 2013, a randomized trial of tacrolimus and 
intravenous immunoglobulin showed slowing 
down of tissue and function loss with either 
therapies, but without improvement in seizures 
[49]. At present, hemispherectomy remains the 
best option of seizure control and arresting the 
neurological decline [50].

�New-Onset Refractory Status 
Epilepticus

In new-onset refractory status epilepticus 
(NORSE), a previously healthy individual devel-
ops refractory de novo seizures and status epilep-
ticus with no readily identifiable etiology. A 
retrospective study exploring NORSE in the 
adult population has shown a significant percent-
age of these patients to have immune-mediated 
etiologies—primarily antibody-mediated 
encephalitis with anti-NMDA receptor being the 
most common etiology [51]. Various treatments 
have been tried, including anti-seizure medica-
tions, achieving burst suppression with anesthet-
ics, and dietary therapy with modest and variable 
effects [52]. Use of immunotherapy has been 
associated with favorable outcomes in a few 
cases (5–33%) [52].

�Steroid Responsive Encephalopathy 
with Autoimmune Thyroiditis (SREAT) 
or Hashimoto’s Encephalopathy

Clinical characteristics of Hashimoto’s encepha-
lopathy include encephalopathy, seizures, stroke-
like episodes, and myoclonus [13]. These patients 
typically have thyroid peroxidase (TPO) antibod-
ies but may or may not have a history of thyroid-
itis. Seizure presentations are variable including 
new-onset refractory status epilepticus or pro-
gressive myoclonic epilepsy [5, 53]. A triad of 
encephalopathy, evidence of thyroid autoimmu-
nity (clinically or serologically), and a favorable 
response to steroids have been traditionally uti-
lized for identification of these cases [11].

�Electroencephalogram

EEG plays a vital role in diagnosis and manage-
ment of autoimmune epilepsy and encephalitis. It 
is essential to look for epileptiform or seizure 
activity. Long-term monitoring is utilized among 
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patients with subclinical or clinical status epilep-
ticus [54]. Additionally, EEG can also be utilized 
to evaluate response to immunotherapy and anti-
epileptic drugs in some instances.

EEG findings in autoimmune encephalitis are 
variable and may be nonspecific. Extreme delta 
brush (EDB) was first described in NMDA 
encephalitis patients by Schmitt et al. [55]. This 
EEG pattern consists of rhythmic delta activity at 
1–3 Hz with superimposed burst of rhythmic beta 
activity at 20–30 Hz riding on each delta wave 
[55]. EDB has been reported in about 30% of 
acutely ill or hospitalized NMDA encephalitis 
patients and is associated with a more prolonged 
illness. Although it was thought to be fairly spe-
cific initially, recent studies have described the 
presence of EDB with other metabolic and struc-
tural causes of encephalopathy [56].

FBDS, a pathognomonic feature of LGI1 
autoimmune epilepsy, usually has no ictal EEG 
correlate. Occasionally preceding electro-
decrement or sharply contoured rhythmic delta 
activity has been reported over the contralateral 
frontotemporal region [57]. In a small series of 
LGI1 patients, frequent subclinical temporal lobe 
seizures associated with hyperventilation were 
reported. This ictal activity had similar morphol-
ogy to subclinical rhythmic electrographic dis-
charges of adults (SREDA) [58]. A more recent 
study of EEGs with 16 LGI1 encephalitis patients 
reported multiple frequent seizure semiologies or 
subclinical seizures associated with temporal and 
frontal discharges [57]. Additionally, multifocal 
interictal epileptiform discharges and interictal 
slow-wave activity were observed in 25% and 
69%, respectively.

�Imaging

Brain MRI is usually included in initial evalua-
tion of autoimmune epilepsy and encephalitis. 
Features considered suggestive of autoimmune 
encephalitis include T2/FLAIR hyperintensity 
restricted to one or both medial temporal lobes 
(Fig. 13.1) or multifocal T2/FLAIR hyperintensi-

ties in the gray matter, white matter, or both com-
patible with demyelination or inflammation [11]. 
However, MRI may be normal, especially early 
in the course of the disease [59, 60]. Brain MRI 
also provides valuable information regarding dif-
ferential diagnosis of new-onset epilepsy and/or 
subacute onset cognitive dysfunction such as 
tumors, brain abscess, neuro-sarcoidosis, and 
other inflammatory and infectious diseases. 
Beside brain MRI, abnormalities in functional 
MRI [61], diffusion tensor imaging (DTI) [61], 
FDG-PET/CT [62], and single photon emission 
tomography (SPECT) [63] have been described 
in patients with autoimmune epilepsy and can 
provide valuable diagnostic and at times prog-
nostic values.

In the initial phase of NMDA-R encephalitis, 
the brain MRI abnormalities are typically dis-
crete and nonspecific [20, 64]. However, resting 
state functional MRI shows disrupted hippocam-
pal functional connectivity. Moreover, DTI has 
detected a more widespread white matter damage 
that correlated with disease severity [61]. 
Decreased occipital lobe metabolism on FDG-
PET/CT has been described as a unique finding 
in these patients [65]. Resolution of lateral and 
medial occipital hypometabolism may correlate 
with better outcomes.

Brain MRI findings in patients with LGI1 
encephalitis varies depending on the stage of the 
disease and the progression [65]. In the early 
phase of the disease, brain MRI is typically nor-
mal, although basal ganglia abnormalities includ-
ing increased FLAIR signal, restricted diffusion, 
and contrast enhancement have been reported 
[66]. Patients with FBDS may develop T1 hyper-
intensity in region of basal ganglia [67]. As the 
disease progresses, unilateral or bilateral T2/
FLAIR hyperintensities of the medial temporal 
lobes and basal ganglia are observed. On follow-
up imaging, hippocampal atrophy is frequently 
seen [65]. FDG-PET/CT reveals basal ganglia 
hypermetabolism, a specific finding, and fre-
quently the earliest finding on imaging studies 
[68].
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Among patients with GAD65 antibody-
associated autoimmune epilepsy, brain MRI 
demonstrates disproportionate parenchymal atro-
phy for age and abnormal cortical/subcortical T2 
hyperintensities. Hippocampal abnormalities are 
seen only in a minority (26%) of patients [69].

Patients with mGluR5 antibodies have abnor-
mal brain MRI in 45% of the cases, with involve-
ment of both limbic and extralimbic (thalamus, 
pons, cerebral, and cerebellar cortices) regions. 
Additionally, FDG-PET in some of these cases 

demonstrates hypometabolism of the temporopa-
rietal cortex or cerebellum [36]. Whereas 
GABA-A receptor encephalitis has a unique pat-
tern of widespread and extensive cortical and 
subcortical FLAIR hyperintensity [70].

Medial temporal lobe involvement has been 
reported in multiple antibody specificities 
including AMPA-R [71], GABA-B receptor IgG 
[72], ANNA-1 IgG [40], Ma2-IgG [42], adenyl-
ate kinase 5 [73], etc. A majority of these cases 
do not have associated gadolinium enhancement 

a c e

b d f

Fig. 13.1  Patient 1 with LGI1 IgG limbic encephalitis. 
MRI brain (FLAIR sequence) showing bilateral medial 
temporal hyperintensities on axial (a) and sagittal sections 
(b). Patient 2 with ANNA1 IgG limbic encephalitis. MRI 
brain (FLAIR sequence) showing bilateral medial tempo-
ral hyperintensities on axial (c) and sagittal sections (d). 
Patient 3 with Ma2 IgG limbic encephalitis. MRI brain 

(FLAIR sequence) showing bilateral medial temporal 
(right greater than left) hyperintensities on axial (e) and 
sagittal sections (f). Abbreviations: ANNA-1 antineuronal 
nuclear antibody-1, MRI magnetic resonance imaging, 
FLAIR fluid attenuated inversion recovery, LGI1 leucine-
rich, glioma inactivated 1
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except for Ma2 IgG-associated limbic encepha-
litis [42].

�Cancer Screening

CT of the chest, abdomen, and pelvis with contrast 
is recommended as initial evaluation for cancer 
association. Scrotal ultrasounds should be per-
formed in all males, especially those presenting 
with brainstem, diencephalic or limbic encephali-
tis. In women, mammograms should be performed 
for evaluation of breast cancer. Pelvic sonography 
and pelvic MRI are recommended for ovarian tera-
toma or adenocarcinoma screening. If initial radio-
logical evaluations did not reveal any malignancies 
and clinical suspicion for paraneoplastic neuro-
logical syndrome is high or the patient has neural 
specific antibody with strong oncological associa-
tion (Table 13.3), PET-CT should be pursued [74, 
75]. If the patient’s evaluation reveals a neoplasm 
other than that predicted by the antibody present, 
further cancer evaluation should be performed as 
more than one cancer can coexist [74]. 
Paraneoplastic syndromes and associated malig-
nancies are further discussed in Chap. 16.

�Treatment

Management of autoimmune epilepsy is focused 
on immunotherapies. Multiple studies have dem-
onstrated favorable effects of early immunother-
apy on seizure frequency and cognition [9, 15, 
76, 77]. However, randomized control trials eval-
uating efficacy immunotherapy in autoimmune 
epilepsy are limited. Therefore, immunotherapy 
recommendations are largely based on case series 
and clinical experience [20, 78]. Recently, a 
placebo-controlled trial of IVIg for LGI1 and 
CASPR2 IgG-associated autoimmune epilepsy 
was published [79]. In this study of 17 patients, 
75% of the patients receiving IVIg achieved more 
than 50% seizure reduction by 5 weeks compared 
to only 22% of patients in the placebo arm [79]. 
In some instances, a positive response to a treat-
ment trial of immunotherapy can aid in the diag-

nosis of seronegative autoimmune epilepsy [9]. 
In this regard, the RITE2 score may be a useful 
scoring system for managing clinician prior to 
immunotherapy initiation [15].

Immunotherapeutic agents are classically 
divided into first-line and second-line therapies 
(Table  13.4). First-line therapies include high-
dose intravenous methylprednisolone (IVMP), 
intravenous immunoglobulin, or plasmapheresis. 
Second-line agents such as rituximab, cyclophos-
phamide, mycophenolate, azathioprine, or bort-
ezomib are used in refractory cases or as a 
maintenance therapy to prevent relapses.

Treatment of autoimmune epilepsy should be 
based on the severity of the clinical course 
(Fig. 13.2). In patients with rapid progression and 
refractory course, more aggressive immunother-
apy is needed including both first- and second-
line therapies. Conversely, some patients with 
autoimmune epilepsy have a more benign course, 
and their epilepsy can be controlled with antiepi-
leptic drugs and a short course of immunother-
apy. In all cases, cancer surveillance, as discussed 
previously should be pursued as treatment of the 
underlying cancer, is pivotal for the successful 
treatment of autoimmune epilepsy.

Proposed immunotherapy trials include 6 or 
12  weeks of high-dose IV methylprednisolone 
(IVMP). Intravenous methylprednisolone 
1000  mg per day for 3  days followed by once 
weekly for 5  weeks (6 IVMP week trial), fol-
lowed by once every 2  weeks for 6  weeks (12 
IVMP week trial). If the patient has contraindica-
tions for IVMP (active infections, poorly con-
trolled diabetes, chronic hepatitis, or 
tuberculosis), a 6- or 12-week course of intrave-
nous immunoglobulin1 may be considered. These 
include 0.4 g/kg IVIg daily for 3 days followed 
by 0.4 g/kg every week for 6 weeks (6 IVIg week 
trial) and then every 2  weeks for 6  weeks (12 
IVIg week trial). A treatment response can be 
ascertained using a seizure diary to assess seizure 
frequency and/or change in semiology and neu-
rological examination including screening men-
tal status examination after completion of 
immunotherapy trial. The quality of life in epi-
lepsy (QOLIE-31) can be utilized as well. EEG, 
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brain MRI with gadolinium, PET brain, and for-
mal cognitive tests are additional parameters that 
can be monitored. Seizures in autoimmune epi-
lepsy may show early improvement within 
4–6  weeks of initiating immunotherapy. 
Conversely, cognitive impairment and amnesia, 
if present, recover more slowly. For patients who 
have incomplete or lack of response to IVMP or 
IV, or those who have contraindication to IVMP 
and/or IVIg, a course of plasmapheresis (5–7 
cycles) should be considered followed by a 
second-line immunotherapy (rituximab or cyclo-
phosphamide). A gradual taper of prednisone if 
feasible is advised following the initial treatment, 
as abrupt discontinuation might lead to relapses. 
Chronic maintenance immunotherapy should be 
initiated to decrease the likelihood of a relapse. 
Azathioprine, mycophenolate mofetil, rituximab, 

and cyclophosphamide are agents typically uti-
lized. The exact duration required for mainte-
nance immunotherapy is not known, although a 
trial of immunotherapy withdrawal may be 
considered after 2 years of treatment if the patient 
has not had any relapses.

�Antiepileptic Drugs (AEDS)

Even though seizures in autoimmune epilepsy 
are characteristically resistant to antiepileptic 
drugs (AEDs) alone, they continue to play an 
important role in symptomatic management. In 
all autoimmune epilepsy patients, AEDs should 
be used along with immunotherapy treatment. 
There are no randomized trial data to support 
one AED over another. Levetiracetam is com-

New onset epilepsy or subacute cognitive
decline with epilepsy

Brain imaging
EEG
Lumbar puncture
HIV testing
CSF culture and gram stain, other viral or fungal infectious workup
Genetic evaluation as per the clinical and electrographics syndrome

If workup negative
Epilepsy of unknown etiology

Utilize APE2 score to evaluate potential autoimmune etiology

APE2 score <4
APE2 score ≥4

Autoantibody testing
Neural specific
antibodies -ve

Neural specific Ab +ve
More comprehensive evaluation of an
alternative etiology

Status epilepticus, coma +
syndromic presentation

and/or Abs strongly
associated with AE

Consider Rituximab or
Cyclophosphamide early

(days to weeks) after
immunotherapy trial
failure or incomplete

response

Immunotherapy trial
IVMP

1000 mg daily for 3-5 days, then weekly for 5 weeks
(may extend bi-weekly for another 6 weeks)

or
IVIg

0.4 mg/kg daily for 3-5 days, then weekly for 6 weeks
(may extend bi-weekly for another 6 weeks)

or
PLEX

(contraindication or incomplete response to
steroids/IVIg; critically ill patient)

Consider expanding workup

If additional workup is
negative and clinical
suspicion for autoimmune
epilepsy is high, consider
immunotherapy trial

Infectious/genetic or other
non-autoimmune etiologies

Look for underlying tumor based on antibody profile and treat if found

Continue IVMP/IVIg once weekly or PO prednisone daily and taper
over 4-6 months

•
•
•
•
•
•

•
•
•

•

Fig. 13.2  Management algorithm for autoimmune epi-
lepsy. Abbreviations: Ab antibody, CSF cerebrospinal 
fluid, EEG electroencephalogram, HIV human immuno-

deficiency virus, IVIg intravenous immunoglobulin, 
IVMP intravenous methylprednisone, PLEX plasmapher-
esis, PO per oral
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monly employed for management of seizures 
given the favorable side effect profile and mini-
mal drug-to-drug interaction. In some instances, 
it can be difficult to ascertain if the psychiatric 
manifestations are due to levetiracetam adverse 
effects [80] or due to disease pathology. Anti-
inflammatory effect for levetiracetam has been 
hypothesized to play a beneficial role [81]. 
However, a recent retrospective study evaluating 
AED in autoimmune epilepsy found none of the 
patients on levetiracetam achieved seizure free-
dom [82]. Whereas seizure freedom rates were 
considerably higher with the use of sodium 
channel blocking AEDs (carbamazepine, phe-
nytoin, oxcarbazepine, and lacosamide). [82]. 
The reason for better efficacy of sodium chan-
nel-blocking AEDs remains unclear. 
Interestingly, both carbamazepine and oxcar-
bazepine have been shown to reduce levels of 
interleukin-1 (IL)-1 and IL-2 in healthy subjects 
[81]. Medications such as carbamazepine and 
phenytoin have enzyme induction properties, 
which can alter the pharmacokinetics of 
immunosuppressive therapies. Therefore, newer 
sodium channel blocking AEDs with more favor-
able pharmacokinetic profiles (such as oxcar-
bazepine and lacosamide) could be preferred in 
management of autoimmune epilepsy.

�Follow-Up

Patients with autoimmune epilepsy should be 
followed up regularly, preferably by an epilep-
tologist in conjunction with a neuroimmunolo-
gist. On long-term follow-up, some patients 
continue to have drug-resistant epilepsy, despite 
initial treatment with immunotherapy and con-
tinued treatment with AEDs. Whether the dis-
ease is now at a “burn out” stage or an acute 
inflammatory process continues is hard to dis-
cern. Ancillary data including repeating brain 
MRI with gadolinium contrast, CSF analysis, 
and PET brain can be helpful in guiding treat-
ment decisions. Serum and/or CSF antibody 
titers have poor relationship to clinical course. 
Epilepsy surgery has been tried in select cases of 
autoimmune epilepsy [83]. However, outcomes 

seem to be worse than that expected in other eti-
ologies of drug-resistant epilepsy.

�Conclusion

�Future Directions

Many challenges continue to face us as we move 
forward in the field of autoimmune epilepsy. 
Several novel biomarkers are likely to be discov-
ered over the next few years. The use of phage 
immunocepitation sequencing and protein micro-
arrays might help us to identify novel antibodies 
that were not discovered using traditional immu-
noprecipitation mass spectrometry techniques 
[84–86].

Further insights into the mechanisms of 
antibody-mediated epilepsy syndromes will 
allow us to better utilize the various AEDs and 
immunotherapies. Additionally, investigations 
into the role of cytokines and chemokines in 
diagnosis and prognostication of autoimmune 
epilepsy will also aid in seizure management and 
relapse prevention [87, 88]. Finally, randomized 
controlled trials are needed to determine optimal 
therapeutic agents, doses, and treatment duration 
for autoimmune epilepsy management.
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�Introduction

Autoimmune movement disorders are a common 
feature of many antibody-associated neurological 
disorders [1, 2]. These disorders are secondary to 
an aberrant immune response against neural anti-
gens [1]. Multiple autoantibodies have been asso-
ciated with autoimmune movement disorders. 
The autoantibody targets are diverse and include 
neuronal surface proteins such as N-methyl-D-
aspartate receptor (NMDAR) [3]; leucine-rich, 
glioma-inactivated protein type 1 (LGI1) [4] and 
glycine receptors [5]; and also intracellular anti-
gens such as glutamic acid decarboxylase 
65-kilodalton isoform (GAD65) enzyme [6] and 
Purkinje cell cytoplasmic antibody (PCA-1), also 
known as anti-Yo [6]. The onset is typically sub-
acute, and they can be the first manifestation of a 
more broad or multifocal neurologic disorder, 
usually accompanied by encephalopathy, neuro-
psychiatric symptoms, brainstem dysfunction, 
dysautonomia, or myelopathy.

Adults and children can be affected. The gen-
der and age of onset can be helpful in the diagno-
sis of specific syndromes as some autoimmune 
movement disorders occur more frequently in 
females with malignancy (such as ataxia associ-
ated to anti-Yo antibodies and gynecologic neo-
plasms) [7] or children and adolescents 
(postinfectious chorea or orofacial dyskinesias in 
NMDA receptor autoimmunity) [3, 8]. These dis-
orders can occur as a postinfectious or paraneo-
plastic phenomenon or sometimes they can be 
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Key Points
	1.	 Movement disorders are a common 

manifestation of many antibody-
mediated central system diseases.

	2.	 Autoimmune movement disorders 
should be considered in the differential 
diagnosis for all movement disorder 
phenotypes.

	3.	 Autoantibody testing in serum and cere-
brospinal fluid (CSF) helps confirm the 
diagnosis and assist in the prediction of 
immunotherapy response, cancer asso-
ciation, and prognosis.

	4.	 Early recognition and appropriate can-
cer screening is important.

	5.	 Immunotherapy and symptomatic ther-
apy can be effective.
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idiopathic [1, 2, 9]. Autoantibody testing in serum 
and CSF is crucial as it helps confirm the diagno-
sis and assist in the prediction of immunotherapy 
response, cancer association, and prognosis [2, 
9–11].

When diagnosed early, many patients respond 
to immunotherapy; however, some patients have 
a refractory, progressive course despite treatment 
[9, 12]. In this chapter, we review the clinical fea-
tures, antibody, cancer association, and the treat-
ment approach to autoimmune movement 
disorders.

�Epidemiology and Demographics

Epidemiologic studies that comprehensively 
assess autoimmune movement disorders are lim-
ited. However, a recent population-based study in 
Olmsted County, Minnesota, found that GAD65 
antibodies are one of the most common antibod-
ies in patients with autoimmune encephalitis 
[13]. Stiff person syndrome (SPS) is a rare disor-
der, with an estimated prevalence of approxi-
mately 1 in 1,250,000 [14]. Autoimmune chorea 
was estimated to affect 1.5 per million persons-
years in one study [15]. In a prospective study 
that evaluated 1500 patients, GAD65 autoimmu-
nity was the second most common cause of 
ataxia, following “celiac disease-gluten related 
ataxia” [16].

�Clinical Syndromes

Autoimmunity should be considered in the dif-
ferential diagnosis of all movement disorder phe-
notypes. The clinical presentation is typically 
broad as multiple neuroanatomical structures can 
be affected such as the cortex, basal ganglia, 
brainstem, cerebellum, and spinal cord. Broadly 
speaking, movement disorders can be classified 
into two main categories: hyperkinetic (fast 
movements) and hypokinetic disorders (slow 
movements) [17]. Incoordination or ataxia or dis-
orders of movement execution (apraxia) and 
mixed disorders can also occur [1, 17]. Finally, 
disorders characterized by stiffness and spasms 
as manifestations of central nervous system 

(CNS) hyperexcitability are known as the stiff-
person spectrum (SPS) disorders [18].

�Hyperkinetic Disorders

�Chorea
Chorea is characterized by brief, semi-directed, 
irregular movements that are not repetitive or 
rhythmic, but appear to flow from one muscle to 
another; the involuntary movements can also 
have a writhing quality referred to as choreoath-
etosis [19, 20].

Autoimmune chorea in children is usually a 
post infectious phenomenon. It occurs as a compli-
cation of group A beta-hemolytic Streptococcus 
(GABHS) infection; it is also known as Sydenham’s 
chorea (SC), and it is the most common cause of 
autoimmune chorea worldwide [19, 21]. It affects 
approximately 30% of patients with acute rheu-
matic fever, and it can occur several months after 
the initial infection. The diagnosis is supported by 
demonstration of a recent streptococcal infection 
using throat cultures, or positive antistreptolysin O 
or anti-DNAse antibodies [10]. Adult onset of 
Sydenham’s chorea is rare, and most adult cases 
are associated with exacerbation of chorea follow-
ing prior childhood Sydenham’s chorea.

Molecular mimicry to streptococcal antigens 
leading to autoantibody targeting the basal gan-
glia has been suggested as the possible underly-
ing mechanism; antibodies in serum targeting the 
dopamine 2 receptor have been identified in some 
patients with Sydenham’s chorea [8]. Treatment 
includes antibiotic therapy with penicillin, immu-
notherapy with steroids, or intravenous immuno-
globulin (IVIg) has also been reported to be 
effective [21]. Autoimmune chorea can also be 
seen in patients with antiphospholipid antibodies 
(aPL); it commonly affects children and women 
in a subacute and often monophasic course [22]. 
In patients with idiopathic suspected autoim-
mune chorea, lupus and antiphospholipid syn-
drome are common accompaniments [15].

It is now well recognized that chorea, ballismus, 
and athetosis can occur after herpes simplex virus 
(HSV) encephalitis, typically 2–6 weeks following 
the initial infection. These abnormal movements are 
now recognized as occurring due to post-infectious 
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NMDAR encephalitis and other unclassified neural 
autoantibodies in up to 30% of patients [23, 24].

In adults, several neural autoantibodies have 
been associated with chorea (Table  14.1). Of 
these, the classic one is collapsin response medi-
ator protein 5 (CRMP-5) IgG [15, 25]. CRMP5 
autoimmunity is usually a paraneoplastic disor-

der that occurs in association with small cell lung 
cancer (SCLC) and thymoma [26] (Table 14.1). 
Most patients have a broad multifocal neurologic 
disorder that can include optic neuropathy, vitri-
tis, encephalitis, and myelopathy [25]; hyperin-
tensities in the striatum can be seen in some 
patients (Fig.  14.1). Antineuronal nuclear anti-

Table 14.1  Antibodies association, movement disorder phenotype, and other clinical features

Clinical Syndromes and Antibody Associations
Nuclear and cytoplasmic targets
Target antigen Movement disorder Other clinical features
ANNA-1 
(anti-Hu)

Chorea Limbic encephalitis, sensory neuronopathy, gastrointestinal 
dysmotility

ANNA-2 
(anti-Ri)

Opsoclonus-myoclonus, 
jaw dystonia

Brainstem encephalitis, laryngospasm

ANNA-3 Ataxia Sensory/sensorimotor neuropathies, myelopathy, brain stem and 
limbic encephalopathy

Amphiphysin SPS Encephalopathy, myeloradiculopathy
AGNA Ataxia LES
CRMP-5 Chorea, ataxia Optic neuropathy, peripheral and autonomic neuropathy, retinitis, 

myelopathy
GAD65 Ataxia, SPS Encephalitis, autoimmune epilepsy, myelopathy, neuropathy
GFAP Tremor Meningoencephalitis, myelitis, bilateral optic disc edema
GRAF1 Ataxia Neuropathy, encephalopathy
Kelch like 
protein 11

Ataxia Hearing loss, brainstem encephalitis

ITPR1 Ataxia Neuropathy
Ma1 Ma2 Ataxia, parkinsonism Limbic encephalitis, diencephalic syndrome, brainstem encephalitis
PCA-1 Ataxia Brainstem encephalitis, neuropathy
PCA-2 
(MAP1B)

Ataxia Encephalopathy, neuropathy

Synaptic targets
Target antigen Movement disorder Other clinical features
CASPR2 Episodic ataxia Peripheral nerve hyperexcitability (Isaac’s syndrome), encephalitis, 

dysautonomia, neuropathy, Morvan’s syndrome
DPPX Ataxia, myoclonus Severe weight loss, diarrhea, dysautonomia, cardiac arrhythmia, 

encephalomyelitis
Dopamine 2 Chorea Psychiatric symptoms
GABABR Chorea Limbic encephalitis, frequent seizures
mGluR1 Ataxia Encephalopathy, dysgeusia
Glycine SPS, myoclonus Encephalopathy, Seizures
IgLON5 Chorea, Ataxia, Stiff limb 

(SPS)
Sleep disorders, encephalopathy

LGI1 Faciobrachial dystonic 
seizures

Limbic encephalitis, hyponatremia, Peripheral nerve hyperexcitability

Neurexin-3 Dyskinesias Encephalitis
NMDAR Dyskinesias, dystonia Catatonia, seizures, psychosis, dysautonomia
VGCC Ataxia LES, encephalitis, neuropathy

Abbreviations: ANNA Anti-neuronal nuclear antibody, SPS stiff person syndrome, LES Lambert-Eaton syndrome, 
CRMP5 collapsin response mediator protein, GAD glutamic acid decarboxylase, GFAP glial fibrillary acidic protein, 
GRAF1 GTPase regulator associated with focal adhesion kinase 1, ITPR1 inositol 1,4,5-trisphosphate receptor type 1, 
PCA Purkinje cell cytoplasmic antibody, Caspr2 contactin-associated protein-2, DNER δ(delta) Notch-like epidermal 
growth factor–related receptor, DPPX Dipeptidyl-peptidase–like protein-6, GABA γ(gamma) aminobutyric acid, LGI1 
leucine-rich, glioma inactivated 1 protein, mGluR metabotropic glutamate receptor, NMDAR N-methyl-d-aspartate 
receptor, VGCC voltage-gated calcium channel

14  Autoimmune and Paraneoplastic Movement Disorders



210

body type 1 (ANNA-1, or anti-Hu) is also associ-
ated with a multifocal neurologic disorder 
typically characterized by sensory neuronopathy 
and limbic encephalitis, although chorea can also 
be a presenting feature [15, 27]. Similar to 
CRMP-5 autoimmunity, patients harboring 
ANNA-1 antibodies typically have a paraneo-
plastic syndrome in the setting of an underlying 
neuroendocrine neoplasm [15].

Other autoantibodies associated with chorea/
hemichorea include contactin-associated protein 
2 (CASPR2) [28], GAD65 [6], leucine-rich gli-
oma inactivated 1(LGI1) [29], and IgLON5 [22]. 

These antibodies very rarely occur as in a para-
neoplastic context.

Table 14.1 summarizes the clinical syndromes, 
antibody association, and accompanying neuro-
logic features.

�Dyskinesia
Dyskinesias are involuntary repetitive muscle 
movements, resembling chorea. They can affect 
one body part, such as an arm, leg, or the head, or 
can involve the entire body. Orofacial dyskinesias 
are a hallmark clinical feature of patients with 
NMDA-R encephalitis, and involvement of the 
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Fig. 14.1  Neuroimaging findings in paraneoplastic and 
autoimmune movement disorders. (a) Axial fluid-
attenuated inversion recovery image showing increased 
T2 signal involving the striatum bilaterally in a 66-year-
old female patient with chorea and encephalopathy sero-
positive for PCA-2, CRMP-5, and amphiphysin antibodies 
and small cell lung cancer. (b) Sagittal T1- weighted 
images showing prominent cerebellar atrophy in a 
74-year-old woman with cerebellar ataxia and positive 
PCA-1 antibodies and fallopian cancer. (c) Axial fluid-
attenuated inversion recovery image showing increased 

T2 signal involving the limbic system, midbrain, and 
hypothalamus in a 42-year-old male patient presenting 
with hypersomnia, ataxia, and encephalopathy and sero-
positivity for Ma2 antibodies and a testicular seminoma. 
(d) Bilateral striatal hypermetabolism in a 67-year-old 
male with LGI1 antibodies and FBDS. (e) Axial 
T1-weighted image showing T1 hyperintensities in the 
left basal ganglia in a 72-year-old male with LGI1 anti-
bodies and FBDS. (f) FDG/PET showing left  >  right 
hypometabolism in the striatum in a 23-year-old patient 
with NMDAR encephalitis
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tongue and the limbs can be seen in some patients 
[30]. They very rarely occur in isolation and often 
occur as prodrome of or in association with neuro-
psychiatric symptoms, autonomic disturbances, 
and decreased responsiveness [30, 31]. A very sim-
ilar syndrome has been reported in patients harbor-
ing antibodies targeting a cell adhesion molecule 
involved in the development and function of syn-
apses known as neurexin-3α(alpha) [32].

�Dystonia
Dystonia is characterized by sustained or repeti-
tive muscle contractions resulting in twisting 
and repetitive movements or abnormal fixed pos-
tures [17].

Prominent limb dystonia can be a feature of 
NMDA-R encephalitis [3, 30, 31]. In adults, 
brainstem encephalitis associated with antineuro-
nal nuclear antibody, type 2 (ANNA-2), also 
known as anti-Ri, can be associated with promi-
nent jaw closing dystonia. This disorder is usu-
ally encountered in women with breast cancer. 
The symptoms can be severe and sometimes 
associated with laryngeal muscle compromise 
requiring prophylactic tracheostomy [33]. 
Craniocervical dystonia has been reported in 
some patients with IgLON5 antibodies [22]. 
Axial or generalized dystonia can be encountered 
in stiff person syndrome patients with elevated 
GAD65 antibodies [6].

Faciobrachial dystonic seizures (FBDS) are a 
very common manifestation of LGI1 autoimmu-
nity. These are brief (less than 3 seconds) stereo-
typed movements affecting the face, arm, and 
sometimes the ipsilateral lower extremity. They 
often occur multiple times per day and precede 
the onset of encephalopathy or accompany a neu-
ropsychiatric presentation in some patients [4, 
34]. It has been suggested that early cessation of 
FBDS by treatment with immunotherapy can 
help prevent long-term cognitive dysfunction, as 
early immunotherapy is associated with better 
cognitive outcomes [35]. It continues to be 
unclear whether these movements are secondary 
to seizures or if they represent a movement disor-
der, as surface electroencephalogram (EEG) is 
often normal during the events [34]. Bilateral 
striatal hypermetabolism on positron emission 
tomography/computed tomography (PET/CT) 

and T1 hyperintensities in the basal ganglia have 
been described as imaging features in patients 
with FBDS (Fig. 14.1) [36, 37].

�Myoclonus
Myoclonus is characterized by brief, irregular, 
shock-like, or lightning-like jerks [9]. 
Opsoclonus-myoclonus syndrome (OMS) is a 
classic autoimmune CNS disorder. In children, 
OMS may be associated with ANNA-1 antibod-
ies and neuroblastoma, and most patients are five 
or younger at the time of the diagnosis [38]. In 
adults, OMS is sometimes paraneoplastic in eti-
ology, but it can also be a parainfectious or 
postinfectious phenomenon, or idiopathic auto-
immune phenomenon [39]. Only 30% of patients 
have detectable neural autoantibodies. Responses 
to immunotherapy are better in idiopathic auto-
immune etiologies compared to paraneoplastic 
cases; older age and encephalopathy are predic-
tors of paraneoplastic OMS [40]. OMS has been 
recently reported in association with antibodies 
targeting the glutamate receptor δ(delta)2 [41].

Myoclonus has been reported as a clinical 
finding, without opsoclonus, in patients with 
antibodies targeting dipeptidyl-peptidase-like 
protein-6 (DPPX)—a regulatory subunit of neu-
ronal Kv4.2 potassium channels—commonly 
with prominent diarrhea as a prodrome and 
accompanying encephalopathy [41]. Myoclonus 
is also a characteristic feature of the syndrome of 
progressive encephalopathy with limb rigidity 
and myoclonus (PERM), classically associated 
with glycine receptor antibodies [5, 42, 43]. 
Orthostatic myoclonus has been reported in 
patients with CASPR2 antibodies [44].

�Tremor
Tremor can be a clinical feature of many 
antibody-mediated neurological disorders; how-
ever, it very rarely occurs in isolation. It can be a 
predominant clinical finding in patients with 
autoimmune glial fibrillary acidic protein (GFAP) 
astrocytopathy, with accompanying encephalitis 
or myelitis [45, 46]. Other antibodies associated 
prominently with tremor include DPPX and 
LGI1/CASPR2 [4, 47]. Corticosteroid treatment 
for autoimmune neurological disorders can cause 
tremor.
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�Hypokinetic Disorders

�Parkinsonism
Parkinsonism is characterized by bradykinesia, 
rigidity, tremor, and postural imbalance [17]. 
Atypical parkinsonian features such as poor 
response to levodopa or additional clinical fea-
tures such as rapid onset, accompanying narco-
lepsy, hypothalamic, and other brainstem 
symptoms should prompt evaluation for a para-
neoplastic or immune-mediated cause. Patients 
fulfilling criteria for probable and possible clini-
cal diagnostic criteria for multiple system atro-
phy (MSA) and progressive supranuclear palsy 
(PSP) have been reported in association with 
LGI1 antibodies and other neural autoantibodies 
and good response to immunotherapy [17].

Patients with Ma1 and Ma2 antibodies can 
present with prominent parkinsonian features in 
association with hypersomnia, narcolepsy–cata-
plexy, hyperthermia, hyperphagia, hypotha-
lamic dysfunction, and classic limbic 
encephalitis [27]. Patients with Ma2 antibodies 
typically have a severe hypokinetic syndrome 
with a tendency to eye closure; dramatic reduc-
tion of verbal output has also been described 
[48]. Young males affected by this disorder 
almost always have a testicular seminoma [48]. 
Imaging is typically abnormal with prominent 
involvement of limbic structures, brainstem, and 
hypothalamus (Fig. 14.1). Other autoantibodies 
associated with parkinsonian features include 
CRMP5, ANNA-2 [33], DPPX [47], IgLON5 
[49, 50], and GAD 65 [48].

�Stiff Person Spectrum Disorders
Classic stiff person syndrome (SPS) is character-
ized by fluctuating truncal and limb muscle rigid-
ity and spasms [14]. Other symptoms include 
falls and hyperekplexia. In fact, many patients 
have fixed spinal deformities (exaggerated lordo-
sis) from long-standing rigidity. Neurophysiologic 
findings often reflect motor neuron hyperexcit-
ability [18], and 80% of SPS patients are positive 
for GAD65 antibodies. Limited forms of SPS 
include “stiff limb” and “stiff trunk.” A more 
widespread form is known as progressive enceph-
alomyelitis with rigidity and myoclonus (PERM), 
because as well as stiffness and spasms, which 

are widespread, myoclonus and encephalopathy 
are also present. GAD65 antibody positivity and 
negativity can be encountered in patients with 
classical and limited forms and also PERM [18]. 
GAD65 antibody positive patients are more 
likely to be female and have systemic autoimmu-
nity—usually one or more of thyroid disease, vit-
iligo, pernicious anemia, and type I diabetes [51].

Unlike most patients with GAD65-associated 
systemic autoimmune disorders, patients with 
SPS have values in the hundreds of nanomoles 
per liter (nmol/L) [2, 18, 52]. A paraneoplastic 
cause is rarely encountered; adenocarcinomas 
(lung and breast) and thymomas have been 
reported, typically in older SPS patients with 
poor immunotherapy response [18, 52].

Antibodies targeting the glycine receptor 
alpha subunit (GlyRα[alpha]1) are the second 
most common antibodies found in patients with 
SPS spectrum [47, 48]. These patients are more 
likely to present with a PERM phenotype or lim-
ited forms of SPS.  GlyRα(alpha)1antibodies 
have also been reported in other neurologic disor-
ders such as optic neuritis and patients with func-
tional neurologic disorders [43, 53], where the 
clinical relevance is less clear. A recent study 
showed that GlyRα(alpha)1-modulating antibod-
ies can be helpful to improve the diagnostic spec-
ificity and treatment response in patients with 
SPS [43].

Patients with antibodies targeting amphiphy-
sin—a 128  kDa synaptic vesicle-bound protein 
that works with dynamin to retrieve membrane 
constituents after neurotransmitter exocytosis—
can present with SPS variant, usually in the set-
ting of breast cancer or small cell lung cancer and 
myeloradiculopathy [54, 55].

Other autoantibodies described in SPS spec-
trum patients include DPPX (PERM phenotype 
only) [47] and IgLON5 (a solitary case) [22].

The management of SPS is detailed in 
Chap. 30.

�Ataxia
Ataxia is characterized by a lack of muscle con-
trol and incoordination of voluntary movements 
[17]. It is one of the most commonly encountered 
disorders in autoimmune neurology clinical prac-
tice. More than 20 autoantibodies have been 
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reported in association with autoimmune ataxia 
[56]. Although the differential diagnosis of ataxia 
is broad, paraneoplastic cerebellar degeneration 
(PCD) should be considered in most cases, par-
ticularly in adults [57]. Patients with PCD typi-
cally present subacutely (weeks to months) with 
a pancerebellar syndrome, often with severe dis-
ability [12, 16, 27, 57].

PCA-1 antibody is the most commonly 
found antibody in patients with PCD [57]. 
These patients are usually women with breast 
cancer or adenocarcinomas of Müllerian origin 
(uterus, ovaries, or fallopian tubes) [57]. 
Although rarely seen in men, when identified, 
evaluation for a possible gastrointestinal carci-
noma should be undertaken as this is the most 
common oncological accompaniment [58]. 
Immunotherapy response is often limited, but 
cancer treatment and cyclophosphamide can 
sometimes stabilize disease progression [12]. 
Imaging typically shows pancerebellar atrophy 
(Fig. 14.1).

Microtubule-associated protein (MAP) 1B, 
the antigen of the previously described Purkinje 
cell cytoplasmic antibody type 2 (PCA-2) anti-
body, is a paraneoplastic biomarker usually seen 
in patients with SCLC; neurological accompani-
ments include neuropathy, ataxia, and encepha-
lopathy [59].

GAD 65 antibody is the most common anti-
body associated with non-paraneoplastic autoim-
mune cerebellar ataxia. Patients may present with 
ataxia overlapping with other GAD65 neurologi-
cal syndromes, such as SPS, encephalitis, and 
intractable epilepsy [6, 52].

In contrast to the poor response to immuno-
therapy observed in most patients with PCD, cer-
ebellar ataxia in association with some neural 
surface antibodies may improve upon receiving 
immunotherapy. Other patients have autoimmune 
ataxia as a component of a broader encephalitic 
disorder. Examples include episodic ataxia in 
CASPR2-positive patients [60], ataxia as a com-
ponent of a meningoencephalitic syndrome in 
autoimmune GFAP astrocytopathy [45], or 
accompanying seizures in GABA-B receptor 
autoimmunity [36].

Patients harboring antibodies targeting the 
metabotropic glutamate type-1 receptor (mGluR1) 

can present with ataxia and dysgeusia [61]. 
mGluR1 is part of the glutamate/calcium signal-
ing pathway of Purkinje cells. In addition to 
mGluR1, autoimmunity targets multiple other 
antigenic targets in this pathway. Individual disor-
ders are rare, and the antibodies have a similar and 
characteristic staining pattern of murine cerebel-
lum using indirect immunofluorescence and are 
often known as “Medusa-head” antibodies 
because of distinctive staining of molecular layer 
dendrites [56, 62, 63]. Examples of antigens per-
tinent to “Medusa-head” ataxia include Homer-3, 
ITPR 1, CARP VIII, PKCγ(gamma), ARHGAP26, 
GluRδ(delta)2, and DNER [2, 9, 10, 62]. 
Immunotherapy response is variable, and cancer 
associations are broad (Table 14.2) [56, 62, 63].

Neuronal calcium channel antibodies (VGCC--
P/Q and VGCC-N types) are associated with cer-
ebellar ataxia with or without other clinical 
features such as myasthenic syndromes or 
encephalopathy; small cell carcinoma is a well-
known association, but the cancer types are 
diverse; many of these patients have coexistent 
neural autoantibodies [64, 65].

Disease-specific immunoglobulin G (IgG) 
biomarkers of neurological autoimmunity con-
tinue to be discovered, increasing the spectrum of 
diagnosable immune-mediated ataxia. Recently, 
antibodies targeting Septin-5, a cytoskeletal 
GTP-binding protein that participates in neu-
rotransmitter exocytosis was described in six 
patients with cerebellar ataxia [50].

�Clinical Evaluation

A detailed description of the time course, identi-
fication of accompanying features such as neuro-
psychiatric features, dysautonomia, brainstem 
dysfunction, or sensory neuronopathy should 
raise the suspicion for an immune-mediated 
cause. Most patients present subacutely (weeks 
or months), however, with more chronic and 
indolent presentations [2, 10]. Patient sex and age 
are helpful to increase the suspicion for specific 
disorders. Medical history such as the coexis-
tence of type I diabetes mellitus, hypothyroidism, 
and pernicious anemia in patients with GAD65 
antibodies, or recent streptococcal or HSV infec-
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tion in NMDA autoimmunity, can also be impor-
tant clues. Strong family history of autoimmunity 
is also an important clue.

History of cancer or strong family history of 
cancer or a personal smoking history is an impor-
tant clinical clue to a paraneoplastic disorder. 
Identification of an autoantibody can help tailor 
the specific cancer evaluation, but in cases where 
no autoantibody is identified or initial cancer 
search is unrevealing, a broad search is recom-
mended. This could include whole body 
18F-fluorodeoxyglucose (18F-FDG) PET/CT, 
upper and lower gastrointestinal (GI) endosco-
pies, breast and gynecological-directed examina-
tions in women, and prostate examinations in 
men [66]. Testicular seminoma, small cell can-
cers, ovarian and breast neoplasms, neuroblas-
toma, and thymomas are common oncological 
associations in paraneoplastic movement 
disorders.

Table 14.2 summarizes the autoantibodies and 
their common oncological associations.

�Neurological Examination

A well-documented detailed neurological exami-
nation is important. Movement disorders can be 
difficult to objectively quantify, and thus video 
recordings are very helpful to document abnor-
malities and can be used for comparison to evalu-
ate the response to immunotherapy [2].

�Imaging

Different neuroimaging abnormalities have been 
reported in patients with antibody-mediated 
movement disorders [11]. The initial test of 
choice in the evaluation of patients with autoim-
mune or paraneoplastic movement disorders is 
magnetic resonance imaging (MRI) with and 
without contrast. A normal MRI does not exclude 
the possibility of an immune-mediated disorder, 
and functional brain imaging with PET/CT can 
be helpful to identify hyper- or hypometabolism 

Table 14.2  Antibodies that target nuclear or antibodies that target plasma membrane proteins cytoplasmic proteins and 
their oncologic association

Antibody Oncologic association Antibody Oncologic association
Amphiphysin Small-cell carcinoma, breast 

adenocarcinoma
DPPX Lymphoproliferative disorders

ANNA-1 (anti-Hu) Small-cell carcinoma, Neuroblastoma 
(pediatric)

GABABR Small-cell lung

ANNA-2 (anti-Ri) Small-cell carcinoma, breast 
adenocarcinoma

mGluR1 Hodgkin’s lymphoma

CRMP-5 (anti-CV2) Small-cell carcinoma, thymoma Glycine 
receptor

Thymoma, lymphoma, ovarian

GAD65 Rare-thymoma, breast 
adenocarcinoma

NMDAR Ovarian teratoma, others*

GFAP Ovarian teratoma, adenocarcinomas (LGI1/
CASPR2)

Small-cell lung carcinoma, thymoma 
or adenocarcinomas

ITPR Lung adenocarcinoma P/Q- and 
N-type VGCC

Small-cell carcinoma

Anti Ma1-Anti-Ma2 
(anti Ta)

Testicular germ cell tumors, lung 
cancer, other solid neoplasms

PCA-Tr 
(DNER)

Hodgkin lymphoma

PCA-1 (anti-Yo) Mullerian, adenocarcinomas, breast
PCA-2 (MAP1B) Small-cell carcinoma
ARHGAP26/GRAF Ovarian, squamous cell carcinoma

ANNA antineuronal nuclear antibody; 4; CASPR contactin-associated protein; CRMP-5 collapsin response mediator 
protein 5; DPPX dipeptidyl-peptidase-like protein-6 antibodies, GABA gamma amino butyric acid, GAD65 65 kDa 
isoform of glutamic acid decarboxylase, GFAP glial fibrillary acidic protein, GRAF1 GTPase regulator associated with 
focal adhesion kinase 1, ITPR inositol 1,4,5-trisphosphate receptor type 1, LGI1 leucine rich glioma, mGluR metabo-
tropic glutamate receptor, MAP1B Microtubule-associated protein 1B, NMDA N-methyl-D-aspartate, PCA Purkinje 
cytoplasmic antibody, VGCC voltage-gated calcium channel
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in the basal ganglia or cerebellum in some cases 
[66]. Figure 14.1 shows examples of brain MRI 
and PET/CT findings of patients with autoim-
mune movement disorders.

�Electrophysiological Evaluation

Surface electromyography (EMG) helps charac-
terize certain movement disorders and objec-
tively quantify abnormalities, particularly tremor 
and myoclonus, and to differentiate these from 
functional movement disorders. Measurement of 
acoustic startle and exteroceptive responses can 
assist in diagnosing SPS spectrum disorders [67].

�Laboratory Testing

Serum testing for non-neurological markers of 
autoimmunity such as nonorgan-specific autoan-
tibodies (SS-A, SS-B, ds-DNA, etc.) can be help-
ful clues in suspected autoimmune movement 
disorders. CSF should be tested for markers of 
inflammation including white cell count, protein, 
oligoclonal bands, IgG index, and synthesis rate. 
Elevation of these markers, although nonspecific, 
can help support an autoimmune diagnosis. A 
normal CSF does not exclude an autoimmune eti-
ology for the neurologic presentation [2, 9, 11].

�Autoantibody Detection
Antibody testing should be performed in serum 
and CSF to improve the yield of detection. 
Immunotherapy can affect the results, thus it is 
important to obtain serum or CSF prior to the ini-
tiation of immunotherapy, and repeat testing 
should be considered if negative results are seen 
in the setting of recent immunotherapy adminis-
tration. Seronegative patients with a highly sus-
pected autoimmune etiology may harbor 
unclassified (yet to be characterized) antibodies, 
thus sending samples to research centers that 
assess for such antibodies is recommended if ini-
tial screening for well-characterized antibodies is 
negative. Indirect tissue immunofluorescence and 
immunohistochemistry serve as screening tools 
for antibody detection, typically confirmed with 
Western blot for antibodies that bind cytosolic or 

nuclear antigens. Cell-based assays are utilized 
for detection of autoantibodies that recognize cell 
surface proteins [2, 11].

A detailed description of antibody identifica-
tion methods can be found in Chap. 2.

�Treatment

Class 1 treatment recommendations based on 
randomized clinical trials in autoimmune move-
ment disorders and autoimmune neurology in 
general are lacking, and treatment strategies are 
based on expert opinion or case series. One cross-
over, randomized, double-blind controlled clini-
cal trial showed improvement in stiffness and 
heightened-sensitivity scores in patients with 
SPS with the use of intravenous immunoglobulin 
[67]. Symptomatic therapy with benzodiazepines 
or neuroleptics can help ameliorate the severity 
of some movement disorders, but it is rarely suf-
ficient for complete cessation, and most patients 
require the use of immunotherapy.

Not all autoimmune movement disorders are 
accompanied by an antibody, and therefore after 
excluding competing infectious, metabolic, or 
genetic causes, a trial of immunotherapy could be 
considered in carefully selected patients. 
Oncologic therapy for patients with paraneoplas-
tic syndromes is the first stage of management. 
Cancer treatment (surgery, chemotherapy, radia-
tion therapy) should be instituted as early as pos-
sible as this will stabilize or improve the 
neurologic symptoms; the concomitant use of 
immunotherapy can help improve the neurologic 
symptoms [2, 9–12, 68].

The reader is referred to Chap. 17 “Treatment 
Approaches in Autoimmune Neurology” for 
more information regarding immunotherapy in 
antibody-mediated neurological diseases and 
Chap. 30 “Stiff Person Syndrome” for treatment 
and management approaches in SPS.

�Symptomatic Therapy

Symptomatic therapy should be recommended 
for most patients; the agent utilized depending on 
the underlying movement disorder. For hyperki-
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netic movement disorders such as chorea, 
dopamine-depleting agents include tetrabenazine 
12.5–50 mg 3 times per day and deutetrabenazine 
6–12 mg twice per day. Alternatively, dopamine 
antagonists can be used, such as risperidone 
2–8 mg/day (by mouth). Monitoring for sedation, 
insomnia, depression, akathisia, and drug-
induced parkinsonism is also important [10].

Benzodiazepines can be effective for treat-
ment of myoclonus and opsoclonus. Typical 
starting doses are (in divided doses) clonazepam 
1–2  mg/day or diazepam 10–15  mg/day. 
Drowsiness, fatigue, ataxia, and hypotonia are 
common side effects. Levetiracetam can be used 
as an alternative for treating myoclonus, with less 
sedation compared to benzodiazepines.

Antiepileptic drugs (AEDs) such as valproate 
and carbamazepine can be used to ameliorate 
chorea [69].

Muscle relaxants such as baclofen, orally or 
intrathecally, can be used in SPS; benzodiaze-
pines can be quite effective, and patients often 
tolerate high doses (up to 100 mg/day in divided 
doses) [2, 9, 10]. The management of SPS is 
detailed in Chap. 30.

�Immunotherapy

�Acute Treatment
The mainstay of acute treatment for immune-
mediated neurologic disorders is high-dose corti-
costeroids—typically intravenous 
methylprednisolone 1000  mg for 5  days. 
Corticosteroids have pleiotropic effects including 
reducing blood-brain barrier leakage and thereby 
trafficking of leukocytes, decreasing peripheral 
lymphocyte numbers, and reducing the produc-
tion of inflammatory substances and inflamma-
tory cells [70]. IVIg is an alternative option. 
Recently, a prospective study showed that the 
early use of IVIg in patients with paraneoplastic 
neurological syndromes with onconeural anti-
bodies may improve neurologic outcome [70].

Plasma exchange (PLEX) is effective for 
acute, severely affected patients who fail to 
respond to corticosteroids. A typical regimen is 
apheresis of 1.5 plasma volumes every other day 

for 5–7 treatments. The exact mechanism is 
unknown and difficult to study given the non-
selectivity of serum replacement with plasma 
exchange, but removal of the pathogenic anti-
body is believed to contribute, though removal 
of inflammatory mediators such as cytokines 
may also help. Steroids, IVIg, and PLEX are 
considered first-line therapy; medications such 
as rituximab or cyclophosphamide can be con-
sidered if a patient fails to respond to first-line 
therapy [71].

�Maintenance Treatment
A maintenance immunotherapy medication is 
recommended for patients who have high risk of 
relapse. Retrospective studies have shown that 
azathioprine and mycophenolate reduce the 
annualized relapse rate in neuromyelitis optica 
(NMO) and are used for the treatment of other 
autoimmune neurologic disorders [12, 27, 71]. 
Both do not take full effect until as long as 
6  months after initiation; therefore, patients 
should also receive moderate doses of oral corti-
costeroids (prednisone, 20–60  mg per day) for 
6 months to prevent attacks.

Rituximab, a chimeric anti-CD20 monoclonal 
antibody, is commonly used as first-line therapy 
for relapse prevention. Rituximab has several 
advantages over other immunosuppressive treat-
ments including easily monitored adherence and 
rapid onset of action. It results in B-cell depletion 
within 2 weeks of completing the initial course of 
2 infusions of 1  g intravenously separated by 
2 weeks. In addition to intravenous methylpred-
nisolone just prior to administration of rituximab 
to avert potential allergic reactions, patients 
should receive some steroid treatment for 
1  month following the initial administration of 
rituximab to avert exacerbations resulting from 
lysis of B cells and accompanying transient 
increases in antibody titers [72].

Table 14.3 summarizes commonly used main-
tenance treatments, side effects, and recom-
mended monitoring.

Other drugs less commonly used but poten-
tially effective immunosuppressant treatments 
include methotrexate, tacrolimus, and cyclospo-
rine [71].
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�Conclusion and Future Directions

Improved diagnosis of autoimmune movement 
disorders has been greatly facilitated by the dis-
covery of antibodies that are highly specific diag-
nostic biomarkers. Autoimmune movement 
disorders should be considered in the differential 
diagnosis of diverse movement disorder pheno-
types, particularly where features are atypical for 
the classical degenerative forms. Early recogni-
tion, cancer screening, and treatment along with 
early initiation of immunotherapy are important.

Developing clinical trials is key, as the under-
standing of the pathophysiology of these disor-
ders continues to improve.
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Autoimmune Demyelinating 
Syndromes: Aquaporin-4-IgG-
positive NMOSD and MOG - IgG 
Associated Disorder

Elia Sechi and Eoin P. Flanagan

�Part I: Introduction to AQP4-IgG 
and MOG-IgG as Autoantibody 
Biomarkers

�History and Definitions

The simultaneous occurrence of optic neuritis 
(ON) and longitudinally extensive transverse 
myelitis (LETM), without apparent brain involve-
ment, was first reported in 1865 by the British 
neurologist Jacob Augustus Lockhart Clarke, in a 
17-year-old girl who eventually died for respira-
tory failure [1]. About 30  years later (1894), 
Eugene Devic and his student Fernand Gault 
reviewed the existing literature for similar cases 
and described the disease with the name of neuro-
myelitis optica (NMO) [2]. For a century, Devic’s 
disease was considered by many as a more aggres-
sive variant of multiple sclerosis (MS) confined to 
optic nerves and spinal cord, and in Asia a similar 
disease was termed optic-spinal MS [3].

In 2004, the identification of aquaporin-4-
immunoglobulin G (AQP4-IgG), an antibody 
directed against the main central nervous sys-
tem (CNS) water-channel with high specificity 
for NMO, gave the disease a definite identity 
distinct from MS and traced a new route in the 
field of neuroimmunology [4, 5]. It soon became 
clear that the spectrum of clinical and radiologi-
cal manifestations related to AQP4-IgG was 
much broader than previously thought, ranging 
from partial forms (e.g., recurrent optic neuritis 
or recurrent myelitis) to predominant brain 
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Key Points
	1.	 Aquaporin-4-immunoglobulin G (AQP4-

IgG) and myelin oligodendrocyte glyco-
protein (MOG)-IgG autoantibodies are 
associated with central nervous system 
(CNS) demyelinating disease entities 
that are distinct from multiple sclerosis 
(MS).

	2.	 Each disorder has characteristics clini-
cal, laboratory, and magnetic resonance 
imaging (MRI) features, although some 
features overlap.

	3.	 In the correct clinical context, testing 
for these autoantibodies is critical to 
avoid misdiagnosis.

	4.	 Distinction between the differing types 
of inflammatory CNS demyelinating 
diseases is important as it has treatment 
and prognostic implications.
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involvement (e.g., area postrema syndrome, 
encephalopathy), and the concept of neuromye-
litis optica spectrum disorders (NMOSD) was 
introduced [6].

In 2015, diagnostic criteria for NMOSD were 
published by an international panel of experts 
[7]. The criteria allowed NMOSD diagnosis by 
AQP4-IgG seropositivity and involvement of at 
least one CNS region among optic nerve, cere-
bral hemispheres, diencephalic region, brain-
stem, or spinal cord, and introduced the concept 
of AQP4-IgG seronegative NMOSD, defined by 
more stringent clinical and radiological require-
ments than AQP4-IgG seropositive NMOSD [7]. 
The absence of AQP4-IgG in these patients raised 
the possibility that other antibody biomarkers of 
demyelination could account for some of this 
subgroup, which was later shown to be the case 
with myelin oligodendrocyte glycoprotein 
(MOG)-IgG.

MOG-IgG is an autoantibody directed 
against a minor component of CNS myelin 
located on oligodendrocytes that was histori-
cally studied as potential target of autoimmunity 
in MS with inconsistent results and detection in 
both MS patients and healthy controls [8]. 
However, in the last decade with the use of cell-
based assays (CBA) expressing MOG in its con-
formational status rather than assays employing 
denatured MOG proteins (e.g., western blot, 
enzyme-linked immunosorbent assay [ELISA]), 
we have been able to define a CNS demyelinat-
ing disease associated with MOG-IgG that is 
distinct from MS [8]. While MOG-IgG is rarely 
detected in sera of MS patients and generally 
with a low titer, its spectrum of clinical and 
radiological manifestations has some overlap 
with AQP4-IgG, with MOG-IgG being detected 
in up to 42% of seronegative NMOSD cases [9]. 
To avoid diagnostic ambiguity, an alternative 
molecular target-defined nomenclature (i.e., 
AQP4 autoimmunity and MOG autoimmunity) 
has also been proposed [10]. In this chapter, the 
term NMOSD will be used to indicate the 
AQP4-IgG seropositive forms, unless specified 
otherwise.

�Epidemiology of NMOSD- and MOG-
IgG-Associated Disorders

When the 2015 diagnostic criteria are applied, 
the overall prevalence of NMOSD (both seropos-
itive and seronegative cases) is very similar in 
Western countries and Asia, accounting for 
3.9/100,000 (USA) and 4.1/100,000 (Japan), 
respectively. These numbers decrease to 
3.3/100,000 (USA) and 3.2/100,000 (Japan) if 
AQP4-IgG-positive cases only are considered 
[11, 12]. By contrast, the disease is more com-
mon among Afro-Caribbeans with an estimated 
prevalence of 10/100,000 (7.9/100,000 AQP4-
IgG seropositive cases) [11]. The relative fre-
quency of NMOSD as a proportion of CNS 
demyelinating disorders seems to be inversely 
related to that of MS, being higher in countries 
where MS is less represented (e.g., some Asian 
countries and regions close to the equator) [13]. 
The epidemiology of MOG-IgG has been less 
well elucidated, but the frequency of the antibody 
seems higher among Caucasians [14]. Both 
NMOSD- and MOG-IgG-associated disorders 
may potentially affect any age with a sharp 
female predominance for the former (up to 
9 times more prevalent than in males) [11].

�Part II: AQP4-IgG Neuromyelitis 
Optica Spectrum Disorders

�Pathophysiology

There is a strong body of evidence suggesting 
AQP4-IgG as a pathogenic effector rather than 
only a specific disease biomarker in NMOSD 
[15]. AQP4 is a tetrameric transmembrane pro-
tein mainly expressed in the CNS but also present 
in the collecting ducts of the kidney, parietal cells 
of the stomach, lungs, and skeletal muscles [16]. 
In the CNS, AQP4 is mainly located at the sur-
face of astrocytic end-feet that abut capillaries 
and pia and take part in the constitution of the 
blood-brain and blood-cerebrospinal fluid (CSF) 
barriers playing a crucial role in water homeosta-
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sis [16]. The subpial and subependymal regions 
around the ventricles are particularly rich in 
AQP4 and represent sites of characteristic 
NMOSD lesions on brain MRI, although brain 
abnormalities may also occur in areas where 
AQP4 expression is lower (see later section on 
“MRI”) [17, 18].

AQP4-IgG is an IgG1, and the exact mecha-
nisms by which it exerts its pathogenic effect are 
diverse and still largely unclear, but complement 
activation seems to play a major role, mainly via 
the classical pathway [19, 20]. AQP4 tetramers 
are constituted by two main AQP4 isoforms, M1 
and M23, which have identical extracellular 
domain residues but differ by 22 amino acids that 
are exclusively present in the M1 isoform at the 
cytoplasmic N terminus. A low M1/M23 ratio 
seems to favor AQP4 aggregation into supramo-
lecular complexes called orthogonal arrays of 
particles (OAPs), with a conformational status 
that would facilitate binding of AQP4-IgG and 
C1q, and subsequent complement activation, 
inflammation, blood-brain barrier dysfunction, 
and necrosis [21–23]. The higher proportion of 
these supramolecular complexes in the optic 
nerves and spinal cord might partly account for 
their frequent involvement in NMOSD and the 
characteristic necrotic changes that are observed 
in these sites pathologically [24]. Monoclonal 
antibodies targeting key proteins of the comple-
ment cascade have been proven to be highly 
effective either acutely and for relapse prevention 
in NMOSD (see “Treatment” section, subhead-
ings “Acute Treatment” and “Long-Term 
Treatment.”). Conversely, a predominance of the 
M1 isoform would favor AQP4 internalization by 
antibody binding without complement activation, 
resulting in vasogenic edema and less-destructive 
lesions that are often reversible on MRI (see later 
sections on “Pathology” and “MRI”) [24, 25]. 
Demyelination and neuronal loss in NMOSD 
would therefore represent a secondary phenome-
non occurring as a consequence of astrocytic 
damage, differing from MOG-IgG-associated 
disorders where oligodendrocytes would repre-
sent the primary disease target [26]. Glutamate 
excitotoxicity by dysfunction of the excitatory 

amino acid transporter 2 (EAAT2), the main glu-
tamate transporter predominantly expressed in 
astroglial cells and physically linked to AQP4 on 
astrocytic membrane, is likely to play a major 
role in tissue damage secondary to astrocytes loss 
[25–28].

AQP4-IgG is produced by B cells outside the 
CNS, and its concentration is therefore higher in 
serum than in CSF [16]. Antibody detection in 
serum of patients years before they become 
symptomatic suggests the presence of AQP4-IgG 
is not sufficient to induce NMOSD and that addi-
tional factors are likely to be involved in NMOSD 
pathogenesis [29]. To corroborate this, antibodies 
that bind to the brain microvascular endothelial 
cell’s glucose-regulated protein 78 (“GRP78”) 
have been recently proposed as potential media-
tors of blood-brain barrier disruption, thus allow-
ing AQP4-IgG to enter the CNS and cause harm 
(“double-hit theory”) [30]. The reason why 
AQP4-expressing extra-CNS organs are gener-
ally not affected by AQP4-IgG autoimmunity is 
not completely understood but might rely on the 
presence of complement-inhibiting proteins (e.g., 
CD59) in peripheral tissues that would not be 
expressed at astrocytic foot processes in the 
CNS. Dysfunction of these proteins may account 
for the rarely reported cases of peripheral mani-
festations related to AQP4-IgG [31, 32].

The trigger for AQP4-IgG production is still 
not clear, although up to 5–15% of cases (gener-
ally elderly patients) are thought to be paraneo-
plastic [33, 34]. Familial forms have rarely been 
described as well as associations with specific 
human leukocyte antigen alleles (e.g., HLA-
DRB1*03) [15, 35]. However, like other autoim-
mune diseases that frequently coexist with 
NMOSD (see later section on “Coexisting 
Autoimmunity”), the interaction between still 
unclear genetic and environmental factors likely 
plays a major role in the generation of AQP4-
IgG autoimmunity [36–38]. The contribution of 
CD4+ cells of the Th17 subtype and interleu-
kin-6 (Il-6) seems to be fundamental to autoanti-
body production in NMOSD, representing an 
optimal target for immunotherapies (see later 
section on “Treatment”) [39, 40].
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�Pathology

The pathology of NMOSD is characterized by 
extensive loss of immunoreactivity for AQP4 and 
glial fibrillary acidic protein—GFAP (the main 
cytoskeletal protein of astrocytes)—in lesional 
tissue, and the absence of cortical demyelinating 
lesions, a frequent pathological finding in MS 
[41, 42]. Unlike MS, high GFAP levels indicating 
astrocytic damage can be detected in the CSF of 
NMOSD patients during disease flares [43].

Two main subtypes of NMOSD lesions have 
been described [44]. The typical NMOSD lesions 
are characterized by a unique vasculocentric pat-
tern of demyelination, extensive complement 
activation, immunoglobulin deposition (both IgG 
and IgM subtypes), and inflammatory infiltrates 
variably including eosinophils/neutrophils, but 
also T cells, B cells, and macrophages. Severe 
axonal and astrocyte losses are also typically 
encountered. The perivascular presence (rim and 
rosette pattern) of C9neo antigen (indicating 
activation of the membrane attack complex), 
immunoglobulin deposition, and activated mac-
rophages observed in active NMOSD lesions cor-
respond to the AQP4-enriched astrocytic end-feet 
that surrounds the blood vessels and represents 
the initial site of complement activation in the 
brain [19]. The spinal cord is typically affected 
over multiple contiguous vertebral segments and 
mainly in its central part, although both gray and 
white matters show extensive necrotic changes in 
the advanced stages [19, 24]. The second lesion 
subtype is less destructive with the absence of 
demyelination, vacuolated myelin, and limited 
axonal injury and inflammation [24]. Clinical 
and MRI manifestations of these less-destructive 
lesions are likely due to functional impairment 
rather than structural damage (see previous sec-
tion “Pathophysiology”).

�Clinical Features

A comparison between the general characteris-
tics of NMOSD, MOG-IgG-associated disorders, 
and MS is shown in Table 15.1.

The most typical manifestations of NMOSD 
are ON, transverse myelitis, and, less frequently, 
area postrema syndrome [7]. Involvement of 
other brain regions is less common but more het-
erogeneous and may rarely occur in isolation at 
onset [45]. The clinical course is generally 
relapsing-remitting, but, in contrast to MS, 
attacks are typically more severe, and long-term 
sequelae are frequent [46, 47].

Optic neuritis in NMOSD is generally recur-
rent and/or bilateral, with AQP4-IgG being very 
rarely detected in patients with isolated unilateral 
ON [48, 49]. Patients typically present acutely 
with more severe visual impairment and less 
complete recovery compared to MS patients with 
ON; unilateral or bilateral blindness is not 
uncommon after years [50, 51]. Since AQP4-IgG 
preferentially targets the posterior optic pathway 
including the chiasm and optic tracts, NMOSD 
may sometimes manifest with bitemporal or 
homonymous hemianopia with normal fundos-
copy [51].

The transverse myelitis in NMOSD is char-
acterized by acute/subacute onset (from hours to 
a few weeks) and severe functional impairment, 
with tetra- or para-plegia being not infrequent at 
the nadir of attack [52]. Signs and symptoms of 
spinal cord dysfunction include weakness and 
numbness, which are frequently bilateral and 
symmetric, but a partial, MS-like myelitis may 
occur [53]; bowel and bladder dysfunction and 
Lhermitte’s phenomenon are additional features 
often encountered. Tonic spasms are paroxys-
mal, unilateral, stereotyped painful tonic pos-
tures of the limbs usually lasting 1–3 minutes. 
These episodes are triggered by movement or 
hyperventilation and responsive to low-dose 
carbamazepine. Studies have found these are 
more common in NMOSD than MS [54]. 
Paroxysmal attacks of pruritus with intractable 
localized segmental itchiness have also been 
described after NMOSD myelitis [55]. When 
infectious, rheumatologic, vascular, and neo-
plastic causes are excluded, AQP4-IgG autoim-
munity represents the most common cause of 
both monophasic (50%) and recurrent (93%) 
LETM [48].
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Table 15.1  Comparison of demographics, clinical, laboratory, and MRI characteristics in MS-, NMOSD-, and MOG-
IgG-associated disorders

MS AQP4-IgG MOG-IgG
Demographics
Most affected age 20–40 30–50 0–40
Sex (F:M) 2:1 9:1 1:1
Ethnicity Any, mostly Caucasian Any, African-American/

Afro-Caribbean at higher risk
Any

Clinical features
Antecedent 
infection/
immunization

Rare Rare Common

Disease course Relapsing 85%; 
progressive15% at onset; 
relapsing patients may 
develop secondary 
prorgession.

Generally relapsing, 
progressive disability is rare.

Monophasic in about 40% (mainly 
children); progressive disability not 
reported.

Optic neuritis ++ +++ +++
Myelitis +++ +++ ++
Area postrema 
syndrome

Rare ++ Rare

Encephalopathy Rare + ++
Seizures Rare Rare +
CSF
Oligoclonal bands 90% (persistent) 10–30% (transient) <15% (transient)
White cell count 
>50/μ(mu)l

Rare 13–35% 13–35%

MRIa

Optic nerve Generally unilateral, short 
lesions, mainly along the 
intraorbital tract

Uni-/bilateral, long lesions (> 
50% of nerve), mainly posterior 
segments including chiasm

Uni-/bilateral, long lesions, mainly 
anterior segments, enhancement of the 
optic nerve sheath and perineural fat

Spinal cord Multiple short lesions; 
periphery of cord (dorsal, 
lateral column). Ring or 
homogeneous enhancement

Longitudinally extensive, 
generally single (85%). 
Central/diffuse on axial images. 
Ring or patchy enhancement

Longitudinally extensive (60–80%), 
generally >1 lesion, conus involved, 
H-sign on axial, enhancement in 
∼50% of cases

Brain Ovoid periventricular, 
infratentorial, juxtacortical, 
inferior temporal pole, T1 
hypointense

Nonspecific, area postrema, 
peri- 3rd/4th ventricle, 
corticospinal tracts, sometimes 
extensive white matter lesions

Deep gray matter, ADEM-like, 4th 
ventricle and middle cerebellar 
peduncles

Treatment
Acute IV methylprednisolone; PLEX 

generally not necessary
IV methylprednisolone; low 
threshold to follow with PLEX

IV methylprednisolone; PLEX if 
severe episode; IVIg possible 
alternative to PLEX, especially for 
children

Recovery Generally complete Often incomplete Generally good despite severe attacks
Maintenance Large variety of MS 

medications FDA approved 
medications in USA (see 
Chapter 32)

FDA approved in USA: 
Eculizumab, satralizumab, 
inebilizumab. Others: 
azathioprine, methotrexate, 
mycophenolate, prednisone, 
rituximab, tocilizumab

For relapsing disease; No FDA 
approved medications; Attack-
prevention treatment may be 
considered if severe attack with poor 
recovery or persistently elevated 
antibody titer: Azathioprine, 
mycophenolate, methotrexate, 
rituximab, IVIg

ADEM acute disseminated encephalomyelitis, AQP4 aquaporin-4, CSF cerebrospinal fluid, F female, IV intravenous, Ig 
immunoglobulins, M male, MS multiple sclerosis, MOG myelin oligodendrocyte glycoprotein, MRI magnetic reso-
nance imaging, PLEX plasma exchange
aConsidering adult patients only, MRI abnormalities in children tend to be more extensive and heterogeneous in all the 
three subgroups
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Area postrema syndrome is defined by epi-
sodes of intractable nausea, vomiting and hic-
cups [56–58]. Like other circumventricular 
organs, the area postrema is a site of high AQP4 
expression where the blood-brain barrier is par-
ticularly permeable and represents a frequent 
target for AQP4-IgG autoimmunity [59]. Area 
postrema syndrome can be the initial manifesta-
tion of NMOSD in approximately 12% of 
patients (often leading to inconclusive gastroen-
terological evaluations) and ultimately will 
occur in up to 40% of patients [60]. The three 
cardinal symptoms of nausea, vomiting, and hic-
cups can be concomitantly observed in 43% of 
cases, and they typically last 48 hours or more 
[58]. Response to immunotherapy is generally 
excellent [58]. Area postrema lesions are patho-
logically characterized by nondestructive 
changes that are consistent with the reversibility 
of both MRI findings and symptoms related to 
involvement of this region (see previous section 
“Pathology”) [61].

Less common NMOSD manifestations include 
brainstem syndromes (e.g., diplopia, 
ophthalmoplegia), diencephalic syndromes with 
thalamic/hypothalamic dysfunction (e.g., narco-
lepsy, eating disorders, inappropriate antidiuretic 

hormone secretion [SIADH], hypothermia, hypo-
tension, and endocrinopathies), and cerebral syn-
dromes (e.g., acute disseminated 
encephalomyelitis [ADEM], posterior reversible 
encephalopathy syndrome [PRES]) [45, 62–64]. 
Similar to MS, rare patients may develop epilep-
tic seizures (typically partial and well responsive 
to antiepileptic drugs) secondary to brain lesions 
[65]. Other rare NMOSD manifestations include 
myeloradiculitis with cauda equina involvement 
[66], obstructive hydrocephalus (from ependy-
mal inflammation) [67], and myositis with hyper-
CKemia (from skeletal muscle involvement, 
which is known to contain AQP4; see earlier sec-
tion “Pathophysiology”) [31].

�MRI

Characteristic MRI abnormalities of NMOSD are 
shown and compared with those of MOG-IgG 
associated disorders and MS in Figs. 15.1, 15.2, 
and 15.3.

Optic nerve MRI  When compared to MS, ON in 
NMOSD is more likely to show bilateral 
T2-hyperintensity of the optic nerves during the 

a b c

Fig. 15.1  Characteristic optic nerve MRI findings in 
MS, AQP4-IgG seropositive NMOSD, and MOG-IgG-
associated disorders. Axial fat-desaturated post-gado-
linium T1-weighted images showing focal enhancement 
of the left optic nerve in an MS patient (a) and of the 

posterior optic chiasm in a patient with AQP4-IgG sero-
positive NMOSD (b). Contrast enhancement is bilater-
ally appreciable for nearly the entire length of the optic 
nerve sheaths in a patient with MOG-IgG associated 
disorders (c)
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acute phase (with or without abnormal gadolin-
ium enhancement) with predominant involve-
ment of the posterior segments, including chiasm 
and optic tracts (Fig. 15.1). However, ON lesions 
can sometimes be indistinguishable between MS 
and NMOSD, and searching for the concomitant 
presence of specific MRI abnormalities in other 
CNS regions might help (Fig. 15.2) [68, 69].

Spinal cord MRI  A longitudinally extensive 
(≥3 contiguous vertebral body segments) hyper-
intense lesion on T2-weighted sequences is the 
typical accompaniment of NMOSD myelitis 
[52]. Similar to what can be observed in other 
inflammatory myelopathies, a cervical spinal 
cord lesion may occasionally extend cranially to 
the medulla and the fourth ventricle (Fig. 15.2e); 

a b c d

e f g h

i j k l

Fig. 15.2  Characteristic brain MRI findings in patients 
with MS (top row, a–d), AQP4-IgG seropositive NMOSD 
(middle row, e–h), and MOG-IgG-associated disorders 
(bottom row, i–l). Sagittal FLAIR images showing small 
ovoid lesions on the callosal-septal interface in an MS 
patient (a); a cervical spinal cord lesion extending crani-
ally to the dorsal medulla and area postrema in an 
NMOSD patient (e); and three large demyelinating lesions 
in the cerebral hemisphere and cerebellar peduncle of a 
patient with MOG-IgG-associated disorders (i). Axial 
FLAIR images of the hemispheric periventricular white 
matter showing small, ovoid lesions perpendicularly ori-
ented to the surface of the lateral ventricles (Dawson’s 

fingers) typically found in MS (b); an extensive hemi-
spheric white matter lesion involving the splenium of the 
corpus callosum for its entire thickness and resembling an 
arch-bridge in NMOSD (f, arrow); “fluffy” multifocal 
lesions in a patient with MOG-IgG-positive ADEM (j). 
Axial FLAIR images also showing characteristics tempo-
ral pole (c, arrowheads) and cerebellar (d, arrow) lesions 
in MS; bilateral corticospinal tract cerebral peduncles (g, 
arrowheads) and area postrema (h, arrow) involvement in 
NMOSD (the patient in h had concomitant area postrema 
syndrome); and involvement of the deep gray nuclei (k), 
periaqueductal region and bilateral cerebellar peduncles 
(l) in MOG-IgG-associated disorders
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however, when this occurs in association with 
symptoms of area postrema syndrome, it is 
highly suggestive of NMOSD [70, 71]. Short 
myelitis lesions may be encountered in about 
14% of cases according to the timing of MRI 
[53]. It is therefore important to be aware that 
imaging the myelitis too early, when the lesion 
formation is not complete, or too late (especially 
in case of steroid administration), when the 
lesion is resolving, may lead to the detection of 
short myelitis lesions or resolution of the lesion 
completely [72]. In patients with short trans-
verse myelitis, certain factors help predict those 
likely to be AQP4-IgG positive including non-

Caucasian ethnicity, coexisting autoimmunity, 
tonic spasms, centrally located lesions on 
T2-weighted axial images, absence of typical 
MS brain lesions, and lack of oligoclonal bands 
[53]. In those patients, the subsequent myelitis 
is longitudinally extensive in more than 90% of 
cases [53]. NMOSD myelitis lesions can be par-
ticularly bright on T2-weighted images with 
signal intensity similar to that of the surround-
ing CSF (“bright spotty lesions”; Fig.  15.3c) 
[52, 73]. T1-hypointensity and atrophic evolu-
tion (long atrophic spinal cord segments) are 
also common [74]. Contrast enhancement is 
generally patchy or ring-like (Fig. 15.2d) [75].

Fig. 15.3  Representative myelitis lesions in MS, AQP4-
IgG seropositive NMOSD, and MOG-IgG associated dis-
orders. Sagittal (top row) and axial (bottom row) 
T2-weighted (a, c, e) and post-contrast T1-weighted (b, d, 
f) images from three different patients are shown: (a, b) 
short, enhancing demyelinating lesion involving the dor-
sal columns of the conus medullaris is typical of MS; (c, 
d) “bright” longitudinally extensive lesion in the lower 
thoracic spinal cord with ring enhancement visible on 

both sagittal (d1, arrow) and axial (d2) images in a patient 
with NMOSD; (e, f) longitudinally extensive lesion with 
predominant involvement of the thoracic spinal cord and 
conus medullaris (e1, arrows) in a MOG-IgG-positive 
patient that does not enhance after gadolinium (f). The 
concomitant presence of a ventral hyperintense line on 
sagittal images (e1) and of an H-shaped (H-sign) hyperin-
tensity on axial images (e2) is typical of MOG-IgG 
autoimmunity
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Brain MRI  Brain abnormalities are detected in 
more than 60% of NMOSD patients during the 
course of their disease, and they are generally 
nonspecific [76]. The typical morphology of MS 
lesions (e.g., ovoid periventricular, juxta-cortical, 
or inferior temporal pole; Fig. 15.2a–d) is gener-
ally not encountered in NMOSD, although 13% 
of patients fulfill Barkhof criteria for dissemina-
tion in space on initial brain MRI [77, 78]. 
Characteristic NMOSD brain abnormalities are 
commonly identified at sites on high AQP4 
expression: (1) periependymal regions around 
the lateral ventricles, especially the splenium of 
the corpus callosum, which can be diffusely 
involved in its entire thickness (“arch-bridge 
sign”; Fig. 15.2f); (2) periependymal lesions sur-
rounding the third ventricles and cerebral aque-
duct (generally asymptomatic but may manifest 
with symptoms of thalamic/hypothalamic dys-
function); and (3) periependymal lesions adja-
cent to the fourth ventricle, with or without area 
postrema syndrome (Fig. 15.2h). For unclear rea-
sons, the corticospinal tracts are also frequently 
affected in NMOSD (up to 44%) despite the 
lower AQP4 concentration; these lesions typi-
cally extend longitudinally from the internal cap-
sule to the cerebral peduncle and are often 
bilateral (Fig.  15.2g) [17, 77]. Extensive hemi-
spheric white matter lesions (>3 cm in diameter) 
can be also encountered (Fig.  15.2f). They can 
appear in isolation as tumefactive demyelinating 
lesions or as multiple confluent/bilateral lesions 
resembling acute disseminated encephalomyeli-
tis (ADEM), posterior reversible encephalopathy 
syndrome (PRES), or other leukoencephalopa-
thies/leukoedystrophies [63, 79–81]. Extensive 
white matter lesions in NMOSD typically show 
high diffusivity on diffusion-weighted images 
(DWI) and apparent diffusion coefficient (ADC)-
map consistent with vasogenic edema by AQP4 
impairment, although areas of restricted diffusion 
and necrosis may occur [63, 82]. Mass effect is 
generally absent [63, 80, 83]. Abnormal gadolin-
ium enhancement is common during attacks and 
frequently displayed in a poorly marginated and 
multiple patchy pattern (“cloud-like”). Other pat-
terns of enhancement include nodular, leptomen-
ingeal, and linear enhancement along the 

ependymal surface of the lateral ventricles (“pen-
cil-thin”) [74, 84].

�Cerebrospinal Fluid Findings 
and Autoantibody Detection

During disease flares, CSF analysis typically 
shows elevated protein and high white cell count 
(up to 75% of untreated patients), altough a non-
inflammatory CSF is common during attacks of 
isolated optic neuritis [85, 86]. The pleocytosis is 
typically lymphocytic predominant, although 
high proportions of monocytes, neutrophils, and 
eosinophils have been reported [85]. CSF-
restricted oligoclonal bands are detected in 16% 
of cases, and they generally disappear after the 
acute phase of the disease, in contrast to MS 
where oligoclonal bands persist over time [85].

AQP4-IgG detection in either serum or CSF 
confirms NMOSD diagnosis [7]. The antibody 
was originally discovered in 2004 by indirect 
immunofluorescence on rodent brain tissue, a 
technique later superseded by ELISA essays, 
which had greater sensitivity [5, 87]. However, 
cell-based assay by either using fluorescence 
activated cell sorting (FACS) or direct immuno-
fluorescence is now recognized as the preferred 
technique for AQP4-IgG detection (particularly 
using the M1 isoform), yielding a sensitivity of 
75–80% and a specificity of >99% [88]. Care is 
needed when interpreting ELISA results as the 
frequency of false-positive results is higher (up to 
5 times), especially in the presence of low anti-
body titer and atypical clinical/MRI findings for 
NMOSD [89]. Serum is the optimal and preferred 
specimen for AQP4-IgG testing as it has greater 
sensitivity than CSF. However, cases of isolated 
CSF positivity have rarely been reported [90].

�Coexisting Autoimmunity

The coexistence of NMOSD with other systemic 
or neurological autoimmune disorders is not 
uncommon [91]. Both nonorgan-specific (e.g., 
antinuclear, extractable nuclear antibodies) and 
organ-specific antibodies (e.g., anti-thyroid per-
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oxidase) can be frequently detected in patients 
with NMOSD, accounting for up to 50% of cases 
[92]. Among neurologic autoimmunity, myasthe-
nia gravis seems the most frequently associated 
with NMOSD, with the myasthenia gravis typi-
cally preceding NMOSD diagnosis by years to 
decades [93]. Anti-NMDA (N-Methyl-D-
aspartate) receptor antibody encephalitis has also 
been found to coexist (either preceding, concur-
rent, or subsequent to NMOSD) more frequently 
than would be expected [94]. while the co-occur-
rence of AQP4-IgG and MOG-IgG is exception-
ally rare [159]. In patients with systemic 
autoimmune disorders (e.g., systemic lupus ery-
thematosus, Sjögren’s syndrome), the occurrence 
of neurological manifestations that is typical of 
NMOSD (e.g., optic neuritis, LETM) should 
prompt testing for AQP4-IgG as a high propor-
tion will be AQP4-IgG positive. In these cases, 
symptoms would be attributable to the coexisting 
neurologic autoimmune disorder (NMOSD), 
rather than represent an unusual manifestation of 
the systemic autoimmune disorder [95]. A recent 
study highlighted that half of patients historically 
diagnosed with antiphospholipid antibody-asso-
ciated LETM were AQP4-IgG seropositive [96]. 
Coexisting antiphospholipid antibodies, which 
are found in almost 50% of NMOSD patients, 
may contribute to the increased risk of miscar-
riage and venous thromboembolism reported 
with NMOSD [97, 98]. Systemic autoimmunity 
is less commonly encountered in MOG-IgG-
positive patients [99].

�Prognosis

Morbidity and mortality in NMOSD are greater 
than MS and are related to the severity of relapses 
and cumulative sequelae, while the development 
of a progressive phase of the disease is extremely 
rare, versus MS where it occurs in the majority 
[46, 100]. Permanent mono- or paraplegia and 
blindness of at least one eye are reported to occur 
in more than half of relapsing cases with a mean 
follow-up of about 8  years. Respiratory failure 
from severe cervical spinal cord involvement is a 
rare severe complication of a myelitis attack par-

ticularly those with preexisting quadriparesis 
[100]. However, it is likely that NMOSD patients 
have improved over time and that patients cur-
rently have a better prognosis due to greater 
awareness and faster recognition and treatment of 
the disease in the neurological community [101].

�Treatment

For many years, recommendations for acute and 
long-term treatment in NMOSD have largely 
derived from clinical practice and retrospective/
prospective uncontrolled studies [102, 103]. Only 
recently, results from the first randomized clini-
cal trials on long-term treatment have been pub-
lished [104].

�Acute Treatment
Treatment of relapses generally begins with 
intravenous methylprednisolone (IVMP) 1 g/day 
for 5 consecutive days. However, steroids alone 
are often ineffective, and complete recovery is 
observed in only one-third of patients. Plasma 
exchange (PLEX), generally 5–7 exchanges 
every other day, seems more effective than ste-
roids either in isolation or as an add-on therapy 
but carries a higher rate of complications (e.g., 
sepsis) [105]. The efficacy of PLEX for treatment 
of acute CNS demyelinating inflammatory disor-
ders, including NMO, ADEM, monophasic, and 
recurrent transverse myelitis, has been proven 
before the discovery of AQP4-IgG [106]. Recent 
findings suggest that maximum improvement 
with PLEX is achieved within 5 days of symp-
toms onset [107]. Given that corticosteroids 
effect is often not immediate (3–5 days), concur-
rent PLEX administration should be considered 
in those with severe deficit (e.g., paraplegia, 
blindness) since the expected benefit in these 
cases largely outweigh the risk of PLEX-related 
complications (e.g., infections) [108]. Intravenous 
immunoglobulins (IVIg) 0.4 grams/kilogram/day 
for 5 days, and then weekly for 6–12 weeks, may 
be considered an alternative to PLEX [109]. 
Cyclophosphamide and the C1-esterase inhibitor 
Cinryze® have also been shown to be potentially 
effective acutely with IVMP [110, 111].
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�Long-Term Treatment
Preventing relapses in NMOSD is fundamental to 
prevent disability, and maintenance treatment is 
strongly recommended after the acute phase 
[103]. Azathioprine, mycophenolate, or ritux-
imab has been commonly used empirically as 
first-line therapy according to patients’ 
characteristics and preferences [112–115]. While 
the first two options require up to 6  months to 
become fully effective and oral steroid tapering is 
necessary in the meanwhile (generally predni-
sone 20–60 mg/day), rituximab is frequently pre-
ferred for the shorter time-action profile and 
greater tolerability. An open-label, randomized 
comparative trial has shown rituximab is superior 
to azathioprine in terms of relapse prevention and 
long-term morbidity [116], while the superiority 
of rituximab vs placebo has been recently con-
firmed in a small randomized, double-blind trial 
in Japan [160]. Rituximab is commonly adminis-
tered in one of the two of the following treatment 
regimens: (1) two 1000 mg intravenous infusions 
separated by 2 weeks, repeated every 6 months, 
or (2) 375 mg/m2 once per week for 4 weeks and 
then every 6  months. Periodic monitoring of 
serum CD19 B cell-count with a target of zero 
might be an alternative approach to guide the fre-
quency of reinfusions [117]. Progressive multifo-
cal leukoencephalopathy has been reported with 
rituximab in NMOSD [118]. Unfortunately, 
whether and when immunosuppression should be 
discontinued in relapse-free patients still needs to 
be determined. Other potentially effective long-
term therapies include methotrexate, tacrolimus, 
cyclosporine, and mitoxantrone.

Three drugs have recently been FDA approved 
in the USA after being shown to be highly effec-
tive in preventing NMOSD relapses and disabil-
ity with large randomized, placebo-controlled 
trials. The C5 complement inhibitor eculizumab 
(administered intravenous at a dosage of 900 mg/
week for the first 4 weeks, then 1200 mg every 
2 weeks, in adults with relapsing disease despite 
other prior or concomitant immunotherapies) 
showed a rate of relapses of 3% vs. 43% rate 
observed in the placebo group (relative risk 
reduction 94%) and was very well-tolerated 
[119]. Of note, all patients in the trial were AQP4-

IgG positive (i.e., the results do not apply to 
patients with seronegative NMOSD or MOG-IgG 
associated disorders), and all received meningo-
coccal vaccination (eculizumab increases the risk 
of meningococcal and encapsulated bacterial 
infections). Similarly, the anti-CD19 inebili-
zumab (MEDI-551) showed a 77% relapse risk 
reduction in NMOSD patients (including a 
minority of seronegative cases) and a similar 
adverse-event rate compared to placebo [120]. 
Lastly, the IL-6 inhibitor satralizumab (SA237), 
administered subcutaneous 120  mg every 
2 weeks for the first 6 weeks and every 4 weeks 
thereafter, showed a 79% relapse risk reduction 
in NMOSD patients compared to placebo (34% if 
seronegative NMOSD cases only are considered) 
[121].

�Pregnancy

AQP4 is expressed in human placenta, and both 
preeclampsia and fetal loss are more common in 
NMOSD patients [98, 122]. Unlike MS, preg-
nancy does not seem to have any protective effect 
on relapses in NMOSD [122]. Although there are 
currently no strong recommendations on whether 
or when to maintain NMOSD treatment during 
pregnancy, mycophenolate, methotrexate, and 
cyclophosphamide must be avoided given their 
teratogenic effects while azathioprine and ritux-
imab are probably safer options [122]. Further 
studies are needed to fully clarify the best thera-
peutic approach during pregnancy.

�Part III: MOG-IgG-Associated 
Disorders

�Pathophysiology

The pathophysiology of MOG-IgG-associated 
disorders is still poorly understood [8, 123]. In 
humans, MOG is exclusively found in the CNS, 
specifically on the outermost surface of the myelin 
sheath and the plasma membrane of oligodendro-
cytes, and thus its potential for being a specific 
target of CNS autoimmunity is high [8]. However, 
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the peripheral MOG expression in rats and pri-
mates and reports of MOG-IgG-positive cases or 
radiculo-neuropathy may suggest a possible 
extra-CNS effect of MOG-IgG, which deserves 
further investigations [124]. Similar to AQP4-
IgG, MOG-IgG is of the IgG1 isotype and thus 
able to activate complement via the direct path-
way [125]. Some convincing evidences support-
ing MOG-IgG as a pathogenic effector include 
the following: (1) MOG-IgG mediates in  vitro 
destruction of MOG expressing cells via natural 
killer cells activation [126]; (2) human MOG-
IgG1 induces a reversible brain edema in mice 
that is consistent with the complete resolution of 
MRI lesions frequently observed in MOG-IgG-
associated disorders (see later section “MRI”) 
[127];  (3) transgenic mice with MOG-specific T 
and B cells spontaneously develop a severe form 
of experimental autoimmune encephalomyelitis 
characterized by predominant optic nerves and 
spinal cord involvement [128], and (4) oligoden-
drocytes incubated with MOG-IgG purified from 
seropositive patients show loss of cytoskeletal 
organization [167]. Notably, the so-called MRZ 
reaction (i.e., intrathecal antibody response to 
measles, rubella, and varicella zoster viruses), fre-
quently detectable in MS patients, is absent in 
both patients with MOG-IgG and AQP4-IgG 
[166]; while antibodies against the human endo-
geneous retrovirus-W are similarly identified in 
patients with MS and MOG-IgG-associated disor-
der, but not in those with NMOSD [168].

�Pathology

Pathology reports in MOG-IgG-associated disor-
ders show coexisting perivenous and confluent 
demyelination, complement deposition and corti-
cal demyelination with intracortical lesions pre-
dominating. A CD4+ Tcell predominant 
inflammatory reaction with granulocytic inflam-
mation is noted. Radially expanding smoldering 
white matter lesions of MS are not encountered 
[129–136, 161, 162]. In one pathology series, 
selective loss of MOG staining was reported 
while in another study that was not encountered 
[161, 162]. In contrast to AQP4-IgG seropositive 

NMOSD, astrocytes are typically preserved in 
MOG-IgG-associated disorders and AQP4 immu-
nostaining is also preserved. Overall, demyelin-
ating lesions associated with MOG-IgG might be 
less destructive than those associated with AQP4-
IgG; as suggested but the higher tendency to 
resolve completely over time on MRI, and the 
lower serum levels of neurofilament light chains 
(i.e., a marker of neuronal injury) released during 
attacks [175].

�Clinical Features

The spectrum of possible clinical manifestations 
of MOG-IgG-associated disorders is broad 
(Table  15.1) [8]. Extension of CNS inflamma-
tion seems strongly related to age with an 
ADEM-like phenotype typically observed 
among children and more limited forms (e.g., 
ON, myelitis) more commonly encountered in 
adults, although any age can potentially be 
affected by any clinical phenotype [49, 137–
143]. Despite the abundant overlap, the relative 
frequency of the possible clinical manifestations 
is different between MOG and AQP4 autoimmu-
nity, with both monophasic and recurrent ON 
(either unilateral or bilateral) being more com-
monly encountered with MOG-IgG-associated 
disorders, while myelitis is more frequent in 
NMOSD [48, 49, 144]. A relapsing disease 
course is not uncommon, accounting for about 
60% of cases. In contrast to AQP4-IgG seroposi-
tive NMOSD and MS, the clinical presentation 
of MOG-IgG-associated disorders is often pre-
ceded by prodromal viral-like symptoms or, less 
frequently, a vaccination [142].

Optic neuritis is the most common manifesta-
tion at onset and can occur in isolation or in asso-
ciation with other CNS manifestations (e.g., 
encephalopathy, myelitis) [49, 145]. Involvement 
of the optic nerves can be unilateral, bilateral 
(more than one-third of cases), monophasic, or 
recurrent, sometimes fulfilling diagnostic criteria 
for CRION (chronic relapsing inflammatory 
optic neuropathy) when accompanied by a 
steroid-dependent course [145, 146]. Although 
clinical attacks tend to be severe, visual outcome 
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is typically better than AQP4-IgG seropositive 
NMOSD and permanent blindness is rare among 
treated patients [145]. Optic disc edema, due to 
frequent involvement of the orbital optic nerve 
portion (see next section “MRI”), can be detected 
in up to 86% and is infrequently encountered in 
MS patients [145].

Spinal cord involvement can occur with MOG-
IgG either in isolation or concurrently with other 
manifestations (e.g., ADEM, optic neuritis) 
[147]. Importantly, isolated recurrent myelitis is 
rare in MOG-IgG-associated disorders and 
should prompt consideration for AQP4-IgG test-
ing [48]. When taken together, AQP4-IgG and 
MOG-IgG account for 50% of cases of isolated 
idiopathic LETM in the population [148]. The 
severity of myelitis attacks is comparable to that 
of NMOSD myelitis, but recovery is better, and 
residual gait impairment is uncommon. Other 
factors that favor MOG-IgG-associated myelitis 
compared to AQP4-IgG seropositive NMOSD 
myelitis include male sex, Caucasian ethnicity, a 
preceding viral prodrome or vaccination, and 
sexual dysfunction (which is consistent with the 
more frequent involvement of conus medullaris) 
[137, 149, 150].

Area postrema syndrome may occur in MOG-
IgG-associated disorders but seems less frequent 
than in NMOSD and less frequently accompa-
nied by discrete area postrema lesions on MRI 
[140, 163].

Other possible manifestations include brain-
stem symptoms, diencephalic symptoms, and 
encephalopathy (especially in the context of 
ADEM) [137, 140, 141]. Rare cases of hemi- or 
bilateral cortical encephalitis, mainly manifest-
ing with seizures or focal deficit from cortical 
inflammation, have been reported and may only 
show very slight abnormalities on brain MRI (see 
next section “MRI”) [130, 131, 151].

�MRI

MRI abnormalities in MOG-IgG-associated dis-
orders vary according to the clinical phenotypes 
(e.g., ADEM vs. CRION) although they may 
frequently overlap. Overall, MRI lesions are 

generally “fluffy” T2-hyperintense lesions with 
poorly defined margins (Fig.  15.2i–l), which 
less frequently enhance with gadolinium admin-
istration than NMOSD and frequently resolve 
after immunotherapy [78].

Optic Nerve MRI  Typical findings during an 
optic neuritis episode include contrast enhance-
ment, perineural enhancement with extension to 
the surrounding orbital tissues (50% of cases), 
and involvement of more than half of the prechi-
asmic optic nerve length (80% of cases; 
Fig. 15.1c). In contrast to AQP4-IgG seropositive 
NMOSD, involvement of chiasm and optic tracts 
is uncommon (14% of cases) [145].

Brain MRI  Children with MOG-IgG autoim-
munity are more likely to show ADEM-like 
abnormalities with large (>2 cm) T2-hyperintense 
lesions involving the periventricular/subcortical 
white matter, the cortex, and the deep gray nuclei 
(Fig. 15.2i–k) [78, 152]. With MOG-IgG, brain-
stem lesions typically surround the third ventricle 
and involve the middle cerebellar peduncles 
(Fig. 15.1l). Rare patients with cortical enceph-
alitis may show focal cortical hyperintensity on 
fluid-attenuated inversion recovery (FLAIR) 
sequences, sometimes corresponding to regions 
of hyperperfusion on brain SPECT (single-
photon emission computed tomography) [151]. 
Lesions that have been shown to be more sug-
gestive of MS than MOG-IgG include inferior 
temporal pole periventricular lesions, ovoid 
periventricular, and T1-hypointense lesions 
[78, 153].

Spinal Cord MRI  Myelitis episodes are often 
accompanied by multiple lesions (compared to 
AQP4-IgG seropositive NMOSD, which typically 
has a solitary lesion), one of which is usually longi-
tudinally extensive (≥3 vertebral segments on sag-
ittal T2-weighted sequence), and the presence of 
which helps distinguish from MS [164]. However, 
up to 29% of patients have one or more short 
lesions without a longitudinally extensive lesion 
and thus more difficult to distinguish from MS. The 
lesions frequently involve the conus medullaris. In 
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about 30% of cases, the concomitant presence of a 
T2-hyperintense line on sagittal images and a cen-
tral “H-shaped” T2-hyperintensity on axial images 
(restricted to the gray matter) can be detected 
(Fig. 15.3e) and helps distinguish from AQP4-IgG 
where this is much less frequently encountered 
(8%). However, there is some overlap between 
MOG-IgG and AQP4-IgG on axial images as both 
can have central lesions involving gray and white 
matter, and this differs from MS cord lesions that 
are almost always peripheral and located in the dor-
sal and lateral columns. Gadolinium enhancement 
is less frequent occurring in about half of patients 
with MOG-IgG acutely compared to more than 
three-quarters of MS and NMOSD patients 
(Fig. 15.3f) [149]. Of note, the initial spinal cord 
MRI can be normal in up to 10% of patients during 
a myelitis attack [165].

�Cerebrospinal Fluid Findings 
and Autoantibody Detection

CSF findings are frequently indistinguishable 
from those observed in NMOSD (see previous 
section “Cerebrospinal Fluid Findings and 
Autoantibody Detection” in Part II) [99]. An 
abnormal white cell count (>5  cells/mcl) is 
observed in 50–70% of cases, but is uncommon 
in patients with isolated optic neuritis [166, 174]. 
Oligoclonal bands are infrequently detected 
(<15%) in most studies and may be transient like 
in NMOSD [137, 139, 140, 143, 174]. Elevation 
of myelin basic protein (MBP) but not GFAP lev-
els can be observed in the CSF during relapses, 
reflecting oligodendrocytes damage [154].

Serum testing for MOG-IgG by cell-based 
assay on transfected cells with direct visual 
immunofluorescence (fixed cells) or by 
fluorescence-activated cell sorting (live cells) is 
optimal [155]. In our experience, MOG confor-
mational status might be rarely altered in fixed 
cells thus slightly increasing the risk of false-
positive or false-negative results. MOG-IgG can 
be detected (generally with a borderline titer) in 
up to 2% of patients with typical MS, and the rea-
son for this is not clear [155]. Consequently, 
MOG-IgG testing should be avoided in patients 

with typical clinical and MRI features of MS 
since it reduces the positive predictive value of 
the test, particularly as MS appears to be much 
more common than MOG-IgG-associated dis-
eases [156]. Serum antibody titer can normalize 
with immunotherapy, and it frequently decreases 
between relapses [141]. Similar to NMOSD, iso-
lated antibody positivity on CSF may rarely 
occur, and CSF testing should be considered 
despite negative result on serum when the diag-
nostic suspicion is high [157].

�Treatment and Prognosis

Data to guide treatment in MOG-IgG-associated 
disorders are still scarce, and randomized con-
trolled trials are lacking. Similarly to AQP4-IgG 
seropositive NMOSD, relapses are generally 
treated with high-dose IVMP, PLEX, or IVIg (par-
ticularly in children) and with severe episodes (e.g., 
ADEM) may be followed by a slow oral taper. A 
steroid-dependent course with frequent relapses 
during tapering is not uncommon (e.g., CRION). 
Maintenance steroid-sparing therapy may be rec-
ommended in those with relapsing disease, and 
options include azathioprine, methotrexate, myco-
phenolate mofetil, monthly IVIg, and rituximab 
[169–171]. Retrospective data suggest mainte-
nance IVIg to be more effective in reducing relapses 
[169], while the effect of rituximab seems less 
compared to that observed in patients with NMOSD 
[171]. The long-term outcome in MOG-IgG-
associated disorders is generally favorable, with a 
final disability that may remain mild to moderate 
even in patients with a long-lasting relapsing course 
[172]. However, an unfavorable outcome is 
observed in a minority of patients, the early identi-
fication of whom would be important in the future 
to tailor optimal treatment strategies [173]. In those 
with a single attack, the decision of whether to ini-
tiate maintenance treatment is more difficult as 
some patients will be destined to have a monopha-
sic course. There are a variety of factors that may 
play a role in the decision to initiate maintenance 
immunosuppression after the first attack including 
clinical judgment, patient preference, severity of 
the initial episode, and recovery from the first 
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attack. While some have recommended treating all 
MOG-IgG positive patients from the first attack, 
others will often observe if the patient relapses off 
of treatment, prior to initiating maintenance immu-
notherapy [140]. Persistent MOG-IgG seropositiv-
ity beyond 3–6  months seems to portray an 
increased risk of relapse, although relapses can be 
also observed in some patients with transient sero-
positivity [141, 158].

�Conclusion

In conclusion, the discovery of AQP4-IgG and 
MOG-IgG has led to a new era in the field of 
inflammatory demyelinating diseases of the 
CNS. The antibodies help distinguish their respec-
tive diseases from MS and help with guiding treat-
ment decisions and prognostication. Ongoing and 
future studies will likely lead to the use of more 
targeted immunotherapies in these diseases.
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Paraneoplastic Neurological 
Syndromes

Marianna Spatola

�Introduction

Paraneoplastic neurological syndromes (PNS) 
are immune-mediated disorders that can affect 
any part of the neuraxis, from the central nervous 
system (CNS), including the retina, to peripheral 
nerves and neuromuscular junction. PNS can 
manifest with a variety of neurological symp-
toms, which can derive from dysfunction of one 
area of the nervous system (e.g., limbic encepha-
litis or brainstem encephalitis), single cell popu-
lation (e.g., Purkinje cells in paraneoplastic 
cerebellar degeneration or ganglionic cells in 
paraneoplastic retinopathy), or multiple areas 
(e.g., encephalomyelitis).

These disorders occur in association with can-
cer; however, they are not due to cancer invasion 
or complication of its treatment, but rather to the 
immune response directed against proteins shared 
between tumor cells and neurons, which causes 
neuronal dysfunction or damage. Importantly, the 
onset of neurological symptoms often precedes 
(or leads to) the diagnosis of cancer by months or 
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Key Points
	1.	 Paraneoplastic neurological syndromes 

(PNS) can affect any part of the nervous 
system. Classical PNS include limbic 
encephalitis, cerebellar degeneration, 
opsoclonus-myoclonus syndrome, 
encephalomyelitis, sensory neuropathy, 
and Lambert-Eaton myasthenic syn-
drome (LEMS).

	2.	 PNS occur in association with cancer; 
however, they are not due to cancer 
invasion or complication of its treat-
ment, but rather to the immune response 
directed against proteins shared between 
tumor cells and neurons.

	3.	 PNS are characterized by the detection 
in the serum and cerebrospinal fluid 
(CSF) of antibodies reacting with neu-
ronal intracellular antigens (e.g., Hu or 
Yo). Neuronal dysfunction is not caused 
by these antibodies, which are consid-
ered as markers of the underlying tumor, 
but is due to T-cell cytotoxicity.

	4.	 The diagnosis of PNS relies on recogni-
tion of the clinical syndrome and detec-
tion of the associated cancer and 
autoantibodies in serum and CSF.

	5.	 Response of PNS to tumor treatment 
and immunotherapy is generally poor.
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even years. Thus, considering also that in most 
cases the underlying cancer is of small size and 
limited stage, detection of PNS represents an 
opportunity for early cancer diagnosis and 
treatment.

PNS are rare disorders that occur in 1 out of 
10,000 patients with cancer, with the exception 
of some PNS affecting the neuromuscular junc-
tion, such as Lambert-Eaton myasthenic syn-
drome (LEMS), which can be much more 
common [1]. Not all cancer types have the same 
propensity to trigger PNS; some, such as small-
cell lung cancer (SCLC), breast and gynecologic 
cancers, and non-solid tumors (in particular 
Hodgkin’s lymphoma), are more frequently asso-
ciated with PNS than others.

PNS are characterized by the detection in the 
serum and cerebrospinal fluid (CSF) of antibod-
ies reacting with neuronal antigens, which are 
also expressed by tumor cells. These antibodies 
are also called onconeuronal because of their 
relation to PNS and cancer. Some onconeuronal 
antibodies are associated with a specific neuro-
logical syndrome, for instance, Yo antibodies 
with paraneoplastic cerebellar degeneration [2] 
and Ma2 antibodies with limbic or brainstem 
encephalitis [3], whereas others can be associated 
with a wider range of neurological manifesta-
tions, such as Hu antibodies, which can be found 
in patients with paraneoplastic limbic encephali-
tis, neuronopathy, encephalomyelitis, or others 
[4, 5].

This chapter focuses on the main PNS involv-
ing the CNS; those affecting the peripheral ner-
vous system and neuromuscular junction will be 
discussed in separate sections (Part 4: Chaps. 18, 
19, 20, and 21). This chapter aims to (1) facilitate 
recognition and diagnosis of these disorders by 
providing clinical features, CSF analysis, mag-
netic resonance imaging (MRI) findings, and 
tumor association, exemplified by two clinical 
cases; (2) describe the associated onconeuronal 
antibodies and discuss their role in the pathogen-
esis of neuronal damage; and (3) summarize the 
therapeutic approach (discussed in detail in Chap. 
17) and response of neurological symptoms to 
tumor treatment and immunotherapy.

�Clinical Cases

�Clinical Case 1

A 59-year-old woman was referred for a 1-month 
history of diplopia and vertigo, followed by pro-
gressive development of gait instability, limb 
incoordination, and speech difficulties. 
Neurological symptoms progressed over the fol-
lowing weeks to severe ataxia with inability to 
stand, walk, or eat unassisted. Neurological 
examination showed a severe pancerebellar syn-
drome with trunk, limb, and gait ataxia, down-
beat nystagmus, and dysarthria. Brain MRI was 
unremarkable. CSF analysis showed no pleocyto-
sis but elevated immunoglobulin G (IgG) index 
and protein. Oncologic screening revealed breast 
cancer with axillary lymph node involvement. 
Antibodies against Yo were found at high titers in 
serum and CSF, confirming the diagnosis of Yo 
antibody-associated paraneoplastic cerebellar 
degeneration. Cancer treatment, including sur-
gery, chemotherapy, and radiotherapy, followed 
by immunotherapy with corticoids and ritux-
imab, resulted in neurological stabilization. At 
15  months from onset, because of neurological 
worsening, rituximab was changed to mycophe-
nolate mofetil without further progression of her 
cerebellar syndrome. Brain MRI at 26  months 
from onset showed diffuse cerebellar atrophy 
(Fig. 16.1). At the last follow-up, 3.5 years from 
onset, the patient was clinically stable, with no 
evidence of tumor relapse.

�Clinical Case 2

A 52-year-old woman, current smoker, presented 
with gradual onset of sensory disturbances in her 
hands and feet, including numbness, prickling, 
and tingling, which progressively spread to the 
arms and legs. Sensory symptoms were associ-
ated with intermittent sharp, throbbing pain, and 
extreme sensitivity to touch. She also developed 
limb ataxia and gait instability, especially in poor 
lighting conditions, and complained of excessive 
sweating and urinary retention. Neurological 
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examination revealed alteration of all sensory 
modalities in the lower limbs and to a lesser 
extent also the upper limbs, dysdiadochocinesia, 
severe sensory ataxia with abolished vibratory 
and position sense, and altered thermoalgesia of 
the right face. Osteotendinous reflexes were nor-
mal in the upper limbs and absent in the lower 
limbs, plantar reflex was bilaterally flexor. 
Muscle strength was normal. Nerve conduction 
studies revealed the absence of sensory nerve 
responses in the lower limbs and right trigeminal 
nerve and responses of decreased amplitude in 
the upper limbs, with normal motor studies. 
Oncologic screening found oat cell carcinoma of 
the lung and elevated Hu antibodies in the serum 
and CSF (Fig. 16.2), confirming the diagnosis of 
paraneoplastic neuronopathy associated with Hu 
antibodies. Tumor removal, chemotherapy, and 
radiotherapy resulted in partial improvement of 
neurological symptoms and disappearance of Hu 
antibodies from the serum. After 8  years, the 
patient progressively developed severe motor 

weakness and atrophy, which predominated in 
the lower limbs, obliging her to ambulate in a 
wheelchair. Hu antibodies reappeared in the 
serum at high titers, but there was no evidence of 
tumor relapse. The patient was treated with corti-
coids without improvement but stabilization of 
the neurological syndrome.

�General Concepts

�Diagnosis

The diagnosis of PNS relies on recognition of the 
clinical syndrome and detection of the associated 
cancer and onconeuronal antibodies in serum and 
CSF [6].

When evaluating a patient with suspected 
PNS, clinicians should carefully consider the 
patient’s age and sex, clinical features (some neu-
rological syndromes, such as limbic encephalitis, 
being more suggestive of a paraneoplastic origin 

Fig. 16.1  Evolution of 
cerebellar atrophy at 10 
and 26 months from 
onset in a woman with 
anti-Yo paraneoplastic 
cerebellar degeneration 
(Clinical Case 1). 
Notice the progressive 
enlargement of the 
cerebellar interlobular 
fissures (upper panels, 
arrow heads) and CSF 
space under the 
tentorium cerebelli 
(lower panels, arrow 
heads), indicating 
cerebellar atrophy. 
(Courtesy of Dr. 
Francesc Graus)
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than others), cancer risk factor (e.g.., smoking), 
and previous history of cancer. Findings that sup-
port diagnosis of PNS include CSF analysis 
showing low to moderate lymphocytic pleocyto-
sis, increased IgG index, and oligoclonal bands. 
Although these findings are not specific to PNS, 
as they can be found in patients with other inflam-
matory disorders, CSF analysis is fundamental to 
rule out other pathologies and cancer complica-
tions, such as leptomeningeal carcinomatosis. 
Brain MRI abnormalities are also usually non-
specific, with the exception of unilateral or bilat-
eral hyperintensities of mesial-temporal lobes in 
patients with limbic encephalitis. However, both 
CSF analysis and brain MRI can be completely 
normal in patients with PNS. In these cases, brain 
18F-fluorodeoxyglucose position emission 
tomography (18F-FDG-PET) can be helpful as it 
can reveal metabolic abnormalities in brain areas 
that appear structurally normal by MRI [7]. In 
patients for whom the diagnosis remains uncer-
tain, biopsy of lesions identified by brain MRI or 
18F-FDG-PET might help to exclude other diag-
noses or support an immune-mediated process.

Detection of onconeuronal antibodies in the 
CSF confirms the diagnosis of PNS. However, it 
is important to underline that the presence of 
these antibodies only in serum is not confirma-
tory, as they can be found, most often at low 
titers, in the serum of patients with cancer and no 
PNS. Identification of onconeuronal antibodies is 

also important because it can suggest the most 
likely underlying tumor. For instance, Ma2 anti-
bodies are highly suggestive of an underlying tes-
ticular tumor, whereas identification of Hu 
antibodies should prompt search of SCLC.

Patients with suspected PNS should undergo 
careful tumor screening, taking into consider-
ation that the associated tumor might be small in 
size and difficult to detect. Tumor search should 
be guided by the clinical syndrome and detected 
onconeuronal antibody. Some paraneoplastic 
syndromes (e.g., cerebellar degeneration with Yo 
antibodies) are so closely associated with a spe-
cific tumor type (breast or ovarian cancer) that if 
the tumor found does not correspond to the typi-
cally expected, a second neoplasm should be sus-
pected [8]. Serum oncologic markers such as 
Ca-125, carcinoembryonic antigen, or prostate-
specific antigen can be helpful. Whole-body 
computed tomography (CT) and 18F-FDG-PET 
have been suggested to be the best methods to 
identify occult cancers [9]. Pelvic and testicular 
tumors are best investigated by ultrasound, 
whereas mammography is the first choice to 
identify breast cancer [10]. If no tumor is found, 
and clinical suspicion of PNS remains high, it is 
recommended to repeat tumor screening every 
6 months for up to 4 years [10], although in the 
vast majority of the patients the underlying 
tumor is identified within the first year after PNS 
onset [11].

Fig. 16.2  Immunolabeling of rat brain (a) by anti-Hu 
serum from a patient with paraneoplastic encephalomyeli-
tis and breast cancer. Hu antibodies strongly react with the 
nucleus (and to a lesser extent also with the cytoplasm) of 
neurons (a, arrow heads) but do not label glial cells (a, 
star). These antibodies also react with breast cancer cells 

(b, arrow heads), which express Hu proteins, but do not 
label the surrounding normal breast tissue (b, star). 
Immunoperoxidase technique, slightly counterstained 
with hematoxylin; original magnification ×800 and ×200. 
(Courtesy of Dr. Francesc Graus)
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�Clinical Syndromes

PNS can manifest with a variety of neurological 
syndromes, and their association with cancer var-
ies according to the detected neuronal antibody. 
For example, stiff person syndrome (see later) 
typically occurs in patients without cancer who 
have antibodies to glutamic acid decarboxylase 
(GAD65); however, this syndrome can also occur 
in association with amphiphysin antibodies, 
which most likely occur in patients with cancer. 
Overall, neurological syndromes that are most 
frequently associated with cancer are called clas-
sical PNS, as opposed to non-classical PNS, 
which can frequently occur in the absence of can-
cer. It is important to consider that both classical 
and non-classical PNS can occur in patients 
without cancer, but what makes them paraneo-
plastic is their increased occurrence in patients 
with cancer. Table 16.1 provides an overview of 
the main classical and non-classical PNS and 
associated onconeuronal antibodies.

�Pathogenesis

The pathogenic mechanisms underlying PNS are 
not fully understood. It is thought that tumor 
cells, which express ectopic proteins, can trigger 
an anti-tumor immune response against these 
proteins, which are also expressed in neurons. 
Apoptotic tumor cells might indeed be phagocy-
tosed by dendritic cells, which then present tumor 
antigens to B and T cells at local lymph nodes 
(Fig. 16.3) [12]. It is currently believed that PNS 
are mainly mediated by cytotoxic T-cell responses 
against intracellular antigens and that onconeuro-
nal antibodies against the same antigens partici-
pate to, but are not directly causing, neuronal 
damage [13–15]. The idea that these antibodies 
might be implicated in the development of PNS 
has been suggested by the observation that Hu 
antibodies, for instance, accumulate inside neu-
rons and they are found at higher concentration in 
injured brain areas, correlating with the main 
clinical symptoms [16]. However, several obser-
vations and experimental evidence support a 
minor role of these antibodies: (1) antibody titers 

do not correlate with neurological symptom 
severity and may persist despite improvement or 
resolution of PNS [17]; (2) target antigens, being 
localized inside the neuron, are not directly 
accessible to circulating antibodies; (3) patients’ 
Hu antibodies can enter neurons but do not cause 
neuronal dysfunction/cytotoxicity [18, 19]; and 
(4) animal models obtained by intrathecal infu-
sion of patients’ antibodies or immunization with 
Hu or Yo recombinant proteins with production 
of neuronal antibodies have failed to reproduce 
the human disorder [20, 21]. Overall, all onco-
neuronal antibodies are thought to be not directly 

Table 16.1  The main paraneoplastic syndromes of the 
central and peripheral nervous system

Paraneoplastic syndrome
Onconeuronal 
antibodies

Brain, retina, brainstem, and 
cerebellum
 � Limbic encephalitisa Hu, Ma2, GAD65, 

AK5
 � Cerebellar degenerationa Yo, PCA-2, Ri, Tr, Hu
 � Retinopathy (CAR, MAR), 

optic neuritisa

Recoverin, bipolar 
ganglionic cells, CV2/
CRMP5

 � Basal ganglia and 
diencephalon

Hu, Ma2, CV2/
CRMP5

 � Brainstem encephalitis Ma2, CV2/CRMP5
 � Opsoclonus-myoclonus 

syndromea

Ri, Hu, Ma2, 
amphiphysin, CV2/
CRMP5

Spinal cord
 � Encephalomyelitisa Hu, CV2/CRMP5, 

amphiphysin
 � Amyotrophic lateral 

sclerosis
CV2/CRMP5, Ma2, 
Yo, amphiphysin

 � Inflammatory myelitis Hu, CV2/CRMP5, 
GAD65, Ri, PCA-2

 � Stiff person syndrome GAD65, amphiphysin, 
Ri, gephyrin

Dorsal roots, peripheral nerve, 
and neuromuscular junction
 � Sensory neuronopathya Hu, CV2/CRMP5
 � Subacute motor neuropathya Hu
 � Autonomic neuropathy Hu, PCA-2
 � Chronic gastrointestinal 

pseudo-obstructiona

–

 � Polyradiculopathy (acute or 
chronic)

CV2/CRMP5

 � Lambert-Eaton myasthenic 
syndromea

P/Q VGCC, SOX1

aClassical paraneoplastic syndromes
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Cytotoxic T-cell

Neuron

Plasma cell

Blood-brain barrier
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Fig. 16.3  Possible pathogenesis of paraneoplastic neuro-
logical syndromes. Neuronal antigens (e.g., Hu), which 
are ectopically expressed by tumor cells (e.g., small-cell 
lung cancer) undergoing apoptosis, are uptaken by den-
dritic cells (antigen-presenting cell or APC). APC then 
migrates to local lymph nodes and presents these antigens 
to T cells and B cells. Activated T cells and B cells enter 

the blood stream, pass the blood-brain barrier, penetrate 
into the brain parenchyma, and react with neuronal anti-
gens. Although antibody-producing plasma cells partici-
pate to the autoimmune response, T cells (in particular 
cytotoxic CD8+ lymphocytes) are the main responsible 
for neuronal damage and death
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pathogenic, with the exception of those targeting 
intracellular synaptic proteins, such as amphi-
physin. Indeed, there is evidence that these anti-
bodies may have access to their target proteins 
during synaptic vesicle fusion and thus cause 
direct neuronal damage (see later).

�Therapeutic Approach and Prognosis

Treatment of PNS (discussed in detail in Chap. 
17) is based on oncologic therapies, in cancer-
associated cases, and can be complemented with 

immunotherapies, including corticosteroids, 
intravenous immunoglobulins, plasmapheresis, 
or immunosuppressive therapy (such as ritux-
imab or cyclophosphamide). The response of 
neurological symptoms to these therapies is vari-
able and depends on the specific PNS and associ-
ated onconeuronal antibody, as shown in 
Table 16.2 [1, 3, 5, 22–28]. Overall, patients with 
PNS show poor response to successful tumor 
treatment and immunotherapies (with some 
exception, such as GAD65 antibody-associated 
stiff person syndrome), likely in relation to early 
irreversible neuronal damage [5, 29]. However, it 

Table 16.2  The main onconeuronal antibodies, associated paraneoplastic neurological syndromes and tumor, and 
response to tumor treatment and immunotherapy

Antibody Cell-type target
Neurological 
syndrome

Tumor frequency (% 
patient) and type

Response to 
treatment

Nuclear antibodies
Hu (ANNA-1) All neuron type of the central 

and peripheral nervous system
Limbic encephalitis
Encephalomyelitis
Cerebellar 
degeneration
Sensory neuropathy
Autonomic 
dysfunction

90% [5]
Small-cell lung 
cancer, 
neuroblastoma, 
gynecologic, breast, 
prostate cancer

Poor, some 
patients show 
stabilization of 
neurological 
symptoms

Ri (ANNA-2) All neuron type of the central 
nervous system

Opsoclonus-
myoclonus 
syndrome
Brainstem 
encephalitis
Stiff person 
syndrome

85% [22]
Breast, Small-cell 
and non-small-cell 
lung cancer, 
gynecologic, 
bladder, lymphoma

60% of patients 
show moderate 
improvement, 
some have 
resolution

Ma1 and Ma2 All neuron type of the central 
and peripheral nervous system

Limbic encephalitis
Diencephalic or 
brainstem 
encephalitis

90% [3]
Testis (mostly germ 
cell cancer)

30–50% of 
patients improve

ZIC4 All neuron type, particularly in 
the cerebellum

Encephalomyelitis
Cerebellar 
degeneration

95% [23] Poor

SOX1 (AGNA-1) Bergman glia, Golgi neurons LEMS
Limbic encephalitis
Cerebellar ataxia

90% [1]
Small-cell lung 
cancer

Poor

Cytoplasmic antibodies
Yo (PCA-1) Purkinje neurons, deep 

cerebellar nuclei
Cerebellar 
degeneration

90% [24]
Ovarian cancer, 
breast cancer,
lung cancer

Poor

(continued)
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has been suggested that prompt diagnosis and 
treatment while inflammatory process is still 
active and neurological symptoms are still pro-
gressing might be beneficial and even result in 
clinical improvement [13, 30, 31].

�Onconeuronal Antibodies 
and Associated PNS

�Antibodies, Nomenclature, 
and Target Antigens

The nomenclature of onconeuronal antibodies 
varies among different groups or authors. 
Traditionally, these antibodies have been named 
after the last name of the patient from whom the 
antibody was firstly identified (e.g., Hu, Yo, Ri, 
etc.). Some of these antibodies are also known by 
the name of the protein they target, for example, 

CV2 antibodies are also called collapsin response 
mediator protein (CRMP) 5. Some authors [32] 
proposed a generic nomenclature based on the 
target cell type (neuronal, glial) and location of 
the intracellular target antigen (nuclear, cytoplas-
mic), followed by the chronological order of dis-
covery, for example, Hu antibody has been the 
first nuclear antibody described, and it is thus 
referred to as ANNA-1 (antinuclear neuronal 
antibody-1). Similarly, Yo antibodies are also 
referred to as PCA-1 (Purkinje cell cytoplasmic 
antibody type 1). Table 16.2 shows both the tradi-
tional and generic nomenclatures for each of 
these antibodies.

Onconeuronal antibodies are mainly of IgG 
class [33], although some patients can harbor 
antibodies of IgM and IgA classes. These anti-
bodies react with a variety of intracellular anti-
gens, located in the nucleus or cytoplasm of 
neurons, although some of these antigens (such 

Table 16.2  (continued)

Antibody Cell-type target
Neurological 
syndrome

Tumor frequency (% 
patient) and type

Response to 
treatment

PCA-2 (MAP1B) Purkinje neurons Limbic encephalitis
Brainstem 
encephalitis
Cerebellar 
degeneration
LEMS
Autonomic 
neuropathy

80% [25]
Small-cell lung 
cancer

Poor

Tr (PCA-Tr or 
DNER)

Purkinje neurons Cerebellar 
degeneration

90% [26]
Hodgkin’s 
lymphoma

20% of patients 
respond

CV2 (CRMP5) Oligodendrocytes ≫ neurons 
of the cortex, cerebellum, and 
optic nerve

Encephalomyelitis
Cerebellar 
degeneration
Chorea
Sensory neuropathy 
Retinopathy, optic 
neuropathy

90% [27]
Small-cell lung 
cancer (60%), 
malignant thymoma, 
uterine sarcoma

Some patients 
respond with 
substantial 
improvement or 
resolution

Recoverin, 
anti-retinal 
bipolar cells, and 
other retinal 
proteins

Photoreceptors, bipolar 
neurons (recoverin), ganglionic 
cells

Retinopathy
(CAR, MAR)

Small-cell lung 
cancer, gynecologic 
cancer (CAR), and 
melanoma (MAR) 
[82, 83]

Few cases 
reported to have 
moderate 
response with 
stabilization

Synaptic antibodies
Amphiphysin Presynaptic nerve terminal, 

central, and peripheral neurons
Stiff person 
syndrome
Encephalomyelitis

90% [28]
Small-cell lung 
cancer, melanoma, 
breast cancer

Moderate, 60% of 
the patients show 
some neurological 
improvement
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as Tr or delta/notch-like epidermal growth factor-
related receptor [DNER]) carry transmembrane 
or extracellular portions. Although the identity of 
these antigens (and the related gene) is known for 
most onconeuronal antibodies, the exact function 
of these proteins in neurons and in tumor cells is 
still unclear [34]. It is important to underline that 
these antibodies differ from neuronal cell surface 
antibodies discussed in Chap. 12, which target 
antigens located in the outer part of the neuronal 
cell membrane, such as synaptic neurotransmitter 
receptors (e.g., N-methyl-D-aspartate receptor or 
NMDAR). Indeed, these neuronal cell surface 
antibodies have also been identified in patients 
with neurological syndromes, but their associa-
tion with cancer is less constant than for onco-
neuronal antibodies.

Most onconeuronal antibodies are detected in 
both serum and CSF, with higher titers in CSF 
(intrathecal synthesis) [35], and in patients with 
CNS involvement compared to those with periph-
eral neuronopathy [36]. Overall, antibody titers 
do not seem to correlate with the severity of neu-
rological symptoms at onset or with outcome, 
and antibodies might persist despite successful 
treatment of the tumor and neurological improve-
ment [17]. Thus, serial determination of antibody 
titers is not recommended [37].

Some of these antibodies are considered mark-
ers of the presence of a tumor, such as Hu anti-
bodies, which can be identified in the serum of 
patients with small-cell lung cancer (SCLC), 
with or without PNS, although titers are much 
higher in patients with PNS [38]. On the other 
hand, other antibodies, such as Yo, are markers of 
the paraneoplastic neurological syndrome, as 
they are found in patients with gynecologic 
tumors only if associated with PNS.

In the following section, we will discuss onco-
neuronal antibodies associated with PNS involv-
ing the CNS, divided according to the localization 
of their targets (nuclear, cytoplasmic, or synap-
tic), then we will summarize those associated 
with PNS involving the visual system, and finally 
we will briefly describe those antibodies that are 
only rarely associated with cancer.

�Antinuclear Neuronal Antibodies

�Hu (ANNA-1) Antibodies
Patients with PNS associated with Hu antibodies 
can manifest symptoms involving any part of the 
central and peripheral nervous system. The most 
frequent anti-Hu PNS is sensory neuronopathy 
(see Clinical Case 2). It occurs in half of the 
patients and typically starts distally in the limbs, 
asymmetrically, and progressively extends to the 
trunk (and face). It generally involves all sensory 
modalities, affecting simultaneously both small 
and large nerve fibers. However, in some cases, 
one type of fiber can be predominantly involved, 
which results, for instance, in small fiber painful 
neuropathy or ataxic sensory ganglionopathy. 
Motor involvement is frequent but does not usu-
ally occur in isolation or as a prominent symp-
tom. Other frequent clinical presentations are 
cerebellar degeneration, limbic encephalitis 
(confusion, memory loss, behavioral/personality 
changes, and MRI bilateral mesiotemporal lobe 
hyperintensities), encephalomyelitis (combining 
symptoms of brain and spinal cord involvement), 
brainstem encephalitis, and autonomic dysfunc-
tion, each of these syndromes occurring in 
10–20% of the patients [5, 39, 40]. Less typical 
neurological findings include, among others, cra-
nial nerve palsy, ophthalmoplegia, and orolingual 
tremor. Overall, neurological symptoms develop 
subacutely, with a median of 8 weeks from onset 
to peak of disease [40].

Cancer is found in more than 90% of the 
patients, and it is often diagnosed 4–6  months 
after onset of neurological symptoms [5, 40]. 
SCLC is the most frequently identified tumor, 
whereas extrathoracic tumors are much less com-
mon [40].

Response of PNS to tumor treatment is gener-
ally poor and at best prevents further impairment 
of neurological symptoms. Complete remission 
of the tumor has been identified as the only pre-
dictor of PNS stabilization, whereas adding 
immunotherapy does not appear to affect survival 
nor neurological outcome [41]. Patients older 
than 60 years, with a multifocal or more severe 
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neurological involvement (Rankin scale >3) and 
who have not received tumor treatment, are at 
higher risk of mortality [5]. In a study analyzing 
autopsies from patients with anti-Hu PNS, the 
cause of death did not appear to be related to the 
SCLC, given that the tumor was small and most 
often limited to the chest at onset and during the 
disease course, but was rather related to brain-
stem dysfunction (central hypoventilation, aspi-
ration pneumonia due to dysphagia) or severe 
dysautonomia [40]. This critical neurologic 
involvement might explain why patients with 
anti-Hu PNS and SCLC, who seem to have an 
efficient immune control of the tumor, have a 
mortality rate similar to patients with SCLC 
without PNS, who most die from tumor progres-
sion [40, 41].

Hu antibodies target a family of proteins that 
are highly expressed in the central and peripheral 
nervous system and that are also expressed by 
SCLC and other tumor cells (Fig. 16.2) [42]. The 
function of these proteins has only been partly 
elucidated, but it seems to be related to alternate 
splicing and regulation of mRNA stability [43, 
44]. In neurons, Hu proteins are involved in cel-
lular differentiation and plasticity and are thought 
to play a role in learning and memory processes 
[45–47].

�Ri (ANNA-2) Antibodies
The typical PNS associated with Ri antibodies, 
which are much less common than Hu antibod-
ies, is opsoclonus-myoclonus syndrome (OMS). 
OMS is a rare syndrome characterized by multi-
directional, conjugate, erratic, rapid movements 
of the eyes (opsoclonus), associated with myo-
clonic jerks and trunk ataxia. A study on 28 
patients with anti-Ri PNS described additional 
symptoms, including brainstem dysfunction, 
apart from OMS, such as dysphagia, laryngo-
spasm, ophthalmoplegia, and cranial nerves pal-
sies; myelopathy; movement disorders (cervical 
and jaw-opening dystonia); or seizures [22]. 
Patients manifesting with stiff person syndrome 
have also been reported [48].

OMS has been typically associated with neu-
roblastoma in children, whose serum is most 
often negative or in some cases harbor Hu or Yo 

antibodies. By contrast, Ri antibodies are found 
almost exclusively in adults and are associated 
with other tumors such as breast cancer, lung 
cancer, and others. Ri antibodies frequently co-
occur with other onconeuronal antibodies (such 
as Hu, ANNA-3, CV2/CRMP-5, and P/Q voltage-
gated calcium channel [VGCC]) [22]. Unlike 
anti-Hu PNS, tumor treatment, with or without 
immunotherapy, often results in neurological 
improvement and decrease of antibodies [22, 49]. 
In few cases in whom no tumor is found, OMS 
may remit spontaneously. This different response 
to therapies of anti-Hu compared to anti-Ri PNS 
might be related to irreversible (versus revers-
ible) effects on neurons. Indeed, in vitro studies 
have shown that, although both Hu and Ri anti-
bodies are internalized by live slice-cultured neu-
rons, only Hu antibodies are associated with 
neuronal death, whereas Ri antibodies seem to 
cause reversible neuronal dysfunction without 
affecting cell survival [50].

Ri antibodies react with the nuclei of neurons 
within the central, but not peripheral, nervous 
system [51]. Their target proteins (Nova-1 and 
Nova-2) are highly expressed in the brainstem, 
spinal cord, and cortex and also by several tumors 
(SCLC, breast, ovarian, and lymphoma) [52–55]. 
These proteins modulate inhibitory synaptic 
receptors (such as gamma-aminobutyric acid 
[GABA]A or glycine receptors) and seem 
involved in long-term potentiation and motor 
responses [56].

�Ma2 (and Ma1) Antibodies
PNS associated with Ma2 antibodies typically 
occur in young previously healthy men who 
develop limbic encephalitis, diencephalic 
encephalitis with hypothalamic dysfunction 
(excessive daytime sleepiness, narcolepsy-
cataplexy episodes), basal ganglia (chorea, par-
kinsonism), or brainstem encephalitis, either 
isolated or in combination. Brainstem dysfunc-
tion includes prominent eye movement abnor-
malities (occurring in more than 90% of the 
patients) ranging from focal oculomotor palsies 
or vertical gaze palsy to complete external oph-
thalmoplegia. Brain MRI is abnormal in more 
than 70% of patients, showing T2/FLAIR (fluid-
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attenuated inversion recovery) hyperintensities 
in the hippocampus, hypothalamus, or brain-
stem [3].

Tumor is found in 90% of patients, half of 
them having a testicular germ cell tumor. If no 
testicular tumor (or other Ma2-expressing can-
cer) is found, elective orchiectomy should be 
considered in patients younger than 50  years, 
with clinical and MRI findings suggestive of Ma2 
encephalitis, confirmed Ma2 antibodies, and who 
show progressive neurological symptoms, new 
testicular enlargement, or risk factors for testicu-
lar tumor, such as cryptorchidism or testicular 
microcalcifications [11].

Ma2 antibodies target proteins that are highly 
expressed in the CNS and in testicular germ cells. 
These antibodies are usually found in both serum 
and CSF of patients, especially those manifesting 
with limbic encephalitis. Some patients may har-
bor additional Ma1 antibodies and are more 
likely to develop cerebellar symptoms and to 
have an underlying tumor other than testicular, 
including lymphoma [3].

Tumor treatment may lead to neurological 
improvement in a proportion of patients. In a 
study of 38 patients with anti-Ma2 encephalitis, 
cancer treatment or immunotherapy resulted in 
symptom improvement or stabilization in 60% of 
them (few patients showing a complete recovery) 
[3]. This study found that age younger than 45, 
male gender, complete (testicular) tumor 
response, and absence of additional Ma1 antibod-
ies were factors associated with favorable 
outcome.

�Other Neuronal (and Glial) Nuclear 
Antibodies
Antibodies targeting zinc-finger protein 4 (ZIC4) 
are found in patients with SCLC and PNS [57]. In 
most patients these antibodies coexist with Hu or 
CV2/CRMP5 antibodies and are associated with 
encephalomyelitis. However, when they occur in 
isolation, ZIC4 antibodies are associated with 
prominent cerebellar dysfunction [23].

SOX1 antibodies are onconeuronal antibodies 
that are highly predictive for PNS associated with 
SCLC.  They are also known as AGNA-1 (anti-
glial/neuronal nuclear antibody type 1) because 

they not only react with nuclei of neurons but 
also with glial cells. SOX1 antibodies most fre-
quently identify patients with SCLC and LEMS 
but can also associate with other neurological 
syndromes including limbic encephalitis, cere-
bellar ataxia, sensory neuronopathy, and 
OMS.  Also SOX2 antibodies have been identi-
fied in patients with similar neurological syn-
dromes and SCLC [58]. Importantly, SOX1 (or 
SOX2) antibodies are not found in patients with 
LEMS or other PNS without cancer [59]. Thus, 
SOX1 seropositivity can be helpful in identifying 
patients at risk for SCLC, and, if no cancer is 
apparent at initial workup, it should prompt 
search for occult SCLC.

�Neuronal Anticytoplasmic Antibodies

�Yo (PCA-1) Antibodies
Yo antibodies are one of the most common and 
characteristic onconeuronal antibodies. The typi-
cal anti-Yo PNS is a rapidly progressive pancer-
ebellar syndrome occurring in middle-aged 
previously healthy women (see Clinical Case 1). 
Cerebellar symptoms usually start as mild diffi-
culties in walking on irregular floors or in high 
heels and evolve over days or weeks to inability 
to walk or stand unassisted, with many patients 
becoming severely disabled (mRS > 3) within the 
first 3 months of the disease [24]. Some patients 
may show additional neurological symptoms 
including dysphagia, bilateral facial palsy, and 
movement or motor disorders. Brain MRI is usu-
ally normal at diagnosis but shows cerebellar 
atrophy as disease progresses (Fig. 16.2), corre-
lating with dramatic loss of Purkinje cells 
observed in autopsies.

Anti-Yo PNS usually precede the diagnosis of 
breast or gynecologic tumor, which is found in 
more than 90% of female cases. Occurrence of 
anti-Yo PNS is exceptional in men, in whom it 
has been associated with gastrointestinal tumors 
[60]. Unlike Hu antibodies, which are found in a 
significant proportion of patients with SCLC and 
no PNS, Yo antibodies are only rarely found 
(<2%) in patients with gynecologic tumors with-
out neurological syndrome [61]. Yo antibodies 
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usually occur in isolation and do not coexist with 
other onconeuronal antibodies [62].

Yo antibodies target cerebellar degeneration-
related antigen 2 (CDR2) and its paralog CDR2L, 
which is involved in c-Myc-dependent regulation 
of cell cycle. These antibodies intensively react 
with the cytoplasm of Purkinje cells, visualized 
as a granular staining, and also with neurons of 
the deep cerebellar nuclei.

Treatment of the underlying tumor may result 
in stabilization of the neurological syndrome. 
Adding immunotherapy has been shown to 
decrease the levels of Yo antibodies in serum, but 
not CSF [35], and to improve neurological symp-
toms in some cases [62–64], especially if started 
early after disease onset, when patients are not 
yet severely disabled [29]. However, a series of 
34 patients with long-term follow-up failed to 
demonstrate any beneficial effect of immunother-
apy on survival or neurological outcome [24]. In 
this study, patients younger than 60  years and 
who had breast cancer had longer survival com-
pared to older women with gynecologic cancer 
(8 years versus less than 2 years). The cause of 
death was related to disabling PNS in a quarter of 
the patients and to tumor progression in half of 
them.

�Tr (DNER) Antibodies
Tr antibodies, also known as DNER, have been 
associated with paraneoplastic cerebellar degen-
eration and Hodgkin’s lymphoma and are not 
found in patients with PNS without Hodgkin’s 
lymphoma or with Hodgkin’s lymphoma without 
PNS [26]. These antibodies react with Purkinje 
cells of rat, but, unlike Yo antibodies, they show a 
characteristic punctate/dotted staining, which 
also involve the molecular layer of the cerebellum, 
but not the deep cerebellar nuclei. They are gen-
erally found in both serum and CSF, although 
few patients have been reported to harbor only 
CSF antibodies [65]. The target antigen of these 
antibodies is unknown.

Tumor treatment results in antibody titer 
decrease and stabilization of cerebellar symp-
toms, which most often remain disabling [66, 
67]. Immunotherapy, and in particular plasma-
pheresis, may lead to neurological improvement 

in patients who did not respond to chemotherapy 
and corticosteroids or immunoglobulins [68].

�PCA-2 (MAP1B) Antibodies
Most patients with PCA-2 antibodies develop 
limbic encephalitis, cerebellar degeneration, sen-
sorimotor neuronopathy, dysautonomia, or 
LEMS, generally associated with SCLC. PCA-2 
antibodies react with Purkinje neurons, dentate 
cerebellar nucleus, and enteric neurons with a 
reticular pattern, which, unlike Yo antibodies, 
extends to dendrites. PCA-2 antibodies often co-
occur with other neuronal antibodies, including 
P/Q-type voltage-gated calcium channels 
(VGCC), Hu, CV2/CRMP5, and others [25, 69]. 
PCA-2 antibodies have been recently recognized 
to target microtubule-associated protein-1-B 
(MAP1B) [25], which is thought to be involved 
in neuronal development and differentiation, 
including dendritic spine formation and synaptic 
maturation. Treatment of SCLC with or without 
immunotherapy has been reported to stabilize or, 
in some cases, improve the neurological symp-
toms [25].

�CV2 (CRMP5) Antibodies
CV2 antibodies, also known as CRMP5, have 
been associated with several neurological para-
neoplastic manifestations involving the central 
and peripheral nervous system. These include 
limbic encephalitis, cerebellar degeneration, 
myelitis, peripheral neuropathy, dysautonomia, 
and chorea [70]. However, the most characteristic 
finding is ocular involvement, most frequently 
optic neuropathy, but also retinitis, uveitis, or vit-
reitis. These PNS occur in both women and men, 
and the most frequent associated tumors are 
SCLC and malignant thymoma, although other 
tumors have also been reported. In patients show-
ing CNS involvement, CV2/CRMP5 antibodies 
are found in higher titer in CSF compared to 
serum [71]. At low titers they can be identified in 
the serum of patients with tumor but no PNS (5% 
of patients with SCLC and 12% of those with 
thymoma), although their presence does not seem 
to affect tumor outcome [72].

These antibodies react with glial cells and 
neurons of the neocortex, cerebellum, and optic 
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nerve, and they target one of the CRMP 
proteins.

Anti-CV2/CRMP5 PNS can respond to tumor 
treatment and immunosuppression and in some 
cases result in complete resolution of the neuro-
logical syndrome [73].

�Antibodies to Protein Kinases
PNS associated with antibodies to protein kinases 
have also been described, including anti-protein 
kinase C gamma (PKCγ[gamma]) in two patients 
with lung or liver adenocarcinoma and cerebellar 
degeneration and anti-serine/threonine kinase 
(BRSK2) in a patient with limbic encephalitis 
and SCLC [74–76].

�Neuronal Antibodies to Synaptic 
Targets

�Antibodies Targeting Amphiphysin 
and Other Synaptic Proteins
Amphiphysin is a vesicular protein highly con-
centrated at the synaptic terminal. Antibodies tar-
geting amphiphysin are typically found in 
patients with stiff person syndrome (SPS) associ-
ated with SCLC or breast cancer [28]. This syn-
drome is less common than the non-paraneoplastic 
form associated with GAD65 antibodies (see 
below). Patients with both paraneoplastic and 
non-paraneoplastic SPS (described in detail in 
Chap. 30) develop progressive symmetric muscle 
rigidity involving axial and proximal limbs, asso-
ciated with painful spasms. Muscle stiffness is 
usually symmetric, although cases with promi-
nent asymmetric or distal involvement or partial 
syndromes (e.g., “stiff limb syndrome”) have 
also been reported. Compared to GAD65 
antibody-related SPS, patients harboring amphi-
physin antibodies are more likely to be female, to 
experience early severe pain, to have distal mus-
cle or cervical involvement, and to be refractory 
to spasmolytic treatment [77].

Amphiphysin antibodies can coexist with 
other onconeuronal antibodies (CV2/CRMP5 
and P/Q VGCC) and have also been reported in 
patients manifesting with paraneoplastic neu-

ronopathy, myelitis, encephalomyelitis, and cer-
ebellar syndrome [28, 78].

Symptomatic treatment of SPS includes high-
dose benzodiazepines or other GABA-enhancing 
drugs (such as valproate, vigabatrin, gabapentin, 
levetiracetam, tiagabine) and spasmolytic agents 
(such as baclofen). Partial syndromes may bene-
fit from local botulin toxin injection. Tumor treat-
ment and immunotherapy often result in 
improvement and, in some cases, resolution of 
neurological deficits [28].

Antibodies to other synaptic proteins have 
been reported in few patients and include: gephy-
rin, associated with SPS and mediastinal carci-
noma; synaptophysin, associated with 
sensory-motor and autonomic neuronopathy and 
SCLC; and synaptotagmin, associated with 
LEMS and SCLC [79–81].

�Antibodies Associated with Visual 
System PNS

PNS may affect all segments of the visual sys-
tem, especially the retina and optic nerves. The 
most common PNS affecting the retina is cancer-
associated retinopathy (CAR). CAR occurs with 
a variety of tumors (most frequently SCLC and 
gynecologic cancers) and is associated with anti-
bodies targeting the photoreceptor protein recov-
erin and less frequently also several other targets 
(alpha-enolase, rhodopsin, etc.). Patients with 
CAR develop painless visual loss over days or 
weeks, affecting both eyes, usually asymmetri-
cally, and are accompanied by photosensitivity, 
night blindness, photopsia, loss of color vision, 
and scotomas, resulting from damage to both 
rods and cones [82]. Recoverin antibody-
associated CAR usually precedes the diagnosis 
of cancer, which is not the case for CAR associ-
ated with other retinal antibodies or for 
melanoma-associated retinopathy (MAR), which 
is more likely to occur in patients with known 
melanoma. Compared to patients with CAR, 
those with MAR show less severe visual loss and 
can develop exudative retinal detachment [83]. 
MAR is associated with antibodies against bipo-
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lar cells, which are more likely in patients with 
advanced stage of melanoma. Tumor treatment 
and immunotherapies have a little effect on both 
CAR and MAR.

�Antibodies Associated 
with Neurological Symptoms That 
Are Rarely Paraneoplastic

Although most neuronal antibodies targeting 
intracellular antigens are associated with parane-
oplastic neurological syndromes, few of them are 
found in patients with neurological manifesta-
tions that are only rarely accompanied by cancer. 
This is the case of antibodies targeting GAD65 or 
adenylate kinase 5 (AK5).

�GAD65 Antibodies
GAD65 is an enzyme that coverts glutamate into 
GABA. It is abundantly expressed in neurons of 
the CNS and in pancreatic islet cells. GAD65 
antibodies have been found in patients with auto-
immune type I diabetes, as well as patients with 
autoimmune neurological syndromes [84], 
including stiff person syndrome, cerebellar 
ataxia, limbic encephalitis, and autoimmune epi-
lepsy [85]. In patients with autoimmune neuro-
logical manifestations, GAD65 antibodies are 
found in both serum and CSF (with evidence of 
intrathecal synthesis) and at 100–1000  times 
higher titers than in patients with autoimmune 
diabetes, in whom these antibodies are usually 
found only in serum [86, 87].

Less than 5% of the patients with GAD65 
antibody-associated neurological syndromes, 
and in particular stiff person syndrome, have an 
underlying cancer.

Unlike the aforementioned onconeuronal anti-
gens, which are intracellular and thus inaccessible 
to circulating antibodies, synaptic targets such as 
GAD65 (or amphiphysin) might be accessible to 
circulating antibodies during synaptic vesicle 
fusion and endocytosis. This suggests that 
GAD65 antibodies and amphiphysin antibodies 
might play a pathogenic role, as supported by 
experimental evidence of both antibodies affect-
ing neuronal function in vitro and amphiphysin 

antibodies causing neurological symptoms in 
animal models [88].

�AK5 Antibodies
Antibodies to AK5 were firstly identified in the 
serum and CSF of two patients without cancer 
who developed limbic encephalitis not respon-
sive to immunotherapy [89]. A recent study con-
firmed these findings in ten patients [90], most of 
whom showed inflammatory CSF with elevated 
tau protein levels, indicating neuronal death. 
Immunotherapy was ineffective in all but one 
patient, and in most cases the disease evolved to 
severe cognitive dysfunction, associated in some 
patients with hippocampal atrophy.

�Conclusion

PNS manifest with several clinically defined neu-
rological syndromes associated with cancer. 
Recognition of the associated neuronal antibody 
is important because it can orientate the search 
for an underlying tumor and has prognostic 
implications, some antibodies (e.g., Ri- or CV2/
CRMP5-associated PNS) being associated with 
better outcomes than others (e.g., Hu or Yo anti-
bodies). Although most PNS have a poor response 
to immunotherapy and cancer treatment, early 
diagnosis and treatment can allow stabilization of 
the symptoms and prevent progression of neuro-
logical disability.
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�Introduction

Since the discovery of the anti-N-methyl-D-
aspartate receptor (NMDAR) antibodies in 2007 
[1], multiple other cell surface or synaptic anti-
gens have been detected in patients previously 
not identified as suffering from a neurological 
autoimmune disease. Anti-NMDAR encephalitis 
is still recognized as the most prevalent subtype 
of autoimmune encephalitis (AE), but over the 
last years, more and more autoantibodies directed 
at neuronal cell surface antigens have been iden-
tified and recognized as being responsible for 
specific neurological phenotypes, for instance, 
the anti-leucine-rich glioma-inactivated protein 1 
(anti-LGI1), anti-contactin-associated protein-
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Key Points
	1.	 In autoimmune encephalitis (AE), the 

neuronal antibodies targeted at extracel-
lular antigens have a direct pathogenic 
effect, which can be successfully 
reversed with immunotherapy in most 
patients.

	2.	 A timely diagnosis and subsequent start 
of treatment in patients with autoim-
mune encephalitis are important for 
good clinical outcome, as the rule is 
“time saves brain.”

	3.	 The frequency of tumors is in general 
lower in autoimmune encephalitis as 
compared to the classical paraneoplastic 
syndromes.

	4.	 The decision to start second-line immu-
notherapy or maintenance immunother-
apy should be based upon antibody 
type, the severity of disease, and the risk 
for relapse.

	5.	 Multicenter clinical trials are needed to 
investigate whether the available alter-
native treatments have an additional 
treatment effect as compared to stan-
dard care alone.

	6.	 In the future, it is desirable that individ-
ualized treatment strategies will be 
developed based on prognostic models, 
which take into account both the varia-
tions in severity of disease between AE 
patients and the individualized risk for 
adverse events.
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like 2 (Caspr2), or anti-alpha-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptor 
(AMPAR) antibodies [2–4]. This new entity of 
antibody-mediated neurological diseases has 
been one of the most exciting recent evolutions in 
clinical neurology. Within this group of AE, in 
contrast to the classical paraneoplastic syndromes 
(PNS; further discussed in Chap. 16), the circu-
lating neuronal antibodies are aimed at extracel-
lular proteins. These novel antibodies can reach 
their target protein in the absence of cell destruc-
tion and influence the antigen function or cause 
antigen internalization, thereby having a directly 
pathogenic effect [5–7]. By counteracting the 
autoimmune response with immunosuppressive 
drugs, most patients, even those who are severely 
affected by the disease, make a substantial 
improvement [1, 8–10]. This is in contrast with 
earlier unsatisfactory experience with treatments 
of patients with PNS related to onconeural anti-
bodies directed to intracellular proteins such as 
Hu, Ri, and Yo [11, 12]. The antibody responses 
in these patients are regarded as an epiphenom-
ena. The occurrence of irreversible neuronal 
damage in these patients is presumed to be caused 
by a cytotoxic T-cell-mediated immune response, 
explaining the overall poor response to immuno-
therapy. Furthermore, the strong association to 
malignant tumors adds to the eventual poor prog-
nosis in these patients.

In AE caused by antibodies targeted at cell 
surface antigens, the incidence of tumors is lower 
as observed in PNS and varies per type of anti-
body. Some are more commonly associated with 
tumors, whereas in others, tumor rates are com-
parable to the general population [13]. All 
patients should be screened at least once, also 
given that tumor removal or chemotherapy will 
ameliorate the neurological outcome [9]. In this 
chapter, it is specified for each antibody how to 
screen for malignancies, including frequency and 
time frame (see next section “Tumor Association 
and Screening in Autoimmune Encephalitis” and 
Table 17.1 [14]).

There is no doubt whether immunosuppres-
sive treatments have beneficial effects in AE, 
although (randomized) clinical trials studying the 
effects of immunosuppressive therapy are lack-

ing. Available evidence is mainly based on retro-
spective data. This is both due to the relative 
newness of AE and the rarity of these diseases. 
Most evidence has been collected for anti-
NMDAR encephalitis, containing one large, par-
tially prospective cohort study [9]. For the other 
AE types, mainly smaller cohorts or case series 
have been published [10, 15–18].

Present-day treatment guidelines are therefore 
based on clinical experience and on data from 
clinical trials performed in other autoimmune 
neurological diseases, like Guillain-Barré syn-
drome and myasthenia gravis, or even on treat-
ment regimens used in other specialties such as 
rheumatology and hematology-oncology. Within 
the current treatment guidelines, a distinction is 
made between first-line immunotherapy, second-
line immunotherapy, and maintenance immuno-
therapy. In the last part of the chapter, a selection 
of promising emerging therapies is discussed.

With regard to the safety of immunotherapy, 
frequently encountered adverse effects are infec-
tions, viral reactivation, bone marrow suppres-
sion, and increased risk of malignancies. All 
intravenously administered immunosuppressive 
agents, some more than others, have a risk of 
infusion-related adverse events. In each patient, a 
“risk-benefit” analysis should be made to decide 
what type of therapy should be used in the best 
interest of the patient.

As the several types of AE give rise to a myr-
iad of symptoms, rehabilitative strategies and 
symptomatic therapy should be tailored to the 
underlying phenomenology to meet the individ-
ual patient’s needs. Favorably, treatment is car-
ried out by a multidisciplinary team, including a 
neurologist, rehabilitation physician, psychia-
trist, and if indicated an oncologist. In cases of 
pediatric-onset AE, a pediatrician should be 
involved too.

�Tumor Association and Screening 
in Autoimmune Encephalitis

The frequency of tumors is in general lower in 
AE with neuronal cell surface antibodies as com-
pared to the PNS associated with antibodies 
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Table 17.1  Tumor association in autoimmune encephalitis with neuronal cell surface antibodies

Antigen Tumor association Type of tumor screening Follow-up
NMDAR Rarely in females <12 years 

old and males up to 45 
years old
50% ovarian teratoma in 
females 12–45 years old
25% SCLC, thymoma, 
breast cancer, testicular 
cancer, pancreatic cancer in 
females and males >45 
years old

Males <18 years old: 
testicular ultrasound
Females <12 years old: 
pelvic ultrasound
Males 18–45 years old: 
ultrasound
testis and CT chest/
abdomen
Females 12–45 years old: 
pelvic
ultrasound, pelvic MRI
Females and males >45 
years old:
CT chest/abdomen and 
females also 
mammography; in negative 
cases also FDG-PET

One-time screening in females <12 years 
old and males 0–45 years old
Negative initial screening in females and 
males >45 years old: repeat screening once
Negative initial screening in females 12–45 
years old with no improvement: repeat 
second screening after 3 months
Negative initial screening in females 12–45 
years old with improvement: repeat 
screening after 6 months
subsequently repeat screening every 
12 months up to 4 years in females 12–45 
years old

LGI1 5–10% thymoma, SCLC, 
mesothelioma

CT chest/abdomen, if 
negative also FDG-PET

One-time screeninga

Caspr2 < 20% thymoma, SCLC CT chest/abdomen, if 
negative also FDG-PET

One-time screening, repeat once after 
3–6 monthsa

GABABR SCLC (50%)b CT chest/abdomen, if 
negative also FDG-PET

Negative initial screening and no 
improvement: repeat screening after 
3 months
Negative initial screening and 
improvement: repeat screening after 
6 months
Subsequently every 6 months up to 4 years

DPPX 10% B-cell lymphoma, 
mantle cell lymphoma 
(CLL and GI lymphoma)

Consultation of a 
hematologist

Depending on the advice of the 
hematologist, basically one-time screening

AMPAR SCLC, thymoma, breast 
cancer

CT chest/abdomen and 
females also 
mammography; if negative 
perform FDG-PET

Negative initial screening and no 
improvement: repeat screening after 
3 months
Negative initial screening and 
improvement: repeat screening after 
6 months
Subsequently every 6 months up to 4 years

GlycR <10% SCLC, thymoma CT chest/abdomen, if 
negative also FDG-PET

One-time screeninga

GABAAR Unknown Depending on clinical 
suspicion

IgLON5 Unknown Depending on clinical 
suspicion

mGluR1/
mGluR5

Hodgkin lymphoma Consultation of a 
hematologist

Depending on the advice of the 
hematologist, basically one-time screening

Abbreviations: NMDAR anti-N-methyl-D-aspartate receptor encephalitis, SCLC small-cell lung carcinoma, CT com-
puted tomography, MRI magnetic resonance imaging, FDG-PET fluorodeoxyglucose positron emission tomography, 
LGI1 anti-leucine-rich glioma-inactivated protein 1 encephalitis, Caspr2 anti-contactin-associated protein-like 2, 
GABABR anti-gamma-aminobutyric acid B receptor encephalitis, DPPX dipeptidyl-peptidase-like protein-6 encephali-
tis, AMPAR anti-alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor, GlycR anti-glycine receptor 
encephalitis, GABAAR anti-gamma-aminobutyric acid A receptor encephalitis, IgLON5 anti-IgLON5 encephalitis, 
mGluR1/5 anti-metabotropic glutamate receptor 1/5 encephalitis, CLL chronic lymphocytic leukemia, GI 
gastrointestinal
aWith clinical deterioration or lack of improvement consider to repeat tumor screening
b>90% if also KCTD16 antibodies are found [14]
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against extracellular antigens [19]. This is illus-
trated by the rather low tumor rates in anti-LGI1 
encephalitis, which are comparable to the rates 
observed in the general population [13, 16]. 
However, in specific anti-LGI1 cases, tumor 
removal might still be essential [20]. On the other 
hand, in anti-NMDAR receptor encephalitis 
occurring in female patients of childbearing age, 
the risk for an underlying tumor is fairly high 
(~50%) [9]. Early detection and treatment of the 
underlying tumor is of utmost importance for 
clinical outcome, both increasing the chance of 
curative cancer treatment and offering the patient 
a better chance to respond to immunotherapy. 
Patients’ Karnofsky performance scores (KPS), a 
measure of a patient’s functional impairments, 
are often low due to neurological deficits caused 
by the associated AE. For this reason, one should 
not refrain patients from oncological treatment, 
as most neurologic deficits can be reversible with 
immunotherapy.

Follow-up and type of tumor screening are 
dependent on the type of autoantibody found. 
Table 17.1 shows the tumor associations based 
on the available literature so far and a suggested 
tumor screening protocol [14, 21]. In 90% of 
patients who have an underlying malignancy, 
the tumor is not yet known and found due to the 
PNS or AE.  Initial screening is abnormal in 
80–90%. Advice for continued screening is 
stratified for the different neuronal autoantibod-
ies in Table 17.1. In cases with a clear relapse 
not explained otherwise, or lack of improve-
ment after adequate immunotherapy, one should 
consider to repeat or to broaden tumor screen-
ing. Tumors are often small and/or only patho-
logical lymph nodes are identified by imaging. 
Also smaller abnormalities should be consid-
ered cautiously as the pre-scan likelihood for 
malignancy is increased in PNS or AE. For 
example, chalk spots on testicular ultrasound or 
small ovarian cysts can be the only evidence for 
a paraneoplastic disease, warranting removal. 
However, in the opinion of the writers, there is 
no indication to perform a laparoscopy in 
patients with anti-NMDAR encephalitis with a 
completely normal ultrasound and MRI of the 
pelvis.

�Immunotherapy in Autoimmune 
Encephalitis

In the acute phase, immunotherapy may consist 
of first-line and second-line immunotherapy. 
First-line immunotherapy involves high-dose 
intravenously or orally administered steroids 
(glucocorticoids), immunoglobulins (IVIg), and 
plasmapheresis (PLEX), all treatments with a 
broad mechanism of action. For second-line 
immunotherapy rituximab (RTX), a combination 
of RTX and cyclophosphamide (CPA) is used, 
while new drugs might be added in future years.

First-line and second-line immunotherapies 
used in AE have a broad immune suppressive or 
immune modulatory effect mostly via the influ-
ence on peripheral immune cells or proteins. The 
used approach is fairly similar to the first- and 
second-line treatment regiments of other autoim-
mune and inflammatory disorders. In the section 
“First-Line Immunotherapy in Anti-N-Methyl-
D-Aspartate Receptor Encephalitis,” we first 
describe more in depth our first- and second-line 
treatment strategy for anti-NMDAR encephalitis 
as summarized in the flowchart presented in 
Fig. 17.1a. Subsequently, the somewhat different 
treatment strategy for the other AEs caused by 
neuronal cell surface antibodies is discussed in 
the section “First-Line and Second-Line 
Immunotherapy in Encephalitis Caused by Other 
Neuronal Cell Surface Antibodies.” In Fig. 17.1b 
our treatment approach for anti-LGI1 encephali-
tis is presented, one of the most prevalent types of 
AE after anti-NMDAR encephalitis, as an exam-
ple for the treatment of milder subtypes of 
AE. Table 17.2 comprises the various used immu-
nosuppressive agents and the way these are pre-
scribed, listed for adults and children.

�First-Line Immunotherapy in Anti-N-
Methyl-D-Aspartate Receptor 
Encephalitis

In patients suffering from anti-NMDAR enceph-
alitis, first-line immunotherapy (with tumor 
removal when indicated) results in considerable 
clinical improvement within a month in approxi-
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a b

Fig. 17.1  Flowchart with advised treatment strategies for 
patients’ encephalitis caused by antibodies against extra-
cellular antigens. (a) Treatment of anti-NMDA receptor 
encephalitis. (b) Treatment of anti-LGI1 encephalitis. In 
the case the clinical presentation of a patient with AE with 
other neuronal cell surface antibodies is severe and more 
like an anti-NMDAR encephalitis, it is advised to follow 
treatment guideline (a). For relatively milder presenta-
tions of AE, one can follow the treatment guideline as 
shown in (b). Depending on the relapse rate, one should or 
should not add maintenance therapy (discussed in chapter 
section “Maintenance Immunotherapy”). In patients with 
contraindications for chronic immunotherapy, one can 
decide on a watchful waiting policy. (1) Pulse therapy is 
preferred over oral steroids because of lower risk for neu-
rocognitive and infectious adverse effects during the reha-
bilitation period and less interactions with the effect of 
second-line treatments. (2) In children the preference is for 
the use of RTX only, because of physician’s experience, 
risk of premature gonadal failure, and long-term risk of 
malignancy due to CPA. (3) Two weeks after the last 
administration of RTX, order for B-cell analysis. When 
full B-cell depletion is not reached, extend the RTX treat-
ment with another cycle. (4) CPA dosing regimens vary, but 
usually intravenous infusions are administrated for 
4–6  months depending on clinical recovery. In extreme 

refractory cases of anti-NMDAR encephalitis, CPA can 
be given for a period of 12 months. (5) In severe refractory 
cases, one can consider adding one of the experimental 
treatments as described in chapter section “Alternative 
Treatment Strategies.” (6) Start with prednisolone 
30–40 mg/day, taper with 5 mg per 2 weeks to a daily dose 
of 20 mg, subsequently taper with 2.5 mg per 2 weeks to 
a daily dose of 10 mg/day, and subsequently taper with 
2.5 mg per 4 weeks until stop. (7) When adverse effects due 
to AZA occur, check for a TPMT mutation. In case the 
patient is a poor metabolizer, one should lower the stan-
dard dose or switch to another type of maintenance ther-
apy. (8) When RTX is administered, maintenance therapy 
can be stopped. (9) When a relapse occurs, one also repeats 
first-line treatment with IVMP and IVIg, previous to the 
treatment with RTX. (10) Treatment with CPA is seldom 
necessary in patients with anti-LGI1 encephalitis; only in 
cases with no to minimal clinical improvement, one 
should consider treatment with CPA. Cognitive symptoms 
take significant more time to recover as compared to the 
seizures; in patients with initial minimal cognitive recov-
ery with adequate seizure control, one should not escalate 
treatment. Abbreviations: MP intravenous methylpred-
nisolone, IVIg intravenous immunoglobulins, PLEX plas-
mapheresis, RTX rituximab, CPA cyclophosphamide, 
AZA azathioprine, MMF mycophenolate mofetil
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mately half of the patients, but improvement can 
be protracted [9, 22–24]. Of these patients, 97% 
had a good outcome (modified Rankin Scale 
(mRS) 0–2) after 2 years [9]. Without treatment, 
progressive neurologic deterioration and death 
can occur. However, spontaneous recovery has 
also been described in a few patients after several 
months or years of severe symptoms [9, 25]. 
Severely affected patients, including patients 
needing intensive care admission, have a poorer 
final outcome. It is important to start treatment 
early, as this leads to better outcomes and lowers 
the relapse risk [8, 9, 26]. In all patients, includ-
ing the milder affected ones, the saying “time 
saves brain” is applicable, as residual neuropsy-
chiatric deficits are more severe in those with 

delayed treatment [27]. This implies that the 
early part of the disease may be critical in terms 
of neuronal damage and long-term sequelae. 
Over recent years, the average treatment delay 
has become shorter over time due to better recog-
nition [28].

When there is high suspicion of anti-NMDAR 
encephalitis, first-line therapy should be started 
once diagnostic samples have been obtained and 
alternative disorders, such as herpes simplex 
virus type 1 (HSV-1) encephalitis, have been 
excluded. In 2016 the Graus criteria formalized 
the diagnosis of “probable anti-NMDAR enceph-
alitis” in patients presenting with a proper clini-
cal picture and progressive course of disease in 
combination with compatible findings on electro-

Table 17.2  Therapeutic agents used in autoimmune encephalitis

Treatment Adult regimen Children <16 years of regimen
First-line 
immunotherapy
 � Methylprednisolone 1000 mg/day intravenous (IV), for 3–5 days 20 mg/kg/day IV, max. 1000 mg/day, 

for 3 days
 � Immunoglobulin 0.4 g/kg/day IV, for 5 days 0.4 g/kg/day IV, for 5 days
 � Plasmapheresis 1 session every (other) day for 5–7 cycles 1 session every (other) day for 

5–7 cycles
Second-line immunotherapy
 � Rituximab 1000 mg IV, two infusions with an interval of 

14 days between them
500 mg/m2 two infusions with an 
interval of 14 days between them OR 
375 mg/m2 IV, weekly infusions for 
4 weeks

 � Cyclophosphamidea 750 mg/m2 IV monthly for 3–6 months OR 
15 mg/kg IV, max. 1200 mg/day, three infusions 
with an interval of 14 days, if necessary followed 
by six 500 mg/day infusions with an interval of 
14 days between the infusions

750 mg/m2 IV monthly for 3–6 months

Maintenance immunotherapy
 � Azathioprineb Initially 50 mg twice daily, followed by 75 mg 

twice daily, target 2–3 mg/kg/day in 1 or 2 doses.
1–3 mg/kg/day in 1 or 2 doses

 � Mycophenolate 
mofetil

Initially 500 mg twice daily, target 1000 mg twice 
daily

Body surface area of <1.25 m2: 
600 mg/m2 twice daily; body surface 
area of 1.25–1.5 m2: 750 mg twice 
daily; body surface area of >1.5 m2: 
1000 mg twice daily

 � Mycophenolic acid Initially 500 mg twice daily, target 750 mg twice 
daily

Not prescribed in children

aCyclophosphamide (CPA) dosing regimens vary, but usually intravenous infusions are administrated for 4 to 6 months 
depending on clinical recovery. In extreme refractory cases of anti-NMDAR encephalitis, CPA can be given for a period 
of 12 months
bWhen a patient develops adverse effects, such as hepatotoxicity or bone marrow depression, check whether the patient 
has a thiopurine S-methyltransferase (TPMT) mutation. In case the patient is a poor metabolizer, one should lower the 
standard dose or switch to another type of maintenance therapy
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encephalogram (EEG) and in cerebrospinal fluid 
(CSF) [18]. This way, treatment can be started 
before the antibody results become available.

Initial treatment is often started with intrave-
nous methylprednisolone pulse (IVMP) in combi-
nation with IVIg or PLEX. IVMP belongs to the 
class of glucocorticoids; it acts on the glucocorti-
coid receptor and plays a central role in numer-
ous physiological processes, including 
homeostasis, behavior, and bone mineral metabo-
lism. With regard to immune function, it has anti-
inflammatory, immunosuppressive, 
anti-proliferative, and vasoconstrictive properties 
[29]. Intravenous immunoglobulins (IVIg) is a 
preparation containing polyclonal human G iso-
type immunoglobulins (IgG) extracted from 
plasma of thousands of healthy blood donors 
[30]. Its mode of action is not fully understood, 
but is broad as illustrated by the many immune-
mediated conditions that respond to IVIg. The 
mechanism of immunomodulatory actions is 
thought to be through antibody binding-mediated 
effects with neutralization of cytokines and com-
plement via immune cell receptors (Fc receptor) 
and with increased clearance of pathogenic circu-
lating antibodies [30]. During plasmapheresis 
(PLEX), the blood of the patient is passed through 
a medical device separating plasma from other 
components of blood. The plasma containing the 
pathogenic antibodies is put aside, and the blood 
cells are returned to the patient in donor plasma 
or an artificial fluid similar to plasma [31]. PLEX 
offers the quickest short-term answer to remov-
ing pathological autoantibodies; however, the 
production of autoantibodies is not inhibited, and 
therefore it cannot be used in isolation for treat-
ment. In the acute phase of the disease, patients 
are generally treated with five to seven plasma 
exchanges.

The choice to treat with IVIg or PLEX is 
dependent on patient-specific features, experi-
ence of the treating physician, and insurance cov-
erage. In the management of Guillain-Barré 
syndrome and myasthenia gravis, there is no evi-
dence for superiority in the efficacy of IVIg or 
PLEX, although PLEX might act somewhat 
quicker [32]. Other aspects can be pivotal for the 
decision to treat with IVIg instead of PLEX or 

vice versa. For instance, IVIg is associated with a 
lower risk of infections, and it is easier to admin-
ister in children and in patients with severe move-
ment disorders and neuropsychiatric symptoms. 
During severe autonomic storms in patients 
admitted to the intensive care unit (ICU), PLEX 
might increase hemodynamically instability [22]. 
Plasma exchange is contraindicated in patients 
with hypocalcemia or allergies to heparin, frozen 
albumin, or frozen plasma. This process can also 
remove clotting factors requiring the monitoring 
of coagulation labs.

Considering the aforementioned arguments, 
most anti-NMDAR patients receive a combina-
tion of IVMP and IVIg. But there are exceptions, 
as immunoglobulins are expensive and subject to 
an increasing demand worldwide leading to 
shortages. PLEX is also best to use in patients 
with severe renal insufficiency, with a thrombotic 
tendency, or when treatment with IVIg leads to 
moderate to severe infusion-associated reactions 
or hyperviscosity syndrome.

When first-line treatment leads to clinical 
improvement, there is no need for second-line 
treatment. In these patients, we advise to repeat 
another IVMP pulse—if needed in combination 
with IVIg—after 4 and 8 weeks to maintain ade-
quate suppression of antibody formation and 
hereby preventing treatment-related fluctuations. 
We prefer this treatment strategy above tapering 
with oral steroids, for the reason of less severe 
(e.g., neuropsychiatric and infectious) adverse 
effects and less interaction with the effects of 
second-line immunotherapy when using pulsed 
therapy.

�Second-Line Immunotherapy in Anti-
N-Methyl-D-Aspartate Receptor 
Encephalitis

Second-line immunotherapy—RTX or a combina-
tion of RTX and CPA—is usually effective when 
first-line treatments fail. In patients without or with 
minimal clinical improvement after 2 weeks after 
the start of the initial therapies, we proceed with 
second-line therapies. The explanation for this 
deviation - as we advise to proceed after 2 weeks 
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instead of the period of 4 weeks as described in the 
literature [9] - is that our experience is that patients 
do not show marked improvements between week 
2 and 4 after the start of first-line therapy. Second-
line treatment has beneficial effects on the final 
outcome, and in patients with multiple relapses, it 
reduces the likelihood of further relapses [9]. This 
has resulted in the current policy to treat patients 
with a relapse with a combination of first- and sec-
ond-line treatment independent of the response to 
first-line therapy alone to prevent further relapses. 
Because most relapses are milder, additional treat-
ment with RTX is often sufficient. Only, in more 
refractory cases, CPA should be added as well.

Rituximab (RTX) is a partially humanized 
monoclonal antibody directed against CD20, a 
glycoprotein primarily found on the surface of B 
cells, initially approved for the treatment of non-
Hodgkin B-cell lymphomas. It reduces both 
naïve and memory B cells through antibody-
mediated cellular toxicity, complement activa-
tion, and induction of apoptosis [33]. Besides 
B-cell depletion, there are findings suggestive of 
RTX affecting B-cell-T-cell interactions and 
direct inhibition of T cell activation [34]. 
Circulating B cells are usually beneath the detect-
able range for 6–8 months after treatment, which 
has also been shown in patients with AE, and 
subsequently short-lived plasmablasts are also 
depleted in anti-NMDAR encephalitis [35–37]. 
RTX treatment monitoring is via determination 
of B-cell count, which is determined 2  weeks 
after the last RTX infusion. In the case B cells are 
not fully depleted, another cycle of RTX is 
administered. See Table 17.2 for typical dosing 
schedule. In a retrospective study of 161 patients 
with AE (± proven antibody) treated additionally 
with RTX, adverse events of RTX were infusion-
related reactions in 6.7% and infections, all pneu-
monia, in 11.3%, but no life-threatening or 
recurrent infectious occurred [37]. In another 
study in pediatric patients with anti-NMDAR 
encephalitis, 11 patients (7.6%) had infectious 
complications, including 2 life-threatening or 
disabling infections and 2 deaths [35]. Before the 
start of RTX, it is important to screen for chronic/
latent infections, including hepatitis B screening 
and quantiferon gold in high-risk patients to pre-

vent a flare-up during treatment. Long-lived 
plasma cells might cause a long-term lack of 
effect.

Cyclophosphamide (CPA) is an alkylating 
agent that impairs DNA replication or transcrip-
tion, eventually leading to cell apoptosis. The 
effects of CPA are cell cycle independent and 
will affect rapidly proliferating cells the most. T 
cells, B cells, and NK cells are particularly sensi-
tive to high-dose CPA because of their relatively 
low levels of aldehyde dehydrogenase, leading to 
direct suppression of lymphocyte proliferation 
(unlike first-line immunotherapy) [38].

Treatment in children is comparable to adults, 
as a similar escalation approach is being used; 
however, in children the dose of medications is 
less clear and often has been adapted from the 
use of the same medications in other autoimmune 
conditions. Results of immunotherapy in chil-
dren are slightly better than in adults, probably 
because treating physicians are inclined to treat 
earlier and more aggressively [9, 39]. No differ-
ence in efficacy has been shown between RTX 
and CPA, although the available studies were not 
designed to identify any differences. However, 
the safety profile of RTX is considered more 
favorable. There is preference for treatment with 
RTX only over CPA as initial second-line immu-
notherapy in children younger than 16 years old, 
because of potential adverse effects, including 
the risk of premature gonadal failure, infertility, 
and long-term risk of occurrence of malignan-
cies. Gonadotropin-releasing hormone agonist 
administration or egg/sperm collection may be 
employed to preserve fertility following CPA use 
[40]. Although physicians should be very careful 
about long-term risks, most studies about the 
risks of CPA originate from the 1950s and 1960s, 
using oral medication in far higher cumulative 
doses. If RTX treatment has no effect, escalation 
to CPA should be advised, despite its potential 
long-term risks. There is no convincing evidence 
for repeating RTX or chronic maintenance immu-
notherapy in anti-NMDAR encephalitis. An 
exception can be made in the rare patients with 
relapses despite second-line immunotherapy. In 
those, repetition of RTX could be considered to 
avoid new relapses. Of course, a still undetected 
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paraneoplastic cause should be considered as 
well.

Favorable outcome is associated with an early 
start of treatment and a low severity of disease [8, 
9, 26]. Probably due to earlier and more aggres-
sive therapy with increased disease recognition 
over time, prognosis has become better over the 
years, bearing in mind that results are based on 
cohort studies with heterogeneous follow-up 
durations [8, 9, 23, 26, 28, 41].

After recovery, about one out of ten patients 
relapsed within the first 2 years after the initial 
episode. Patients without a tumor and those who 
did not receive second-line immunotherapy are at 
a greater risk for relapse [9]. Relapses are treated 
in the same way as newly diagnosed patients, 
with a very low threshold to initiate second-line 
immunotherapy early in the course of the relapse 
(to avoid a new relapse).

�First-Line and Second-Line 
Immunotherapy in Encephalitis 
Caused by Other Neuronal Cell 
Surface Antibodies

The proposed therapeutic schedules or other 
types of AE are based on mainly retrospective 
cohort studies and expert opinions. It deviates 
somewhat from the treatment of anti-NMDAR 
encephalitis, because the disease course is in 
most types less fulminant and relapse rates might 
be different. As anti-LGI1 encephalitis is one of 
the most common types of AE with a significant 
relapse rate, we choose to show in detail our 
treatment schedule for anti-LGI1 encephalitis in 
Fig. 17.1b. For relatively milder presentations of 
AE with other neuronal cell surface antibodies, 
one can follow the treatment schedule as shown 
in Fig. 17.1b. In case the clinical presentation of 
a patient with AE is severe/requires ICU admis-
sion, it is advised to follow the treatment sched-
ule for anti/NMDAR encephalitis (Fig.  17.1a). 
Depending on the relapse rate, one should or 
should not add maintenance therapy (see section 
“Maintenance Immunotherapy”).

As with anti-NMDAR encephalitis, first-line 
immunotherapy using IVMP in combination with 

IVIg or PLEX is initiated. This treatment is effec-
tive in 50–80% of the patients [10, 15]. In patients 
without an underlying malignancy or in patients 
with antibodies associated with a fairly high 
relapse rate, treatment with high-dose oral ste-
roids is advised for several weeks, followed by a 
gradual tapering of the oral steroids. If it is antici-
pated that steroids will be used for a period lon-
ger than 3 months in a dose higher than 7.5 mg/
day, one should consider osteoporosis prophy-
laxis. In patients treated for more than 3 weeks 
with oral steroids in doses higher than 20 mg/day, 
one should add Pneumocystis jirovecii prophy-
laxis. First-line treatment effects can be noticed 
within days but might take 3 to 4 weeks to reach 
an effect. In case of a temporary improvement, 
the first-line treatment cycle can be repeated. In 
case of no or inadequate treatment response, 
switching to another type of first-line treatment 
or proceeding to second-line treatment (RTX, 
CPA, or a combination) is advised. The choice to 
escalate and the timing of this escalation depend 
on the disease severity, symptoms to improve, 
and the antibody involved.

In anti-LGI1 encephalitis, the vast majority of 
patients develop subtle focal seizures or faciobra-
chial dystonic seizures (FBDS) fairly early in the 
disease course. It can also mimic dementia, in 
which the subtle seizures are easily overlooked. 
Figure  17.2 shows the disease course in anti-
LGI1 encephalitis with the symptoms in most 
common order of appearance. As disease pro-
gresses, often tonic clonic seizures and additional 
irreversible cognitive impairment can arise [10, 
42, 43]. Anti-epileptic drugs usually have little 
effect on these types of seizures, while FBDS and 
focal seizures tend to disappear within days to 
weeks after the start of first-line treatment [10, 
16, 17, 44–46]. This superiority of immunother-
apy over anti-epileptic drugs is also seen in 
patients with anti-NMDAR and anti-gamma-
aminobutyric acid-A receptor (anti-GABABR) 
encephalitis. This was demonstrated in a cohort 
study including 153 patients with either anti-
LGI1, anti-NMDAR, or anti-gamma-
aminobutyric acid-B receptor (anti-GABABR) 
encephalitis, which showed that the chance to 
achieve seizure freedom was higher after the use 
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of immunotherapy than after the use of AEDs 
(53% of patients became seizure-free shortly 
after the start of immunotherapy versus 14% with 
the use of AEDs only; Fig.  17.3) [46]. After a 
2-year follow-up, 98% of the patients alive had 
reached seizure freedom; 14% of these patients 
were still using AEDs.

Taken together, this underlines the importance 
of a timely diagnosis and timely start of immuno-
therapy, also with regard to achieving seizure 
control. The risk for developing chronic symp-
tomatic seizures in the long run is fairly low [16].

�Maintenance Immunotherapy

In patients with a high relapse risk, there is an 
indication for maintenance therapy with immu-
nosuppressants with the so-called steroid-sparing 
agents such as mycophenolate mofetil (MMF) or 
azathioprine (AZA). Due to their slow effect, 
these drugs are less useful in the acute phase of 

the disease. While steroids have been the main-
stay of maintenance therapy in neuroimmuno-
logical disorders for a long time, the 
steroid-sparing agents are used to limit the side 
effects of long-term steroid use. Tapering of oral 
steroids can be initiated a few weeks after the 
start of steroid-sparing agents. In patients who 
relapse after an initial good response to RTX, one 
could consider intermittent administration of 
RTX at regular intervals (often every 6 months) 
or based on circulating B-cell numbers [47]. Six-
month intervals are suggested for neuromyelitis 
optica spectrum disorder (NMOSD), although 
more recent literature might hint that longer 
intervals might be possible in selected patients. 
However, there is currently no evidence to sup-
port frequent repetition of administration in AE.

Azathioprine (AZA) and mycophenolate 
mofetil (MMF) are most commonly used as oral 
steroid-sparing agents for maintenance therapy in 
AE, as with autoimmune neurological disorders 
such as myasthenia gravis and NMOSD. Active 
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Fig. 17.2  Disease course in anti-LGI1 encephalitis. 
Timeline: median disease progression 22 weeks, median 
treatment delay 25 weeks, median start of improvement 
2  weeks after treatment, median time of recovery 

33  weeks. FBDS faciobrachial dystonic seizures, 
TC-seizure tonic-clonic seizure. (This figure was derived 
from Ref. [10])
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metabolites of AZA—a synthetic purine analog 
derived from 6-mercaptopurine—are incorpo-
rated into the DNA, halting replication and dis-
rupting function of endogenous purines [48]. 
AZA thus mostly affects proliferating cells, such 
as the T cells and B cells, clarifying its immuno-
suppressive effect. Mycophenolate mofetil 
(MMF) is a prodrug of mycophenolic acid 
(MPA). It acts as an inhibitor on de novo synthe-
sis of guanosine nucleotides, as B and T lympho-

cytes are more dependent on the synthesis of 
guanosine nucleotides via this pathway than 
other cell types. Inosine monophosphate dehy-
drogenase (IMPDH) is required for lymphocytic 
clonal expansion, as MPA selectively inhibits 
IMPDH type II isoform, which is expressed in 
activated lymphocytes, rather than type I, which 
is expressed in most other cells. Therefore, MPA 
has a more potent cytostatic effect on lympho-
cytes than on other cells [49].
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Fig. 17.3  Timelines of anti-leucine-rich glioma-
inactivated 1 encephalitis patients with epileptic seizures. 
The percentages shown on the left correspond to patients 
(1) reaching seizure freedom after the use of immunother-
apy (green), (2) reaching seizure freedom probably after 
the use of immunotherapy (triple green), (3) reaching sei-
zure freedom after the use of antiepileptic drugs (AEDs) 
(red), (4) reaching seizure freedom probably after the use 
of AEDs (double red), (5) who could not be categorized 
(gray stripes), and (6) who did not reach seizure freedom 
(black dots). If patients were treated with another immu-
nomodulating treatment >1 month after the initial treat-
ment (e.g., intravenous immunoglobulin after 
prednisolone), this is shown as a new blue square. 
Treatment with an additional AED or dosage increase 

after >1  month is shown as a second purple diamond. 
Relapses are only shown if patients had seizures. Median 
time of follow-up from the onset was 33 months (inter-
quartile range [IQR], 19–52; range, 8–119). Median time 
of seizure freedom was 23 months (IQR, 14–40; range, 
4–102). The median interval between the start of AEDs 
and the start of immunotherapy was 57  days (IQR, 
27–152). **Timeline of the only patient who developed 
epilepsy after resolved encephalitis. The symbols in this 
timeline are not fitted to scale. The onset of seizures was 
in 2009, the patient was treated with prednisone (and 
AEDs), leading to reversibility of cognitive signs, but he 
still has temporal epilepsy. IT immunotherapy. (This fig-
ure was derived from Ref. [46])
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Maintenance therapy is not indicated in all 
patients with AE, as the disease course is mono-
phasic in many AE patients. The decision who to 
start on maintenance therapy is based on the 
relapse risk, which is highly variable between the 
different types of AE [19]. Relapse rates might be 
underestimated, given the relatively recent dis-
covery of the neuronal autoantibodies and scar-
city of long-term follow-up data. Physicians 
should be aware that relapses can occur up to 
5–10 years (or even longer) after the initial dis-
ease episode [10, 15, 50].

On the other hand, relapse rates might also be 
overestimated as relapsing cases are more easily 
identified as autoimmune, while monophasic 
cases might be considered of “viral” or 
“unknown” etiology. Furthermore, relapsing 
cases by definition have a longer follow-up, cal-
culated from the initial episode (before discovery 
of the antibodies), than incidental cases, also 
inflating relapse risk. Therefore, relapse rates 
have dropped in subsequent case series after the 
initial publication. However, the use of first- and 
second-line immunotherapy in the initial episode 
of anti-NMDAR encephalitis already results in a 
lowering of the likelihood of further relapses [9]. 
This is exemplified by the reduction in relapse 
over time: relapses occurred in 15–24% of 
patients in the initial cohorts described in 2008 
[41] and 2011 [50] and lowered to 9% in 2013 
[9]. However, as anti-NMDAR encephalitis is 
usually monophasic, there is in the majority of 
patients no need for long-term immunosuppres-
sive therapy. The risk for recurrence in anti-LGI1 
encephalitis is higher. The initial studies with 
short-term follow-up indicated relapses in 0–18% 
of the patients [4, 51–53]. However, more recent 
studies with longer follow-up (>2 years) reported 
that 27–35% of the patients relapsed [10, 15]. In 
general, patients with anti-LGI1 encephalitis 
should be considered for maintenance therapy, 
especially those who suffer from cognitive symp-
toms or already proved to have a relapsing dis-
ease course. In patients with contraindications for 
chronic immunotherapy, one can decide on a 
watchful waiting policy. As relapses in anti-LGI1 
almost invariably start identically to the initial 
period, patients and relatives can be instructed to 

monitor for symptoms, and often relapses are 
caught earlier than the initial presentation. The 
relapse rate in anti-Caspr2 encephalitis might be 
similar or perhaps somewhat lower (25–30%) 
[18]. It is best to inform the patient about the 
relapse risk as well as the risks and benefits of 
maintenance therapy and subsequently act on 
their preference. In case one chooses for watchful 
waiting, the patient and their caregivers need to 
be precisely informed about the various clinical 
syndromes caused by anti-Caspr2 antibodies, as 
relapses in anti-Caspr2 patients often present in a 
different way [18]. Overall relapse rates for anti-
AMPAR, anti-glycine receptor (anti-GlyR), anti-
GABABR, gamma-aminobutyric acid-A receptor 
(anti-GABAAR), and anti-dipeptidyl-peptidase-
like protein-6 (anti-DPPX) seem lower than for 
patients with anti-LGI1 and anti-Caspr2 enceph-
alitis. However, limited data are available, and 
most are retrospective case series or small cohort 
studies [19]. For this reason, it seems valid to ini-
tiate maintenance therapy in these types of AE 
only in patients who have suffered a relapse. As 
relapse can occur after long intervals, it is diffi-
cult to determine the duration of maintenance 
immunotherapy. It has been suggested that medi-
cation withdrawal can be undertaken after at least 
3  years without relapses or signs of active dis-
ease, but this rule of thumb might be appreciated 
differently based on the severity and reversibility 
of previous episodes, side effects of the mainte-
nance therapy, and remaining high titers or 
absence of antibodies.

�Alternative Treatment Strategies

There is no doubt about the beneficial effective-
ness of the current immunotherapeutic regimens 
for AE on final clinical outcome. Nevertheless, 
AE can be very disabling, and patients may need 
long-term hospitalization, including admission to 
the intensive care unit with a substantial mortal-
ity risk [14, 19]. In about one out of three AE 
patients, severe to moderate neurological 
sequelae were reported, despite adequate first- 
and second-line treatments [19]. Moreover, a 
considerable number of the patients with a per-
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ceived “good outcome” suffer from persisting 
neurocognitive symptoms and behavioral 
changes with a substantial impact on their quality 
of life [42, 54]. Clearly, there is a need for more 
effective therapies. Besides optimization of the 
currently used regimen and dosing schedules, 
immunotherapeutic regimens for AE could be 
more tailored to the type of associated antibody, 
as treatment response, length of treatment, 
relapse rate, and outcome vary depending on the 
type of associated antibody. The shortcomings of 
the current therapeutic protocol could be in part 
explained by the fact that most therapies affect 
peripheral immune cells or proteins, rather than 
the immune system in the central nervous system 
(CNS) itself. By developing treatments that are 
better at crossing the blood-brain barrier, the 
potency is increased to directly diminish the 
inflammatory process in the brain. In a study of 
three children diagnosed with anti-NMDAR 
encephalitis, who were considered “refractory” 
to treatment with RTX, the blood-brain barrier 
was bypassed by the intrathecal administration of 
methotrexate [55]. All three clinically improved, 
but it is difficult to assess the specific effects of 
MTX as RTX can act (very) slowly in patients, 
and in one patient CPA was added to the treat-
ment regimen, which could be a potential con-
founder. Intrathecal treatment could be considered 
as an add-on therapy in AE that does not respond 
to first- and second-line treatment, but evidence 
is currently not sufficient to be easily 
recommended.

As in multiple sclerosis, new and more effec-
tive immune-modulating therapies are emerging 
rapidly, and it is expected that this evolution will 
pass over to the AE field as well, enabling to 
expand the treatment options in the near future.

�Monoclonal Antibodies Targeting 
the IL-6 Receptor

Tocilizumab is a monoclonal antibody that inhib-
its the binding of interleukin 6 (IL-6) to the IL-6 
receptor, consequently repressing the B-cell pro-
liferation and differentiation into antibody-
producing cells. IL-6 facilitates also other 

inflammatory cascades involving cytotoxic T 
cells, T helper cells, and regulatory T cells that all 
contribute to autoimmunity [56]. The therapeutic 
effect of tocilizumab is proven in rheumatoid 
arthritis and demonstrated in therapy-resistant 
patients with neuromyelitis optica spectrum dis-
orders (NMOSD) [57, 58]. Recently, satrali-
zumab (a different anti-IL6 receptor monoclonal 
antibody) was shown to significantly reduce the 
relapse rate in NMOSD with 62% (hazard 
ratio = 0.38 95% CI 0.16–0.88) compared to pla-
cebo in a phase III randomized clinical trial 
(RCT) with a favorable safety profile during 
2  years of follow-up (NCT02028884: the 
SAkuraSky trial) [59]. A reduction of 79% in the 
relapse rate was achieved in aquaporin-4 (AQP4)-
positive patients.

With regard to AE, a case of anti-Caspr2 
encephalitis was successfully treated with tocili-
zumab [60], and an observational study showed 
that tocilizumab potentially improves clinical 
outcome in patients, who were in poor condition 
1  month after initiation of RTX [61]. Although 
the study shows promising results, the data sug-
gest selection bias. In addition, another serious 
shortcoming is that two-thirds of the patients 
studied had seronegative AE.  Confirmation by 
further studies in larger samples with more uni-
formity in diagnosis is necessary. Tocilizumab 
increases the risk of infection, and it hampers the 
recognition of an infection by diminishing the 
fever response and the levels of C-reactive pro-
tein [62]. For this reason, clinicians must be ulti-
mately aware of systemic infection in treated 
patients, especially in those treated with multiple 
immunomodulating drugs.

�Bortezomib: A Proteasome Inhibitor

Bortezomib, a proteasome inhibitor particularly 
effective at depleting plasma cells, is approved 
for the treatment of multiple myeloma [63]. 
Given that plasma cells as mature, non-dividing 
antibody-secreting cells are unaffected by B-cell-
depleting agents, steroids, and CPA [64], bort-
ezomib may be an alternative option for refractory 
cases. Recent case reports and small case series 
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have explored the treatment of severe anti-
NMDAR encephalitis with bortezomib [65–69]. 
These cases showed that bortezomib was well 
tolerated in most patients. Hence, it remains 
unclear whether the clinical responses could be 
ascribed to bortezomib, rather than that the 
achieved remission could be part of the natural 
course of the disease or a (late) effect of preced-
ing administered immunosuppressive drugs. To 
answer the additional value of bortezomib, a ran-
domized clinical trial is planned with standard 
treatment regimens with and without bortezomib 
as an add-on treatment.

�Low-Dose IL-2 Therapy and Treg 
Modulation

In multiple sclerosis and other autoimmune con-
ditions, the number and function of regulatory T 
cells are dysregulated [70]. IL-2 is a key regula-
tor in the immune cascade of regulatory T cells 
and therefore has a key role in keeping tolerance 
over autoimmunity [71]. Low-dose IL-2 adminis-
tration can selectively expand regulatory T cells 
without promoting effector T-cell responses 
because of the lower thresholds for activation of 
the regulatory T cells [72]. That is why low-dose 
IL-2 therapy is a promising new therapy for auto-
immune and inflammatory disorders. Ten patients 
(four anti-NMDAR and six seronegative AE) 
with refractory symptoms were treated with low-
dose IL-2 therapy in a pilot study. They showed 
modest responses after four to five treatment 
cycles, with the best response seen in the anti-
NMDAR encephalitis patients [73]. However, 
randomized clinical trials are needed to establish 
whether there is a significant additional treatment 
effect of low-dose IL-2 therapies as compared to 
standard treatment only.

�Inebilizumab

Inebilizumab is a humanized IgG1 monoclonal 
antibody against CD19 that binds to and depletes 
CD19+ B cells including plasma cells and plas-
mablasts. Inebilizumab is believed to be effective 

for B-cell-related malignancies and autoimmune 
diseases. Inebilizumab has a broader efficiency to 
deplete circulating plasmablasts than other 
B-cell-targeted monoclonal antibodies, as more 
B cells harbor CD19 than CD20 [74]. A recently 
finished phase 2 and 3 study for treating NMOSD 
(NCT02200770 N-Momentum trial) showed to 
be very effective, providing a 77% relapse rate 
reduction by inebilizumab as compared to pla-
cebo in AQP4-positive patients [75].

�Eculizumab

Eculizumab is a recombinant humanized mono-
clonal antibody that specifically binds to the ter-
minal complement component, hereby inhibiting 
the complement cascade. Eculizumab is already 
used to treat atypical hemolytic uremic syndrome 
and paroxysmal nocturnal hemoglobinuria. In 
AQP4-positive NMOSD, eculizumab signifi-
cantly reduced the relapse rate as compared to 
placebo, with an annual relapse rate of 0.02 in the 
eculizumab group versus 0.35  in the placebo 
group [76]. Eculizumab may be an option for 
treatment of subtypes of AE, although the evi-
dence for complement-mediated neuronal toxic-
ity occurring in AE is not substantial. There is 
some evidence from a post-mortem study for 
complement-mediated neuronal toxicity in anti-
Caspr2 and anti-LGI1 AE; however, this does not 
apply to anti-NMDAR encephalitis [77].

�Conclusion and Future Directions

The first step in improving the prognosis of 
patients confronted with AE is to increase disease 
awareness among medical specialists, as early 
recognition will lead to a prompt start of immu-
nosuppressive therapy and may hereby prevent 
irreversible neurological damage.

The next step is to optimize the currently used 
acute treatment regimens and dosing schedules. 
It is important to tailor these regimens to the type 
of neuronal antibody causing the AE but also to 
patient-specific characteristics that can predict 
outcome. A first step has been the anti-NMDAR 
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Encephalitis One-Year Functional Status (NEOS) 
score, a prediction rule in anti-NMDAR encepha-
litis that provides information of outcome 
1  month after the onset of the disease [78]. 
Ideally, the prediction of treatment response 
becomes available already at diagnosis and aids 
in the decision of whether to initiate immuno-
therapy. A third step would be the addition or 
development of more targeted and effective treat-
ments with a favorable safety profile. Finally, the 
appropriate duration of maintenance immuno-
therapy for sustained remission should become 
known, preferably at the patient level, not only at 
the group level.

Given the rarity of AE, designing well-
powered clinical trials is challenging. To succeed 
in obtaining valuable data to improve treatment 
strategies, international collaboration is valuable. 
In this setting, standardized, disease-specific out-
come measures, which are sensitive in all stages 
of disease, are necessary. The currently used 
mRS score is not developed, nor sensitive, to 
adequately capture the complex deficits seen in 
AE patients. A step in the right direction is the 
recent development of the Clinical Assessment 
Scale in Autoimmune Encephalitis (CASE), 
although this score is heavily skewed toward the 
acute phase of anti-NMDAR encephalitis [79]. In 
this setting, one could test the efficacy and safety 
of the emerging immunosuppressive agents. It 
would be innovative to design individualized 
treatment strategies using prognostic models, 
which take both into account the variations in 
severity of disease between AE patients and the 
individualized risk for adverse events.

To conclude, exciting years are ahead of us in 
the rapidly evolving field of AE. The goal for the 
near future is that the upcoming clinical treat-
ment trials and prognostic models will improve 
individualized treatment strategies with better 
clinical outcomes.
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Acute and Chronic Immune 
Neuropathies and Radiculopathies

Anson W. Wilks and Robert C. Bucelli

�Introduction

Neuroimmunology, as a field, has traditionally 
focused on the central nervous system (CNS), but 
facility with various immune-mediated periph-
eral nervous system (PNS) disorders is essential 
to the astute neuroimmunologist. Therefore, the 
focus of this chapter is immune disorders of the 
nerve roots, plexus, and peripheral nerves. 
Disorders of the neuromuscular junction and 
muscle are addressed in Chaps. 19 and 20, 
respectively. Radiculopathy, plexopathy, and 
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Key Points
	1.	 Guillain-Barré syndrome (GBS) is an 

immune-mediated monophasic disease 
often associated with antecedent infec-
tion and is characterized by weakness 
that is ascending and symmetric, are-
flexia, cytoalbuminologic dissociation, 
and typical electrodiagnostic features 
that vary by GBS subtype.

	2.	 Antibody cross-reactivity between epit-
opes on infectious pathogens and 
peripheral nerve components has been 
convincingly demonstrated to be patho-
genic in axonal variants of GBS, sub-
stantiating an immune-mediated 
mechanism of disease.

	3.	 Intravenous immunoglobulin (IVIg) 
and plasma exchange (PLEX) are the 
mainstay of treatment of GBS; both has-
ten recovery and likely improve clinical 

outcomes, but there is no evidence to 
support combining these therapeutic 
interventions in GBS.

	4.	 Chronic inflammatory/immune demye-
linating polyradiculoneuropathy (CIDP) 
is a chronic condition with both overlap-
ping and distinctive features relative to 
GBS (i.e., it is not simply a chronic form 
of GBS) and often follows a relapsing-
remitting or progressive course.

	5.	 Electrodiagnostics are requisite for diag-
nosis and important in differentiating 
CIDP from mimics of the disease such 
as hereditary demyelinating neuropa-
thies and paraproteinemic neuropathies.

	6.	 IVIg and corticosteroids are first-line 
therapies for CIDP.
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polyneuropathy can be due to immune/inflamma-
tory, vascular, infectious, nutritional, metabolic, 
neoplastic, toxic, or hereditary etiologies, and in 
many instances, the etiology is idiopathic. 
Appropriate diagnosis of immune-mediated neu-
ropathy, however, is critical, as neuropathies due 
to an immunologic etiology are among the most 
likely to be treatment responsive.

Guillain-Barré syndrome (GBS) is the classic 
immune-mediated radiculopathy/polyneuropathy 
and is an umbrella term used to encompass many 
acute immune neuropathies. These include the 
two most common forms: acute inflammatory/
immune demyelinating polyradiculoneuropathy 
(AIDP) and acute motor axonal neuropathy 
(AMAN). The chronic counterpart to GBS is 
chronic inflammatory/immune demyelinating 
polyradiculoneuropathy (CIDP), and it repre-
sents the most common chronic immune neurop-
athy. The focus of this chapter will be a 
comprehensive discussion of GBS, CIDP, and 
their variants, but a discussion of differential 
diagnosis will also be included.

�Guillain-Barré Syndrome

GBS is the most common cause of acute flaccid 
paralysis worldwide [1] and is classically charac-
terized by a symmetric, ascending pattern of 
weakness frequently accompanied by sensory 
symptoms with minimal corresponding signs and 
cranial nerve deficits and as a delayed manifesta-
tion, autonomic dysfunction [1, 2]. Weakness 
progresses over the course of weeks and can 
result in neuromuscular respiratory failure [3], 
highlighting the importance of early diagnosis. 
Cardinal features of the disease include anteced-
ent infection, hypo-/areflexia, elevated cerebro-
spinal fluid (CSF) protein in the absence of 
pleocytosis (cytoalbuminologic dissociation), a 
monophasic disease course, and characteristic 
electrodiagnostic (EDX) findings on electromy-
ography and nerve conduction studies (EMG/
NCS) [4]. Aside from AIDP and AMAN, there 
exist several additional GBS variants, including 
acute motor sensory axonal neuropathy 
(AMSAN), Miller Fisher syndrome (MFS), the 

pharyngeal-cervical-brachial (PCB) variant, the 
paraparetic GBS variant, idiopathic acute sensory 
neuronopathy/ganglionopathy, acute small fiber 
sensory neuropathy, and acute autonomic neu-
ropathy/ganglionopathy.

�Epidemiology

The incidence of GBS is 1.1 to 1.8 per 100,000 
per year. Incidence increases with age, and there 
is a slight male predominance [5]. It is less com-
mon in children but does occur [6]. There is a 
marked global variability in the incidence of spe-
cific variants [7]. For instance, the incidence of 
AMAN has been demonstrated in several studies 
to be much higher in China (65%) [8], Japan 
(38%) [9], and Mexico (38%) [10]. This is in 
contrast with North America and Europe where 
AIDP is the most common variant with only 4% 
of patients classified as axonal per one large 
patient cohort [11]. It is worth mentioning that 
AMAN may be underdiagnosed given the issues 
arising from current electrodiagnostic criteria 
[12] (see later). There has been some speculation 
that this regional variability is related to climate 
and its effect on the infectivity of Campylobacter 
jejuni (C. jejuni) [13], the most common anteced-
ent infection for AMAN. Indeed, while seasonal 
variability in occurrence of GBS favors winter 
months, this is counterbalanced by outliers favor-
ing the summer months in certain areas with a 
higher incidence of AMAN such as Northern 
China [14].

�Antecedent Events

GBS, a post-infectious phenomenon, is among 
the few neurologic disorders to fulfill all of 
Witebsky’s postulates in that the pathophysiol-
ogy is related to antibody cross-reactivity 
between epitopes on infectious agents with simi-
lar epitopes on peripheral nerve components, 
such as Schwann cells and the node of Ranvier 
[15]. This has been clearly demonstrated in 
AMAN, whereby cross-reactivity occurs with 
lipopolysaccharide on C. jejuni and the ganglio-
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side GM1, an antigen heavily expressed at the 
node of Ranvier [16, 17] (see later). Further sup-
port of a post-infectious autoimmune mechanism 
is the fact that antecedent infection, most com-
monly upper respiratory or gastrointestinal, is 
reported in roughly two-thirds of patients with 
GBS [18]. The most commonly reported anteced-
ent infections per one case-control study listed in 
descending order are C. jejuni, cytomegalovirus, 
Epstein-Barr virus, and Mycoplasma pneumoniae 
[19]. Influenza [20], hepatitis E [21, 22], and 
Zika virus [23] infections are reported anteced-
ents as well. Vaccination is another antecedent, 
although there is some controversy surrounding 
this issue [24]. A large retrospective study found 
no association with vaccination (influenza, pneu-
mococcal, and tetanus-diphtheria vaccination) 
[25], while some studies on H1N1 vaccination 
have demonstrated a slightly increased risk of 
GBS [26, 27]. Notably, the increased risk of GBS 
following influenza vaccination when reported is 
on the order of one case per million inoculated—
several magnitudes less than that of antecedent 
influenza infection [28]. This relatively low risk 
of GBS following vaccination even applies to 
those with a history of GBS per one study that 
identified no cases of recurrent GBS attributable 
to vaccination [29].

�Clinical Features

There is a considerable overlap in the clinical 
features of AIDP and AMAN, and their differen-
tiation is often reliant on EDX. Therefore, subtle 
distinguishing features will be highlighted as we 
discuss GBS as a class. The clinical features dis-
cussed below have been encapsulated in a clini-
cally validated set of criteria called the Brighton 
criteria (Table  18.1) [30]. In AIDP, reflexes are 
depressed or absent. However, exceptions can 
occur in AMAN, in which reflexes can be pre-
served and hyperreflexia may develop, particu-
larly in the recovery phase [31]. The weakness in 
GBS is typically symmetric. Marked asymmetry 
should raise suspicion for alternate etiologies of 
acute flaccid paresis such as infectious motor 
neuron disease (e.g., West Nile neuroinvasive 

disease or historically poliomyelitis) or vasculitic 
neuropathy (i.e., fulminant mononeuritis multi-
plex) [32]. While classically associated with an 
ascending pattern, weakness in some patients 
may be “descending” and manifests initially as 
craniobulbar palsy or arm weakness [30], which 
can masquerade as botulism. The clinical severity 
runs the gamut from mild paresthesia and hypo-
reflexia to quadriparesis and neuromuscular 
respiratory failure.

Progression occurs over days to weeks but 
reaches its nadir within 4 weeks of onset. AMAN 
is characterized by a more rapid progression and 
an earlier clinical nadir [33]. Eighty percent of 
patients will have reached their clinical nadir by 
2  weeks and 97% by 4  weeks [30]. Continued 
progression beyond 4  weeks is atypical and 
should raise suspicion for acute-onset CIDP or a 
mimic of GBS.  Progression of an acute-onset 
demyelinating neuropathy beyond 8 weeks, with 
supportive electrophysiologic data, is diagnostic 
of acute-onset CIDP [34]. This temporal criterion 

Table 18.1  Key diagnostic criteria and Brighton case 
definitions for Guillain-Barré syndrome

Level of diagnostic certainty
Diagnostic criteria 1 2 3 4
Bilateral and flaccid 
weakness of limbs

+ + + +/−

Decreased or absent 
deep tendon reflexes in 
weak limbs

+ + + +/−

Monophasic course and 
time between onset-
nadir 12 hours and 
28 days

+ + + +/−

CSF cell count 
<50/μ(mu)l

+ +a − +/−

CSF protein 
concentration > normal 
value

+ +/−a − +/−

NCS findings consistent 
with one of the subtypes 
of GBS

+ +/− − +/−

Absence of alternative 
diagnosis for weakness

+ + + +

Reprinted with permission from Fokke et al. [30]
+ present; − absent; +/− present or absent;
CSF cerebrospinal fluid, NCS nerve conduction studies, 
GBS Guillain-Barré syndrome
aIf CSF is not collected or results not available, nerve elec-
trophysiology results must be consistent with the diagno-
sis Guillain-Barré syndrome
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creates a diagnostic interface between AIDP and 
CIDP for the minority of patients who reach their 
nadir between 4 and 8 weeks. The term subacute 
inflammatory demyelinating polyneuropathy 
(SIDP) has been proposed to capture this group 
[35]. However, many do not consider this a dis-
tinct entity but rather a temporary diagnosis until 
patients longitudinally declare themselves to 
have AIDP or CIDP. Several weeks after reaching 
their nadir, patients will begin a slow recovery 
period [36].

Sensory symptoms are primarily “positive” in 
the form of dysesthesia (including back pain), 
and objective sensory deficits, if present at all, are 
typically mild. The majority of patients report 
pain usually localizing to the back and extremi-
ties in AIDP [37]. Sensory involvement or pain is 
minimal if present at all in AMAN, but subclini-
cal sensory disturbances are often found on EDX 
[38]. Craniobulbar palsies do occur in AIDP. This 
is most commonly facial nerve palsy, which can 
be bilateral, but can also include ophthalmopare-
sis or dysphagia [1, 30]. Autonomic dysfunction 
occurs in approximately two-thirds of patients of 
AIDP, which can manifest as urinary retention, 
constipation, tachy-/bradyarrhythmia, and labile 
blood pressure [39–41]. Cranial nerve palsy is 
less common in AMAN [42], and if present at all, 
dysautonomia is mild [43]. It is important to be 
cognizant of cardiovascular complications fre-
quently encountered in AIDP and to monitor 
hemodynamics closely as overzealous treatment 
of hypertension can cause profound hypotension. 
On the other hand, clinical judgment is mandated 
as cases have been reported of posterior revers-
ible encephalopathy syndrome (PRES) associ-
ated with GBS, presumably due to acute 
hypertension [44, 45].

Close monitoring for neuromuscular respira-
tory failure is paramount. This is best monitored 
with serial measurements (ideally multiple 
times daily) of negative inspiratory force/forced 
vital capacity (NIF/FVC) and to a lesser extent 
neck flexion/extension strength, a surrogate 
measure of diaphragmatic strength. FVC can be 
approximated at the bedside by having the 
patient count out loud (one number per second) 
for the duration of a single breath (each number 

counted approximates 100 cc of vital capacity). 
Up to 30% of patients may require mechanical 
ventilation [46]. Short duration from symptom 
onset to hospitalization, FVC less than 60% pre-
dicted value, inability to lift the head, and pres-
ence of bulbar or facial weakness are all 
predictive of the need for intubation per several 
studies [46–48]. It has been suggested that 
demyelinating GBS (i.e., AIDP) has a higher 
risk for developing neuromuscular respiratory 
failure and that patients with AMAN without 
proximal weakness are at low risk for needing 
mechanical ventilation [49]. However, since 
patients with AMAN can require artificial venti-
lation and there is difficulty in stratifying 
patients upon initial presentation, respiratory 
monitoring of all patients with suspected GBS is 
warranted.

�Diagnostic Studies

CSF analysis classically shows cytoalbumino-
logic dissociation, practically defined by many 
clinicians as elevated CSF protein (albumin) with 
less than ten nucleated cells (NC)/mm3. However, 
a more permissive cell count of less than 50 NC/
mm3 is utilized in diagnostic criteria for GBS 
[50]. Half of patients will not have this feature 
within 1  week of symptom onset, but after 
3 weeks, roughly 75% of patients will have cyto-
albuminologic dissociation [51, 52]. Thus, timing 
of CSF sampling is an important consideration, 
and the absence of cytoalbuminologic dissocia-
tion should not preclude diagnosis. Moreover, 
since this is not necessary for diagnosis, repeat 
lumbar puncture to confirm its presence is not 
recommended.

Electrophysiological findings can be support-
ive of the diagnosis of GBS. NCS will show early 
abnormalities in late responses (i.e., H-reflexes 
and F-waves), reflecting early nerve root involve-
ment [53–55]. An absent H-reflex is the most sen-
sitive electrodiagnostic finding for early GBS 
[55], and this is the electrophysiological correlate 
to an absent Achilles reflex. Prolonged distal 
motor latencies, conduction velocity slowing, 
conduction block, and increased temporal disper-
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sion are all criteria for demyelination. Abnormal 
late responses, prolonged distal motor latencies, 
or slow conduction velocities need to be present 
in at least two nerves, at non-entrapment sites, to 
be considered supportive of the diagnosis. Sural 
sparing (i.e., normal sural sensory NCS with 
abnormal median/ulnar sensory NCSs) is a char-
acteristic feature of AIDP and CIDP and can be 
useful to distinguish from mimics [56]. Low 
compound muscle action potential (CMAP) 
amplitudes or inexcitable CMAPs are character-
istic of AMAN [11]. Repeat testing is reasonable 
both for prognostic purposes and to definitively 
distinguish between axonal and demyelinating 
features [57] (see later).

Lumbosacral nerve root enhancement may 
be visualized when gadolinium-enhanced mag-
netic resonance imaging (MRI) of the spine is 

obtained (Fig.  18.1) [58], but the primary role 
for imaging is to exclude alternative etiologies 
of acute paralysis.

�Atypical Features

Alarming features that are suggestive of an alter-
native diagnosis include early urinary inconti-
nence or sphincter dysfunction, saddle anesthesia, 
a spinal sensory level, or abnormal abdominal 
reflexes [59, 60]. Any of these features should 
prompt spinal MRI, and clinicians should be 
wary of interpreting reflexes when acute myelop-
athy is suspected due to the possibility of spinal 
shock (i.e., early diminished reflexes prior to 
development of hyperreflexia). In general, 
regardless of reflexes, clinicians should have a 

a
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Fig. 18.1  Imaging features of immune neuropathies. 
Nerve ultrasound images from a inflammatory demyelin-
ating polyradiculoneuropathy (CIDP) patient demonstrat-
ing marked multifascicular enlargement of the median 
nerve in the forearm (b), ulnar nerve in the arm (f), and 
radial nerve at the spiral groove (j) as compared to images 
(a), (e), and (i), respectively, which were obtained at iden-
tical sites in a healthy control. Cross-sectional area 
(patient versus control) at the median nerve in the forearm 
(20.2  mm2 versus 4.4  mm2), ulnar nerve in the arm 
(24.6  mm2 versus 7.8  mm2), and radial nerve at spiral 
groove (18.4 mm2 versus 5.5 mm2). Nerve root enhance-

ment (arrows) in a patient with IgG GM1-positive acute 
motor axonal neuropathy is evident on a contrast-
enhanced T1 MRI of the lumbosacral (c) and cervical (d) 
spine. A patient with chronic immune sensory polyradicu-
lopathy (CISP)  also has nerve root enhancement (bracket) 
on T1 MRI post-contrast (h) but carries an additional fea-
ture , consistent  with chronicity, of marked diffuse nerve 
root enlargement on T2 imaging (g, bracket). PET imag-
ing (k, l) highlighting neurolymphomatosis, an entity 
commonly misdiagnosed as CIDP, involving the left tibial 
nerve (arrows) in the popliteal fossa (the right leg is dis-
played in both images for comparison)
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low threshold for pursuing spine imaging in 
patients presenting with acute flaccid paralysis. 
Fever at onset is suspect [50]. Prominent enceph-
alopathy is atypical for AMAN and AIDP and 
warrants consideration of Bickerstaff brainstem 
encephalitis (BBE), which shares a similar 
pathophysiological mechanism to MFS [61] (see 
later in GBS variants). Hearing loss would sug-
gest an alternative diagnosis and has been 
described in neurosarcoidosis [62]. Pleocytosis 
in excess of 50 NC/mm3 is atypical and warrants 
consideration of an infectious etiology, includ-
ing human immunodeficiency virus (HIV) sero-
conversion as this can manifest with a GBS-like 
syndrome [63]. Finally, arsenic toxicity, tick 
paralysis, diphtheria, and porphyric neuropathy 
[32] can mimic GBS, but a careful history and 
exam along with clinically appropriate labora-
tory evaluation are often adequate in preventing 
misdiagnosis. Notably, porphyric neuropathy is 
axonal, thus more likely to be mistaken for axo-
nal forms of GBS, and has prominent proximal 
weakness [64]. Diphtheric neuropathy may be 
mistaken for AIDP given the presence of demy-
elinating features on EDX, but it is more likely 
to have bulbar involvement at onset and a bipha-
sic course with a second deterioration several 
weeks after onset [65].

�GBS Variants

Other variants of GBS deserve special consider-
ation given that their presentation is distinct from 
the “classic” GBS picture. Acute motor sensory 
axonal neuropathy (AMSAN) along with AMAN 
has been termed axonal GBS.  AMSAN is less 
common and thought to be a more extensive, 
severe manifestation of a similar disease that 
involves sensory as well as motor nerves [66]. An 
association between AMSAN and systemic lupus 
erythematosus (SLE) has been demonstrated [67, 
68]. MFS is known by its clinical triad of oph-
thalmoparesis, ataxia, and areflexia, all occurring 
in the absence of prominent weakness in its clas-
sic form [69]. The anatomical localization of 
ataxia in MFS has been debated, and while cere-
bellar involvement has been proposed, it has also 

been posited that sensory ataxia results from pro-
prioceptive loss due to selective involvement of 
muscle spindle afferents, which would also 
account for the additional feature of areflexia 
[70]. Ophthalmoplegia without ataxia and acute 
ataxic neuropathy represent limited forms of this 
disorder (i.e., incomplete Fisher syndrome) [71, 
72]. Patients with MFS frequently have complete 
recovery without any residual symptoms, as 
compared to “classic” GBS patients [73]. The 
pharyngeal-cervical-brachial variant of GBS is a 
limited form of axonal GBS that shares some 
clinical and serologic overlap with MFS.  As 
implied, the syndrome is characterized by oro-
pharyngeal, neck, shoulder, and upper limb 
weakness [74]. The paraparetic variant is another 
limited form of GBS that has preferential lower 
limb involvement although upper limb reflexes 
and motor NCSs are often abnormal [75].

Idiopathic acute sensory neuronopathy pres-
ents with acute sensory ataxia and diminished 
vibration and joint position sense. As opposed to 
classic GBS, this syndrome is often asymmetric 
with upper extremity involvement at onset [76, 
77]. Important differential diagnostic consider-
ations for this disorder include pyridoxine toxic-
ity, Sjögren’s syndrome, and paraneoplastic 
disorders (particularly with anti-Hu/ANNA-1 or 
CRMP-5 antibodies, which are further discussed 
in Chap. 16) [78]. A more limited sensory presen-
tation of GBS is acute small fiber sensory neu-
ropathy (ASFSN) [79]. Small fiber neuropathy 
(SFN) as a class usually presents more insidi-
ously with pain as a predominant feature and 
exam features of diminished pinprick sensation 
with preserved vibration and joint position sense. 
It can present with non-length dependent features 
(i.e., hand numbness concurrent to or preceding 
foot numbness). This has been attributed to small 
fiber ganglionopathy (i.e., selective involvement 
of ganglia subserving small fibers) [80]. More 
common etiologies of SFN are diabetes, Sjögren’s 
syndrome, SLE, paraneoplastic (ANNA-1), tox-
ins (including alcohol and iatrogenic etiologies), 
HIV, a number of hereditary conditions, and 
amyloidosis, but up to half of cases are idiopathic 
[81]. Acute onset of these clinical features war-
rants consideration of the relatively rare variant 
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of GBS, ASFSN. Finally, acute autonomic neu-
ropathy/ganglionopathy represents a variant of 
GBS in which the autonomic nerves and ganglia 
are selectively involved and have predominant 
autonomic features classically associated with 
AIDP.  Orthostatic hypotension, gastrointestinal 
symptoms (e.g., constipation, nausea, diarrhea), 
heat intolerance, sicca symptoms, bladder dys-
function, and sexual dysfunction have all been 
reported [82].

�Pathophysiology

Multiple forms of GBS are unequivocally anti-
body mediated [83]. However, there are no 
defined antibodies for AIDP, and unlike many 
other forms of GBS, the pathogenesis of AIDP 
remains incompletely characterized. It is thought 
that antibody binding occurs at some as of yet 
unidentified epitope resulting in complement-
mediated demyelination [84]. Some degree of 
secondary axonal degeneration, which is a major 
determinant of patient outcomes, may occur [85]. 
A cell-mediated immune process has been impli-
cated as well [86]. This is supported in that 
experimental allergic neuritis (EAN) approxi-

mates the clinical and pathological characteris-
tics of AIDP. EAN is achieved in animal models 
by transferring T cells sensitized to epitopes on 
myelin including P0 and P2 [87]. However, to 
date, convincing evidence is lacking that would 
suggest that any of these antigens are the targets 
of antibody-mediated demyelination in humans 
with AIDP.

Axonal GBS, on the other hand, has clearly 
defined antibodies. Anti-GM1, anti-GD1a, anti-
GD1b, or anti-GalNac-GD1 IgG antibodies are 
found in the majority of patients (Table  18.2), 
particularly in cohorts outside of North America 
[9, 88–90]. Antibody positivity to complexes of 
the aforementioned gangliosides (e.g., GD1a/
GM1) without reactivity to the isolated antigen 
has also been reported [91]. Some forms of 
AMAN are likely associated with antibody-
mediated disruption of sodium channel function 
at the nodes of Ranvier, resulting in “conduction 
failure” without demyelination. This can result in 
conduction block characteristic of acute motor 
conduction block neuropathy (AMCBN), thought 
to be a limited form of AMAN [92].

Nodo-paranodopathy, in lieu of axonal or 
demyelinating classification, has been proposed 
for this disorder so as to focus on antibody-

Table 18.2  Ganglioside autoantibodies and associated immune neuropathies

Antibody
Associated immune 
neuropathy Notes

IgG anti-GM1 AMAN/AMSAN (GD1a 
rarely present in PBC)

Antigen expressed at node/paranode; autoantibodies 
instrumental in reversible conduction failureIgG anti-GD1a

IgG anti-GalNac-GD1
IgG anti-GQ1b MFS, BBE Antigen enriched in ocular motor nerves; antibody has 

immunostained muscle spindle fibers in MFS
IgG anti-GT1b PBC > MFS Antigen enriched in ocular motor, glossopharyngeal, and 

vagus nerves
IgG anti-GD1b Idiopathic acute sensory 

neuropathy
Antigen enriched in dorsal root ganglia

IgG anti-ganglionic AChR 
(alpha-3 subunit)

Acute autonomic 
neuropathy

Seropositivity predictive of orthostatic hypotension and 
cholinergic dysautonomia

IgM anti-GM1 MMN Specificity improved with assay technique and strict titer 
threshold

IgM anti-disialosyl 
gangliosides (GD1b)

CANOMAD/CANDA GD3, GT1b, and GQ1b contain disialosyl epitopes; 
seropositivity likely represents cross-reactivity with 
GD1b

AChR acetylcholine receptor, AMAN acute motor axonal neuropathy, AMSAN acute motor sensory axonal neuropathy, 
BBE Bickerstaff brainstem encephalitis, CANDA chronic ataxic neuropathies with disialosyl antibodies, CANOMAD 
chronic ataxic neuropathy ophthalmoplegia, Ig immunoglobulin, IgM paraprotein, cold agglutinins, and disialosyl anti-
bodies, MFS Miller Fisher syndrome, MMN multifocal motor neuropathy, PBC pharyngeal-cervical-brachial
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mediated damage and dysfunction at the node 
and paranode (Fig.  18.2 [3]) [93]. Conduction 
block, in the context of axolemma antibody bind-
ing, has been termed reversible conduction fail-
ure. Some patients have true reversal of this 
conduction block upon repeat EDX. Conduction 

block is a hallmark of demyelinating disease, and 
thus, AMCBN can initially be mistaken for AIDP 
[94]. This highlights the importance of repeat 
EDX several weeks after the initial study to eval-
uate for more specific findings of AIDP such as 
increased temporal dispersion or conduction 

a

b

Fig. 18.2  Possible immunopathogenesis of the Guillain-
Barré syndrome. Panel (a) shows the immunopathogen-
esis of acute inflammatory demyelinating polyneuropathy. 
Although autoantigens have yet to be unequivocally iden-
tified, autoantibodies may bind to myelin antigens and 
activate complement. This is followed by the formation 
of membrane attack complex (MAC) on the outer surface 
of Schwann cells and the initiation of vesicular degenera-
tion. Macrophages subsequently invade myelin and act as 
scavengers to remove myelin debris. Panel (b) shows the 
immunopathogenesis of acute motor axonal neuropathy. 
Myelinated axons are divided into four functional 
regions: the nodes of Ranvier, paranodes, juxtaparano-
des, and internodes. Gangliosides GM1 and GD1a are 

strongly expressed at the nodes of Ranvier, where the 
voltage-gated sodium (Nav) channels are localized. 
Contactin-associated protein (Caspr) and voltage-gated 
potassium (Kv) channels are, respectively, present at the 
paranodes and juxtaparanodes. Immunoglobulin G (IgG) 
anti-GM1 or anti-GD1a autoantibodies bind to the nodal 
axolemma, leading to MAC formation. This results in the 
disappearance of Nav clusters and the detachment of 
paranodal myelin, which can lead to nerve conduction 
failure and muscle weakness. Axonal degeneration may 
follow at a later stage. Macrophages subsequently invade 
from the nodes into the periaxonal space, scavenging the 
injured axons. (Reprinted with permission from Yuki and 
Hartung [3])

A. W. Wilks and R. C. Bucelli



289

velocity slowing on NCS. The absence of these 
specific features of demyelination on a follow-up 
study several weeks after symptom onset in sus-
pected GBS should raise suspicion for reversible 
conduction failure and axonal GBS [57]. In clas-
sic AMAN, repeat EDX performed weeks after 
onset will demonstrate interval, complement-
mediated, axonal degeneration [95]. Evidence in 
support of this has been demonstrated in a murine 
model in which administration of eculizumab, a 
terminal complement pathway inhibitor (C5a and 
the membrane attack complex, C5b-9), conferred 
protective effects against anti-ganglioside anti-
bodies [96]. Results of human trials evaluating 
the efficacy of eculizumab in GBS may alter the 
therapeutic landscape of the disorder [97]. Some 
consider axonal GBS (AMCBN, AMAN, 
AMSAN) to be along a continuum and represen-
tative of the same disorder, with AMSAN being a 
more severe manifestation that involves sensory 
as well as motor nerves [57]. No differences in 
respective levels of major gangliosides, including 
GM1 and GD1a, between motor and sensory 
nerves have been conclusively demonstrated 
[98], so the pathophysiological basis for motor 
nerve preference in limited forms of axonal GBS 
(AMCBN and AMAN) remains unknown.

Anti-GQ1b and anti-GT1b IgG (Table 18.2), 
with which it cross-reacts, are common in patients 
with MFS [3]. Given the ocular findings of MFS, 
it follows that GQ1b has been shown to be 
enriched in the ocular motor nerves [99]. A study 
demonstrated intrafusal fiber immunostaining (in 
a pattern consistent with muscle spindle involve-
ment) with monoclonal antibody targeting GQ1b, 
which could be an anatomical explanation for the 
syndrome’s ataxia and areflexia [100]. Anti-
GQ1b antibodies likely target the CNS as well, 
given that these antibodies are also found in cases 
of Bickerstaff brainstem encephalitis (BBE), and 
many experts consider BBE and MFS to repre-
sent a PNS-CNS spectrum, resulting in the term 
“Fisher-Bickerstaff syndrome” for patients with 
combined CNS and PNS features [101]. The 
pharyngeal-cervical-brachial variant is thought to 
be an overlap syndrome anatomically between 
MFS and AMAN, given its clinical appearance. It 

is associated with antibodies against GT1a (most 
frequently) as well as GQ1b and GD1a (less 
commonly) (Table  18.2), the latter supporting 
an overlap with AMAN [74]. Notably, the GT1a 
ganglioside is expressed in ocular motor, glos-
sopharyngeal, and vagus nerves, which when 
seropositive in the absence of cross-reactivity 
with GQ1b may lend specificity to this limited 
variant of GBS [102]. Anti-GD1b IgG antibod-
ies (Table 18.2) have been associated with idio-
pathic acute sensory neuropathy [103]. The 
GD1b ganglioside is expressed in the dorsal 
root ganglia, and experimental sensory neuropa-
thy has been induced by immunization of mono-
clonal antibody targeting GD1b in a rabbit 
model [104]. Acute autonomic neuropathy has 
been associated with IgG antibodies against the 
alpha-3 subunit of the ganglionic acetylcholine 
receptor, and seropositivity is more likely to be 
associated with orthostatic hypotension and 
cholinergic dysautonomia [105] (discussed in 
Chap. 21).

�Histopathology

Biopsies are not routinely recommended in the 
evaluation of GBS.  However, the pathologic 
features of AIDP and axonal GBS variants have 
been well characterized in the literature [85, 
106, 107]. AIDP nerve specimens show mono-
nuclear cell infiltrates with segmental demye-
lination, which often occurs earliest at the 
paranode via macrophage-mediated myelin 
stripping. The degree of secondary axonal 
degeneration is a prognostic indicator for resid-
ual disability following the recovery period. 
Recovery is associated with remyelination, repre-
sented pathologically by a diminished internodal 
distance (i.e., an increase in the number of inter-
nodes). In contrast, AMAN is associated with 
deposition of immunoglobulin and complement 
on the axolemma, the latter of which is associ-
ated with macrophage-mediated axonal degener-
ation in more severe cases. Demyelination has 
been demonstrated in the limited histopathology 
available in MFS [108].
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�Prognosis

The prognosis of GBS is generally but not uni-
versally favorable. One year after symptom onset, 
60% of patients will have full recovery of motor 
function, while 14% of patients will have promi-
nent residual deficits [109]. Poor prognostic fac-
tors are rapid progression with short interval 
between symptom onset to hospitalization, need 
for mechanical ventilation, preceding diarrhea, 
older age, and reduced CMAP amplitude on 
EDX [110, 111]. A convenient prognostication 
tool called the Erasmus GBS Outcome Score 
(EGOS) has been developed that accurately pre-
dicts outcome at 6 months based on age, preced-
ing diarrhea, and GBS disability score at 2 weeks 
[112]. Of note, AMAN has a dichotomous 
improvement timeline with certain patients hav-
ing rapid recovery and others going on to have a 
slow recovery period, the former of which likely 
represents AMCBN [113, 114].

�Treatment

The mainstay of treatment of GBS, aside from 
supportive care, is immunomodulatory therapy. 
Of note, many treatment trials have focused on the 
AIDP variant of GBS, and their primary end-
points have often focused on short-term out-
comes. Plasma exchange (PLEX) was investigated 
first (i.e., before intravenous immunoglobulin 
[IVIg]), historically and became standard of care. 
Therefore, there exist no placebo-controlled trials 
in adults for IVIg, and most trials were designed 
as non-inferiority trials comparing IVIg with 
PLEX. A meta-analysis of PLEX in the treatment 
of GBS showed that it hastened recovery (primary 
outcomes) and full recovery without residual 
weakness at one year was more likely as com-
pared to placebo (secondary outcomes) [115]. 
IVIg and PLEX subsequently were shown to be 
equivalent at hastening recovery by 4  weeks in 
another meta-analysis evaluating IVIg in the treat-
ment of GBS [116]. The greatest benefit of both 
of these interventions is observed in patients who 
receive treatment within 2  weeks of symptom 
onset and in those who are non-ambulatory [112, 
117–119]. Medical comorbidities, side effect pro-

files, and availability of resources should all be 
considered when deciding between these two 
treatment modalities.

IVIg is administered as 2  g/kg administered 
over 2 to 5 days, and a standard course of PLEX 
typically exchanges of 200–250 mL/kg over 7 to 
10  days. Corticosteroids are of no benefit and 
may even be harmful in AIDP [120]. There is no 
evidence to suggest added benefit of IVIg follow-
ing PLEX [121], and there is never a role for 
PLEX following IVIg given possible resultant 
diminished efficacy of IVIg. However, the issue 
of repeat treatment does arise when patients dete-
riorate after treatment, and typically a second 
trial of the same modality, whether PLEX or 
IVIg, is administered in this situation [122]. 
These deteriorations have been termed treatment-
related fluctuations (TRFs). Of note, three or 
more TRFs should raise suspicion for acute-onset 
CIDP [123].

There have not been specific treatment trials 
for AMAN. However, based on a subgroup anal-
ysis of patients with “motor GBS” in the Dutch 
Guillain-Barré Study Group, IVIg was demon-
strated to hasten recovery over PLEX [124], but 
no difference in clinical outcome between the 
two treatment modalities was demonstrated in 
another large study [11]. There is little data to 
guide treatment of AMSAN and other less com-
mon variants of GBS, and treatment is extrapo-
lated from the more common AIDP and AMAN 
(i.e., PLEX or IVIg). The natural history of 
AMCBN is unclear in that it is unknown whether 
RCF improves as a result of therapy or as a natu-
ral course of the disease. It is reasonable to treat 
AMCBN as one would AIDP (i.e., IVIg or 
PLEX). Most cases of MFS improve as part of its 
natural course. IVIg hastens recovery without 
affecting outcome [125].

�Chronic Inflammatory/Immune 
Demyelinating 
Polyradiculoneuropathy

Chronic inflammatory/immune demyelinating 
polyradiculoneuropathy (CIDP) has several fea-
tures that overlap with GBS, including its distri-
bution of PNS involvement (i.e., nerve roots, 
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plexus, and peripheral nerve) and a classification 
scheme that includes a classic form and several 
variants. Both conditions are motor-predominant 
with symmetric, proximal, and distal weakness 
and hypo-/areflexia. They both demonstrate fea-
tures of acquired demyelination on electrodiag-
nostic testing (i.e., the AIDP variant of GBS), 
cytoalbuminologic dissociation on CSF analysis, 
and nerve root enhancement on MRI and are 
responsive to immunomodulatory therapy [126].

There are, however, a number of key distin-
guishing features between these two entities 
[127, 128]. For instance, CIDP is classically 
more insidious than GBS.  Only a minority of 
patients with CIDP come to medical attention 
soon after symptom onset. The relapsing-
remitting and/or progressive natural history of 
CIDP is distinct from the monophasic course 
characteristic of GBS (although a minority of 
patients with CIDP can present acutely). Cranial 
nerve involvement, respiratory failure, and auto-
nomic features are all far less common in CIDP 
relative to AIDP. A history of antecedent events 
(e.g., infections, vaccinations) is also far less 
common in CIDP than GBS.

This section will focus on “classic CIDP” and 
its better-known variants: sensory predominant 
CIDP, distal acquired demyelinating symmetric 
(DADS) neuropathy, chronic immune sensory 
polyradiculopathy (CISP), and multifocal 
acquired demyelinating sensory and motor 
(MADSAM) neuropathy, also known as multifo-
cal CIDP or Lewis-Sumner syndrome. We will 
also discuss multifocal motor neuropathy 
(MMN), a distinct entity that shares some fea-
tures with CIDP, particularly the MADSAM vari-
ant. The differential diagnosis for CIDP, including 
acquired demyelinating polyneuropathies with 
and without monoclonal gammopathy, will also 
be discussed. 

�Epidemiology

CIDP has a prevalence of 1–8.9 per 100,000 
depending on the diagnostic criteria used and the 
population studied [129–132]. As with GBS, 
there is a male predominance, and prevalence 
increases with age [133]. There appears to be a 

relationship between age and clinical course. 
Much like that of multiple sclerosis (MS), the 
clinical course of CIDP may evolve in a 
“relapsing-remitting” or “progressive” fashion. 
Younger patients with CIDP tend to have 
relapses, while older patients more commonly 
have insidious progression [134]. While an asso-
ciation with antecedent events is less established 
in CIDP as compared to GBS, there are associa-
tions between exposure to some drugs (e.g., 
tumor necrosis factor alpha inhibitors) and 
development of CIDP, thereby bearing further 
resemblance to MS. While rare, there are patients 
with CIDP that may exhibit features of concur-
rent CNS demyelinating disease and even meet 
diagnostic criteria for MS.  This syndrome is 
sometimes referred to as combined central and 
peripheral nervous system demyelinating dis-
ease or CCPD. Many of these patients have been 
found to have antibodies against nodal and 
paranodal antigens, like neurofascin (discussed 
in more detail later). There are also controversial 
associations between CIDP and other systemic 
diseases including HIV, melanoma, connective 
tissue diseases, organ transplantation, monoclo-
nal gammopathy of undetermined significance 
(MGUS), hepatitis C, and diabetes mellitus 
[127]. However, the lattermost association has 
been called into question [130].

�Pathophysiology

It is clear that both cellular and humoral immune 
mechanisms play a role in CIDP, but the exact 
interplay between these mechanisms remains 
incompletely elucidated [135]. Cell-mediated 
immunity is supported by the fact that popula-
tions of CD4+ and CD8+ T cells are found in 
biopsy specimens of CIDP [136]. Among the first 
steps in the immunopathogenesis of CIDP are 
invasion of peripheral nerves and breakdown of 
the blood-nerve barrier (BNB) by activated T 
cells. BNB permeability in CIDP and resultant 
immune cell penetration of peripheral nerve have 
been evidenced by several findings. Firstly, 
downregulation or aberrant expression of tight 
junction proteins (e.g., claudin 5 and ZO-1) on 
sural nerve biopsy specimens of CIDP has been 
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shown [137]. Increased levels of cytokines 
including chemokines have been demonstrated in 
CSF and sera of patients with CIDP [138, 139]. 
Finally, downregulation of integrins has been 
demonstrated in biopsy specimens in EAN [140], 
and increased expression of matrix metallopro-
teinases has been shown in biopsy specimens 
from CIDP [141]. Once T cells have invaded the 
nerve, the putative mechanism is clonal expan-
sion by antigen presentation of some as of yet to 
be defined epitope. There is evidence that 
antigen-presenting cells are instrumental in 
development of CIDP since a spontaneous 
immune neuropathy with similar characteristics 
to CIDP has been shown to develop in non-obese 
diabetic mice deficient in the B7-2 costimulatory 
molecule [142]. This molecule is found on 
antigen-presenting cells and is integral to costim-
ulation, which results in the terminal differentia-
tion of T cells and regulation of local immune 
response. Notably, increased BNB permeability 
also allows access to molecules that are normally 
prevented from accessing the nerve roots and 
peripheral nerves, such as antibodies.

Involvement of the humoral arm of the 
immune system is supported by the fact that 
some CIDP variants are associated with antibod-
ies directed against nodal/paranodal proteins 
such as contactin-1, contactin-associated protein 
1 (CASPR1), and different isoforms of neurofas-
cin (NF) (e.g., NF140, NF155, NF186) 
(Fig. 18.2) [143–145]. It is important to note that 
autoantibodies are rare in CIDP (i.e., the major-
ity of patients are seronegative) [146]. 
Nonetheless, the presence of these autoantibod-
ies suggests antibody-mediated disruption of 
non-compact myelin, and its interactions with 
the axon at the node/paranode may be instru-
mental for development of CIDP in a certain 
subpopulation. Indeed as discussed with AMAN, 
conduction failure, in this case due to compro-
mised integrity of the Schwann cell-axon inter-
action, may be one potential mechanism by 
which weakness develops in CIDP and may 
explain the rapid recovery sometimes seen fol-
lowing treatment [147].

However, in most cases of CIDP, early weak-
ness results from demyelinating conduction 

block (i.e., slow conduction velocities in isola-
tion do not result in weakness). Much like AIDP, 
macrophages are believed to be the terminal 
antigen-presenting cells involved in the cell-
mediated pathway discussed previously, and 
macrophage-mediated demyelination is a charac-
teristic pathologic feature of classic CIDP [148, 
149]. As the disease progresses, and particularly 
in patients with treatment refractory disease or 
for whom treatment is delayed, motor deficits 
may result from secondary axonal loss (similar to 
that seen in severe forms of AIDP) [150]. 
Perivascular macrophages and focal collections 
of lymphocytes, primarily T cells, are common 
[151]. In fact, impaired T-cell regulation is 
thought to underlie the persistent or recurrent 
immune response characteristic of CIDP distin-
guishing it from GBS [152].

�Clinical Features

The cardinal signs of CIDP are symmetric, non-
length-dependent (i.e., proximal and distal) 
weakness and sensory loss preferentially affect-
ing large fibers (loss of joint position and vibra-
tory sensation) with frequent involvement of the 
hands soon after the feet [153, 154]. This distin-
guishes it from a classic length-dependent axonal 
polyneuropathy in which motor deficits are typi-
cally minimal and sensory symptoms in the fin-
gertips would only be expected after lower 
extremity symptoms have ascended to near the 
level of the knees. These objective sensory defi-
cits may be helpful in distinguishing acute-onset 
CIDP from AIDP [155]. Dysesthesia may occur 
but is less pronounced (consistent with relative 
sparing of unmyelinated C fibers). Postural 
tremor is fairly common in CIDP, reported in up 
to 80% of patients per one study [156]. A pure 
motor form exists in which sensory involvement 
is entirely spared [157]. A sensory predominant 
form exists as well, but EDX often show subclin-
ical motor involvement, or this develops in a 
delayed fashion [158, 159]. Autonomic dysfunc-
tion, respiratory failure/insufficiency, and crani-
obulbar deficits are all much less common in 
CIDP, relative to AIDP [123, 160].
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�Histopathology and Neuroimaging

Nerve biopsies are not routinely performed in the 
evaluation of CIDP.  In the majority of cases, 
accurate diagnosis can be reached based on 
established clinical criteria, obviating the need 
for biopsy. Furthermore, the potentially low yield 
of a biopsy from the sural or superficial peroneal 
nerve (the two most commonly selected nerves 
for diagnostic biopsies) in an often motor-
predominant condition may not outweigh the 
inherent invasiveness of the procedure. Further, 
the most prominent changes often occur in proxi-
mal nerve segments, which are not easily acces-
sible to biopsy, and “sural sparing” is also a 
common finding in CIDP.

Nerve biopsy, nonetheless, is useful in atypi-
cal cases for which the diagnosis is not certain, 
and in these cases, pathology can distinguish 
between CIDP and mimics such as certain hered-
itary demyelinating neuropathies, sarcoidosis, 
amyloidosis, and vasculitis. Nerve pathology in 
CIDP includes segmental demyelination and 
remyelination with resultant onion bulb forma-
tion, a hallmark of chronic demyelinating disor-
ders of the PNS (both acquired and hereditary) 
[161]. These findings can be visualized on rou-
tine histopathology or on teased nerve fibers or 
via electron microscopy. Mononuclear cell infil-
trates can be visualized in the endoneurium. As 
with AIDP, macrophages may be visualized 
actively stripping away superficial myelin layers 
from the myelin sheath with eventual phagocyto-
sis of myelin, a process that has been termed 
macrophage-mediated demyelination [107, 162, 
163]. Secondary axonal degeneration may also 
be seen, which better correlates with poor prog-
nosis than the presence of demyelination [164].

On MRI/magnetic resonance neurography, 
nerve root enhancement along with enlargement 
may be visualized [165] (Fig. 18.1). Nerve ultra-
sound, particularly of proximal nerve segments, 
may show nerve enlargement, increased echo-
genicity, increased vascularization, and fascicu-
lar enlargement [166] (Fig.  18.1). Moreover, 
nerve enlargement has been shown to correlate 
with disease activity with reduction in size occur-
ring during remission and increase in size in 
refractory cases [167].

�Electrodiagnostics

In contrast to GBS, most diagnostic criteria for 
CIDP, each with its own sensitivity and specific-
ity, mandate electrophysiologic evidence of 
acquired demyelination [153, 168, 169]. The 
European Federation of Neurological Societies 
and Peripheral Nerve Society (EFNS/PNS) crite-
ria (Table  18.3) are considered best to capture 
patients with CIDP for both clinical and research 
purposes [170]. These criteria were validated in a 

Table 18.3  Electrodiagnostic criteria

(1) � Definite: at least one of the following
   �   (a) � Motor distal latency prolongation ≥50% above 

ULN in two nerves (excluding median 
neuropathy at the wrist from carpal tunnel 
syndrome)

      (b) � Reduction of motor conduction velocity ≥30% 
below LLN in two nerves

      (c) � Prolongation of F-wave latency ≥30% above 
ULN in two nerves (≥50% if amplitude of 
distal negative peak CMAP <80% of LLN 
values)

      (d) � Absence of F-waves in two nerves if these 
nerves have distal negative peak CMAP 
amplitudes ≥20% of LLN + ≥ one other 
demyelinating parametera in ≥ one other nerve

      (e) � Partial motor conduction block: ≥50% 
amplitude reduction of the proximal negative 
peak CMAP relative to distal, if distal negative 
peak CMAP ≥20% of LLN, in two nerves, or in 
one nerve + ≥ one other demyelinating 
parametera in ≥ one other nerve

      (f) � Abnormal temporal dispersion (>30% duration 
increase between the proximal and distal 
negative peak CMAPs) in ≥ two nerves, or

      (g) � Distal CMAP duration (interval between onset 
of the first negative peak and return to baseline 
of the last negative peak) increase in ≥ one 
nerve (median ≥6.6 ms, ulnar ≥6.7 ms, peroneal 
≥7.6 ms, tibial ≥8.8 ms)b + ≥ one other 
demyelinating parametera in ≥ one other nerve

(2)  Probable
 � ≥30% amplitude reduction of the proximal negative 

peak CMAP relative to distal, excluding the posterior 
tibial nerve, if distal negative peak CMAP ≥ 20% of 
LLN, in two nerves, or in one nerve + ≥ one other 
demyelinating parametera in ≥ one other nerve

(3)  Possible
 � As in (1) but in only one nerve

Reprinted with permission from Van den Bergh et  al. 
[170]
ULN upper limit of normal, LLN lower limit of normal, 
CMAP compound muscle action potential
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multicenter study, which demonstrated a sensitiv-
ity and specificity of 81% and 96%, respectively 
[171]. The hallmarks of acquired demyelination 
on EDX are nonuniform slowing of conduction 
velocities, conduction block, prolonged distal 
latencies, increased temporal dispersion, and 
abnormalities on late responses (i.e., F-wave and 
H-reflex studies) [172]. As noted previously, 
NCSs may show abnormalities that may be sub-
clinical. The pattern of a small median sensory 
response with a normal sural sensory response, 
also known as “sural sparing,” is a phenomenon 
common to both CIDP and AIDP. The reason for 
this observation is not well defined, but working 
hypotheses center around the location of where 
the studies are performed on the limb. The dis-
tal leg is the recording site for the sural anti-
dromic sensory NCS, where the nerve is larger 
and has not yet tapered, and the recording site 
for the median and ulnar antidromic sensory 
NCSs is the distal digits, where the nerves have 
tapered and are thin. Whether this phenomenon 
is the result of early distal involvement or pref-
erential involvement of the smaller myelinated 
fibers (both possibilities could account for 
selective involvement of median and ulnar 
nerves) is uncertain [173]. An exception to 
these typical electrodiagnostic findings exists 
for the variant referred to as chronic immune 
sensory polyradiculopathy (CISP), in which 
electrophysiologic abnormalities may be 
restricted to the late responses (i.e., absent or 
abnormal H-reflexes) [174].

�CIDP Variants

DADS neuropathy is a variant of CIDP manifest-
ing with distal, symmetric sensory loss and sen-
sory ataxia with minimal motor deficits, 
particularly early in the disease course 
(Table 18.4). It is a slowly progressive condition 
[175]. Distinct electrodiagnostic features include 
markedly prolonged distal latencies without con-
duction block and mild slowing of conduction 
velocities. Prolonged residual latency (RL) and a 
low terminal latency index (TLI), both electro-
physiologic measures of selectively distal demy-

elination, are defining features of this condition 
[176]. A distinction is made based on the pres-
ence or absence of monoclonal protein 
(M-protein), which when present is most often 
IgM kappa. Monoclonal anti-myelin-associated 
glycoprotein (MAG) IgM is present in the major-
ity of patients with DADS with M-protein, and 
these MAG autoantibodies are likely pathogenic 
[177]. This entity is often termed anti-MAG neu-
ropathy in the literature and is considered by 
many experts to be distinct from CIDP. Notably, 
DADS patients without M-protein may respond 
to standard therapies utilized in classic CIDP 
[175], whereas DADS with M-protein is poorly 
responsive (or only transiently responsive) to 
standard CIDP therapies such as IVIg [178]. 
Rituximab is considered by many to be a better 
treatment option for DADS with M-protein. A 
randomized controlled trial (RCT) [179] that has 
been critiqued as providing low-quality evidence 
[178] showed a measurable benefit with ritux-
imab. However, this was not replicated in a larger 
follow-up trial [180]. Nonetheless, experts have 
cited disparate outcome measures in the RCTs as 
compared to those of a previous uncontrolled 
study that demonstrated benefit [181], which may 
account for the discrepancy in results. It is also 
worth noting that the aforementioned uncon-
trolled trial administered maintenance dosing of 
rituximab, another inconstant variable across 
studies. As it happens, there is evidence to sup-
port the addition of interventions such as fludara-
bine or plasma exchange in patients with forms 
of IgM autoantibody-associated demyelinating 
polyneuropathies that are refractory to rituximab 
monotherapy [182, 183]. Thus, some patients 
with DADS with M-protein or anti-MAG neu-
ropathy may benefit from rituximab, but given 
differences in dosing protocols across studies 
showing variable degrees of efficacy based on 
outcome measures tested, additional RCTs are 
warranted.

CISP is a pure sensory syndrome involving 
the dorsal roots and as such is the one CIDP vari-
ant with normal motor and sensory NCSs 
(Table  18.4). However, H-reflex studies and 
somatosensory evoked potentials (SSEPs) are 
often abnormal [174]. Evidence in favor of clas-
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sifying this disorder as a CIDP variant (restricted 
to the dorsal roots) is the presence of cytoalbu-
minologic dissociation, nerve root enhancement 
and enlargement on MRI (Fig.  18.1), and evi-
dence in the literature for pathologic features of 
acquired demyelination in cases in which dorsal 
nerve root biopsy was pursued. As with CIDP as 
a whole, biopsy is usually not necessary to con-
firm diagnosis.

MADSAM neuropathy is a CIDP variant that 
is unique in its relatively asymmetric, multifocal 
presentation (Table 18.4). The clinical syndrome 
is that of an upper limb predominant, mononeu-
ropathy multiplex with demyelinating features 
[184], in contradistinction to the axonal features 
characteristic of peripheral nervous system vas-
culitis, which also often presents as mononeu-
ropathy multiplex [185]. Both motor and sensory 
involvement occur in individual nerve distribu-
tions but can progress to the point of confluence, 
at which point the condition more closely resem-
bles a severe form of classic CIDP. EDX abnor-
malities in affected nerves are similar to those 
typical of classic CIDP. However, unlike classic 
CIDP, there is literature to suggest that IVIg is 
preferred over corticosteroids in MADSAM 
[186, 187]. Some experts consider MADSAM 
and multifocal motor neuropathy (MMN, dis-
cussed in more detail in the next section) to be 
related disorders on a disease spectrum, given the 
preferential response to IVIg over corticosteroids 
[188].

�Multifocal Motor Neuropathy

MMN is an acquired, immune-mediated, demy-
elinating neuropathy that shares many features 
with CIDP and particularly MADSAM (as 
noted previously) but has notable disparate 
features including absent or minimal sensory 
involvement, frequent antiganglioside seropos-
itivity, and lack of response to steroids. In fact, 
many consider MMN and CIDP to be on ends 
of a spectrum with MADSAM serving as an 
intermediate link [188–190]. MMN typically 
presents with upper extremity distal weakness 
in the distribution of individual nerves, rather 

than the myotomal distribution more typical 
of degenerative motor neuron disease, such 
as amyotrophic lateral sclerosis (ALS). It is 
often associated with anti-GM1 IgM [191], but 
seronegative forms are common. Indeed, the 
role of anti-GM1 IgM in the pathogenesis of 
MMN is controversial [192]. These antibodies 
may also be found in the sera of patients with 
motor neuron disease and non-neural autoim-
mune disorders [193]. Specificity for MMN 
may be improved by assay technique and titer 
threshold [194]. Electrodiagnostic testing plays 
a vital role in distinguishing MMN from a 
lower motor neuron predominant form of ALS 
in that a hallmark electrodiagnostic feature 
of MMN is the presence of conduction block 
[195]. Cytoalbuminologic dissociation is nota-
bly absent in MMN [196]. There is evidence 
for efficacy of IVIg in the treatment of MMN 
[121, 197, 198]. Both corticosteroids [199] and 
PLEX [200] can actually precipitate worsening 
in some patients. Patients refractory to IVIg, or 
for whom IVIg loses its efficacy, may respond 
to rituximab [201] or cyclophosphamide [202].

Another exceedingly rare entity to consider in 
the differential for MMN is what has been termed 
multifocal acquired motor axonopathy (MAMA), 
which is an immunotherapy-responsive disorder 
characterized by weakness in the distribution of 
individual nerves but without conduction block 
or other demyelinating features on EDX and 
without associated GM1 autoantibodies [203]. 
The absence of paraspinal abnormalities on EMG 
has been shown to be useful in distinguishing this 
from its primary mimic, motor neuron disease 
[204]. The recent advent of CSF and serum bio-
markers, such as phosphorylated neurofilament 
heavy chain (pNFH), as a specific means of dis-
tinguishing ALS from disease mimics like 
MAMA will certainly aid in selecting out indi-
viduals more likely to respond to immunomodu-
latory therapies [205, 206]. Caution is warranted 
when MAMA is a diagnostic consideration as the 
absence of conduction block has been shown to 
be predictive of immune therapy non-responders 
and is found more commonly in patients with 
motor neuron disease, who were initially misdi-
agnosed [207].
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�Differential Diagnosis

CIDP is an overdiagnosed entity [208]. One of 
the reasons for this is overreliance on supportive 
diagnostic findings, such as cytoalbuminologic 
dissociation, in the context of equivocal clinical 
features. Another common pitfall is misinterpre-
tation of, or technically suboptimally performed, 
electrodiagnostic studies resulting in an inappro-
priate designation of a polyneuropathy as having 
acquired, primary demyelinating features [209]. 
Length-dependent axonal polyneuropathy can 
have conduction slowing due to dropout of the 
fastest-conducting nerve fibers—a finding often 
misinterpreted as evidence of primary demyelin-
ation [210]. The risk for misdiagnosis and inap-
propriate administration of immunomodulatory 
therapy is compounded by inconsistent adher-
ence to diagnostic criteria for CIDP by non-
specialized neurologists [211]. The population 
that is perhaps most vulnerable to misdiagnosis is 
diabetics, given that cytoalbuminologic dissocia-
tion is common in this population, and features 
supportive of primary demyelination may be seen 
on electrodiagnostic testing, classically slow con-
duction velocities without concurrent increased 
temporal dispersion, or conduction block [212].

Once a primary demyelinating neuropathy is 
confirmed with confidence, a conclusion based 
upon clinical and electrophysiologic evidence, 
one must rule out hereditary neuropathies. 
Features suggestive of a hereditary etiology 
include a positive family history and specific 
electrodiagnostic features. Most forms of demy-
elinating hereditary motor sensory neuropathy 
(HMSN, also known as Charcot-Marie-Tooth 
[CMT]) show uniform slowing, lack conduc-
tion block, or increased temporal dispersion and 
show prolonged F-wave latencies but preserved 
persistence and normal chronodispersion [213]. 
Hereditary neuropathy with liability to pres-
sure palsies (HNPP) will manifest with mul-
tiple painless entrapment neuropathies [214]. 
In rare circumstances, amyloidosis, particularly 
transthyretin familial amyloid polyneuropathies 
(TTR-FAPs), may have demyelinating features. 
Distinguishing features from CIDP include 
prominent pain, dysautonomia (associated with 

involvement of C and Aδ[delta] fibers), and 
concurrent axonal loss on EDX, which can be 
severe [215].

Gammopathy deserves special attention with 
respect to its role in immune-mediated neuropa-
thies. Indeed, MGUS has an association with 
polyneuropathy in general [216], and it follows 
that serum screening for gammopathy is one of 
the three diagnostic tests (along with serum B12 
with metabolites and a screening test for diabe-
tes/impaired glucose tolerance) recommended by 
the American Academy of Neurology (AAN) in 
the evaluation of patients with a distal, symmetric 
polyneuropathy [217]. CIDP associated with IgA 
or IgG M-protein has a similar clinical course 
(including a similar response to immunomodula-
tory therapy) to that of classic CIDP [218]. An 
important caveat exists for CIDP with M-protein 
that has an associated lambda light chain. 
Thorough screening for POEMS syndrome is 
warranted in this case (see later). Demyelinating 
polyneuropathy with an IgM M-protein has dis-
tinct clinical features from those associated with 
IgA or IgG M-protein and warrants additional 
evaluation. As noted previously, an IgM kappa 
M-protein is common in patients with MAG 
autoantibodies and clinical features of a sensory 
predominant polyneuropathy with distal demye-
linating features (i.e., DADS) [175]. A thorough 
evaluation for hematologic disorders is indicated 
in patients with the DADS phenotype, with or 
without MAG antibodies, as they may have 
comorbid mixed cryoglobulinemia (often associ-
ated with hepatitis C infection) or Waldenstrom’s 
macroglobulinemia, neither of which will 
respond to the standard immunomodulatory ther-
apies utilized for CIDP [219, 220].

An IgM M-protein is also a feature of the syn-
drome referred to as chronic ataxic neuropathy, 
ophthalmoplegia, cold agglutinins, and disialosyl 
antibodies (CANOMAD) syndrome (Table 18.4) 
[221, 222]. This syndrome has some clinical 
overlap with other immune neuropathies (e.g., 
the sensory ataxia of DADS and the ophthalmo-
paresis and cranial neuropathies of MFS/GBS) 
and as the name implies is associated with IgM 
against disialosyl gangliosides (i.e., primarily 
GD1b). Sensory ataxia resulting in a severe gait 
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disorder and ophthalmoparesis (either fixed or 
episodic) dominate the clinical picture. Clinical 
phenotypes that do not have all features of 
CANOMAD (e.g., the IgM M-protein is a cold 
agglutinin in only about 50% of patients) have 
been called chronic ataxic neuropathy with disi-
alosyl antibodies (CANDA). Nerve ultrasound 
shows nerve enlargement. IVIg and rituximab 
have been shown to have treatment efficacy.

As noted previously, a lambda-restricted 
monoclonal gammopathy (usually IgA lambda or 
IgG lambda M-protein) [223] in a patient pre-
senting with clinical and electrodiagnostic fea-
tures of CIDP should raise concern for 
polyneuropathy, organomegaly, endocrinopathy, 
monoclonal protein, and skin changes (POEMS) 
syndrome (Table  18.4). POEMS syndrome by 
diagnostic criteria is always associated with 
polyneuropathy and a monoclonal plasmaprolif-
erative disorder and in the vast majority of cases 
is associated with osteosclerotic myeloma (evalu-
ation for which is best accomplished by bone sur-
vey) or Castleman disease [223]. A monoclonal 
protein cannot be identified on serum or urine 
immunofixation in a minority of patients, in 
which case it must be identified by immunohisto-
chemical analysis of a bone marrow biopsy. 
Therefore, a high index of suspicion is warranted. 
Nevertheless, in a large case series, bone lesions 
were identified in the vast majority of patients, 
and when rarely absent, patients had four out of 
five of the features enumerated by the acronym 
[223], implying that the absence of monoclonal 
protein and a negative bone survey without mul-
tiple minor criteria would likely suffice in exclud-
ing the diagnosis.

Unlike “classic CIDP,” the polyneuropathy of 
POEMS is characterized by lower extremity pre-
dominance and earlier, often severe, concurrent 
axonal loss [224, 225]. Furthermore, there are 
certain electrodiagnostic features that can aid in 
distinguishing POEMS from CIDP.  While both 
may have electrophysiological evidence of demy-
elination, POEMS is more likely to have uniform 
demyelination (i.e., less temporal dispersion or 
conduction block) and intermediate nerve seg-
ment conduction slowing resulting in a higher 
TLI, to have more axonal loss (smaller motor 

responses and a length-dependent pattern of 
active denervation on EMG), and to lack sural 
sparing [226, 227]. CSF protein is elevated. 
Papilledema is rare in CIDP and common in 
POEMS [223, 227, 228]. Markedly elevated vas-
cular endothelial growth factor (VEGF) levels 
are also a useful diagnostic and therapeutic bio-
marker of POEMS syndrome, and VEGF is sug-
gested to be pathogenic in the neuropathy [229]. 
In the absence of a solitary bone lesion amenable 
to targeted radiation therapy, high-dosage mel-
phalan chemotherapy with autologous stem cell 
transplantation, for those who are able to tolerate 
it, results in significant improvement of neuropa-
thy [230]. As a treatable disease with a distinct 
therapeutic approach from that of CIDP, POEMS 
should always remain in the differential diagno-
sis for atypical or refractory CIDP.

�Treatment

The two first-line therapies for CIDP are cortico-
steroids [231] and IVIg [232]. Corticosteroids, 
notably relatively contraindicated in GBS, can be 
administered in several different regimens. A 
common practice is to administer 1–1.5 mg/kg/
day of oral prednisone (or prednisone equiva-
lents) up to 100  mg [233]. Patients are then 
tapered based on the rate and the degree of 
response. An alternative to daily oral therapy is 
pulse corticosteroids. The most commonly uti-
lized pulse corticosteroid regimens are either 
weekly IV methylprednisolone (e.g., an initial 
loading dose of 3–5 grams over 3–5  days fol-
lowed by 1 gram weekly for 8–12 weeks before 
tapering the dose or frequency) [234] or monthly 
oral dexamethasone (e.g., 40 mg daily for 4 days 
every 28 days) [233]. While both daily and pulse 
corticosteroids have demonstrated similar effi-
cacy, pulse therapy may be preferable as it is less 
likely to cause weight gain, Cushingoid features, 
and insomnia [233, 234].

IVIg has similar efficacy to corticosteroids 
and is typically administered as a “loading” dose 
of 2  g/kg administered over 2 to 5  days, after 
which maintenance dosing is 1 g/kg administered 
every 3 to 4 weeks. Adjustments in dose and fre-
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quency should be made based on the response 
and duration of benefit [235]. There is evidence 
that subcutaneous immunoglobulin (SCIG) is 
also effective as maintenance therapy in 
CIDP. The maintenance dosage is similar to that 
of IVIg but is divided weekly. Its ease of admin-
istration makes it an attractive alternative, and it 
was shown to have a similar rate of relapse as 
seen with IVIg and a good safety profile [236].

PLEX has been demonstrated to have short-
term benefit in CIDP [237]. However, deteriora-
tion may occur after its transient effects have 
waned, and PLEX is associated with a notable 
risk of adverse events making maintenance ther-
apy ill-advised (for neurological disorders in 
general). Thus, PLEX is typically reserved for 
patients who are refractory to all other forms of 
treatment.

The goal of therapy in CIDP, as in many other 
chronic immune-mediated disorders, is to achieve 
“remission.” After initiating therapy, it is impor-
tant to have relatively close monitoring of the 
patient to evaluate their response. A suggested 
frequency is 3 months. The disease state while on 
treatment can be classified in a cross-sectional 
fashion according to the following schema: cure 
(>5 years off treatment without disease activity), 
remission (<5 years off treatment without disease 
activity), stable active disease (>1 year on treat-
ment without disease activity), improvement 
(>3 months and <1 year on treatment without dis-
ease activity), and unstable active disease [238]. 
Treatment should be continued for a minimum of 
1  year after clinical stability is achieved, after 
which cessation of immunomodulatory therapy 
can be considered. Continued monitoring for 
clinical evidence of relapse is critical. If a patient 
fails to respond to corticosteroids or IVIg mono-
therapy, the remaining first-line agent or combi-
nation therapy should be attempted before 
consideration of second-line therapies. Forms of 
CIDP that fail to respond to the aforementioned 
agents are considered treatment refractory and 
warrant a re-evaluation of the diagnosis to ensure 
that a mimic of CIDP has not been missed.

There is little utility in trialing azathioprine 
[239] or mycophenolate mofetil [240] in patients 

who fail to respond to corticosteroids, as the main 
role for these drugs in CIDP is as steroid-sparing 
agents. Furthermore, the 6–12 months of therapy 
that is often necessary to achieve an observed 
effect with these agents is not practical for a treat-
ment refractory population. Evidence supporting 
the use of cyclosporine A [241, 242], methotrex-
ate [243], and cyclophosphamide [244] in refrac-
tory CIDP is limited to studies with relatively low 
levels of evidence.

Rituximab warrants specific consideration in 
patients with treatment refractory CIDP associ-
ated with contactin-1 or neurofascin autoantibod-
ies (often IgG4 predominant). There have been 
promising preliminary data for rituximab in the 
treatment of this patient population [245], which 
is perhaps unsurprising given the known efficacy 
of rituximab in other IgG4-mediated disorders 
(e.g., MuSK myasthenia gravis) [246]. There is 
also recent evidence to suggest that rituximab 
may be of benefit in treatment refractory CIDP 
with comorbid systemic autoimmune disease 
[247] or hematologic disease [248].

�Conclusion

Immune-mediated demyelinating neuropathies 
constitute a heterogeneous class of treatable 
peripheral nervous system disorders. While the 
last century has witnessed great advances in our 
understanding of the pathophysiology of many of 
these disorders, many elements remain unknown 
and are the subject of ongoing investigations. The 
establishment of reliable diagnostic criteria and 
the addition of diagnostic modalities beyond 
electrodiagnostic testing, including autoantibody 
testing and peripheral nerve imaging, have aided 
in establishing earlier diagnosis and distinguish-
ing rare variants that predict a response to spe-
cific forms of immunomodulatory therapy. 
Continued growth in our understanding of the 
pathophysiology of these conditions should 
translate, in the not-too-distant future, into more 
disease-specific, targeted immunomodulatory 
therapies for these disorders, akin to the rapid 
expansion of therapies for MS in recent years.
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of the Neuromuscular Junction: 
Myasthenia Gravis and Lambert-
Eaton Myasthenic Syndrome

Dery Miller, Jenny Joseph, 
and Rocio Garcia-Santibanez

�Introduction

The neuromuscular junction is the target of two 
autoimmune disorders. In myasthenia gravis the 
target is in the postsynaptic membrane, and in 
Lambert-Eaton myasthenic syndrome, the target 
is in the presynaptic membrane. In this chapter 
we will discuss the epidemiology, pathophysiol-
ogy, clinical manifestations, diagnosis, and 
treatment of these two disorders. We will also 
briefly review the neuromuscular junction disor-
ders in the setting of immune checkpoint 
inhibitors.

�The Neuromuscular Junction

To understand the pathophysiology of the neuro-
muscular junction disorders, we first need to 
understand the anatomy and normal function of 
the neuromuscular junction.

The neuromuscular junction (Fig.  19.1) is 
composed of the nerve terminal of a motor neu-
ron axon, the synaptic cleft, and a muscle fiber 
membrane. Acetylcholine, the neurotransmitter 
that facilitates depolarization and subsequent 
contraction of the postsynaptic muscle fiber, is 
contained in synaptic vesicles at the presynaptic 
motor neuron axon. Synaptic vesicles release 
acetylcholine at sites called active zones, which 
contain P/Q-type voltage-gated calcium channels 
(VGCC) and other proteins that work together to 
usher the synaptic vesicle to the presynaptic  
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Key Points
	1.	 In autoimmune neuromuscular junction 

disorders, antibodies target presynaptic 
and postsynaptic proteins with disrup-
tion of neuromuscular transmission.

	2.	 Myasthenia gravis is an autoimmune 
postsynaptic disorder that causes fati-
gable weakness and can be complicated 
with life-threatening crises.

	3.	 Lambert-Eaton myasthenic syndrome is 
an autoimmune presynaptic disorder 
that causes fatigable weakness and auto-
nomic dysfunction and is often associ-
ated with malignancy.

	4.	 The treatment of both disorders is with 
immunomodulators, immunosuppres-
sion, and treatment of tumors associated 
with them.

	5.	 Certain antineoplastic drugs can also 
trigger or worsen myasthenia gravis.
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terminal. An action potential arriving at the pre-
synaptic terminal triggers the opening of VGCC; 
the subsequent influx of calcium into the active 
zones facilitates acetylcholine release from their 
vesicles into the synaptic cleft [1]. The postsyn-
aptic membrane has folds to increase the surface 
area. The nicotinic acetylcholine receptors 
(AchR) are more concentrated on the tips of the 
folds and the voltage-gated sodium channels 
deeper in the clefts. Released acetylcholine binds 
to the nicotinic AchR on the postsynaptic muscle 
membrane causing a graded depolarization, 
which opens the voltage-gated sodium channels. 
Once a threshold is reached and an action poten-

tial occurs, the muscle fiber contracts. 
Acetylcholinesterase then hydrolyzes the acetyl-
choline, which terminates the transmission [1].

Other important components of the postsyn-
aptic membrane are proteins that together form a 
complex important in mediating the clustering of 
the AchR (zoomed-in section, Fig. 19.1) [2]. The 
proteins in this complex include muscle-specific 
receptor tyrosine kinase (MuSK), low-density 
lipoprotein receptor-related protein 4 (Lrp4), 
agrin, rapsyn, and docking protein 7 (Dok7). 
AchE is also closely related to this complex as it 
binds perlecan and MuSK via its collagen Q 
(ColQ) tail [2].

Antibodies
against the VGCC

Ca
Synaptic vesicles

Synaptic cleft

Acetylcholine

Voltage gated
calcium channel
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Fig. 19.1  The 
neuromuscular junction. 
This illustration shows 
the different components 
of the neuromuscular 
junction, some of which 
are commonly targeted 
by antibodies
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�Myasthenia Gravis

�Epidemiology

Myasthenia gravis (MG) is a rare autoimmune 
disorder that affects both sexes and all races. It 
has an incidence of approximately 7–23 new 
cases per million and a prevalence of 
70–320  per  million [3]. Myasthenia, although 
rare, can also affect children (under the age of 
18); it is called juvenile myasthenia gravis and 
has an incidence one to five cases per million 
person-years [4]. As with most diseases, the prev-
alence of this disease has been increasing, likely 
due to increased recognition and longevity. 
Although myasthenia can affect any age group, 
there is a bimodal distribution with young women 
(20s–30s) and older men (60s–80s) being most 
affected [5].

�Pathophysiology

�Antibodies in Myasthenia Gravis
Myasthenia is an autoimmune disorder of T-cell-
mediated B-cell activation in which antibodies 
are produced against different components of the 
postsynaptic membrane of the neuromuscular 
junction. The antibodies cross-link the receptors 
and cause either endocytosis, complement-
mediated destruction, or inactivation. 
Approximately 80% of patients with MG have 
antibodies against the nicotinic acetylcholine 
receptor (AchR), which are immunoglobulin G1 
and G3 (IgG1 and IgG3) subtypes [6]. Their 
pathogenicity has been confirmed with animal 
studies of experimentally induced MG due to 
passive transfer of antibodies [7]. About 10% of 
myasthenic patients will have antibodies against 
muscle-specific kinase (MuSK), which are Ig4 
subtype [6, 8]. Similarly to AchR antibodies, 
MuSK antibodies have been proven to be patho-
genic on animal models [9]. Other antibodies 
such as antibodies against lipoprotein-related 
protein 4 (LRP4) and cortactin have also been 
found in previously seronegative patients [10, 
11]. Cortactin regulates actin polymerization and 

is involved in acetylcholine receptor clustering 
downstream from the agrin/MuSK complex [11].

�The Thymus in Myasthenia Gravis
The thymus plays a role in the pathophysiology 
of autoimmunity in AchR antibody myasthenia. 
AchR antibodies are thought to originate from 
the hypercellular germinal matrix of the thymus 
where myoid cells are expressed. Approximately 
10–20% of patients with AchR antibody-positive 
generalized myasthenia gravis will have a thy-
moma, and around 50% of patients with thy-
moma have MG. Thymic hyperplasia can be seen 
in up to 70% of patients with AchR antibody-
positive generalized MG.  Thymus pathology is 
rare in MuSK myasthenia [12, 13]. There are no 
guidelines for the screening of thymomas, but it 
is recommended that all AchR antibody-positive 
patients undergo computed tomography (CT) or 
magnetic resonance imaging (MRI) of the chest 
for evaluation of thymoma. Both CT and MRI are 
highly sensitive to identify thymomas, but they 
are much less reliable in differentiating thymic 
hyperplasia from normal thymic tissue [14]. 
Reports suggest that CT chest with contrast and 
without contrast is equally sensitive in detecting 
thymoma [14]. Though thymomas are associated 
with seropositive patients, there are reports of 
thymomatous seronegative myasthenia gravis 
[15], and obtaining imaging in these patients (and 
in MuSK-positive patients) is done on a case-by-
case basis.

�Clinical Manifestations

The most characteristic feature of MG is fatiga-
ble weakness due to failure of neuromuscular 
junction transmission with repetitive use. MG 
can be classified clinically in two groups depend-
ing on the pattern of weakness: ocular and gener-
alized. Half of the patients with MG present with 
ocular weakness, usually with asymmetric ptosis 
or diplopia that worsens at the end of the day 
[16]. About 50–60% of the patients with ocular 
symptoms progress to have generalized myasthe-
nia within 2–3 years of onset [17]. Overall, proxi-
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mal muscles tend to be more affected than distal 
[16], but not uncommonly distal finger and wrist 
extensor muscles are affected, especially in 
advanced or untreated patients. Axial weakness, 
presenting as head drop, can be a feature in late-
onset cases [18]. In about 66% of the patients 
with generalized myasthenia, symptoms progress 
to involve bulbar muscles, and patients will com-
plain of dysarthria, dysphagia, dysphonia, or dif-
ficulty chewing [19]. Bulbar weakness is very 
common in MuSK antibody myasthenia gravis, 
and these patients tend to have less ocular symp-
toms. Respiratory muscle weakness occurs in 
approximately 40% of MG cases [13].

A feared complication of myasthenia gravis is 
the myasthenic crisis, which is defined as wors-
ening weakness resulting in respiratory failure 
and need of respiratory support (noninvasive ven-
tilation or intubation). About 15–20% of myas-
thenia patients will have a crisis at some point in 
their lives with a mortality rate of about 4% [20]. 
Common triggers for crisis are infection, surgery, 
pregnancy, electrolyte abnormalities, and certain 
medications (Table  19.1) [21]. Monitoring of 
pulmonary function tests is recommended. A 
vital capacity of less than 20 ml/kg and an inspi-
ratory pressure of less than −40 cm H20 are asso-
ciated with the need for respiratory support [22]. 
A myasthenic crisis should be differentiated from 
a cholinergic crisis, which occurs from excess 
use of anticholinergic inhibitors and presents 
with both nicotinic (weakness) and muscarinic 
(increased secretions, diarrhea) toxic effects.

�Diagnosis

MG is often diagnosed with a combination of his-
tory, clinical exam, and diagnostic tests. 
Diagnostic tests include the bedside use of edro-
phonium or an ice pack, serology (antibodies), 
and electrophysiologic testing.

Edrophonium was once commonly used for 
diagnosis of myasthenia but now its use is rare. 
Edrophonium is a fast-acting acetylcholinester-
ase inhibitor that when injected intravenously 
causes improvement of weakness (most com-
monly of ptosis) within minutes [23]; the patients 
need to be monitored for cholinergic side effects, 
which may need atropine for reversal. The ice 
pack test uses cold to demonstrate improvement 
of ptosis because acetylcholinesterase is inhib-
ited at lower temperatures. Patients are asked to 
hold an ice pack over the affected eye for about 
2 min after which an improvement in the ptosis is 
seen [24].

Antibody positivity percentage depends on 
the clinical subtype of myasthenia gravis. In ocu-
lar myasthenia gravis, approximately 50% of 
cases will have positive antibodies, most com-
monly AchR antibodies. In generalized myasthe-
nia, approximately 80% of the patients will have 
positive AchR antibodies and 10% MuSK anti-
bodies [25, 26]. The remainder may have Lrp4 
antibodies, cortactin antibodies, or none. The lat-
ter is what is called seronegative myasthenia 
gravis.

Electrophysiologic testing includes repetitive 
nerve stimulation (RNS) and single-fiber electro-
myography (SFEMG). In repetitive nerve stimu-
lation, a characteristic decrement in the amplitude 
of the action potential is seen with 2–3 Hz stimu-
lation rates. Decrement is seen typically within 
the first four to five stimuli, then there is cessa-
tion of decrement or increment (increase in 
amplitude) with subsequent stimuli, representing 
the release of acetylcholine from secondary 
stores [27]. In SFEMG, pairs of single fibers are 
recorded and the presence of increased jitter and 
blocking is documented. Jitter is the measure of 
variability of time from when the end plate poten-
tial reaches threshold; there are established nor-
mal values of jitter depending on age and muscles 

Table 19.1  Medications that may worsen myasthenia 
gravis [21]

Fluoroquinolones
Aminoglycosides
Ketolides (telithromycin)
Magnesium (intravenous)
Macrolide antibiotics
Curare
Steroids
Botulinum toxin
Immune checkpoint inhibitors
Quinine
Procainamidea

Beta-blockersa

Calcium channel blockersa

aOnly anecdotal evidence and/or in vitro studies
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tested [28]. SFEMG and RNS can be performed 
in facial and limb muscles. Both are more likely 
to be abnormal in generalized versus ocular 
myasthenia. SFEMG is the most sensitive test for 
the diagnosis of MG (abnormal in 92% of cases) 
with RNS being abnormal in 77% of the cases 
[25]. Though routine electromyography (EMG) 
is usually normal in myasthenia gravis, occasion-
ally, muscle unit action potentials may be unsta-
ble; in rare cases they may have low amplitude, 
short duration, or be polyphasic as seen in myop-
athy [29]. A more detailed description of these 
electrophysiologic tests is beyond the scope of 
this chapter and can be found elsewhere [29].

�Treatment of Myasthenia Gravis

The approach to the treatment of MG depends on 
the clinical phenotype (ocular versus general-
ized), antibody status, type of antibody, and 
whether the patient is in a myasthenic crisis or 
not. Management includes symptomatic therapy 
and immunosuppressive or immunomodulatory 
therapy.

�Symptomatic Management
The main symptomatic therapy for myasthenia is 
pyridostigmine, an acetylcholinesterase inhibitor 
that reversibly binds acetylcholinesterase. The 
utility of acetylcholinesterase inhibitors in MG 
was first demonstrated by Walker in 1934 [30]. In 
1954, pyridostigmine was shown to be effective 
in managing symptoms with less muscarinic side 
effects than the previously used formulations and 
since has been the mainstay of symptomatic con-
trol, obtaining the US Food and Drug 
Administration (FDA) approval in 1955 [31, 32]. 
The typical dosing is 60 mg every 6 hours but can 
be taken more frequently if tolerated. An 
extended-release formulation of 180 mg is often 
taken at bedtime.

�Immune Therapy
As with many autoimmune disorders, long-term 
immunosuppression is required. Corticosteroids 
are the immune therapy of choice in ocular 

MG. The nonsteroidal agents are often reserved 
for generalized MG.

Corticosteroids
Prednisone is the most common corticosteroid 
used. Dosing is usually done with a slow titration 
followed by a slow taper to the minimal effective 
dose that can be daily or on alternate days [33]. 
Slow titration is recommended to prevent wors-
ening, which can occur in the first days of starting 
the medication. Ocular myasthenia usually 
requires lower doses than generalized myasthe-
nia, and steroids can sometimes be tapered off 
[34]. The side effects of long-term steroid ther-
apy often limit their use for chronic control of 
MG, and other long-term nonsteroidal immuno-
suppressive agents are preferred. Side effects 
include osteopenia/osteoporosis, hypertension, 
diabetes mellitus, cataracts, and weight gain, 
among others.

Nonsteroidal Immunosuppressive Agents
The most commonly used oral medications are 
azathioprine, mycophenolate mofetil, methotrex-
ate, cyclosporine, and tacrolimus. The intrave-
nous medications are rituximab and eculizumab. 
Side effects mostly include dose-dependent 
myelosuppression, but each medication has its 
own side effect profile.

Azathioprine given in combination with pred-
nisolone has been associated with lower prednis-
olone maintenance dose, longer remissions, and 
fewer side effects [35]. An open-label trial and 
several case series have suggested that mycophe-
nolate is useful in the control of MG, [36, 37], but 
two randomized controlled trials did not find it to 
be superior to placebo in controlling MG in com-
bination with prednisone [38]. A single-blinded 
trial showed that methotrexate was similar in effi-
cacy to azathioprine, [39] but a randomized clini-
cal trial did not find it better than placebo in 
reducing the prednisone dose [40] though this 
second trial recruited milder cases requiring 
lower median doses of prednisone. Cyclosporine 
in combination with steroids has been found to 
cause improved strength when compared to pla-
cebo, but no significant reduction of steroid dose 
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was seen [41]. Tacrolimus was also not associ-
ated with steroid dose reduction [42].

Rituximab is a chimeric mouse and human 
monoclonal antibody against CD20, which 
reduces CD20+ B cells and thus antibody pro-
duction. The utility of rituximab has been sug-
gested mostly by retrospective studies including 
a systematic review [43, 44]. A prospective trial 
in MuSK myasthenia also showed improvement 
on the primary outcome, which was a combina-
tion of clinical status and dosing of other immu-
nosuppressants [45]. A phase 2 clinical trial on 
AchR-positive myasthenia gravis has been com-
pleted and results soon to be published [46]. A 
treatment protocol has not been established, but 
the most common regimen is 375 mg/m2 weekly 
for 4 weeks, followed by optional re-dosing every 
4–6 months.

Eculizumab is a humanized monoclonal anti-
body that prevents the formation of the mem-
brane attack complex by binding to the terminal 
complement protein C5. A phase 3 clinical trial 
showed benefit on secondary analysis [47]. 
Eculizumab was FDA approved for acetylcholine 
receptor antibody-positive myasthenia gravis in 
2017. It is administered weekly for the first 
5 weeks and then every 2 weeks. Meningococcal 
vaccination is required prior to treatment 
initiation.

Immunomodulating Therapy
There are two forms of more rapid-acting immu-
nomodulating therapy commonly used in 
MG.  Intravenous immunoglobulin (IVIg) and 
plasma exchange (PLEX) are commonly used for 
rapid control of myasthenia gravis and for myas-
thenic crisis. A randomized placebo-controlled 
trial showed that 2 g/kg of IVIg leads to improve-
ment in patients with worsening weakness, but 
the most benefit was seen in patients with severe 
disease [48]. There are no trials of PLEX against 
placebo, but no difference was found between 
PLEX and IVIg in myasthenic crisis [49]. More 
recently an open-label trial suggested that immu-
noglobulin administered subcutaneously was 
beneficial in mild to moderate worsening symp-

toms [50]. IVIg and PLEX are also frequently 
used as a pretreatment prior to elective surgeries 
(i.e., thymectomy) to help reduce the risk of peri-
operative worsening and myasthenic crisis.

Thymectomy
As discussed previously, the thymus is believed 
to play a central role in MG.  If there is a thy-
moma, thymectomy is always indicated for tumor 
removal regardless of age. Even though thymec-
tomy has been a common practice in AchR 
antibody-positive generalized, non-thymomatous 
MG, its benefit was not confirmed due to con-
flicting results of prior retrospective studies until 
recently. A randomized, placebo-controlled trial, 
performed in patients between 18 and 65 years of 
age, showed that thymectomy resulted in better 
clinical status, lower prednisone dose, lower non-
steroidal immunosuppression, and less myas-
thenic crisis admissions [51]. There are no trials 
comparing the surgical techniques. Thymectomy 
can be performed with a transternal approach or 
video-assisted thoracoscopy, and though there 
are no guidelines for thymectomy procedures, the 
latter is the favored approach by most. There is 
no evidence for the role of thymectomy in sero-
negative myasthenia or myasthenia associated 
with antibodies against MuSK, cortactin, or 
LRP4.

�Lambert-Eaton Myasthenic 
Syndrome

�Epidemiology

Lambert-Eaton myasthenic syndrome (LEMS) is 
a rare neuromuscular junction disorder, with an 
estimated worldwide incidence of 0.48 per mil-
lion and prevalence of 2.5–3.3 per million [52]. 
Approximately 47–62% of all LEMS cases are 
paraneoplastic (often due to small-cell lung can-
cer [SCLC]), while the remainder is caused by a 
non-tumor, autoimmune disease [53]. The 
median age of onset of cancer-associated LEMS 
is 60 years with a slight male predominance (59–
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70%) [54]. Cigarette smoking is a risk factor for 
LEMS, which is reflective of its strong associa-
tion with SCLC.  In non-tumor LEMS 
(NT-LEMS), the median age of onset is 50 years 
but may also be seen in all ages with a bimodal 
peak at 35 years and a larger peak at 60 years 
[53–55]. There is a slight female predominance 
at 52% [53]. A personal and/or family history of 
autoimmune disease is a risk factor for 
NT-LEMS [56].

�Pathophysiology

In both paraneoplastic and NT-LEMS, autoanti-
bodies are formed against the P/Q-type VGCC 
via cross-linking and downregulation, thereby 
decreasing the amount of acetylcholine released 
at the neuromuscular junction [57]. The reduc-
tion of the number of active zones has also been 
implicated in the action of the autoantibodies 
[58]. The downregulation of VGCC by targeted 
antibodies also occurs at muscarinic terminals 
causing the autonomic symptoms seen in LEMS 
[59]. In addition to IgG antibodies targeted to 
P/Q-type VGCCs, IgG can target N-type VGCC 
in LEMS [60]. N-type VGCCs play a role in the 
neurotransmitter release from nerve terminals in 
the autonomic system [61].

In SCLC-LEMS, the inciting event is believed 
to be antibodies formed against VGCC expressed 
on SCLC tumors [62]. SCLC expresses three 
types of VGCC: N, P/Q, and L [63]. Of patients 
with LEMS, 10–15% are seronegative for the 
P/Q-type VGCC antibody [53]. In these cases, it 
is hypothesized that P/Q-type VGCC antibodies 
are present in undetectable levels or that there are 
antibodies to a different VGCC epitope or mole-
cule that result in a similar phenotype [57]. Other 
antibodies have recently been implicated in 
LEMS, such as antibodies to SOX1 (immuno-
genic antigen of SCLC) and synaptotagmin (syn-
aptic vesicle protein) [57].

The exact immunopathological trigger in 
NT-LEMS is unknown, but there is an increased 

association with the HLA B8-DR3 haplotype 
[64]. There is also an association with underly-
ing autoimmune diseases in NT-LEMS, such as 
autoimmune thyroid disease, diabetes mellitus, 
rheumatoid arthritis, and systemic lupus erythe-
matosus [56].

�Clinical Manifestations

Similar to MG, muscle weakness in LEMS is 
fatigable; however, unlike MG, proximal muscle 
weakness of the lower extremities is a common 
presenting symptom. The clinical triad of proxi-
mal weakness, autonomic symptoms, and are-
flexia is commonly seen. Additional presenting 
symptoms include generalized weakness (12%), 
arm weakness (2%), muscle ache or stiffness 
(12%), and autonomic dysfunction (6%) [65]. 
Symptoms are typically gradual in onset but may 
appear subacutely. The pattern of progression of 
weakness is often proximal to distal, caudal to 
cranial, and, lastly, spreading to the oculobulbar 
region. Isolated ocular weakness is not expected, 
unlike in myasthenia gravis [53, 59]; and although 
patients have reported diplopia, clinical findings 
of ophthalmoplegia are rare [55, 65].

Autonomic symptoms are present in 80–96% 
of patients and include xerostomia, dry eyes, 
erectile dysfunction, constipation, micturition 
abnormalities, abnormalities of sweating, ortho-
static hypotension, and blurred vision [65, 66]. 
Cerebellar ataxia, although rare, may be seen in 
paraneoplastic LEMS, due to antibodies to P/Q--
type VGCC in the cerebellum [54].

On examination, Lambert’s sign can be elic-
ited, whereby, for a short time during strength 
testing, muscle power increases. This reflects the 
increased accumulation of calcium during sus-
tained contraction stimulating more than usual 
release of acetylcholine [59]. Diminished or 
absent reflexes also can be seen on examination. 
Similar to the Lambert’s sign, the phenomenon 
of transient return of reflexes can be seen 
post-exercise.
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�Neoplastic Associations

LEMS may exist as a paraneoplastic syndrome 
with malignancy association or as an autoim-
mune process in the absence of malignancy. Of 
patients with LEMS, 47–62% have paraneoplas-
tic LEMS, with SCLC being the most common 
associated cancer [53]. Other cancers that have 
been associated with paraneoplastic LEMS 
include lung adenocarcinoma, breast cancer, 
prostate carcinoma, lymphoma, and leukemia 
[67]. Diagnosis of LEMS often precedes the 
diagnosis of underlying malignancy, and the 
development of LEMS in paraneoplastic LEMS 
is due to antigenic expression of VGCC on the 
tumor leading to antibody formation [68]. SCLC 
significantly impacts the prognosis of LEMS, as 
survival is poor in patients with SCLC. However, 
patients with concomitant SCLC and LEMS have 
longer survival than SCLC in patients without 
LEMS. This likely represents lead-time bias with 
the earlier detection and diagnosis of SCLC [68]. 
The prognosis of NT-LEMS, although variable, 
is very different from SCLC-related LEMS as the 
life expectancy in NT-LEMS is normal [53].

Given the differences in prognosis between 
paraneoplastic LEMS and NT-LEMS, Titulaer 
and colleagues developed a prediction score 
(DELTA-P score) to help identify LEMS patients 
at a greatest risk of having underlying SCLC 
based on the presence of bulbar symptoms (dys-
arthria/dysphagia “D”), erectile dysfunction (E), 
weight loss (L), tobacco use at diagnosis (T), age 
at onset ≥50 (A), and Karnofsky performance 
score <70 (P). A score of 0–1 excludes SCLC, 
and a score of 3–6 should prompt the physician to 
screen for underlying malignancy aggressively as 
the risk of SCLC rises to 100% with a score of 6 
[69]. Vigilant screening for underlying malig-
nancy is recommended in patients with newly 
diagnosed LEMS. Screening is done via CT chest 
and fluorodeoxyglucose (FDG) positron emis-
sion tomography (FDG-PET) if CT chest is nega-
tive. Based on the DELTA-P score of 0–1, 
screening should be repeated in 6  months and 
may cease thereafter if negative. Screening 
should be done every 6 months for 2 years with a 
score of 2. A score of 3 or greater should prompt 

initial re-screening in 3 months and then every 
6 months for 2 years [69, 70].

�Diagnosis

Diagnosis for LEMS is based on history and 
physical examination and is supported by sero-
logic testing and specific electrodiagnostic 
findings.

�Serology
Detection of a high serum titer of P/Q-type VGCC 
(>1.00  nmol/L) antibodies is highly specific of 
both paraneoplastic and NT-LEMS. The absence 
of P/Q-type VGCC antibodies does not exclude 
the diagnosis [60]. Autoantibodies to P/Q-type 
VGCC are detected in approximately 90% of 
patients with LEMS, while approximately 30% of 
LEMS patients have antibodies to N-type VGCC; 
often antibodies to both VGCC types overlap [71, 
72]. Furthermore, the presence of SOX-1 antibod-
ies is suggestive of SCLC-LEMS. Although anti-
bodies against synaptotagmin and M1 muscarinic 
AchR have been implicated in LEMS, they are 
not of diagnostic value [54].

�Electrodiagnostics
The electrodiagnostic features of LEMS span 
multiple modalities including motor and sensory 
nerve conduction studies, repetitive nerve stimu-
lation (RNS), and single-fiber EMG.

At rest, the baseline motor amplitudes are 
reduced. During low-frequency (2–5 Hz) stimu-
lation in RNS, there is decrement in the motor 
amplitudes [29]. In contrast to MG, in LEMS the 
decrement is sustained throughout all trains given 
the presynaptic dysfunction of acetylcholine 
release. During high-frequency RNS (20–50 Hz) 
or after brief maximal isometric muscle contrac-
tion (a mimicker of high-frequency RNS), there 
is marked increment in amplitude as intracellular 
calcium is increased in the presynaptic nerve ter-
minal overcoming the presynaptic defect in ace-
tylcholine release [29]. A greater than 100% 
increment is diagnostic of LEMS, but studies 
have shown that even 60% increment is just as 
specific for the diagnosis of LEMS [73]. Post-
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exercise testing is preferred to high-frequency 
RNS as the latter is painful. Single-fiber EMG 
shows increased jitter or blocking as well as pos-
sible myopathic motor units on routine EMG.

�Treatment of Lambert-Eaton 
Myasthenic Syndrome

The treatment of LEMS depends on the etiology. 
Symptomatic therapy includes 3,4-diaminopyri-
dine, pyridostigmine, and guanidine. Immune 
therapy is indicated in autoimmune LEMS, but in 
paraneoplastic LEMS, treatment of tumor is the 
therapy of choice.

Symptomatic therapy includes the use 
of 3,4-diaminopyridine (3,4-DAP), which 
reversibly blocks the presynaptic voltage-
gated potassium channels; this prolongs the 
duration of the presynaptic action potential 
and increases calcium entry. There is also 
evidence that it also directly targets the beta 
subunit of the VGCC [62]. The drug is well 
tolerated with less central side effects (such as 
seizures) as it crosses the blood-brain barrier 
less than its counterpart 4-aminopyridine [62]. 
Randomized, placebo-controlled trials have 
shown the benefits of 3,4-DAP in both motor 
and autonomic symptoms of LEMS [74–76]. 
Pyridostigmine also has been used with some 
symptomatic benefit, though a small clinical 
trial did not find any benefit with pyridostig-
mine alone or in addition of 3,4-DAP when 
compared to 3,4-DAP alone [77]. Guanidine, 
like 3,4-DAP, blocks the presynaptic potassium 
channels. An open-label study of nine patients 
suggested that low-dose guanidine combined 
with pyridostigmine is beneficial for symptom-
atic control [78]. Gastrointestinal side effects 
are usually the limiting factors for tolerability. 
There are also case reports of renal failure and 
myelosuppression [79, 80].

Because of the rarity of the condition, there is 
very little research on immunotherapy for it. A 
randomized, placebo-controlled, crossover trial 
with IVIg in nine patients showed reduced anti-
body titers and short-term improvement in 
strength over an 8-week period [81]. There are 

reports that PLEX is associated with clinical 
improvement [82]. Data on long-term immune 
therapy with steroids and azathioprine comes 
mostly from retrospective data with evidence to 
suggest it helps control both cancer and non-
cancer-associated LEMS [83, 84]. There are two 
reported cases of rituximab-responsive LEMS as 
well [85].

�Immune Checkpoint Inhibitors 
and Neuromuscular Junction 
Disorders

Immune checkpoint inhibitors (ICPIs) have 
revolutionized the treatment of cancer such as 
Hodgkin’s lymphoma, metastatic melanoma, 
renal cell carcinoma, and non-small cell lung 
cancer. Unfortunately, they have increasingly 
been implicated in triggering autoimmune dis-
ease. ICPIs are currently approved by the FDA 
in three forms: cytoplasmic T-lymphocyte-
associated antigen-4 (CTLA-4: ipilimumab), 
programed cell death-1 (PD-1: pembrolizumab, 
nivolumab, cemiplimab), and programed cell 
death ligand-1 (PD-L1: avelumab, atezoli-
zumab, durvalumab) [86]. Although neurologic 
manifestations are relatively rare in patients 
who have received ICPIs (1–3% of patients), 
neuromuscular diseases (MG, myositis, chronic 
and acute inflammatory demyelinating poly-
neuropathies) are the most common autoim-
mune neurologic manifestation [87]. ICPIs have 
been documented to cause de novo myasthenia 
gravis and exacerbate existing or premorbid 
myasthenia gravis [88]. Specific features such 
as bulbar and respiratory weakness appear to 
be more common in ICPI-related myasthenia 
gravis [87]. Acetylcholine receptor antibodies 
are detectable in two-thirds of the cases [87]. 
To date, cases of ICPI-related LEMS have not 
been reported [87]. Depending on the severity, 
the treatment of ICPI-related MG includes ste-
roids, IVIg, PLEX, rituximab, and discontinu-
ation of the checkpoint inhibitor [86]. Further 
peripheral nervous system and central nervous 
system complications of ICPIs are further dis-
cussed in Chap. 25. 
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�Conclusion

Autoimmune neuromuscular junction disorders 
include myasthenia gravis and Lambert-Eaton 
myasthenic syndrome. In both, autoantibodies 
target different proteins of the neuromuscular 
junction effectively impairing transmission. 
Sometimes antibodies are not detected, making 
diagnosis more difficult in seronegative cases. 
Both disorders have characteristic clinical find-
ings, course, and neoplastic associations. Immune 
therapy is the mainstay of treatment, but tumor 
removal is key when found, particularly in 
Lambert-Eaton myasthenic syndrome. There are 
many options for the treatment of both conditions, 
but management should be personalized depend-
ing on severity, risk factors, and side effects.
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Immune and Inflammatory 
Myopathies

Andrew R. Findlay and Robert C. Bucelli

�Introduction

Immune and inflammatory myopathies (IIM), 
collectively known as myositis, are character-
ized by progressive weakness and inflamma-
tory cellular infiltrates within skeletal muscle. 
Damage to specific tissues within skeletal mus-
cle, such as connective tissue or blood ves-
sels, may cause syndromes involving multiple 
organ systems other than muscle, including 
skin, lungs, and joints. IIM subtypes have 
historically been defined by clinical and his-
topathological differences and traditionally 
were classified as polymyositis (PM) or der-
matomyositis (DM). Progress has been made in 
revising Bohan and Peter’s original diagnostic 
criteria from 1975 in order to more accurately 
align clinical, autoantibody, and histopatho-
logical data with prognosis and response to 
treatment [1, 2]. PM has been overvalued [3, 4], 
and pathologic criteria isolated two new sub-
groups, previously referred to as PM, including 
sporadic inclusion body myositis (sIBM) [1, 2] 
and immune-mediated necrotizing myopathy 
(IMNM) [2]. These classification approaches, 
however, define overlapping entities. For exam-
ple, antisynthetase syndrome is often classi-
fied as DM, as PM, or as an overlap syndrome 
[5–7]. Myopathology [8] and autoantibodies 
can help define subgroups of patients in terms 
of clinical or pathologic phenotypes, prognosis, 
and response to treatment [9–13]. The most up-
to-date, and commonly accepted, classification  
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Key Points
	1.	 Immune and inflammatory myopathies 

(IIM) are characterized by weakness 
with immune or inflammatory changes 
on muscle biopsy and commonly have 
extra-muscular manifestations.

	2.	 Unique clinical features, autoantibod-
ies, and histopathological patterns are 
used to phenotypically categorize 
patients and predict treatment response 
and prognosis.

	3.	 The most commonly agreed-upon crite-
ria recognize four main categories: der-
matomyositis, sporadic inclusion body 
myositis, antisynthetase syndrome, 
and immune-mediated necrotizing 
myopathy.

	4.	 Excluding sporadic inclusion body 
myositis, IIM treatment still largely 
relies on empirical use of corticoste-
roids and steroid-sparing agents.
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criteria will be used in this chapter and elimi-
nates PM as a distinct entity recognizing only 
DM, IMNM, sIBM, and antisynthetase syn-
drome [14]. PM does not represent a subgroup 
of patients, and use of this term should prob-
ably be discontinued [14]. It is important to 
recognize that all classification criteria have 
their drawbacks. A major issue with the criteria 
used for this chapter is that it fails to account 
for other forms of IIM, such as brachio-cervical 
inflammatory myopathy, focal myositis, eosin-
ophilic myositis, and granulomatous myopa-
thies. This chapter describes current knowledge 
of the epidemiology, clinical characteristics, 
diagnostic evaluation, classification, pathogen-
esis, treatment, and prognosis of IIM.

�Epidemiology

Most epidemiologic studies have used criteria 
that fail to distinguish sIBM, IMNM, and anti-
synthetase syndrome (discussed previously), 
causing inaccuracies in incidence and preva-
lence studies and making it easier to analyze 
data for IIM as a collective group. Incidence 
rates for IIM range between 4.27 and 7.89 per 
100,000 person years, and prevalence ranges 
from 9.54 to 32.74 cases per 100,000 individu-
als [15–17]. sIBM prevalence has been reported 
as 9.3 per million [18]. Using recent classifi-
cations, of all IIMs, sIBM accounts for 29.6%, 
IMNM 35%, DM 20%, and antisynthetase 
syndrome 15.4% [14]. DM, IMNM, and anti-
synthetase syndromes occur more frequently 
in females [19]. DM may affect children and 
adults [19], whereas sIBM is seen more com-
monly in male patients over the age of 50 [20]. 
Mean annual medical costs and number of 
ambulatory visits, specialty visits, and inpatient 
hospital stays are significantly higher among 
subjects with IIM compared to matched con-
trols [21].

�Clinical Features

�Dermatomyositis

Dermatomyositis may present with subacute onset 
progressive proximal weakness, cutaneous mani-
festations, or both [22]. The deltoids tend to be 
more severely affected [14]. Some patients may 
present with only skin changes and are considered 
to have hypomyopathic or amyopathic forms of 
disease [23]. Others may present with isolated 
muscle weakness and never develop rash or only 
develop rash months later [24]. Juvenile patients 
may present initially with a febrile illness [24]. 
Pathognomonic skin features include violaceous 
periorbital edema (heliotrope rash) and papular 
lesions on the extensor surfaces of metacarpo-
phalangeal and interphalangeal joints, Gottron’s 
papules (Fig. 20.1a). Other findings may include 
an erythematous rash over extensor surfaces of 
limbs (Gottron’s sign), over the neck and chest (V 
sign), and over the back of the neck and shoulders 
(shawl sign), limb edema, alopecia, skin ulcers, 
calcinosis, and panniculitis (Fig.  20.1b–f) [14]. 
Lesions may be photosensitive and pruritic [25]. 
Juvenile patients more commonly develop cuta-
neous calcinosis (30–70% of juvenile cases and 
10% of adult cases) over pressure points [25, 26]. 
Myalgias may also be present [27].

�Immune-Mediated Necrotizing 
Myopathy

IMNM is typically characterized by rapid pro-
gression of severe proximal weakness, with 
prominent involvement of the psoas muscles and 
exceptionally high creatine kinase (CK). Toxic or 
drug-induced etiologies, as well as some heredi-
tary myopathies (e.g., limb-girdle muscular dys-
trophy), may appear similar to IMNM and should 
be ruled out [28–30]. Patients may have mild 
myalgias or have no muscle pain whatsoever 
[31]. Extra-muscular manifestations are gener-
ally mild if they occur [32–34].
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�Antisynthetase Syndromes

Overlap myositis occurs when a patient has an 
autoimmune myopathy associated with other 
autoimmune diseases such as systemic lupus ery-
thematosus, rheumatoid arthritis, Sjögren’s syn-
drome, or systemic sclerosis [35]. Antisynthetase 
syndrome, with autoantibodies targeting amino-
acyl tRNA synthetases, is the most representative 
form of overlap myositis [36]. Patients may pres-
ent with a combination of inflammatory myop-
athy, interstitial lung disease (ILD), arthritis, 
Raynaud syndrome, fever, or hyperkeratotic fin-
ger lesions called mechanic’s hands (Fig. 20.1g) 
[37]. Antisynthetase syndrome may also cause 
skin rashes similar to dermatomyositis [37]. 
Myopathic features include proximal weakness 
similar to DM, although some patients may have 

no weakness at all and clinical manifestations 
of muscle disease may be limited to myalgias in 
isolation.

�sIBM

sIBM often presents slowly with progression 
over 5–8 years before affected patients come to 
medical attention [18, 38]. Characteristic findings 
include asymmetric wasting and weakness of the 
wrist flexors, deep finger flexors, and quadriceps 
muscles (Fig.  20.2a, b) [24]. Tibialis anterior 
weakness, dysphagia, and mild facial weakness 
may also be present [39–42]. In a study of 57 
patients with sIBM, the initial presenting symp-
toms were quadriceps weakness (79%), finger 
weakness (12%), foot drop (7%), and dysphagia 

Fig. 20.1  Cutaneous manifestations of immune and 
inflammatory myopathies (IIM). Gottron’s papules (a), 
Gottron’s sign, an erythematous rash over extensor sur-

faces such as elbows (b, c) or knees (d), shawl sign (e), V 
sign (f), mechanics hands (g)
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(1.8%) [43]. Asymmetric involvement was very 
common (82%), with the patient’s non-dominant 
side commonly being more severely affected 
[43]. There may be evidence of a generalized sen-
sory peripheral neuropathy on clinical exam [44]. 
Up to 15% of sIBM patients have a coexisting 
autoimmune disorder or condition with altered 
immune function [45]. Sporadic IBM is not asso-
ciated with heart disease [39] or an increased risk 
of malignancy [46]. Primary respiratory failure is 
rare; however, progressive dysphagia may occur 
and may lead to aspiration [40, 41].

�Diagnostic Evaluation

�Elevated Muscle Enzymes

Serum CK levels are a sensitive measure of 
muscle disease activity in IIM [24]. They do not 
correlate well with disease activity when com-
paring different patients, but they can reflect 
changes in disease activity within an individual 
patient. Levels are typically highest in IMNM 
(2300  U/L–7000  U/L) and lowest in sIBM 
(160  U/L–793  U/L) [14]. Aldolase levels may 
also be prominently elevated, presumably from 
intramuscular connective tissue damage. For 
example, antisynthetase syndromes with peri-
mysial pathology may have isolated aldolase 
elevation [42]. Other muscle enzymes, including 
myoglobin, lactate dehydrogenase, aspartate ami-
notransferase, and alanine aminotransferase, may 
also be elevated. Patients taking hepatotoxic ste-
roid-sparing agents, such as azathioprine (AZA) 
or methotrexate, may develop elevated transami-

nases. The liver enzyme gamma-glutamyl trans-
peptidase (GGT) can aid in differentiating liver 
damage in IIM patients, as it is not released by 
damaged muscle [47].

�Electrodiagnostics

Electromyography (EMG) typically reveals an 
irritable myopathic pattern characterized by 
increased insertional and spontaneous activ-
ity (fibrillation potentials, positive sharp waves, 
and occasionally complex repetitive discharges), 
polyphasic motor unit action potentials (MUAPs) 
with small duration and low amplitude, and early 
MUAP recruitment. sIBM patients may have evi-
dence of neuropathy on nerve conduction studies 
and mixed myopathic and neurogenic changes on 
EMG [44].

�Muscle Imaging

Muscle MRI in sIBM patients demonstrates 
severe involvement of the anterior compartment 
of the thigh and forearm [48]. DM, IMNM, and 
antisynthetase syndrome patients often have 
a nonspecific pattern with hyperintensities on 
intramuscular T2-weighted magnetic resonance 
imaging (MRI) scans [48, 49]. Some recommend 
using muscle MRI to select the site of muscle 
biopsy [50]. Caution should be used with this 
approach as neurogenic changes from denerva-
tion appear similar to changes related to myositis 
on MRI.  MRI also cannot distinguish between 
IIM and hereditary myopathies [51].

Fig. 20.2  Clinical features 
of sporadic inclusion body 
myositis (sIBM). Atrophy 
and wasting of quadriceps 
muscles (a) and 
asymmetrical wrist and 
finger flexor weakness 
causing impaired ability to 
make a fist, worse on 
patient’s right side (b)
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�Antibodies

A screen for autoantibodies is common in the 
evaluation of patients with IIM or suspected 
IIM.  However, their role in the pathophysiol-
ogy of IIM is unclear. Some may be directly 
involved in pathophysiology and others simply 
an epiphenomenon. Antibodies are categorized 
as myositis-associated autoantibodies (MAAs) 
or myositis-specific autoantibodies (MSAs). 
MSAs are found predominantly in the serum of 
patients with IIM, but are not 100% specific for 
IIM [52, 53]. MAAs are primarily encountered in 
other connective tissue diseases and occasionally 
found in patients with IIM [52, 53]. MSAs can 
help classify homogenous phenotypic subsets of 
patients and help predict the degree of muscle, 
skin, and lung involvement, as well as risk of an 
associated malignancy (Table 20.1) [14, 29, 32, 
33, 41, 52, 54–63]. Recent classification schemes 
suggest MSAs are crucial for accurate categori-
zation of IIM [14].

Dermatomyositis  Approximately 70% of 
patients with DM have a dermatomyositis-
specific autoantibody [52], many associated with 
a unique clinical phenotype (Table 20.1) [56–61]. 
Autoantibodies against Mi2, a nuclear antigen, 
are associated with classic DM characteristics, 
severe skin manifestations, proximal weakness, 
and a lower risk of associated malignancy rela-
tive to DM associated with other MSAs [56]. 
DM patients with autoantibodies against nuclear 
matrix protein NXP2 are more likely to present 
with both proximal and distal muscle weakness, 
subcutaneous edema, and dysphagia and are 
more prone to develop calcinosis [58]. Patients 
with anti-NXP2 or anti-transcription intermedi-
ary factor (TIF)-1 autoantibodies are associated 
with increased risk of malignancy within 3 years 
of diagnosis. Accordingly, comprehensive can-
cer screening or positron emission tomography-
computed tomography (PET-CT) scans are 
particularly important for these patients [57, 58, 
64, 65]. DM patients with antibodies against 

Table 20.1  Myositis-specific autoantibodies

Myositis-specific 
autoantibody Phenotype features
Antisynthetase syndrome
Anti-histidyl-tRNA 
synthetase 
(anti-Jo-1)

90% muscle involvement; 
50–75% interstitial lung disease 
(ILD) [54]

Anti-threonyl-tRNA 
synthetase 
(anti-PL-7)

44% muscle involvement; 80% 
ILD [55]

Anti-alanyl-tRNA 
synthetase 
(anti-PL-12)

50% muscle involvement; 90% 
ILD [54]

Anti-glycyl-tRNA 
synthetase (anti-EJ)
Anti-isoleucyl-tRNA 
synthetase (anti-OJ)
Anti-asparaginyl-
tRNA synthetase 
(anti-KS)
Anti-tyrosyl-tRNA 
synthetase (anti-Ha)
Anti-phenylalanyl-
tRNA synthetase 
(anti-Zo)
Dermatomyositis
Anti-Mi-2 Severe skin manifestations, good 

response to treatment, less risk 
of malignancy relative to other 
forms of dermatomyositis [56]

Anti-transcriptional 
intermediary factor 
1+ (anti-TIF-1)

Adults: Increased risk of 
malignancy. Children: Severe 
cutaneous involvement [57]

Anti-nuclear matrix 
protein 2 
(anti-NXP2)

Increased risk of calcinosis. 
Increased risk of malignancy in 
adults [57, 58]

Anti-melanoma 
differentiation-
associated protein 5 
(anti-MDA5)

Skin ulcerations, palmar 
papules, and severe ILD 
syndrome [59, 60]

Anti-small 
ubiquitin-like 
modifier 1 (SAE)

Skin manifestations before 
muscle; dysphagia [61]

Immune-mediated necrotizing myopathy
Anti-signal 
recognition particle 
(anti-SRP)

Severe weakness. Difficult to 
treat. ILD more common than 
anti-HMGCR. Onset is most 
common in autumn [32, 33, 62]

Anti-3-hydroxy-3-
methylglutaryl 
coenzyme A 
reductase (HMGCR)

Can cause pure muscle 
involvement or antisynthetase 
syndrome-like picture. Increased 
risk of malignancy vs. anti-
signal recognition particle (SRP) 
[29, 62, 63]
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small ubiquitin-like modifier activating enzyme 
(SAE) or melanoma differentiation-associated 
gene 5 (MDA5) typically have more cutaneous 
than muscle involvement [59–61, 66]. MDA5 
patients are commonly hypomyopathic or amyo-
pathic and may develop ulcers on the palmar 
surface of their hands and a rapidly progressive 
form of ILD [59, 60, 66]. IIM patients suspected 
to have interstitial lung disease should initially 
be evaluated and monitored using pulmonary 
function tests (carbon monoxide diffusion and 
inspiratory and expiratory pressures) and high-
resolution CT scans.

IMNM  Several autoantibodies associated with 
IMNM have been identified, each with specific 
characteristics and clinical outcomes (Table 20.1) 
[29, 32, 33, 62, 63]. These include anti-signal 
recognition particle (SRP) and anti-3-hydroxy-3-
methylglutaryl coenzyme A reductase (HMGCR) 
autoantibodies. Patients with SRP or HMGCR 
antibodies often share several features, including 
high CK, and an aggressive refractory disease 
course in some patients [62]. The IMNM classifi-
cation does not perfectly overlap with all patients 
with SRP or HMGCR antibodies. Only two-thirds 
of IMNM patients are reported to have antibodies 
to SRP or HMGCR, and around 20% of patients 
with SRP or HMGCR antibodies do not have key 
histopathology characteristics of IMNM [33, 63, 
67]. Only two-thirds of HMGCR patients have 
necrosis or regeneration, and one-third have lym-
phocytic infiltrates [68]. Approximately 60% of 
these patients will have prominent perimysial 
pathology, and as high as 37% will have systemic 
features such as ILD and skin rash, features more 
commonly seen with overlap or antisynthetase 
syndromes [68]. The association between statin 
usage and increased risk of developing IMNM 
associated with HMGCR antibodies is a subject 
of ongoing debate [68]. However, it is clear that 
some patients do have a form of disease trig-
gered by exposure to statins, likely from feed-
back mechanisms that lead to increased HMGCR 
expression in muscle tissue [29]. Patients with 
HMGCR antibodies might have an increased 
risk of malignancy [69]. Some patients may even 
present with a slowly progressive disease course 

and be misdiagnosed with limb-girdle muscular 
dystrophy [29]. SRP patients tend to have more 
severe weakness than HMGCR patients [32, 
62]. In addition to necrosis and regeneration, 
SRP muscle pathology demonstrates prominent 
endomysial fibrosis and capillary pathology [70]. 
SRP patients may be at greater risk for develop-
ing interstitial lung disease and possibly cardiac 
involvement when compared to patients with 
HMGCR antibodies [62, 71]. If cardiac involve-
ment is suspected, an electrocardiogram (ECG) 
and echocardiogram should be performed. 
Seronegative IMNM is thought to be associated 
with increased risk of malignancy, female pre-
dominance, frequent occurrence of associated 
connective tissue disorders, and increased risk of 
extra-muscular disease activity [69, 72].

Antisynthetase Syndrome  Autoantibodies against 
histidyl (anti-Jo-1)-, threonyl (anti-PL7)-, and alanyl 
(anti-PL12)-tRNA synthetases are the most com-
mon [36, 73]. About 90% of patients with anti-Jo-1 
autoantibodies have an inflammatory myopathy, 
while approximately 50% of patients with anti-PL12 
autoantibodies present with interstitial lung disease 
but no muscle involvement [36]. Muscle weakness 
tends to be more severe in patients with anti-Jo-1 
autoantibodies, while lung involvement is more 
severe in patients with anti-PL7 and anti-PL12 auto-
antibodies [36, 73].

Sporadic IBM  Autoantibodies against cyto-
solic 5′-nucleotidase 1A (NT5C1A) are present 
in 30–60% of patients with sIBM. NT5C1A auto-
antibodies are not specific for sIBM, as they are 
found in 15–20% of patients with DM, 10% of 
patients with systemic lupus erythematosus, and 
12% of patients with Sjögren’s syndrome [74–
77]. SIBM patients with NT5C1A antibodies are 
more commonly female, have greater motor and 
functional disability, and have more prominent 
bulbar, facial, and respiratory involvement [78].

�Histopathology

Muscle biopsy is a valuable diagnostic tool in 
patients suspected to have an IIM. The key patho-
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logical characteristics of IIM initially recognized 
by Bohan and Peter criteria were degeneration, 
regeneration, necrosis, and interstitial mononu-
clear infiltrates. Inflammatory cell infiltrates are 
not specific to IIM as they can be seen in muscular 
dystrophies such as dysferlinopathy, calpainopa-
thy, facioscapulohumeral muscular dystrophy, 
metabolic myopathies following rhabdomyoly-
sis, granulomatous disorders, myasthenia gravis, 
vasculitis, and lymphoma, among other disorders 
[24, 79–84]. Muscle biopsies from patients with 
DM, IMNM, sIBM, and antisynthetase syndrome 
are known to have many unique pathological fea-
tures, suggesting different pathophysiological 
mechanisms exist for each [8, 82–84]. Each IIM 
affects specific regions or tissues within skeletal 
muscle, including connective tissue, blood ves-
sels, and muscle fibers (Fig. 20.3). Pathology can 
also predict lung involvement, risk of malignancy, 
and response to immunomodulatory treatment.

Dermatomyositis  “Perifascicular atrophy” is 
the classic feature described in DM (Fig. 20.4a). 
Some claim this finding is very specific for DM; 
however, there are several inconsistences [14, 41, 
85]. For example, some patients will have promi-
nent perifascicular necrosis instead of atrophy, 

and others may have minimal inflammatory infil-
trates and prominent necrosis similar to IMNM 
[41, 86]. The classic dermatomyositis clinico-
pathological picture may therefore be more accu-
rately characterized as dermatomyositis with 
vascular pathology (DM-VP) [87]. DM-VP biop-
sies demonstrate a perifascicular myopathy with 
muscle fiber atrophy, reduced cytochrome oxi-
dase staining, and increased MHC class 1 expres-
sion (Fig. 20.4a, b) [8]. The vascular pathology is 
characterized by abnormal, damaged endomysial 
capillaries with alkaline phosphatase staining, 
C5b-9 deposition, and lymphocytic foci sur-
rounding larger vessels in vascular perimysium 
(Fig. 20.4c, d) [8].

A clinically different subset of patients that 
are often included under the umbrella categoriza-
tion of DM have damage to perimysial connec-
tive tissue and perifascicular muscle fiber 
pathology that is often mistaken for DM-VP [8, 
88]. Biopsies demonstrate perimysial connective 
tissue pathology including fragmentation, acid 
phosphatase-positive histiocytic cells, and alka-
line phosphatase staining of the perimysium 
(Fig. 20.5a–c). Muscle fiber pathology includes 
necrosis and regeneration, more prominent in 

Epimysium

Blood
vessels

Muscle fibers

Perimysium

Expanded view of the single 
muscle fiber showing individual 
myofibrils 

Endomysium

Muscle fiber

Fascicle wrapped 
by perimysium

Fig. 20.3  Muscle anatomy. Individual muscle fibers are 
surrounded by the endomysium, which contains capillar-
ies. Muscle fibers are grouped into fascicles, which are 

separated by the perimysium. Perimysial connective tis-
sue may contain vasculature. The epimysial connective 
tissue envelops all fascicles within the muscle
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regions neighboring the perimysium (Fig. 20.5d) 
[8, 88]. These disorders have been termed 
immune myopathies with perimysial pathology 
(IMPP) [89]. When compared to DM-VP, IMPP 
is associated with the clinical picture of antisyn-
thetase syndrome with increased risk of ILD, 
Raynaud phenomenon, mechanic’s hands, 
inflammatory arthritis, and a higher CK level. 
IMPP also predicts a sustained response to immu-
nomodulatory therapy and is less frequently 
associated with a concurrent malignancy [88]. 
Because of this, IMPP patients require regular 
screening for ILD.  While IMPP patients may 
have MSAs such as anti-Jo-1 or HMGCR, the 

large percentage of patients without MSAs 
emphasizes the important role of myopathology 
in identifying patients at higher risk of severe 
comorbid conditions such as ILD.

Regional ischemic immune myopathy (RIIM) 
is another distinctive pathologic group observed 
in dermatomyopathy patients and is likely caused 
by ischemia in border zones between damaged 
intermediate-sized perimysial blood vessels [90]. 
Histopathology reveals an unusual pattern of 
regional muscle fiber necrosis and regeneration 
with capillary loss in border zones between 
intermediate-sized perimysial vessels, vascular 
pathology with damaged walls of intermediate-

Fig. 20.4  Dermato-
myositis with vascular 
pathology histopathol-
ogy. H&E demonstrating 
perifascicular atrophy. 
Note absence of atrophy 
adjacent to vascular 
perimysium (arrow) (a). 
Perifascicular pattern 
of reduced cytochrome 
oxidase staining 
(arrows) (b). Alkaline 
phosphatase highlights 
enlarged, abnormal 
endomysial capillaries 
(c). Perivascular 
lymphocytic infiltrates 
around intermediate-
sized vessels (arrow), 
distant from muscle 
fiber atrophy (d)
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sized perimysial veins, and connective tissue 
with expression of the ischemia marker carbonic 
anhydrase IX but no mononuclear inflammatory 
foci [90].

IMNM  The term “necrotizing” may be mis-
leading and imply the whole muscle is necrotic. 
Immune myopathy “with myofiber necrosis” may 
be more accurate indicating single myofibers are 
undergoing necrosis. Regardless, IMNM biopsies 
typically demonstrate scattered necrotic muscle 
fibers, although these may be rare or completely 
absent. Different stages of necrosis/myophago-
cytosis and regeneration should also be identi-
fied [91]. Lymphocytic infiltrates are minimal, 
if present at all [91]. Sarcolemmal MHC class 1 
expression may be seen on non-necrotic and non-
regenerating fibers but is often less robust than that 

seen in other IIMs (Fig. 20.6a–d) [62, 91]. Patchy 
C5b-9 deposition may be seen. Anti-SRP myopa-
thies more commonly have prominent endomysial 
fibrosis and enlarged capillaries (Fig.  20.6d–f) 
[62, 70]. Anti-HMGCR myopathies frequently 
have perimysial pathology and nuclear abnormali-
ties (Fig. 20.6g–j) [62, 88]. It should be noted that 
muscle fiber necrosis by itself is not useful for sub-
classifying IIM [91]. Many different myopathic 
disorders have prominent muscle fiber necrosis 
with variable patterns. For example, IMPPs have 
prominent necrotic fibers near the perimysium 
[88]. Brachio-cervical inflammatory myopathy has 
randomly scattered necrotic fibers [92]. Regional 
ischemic immune myopathy (RIIM) has necrosis 
of muscle fibers in border zones between vessels 
[90]. Hereditary and other types of acquired myop-
athies may also have abundant scattered necrosis.

Fig. 20.5  Immune 
myopathy with 
perimysial pathology. 
Perifascicular pattern of 
necrosis and 
regenerating fibers 
(white arrows), with 
widened, pale, cellular 
perimysium (dark 
arrows) (a). Acid 
phosphatase-positive 
histiocytic cells 
occupying the 
perimysium (b). 
Alkaline phosphatase 
stains the perimysium 
(c). C5b9 stains the 
perimysium and 
cytoplasm of necrotic 
fibers (d)
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Fig. 20.6  Anti-signal recognition particle (SRP) myopa-
thy and anti-3-hydroxy-3-methylglutaryl coenzyme A 
reductase (HMGCR) myopathy. Varying degrees of 
pathology seen in anti-SRP myopathy (a-d). Early pathol-
ogy with scattered necrotic (dark arrow) and regenerating 
fibers (white arrow) (a). Later in disease with mild pathol-
ogy (b), intermediate pathology with moderately 
increased endomysial connective tissue (arrows) (c), and 
severe pathology with prominently increased connective 
tissue (d). Ulex staining highlights enlarged capillaries 
(arrow) (e). C5b-9 stains the sarcoplasm of necrotic fibers 

(arrow) (f). Anti-HMGCR myopathy more commonly 
demonstrates immune myopathies with perimysial pathol-
ogy (IMPP) pathology associated with necrosis. H&E 
with widened, fragmented, and cellular perimysium with 
fatty replacement (arrows) (g). Alkaline phosphatase 
highlights the perimysium (dark arrow) and sarcoplasm of 
immature fibers (white arrows) (h). Acid phosphatase 
highlights histiocytic cells within the perimysium (arrow) 
(i). Congo red staining illustrating nuclear pathology with 
irregular shapes and clear centers (arrow) (j)
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Antisynthetase Syndrome  Muscle biopsies 
most commonly demonstrate an IMPP pattern 
with damaged, fragmented perimysium with adja-
cent perifascicular myofiber necrosis (Fig.  20.5) 
[8, 88, 93]. The key clinical difference between 
DM and antisynthetase syndrome patients with 
IMPP is simply the presence or absence of anti-
synthetase autoantibodies [88, 93]. Some anti-
synthetase syndrome patients may have more 
widespread necrosis and regeneration [93]. On 
electron microscopy, nuclear actin aggregation 
may be seen [94].

�Sporadic IBM

Muscle biopsies from patients with sIBM demon-
strate a coexistence of mononuclear inflammatory 
cells and protein aggregation. Specifically pathol-

ogy reveals an IIM with vacuoles, aggregates, and 
mitochondrial pathology (Fig. 20.7a–i) [8]. This 
combination of findings has been abbreviated as 
IM-VAMP [8]. Atrophic fibers are often grouped 
and may have a neurogenic appearance [95]. The 
inflammatory infiltrate is located within the endo-
mysium and composed of CD8 T cells that sur-
round and invade non-necrotic fibers [1, 96]. MHC 
class 1 is often expressed on the sarcolemma. 
Vacuoles contain granular basophilic debris and 
are immuno-reactive for markers of autophagy, 
amyloid, and aggregation-prone proteins such as 
TAR DNA-binding protein 43 and phosphory-
lated neurofilament [1, 8, 97–101]. Aggregates 
are visualized on H&E as eosinophilic inclusions 
and may also be highlighted using AMPDA or 
SMI-31. These tubulo-filamentous inclusions 
may be seen on electron microscopy and gave 
rise to the name inclusion body myositis [102]. 

Fig. 20.7  Sporadic inclusion body myositis (sIBM). 
H&E demonstrating several key features of sIBM includ-
ing fiber size variability and endomysial inflammatory 
cell infiltrates invading non-necrotic fibers (arrows) (a). 
Focal invasion of non-necrotic fiber by CD8-positive cells 
(arrow) (b). Aggregates demonstrated by AMPDA 
(arrows) (c), LC-3 (d), and desmin staining (arrow) (e). 

Congo red staining illustrating nuclear pathology with 
clear centers and irregular borders (black arrows) (f). 
Rimmed vacuoles on Congo red staining (white arrow) (f) 
and Gomori trichrome (arrow) (g). Cytochrome oxidase-
negative fibers (arrow) (h). MHC-1 upregulation on sarco-
lemma (arrows) (i)
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Mitochondrial pathology manifests as scattered 
cytochrome oxidase-negative fibers. Abnormal 
myonuclei are also seen [8, 103]. Muscle from 
individual sIBM patients may show one or all of 
these features. Individual muscle fibers typically 
show only one of these features [8].

Others  Many other IIM exist and are not 
included or well categorized by current classifi-
cation schemes. These disorders are best under-
stood based on their histopathological patterns.

Routine muscle pathology in brachio-cervical 
inflammatory myopathy (BCIM, also referred to 
as B-cell inflammatory myopathy) can be similar 
to that seen in sIBM with focal invasion by 
inflammatory cells that are commonly endo-
mysial and perivascular [92]. Perimysial connec-
tive tissue staining for alkaline phosphatase; foci 
of B-cell inflammatory infiltrates (CD20 posi-
tive), often associated with ectopic lymphoid 
structures (ELS); or prominent endomysial 
C5b-9 complement deposition aid in distinguish-
ing BCIM from other forms of IIM. BCIM syn-
dromes frequently overlap with other immune 
disorders including myasthenia gravis and rheu-
matoid arthritis and preferentially involve the 
proximal arms and posterior neck [92].

Histiocytic inflammatory myopathies have 
focal collections of cells located in the endomy-
sium or perimysium. Acid phosphatase, esterase, 
and CD68 stains label cells in the centers of these 
histiocytic inflammatory foci [8]. In contrast, 
these stains label only 10–30% of cells in focal 
mononuclear cell collections. Muscle fiber dam-
age appears as replacement of fibers by histio-
cytic cells and endomysial connective tissue. The 
best described histiocytic syndromes are granulo-
matous myopathies, some of which are associ-
ated with sarcoidosis [8, 104]. Histiocytic foci 
and granulomas in muscle can occur without 
myopathy in systemic sarcoidosis or vasculitic 
lesions [8, 104]. Collections of histiocytic cells 
are also found in macrophagic myofasciitis 
(MMF) and inflammatory myopathy with abun-
dant macrophages (IMAMs) [8, 105–107]. MMF 
and IMAM may be related to immunizations and 
be clinically silent [108]. Therefore, identifying 

IMAM histiocytic cell collections should not pre-
clude further search for alternative causes of 
weakness.

�Pathogenesis

The clinical and histopathological distinctions 
between IIMs suggest different pathogenic pro-
cesses underlie each, but the precise mechanisms 
leading to tissue injury are poorly defined.

Dermatomyositis  The precise mechanisms 
responsible for DM are unknown. Several differ-
ent DM models have been proposed. One model 
focuses on a central role for type 1 interferons 
(IFN) causing capillary, myofiber, and connec-
tive tissue injury [109–111]. Alternatively, DM 
myofiber injury may result from an antibody and 
complement-mediated microangiopathy [8, 112, 
113], and the resulting hypoxia triggers IFN pro-
duction [114]. The pathogenic role of myositis-
specific autoantibodies in DM is uncertain [11, 
41]. DM in some patients is a paraneoplastic syn-
drome associated with cancer through unknown 
mechanisms. Future studies of DM pathogenesis 
should avoid lumping together distinct clini-
copathological groups (DM-VP, IMPP, RIIM), 
which likely have different pathomechanisms.

A combination of genetic risk factors and 
exposure to environmental factors may be 
required to trigger DM.  Certain class 2 HLA 
alleles have been implicated in dermatomyositis 
pathogenesis [115]. Exposure to ultraviolet light 
is also a known risk factor for developing derma-
tomyositis [116]. However, the majority of peo-
ple with known genetic risk factors and high 
ultraviolet light exposure never develop 
DM.  Mutations in TIF1 genes in tumors from 
patients with DM positive for anti-TIF1 autoanti-
bodies have been reported [117]. Once a patient 
has developed DM, it is unclear what mecha-
nisms maintain muscle damage and weakness.

IMNM  The mechanisms underlying this condi-
tion are unknown. Despite the lack of substantial 
immune cell invasion of muscle, this condition 
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can respond to immunosuppressive therapies, 
suggesting it is immune-mediated. While statins 
are known to cause rhabdomyolysis, their asso-
ciation with anti-HMGCR myopathy is not clear, 
and the condition should not be called a statin 
myopathy [29, 68]. That stated, there is evidence 
that HMGCR is expressed by muscle fibers, par-
ticularly regenerating fibers, and that antigen 
expression is increased by statin exposure (via 
feedback mechanisms similar to those present in 
hepatocytes) [29]. Accordingly, in patients with 
anti-HMGCR antibodies, exposure to statins 
could lead to increased antigen expression and 
further, immune-mediated, muscle damage. 
Class 2 HLA-allele DRB1*08:03 is associated 
with anti-SRP myopathy, and DRB1*11:01 is an 
immunogenic risk factor for anti-HMGCR myop-
athy [118]. Some have proposed anti-SRP and 
anti-HMGCR antibodies are directly pathogenic 
[67]; however, these antibodies were unable to 
induce necrosis in vitro [119], indicating further 
studies are required.

Antisynthetase Syndrome  Little is known 
about what triggers and maintains autoimmunity 
in antisynthetase syndrome. A pathogenic role 
for these antibodies remains unproven. Mouse 
models of myositis induced by immunization 
with histidyl-tRNA synthetase are not dependent 
on the development of antibody responses [120]. 
Instead, they are thought to be mediated by innate 
immune mechanisms or by the action of histidyl-
tRNA synthetase as a chemokine [120].

Sporadic IBM  Pathologic features of sIBM 
can be divided into two categories: inflammatory 
changes and myodegenerative pathologies [8]. 
These two pathologies have led to pathomecha-
nistic speculation as to whether sIBM is a pri-
mary inflammatory, or a primary degenerative, 
myopathy.

Several lines of evidence suggest that unlike 
other IIM, sIBM is a primary degenerative 
myopathy. Rimmed vacuoles are immuno-reac-
tive for autophagic markers such as LC3 sug-
gesting they are autophagic in origin [97–100]. 
Inclusions are also immuno-reactive for aggre-

gate-prone proteins including amyloid precursor 
protein, phosphorylated neurofilament, and 
TDP-43 [99, 121–124]. Rimmed vacuoles may 
also be found in hereditary inclusion body 
myopathies or protein aggregate myopathies. 
Dominantly inherited mutations in the ubiquitin 
adaptor valosin containing protein (VCP) cause 
a multisystem degenerative syndrome manifest-
ing with IBM, Paget’s disease of bone (PDB), 
motor neuron disease, and fronto-temporal 
dementia [125]. Rare variants in SQSTM1 have 
also been identified in patients with a similar 
phenotype [126]. Both SQSTM1 and VCP accu-
mulate in sIBM patient muscle, often within or 
adjacent to rimmed vacuoles [100, 125]. FYCO1, 
similar to SQSTM1, is an autophagic adaptor 
protein that binds autophagosomes and facili-
tates their maturation to acidic lysosomes along 
microtubules [127]. FYCO1 is a strong marker 
of rimmed vacuoles, and disease-associated vari-
ants impair autophagosome binding in skeletal 
muscle suggesting they may disrupt autophagic 
degradation [128]. FYCO1 variants are statisti-
cally overrepresented in sIBM patients com-
pared to controls and may serve as risk alleles 
[128]. These studies support that the degenera-
tion in sIBM patient muscle may be due to a 
more global disruption in protein degradation 
pathways, and future treatment strategies aimed 
at improving protein degradation or protein 
aggregates may be therapeutic for sIBM.  As 
proof of concept, mice expressing pathogenic 
VCP mutations were treated with a small mole-
cule, arimoclomol, that enhances the heat shock 
response. This causes a coordinated upregula-
tion of protein chaperones to facilitate proper 
folding or degradation of misfolded proteins 
[129]. Arimoclomol reduced both ubiquitin and 
TDP-43 pathology and increased forelimb grip 
strength. These data were supported by a phase 
II clinical trial in 16 sIBM patients [129].

A number of observations have also strongly 
implicated autoimmunity as a central pathologic 
mechanism in sIBM. For example, the invasion 
of myofibers by cytotoxic CD8+ T cells is a 
prominent feature in muscle biopsies from sIBM 
patients [96, 130, 131]. Both oligoclonal and 
polyclonal expansions of T cells exist within 
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muscle from sIBM patients and support the idea 
that there is a continuous antigen-driven inflam-
matory process in sIBM [132]. Many sIBM 
patients have abnormal clonal expansions of cir-
culating granular lymphocytes that express 
CD57, a marker of persistent antigenic stimula-
tion that defines a population of T cells with 
increased cytotoxic potential and resistance to 
apoptosis [133]. In fact, most sIBM patients 
meet criteria for T-cell large granular lympho-
cytic leukemia (T-LGL) [133]. In sIBM, muscle 
is invaded by the CD8+ CD57+ lymphocytes, 
which contain cytotoxic granules, analogous to 
T-LGL where these same cells invade the bone 
marrow, spleen, and liver. These findings suggest 
persistent antigenic stimulation of T cells pre-
cipitates a neoplastic-like disorder, with cyto-
toxic T cells invading muscle and circulating in 
the blood [134].

Dense inflammatory collections consistent 
with ELS have also been identified in sIBM mus-
cle [135]. Clonally related B cells and plasma 
cells within these intramuscular lymphoid struc-
tures suggest antigen-stimulated maturation of 
antibody-producing plasma cells occurs locally 
within sIBM muscle. These findings led to the 
discovery of autoantibodies targeting cytosolic 
5′-nucleotidase 1A (NT5C1A) [136, 137], an 
enzyme that catalyzes the hydrolysis of adenos-
ine monophosphate to adenosine and inorganic 
phosphate. NT5C1A is aberrantly localized to 
perinuclear regions and vacuole rims in sIBM 
skeletal muscle cells [138]. Whether the abnor-
mal distribution of NT5C1A plays a role in trig-
gering an autoimmune response in sIBM has not 
been determined.

Another interesting point regarding sIBM 
pathogenesis is the sIBM-like syndrome that 
develops in human immunodeficiency virus 
(HIV)-positive patients. Initially these patients 
may present, at a younger age of onset, with very 
high CK levels and proximal weakness that may 
improve with treatment. However, all patients 
eventually develop features most consistent with 
inclusion body myositis, including finger and 
wrist flexor weakness, rimmed vacuoles, or anti-
NT5C1A autoantibodies [139].

�Classification

There have been many attempts to establish clas-
sification and diagnostic criteria for IIMs. Bohan 
and Peter proposed their system to establish clear 
guidelines for diagnosis and classification of PM 
and DM [140]. These criteria are too inclusive, 
allowing patients with various muscular dystro-
phies to be diagnosed with IIM [79], and they are 
unable to distinguish sIBM, IMNM, antisynthe-
tase syndrome, and DM. Many other classifica-
tion schemes have been proposed, all attempting 
to improve the homogeneity of diagnostic catego-
ries, so treatment and prognosis may be evaluated 
accurately. No universally accepted classification 
system currently exists. IIMs such as BCIM, focal 
myositis, and others are distinct and well charac-
terized clinically and pathologically, yet are not 
recognized by current classification schemes [92, 
141, 142].

Clinical-serologic associations have helped to 
more accurately categorize patients and predict 
risk of malignancy or ILD; however, the utility 
of classification schemes based on MSAs is lim-
ited [10]. Many MSAs lack specificity for a dis-
tinct syndrome [14, 52, 53]. MSAs also lack 
sensitivity as many IIM patients are seronegative 
[14, 52, 53].

Other classification schemes have placed 
more emphasis on muscle pathology and facili-
tated the initial distinction between sIBM and 
PM [22, 143]. The importance of histopathologic 
criteria was demonstrated by a retrospective fol-
low-up study of 165 IIM patients that suggested 
the diagnosis of PM is rare and actually includes 
a heterogeneous group of disorders [4].

In 2003, two new distinct pathologic entities 
were proposed at a consensus conference of the 
European Neuromuscular Centre (ENMC), 
IMNM and nonspecific myositis, which 
included patients with nonspecific perimysial/
perivascular infiltrates, but without biopsy fea-
tures diagnostic of DM or PM [144]. In 2011, 
another classification system was proposed 
based solely on myopathology that avoided 
inconsistencies of other clinical classification 
systems [8]. It utilizes pathologic characteris-
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tics, types of muscle fiber damage, and tissues 
involved to subclassify IIMs. It defined six new 
pathologic classes: IMPP (seen in antisynthe-
tase syndrome or “DM” cases with ILD), myo-
vasculopathies (seen in dermatomyopathies 
such as DM-VP and RIIM), immune polymy-
opathies (such as anti-SRP and HMGCR myop-
athies), immune myopathies with endomysial 
pathology (seen in BCIM), histiocytic inflam-
matory myopathy (seen in granulomatous disor-
ders, MMF, and IMAM), and IM-VAMP (seen 
in sIBM) [8, 68, 70, 87–90, 92, 99, 104].

While this system provides consistent and 
inclusive classification, such specialized myo-
pathological techniques are not widely avail-
able. In addition, accurate interpretation of 
specimens is also problematic [14]. This is evi-
dent in the most recent classification scheme, 
which proposes using only clinical findings and 
MSAs while excluding histopathology [14]. 
They note this system may be used to determine 
what type of IIM a patient has, not if a patient 
has IIM. Based on phenotypic, biological, and 
immunologic data, four clusters (DM, IBM, 
IMNM, antisynthetase syndrome) were identi-
fied. They developed a simplified decisional tree 
with 78.4% correct estimation of their self-
defined clusters using three variables: DM rash, 
antisynthetase syndrome antibodies, and finger 
flexor scores of 3 or less on the Medical 
Research Council (MRC) scale [14]. Many 
problems result from this oversimplification. By 
ignoring histopathology, many antisynthetase 
antibody-negative patients are miscategorized. 
This includes seronegative IMPP patients who 
are still at increased risk of ILD [88]. This 
scheme also improperly classifies 35% of sIBM 
patients as IMNM and 8.7% of IMNM patients 
as sIBM [14]. This leads to a very problematic 
situation of incorrectly initiating or withholding 
immunosuppression in the setting of not having 
a biopsy to guide further management. While 
many aspects of these criteria are not ideal, they 
have been useful in eliminating polymyositis as 
a diagnostic entity.

�Treatment

Treatment for IIMs remains challenging. The 
absence of standardized treatment guidelines is 
reflective of their low prevalence, phenotypic 
heterogeneity, and suboptimal classification 
systems. Currently, treatment requires a multi-
disciplinary approach managed by experienced 
clinicians.

IIMs Other Than sIBM  The shortage of ade-
quate randomized trials has resulted in treatment 
strategies relying on historical clinical practice, 
case series, and expert opinion.

Glucocorticoids are first-line treatment, but 
side effects (weight gain, osteoporosis, hyperten-
sion, diabetes) limit their use as a monotherapy. 
At initial presentation, intravenous methylpred-
nisolone (IVMP) is typically given at 1 gram 
daily for 3–5 days depending on severity. More 
conservative approaches will initiate prednisone 
at starting doses of 0.5–1 mg/kg/day at a maxi-
mum of 100  mg/day. Some will maintain daily 
prednisone for 4–6 weeks and then taper. We uti-
lize pulse dose steroids to minimize side effects 
[145–147], starting at 1  gram/week for 
1–2 months, followed by 1 gram every 2 weeks 
for another 1–2  months, at which time patients 
are reassessed. Further tapering is facilitated by 
slowly increasing time between doses or reduc-
ing total dose and guided by repeat clinical 
examinations.

Other immunosuppressive and immunomodu-
latory drugs commonly used for IIMs include 
methotrexate, azathioprine, mycophenolate 
mofetil, cyclosporine, tacrolimus, intravenous 
immunoglobulin (IVIg), rituximab, and cyclo-
phosphamide (Table  20.2). Certain clinical set-
tings guide the selection of different drugs. 
Methotrexate is useful as a steroid-sparing agent 
for muscle and joint disease when relatively 
quick onset (months) is desired, but may cause 
lung toxicity and should be avoided in patients 
with ILD [148]. Azathioprine is useful in patients 
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Table 20.2  Immunomodulatory treatments for immune and inflammatory myopathies (IIM)

Drug Indications Dose Side effects Monitoring
Corticosteroids Severe cases, all 

manifestations
1 g/day for 3–5 d and 
then daily prednisone 
or intermittent dosing: 
1 g/week for 1 month, 
1 g/every other week 
for 2 months. Taper 
further via slow dose or 
frequency reduction

Hypertension, weight 
gain, hyperglycemia, 
osteoporosis, cataracts, 
infection, insomnia

Weight, blood 
pressure, serum 
glucose, bone density, 
cataracts

All patients, all 
manifestations

Daily: 0.5–1 mg/kg/
day. Intermittent: 
3.5–7 mg/kg/week. 
Taper: After 
3–6 months or clinical 
improvement. Reduce 
by 5 mg every 
2–6 weeks

Azathioprine Steroid sparing. 
Muscle 
involvement

2–3 mg/kg/day Myelosuppression, 
hepatotoxicity, 
malignancy, teratogenicity, 
alopecia, flu-like 
hypersensitivity reaction

Thiopurine 
methyltransferase 
enzyme activity 
before initiation, 
CBC, and CMP

Methotrexate Steroid sparing. 
Muscle 
involvement. 
Avoid in ILD

7.5 mg/week for 
2 weeks, titrate to 
maximum 25 mg/week 
in 2.5 mg increments
IM/SQ administration 
may have more efficacy 
than PO

Hepatotoxicity, 
myelosuppression, 
alopecia, pneumonitis, 
teratogenicity, malignancy, 
renal insufficiency

Weekly CBC and 
CMP for 1 month, 
monthly for 
6 months, every 
3 months thereafter

Cyclosporine Steroid sparing. 
Skin 
involvement and 
ILD

3–5 mg/kg/day Hypertension, 
nephrotoxicity, 
hepatotoxicity, 
myelosuppression

Blood pressure, CBC, 
CMP, cyclosporine 
troughs with goal 
50–150 ng/ml

Tacrolimus Steroid sparing. 
ILD

0.06 mg/kg/day Hypertension, 
hepatotoxicity, 
nephrotoxicity, hirsutism, 
tremor, teratogenicity

Blood pressure, CMP, 
tacrolimus troughs 
with goal 2–9 ng/ml

Mycophenolate 
mofetil

ILD 2–3 g/day in divided 
doses

Myelosuppression, nausea, 
diarrhea, hypertension

Blood pressure, CBC

Cyclophosphamide ILD IV: 0.7–1 g/M2 for 1 d/
month for 5–6 months
Oral: 10–15 mg/kg per 
month for 6–12 months

Vomiting, alopecia, 
hemorrhagic cystitis, 
myelosuppression, 
malignancy, infertility

Urinalysis, monthly 
CBC

IVIg Dysphagia and 
severe disease 
refractory to 
other treatments

2 g/kg over 2–5 days 
and then 0.4–2 g/kg 
every 4–6 weeks

Hypotension, arrhythmia, 
diaphoresis, flushing, 
nephrotoxicity, headache, 
aseptic meningitis, 
anaphylaxis, thrombosis

Heart rate, blood 
pressure, kidney 
function

Rituximab Severe IIM, 
rapidly 
progressive ILD

375 mg/M2 weekly for 
2 weeks and then every 
10 weeks for 2 years

Infusion reaction, 
infection, progressive 
multifocal 
leukoencephalopathy

CD19 count, 
quantitative 
immunoglobulins, 
CBC, and BMP

CBC complete blood count, CMP comprehensive metabolic panel, ILD interstitial lung disease, IM intramuscular,  
SQ subcutaneous, PO per oral, IV intravenous, IVIg intravenous immunoglobulin, BMP basic metabolic panel
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with normal thiopurine methyltransferase activ-
ity for long-term immunosuppression when rapid 
onset is not necessary [149]. Mycophenolate 
mofetil, cyclosporine, and tacrolimus may be 
useful for ILD refractory to corticosteroids [150–
152]. Cyclosporine and tacrolimus have been 
used for skin manifestations in DM [150, 151]. 
Cyclophosphamide may be used in patients with 
more severe ILD who do not respond to steroids; 
however, it is associated with more adverse 
events including infertility [153]. IVIg has shown 
efficacy in a randomized controlled trial and in a 
retrospective study for the management of der-
matomyositis [154, 155]. IVIg and methotrexate 
are also effective for anti-HMGCR myopathy 
[91, 156]. Subcutaneous immunoglobulins 
(SCIg) may be an alternative to intravenous 
administration, but reports of SCIg use in IIM are 
quite limited. Rituximab, a monoclonal antibody 
targeting CD20 on B lymphocytes, was assessed 
in refractory DM and polymyositis [157]. While 
the rituximab arm of this study failed to meet the 
investigator defined primary endpoint, there were 
clear benefits to rituximab use in this patient pop-
ulation in that 83% of subjects receiving ritux-
imab met the trial definition of improvement, a 
criteria generated from measures including mus-
cle strength, muscle enzyme testing, and qualita-
tive disease severity scales [157]. It also appears 
to be efficacious in patients with antisynthetase 
syndrome, with or without ILD, and in patients 
with anti-Mi2, anti-SRP, and anti-HMGCR anti-
bodies [32, 91, 158].

The treatment strategy for juvenile DM is sim-
ilar to adults [159]. The initial prednisone dose is 
2  mg/kg, and methotrexate is the main steroid-
sparing agent, although azathioprine, cyclospo-
rine, and tacrolimus have been used. IVIg is the 
preferred agent for refractory cases. Rituximab is 
increasingly utilized, and cyclophosphamide is 
used for severe or life-threatening cases [159].

Evidence is conflicting regarding the use of 
anti-tumor necrosis factor agents in IIM [160–
162]. In fact, exposure to anti-TNF drugs has 
been reported as a precipitant for IIMs in the lit-

erature. Abatacept, a fusion protein that inhibits 
T-cell co-stimulation, showed benefit by reduc-
ing disease activity in a pilot study of 20 IIM 
patients [163]. Case reports have noted efficacy 
in IIM for tofacitinib [164] and ruxolitinib (Janus 
kinase inhibitors) [165], tocilizumab (IL-6 antag-
onist) [166], anakinra (IL-1 antagonist) [167], 
and alemtuzumab (anti-CD52) [168]; however, 
confirmatory studies are required.

Sporadic IBM  In contrast to other IIMs, no phar-
macological therapy has been shown to be effec-
tive for sIBM. Treatment of this form of myositis 
remains largely supportive. Immunosuppressive 
drugs, such as corticosteroids, azathioprine, 
methotrexate, or etanercept, have not shown 
efficacy in sIBM [134, 169]. Alemtuzumab 
showed a trend toward a reduction of biomark-
ers in a pilot study that was not confirmed in a 
subsequent study [170]. Bimagrumab [171] (a 
monoclonal antibody that blocks the myostatin 
pathway) and follistatin [172] (myostatin inhibi-
tor locally delivered using an adeno-associated 
virus) improved thigh muscle volume and perfor-
mance on the 6-minute walk test but did not sig-
nificantly improve muscle strength. Rapamycin, 
also known as sirolimus, improved performance 
on the 6-minute walk test but did not improve 
quadriceps strength [173]. Oxandrolone and 
simvastatin were also not effective [174, 175]. 
A randomized controlled trial (NCT02483845) 
investigating natalizumab, an FDA-approved 
therapy for multiple sclerosis that prevents T-cell 
egression out of vasculature, is ongoing. A large 
randomized controlled trial of arimoclomol is 
ongoing (NCT02753530).

�Management

Physical Exercise  Physical exercise and reha-
bilitation programs under the supervision of a 
physical therapist are safe in all types of IIM and 
are generally recommended to increase strength 
and reduce disability [176, 177].
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Skin Disease  Patients with skin manifesta-
tions should use sunscreen and avoid UV rays. 
Topical steroids and tacrolimus have been used 
[178]. Hydroxychloroquine, an antimalarial 
drug, also is also commonly used for cutaneous 
manifestations.

Calcinosis  Calcinosis commonly fails to 
respond to immunosuppressive and immuno-
modulatory therapies. Diltiazem may help [179]. 
Abatacept and sodium thiosulfate, a calcium che-
lator, improved calcinosis in a case report [180]. 
Surgical excision is an option [159].

Dysphagia  Dysphagia may occur in all subtypes 
of IIM and is particularly common in sIBM. IVIg 
may improve swallowing in sIBM and other forms 
of IIM [181–183]. Cricopharyngeomyotomy, 
pharyngoesophageal dilation, and injection of 
botulinum toxin may be used when dysphagia 
results from failure of upper esophageal sphinc-
ter relaxation [184–186].

Treatment of Associated ILD  Patients with 
even mild ILD should be intensively treated from 
onset with glucocorticoids and a second-line 
immunosuppressant agent (tacrolimus or myco-
phenolate mofetil). When ILD progression is 
detected, immediate, intensive treatment should 
be initiated. This includes methylprednisolone 
pulses along with a second-line immunosuppres-
sant (tacrolimus, cyclophosphamide, or ritux-
imab). Other treatments to consider include two 
courses of polymyxin in 24 hours, daily plas-
mapheresis for 3 days followed by every other 
day for a total of seven sessions, and IVIg after 
each plasmapheresis session [41, 187, 188]. Lung 
transplantation may be considered as a last-resort 
treatment [188].

�Conclusions and Future Directions

Currently, four main types of inflammatory 
myopathies are recognized: dermatomyositis, 
immune-mediated necrotizing myopathy, spo-
radic inclusion body myositis, and antisynthetase 

syndrome. The ongoing controversy regarding 
classification of IIMs will likely only be resolved 
through a deeper understanding of pathogenesis. 
Improved alignment of clinical, laboratory, and 
histopathologic data will facilitate the develop-
ment of more efficacious treatments.
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Autoimmune Autonomic Disorders

Elisabeth Golden, Kyle Blackburn, 
and Steven Vernino

�Introduction

Disorders of the autonomic nervous system (ANS) 
are commonly attributed to toxic/metabolic causes 
(such as diabetes) or neurodegenerative disorders 
(especially α[alpha]-synucleinopathies), but there 
is also a close relationship between the autonomic 
nervous system and the immune system. In some 
cases, autonomic dysfunction can occur due to or 
in association with autoimmunity. A few autoim-
mune disorders specifically target the autonomic 
nervous system, other autoimmune diseases have 
prominent autonomic manifestations, and some 
common forms of dysautonomia have features of 
autoimmunity or inflammation, but the associa-
tions are less well defined (Table 21.1).
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Key Points
	1.	 There is a complex bi-directional rela-

tionship between the autonomic ner-
vous system and the immune system; 
autonomic dysfunction can occur due to 
or in association with autoimmunity.

	2.	 Autoimmune autonomic ganglionopa-
thy is characterized by pan-autonomic 
failure, associated with pathogenic gan-
glionic acetylcholine receptor antibod-
ies in 50% of cases and often responsive 
to antibody-targeted immunotherapy.

	3.	 Autonomic dysfunction can be paraneo-
plastic in origin or a secondary feature of 
other autoimmune neurologic conditions 
such as Lambert–Eaton myasthenic syn-
drome, Guillain–Barré syndrome, and 
various autoimmune encephalitides.

	4.	 Postural orthostatic tachycardia syn-
drome (POTS) is associated with a vari-
ety of comorbid autoimmune disorders 
and autoantibodies; however, an autoim-
mune cause for POTS is not established.

Table 21.1  Autoimmune autonomic disorders

Autonomic disorders with definite autoimmune etiology
 � Autoimmune autonomic ganglionopathy
 � Paraneoplastic autonomic/enteric neuropathy
 � Lambert–Eaton myasthenic syndrome
Autonomic conditions with possible autoimmune 
etiology
 � Immune-mediated sensory and autonomic 

neuropathies
 � Postural orthostatic tachycardia syndrome
Other autoimmune disorders with prominent autonomic 
features
 � Guillain–Barré syndrome
 � NMDA-R encephalitis
 � LGI1 and CASPR2 ab encephalitis (including 

Morvan syndrome)
 � Anti-DPPX-associated encephalitis
 � Sjögren’s syndrome

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-61883-4_21&domain=pdf
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�Function and Evaluation 
of the Autonomic Nervous System

The autonomic nervous system (ANS) controls 
the automatic functions of the body that are not 
under conscious control. The opposing actions of 
the sympathetic (“fight or flight”) and parasym-
pathetic (“rest and digest”) systems maintain 
homeostasis as they control such diverse bodily 
functions as lacrimation, salivation, pupillary 
function, heart rate, blood pressure, digestion, 
bladder and sexual function, and sweating. A dis-
tributed network in the brain (including the hypo-
thalamus, insula, amygdala, and multiple 
brainstem nuclei) integrates afferent input and 

exerts central control over autonomic efferents. 
The peripheral ANS consists of preganglionic 
neurons in the brainstem and spinal cord that 
project to neurons in peripheral autonomic gan-
glia whose unmyelinated postganglionic axons 
innervate target organs throughout the body. 
Synapses occur at the autonomic ganglia, where 
acetylcholine (ACh) acts on ganglionic nicotinic 
acetylcholine receptors (AChRs). At the level of 
the target organs (e.g., eye, heart, skin, and blad-
der), parasympathetic nerves release ACh to act 
on muscarinic AChRs, while sympathetic nerves 
use norepinephrine to act on alpha- and beta-
adrenergic receptors as well as ACh to act on 
muscarinic AChR at sweat glands (Fig. 21.1).

Acetylcholine

Norepinephrine

Epinephrine

Sympathetic nervous system
Parasympathetic nervous system

End
organs

End
organs

Sweat
glandsGut

Vagus

nerve

Splenic and gut
macrophages

Inhibition of
inflammation

Splenic

Nerve

Adrenal
glands

Increase in
inflammatory

cytokines
(TNF–α, IL–1, IL–6)

Fig. 21.1  Interaction of the autonomic and immune sys-
tem. The parasympathetic and sympathetic nerves inner-
vate multiple target end-organs throughout the body (such 
as heart, eye, blood vessels, and sweat glands). The para-
sympathetic nervous system via the vagus nerve innervates 
the gut where local cholinergic transmission regulates gut 
motility as well as immune activity. The vagus nerve also 
mediates an anti-inflammatory pathway through projec-

tions to the spleen via the splenic nerve (with both adrener-
gic and cholinergic connections). Macrophages in the gut 
and spleen are downregulated via the action of acetylcho-
line on nicotinic AChR (α[alpha]7-type). Conversely, acti-
vation of the sympathetic nervous system is associated 
with increased levels of catecholamines (norepinephrine 
and epinephrine), which act to increase inflammation and 
levels of pro-inflammatory cytokines
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Patients with autonomic disorders may present 
with a variety of symptoms, including fatigue, 
orthostatic lightheadedness, light sensitivity, dry 
eyes and dry mouth, early satiety, constipation or 
diarrhea, urinary retention or incontinence, and 
sexual dysfunction. Some of these symptoms are 
vague and not immediately suggestive of an auto-
nomic disorder. A careful history and physical 
examination is the first step in evaluation and must 
include assessment of distal sensation, measure-
ment of blood pressure and heart rate during ortho-
static stress (standing), and assessment of the 
pupillary light reflex. Laboratory autonomic testing 
can provide additional objective information. The 
standard battery of tests [1] includes the following: 
(1) assessment of sympathetic sudomotor function 
via the Quantitative Sudomotor Axon Reflex Test 
(QSART) or thermoregulatory sweat test, (2) 
assessment of cardiovagal (parasympathetic) func-
tion via heart rate response to paced deep breathing 
and the Valsalva maneuver, (3) assessment of sym-
pathetic adrenergic function via the blood pressure 
response to Valsalva maneuver, and (4) assessment 
of sympathetic adrenergic function via heart rate 
and blood pressure response to head-up tilt.

There is a complex bi-directional relationship 
between the autonomic nervous system and the 
immune system. The vagus nerve controls heart 
rate, gastrointestinal motility, and many other 
visceral functions, but also mediates a neuro-
inflammatory reflex that controls immune 
responses and inflammation during infection or 
tissue injury (Fig.  21.1). Specifically, efferent 
vagus nerve activity suppresses pro-inflammatory 
cytokine levels in animal models through cholin-
ergic innervation of spleen and other immune 
organs [2]. Adrenergic (sympathetic) signaling 
can increase production of pro-inflammatory 
cytokines such as interleukin-6 (IL-6). 
Conversely, the autonomic nervous system can 
be a target for autoimmune disorders.

�Autoimmune Autonomic 
Ganglionopathy with Ganglionic 
AChR Antibodies

The classic example of an autoimmune auto-
nomic disorder is autoimmune autonomic gangli-

onopathy (AAG). The first patient with “pure 
pan-dysautonomia with recovery” was described 
in 1969 [3, 4], and the first large series of patients 
with purported immune-mediated failure of the 
autonomic nervous system was published in 1994 
as “idiopathic autonomic neuropathy” [5]. In 
more recent years, this condition has been well 
characterized [6].

About 50% of patients with AAG are seropos-
itive for antibodies against the AChR found at the 
autonomic ganglia [7, 8]. The ganglionic AChR 
(composed of 2α[alpha]3 subunits and 3ß[beta] 
subunits) is highly homologous to, but antigeni-
cally distinct from, the muscle AChR at the neu-
romuscular junction (α[alpha]1-type) [9]. 
Antibodies in AAG bind specifically to the gan-
glionic (α[alpha]3-type) AChR [10]. The patho-
genicity of ganglionic AChR antibodies in AAG 
has been well established. Rabbits actively 
immunized against the α(alpha)3 subunit develop 
diffuse autonomic failure with gastrointestinal 
hypomotility, urinary retention, and impaired 
pupillary light reflex [11, 12], and mice injected 
with immunoglobulin G (IgG) from affected rab-
bits or humans develop a similar, though self-
limited, phenotype of autonomic failure [13]. 
Transient neonatal AAG due to passive transfer 
of maternal antibodies has also been reported 
[14]. In patients with AAG, ganglionic AChR 
antibody levels correlate with severity of disease 
[7, 15, 16]. A decrease in antibody level is often 
seen during spontaneous clinical recovery [7] or 
response to treatment [17, 18], further supporting 
the pathogenicity of these antibodies.

The disease may follow an acute to subacute 
or a chronic, insidious course [15]. Those who 
present subacutely often report an antecedent ill-
ness, followed by the development of orthostatic 
hypotension (OH) and prominent cholinergic 
failure (dry mouth, dry eyes, impaired pupillary 
constriction, upper gastrointestinal symptoms, 
and urinary retention). Patients with prominent 
cholinergic symptoms tend to have higher anti-
body levels than those without these symptoms. 
Antibody levels also correlate with the severity of 
orthostatic hypotension [16].

Patients with AAG may also follow a chronic, 
insidious course [15]. They may present with the 
insidious onset of orthostatic hypotension, clini-
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cally indistinguishable from pure autonomic fail-
ure, or with prominent cholinergic symptoms. 
Antibody levels do not reliably distinguish 
between subacute and chronic presentations [15, 
16].

Seropositive patients have a unique finding of 
premature pupillary redilation with prolonged 
light stimulus [19]. This “pupillary fatigue” 
(thought to be caused by impaired synaptic trans-
mission at the ciliary ganglia) is hypothesized to 
be analogous to the muscle fatigue of myasthenia 
gravis (due to disrupted synaptic transmission at 
the neuromuscular junction). In the rabbit model 
of AAG, the severity of pupillary dysfunction 
correlated with antibody level [20].

Classically, about a quarter of patients with 
AAG describe paresthesias [5, 8], although a 
recent study from Japan reported a 46% preva-
lence of sensory disturbance [21]. However, 
objective evidence of sensory or motor impair-
ment is not a feature of this disease. Central ner-
vous system (CNS) manifestations have been 
reported in a minority of patients [21–24], and in 
fact, in one small study, cognitive impairment 
was independent of the orthostatic hypotension 
and improved with immunomodulation [25]. 
Cases of AAG reported in Japan have also noted 
psychiatric symptoms, coughing episodes, and 
endocrine dysfunction [8, 21, 26]. Cerebrospinal 
fluid (CSF) protein may be mildly elevated, gen-
erally without pleocytosis. Spontaneous recovery 
may occur in about one-third of patients but is 
typically incomplete [5, 15].

Antibody-targeted therapies such as intrave-
nous immunoglobulin (IVIg) and plasma 
exchange (PLEX) are considered first-line treat-
ments for AAG and have shown benefit in case 
reports and series [6, 27]. One case report docu-
mented a close relationship between antibody 
level and clinical and laboratory evidence of 
autonomic impairment during repeated courses 
of PLEX [18]. Additional benefit may be achieved 
with the combination of PLEX or IVIg and oral 
immunosuppressant therapy [17, 27, 28]. 
Rituximab has also been used in an effort to 
deplete the pathogenic antibodies, with good 
results in several case reports [29–32].

Although high levels of ganglionic acetylcho-
line receptor (gAChR) antibody (≥1.00  nmol/L 
[22]) are fairly specific for AAG, low-level anti-
bodies may be seen in a variety of scenarios. In 
patients with limited autonomic symptoms such 
as isolated orthostatic intolerance or gastrointesti-
nal dysmotility [7, 15, 16, 22, 33, 34], the clinical 
significance of antibody positivity is often not 
clear (see further discussion in the section on pos-
tural orthostatic tachycardia syndrome [POTS]). 
Low levels of antibody positivity may also be 
seen in a small percentage of controls (3–5% of 
healthy and “other disease” controls depending 
on the assay methods [35]). Low levels of gAChR 
antibodies have been reported in cases of small 
and large fiber polyneuropathy [22, 36], neurode-
generative disease, and particularly in a variety of 
neurological and non-neurological autoimmune 
diseases [36], including lupus, celiac disease [37], 
Guillain–Barré syndrome [38], and Sjögren’s 
syndrome (SS) [39, 40], which may suggest that 
these low antibody levels may be non-specifically 
associated with general autoimmunity rather than 
with a specific disease process. A history of prior 
or active malignancy has been documented in a 
minority of antibody-positive patients [22, 36]. 
The classic associations are thymoma [41, 42] 
and small-cell lung cancer [7], but other studies 
have documented a wide variety of lung and other 
neoplasms [9, 22, 36, 43]. In more recent studies, 
gAChR antibody levels <0.2 nmol/L were found 
to have poor specificity, and so these low-level 
results should be interpreted with caution, partic-
ularly when the clinical features are not sugges-
tive of an autoimmune autonomic disorder [22, 
36].

�Paraneoplastic Autonomic 
and Enteric Neuropathies

Autonomic neuropathy or ganglionopathy can 
also occur as a paraneoplastic syndrome in the 
setting of known or occult malignancy. 
Paraneoplastic autonomic neuropathy can mani-
fest as diffuse autonomic failure similar to AAG, 
with orthostatic hypotension, anhidrosis, dry 
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mouth, and gastrointestinal dysmotility. 
Autonomic involvement can occur in isolation or 
in conjunction with other nervous system mani-
festations, such as sensory neuropathy or limbic 
encephalitis [44, 45]. The onset of autonomic 
symptoms can vary from an acute presentation to 
an insidious progression over several months.

In some cases, involvement is restricted to the 
enteric nervous system, with prominent 
symptoms of gut dysmotility in the absence of 
other autonomic features. The classical syndrome 
is paraneoplastic enteric neuropathy (gastropare-
sis) associated with small-cell lung carcinoma. 
These patients often present with severe nausea, 
anorexia, weight loss, and constipation, leading 
to initial evaluation by a gastroenterologist. 
Motility studies reveal impaired esophageal 
motility, delayed gastric emptying, and intestinal 
hypomotility [45, 46].

Multiple antibodies have been identified in 
cases of paraneoplastic autonomic neuropathy. 
The gAChR can be found in up to 30% of para-
neoplastic autonomic neuropathies, usually in 
association with thymoma [22]. Other antibodies, 
such as ANNA 1 (anti-Hu) or CRMP5 (CV2), 
have been detected in cases of autonomic and 
enteric neuropathies and are strongly associated 
with malignancy, most commonly with small-cell 
lung carcinoma [47–49].

�Seronegative Autoimmune 
Autonomic Neuropathy

About half of patients who present with idiopathic 
subacute autonomic failure do not have detectable 
paraneoplastic or gAChR antibodies [7]. These 
cases are often referred to as “seronegative AAG,” 
although in many cases the features are more con-
sistent with autonomic neuropathy rather than 
ganglionopathy. Seropositive and seronegative 
cases have been compared [50]. Seropositive 
cases are more likely to have prominent choliner-
gic symptoms. Seronegative cases may respond to 
immunotherapy, supporting an autoimmune 
pathogenesis [28, 51].

A recent series of six cases with seronegative 
autoimmune autonomic failure highlighted some 

distinctive features [52, 53]. Rather than predom-
inant cholinergic symptoms, as in seropositive 
patients, these patients all had severe sympathetic 
deficits, with varying levels of parasympathetic 
impairment. Premature pupillary redilation was 
not seen. Three patients also had severe sensory 
symptoms and neuropathic pain requiring multi-
ple medications for control, which is not a feature 
of AAG. Trials of IVIg, PLEX, and even ritux-
imab were largely ineffective; however, three 
patients showed remarkable response to high-
dose intravenous steroids. The lack of response to 
antibody-targeted therapy but preserved response 
to steroids might indicate a cell-mediated or 
inflammatory disorder, and the disproportionate 
sympathetic failure and prominent sensory symp-
toms suggest a localization to the peripheral 
nerves rather than the autonomic ganglia.

Another presumed autoimmune autonomic 
disorder is described as acute autonomic and sen-
sory neuropathy, first reported by Colan et al. in 
1980 [54]. Much of the literature consists of case 
reports heterogeneous in clinical presentation, 
extent of sensory involvement and autonomic 
failure, and response to treatment. One larger 
series by Koike et al. [55] described diffuse auto-
nomic failure and small fiber sensory deficits 
with neuropathic pain. Over half progressed to 
develop sensory ataxia, and several of these had 
dorsal column hyperintensities on spinal mag-
netic resonance imaging (MRI). About two-thirds 
had an identified antecedent event. Treatment tri-
als with IVIg, PLEX, and steroids yielded vari-
able responses. It is unclear if there is a common 
pathophysiology to these sensory and autonomic 
neuropathies, and the relationship with other 
forms of presumed immune-mediated small fiber 
neuropathies warrants further investigation [56].

�Autoimmunity in Postural 
Orthostatic Tachycardia Syndrome

Postural orthostatic tachycardia syndrome (POTS) 
is considered the most common disorder of the 
autonomic nervous system [57]. This condition 
predominantly affects young women (female:male 
ratio 4.5:1, average age 15–25 years) [58] and car-
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ries substantial morbidity. The hallmark of POTS 
is orthostatic intolerance, with symptoms such as 
lightheadedness, cognitive difficulties, palpita-
tions, tremulousness, and dependent acrocyanosis. 
Objectively, the diagnosis is made in symptomatic 
patients based on sustained heart rate increment of 
≥30 beats per minute within 10 min of standing or 
head-up tilt, in the absence of orthostatic hypoten-
sion [59]. There are also more pervasive symp-
toms including fatigue, unrefreshing sleep, and 
memory complaints, as well as a high incidence of 
comorbid chronic pain disorders, headaches, and 
gastrointestinal disorders [58, 60]. A number of 
different phenotypes have been described (e.g., 
neuropathic, hyperadrenergic, hypovolemic, and 
mast cell activation) [60], likely reflecting hetero-
geneous pathophysiology.

Several features may suggest an autoimmune 
etiology for POTS in a subset of patients. The 
demographics of POTS patients (primarily young 
females) puts them at higher risk of autoimmu-
nity, and the diverse associated symptoms may 
also suggest an autoimmune disorder. Symptoms 
may appear after stressors such as surgery or 
viral infection (28% in a review of 152 POTS 
patients at the Mayo clinic) and may present 
acutely or subacutely (26% in the same study) 
[61]. There have been multiple reports of POTS 
onset after vaccination, though causality has not 
been established [62]. POTS patients often have a 
personal or family history of other autoimmune 
diseases. Sixteen percent of patients reported a 
personal diagnosis of autoimmune disease in a 
3300-patient online survey [63], and 20% in a 
100-patient retrospective chart review [64], 
including Hashimoto’s thyroiditis, antiphospho-
lipid syndrome, rheumatoid arthritis, celiac dis-
ease, lupus, and Sjögren’s syndrome. Rare cases 
of POTS representing the initial manifestation of 
antiphospholipid syndrome [65] or Sjögren’s 
syndrome [66] have been reported.

Furthermore, POTS patients have been found to 
have a high prevalence of a variety of autoantibod-
ies. In the aforementioned chart review [64], 31% 
had positive autoantibodies including antinuclear 
antibodies (ANA; 25% of all patients), antiphos-
pholipid, tissue transglutaminase, anti-SSB, anti-
double-stranded DNA, and atypical antineutrophil 
cytoplasmic antibody (ANCA). A study of 33 

patients tested for thyroid, neural, and muscular 
autoantibodies found positivity in one-third, most 
commonly thyroid [67]. Small pilot studies have 
demonstrated autoimmunoreactive IgGs against 
cardiac lipid-raft–associated proteins [68] and a 
variety of other cardiac membrane proteins [69].

Autoantibodies more directly pertinent to the 
autonomic nervous system have been investigated 
in POTS.  Antibody positivity has been noted 
against alpha- and beta-adrenergic receptors [70], 
angiotensin II type 1 receptors [71], and muscarinic 
AChR [72]. The prevalence of ganglionic AChR 
antibodies in POTS has been repeatedly studied. 
Prevalence has been reported from 5% to 29% [7, 
61, 73–76], generally at low levels, and in two of 
the larger studies [73, 74], the prevalence did not 
differ between POTS patients and healthy controls. 
Ultimately, despite the high prevalence of autoanti-
bodies in POTS, it remains unclear whether these 
autoantibodies contribute to the underlying patho-
physiology of the disease or are simply markers of 
immune dysregulation. Unless another confirmed 
autoimmune disorder is being treated, immuno-
therapy is not currently recommended for POTS 
outside the context of clinical trials.

Aside from the presence of specific autoimmune 
conditions or autoantibodies, there is also some evi-
dence that POTS may itself be a pro-inflammatory 
state. In a study of POTS patients, those with docu-
mented sympathetic upregulation and parasympa-
thetic withdrawal were found to have significantly 
higher levels of IL-6 [77]. Upregulation of inflam-
matory cytokines could potentially account for 
some of the symptoms commonly associated with 
POTS but not directly related to postural tachycar-
dia (fatigue, brain fog, etc.). Vagus nerve stimula-
tion is being considered as a potential 
immunomodulatory therapy for POTS [78].

�Other Autoimmune Conditions 
with Associated Autonomic 
Dysfunction

�Lambert–Eaton Myasthenic 
Syndrome

Lambert–Eaton myasthenic syndrome (LEMS) is 
a presynaptic neuromuscular junction disorder 
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that is associated with antibodies against P/Q-type 
voltage calcium channels and with small-cell car-
cinoma. Patients typically present with symmet-
ric proximal weakness, more pronounced in the 
lower extremities, and areflexia. The majority of 
patients with LEMS also develop symptoms of 
cholinergic autonomic impairment, commonly 
dry mouth, reduced heart rate variability, and 
erectile dysfunction [79]. Treatment typically 
involves management of malignancy and immu-
notherapy. Treatment with 3,4-diaminopyridine 
facilitates acetylcholine release from the presyn-
aptic terminal and has been shown in randomized 
trials to improve both motor and autonomic man-
ifestations of LEMS [80].

�Voltage-Gated Potassium Channel 
Complex Disorders

The voltage-gated potassium channel complex 
refers to a group of peripheral nerve or synaptic 
proteins, which may be targeted in a diverse set 
of autoimmune neurological disorders. 
Specifically, antibodies directed against leucine-
rich, glioma-inactivated 1 (LGI1) and contactin-
associated protein-like 2 (CASPR2) have been 
implicated in patients with encephalopathies and 
peripheral nerve hyperexcitability disorders. In a 
large cohort of LGI1 and CASPR2 antibody-
positive patients, autonomic symptoms were 
reported in approximately 25% of cases. On 
autonomic testing, orthostatic hypotension and 
changes in sweating were the most common 
abnormalities. Gastrointestinal symptoms were 
reported in a few patients [81].

More recently, neurocardiac issues were 
described in patients with LGI1 and CASPR2 
antibodies. Episodic bradycardia and sinus 
pauses were reported in three patients with LGI1 
antibodies prior to the onset of encephalitis 
symptoms. All patients were diagnosed with sick 
sinus syndrome and required pacemakers in the 
months prior to the onset of other neurological 
symptoms [82]. In a Mayo Clinic cohort, two 
patients with CASPR2 antibodies had bradycar-
dia and recurrent asystole requiring pacemakers. 
In addition, two patients (one LGI1 positive and 

one CASPR2 positive) died from sudden cardiac 
arrest [81].

Morvan syndrome is a characteristic disorder 
with antibodies to CASPR2 or LGI1, often asso-
ciated with thymoma. Defining features include 
prominent encephalopathy, insomnia, signs of 
peripheral nerve hyperexcitability (fascicula-
tions, myokymia, and neuromyotonia), and auto-
nomic hyperactivity. Commonly encountered 
autonomic features include hyperhidrosis, sialor-
rhea, urinary difficulties, and tachycardia. 
Autonomic testing can demonstrate impaired car-
diovagal and cardiovascular function, and evi-
dence of impaired temperature regulation with 
either anhidrosis or hyperhidrosis [83]. See Chap. 
12 for more details regarding encephalitis pre-
sentations with LGI1 and CASPR2.

�DPPX Antibody-Associated 
Encephalopathy

Antibodies to dipeptidyl-peptidase-like protein 6 
(DPPX), a regulatory protein of the Kv4.2 potas-
sium channel, define a unique syndrome with 
features of CNS hyperexcitability (e.g., tremor, 
myoclonus, hyperekplexia, and rigidity) and 
encephalopathy. Severe diarrhea is a hallmark of 
the disorder, often preceding other neurological 
manifestations (confusion, seizures, and psycho-
sis) by several months. Other gastrointestinal 
manifestations include profound weight loss, 
gastroparesis, and constipation [84–86]. Urinary 
dysfunction and ventricular arrhythmias, includ-
ing one young patient with unexplained cardiac 
arrest, have also been described [86]. Sera con-
taining DPPX antibodies has been shown to 
increase neuronal activity in the myenteric 
plexus, lending support to pathogenic effect of 
the antibodies on enteric autonomic neurons [87].

�NMDA Receptor Antibody 
Encephalitis

N-methyl-D-aspartate (NMDA) receptor 
encephalitis is characterized by the subacute 
development of prominent psychosis, seizures, 

21  Autoimmune Autonomic Disorders



354

dyskinesias, and alterations in consciousness. 
Autonomic instability is a common feature in 
later stages of the disease, frequently present-
ing with dysrhythmias, temperature dysregula-
tion, and labile blood pressures. These 
symptoms tend to improve with treatment, and 
persistent autonomic symptoms following 
recovery have not been reported [88]. See Chap. 
12 for more details regarding NMDA receptor 
encephalitis.

�Guillain–Barré Syndrome

Autonomic instability is a common feature of 
Guillain–Barré syndrome and can represent a 
major cause of mortality. Symptoms such as 
blood pressure fluctuations, resting tachycardia, 
and ileus occur in the acute phase of illness and 
are more frequent in patients with severe motor 
deficits. Improvement in these symptoms tends to 
occur simultaneously with motor recovery, 
though residual autonomic symptoms are com-
mon [89, 90].

�Sjögren’s Syndrome

Sjögren’s syndrome (SS) is a common systemic 
autoimmune disease characterized by dysfunc-
tion of exocrine glands that results in symptoms 
of dry mouth and dry eyes. Neurological symp-
toms, most commonly paresthesias and numb-
ness, are fairly common in SS (prevalence 
estimates vary from 20% to 50%). Objective evi-
dence of small fiber or large fiber sensory neu-
ropathy may present in symptomatic or 
asymptomatic patients [91]. Autonomic symp-
toms are reported in approximately half of SS 
patients and are more frequent in those with neu-
ropathy [92]. Formal autonomic studies do not 
show a consistent pattern; a mixture of sympa-
thetic and parasympathetic abnormalities, gastro-
intestinal dysmotility, POTS, and pupillary 
abnormalities have been reported [66]. 
Generalized autonomic failure has been rarely 
reported in patients with biopsy-proven SS [92].

While the underlying pathophysiology is 
poorly understood, evidence suggests peripheral 

nervous system involvement in SS may be T-cell 
mediated. Autopsies have demonstrated CD8 
T-cell infiltration in the sympathetic ganglion of 
patients with SS and prominent orthostatic hypo-
tension [93]. Treatment with immunotherapy is 
often ineffective, though small uncontrolled 
series have shown improvement in autonomic 
symptoms and testing following treatment with 
intravenous immunoglobulin [66].

�Conclusion

Severe, subacute autonomic failure can be the hall-
mark of autoimmune neurological disorders, and 
autonomic manifestations are found in several 
other antibody-mediated neurological conditions. 
The role of autoimmunity in other autonomic con-
ditions, such as POTS, remains unclear. In patients 
with autonomic dysfunction, consideration of 
autoimmune causes is warranted as well as the use 
of immunotherapy in select cases.
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�Introduction

Systemic autoimmune diseases commonly affect 
the nervous system, and there are many more 
patients with systemic autoimmune diseases 
with neurological complaints than there are 
patients with primary neuro-inflammatory dis-
eases. The interface between rheumatology and 
neurology is a growing field informed by better 
understanding of clinical symptoms, imaging 
findings, and laboratory markers. Here we 
review the neurological syndromes associated 
with systemic lupus erythematosus (SLE), rheu-
matoid arthritis (RA), Sjögren’s syndrome (SS), 
Behçet’s disease (BD) and immunoglobulin G4 
(IgG4)-related disease.

�Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is a chronic, 
multisystemic disease of unclear origin associ-
ated with immune-mediated injury to multiple 
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Key Points
	1.	 Neuropsychiatric lupus is a broad 

term encompassing inflammatory and 
non-inflammatory mechanisms of 
neurologic injury. Many common 
symptoms in lupus such as headache 
are not causally associated with dis-
ease activity.

	2.	 Rheumatoid arthritis commonly 
affects the C1–C2 atlantoaxial joint, 
and progressive disease can cause 
myelopathy or lower brainstem 
dysfunction.

	3.	 Myelitis in Sjögren’s syndrome is com-
monly associated with presence of anti-
aquaporin 4 antibody and is treated 
similarly to neuromyelitis optica.

	4.	 Parenchymal neuro-Behçet’s disease 
often has brainstem involvement and 
can be misdiagnosed as multiple sclero-
sis on initial imaging.

	5.	 Immunoglobulin G4 (IgG4)-related dis-
ease usually does not cause isolated 
parenchymal brain or spinal cord dis-
ease and is more associated with orbi-
topathy, pachymeningitis, or pituitary 
gland and stalk disease.
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organs. The disease is heterogenous clinically 
with many predisposing factors. SLE is more 
common in women indicating a hormonal effect 
and/or genetic differences on disease pathogene-
sis. The concordance rate for monozygotic twins 
is about 24%, suggesting a genetic risk [1]. 
However, the genetic predisposition is polygenic, 
and multiple genes in the inflammatory pathway 
have been identified in genome-wide association 
studies (GWAS). Environmental triggers likely 
play a role in disease pathogenesis as well. 
Exposure to medications such as isoniazid and 
hydralazine can generate lupus-like clinical 
symptoms with autoantibodies and improve with 
cessation of the drug. Epstein–Barr virus is 
hypothesized to be a possible triggering factor, 
and there is interest in the role of the gut 
microbiome.

SLE is marked by autoantibodies against 
nuclear antigens and immune complexes formed 
by autoantibodies and cellular debris. Some of 
the clinical manifestations are directly from 
immune complex deposition such as in nephritis. 
Others are from pathogenic autoantibodies such 
as antiphospholipid syndrome mediated by 
antiphospholipid antibodies. Still others result 
from vasculitis and accelerated vasculopathy. 
Hence, the disease mechanisms are broad and 
varying among patients. Clinically, this heteroge-
neity of disease activity is reflected in the breadth 
of clinical signs and symptoms present in 
SLE.  Many have constitutional symptoms such 
as fatigue, periodic fevers, arthralgias, myalgias, 
and weight loss. There are a range of other dis-
ease manifestations such as rash (malar or dis-
coid rash or photosensitivity), oral ulcers, 
arthritis, renal disease, serositis, and cytopenias. 
On laboratory testing, the most common abnor-
mality is the presence of anti-nuclear antibody 
(ANA) present in more than 95% of patients with 
SLE. Other laboratory abnormalities include the 
presence of anti-dsDNA, anti-Sm, and antiphos-
pholipid antibodies. Low complement levels are 
frequent with active disease as well.

SLE is primarily diagnosed clinically based 
on clinical judgment. Multiple classification 
schemes have been formulated over the years 
including the widely used American College of 

Rheumatology and more recently the Systemic 
Lupus International Collaborating Clinics 
(SLICC) criteria [2]. These are meant for classifi-
cation and not for the diagnosis of individual 
patients, but can provide a helpful guide. 
Diagnosis is typically approached based on the 
clinical symptoms and investigations and exclud-
ing competing diagnoses such as RA, systemic 
sclerosis, systemic vasculitis, fibromyalgia, and 
malignancies.

Neuropsychiatric symptoms are common in 
SLE, estimated to be present in about 56% of 
patients [3]. Historically, many terms were used 
to describe neurologic involvement in SLE 
including lupus cerebritis or lupoid sclerosis. The 
current preferred term is neuropsychiatric sys-
temic lupus erythematosus (NPSLE). To stan-
dardize nomenclature and reporting, the 
American College of Rheumatology developed 
19 standard NPSLE syndromes with diagnostic 
criteria and exclusion (Table 22.1) [4]. However, 
these criteria were not meant to imply causation 
but rather to set reporting standards. The most 
frequent syndromes encountered are headache, 
mood disorder, cognitive dysfunction, seizures, 
and stroke. An important task for a clinician 
encountering these syndromes is to first deter-

Table 22.1  Neuropsychiatric syndromes proposed by 
American College of Rheumatology

1. Aseptic meningitis
2. Cerebrovascular disease
3. Demyelinating syndrome (central nervous system)
4. Headache
5. Movement disorder
6. Myelopathy
7. Seizure disorder
8. Acute confusional state
9. Anxiety disorder
10. Cognitive dysfunction
11. Mood disorder
12. Psychosis
13. �Acute inflammatory demyelinating 

polyradiculoneuropathy
14. Autonomic disorder
15. Mononeuropathy, single/multiplex
16. Myasthenia gravis
17. Cranial neuropathy
18. Plexopathy
19. Polyneuropathy

Reprinted with permission from Liang et al. [4]
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mine whether the symptoms are causally attribut-
able to SLE or as is often common, caused by 
other etiologies.

Headache, for example, is the most commonly 
associated neuropsychiatric symptom in SLE, 
but in isolation without other neurologic findings, 
headache is unlikely to be causally linked. The 
pooled estimate of headache in patients in SLE is 
about 57%, which is similar to the general popu-
lation [5]. The quality of the headache (migraine 
or tension type) is not associated with SLE, and 
headache itself generally has not correlated with 
systemic disease activity. Hence, in general, 
headache in SLE should be treated symptomati-
cally and investigated routinely as in other 
patients. This conclusion does not imply that 
headache in SLE is never dangerous. For exam-
ple, headache in a patient with SLE and antiphos-
pholipid antibodies may signal the beginning of 
central venous sinus thrombosis (Fig. 22.1).

The causes of mood disorder in SLE are var-
ied. Depression is common in SLE, though the 
relative contribution of the disease itself versus 
competing factors such as chronic illness and 
background genetic risk is unclear. Elevated dis-
ease activity modestly increases the odds of 
major depression by about 10% [6]. Depression 
in SLE generally is treated symptomatically 
because of the multifactorial etiology. In con-

trast, psychosis is more closely causally linked to 
SLE. In a large inception cohort, psychosis was a 
rare event occurring in 1.5% of patients but was 
primarily attributable to SLE when it occurred. 
Most psychotic episodes occurred early within 
3 years of the diagnosis of SLE with increased 
risk in men and those of African ancestry [7]. 
When considering psychosis in SLE, steroid-
induced psychosis has to be initially excluded. 
There are no laboratory or imaging studies that 
can confirm the diagnosis of SLE psychosis. 
Cerebrospinal fluid (CSF) studies are not consis-
tently abnormal, and magnetic resonance imag-
ing (MRI) of the brain does not have specific 
findings. The anti-Ribosomal P antibody had 
been proposed to be helpful in this regard. 
However, in further studies, the antibody lacks 
sensitivity (about 27%) and has moderate speci-
ficity (about 80%) [8]. Hence, the presence or 
absence of the anti-Ribosomal P antibody has a 
limited role in the diagnosis of mood disorder 
associated with SLE.

Seizures in SLE are often multifactorial. They 
can be provoked by factors such as electrolyte 
disturbance, dialysis disequilibrium, uremia, or 
ischemic stroke. For seizures attributed to SLE, 
the majority occur around the time of SLE diag-
nosis [9]. Most seizures attributed to SLE are for-
tunately single episodes and do not result in 
epilepsy. No autoantibodies are known to be spe-
cific for seizure in SLE. Therapeutically, provok-
ing factors including posterior reversible 
encephalopathy syndrome should be first sought 
for. Otherwise, first-time seizures in SLE should 
be treated similarly to the general population in 
which many patients with normal imaging and 
electroencephalogram (EEG) do not necessarily 
need antiepileptic therapy after the first seizure.

Stroke, on the other hand, is a major cause of 
morbidity in SLE. In a prospective series of 1000 
patients with SLE, stroke accounted for about 
12% of deaths [10]. There is an overall twofold 
increase risk of stroke in patients with SLE com-
pared to the general population. The pathogene-
sis of the stroke in SLE is complex. Most notably, 
“lupus vasculitis” is not the most common cause 
as shown by multiple pathological series [11, 12]. 
Small vessel vasculopathy is the most frequent 

Fig. 22.1  Magnetic resonance (MR) venogram showing 
superior sagittal sinus thrombosis (arrow) in a patient with 
systemic lupus erythematosus (SLE) presenting with 
worsening headache

22  Neurorheumatology



364

neuropathological finding without signs of vas-
culitis. This is seen on MRI as increased burden 
of white matter T2 changes. Even when control-
ling for concurrent risk factors such as hyperten-
sion or diabetes mellitus, SLE itself confers an 
increased risk of accruing these white matter 
changes. How best to respond clinically to these 
changes is unclear. Stroke in SLE can also occur 
from cardioembolism such as Libman–Sacks 
endocarditis (sterile valvular lesions), infective 
endocarditis (predisposed from frequent immune 
suppression), and paradoxical embolism. 
Microembolism to the brain might be more prev-
alent than appreciated as shown by recent tran-
scranial Doppler studies demonstrating 
microembolic signals even in apparently asymp-
tomatic patients with SLE [13]. Antiphospholipid 
syndrome is another major cause of ischemic 
stroke in SLE.  In patients with ischemic stroke 
with SLE, antiphospholipid antibodies are found 
in as many as two-thirds of patients. The antiphos-
pholipid syndrome can also cause Libman–Sacks 
endocarditis and small vessel injury. 
Atherosclerosis is also accelerated in SLE com-
pared to the general population partly from 
comorbidities such as renal dysfunction, hyper-
tension, and corticosteroid exposure and partly 
from long-term SLE itself. Finally, the occur-
rence of cerebral vasculitis in SLE is quite rare 
compared to the other mechanisms discussed 
previously. There have been individual case 
reports of pathologically proven vasculitis with 
stroke in patients with SLE [14], but diagnosis of 
SLE vasculitis without pathological confirmation 
based on imaging and angiographic evidence 
should be believed with caution.

Therapeutically, there are no clear guidelines 
for treatment of stroke in SLE. Acutely, ischemic 
stroke is treated similarly to the general popula-
tion with consideration of thrombectomy and 
thrombolysis in patients who present early with 
significant deficits. In addition to usual head and 
vascular imaging, patients with SLE and isch-
emic stroke should be tested for antiphospholipid 
antibodies. Patients may also need more exten-
sive heart imaging based on suspicion for sterile 
and infective endocarditis. Note that because of 
increased rate of atherosclerosis in SLE, many 

may have beading on angiographic imaging of 
the head without having vasculitis. Secondary 
prevention is usually with antiplatelet therapy 
except for antiphospholipid syndrome in which 
anticoagulation is used.

Neuro-inflammatory disorders can certainly 
also occur with SLE. For example, SLE has been 
associated with myelitis. A significant number of 
these patients have anti-aquaporin 4 (AQP4) anti-
bodies and are treated similarly to those with 
neuromyelitis optica spectrum disorder 
(NMOSD; see Chap. 15). However, there are 
cases of SLE myelitis without other known 
pathogenic antibodies. Testing for AQP4 and 
myelin oligodendrocyte glycoprotein (MOG) 
antibodies are important in the diagnostic workup 
of these patients as treatment paradigms may be 
different. SLE can also infrequently cause optic 
neuritis, encephalitis, and hypophysitis [15, 16]. 
Because these are individually rare events, less is 
known about the pathogenesis including what are 
the appropriate antibodies to check, and larger 
ongoing cohort studies will provide more infor-
mation in the future. When the mechanism is sus-
pected to be inflammatory, the treatment is 
typically with steroids and immunosuppression.

�Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a common disease 
estimated to affect as many as 0.5–1% of adults 
in the United States and is characterized by 
chronic synovial inflammation and erosive arthri-
tis. The most typical clinical presentation is 
arthritis of the small joints causing prolonged 
morning stiffness. The disease is diagnosed by 
combination of clinical symptoms and laboratory 
markers. Generally, acute-phase reactants such as 
C-reactive protein (CRP) and erythrocyte sedi-
mentation rate (ESR) are elevated during disease 
activity. Serologically, rheumatoid factor and 
anti-citrullinated peptide antibody are present in 
about 60–70% [17]. The anti-citrullinated pep-
tide antibody is more specific for the disease.

RA rarely affects the central nervous system 
(CNS) primarily, and what is known is based on 
case reports or small case series. Rheumatoid 
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meningitis is characterized pathologically by a 
combination of lymphocytic infiltration of the 
meninges, rheumatoid nodules, and intracranial 
vasculitis. Clinically, patients can present with 
focal symptoms referable to underlying parenchy-
mal dysfunction, seizures, stroke-like episodes, 
cranial neuropathies, and headaches. Cerebrospinal 
fluid studies are variable with pleocytosis, mildly 
elevated protein, and normal to low glucose. 
Although the majority of patients have long-stand-
ing seropositive disease, it can present even if the 
patient’s systemic symptoms are otherwise well 
controlled or as the presenting manifestation. 
Imaging with MRI can variably show a combina-
tion of pachymeningeal and leptomeningeal gado-
linium enhancement (Fig.  22.2). Historically, 
reported successful treatments have included cor-
ticosteroids with or without adjunctive methotrex-
ate or cyclophosphamide, although more recently 
rituximab has also shown efficacy [18, 19].

In contrast to the rarity of direct CNS 
involvement, rheumatoid arthritis commonly 
affects the cervical spine and can cause second-
ary spondylotic myelopathy, radiculopathy, or 
rarely vertebral artery vasculopathy. The joints 
most affected cause C1–C2 atlantoaxial sublux-
ation (AAS), vertical subluxation of the axis 

(VS) or “superior migration of the odontoid,” 
and C3-C7 subaxial subluxation (SAS). In 
some cases, large rheumatoid nodules them-
selves may cause compressive myelopathy. The 
pooled frequency of any cervical spine abnor-
mality is estimated at 45% [20]. Patients typi-
cally present with C2 radiculopathy (pain in the 
occipital region) with atlantoaxial subluxation, 
and in compressive myelopathy, early symp-
toms are paresthesia in the hands and gait insta-
bility (Fig. 22.3).

Although the treatment of RA has improved 
with time, a 2015 meta-analysis comparing data 
from the 1970s to 2000s estimates that the fre-
quency of myelopathy has remained constant at 
5% [20]. The prevalence of atlantoaxial sublux-
ation appears to have decreased from 36% to 
24%, but the combined frequency of other forms 
of subluxation appears constant at 24%. There is 
observational evidence that more intensive 
disease-modifying therapy can slow the devel-
opment of new cervical spine lesions, although 
it may not prevent progression of preexisting 
ones. When patients develop myelopathy, ther-
apy is generally with surgical stabilization. 
Surgical outcomes vary based on type of sub-
luxation and underlying disease control. In a 

Fig. 22.2  Coronal post-gadolinium contrast magnetic 
resonance imaging (MRI) with enhancement in the pachy-
meningeal and leptomeningeal areas over the right 
hemisphere

Fig. 22.3  Sagittal view of magnetic resonance imaging 
(MRI) of cervical spine (T2 sequence) demonstrating sub-
axial subluxation with spinal cord compression (arrow) in 
a patient with rheumatoid arthritis
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large retrospective single-center study of 118 
seropositive RA patients, the best outcomes 
were seen in patients with atlantoaxial sublux-
ation [21]. Patients with subaxial subluxation 
did the poorest, but also had worse pre-interven-
tion neurological status.

Peripheral neuropathy in RA can result from 
entrapment due to degenerative bony changes, 
synovial inflammation, drug toxicity, vasculitis, 
amyloidosis, or rheumatoid nodules. In a large 
study of 108 patients, only 21% complained of 
neuropathic symptoms although 57% had elec-
trophysiologic evidence of neuropathy [22]. Of 
these, the most common neuropathy was sen-
sory or sensorimotor axonal (85.5%), followed 
by demyelinating (15%). Sural nerve biopsy 
pathology was variable, possibly reflecting the 
various etiologies of neuropathy in RA. Studies 
conflict as to whether disease duration is a risk 
factor. Carpal tunnel syndrome is the most com-
mon peripheral neuropathy in RA, and a recent 
meta-analysis estimated the adjusted odds ratio 
at 1.96 for patients with RA relative to the gen-
eral population [23]. Less common entrapment 
neuropathies include posterior interosseous 
neuropathy at the arcade of Frohse and ulnar 
neuropathy at the cubital tunnel. Autonomic 
neuropathy has also been associated with 
RA. Unlike other RA neuropathies, there is less 
clear evidence that RA disease activity is linked 
to autonomic dysfunction. Entrapment neuropa-
thy is most effectively treated with surgical 
decompression. Disease-modifying anti-rheu-
matic drugs (DMARDs) and biologics have 
some evidence for efficacy in RA-associated 
autonomic neuropathy [24].

The clinical presentation of multiple mono-
neuropathies should raise suspicion for a periph-
eral nervous system (PNS) vasculitis. 
RA-associated vasculitis is histologically identi-
cal to polyarteritis nodosa and generally occurs 
with long-standing disease. With effective treat-
ment of RA, the incidence of vasculitis has 
decreased substantially [25]. When the vasculitis 
is present systemically, the CNS may also be 
affected in the form of ischemic strokes in addi-
tion to neuropathy and usually skin changes. 
Treatment is generally by therapy for RA.

�Sjögren’s Syndrome

Sjögren’s syndrome (SS) is characterized by 
focal lymphocytic infiltration of exocrine glands, 
especially the lacrimal and salivary glands result-
ing in the typical sicca syndrome of dry eyes and 
dry mouth. SS is called primary when occurring 
by itself or secondary when occurring in the con-
text of other autoimmune diseases such as 
SLE. The disease is diagnosed by the combina-
tion of symptoms of dry eyes/dry mouth, objec-
tive evidence of glandular dysfunction, and 
supportive laboratory testing. While not specific, 
anti-SSA/Ro and/or anti-SSB/La are associated 
with SS and present in the majority of patients. 
There have been multiple classification criteria 
developed over the years, most recently by 
European League Against Rheumatism 
(EULAR), which created a scoring scheme and 
reports sensitivity and specificity over 90% com-
pared to expert opinion [26].

In addition to the sicca syndrome (dry eyes/
dry mouth), SS has many extraglandular mani-
festations. These can be broadly grouped into 
periepithelial involvement (bronchiolitis, intersti-
tial nephritis, and bronchiolitis) and those with 
extra-epithelial pathology (glomerulonephritis, 
vasculitis, neuropathy, and fatigue). 
Neurologically, SS can affect both the CNS and 
PNS.  Frequently, patients with SS complain of 
debilitating fatigue and cognitive slowing. The 
causes of the symptoms have been unclear, and 
investigations including MRI and cerebrospinal 
fluid analysis are generally normal. Overall, 
patients with SS have a higher burden of white 
matter T2 hyperintensities on brain MRI com-
pared to the general population [27]. The clinical 
relevance of these findings is unclear. SS can also 
cause more focal symptoms including recurrent 
demyelinating lesions affecting the spinal cord, 
brain, and optic nerves. Emerging data suggest 
that many of these patients, especially those with 
spinal cord lesions, harbor AQP4 antibodies 
found in NMOSD (Fig.  22.4) [28]. However, 
there are also patients with inflammatory CNS 
lesions with SS who do not have NMOSD.

Peripheral neuropathy is the more recognized 
neurological manifestation of SS. There are myr-
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iad forms of peripheral neuropathy described, 
which occur in up to 64% of patients: sensory 
ataxic, sensory axonal, pure motor, sensorimotor, 
multiple mononeuropathies, multiple cranial neu-
ropathies, trigeminal, autonomic, and radiculo-
neuropathy [29]. Peripheral neuropathy frequently 
precedes sicca symptoms and diagnosis of 
SS. The different types of neuropathy do not share 
the same underlying pathology. For example, gan-
glioneuropathy is associated with lymphocytic 
infiltration, whereas vasculitis and perivascular 
cell invasion are associated with multiple mono-
neuropathies. These entities are usually distin-
guishable by clinical history, Electromyography 
(EMG), and sometimes MRI findings, although 

skin biopsy may be needed to diagnose isolated 
small fiber sensory neuropathy.

One entity of particular neurologic relevance 
is the sensory ataxic neuronopathy, also called 
“ganglionopathy.” It is a relatively rare neuro-
logic phenomenon characterized by the rapid 
onset of sensory ataxia, vibratory and proprio-
ceptive loss, and loss of reflexes potentially with 
a non-length-dependent pattern of sensory loss. 
This has a narrow differential diagnosis, and so 
Sjögren’s should be strongly considered as an eti-
ology if the appropriate signs present. Treatment 
for the aforementioned neuropathies varies 
greatly, as the pathology and severity have a large 
range. Evidence is largely at the level of case 
reports and by clinical experience; at best modest 
improvement should be expected in most cases. 
Sensory ataxic neuronopathy has been treated 
with infliximab, plasmapheresis, mycophenolate 
mofetil, intravenous immunoglobulin (IVIg), and 
rituximab [30–33]. Interpretation of the reported 
treatment series is limited by lack of knowledge 
of untreated history of sensory neuronopathy, 
limited time of follow-up, and non-uniform neu-
rologic assessment.

�Neuro-Behçet’s Disease

Behçet’s disease (BD) is a multisystemic inflam-
matory disorder of unknown etiology. It is char-
acterized pathologically by a perivasculitis 
without fibrinoid necrosis or frank vasculitis, 
although there is no pathognomonic diagnostic 
feature. The incidence varies greatly by geo-
graphic region, favoring the area formerly known 
as the Silk Road from Japan to the Mediterranean. 
Incidence is as high as 80–370 cases per 
100,000 in Turkey to as low as 1 per 15,000 to 1 
per 500,000  in North America [34]. Neurologic 
involvement occurs in approximately 9.4% of 
BD and is the first manifestation in only 6% of 
patients [35]. The typical patient is between ages 
20 and 40, with a 2.8:1 ratio between men and 
women.

Diagnostic criteria were put forth in 1990 by the 
International Study Group for Behçet’s Disease, 
including recurrent oral ulceration and any two of 

Fig. 22.4  Sjögren’s syndrome associated longitudinally 
extensive myelitis demonstrated in sagittal view of cervi-
cal spine magnetic resonance imaging (MRI) as T2 hyper-
intensity with cord edema (arrow). The patient tested 
positive for aquaporin 4 (AQP4) antibody, thus diagnosis 
consistent with neuromyelitis optica spectrum disorder 
(NMOSD), which can often coexist with Sjögren’s and/or 
systemic lupus erythematosus (SLE)
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the following: recurrent genital ulceration, eye 
lesions, skin lesions, or a positive pathergy test. In 
2013, diagnostic criteria were revised by another 
group involving a weighted sum of syndromes (2 
points for ocular lesions, genital aphthosis, and oral 
aphthosis; 1 point for skin, neurological, and vas-
cular changes; and 1 point for pathergy). A score 
greater than or equal to 4 achieved 95% sensitivity 
and 91% specificity [36]. In 2014, diagnostic crite-
ria were put forth by the International Neuro 
Behçet’s Advisory Group for the diagnosis of 
Definite or Probable Neuro-Behçet’s Disease 
(NBD), requiring that the patient either satisfy cri-
teria for BD, have a characteristic neurologic syn-
drome, or both for Definite disease.

The neurologic manifestations of BD fall into 
one of two main types: (1) an inflammatory, usu-
ally multifocal, parenchymal disorder and (2) a 
vascular variant characterized by cerebral venous 
sinus thrombosis (CVST) and intracranial hyper-
tension. Headache is the most common neuro-
logic symptom in BD, and it is estimated that only 
~10% of BD patients with headache have neuro-
logic involvement. The headache may flare with 
systemic disease activity without nervous system 
disease. Parenchymal NBD can involve the brain-
stem, cerebrum, optic nerves, spinal cord, or mul-
tifocal involving any of the previous areas. 
Clinically, it can mimic an atypical multiple scle-
rosis (MS) picture, with relapses or a slowly pro-
gressive course. Radiographically, however, there 
is substantially more gray matter involvement, 
brainstem atrophy, and mottled or diffuse 
enhancement (Fig. 22.5). In one large longitudi-
nal study, 31% had a monophasic course, 27% 
relapsing-remitting, and 20% with a progressive 
course. New T1 black holes were common (35%), 
29% had increasing lesion size, 47% had new 
enhancing lesions, and 12% demonstrated persis-
tent enhancement despite therapy. Interestingly, 
71% of patients fulfilled the McDonald criteria 
for MS by the end of the study [37].

Non-parenchymal manifestations include 
venous sinus thrombosis, intracranial hyperten-
sion, meningitis, aneurysm, and rarely arterial 
thrombosis. A large meta-analysis estimates the 
incidence of CVST at 3/1000 person-years, with a 
fivefold increase in patients with neurologic 

involvement [38]. The most common clinical sce-
nario is one of the gradual onset (77%) of an intra-
cranial hypertension syndrome, with headache 
(92–100%), papilledema (63–89%), cranial nerve 
VI palsy (8–57%), and nausea/vomiting (19%). 
Less common were focal deficits, pyramidal signs, 
or seizure. The most common sites of involvement 
were the superior sagittal (64%) and transverse 
sinuses (61%), followed by sigmoid (9%) and 
straight (4%). Unlike in parenchymal involve-
ment, cerebrospinal fluid can be normal with the 
exception of an elevated opening pressure. There 
is little involvement of the PNS in NBD.

Inflammatory markers can be elevated in the 
acute stages of NBD but have limited diagnostic 
utility. Human Leukocyte Antigen HLA-B51 is 
clearly associated with BD depending on ethnic-
ity. On cerebrospinal fluid analysis, a neutrophilic 
or lymphocytic pleocytosis is usually present, 
protein is increased, and oligoclonal bands are 
usually absent. Increased CSF interleukin 6 (IL-6) 
levels have been found in patients with acute 
inflammatory NBD as compared to other CNS 

Fig. 22.5  Axial fluid-attenuated inversion recovery 
(FLAIR) magnetic resonance imaging (MRI) sequence 
demonstrating bi-thalamic T2 hyperintensity (arrow) in a 
patient with parenchymal Behçet’s disease
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inflammatory diseases (multiple sclerosis and 
subacute sclerosing panencephalitis) and may be 
useful in trending in patients with otherwise 
benign CSF studies [39]. However, this finding is 
not considered a fully sensitive biomarker.

In 2018, the European League Against 
Rheumatism (EULAR) issued updated treatment 
guidelines for Behçet’s disease [40]. For paren-
chymal disease, pulse doses of intravenous ste-
roids should be administered followed by a taper 
over months in combination with immunosuppres-
sion such as with azathioprine. Tumor necrosis 
factor (TNF)-alpha therapy should be considered 
first-line for severe neurologic manifestations or 
for refractory disease [41]. Mycophenolate 
mofetil, cyclophosphamide, and methotrexate 
have historically also been used but did not receive 
a recommendation. Recently, three refractory 
cases have been treated with tocilizumab, and anti-
IL6 directed antibody, to good effect [42]. Notably, 
cyclosporine should be avoided due to meta-anal-
yses showing paradoxically increased nervous 
system involvement [43]. For CVST, intravenous 
steroids and taper should also be initiated, and 
anticoagulation is generally used to treat the 
thrombus.

�IgG4-Related Disease

Immunoglobulin G4-related disease (IgG4-RD) 
is an immune-mediated multisystemic disease 
with pathological hallmarks of storiform fibrosis, 
obliterative phlebitis, and lymphoplasmacytic 
infiltrate concentrated with IgG4 positive plasma 
cells. Since its recognition, IgG4-RD has been 
the unifying explanation for a remarkably diverse 
number of conditions including autoimmune 
pancreatitis, periaortitis, retroperitoneal fibrosis, 
and eosinophilic angiocentric fibrosis [44]. The 
true prevalence of IgG4-RD is uncertain because 
of lack of recognition of the unique pathology 
and emerging awareness of the diagnosis. In con-
trast to most other autoimmune diseases, 
IgG4-RD more commonly affects men than 
women, especially in the middle-age to elderly 
age groups [45]. In the head and neck region, the 
balance between the sexes is more even unlike 

IgG4-RD systemically [45]. While the underly-
ing cause of IgG4-RD is unclear, the IgG4 is not 
pathological by itself; rather, it is more a marker 
of disease. In fact, secreted IgG4 cannot cross-
link antigens to create immune complexes and 
binds poorly to Fc receptors [44]. T cells and 
antigen-presenting B cells are likely important in 
disease pathogenesis, though the precise 
sequence of disease initiation and propagation 
are still under investigation.

IgG4-RD is preferably diagnosed by tissue 
histopathology. There is no imaging or serologi-
cal marker that is very sensitive or specific to 
obviate the need for obtaining tissue. Common 
competing diagnoses such as sarcoidosis or gran-
ulomatosis with polyangiitis or neoplasms can all 
have similar imaging appearance but with diver-
gent treatments, and firm early diagnosis is pre-
ferred. High-serum IgG4 concentration is 
common in IgG4-RD, but it is not sensitive or 
specific for the disease and as such cannot be 
relied on to exclude or diagnose IgG4-RD espe-
cially in patients with single organ disease. For 
example, diseases such as Sjögren’s syndrome, 
chronic sinusitis, leukemia, and recurrent pneu-
monia can all cause elevated serum IgG4 levels 
[46]. The ratio between IgG4 to IgG1 (greater 
than 0.24) might provide better diagnostic speci-
ficity [47]. On the other hand, somewhere 
between 3% and 30% of patients with IgG4-RD 
will have normal serum IgG4 levels [48]. 
Longitudinally, there may be a role for tracking 
IgG4 levels to assess for disease remission and 
recurrence [48].

Neurologically, IgG4-RD rarely causes iso-
lated parenchymal central nervous system dis-
ease. In the head and neck region, IgG4-RD is 
usually associated with orbitopathy, pachymen-
ingitis, and pituitary gland and stalk disease. 
IgG4-related orbitopathy causes a chronic, pro-
gressive, and painless syndrome marked by peri-
orbital swelling, extraocular movement 
abnormalities, and optic neuropathy. The perior-
bital swelling can be caused either by infiltration 
of the orbital structures or by lacrimal gland 
inflammation. On imaging, MRI is more sensi-
tive than computed tomography (CT) for defining 
the extent of the disease, and fat-suppressed 
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orbital images on MRI are important for com-
plete orbital evaluation. IgG4-RD is visualized as 
either localized masses or enlargement of the lac-
rimal gland, extraocular muscles, or optic sheath. 
These lesions are typically well defined with T2 
iso- to hypo-intensity and show homogenous 
enhancement with intravenous gadolinium [49].

Hypertrophic pachymeningitis is a slowly pro-
gressive disease marked by thickening of the 
pachymeninges. Neurological symptoms are 
generally caused by site of involvement and neu-
ral/vascular compression. In the head, the most 
frequent symptoms are headache in combination 
with cranial nerve palsies [50]. However, paren-
chymal dysfunction can also occur including sei-
zures, cognitive dysfunction, or weakness/
numbness in the extremities. Pachymeningitis 
can extend into the spine as well and cause radic-
ular symptoms [51]. On imaging, there is pachy-
meningeal thickening with enhancement on MRI 
and can be focal (such as over one convexity or 
skull base) or be diffuse [50]. Similar to hypertro-
phic pachymeningitis, pituitary lesions present 
with slow progression of hypopituitarism or 
diabetes insipidus and found on imaging to have 
enlargement of the pituitary with thickened stalk. 
Often, there is concurrent involvement of the 
meninges.

For treatment of IgG4-RD, glucocorticoids 
are first-line therapy for inducing remission often 
starting at prednisone equivalent of 30–40  mg/
day for 2–4  weeks and then gradually tapering 
over 3–6 months [48]. Although effective, gluco-
corticoids alone often do not sufficiently control 
the disease or maintain remission when tapered. 
For example, in a French cohort study of 
IgG4-RD, only 30% were able to stop steroids 
[52]. Long-term steroids are also poorly tolerated 
by older patients usually afflicted with 
IgG4-RD.  Multiple agents have been used as 
steroid-sparing agents including azathioprine, 
mycophenolate mofetil, methotrexate, and cyclo-
phosphamide; however, there are no prospective 
trials to guide use of these agents or to assess 
additional efficacy over glucocorticoids alone 
[48]. There is better data for rituximab use. In a 
single arm, open label, prospective trial of ritux-
imab, the majority of patients treated with ritux-

imab alone without glucocorticoids were able to 
achieve and maintain remission [53]. There have 
been no further blinded, placebo-controlled trials 
for rituximab for IgG4-RD, but existing observa-
tional data and clinical experience argue strongly 
for its efficacy. An area of uncertainty is how long 
to treat patients before tapering or stopping ther-
apy. In the absence of stronger data, this is gener-
ally approached on a case-by-case basis guided 
by prior disease history and patient preference.

�Conclusion

There is wide variability in the neurological man-
ifestations of systemic autoimmune diseases, and 
even within individual diseases, mechanisms can 
vary. Hence, rather than applying blanket recom-
mendations for “lupus cerebritis,” treatment 
should be tailored to understanding the mecha-
nism of neurological disease whenever possible.
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Neurosarcoidosis

James E. Eaton and Siddharama Pawate

�Introduction

Sarcoidosis is a multi-system disorder character-
ized by the formation of non-caseating granulo-
mas in affected tissues. Granulomas are thought 
to represent the immune response to unidentified 
antigens, designed to confine the antigen and pro-
tect the surrounding tissue [1, 2]. However, this 
process damages the surrounding tissue; this is 
especially of consequence when sarcoid granulo-
mas occur in critical organs such as the central 
nervous system, heart, and the eye. Neurological 
involvement due to sarcoidosis is termed neuro-
sarcoidosis. Winkler in 1905 first identified neu-
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Key Points
	1.	 Sarcoidosis is a multi-system granulo-

matous disorder that is presumably 
immune-mediated, reflecting the 
response to as-yet unidentified 
antigen(s).

	2.	 Sarcoidosis affects the nervous system 
in 5% of cases with asymptomatic 
involvement in another 1  in 5 patients. 
Over half of patients diagnosed with 
neurosarcoidosis do not carry a prior 
diagnosis of sarcoid.

	3.	 Clinical presentation can vary and cen-
tral nervous system (CNS) presenta-
tions can be classified as (1) cranial 
neuropathies, (2) meningeal, (3) brain 
parenchymal, and (4) spinal cord. In 
addition, peripheral neuropathy and 
myopathy are also seen.

	4.	 Biopsy is key for diagnosis and deter-
mines the level of certainty. Thus “defi-

nite neurosarcoidosis” requires nervous 
system biopsy and “probable neurosar-
coidosis” requires biopsy from extra-
neural tissue. Without biopsy, “possible 
neurosarcoidosis” can be diagnosed if 
the clinical picture is compatible and 
other causes are ruled out.

	5.	 Glucocorticoids are the cornerstone of 
treatment, especially in the acute stage, 
while “steroid-sparing agents” such as 
methotrexate, mycophenolate mofetil, 
or azathioprine are used for prolonged 
therapy to minimize steroid toxicity. 
Infliximab appears to be efficacious 
when these agents are inadequate.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-61883-4_23&domain=pdf
https://doi.org/10.1007/978-3-030-61883-4_23#DOI
mailto:siddharama.pawate@vumc.org


374

rosarcoidosis by observing non-caseating 
granulomas in peripheral nerves [3]. Over the fol-
lowing decades it was increasingly recognized 
that sarcoid could affect any part of the central 
and peripheral nervous system. Colover in 1948 
compiled 118 cases of sarcoidosis with neuro-
logic involvement. His review was the first to 
compile the different presentations of neurosar-
coidosis and described the high tendency for cra-
nial nerve involvement [4].

The diagnosis of neurosarcoidosis has 
remained difficult. Clinical presentation is var-
ied. Imaging and cerebrospinal fluid (CSF) tests 
are useful to demonstrate inflammation but are 
not specific. Biomarkers to aid in diagnosis and 
disease monitoring have remained elusive. The 
diagnosis of sarcoidosis rests on the demonstra-
tion of granulomas in affected organs by biopsy, 
but this is not always feasible in neurosarcoid-
osis, especially in “isolated neurosarcoidosis,” 
which is seen in 10–17% of neurosarcoid cases, 
where the disease is confined to the nervous sys-
tem without involvement of other organs. 
Immunosuppression is the cornerstone of treat-
ment. Patients are typically treated with cortico-
steroids. “Steroid-sparing agents” such as 
methotrexate, mycophenolate mofetil, and aza-
thioprine are utilized for longer-term treatment. 
Newer treatment options, especially anti-tumor 
necrosis factor (TNF) agents, appear to provide 
better outcomes in patients refractory to other 
agents. We will discuss the advances in our 
understanding of neurosarcoidosis in this 
chapter.

�Epidemiology

Sarcoidosis is a ubiquitous disease, affecting all 
ethnicities and genders to varying degrees. There 
is significant geographical variation. Spain, for 
example, has a reported incidence as low as 0.42 
per 100,000 while the Nordic countries range 
from 7 to 24 per 100,000 [5]. In general women 
are affected more than men. In the United States, 
young African American women are most fre-
quently affected [6]. While epidemiologic infor-

mation is incomplete, more recent data suggests 
2 peak incidences of sarcoidosis: ages 25–29 and 
65–69. A study using insurance claims and 
OptumInsight between 2009 and 2013 included 
~15% of US residents and found half of initial 
diagnosis of sarcoidosis occurring in patients 
older than 55 [7].

The incidence of neurologic manifestations in 
sarcoidosis varies. Reports of neurologic symp-
toms in patients range from 5% to 20% [8, 9]. 
Notably neurologic manifestations can be the 
presenting symptom in a significant portion of 
patients. Fritz et al. compiled all the case series 
from 1980 to 2016 and found that among patients 
that were diagnosed with neurosarcoidosis, neu-
rological symptoms were the initial presentation 
in 69% [10].

�Pathophysiology

Granuloma formation in sarcoidosis is presum-
ably incited by an antigen that the immune sys-
tem does not completely clear. The majority of 
patients develop pulmonary disease. As a result, 
most of the research in sarcoid granuloma forma-
tion has been focused on the lungs [11, 12].

Sarcoid granulomas are composed of epi-
thelioid macrophages, activated monocytes, T 
and B lymphocytes, multinucleated giant cells, 
and fibroblasts. They are organized into two 
regions: the core and the crust. The core is a 
collection of tight clusters of macrophages, 
giant cells, and epithelioid cells. The crust is a 
collection of lymphocytes, predominantly T 
cells [11, 12]. In early granuloma formation, 
the aggregating macrophages are converted 
into epithelioid cells. The epithelioid cells then 
organize into a cluster that makes up an imma-
ture granuloma. Activated T cells will accumu-
late at sites of inflammation. This leads to 
increased activation and expression of cyto-
kines and chemokines, especially TNF-alpha 
produced by T cells and macrophages, that 
lead to the formation of mature granulomas 
[13]. Fibroblast proliferation with collagen 
deposition leads to fibrosis [14].
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�Clinical Features

There is a wide range of clinical presentations in 
neurosarcoidosis. Our understanding of clinical 
manifestations of neurosarcoidosis is derived 
mostly from retrospective studies performed at 
single tertiary care centers. Clinical manifestations 
depend on the neuroanatomical substrate infil-
trated by granulomas. These manifestations can be 
classified as (1) cranial neuropathies, (2) menin-
geal, (3) brain parenchymal, (4) pituitary-
hypothalamic, (5) spinal cord, (6) peripheral 
neuropathy, and (7) myopathy. Less commonly 
patients can manifest with cerebrovascular com-
plications such as ischemic strokes or hemor-
rhages. The recent compilation by Fritz et al. [10] 
found the frequency of the presentations of patients 
as cranial neuropathy (53%), headache (32%), 
optic neuritis (21%), myelopathy (18%), periph-
eral nerve (17%), seizure (12%), meningitis 
(10%), and pituitary-hypothalamic dysfunction 
(8%). Other recent studies have reflected similar 
patterns of disease manifestations [15–18].

Manifestations of neurosarcoidosis in pediat-
ric population are less well studied. Seizures are 
the most frequently encountered presenting 
symptom in children [19, 20]. As in adults, 
patients can also develop encephalopathy, trans-
verse myelitis, and cranial neuropathies.

�Cranial Neuropathy

Cranial neuropathies are the most common find-
ing in neurosarcoidosis. They can develop from 
direct nerve involvement, leptomeningeal 
encasement of nerves or nerve roots, or granu-
loma formation in the brainstem. Cranial nerve 
involvement may also be indirect as in CN VI 
palsy due to increased intracranial pressure from 
sarcoid meningitis.

The facial nerve is the most commonly 
affected cranial nerve, followed by optic nerve 
[10]. Facial nerve involvement may be unilateral, 
but can be bilateral in a third of those involved, 
either concurrently or sequentially [21]. Optic 

nerve involvement is one of the more frequently 
encountered findings as well and presents clini-
cally with blurring of vision and visual field 
defects [22–24]. Vision loss can be rarely due to 
extrinsic compression of the optic nerve from 
granulomatous inflammation [23]. Sensorineural 
hearing loss and/or vertigo due to vestibuloco-
chlear nerve involvement can occur and may be 
intermittent; bilateral sensorineural hearing loss 
should prompt an evaluation for neurosarcoidosis 
[25]. CN V involvement may manifest as facial 
numbness or, less commonly, trigeminal neural-
gia. Other cranial nerves are involved less often, 
with CN XI and XII being the least common.

The differential diagnosis for individual cra-
nial neuropathies is extensive [26, 27]. 
Neurosarcoidosis rises higher in the differential 
in patients with multiple cranial neuropathies or 
cranial neuropathies as part of more widespread 
symptoms such as seizures or myelopathy. 
Leptomeningeal disease, either infectious or car-
cinomatous, can present with multiple cranial 
neuropathies. Other infections such as Lyme dis-
ease can be considered with multiple cranial 
neuropathies. Individual nerves can have unique 
differential diagnosis considerations. Optic neu-
ritis, for example, has an extensive differential 
diagnosis [28] including demyelinating disease 
(e.g., multiple sclerosis, neuromyelitis optica), 
autoimmune disorders (e.g., Sjögren’s syn-
drome, temporal arteritis), neoplasm (lym-
phoma, glioma, metastatic disease), viral 
infections (e.g., herpes simplex virus, varicella 
zoster virus, cytomegalovirus), and bacterial 
(syphilis, tuberculosis, Bartonella), among many 
others. The differential for individual cranial 
neuropathies is beyond the scope of this chapter. 
Inflammatory ophthalmologic disease is dis-
cussed further in Chap. 28.

Outcomes in sarcoid cranial neuropathies tend 
to be favorable, with complete recovery occur-
ring in the majority of patients. Optic neuropathy 
has been considered to have poorer outcomes, but 
it should be noted that these reports were pub-
lished before anti-TNF therapies began to be 
widely used to treat neurosarcoidosis [23, 29].
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�Meningeal Disease

The most common meningeal manifestation of 
neurosarcoidosis is “aseptic meningitis,” present-
ing with headaches, fever, and neck rigidity. 
Neurosarcoid meningitis usually has a benign 
course and a good outcome, but a subset of 
patients can develop chronic meningitis [21, 30]. 
Brain magnetic resonance imaging (MRI) usu-
ally shows leptomeningeal enhancement, espe-
cially in the posterior fossa. Headaches and 
hydrocephalus can result from diffuse meningeal 
involvement. Other manifestations include single 
or multiple cranial neuropathies and ataxia. 
Cerebrospinal fluid typically shows pleocytosis 
that is lymphocytic and monocytic, elevated pro-
tein and, in more severe cases, low CSF glucose 
(less than half the simultaneous serum glucose 
value). Contrasted MRI studies are necessary to 
clearly identify meningeal involvement. Patients 
with continued hydrocephalus despite appropri-
ate immunomodulatory therapy may require ven-
triculoperitoneal shunting.

Involvement of the dura, or pachymeningitis, 
is less commonly seen and usually presents with 
headaches and cranial neuropathies [31].

Chronic meningitis can be secondary to a vari-
ety of causes [32]. Infections, especially myco-
bacterial and fungal, are considerations. Patients 
on chronic immunosuppression for sarcoidosis 
can develop such infectious meningitides. Other 
less common considerations would include 
neuro-Behçet’s and immunoglobulin 4 (IgG4)-
related disease, the latter being a common cause 
of pachymeningitis [31]. Leptomeningeal carci-
nomatosis is often a primary concern in patients 
presenting in this manner. Meningeal involvement 
is often feasible to biopsy and should be per-
formed in patients with an unclear diagnosis.

�Parenchymal

Granulomas can develop in any part of the brain, 
including white matter, cortex, deep gray matter, 
pituitary, and hypothalamus and cause a wide 
range of symptoms [23]. Headaches and seizures 

are a frequent presentation. Focal deficits such as 
hemiplegia, ataxia, apraxia, and visual field may 
occur. Parenchymal involvement in the brainstem 
may manifest as cranial neuropathies. Mass 
lesions in the ventricular system can lead to 
obstructive hydrocephalus.

Imaging modalities will highlight these lesions 
well, but there are not pathognomonic findings to 
clearly differentiate sarcoid lesions from other 
lesions. There are typically T2/fluid-attenuated 
inversion recovery (FLAIR) signal changes and 
varying degrees of contrast enhancement. The dif-
ferential is broad and often these granulomas are 
not distinguishable from neoplasms without tis-
sue diagnosis. Other diagnostic considerations 
would include abscess, progressive multifocal 
leukoencephalopathy, tumefactive demyelinating 
lesions, and other space-occupying lesions.

Pituitary-hypothalamic infiltration by sarcoid 
granulomas can manifest with panhypopituita-
rism, diabetes insipidus, or amenorrhea-
galactorrhea, among other symptoms of pituitary 
dysfunction [33, 34].

�Cerebrovascular Manifestations

There is a small but growing body of literature 
regarding vascular events attributable to neuro-
sarcoidosis. Small arterial and venous involve-
ment has been observed in pathology studies. 
Interestingly the small arterial perforators are the 
most frequently affected, with large vessel 
involvement much less frequent [35]. A recent 
review by Bathla et al. collected the English lan-
guage cases of cerebrovascular manifestations of 
sarcoid until 2017. They found 13 cases of isch-
emic stroke, 16 cases of hemorrhagic stroke, and 
5 venous sinus thromboses [36].

These patients will generally develop small 
unusual infarcts or hemorrhages. Vascular mani-
festations of sarcoid are unusual and there are 
not many clues for diagnosis. Primary CNS 
angiitis, infectious vasculitis, amyloid angiopa-
thy, and other systemic small- or medium-vessel 
vasculitides should be considered in the differ-
ential as well.
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�Myelopathy

Spinal cord involvement occurs in 12–24% of 
patients and can be particularly devastating, 
given the clinically eloquent role of spinal cord in 
neurological functioning [37, 38]. Transverse 
myelitis and longitudinally extensive transverse 
myelitis can develop. Meningeal disease can also 
lead to compressive myelopathies. Patients can 
have a range of symptoms such as mixed motor 
and sensory findings and possible bowel or blad-
der dysfunction, and some may have back pain.

Longitudinally extensive transverse myelitis 
is defined as spinal cord involvement spanning 
three or more vertebral segments. Inflammatory 
disorders are a common etiology with neurosar-
coidosis being an important consideration. Sohn 
et al. collected 29 cases of spinal cord neurosar-
coidosis [38]. Most patients had intramedullary 
disease (22/27) and about half had meningeal 
involvement (13/27). Longitudinally extensive 
transverse myelitis was seen in 17/22 of patients 
and the longest lesion was 9 vertebral levels [38]. 
A similar study was done by Durel where they 
had 20 patients with spine involvement. 
Longitudinally extensive lesions were present in 
75% of patients. The cervical and thoracic spine 
was most frequently involved. Three patients had 
involvement of the entire cord [39]. The differen-
tial diagnosis of longitudinally extensive trans-
verse myelitis includes neuromyelitis optica 
spectrum disorders (NMOSD) (see Chaps. 15 
and 27), Behçet’s disease, and acute dissemi-
nated encephalomyelitis (ADEM) and other 
demyelinating syndromes [40].

�Peripheral Neuropathy

Neurosarcoid large fiber neuropathy usually 
manifests as (1) axonal distal sensorimotor poly-
neuropathy with stocking-glove sensory symp-
toms manifesting as pain and paresthesias or (2) 
an asymmetric polyradiculoneuropathy in which 
proximal and distal nerve segments are equally 
affected in a non-length-dependent distribution. 
Less common presentations include mononeuri-
tis multiplex, multifocal motor neuropathy with 

conduction block, mononeuropathy, and plexop-
athy. Electromyography/nerve conduction study 
(EMG/NCS) usually shows an axonal loss; 
demyelination is less common [41–44].

Small fiber neuropathy, with predominant 
complaint of neuropathic pain, numbness, and 
allodynia, is often seen in patients with sarcoid-
osis. It may be non-length dependent. Autonomic 
small fibers may be involved, resulting in dysau-
tonomia and abnormal tilt-table testing [45–49]. 
Small fiber neuropathy has been proposed to rep-
resent a “para-neurosarcoidosis,” reflecting the 
fact that it is not a direct consequence of granulo-
mas in small fibers but a distant effect, presumed 
to be caused by inflammatory cytokines [50].

�Myopathy

Sarcoid myopathy is usually asymptomatic or 
may present with palpable nodules in muscles 
that are painless. Strength is not affected and 
serum creatine kinase (CK) is usually normal in 
these cases. Myopathy may also present as a 
polymyositis, with weakness affecting proximal 
muscles and elevated serum CK [51–53].

�Diagnosis and Workup

Neurosarcoidosis patients may be conceptualized 
in three groups:

	1.	 Patients with known, active systemic sarcoid-
osis presenting with neurological symptoms. 
In these patients neurosarcoidosis is usually 
high in the differential, and if the initial 
workup points to neurosarcoidosis, a thera-
peutic trial with high-dose steroids may be 
justified.

	2.	 Patients with a history of systemic sarcoidosis 
that is not active, presenting with neurological 
problems. Neurosarcoidosis is usually high in 
the differential for these patients as well.

	3.	 Patients with no prior history of systemic sar-
coidosis. These are the patients in whom there 
may be a delay and diagnosis requires a high 
index of suspicion [54].
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A detailed history, physical exam, and neuro-
logic exam are vital to correct diagnosis. 
Sarcoidosis is often multi-systemic. A thorough 
exam is necessary to guide appropriate diagnos-
tic testing.

Imaging provides a noninvasive way to look 
for structural evidence of granulomatous involve-
ment. Typically, patients will require brain and/or 
spine imaging. Contrasted MRI scans (Fig. 23.1) 
provide a high resolution of detail and can high-

light sarcoid lesions [55]. Fels and colleagues 
looked at a group of patients with MRI imaging 
and neurosarcoidosis to try to characterize typi-
cal patterns. They found that parenchymal lesions 
were T1 isointense and T2 hyperintense, more 
clearly seen on FLAIR sequences, and exhibited 
multifocal enhancement. Leptomeninges may 
appear normal on T1 or T2 sequences, but a con-
trasted T1 study usually shows linear or nodular 
meningeal enhancement [56]. Shah et  al. also 

Fig. 23.1  Imaging features suggestive of neurosarcoid-
osis. This figure shows brain and spinal cord imaging in 
patients with neurological problems in the context of 
biopsy-proven systemic sarcoidosis. Panels (a) and (b): 
Leptomeningeal involvement leading to hydrocephalus. 
Panel (a) shows the axial T2-FLAIR image. There is 
enlargement of the lateral ventricles with periventricular 
edema. Panel (b) shows the postcontrast T1 image show-
ing the enlargement of 3rd and 4th ventricles as well, and 
extensive nodular leptomeningeal enhancement. Note the 

postcontrast enhancement of the meninges along the ante-
rior surface of the brainstem extending into the cervical 
spinal cord. Panel (c): Dural enhancement due to sarcoid 
pachymeningitis. Panel (d): Pituitary-hypothalamic 
involvement in a patient presenting with panhypopituita-
rism. Note also the leptomeningeal involvement in the 
frontal lobe sulci, as well as along the anterior surface of 
the brainstem. Panels (e) and (f): A contrast-enhancing 
lesion in the left temporal lobe (e), in a patient with sei-
zures that was FDG-avid on PET scan (f)
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demonstrated that spine lesions are typically T2 
hyperintense as well [57]. For those with contra-
indications to MRI, computed tomography (CT) 
is an option but has lower sensitivity and speci-
ficity. Iodinated contrast CT scans can some-
times highlight more lesions and meningeal 
involvement [56].

Systemic imaging is helpful to establish extra-
neural sarcoidosis and provide possible targets 
for biopsy. Chest X-ray was historically the key 
for diagnosis of pulmonary sarcoidosis but chest 
CT is more sensitive [58]. More extensive body 
imaging may be useful, such as positron emission 
tomography (PET). This can help identify lesions 
amenable for biopsy. Gallium-67 scintigraphy 
was utilized for decades for evaluation of possible 
sarcoidosis as well as lymphomas and occult 
infections. PET imaging has largely supplanted 
gallium, but in facilities where PET imaging is 
not available, gallium scintigraphy may be an 
option [59].

Serologic and CSF testing is often utilized. 
CSF typically shows pleocytosis and increased 
protein as nonspecific markers of inflammation 
and, less commonly, decreased glucose [50]. 
Serum and CSF angiotensin-converting enzyme 
(ACE) levels can be elevated in sarcoidosis, but 
lack sensitivity and specificity. A retrospective 
study found a sensitivity and specificity of CSF-
ACE of 66.7% and 67.3%, respectively [60]. 
Most authorities do not recommend relying on 

these levels for neurosarcoidosis diagnosis [50]. 
Soluble interleukin 2 receptor (sIL-2R) is found 
to be elevated in situations with CD4+ T cell acti-
vation, as in granulomatous disease, but does not 
have clear diagnostic utility at this time [50].

Ultimately, histopathology is necessary for con-
fident diagnosis. This was reflected in the recently 
issued consensus definition and diagnostic criteria 
issued by the Neurosarcoidosis Consortium 
Consensus Group. They proposed criteria to strat-
ify the diagnosis into definite, probable, and possi-
ble neurosarcoidosis (Table 23.1) [50].

It is also important to evaluate for other condi-
tions that can cause a wide range of symptoms. 
Testing varies between patients depending on the 
clinical picture. Conditions that can present simi-
larly to sarcoidosis would include CNS neo-
plasms such as gliomas or lymphoma, 
demyelinating disease, and atypical infections 
such as fungi, tuberculosis, or syphilis.

�Treatment Considerations

Immunosuppression is the basis of treatment for 
sarcoidosis. The treatment of neurosarcoidosis is 
challenging for several reasons. There are no ran-
domized clinical trials to guide therapy. The clin-
ical course varies significantly and there are no 
tools available to predict it. There are significant 
side effects with immunosuppressive therapy 

Fig. 23.1  (continued)
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including opportunistic infections that become 
more likely with longer duration of treatment. 
The duration of treatment that is necessary is not 
clear and symptoms can recur after cessation of 
treatment. Controlled trials to compare treatment 
modalities for neurosarcoidosis are lacking. Due 
to these features, the treatment of neurosarcoid-
osis is based primarily on clinical experience and 
small clinical case series.

For treatment planning, Lower and Weiss clas-
sified neurosarcoidosis into [61]:

	1.	 Mild (isolated CN VII or aseptic meningitis), 
with usually monophasic course. In these 
patients, a course of steroids may be adequate.

	2.	 Moderate and severe disease is based on ini-
tial clinical presentation and initial response 
to treatment, with parenchymal, leptomenin-
geal, or spinal cord disease, which tend to 
have a chronic course and a need for pro-
longed immunosuppression.

Steroids have been used to treat neurosar-
coidosis for decades and are typically first line. 
The clinical response to glucocorticoids is usu-
ally favorable. Stern and colleagues achieved 
remission in 79% on appropriate glucocorticoid 
therapy [62].

The addition or substitution of other immuno-
suppressants is warranted in patients with intoler-
ance to steroids, moderate/severe clinical course, 
or progression of disease on steroids. The medi-

cations that have been used include methotrexate, 
mycophenolate mofetil, and azathioprine [23] 
and cyclophosphamide [63]. There is sparse data 
comparing the efficacy of these agents. A com-
parative study of methotrexate and mycopheno-
late mofetil had 32 and 14 patients, respectively. 
Patients on mycophenolate had higher rates of 
relapse compared to patients on methotrexate 
(78.6% compared to 46.8%). Adverse events 
were higher in the methotrexate group [64]. This 
suggests that methotrexate may be the more effi-
cacious agent for patients who can tolerate it.

As noted in the pathophysiology section above, 
TNF alpha plays an important role in the forma-
tion and perpetuation of granulomas. Infliximab, a 
monoclonal antibody against TNF, has recently 
emerged as an option to treat sarcoidosis refrac-
tory to other agents. A double-blind placebo study 
was done with infliximab in steroid-refractory pul-
monary sarcoidosis. They found improvement in 
radiographic evidence of disease burden and vital 
capacity over a 24-week period but did not find 
improvement in exercise tolerance or dyspnea 
scores [65]. Two recent retrospective studies have 
looked at infliximab in neurosarcoidosis. A multi-
center study from the United States looked at inf-
liximab use in 66 patients. In a majority of patients, 
infliximab was combined with an oral agent 
(mycophenolate or methotrexate) with the aim of 
obtaining synergistic effects, as well as the reduc-
tion of formation of anti-infliximab antibodies that 
reduce the effectiveness of infliximab. More than 

Table 23.1  Criteria for the diagnosis of neurosarcoidosis as proposed by the Neurosarcoidosis Consortium Consensus 
Group

Definite Clinical presentation and diagnostic evaluation suggests neurosarcoidosis as defined by the clinical 
manifestations and MRI, CSF, and/or EMG/NCS findings typical of granulomatous inflammation of the 
nervous system and rigorous exclusion of other causes
Nervous system pathology is consistent with neurosarcoidosis
 � Extraneural sarcoidosis is evident
 � No extraneural sarcoidosis is evident (i.e., isolated CNS sarcoidosis)

Probable Clinical presentation and diagnostic evaluation suggests neurosarcoidosis as defined by the clinical 
manifestations and MRI, CSF, and/or EMG/NCS findings typical of granulomatous inflammation of the 
nervous system and rigorous exclusion of other causes
There is pathologic confirmation of systemic granulomatous disease consistent with sarcoidosis

Possible Clinical presentation and diagnostic evaluation suggests neurosarcoidosis as defined by the clinical 
manifestations and MRI, CSF, and/or EMG/NCS findings typical of granulomatous inflammation of the 
nervous system and rigorous exclusion of other causes
There is no pathologic confirmation of granulomatous disease

Reprinted with permission from Stern et al. [50]
MRI magnetic resonance imaging, CSF cerebrospinal fluid, EMG electromyography, NCS nerve conduction study, CNS 
central nervous system
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80% of patients had favorable response clinically 
and radiographically [66]. The other study from 
France had similar results [67]. In both studies, 
approximately half of patients relapsed after dis-
continuation of infliximab, indicating that inflix-
imab suppresses disease activity but may not result 
in its eradication in the period that they were 
treated for. Another anti-TNF agent, adalimumab, 
has much more limited data in the form of isolated 
case reports [68, 69].

Rituximab is a monoclonal antibody directed 
against CD20+. It has been utilized for multiple 
autoimmune disease and hematologic malignan-
cies. It has also been used in isolated cases suc-
cessfully for neurosarcoidosis [70].

Mass lesions in the spine or brain in emergent 
situations have been treated using radiation [71]. 

Patients who have developed hydrocephalus could 
potentially require ventriculoperitoneal shunting.

There is no formalized treatment algorithm 
available. Patients may require high-dose steroids, 
such as intravenous (IV) methylprednisolone, for 
initial presentations or acute exacerbations. Mild 
cases such as isolated facial nerve palsy or aseptic 
meningitis may be treated with a prolonged oral 
prednisone taper. When longer-term therapy is 
anticipated, methotrexate is a reasonable next 
choice in most patients. Other steroid-sparing 
agents are worth consideration such as mycophe-
nolate or azathioprine. Infliximab is an option in 
cases refractory to other agents [66, 67].

Table 23.2 summarizes the available thera-
peutic agents used in the treatment of 
neurosarcoidosis.

Table 23.2  Medications for the treatment of neurosarcoidosis (see text for references)

Medications Typical dosing Clinical considerations
Glucocorticoids Acute presentations: 1000 mg IV 

methylprednisolone for 3–5 days
Chronic use: titration depends on 
the severity of symptoms. Usually 
1 mg/kg/day at the beginning and 
titrated to the lowest possible dose

Relatively fast effect
Dose- and duration-related side effects: hyperglycemia/
diabetes, bruising, hair thinning, cushingoid appearance

Methotrexate 5–20 mg once weekly Relatively well tolerated
Easy administration
GI and dermatologic side effects can be limiting
Bone marrow suppression
Give at least 1 mg of folic acid daily
Cannot be used in pregnancy

Azathioprine 50–200 mg/day Thiopurine-S-methyltransferase (TMPT) testing prior to 
initiation. If normal it does not need a slow titration
Bone marrow suppression, anorexia, and pancreatitis can 
develop

Mycophenolate 
mofetil

1000–1500 mg twice a day Often well tolerated
GI side effects, tremor, and bone marrow suppression can 
develop

Cyclophosphamide 500–750 mg/m2 (meter squared 
body surface area) if there is 
normal renal function for initial 
dose – subsequent doses typically 
every 2–4 weeks; depending on 
cell counts, it may need to be 
reduced if patients develop 
leukopenia

Effective for prompt immunosuppression for patients that 
fail steroids
Risk of infertility
Ideally would be discontinued and switched to a less 
toxic medication when disease stabilizes, typically 
6 months

Infliximab IV infusion 5 mg/kg of ideal body 
weight. Loading dose given at 
weeks 0, 2, and 6. Maintenance 
every 4–8 weeks after

Evidence shows it works in steroid-refractory cases
Infusion therapy
TB screening before
Can cause acute hepatitis

Adalimumab 40 mg subcutaneous every other 
week

Limited data, but theoretically should be as effective as 
infliximab
TB screening

IV intravenous, GI gastrointestinal, TB tuberculosis
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�Conclusion

Neurosarcoidosis remains a difficult disease from 
identification and diagnosis to management. The 
etiology of the disease is not clear and diagnosis 
remains challenging. More consistent biomarkers 
are needed to improve diagnostic certainty, espe-
cially in cases where neural biopsy is not feasible. 
There are multiple treatment options available, 
but there have been limited head-to-head com-
parisons and no prospective studies. Further stud-
ies are needed to provide clearer directions in 
treatment decisions.
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Central Nervous System Vasculitis

Christine M. Gill, Amanda L. Piquet, 
and Tracey A. Cho

�Introduction

Vasculitis is a term that describes a heterogenous 
group of related conditions in which there is 
inflammation involving the walls of blood ves-
sels of variable size and distribution. Vasculitides 
are generally classified according to the Chapel 
Hill Consensus Conference definitions based on 
the size of vessels involved [1]. Vasculitides may 
further be classified by histopathologic findings 
or according to underlying etiology. Vasculitis of 
any vessel size may involve the peripheral and/or 
central nervous systems resulting in a myriad of 
neurologic symptoms. Nervous system vasculitis 
confined to either the central nervous system 
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Key Points
	1.	 Vasculitis of the nervous system can 

occur in isolation, known as primary 
angiitis of the central nervous system 
(PACNS), or in the setting of systemic 
vasculitis.

	2.	 Systemic vasculitides are a heteroge-
neous group of disorders often related to 
connective tissue disorders, underlying 
rheumatological disease, or infection.

	3.	 Clinically, PACNS often presents with 
subacute, progressive symptoms of 
headache, cognitive impairment, and/or 
focal neurological deficits.

	4.	 CNS vasculitis can have significant 
morbidity and mortality; therefore, a 
high level of clinical suspicion, prompt 
diagnosis, and treatment is essential.

	5.	 Currently available ancillary tests lack 
sensitivity and specificity for PACNS, 
making diagnosis challenging.

	6.	 There are no formal guidelines for the 
treatment of PACNS; however, chronic 
immunotherapy is often required with 
commonly used agents including aza-
thioprine, methotrexate, leflunomide, 
mycophenolate mofetil, and rituximab.
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(CNS) or peripheral nervous system (PNS) is 
termed primary angiitis of the CNS or isolated 
PNS vasculitis, respectively. Secondary nervous 
system vasculitis describes CNS and/or PNS vas-
culitis occurring in the setting of systemic vascu-
litis, connective tissue disease, infection, or other 
miscellaneous conditions. The primary focus of 
this chapter will be CNS vasculitis.

CNS vasculitis is a diagnostically challeng-
ing condition owing to its variable, non-specific 
presentation and the limitations of currently 
available diagnostic studies. A high level of 
clinical suspicion is necessary to ensure prompt 
recognition of possible CNS vasculitis. Timely 
and thorough evaluation of suspected cases of 
CNS vasculitis is essential and is largely 
focused on ruling out mimics and determining 
the underlying etiology. Treatment of CNS vas-
culitis may vary slightly based on the underly-
ing etiology, but generally involves long-term 
immunosuppression. Historically, CNS vasculi-
tis was considered nearly universally fatal. In 
recent years, mortality from CNS vasculitis has 
significantly decreased due to increased recog-
nition, advances in diagnostic studies, and more 
aggressive treatment. Despite these improve-
ments, significant morbidity and mortality may 
occur if diagnosis and treatment are delayed. 
Physicians, particularly neurologists, must 
therefore be vigilant in recognizing cases of 
possible CNS vasculitis.

�Primary Angiitis of the Central 
Nervous System (PACNS)

�Epidemiology

Primary angiitis of the central nervous system 
(PACNS) is a rare, single-organ vasculitis affect-
ing small and medium vessels of the brain, spinal 
cord, and/or meninges. Although the first clinical 
descriptions of cerebral vasculitis were published 
by Harbitz in 1922 [2], PACNS was not recog-
nized as a separate nosologic entity until 1959 
when Cravioto and Feign described several cases 
of non-infectious granulomatous angiitis con-
fined to the CNS [3].

The true incidence of PACNS is unknown but 
has been estimated at 2.4 cases per 1,000,000 
person-years based on a single case series of 
101 patients [4]. Classically, PACNS is consid-
ered to have a male predilection, though some 
cohorts report nearly equal rates of male and 
female involvement. The median age of onset is 
approximately 50 years, but PACNS can occur 
at any age [4].

�Etiology and Pathogenesis

Much remains unknown about the cause of 
PACNS. Histopathologic studies implicating 
memory T cells in the pathogenesis of PACNS 
[5] suggest that PACNS may stem from an 
antigen-specific immune response in the walls of 
cerebral vessels [6]. The specific trigger or trig-
gers of this response are unknown; however, 
infectious agents including varicella-zoster virus 
(VZV) [7], mycoplasma [8, 9], human immuno-
deficiency virus (HIV) [10, 11], and West Nile 
virus [12] have been speculated to be possible 
triggers. It is important to note that VZV may 
also cause a direct infectious vasculitis that is 
nosologically distinct from PACNS. This infec-
tious/parainfectious vasculitis should not be con-
fused with theories positing that VZV is a trigger 
for the development of PACNS.

Amyloid beta deposition has also been pro-
posed as a potential trigger. This hypothesis is 
supported by transgenic mouse models of cere-
bral amyloid angiopathy in whom an inflamma-
tory response to vascular amyloid ranging from 
minimal to severe granulomatous vasculitis has 
been observed [13]. Further, an association 
between cerebral amyloid angiopathy and 
PACNS has been recognized in humans, though 
amyloid beta deposition is not present in all cases 
of PACNS.  PACNS associated with amyloid 
deposition in cerebral vessel walls, termed amy-
loid beta-related angiitis (ABRA), is now consid-
ered a distinct subtype of PACNS [14].

Several germline mutations have been associ-
ated with PACNS, and cases of PACNS in per-
sons with defined monogenic immune 
dysregulation syndromes are increasingly 
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reported, suggesting that genetic factors may 
play a role in the development of PACNS [15–
19]. A small European study found a significantly 
higher frequency of the HLA-A*69 haplotype in 
those with biopsy-proven PACNS as compared to 
controls, further suggesting that genetic factors 
may affect susceptibility to developing PACNS 
[20]. Unfortunately the low incidence of disease 
limits gene association studies, and the genetic 
factors in PACNS remain poorly understood. The 
role of other potential etiologic factors is unclear 
and has not been adequately studied.

The pathogenesis of PACNS is also not fully 
understood, but it is generally accepted that it 
involves an inflammatory immune response 
resulting in vessel wall damage. Three distinct 
histopathologic patterns are seen: granuloma-
tous, necrotizing, and lymphocytic. Of these, 
granulomatous is most commonly seen in adults. 
The damaged vessel ultimately becomes nar-
rowed, occluded, and/or thrombosed resulting in 
hypoperfusion of the territory supplied by the 
affected vessel. Aneurysm, hemorrhage, and 
space-occupying lesions with mass effect may 
also occur and result in abnormal perfusion.

�Clinical Presentation

PACNS typically presents insidiously with 
slowly progressive symptoms, though it may 
present acutely. Symptoms are non-specific and 
vary based on the regions of the CNS involved. 
Subacute, progressive headache is the most com-
monly reported symptom, seen in approximately 
60% of patients (range 43–100% in various 
cohorts) [21]. “Thunderclap headache” is virtu-
ally never seen and if reported should prompt 
evaluation for mimics of PACNS.

Cognitive impairment is the second most com-
mon manifestation of PACNS, reported in up to 
50% of patients [4, 6]. Other neuropsychiatric 
manifestations include behavioral disturbance, 
personality change, and mood disturbance [4, 22].

Transient or persistent focal neurologic defi-
cits are also common, often correlating with 
stroke on imaging. Ataxia, seizure, cranial neu-
ropathies, and intracerebral hemorrhage are less 

common. Spinal cord involvement, predomi-
nately thoracic, with resultant myelopathy is 
implicated in approximately 5% of patients with 
PACNS, though isolated spinal cord involvement 
is exceedingly rare [23].

�Subtypes of PACNS

Several subtypes of PACNS have been described 
based on differences in presentation, neuroimag-
ing findings, and prognosis. These subtypes have 
not been validated to represent distinct clinical or 
pathophysiological entities, but may provide a 
clinically useful framework when considering 
cases of PACNS [4]. Subtypes of PACNS include 
the following:

•	 Angiography-positive PACNS affects medium 
to large cerebral vessels, resulting in abnormal 
angiographic findings suggesting vasculitis. 
Focal neurologic deficits and seizure tend to 
be more common in this subtype.

•	 Angiography-negative, biopsy-positive 
PACNS affects only very small arteries or arte-
rioles with diameters below the resolution of 
angiography. Cognitive dysfunction, aphasia, 
and other so-called “diffuse” neurologic defi-
cits are common in this subtype. Magnetic 
resonance imaging (MRI) often shows 
enhancement of the meninges and/or paren-
chymal lesions. Response to treatment is gen-
erally favorable with good outcomes [24].

•	 PACNS with prominent leptomeningeal 
enhancement often presents acutely with cog-
nitive dysfunction. Angiography is frequently 
negative. Prognosis is overall favorable, and 
most respond to treatment with normalization 
of MRI [25].

•	 Amyloid-β(beta)-related angiitis (ABRA) is a 
very rare form of CNS vasculitis occurring in 
a small percentage of patients with cerebral 
amyloid angiopathy (CAA). ABRA is thought 
to result from an abnormal immune response 
to amyloid-β(beta) depositions in vessel walls. 
The mean age of onset is 67 years, meaning 
that patients with ABRA tend to be younger 
than those with noninflammatory CAA (mean 
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77  years) but older than those with classic 
PACNS (mean 45–50 years). The most com-
mon presentation is altered mental status with 
or without hallucinations. Headache and focal 
neurologic deficits are also common. 
Cerebrospinal fluid (CSF) protein is elevated 
in the majority. MRI is universally abnormal 
with T2/fluid-attenuated inversion recovery 
(FLAIR) hyperintensities with minimal gado-
linium enhancement (see Fig. 24.1). Most will 
also have multiple microhemorrhages in the 
cortico-subcortical junction, a feature not 
commonly seen in PACNS.  Infrequently, 
mass-like lesions may be present and may be 
confused for malignancy. Angiography is fre-
quently normal. Though typical cases may be 
diagnosed based on clinical and imaging fea-
tures, biopsy remains the gold standard for 
diagnosis of ABRA.  Histopathology reveals 
angiodestructive inflammation with abundant 

Aβ(beta) in affected vessels (though scant 
within brain parenchyma). Most patients 
responding favorably to immunosuppressive 
therapy with complete remission and normal-
ization of MRI [14, 26–28].

•	 Rapidly progressive PACNS affects multiple, 
bilateral large cerebral vessels resulting in sig-
nificant vascular abnormalities that are often 
seen on angiography. MRI shows multiple, 
bilateral infarcts that may correlate with focal 
neurologic deficits. As the name suggests, 
patients with this subtype often deteriorate 
quickly and have a poorer response to immu-
nosuppressive treatment. Fatality is high in 
this subtype [29].

•	 PACNS with a solitary tumor-like mass lesion 
occurs in around 4% of cases. Presenting 
symptoms tend to correlate with the location 
and size of the lesion. Excision of the lesion 
may be curative in some; however, favorable 

Fig. 24.1  Magnetic resonance imaging (MRI) brain in 
amyloid-β(beta)-related angiitis (ABRA). Top row: Fluid-
attenuated inversion recovery (FLAIR) images from 

patient with biopsy-proven ABRA. Bottom row: T1 post-
contrasted images from the same patient. (Image courtesy 
of Dr. Amanda Piquet)
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outcomes with aggressive immunotherapy 
have also been reported [30].

•	 PACNS with intracranial hemorrhage is 
reported in up to 12% of cases. Patients with 
hemorrhage are less likely to experience cog-
nitive dysfunction, persistent neurologic defi-
cit, or stroke on MRI as compared to those 
without hemorrhage [31].

�Diagnosis

Diagnostic criteria for adult PACNS were pro-
posed by Calabrese and Mallek in 1988 (Table 
24.1) [32], and though not validated, these crite-
ria are still widely used in the evaluation of sus-
pected PACNS. PACNS is essentially a diagnosis 
of exclusion and can only be made once a com-
prehensive and systematic evaluation for causes 
of secondary CNS vasculitis and other mimics of 
PACNS has been performed.

�Childhood PACNS (cPACNS)

PACNS is also seen in the pediatric popula-
tion, termed childhood PACNS (cPACNS). 
Similar to adult PACNS, little is known about 
the epidemiology and pathogenesis of 
cPACNS. As in adults, both sexes are affected. 
Unlike adults, the distribution of vessel 
involvement differs between the sexes, with 
large and medium vessel involvement being 
more common in boys [33] and small vessel 
involvement being more common in girls [34]. 
Like adults, children with PACNS present with 
a variety of non-specific focal and/or diffuse 
neurologic deficits. Three major subtypes of 

cPACNS are recognized and include the fol-
lowing [35]:

•	 Non-progressive cPACNS is characterized by 
unilateral involvement of the distal internal 
carotid and/or proximal middle cerebral 
arteries [36, 37]. The majority present with 
acute focal neurologic deficits; concomitant 
cognitive or behavioral changes are uncom-
mon. CSF analysis is normal in more than 
50%; however, an otherwise unexplained 
increase in opening pressure may be seen 
[35]. MRI shows unilateral ischemic lesions 
within large vessel territories. Angiography 
is frequently abnormal [36]. The course is 
generally monophasic with an overall favor-
able prognosis.

•	 Progressive cPACNS also involves medium to 
large cerebral vessels; however, involvement 
is not strictly unilateral. The vast majority will 
present with headache in addition to focal and 
diffuse neurologic deficits. CSF is mildly 
inflammatory with pleocytosis and/or elevated 
protein. MRI shows ischemic lesions in mul-
tiple vascular territories. Angiography is often 
abnormal [35, 38].

•	 Small vessel cPACNS may present acutely with 
a rapidly progressive meningitis-like illness or 
may present more insidiously with cognitive 
dysfunction, headache, and/or focal seizures. 
CSF is abnormal in more than 90%. MRI 
shows inflammatory lesions of the subcortical 
white matter and cortical gray matter. By defi-
nition, angiography is negative [36, 39].

Unlike adult PACNS, the most common histo-
pathologic pattern seen in pediatric biopsies is 
lymphocytic. Granulomatous or necrotizing pat-
terns are exceedingly rare, and beta amyloid 
deposition is not seen [40, 41].

The diagnostic approach in cPACNS is similar 
to that in adult PACNS with focus on ruling out 
other forms of childhood inflammatory brain dis-
ease, causes of secondary CNS vasculitis, and 
other mimics of cPACNS.

Treatment of cPACNS is extrapolated from 
adult PACNS literature, and the latter will be dis-
cussed in greater detail later in this chapter.

Table 24.1  Diagnostic Criteria for Adult PACNS

1. �History or clinical finding of an acquired neurologic 
deficit that is unexplained after thorough evaluation

2. �Classic angiographic or histopathologic features of 
angiitis within the CNS

3. �No evidence of systemic vasculitis or any other 
condition that could produce the angiographic or 
histopathologic findings

Adapted from Calabrese and Mallek [32]
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�Secondary CNS Vasculitis (SCNSV)

In evaluating cases of possible PACNS, causes 
of secondary CNS vasculitis must be consid-
ered. Secondary CNS vasculitis is not confined 
to the CNS and typically occurs in the setting of 
systemic vasculitis, underlying connective tis-
sue disease, or infection. Symptoms of SCNSV 
and PACNS are nearly indistinguishable; how-
ever, specific ancillary tests are available for 
many causes of SCNSV. As a result, those with 
SCNSV tend to be diagnosed earlier than those 
with PACNS (mean time to diagnosis of 
8 months vs. 27 months, respectively) [22]. The 
major categories of SCNSV are discussed 
below.

�CNS Vasculitis Secondary to Primary 
Systemic Vasculitis

Primary systemic vasculitis is reported to involve 
the CNS in approximately one-fourth of cases 
and should be considered when evaluating cases 
of suspected CNS vasculitis. Often the diagnosis 
of systemic vasculitis has been established before 
CNS involvement occurs or may be inferred from 
biopsy and/or angiography of a non-CNS site. 
Important considerations in this category are as 
follows:

�Behçet Disease
Behçet disease is a relapsing variable vessel vas-
culitis that is characterized by recurrent oral and 
genital ulcers and ocular inflammation (i.e., 
anterior uveitis). Behçet disease predominately 
affects persons aged 20–40  years. Men are 
affected twice as often as women. Diagnosis of 
Behçet disease is based on published consensus 
criteria [42]. Neurologic involvement occurs in 
10–40% of patients with Behçet disease, on 
average 5 years after the onset of mucocutaneous 
and ocular manifestations. Neuro-Behçet disease 
may be classified as parenchymal or non-
parenchymal. The parenchymal form is more 
common and severe, presenting with meningo-

encephalitis, seizure, and/or myelitis. 
Parenchymal lesions may present with symp-
toms mimicking PACNS. CSF is frequently 
inflammatory with elevated protein and/or pleo-
cytosis (often neutrophilic); generally, protein 
and/or white blood cells (WBC) are more ele-
vated in neuro-Behçet disease than in 
PACNS.  Elevated immunoglobulin G (IgG) 
index may be seen in 70%. Oligoclonal bands 
may also be seen, though are typically transient. 
Imaging often shows enhancing lesions with 
predilection for the corticospinal tracts and 
brainstem and may help to distinguish Behçet 
disease from PACNS [43].

�Anti-neutrophil Cytoplasmic Antibody 
(ANCA)-Associated Vasculitides
The anti-neutrophil cytoplasmic antibody 
(ANCA)-associated vasculitides (AAV) are pri-
mary small vessel vasculitides characterized by 
the presence of ANCA. The ANCA-associated 
vasculitides include granulomatosis with poly-
angiitis (GPA, formerly Wegener’s granuloma-
tosis), eosinophilic granulomatosis with 
polyangiitis (EGPA, formerly Churg-Strauss 
syndrome), and microscopic polyangiitis 
(MPA). The global incidence of AAV is esti-
mated at 0.9–10.3 per million depending on the 
cohort examined [44–47]. Neurologic involve-
ment in AAV is not uncommon, most frequently 
involving the PNS.  Less than 15% will have 
CNS involvement [48], typically presenting 
with small-medium vessel vasculitis of the brain 
and/or spinal cord invasion or compression of 
CNS structures by granulomatous pathology in 
adjacent structures, or de novo granulomatous 
lesions in the CNS [49]. Headache, stroke, hem-
orrhage, and encephalopathy are common pre-
senting symptoms. Constitutional symptoms are 
common. Additionally, symptoms attributable 
to involvement of the ears, nose, throat, lung, 
and/or kidneys are frequently reported (Table 
24.2) [50–54].

ANCA serologic testing is crucial in the eval-
uation of possible AAV. Unfortunately, the sensi-
tivity of ANCA is limited and may be negative in 
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up to 50% of pathologically confirmed cases of 
GPA and MPA [55]. ANCA positivity typically 
falls into two serotypes: PR3- and MPO-
ANCA. The distinction between these serotypes 
is important as differences in epidemiology, clin-
ical presentation, and prognosis have been recog-
nized. The rate of neurologic involvement 
appears to be similar between the two serotypes 
[49, 56]. CSF analysis is sensitive but not spe-
cific, most commonly showing mild lymphocytic 
pleocytosis with elevated protein.

Additional systemic vasculitides associated 
with CNS vasculitis are summarized in Table 24.3 
[57–64].

Table 24.3  Systemic vasculitides associated with CNS vasculitis

Large vessel vasculitis
Giant cell arteritis/
temporal arteritis [57]

Large vessel vasculitis affecting adults over age 50. Headache, fever, malaise, myalgia, 
and anorexia are common initial symptoms. Vision loss due to ischemic optic 
neuropathy is a primary concern. Coexisting polymyalgia rheumatica in 40%. ESR 
markedly elevated

Takayasu disease [58, 59] Granulomatous vasculitis of aorta and its major branches primarily affecting patients 
under age 40. F:M ratio 10:1. Cranial nerve palsies (isolated or multiple), stroke, and/
or ischemic optic neuropathy

Medium vessel vasculitis
Polyarteritis nodosa (PAN) 
[58, 59]

Systemic medium vessel necrotizing vasculitis. Onset age 40–50. May be idiopathic or 
associated with chronic infection (e.g., hepatitis B). CNS involvement in 20–40%; 
occurs later in disease course. Cognitive dysfunction, atypical persistent headache, 
visual disturbance, and/or seizures. Intracranial microaneurysms and intracranial 
hemorrhage may be seen

Kawasaki disease [60] Predominately affects children under 5 years of age. Encephalopathy, seizures, stroke, 
intracranial hemorrhage, ataxia, and/or cranial nerve palsy

Small vessel vasculitis
ANCA-associated 
vasculitis

See text

Cryoglobulinemic 
vasculitis [58, 61]

Vasculitis with cryoglobulin immune deposits affecting small vessels (capillaries, 
venules, arterioles). Classic triad of purpura, weakness, and arthralgia. Hepatitis C 
infection in ~80%; B-cell lymphoproliferative disorders, autoimmune disease, and 
other infection are other causes

IgA vasculitis (formerly 
Henoch-Schönlein 
purpura) [59]

Typically young people under age 20. CNS involvement with headache, altered 
consciousness, seizure, focal neurologic deficits

Variable vessel vasculitis
Behçet syndrome See text
Cogan syndrome [62–64] Poorly understood systemic variable vessel vasculitis. Non-syphilitic interstitial 

keratitis and Meniere’s disease-like symptoms are classic. Atypical types with other 
forms of ocular inflammation and/or long interval between development of 
audiovestibular and ocular symptoms. May be associated with RA or inflammatory 
bowel disease

ESR erythrocyte sedimentation rate, ANCA anti-neutrophil cytoplasmic antibody, IgA immunoglobulin A, RA rheuma-
toid arthritis

Table 24.2  ANCA-Associated Vasculitides

GPA [50, 
51]

Upper and lower respiratory tract, kidneys. 
CNS involvement with parenchymal or 
dural lesions in 4–11%.

EGPA [52, 
53]

Allergic prodrome (asthma, nasal polyps) 
-> eosinophilic phase (peripheral 
eosinophilia, organ involvement) -> 
vasculitic phase. CNS involvement in 
6–10%. ANCA positive in roughly 1/3 
(MPO serotype predominant).

MPA Glomerulonephritis, skin manifestations, 
and mononeuritis multiplex are classic. 
CNS involvement in 37–72% with 
hemorrhage, ischemic stroke, and/or 
pachymeningitis [54].

GPA granulomatosis with polyangiitis, EGPA eosino-
philic granulomatosis with polyangiitis, CNS central ner-
vous system, ANCA antineutrophil cytoplasmic antibodies, 
MPO myeloperoxidase, MPA microscopic polyangiitis
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�CNS Vasculitis Secondary 
to Connective Tissue Disease or Other 
Systemic Rheumatic Disease

The connective tissue diseases are a group of 
chronic autoimmune inflammatory disorders pri-
marily targeting muscle, joints, and skin. 
Neurologic involvement in connective tissue dis-
ease is not uncommon, most often affecting the 
PNS.  CNS manifestations may reflect non-
vasculitic complications or, more rarely, true 
CNS vasculitis. CNS manifestations due to rheu-
matic diseases may occur with or without sys-
temic symptoms. Other systemic manifestations 
may aid in the diagnosis; however, CNS manifes-
tations may occur independent of systemic symp-
toms. Laboratory tests may also help to 
distinguish these conditions from PACNS [65]. 

Rheumatoid arthritis (RA), systemic lupus ery-
thematosus (SLE), Sjögren’s syndrome (SS), and 
systemic sclerosis are among the most likely to 
involve the CNS. Sarcoidosis may also be com-
plicated by CNS vasculitis and can be difficult to 
distinguish from PACNS, even histologically. 
Other systemic rheumatologic conditions 
(inflammatory bowel disease, dermatomyositis, 
etc.) may also be complicated by CNS involve-
ment; however, further discussion of these condi-
tions is beyond the scope of this chapter. 
Dermatomyositis and other immune-mediated 
myopathies are discussed in Chap. 20. 
Neurological syndromes, beyond vasculitis, 
associated with rheumatological disease are fur-
ther discussed in Chap. 22. Connective tissue/
rheumatic diseases that are associated with CNS 
vasculitis are listed in Table 24.4 [57, 65–78].

Table 24.4  Connective tissue/rheumatologic diseases associated with CNS vasculitis

Systemic lupus 
erythematosus (SLE)

Multisystemic autoimmune disease with heterogenous clinical manifestations that overlap 
with several other autoimmune diseases. CNS involvement may occur at any time during the 
disease course and may be the initial presentation [57, 66, 67]. Common CNS manifestations 
include headache, cerebrovascular disease, seizure, psychosis, cognitive dysfunction, and 
chorea. CNS vasculitis is rare and may be confused with cerebral vasculopathy, which is 
more commonly seen. The development of vasculitis involving any organ system is 
associated with longer disease duration, younger age at disease onset, and male sex. 
Vasculitis often develops during a “lupus flare” [68]. ANA, anti-Smith, and/or anti-dsDNA 
antibodies are frequently present. C3 and C4 may be reduced. CSF is inflammatory in the 
majority. MRI may be normal in up to 40%. Of those with abnormal MRI, findings 
consistent with small vessel disease are most common [69]

Sjögren’s syndrome 
(SS)

Chronic inflammation and destruction of lacrimal and salivary glands result in hallmark 
symptoms of dry eye (keratoconjunctivitis sicca) and dry mouth (xerostomia). Neurologic 
involvement, when it occurs, frequently precedes sicca symptoms [57, 70]. PNS involvement 
(sensory ganglionopathy, polyneuropathy) is most common; CNS complications include 
stroke, seizure, trigeminal neuralgia, aseptic meningoencephalitis, and transverse myelitis. 
ANA, RF, SSA, and/or SSB may be present, although one review noted that SSA and SSB 
antibodies are less common in those with neurologic involvement as compared to those 
without [65]. Imaging findings are similar to other forms of vasculitis; however, the presence 
of enlarged lacrimal and/or salivary glands may be suggestive of Sjögren’s syndrome [71]

Rheumatoid arthritis 
(RA)

Most common inflammatory arthritis
Extra-articular manifestations associated with disease severity, disease duration, the presence 
of autoantibodies, and the presence of comorbidities [72, 73]. The incidence of neurologic 
involvement estimated at 11% (PNS >> CNS) [74]. CNS involvement is rare with fewer than 
ten pathologically confirmed cases of rheumatoid vasculitis with CNS involvement reported 
in the literature. Symptoms are similar to other forms of vasculitis and may occur in the 
absence of systemic disease activity [57]

Systemic sclerosis Widespread microvasculopathy with multiorgan fibrosis (skin, heart, lungs, gastrointestinal). 
ANA, anti-Scl-70, anti-centromere, anti-RNA-polymerase III, anti-U3-RNP, anti-U1-RNP, 
and anti-Pm/Scl may be detected. Vasculitis may be associated with ANCA or mixed 
cryoglobulinemia [75]
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�CNS Vasculitis Secondary to Infection

Several infections are known to be associated with 
CNS vasculitis. Infection may cause vessel dam-
age directly (infection of the endothelium with 
resultant inflammatory response) or indirectly 
(triggering local immune response with spread of 
inflammation to the vessel wall). Any infection 
that causes meningitis at the base of the brain can 
potentially lead to local inflammation involving 
the circle of Willis and its branches. Various bacte-
rial, viral, fungal, parasitic, and rickettsial infec-
tions have been associated with the development 
of CNS vasculitis. Ruling out infection is para-
mount, as unwarranted immunosuppression (treat-
ment for other forms of vasculitis) may impair 
immune clearance of microbes in patients with 
active infection. Positive culture, serology, and/or 
molecular testing for pathogens associated with 
CNS vasculitis establishes this diagnosis. 
Infections causing subacute or chronic meningitis 
are the most likely to mimic CNS vasculitis.

Of the myriad infections associated with CNS 
vasculitis, varicella-zoster virus (VZV) is of par-
ticular interest and has been associated with a 
range of vascular complications. Primary infec-

tion with VZV causes the childhood disease 
chickenpox; this disease has become much less 
common after the introduction of widespread 
vaccination in 1995. Once cleared after primary 
infection, VZV remains latent in sensory ganglia. 
The most common neurological complication of 
VZV reactivation is herpes zoster (shingles); 
however, latent VZV infection can affect nearly 
any location along the neuraxis, including cere-
bral blood vessels [79–81]. Classically, zoster of 
the ophthalmic division of the trigeminal nerve is 
followed by contralateral hemiparesis due to vas-
culopathy of the MCA. More recently, with HIV 
and other causes of immunocompromise, a more 
diffuse small vessel vasculopathy has been rec-
ognized. VZV vasculopathy/vasculitis may occur 
without preceding zoster, and a high degree of 
suspicion is required to identify VZV as the etiol-
ogy in these cases. Imaging most often demon-
strates ischemic or hemorrhagic stroke in deep 
structures or at the gray-white junction. Post-
contrast vessel wall enhancement may be seen. 
Spinal cord infarction, subarachnoid hemor-
rhage, aneurysm, and arterial dissection are less 
common [82, 83]. CSF analysis reveals a mono-
nuclear pleocytosis and may demonstrate an 

Mixed connective 
tissue disease

Overlap syndrome associated with anti-U1RNP antibody. Anti-Smith and anti-dsDNA 
negative

Dermatomyositis Vasculitis very rare. Usually in conjunction with vasculitis in other sites (skin, retina, and/or 
lung). CNS involvement usually shortly after diagnosis [76, 77]

Sarcoidosis Idiopathic, multisystemic autoimmune disorder characterized by noncaseating granulomas. 
Lung, eye, lymph node, and skin involvement common. CNS involvement rare, though may 
be initial presentation. Isolated neurosarcoidosis also described. CNS vasculitis rare; may 
occur with systemic vasculitis or as isolated cerebral vasculitis. CSF is inflammatory and 
hypoglycorrhachia may be present (may be confused for infection or malignancy). Serum 
angiotensin-converting enzyme (ACE) elevated in some. CSF ACE may be elevated but 
sensitivity and specificity are poor [78]

Relapsing 
polychondritis

–

Inflammatory bowel 
disease

–

Non-vasculitic 
autoimmune 
inflammatory 
meningoencephalitisa

–

Antiphospholipid 
syndromea

–

CNS central nervous system, ANA antinuclear antibody, CSF cerebrospinal fluid, MRI magnetic resonance imaging, 
PNS peripheral nervous system, RF rheumatoid factor, ANCA anti-neutrophil cytoplasmic antibody
aConditions causing CNS manifestations mimicking vasculitis without true vasculitis

Table 24.4  (continued)
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increased number of red blood cells. In VZV-
associated CNS vasculitis, the sensitivity of CSF 
VZV polymerase chain reaction (PCR) is only 
30%; therefore, diagnosis often relies on the 
detection of intrathecal synthesis of VZV-specific 
IgG [84–86]. See Table 24.5 [87–94].

�Other Causes of Secondary CNS 
Vasculitis

�Drug-Induced
Generally in the setting of drug use, neurologic 
deficits are due to vasospasm rather than a true 

Table 24.5  Infections associated with CNS vasculitis

Bacterial
Acute bacterial meningitis (S. 
pneumoniae, N. meningitidis)

Vascular complications in up to 20%. Acutely, vasculitis, vasospasm, and/or 
mycotic aneurysm. Delayed or chronic vasculopathy may occur [87, 88]

Bacterial endocarditis MRI and angiographic findings may be indistinguishable from PACNS. Positive 
blood cultures and vegetations on echocardiogram help to distinguish [89]

Tuberculosis (TB) Basilar meningitis leads to vasculitis of vessels at the base of the brain. MRI shows 
basilar meningitis ± hydrocephalus. CSF with pleocytosis, elevated protein, normal 
to low glucose. Diagnosis by detection of TB in CSF (stain, culture, and/or PCR) 
[90, 91]

Syphilis/Treponema pallidum Acquired or congenital. CNS involvement in up to 10% of untreated patients. 
Meningovascular syphilis in ~40–60% of neurosyphilis; usually occurs months to 
years after primary infection. Imaging shows smooth or beaded segmental 
narrowing of involved vessels ± gummas in brain parenchyma. Serum treponemal 
antibody universally positive; RPR frequently positive. CSF is inflammatory. CSF 
VDRL is confirmatory but relatively insensitive. All should be tested for 
concurrent HIV [92]

Other spirochetal (Lyme/B. 
burgdorferi, leptospira)

Exceedingly rare, scant evidence

Mycoplasma pneumoniae Exceedingly rare
Bartonella Cat-scratch disease
T. whipplei Whipple’s disease
Viral
Herpes viruses (VZV, EBV, 
CMV, HSV 1 and 2)

Evidence for HSV, EBV, CMV limited to single patient reports. CMV seen in the 
immunocompromised

Hepatitis B virus (HBV), 
hepatitis C virus (HCV)

HCV may cause vasculitis independently. HBV and HCV may also cause CNS 
vasculitis as a result of associated autoimmune phenomena such as 
cryoglobulinemia or PAN

Retrovirus (HIV, HTLV-1) Increased risk of stroke in HIV, though several possible mechanisms. CNS 
vasculitis exceedingly rare; often related to secondary opportunistic infection

Parvovirus B19 –
Enterovirus –
Arboviruses (West Nile virus, 
Zika virus)

–

Fungal
Cryptococcus Most common cause of fungal meningitis. Vascular involvement in up to 32%. 

Diagnosis with CSF cryptococcal antigen, India ink stain, and/or culture [88]
Aspergillus Most common invasive mold infection worldwide. Immunocompromised or 

immunocompetent patients. <50% of CSF cultures positive. CSF galactomannan 
emerging as biomarker for CNS aspergillosis. Non-CNS tissue biopsy (e.g., lungs) 
often required. MRI may show ring-enhancing lesions, meningeal enhancement, 
ischemic stroke, or hemorrhage [88]

Coccidioides Soil-based fungus endemic to American Southwest and Latin America. Basilar 
meningitis with local vasculitis; may have chronic vasculopathy. CSF may show 
eosinophilic pleocytosis. CSF culture positive in approximately one-third. 
Complement fixation in serum and CSF positive in ~40% [93]

Mucormycosis –
Candida –
Histoplasmosis –
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vasculitis; however, rare histologically docu-
mented cases of vasculitis have been reported 
[95]. Amphetamine, methamphetamine, cocaine, 
and related drugs have been implicated in multi-
organ arteritis involving the CNS [96]. Neurologic 
symptoms tend to occur in close temporal corre-
lation with drug use. CSF, MRI, and angiography 
are frequently abnormal.

�Radiation-Induced
Radiation-induced CNS vasculopathy/vasculitis 
generally evolves very slowly with ischemia 
occurring years or even decades after irradiation. 
Small arteries and capillaries are most commonly 
affected. Rarely, large vessel injury may occur 
resulting in occlusive vasculopathy. MRI demon-
strates thickening and prominent enhancement of 
affected large vessel walls; vessel wall enhance-
ment may help to distinguish this condition from 
Moyamoya disease [97].

�Mimics of CNS Vasculitis

In addition to the aforementioned causes of sec-
ondary CNS vasculitis, there are a multitude of 
non-vasculitic conditions that may be confused 
for CNS vasculitis. Ruling out these mimics is 
essential in the evaluation of patients with possi-
ble CNS vasculitis and may greatly impact man-

agement and prognosis. The main differential 
considerations vary somewhat based on age. 
Noninflammatory vasculopathies and vasospasm 
are primary differential diagnoses of angiography-
positive cPACNS. The main differential diagno-
ses of angiography-negative/small vessel 
vasculitis in children are non-vasculitic inflam-
matory brain diseases/encephalitis, antibody-
mediated inflammatory brain diseases, and 
primary demyelinating diseases.

In adults, the most important mimics are 
atherosclerotic disease and vasospasm (i.e., 
reversible cerebral vasoconstriction syn-
drome). Embolic phenomena, autoimmune 
encephalitis, malignancy, genetic conditions, 
and various noninflammatory vasculopathies 
may also be considered in the appropriate clin-
ical circumstances.

�Reversible Cerebral 
Vasoconstriction Syndrome

Reversible cerebral vasoconstriction syndrome 
(RCVS) is an important differential consider-
ation in any patient presenting with possible CNS 
vasculitis. Classically, RCVS is a disease of 
middle-aged women (mean age of onset 
~45 years). The vast majority present with “thun-
derclap” headache with or without focal neuro-

Table 24.5  (continued)

Parasitic
Cysticercosis/Taenia solium Infection with larval stage of pork tapeworm. Most common CNS parasite. 

Accounts for 10% of stroke in endemic areas due to subarachnoid 
neurocysticercosis with spread of inflammation to vessels at the base of the brain. 
MRI shows lenticulostriate lacunar infarcts and/or hemorrhage. Angiography 
positive in ~50% (MCA and PCA most often affected) [94]

Toxoplasmosis/Toxoplasma 
gondii

–

Plasmodium falciparum –
Schistosoma mansoni –
Rickettsial
Rickettsia rickettsii –
Scrub typhus –

Abbreviations: CNS central nervous system, MRI magnetic resonance imaging, PACNS primary angiitis of the central 
nervous system, CSF cerebrospinal fluid, PCR polymerase chain reaction, RPR rapid plasma regain, VDRL Venereal 
Disease Research Laboratory test, HIV human immunodeficiency virus, HSV herpes simplex virus, VZV varicella-zoster 
virus, EBV Epstein-Barr virus, CMV cytomegalovirus, PAN polyarteritis nodosa, HTLV human T-lymphotropic virus, 
MCA middle cerebral artery, PCA posterior cerebral artery
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logic deficits. This is in contrast to the more 
insidious headache associated with CNS vasculi-
tis. Over half of cases occur in the postpartum 
period or after exposure to vasoactive drugs 
(cocaine, 3,4-methylenedioxy-methamphetamine 
[MDMA], amphetamines, triptans, selective 
serotonin reuptake inhibitors [SSRIs], etc.). 
Serum inflammatory markers are normal. CSF 
shows mild elevation in protein with minimal 
pleocytosis. In contrast to CNS vasculitis, MRI in 
RCVS is often normal, though infarcts and/or 
hemorrhage may be seen. Angiography shows 

multifocal, segmental cerebral artery vasocon-
striction that can appear identical to findings seen 
in CNS vasculitis. As a rule, angiographic abnor-
malities in RCVS show complete or near-
complete resolution on repeat examination within 
12 weeks of onset, and this may help distinguish 
RCVS from CNS vasculitis. The course is typi-
cally monophasic, though may recur in ~5%. 
Management is largely supportive. Calcium 
channel blockers are often used, though evidence 
of their efficacy in RCVS is lacking [98–100]. 
See Table 24.6 [21].

Table 24.6  Mimics of CNS vasculitis

Noninflammatory 
vasculopathies

Intracranial atherosclerosis
Chronic hypertensive vasculopathy
Intracranial dissection
Fibromuscular dysplasia
Moyamoya syndrome

Genetic cerebral 
vasculopathies

Connective tissue vasculopathy (e.g., Marfan syndrome, Ehlers-Danlos syndrome)
Mitochondrial diseases (e.g., CADASIL, MELAS)
Metabolic vasculopathies (Fabry disease, McArdle diseasea)

Cerebral 
vasculopathy 
syndromes

Susac syndrome (encephalopathy, hearing loss, branch retinal artery occlusion)
Kohlmeier-Degos disease (retinocerebral vasculopathy with cerebral leukodystrophy)
Hereditary endotheliopathy with retinopathy, nephropathy, and stroke
Sneddon syndrome (progressive noninflammatory cerebral arteriopathy and livedo reticularis)
PHACES (posterior fossa malformations, hemangiomas, arterial anomalies, cardiac defects, eye 
abnormalities, sternal cleft, and supraumbilical raphe syndromes)a

Vasospasm RCVS (reversible cerebral vasoconstriction syndrome)
Migraine
Vasospasm secondary to hypertension
Drug or medication induced
Ion channelopathies (e.g., familial hemiplegic migraine)

Other conditions 
associated with 
vasculopathy

Hemoglobinopathies (e.g., sickle cell)
Thrombotic/embolic phenomenon
 � Coagulopathies
 � Antiphospholipid antibody syndrome
 � Myxoma and other cardiac tumors
 � Atheroembolism
Malignancy-associated vasculopathy
 � Angiotropic and intravascular lymphoproliferative disorders
 � Graft-versus-host disease
 � Intravascular lymphoma

Non-vasculitic 
inflammatory 
brain diseases

ADEM (acute disseminated encephalomyelitis)a

Antibody-mediated inflammatory brain disease/autoimmune encephalitis
Progressive multifocal leukoencephalopathy
Posterior reversible encephalopathy syndrome (PRES)
T-cell associated parenchymal inflammatory brain disease (Rasmussen’s encephalitis)a

Necrotizing and hemorrhagic inflammatory brain diseasea

FIRES (febrile infection-related epilepsy syndrome)a

Adapted from Ref. [21]
CADASIL cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy, MELAS mito-
chondrial encephalomyopathy, lactic acidosis, and stroke-like episodes
aPrimarily pediatric concerns
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�Diagnostic Approach in CNS 
Vasculitis

Given the protean manifestations of CNS vascu-
litis, a high level of clinical suspicion is required 
for prompt recognition of patients with possible 
CNS vasculitis. Byram et  al. recommend that 
evaluation for possible CNS vasculitis be per-
formed in the following circumstances [101]:

•	 Strokes of different ages in multiple vascular 
territories with inflammatory CSF profile

•	 Stroke in the young without cardiovascular/
stroke risk factors

•	 Chronic meningitis without evidence of infec-
tious or neoplastic etiology

•	 Subacute to chronic headache with cognitive 
dysfunction

•	 Combination of otherwise unexplained focal 
and diffuse neurologic symptoms

The evaluation of suspected CNS vasculitis 
begins with a thorough clinical history and exam-
ination with particular focus on signs/symptoms 
that may suggest a systemic process. Additionally, 
the patient’s age, sex, ethnicity, and family his-
tory may help in narrowing the differential.

All patients presenting with cerebral ischemia 
should first undergo appropriate stroke workup. 
In patients presenting with significant encepha-
lopathy, evaluation for toxic/metabolic distur-
bances should take precedence.

�Laboratory Testing

An initial step in evaluating suspected CNS vas-
culitis includes laboratory testing for markers of 
inflammation, markers of systemic disease, and 
markers of non-vasculitic inflammatory brain 
diseases. At present, there are no blood markers 
with sufficient sensitivity or specificity to 
diagnose PACNS; however, results of these tests 
may be useful in evaluating causes of secondary 
vasculitis or other mimics of PACNS. More tar-
geted testing for specific rheumatic or other auto-
immune conditions may be considered based on 
clinical suspicion. Most patients should be tested 

for HIV status. Otherwise, cultures, serologies, 
and serum molecular testing for common and 
epidemiologically appropriate infectious agents 
should be considered depending on the clinical 
context.

�CSF Analysis

CSF analysis should be performed in all patients 
who do not have a contraindication to lumbar 
puncture. CSF analysis in CNS vasculitis reveals 
at least one abnormality in the vast majority (80–
95%) of patients, giving CSF analysis a high (but 
not 100%) negative predictive value for ruling 
out CNS vasculitis [101]. CSF in PACNS most 
often shows a lymphocyte predominant pleocyto-
sis and/or elevated protein with normal glucose. 
Oligoclonal bands and/or elevated IgG index 
may be seen in a minority [4, 102, 103].

�Imaging

Neuroimaging studies are essential in the evalua-
tion of possible CNS vasculitis. While imaging 
findings alone are not adequately sensitive or 
specific to distinguish PACNS from other causes 
of CNS vasculitis, some imaging findings may be 
suggestive of particular etiologies. For example, 
a nasal mass with destruction of the nasal septum 
may suggest GPA, while enlarged lacrimal and 
salivary glands may suggest Sjögren’s 
syndrome.

�MRI
MRI is abnormal in 95–100% of patients with 
CNS vasculitis. Most commonly, MRI demon-
strates multiple ischemic lesions of varying ages 
that are frequently bilateral and supratentorial. 
Non-specific cortical and/or subcortical lesions, 
hemorrhage, and leptomeningeal enhancement 
(focal or diffuse) may be seen. The presence of 
leptomeningeal enhancement may help to distin-
guish CNS vasculitis from non-vasculitic inflam-
matory conditions; however, it does not help to 
distinguish PACNS from secondary forms of 
CNS vasculitis [71, 104, 105].
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�MRA
Contrast-enhanced magnetic resonance angiog-
raphy (MRA) can be useful in evaluating for ves-
sel abnormalities in CNS vasculitis but is not as 
sensitive as conventional angiography in detect-
ing lesions of the posterior circulation or distal 
vasculature [4, 37]. More recently, 3T MRI ves-
sel wall imaging has been found to be sensitive 
and specific for CNS vasculitis. Classically, 
smooth circumferential concentric wall thicken-
ing with diffuse gadolinium enhancement of the 
vessel wall is seen [106, 107]. Vessel wall 
enhancement appears to resolve with immuno-
suppressive therapy, suggesting that 3T MRI ves-
sel wall imaging may also be useful in monitoring 
disease activity [108].

�CT/CTA
CT is less sensitive than MRI for evaluating brain 
parenchyma, apart from detecting acute hemor-
rhage. Computed tomography angiography 
(CTA) offers comparable to slightly better reso-
lution of large- and medium-size intracranial 
arteries compared to MRA, but does not signifi-
cantly improve sensitivity in patients with normal 
MRA [71].

�Digital Subtraction Angiography (DSA)
Digital subtraction angiography (DSA, also 
known as conventional angiography) has better 
resolution than MRA or CTA for detecting 
changes in small arteries. The classic angio-
graphic finding in CNS vasculitis is alternating 
areas of stenosis and dilation referred to as “bead-
ing” in at least two separate vascular distributions 
(see Fig. 24.2). Aneurysms, collateral circulation, 
isolated regions of vessel narrowing in multiple 
branches, and multiple abrupt vessel occlusions 
have also been reported. Angiographic findings 
in CNS vasculitis may be indistinguishable from 
a range of noninflammatory vasculopathies 
[109]. The sensitivity of DSA ranges from 40% 
to 90% with a reported specificity of ~30% [110]. 
DSA is unlikely to add additional diagnostic 
value in patients with clearly abnormal MRA; 
however, the utility of DSA in patients with nor-
mal MRA is a topic of debate [4, 110]. 
Nonetheless, DSA remains a core part of the 

evaluation of possible PACNS, and the sensitivity 
and specificity remain dependent to some extent 
on the experience and judgment of the operator.

�Other Imaging Modalities
Color duplex ultrasonography may be used in 
evaluating large vessel, particularly extra-cra-
nial, vasculitis and can provide information 
about both the arterial wall and the flow within 
the vessel. This modality may be particularly 
useful in the evaluation of giant cell arteritis 
(GCA). Detection of a “halo sign” (hypoechoic 
edematous wall swelling) in the temporal arter-
ies has a higher sensitivity than biopsy for GCA, 
and specificity can reach 100% if bilateral halo 
sign is identified [111].

Other imaging modalities have been studied 
and may have some utility in the evaluation of 
CNS vasculitis; however, use of these modalities 
is not standard practice at this time. Positron 
emission tomography (PET)/CT may be useful in 
cases of large vessel vasculitis when clinical and 
other imaging findings are non-specific and may 
have some utility in monitoring disease activity 
[71, 112]. Single-photon emission computed 
tomography (SPECT) imaging may detect 
regional CNS perfusion abnormalities and may 
be able to provide information about the patho-
physiology in cerebral vasculitides beyond the 
resolution of MRA, CTA, and DSA [113, 114].

Fig. 24.2  Digital subtraction angiography from a patient 
with primary angiitis of the central nervous system 
(PACNS). Arrows denote areas of focal stenosis involving 
the anterior and middle cerebral arteries. (Image courtesy 
of Dr. Amanda Piquet)
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�Brain Biopsy

Brain biopsy remains the gold standard in the 
diagnosis of PACNS despite its limited sensitiv-
ity. The diagnostic yield of brain biopsy for sus-
pected PACNS is typically estimated at more 
than 50%. Although PACNS may not be con-
firmed, biopsy may still help to identify alternate 
diagnoses such as mimics or secondary causes of 
CNS vasculitis. In order to maximize yield, 
abnormal areas on MRI should be targeted when 
possible, and full-thickness biopsy including 
white matter, cortex, leptomeninges, and dura 
should be obtained [40]. The morbidity rate of 
biopsy is estimated at 10–16% [115, 116].

Classically, pathology in PACNS demon-
strates an angiocentric transmural and/or perivas-
cular inflammatory infiltrate with reactive 
endothelial cells. Importantly, viral inclusions, 
neuronophagia, parenchymal inflammation, and 
demyelination are not seen. Amyloid deposition 
may be seen in adults; however, it is not seen in 
children [14, 40].

Three distinct histologic subtypes are seen in 
PACNS: (1) granulomatous (segmental granulo-
matous inflammation with multinucleated giant 
cells), (2) lymphocytic (lymphocytic infiltrate 
with occasional plasma cells), and (3) necrotizing 
(transmural fibrinoid necrosis; associated with 
intracranial hemorrhage) [4, 6]. Granulomatous 
inflammation is most common in adult PACNS. In 
cPACNS, a lymphocytic pattern is present in the 
vast majority with granulomatous or necrotizing 
patterns rarely seen.

�Treatment

Treatment of PACNS involves both an acute/
induction phase and a maintenance phase. There 
are no validated guidelines for the treatment of 
PACNS; however, the authors use the European 
League Against Rheumatism (EULAR) recom-
mendations for the management of primary small 
and medium vessel vasculitis as a guide for treat-
ment of PACNS [117]. High-dose glucocorti-
coids are the mainstay of treatment in the acute 
phase. There are no consensus guidelines regard-
ing glucocorticoid regimens in PACNS; however, 
patients typically receive a short 3–5-day course 
of IV methylprednisolone (or equivalent) fol-
lowed by a high-dose oral glucocorticoid with a 
prolonged taper over several months (Table 24.7).

Historically, cyclophosphamide has frequently 
been used in conjunction with glucocorticoids in 
the remission induction phase (Table 24.7). When 
cyclophosphamide is used, the typical duration is 
3–6 months. Rituximab is also becoming increas-
ingly used in the management of PACNS (extrap-
olated from data in primary systemic 
small-medium vessel vasculitides). Intravenous 
immunoglobulin (IVIg) or plasma exchange may 
be used in certain circumstances.

Following this induction phase, maintenance 
therapy is initiated. Azathioprine, methotrexate, 
leflunomide, and mycophenolate mofetil are the 
most commonly used agents; however, the bio-
logic agent rituximab is gaining popularity as 
maintenance therapy for PACNS. Other biologic 
agents such as infliximab may be considered in 

Table 24.7  Suggested treatment of PACNS using glucocorticoids and cyclophosphamide

Glucocorticoid IV methylprednisolone 15 mg/
kg daily

May be used as initial 3–5-day pulse and then followed by PO 
prednisone

PO prednisone 1 mg/kg/day 
(up to 80 mg/day)

No validated taper, though generally very slow taper over 
several months

Cyclophosphamide IV 15 mg/kg (max 1200 mg) 
every 2 weeks for first 3 
pulses; every 3 weeks for the 
next 3–6 pulses

Antiemetic therapy should be given. 
2-Mercaptoethanesulfonate sodium (mesna) should be given to 
prevent bladder toxicity. Close monitoring with CBC (baseline, 
day 7, day 10, day 27, and following each dose), urinalysis 
every 3–6 months, and BUN/creatinine every 2 weeks is 
required

PO 2 mg/kg/day (max 
200 mg/day)

Close laboratory monitoring as above

IV intravenous, PO per oral, CBC complete blood count, BUN blood urea nitrogen
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refractory cases, though evidence of their effi-
cacy is limited.

The treatment of non-infectious secondary 
CNS vasculitis is dependent to some extent on 
the underlying etiology and is largely based on 
EULAR guidelines [117–120]. Infectious CNS 
vasculitis is generally treated with appropriate 
antimicrobial agents with or without adjuvant 
glucocorticoids.

All patients receiving high-dose glucocorti-
coids should receive calcium and vitamin D sup-
plementation to protect against 
glucocorticoid-induced osteoporosis. Patients 
receiving high-dose glucocorticoid with other 
immunosuppressive agents should also be given 
prophylaxis against Pneumocystis pneumonia.

Close follow-up is essential in all patients 
being treated for CNS vasculitis with appropriate 
clinical and laboratory monitoring for potential 
adverse effects of therapy. Response to treatment 
is monitored with serial neurologic examina-
tions, serial neuroimaging studies, and periodic 
reassessment of symptoms.

�Prognosis

The prognosis in CNS vasculitis varies depend-
ing on the underlying etiology. Among those with 
PACNS, approximately 85% have a favorable 
response to therapy. Approximately one-third 
will experience relapse. Mortality in PACNS is 
estimated as high as 15% [102]. Prognosis is sec-
ondary; CNS vasculitis varies; however, those 
with non-infectious secondary CNS vasculitis 
seem to have a lower relapse-free survival rate 
than those with PACNS [22].

�Conclusion

PACNS is a rare single-organ vasculitis that, by 
definition, is confined to the CNS.  The clinical 
symptoms, laboratory results, and imaging find-
ings in PACNS are all non-specific, overlapping 
with numerous other conditions. The diagnosis of 
PACNS, therefore, relies heavily on ruling out 
other conditions that may present similarly to 

PACNS including CNS involvement systemic 
vasculitis, infection, malignancy, and myriad 
noninflammatory vasculopathies. The treatment 
in PACNS is extrapolated from treatment of sys-
temic vasculitides and involves use of immuno-
suppressive medications. High rates of morbidity 
and mortality can occur with PACNS, particu-
larly if diagnosis and treatment are delayed. 
Physicians, particularly neurologists, must main-
tain a high level of clinical suspicion in order to 
recognize symptoms of PACNS and initiate 
appropriate evaluation and prompt treatment.
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Key Points
	1.	 A dysfunctional adaptive immune response 

can lead to increased susceptibility to 
infection, malignancy, or autoimmunity.

	2.	 Viral central nervous system (CNS) 
infections have been associated with 
development of CNS antibody-mediated 
autoimmune disease with one well-
described entity being anti-N-methyl-D-
aspartate receptor (NMDAR) 
antibody-associated encephalitis follow-
ing herpes simplex virus encephalitis.

	3.	 In addition to viral triggers, dysregula-
tion of the immune system can occur in 
the setting of primary immunodeficiency 
(e.g., combined variable immunodefi-
ciency), medically induced immunodefi-

ciency (e.g., hypogammaglobulinemia 
with rituximab), or medically induced 
dysregulation (e.g., novel oncological 
therapies with immune checkpoint inhib-
itors) and can result in secondary autoim-
mune and neurological complications.

	4.	 Complications of immunotherapy often 
used in multiple sclerosis (MS) and other 
autoimmune neurological disease include 
progressive multifocal leukoencephalopa-
thy, secondary hypogammaglobulinemia 
with B-cell-depleting agents, and second-
ary autoimmunity with alemtuzumab.

	5.	 Immune checkpoint inhibitors are novel 
treatments for advanced or refractory can-
cers, but can have serious peripheral and 
central nervous system complications.
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�Introduction

In the presentation of neurological syndromes 
(e.g., encephalopathy/encephalitis, meningitis, 
and/or myelopathy/myelitis), the differential 
diagnosis is often broad and includes various 
infectious, inflammatory, autoimmune, vascular, 
and neoplastic etiologies. There are numerous 
inflammatory and autoimmune etiologies alone. 
However, evaluating a patient for an underlying 
infection and/or immunodeficiency is also a criti-
cal aspect of the workup. The first part of this 
chapter will focus on the association of viral 
infections as triggers of autoimmunity and the 
dysregulation of the immune system in the devel-
opment of autoimmune disorders. One specific 
example of this is the development of anti-N-
methyl-D-aspartate receptor (NMDAR) antibody-
associated encephalitis following herpes simplex 
virus encephalitis (HSVE) in a subset of patients.

In additional to viral triggers, dysregulation of 
the immune system by either primary immunode-
ficiency (e.g., combined variable immunodefi-
ciency [CVID]), medically induced 
immunodeficiency (e.g., hypogammaglobu-
linemia with rituximab), or medically induced 
dysregulation (e.g., novel oncological therapies 
with immune checkpoint inhibitors) can result in 
secondary autoimmune and neurological compli-
cations. Furthermore, patients on immunosup-
pressive therapy for the treatment of underlying 
autoimmune or inflammatory diseases are at 
increased risk for opportunistic infections (e.g., 
progressive multifocal leukoencephalopathy 
[PML] caused by John Cunningham [JC] virus 
after natalizumab use). The second part of this 
chapter will focus on immunodeficiency in neu-
rological disease and notable side effects of these 
immunomodulatory therapies.

�Infectious Triggers in Autoimmune 
and Inflammatory Diseases

Viral central nervous system (CNS) infections 
have been associated with development of CNS 
antibody-mediated autoimmune disease. One 

notable example is HSVE leading to the develop-
ment of antibody-mediated autoimmune encepha-
litis (AE), particularly NMDAR encephalitis 
(discussed in Chap. 12). The intertwined relation-
ship between infection and inflammatory diseases 
can lead to the development of post- or para-infec-
tious syndromes often associated with an anteced-
ent or concomitant infection, respectively. A 
classic example is acute disseminated encephalo-
myelitis (ADEM) [1, 2]. ADEM typically presents 
as a monophasic illness often preceded by a viral 
prodrome or rarely by immunization [3]; this dis-
ease is further discussed in Chap. 29. Other forms 
of post-infectious encephalitis include acute hem-
orrhagic leukoencephalitis (a very rare form of 
ADEM) and Bickerstaff’s brainstem encephalitis 
(a rare variant of the anti-Gq1b antibody syndrome 
characterized by acute ophthalmoplegia, ataxia, 
and encephalopathy). Common pathogens impli-
cated in post- or para-infectious encephalitis 
include varicella-zoster virus (VZV), influenza 
virus, coxsackievirus, Epstein-Barr virus (EBV), 
and mycoplasma, as well as many others [1].

There are multiple mechanisms by which infec-
tion can lead to autoimmunity including molecular 
mimicry, bystander activation, epitope spreading, 
or presentation of cryptic antigens [4]. When a 
pathogen has similar proteins to a self-antigen, then 
the pathogen can act as a “mimic,” with the immune 
response to the pathogen cross-reacting with the 
related self-antigens in a process known as molecu-
lar mimicry [5]. B and T cells are activated in 
response to the microbial antigen and lead to dam-
age of self-tissues [6]. Molecular mimicry has been 
implicated for many immune-medicated neurolog-
ical syndromes, including Sydenham chorea sec-
ondary to Streptococcus pyogenes infection [7], 
Guillain-Barré syndrome in the setting of 
Campylobacter jejuni [8], and cross-reactivity 
between EBV and myelin basic protein [9] (the 
relationship between EBV and multiple sclerosis is 
further discussed in Chap. 10).

In the setting of Sydenham chorea, a rare clini-
cal manifestation following streptococcal infec-
tion, antibodies to the basal ganglia in the brain, 
and molecular mimicry between basal ganglia and 
Streptococcus pyogenes-derived proteins has been 
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suggested [10] as a potential mechanism. However, 
the exact mechanism remains elusive. Animal 
model studies demonstrated abnormal movement 
and behavioral disorders in mice primed with S. 
pyogenes [11]. These mice had antibody deposits 
in the brain as well as serum antibody cross-reac-
tive to several regions of the brain [11]. Additionally, 
rabbits immunized with streptococcal M protein 
from S. pyogenes developed antibodies that cross-
reacted with several human brain proteins, demon-
strating potential cross-reactive epitopes [12].

On the other hand, the mechanism of bystander 
activation occurs when viral infections lead to 
significant activation of antigen-presenting cells 
(APCs). These activated APCs then potentially 
activate autoreactive T cells, which can initiate 
autoimmune disease [13]. Additionally, viral-
specific T cells might also initiate bystander acti-
vation via destruction and cell death. Viral 
infected cells can release cytokines such as tumor 
necrosis factor (TNF), lymphotoxin, and nitric 
oxide, which can lead to killing of unaffected 
neighboring cells. This mechanism has been sup-
ported by the experimental animal model in non-
obese diabetic mice for type 1 diabetes [14].

�Evidence of HSVE-Induced 
Autoimmunity

The relationship between NMDAR antibodies 
after HSVE was first identified through case 
observations [15, 16]. In 2014, five patients (four 
children and one adult) with HSVE were pro-
spectively identified who presented with neuro-
logical relapse associated with positive 
cerebrospinal fluid (CSF) anti-NMDAR-
antibodies [17]. Relapse occurred at a median of 
24 days after the onset of HSVE, with the chil-
dren demonstrating choreoathetosis and mental 
status changes and the adult demonstrating 
abnormal behavior and personality. There was no 
evidence of CSF HSV polymerase chain reaction 
(PCR) positivity to indicate HSVE recurrence, 
but all five patients had evidence of NMDAR 
antibody synthesis 1–4  weeks post-HSVE pre-
ceding the neurological relapse. The NMDAR 

antibody was not present during the initial HSVE 
infection. Apart from one patient who improved 
spontaneously, the other four patients experi-
enced improvement after a course of immuno-
therapy. The authors also retrospectively studied 
the presence of autoantibodies against neuronal 
cell-surface antigens in archived serum and CSF 
of 34 HSVE patients. Twelve of 34 (35%) of 
these patients were found to have antibodies to 
neuronal cell-surface antigens, 2 developed 
NMDAR antibodies, 9 developed antibodies 
against unknown antigens, and 1 developed anti-
bodies to both the NMDAR and unknown anti-
gens. These findings suggest that the presence of 
autoantibodies increased over time following 
infection with HSVE and that the initial HSV 
infection may lead to release of multiple antigens 
that can serve as potential targets for develop-
ment of autoimmunity [17].

In a large multicenter study, a prospective 
cohort of 53 patients with HSVE, 27% devel-
oped symptoms of AE within 3 months of com-
pleting a 14–21-day course of acyclovir 
treatment [18]. The median time on onset after 
HSVE was 32 days, and it was noted that chil-
dren 4 years and younger developed choreoath-
etosis, while older children and adults developed 
primarily psychiatric manifestations [18]. This 
particular study demonstrated that development 
of AE after HSVE is frequent and supports prior 
literature that the clinical presentation tended to 
vary with age.

It appears that HSVE is a robust trigger for 
anti-neuronal autoimmunity [17, 19]. While it is 
plausible to consider molecular mimicry as a 
possible mechanism, no HSV epitope cross-
reacting with neuronal antigens or the NMDAR 
has yet been identified. Alternatively, other 
mechanisms such as the “bystander effect” has 
been postulated as HSV induces an intense 
inflammatory response in limbic structures lead-
ing to necrosis and the presentation of locally and 
abundantly expressed NMDAR epitopes to the 
immune system and initiating an autoimmune 
response [20]. This is supported by the concomi-
tant presence of neuronal autoantibodies in the 
setting of herpes infections not isolated to HSVE, 
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but also demonstrated with EBV, VZV, and 
human herpes virus 6 (HHV-6) [19, 21]. However, 
this finding with other herpes infections is much 
more limited in the literature and isolated to a few 
case reports.

The immune response leading to the develop-
ment of NMDAR autoantibodies and subsequent 
development of NMDAR encephalitis may not 
be due to the presence of the HSV specifically, 
but rather to the virus-induced immune response, 
and development of synaptic autoimmunity may 
be secondary to the inflammation and neuronal 
tissue damage. This mechanism is further sup-
ported by the demonstration of autoantibodies 
against other neuronal antigens and not exclu-
sively against NMDAR [17]. With HSVE often 
affecting limbic structures, which have a rich 
expression of NMDA receptors, it is possible that 
the inflammation and damage leading to subse-
quent release of otherwise immune-privileged 
NMDAR and other neuronal antigens could 
induce a broad autoimmune response to these 
potential epitopes. This anatomic affinity of HSV 
may also explain why similar development of 
NMDAR encephalitis has not been documented 
following other neurological disease, such as 
stroke or bacterial meningitis, where there is neu-
ronal damage but involvement of the limbic sys-
tem is uncommon.

Furthermore, this relationship between 
NMDAR encephalitis and HSV may not be lim-
ited to CNS HSV involvement. A retrospective 
study of 39 NMDAR encephalitis pediatric 
patients demonstrated that in the setting of non-
encephalitic infection (e.g., oral or skin lesions 
using confirmatory testing HSV-1 immunoglobu-
lin [Ig] G in the serum), there appears to be a 
meaningful association between HSV and devel-
opment of anti-NMDAR encephalitis compared 
to age-matched controls [22]. The relationship 
between NMDAR antibodies and HSV may pro-
vide a clue to the pathophysiology of AE in cer-
tain patients. However, the exact mechanism 
remains unknown, and why certain patients are 
more vulnerable compared to others in the devel-
opment of AE is unclear. Abnormalities of 
immune regulation and genetic susceptibility 
may play roles.

�Immunodeficiency 
and Autoimmunity

A dysfunctional adaptive immune response can 
lead to increased susceptibility to infection, 
malignancy, or autoimmunity. CVID, which is the 
most common severe primary antibody defi-
ciency, is a known disease model for this associa-
tion to underlying autoimmunity. In CVID, a 
compromised humoral immunity results in low 
levels of IgG, IgA, and/or IgM. Phenotypes of this 
disease include patients who present with both 
acute and chronic infections, as well as a wide 
range of inflammatory and autoimmune diseases 
[23]. Diagnostic criteria for CVID include a low 
IgG level (IgG < 700 mg/dL), often with associ-
ated low IgA or IgM, a history of infections (typi-
cally bacterial), and a poor or absent response to 
pneumococcal vaccine challenge [24].

Given that patients with CVID cannot make 
pathogen-specific antibodies, infections tend to 
be the main clinical feature. When patients pres-
ent with neurological syndromes of meningoen-
cephalitis in the setting of known CVID, ruling 
out an underlying infection becomes paramount. 
Likewise, CVID should be considered in the first 
presentation of atypical neurologic infections. 
Common CNS infections seen in CVID include 
enteroviral meningitis as well as other viral infec-
tions (e.g., adenovirus, cytomegalovirus virus 
[CMV], HSV, VZV, and West Nile virus [WNV]), 
bacterial infection with Streptococcus pneu-
moniae, certain fungal infections including histo-
plasmosis and cryptococcus, and toxoplasmosis 
infection. However, there are innumerable patho-
gens known to cause infectious encephalitis, and 
in the setting of underlying immunodeficiency, 
identifying the pathogen can pose a diagnostic 
challenge. Diagnostics with high-throughput 
next-generation sequencing (NGS) platforms 
could be advantageous as they may provide an 
advantage over the traditional approach of testing 
each individual suspected pathogen using spe-
cific PCR assays [25]. This approach has proven 
useful in other forms of immunodeficiency and 
has facilitated diagnosis of a wide variety of 
infections including neuroleptospirosis [26] and 
astrovirus encephalitis [27, 28]. Patients with an 
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unknown immune status who present with an 
atypical CNS infection should have a full immu-
nodeficiency workup to rule out possible unrec-
ognized CVID or other acquired 
immunodeficiency, such as human immunodefi-
ciency virus (HIV) or less commonly idiopathic 
CD4 deficiency. Beyond unusual infections, there 
have been several clinical manifestations identi-
fied in and associated with CVID, including 
chronic lung disease, diffuse granulomatous dis-
ease, enteropathy with or without associated 
nutrient deficiency, lymphoid hyperplasia, endo-
crine dysfunction, and malignancy [29].

�Autoimmune Disease in CVID

Autoimmunity occurs in approximately 25–30% 
of patients with CVID [29], and autoimmune 
complications identified include neutropenia, vit-
iligo, Sjögren’s syndrome/sicca syndrome, auto-
immune thyroiditis, diabetes mellitus, pernicious 
anemia, systemic lupus erythematosus (SLE), 
antiphospholipid syndrome, uveitis, juvenile 
rheumatoid arthritis, lichen planus, vasculitis, 
and psoriasis [23]. Granulomatous disease has 
also been reported, most commonly in the form 
of granulomatous lymphocytic interstitial lung 
disease (GLILD).

�Granulomatous Disease in CVID

In CVID, 8–22% of patients develop granuloma-
tous disease or “atypical sarcoid-like” lesions 
[29–32]. Many times, there can be multi-organ 
system involvement, and patients can have 
biopsy-proven granulomatous disease long 
before CVID is recognized [29, 33]. While 
CVID-associated granulomatous disease is still 
not commonly recognized by physicians [33], 
understanding of neurological involvement and 
complications is even less common [34, 35]. It is 
common for CVID to be confused with sarcoid-
osis as granulomas in CVID are similarly nonca-
seating. There are no current guidelines for the 
diagnosis and treatment of noncaseating granulo-
matous disease. However, patients presumptively 

diagnosed with sarcoidosis should have serum 
immunoglobulins measured as part of their eval-
uation before the initiation of immunotherapy in 
order to rule out CVID as an etiology of the gran-
ulomatous disease. Neurosarcoidosis is discussed 
further in Chap. 23.

�Complications 
of Immunomodulatory Therapies: 
Infections and Immune-Related

�Progressive Multifocal 
Leukoencephalopathy

Progressive multifocal leukoencephalopathy 
(PML) is a rare, often fatal, demyelinating disease 
seen almost exclusively in immunocompromised 
hosts caused by the infection of oligodendrocytes 
with the JC virus. The infection of oligodendro-
cytes causes cell lysis leading to neurological 
impairment including progressive cognitive and 
motor dysfunction [36]. JC virus infection can 
also lead to non-PML forms of CNS infection 
including encephalitis and a cerebellar granule 
cell neuronopathy [37]. PML occurs predomi-
nantly in patients with HIV infections or those 
with underlying neoplastic disease and organ 
transplants undergoing immune suppression. 
With the use of immunomodulatory treatments in 
the field of neuroimmunology, PML has been 
well recognized in the MS population, most com-
monly associated with the use of natalizumab. 
Natalizumab, approved for the treatment of 
relapsing-remitting MS (RRMS) in 2004, is a 
monoclonal antibody to α(alpha)4β(beta)1 integ-
rin that blocks the trafficking of lymphocytes 
across the blood-brain barrier via the vascular cell 
adhesion molecule-1 (VCAM-1) [38]. After three 
cases of PML (two of which were fatal), natali-
zumab was removed from the market in February 
2005. After the development of risk mitigation 
strategies using anti-JC virus antibody screening, 
it was released back on market in 2006. The initial 
prevalence of natalizumab-associated PML in MS 
was estimated to be 1 in 1000 [39]. It is now rec-
ognized that duration of exposure to natalizumab, 
prior exposure to immunosuppressive medica-
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tions, and higher JC virus antibody index are key 
factors increasing the overall risk of PML.  In 
patients treated with natalizumab for more than 
24 months, with prior immunosuppressive ther-
apy, and with an elevated JC virus antibody 
index, the risk of PML can be as high as 1 in 70 
[36, 40, 41]. Patients without JC virus antibod-
ies appear to be at extremely low risk of devel-
oping PML (<1  in 10,000), indicating that 
disease likely develops from reactivation of 
latent virus in previously infected individuals. 
Regular monitoring of JC virus antibody titers 
for seroconversion or increase in antibody index 
may identify patients requiring drug discontinu-
ation and consideration of alternate therapies. 
Regular magnetic resonance imaging (MRI) 
monitoring may also identify patients with clin-
ically asymptomatic disease. Studies are under-
way to examine whether extended dosing 
intervals of natalizumab (e.g., every 5  weeks 
instead of the standard monthly regimen) reduce 
the risk of PML without compromising thera-
peutic efficacy [42]. A wide variety of alterna-
tive disease-modifying therapies, including those 
with similar efficacy including rituximab and 
ocrelizumab, are now available for patients with 
positive JC virus serostatus or elevated JCV anti-
body indices.

PML risk is not exclusively confined to natali-
zumab. Cases of PML associated with other 
disease-modifying therapies including fingoli-
mod, dimethyl fumarate, teriflunomide, ritux-
imab, and ocrelizumab have been reported, 
although the risk is significantly less than natali-
zumab. In cases of PML seen with dimethyl 
fumarate, associated lymphopenia appears to be a 
contributing risk factor [43].

Brain MRI is essential in the diagnosis of 
PML.  Although no single feature is considered 
pathognomonic for PML, typical features include 
hyperintense lesions on T2-weighted and fluid-
attenuated inversion recovery (FLAIR) 
sequences, hypointense lesions on T1-weighted 
images, and lack of gadolinium enhancement. 
However, as many of 15% of patients with HIV-
associated PML and 40% of natalizumab-
associated PML may have gadolinium 
enhancement at the time of diagnosis [44]. The 

lesions are often but not invariably multifocal as 
the name implies. The frontal lobes and parieto-
occipital regions are most commonly affected 
[44]. Definitive diagnosis is made by JC virus 
PCR positivity in the CSF or by brain biopsy 
demonstrating viral antigen or DNA in the pres-
ence of consistent neuropathological features 
including viral inclusions seen in the oligoden-
droglial nuclei. See Fig. 25.1.

�Secondary Hypogammaglobulinemia 
with B-Cell-Depleting Therapies

The use of anti-CD20 monoclonal antibodies 
(mAb) has greatly increased over the last several 
years for autoimmune neurological diseases and 
multiple sclerosis (MS). Rituximab is a chimeric 
anti-CD20 mAb that depletes precursor, and 
eventually mature, antibody-producing plasma 
cells. Ocrelizumab, which is the first US Food 
and Drug Administration (FDA) anti-CD20 ther-
apy approved for MS in 2017, is a fully human-
ized anti-CD20 mAb. Additionally, there are 
other CD20 mAbs under investigation for 
MS.  For neuromyelitis optic spectrum disease 
(NMOSD) (discussed further in Chap. 15), there 
recently completed clinical trial using a similar 
mechanism of B-cell depletion with an anti-
CD19 mAb, known as inebilizumab [45]. With 
the emergence of these new drugs, it is likely that 
the use of B-cell-depleting mAbs will continue to 
grow.

The CD20 antigen is an epitope that is 
expressed on the B-cell lineage cells with the 
exception of plasma cells, while the CD19 anti-
gen target is also expressed on B cells as well as 
plasmablasts and plasma cells. All CD20-positive 
B cells express CD19, but not all CD19-positive 
cells express CD20. Given this, anti-CD19 mAb 
therapy is thought to have enhanced antibody-
dependent cell-mediated cytotoxic effects 
beyond the anti-CD20 mAb therapy. Regardless, 
both mechanisms cause overall B-cell suppres-
sion and can lead to secondary hypogamma-
globulinemia. Hypogammaglobulinemia is an 
immune disorder leading to the reduction of 
gamma globulin classes such as IgG, IgM, and 
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IgA.  Similar to CVID (discussed earlier), this 
can lead to a variety of infectious complications. 
This can include CNS viral infections includ-
ing those caused by enterovirus, adenovirus, 
CMV, HSV, VZV, and WNV. Additionally, com-
mon systemic, recurrent infections encountered 
include sinopulmonary infections (pneumonia, 
chronic otitis media, sinusitis, bronchitis), bac-
terial infections, or parasitic gastroenteritis. Risk 
of infectious complications is associated with 
low pre-treatment IgG levels [46]. Thus, cur-
rent recommendations include testing patients’ 
antibody titers prior to treatment with anti-B-
cell therapy [46, 47] and considering alternative 
immunotherapy in those patients with hypogam-
maglobulinemia. If hypogammaglobulinemia is 
noted after rituximab therapy, intravenous immu-
noglobulin G (IVIg) can be used as replacement 
therapy [48].

In a cohort of 50 individuals with NMOSD 
treated over an extended period with rituximab, 
5 developed serious infections in the setting of 
antibody deficiency, and hypogammaglobu-
linemia was documented in 64% of patients 
[49]. Moreover, in a cohort study of 4479 
patients receiving rituximab for various neuro-
logical and systemic autoimmune disorders, 
most patients (85.4%) did not have immuno-
globulins checked before rituximab therapy. 
However, if patients did have hypogammaglob-
ulinemia noted prior to initiation of rituximab, 
there was a dramatic increase in severe infec-
tions leading to hospitalization [46]. These stud-
ies emphasize the need for proper screening and 
monitoring of patients on B-cell-depleting 
agents to help minimize the risk of secondary 
infectious complications due to underlying 
immunodeficiency.

a

b

c

Fig. 25.1  Magnetic resonance imaging (MRI) of a 
58-year-old bone marrow transplant (BMT) recipient for 
acute myeloid leukemia who developed progressive 
multifocal leukoencephalopathy (PML), confirmed by 
JC virus polymerase chain reaction (PCR) testing in the 
cerebrospinal fluid (CSF). The patient was severely 
immunocompromised after treatment with multiple 
immunotherapies including rituximab, methotrexate, 
and tacrolimus following her BMT; laboratory testing 
included CD4+ count of 100, immunoglobulin G (IgG) 

level of 585, and CD20 counts suppressed at <1. MRI 
demonstrated T2 hyperintense signal change on fluid-
attenuated inversion recovery (FLAIR) sequence (panel 
A, thin white arrow) without associated contrast 
enhancement (panel B) on T1 post-contrast imaging; 
however, there is an associated T1 hypointense lesion 
(thin white arrow). Coronal FLAIR (panel C) demon-
strates a white matter lesion with involvement of the 
subcortical U-fibers (thick arrow). (MR images courtesy 
of John Corboy, MD)
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�Autoimmunity with Alemtuzumab

Alemtuzumab is a humanized anti-CD52 mono-
clonal antibody used to treat refractory and 
aggressive RRMS.  While a highly efficacious 
therapy, there are several side effects ranging 
from infusion reactions, secondary autoimmune 
disease, malignancies, and infections. Secondary 
B-cell autoimmune disease with alemtuzumab 
often peaks 2–3  years after treatment initiation 
and had been reported in about 50% of MS 
patients within 5–7 years of treatment [50]. While 
thyroid disease is the most frequently encoun-
tered autoimmune adverse event, other adverse 
events have included immune thyrombocytope-
nia (ITP) and nephropathies [51]. In the 
CAMMS223 trial, a fatality associated with ITP 
led to the implementation of a strict safety moni-
toring program to help with early detection of 
autoimmune events [52].

It has been hypothesized that after rapid 
depletion of both B- and T-cell populations 
expressing anti-CD52, subsequent repopulation 
of B cells in the absence of T-cell regulation 
allows for the development of autoimmunity 
[53]. It has also been postulated that this tends to 
occur more frequently in those individuals with 
genetic susceptibility for autoimmunity, such as 
patients with MS compared to those circum-
stances in which alemtuzumab is used in the 
treatment of malignancies [53–55]. Additional 
studies are needed to better understand this 

mechanism to help mitigate the effect of alemtu-
zumab on secondary autoimmunity.

�Neurological Complications 
of Immune Checkpoint Inhibitors

Immune checkpoint inhibitors (ICPIs) are novel 
treatments for advanced or refractory cancers and 
have transformed the field of oncology. It is now 
apparent that these drugs can also cause immune-
related side effects. Examples of ICPIs include 
monoclonal antibodies targeting the cytotoxic T 
lymphocyte-associated antigen 4 (CTLA4) and 
the programmed death-1 receptor (PD-1) or its 
ligand (PD-L1). Immune-related adverse events 
(irAEs) affect the colon, liver, lungs, pituitary, 
thyroid, heart, and nervous system. Cardiac and 
neurological events can be prominent, with a 
2018 meta-analysis of 112 trials involving 19,217 
patients demonstrating fatal neurological events 
in 6% (11/193) treated with ipilimumab, 15% 
(50/333) with anti-programed death-1/programed 
death ligand-1 (PD-1/PD-L1), and 7% (8/87) 
with combination therapy [56]. Neurological 
events include myasthenia gravis, encephalitis, 
meningitis, polyradiculitis, cranial polyneuropa-
thy, myositis, and acute and chronic inflamma-
tory demyelinating polyneuropathy [57]. 
Examples of specific drugs and their associated 
neurological complications are listed in 
Table 25.1.

Table 25.1  Immune checkpoint inhibitors with US Food and Drug Administration (FDA) approval for the treatment 
of cancer and associated neurological syndromes

Class of ICPI Clinical indication Neurological irAE reported
Anti-PD-1 mAbs
Nivolumab Metastatic melanoma, metastatic squamous non-small 

cell lung cancer, metastatic urothelial carcinoma
Encephalitis, AIDP, CIPD, myasthenic 
syndromes, myositis

Pembrolizumab Metastatic melanoma, metastatic non-small cell lung 
cancer, head and neck squamous cell carcinoma, 
pediatric refractory classic Hodgkin’s lymphoma

Encephalitis, AIPD, CIPD, cranial 
neuropathies, myasthenic syndromes, 
myositis

Anti-CTLA4 mAbs
Ipilimumab Metastatic melanoma, small cell lung cancer, bladder 

cancer
Aseptic meningitis, encephalitis, AIDP, 
CIPD, cranial neuropathies, myasthenic 
syndromes, myositis

ICPI immune checkpoint inhibitor, irAE immune-related adverse events, PD-1 programmed death-1 receptor, mAbs 
monoclonal antibodies, AIDP acute inflammatory demyelinating polyneuropathy, CIPD chronic inflammatory demye-
linating polyneuropathy, CTLA4 cytotoxic T lymphocyte-associated antigen 4
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Neurological irAEs involving the central ner-
vous system are rare, but encephalitis and menin-
gitis are the best characterized toxicities [58]. 
While encephalitis has been described in several 
patents on ICPIs, one case reported the develop-
ment of NMDAR antibodies after treatment of 
metastatic cancer with nivolumab and ipilim-
umab [59]. While the causality could not be 
proven in this particular case, there is a sugges-
tion based on the time course that the immune 
checkpoint inhibition may have unmasked or 
accelerated preexisting autoimmune reactions 
targeting neuronal epitopes. Patients with known 
MS may be at risk for relapse when treated with 
ICPs [60, 61], and there has been a case report of 
fatal CNS demyelination in a patient without a 
history of MS [62].

Neurological iAEs involving the peripheral ner-
vous system include a wide range of presentations 
including mild-to-moderate peripheral neuropa-
thies, myasthenic syndrome, to severe or fatal cases 
of acute inflammatory demyelinating polyneuropa-
thy (AIDP) and myositis [58]. Exacerbation of 
existing myasthenia gravis (MG) has been reported 
with anti-PD1 [63–65], while de novo presenta-
tions of MG are estimated to occur in 0.1–0.2% of 
patients treated with ICIs [58, 66–68].

Often neurological adverse events occur 
shortly after initiation of ICPIs, with a mean 
onset of 8 weeks [57]. There is no validated ther-
apeutic approach to the management of these 
events, but often the treatment approach includes 
discontinuation of the ICPI and prompt initiation 
of corticosteroids. Given the broad spectrum of 
neurological complications, expedited diagnosis 
can be challenging but paramount as rapid initia-
tion of corticosteroids for treatment are 
mandatory to prevent clinical deterioration and 
sometimes fatal outcomes.

�Conclusion

The intricacies of the immune system are com-
plex. While there certainly appears to be clinical 
evidence supporting a role for infection-induced 
autoimmunity, evidence is stronger for some dis-
eases than for others. The complexity and hetero-

geneity of individual immune systems has made 
this area difficult to study and has resulted in con-
troversial evidence at times. Further research 
with animal models to clarify potential mecha-
nisms of disease induction, as well as studying 
predisposing genetic markers in patients, are 
needed to better understand the pathogenesis of 
autoimmunity. Moreover, our understanding of 
the immune system and the interplay with the 
CNS continues to evolve, especially in the face of 
our expanding knowledge and experience with 
immunomodulatory therapies.
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Oncological Mimics 
in Inflammatory CNS Disease

Alexander C. Mohler and Douglas E. Ney

�Introduction

Evaluation of inflammatory disease within the 
central nervous system (CNS) can be a diagnostic 
challenge given diverse presentations of patients. 
Extensive diagnostic evaluation is often unre-
vealing and can lead to further uncertainty. 
Malignancy or “premalignant” conditions within 
the CNS can mimic inflammatory disease, thus 
making these entities important for consideration 
when evaluating for inflammatory conditions. 
While rare, disease such as histiocytic disorders 
and primary central nervous system lymphoma 
(PCNSL) occurs with enough frequency to be 
considered when presented with a potential CNS 
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Key Points
	1.	 Oncological conditions involving the 

central nervous system (CNS) are seri-
ous, often difficult to diagnosis, and are 
associated with unique treatment 
strategies.

	2.	 Histiocytic disorders are a rare, hetero-
geneous class of diseases that have the 
propensity for both CNS and systemic 
involvement.

	3.	 Activating mutations in the mitogen-
activated protein kinase (MAPK) path-
way are found in a significant number of 
histiocytic disorders indicating a clonal, 
neoplastic origin with potential for tar-
geted treatments.

	4.	 Primary central nervous system lym-
phoma is a rare extranodal form of non-
Hodgkin lymphoma involving the CNS 

without systemic involvement. Though 
highly aggressive, it is a potentially cur-
able malignancy.

	5.	 Though lacking formal diagnostic crite-
ria, chronic lymphocytic inflammation 
with pontine perivascular enhancement 
responsive to steroids (CLIPPERS) is 
typically associated with characteristic 
clinical, imaging, and pathologic find-
ings typically involving the brain stem. 
Central to the diagnosis is the exquisite 
sensitivity to steroids, but CLIPPERS 
has been associated with the subsequent 
development of malignancy.
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inflammatory process. Entities such as chronic 
lymphocytic inflammation with pontine perivas-
cular enhancement responsive to steroids 
(CLIPPERS) exhibit common characteristics 
suggestive of the diagnosis and may represent 
early manifestations of malignancy. Metastatic 
disease to the brain or CNS effects from systemic 
malignancy are important conditions to consider 
but are outside the scope of this chapter. Similarly, 
neurologic paraneoplastic conditions are dis-
cussed in Chap. 16 in this book. Herein, we 
review common oncological mimics of CNS 
inflammatory disease including histiocytic disor-
ders, PCNSL, and CLIPPERS.

�Histiocytic Disorders

Histiocytic disorders are a rare heterogeneous 
class of diseases of varied clinical course and 
prognoses. The World Health Organization 
Classification of Tumors of the Nervous System 
subclassifies histiocytic disorders into several dif-
ferent entities including Langerhans cell histiocy-
tosis (LCH), Erdheim-Chester disease (ECD), 
Rosai-Dorfman-Destombes disease (RDD), juve-
nile xanthogranuloma (JXA), histiocytic sarcoma 
(HS), and indeterminate cell histiocytosis (ICH) 
[1]. These conditions are essentially malignancies 
of histiocytes or tissue macrophages that can pres-
ent with isolated or multifocal tissue infiltration 
both intracranially and systemically. Since histio-
cytes are part of the mononuclear phagocyte sys-
tem, they can present like and often be mistaken 
for immunologic conditions. Indeed, while the 
pathophysiology of these disorders has long been 
debated to be autoimmune, recent discovery of 
activating mutations in the MAPK and phosphati-
dylinositol 3-kinase/protein kinase B (PI3K-
AKT) pathways involving a large proportion of 
patients has cemented that these are likely clonal 
and neoplastic in origin [2].

�Langerhans Cell Histiocytosis

LCH is characterized by the proliferation of 
CD1a-positive and CD207-positive histiocytes 

[3]. Initially thought to be related to epidermal 
Langerhans cells, transcriptional profiling of 
Langerhans histiocytosis suggests greater simi-
larity to bone marrow-derived monocyte and 
dendritic cell precursors [4]. The pathogenesis is 
not entirely clear, and there is some suggestion 
that it may result from an abnormal inflammatory 
response as well as secondary malignant trans-
formation [5]. Biopsy for pathologic confirma-
tion is recommended in all cases, particularly for 
patients requiring systemic therapy.

LCH typically occurs in childhood with an 
incidence of 0.5 cases per 100,000 individuals 
under age 15 and 0.1 cases per 100,000 in patients 
older than 15 years [6, 7]. This disorder can affect 
any organ but most frequently affects the bone, 
skin, and pituitary gland. Central nervous system 
involvement occurs in about 20–50% of cases [8] 
and most commonly occurs via direct extension 
through the calvarium but can involve the menin-
ges or less commonly present as intraparenchy-
mal masses [9]. A wide variety of neurologic 
symptoms can occur depending on the location 
of the lesion; diabetes insipidus is the most com-
mon neurologic manifestation and occurs in 
15–50% of patients with CNS involvement [10].

Two major types of CNS lesions have been 
described: tumor lesions and degenerative 
lesions. Tumor lesions are space-occupying 
lesions that avidly enhance on magnetic reso-
nance imaging (MRI) (Fig. 26.1) and are associ-
ated with clinical signs and symptoms related to 
tumor infiltration including acute to subacute 
focal neurologic deficits, cranial nerve palsies, 
increased intracranial pressure, seizures, or 
behavior change. In contrast, neurodegenerative 
lesions are accompanied by slowly progressive 
cerebellar dysfunction, cognitive impairment, or 
a pyramidal syndrome. Degenerative lesions are 
atrophic on MRI scan, do not typically enhance, 
and are associated with high T2 signal in the 
white matter [11, 12].

Consensus guidelines exist for the diagnosis, 
workup, and treatment of LCH [13]. However, the 
evidence to support any one treatment over another 
is scant. The discovery that slightly over half of all 
cases harbor oncogenic BRAF mutations [14] has 
opened the door to targeted treatments.

A. C. Mohler and D. E. Ney
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�Erdheim-Chester Disease

Erdheim-Chester disease (ECD) is a rare non-
Langerhans cell histiocytosis. Fewer than 800 
cases have been reported, but recognition of this 
disease is improving [15, 16]. The mean age at 
diagnosis is approximately 55 years with a male 
predominance (3:1) [15]. Diagnosis is based on 
histopathologic demonstration of foamy or eosin-
ophilic histiocytes positive for CD68 and CD163 

and negative for CD1a, CD207, and S100 
(Fig. 26.2a, b) [15].

ECD is a heterogenous multisystem disease 
that can affect any organ including the 
CNS.  Commonly, the presenting symptom is 
bone pain due to sclerotic lesions of the long 
bones, which occur in 96% of reported cases [17]. 
Cardiac involvement is also quite common and is 
a source of increased mortality [18]. Close to half 
of patients with ECD have neurologic manifesta-
tions. When the CNS is involved, presenting 
symptoms typically involve cerebellar (41%) or 
pyramidal symptoms (45%) [19]. However, a 
wide variety of neurologic manifestations can 
occur depending on the location of CNS involve-
ment. Signs and symptoms can include seizures, 
headaches, neurocognitive deficits, weakness, and 
numbness [19]. Much like LCH, diabetes insipi-
dus occurs in about 25% of patients, although 
other endocrinopathies have been reported as well 
[16]. CNS involvement has also been identified as 
a poor prognostic factor [20].

Radiographic manifestations of ECD typically 
include an intraparenchymal predominance, a 
meningeal predominance, or a combination of 
both. Intraparenchymal lesions tend to be enhanc-
ing T2 hyperintense abnormalities on MRI 
(Fig.  26.3). Intraparenchymal lesions may be 
mistaken for demyelinating disease in many 
cases as lesions often may not appear to be space 
occupying. Lesions that involve the meninges 
can appear as dural thickening and may resemble 
other intracranial meningeal-based tumors like 
meningiomas [21].

Fig. 26.1  Magnetic resonance imaging of a 28-year-old 
presenting with dysarthria and hemiparesis. Biopsy 
showed Langerhans cell histiocytosis

a b

Fig. 26.2  Photomicrograph of brain tissue from a patient 
with Erdheim-Chester disease. (a) Seen are variably 
foamy histiocytes with cytologically normal nuclei. (b) 

Histiocytes strongly staining for CD68. Notably, normal 
macrophages seen in conditions such as infarcts of demy-
elinating disorders are also CD68 positive
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Many reported regimens have been used with 
varied success for the treatment of ECD [15]. 
However, much like LCH, many cases of ECD 
exhibit BRAF mutations and can respond suc-
cessfully to medications targeting this mutational 
pathway [22].

�Rosai-Dorfman-Destombes Disease

Rosai-Dorfman-Destombes disease (RDD) is con-
sidered a non-Langerhans cell histiocytosis much 
like ECD.  As compared to ECD, it has a lower 
mean age of 21 years and is more common in males 
and patients of African descent [23, 24]. 
Histopathologic features include accumulation of 
CD68-positive and CD1a-negative histiocytes; 
however, unlike ECD, RDD histiocytes are S100 
positive [23]. Unlike both LCH and ECD, RDD is 
not typically associated with BRAF mutations [25].

Classically, patients present with systemic 
findings of bilateral massive lymphadenopathy, 
but extranodal disease may occur in up to 43% of 
cases [26]. Extranodal sites may include the nasal 
sinuses, skin, bone, liver, mediastinum, and 

CNS. In the CNS, RDD typically presents with 
dural-based disease that may occur in almost any 
location, including the spinal cord, with a predi-
lection for the cerebral convexities (Fig. 26.4). It 
may also be associated with intraparenchymal 
lesions which involve the brain stem and cerebel-
lum, although this is less common [23].

Outcomes for RDD are typically favorable in 
patients with nodal or cutaneous disease. Patients 
with kidney, liver, or lower respiratory tract dis-
ease seem to have a worse prognosis and may 
warrant more aggressive therapies [23]. CNS dis-
ease can be fatal and can have significant associ-
ated morbidity. In these cases, aggressive 
therapies may also be warranted. While multiple 
treatment approaches have been attempted, typi-
cally in case reports, no standard treatment rec-
ommendations exist.

�Juvenile Xanthogranuloma

Juvenile xanthogranuloma (JXG) typically pres-
ents in very young patients with a mean age of 

Fig. 26.3  Magnetic resonance imaging of a 70-year-old 
woman with progressive brain stem symptoms. Biopsy 
showed Erdheim-Chester disease with a BRAF V600E 
mutation

Fig. 26.4  Magnetic resonance imaging of a 42-year-old 
African-American patient with biopsy-proven Rosai-
Dorfman-Destombes disease
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approximately 2  years and is typically a self-
limited disease [27]. Cutaneous papules or nod-
ules present typically on the face or head and 
neck but can involve any skin surface. Lesion 
number ranges from a few to hundreds. The con-
dition is typically self-limiting with gradual 
resolution over months to years. Systemic JXG 
can occur in 5–10% of patients; CNS involve-
ment can also occur [28]. In most cases when the 
CNS is involved, it presents in the brain with a 
much smaller percentage of spinal cord involve-
ment. As is the case in most of the histiocytic dis-
orders, neurologic symptoms at presentation are 
typically based on lesion location. Although CNS 
involvement in this condition is rare, it is associ-
ated with a high degree of morbidity and mortal-
ity in this otherwise benign condition [28].

�Histiocytic Sarcoma

This condition is a rare aggressive neoplasm 
involving malignant histiocytes. Primarily, this 
condition is reported in case reports, which have 
described cases involving the parenchyma, 
meninges, and cavernous sinus. Radiologically, 
CNS involvement often mimics demyelinating 
disease, lymphoma, or even glioma. Due to the 
extreme rarity of this condition, it is often mis-
taken for these other entities [29].

�Primary Central Nervous System 
Lymphoma

Primary central nervous system lymphoma 
(PCNSL) is an uncommon extranodal non-
Hodgkin lymphoma involving the brain, spinal 
cord, leptomeninges, or eyes without evidence of 
systemic involvement. Though highly aggressive, 
it is a potentially curable malignancy. Up to 90% 
of patients will respond to appropriate treatment, 
but half of patients will relapse within 2 years, 
and prognosis after recurrence is poor [30]. 
PCNSL is rare and accounts for only 4% of all 
tumors involving the CNS and 4–6% of all extra-
nodal lymphomas [31, 32]. The median age of 
diagnosis is 65  years, and the incidence in the 

elderly population is rising [33, 34]. PCNSL also 
occurs in the setting of immunosuppression such 
as human immunodeficiency virus/acquired 
immunodeficiency syndrome (HIV/AIDS), post-
transplant immunosuppression, or congenital 
immunodeficiency.

Two widely recognized prognostic models 
were developed to predict outcomes in patients 
with PCNSL.  The International Extranodal 
Lymphoma Study Group identified age, Eastern 
Cooperative Oncology Group (ECOG) status, 
serum lactic dehydrogenase (LDH), cerebrospi-
nal fluid (CSF) protein concentration, and pres-
ence of deep brain structures as independent 
predictors of survival [35]. The Memorial Sloan 
Kettering Cancer Center model is a simplified 
model using only Karnofsky performance status 
(KPS) and age as predictors of outcome [36]. It is 
also worth noting that delays in treatment have 
been associated with poorer outcomes [37]. Thus, 
prompt diagnosis and initiation of treatment is of 
utmost importance.

PCNSL can present in any compartment of the 
CNS. As such, a wide variety of symptoms can 
occur in these patients including focal neurologic 
deficits, seizures, increased intracranial pressure, 
and cognitive difficulties, which can progress 
rapidly over weeks. Most cases of PCNSL pres-
ent with lesions involving the brain parenchyma, 
primarily in the supratentorial compartment. 
Lesions are often periventricular and involve the 
deep white matter or corpus callosum. PCNSL 
can appear as a solitary lesion or multifocal dis-
ease. The frontal lobe white matter is thought to 
be the most common location. A hemispheric 
location, as opposed to deep structures, is seen in 
up to 38% of patients [38]. Rarely, lesions 
develop in the cerebellum or spinal cord. 
Leptomeningeal disease is seen in approximately 
20% of cases of PCNSL but can be present in 
close to two-thirds of secondary CNS lymphoma 
[39, 40]. Isolated leptomeningeal involvement is 
unusual.

Computed tomography (CT) imaging typi-
cally reveals iso- or hypo-dense lesions. Contrast 
enhancement is quite common and is present in 
nearly all cases of CNS lymphoma [40]. On MRI, 
PCNSL typically presents as sharply demarcated 

26  Oncological Mimics in Inflammatory CNS Disease



422

homogeneous enhancement that is iso- to hypoin-
tense on pre-contrast T1-weighted sequences 
(Fig. 26.5). Due to the dense cellularity, there is 
often diffusion restriction on diffusion-weighted 
imaging (Fig.  26.6a–d) [41]. It is very uncom-
mon for CNS lymphoma patients to present with-
out enhancement. However, in the setting of 
immunosuppression such as HIV/AIDS, 
enhancement may be more heterogeneous, 
exhibit central necrosis, or be absent [42, 43]. 
Symptoms concerning for PCNSL should prompt 
urgent imaging, preferably with MRI.

The diagnosis of primary CNS lymphoma is 
dependent on pathologic examination and thus 
requires the tumor sampling in most cases. 
Stereotactic biopsy is the procedure of choice. 
Corticosteroids should be avoided prior to biopsy 
as they are lymphotoxic and can obscure pathol-
ogy results [44, 45]. Greater than 90% of cases 
are diffuse large B-cell lymphoma (DLBCL), 
with the remainder consisting of T-cell, Burkitt, 
or low-grade lymphomas [46]. Microscopically, 
these lesions tend to be densely populated with 

numerous small cells with large central, 
pleomorphic nuclei. Perivascular aggregates with 
invasion into surrounding parenchyma are com-
mon. Malignant lymphoma cells exhibit expres-
sion of pan-B-cell markers including CD19, 
CD20, and CD79a. MUM1 is nearly always posi-
tive, BCL6 positivity is seen in half of cases, and 
BCL-2 is variably expressed [46]. These charac-
teristics suggest that the majority of PCNSL most 
closely resembles a postgerminal center or acti-
vated B-cell (ABC) immunophenotype [47]. 
While subtyping may have prognostic implica-
tions, it does not affect treatment.

Although most patients presenting with lym-
phoma of the CNS are thought to have primary 
disease, systemic spread to the CNS does occur. 
Differentiating between primary and secondary 
CNS lymphoma is important as the treatment 
approach differs. Workup to determine the extent 
of spread throughout the CNS is imperative as 
well. Standard serum evaluation for patients with 
PCNSL should include a complete blood count, 
metabolic panel with liver function tests, hepati-
tis serologies, LDH, and HIV testing. Baseline 
evaluation with a CT scan of the chest, abdomen, 
and pelvis or preferably a positron emission 
tomography (PET) scan is required to identify 
potential systemic disease. A bone marrow 
biopsy is also warranted [48]. In men, testicular 
ultrasound to rule out concomitant testicular lym-
phoma is warranted as up to 15% of patients with 
testicular lymphomas metastasize to the brain 
[49]. Further, a thorough ophthalmologic evalua-
tion including slit lamp examination is always 
necessary as the eye can serve as a reservoir of 
disease and potentially reseed the CNS following 
treatment. To assess for leptomeningeal involve-
ment, a lumbar puncture should also be done if 
there is no risk for herniation. CSF should be sent 
for flow cytometry, cytology, and IgH rearrange-
ment in addition to basic CSF studies [50]. 
Documented involvement of any of these com-
partments should prompt end of treatment reas-
sessment to ensure disease is eradicated.

Treatment of PCNSL consists of induction 
therapy with the goal of achieving a complete 
response (CR) or elimination of gross disease. 
This is followed by consolidation to eliminate 

Fig. 26.5  Magnetic resonance imaging of a 72-year-old 
man who presented with confusion and word-finding dif-
ficulties. Biopsy showed diffuse large B-cell lymphoma. 
Negative systemic imaging confirmed primary central 
nervous system lymphoma
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microscopic disease and maintain remission. Due 
to the rarity of primary CNS lymphoma and lack 
of phase three randomized trials, a standardized 
treatment regimen does not exist. Untreated, this 
disease is almost universally fatal within the first 
few months of symptom onset. However, with 
aggressive treatment, improved response rates 
and prolonged disease control are achievable.

Traditionally, whole-brain radiation therapy 
(WBRT) was used with overall response rates of 
90% and extension of survival beyond a year [51, 
52]. Treatment with radiotherapy is not curative, 
however, and overall survival with WBRT alone 
is only 12–18  months [51, 53]. Ultimately, the 

role of WBRT is debated. When combined with 
chemotherapy, neurotoxicity rates are high and 
does not likely prolong overall survival [54, 55].

Chemotherapy regimens used to treat sys-
temic lymphoma have limited effectiveness in 
treating CNS disease [39]. This is likely due to 
limited blood-brain barrier penetration of most 
chemotherapies used to treat systemic lym-
phoma. In general, the chemotherapeutic 
approach to PCNSL has trended toward 
multi-agent chemotherapeutic regimens; how-
ever, there is no standard first-line regimen. High-
dose methotrexate (MTX) is considered the 
backbone of therapy for PCNSL.  MTX, when 

a b

c d

Fig. 26.6  Magnetic 
resonance imaging of a 
66-year-old woman 
presenting with 2 weeks 
of confusion and found 
to have multifocal 
enhancing lesions (a). 
T2 fluid-attenuated 
inversion recovery 
(FLAIR)-weighted 
imaging (b) showed 
significant edema 
associated with the 
enhancing lesions. 
Diffusion-weighted 
imaging (c) and apparent 
diffusion coefficient 
imaging (d) showed 
mild diffusion 
restriction. Biopsy 
proved diffuse large 
B-cell lymphoma
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given at relatively high doses (>1.5 gm/m2) and 
as a rapid infusion, results in tumoricidal concen-
trations with the brain and CSF [56, 57]. Single-
agent MTX has been given at doses as high as 8 
gm/m2 [58]. The addition of high-dose cytarabine 
to MTX has resulted in improved response rates 
and progression-free survival but with increased 
rates of hematological toxicity [59]. Rituximab, 
an anti-CD20 monoclonal antibody, has been 
incorporated into many varied chemotherapy 
regimens with noted improvement in response 
rates and overall survival [60–64]. It has become 
common practice to incorporate rituximab into 
MTX-containing regimens. Common combina-
tion regimens include MTX typically with an 
alkylating agent with or without rituximab.

High-dose MTX is relatively well tolerated 
and specific toxicities vary based on regimen. 
Aside from the potential delayed neurotoxicity 
(particularly when combined with WBRT), an 
additional limitation is the need for hospitaliza-
tion during administration. Common systemic 
side effects include renal toxicity, hepatitis, 
myelosuppression, and mucositis. Treatment is 
administered with aggressive hydration, urine 
alkalinization, and leucovorin to prevent sys-
temic organ damage. With appropriate supportive 
care, MTX-based regimens are safe to adminis-
ter, even in older patients with medical comor-
bidities. However, impaired renal function 
(creatinine clearance <30 mL/min) is a contrain-
dication for MTX.

Consolidative therapies following complete 
response to induction vary depending on physi-
cian preference, and no standard exists. Reduced-
dose WBRT has been used as a consolidative 
approach with encouraging results and low rates 
of neurotoxicity, but the small numbers of 
patients and limited follow-up limit the applica-
bility [65, 66]. There has been increasing interest 
in pursuing high-dose chemotherapy with autolo-
gous stem cell transplantation with curative intent 
as a consolidative option. In younger otherwise 
healthy patients, this may be a good option, and 
early studies suggest an improvement in survival 
with the use of stem cell transplantation for con-

solidation [67, 68]. Certain patients may not be 
able to tolerate the rigors of high-dose chemo-
therapy given in preparation for transplantation. 
These patients may rely on other chemotherapeu-
tic approaches for consolidation [37]. 
Maintenance rituximab has been used as a strat-
egy to maintain remission, and trials using main-
tenance strategies are ongoing [69].

�Primary CNS Lymphoma 
in the Elderly

More than half of patients with PCNSL are 
60 years of age or greater, and age is an indepen-
dent predictor of survival [35, 36]. Moreover, the 
risk of neurotoxicity is highest in the elderly, and 
treatment may be complicated by multiple 
comorbidities. Thus, the optimal treatment for 
this group has yet to be defined. However, a large 
meta-analysis of elderly patients with newly 
diagnosed PCNSL showed that 73% of patients 
received a MTX (median dose of 3  g/m2)-con-
taining regimen, and this was associated with 
improved survival, particularly when combined 
with an oral alkylating agent. Interestingly, more 
aggressive chemotherapy regimens were not 
associated with superior outcomes [70]. It is gen-
erally agreed that WBRT should be avoided and 
multi-agent MTX-based regimens be considered 
for first-line treatment.

�Primary CNS Lymphoma 
in the Immunocompromised

The epidemic of HIV in the 1980s and 1990s led 
to an increase in CNS lymphoproliferative disor-
ders including CNS lymphomas. Prognosis in 
these patients was initially quite poor [71]. 
PCNSL in these patients is thought to be driven 
by Epstein-Barr virus (EBV) infection. The 
advent of antiretroviral therapies has significantly 
reduced the incidence of this subtype of CNS 
lymphoma in patients with HIV-related lympho-
proliferative disorders [72]. WBRT is an option 
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for treating patients with this condition and is 
especially useful in patients with significant 
comorbidities. In general, treatment of the cause 
of the immunosuppression has improved survival 
in these patients, thought to be due to immune 
recovery [73]. Aside from WBRT, other 
approaches include the use of MTX alone or in 
combination with additional chemotherapies 
concurrently with antiretroviral management. A 
recent study suggested that a combination of zid-
ovudine, ganciclovir, and rituximab without 
MTX produced complete and durable responses 
in these patients [74].

�Subtypes of CNS Lymphoma

There are many subtypes of PCNSL, which are 
differentiated by unusual areas of disease involve-
ment or uncommon cellular type. Primary ocular 
lymphoma is uncommon and is felt to be a sub-
type of PCNSL as opposed to systemic disease. 
Due to the blood-ocular barrier, this condition is 
treated in similar fashion to CNS lymphoma with 
methotrexate- or cytarabine-based regimens. 
Primary leptomeningeal lymphoma is also an 
uncommon presentation of CNS disease but 
treated in a similar fashion.

Hodgkin lymphoma can rarely involve the 
brain as well as lymphomas of the T-cell type [75, 
76]. Low-grade lymphomas such as marginal 
zone lymphoma or mucosa-associated lymphoid 
tissue (MALT) lymphoma can involve the CNS; 
however, dural or extra-axial involvement is 
much more typical of these lower-grade lesions 
[77]. Intravascular lymphoma is a subtype of 
lymphoma that has typical CNS involvement but 
is considered disease with systemic involvement. 
This condition involves invasion of malignant B 
cells into the lumens and vessel walls of smaller 
blood vessels. It is often rapidly fatal, can affect 
multiple organs, and causes ischemic injury. 
Intracranially, MR imaging may be variable but 
often shows infarct-like white matter lesions in 
vascular territories with variable patterns of 
parenchymal and meningeal enhancement 
(Fig. 26.7a, b) [78].

�Lymphomatoid Granulomatosis

Lymphomatoid granulomatosis is an uncommon 
lymphoproliferative disorder that primarily 
involves the lungs but in rare occasions can 
involve other sites including the CNS.  In even 
rarer instances, it can involve the CNS in isola-

a b

Fig. 26.7  Magnetic resonance imaging of a 48-year-old 
woman presenting with diffuse white matter disease. T2 
fluid-attenuated inversion recovery (FLAIR)-weighted 
imaging (a) showed diffuse areas of high signal within the 

white matter. T1-weighted post-contrast images (b) 
showed variable patchy enhancement. Biopsy demon-
strated malignant lymphoid cells aggregated within the 
vasculature consistent with intravascular lymphoma
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tion. In cases of primary CNS lymphomatoid 
granulomatosis, this disease can present with 
both mass-like lesions and more diffuse-
infiltrating lesions, the former being more com-
mon [79]. There is no classic presentation seen 
on MRI or CT imaging of the brain, necessitating 
evaluation for more common conditions. Linear 
or punctate enhancement is slightly more specific 
for this condition and is thought to represent the 
angiocentric nature of this condition (Fig. 26.8a–
c) [79, 80].

Histopathologically, this condition is charac-
terized by angiocentric lymphoid aggregates 
that can invade and destroy blood vessels. This 
can lead to infarcted tissue, both brain and 
tumor alike. The infiltrate is generally a mixture 
of CD20-positive large, monoclonal, neoplastic 
B cells with a significant T-cell population with-
out clonality. The B-cell population is of uncer-
tain malignant potential and may not make up a 
large percentage of cells within the infiltrate. 
Pathogenesis is unclear; however, it is generally 
thought to be an EBV-driven process, particu-
larly in cases with systemic presentations [81, 
82]. The World Health Organization separates 
this condition into three grades: grade 1 is the 
least aggressive; grade 3 is the most aggressive 
with large atypical CD20+ B cells and extensive 
necrosis [82].

There is no standard therapy for this condition, 
and treatment depends on extent of involvement 
and grade of disease. For more benign-appearing 
presentations, steroids alone may be enough to 
treat this condition. More aggressive disease may 
warrant treatment similar to PCNSL with sys-
temic chemotherapy. In a review of 22 cases of 
isolated CNS lymphomatoid granulomatosis, 
treatment included steroids alone, radiotherapy 
alone, chemotherapies including cyclophospha-
mide, cisplatin, cytarabine, methotrexate, or a 
combination of these treatments [79].

�Chronic Lymphocytic Inflammation 
with Pontine Perivascular 
Enhancement Responsive 
to Steroids (CLIPPERS)

CLIPPERS is a CNS inflammatory disorder of 
unknown etiology predominantly affecting the 
brain stem. It is characterized by punctate, curvi-
linear gadolinium-enhancing lesions “peppering” 
the pons and cerebellum and is noted to have 
exquisite sensitivity to steroids [83]. While asso-
ciated with characteristic clinical, imaging, and 
pathologic findings, the lack of formal diagnostic 
criteria and biomarkers often leads to uncertainty 
regarding the diagnosis.

Fig. 26.8  Patient with biopsy-proven lymphomatoid 
granulomatosis. T1 post-contrast imaging (a, b) shows 
multifocal enhancement throughout both cerebral hemi-

spheres. T2 fluid-attenuated inversion recovery (FLAIR) 
imaging (c) with areas of surrounding edema
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Given the predilection for involvement of the 
brain stem, common presenting symptoms 
include dysarthria, diplopia, gait ataxia, vertigo, 
sensory changes of the face, and cognitive impair-
ment [84]. Symptoms typically progress over 
weeks to months and rapid progression is 
unusual. Typical age of onset is in midlife, but a 
wide range has been reported [83, 84]. While 
clinical symptoms may be suggestive, none make 
the diagnosis. Further, no specific laboratory 
abnormalities are characteristic of CLIPPERS, 
and laboratory testing should be used to exclude 
alternative diagnoses. No pathologic hallmark 
has been identified in CLIPPERS, and the pri-
mary reason for biopsy is to exclude other diag-
noses. Typical histologic findings include 
perivascular inflammation with CD3-reactive 
T-lymphocytes (predominantly CD4 positive), 
activated microglia, CD68-positive histiocytes, 
and occasionally CD20-positive lymphocytes 
[83, 84]. Diagnostic criteria using clinical, radio-
logical, and pathologic criteria have been pro-
posed [84].

Central to the diagnosis of CLIPPERS is the 
overall radiographic and clinical responsiveness 
to steroids. The natural history seems to be that of 
a relapsing-remitting disorder, and some patients 
require long-term immunosuppression [84]. The 
occurrence of suspected CLIPPERS has been 
associated with malignancy, and it has been pos-
tulated that CLIPPERS represents a premalignant 
state [85–89]. While likely that CLIPPERS rep-
resents a spectrum of entities, it is clear that long-
term follow-up is necessary to determine the 
course of the disease as well as potential develop-
ment of other diseases.

�Conclusion

While rare, oncological disorders occur within 
the CNS with enough frequency to warrant con-
sideration when evaluating patients for potential 
inflammatory disease. Varied presentations and 
diagnostic uncertainty can complicate evaluation 
and treatment. However, conditions such as his-
tiocytic disorders, PCNSL, or CLIPPERS repre-
sent specific diseases with unique therapeutic 

strategies. As our understanding of these diseases 
evolves, outcomes are improving making early 
and accurate diagnosis imperative.
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Clinical Approach to Autoimmune 
Myelitis and Myelopathy

Cynthia Wang and Benjamin Greenberg

Patient Vignette 1
A 19-year-old young woman with no significant 
past medical history presents with 2  days of 
worsening bilateral leg weakness and gait insta-
bility. Magnetic resonance imaging (MRI) of the 
spine showed abnormal T2/fluid-attenuated 
inversion recovery (FLAIR) signal with patchy 
enhancement of the thoracic cord extending over 
4 vertebral segments and affecting both central 
gray and white matter. MRI of the brain was nor-
mal. Cerebrospinal fluid (CSF) studies revealed 6 
nucleated cells, normal protein, glucose, 0 oligo-
clonal bands, normal immunoglobulin G (IgG) 
index, and negative aquaporin-4(AQP4)/neuro-
myelitis optica (NMO) IgG. She was diagnosed 
with acute transverse myelitis and started on 
intravenous (IV) corticosteroids with marked 
improvement in her leg weakness. At her follow-
up appointment 2  months later, her gait has 
returned to normal, but she notes right eye pain 
and blurry vision. On exam, she has a right rela-
tive afferent pupillary defect and right optic nerve 
margins are indistinct. MRI of the brain demon-

strates right optic neuritis. Anti-myelin oligoden-
drocyte antibodies returned positive.

This case illustrates a possible clinical presen-
tation for transverse myelitis and how neuroim-
aging and laboratory studies help guide diagnosis. 
Features of the patient’s presentation that argue 
against multiple sclerosis (MS) include longitu-
dinally extensive spinal cord lesion, normal MRI 
brain, absence of oligoclonal bands, and normal 
IgG index. Neuromyelitis optica spectrum disor-
der (NMOSD) should be considered and can be 
assessed with very good sensitivity and specific-
ity through a cell-based assay for aquaporin-4 
antibodies. It is now also possible to test for 
myelin oligodendrocyte glycoprotein (MOG) 
antibodies, which often overlaps phenotypically 
with AQP-4 related NMOSD.  Idiopathic acute 
transverse myelitis is often diagnosed once the 
above etiologies have been excluded.

�Introduction

Autoimmune myelitis encompasses a heteroge-
neous set of clinical syndromes with differing 
etiologies and disease mechanisms. While 
inflammation can be present in infectious myeli-
tis and non-immune-mediated myelopathies, 
autoimmune myelitis refers to spinal cord injury 
resulting solely from a pathological immune 
response. In some cases, autoimmune myelitis 
can exist in isolation, sometimes called idiopathic 
or post-infectious acute transverse myelitis, or as 
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a manifestation of relapsing syndrome, such as 
multiple sclerosis (MS) or neuromyelitis optica 
spectrum disorder (NMOSD).

The initial approach to an individual presenting 
with myelopathic symptoms is to recognize the 
syndrome, confirm the diagnosis with laboratory 
and imaging studies, and provide timely treatments 
that reduce ongoing inflammation. Acute manage-
ment of the various forms of autoimmune myelitis 
is similar, but notably differs from infectious, meta-
bolic, compressive, and vascular myelopathies. 
Once autoimmune myelitis is established as the 
likely diagnosis, it is essential to evaluate for an 
underlying cause, particularly identifying relapsing 
immune-mediated conditions that require long-
term preventative treatment.

This chapter provides an overview of the cur-
rent understanding of autoimmune myelitis 
including the various etiologies, pathogenesis, 
clinical manifestations, diagnostic workup, dif-
ferential diagnosis, acute treatment, long-term 
management strategies, and prognosis. As auto-
immune myelitis has the potential to cause sig-
nificant motor, sensory, and autonomic deficits 
and enduring functional impairment, it is essen-
tial for clinicians to appropriately manage auto-
immune myelitis in order to improve outcomes 
for affected individuals.

�Pathology 
and Immunopathogenesis

Although clinical presentations of autoimmune 
myelitis overlap, the immunopathogenesis may 
be distinct depending on the underlying cause. 
Although myelitis has largely been conceptual-
ized as a demyelinating condition, multiple 
mechanisms may be present, affecting both white 
and gray matter, neuronal and glia function, and 
myelin and axonal integrity.

Histopathology of idiopathic transverse 
myelitis is not well characterized since biopsy 
specimens are rarely obtained. In aggressive 
forms of the disease associated with MRI appear-
ance of necrosis, spinal cord lesions can show 
gliosis, reactive lymphocytes, and demyelination 
[1, 2]. Focal infiltration by monocytes and lym-

phocytes into spinal cord and perivascular spaces, 
along with astrogial and microglial activation, 
has also been reported [3]. Several studies have 
examined CSF cytokine levels and identified ele-
vations in individuals with transverse myelitis, 
including interleukin-6 (IL-6) levels, which was 
associated with disease severity and subsequent 
disability [4, 5].

In neuromyelitis optica, aquaporin-4 immuno-
globulin G (AQP4-IgG) targets the dominant 
water channel protein in the central nervous sys-
tem, which is expressed on astrocyte foot pro-
cesses at the blood-brain barrier, subpial, and 
subependymal regions. These antibodies are 
known to be pathogenic, leading to antibody-
dependent cellular cytotoxicity. Pathology of 
these lesions demonstrates perivascular immuno-
globulin deposition and complement activation 
leading to AQP4 loss [6]. Myelin and neuronal 
damage occurs secondary to the primary astrocy-
topathy and immune activation [7].

In contrast, the pathological hallmark of mul-
tiple sclerosis is demyelination with variable 
preservation of axons. Histology of MS lesions 
demonstrates immunopathological heterogeneity 
including T-cell and/or antibody-mediated gliosis 
and inflammation, affecting both white and gray 
matter [8]. Intrathecal antibody production, as 
demonstrated by the presence of CSF-specific 
oligoclonal bands and elevated IgG index, is sup-
portive of a multiple sclerosis diagnosis [9, 10].

�Demographics, Clinical Features, 
and Epidemiology

Although idiopathic autoimmune myelitis is rela-
tively rare, it is difficult to quantify its incidence 
and prevalence as myelitis stems from various 
causes. Demographic features such as gender and 
age predilection also differ based on the underlying 
etiology. The relative contributions from idiopathic 
myelitis versus disease-associated myelitis are dif-
ficult to discern as previous studies have examined 
heterogeneous populations with varying length of 
follow-up. In one publication, 354 patients with 
transverse myelitis (TM) were studied with approx-
imately 64% of cases representing idiopathic TM 
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and 36% of cases representing disease-associated 
myelitis [11]. Other reports indicate a greater con-
tribution from secondary TM representing a major-
ity of cases (85–70%) [12, 13].

For idiopathic transverse myelitis, the incidence 
is estimated to be 1–8 per million people per year 
[14]. It can affect males and females and all ages 
and ethnic backgrounds without a strong bias for 
any group. Some reports indicate a bimodal age 
distribution with increased incidence in patients 
between 10–19 years and 30–39 years [15]. In chil-
dren, idiopathic myelitis has been more frequently 
reported in children under 5 and over 10 years [16, 
17]. In contrast, transverse myelitis as a part of 
multiple sclerosis typically affects women (female 
to male ratio of 1.4–2.3:1) women with mean age 
of onset of 28–31 years [18]. Myelitis as part of 
AQP4-IgG positive NMOSD tends to have an even 
more pronounced female predilection (female to 
male ratio of 5–10:1), with a mean age of onset of 
32–41 years [19, 20].

�Clinical Features

Myelopathies often manifest with common symp-
toms at onset regardless of etiology. Historically, 
acute transverse myelitis was defined to involve 
bilateral extremities and a clear sensory level by 
the Transverse Myelitis Consortium Working 
Group [16], but the disease can involve varying 
degrees of weakness and sensory change to the 
neck, trunk, and extremities depending on the 
location and extent of spinal cord inflammation. 
Motor symptoms often include a rapidly progres-
sive paraparesis or quadriparesis. Sensory symp-
toms can involve pain, numbness, and dysthesias/
paresthesias. In the acute setting, an individual 
may have flaccid tone and diminished reflexes, but 
spasticity usually develops over days to weeks in 
upper motor neuron-predominant immune-medi-
ated myelitis. Autonomic nervous system dysfunc-
tion occurs below the level of the lesion and can 
manifest as urinary and bowel incontinence and/or 
retention, and sexual dysfunction. The time course 
from symptom onset to nadir usually ranges from 
4 hours to 21 days [16], though a progression over 
several days is most typical.

�Diagnostic Approach

Since no single diagnostic test has perfect sensi-
tivity or specificity for immune-mediated myeli-
tis, a clinician must use clinical, radiographical, 
and laboratory studies to establish a diagnosis. At 
initial presentation, clinical findings may not be 
adequate to conclusively determine if symptoms 
localize to the central nervous system (CNS) or 
peripheral nervous system (PNS). Likewise, a 
clinical history may not be sufficient to deter-
mine if an acute myelopathy is related to 
inflammation.

In the acute setting, myelopathies can cause 
flaccid tone and diminished reflexes potentially 
leading to diagnostic confusion with Guillain-
Barré syndrome. However, features such as a 
sensory level or urinary retention/incontinence 
argue against a peripheral etiology. An acute to 
subacute time course of symptom onset can sup-
port an immune etiology. However, myelopathies 
with hyperacute or chronic presentations prompt 
consideration of alternative non-immune etiolo-
gies such as vascular and metabolic myelopa-
thies, respectively.

Regardless of suspected diagnosis, any pre-
sentations concerning for acute myelopathy 
should be treated as medical emergencies. 
Medical literature notes that compressive 
myelopathies lead to irreversible injury if not 
correctly managed, and at the bedside a clinician 
cannot determine a cause of a myelopathy, thus, 
urgent neuroimaging is indicated in all cases. 
CSF analysis is also critical in evaluating myelo-
pathic patients. However, inability to complete 
these studies should not delay empirical initiation 
of IV corticosteroids as these are unlikely to be 
contraindicated regardless of etiology [21].

�Diagnostic Workup

�Magnetic Resonance Imaging

The typical MRI characteristics of spinal cord 
usually demonstrate abnormal T2/FLAIR signal 
affecting one or more spinal segments often with 
associated edema. Idiopathic transverse myelitis 
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typically leads to central lesions affecting two-
thirds or more of the cross section of the cord, 
extends over more than two segments, and has 
predilection for the thoracic cord [22]. In con-
trast, MS-related myelitis is associated with par-
tial, dorsolateral lesions less than two segments 
in length. NMOSD is classically associated with 
long segment myelitis and may be associated 
with T1 hypointensity, cord enhancement, and 
cord expansion. Gadolinium contrast enhance-
ment may be present with inflammatory myelop-

athies. Obtaining complete spinal cord imaging 
is recommended as lower extremity weakness 
may still originate from the cervical spine. 
Children are more likely to have more longitudi-
nally extensive myelitis; thus, the extent of a 
lesion is not as useful in pediatric TM to differen-
tiate between idiopathic TM, MS, or AQP4-IgG 
or myelin oligodendrocyte glycoprotein (MOG) 
antibody syndromes [23]. Figures  27.1a–h and 
27.2a–f provide examples of typical MRI find-
ings in different forms of myelitis.

a b c

d

g h

e f

Fig. 27.1  Magnetic resonance imaging (MRI) T2 sagittal 
and axial images of patients with: (a, b) AQP4 IgG posi-
tive NMOSD, (c, d) MOG IgG positive myelitis, (e, f) 
acute flaccid myelitis (AFM), (g, h) neurosarcoidosis. 

Abbreviations: AQP4 aquaporin-4, IgG immunoglobulin 
G, NMOSD neuromyelitis optica spectrum disorder, 
MOG myelin oligodendrocyte glycoprotein
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�Cerebrospinal Fluid Analysis

CSF is abnormal in about 50% of the cases with 
lymphocytic pleocytosis, elevated protein, and 
typically normal glucose. The presence of 
unmatched oligoclonal bands in CSF compared 
to serum is suggestive of multiple sclerosis. In 
particular, one large meta-analysis found that 
detection of oligoclonal bands has a sensitivity of 
88% and specificity of 86% of identifying indi-
viduals with MS [9]. Anti-AQP4 IgG can be 
assessed in CSF, though this is slightly less sensi-
tive compared to serum testing.

�Serum Laboratory Testing

Anti-AQP4 IgG can be detected with excellent 
sensitivity and specificity in the serum. In one 
study aquaporin-4 antibody assays, enzyme-
linked immunosorbent assays (ELISAs) were 
found to have mean sensitivity and specificity of 

64% and 85.9% versus 75.7% and 99.8% for cell-
based assays [24]. Commercial testing for anti-
MOG antibodies through cell-based assays is also 
increasingly available. Paraneoplastic antibody 
panels may be useful, particularly screening for 
collapsing response-mediator protein-5 (CRMP-
5) and amphiphysin antibodies, which have been 
associated with myelitis [25, 26]. Rheumatologic 
workup including assessing for anti-nuclear anti-
bodies (ANAs), anti-Smith, anti-phospholipid 
antibodies, SS-A, and SS-B should be considered. 
Evaluating vitamin B12, copper, and vitamin E 
levels can identify nutritional/metabolic myelopa-
thies. 25-hydroxy vitamin D level is often low in 
the general population and is important to opti-
mize in autoimmune conditions such as MS in 
which higher levels of vitamin D may confer 
greater protection against relapses [27].

Concurrent acute illness and fever should 
prompt consideration of infectious myelitis, 
which may be related to direct injury from a 
pathogen. Infectious myelitis and parainfectious 

a

d e f

b c

Fig. 27.2  Magnetic resonance imaging (MRI) T2 sagittal and axial images of patients with: (a–c) idiopathic transverse 
myelitis, (d–f) multiple sclerosis
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myelitis have been reported with viruses such as 
West Nile virus (WNV), varicella zoster virus 
(VZV), herpes simplex virus (HSV), human 
T-lymphotropic virus (HTLV)-1, human immu-
nodeficiency virus (HIV), and Zika virus 
(although HTLV and HIV are associated with 
chronic progressive forms of myelopathy) [28]. 
Bacterial infections including mycoplasma, 
Lyme, syphilis, and Listeria monocytogenes have 
also been detected in association with myelitis 
[17]. However, infectious etiologies for myelitis 
are rare relative to immune-mediated causes, and 
corticosteroids have been used as adjunctive ther-
apy for some viral and bacterial infections of the 
CNS [29]. Thus, empiric therapy for suspected 
immune-mediated myelitis generally should not 
be delayed while investigating for infection.

�Other Studies

Additional imaging studies can be considered based 
on clinical suspicion. For instance, computed 
tomography (CT) of chest, abdomen, and pelvis 
should be obtained to evaluate for malignancy if 
there is concern for a paraneoplastic myelitis. Chest 
imaging to identify systemic sarcoidosis may 
include CT chest, gallium scan, and fluorodeoxy-
glucose (FDG)-positron emission tomography 
(PET) scan (chest X-ray has low sensitivity) [30]. 
Visual evoked potentials and optical coherence 
tomography (OCT) may establish past history of 
optic neuritis suggestive of MS or NMOSD.

�Acute Treatment

There have not been any large-scale prospective 
randomized clinical trials demonstrating the rela-
tive efficacy of acute treatments used for myelitis. 
Based on American Academy of Neurology 
(AAN) guidelines, only class IV evidence exists 
to support corticosteroid use. However, given lit-
tle risk of harm [31], steroids are generally admin-
istered if an inflammatory myelitis is a part of the 
differential diagnosis. High-dose IV corticoste-
roids are typically first-line treatments based on 
expert opinion and consensus. It is typically dosed 

at 1000  mg (1 gm) methylprednisilone daily or 
dexamethasone 200  mg daily for 3–5  days in 
adults and 30 mg/kg (up to 1000 mg) methylpred-
nisilone daily for same duration in children.

Therapeutic plasma exchange (PLEX) is an 
effective treatment for autoimmune myelitis, par-
ticularly those that are humorally mediated such 
as with AQP4 and MOG antibody syndromes. 
Case series in pediatric patients have identified 
PLEX as a safe and effective therapy [32]. This 
can be utilized concurrently with IV corticoste-
roids for severe relapses or following steroid-
unresponsive relapses. Indications for PLEX may 
include significant motor impairment/inability to 
ambulate and bilateral and/or severe vision loss. 
A typical course of treatment is 1.1–1.5 plasma 
volume exchanges every other day for 5–7 
sessions.

In one retrospective study, patients with idio-
pathic TM who were treated with corticoste-
roids plus PLEX had twice as much improvement 
on the Expanded Disability Status Scale (EDSS) 
compared to those treated with corticosteroids 
alone [33]. There is even stronger evidence and 
a rational approach to use PLEX for NMO IgG-
associated myelitis, given presumed mechanism 
of removing pathogenic antibodies and comple-
ment. In NMOSD patients, early initiation of 
PLEX appears to improve outcomes [34]. Thus, 
PLEX is often administered concurrently with 
IV corticosteroids in individuals with severe 
symptoms and prior attacks poorly responsive 
to corticosteroids [35–37]. Likewise, PLEX has 
been shown to be effective for MS-related 
myelitis as well, particularly in those with pat-
tern II lesions distinguished by prominent 
immunoglobulin deposition and complement 
activation [38].

Other acute therapies include intravenous 
immunoglobulin (IVIg), which has been with 
some success following poor response to cortico-
steroids, but it was not recommended based on 
AAN guidelines [39]. Intravenous cyclophospha-
mide given as a 800–1200 mg/m2 pulsed dose can 
also be quite effective, particularly in cases of 
severe, longitudinally extensive myelitis and 
myelitis secondary to connective tissue disorders 
such as systemic lupus erythematosus (SLE).

C. Wang and B. Greenberg



439

�Forms of Autoimmune Myelitis

Acute myelitis can be a consequence of recur-
rent demyelinating and systemic inflammatory 
conditions. Acquired central nervous system 
autoimmune syndromes include multiple scle-
rosis, neuromyelitis optica spectrum disorder 
associated with AQP4 antibodies, and MOG 
antibody-associated encephalomyelitis. Here 
we will review the most common forms of auto-
immune myelitis and some of the distinguish-
ing features of each. Table  27.1 presents 
characteristic MRI, CSF, and other findings in 
forms of autoimmune myelitis. Table  27.2 
reviews features of myelopathies in which 
inflammation is not the principal disease 
mechanism.

�Myelitis Secondary to Multiple 
Sclerosis

Up to 85% of individuals with multiple sclerosis 
have spinal cord involvement at some point in 
their disease, and 20–40% may experience myeli-
tis as their first clinical event [40]. Spinal cord 
lesions related to multiple sclerosis are typically 
short (1–2 vertebral segments) and involve only 
part of the cross section of the cord (typically 
dorsal). Sometimes multiple small lesions, or 
“skip lesions,” can take on a confluent appear-
ance, resembling NMOSD.  During the acute 
relapse, the degree of cord swelling is lower com-
pared to NMOSD.  Following myelitis, atrophy 
typically occurs at the affected locations giving a 
thin appearance to the spinal cord.

Table 27.1  Characteristic magnetic resonance imaging (MRI), cerebrospinal fluid (CSF), and other findings in forms 
of autoimmune myelitis

Diagnosis MRI spine features CSF features Other tests
Multiple sclerosis Oval-shaped lesions, predilection for 

cervical and posterior cord
Positive oligoclonal 
bands (OCBs), 
increased IgG index

MRI of the brain may show 
juxtacortical and 
periventricular lesions

Aquaporin-4 (AQP4) 
Ab NMOSD

Longitudinally extensive transverse 
myelitis (LETM)

OCBs rare, positive 
aquaporin-4 IgG

Positive serum AQP4 IgG

MOG Ab myelitis LETM, gray and white matter OCBs rare, IgG index 
may be elevated

Positive serum MOG IgG

Neurosarcoidosis LETM, favors cervical and thoracic 
cord, patchy and/or leptomeningeal 
enhancement, “Trident sign”

Lymphocytic 
pleocytosis, low 
glucose, OCB rare

Chest CT

Systemic lupus 
erythematosus

LETM, cord swelling, gray and 
white matter

Pleocytosis, OCBs rare ANA, dsDNA, anti-Smith 
antibodies

Idiopathic transverse 
myelitis

LETM, thoracic cord, affects 2/3 of 
cross section of cord

Increased protein, 
OCBs can be seen

Rule out infectious and 
other inflammatory causes 
of TM

Acute flaccid 
myelitis

Gray matter predominant, anterior 
horns, “owl’s eye”

Enterovirus PCR (rarely 
positive)

Respiratory enterovirus 
PCR

Abbreviations: IgG immunoglobulin G, NMOSD neuromyelitis optica spectrum disorder, MOG myelin oligodendrocyte 
glycoprotein, CT computed tomography, TM transverse myelitis, PCR polymerase chain reaction

Table 27.2  Causes of myelopathy

Diagnosis MRI spine features Other tests
Subacute combined degeneration Dorsal column and pyramidal tract involvement Vitamin B12, copper, vitamin 

E,
Tabes dorsalis (syphilitic 
myelopathy)

Dorsal columns, dorsal roots Treponemal antibody

Anterior spinal artery occlusion Abnormal signal in central spinal cord, no 
enhancement

Spinal angiogram, MR 
angiography

Compression/spondylotic “Pancake”-like gadolinium contrast 
enhancement

MRI, CT, CT myelogram

MR magnetic resonance, MRI magnetic resonance imaging, CT computed tomography
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In addition to the characteristics of the spinal 
cord imaging, brain imaging can also be very 
helpful in establishing a diagnosis of multiple 
sclerosis. Demonstration of two or more brain 
lesions in the typical periventricular, juxtacorti-
cal, and brainstem locations is highly suggestive 
for MS and provides evidence of disease dissemi-
nation in space. In addition, the presence of intra-
thecal immunoglobulin synthesis (elevated IgG 
index) and unique CSF oligoclonal bands (com-
pared to serum) provides additional support for 
multiple sclerosis [41]. With the 2017 revision of 
the McDonald criteria, oligoclonal bands serve as 
a surrogate for dissemination in time. Transverse 
myelitis can be considered in the broader cate-
gory of clinically isolated syndrome (CIS) when 
a person is suspected to have multiple sclerosis 
but has not met diagnostic criteria.

�Myelitis Secondary to Neuromyelitis 
Optica Associated with AQP4 
Antibodies

Prior to the discovery of the NMO IgG, neuromy-
elitis optica was chiefly distinguished from mul-
tiple sclerosis due to long segment spinal cord 
and optic nerve involvement with relative sparing 
of the brain. NMO-related myelitis is still typi-
cally regarded to involve three or more vertebral 
segments; however, shorter NMOSD lesions 
have been reported [42]. After its molecular tar-
get was identified as aquaporin-4, a number of 
other syndromes including brainstem and brain 
involvement are now accepted to be part of the 
NMO disease spectrum. Given the variability in 
phenotypes and high morbidity associated with 
the disease without treatment, testing all patients 
with history of transverse myelitis for anti-AQP4 
antibodies is recommended.

Radiographically, NMOSD myelitis manifests 
as a centrally located lesion that is hyperintense 
on T2/FLAIR sequences (Fig.  27.1a, b) and 
sometimes hypointense on T1 imaging in the 
most severely affected areas. The cervical spine 
and the thoracic spine are commonly involved. 
Within the brain, the dorsal medulla (area pos-
trema) and diencephalon are frequent targets of 

inflammation leading to clinical symptoms of 
persistent vomiting and hiccups, and hypother-
mia and hypersomnolence, respectively.

NMOSD relapses can be very debilitating and 
are often associated with poor recovery. In addi-
tion to corticosteroids, PLEX should be consid-
ered early in the acute setting for individuals with 
attacks leading to vision loss and motor impair-
ments. One clinical attack with positive anti-AQP4 
antibodies is sufficient to make the diagnosis of 
NMOSD and to initiate chronic immunosuppres-
sive treatment. Commonly used therapies include 
rituximab, mycophenolate mofetil, azathioprine, 
and prednisone; in retrospective studies, compar-
ing these drugs in NMO, rituximab was the most 
effective option, becoming the mainstay first-line 
therapy [43]. Although none of these treatments 
are approved by the US Food and Drug 
Administration (FDA); as of 2020, however, there 
are now three drugs with FDA approval in 
NMOSD including eculizumab, inebilizumab, and 
satralizumab (discussed in Chap. 17).

�Myelitis Secondary to Anti-Myelin 
Oligodendrocyte Glycoprotein (MOG) 
Syndrome

Our understanding of MOG antibody-related 
syndromes has advanced greatly in recent years. 
Historically, poor sensitivity and specificity of 
MOG assays led to doubt about the clinical rele-
vance of the antibodies. With improved cell-
based assay testing methods, researchers began 
to find anti-MOG seropositivity in pediatric pop-
ulations with histories of acute disseminated 
encephalomyelitis (ADEM), optic neuritis, and/
or transverse myelitis. Other syndromes includ-
ing confluent white matter abnormalities resem-
bling a leukodystrophy and cortical encephalitis 
with seizures have also been reported [44, 45].

As some of these individuals satisfy criteria 
for NMOSD and both are antibody-mediated, 
some groups consider MOG syndromes a type of 
seronegative NMOSD.  However, others argue 
that the molecular target, epidemiology, and clin-
ical syndromes are distinct and that MOG anti-
body disease should to be classified as a separate 
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entity from NMOSD [46]. In particular, MOG 
antibody disease differs from AQP4-associated 
disease in epidemiological features including 
younger age of onset, less predilection for the 
female sex, and higher frequency in Caucasian 
populations. MOG antibody disease also has a 
stronger association with optic neuritis, espe-
cially bilateral optic neuritis. Longitudinally 
extensive myelitis can occur with MOG antibody 
disease though it has a higher frequency of conus 
medullaris involvement compared to AQP4 
NMOSD and is less likely to result in cord necro-
sis and cavitation [47]. Presently, it is unclear to 
what extent MOG antibody diseases cause relaps-
ing demyelination, though persistence of MOG 
antibodies beyond 6–12  months is associated 
with increased risk of relapse [48].

�Myelitis Secondary to Systemic 
Inflammatory Disorders/Connective 
Tissue Disorders

Systemic inflammatory disorders including sys-
temic lupus erythematosus (SLE) and Sjögren’s 
syndrome have been associated with longitudi-
nally extensive transverse myelitis. In these situa-
tions, myelitis may represent co-existing presence 
of AQP-4 antibodies rather than being a direct 
result of the rheumatologic disorder [49]. However, 
SLE can be associated with a gray matter myelitis, 
which likely represents a distinct entity [50]. 
Treatments such as cyclophosphamide may confer 
distinct benefit in SLE-related myelitis [51].

�Myelitis Secondary to Sarcoidosis

Only 5–10% of individuals with sarcoidosis pres-
ent with neurological dysfunction, and even a 
smaller portion develop isolated myelitis. In con-
trast to other inflammatory myelopathies, myelitis 
secondary to sarcoidosis typically has a more 
indolent course. Distinguishing neurological fea-
tures include cranial nerve involvement and men-
ingeal enhancement. In particular, central canal 
and dorsal-subpial enhancement on MRI, the so-
called “trident sign,” has been reported to be a 

sensitive finding for neurosarcoidosis [52, 53]. 
Neurosarcoidosis is further discussed in Chap. 23.

�Idiopathic Transverse Myelitis

The diagnosis of idiopathic transverse myelitis is 
made when no definitive etiology is identified 
despite an appropriate and thorough investigation. 
It is hypothesized to be a parainfectious or postin-
fectious immune reaction as there is a history of a 
recent respiratory, gastrointestinal illness in 
30–60% of cases [54]. It is regarded as a mono-
phasic autoimmune process and only 10–30% of 
individuals go on to develop multiple sclerosis in 
the absence of brain lesions and intrathecal unique 
oligoclonal bands [41]. Interestingly, in a study of 
patients evaluated at the Mayo Clinic who had 
prior diagnosis of idiopathic TM, an alternative 
specific myelopathy diagnosis was found in 
69.9% of 226 patients. Clinically isolated syn-
drome/multiple sclerosis and vascular myelopa-
thy represented the two most commonly identified 
etiologies [55]. Although idiopathic TM is not 
considered to be heritable, one report of two sis-
ters with monophasic TM and a shared rare mis-
sense mutation affecting endosomal sorting 
complex protein suggests the existence of genetic 
susceptibility [56].

Myelitis of unknown etiology accompanied 
by multifocal brain lesions and encephalopathy is 
consistent with acute disseminated encephalo-
myelitis (ADEM). With increasing availability of 
commercial anti-MOG antibody testing, future 
studies may be able to delineate the frequency of 
anti-MOG seropositivity in this population.

�Acute Flaccid Myelitis

Although not considered to be an autoimmune 
myelitis, acute flaccid myelitis (AFM) is an 
increasingly recognized syndrome in children 
presenting with flaccid weakness. Increased inci-
dence of the disease was observed in summer and 
fall of 2014 and 2016, coinciding temporally and 
geographically with a rise in enterovirus infec-
tions. Children typically present following a viral 
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respiratory illness with rapidly progressive, often 
asymmetric, flaccid weakness. Sensation and 
bowel and bladder function are relatively pre-
served. Radiographically, it corresponds to 
hyperintense signal in the central gray matter of 
the spinal cord, particularly the anterior horns 
and sometimes the brainstem, involving cranial 
nerve nuclei [57].

Although its clinical and radiological pheno-
type is similar to poliomyelitis, the etiology for 
AFM is believed to be enterovirus D68 as this 
infection was confirmed in a portion of AFM 
cases from nasopharyngeal specimens. CSF is 
almost universally negative for pathogens, nota-
bly enterovirus polymerase chain reaction (PCR). 
Enterovirus A71 has also been implicated in 
other cohorts of AFM patients [58]. Further pro-
spective epidemiological studies are needed to 
establish a causal relationship between specific 
enterovirus subtypes and AFM [59].

Motor recovery from AFM is slower and less 
complete compared to autoimmune myelitis. 
While all individuals in a Colorado cohort dem-
onstrated functional gains, the majority of chil-
dren continued to have persistent motor deficits 
at 1 year [60]. There is no known specific treat-
ment for AFM, and differing paradigms of inter-
vention have been controversial. To date, there is 
no specific contraindication to immunotherapy, 
but its use has not been recommended by some 
public health practitioners out of concern for 
worsening underlying infections.

Patient Vignette 2
A 24-year-old man develops headache, nausea, 
and vomiting after weight lifting. Within 20 min-
utes, he also notices bilateral leg weakness and 
numbness. Emergency Medical Services (EMS) 
is contacted and brings him to an emergency 
department for evaluation. While undergoing CT 
head, he has urinary incontinence and develops 
weakness and numbness in his arms. He exhibits 
respiratory distress with hypercarbia and is intu-
bated for airway protection 2 hours after the onset 
of symptoms. MRI of the spine shows abnormal 
T2/FLAIR signal from C2 to 5 without enhance-
ment, affecting primarily the anterior spinal cord 
gray matter. MRI of the brain shows a few punc-

tate areas of abnormal T2/FLAIR signal, which 
restrict diffusion. CSF studies demonstrate nor-
mal indices with two nucleated cells and protein 
42 mg/dL. He is started on IV corticosteroids due 
to concern for acute disseminated encephalomy-
elitis but has no improvement with the treatment. 
Infectious testing is negative for West Nile Virus 
and enterovirus. He undergoes a spinal angio-
gram that reveals irregularity in the lumen of the 
vertebral arteries.

Vascular myelopathies and autoimmune 
myelitis can present similarly and can be chal-
lenging to differentiate. However, the timing 
from symptom onset to nadir of weakness can be 
helpful in distinguishing these etiologies. In par-
ticular, vascular myelopathies can have a hyper-
acute progression versus the acute/subacute 
pattern of immune-mediated and inflammatory 
myelitis. Other features of the case that argue 
against autoimmune myelitis include non-
inflammatory CSF, pattern of spinal cord involve-
ment (i.e., anterior spinal cord), and lack of 
improvement with immunotherapy. Treatments 
for acute transverse myelitis such as corticoste-
roids and IVIg often do harm or improve vascular 
myelopathies, while therapeutic plasma exchange 
can potentially lead to worsening of symptoms 
due to fluctuations in blood pressure and spinal 
cord perfusion. Acute flaccid myelitis is an alter-
nate consideration with spinal cord involvement 
largely restricted to anterior horns and central 
gray matter of spinal cord. Cases have primarily 
been reported in children during late summer-fall 
season. There is no acute therapy that has been 
proven to be beneficial for this condition, which 
is thought to be related to direct viral injury of 
spinal cord.

�Prognosis/Long-Term Management

To date, there have been no published large natu-
ral history studies of idiopathic transverse myeli-
tis. Although most individuals who experience 
myelitis have some degree of recovery, up to 40% 
have residual deficits that interfere with activities 
of daily living and impact quality of life [61]. The 
rate of improvement is typically most marked in 
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the first 3–6 months following the onset of symp-
toms and continues with rehabilitation therapy 
over many years. Poor outcomes are associated 
with rapid onset of symptoms and complete para-
plegia with spinal shock. Recurrence of TM is 
associated with systemic autoimmune diseases, 
and it is rare for people with idiopathic TM to 
have another inflammatory episode.

For patients determined to have myelitis sec-
ondary to an autoimmune condition, chronic 
immunomodulatory therapy should be consid-
ered to minimize the risk of recurrent disease. 
Given the severity and poor recovery from 
NMOSD-related attacks and uniformly relapsing 
disease course, identification of anti-AQP4 anti-
bodies or clinical attack meeting Wingerchuk 
diagnostic criteria for NMOSD should prompt 
initiation of therapies. Commonly used, though 
not FDA-approved treatments, include rituximab, 
mycophenolate mofetil, or azathioprine [20]. A 
growing armamentarium of multiple sclerosis 
drugs with varying routes of administration, effi-
cacy, and safety profiles are available. Anti-tumor 
necrosis factor (TNF) alpha antagonists and 
mycophenolate mofetil can be effective in sar-
coidosis [62].

�Conclusion and Future Directions

Our understanding of the etiologies of myelitis 
has grown significantly in recent decades with 
discoveries of the molecular targets of autoim-
munity in a subset of patients. What was previ-
ously regarded as a demyelinating process is 
now known to involve varying degrees of white 
and gray matter involvement depending on 
underlying pathobiology. Research targeted at 
understanding mechanisms of autoimmune 
myelopathies will lead to improvements in the 
future treatment of individuals afflicted with 
these diseases. Furthermore, small-molecule-
based, monoclonal-antibody-based, and cell-
based therapies to repair damage within the 
spinal cord are underway and hold promise for 
improving outcomes in patients [63–65].
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Clinical Approach to Autoimmune 
and Inflammatory Ophthalmologic 
Disease

Megan Esch and Shiv Saidha

Patient Vignette
A 22-year-old Caucasian female presents with a 
5-day history of dull pain behind the left eye, par-
ticularly worse with movement. She reports a 
“fog” covering the central vision. Her visual acu-
ity (VA) is 20/20 in the right eye, 20/60 in the left 
eye. The fundoscopic exam is unremarkable, but 
swinging flashlight testing demonstrates para-
doxical dilation of left pupil on direct application 
of light (relative afferent pupillary defect, 
RAPD). She completes 12/12 Ishihara color 
plates correctly in the right eye and 9/12  in the 
left eye.

A magnetic resonance imaging (MRI) scan of 
the brain and orbits is shown in Fig. 28.1. Post-
contrast coronal and axial views demonstrate a 
short segment, enhancing lesion anterior to the 
chiasm of the left optic nerve (arrows). There 
were at least two additional enhancing brain 
lesions seen (*) and at least three non-enhancing 
T2 hyperintense lesions with morphology and 
characteristics, including location, consistent 
with demyelinating disease.

She received 3 days of intravenous (IV) meth-
ylprednisolone with complete recovery of vision 
1  week following onset. At follow-up visit 

12 weeks later, although her VA had improved to 
20/30  in the left eye, color deficits persisted. 
Optical coherence tomography (OCT) is com-
pleted at that time (Fig.  28.2). This spectral-
domain OCT demonstrates mild retinal nerve 
fiber layer (RNFL) thinning in the clinically 
unaffected right eye (mean thickness: 80 um), 
and marked RNFL thinning in the left eye (mean 
thickness: 58 um), with predominant involve-
ment of the temporal RNFL quadrant. This case 
represents a typical course of inflammatory, 
demyelinating acute optic neuritis (AON) as fre-
quently occurs during the course of multiple scle-
rosis (MS). There was fast, nearly complete 
recovery of visual acuity following a short course 
of steroids, although with subtle persistent defi-
cits in color vision.

�Introduction

In discussion of immunological disorders of the 
central nervous system (CNS), special consider-
ation of ophthalmologic dysfunction and the 
anterior visual system is warranted. Affliction of 
the afferent visual system, in particular acute 
optic neuritis (AON), is commonly seen in mul-
tiple sclerosis (MS) and other inflammatory auto-
immune conditions. AON is an inflammatory 
condition of the optic nerve and is often consid-
ered a “forme fruste” of MS. The clinical presen-
tation of AON is variable, though most commonly 
involves pain and impairment or loss of vision in 
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the affected eye. Severity, duration, and resolu-
tion of symptoms depend on underlying disease 
pathology. In the Western world, AON is most 
commonly seen in the setting of demyelinating 
conditions such as MS. The spectrum of condi-
tions associated with AON, however, is broad and 
includes non-MS autoimmune and demyelinat-
ing diseases, infections, granulomatous disease, 
paraneoplastic processes, and rarely, hereditary 
diseases. Identifying potential “red-flags” or 

atypical features of AON is important in the con-
sideration of alternative diagnoses to MS as the 
underlying mechanism. While diagnosis of AON 
is primarily clinical, utilization of magnetic reso-
nance imaging (MRI) and electrophysiological 
studies has historically aided AON diagnosis. 
Utilization of more advanced imaging tech-
niques, such as optical coherence tomography 
(OCT), has allowed for more specific analyses 
and monitoring of axonal and neuronal degenera-

a b

Fig. 28.1  Magnetic resonance imaging (MRI): T1 post-
contrast coronal (a) and axial (b) scans demonstrate a 
short segment, enhancing lesion anterior to the optic chi-
asm within the left optic nerve (arrows). There were two 

additional enhancing lesions (*) and at least three non-
enhancing T2 hyperintense lesions (not shown) with mor-
phology and characteristics, including location, consistent 
with demyelinating disease

Fig. 28.2  Optical coherence tomography (OCT): This 
spectral-domain OCT demonstrates borderline reduction 
in average retinal nerve fiber layer (RNFL) thickness in 
the clinically unaffected right eye (mean thickness: 80 
um), potentially representing subclinical optical neuropa-

thy, and marked reduction (<1st percentile) in average 
RNFL thickness in the left eye (mean thickness: 58 um), 
with predominant involvement of the temporal RNFL 
quadrant, consistent with prior optic neuritis
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tion following AON.  The treatment of classic 
demyelinating, including idiopathic, forms of 
AON has primarily focused on the use of cortico-
steroids, although this approach may not actually 
be supported by evidence. Recovery from AON is 
largely dependent on the severity and underlying 
pathology of the AON. Potential neuroprotective 
and remyelinating strategies (in MS) are in 
development, and clinical trials are ongoing. In 
this chapter, we aim to address the most common 
clinical symptomatology associated with inflam-
matory and immunological features of the affer-
ent visual system, notable features on imaging 
and ancillary testing that may aid in the diagnosis 
of these disorders, as well as current and poten-
tial future treatment options.

�Epidemiology

The worldwide incidence of unilateral AON is 
between 0.94 [1] and 2.18 per 100,000 persons 
per year. The rates of AON are similar across 
geographically distinct populations; per 100,000 
rates are reported as 1.6  in Japan, [2], 1.6  in 
Croatia [3], 1 in the United Kingdom (UK) [4], 
and 1.46 in Sweden [5], although one study in the 
United States (US) found the incidence of AON 
to be as high as 5 per 100,000 [6]. Women of 
northern European ancestry have up to a three-
fold higher incidence of AON than men [1, 5]. 
Similar risk factors exist for AON as multiple 
sclerosis. Seasonal variances demonstrate AON 
is most likely to occur during Spring [5, 7] and at 
higher latitudes [8]. There is suggestion of a 
genetic predisposition in patients who have had 
infectious mononucleosis with high titers of 
Epstein–Barr virus and positive HLA-DRB1*1501 
status [9].

While the incidence of unilateral AON is simi-
lar across ethnicities [10], the clinical character-
istics of AON among populations may differ. 
AON in Asian populations tends to have a lower 
association with MS (6%), than in Caucasian 
populations [2], and a higher incidence of bilat-
eral or recurrent presentation. African American 
populations tend to present with a more severe 
form of AON at onset and may experience poorer 

recovery than their Caucasian American counter-
parts [11]. The global incidence of AON is 
1–5/100,000 persons per year. There is a three-
fold predilection for women than men. Underlying 
diseases associated with AON differ globally.

�Clinical Presentation 
and Evaluation of AON

The Optic Neuritis Study Group contributed to 
the fundamental understanding of clinical pre-
sentation and treatment of AON through the 
large, randomized, placebo-controlled Optic 
Neuritis Treatment Trial (ONTT) conducted in 
the 1990s [12].

The classic presentation of AON is subacute, 
painful, monocular loss of vision. Pain in this dis-
order is typically described as dull or aching, 
located behind the eye or temporally, and may be 
confused initially with headache. More than 90% 
of patients enrolled in the ONTT presented with 
ocular pain with eye movement. Periocular pain 
is seen most commonly in patients with retrobul-
bar involvement of the optic nerve; anterior optic 
nerve involvement is less frequently associated 
with painful symptoms and predicts a favorable 
prognosis regarding the final risk of developing 
MS. Lesions of the optic chiasm are more likely 
to present with painless bitemporal hemianopia. 
Pain in AON is thought to be due to irritation of 
the inflamed nerve with the tension of motion. 
The duration of painful symptoms is often for 
just a few days and may precede, or develop con-
currently, with visual loss. Visual dysfunction 
may last for weeks at a time, typically reaching 
peak symptoms at about 2 weeks post-onset [12]. 
The visual loss is often reported as a “blurring” 
or “fog” over the affected eye, and only in very 
severe cases will patients experience complete 
loss of vision with just retention of light or 
motion perception. Typically, there is central (or 
centrocecal) vision impairment, although arcuate 
defects, hemianopsias, and global visual distor-
tion can occur. The severity of visual loss on 
high-contrast visual acuity (HCVA) examination 
is variable. Two-thirds of patients in the ONTT 
demonstrated HCVA worse than 20/40, with half 
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of those patients demonstrating HCVA worse 
than 20/200 [13]. Abnormalities in color percep-
tion, dyschromatopsias, are also described: 
patients report “faded” or “dim” colors, particu-
larly of the red–green spectrum. While 35% of 
patients demonstrate HCVA better than 20/40 at 
diagnosis, 88% of patients show abnormalities of 
color vision as measured by Ishihara plates [13]. 
Ishihara plates are pseudoisochromatic colored 
plates containing different-sized and colored 
dots. The dots are configured to showcase a num-
ber that is easily depicted by patients with normal 
red–green color vision, but with difficulty (or not 
at all) by those with color vision deficits. Notably, 
shift in color defects may be seen as AON 
evolves; in the acute phase, blue/yellow defects 
may predominate, while red–green color defects 
might persist more chronically following AON 
[14]. Patients may also report positive visual phe-
nomena (phosphenes) with eye movement or 
auditory stimuli; these are known as Moore’s 
lightning streaks and may even present following 
recovery of visual acuity. A visual illusion by 
which objects in linear motion are perceived as 
following an ellipsoid trajectory is known as the 
Pulfrich phenomenon and is likely related to 
inter-eye asymmetries in depth perception; this 
effect may be ameliorated by placing neutral eye 
filters over the unaffected eye [15]. Pain is a pre-
senting feature of AON in approximately 90% of 
patients. Vision loss tends to be central. 
Associated symptoms include color vision loss 
and visual field defects; these abnormalities can 
persist indefinitely beyond recovery of HCVA.

Abnormalities of visual dysfunction may be 
seen disproportionate to loss/recovery of 
HCVA. Although 1 year following AON, 90% of 
patients recover to an HCVA of 20/40 or better, 
regardless of treatment group, abnormalities of 
contrast visual acuity, color vision, and visual 
field deficits persist [16–18]. Low-contrast vision 
(contrast sensitivity) and low-contrast letter acu-
ity (LCLA) have been shown to be more sensitive 
measures of visual dysfunction in optic neuropa-
thy than HCVA [19–21]. Contrast sensitivity mea-
sures the perception of progressively dimming 
shades of same-sized gray letters on a retrolumi-
nated background, while LCLA utilizes the same 
shade of light gray letter becoming progressively 

smaller on the light background of a Sloan chart 
[22]. Sloan charts alter the degree of contrast so 
that eyes are tested as high as 100%-contrast on a 
lit background, and as low as 1.25%-contrast. At a 
contrast of 1.25%, the “lightest” shade of gray, 
letters reflect only 1.25%-contrast as compared to 
the background. Sabadia et al. [23] demonstrated 
that even with average binocular HCVA scores of 
20/20  in patients with prior monocular AON, as 
compared to healthy controls, LCLA is reduced 
by as much as 45% on 1.25% Sloan charts. These 
are not used as measurements of visual dysfunc-
tion in the typical office setting, but may provide 
more information regarding the degree of visual 
loss in patients who have experienced prior clini-
cal or subclinical optic neuropathies. Six months 
post-AON, rates of abnormal contrast sensitivity 
exceed abnormalities of HCVA by more than dou-
ble [24]. These persistent changes are associated 
with reductions in quality of life in MS patients 
and have important implications in overall health-
related quality of life measures [25–27].

Importantly for the clinician, initial fundo-
scopic examination may be normal (normal in 
64% of patients with AON). Pallor of the optic 
disk may take weeks to months to develop and is 
not typically seen in the acute phase (Fig. 28.3). 
A relative afferent pupillary defect (RAPD) is 
usually observed in the affected eye and is often 
present in most patients from onset; this can be 
elicited by swinging a light between the pupils of 
affected and unaffected eyes and observing 
reduction of constriction, or frank dilation, of the 
affected pupil. Absence of an RAPD may indi-
cate an alternative mechanism than AON for 
vision loss, including retinal diseases or, alterna-
tively, bilateral optic nerve pathology. Optic disk 
swelling (papillitis) on fundoscopic exam is seen 
in only 35% of AON cases [12]. If swelling, reti-
nal hemorrhages, or exudates are seen acutely, 
this should prompt consideration of an alternative 
diagnosis. Fundoscopic exam is normal in 64% 
of patients with AON. RAPD is present in most 
patients from onset, although it may resolve after 
the acute phase. Presence of optic disk swelling 
on initial exam should prompt consideration of 
an alternative diagnosis.

Lumbar puncture may be performed in 
patients who have imaging findings that are sus-
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picious for MS or if the etiology of AON is 
unclear. Cerebrospinal fluid (CSF) profile may 
assist with differentiation of inflammatory, 
infectious, or paraneoplastic causes of optic neu-
ropathy from potentially demyelinating etiolo-
gies. While the cellular profile of CSF is normal 
in 77% of patients with MS, mild CSF pleocyto-
sis (<50 cell/uL) and elevated protein (<1.1 g/L) 
may be seen. Significant pleocytosis or protein 
elevation and hypoglycorrhachia suggest alterna-
tive inflammatory or infectious etiologies. 
Oligoclonal bands unique to the CSF may sup-
port a diagnosis of MS; these are present in 
approximately 88% of MS patients and demon-
strate sensitivities of around 95% and specifici-
ties of around 86% [28]. The presence of identical 
or “mirror” CSF and serum bands may alterna-
tively support a systemic autoimmune disorder. 
As with any ancillary testing, the clinical profile 
must corroborate the laboratory findings; the low 
positive predictive value of oligoclonal bands 
may prompt consideration of an alternative auto-
immune, infectious, neoplastic, or vascular disor-
der in the correct clinical setting.

�Treatment of Optic Neuritis

�Corticosteroids

The ONTT demonstrated the efficacy of intrave-
nous (IV) corticosteroids in hastening improve-
ment in visual function following AON. Doses of 

1 gram (g) of IV methylprednisolone for 3 days, 
given within 15  days of onset of symptoms, 
improved visual outcomes compared to placebo 
and low-dose oral prednisone at 15  days post-
administration. This effect persisted at 6 months 
only for color vision and contrast sensitivity, but 
significance waned thereafter, and had disap-
peared by 1-year post-steroids [16, 17, 29]. The 
improvement was most robustly seen in patients 
with worse degrees of visual impairment as 
determined by HCVA, contrast acuity, color 
vision, and visual field testing. The ONTT find-
ings suggest that patients with HCVA better than 
20/40 may not benefit as significantly from IV 
steroids, while those with worse HCVA from 
onset (20/50 or worse) have higher likelihood of 
benefit. Further, while IV corticosteroids reduced 
the risk of development of MS for 2 years post-
ON event, steroid administration did not change 
ultimate risk of developing MS.

The utility of oral corticosteroids in the treat-
ment of ON has been even further debated. The 
ONTT found that low doses of oral prednisone 
compared to IV methylprednisolone and placebo 
were not only ineffective but also potentially 
increased the risk of further episodes of 
AON. More recent literature has suggested that 
treatment with bioequivalent dosing of oral pred-
nisone (1250  mg) is not significantly different 
than treatment with 1  g IV methylprednisolone 
with regard to HCVA, LCLA, and P100 latency 
on visual evoked potential (VEP) [30] outcomes. 
Thus, high-dose oral corticosteroid administra-

a b

Fig. 28.3  Fundus photography is seen demonstrating the 
left optic disk. A normal left optic disk with normal cup-
to-disk ratio (0.4) and crisp optic disk margins are seen in 

(a). (b) Twelve weeks following acute optic neuritis, the 
patient has developed significant pallor of the left optic 
disk
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tion may be a suitable alternative treatment in 
some patients. High-dose IV corticosteroids has-
ten visual recovery from AON when administered 
early; however, ultimate visual outcomes are 
unaffected by steroid administration. Low-dose 
oral corticosteroids might increase the risk of fur-
ther AON.  However, bioequivalent high-dose 
oral corticosteroids seem to be equivalent to IV 
corticosteroids.

�Intravenous Immunoglobulins 
and Plasma Exchange

There is a paucity of literature regarding the util-
ity of nonsteroidal treatments in refractory cases 
of AON.

Intravenous immunoglobulin (IVIg) therapy is 
not felt to be beneficial in the treatment of steroid-
refractory AON.  Two early trials demonstrated 
no efficacy in improvement of residual visual 
deficits from prior AON. One trial demonstrated 
no improvement in chronic post-AON visual def-
icits upon administration of IVIg compared with 
placebo; the average time to receive IVIg was 
4 years post-AON [31]. A second study demon-
strated that patients who received IVIg within 
4  weeks of symptom onset demonstrated no 
improvement in visual outcomes at 6  months 
compared to placebo, and there were similarly no 
differences in number of new or enhancing 
lesions on MRI, nor were there clinical relapses 
between groups [32]. A small, non-randomized 
prospective study of patients with AON who 
demonstrated HCVA of 20/400 or worse follow-
ing treatment with corticosteroids, who then 
received IVIg, demonstrated significant improve-
ment compared to patients who received cortico-
steroids alone [33]. No large, randomized 
controlled trial has been completed to validate 
this.

Plasma exchange (PLEX) might be useful in 
steroid-refractory cases of severe (VA 20/200 or 
worse) AON.  However, no large, randomized, 
placebo-controlled trials of plasmapheresis in 
steroid-refractory AON currently exist. In an 
analysis of pooled data from four studies of 39 
affected eyes with severe AON (<20/200), those 

patients who received PLEX early (median of 
19  days post attack) demonstrated significant 
improvement of HCVA; the effect increased the 
earlier the treatment was given [34]. The latter 
finding is consistent with a previous study dem-
onstrating the benefit of early administration of 
PLEX in improving steroid-refractory demyelin-
ating central nervous system (CNS) deficits [35]. 
Additional case series have demonstrated similar 
benefits. A study of 41 affected eyes treated ini-
tially with corticosteroids, with residual HCVA 
of 20/200 or worse, received plasmapheresis; 
56% of PLEX-treated patients demonstrated 
improvement to 20/40 or better [36]. In a study of 
23 patients refractory to two rounds of IV corti-
costeroids treated subsequently with PLEX, 70% 
improved to HCVA of 20/50 or better [37]. 
Finally, an observational study of neuromyelitis 
optica (NMO) patients with AON compared out-
comes of patients treated with corticosteroids 
alone (n  =  36) to those treated with corticoste-
roids followed by PLEX (n = 16). Both groups 
demonstrated mean baseline HCVA of 20/400; 
those who received sequential corticosteroid and 
plasmapheresis treatment demonstrated mean 
final HCVA of 20/50, with 75% of those treated 
with PLEX demonstrating HCVA better than 
20/40 (compared to only 39% of those treated 
with corticosteroids alone) [38].

Thus, while corticosteroids remain the recom-
mended first-line treatment for AON, severe 
refractory cases (20/200 or worse) beyond 
2–3 weeks following treatment may benefit from 
PLEX as second-line therapy. Steroid-refractory 
AON and severe visual loss (VA 20/200 or worse) 
may benefit from treatment with PLEX as 
second-line therapy.

�Causes of AON

�Multiple Sclerosis

AON occurs in up to 70% of MS patients at some 
point during their disease course and is the initial 
manifestation of MS in approximately 25% of 
cases [39]. In the ONTT, the overall probability 
of developing MS at 15 years following a single 
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episode of AON was approximately 50%. This 
rate was higher (72%) in patients who had at least 
one brain MRI lesion consistent with 
demyelination at initial presentation, and lower 
(25%) in patients who demonstrated no brain 
lesions on baseline brain MRI. In the latter group, 
the risk of developing MS was highest in females 
and twice as likely in patients who demonstrated 
retrobulbar AON as opposed to those with ante-
rior segment involvement. Lower risk of develop-
ing MS was associated with atypical features at 
onset, including severe papillitis, peripapillary 
hemorrhages or retinal exudates, significant light 
vision loss, and absence of periocular pain [29]. 
The frequency of abnormal white matter lesions 
on brain MRI at the time of AON presentation 
varies globally, with the lowest rates found in 
Japan (14%) [2] and highest rates found in the 
UK (77%) [40], underscoring the fact that while 
AON may be closely related to the future diagno-
sis of clinically definite MS (CDMS) in the 
Western world, this may not uniformly be the 
case across geographic regions. The ONTT dem-
onstrated that while treatment with corticoste-
roids hastened AON symptom recovery, overall 
prognosis in terms of future conversion to MS 
was not significantly affected by the administra-
tion of steroids.

The importance of identifying and appropri-
ately treating patients at high risk for developing 
CDMS following a single attack of AON has 
been previously elucidated. Early studies demon-
strate that offering interferon-beta treatment to 
high-risk patients (those with a single clinical 
demyelinating event with ≥2 demyelinating MRI 
lesions) reduces the probability of conversion to 
CDMS over a 3-year period by more than a third 
[41–43]. In the Controlled High-Risk Avonex in 
Multiple Sclerosis Prevention Study (CHAMPS), 
patients with a first clinical demyelinating event 
(AON and other presentations), who had received 
IV corticosteroids, either received interferon-
beta-1a intramuscularly once per week (Avonex) 
or placebo. At 3 years, the rate of conversion to 
CDMS was 35% in those patients who received 
interferon therapy, as compared to 50% in those 
who received placebo. A crossover-designed 
extension study used the same population of 

patients to determine whether delayed adminis-
tration of interferon therapy following prior pla-
cebo treatment conferred the same benefit. This 
CHAMPIONS (Controlled High-Risk Avonex in 
Multiple Sclerosis Prevention Study in Ongoing 
Neurologic Surveillance) trial demonstrated that 
those patients who had crossed over from pla-
cebo to interferon therapy 2–3  years following 
enrollment had a higher probability of develop-
ing CDMS (35%) relative to those who had been 
on interferon therapy since the initiation of the 
original CHAMPS study (21%) 5 years follow-
ing first clinical presentation [44]. These studies 
also demonstrated a reduction in volume and 
accumulation of T2-weighted lesions, as well as 
number of post-gadolinium enhancing lesions on 
MRI, in favor of treatment with a disease-
modifying therapy relative to placebo [41–43].

�Alternative Diagnoses
Features of atypical vision loss should prompt 
investigation into alternative etiologies beyond 
MS. The presence of bilateral (either simultane-
ous or rapidly sequential) AON, severe visual 
loss refractory to corticosteroids and/or without 
significant improvement within 2–3  weeks, 
recurrent bouts of unilateral or bilateral AON, 
and/or significant disk edema or hemorrhages 
may indicate an alternative pathology to 
MS. Table 28.1 provides a list of conditions that 
can cause optic neuropathy, as well as a summary 
of their clinical, imaging, and laboratory 
features.

�Neuromyelitis Optica (NMO)

NMO is an inflammatory demyelinating condi-
tion, associated classically with severe bouts of 
AON and longitudinally extensive transverse 
myelitis (three or more vertebral segments in 
length) [45]. NMO is discussed further in Chap. 
15. AON associated with NMO may be refractory 
to steroids and subsequently require PLEX [46]. 
In patients with isolated AON (i.e., lacking brain, 
brainstem, or spinal cord pathology), one study 
demonstrated that 56% of patients were seroposi-
tive for anti-aquaporin 4 (AQP4) antibodies [47]. 
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Table 28.1  Differential diagnosis of acute optic neuropathy

Important clinical features
Common imaging 
features Laboratory/CSF studies

Inflammatory
Idiopathic Single episode of optic neuritis Normal MRI of brain –
Multiple sclerosis Often unilateral, centrocecal 

defects, periocular pain in up 
to 90%

Classic multifocal 
periventricular and 
juxtacortical 
demyelinating lesions

Normal cellular profile in 
77%
Oligoclonal bands present in 
about 88%

Neuromyelitis optica 
(NMO)

Severe optic neuritis, often 
bilateral or sequential
Longitudinally extensive 
transverse myelitis (LETM) or 
classic “brainstem” syndrome

Posterior optic nerve, 
chiasmal involvement
If LETM ≥ 3 segment 
spinal cord lesion
Non-specific deep white 
matter lesions

Serum anti-aquaporin 4 
antibody
May see inflammatory CSF 
(pleiocytosis, elevated 
protein)
Oligoclonal bands typically 
absent (<25%)

MRI Brain may 
demonstrate non-specific 
deep white matter 
lesions

Serum anti-MOG antibody
May see inflammatory CSF 
(pleiocytosis, elevated 
protein)
Oligoclonal bands typically 
absent (<13%)

Myelin oligodendrocyte 
glycoprotein (MOG)

Steroid responsive, recurrent 
bouts of optic neuritis
May experience myelitis, 
brainstem, or cerebellar 
encephalitis

Chronic relapsing 
inflammatory optic 
neuropathy (CRION)

Steroid responsive, recurrent
No other neurologic features

Normal MRI of brain

Arteritic ischemic optic 
neuropathy (AION)

Acute onset unilateral vision 
loss associated with temporal 
headache, myalgias, jaw 
claudication

– High erythrocyte 
sedimentation rate (ESR)
Histopathology: panarteritis 
of the media layer of the 
vessel with CD4+ 
lymphocytes and 
macrophages

Sarcoidosis Progressive onset, painless 
(75%), bilateral (31%)
Co-occurrence of uveitis, 
vitriitis, scleritis (36%)

May involve optic 
chiasm or leptomeninges
Optic nerve sheath 
enhancement

Often CSF pleiocytosis
If present, oligoclonal bands 
in CSF may mirror systemic 
bands

Systemic lupus 
erythematosus
Sjögren’s syndrome
Rheumatoid arthritis
Wegener’s 
granulomatosis

Often present with multi-organ 
involvement
Consider co-incidence of 
NMO
May be precipitated by use of 
TNF-alpha inhibitors
Pulmonary or sinus 
involvement

Typically normal MRI 
brain

Antinuclear autoantibodies for 
associated disease

Infectious
Syphilis, HIV, 
tuberculosis

Identify risk factors, presence 
of other disease stigmata (e.g., 
chancre in syphilis)

– Serologic markers to 
infectious agent

Lyme disease, 
Bartonella henselae, 
toxoplasmosis

Identify exposure: tick bites, 
cats in home
Fundoscopy: severe optic disk 
swelling, neuroretinitis 
(macular star), hemorrhages, 
and exudates

– –
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The discovery of this highly specific antibody has 
enabled targeted immunosuppressive treatment 
for patients who suffer from this severely 
disabling disease. In 2014, the Neuromyelitis 
Optic Study Group (NEMOS) provided updated 
recommendations regarding first-, second-, and 
third-line immunosuppressive therapies in NMO 
[48]. The goal of treatment in NMO is immune 
suppression. Until 2019, no US Food and Drug 
Administration (FDA)-approved immune ther-
apy existed for the treatment of NMO. Ongoing 
studies have utilized biologics targeting the inter-
leukin-6 and complement-dependent pathways in 
NMO. A placebo-controlled, double-blind, phase 
3 trial utilizing eculizumab to target the 
complement-dependent pathway was completed 
in mid-2018, with the primary end point being 
time-to-first-attack following administration of 
drug. The results were overwhelmingly positive, 
with a relative risk reduction of time to first 
relapse of 94% in patients receiving eculizumab 

compared to those receiving placebo. Eculizumab 
was approved for use in patients with antibody-
positive NMO spectrum disorder (NMOSD) as of 
June 2019 [49]. The frequency of eculizumab 
dosing, in addition to the cost of the medication, 
may prove to be pitfalls in its future clinical use; 
as of now, it is only approved for use in AQP4-
antibody-positive patients. Two phase 3 trials of 
interleukin-6-targeting sartralizumab (SA237) as 
monotherapy (NCT02073279) or combined ther-
apy (NCT02028884) have completed enrollment. 
Early results of sartralizumab as monotherapy in 
patients with antibody-positive or antibody-
negative NMO demonstrated reduction in relapse 
rates of 79% in antibody-positive patients, and 
34% in antibody-negative patients, compared to 
placebo [50]. A third agent, inebilizumab, targets 
CD19-B cells and has been found to reduce risk 
of relapse by 77% compared to placebo [51]. As 
of this writing, rituximab, azathioprine, and 
mycophenolate mofetil remain the most com-

Table 28.1  (continued)

Important clinical features
Common imaging 
features Laboratory/CSF studies

Noninflammatory
Non-arteritic ischemic 
optic neuropathy 
(NAION)

Acute, painless, typically 
altitudinal vision loss

– –

Toxic and nutritional
Methanol poisoning Bilateral vision loss, painless

History of alcohol abuse, 
exposure

Putaminal T2 
hyperintensities

Anion gap metabolic acidosis

Vitamin B1, B12 Gradual, painless loss of 
vision, often bilateral

May have posterior-
spinal cord T2 
hyperintensities

Low serum levels B1, B12

Hereditary
Leber’s hereditary optic 
neuropathy (LHON)

Painless, progressive, bilateral, 
or sequential central vision 
loss
Maternal family history of 
early vision loss (<40 yrs)
Predominant in men (80%)

– Mitochondrial DNA point 
mutations

Dominant optic atrophy Bilateral. Starts first decade of 
life. May be associated with 
hearing loss, spastic 
paraplegia, peripheral 
neuropathy

– Autosomal dominant

MRI magnetic resonance imaging, CSF cerebrospinal fluid, TNF tumor necrosis factor, HIV human immunodeficiency 
virus
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monly utilized treatments, with rituximab dem-
onstrating significant reductions in number of 
attacks per patient per year. Failure of rituximab 
in patients with antibody-positive disease is asso-
ciated with repopulation of B cells [52, 53].

Ancillary studies help distinguish features of 
NMO and MS-related AON. MRI in NMO-AON 
demonstrates more frequent involvement of the 
posterior optic nerve and/or optic chiasm [54]. 
NMO-AON lesions may be “longitudinally 
extensive” (>17.6 mm); using cutoff criteria of 
17.6  mm in ON lesion length, sensitivity and 
specificity for NMO are 76.9% and 80.8%, 
respectively [55]. OCT reflects the severity of 
AON in NMO patients as compared to MS. One 
study demonstrated that peripapillary retinal 
nerve fiber layer (RNFL) thickness is overall 
lower in eyes that have experienced AON of 
patients with NMO relative to MS (63.6 μ[mu]m 
vs. 88.3 μ[mu]m, p < 0.0001) [56]. In the same 
study, a single episode of AON was associated 
with 24 μ(mu)m greater loss of RNFL thickness 
in NMO than in MS; the authors suggested that 
RNFL loss of greater than 15 μ(mu)m following 
an AON event is more consistent with NMO as 
opposed to MS. Additionally, RNFL thinning in 
NMO preferentially affects the superior and 
inferior sectors, as opposed to the temporal sec-
tor in MS [57].

�Anti-myelin Oligodendrocyte 
Glycoprotein-Associated Disease

A recently discovered antibody-mediated demy-
elinating condition commonly presents with 
recurrent, steroid-responsive AON.  Antibodies 
directed against myelin oligodendrocyte protein 
(MOG) were reported in four patients with recur-
rent neurologic symptoms previously diagnosed 
with NMO-IgG antibody-negative NMO spec-
trum disorder (NMOSD); all of these patients 
had good response to corticosteroids [58]. 
Subsequently, there has been heightened interest 
in reclassifying patients previously diagnosed 
with seronegative-NMOSD and determining 
clinical features that may distinguish the two dis-
eases. A study of 50 MOG-IgG positive patients 

with 29 eyes affected by AON or recurrent AON 
demonstrated that compared to seropositive 
NMO patients, the former had higher rates of 
recurrent attacks (0.69 vs. 0.29 attacks/year, 
p = 0.004), but without significant differences in 
RNFL, composite ganglion cell and inner plexi-
form layer (GCIPL), or visual outcome measures 
between groups [59]. A large cohort study deter-
mined that AON is the most frequent presenting 
clinical phenotype (60.9%) in MOG-IgG-positive 
patients; bilateral AON was seen in 25% of the 
entire cohort. Presence of MOG-IgG confers 
lower risk of severe vision loss, better recovery 
from attacks, and lower risk of ultimate disability 
[60]. Maintenance therapy with steroids and 
immunosuppression is the mainstay of therapy to 
reduce the risk of relapses [61, 62]. MOG anti-
body disease is also discussed in Chap. 15.

An entity of relapsing bilateral AON without 
MRI brain findings has also been described. 
Chronic relapsing inflammatory optic neuropa-
thy (CRION) is typically responsive to steroids 
and demonstrates normal brain MRI findings 
[63]. In some cases, patients may require immune 
suppression to reduce the frequency and recur-
rence of AON.  Whether an overlap or relation-
ship exists between MOG-related disorders and 
CRION has yet to be elucidated.

�Infectious Optic Neuritis

Although rare, inflammatory ocular disease may 
be related to infection. The presence of macular 
edema, exudates, fevers, and other systemic 
symptoms should prompt questioning pertaining 
to infectious risks. Bartonella henselae is respon-
sible for “cat scratch disease,” presents most 
commonly with a cat scratch, and may present 
with a pathognomonic “macular star” (neuroreti-
nitis) on fundoscopy [64]. Few cases of AON fol-
lowing exposure to the tick-borne Borrelia 
burgdorferi have also been reported, and if clini-
cal suspicion warrants (presence of classic skin 
rash or involvement of meninges on MRI), this 
should prompt serologic and/or CSF studies. 
Tuberculosis should be considered in endemic 
areas and high-risk populations. Additionally, 
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high-risk sexual behavior, presence of syphilitic 
lesions, and any viral prodrome warrants testing 
for viral causes (human immunodeficiency virus 
[HIV], syphilis, cytomegalovirus [CMV], and 
toxoplasmosis) [65]. Presence of an infectious 
etiology should give caution to utilizing steroids 
in treatment of these forms of ocular disease, 
unless there is certainty that the infectious source 
has been appropriately treated and/or cleared.

�Optic Neuropathy Due to Systemic 
Disease

Involvement of multiple organ systems or previ-
ous diagnosis of a rheumatologic disorder should 
prompt a search for a single unifying diagnosis if 
possible.

Systemic lupus erythematosus (SLE), Sjögren’s 
syndrome, and rheumatoid arthritis (RA) may be 
associated with neuro-ophthalmologic manifesta-
tions [66, 67]. Additionally, treatment of these 
conditions with anti-tumor necrosis factor (TNF) 
drugs may either induce de novo demyelination or 
unmask an already existing underlying demyelin-
ating disorder [68]. Patients with SLE and lupus 
anticoagulant or antiphospholipid antibody syn-
drome may be at risk of ischemic or inflammatory 
demyelinating optic neuropathy. In patients who 
have systemic features of SLE, antinuclear anti-
bodies and serum procoagulants should be part of 
the workup of visual loss. Patients with SLE may 
also experience ocular involvement (scleritis and 
uveitis). It should be noted that NMO patients may 
also harbor concurrent autoantibodies against 
alternative cellular antigens (in particular, 
Sjögren’s syndrome-associated antibodies). One 
of the commonest initial manifestations of 
Sjögren’s syndrome is sicca complex (xerophthal-
mia and xerostomia); “dry eyes” may cause a sen-
sation of visual obscuration, but frank optic 
neuropathy may also occur and should be consid-
ered if clinical features of optic neuropathy are 
present. If AON is diagnosed or suspected in 
patients with systemic autoimmune diseases, test-
ing for anti-NMO-IgG should be completed.

Paraneoplastic and neoplastic forms of vision 
loss are a heterogeneous group of disorders and 

are rare. These tend to present as painless, sub-
acute to progressive vision loss. Paraneoplastic 
optic neuropathy may be seen with small cell 
lung cancer (SCLC), among numerous other can-
cers, and associated with Anti-Cv2 antibodies 
directed against collapsing-responsive mediator 
protein-5 (CRMP-5). Cancer-associated retinop-
athy (CAR) and melanoma-associated retinopa-
thy (MAR) may present with subacute vision loss 
and photopsia, and the former can be associated 
with anti-recoverin, Ras-related GTPase 
(Rab6A), heat shock protein 26 (HSP26), and 
guanylyl cyclase-activating protein (GCAP) anti-
bodies; one cohort of 173 patients demonstrated 
that just 50% of patients with CAR features and 
the aforementioned antibodies were diagnosed 
with an underlying neoplasm [69].

�Noninflammatory Causes of Optic 
Neuropathy

Non-arteritic and arteritic ischemic optic neurop-
athies (NAION and AION), respectively, may 
present as acute, painless onset of vision loss; 
these are commonly associated with altitudinal 
visual defects. In patients with vascular risk fac-
tors, acute onset vision loss should prompt con-
sideration of NAION; recovery is typically poor. 
AION should be considered in elderly patients 
with temporal headache, jaw claudication, and 
systemic signs of myalgias and fatigue, features 
suggestive of giant cell (temporal) arteritis. This 
is a rheumatologic and ophthalmologic emer-
gency, with high erythrocyte sedimentation rate 
(ESR) prompting swift initiation of steroids and 
temporal artery biopsy. Note that temporal artery 
biopsies may be falsely negative, as related to 
segmental involvement of the artery, creating 
“skip lesions”; increasing the length of the biop-
sied area may improve sensitivity, but if suspi-
cion is high enough, angiography or positron 
emission tomography (PET) may be needed to 
increase diagnostic yield [70]. Family history of 
vision loss, particularly within the mother’s lin-
eage, should prompt consideration of mitochon-
drial heritable diseases; Leber’s hereditary optic 
neuropathy (LHON) may present as simultane-
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ous or sequential bilateral optic neuropathy and 
may be subacute to chronic in onset. Patients 
with history of alcohol abuse may be at risk for 
methanol- or ethylene-induced optic neuropathy 
(methanol and ethylene glycol may be cheaper, 
more easily accessed, and more potent than etha-
nol). Nutritional deficiencies, in particular vita-
min B12, may also present with optic neuropathy. 
A long list of potentially optic neuropathy induc-
ing drugs has been described in the treatment of 
tuberculosis, malaria, and neoplasms, among 
other conditions; if patients have been on chronic 
therapy for any of these conditions, a thorough 
review of medication list should be completed, 
although causality can be difficult to ascertain.

�Beyond the Optic Nerve

Ocular manifestations of inflammatory autoim-
mune conditions outside the optic nerve include 
the uvea and the retina, although a detailed over-
view of these processes is beyond the scope of 
this review.

Uveitis is associated with painful blurring of 
vision and is characteristically associated with 
reddening of the eye when involving the anterior 
chamber. Patients with involvement of the poste-
rior chamber frequently describe “floaters.” 
Autoimmune conditions causing anterior and/or 
posterior uveitis, which may have other neuro-
logic and systemic manifestations, include SLE, 
Sjögren’s syndrome, RA, sarcoidosis, granulo-
matosis with polyangiitis (Wegener’s granuloma-
tosis), and Behçet’s disease [71], among others. 
These conditions may also present with vasculitis 
of the central nervous system and with optic neu-
ropathy [72].

Pars planitis specifically refers to inflamma-
tory cellular infiltration involving the pars plana 
and the vitreous; this is an “intermediate” uveitis 
and may be seen in approximately 15% of 
patients with MS [73]. On slit lamp examination, 
the presence of vitreous cells called “snowballs” 
and exudates called “snowbanks” are characteris-
tic of pars planitis. Retinal neovascularization, 
cystoid macular edema, and retinal periphlebitis 
may also be seen, and the latter may be associ-

ated with more aggressive MS [74]. Uveitis is a 
vision-threatening condition that can lead to 
blindness if untreated; these findings should 
prompt urgent referral to ophthalmology. 
Treatment of uveitis depends on severity of 
symptoms and may require steroids and/or immu-
nosuppressive agents.

Patients of Afro-Caribbean race presenting 
with signs of vision loss and systemic disease 
should prompt consideration for ocular sarcoid-
osis. Estimates of the prevalence of ocular 
involvement of sarcoidosis range from 12% to 
80% [75]. Signs of intraocular granulomatous 
inflammation in sarcoidosis most commonly 
include anterior uveitis, panuveitis, vitritis, 
episcleritis/scleritis, and keratitis. AON is rarely 
associated with sarcoidosis, although it may occur 
in about 5% of patients with systemic sarcoidosis 
[76]. The onset of sarcoidosis-associated optic 
neuropathy may be acute or slowly progressive, is 
bilateral in nearly 31% of patients, and is painless 
in approximately 75%. Intraocular inflammation 
(most commonly anterior uveitis) coincides with 
optic neuritis in 36% of cases [77].

�Neuroimaging in AON

�Magnetic Resonance Imaging

When evaluating patients with an AON, ancillary 
testing can assist in confirming the diagnosis, 
evaluating the underlying cause, and helping to 
establish or determine the risk of MS. MRI is the 
most useful paraclinical tool in predicting the 
risk of progression to CDMS. As previously dis-
cussed, results of the ONTT demonstrated the 
15-year risk of developing CDMS in patients 
who presented with AON and even just one clas-
sic demyelinating lesion on brain MRI to be 72%. 
In addition to brain imaging, obtaining MRI of 
the orbits allows for more precise assessment of 
the optic nerves. Orbital imaging may assist in 
distinguishing AON due to inflammatory versus 
noninflammatory causes (e.g., ischemic or com-
pressive neuropathies). Kupersmith et al. demon-
strated that inflammatory lesions of the optic 
nerve enhance on T1-weighted sequences in 94% 
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of acutely affected eyes; a range of location and 
segmental lengths of enhancement are seen. 
Length of the optic nerve enhancing lesion 
>17 mm and enhancement of the canalicular seg-
ment of the optic nerve are associated with poorer 
baseline visual function. However, visual recov-
ery appears similar regardless of location or 
length of the enhancing segment, as well as inde-
pendent of treatment with steroids or baseline 
visual function in the affected eye [78]. While 
length and location of an enhancing lesion of the 
optic nerve is not associated with overall visual 
recovery in AON, earlier studies utilizing 
T2-weighted short tau inversion recovery (STIR) 
sequences demonstrated that longer lesions and 
those in the canalicular segment were associated 
with poorer visual recovery over time [79].

MRI might also aid the quantification of axo-
nal loss following AON. Numerous studies have 
extensively demonstrated that atrophy of the 
brain and spinal cord correlates with disability in 
MS [80, 81]; measure of atrophy is a surrogate 
marker for axonal and neuronal degeneration, the 
principal pathological substrates of disability in 
MS. Hickman et al. have utilized coronal imag-
ing cuts on short echo fast fluid attenuated inver-
sion recovery (sTE fFLAIR) sequences to 
measure cross-sectional area of the optic nerve. 
They demonstrated that reduced optic nerve area 
(atrophy) correlates with longer disease duration 
in patients with a single episode of AON [82]; 
further, continued atrophy 3 years following an 
initial AON correlates with worsened visual acu-
ity [83]. Acutely, affected optic nerves demon-
strate increased mean area as compared to healthy 
controls (16.1  mm2 vs. 13.6  mm2, mean differ-
ence = 2.5 mm2, 95% CI 1.2–3.8, p = 0.0003), 
and this correlates with worse baseline visual 
function [84]. The acute increase in mean area of 
the optic nerve is primarily related to interstitial 
inflammatory edema, as well as other potential 
mechanisms including axonal congestion. 
Hickman then demonstrated that 1  year post-
AON, mean area of the affected nerve declined 
and was significantly lower than the mean area in 
healthy controls (11.3 mm2 vs. 13.1 mm2, mean 
difference  =  −1.8  mm2, 95% CI -0.5 to −3.2, 
p  =  0.008). However, at 1  year, despite optic 

nerve atrophy, mean area did not correlate with 
visual function as measured by logMAR VA and 
Humphrey’s visual field testing (HVF), as at 
baseline [84]. Thus, good recovery of function 
may occur despite underlying structural loss. 
This is in slight contradiction to the findings of 
Trip et al., who demonstrated that patients with 
poor visual recovery, more than 1 year following 
AON, demonstrate significantly reduced optic 
nerve area (30% decreased compared to con-
trols), which correlates with reduced OCT-
derived RNFL thickness [85].

�Magnetization Transfer 
and Diffusion-Weighted Imaging

More sophisticated neuroimaging techniques 
used primarily in research have allowed more 
detailed assessment of the tissue ultrastructure of 
the optic nerve following AON. Magnetic trans-
fer imaging allows for measurement of the 
exchange of free protons with proton-bound 
macromolecules such as the protein and lipids 
found in myelin and axonal membranes. The 
ratio of proton exchange is the magnetization 
transfer ratio (MTR), which is reduced in demy-
elinated MS lesions compared to healthy white 
matter [86]. Reduced MTR has been demon-
strated to inversely correlate with visual evoked 
potential latency [85, 87, 88], suggesting that 
MTR may be a relative surrogate of myelin, such 
as in the optic nerve. Hickman et al. [88] serially 
imaged AON affected, contralateral unaffected, 
and healthy optic nerves, and demonstrated that 
while baseline MTR were similar across all optic 
nerves assessed, AON affected nerves experi-
enced a reduction in MTR over time following 
AON, with nadir reached at 8  months; subse-
quently, a slow increase in MTR was noted by 
12 months, suggesting that MTR might also con-
versely capture remyelination, although this 
remains to be definitively elucidated in  vivo. 
Finally, Trip et al. demonstrated an association of 
lesional MTR reduction with reduction in RNFL 
thickness (as measured with OCT), suggesting 
that MTR may also be affected by axonal loss 
and may not be exclusively myelin specific [85].
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Diffusion-weighted imaging measures the 
movement of water molecules across tissues. 
Pathologic damage to tissue, including demyelin-
ation, disrupts this movement. Diffusion mea-
surements have proven difficult in the optic nerve 
due to its mobility, although techniques utilizing 
fat and CSF suppression have allowed for 
improved resolution. Increased mean diffusivity 
(MD) or apparent diffusion coefficient (ADC) 
signals are reported in chronic optic nerve lesions 
and patients with poor AON recovery, correlating 
with visual acuity, and VEP amplitude and 
latency [89, 90]. Measurements of directional 
flow, fractional anisotropy (FA), are reduced 
across affected nerves and also correlate with 
VEP amplitude. In AON, reduced axial diffusivi-
ties at onset correlate with reduced contrast sen-
sitivity and visual acuity at 1 and 3  months 
post-onset [91] and with worse contrast sensitiv-
ity, VA, VEP amplitude, latency, and RNFL 
thickness at 6 months [92]. In remote (>1 year) 
cases of AON, radial diffusivity and FA, but not 
axial diffusivity, correlate with CS, VA, and 
RNFL thickness on OCT.  The authors of this 
study hypothesized that diffusion properties 
likely reflect disruption of axonal integrity in the 
remotely affected optic nerve.

Diffusion techniques are also utilized in trac-
tography, which allows imaging of the white mat-
ter tracts from optic nerves and optic radiations to 
the visual cortices. These techniques have poten-
tial for understanding underlying structural con-
nectivity and visual remapping or reorganization 
following an AON insult.

�Visual Evoked Potentials

Electrophysiology in AON was described as early 
as 1972, when delayed VEP latencies were found 
to correlate with clinical AON in 65% of patients 
[93]. Photic stimuli are applied to the eyes, and 
the response is recorded at the scalp over the pri-
mary visual cortex. This produces a waveform of 
compounded signals (normal and abnormal) 
along the afferent visual pathway, reflecting the 

integrity of the entire visual pathway. In AON, 
the P100 waveform (normally elicited approxi-
mately 100 ms after the stimulus) latency is pro-
longed, and amplitude is reduced [93]. Benefits 
of conventional VEP include its ease of use in-
office by trained electrophysiology technicians 
and usefulness in detecting demyelination both 
clinically and subclinically. However, conven-
tional VEP has limited localization, and the cen-
tral and inferior fields predominate the recording. 
Multifocal VEP has eliminated some of this limi-
tation by dividing the visual field into 60 equal 
sectors for individual evaluation [94]. Reduced 
waveform amplitudes on mfVEP are seen in 92% 
of patients with AON and possible MS, and in 
100% of patients with AON previously diagnosed 
with MS [95]. Fraser et al. also demonstrate that 
36% of patients with abnormal latencies go on to 
develop MS at 1  year, compared to no patients 
with normal latencies [96]. Reduction in ampli-
tude on mfVEP correlates with RNFL thinning 
on OCT as early as 3 months post-AON, suggest-
ing an indication for mfVEP as a marker of axo-
nal loss [97].

�Optical Coherence Tomography

OCT was first utilized in MS in the late 1990s. 
OCT provides a fast, noninvasive, high-resolution 
technique by which to image the layers of the 
retina, without the confound of myelin, since the 
retina is unmyelinated under normal circum-
stances. OCT allows measurement of neuroax-
onal degeneration within the retina. The RNFL is 
the innermost layer of the retina and comprises 
the axons of ganglion cell neurons (which are 
located in the ganglion cell layer beneath the 
RNFL). The axons within the RNFL coalesce at 
the optic disks to form the optic nerves and exit 
the eye posteriorly via the lamina cribrosa, 
beyond which they acquire myelin. Following 
AON, retrograde axonal degeneration ensues, 
resulting in thinning of the RNFL and conse-
quently death of ganglion cell neurons from 
which RNFL axons arise.
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In MS, RNFL thinning is observed following 
AON, regardless of visual recovery [98]. In the 
acute phase, similar to optic nerve area, the RNFL 
may demonstrate thickening related to inflamma-
tion. Subsequently, the RNFL begins to demon-
strate thinning (as edema resolves and ongoing/
ensuing axonal degeneration is captured), with a 
predilection for the temporal RNFL quadrant 
[99–101]. Using older time-domain OCT, it was 
found that AON results in approximately 20% 
RNFL loss [102, 103]. RNFL thinning on OCT 
correlates with reduced visual acuity, low-contrast 
letter acuity, color vision, visual field deficits, and 
visual quality of life measures [99, 101, 104–106]. 
Importantly, RNFL thinning is also demonstrated 
in MS eyes without a prior history of AON and 
correlates with visual function [107]. This likely 
relates to subclinical optic neuropathy. Notably, 
MS patients with likely subclinical optic neuropa-
thy reflected by baseline RNFL measurements 
approximately <88 μ(mu)m have an up to four-
fold increase in risk of future disability accumula-
tion at 3–5 years [108]. Optic nerve pathology is 
virtually ubiquitous as part of the MS disease pro-
cess, with up to 99% of MS patients exhibiting 
demyelinating plaques in their optic nerves at 
post-mortem [109]. Reduced RNFL thickness 
also correlates with MRI measures of brain atro-
phy [85, 110–112].

While the early focus of OCT was measures 
of RNFL and average macular thickness (a non-
specific measure of total macular thickness 
including all intervening retinal layers), modern 
spectral-domain OCT has much higher resolution 
(3–5  μ[mu]m) and reproducibility than older 
time-domain OCT, allowing discrete layers of the 
retina to be accurately and reliably quantified. In 
particular, GCIPL thickness may exhibit superior 
structure–function relationships in MS, as com-
pared to RNFL thickness [113]. This may relate 
to superior reproducibility, but also lack of con-
found related to edema, as well as astrogliosis 
(which appears to principally occur in the RNFL) 
[114]. In contrast to the RNFL, the GCIPL does 
not demonstrate edema during AON, making it a 
feasible measure to accurately quantify AON-

related neurodegeneration [115]. Patients with 
clinical and/or radiological evidence of 
MS-related disease activity also exhibit acceler-
ated rates of GCIPL thinning compared to con-
trols [116]. GCIPL atrophy mirrors whole brain 
and in particular gray matter atrophy across MS 
subtypes [117, 118] and also appears to be dif-
ferentially modulated by different disease-
modifying therapies [119]. OCT provides a fast, 
noninvasive, inexpensive in-office technique to 
measure axonal and neuronal degeneration in 
patients with MS.  RNFL and GCIPL thinning 
may be seen in patients without prior AON. OCT 
measures correlate with brain atrophy on 
MRI.  MS treatments may slow progression of 
neuroaxonal degeneration as measured by OCT.

�Neuroprotection/Neurorestoration 
in AON

Currently available treatments in MS are primar-
ily aimed at reducing clinical relapses and overt 
radiographic inflammatory activity, and ulti-
mately reducing the risk of future disability 
accrual. Potential therapies for neuroprotection 
and remyelination that could allow recovery of 
lost function are of great clinical interest and 
would meet a greatly unmet need not only in the 
areas of MS, AON, and related disorders but also 
neurology in general. The afferent visual path-
way offers an opportune and structurally elo-
quent window for studying neurodegeneration 
and remyelination due to the relative ease with 
which clinical impairment, recovery, structural, 
and functional, including neurophysiologic, out-
comes can be measured.

Among potential targets for therapies, HMG-
CoA reductase inhibitors (statins) demonstrated a 
non-significant trend toward improvements in 
contrast sensitivity and VEP measures [120]. A 
phase II trial of erythropoietin given at 33,000 IU/
day for 3 days following AON demonstrated sig-
nificant reduction in RNFL thinning and VEP 
latency at 16 weeks post-AON, as compared to 
placebo, and a trend toward significance in 
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improved visual outcome [121]. Phase 3 trials are 
ongoing. The antiepileptic agent phenytoin tar-
gets voltage-gated sodium channels and has dem-
onstrated neuroprotection in preclinical animal 
models; compared with placebo, patients who 
received phenytoin demonstrated significantly 
less RNFL loss following AON, although no sig-
nificant clinical visual outcomes were achieved 
[122]. Clemastine, a first-generation antihista-
mine that has demonstrated remyelinating prop-
erties in animal models, demonstrated significant 
reduction in VEP latency in a crossover-designed 
trial, but did not meet significance in other out-
comes; fatigue was the most common side effect 
reported with the drug [123]. Finally, the mono-
clonal antibody opicinumab (anti-LINGO-1) 
promotes remyelination by binding a neural cell 
surface protein (LINGO) that blocks the differen-
tiation of oligodendrocyte precursor cells to 
inhibit myelin. Phase 2 trials did not demonstrate 
significant differences in VEP latencies at 24 and 
32  weeks post-treatment between anti-LINGO 
and placebo following AON in intention to treat 
analyses; per-protocol analyses favored anti-
LINGO over placebo [124]. Further phase 2 trials 
of opicinumab in MS are ongoing.

In summary, while neuroprotective and remy-
elinating agents have demonstrated significant 
changes in structural and/or physiologic outcome 
measures (OCT and VEP), clinical efficacy of 
these drugs remains unclear. Nevertheless, the 
positive subclinical outcomes in phase 2 trials 
demonstrate the early potential of these agents to 
potentially influence neuroprotection and/or 
neurorepair.

�Conclusion

AON is most commonly associated with MS in 
the Western world. A thorough clinical history in 
conjunction with ancillary imaging and serologi-
cal testing can help elucidate the underlying diag-
nosis of ophthalmologic dysfunction in patients 
with potential inflammatory, demyelinating dis-
ease. Early treatment in these instances can hasten 

visual recovery. Appropriate diagnosis of optic 
neuropathy in conjunction with ancillary studies 
allows for determination of the risk of developing 
CDMS.  Advances in imaging techniques are 
promising with regard to the evaluation of under-
lying axonal and neuronal degeneration. Advances 
in understanding of AON and related disorders 
may help to guide therapeutic intervention for 
slowing disease progression and perhaps in repair-
ing acute tissue damage.
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Clinical Approach to Pediatric 
Demyelinating Disease

Jonathan Douglas Santoro and Tanuja Chitnis

�Introduction

Demyelinating disorders in children are a com-
plex and heterogeneous pathologic group. 
Differentiating between these disorders can often 
be difficult on initial evaluation as acute demye-
linating events can be either monophasic (such as 
in acute demyelinating encephalomyelitis) or an 
initial presentation of a polyphasic/recurrent dis-
order, such as observed in multiple sclerosis 
(MS) or neuromyelitis optica spectrum disorder 
(NMOSD). Clinical history, physical examina-
tion, and neurodiagnostic studies are critical in 
the appraisal of demyelinating disease in children 
and are reviewed here.

�Acute Disseminated 
Encephalomyelitis

Patient Vignette 1
A 3-year-old, right-handed female presented to 
an urgent care facility for subacute onset of irrita-
bility and drowsiness over the last 12 hours. Her 
parents reported that between periods of drowsi-
ness, the patient was aggressive (biting and hit-
ting) and began slurring her speech 4 hours prior 
to seeking care. The patient’s family noted that 
7 days prior to the onset of symptoms, the patient 
had a mild upper respiratory tract infection that 
necessitated only supportive care.

On evaluation, neurologic examination dem-
onstrated a somnolent and irritable child. Cranial 
nerve examination demonstrated no abnormali-
ties nor was there meningismus present. There 
were some localizing features on the left includ-
ing a motor exam with asymmetric movements, 
extensor plantar response, and ataxia with reach-
ing for objects most prominent on the left. The 
patient was unable to walk and refused to stand 
independently.

Serum screening revealed normal chemistry, 
complete blood count (CBC), and liver function 
tests (LFTs). Lumbar puncture revealed a white 
blood cell (WBC) count of 14/mm3 (range 0–5/
mm3) with 96% lymphocytes, protein of 51 mg/
dL (range 20–45 mg/dL), and glucose of 55 mg/
dL (range 40–80  mg/dL), and red blood cells 
were not present. The patient had a normal immu-
noglobulin G (IgG) index and no oligoclonal 
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bands. Additional infectious testing was 
unremarkable.

Neuroimaging included magnetic resonance 
imaging (MRI) with and without contrast of the 
brain and C-spine. T2 imaging demonstrated 
multifocal areas of high signal in the deep gray 
matter, periventricular white matter bilaterally, 
and left midline cerebellum (Fig. 29.1). Diffusion 
weighted imaging (DWI) demonstrated minimal 
patchy peripheral restricted diffusion in the right 
thalamic lesion and the left cerebellar lesion. T1 
with gadolinium demonstrated both prominent 
enhancement in cerebral hemispheres and scant 
enhancement in the left cerebellar lesion. 
Imaging of the orbits and cervical spine demon-
strated no abnormalities, and magnetic reso-
nance angiography (MRA) sequencing was 
similarly negative.

A diagnosis of acute disseminated encephalo-
myelitis (ADEM) was made. The patient received 
a 3-day pulse of intravenous (IV) methylpred-
nisolone (MP) (30  mg/kg/d). The patient 
improved dramatically over 2  days, first with 
regard to slurred speech and ataxia and subse-
quently weakness and somnolence/irritability. 

The patient was able to ambulate fully and was at 
95% of baseline per parents on day 3 of hospital-
ization. She was discharged home without further 
disease-modifying treatment.

Follow-up neuroimaging was obtained at 
6 months after onset of symptoms and was stable. 
The patient was symptom-free with no relapses 
following diagnosis and has not developed any 
other immune or neurologic disease for a period 
of 4 years.

�Diagnostic Discussion

The clinical features of ADEM are variable and 
polyfocal at onset. Encephalopathy (defined as 
any alteration in mental state or behavior ranging 
from coma to irritability) is required for the diag-
nosis. Other neurologic features include acute 
hemiparesis, cerebellar ataxia, cranial neuropa-
thies, optic neuritis (ON; identified by vision 
loss, pain with eye movement, and afferent pupil-
lary defect), pyramidal dysfunction, and spinal 
cord dysfunction (known as transverse myelitis/
myelopathy) [1–3]. Movement disorders, lan-

Fig. 29.1  Axial T2 fluid-attenuated inversion recovery (FLAIR) sequence demonstrating multiple white matter lesions
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guage disorders, and sensory disturbances are 
appreciated with less frequency. Associated non-
neurologic findings include fever, meningismus, 
nausea/vomiting, and generalized weakness.

Preceding the onset of symptoms, up to 72% 
of patients will have a non-life-threatening viral 
illness 3–21 days prior [1, 2]. A minority of cases 
(5%) are associated with the administration of 
vaccines including, but not limited to, hepatitis B, 
influenza, diphtheria/pertussis/tetanus, measles/
mumps/rubella, pneumococcus, and polio [4].

The diagnosis of ADEM is based on history, 
clinical, and radiologic findings although no one 
diagnostic test is considered confirmatory. The 
Pediatric Multiple Sclerosis Study Group gener-
ated criteria in 2007 [5] and 2012 [6] for the diag-
nosis of ADEM (Table 29.1).

Typically, clinical course follows a monopha-
sic pattern with steady improvement after treat-
ment back to neurologic baseline within the 
3  months after the onset of symptoms. Most 
patients are clinically improved by 2–4  weeks 
after presentation [2].

The differential diagnosis in a child who pres-
ents with polyfocal neurologic abnormalities and 
encephalopathy is broad. Viral and bacterial men-
ingitis/encephalitis must be ruled out, especially in 
the presence of fever and/or leukocytosis. Lumbar 
puncture is critical in the diagnostic workup. After 

ruling out infection and in the setting of white mat-
ter lesions on MRI of the brain, other inflamma-
tory demyelinating disorders that should be 
considered include MS, neuromyelitis optica spec-
trum disorder (NMOSD), anti-myelin oligoden-
drocyte glycoprotein (MOG) antibody disease, 
autoimmune encephalitis, primary angiitis of the 
central nervous system (CNS), malignancy, mito-
chondrial disease, and leukodystrophies.

Autoimmune encephalitis (see Chap. 12) may 
be difficult to differentiate from ADEM in chil-
dren [7]. The most well-described entity, 
N-methyl-D-aspartic acid (NMDA) receptor 
antibody encephalitis, can be differentiated from 
ADEM by features such as the presence of move-
ment disorders, epilepsy, waxing and waning 
behavioral and personality changes, autonomic 
instability, language disturbances, and MRI 
lesions (70% of MRIs can be normal in NMDA 
encephalitis in children) [8]. Other inflammatory 
and autoimmune conditions should be worked up 
if there are atypical clinical histories, neurologic 
examinations, or neuroimaging in the setting of 
subacute onset encephalopathy in children.

Relapsing and remitting disorders such as MS 
may initially present with symptoms consistent 
with ADEM [9, 10]. Distinguishing ADEM from a 
primary presentation of MS can be challenging. 
Clinical and neuroimaging features that may indi-
cate a diagnosis of ADEM rather than MS are 
listed in Table 29.2 [4, 11–15]. In a retrospective 
study of neuroimaging in pediatric patients diag-
nosed with ADEM and then MS, Callen et al. iden-
tified three factors that predicted a higher 
likelihood of developing MS: ≥2 periventricular 
lesions, presence of T1 black holes, and absence of 
diffuse bilateral lesion restricted diffusion [12]. 
ADEM can present with both optic neuritis and 
myelitis, making it difficult in some circumstances 
to distinguish from NMOSD.  Longitudinally 
extensive spinal lesions (>3 vertebrae), presence 
of aquaporin-4 (AQP4) antibody, and lack of clear 
encephalopathy may be helpful in differentiating 
these two syndromes.

Other etiologies that can mimic ADEM are 
best ruled out by history and laboratory workup. 
Malignancy, leukodystrophy, and primary angi-
itis of the nervous system tend to have more pro-

Table 29.1  ADEM diagnostic criteria

Clinical features (all 
required)

Characteristics of brain 
MRI lesions

A first polyfocal, clinical 
central nervous system 
event with presumed 
inflammatory 
demyelinating cause

Diffuse, poorly 
demarcated, large 
(>1–2 cm) lesions 
involving predominantly 
the cerebral white matter

Encephalopathy that cannot 
be explained by fever, 
systemic illness, or 
postictal symptoms

Deep gray matter lesions 
(e.g., involving the basal 
ganglia or thalamus) can 
be present

No new clinical and MRI 
findings emerge 3 months 
after the onset

T1 hypointense lesions in 
the white matter are rare

Brain MRI is abnormal 
during the acute (3-month) 
phase

ADEM acute demyelinating encephalomyelitis, MRI mag-
netic resonance imaging
Reprinted with permission from Krupp et al. [6]
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longed courses and neuroimaging that is specific 
to the etiology. Mitochondrial diseases can mimic 
many neurologic processes and can be triggered 
by infection and/or caloric insufficiency, but tend 
to have neuroimaging patterns, wherein symmet-
ric deep gray matter lesions predominate.

Anti-MOG antibody-associated pathology is 
clinically heterogeneous and should be evaluated 
in all patients presenting with ADEM; this is dis-
cussed in more detail later in this chapter.

�Treatment of ADEM

The mainstay treatment of ADEM is IV methyl-
prednisolone (IVMP), typically administered as 
30 mg/kg/d (max 1000 mg/d) for 3–5 days [16]. 
Some centers will also provide an oral steroid 
taper for 4–6 weeks, but there is no data to support 
this practice. For refractory cases, intravenous 
immunoglobulin (IVIg) (typically administered 
as 0.4 g/kg for 5 days) and plasma exchange have 
been demonstrated to improve patients’ clinical 
outcomes after failure of glucocorticoids, although 
the latter is limited to adult data [17, 18].

Prognosis associated with ADEM is excellent 
in most cases [19]. In cases that present with 
optic neuritis, this was a determinant of positive 

outcomes, although the opposite is observed in 
cases of ADEM-ON with positive anti-MOG 
antibody where visual outcomes are guarded 
[20]. Repeating neuroimaging, even in relatively 
straightforward cases 3–6 months after presenta-
tion, can be instrumental in risk stratification for 
patients with regard to developing MS at a later 
time point.

�Pediatric Multiple Sclerosis

Patient Vignette 1, Part B
The same patient as presented previously does well 
off immunotherapy for a period of 4 years. In the 
absence of inflammatory triggers, she has a subse-
quent relapse at the age of 7 years old, consisting of 
right optic neuritis and right hemibody weakness. 
MRI at the time revealed new contrast-enhancing 
lesions in addition to prior T2 periventricular and 
juxtacortical lesions (Figs.  29.2 and 29.3a, b). 
Spinal imaging revealed a small enhancing lesion 
in the central cervical cord (C6-C7). Cerebrospinal 
fluid (CSF) revealed 14/mm3 WBCs (range 0–5/
mm3), four oligoclonal bands, and an elevated IgG 
index of 1.10 (range 0–0.55). The patient was 

Fig. 29.2  Axial T1 post-contrasted image demonstrating 
a characteristic ovoid, ring- enhancing lesion

Table 29.2  Indicators of a diagnosis of ADEM rather 
than MS

Clinical [4, 11, 15] Neuroimaging [11, 13, 15]
Ataxia (rare in MS) Multiple, large, confluent lesions 

in asymmetric distributions 
throughout the white matter

Fever and 
meningismus

Lesions are poorly demarcated 
(MS lesions have more defined 
margins)

Prodromal viral 
illness or recent 
vaccination

Multiple lesions of the same age 
indicate ADEM rather than MS, 
which can have multiple lesions 
of various ages (active/inactive 
lesions)

Encephalopathy or 
polyfocal neurologic 
findings

Thalamic and deep grey lesions 
occur less frequently in MS

Absence of 
oligoclonal bands in 
CSF

ADEM acute demyelinating encephalomyelitis, CSF cere-
brospinal fluid, MS multiple sclerosis
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treated with IVMP (30  mg/kg/d) with improve-
ment of symptoms over 5  days. The patient was 
diagnosed with pediatric onset MS in the setting of 
dissemination of disease in both time and space 
and she was started on interferon beta-1a.

The patient remained symptom-free on inter-
feron monotherapy for 3 years with stable interval 
MRIs every 6 months, but at age 10, she had a third 
relapse consisting of right optic neuritis, right lower 
extremity weakness, and left hemibody sensory 
loss. MRI revealed an increase in the number and 
extent of patchy, confluent T2 fluid-attenuated 
inversion recovery (FLAIR), contrast-enhancing 
lesions of the cortex, and subcortical white matter. 
Characteristic “incomplete ring” contrast-enhanc-
ing lesions were present bilaterally. Brain MRA and 
spine MRI were normal at this time. She improved 
with IVMP and was discharged home on an oral 
taper. Immediately after finishing the steroid taper, 
her symptoms returned. She was readmitted again 
and a second 5-day course of IVMP (30 mg/kg/d) 
was administered, although this yielded minimal 
improvement. She was subsequently switched to 
plasmapheresis. Over the span of 2  weeks, she 
improved slowly. She was discharged at 80% of her 
neurologic baseline and continued to make a slow 
recovery. Anti-MOG antibody and AQP-4 antibod-
ies have remained negative on repeat testing.

The patient was initiated on natalizumab 
(200 mg/month) following her prolonged hospi-
talization, although at her initial lab workup she 
was found to be John Cunningham (JC) virus 
positive. With these findings, the decision was 
made to use natalizumab for a period of 1 year 
and then consider alternative disease-modifying 
therapy (DMT). She did well for 1 year with no 
relapses and then was transitioned at 13 months 
to rituximab with no further relapses.

�Diagnostic Discussion

MS is an idiopathic inflammatory disorder charac-
terized by demyelination of the CNS. The majority 
of those affected are adults, but pediatric presenta-
tions account for up to 5% of all cases [9]. Due to 
the infrequency of this disease and that time is 
often required for the diagnosis of this disorder, 
there can be a lag between diagnosis and the pre-
senting neurologic event. In general, the first clini-
cal presentation of MS can be varied depending on 
which portions of the CNS or spinal cord are 
involved. Clinical features that may be suggestive 
of a patient with an initial demyelinating event 
who will go on to develop MS include personal 
history of optic neuritis, absence of preceding 

a b

Fig. 29.3  (a) Axial T2 demonstrate multiple large confluent hyperintensities in bilateral hemispheres. (b) Axial T1 
post-contrast image demonstrating patchy gadolinium enhancement in both hemispheres
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infection, absence of encephalopathy, and absence 
of fever and/or meningismus.

Young children (<11 years) have been noted to 
have more heterogenous presentations of 
MS. This population is more likely to have pre-
ceding infection, optic nerve dysfunction, cogni-
tive and behavioral issues, seizures, and brainstem/
cerebellar findings on initial and subsequent eval-
uation in contrast to older children [10, 21]. This 
can make differentiation from other demyelinat-
ing events of the CNS such as encephalitis, men-
ingitis, and ADEM considerably more difficult. 

Additionally, demyelinating entities such as 
ADEM are much more prevalent in younger chil-
dren than MS, which can skew differential diag-
noses during primary presentations.

Differentiation of disorders at the time of an 
initial demyelinating event based on clinical pre-
sentation is complex. Several factors involved in 
evaluating an initial demyelinating event include 
determining if the presentation is unifocal or 
polyfocal, what system within the neuroaxis is/
are involved, and if encephalopathy is present 
(Fig. 29.4) [22]. Of note, classifying an event of 

Fig. 29.4  Evaluation of initial and secondary demyelinat-
ing events in children. Diffuse pathology: multiple demy-
elinating lesions in areas in the central nervous system 
(CNS), which may or may not be symptomatic
Polyfocal localization: indicates more than one ner-
vous system location is involved with symptomatic 
presentations that include optic neuritis, transverse 
myelitis, encephalopathy, weakness, sensory deficits, 
and so on
Recurrent/multiphasic ADEM: term utilized for recru-
descence of prior symptoms in the absence of new 
lesions as opposed to a relapsing course, which is con-
sidered multiphasic ADEM when encephalopathy is the 

primary phenotypic presentation at second demyelinat-
ing event
Restricted pathology: isolated demyelinating lesions in 
area of the CNS, which accounts for the symptoms at 
presentation
Unifocal localization: indicates only one of these entities 
is present in isolation (e.g., transverse myelitis)
Abbreviations: ADEM acute demyelinating encephalomy-
elitis, CIS clinically isolated syndrome, CRION chronic 
relapsing inflammatory optic neuropathy, MOG myelin 
oligodendrocyte glycoprotein, MS multiple sclerosis, 
NMO neuromyelitis optica, ON optic neuritis, TM trans-
verse myelitis
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initial demyelination can be helpful although 
should the clinical course become polyphasic, re-
evaluation of the initial event in the context of the 
new secondary event is necessary. Secondary 
events should be stratified by if dissemination in 
time or space has occurred and if the disease 
remains limited to the spinal cord and/or optic 
nerve only on neuroimaging (Fig. 29.5). The con-
cept of recurrent ADEM or multiphasic ADEM is 
being revised in the context of anti-MOG anti-
body spectrum disorders, and while both terms 
are still utilized, future research will likely eluci-
date the concept of relapsing ADEM in the set-
ting of anti-MOG antibody disease.

MS is ultimately a clinical diagnosis, although 
neuroimaging is intimately involved in diagnos-
tic practice. The diagnostic criteria for pediatric 
MS are based on the 2017 McDonald criteria 
(Table 29.3) [23]. Neuroimaging is an important 
ancillary study in the evaluation of demyelinating 
events in children. Abnormalities tend to be in 
four locations (periventricular, juxtacortical, 
infratentorial, and spinal cord) and as per the 
2017 revised McDonald criteria, two of four 
locations are needed for diagnosis of MS [23]. 
Several studies examining imaging differences in 
pediatric MS have been completed. Callen et al. 
demonstrated that the criteria most useful for dif-
ferentiating a first attack of MS from monophasic 
ADEM included absence of diffuse bilateral T2 

pattern, presence of T1 “black holes,” and ≥2 T2 
periventricular lesions on initial imaging [12]. 
These findings yielded a positive predictive value 
of 95% and a negative predictive value of 79%. In 
a separate study, also by Callen et al., the group 
identified that having two of the following was 
predictive of a diagnosis of MS as opposed to 
other relapsing non-demyelinating disorders: >5 
T2 lesions, >2 T2 periventricular lesions, and 
>1 T2 brainstem lesion [12]. Additionally, imag-
ing involving the spinal cord in MS typically has 
lesions <3 vertebral segments in length, whereas 
NMOSD typically will be more extensive (and 
more classically associated with optic neuritis) 
[6]. Atypical neuroimaging features for MS 
include leptomeningeal enhancement (differen-
tial includes infection, neurosarcoidosis, vasculi-
tis, hemophagocytic lymphohistiocytosis, or 
malignancy), multiple ring enhancing lesions 
(differential includes CNS tuberculosis, 
abscesses, toxoplasmosis, cysticercosis, fungal 
infection, or CNS lymphoma), increased size of 
lesions on serial imaging (differential includes 
CNS tumor, progressive multifocal leukoenceph-
alopathy [PML], CNS lymphoma, or neurosar-
coidosis), and hemorrhage (differential includes 
stroke, hemorrhagic ADEM variant, CNS vascu-
litis, or acute necrotizing encephalopathy) [24].

Although no definitive lab study is used in 
the diagnosis of MS, some biomarkers are used 
to support diagnosis. The 2017 revised 
McDonald criteria do not require additional lab 
studies when more than two attacks and more 
than two lesions on neuroimaging are present 
or in patients with more than two attacks impli-
cating different CNS sites with at least one 
lesion on neuroimaging unless red flags are 
present. Patients with one attack can meet dis-
semination in space with testing of positive 
CSF-specific oligoclonal bands. The presence 
of oligoclonal bands is noted in up to 92% of 
children with definitive MS, although very 
young patients and those early in the disease 
course may be negative initially [25]. This can 
be useful in differentiating MS from other 
demyelinating entities such as NMOSD and 
ADEM that have significantly lower incidences 
of oligoclonal bands [15, 26].

Table 29.3  Diagnostic criteria for pediatric multiple 
sclerosis (MS)

Diagnostic criteria for pediatric multiple sclerosis
Two or more non-encephalopathic CNS clinical events 
separated by more than 30 days, involving more than 
one area of the CNS
Single clinical event and MRI features rely on 2017 
revised McDonald criteria for dissemination in time 
and space and in which a follow-up MRI shows at least 
one new enhancing or non-enhancing lesion consistent 
with dissemination in time criteria [23]
ADEM followed 3 months later by a non-
encephalopathic clinical event with new lesions on 
brain MRI consistent with MS
A first, single, event that does not meet ADEM criteria 
and whose MRI findings are consistent with the 2017 
revised McDonald criteria for dissemination in time 
and space

ADEM acute demyelinating encephalomyelitis, CNS cen-
tral nervous system, MRI magnetic resonance imaging
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Clinical, neuroimaging, and lab studies are of 
high yield in the assessment and diagnosis of 
MS, but mimics should also be considered during 
the initial workup and evaluation of the disease. 
Mimics to consider include bacteria (Listeria 
monocytogenes, Brucella spp., Borrelia burgdor-
feri, Bartonella henselae, Mycobacterium 
tuberculosis, Mycoplasma spp., and Tropheryma 
whipplei), viral infection (cytomegalovirus 
[CMV], varicella [VZV], enterovirus, herpes 

simplex virus [HSV], hepatitis C virus, human 
herpes virus type 6 [HHV-6], human immunode-
ficiency virus [HIV], human T-lymphotropic 
virus-1 [HTLV-1], and John Cunningham [JC] 
virus), fungus (Histoplasma capsulatum), and 
parasites/spirochetes (Toxoplasma gondii, Taenia 
solium, Leptospira spp., and Treponema palli-
dum). Testing for these agents should be based on 
endemic patterns of disease, clinical history, and 
neuroimaging findings (Table 29.4).

Table 29.4  Infectious mimics of pediatric multiple sclerosis (MS) and demyelinating disease

Infectious agent Clinical indicators of infection
 Bacterial infections 
Bartonella henselae Caused by scratches from cats/kittens. Associated with lymphadenopathy.
Borrelia burgdorferi Caused by Ixodes tick bite in endemic areas of the United States. Associated with erythema 

chronicum migrans and “target lesions.” Presentation may include multiple cranial 
neuropathies.

Brucella spp. Transmitted through consumption of contaminated foods or close contact with livestock. 
Associated with cyclical fever and foul-smelling perspiration. Severe fatigue may be a 
presenting complaint.

Listeria 
monocytogenes

Transmitted through consumption of dairy and deli food. Associated with brainstem 
presentations (rhombencephalitis) and cranial neuropathy.

Mycobacterium 
tuberculosis

Common infectious agent spread by direct contact in endemic areas. HIV infection and 
immunosuppression may increase risk. Associated with brainstem presentations 
(rhombencephalitis), cranial neuropathies, and multiple ring enhancing lesions on 
neuroimaging (tuberculomas).

Mycoplasma spp. Transmitted through respiratory contact. Associated with fatigue and mild–moderate 
respiratory complaints or pneumonia.

Tropheryma whipplei Wide variety of symptoms but prominent GI complaints including abdominal pain, bloating 
sensation, constipation/diarrhea (mimicking irritable bowel syndrome), and low-grade fever. 
Patients may also have concurrent arthritis, uveitis, or spondylodiscitis. Very rare.

Viral infections 
CMV Transmitted through direct contact or vertical transmission. Associated with periventricular 

lesions.
Enterovirus Transmitted through direct contact. Typically induces mild illness but associated with acute 

flaccid myelitis of the upper spine (cervical).
Hepatitis C Transmitted through sexual contact, IV drug usage, and vertical transmission. Variable 

symptoms based on duration of disease.
HHV-6 Ubiquitous by age 2–3 years and cause of roseola in childhood. Reactivation most commonly 

seen in severely immunocompromised (stem cell transplant). Associated with 
encephalopathy, memory deficits, and seizures.

HIV/AIDS Transmitted through IV drug use and sexual contact. Neurologic symptoms are variable and 
may include central and peripheral neurologic complaints. Increases risk for other 
opportunistic infections.

HSV 1/2 Transmitted through direct contact or sexual contact. Associated with meningismus, fever, 
and seizures. Course is rapid and fatal if untreated.

HTLV-1 Transmitted through sexual contact or breastfeeding and endemic in South America. 
Associated with progressive spastic paraparesis and may demonstrate atrophy of the thoracic/
lumbar spinal cord on neuroimaging.

JC virus Nearly ubiquitous virus. Associated with PML (diffuse and confluent lesions of the white 
matter) in persons on disease-modifying therapy or immunosuppression. Increased risk in 
persons already on natalizumab (Tysabri).
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�Treatment Discussion

Treatment of pediatric MS is limited with 
regard to evidence-based interventions 
although many clinical trials, specifically in 
age groups <18-year-old, are underway. At this 
time there are no pediatric-specific disease-
modifying therapies (DMT), with nearly all 
agents utilized being repurposed from adult 
clinical trials. Fingolimod is the only US Food 
and Drug Administration (FDA)-approved 
DMT for pediatric MS [27]. First-generation 
DMTs include interferon-beta and glatiramer 
acetate. Second-generation therapies include 
natalizumab, rituximab, ocrelizumab, and 
dimethyl fumarate, although consensus guide-
lines in the pediatric population are lacking. 
Medications with more serious adverse reac-
tions such as teriflunomide, alemtuzumab, and 
cyclophosphamide are utilized less frequently 
and are often reserved for refractory cases. 
Therapy should be tailored to the patient with 
tolerability of side effects, compliance with 
modality of administration, and risk of immune 
suppression seriously considered [28]. General 
concepts in the approach to the treatment of 
MS in regard to DMT selection is further dis-
cussed in Chap. 31.

�Anti-Myelin Oligodendrocyte 
Glycoprotein (MOG) Antibody 
Spectrum Disorders

Patient Vignette 2
The patient is a 16-year-old, right-handed female 
who initially presented with subacute left optic 
neuritis with no precipitating factors. On evalua-
tion, a left afferent pupillary defect was noted 
along with mild (grade 2) papilledema, but no 
extraocular muscle or other neurologic deficits. 
Neuroimaging at the time demonstrated gadolin-
ium enhancement of the left optic nerve, but no 
evidence of other white matter lesions nor cervi-
cal spine pathology. The patient received a 3-day 
course of IVMP (1 g/d) with resolution of symp-
toms and improvements in her vision back to 
baseline.

Roughly 4 weeks later, the patient developed 
lower back pain, urinary incontinence, and bilat-
eral lower extremity weakness. Imaging of the 
neuroaxis demonstrated T2 signal in the bilateral 
optic nerves and a large, longitudinally extensive 
(C4-T6) T2 lesion with patchy gadolinium 
enhancement (Fig. 29.5). Lumbar puncture at that 
time demonstrated leukocytosis with 218 WBCs 
mm3 (range 0–5/mm3), elevated protein of 67 mg/
dL (range 20–45  mg/dL), and no oligoclonal 

Table 29.4  (continued)

Infectious agent Clinical indicators of infection
VZV Transmitted by direct contact. Virus typically indolent but reactivation may cause shingles, 

cranial neuropathy, or autonomic dysfunction.
Fungal infections
Histoplasma 
capsulatum

Transmitted by direct contact with bat or bird excrement. Associated with pulmonary issues. 
Common among patients with HIV/AIDS and immunosuppressed.

Parasitic infections
Leptospira spp. Transmitted via contact with contaminated water, thus endemic to areas with high rainfall. 

Associated with renal failure and pulmonary hemorrhage.
Treponema pallidum Transmitted through sexual contact. Symptoms vary depending on duration of infection but 

can include posterior column syndrome, Marcus Gunn pupil, optic neuritis, and 
encephalopathy/memory deficits.

Taenia solium Transmitted fecal-oral. Associated with living in areas where pigs are present. Associated 
with epilepsy and neuroimaging may demonstrate multiple small cysticerci with or without 
scolex within.

Toxoplasma gondii Transmitted through eating poorly cooked food but also associated with exposure to cats. 
Associated with influenza-like symptoms in acute phase with lymphadenopathy but may also 
cause encephalitis, retinitis, or seizures in acute or chronic phase.

AIDS acquired immunodeficiency syndrome, CMV cytomegalovirus, GI gastrointestinal, HHV-6 human herpes virus 
type 6, HIV human immunodeficiency virus, HSV herpes simplex virus, HTLV-1 human T-lymphotropic virus-1, IV 
intravenous, JC virus John Cunningham virus, PML progressive multifocal leukoencephalopathy, VZV varicella
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bands. The patient was AQP4 antibody negative, 
but was noted to have positive anti-MOG antibod-
ies with a titer of 1:100. The patient was treated 
with an additional course of 5 days of IVMP and 
subsequent 6-week steroid taper.

Four weeks into the patient’s steroid taper, 
bilateral lower extremity weakness developed 
again, presenting as difficulty with ambulation. 
She was treated again with IVMP with minimal 
improvement. She then received a course of IVIg 
(2 g/kg over 3 days) followed by 375 mg/m2 ritux-
imab given over a 4-week period. Unfortunately, 
the patient developed worsening vision only a few 
weeks after this latter regimen and received 
another course of IVMP and IVIg. Given her 
refractory status to multiple immunomodulatory 
therapies, the decision was made to continue 
chronic IVIg. After developing an episode of 
transverse myelitis, a decision was made to switch 
to a combination of IVIg every 6 weeks and bi-
annual rituximab infusions. The patient has accu-
mulated disability over time, reaching a maximum 
Expanded Disability Status Scale (EDSS) of 6, 
although her most recent scoring is 2.

�Diagnostic Discussion

Myelin oligodendrocyte glycoprotein has been 
reported to be expressed entirely in the outermost 
lamellae of the myelin sheath within the CNS [29]. 
The location of expression of this protein is natu-
rally a candidate for dysfunction in demyelinating 
disorders of the CNS given its unique expression 
pattern. An unanswered question at this time is 
whether antibodies against MOG are created in 
reaction to CNS inflammation or if they are 
directly pathogenic, causing inflammation directly.

Previous literature in both adult and pediatric 
patients has been controversial in that anti-MOG 
antibodies have been identified in MS, NMOSD, 
ADEM, multiphasic ADEM, and healthy controls, 
making its presence of uncertain clinical value. 
This is even more notable in children younger than 
10  years of age with demyelinating events who 
tend to have higher rates of antiv-MOG antibody 
presence [30, 31]. In a recent review of 65 children 
with acute demyelinating events, 35% were anti-
MOG antibody positive [32]. Interestingly, in this 
study presence of anti-MOG antibody had a high 
positive predictive value of 91% for non-MS-
related disease. Additionally, in children with non-
MS pathology (specifically ADEM), patients with 
anti-MOG antibody positivity were noted to have 
an increased frequency of large, bilateral, and 
widespread lesions including the brain and spinal 
cord, but ultimately had more favorable clinical 
outcomes compared to children who were anti-
MOG antibody negative, although this same 
cohort of patient experiences polyphasic disease in 
up to 20% of cases [20].

Clinical presentations, as referenced prior, are 
extraordinarily heterogeneous within the anti-
MOG antibody literature. In cases where patients 
have clinical symptoms similar to NMOSD, anti-
MOG antibodies can be present in a minority of 
cases [33, 34]. These cases can be distinguished 
from “typical” presentations of NMOSD as they 
disproportionally affect men (as opposed to 
women in AQP4 positive disease), more likely 
involve the optic nerve than the spinal cord, have 
increased likelihood of bilateral optic neuritis, 
are more likely to be monophasic, have spinal 
lesions in lower portions of the spinal cord, and 

Fig. 29.5  Sagittal T2 short tau inversion recovery (STIR) 
image of the cervical and thoracic spine demonstrating 
longitudinally extensive lesion of the spinal cord
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are associated with improved recovery [35]. The 
pathophysiology underlying anti-MOG antibody 
interactions in NMOSD and the clinical differ-
ences mentioned is unknown and seemingly 
counterintuitive to the general theory that more 
autoantibodies should produce a more severe 
phenotype, as would be the case with AQP4 anti-
bodies seen in “classic” NMOSD.

When identified, the presence of anti-MOG 
antibodies poses a unique clinical conundrum in 
pediatric patients as monophasic and multiphasic 
forms have been reported. Monophasic illness 
has been associated with male gender and the 
absence of pathology involving the optic nerves 
[36]. Interestingly, these patients also have tran-
sient anti-MOG antibodies that are responsive to 
immune therapies. In contrast, patients who go 
on to have multiphasic disease (that can mimic 
MS, NMOSD, and multiphasic ADEM) tend to 

have a higher anti-MOG antibody titer at presen-
tation, are refractory to intervention, and are 
older at presentation. Seroconversion to negative 
titers has been reported in both monophasic and 
relapsing disease. Although patients with contin-
ued seropositivity have been noted to have very 
high rates of polyphasic disease, up to 88% in 
children diagnosed with anti-MOG-associated 
ADEM [37–40]. While the idea of seroconver-
sion is appealing, this has not been definitively 
linked to monophasic or more mild courses and 
longitudinal research will be needed to investi-
gate these claims. As such, monitoring for signs 
that may indicate other diagnoses is critical as 
treatment and prognosis of anti-MOG antibody-
associated disorders is complicated. Jarius et al. 
provided a list of “red flags” that should be con-
sidered before moving to definitive diagnosis and 
treatment and are provided in Table 29.5 [36].

Table 29.5  “Red flags”: conditions that should prompt physicians to challenge a positive test result (consider retesting 
the patient, ideally using an alternative, i.e., methodologically different cell-based assay; in case of doubt, consider 
seeking expert advice from a specialized center)

Disease course:
Chronic progressive disease (very rare in MOG-IgG-positive patients), including SPMS (especially SPMS without 
relapses) and PPMS
Sudden onset of symptoms, e.g., < 4 hours from onset to maximum (consider ischemic cause), or continuous 
worsening of symptoms over weeks (consider tumor, sarcoidosis, etc.)
MRI:
Lesion adjacent to a lateral ventricle that is ovoid/round or associated with an inferior temporal lobe lesion or 
Dawson’s finger-type lesion
Active brain MRI over time with silent increase in lesion burden between relapses (limited evidence)
CSF:
Bi- or tri-specific MRZ reaction (consider MS)
Serology:
MOG-IgG levels at or just barely above the assay-specific cut-off, especially (but not exclusively) if clinical picture 
is atypical
Positive MOG-IgM and/or MOG-IgA result with negative MOG-IgG (clinical significance unknown)
MOG-IgG positivity in the CSF but not in the serum (MOG-IgG is typically produced extrathecally)
AQP4-IgG/MOG-IgG “double-positive” test results (extremely rare; should prompt retesting for both antibodies)
Others:
Clinical or paraclinical findings suggesting diagnoses other than MOG-EM, NMOSD, or MS (e.g., 
neurotuberculosis, neuroborreliosis, neurosyphilis, neurosarcoidosis, Behçet syndrome, subacute combined 
degeneration of the spinal cord, Leber’s hereditary optic neuropathy, vasculitis, CNS lymphoma, gliomatosis cerebri, 
paraneoplastic neurological disorders, PRES, PML, and evidence for CNS infection)
Combined central and peripheral demyelination (MOG is not expressed in the peripheral nervous system)

AQP4 aquaporin 4, CNS central nervous system, CSF cerebrospinal fluid, Ig immunoglobulin, MOG myelin oligoden-
drocyte glycoprotein, MOG-EM myelin oligodendrocyte glycoprotein encephalomyelitis, MRI magnetic resonance 
imaging, MS multiple sclerosis, NMOSD neuromyelitis optica spectrum disorder, PML progressive multifocal leukoen-
cephalopathy, PPMS primary-progressive multiple sclerosis, PRES posterior reversible encephalopathy syndrome, 
SPMS secondary-progressive multiple sclerosis
Reprinted under terms of Creative Commons Attribution License 4.0 from Jarius et al. [36]
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Information regarding the treatment of anti-
MOG antibody spectrum disorders is complex 
and limited in regard to both large-scale stud-
ies and long-term follow-up. Patients with 
anti-MOG antibody positivity and an acute 
demyelinating event respond to therapy with 
glucocorticoids [41]. Interestingly, these 
patients are vulnerable to relapses with steroid 
reduction and cessation prompting trials with 
multiple forms of immunotherapy. For this rea-
son, prolonged and slow steroid tapers are 
often utilized anecdotally following initial 
anti-MOG antibody-associated demyelinating 
events. DMTs such as interferon beta and glat-
iramer acetate have been evaluated in patients 
with anti-MOG antibody positivity and are not 
associated with clinical improvement, result-
ing in no changes in annualized relapse rates or 
expanded disability status scale scores over 
time [42]. Other attempts at maintenance ther-
apy, including azathioprine, mycophenolate 
mofetil, rituximab, and IVIg, have been associ-
ated with reduction in relapse in patients with 
relapsing anti-MOG antibody positive demye-
linating disorders, although further large-scale 
studies are needed [42–46].

Prognosis is dependent on the systems 
involved, with patients who have optic neuritis 
and transverse myelitis having more accumulated 
disability than other presentations of the 
disorder.

�Conclusion

Demyelinating disorders in children are a com-
plex and heterogeneous pathologic group. 
Although clear diagnostic criteria exist for MS, 
NMOSD, and ADEM, a broad differential and 
consideration of mimics of common demyelinat-
ing syndromes should be maintained based on 
the clinical, radiographic, and laboratory data 
available. In all demyelinating syndromes, anti-
MOG antibody testing is warranted as data con-
tinues to emerge about the clinical and therapeutic 
implications of this autoantibody.
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Clinical Approach to Stiff Person 
Syndrome

Jonathan R. Galli and Stacey L. Clardy

�Patient Vignette 1

A 56-year-old woman reports muscle spasms that 
began in her proximal legs approximately 
4 months prior to presentation. She explains that 
her spasms began in her right leg but progressed 
to involve both lower extremities the following 
month. The spasms initially occurred two to three 
times per month but subsequently increased to 
several times per week. She also notes progres-
sion of spasms into her upper and lower back. 
Spasms are triggered by loud noises. More 
recently, she describes increased tightness in her 
back and proximal legs even when spasms are not 
occurring. Her gait has become severely affected 
such that she is unable to walk without an assis-
tive device; she has otherwise suffered falls, 
especially if she cannot place her hand against a 
wall for guidance.

On examination, her mental status is at her cog-
nitive baseline, and no abnormalities are detected 
on brief cognitive screening. There are no cranial 
nerve abnormalities. Her motor examination dem-
onstrates full strength in all of her extremities. She 

has increased tone in her proximal paraspinal mus-
cles and lower extremities. Her reflexes are sym-
metrically brisk, graded at 3+ throughout all 
extremities, without Hoffman’s or Babinski signs. 
Her sensory examination demonstrates normal 
testing of temperature, vibration, and sharp touch. 
The cerebellar examination is within normal lim-
its. On gait examination, she has a slow, rigid-
appearing gait, requiring extra effort to touch her 
heels fully to the ground, and she walks with a 
short stride, requiring a walker for assistance.

�Introduction

Stiff person syndrome (SPS), also referred to as 
stiff man syndrome or Moersch-Woltman syn-
drome (in recognition of the Drs. Moersch and 
Woltman, the two Mayo Clinic neurologists who 
first described a series of affected male patients), 
was first described in 1956 in patients with primar-
ily truncal and proximal muscle rigidity [1]. SPS is 
estimated to occur in about one to two per million 
people, though this is possibly an underestimation 
due to the historically limited availability of com-
mercial testing of glycine receptor (GlyR) anti-
bodies and also under-recognition of less severe or 
atypical presentations of the SPS spectrum of dis-
ease [2, 3]. Onset of disease is approximately 
40  years old, with women more commonly 
affected than men [4, 5]. While more rare, pediat-
ric onset of SPS has also been described [6].
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�Clinical Presentation

�Classic Stiff Person Syndrome

SPS was first described as a progressive, persis-
tent, symmetrical rigidity of the axial, neck, and 
proximal limb muscles [1]. Patients often ini-
tially have stiffness and rigidity in the axial mus-
cles, which may spread to the proximal limb 
muscles over weeks to months [7]. Intermittent, 
severe muscle spasms may also occur and may be 
triggered by volitional movement, startle, emo-
tion, or tactile simulation [7]. As symptoms prog-
ress, volitional movement at the joint can become 
difficult due to muscle rigidity [7].

Examination of patients with SPS demonstrates 
normal strength and sensation [8]. Patients have 
significantly increased tone in the affected muscle 
groups, sometimes enough to make the muscles 
feel hardened to touch [1, 7]. Deep tendon reflexes 
may demonstrate hyperreflexia [8]. Spinal lordosis 
can occur, and the gait may appear rigid, described 
as a “wooden man” or “tin soldier” gait [7, 8].

Over time, several revisions have been sug-
gested to create diagnostic criteria for SPS [7–9]. 

Currently, SPS diagnostic criteria based on work 
of Vasconcelos and Dalakas in 2003 include (1) 
simultaneous contraction of agonist and antago-
nist muscles leading to muscle stiffness, primar-
ily in axial muscles, which is progressive over 
time; (2) episodic spasms in response to startle, 
emotion, volitional movement, or tactile stimula-
tion; (3) simultaneous motor unit firing in agonist 
and antagonist muscle groups demonstrated on 
electromyography; (4) elevated serum glutamic 
acid decarboxylase (GAD65) autoantibodies; (5) 
symptomatic response to diazepam; and (6) 
absence of another neurologic diagnosis to 
explain muscle rigidity [9]. These criteria will 
likely require ongoing modification, as the clini-
cal spectrum expands and as other role of other 
autoantibodies is clarified in patients.

See Table 30.1.

�Stiff Limb Syndrome

A variant of SPS has been described involving one 
or more limbs. Referred to as focal SPS or stiff 
limb syndrome, the symptoms most commonly 

Table 30.1  Clinical characteristics of stiff person syndrome (SPS)

Clinical findings
 � Progressive spasms and rigidity in muscles
 � Co-contraction of agonist and antagonist muscle groups
 � Exacerbation of spasm in response to startle or stimulation
 � Symptomatic response to diazepam
Laboratory evaluation
 � Positive GAD65 autoantibodies in serum or CSF
 � Alternatively, may have positive GlyR, amphiphysin, GABAA receptor, gephyrin autoantibodies
 � CSF may demonstrate nonspecific pleocytosis and/or oligoclonal bands
Other diagnostic evaluation
 � EMG may demonstrate simultaneous motor unit firing in agonist and antagonist muscle groups
 � Normal nerve conduction studies
 � MRI may be used to rule out myelopathy or alternative causes of spasms and rigidity
Comparison of classic SPS, stiff limb syndrome, and PERM
Classic stiff person syndrome Spasms occur primarily in axial and proximal muscle groups
Stiff limb syndrome Focal involvement in limbs more distally, may progress to 

involve axial muscles over time
Progressive encephalomyelitis with rigidity and 
myoclonus (PERM)

Often have cranial nerve involvement, pyramidal signs, 
dysautonomia, seizures, and encephalopathy

CSF cerebrospinal fluid, EMG electromyography, GABA γ (gamma)-aminobutyric acid, GAD65 glutamic acid decar-
boxylase epitope 65, GlyR glycine receptor, MRI magnetic resonance imaging, PERM progressive encephalomyelitis 
with rigidity and myoclonus
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involve the legs [10, 11]. Spasms are painful and 
may occur with volitional movement, spontane-
ously, or with provocation, such as with reflex test-
ing during the neurologic examination [12]. 
Patients with focal involvement tend to have fluc-
tuating clinical courses [13]. These patients may 
also progress to a classic SPS phenotype, with 
greater involvement of axial musculature over 
time [5, 14]. GAD65 autoantibody positivity is 
seen in a large subset of patients with focal involve-
ment, although seronegative cases may occur (and 
warrant further investigation to rule out mimics) 
[5, 13, 14]. Significant upper extremity or neck 
involvement is often seen in patients with amphi-
physin autoantibodies as well as GlyR autoanti-
bodies [5, 15, 16]. Similar to classic SPS, these 
patients may demonstrate co-contraction of ago-
nist and antagonist muscle groups and/or continu-
ous motor unit activation on electromyography 
(EMG). Unique segmented, hypersynchronous 
discharges may also occur with EMG in patients 
with stiff limb syndrome [12, 13]. These patients 
tend to require lower doses of benzodiazepines for 
symptomatic treatment, although they do not nec-
essarily respond better to immunotherapy [5, 16].

�Progressive Encephalomyelitis 
with Rigidity and Myoclonus (PERM)

The term progressive encephalomyelitis with 
rigidity and myoclonus (PERM) is used to 
describe a more fulminant variant of 
SPS.  Patients with PERM often present with 
cranial nerve findings prior to onset of spasms 
[13, 14]. In addition to the spasms, they may 
suffer a broader spectrum of neurologic symp-
toms including cognitive deficits, epilepsy, 
brain stem and cranial nerve dysfunction, pyra-
midal signs, sphincter dysfunction, sensory 
loss, and dysautonomia [13, 14, 16]. Most 
patients follow a pattern of rapid decline, lead-
ing to death within months to years [5, 13]. 
GAD65 and GlyR autoantibodies are com-
monly associated with PERM and can occur 
concomitantly in PERM patients [5, 16, 17]. 
Recent data suggests that patients with GlyR 
autoantibodies and PERM may respond better 

to immunotherapy than those with only GAD65 
autoantibodies [16, 17].

�Serology

SPS was first associated with antibodies against 
glutamic acid decarboxylase in 1988 by Solimena 
et al. [18]. More recently, it was determined that the 
epitope 65 of glutamic acid was specifically bound 
by the autoantibody [19, 20]. Patients with SPS tend 
to have manyfold higher titers of GAD65 autoanti-
bodies compared to patients exclusively diagnosed 
with insulin-dependent diabetes mellitus, and thus, 
the phrase “GAD65-associated neurologic autoim-
munity” is useful to distinguish these neurologic 
conditions from the more common, isolated, insu-
lin-dependent diabetes [20]. It is approximated that 
60–80% of patients with SPS are GAD65 autoanti-
body seropositive [14]. While GAD65 autoantibod-
ies serve as a marker supportive of SPS, there has 
not been any consistent correlation of GAD65 titers 
with disease severity [21]. GAD65 autoantibodies 
are also not specific for classical SPS and have been 
demonstrated at high titers in patients with cerebel-
lar ataxia, limbic encephalitis, and epilepsy, as well 
as overlapping neurologic phenotypes (SPS “plus” 
syndromes) [10].

Other antibodies that have been associated in 
SPS include autoantibodies against amphiphysin, 
glycine receptor (GlyR), γ (gamma)-aminobu-
tyric acid (GABA)A receptor, gephyrin, and 
dipeptidyl peptidase-like protein 6 (DPPX) [22–
26]. A subset of patients with SPS may also pres-
ent without any clear causative autoantibody and 
warrant rigorous exclusion of other diagnoses 
[5]. GlyR antibodies may occur alone or with 
GAD65 antibodies, and patients with glycine 
receptor antibodies may have better clinical out-
comes than those with GAD65 antibodies [16]. 
GlyR autoantibody testing should be strongly 
considered in GAD65-seronegative (or very low 
GAD65 titer positivity) PERM patients or in SPS 
patients with prominent positive visual symp-
toms [17, 27]. Amphiphysin in particular is an 
important consideration in GAD65-seronegative 
patients, given the overall higher occurrence 
of malignancy in these patients than in GAD65 
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patients [28]. Further, consideration for a para-
neoplastic etiology of symptoms should be a con-
sideration in all SPS patients regardless of 
antibody identification, and the treating physi-
cian should ensure that appropriate malignancy 
screening guidelines are up-to-date, and addi-
tionally query any specific symptoms suggestive 
of undiagnosed malignancy.

�Pathophysiology

The exact pathophysiological mechanism in SPS 
remains elusive. A leading theory is impairment of 
the GABA inhibition pathway, particularly within 
the spinal cord, leading to motor hyperactivity. 
This has been supported by the demonstration of 
exaggerated response to cutaneous or acoustic 
stimulation leading to spread of reflexes to addi-
tional muscle groups, which is thought to be sec-
ondary to neuronal hyperexcitability [29–32]. This 
disinhibition, particularly within the spinal cord, 
may be secondary to segmental interneuronitis 
[12]. Evidence of hyperexcitability within the 
motor cortex, however, suggests that there is disin-

hibition within the entire central nervous system 
[33]. The GABA inhibition pathway has been 
implicated in several studies that demonstrate 
reduced levels of GABA in both the brain and spi-
nal cord of SPS patients [20, 34]. The autoantibod-
ies associated with SPS bind antigens, which are 
found within the GABA inhibitory synapse, and 
also suggest this pathway is significantly involved 
in the underlying pathophysiology.

Substantial insight into the potential pathophysi-
ology of SPS came with the discovery of the involve-
ment of GAD65 autoantibodies in SPS [18]. The 
GAD65 autoantibody in patients with SPS binds 
two distinct regions of the GAD65 molecule, includ-
ing the linear portion in the N-terminus [35, 36]. It 
has been hypothesized that the binding of the 
GAD65 molecule may inhibit GABA synthesis 
from glutamate, thus impairing inhibitory pathways 
[37]. Figure  30.1 demonstrates possible binding 
sites for the autoantibodies that have been implicated 
in SPS. The other associated autoantibodies in SPS 
also serve roles in the GABA inhibitory pathway, 
and while the exact pathophysiological mechanism 
of each unique autoantibody is not yet precisely 
understood, they do offer possible insight into the 
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Fig. 30.1  Potential binding sites for autoantibodies in the 
γ (gamma)-aminobutyric acid (GABA) inhibition path-
way in stiff person syndrome. SPS is thought to be, in 
large part, secondary to pathology within the GABAA 
receptor synapse leading to neuronal hyperexcitability. (1) 
Glutamic acid decarboxylase (GAD) serves as the rate-
limiting enzyme in the synthesis of glutamate to GABA, 
an inhibitory neurotransmitter. (2) Amphiphysin is 

involved in presynaptic endocytosis. (3) GABAA recep-
tors (GABAA R) bind GABA postsynaptically and cause 
inhibition of the postsynaptic neuron. (4) Within the spi-
nal cord, glycine binds postsynaptically to its receptor 
(GlyR) to cause inhibition of the postsynaptic neuron. (5) 
Gephyrin (shown as the gray box) and GABAA receptor-
associated protein (shown as the blue box) are involved in 
anchoring and organizing GABAA receptor and GlyR
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suspected increased excitability in SPS.  GABAA 
receptors are essential in the inhibitory pathways 
within the central nervous system, and low titers of 
autoantibodies may occur concomitantly with 
GAD65 autoantibodies in patients with SPS [24, 
38]. Glycine acts as an inhibitory neurotransmitter 
within the spinal cord, and autoantibodies against 
GlyR have also been associated with SPS, particu-
larly PERM [39]. Autoantibodies against gephyrin 
and GABAA receptor-associated protein, both struc-
tural proteins involved in the GlyR and GABAA 
receptor plasma membrane organization, may also 
lead to a SPS phenotype [25, 40]. Amphiphysin is a 
protein involved in synaptic endocytosis, and mouse 
exposure to anti-amphiphysin antibodies can pro-
duce a similar phenotype as SPS, particularly affect-
ing GABAergic neurons [41, 42].

The pathophysiological significance of 
GAD65 autoantibodies remains an area requiring 
additional investigation, particularly focusing on 
whether the specific epitope binding and/or the 
autoantibody titers in SPS are playing a direct 
role in disease activity [37, 43], especially in 
light of data suggesting that SPS-specific GAD65 
autoantibodies in serum and cerebrospinal fluid 
(CSF) bind to different epitopes without pheno-
typical correlation [44], and that titers in serum 
and CSF do not correlate directly with disease 
severity [21]. Passive exposure to GAD65 human 
autoantibodies in mice does not necessarily 
induce symptoms, and GAD65 antibodies are 
seen in several other different neurologic dis-
eases affecting other specific brain regions, 
including cerebellar ataxia and epilepsy, without 
an associated SPS phenotype. It has been sug-
gested that B cells are likely involved in the 
GAD65-related neurologic disease process, 
given the intrathecal detection of GAD65 autoan-
tibodies and the frequent presence of oligoclonal 
bands [44], but T cells are also thought to have a 
role in the maintenance of the ongoing patho-
logic immune response in SPS patients [45]. It 
has also been suggested that GAD65 molecule 
exposure to the immune system may initially 
occur during the exocytosis of GABA [46].

There are no pathognomonic findings reported 
in tissue studies from patients with SPS: autopsy 
studies have demonstrated chromatolysis, vacu-

olization, and microglial proliferation within 
anterior horn cells, particularly in the lumbar 
spine [47, 48], and T cell infiltration of cytotoxic 
CD8+ T cells may also be found [48]. Perivascular 
cuffing has been demonstrated in the spinal cord, 
as well as within the brain stem and cerebrum in 
a patient with GAD65-seropositive SPS [49]. 
Limited genetic studies do not help to further 
inform pathophysiology, as there is a paucity of 
data regarding the genetic risk in SPS, with one 
report of an association with human leukocyte 
antigen class II DQB1*0201 allele in patients 
with SPS [50] and another study noting higher 
rates of the HLA-DR haplotypes [4].

�Clinical Evaluation

Laboratory investigations of a patient with sus-
pected SPS should include testing of GAD65  in 
both the serum and cerebrospinal fluid. Several 
commercial assays for testing GAD65 are available 
including radioimmunoassays, enzyme-linked 
immunosorbent assay, and enzymatic immunopre-
cipitation assay, with radioimmunoassays being 
the most sensitive and specific for GAD65 [51]. In 
patients with SPS, GAD65 serum titers are 
expected to be severalfold greater than the titers 
observed in type 1 diabetes, often five- to tenfold, 
but upper limits of assay detection and reporting in 
some of the commercial laboratories may limit the 
ability to determine the exact titer without request-
ing further dilution [36]. In patients who are sero-
positive, CSF GAD65 should also be evaluated to 
confirm intrathecal GAD65 antibody synthesis 
[20]. When GAD65 antibody testing is negative, 
consideration should be given to testing amphiphy-
sin, GlyR, GABAA receptor, and/or gephyrin auto-
antibodies in the serum and CSF. Currently, testing 
of these additional autoantibodies may be limited 
to performance on a research basis in only a few 
labs internationally [16]. CSF findings are fre-
quently nonspecific but may demonstrate leukocy-
tosis or elevated protein [13, 16]. Oligoclonal 
bands may also be present in a subset of patients, 
although they are not specific for SPS [14].

EMG studies are important in the diagnostic 
evaluation for SPS, although not all patients with 
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SPS will demonstrate abnormalities, especially if 
tested while on treatment with symptomatic 
muscle-relaxing medications or if testing in unaf-
fected muscles. Provocative measures may be 
required to induce spasm at the time of testing. 
Peripheral nerve conduction studies are expected 
to be normal [13]. EMG will classically demon-
strate co-activation of agonist and antagonist 
muscle groups in muscles affected by spasms [1, 
13, 52]. Motor unit potentials will have normal 
morphology but can be present in antagonist 
muscle groups during contraction of an agonist 
muscle group, demonstrating a lack of inhibition 
in opposing muscle groups [46]. These EMG 
findings improve with use of benzodiazepines, 
during sleep, or with general anesthesia [53]. 
Other electrophysiological findings include exag-
gerated brain stem reflexes, cutaneo-muscular 
reflexes, and exteroceptive reflexes elicited from 
cutaneous stimulation, although these are not 
routinely assessed for in a clinical setting [29–
31]. In patients with more distal limb involve-
ment, such as is seen in stiff limb syndrome, 
EMG may demonstrate segmented and synchro-
nous discharges of motor units [13].

Magnetic resonance imaging (MRI) of both the 
brain and spine does not typically demonstrate any 
specific findings; abnormalities should raise suspi-
cion of misdiagnosis or other concurrent abnor-
mality (such as GABA-A receptor encephalitis). 
Imaging should be considered during diagnostic 
evaluation to rule out any intracranial or myelo-
pathic process that may mimic SPS [46].

�Differential Diagnosis

Other causes of spasms and increased muscular 
tone should be considered during evaluation of 
SPS, and alternative causes or pyramidal or extra-
pyramidal disorders should be excluded. 
Common differential diagnostic considerations 
include genetic hyperekplexias; myelopathy sec-
ondary to infectious, inflammatory, or metabolic 
etiology; dystonia; Parkinson’s disease and atypi-
cal parkinsonism; genetic myopathies such as 
Emery-Dreifuss or myotonic muscular dystro-
phy; neuromyotonia; hereditary spastic parapare-

sis; spinocerebellar degeneration; motor neuron 
disease; functional movement disorder; tetanus; 
serotonin syndrome; and neuroleptic malignant 
syndrome. Functional movement disorders or 
malingering should be considered quite cau-
tiously, as SPS patients are at risk of treatment 
delay and complications if misdiagnosed with a 
functional movement disorder.

�Associated Conditions

There may be overlapping neurologic conditions 
with SPS.  These include cerebellar ataxia, epi-
lepsy, limbic encephalitis, myoclonus, parkin-
sonism, and peripheral neuropathy [5, 16]. 
Beyond the nervous system, patients with SPS 
also have an increased risk for other autoimmune 
diseases. Approximately 35–43% patients with 
GAD65-seropositive SPS have type 1 diabetes or 
latent autoimmune diabetes in adults (LADA). 
Conversely, the occurrence of SPS in type 1 dia-
betes is much lower, estimated at 1:10,000 [4, 5]. 
Type 1 diabetes or LADA can precede the symp-
toms of SPS by years [4, 5]. Other autoimmune 
conditions that have been associated with SPS 
include autoimmune thyroid disease, pernicious 
anemia, vitiligo, systemic lupus erythematosus, 
and celiac disease [5, 45, 46].

GAD65-associated SPS may occur rarely as a 
paraneoplastic condition, and at a minimum, stan-
dard malignancy screening should be pursued in 
all patients newly diagnosed with SPS. Screening 
may be expanded to include computed tomogra-
phy imaging of the chest, abdomen, and pelvis or 
whole-body positron emission scan in atypical or 
high-risk patients. Amphiphysin-related SPS, in 
particular, is commonly association with breast 
cancer [22]. Other malignancies that have been 
associated with SPS include thyroid, colon, thy-
mus, lung, renal, and lymphoma [45].

�Patient Vignette 2

A 45-year-old woman presents with spasms in 
her back and proximal lower extremities along 
with progressive difficulty walking over the last 
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3 years. Her past medical history is significant for 
Wegener’s granulomatosis and autoimmune thy-
roiditis. On examination, she has increased mus-
cle tone in her paraspinal muscles and proximal 
lower extremity muscles, along with spastic gait. 
Laboratory evaluation was notable for negative 
serum and CSF GAD65. Serum GlyR antibodies, 
however, were positive. CSF studies were other-
wise normal. EMG demonstrated co-activation of 
muscles in agonist and antagonist muscle groups 
in her right lower extremity. MRI brain and spine 
were normal.

Symptomatic treatment with valium and 
baclofen provided only partial benefit. 
Immunotherapy with intravenous immunoglobu-
lin (IVIg) marginally improved symptoms. 
Plasma exchange was started 3 months later with 
no benefit. Rituximab was initiated with no 
improvement in spasm frequency or ambulatory 
status. Ultimately, consideration was given to 
experimental autologous bone marrow transplant 
therapy, given her continued progression despite 
maximizing symptomatic therapy and failure of 
traditional immunotherapies.

�Treatment

The primary symptomatic treatment in patients 
with SPS is the use of antispasmodic agents. 
Diazepam, a GABAA receptor agonist, is an 
effective symptomatic therapy [8]. Benefit from 
diazepam or clonazepam can be substantial, and 
benzodiazepine therapy is considered first-line 
agent for symptomatic therapy [46]. There are no 
clinical trials to provide guidelines for dosing of 
benzodiazepines. Treatment should be initiated 
and cautiously up-titrated, taking into account 
both symptomatic relief and side effects, includ-
ing respiratory depression and somnolence. 
Large doses may be necessary for effect [5]. If 
patients are prescribed concurrent opiates for 
another indication/condition, extreme caution 
must be undertaken to avoid accidental death, 
and discontinuation of opiates is strongly recom-
mended; caregivers should be equipped with nal-
oxone during the weaning of opiates if both 
medications must be continued concomitantly for 

a period of time. Additionally, polysomnography 
should be performed early in the course of treat-
ment in appropriate patients to minimize the dan-
gers of the use of sedating medications in 
untreated sleep apnea.

Baclofen, a GABAB agonist, was later 
described as an effective treatment, particularly 
when used together with a benzodiazepine [54, 
55]. Baclofen may be dosed together with a ben-
zodiazepine or as a monotherapy. There are no 
clinical trials to provide dosing instruction on 
baclofen; dosing should also be titrated to symp-
tom relief and tolerance of side effects. 
Somnolence is the most common side effect with 
baclofen use, particularly when used along with 
benzodiazepines. Patients with classic SPS 
symptoms tend to need higher dosing than those 
with focal SPS [5]. Intrathecal baclofen is an 
option for patients who are not well controlled on 
oral medications or for those who do not tolerate 
higher doses of diazepam or baclofen. Outcomes 
in the use of intrathecal baclofen may vary, and 
some studies suggest it may be better tolerated 
than oral therapy [56, 57]. Risks of complications 
from catheter problems or pump malfunction 
should be seriously considered prior to place-
ment [56, 57]. Intrathecal baclofen pump use in 
PERM patients may require higher doses and 
also increases the risk for dysautonomia [57]. 
Other medications that have been tried for symp-
tomatic treatment include several antiepileptic 
medications, as well as propofol and dantrolene. 
Some have shown benefit in specific cases, 
although they are not widely used [58–63].

Immunotherapy has frequently been utilized 
in the treatment of SPS, given the presumed 
antibody-mediated disease mechanism, although 
large randomized control trials are currently 
lacking. Intravenous immunoglobulin has been 
most widely used, and small trials have shown 
benefit with improved ambulation, decreased 
falls, and increased ability to perform activities of 
daily living [64, 65]. IVIg is a relatively safe 
treatment in patients with SPS with most com-
mon side effects including headache, myalgias, 
and rash; more severe side effects include aseptic 
meningitis, thrombotic events, and renal tubular 
necrosis [65]. However, the benefit of IVIg is not 
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always sustained long-term in patients and may 
not necessarily prevent disability [5, 64].

Plasma exchange has been used in SPS, with 
the hypothesized benefit relating to the filtration 
of immunoglobulins [66]. While no randomized 
control trials have been performed using plasma 
exchange in SPS, significant clinical improve-
ment has been demonstrated in some patients 
with SPS in smaller studies [67]. Plasma 
exchange is generally well tolerated, with the 
most common adverse effects including catheter-
associated infection and hypotension [66, 67].

Rituximab, an anti-CD20 monoclonal antibody, 
has been utilized for several autoantibody-mediated 
neurologic diseases including myasthenia gravis, 
neuromyelitis optica, and autoimmune encephalitis 
[68–70]. Small case series and case reports have 
reported benefit in SPS patients—notably who were 
refractory to other immunotherapy—but other 
larger, randomized trials have not shown benefit of 
rituximab treatment for SPS [71, 72].

Most recently, autologous stem cell transplan-
tation is being pursued in treatment-refractory 
SPS patients in a few international centers. While 
large studies are currently lacking and greatly 
needed, this offers a promising therapy for par-
ticularly refractory and quickly progressive 
patients and may offer the potential of significant 
symptom improvement and perhaps clinical 
remission from disease [73].

�Conclusion and Future Directions

Understanding of SPS—particularly regarding 
epidemiology, pathophysiology, and effective 
treatments—remains sparse. Due to the rarity of 
diagnosed SPS, epidemiological data has been dif-
ficult to obtain, and larger population-based stud-
ies are necessary. Further studies to elucidate the 
pathophysiology of SPS can help to clarify the role 
the autoantibodies have in the disease, as well as 
offer better insight into treatment targets and strat-
egies. Finally, rigorous randomized, multicenter 
controlled trials of specific treatments are crucial 
to improve patient outcomes and avoid unneces-
sary exposure to possibly ineffective and poten-
tially dangerous immunotherapies.
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Use of Disease-Modifying 
Therapies in Multiple Sclerosis

John R. Corboy and Robert H. Gross

�Patient Vignette

In 1999, a 36-year-old woman had a 3-week epi-
sode of numbness from the waist down, for which 
she did not seek medical attention and which 
cleared spontaneously. Three months later, she 
had blurred vision in the left eye with pain on 
lateral movement and was diagnosed clinically 
with optic neuritis. Brain and thoracic spine mag-
netic resonance imaging (MRI) scans revealed 
multifocal lesions in the periventricular region, in 
the right cerebellum, in the subcortical white 
matter, and at T10, with several brain lesions and 
the left optic nerve enhancing after administra-
tion of gadolinium (Gd). Spinal fluid examina-
tion revealed five oligoclonal bands unique to the 
central nervous system (CNS). She recovered 
incompletely after 3  days of intravenous (IV) 
methylprednisolone and continued to work and 
drive a car, noting exercise limitations (blurred 
vision), fatigue, and slowed cognitive processing. 
She was diagnosed with multiple sclerosis (MS) 
and began weekly intramuscular injections of 

interferon (IFN) β (beta)-1a, which she tolerated 
poorly due to continued flu-like side effects last-
ing 1 to 2 days after injection. She had two more 
relapses over the next 3 years resulting in persis-
tent left leg weakness and imbalance with blad-
der urgency and switched in 2002 to subcutaneous 
IFN β (beta)-1a at a higher dose and greater fre-
quency, which she tolerated poorly also. After 
another relapse in 2003, she switched to glat-
iramer acetate (GA) 20 mg daily, by subcutane-
ous injection, which she tolerated well. She had 
another relapse in late 2004 and considered 
switching to intravenous natalizumab (NTZ), but 
it was taken off the market in early 2005 before 
she started it. She continued GA, but after another 
relapse in 2009, she switched to NTZ every 
4 weeks. She was no longer able to work due to 
fatigue, cognitive concerns, and leg weakness 
with imbalance. She had no new problems, but 
when the JC virus (JCV) serology test 
(STRATIFY) became available in 2013, she was 
noted to have been exposed to the virus, putting 
her at risk of development of progressive multifo-
cal leukoencephalopathy (PML), so she switched 
to dimethyl fumarate (DMF) after her insurance 
refused to pay for rituximab (RTX) off-label. She 
remained relapse-free but began to note slow 
worsening of gait and cognitive function by 2015, 
at age 52. By 2018, she had been relapse-free and 
without magnetic resonance imaging (MRI) scan 
changes for 9 years but was using a cane intermit-
tently and slowly worsening with gait and cogni-
tive function. She asked her doctor if she should 
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switch to more effective therapy or, instead, con-
sider a trial off her MS medication.

�Introduction

Drug development over the last 30  years has 
resulted in the regulatory approval of 21 disease-
modifying therapies (DMTs) for MS in the 
United States, including multiple DMTs in the 
same class (interferons, fumarates, and 
sphingosine-1-phosphate modulators), multiple 
generics (two generic versions of GA, three 
generic versions of fingolimod), and several other 
drugs that are used off-label (RTX, mycopheno-
late mofetil, others). The first DMT has now been 
approved for pediatric use (fingolimod), and 
DMTs have been or are being tested in nearly all 
phases and phenotypes of the illness, including 
even those who have not yet had clinical symp-
toms suggestive of MS but whose MRIs are con-
sistent with MS—radiologically isolated 
syndrome (RIS).

Given that patients may remain on a DMT for 
many years, their annual and cumulative costs are 
high, and potential risks of DMT use may be sig-
nificant; maximum diagnostic certainty is 
extremely important. At the same time, however, 
evidence has accumulated that earliest possible 
treatment results in better outcomes. Along with 
unavailability of a reliable biomarker that con-
vincingly separates those with relatively benign 
or severe prognoses at the earliest stages of the 
disease, this tension between early treatment and 
diagnostic certainty has helped fuel inconsistent 
approaches in the early use of DMTs in MS [1]. 
MRI markers such as the central vessel sign [2] 
and biomarkers such as neurofilament light [3] 
appear promising regarding enhancing diagnostic 
and perhaps prognostic certainty.

Much has been learned about the pathogenesis 
of MS (discussed in Part 2 of this book). The 
most cogent interpretation of available data sug-
gests MS is both an inflammatory and a degen-
erative disorder of the central nervous system 
(CNS) [4]. The degenerative component begins 
early, even before overt symptoms suggestive of 
MS; persists throughout lifetime; and is linked 

pathologically to inflammation [5]. As people 
age, the clinical [6] and radiographic [7] manifes-
tations of MS most closely linked to acute inflam-
mation—relapses and gadolinium-enhancing 
(Gd+) lesions, respectively—diminish substan-
tially. Consistent with this, autopsy studies reveal 
a markedly lower number of inflammatory white 
matter plaques in the aged MS population com-
pared to younger patients with MS [5]. Older 
patients retain more diffuse background inflam-
mation (as opposed to distinct white matter 
plaques) resulting in the accumulation of acti-
vated microglia, damaged mitochondria, and 
meningeal lymphocytic follicles that appear to be 
linked to underlying gray matter demyelination 
and atrophy [4, 8]. While there are many poten-
tial approaches to altering the underlying disease 
process in MS, presently available DMTs 
(PA-DMTs) all are immunotherapies of one form 
or another, directed primarily against the adap-
tive immune dysfunction seen most prominently 
in early MS lesions. It has been difficult to iden-
tify any potential neuroprotective therapies until 
very recently, and no PA-DMTs have yet been 
proven to remyelinate denuded axons or replace 
damaged CNS cells, either by external replace-
ment or by inducement of available progenitor 
cells already residing in the CNS.

�Treatment Through Lifetime

The Patient Vignette illustrates several important 
aspects of MS natural history and treatment. MS 
phenotypes are perhaps best thought of as a con-
tinuum of phases through which a patient passes, 
or may pass, in their lifetime. Prior to overt MS 
symptoms, an unknown number of individuals 
will be found to have MRI evidence quite sugges-
tive of MS: RIS [9, 10]. When MS actually 
“begins” remains difficult to ascertain. Based on 
the average number of lesions seen on the brain 
MRI scans of people in clinical trials [11] at the 
time of a first clinical relapse typical for MS, 
defined as clinically isolated syndrome (CIS), it 
is highly likely that most individuals ultimately 
diagnosed with MS will have lived through a pro-
drome [12] of non-overt symptomatology prior to 
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the first clear clinical event. In addition to asymp-
tomatic MRI lesions, this prodrome may consist 
of decreased activity levels [13], diminished cog-
nitive function [14], loss of brain volume [15], 
subclinical motor impairment [16], elevated neu-
rofilament light levels [17], and enhanced use of 
medical services [18]. With newer diagnostic cri-
teria [19], many people are diagnosed with 
relapsing-remitting MS (RRMS) after a first 
demyelinating attack, in the context of appropri-
ate MRI and/or cerebrospinal fluid (CSF) abnor-
malities. During the RRMS phase, patients will 
have a variable number of new, acute relapses; 
new MRI lesions in the optic nerve, brain, and 
spine; and varying degrees of recovery or disabil-
ity related to these acute events. New relapses [6] 
and MRI lesions [7] diminish substantially with 
aging. Within 10 to 15 years after clinical onset 
of RRMS, many MS patients will begin to show 
signs of slow progression of symptoms with or 
without superimposed relapses, known as sec-
ondary progressive MS (SPMS) [19, 20]. Most 
relapses occur within 5 years (91.6%) after onset 
of progressive disease and/or before age 55 
(95.2%) in those with SPMS [21]. Other individ-
uals present with slow progression of MS without 
preceding clinical relapses, defined as primary 
progressive MS (PPMS) [20], typically with a 
similar time of progression onset as seen in 
SPMS. Ultimately, as people age, many will sim-
ply stop having relapses and significant MRI scan 
changes, with some continuing to progress in dis-
ability while others stabilize [22].

The PA-DMTs have been shown to have a 
variety of important positive treatment effects. To 
list them in detail for every DMT is beyond the 
scope of this chapter, but the reader is referred to 
the recent American Academy of Neurology 
guidelines on use of the DMTs where they are 
reviewed in detail [23]. Positive outcomes in ran-
domized controlled trials (RCTs), generally of 
6–24-month duration, include reduction of 
relapses, reduction in worsened MRI activity 
(including fewer new T1 and T2 lesions and 
slower brain atrophy rates), less accumulation of 
disability, less cognitive impairment, and better 
patient-reported outcomes (relatively less stud-
ied). All of the PA-DMTs are approved for 

RRMS, several (multiple IFNs, GA, terifluno-
mide, cladribine, and siponimod) are approved 
for CIS, one is being studied in RIS (DMF, 
NCT02739542), ocrelizumab is approved for 
PPMS, and mitoxantrone is approved for 
SPMS.  In 2019, siponimod and cladribine have 
been approved also for “SPMS with activity,” i.e., 
having both slow progression of symptoms and 
superimposed relapses and/or recent MRI 
changes based on the 2013 Lublin definition [24] 
(see Chap. 6). The verbiage from the US Food 
and Drug Administration (FDA) regarding these 
two latter approvals implies that patients with 
non-relapsing SPMS, who have worsening dis-
ability, are unlikely to benefit from these DMTs. 
The maximum age for inclusion criteria in clini-
cal trials for all the FDA-approved DMTs is 55 
with two exceptions, siponimod [25] (60 years 
old) and cladribine [26] (65 years old). Thus, 
there is only modest information regarding treat-
ment suggestions for relatively older MS patients, 
especially those who either continue to slowly 
progress in spite of DMT use or those who have 
remained clinically and radiographically stable 
for prolonged periods while using a DMT. Given 
new demographic data concluding that 46% of 
adult US patients with MS are 55 or older [27], 
this lack of information in relatively older patients 
needs to be addressed. Finally, only fingolimod is 
approved for pediatric use [28]. Table 31.1 sum-
marizes all the approved PA-DMTs.

Given the varying clinical and pathological 
manifestations of MS at different ages, it is not 
surprising that treatment with DMTs throughout 
these clinical phases may change based on mark-
edly different principles and expectations. 
Treatment decisions in a young person with very 
early manifestations of MS are dominated by the 
desire to limit short-term relapses and long-term 
disability within a reasonable risk profile, based 
on a brief experience with the disease and limited 
availability of biomarkers to help guide under-
standing of their unique long-term prognosis. 
Pregnancy and breast-feeding issues may play a 
prominent role in treatment decisions [29]. In 
early middle age, the focus is on maintenance of 
a relapse-free and disability-stable status. While 
this view persists as people age further, the 
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PA-DMTs have less obvious benefits [30, 31], 
and their risks may increase due to properties of 
the drug or the patient’s own comorbidities [32]. 
Thus, the focus may shift to consideration of a 
de-escalation or discontinuation of PA-DMTs as 
the risk-benefit ratio evolves. Recently, the major 
neurological academies in the United States [23] 
and Europe [33] published revamped versions of 
guidelines for MS treatment, but processes in 
both academies resulted in reviews of random-
ized clinical trials and eschewed algorithmic 
approaches to disease modification. Both guide-
lines emphasized starting, monitoring, and 
switching therapies, and the American guideline 
had brief discussions of discontinuing 
DMT. Neither discussed the concepts of chang-
ing treatment goals during the lifetime of the 
patient or de-escalation, in any substantive fash-
ion, the latter reflecting in part the lack of data 
available for review.

�Choosing a Disease-Modifying 
Therapy

The choice of an initial DMT should be made by 
a patient and their family in consultation with 
their medical provider after a complete discus-
sion of the nature of MS and the choices available 
to alter its natural history. Adequate time should 
be reserved to answer the myriad questions about 
this complicated decision, which will be informed 
by disease and DMT information from a variety 
of sources. It will be based on a number of factors 
unique to that individual including the degree and 
perceived risk of the MS itself, patient comor-
bidities, and patient and doctor biases. In addi-
tion, drug aspects such as DMT efficacy, route of 
administration, short-term side effects, and long-
term risks will be important. As of now, there are 
no reliable genetic or other biomarkers of 
response to specific DMTs that might guide treat-
ment choice, though some baseline blood tests 
(JCV testing, CYP2C9 genotyping) might influ-
ence DMT selection. In a perfect world, insur-
ance coverage would play no role in DMT 
decision-making, but in the United States, unfor-
tunately, insurance intrusion is rampant, espe-

cially in the form of “step edits.” These arbitrary, 
idiosyncratic, and ever-changing algorithms 
require failure (poorly and inconsistently defined) 
of one, or often several, less effective therapies 
before the insurance company will pay for more 
highly effective DMTs. These algorithms are 
nontransparent by nature, appear to be based 
solely on annual revisions in the costs of the vari-
ous DMTs to the insurers, and are not based on 
any medically defensible principles of patient-
centered care. Legislative efforts are underway in 
many states to limit, modify, or outlaw the use of 
step edits, which are similarly used in other dis-
ease states as well. It should be noted that physi-
cians can help reduce costs [34] by using more 
cost-effective, but similar, approaches with com-
parable outcomes. Examples would include using 
generic GA or fingolimod, RTX (off-label) 
instead of ocrelizumab, or the less expensive 
between fingolimod and siponimod, i.e., drugs of 
the same class with similar mechanisms of action. 
Unfortunately, there is not enough clinical data 
for the generic forms of the various medications 
to determine if they are indeed clinically equiva-
lent to the proprietary forms, as the FDA requires 
only that drug makers prove “chemical equiva-
lency” for approval.

The timing for when to initiate a DMT varies 
throughout the United States and the world. 
Based on a number of RCTs (reviewed in refer-
ences [23, 33]), in the United States, the standard 
of care has become to treat after a typical CIS 
when the MRI scans show lesions consistent with 
MS. While the PA-DMTs are extremely expen-
sive [35] and medical-economic arguments have 
been made that they are not cost-effective given 
their present cost structure, the outcome data 
overwhelmingly demonstrate that early interven-
tion has positive impacts in lowering level of 
relapses, MRI scan changes, and disability [23, 
31, 33] and mortality [36] rates in young patients 
with typical inflammatory RRMS. While choos-
ing to delay or never initiate a DMT may be rea-
sonable in retrospect for some patients, until a 
highly reliable, early marker of benign prognosis 
is developed, making that decision with a newly 
diagnosed patient will lead to a highly uncertain 
outcome for many.
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Our case demonstrates a typical scenario for 
someone diagnosed prior to 2004, when approved 
DMT choices were limited to interferons, GA, 
and mitoxantrone. Due to intolerance and inef-
fectiveness, switching between DMTs, even 
between interferons, was common. With the 
advent of natalizumab in 2004, for the first time, 
a clearly more efficacious drug was available, but 
it came with an initially poorly defined and 
potentially life-threatening risk of PML due to 
reactivation of the JCV.  The concepts of risk 
stratification and mitigation became more rele-
vant. DMT choice and sequencing, in essence, 
often reflected the history of the approval dates of 
the medications (with use of the older medica-
tions first).

With the development of greater number of 
DMT choices of varying routes of administra-
tion, effectiveness, and risk and noting that sub-
stantial numbers of MS patients still continue to 
develop disabling loss of neurological function in 
spite of early treatment, the initial choice of a 
DMT and the timing and sequence of switching 
DMTs have become more challenging [37]. 
There are two broad approaches, as below and as 
previously reviewed [38].

�Escalation Approach

The concept of escalation therapy is based on the 
principles that some significant number of MS 
patients may have a benign course not requiring 
more highly effective therapy and that it remains 
more appropriate to first use older, “tried-and-
true” approaches that perhaps have less risk than 
more highly effective therapies. Even in 2020, 
this often still includes use of the injectable IFNs 
and GA. Proponents of this strategy point to the 
lack of long-term studies showing large enough 
differences in efficacy between DMTs that would 
warrant the greater risk for all or many from the 
outset. Conceptually, the patient lessens risk of 
the therapy but accepts a higher and poorly 
defined risk of new and disabling MS disease 
activity.

With the relatively more recent approval of 
multiple better-tolerated, oral DMTs, the concept 

of escalation therapy has shifted somewhat to 
using an oral choice first. Very few randomized 
controlled trials, either direct (teriflunomide vs. 
interferon [39]) or indirect (dimethyl fumarate 
vs. GA in a post hoc analysis [40]), have com-
pared injectable to oral MS DMTs, but meta-
analyses [41] and observational studies (reviewed 
in references [33, 42]) have been performed, 
leading many to conclude that the efficacy of the 
oral agents other than teriflunomide (i.e. fingoli-
mod/siponimod, dimethyl fumarate/diroximel 
fumarate, and cladribine) exceeds that of the 
injectables and teriflunomide.

�Early Highly Effective Therapy 
Approach

In distinction to an escalation approach, more 
highly effective therapy from the outset may 
offer the largest number of MS patients the great-
est likelihood of attaining lowest possible disabil-
ity throughout their lifetime. The principles for 
this approach are that while studies vary regard-
ing the degree and pace at which MS patients will 
accrue increasing levels of disability, a substan-
tial majority of patients will develop unaccept-
able levels of disability in their lifetime. This is 
especially true if cognitive impairment and 
reduced employment are considered. Stated dif-
ferently, “benign MS” is uncommon and, perhaps 
equally or more importantly, difficult to predict 
when initial treatment decisions are made. As 
noted previously, important and perhaps life-
changing inflammatory and degenerative changes 
are already at work during the prodrome of MS; 
i.e., by the time practitioners first suggest a DMT 
for a patient, the disease may already have been 
active for several years. The risk of new inflam-
matory disease activity that is responsive to 
PA-DMTs is highest in young patients, just after 
onset, and diminishes as people age. Moreover, 
greater disease activity in the first few years after 
onset is associated with not only more short-term 
problems but also more rapid increase of disabil-
ity and evolution into secondary progressive MS, 
where most disability accrues but where 
PA-DMTs are least effective. That is, the most 
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important and effective time to treat aggressively 
is at the outset.

Both randomized, controlled clinical trials 
[43–45] and well-done observational studies [46, 
47] convincingly show significant outcome dif-
ferences between the older, less effective DMTs 
and the newer, more effective DMTs, especially 
the monoclonal antibodies alemtuzumab, ocreli-
zumab, and natalizumab. Indeed, the recently 
concluded fingolimod comparison to interferon β 
(beta)-1a in pediatric MS patients showed an 
82% reduction in relapses for those treated with 
fingolimod [28]. Thus, earliest treatment ampli-
fied the efficacy distinctions between the two 
DMTs in younger patients. In a 2-year Swedish 
observational trial [47] of 494 RRMS patients 
receiving their first DMT, RTX was overall supe-
rior to IFNs, GA, oral DMTs, and NTZ in terms 
of likelihood of remaining on therapy at 2 years, 
relapse rate, and new neuroradiologic disease 
activity. It is true, however, that there are no long-
term (greater than 2 years) controlled trials com-
paring low- and high-efficacy DMTs, but two 
such studies are presently underway 
(NCT03535298 and NCT03500328). In addition, 
it is false to state that a patient must opt between 
less effective, less risky choices and more effec-
tive but riskier DMTs. Risk mitigation strategies 
(e.g., not using NTZ in a patient who has been 
exposed to the JCV, avoiding fingolimod in a 
patient with diabetes or heart disease) can dra-
matically reduce important risks. For example, 
the serious adverse rate in the OPERA I and II 
studies [45] comparing ocrelizumab to interferon 
found only a 7% serious adverse event rate, 
which compares favorably to all other DMTs 
(reviewed in references [23, 33, 41]). Finally, 
comorbidities, which may limit the use of some 
of the more highly effective DMTs such as diabe-
tes, hypertension, cancer, JCV, and seropositivity, 
increase with age [32]. It is likely safer to use the 
more highly effective DMTs in younger patients, 
although little age-specific data is available from 
controlled trials to fully ascertain this. Thus, in 
the “high-efficacy from the outset” construct, the 
majority of patients should be able to use a DMT 
with better outcomes and a reasonable risk pro-
file. Stated more cynically, the reverse of the 

argument would be that deliberately using a less 
effective DMT at a time of highest need and most 
challenging prognostication simply guarantees 
substantially greater numbers of MS patients will 
develop life-altering disability with time.

High-efficacy therapy may be divided into two 
categories: (1) induction therapies of limited 
treatment duration and (2) less long-lasting high-
efficacy therapies. The first, induction therapy, 
would seek to produce a permanent or near-
permanent change in the underlying immune 
system. Some refer to this as “rebooting the 
immune system.” Thus, after an induction period, 
the patient might de-escalate therapy to a less 
risky choice or theoretically not require any fur-
ther DMT use. An example of induction therapy 
includes autologous hematopoietic stem cell 
transplantation (aHSCT), using pretransplanta-
tion conditioning regimens of varying intensities. 
Most early aHSCT trials were uncontrolled, 
open-label studies with relatively small numbers 
of participants of varying levels of inflammatory 
disease activity and levels of disability [48, 49]. 
One small controlled trial found aHSCT was 
superior to mitoxantrone [50], and a recent, larger 
RCT [51] in RRMS patients with active disease 
who were unresponsive to usual DMT compared 
a nonablative approach followed by aHSCT to 
usual MS therapy. It concluded that aHSCT was 
superior in this context. Overall, the data support 
the interpretation that younger individuals with 
active inflammatory disease unresponsive to 
approved DMTs may undergo a life-altering 
interruption in the previously negative trajectory 
of MS-related disability with this approach. 
Induction with mitoxantrone [52] and alemtu-
zumab [53] has also shown potential long-term 
benefits, with superior outcomes to IFNs for 
alemtuzumab. For all of these approaches, the 
known short- and long-term risks have limited 
their use to those with significant early and dis-
abling disease activity, and potential delayed, 
unpredictable long-term effects on immune sys-
tem function or cancer surveillance remain 
unclear. On May 1, 2019, after the collection of 
39 stroke cases in those taking alemtuzumab, the 
European Medicines Agency (EMA) restricted 
(pending further review) use of alemtuzumab 
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[54] to those with highly active disease despite 
prior treatment with at least two DMTs or for 
whom all other DMTs are contraindicated. 
Mitoxantrone use has dropped precipitously 
since studies revealed elevated risks of delayed 
leukemias [55] after its use. Trials comparing 
aHSCT to alemtuzumab (NCT03477500), to 
standard of care with a variety of DMTs 
(NCT00273364), and to persistent therapy with 
alemtuzumab, ocrelizumab (OCR), or NTZ in 
RRMS patients who have failed at least one DMT 
(BEAT-MS, NCT04047628) either are underway 
or were set to begin in early 2020.

Alternatively, other highly effective therapies 
have more transient effects on immune system 
function. Thus, ongoing benefit may require 
more persistent treatment. In this context, a 
recent placebo-controlled trial of a brief induc-
tion with RTX (1000 mg twice over 2 weeks vs. 
placebo) followed by GA [56] showed only tran-
sient benefits of RTX. With persistent treatment, 
the requirement to continue to treat likely raises 
the lifetime treatment costs per patient but implies 
a greater degree of reversibility of immunosup-
pression. For example, a patient may successfully 
use NTZ for many years but then seroconvert to a 
JCV-positive state, increasing the risk of 
PML.  That individual can stop the NTZ, and 
within 12–16 weeks, nearly all α (alpha)-4 integ-
rin receptor occupancy will be substantially 
reduced [57], with the lymphocytes recovering 
apparently normal function, thus mitigating 
future PML risk. Similar protection from infec-
tious complications may also occur upon cessa-
tion of other PA-DMTs, with treatment-induced 
lymphopenia resolving weeks after discontinua-
tion of fingolimod and months after discontinua-
tion of DMF and the anti-CD20 monoclonal 
antibodies OCR and RTX. Notably, both NTZ 
[57, 58] and fingolimod [59] have been associ-
ated with the greatest potential of severe rebound 
of disease activity, clinical or radiographic, after 
their discontinuation, suggesting minimal or no 
washout periods [60, 61] are most appropriate for 
those who had known active disease prior to 
starting these DMTs. It is not clear if rebound is 
a function of the disease biology of those who are 
using these DMTs or if rebound unmasks some 

feature unique to these particular medications. 
Both may be relevant.

As with our patient, switching DMT is very 
common. All available data suggest switching to 
a more highly effective DMT results in better 
outcomes, at least in the near term (see review in 
references [23, 33]). Over time, while maintain-
ing DMT use or not, patients typically fall into 
two broad groups: (1) those who simply stop/
nearly stop having new relapses and MRI scan 
changes over time and never enter a progressive 
phase and (2) those who enter a slowly progres-
sive phase, with relapses similarly diminishing 
over time. Progression may seem to plateau for 
some in the progressive phase, and it is rare for 
patients to retain an active, relapsing state for 
many years [21].

�Intentional Treatment 
Discontinuation or De-escalation

Given the clinical, radiographic, and pathological 
changes over the lifetime of the patient, it is not 
surprising that subgroup analyses [30] of multi-
ple phase III clinical trials with several DMTs of 
varying mechanisms of action have repeatedly 
shown greatest benefit in younger patients, espe-
cially those with recent relapses and/or enhanc-
ing MRI lesions on baseline scans. In addition, as 
described previously, discontinuation of DMTs 
in young, clinically and/or radiographically 
active MS patients may be associated with sig-
nificant recurrence and even rebound of disease 
activity. The diminishing benefits of PA-DMTs 
as people age [30, 31] and the increase in comor-
bidities that may complicate the use of some 
DMTs in older individuals [32] argue it would be 
important to know if PA-DMTs may be deliber-
ately de-escalated to safer choices or even dis-
continued as patients age. To answer these 
questions, however, there are few published stud-
ies. Indeed, it is unknown how many MS patients 
may de-escalate therapy as they age. In theory, 
when considering possible de-escalation, most 
individuals often will have already used one or 
more of the older, injectable therapies and esca-
lated to a better therapy due to intolerance and/or 
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ongoing disease activity in the past. De-escalation 
to an injectable in this context seems illogical or 
might simply be refused based on unwillingness 
to return to an injection therapy or a therapy that 
has already been proven ineffective in their case. 
Deliberate de-escalation to an oral agent such as 
DMF, teriflunomide, fingolimod, or siponimod 
might be considered more reasonable.

High-efficacy induction approaches are, by 
definition, succeeded by de-escalation to a less 
risky DMT or outright discontinuation of all 
DMTs at some point. Induction studies have been 
insufficient in length to conclude confidently that 
no further treatment is needed. In aHSCT studies 
[48, 49] with limited long-term follow-up, many 
patients have discontinued all DMTs. Among 
those using agents less likely to permanently alter 
the immune system, a number of database or 
single-center, observational studies or case series 
have reported analyses after DMT discontinua-
tion [62–67]. Some have simply reported out-
comes in those who have discontinued DMT and 
noted demographic or treatment features associ-
ated with risk of new disease activity or worsen-
ing. Others have done a similar analysis but 
compared patients prior to and after they stopped 
their DMT or to individuals in other databases. 
One group [62] has done a propensity-matched 
comparison of “stoppers and stayers.” In the vast 
majority of these studies, patients stopped DMT 
for a panoply of reasons, including intolerance, 
perceived lack of efficacy, pregnancy, loss of 
insurance, and slow progression of the MS, and 
many had median ages in the 30s or 40s—what 
we would consider early for permanent discon-
tinuation of DMTs in MS. Only two case series 
have looked explicitly at stopping exclusively 
because of lack of new disease activity [65, 66], 
and one of these looked only at 15 natalizumab 
patients with a mean age of 50 [66]. Two [65, 66] 
have focused on relatively older patients.

From these disparate studies, it can be con-
cluded that variables associated with likelihood of 
recurrent relapse disease activity after DMT dis-
continuation include age, especially if under age 
45; recent Gd-enhancing MRI lesions; and recent 
relapses. Stable middle-aged patients who discon-
tinue natalizumab may have recurrence of inflam-

matory disease activity [66], consistent with prior 
studies showing significant recurrence, and even 
rebound, of activity after stopping natalizumab in 
younger patients. The FDA required a package 
insert change for fingolimod in 2018 noting a risk 
of severe disease activity in those discontinuing it, 
typically within 12 weeks of discontinuation, but 
no specific features were identified that defined 
those at greatest risk. The variables most consis-
tently associated with worsening of disability after 
DMT discontinuation include older age, higher 
disability at time of discontinuation, and progres-
sive disease prior to discontinuation. All of these 
are risks for progressive disability in general—
with or without treatment. From these available 
studies, it is impossible to discern a specific patient 
and/or DMT profile that definitively predicts risk 
of relapse recurrence or disability worsening after 
DMT discontinuation. In the United States, a ran-
domized (1:1), controlled, single-blind discontinu-
ation study (NCT03073603) is underway, 
recruiting MS patients (relapsing or progressive) 
who are 55 or older, relapse-free for 5 years, and 
without new MRI scan disease activity for at least 
3  years while continuously taking an approved 
DMT.  Primary outcome measure will be new 
inflammatory disease activity, either relapse or any 
new/worsening brain MRI lesion(s). Secondary 
outcomes will include confirmed disability pro-
gression, other MRI measures, and several differ-
ent patient-reported outcomes. A similar controlled 
trial is currently ongoing in France, enrolling only 
SPMS patients (NCT03653273), and a third is 
about to start in Denmark (Eva Strijbis, personal 
communication).

�Conclusion

To return to our Patient Vignette, DMT was initi-
ated as soon as she became known to potential 
prescribers, but this might have been more effec-
tive had she been treated after her first attack of 
numbness in 1999. Her choices then reflected 
availability of relatively safe but modestly help-
ful injectable therapies. These were unable to 
halt more relapses or development of substantial 
disability. Over time, overt new inflammatory 
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events diminished in the context of aging, use of 
more effective DMTs, and ongoing slow wors-
ening of disability. Choices of initial treatment 
are now significantly more complicated, but our 
view is that the greatest number of individuals 
will have the highest likelihood of lifelong brain 
health [66, 67] and minimal disability if the 
default position is to use more highly effective 
therapy at the outset in the majority of newly 
diagnosed RRMS patients, i.e., the typical newly 
diagnosed individual. In this paradigm, high-
efficacy therapy is optimization therapy for 
most. Stated differently, we would rather “over-
treat” a small number of patients to maintain lit-
tle to no disability in the majority of MS patients. 
At present, most practitioners would avoid 
induction therapy risks in treatment-naïve 
patients, rather saving this approach for those 
with demonstrated bad prognostic factors (mul-
tiple disabling early attacks on the background 
of significantly destructive MRI lesions while 
taking a DMT). Risk stratification with mitiga-
tion remains the cornerstone of highly effective 
DMT use. Of course, specific choices will be 
based on multiple factors and should always be 
based on patient-centered principles. It has been 
difficult to substantiate treatment benefit in 
someone 50 or older with long-standing MS 
whose disability is slowly progressing without 
superimposed relapses and MRI scan changes. 
While reasonable to consider an individual treat-
ment discontinuation trial in this patient, the 
results cannot be easily predicted. De-escalation 
remains mostly unstudied, and no concrete rec-
ommendations can be made at this time. It is 
hoped that controlled discontinuation trials will 
begin to discern if it is safe and logical to discon-
tinue PA-DMTs in those relatively older patients 
with no recent acute inflammatory CNS disease 
activity. Regardless of the results, however, there 
continues to be an urgent need for neuroprotec-
tive or regenerative approaches in MS that are 
not based on the general principle of alteration 
of the adaptive immune system, especially for 
those with significant fixed or worsening disabil-
ity. This remains the greatest unmet need in MS 
treatment regimens.

References

	 1.	Solomon AJ, Corboy JR. The tension between early 
diagnosis and misdiagnosis of multiple sclerosis. Nat 
Rev Neurol. 2017;13(9):567–72.

	 2.	Sinnecker T, Clarke MA, Meier D, Enzinger C, 
Calabrese M, De Stefano N, et al. MAGNIMS Study 
Group. Evaluation of the central vein sign as a diag-
nostic imaging biomarker in multiple sclerosis. JAMA 
Neurol. 2019;19:76(12).

	 3.	Cantó E, Barro C, Zhao C, Caillier SJ, Michalak Z, 
Bove R, et al. Association between serum neurofila-
ment light chain levels and long-term disease course 
among patients with multiple sclerosis followed up 
for 12 years. JAMA Neurol. 2019;76(11):1359–66.

	 4.	Lassmann H.  Multiple sclerosis pathology. Cold 
Spring Harb Perspect Med. 2018;8(3). pii: a028936.

	 5.	Frischer JM, Bramow S, Dal-Bianco A, Lucchinetti 
CF, Rauschka H, Schmidbauer M, et al. The relation 
between inflammation and neurodegeneration in mul-
tiple sclerosis brains. Brain. 2009;132(Pt 5):1175–89.

	 6.	Tremlett H, Zhao Y, Joseph J, Devonshire V. UBCMS 
Clinic Neurologists. Relapses in multiple sclerosis 
are age- and time-dependent. J Neurol Neurosurg 
Psychiatry. 2008;79:1368–74.

	 7.	Tortorella C, Bellacosa A, Paolicelli D, Fuiani A, Di 
Monte E, Simone IL, et al. Age-related gadolinium-
enhancement of MRI brain lesions in multiple sclero-
sis. J Neurol Sci. 2005;239(1):95–9.

	 8.	Howell OW, Reeves CA, Nicholas R, Carassiti D, 
Radotra B, Gentleman SM, et al. Meningeal inflam-
mation is widespread and linked to cortical pathology 
in multiple sclerosis. Brain. 2011;134:2755–71.

	 9.	De Stefano N, Giorgio A, Tintoré M, Pia Amato M, 
Kappos L, Palace J, et  al. MAGNIMS study group. 
Radiologically isolated syndrome or subclinical mul-
tiple sclerosis: MAGNIMS consensus recommenda-
tions. Mult Scler. 2018;24(2):214–21.

	10.	Okuda DT, Siva A, Kantarci O, Inglese M, Katz I, 
Tutuncu M, et al. Radiologically isolated syndrome: 
5-year risk for an initial clinical event. PLoS One. 
2014;9(3):e90509.

	11.	Comi G, Martinelli V, Rodegher M, Moiola L, Leocani 
L, Bajenaru O, et al. Effects of early treatment with 
glatiramer acetate in patients with clinically isolated 
syndrome. Mult Scler. 2013;19(8):1074–83.

	12.	Giovannoni G.  The neurodegenerative prodrome in 
multiple sclerosis. Lancet Neurol. 2017;16(6):413–4.

	13.	Dorans KS, Massa J, Chitnis T, Ascherio A, Munger 
KL.  Physical activity and the incidence of multiple 
sclerosis. Neurology. 2016;87(17):1770–6.

	14.	Menascu S, Stern M, Aloni R, Kalron A, Magalshvili 
D, Achiron A.  Assessing cognitive performance in 
radiologically isolated syndrome. Mult Scler Relat 
Disord. 2019;32:70–3.

	15.	Rojas JI, Patrucco L, Míguez J, Besada C, Cristiano 
E. Brain atrophy in radiologically isolated syndromes. 
J Neuroimaging. 2015;25(1):68–71.

31  Use of Disease-Modifying Therapies in Multiple Sclerosis



504

	16.	Bonzano L, Bove M, Sormani MP, Stromillo ML, 
Giorgio A, Amato MP, et  al. Subclinical motor 
impairment assessed with an engineered glove cor-
relates with magnetic resonance imaging tissue dam-
age in radiologically isolated syndrome. Eur J Neurol. 
2019;26(1):162–7.

	17.	Bjornevik K, Munger KL, Cortese M, Barro C, Healy 
BC, Niebuhr DW, et  al. Serum neurofilament light 
chain levels in patients with presymptomatic multiple 
sclerosis. JAMA Neurol. 2019;77(1):58–64.

	18.	Marrie RA, Wijnands JMA, Kingwell E, Zhu F, Zhao 
Y, Ekuma O, et  al. Higher health care use before a 
clinically isolated syndrome with or without subse-
quent MS. Mult Scler Relat Disord. 2019;35:42–9.

	19.	Thompson AJ, Banwell BL, Barkhof F, Carroll WM, 
Coetzee T, Comi G, et al. Diagnosis of multiple scle-
rosis: 2017 revisions of the McDonald criteria. Lancet 
Neurol. 2018;17(2):162–73.

	20.	Confavreux C, Vukusic S. Natural history of multiple 
sclerosis: a unifying concept. Brain. 2006;129(Pt 
3):606–16.

	21.	Paz Soldán MM, Novotna M, Abou Zeid N, Kale N, 
Tutuncu M, Crusan DJ, et  al. Relapses and disabil-
ity accumulation in progressive multiple sclerosis. 
Neurology. 2015;84(1):81–8.

	22.	Lublin FD, Reingold SC, Cohen JA, Cutter GR, 
Sørensen PS, Thompson AJ, et al. Defining the clini-
cal course of multiple sclerosis: the 2013 revisions. 
Neurology. 2014;83(3):278–86.

	23.	Rae-Grant A, Day GS, Marrie RA, Rabinstein A, Cree 
BAC, Gronseth GS, et al. Comprehensive systematic 
review summary: disease-modifying therapies for 
adults with multiple sclerosis: report of the guide-
line development, dissemination, and implementa-
tion Subcommittee of the American Academy of 
Neurology. Neurology. 2018;90(17):789–800.

	24.	Lublin FD, Reingold SC, Cohen JA, Cutter GR, 
Sørensen PS, Thompson AJ, et al. Defining the clini-
cal course of multiple sclerosis: the 2013 revisions. 
Neurology. 2014;83(3):278–86.

	25.	Kappos L, Bar-Or A, Cree BAC, Fox RJ, 
Giovannoni G, Gold R, et  al. EXPAND Clinical 
Investigators. Siponimod versus placebo in second-
ary progressive multiple sclerosis (EXPAND): a 
double-blind, randomised, phase 3 study. Lancet. 
2018;391(10127):1263–73.

	26.	Giovannoni G, Comi G, Cook S, Rammohan K, 
Rieckmann P, Soelberg Sørensen P, Vermersch 
P, Chang P, Hamlett A, Musch B, Greenberg 
SJ; CLARITY Study Group.  A placebo-con-
trolled trial of oral cladribine for relapsing mul-
tiple sclerosis.  N Engl J Med. 2010;362(5):416–26. 
https://doi.org/10.1056/NEJMoa0902533. Epub 2010 
Jan 20.PMID: 20089960.

	27.	Wallin MT, Culpepper WJ, Campbell JD, Nelson 
LM, Langer-Gould A, Marrie RA, et al. US Multiple 
Sclerosis Prevalence Workgroup. The prevalence 

of MS in the United States: a population-based 
estimate using health claims data. Neurology. 
2019;92(10):e1029–40.

	28.	Chitnis T, Arnold DL, Banwell B, Brück W, Ghezzi 
A, Giovannoni G, et al. PARADIGMS Study Group. 
Trial of Fingolimod versus interferon Beta-1a 
in pediatric multiple sclerosis. N Engl J Med. 
2018;379(11):1017–27.

	29.	Langer-Gould AM.  Pregnancy and family planning 
in multiple sclerosis. Continuum (Minneap Minn). 
2019;25(3):773–92.

	30.	Signori A, Schiavetti I, Gallo F, Sormani 
MP.  Subgroups of multiple sclerosis patients with 
larger treatment benefits: a meta-analysis of random-
ized trials. Eur J Neurol. 2015;22(6):960–6.

	31.	Weideman AM, Tapia-Maltos MA, Johnson K, 
Greenwood M, Bielekova B.  Meta-analysis of the 
age-dependent efficacy of multiple sclerosis treat-
ments. Front Neurol. 2017;8:577.

	32.	Marrie RA, Miller A, Sormani MP, Thompson 
A, Waubant E, Trojano M, et  al. attendees of 
the International Workshop on Comorbidity in 
Multiple Sclerosis. The challenge of comorbidity 
in clinical trials for multiple sclerosis. Neurology. 
2016;86(15):1437–45.

	33.	Montalban X, Gold R, Thompson AJ, Otero-Romero 
S, Amato MP, Chandraratna D, et  al. ECTRIMS/
EAN guideline on the pharmacological treatment 
of people with multiple sclerosis. Eur J Neurol. 
2018;25(2):215–37.

	34.	Kister I, Corboy JR.  Reducing costs while 
enhancing quality of care in MS.  Neurology. 
2016;87(15):1617–22.

	35.	Hartung DM, Bourdette DN, Ahmed S, Witham 
RH.  The cost of multiple sclerosis drugs in the US 
and the pharmaceutical industry: too big to fail? 
Neurology. 2015;84:1–8.

	36.	Goodin DS, Reder AT, Ebers GC, Cutter G, 
Kremenchutzky M, Oger J, et al. Survival in MS: a ran-
domized cohort study 21 years after the start of the piv-
otal IFNβ-1b trial. Neurology. 2012;78(17):1315–22.

	37.	Gross RH, Corboy JR.  Monitoring, switch-
ing, and stopping multiple sclerosis disease-
modifying therapies. Continuum (Minneap Minn). 
2019;25(3):715–35.

	38.	Corboy JR, Weinshenker BG, Wingerchuk 
DM.  Comment on 2018 American Academy of 
Neurology guidelines on disease-modifying therapies 
in MS. Neurology. 2018;90(24):1106–12.

	39.	Vermersch P, Czlonkowska A, Grimaldi LM, 
Confavreux C, Comi G, Kappos L, et  al. TENERE 
Trial Group. Teriflunomide versus subcutaneous 
interferon beta-1a in patients with relapsing multiple 
sclerosis: a randomised, controlled phase 3 trial. Mult 
Scler. 2014;20(6):705–16.

	40.	Fox RJ, Miller DH, Phillips JT, Hutchinson M, 
Havrdova E, Kita M, et  al. CONFIRM Study 

J. R. Corboy and R. H. Gross

https://doi.org/10.1056/NEJMoa0902533


505

Investigators. Placebo-controlled phase 3 study of 
oral BG-12 or glatiramer in multiple sclerosis. N Engl 
J Med. 2012;367(12):1087–97.

	41.	Li H, Hu F, Zhang Y, Li K.  Comparative efficacy 
and acceptability of disease-modifying therapies in 
patients with relapsing-remitting multiple sclero-
sis: a systematic review and network meta-analysis. 
J Neurol. 2019. MubMed info is PMID: 31129710    
https://doi.org/10.1007/s00415-019-09395-w.

	42.	Tur C, Kalincik T, Oh J, Sormani MP, Tintoré M, 
Butzkueven H, et  al. Head-to-head drug compari-
sons in multiple sclerosis: urgent action needed. 
Neurology. 2019;93(18):793–809.

	43.	Cohen JA, Coles AJ, Arnold DL, Confavreux C, Fox 
EJ, Hartung HP, et  al. CARE-MS I investigators. 
Alemtuzumab versus interferon beta 1a as first-line 
treatment for patients with relapsing-remitting mul-
tiple sclerosis: a randomised controlled phase 3 trial. 
Lancet. 2012;380(9856):1819–28.

	44.	Coles AJ, Twyman CL, Arnold DL, Cohen JA, 
Confavreux C, Fox EJ, et  al. CARE-MS II inves-
tigators. Alemtuzumab for patients with relaps-
ing multiple sclerosis after disease-modifying 
therapy: a randomised controlled phase 3 trial. Lancet. 
2012;380(9856):1829–39.

	45.	Hauser SL, Bar-Or A, Comi G, Giovannoni G, 
Hartung HP, Hemmer B, et  al. Ocrelizumab versus 
interferon beta-1a in relapsing multiple sclerosis. N 
Engl J Med. 2017;376:221–34.

	46.	Kalincik T, Brown JWL, Robertson N, Willis M, 
Scolding N, Rice CM, et  al. MSBase Study Group. 
Treatment effectiveness of alemtuzumab compared 
with natalizumab, fingolimod, and interferon beta in 
relapsing-remitting multiple sclerosis: a cohort study. 
Lancet Neurol. 2017;16(4):271–81.

	47.	Granqvist M, Boremalm M, Poorghobad A, 
Svenningsson A, Salzer J, Frisell T, et al. Comparative 
effectiveness of rituximab and other initial treat-
ment choices for multiple sclerosis. JAMA Neurol. 
2018;75:320–7.

	48.	Muraro PA, Pasquini M, Atkins HL, Bowen JD, 
Farge D, Fassas A, et  al. Multiple Sclerosis–
Autologous Hematopoietic Stem Cell Transplantation 
(MS-AHSCT) Long-term Outcomes Study Group. 
Long-term outcomes after autologous hematopoietic 
stem cell transplantation for multiple sclerosis. JAMA 
Neurol. 2017;74(4):459–69.

	49.	Cohen JA, Baldassari LE, Atkins HL, Bowen JD, 
Bredeson C, Carpenter PA, et  al. Autologous hema-
topoietic cell transplantation for treatment-refractory 
relapsing multiple sclerosis: position statement 
from the American Society for Blood and Marrow 
Transplantation. Biol Blood Marrow Transplant. 2019 
May;25(5):845–54.

	50.	Mancardi GL, Sormani MP, Gualandi F, Saiz A, 
Carreras E, Merelli E, et  al; ASTIMS Haemato-
Neurological Collaborative Group, On behalf of 

the Autoimmune Disease Working Party (ADWP) 
of the European Group for Blood and Marrow 
Transplantation (EBMT); ASTIMS Haemato-
Neurological Collaborative Group On behalf of 
the Autoimmune Disease Working Party ADWP 
of the European Group for Blood and Marrow 
Transplantation EBMT.  Autologous hematopoietic 
stem cell transplantation in multiple sclerosis: a phase 
II trial. Neurology. 2015;84(10):981–8.

	51.	Burt RK, Balabanov R, Burman J, Sharrack B, 
Snowden JA, Oliveira MC, et  al. Effect of nonmy-
eloablative hematopoietic stem cell transplantation 
vs continued disease-modifying therapy on disease 
progression in patients with relapsing-remitting mul-
tiple sclerosis: a randomized clinical trial. JAMA. 
2019;321(2):165–74.

	52.	Edan G, Comi G, Le Page E, Leray E, Rocca 
MA.  Filippi M; French–Italian Mitoxantrone 
Interferon-beta-1b Trial Group. Mitoxantrone prior 
to interferon beta-1b in aggressive relapsing mul-
tiple sclerosis: a 3-year randomised trial. J Neurol 
Neurosurg Psychiatry. 2011;82(12):1344–50.

	53.	Arroyo R, Bury DP, Guo JD, Margolin DH, 
Melanson M, Daizadeh N, et  al. Impact of alem-
tuzumab on health-related quality of life over 
6 years in CARE-MS II trial extension patients with 
relapsing-remitting multiple sclerosis. Mult Scler. 
2019;30:1352458519849796.

	54.	European Medicines Agency 2019. Lemtrada. https://
www.ema.europa.eu/en/medicines/human/referrals/
lemtrada. Accessed 3 Jan 2020.

	55.	Buttmann M, Seuffert L, Mäder U, Toyka 
KV.  Malignancies after mitoxantrone for multiple 
sclerosis: a retrospective cohort study. Neurology. 
2016;86(23):2203–7.

	56.	Honce JM, Nair KV, Sillau S, Valdez B, Miravalle 
A, Alvarez E, Schreiner T, Corboy JR, Vollmer 
TL.  Rituximab vs placebo induction prior to glat-
iramer acetate monotherapy in multiple sclerosis. 
Neurology. 2019;92(7):e723–32.

	57.	Derfuss T, Kovarik JM, Kappos L, Savelieva M, 
Chhabra R, Thakur A, et al. α4-integrin receptor desat-
uration and disease activity return after natalizumab 
cessation. Neurol Neuroimmunol Neuroinflamm. 
2017;4(5):e388.

	58.	Fox RJ, Cree BA, De Sèze J, Gold R, Hartung HP, 
Jeffery D, et  al. RESTORE.  MS disease activ-
ity in RESTORE: a randomized 24-week natali-
zumab treatment interruption study. Neurology. 
2014;82(17):1491–8.

	59.	Barry B, Erwin AA, Stevens J, Tornatore 
C. Fingolimod rebound: a review of the clinical expe-
rience and management considerations. Neurol Ther. 
2019;8(2):241–50.

	60.	Vollmer B, Honce JM, Sillau S, Corboy JR, 
Vollmer T, Nair K, et al. The impact of very short 
transition times on switching from Natalizumab 

31  Use of Disease-Modifying Therapies in Multiple Sclerosis

https://doi.org/10.1007/s00415-019-09395-w
https://www.ema.europa.eu/en/medicines/human/referrals/lemtrada
https://www.ema.europa.eu/en/medicines/human/referrals/lemtrada
https://www.ema.europa.eu/en/medicines/human/referrals/lemtrada


506

to Fingolimod on imaging and clinical effective-
ness outcomes in multiple sclerosis. J Neurol Sci. 
2018;390:89–93.

	61.	Naegelin Y, Rasenack M, Andelova M, Von Felten 
S, Fischer-Barnicol B, Amann M, et  al. Shortening 
the washout to 4 weeks when switching from natali-
zumab to fingolimod and risk of disease reactiva-
tion in multiple sclerosis. Mult Scler Relat Disord. 
2018;25:14–20.

	62.	Kister I, Spelman T, Alroughani R, Lechner-Scott 
J, Duquette P, Grand'Maison F, et  al. Discontinuing 
disease-modifying therapy in MS after a prolonged 
relapse-free period: a propensity score-matched study. 
J Neurol Neurosurg Psychiatry. 2016;87(10):1133–7.

	63.	Bsteh G, Feige J, Ehling R, Auer M, Hegen H, Di 
Pauli F, et  al. Discontinuation of disease-modifying 
therapies in multiple sclerosis - clinical outcome and 
prognostic factors. Mult Scler. 2017;23(9):1241–8.

	64.	Bonenfant J, Bajeux E, Deburghgraeve V, Le Page E, 
Edan G, Kerbrat A. Can we stop immunomodulatory 
treatments in secondary progressive multiple sclero-
sis? Eur J Neurol. 2017;24(2):237–44.

	65.	Birnbaum G. Stopping disease-modifying therapy in 
nonrelapsing multiple sclerosis: experience from a 
clinical practice. Int J MS Care. 2017;19(1):11–4.

	66.	Fagius J, Feresiadou A, Larsson EM, Burman 
J.  Discontinuation of disease modifying treatments 
in middle aged multiple sclerosis patients. First 
line drugs vs natalizumab. Mult Scler Relat Disord. 
2017;12:82–7.

	67.	Kister I, Spelman T, Patti F, Duquette P, Trojano M, 
Izquierdo G, et al. Predictors of relapse and disability 
progression in MS patients who discontinue disease-
modifying therapy. J Neurol Sci. 2018;391:72–6.

J. R. Corboy and R. H. Gross



507© Springer Nature Switzerland AG 2021 
A. L. Piquet, E. Alvarez (eds.), Neuroimmunology, https://doi.org/10.1007/978-3-030-61883-4_32

Symptom Management in Multiple 
Sclerosis

Christopher Langston, Michelle Fabian, 
and Stephen Krieger

�Patient Vignette

A 35-year-old woman with multiple sclerosis 
(MS) returns to clinic with complaints of severe 
fatigue. For 3 years, her MS has been stable with 
no evidence of disease activity on disease-
modifying therapy (DMT). History reveals that 
she has significant depression and insomnia, 
which is exacerbated by painful spasms at night, 
and that recently, she has been increasing her 
baclofen dosage during the day to treat her spas-
tic gait.

She is referred for botulinum toxin injections 
to reduce her overall need for baclofen, and her 
baclofen dosing is rescheduled so that she takes 
less baclofen during the daytime and more before 
bedtime, which reduces her painful nighttime 
spasms and consequent awakenings. Sleep 
hygiene is reviewed with her. Concurrently, she is 
also referred to physical therapy for stretching 
and gait training, where she learns to use a cane, 
and she begins regular exercise for cardiovascu-
lar fitness. Her gait mechanics improve, and she 
is less worn down by routine activities. These 
measures collectively improve the quality of her 

sleep, reduce her daytime sleepiness, and increase 
her physical reserve.

Several months later, she feels physically bet-
ter, but there is a residual degree of refractory 
fatigue and apathy that impairs her abilities at 
work. To treat her depression, she is started on 
bupropion, is referred for cognitive behavioral 
therapy, and is directed to an MS support group. 
After several months, she reports her depression 
has lifted; her fatigue is less pervasive, but she 
still finds herself “crashing” at work after lunch 
or while making dinner for her family. To relieve 
her fatigue and augment her depression treat-
ment, she is started on amantadine and eventually 
methylphenidate once daily as needed. Over 
time, she is able to titrate down the methylpheni-
date and use it sparingly.

She finds these interventions helpful; while 
she still struggles with fatigue, it is no longer 
debilitating. In this way, the primary, secondary, 
and tertiary causes of her fatigue have been 
addressed with a multimodal approach that 
includes targeted pharmacotherapy, with atten-
tion to dose timing and drug de-escalation when 
feasible.

�Introduction

The treatment of multiple sclerosis (MS) is 
directed toward improving each patient’s quality 
of life, primarily by impeding illness progression 
and by promoting wellness. Treatments are 
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distinguished by the time horizon of expected 
efficacy: disease-modifying therapy aims to min-
imize disability in the future, and symptom man-
agement aims to maximize function in the 
present. This chapter reviews the management of 
11 common or important symptoms: gait dys-
function, spasticity, fatigue, visual impairment, 
tremor, cognitive impairment, emotional disor-
ders, pain, bowel/bladder dysfunction, sexual 
dysfunction, and dysphagia/dysarthria.

MS symptoms vary depending on the affected 
areas of the central nervous system (CNS). 
Symptoms are classified by etiology: primary 
symptoms result directly from demyelination and 
axon loss, secondary symptoms result from 
chronic physical reactions to primary symptoms, 
and tertiary symptoms are the psychosocial 
effects of primary and secondary symptoms. 
Accordingly, a “single” symptom can have all 
three components. For example, “fatigue” has 
several layers: poorly functioning axonal connec-
tions can cause fatigue (primary) and an energy-
inefficient gait, which saps endurance 
(secondary), leading to social isolation and 
depression, which consequently instills mental 
exhaustion (tertiary). Recognizing this three-
tiered structure to any symptom is necessary to 
unwind the complex effects of MS.

Effective symptom management begins by 
taking a history that is comprehensive but tar-
geted. The review of systems should be as com-
plete as possible because MS affects each patient 
differently, symptoms evolve and fluctuate over 
time, and individual symptoms can have several 
related causes requiring independent attention. 
Moreover, MS can produce constellations of 
symptoms with self-reinforcing features such 
that overlooking one contributing factor misses 
an opportunity to break a vicious cycle [1]. A 
complete history can uncover “hidden” symp-
toms, such as sexual dysfunction [2], which 
patients are reluctant to bring up, and neglected 
symptoms, which are covert and insidious, espe-
cially when resilient patients adapt to them. For 
example, MS patients commonly report that their 
bathroom habits are “fine” because they have 
adapted to urinary urgency and occasional incon-
tinence, even when this dysfunction negatively 

affects their lives. Surveys [3] of care providers 
and patients have shown that bowel/bladder/sex-
ual dysfunction is difficult for both groups to 
broach. A comprehensive history that probes tar-
geted areas can uncover these hidden, neglected, 
evolving, and clustering symptoms.

The history should prioritize symptoms accord-
ing to risk of mortality and serious morbidity (e.g., 
trauma from fall, aspiration pneumonia from dys-
phagia, infection from skin breakdown, or suicide 
from depression) [4] and to their relevance to each 
patient’s well-being. Compared to the feelings of 
their MS patients, neurologists often overempha-
size the impact of physical dysfunction, and they 
tend to downplay vitality, general health, and body 
pain [5]. Moreover, symptoms that are common 
among MS patients are not necessarily bother-
some or impactful. For example, fatigue, weak-
ness, pain, and bladder symptoms are extremely 
prevalent and occur in more than half of MS 
patients, but patients may find them less distress-
ing than their prevalence would suggest [6]. By 
contrast, tremor, sexual dysfunction, and dysar-
thria are infrequently reported but significantly 
bothersome to patients [6]. Some surveys have 
found the most bothersome MS symptoms are gait 
and balance dysfunction, vision problems, spastic-
ity, and depression [6, 7].

Effective symptom management involves tak-
ing a broad approach to helping patients beyond 
pharmacotherapy alone. Just as the analysis of a 
particular symptom should be multifactorial and 
systemic, its management should be multimodal 
and multidisciplinary, potentially involving home 
visits, physical therapists, sexual therapists, cog-
nitive psychologists, psychiatrists, urologists, 
and pain and rehabilitation specialists. Symptom 
management should evolve over the course of the 
disease. In newly diagnosed patients, promoting 
a feeling of self-efficacy in symptom manage-
ment can substantially alter patients’ outlook and 
quality of life [8]. Symptom management also 
goes beyond symptom therapy; it represents a 
critical opportunity to reassess polypharmacy, 
increase safety and prevent injury, maintain 
employment [9, 10], ameliorate financial anxiet-
ies [9], reduce social isolation and promote 
satisfying personal relationships, enable self-suf-
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ficiency with activities of daily living, and relieve 
caregiver burden. Although symptom manage-
ment can be daunting, it is an exciting challenge 
to find creative solutions and promote hope.

An anticipatable concern is that symptom 
management can seem like a time-consuming, 
low-priority part of clinical encounters that dis-
tracts from disease modification. However, 
symptom management is central to excellent MS 
care. The American Academy of Neurology 
(AAN) has published 11 quality metrics for MS 

care, eight of which directly involve symptom 
management: fall risk, bladder infection, physi-
cal activity, fatigue, cognitive impairment, 
depression screening, depression outcomes, and 
overall quality of life [11]. Tracking these issues 
requires efficient data collection and documenta-
tion. Table 32.1 lists relevant clinical tools, some 
of which patients can complete in the waiting 
room prior to appointments [12–22]. Electronic 
medical record (EMR) templates and prompts 
can also promote completeness.

Table 32.1  Some instruments for routine symptom management of multiple sclerosis (MS)

Symptom Instrument Advantages Disadvantages
Quality of life
(including 
dysmobility, 
spasticity, fatigue, 
pain, bowel/
bladder 
dysfunction, sexual 
dysfunction, 
dysphagia/
dysarthria)

MSQoL-54 [12] Extensively validated [13]
Internally consistent [13]
Test-retest reliable [13]
Sensitive to change [13]
Has fine-grained domains
Takes 20 minutes [13]
Many languages available [13]

Does not assess impact of vision loss 
[13]
Weighted to physical disability 
through inclusion of SF-36
Domains are not patient-specific
Many questions, which can be more 
time-consuming with some patients

EQ-5D Domains are patient-specific Can miss impact of common, 
disease-specific symptoms

MSIS-29 [14] Test-rest reliable [13]
Sensitive to change [15, 16]
Includes physical and 
psychological domains [14]

Does not assess impact of vision loss 
and sexual dysfunction [13]
Domains are not fine-grained or 
patient-specific

Cognition SDMT [17] Sensitive to early cognitive 
decline in MS patients [17]

Not particularly specific to MS-related 
cognitive impairment

Emotional 
disorders

Emotional Lability 
Scale [18]

High sensitivity and specificity 
for PBA [18]

BDI [19] Validated [19]
Internally consistent [19]

Scores may be influenced by other MS 
symptoms, [20] especially work 
difficulty and fatigue

PHQ-2/PHQ-9 [20] High sensitivity (PHQ-2) [21] 
and specificity (PHQ-9) [21] 
make it good for identifying 
patients with depression
Easily accessible through the 
public domain [21]

Scores may be influenced by other MS 
symptoms, esp. fatigue [22]
Does not distinguish mood frequency 
from severity
Unclear test-retest reliability and 
responsiveness to change render it less 
suitable for monitoring depression 
over time

GHQ Patient-administered
Generally valid, reliable, and 
internally consistent

Interpretation is complicated by 
different scoring methods and by 
versions with varying numbers of 
questions

Abbreviations: MSQoL54 Multiple Sclerosis Quality of Life 54-item scale; SF-36 Short-Form Health Survey, 36 items; 
EQ-5D European Quality of Life 5-Domain scale; MSIS-29 Multiple Sclerosis Impact Scale, 29 items; SDMT Single-
Digit Modalities Test; PBA pseudobulbar affect; BDI Beck Depression Inventory; PHQ-2/9 Patient Health Questionnaire, 
2 items/9 items; GHQ General Health Questionnaire
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�Dysmobility: Gait and Imbalance

Dysmobility is the biggest factor affecting patient 
quality of life [6] and contributes to fall risk, 
whose assessment is a quality metric for MS care 
[11]. Causes include weakness, spasticity, poor 
vision, ataxia (sensory or cerebellar), fatigability, 
pain, and altered gait mechanics from causes like 
poor hip thrust, foot drop, decreased range of 
motion in the knees and ankles [23] (e.g., from 
heel cord tightening), agonist-antagonist mis-
match, and edema [24].

Treatment strategies focus on physical reha-
bilitation, including conditioning programs, 
adaptive exercises such as transfer training, and 
vestibular rehabilitation [25]. Accordingly, early 
referral to physical therapy is an American 
Academy of Neurology (AAN) quality measure 
for MS care [11]. Assistive devices and medica-
tions can improve function and may help [26] 
with rehabilitation: stabilizers, braces, orthotics, 
canes, crutches, walkers, and functional electrical 
stimulators can improve gait mechanics, dimin-
ish pain, prevent contractures, and improve 
energy efficiency, potentially reducing fatigue 
[27]. Dalfampridine can improve walking speed 
and enable improved fitness, even in patients 
with severely affected gait (Expanded Disability 
Status Scale [EDSS] >6.0); in clinical trials, 
about 40% of patients were responders [28–31]. 
It may also improve heat sensitivity by reducing 
conduction block across demyelinated connec-
tions. Dalfampridine can lower the seizure 
threshold and worsen tonic spasms and other 
ephaptic electrical discharges. The risk of these 
side effects can be lessened by regular dosing or 
by eliminating the second daily dose. Since dal-
fampridine is renally excreted, creatinine clear-
ance should be monitored. Discontinuing 
medicines that worsen dizziness or cognition can 
reduce the fear of falling, which itself is a source 
of elevated fall risk [32]. Since dysmobility tends 
to worsen over time [33], it should be revisited 
regularly.

Wheelchairs may reduce fall risk and fatiga-
bility in some circumstances, but they do not 
eliminate fall risk [34] and can worsen decon-
ditioning in otherwise ambulatory patients when 

not used selectively. Patients in wheelchairs 
should be regularly evaluated for proper posture 
to avoid pressure ulcers.

�Spasticity

Spasticity has two overall forms: [35, 36] phasic 
and tonic. Both involve velocity-dependent resis-
tance to muscle stretch. Phasic, which is more 
paroxysmal and dynamic, is responsive to classi-
cal anti-epileptic drugs. Tonic, which is more 
chronic and static, is responsive to different med-
icines. The advantage of tonic spasticity is that it 
stabilizes weakness at particular joints; the disad-
vantages are that it slows movement, causes pain-
ful interference with activity, and contributes to 
contractures and long-term joint injury. Treatment 
aims to soften the disadvantages of spasticity 
without overshooting and destabilizing weak 
joints. Goals of spasticity management include 
improving functional ability and dependence, 
decreasing pain, preventing and ameliorating 
contractures, facilitating hygiene (e.g., with a 
contracted upper extremity), aiding rehabilita-
tion, and saving caregiver time.

Like dysmobility, the management of spasticity 
focuses on physical rehabilitation, but it is more 
targeted to interventions such as stretching, pilates, 
yoga, and functional electrical stimulation; weight-
bearing exercises, pool therapy, and inhibitory 
casting can also be beneficial. Aside from recom-
mending these activities, MS care providers can 
facilitate rehabilitation with pharmacotherapy. 
Medication selection should be informed not only 
by effectiveness but also by the treatment of 
comorbidities and the side-effect profile.

For phasic spasticity, MS care providers 
should work with patients to identify and remove 
noxious stimuli and prescribe medicines that 
break the pain-spasticity cycle, especially with 
anti-epileptic drugs such as gabapentin, pregaba-
lin, levetiracetam, carbamazepine, oxcarbaze-
pine, and lamotrigine, alone or in combination. 
When it is difficult to distinguish phasic spastic-
ity from periodic limb movements [37, 38], a trial 
of dopamine agonists can provide both therapy 
and diagnosis.
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For tonic spasticity, medication effectiveness 
depends on the affected muscles and the location 
of the upper motor neuron injury. With larger or 
more proximal muscles affected by spasticity 
from spinal cord lesions, baclofen, a gamma-
aminobutyric acid (GABA)-B agonist, is 
extremely effective and can help with sleep and 
addiction [39], though it can worsen edema. 
Tizanidine, a presynaptic alpha-2 agonist, is 
effective for spinal and cerebral spasticity and 
has less of a tendency to overshoot and weaken 
spastic muscles or interfere with concentration; it 
may also lessen pain. Dantrolene, a calcium 
release inhibitor in muscle, is effective for spas-
ticity of cerebral origin. All three medicines are 
non-habit-forming, though abrupt cessation of 
baclofen can precipitate a syndrome similar to 
benzodiazepine withdrawal including seizures 
[40, 41] and abrupt cessation of tizanidine can 
precipitate hypertension. All three require liver 
monitoring, and dantrolene has caused some 
cases of liver failure [42]. Dantrolene is less 
sedating than oral baclofen and tizanidine 
because it does not act centrally, but it can worsen 
weakness more than tizanidine and baclofen. 
Cannabinoids also show promising efficacy for 
spasms and associated pain, but they can also 
induce weakness, nausea, behavioral or mood 
changes, suicidal ideation and hallucinations, 
fatigue, and other symptoms [43]. With smaller, 
more distal muscles, botulinum toxin can be 
extremely effective with minimal systemic side 
effects (in addition, parotid administration also 
lessens sialorrhea in patients with dysphagia). 
Implanting an intrathecal baclofen pump can mit-
igate the systemic effects of orally administered 
agents and provide steadier dosing, though risks 
and benefits of implanted hardware should be 
considered.

Benzodiazepines are useful second-line 
agents, which can help with sleep and anxiety but 
are generally not preferred because they are 
habit-forming, can worsen cognition and ataxia, 
and increase the risk of falls; at higher doses, 
abrupt withdrawal can precipitate seizures. Other 
second-line agents include tiagabine, a GABA 
reuptake inhibitor similar to baclofen, and cloni-
dine, an alpha-2 agonist similar to tizanidine. 

Intrathecal phenol is a second-line agent to 
baclofen, but it is not preferred because it causes 
fecal and urinary incontinence [44].

Centrally acting muscle relaxants such as 
cyclobenzaprine, carisoprodol, methocarbamol, 
metaxalone, and chlorzoxazone are helpful in 
patients with concomitant musculoskeletal pain 
[45]. Gabapentin has shown similar promise in 
spasticity for patients with neurogenic pain [44]. 
These medications can be used concurrently at low 
dose to treat spasticity through several mecha-
nisms and to address comorbidities while avoiding 
the side effects of higher doses. Multiplying medi-
cations should proceed under strict supervision to 
avoid the complications of polypharmacy.

�Fatigue

Fatigue is the most commonly reported MS 
symptom and affects up to 75% of MS patients 
[46]. It is comorbid with depression and sleep 
disturbances (insomnia, snoring, restless legs) 
[9], and since these three symptoms can form a 
self-reinforcing triad, complaints of any one 
symptom should trigger screening for the others. 
The time course of primary MS fatigue involves 
a crash in energy part way through the day or in 
response to elevated body temperature, whereas 
secondary MS fatigue from sleep disturbances is 
usually present upon awakening; tertiary MS 
fatigue from depression is more pervasive and 
may linger long after patients report no longer 
feeling depressed [47]. Secondary MS fatigue is 
affected by spasticity, pain, deconditioning, uri-
nary frequency (especially nocturia interfering 
with sleep), and medications, each of which 
should be addressed. In addition to treating sec-
ondary and tertiary MS fatigue, MS care provid-
ers should educate patients about strategies for 
dealing with primary fatigue through heat avoid-
ance, scheduled napping, and improving strength, 
endurance, and cardiovascular fitness.

Patients whose MS fatigue is refractory to 
strategies for primary MS fatigue and the 
treatment of secondary and tertiary causes can be 
treated with stimulants, which must be managed 
carefully since they can interfere with sleep and 
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thus worsen fatigue. Patients should be counseled 
to avoid taking stimulants close to bedtime and 
may need to reinforce sleep hygiene when using 
them. The Multiple Sclerosis Council recom-
mends amantadine as first-line treatment for 
refractory fatigue; its effects are enhanced by tak-
ing a drug holiday 2 days per week [48]. Modafinil 
and armodafinil have shown mixed results but 
may benefit some patients [49–52]. Other thera-
pies include methylphenidate, dextroamphet-
amine, lisdextroamphetamine, or atomoxetine, 
some of which have shown mixed results as aug-
mentation therapies for depression. While some 
pharmacodynamic effects of these medications 
are understood, their complete mechanism of 
action is not, and MS care providers should be 
cautious about using them in combination, espe-
cially at higher doses. The potential for addiction 
and abuse must be considered, particularly with 
amphetamine-based agents.

�Visual Impairment

After dysmobility, MS patients report the next 
most bothersome symptom is visual impairment, 
which can contribute to falls, accidents, unem-
ployment, and social isolation. Visual impair-
ment in MS takes several forms including reduced 
visual acuity and scotomas, often due to optic 
neuritis; visual field deficits, which may be due to 
damage to the optic radiations; and eye move-
ment dysfunction, including nystagmus, oscil-
lopsia, and gaze palsies, which are caused by 
lesions to the afferents and efferents of the third, 
fourth, and sixth cranial nerve nuclei. Diplopia 
and reduced depth perception can also occur as a 
result of reduced eye mobility. Primary symp-
toms should be addressed with ophthalmology 
referral for prosthetics such as eye patches or pre-
scription glasses, including prism glasses that 
can help diplopia in affected directions of gaze. 
Visual rehabilitation is available through 
Lighthouse for the Blind and similar local 
organizations.

It is imperative to check that visual impairment 
is not the result of medication side effects, such as 
macular edema from fingolimod; dry eye or blurry 

vision from anticholinergics used for bladder 
problems; open-angle glaucoma from topiramate 
used for spasms and headache; nystagmus from 
carbamazepine, lamotrigine [53], or phenytoin; or 
brain infection (e.g., progressive multifocal leu-
koencephalopathy [PML]) from immunomodula-
tion. Eye movement dysfunction, especially 
myokymia and oscillopsia, can be treated with 
medications such as baclofen (or clonazepam), 
gabapentin, carbamazepine, memantine, and 
timolol (or other beta-blockers) [54].

�Tremor

Tremor is a hyperkinetic rhythmic oscillation of 
one or more body parts. In MS, it usually does 
not occur at rest; instead, it is usually postural or 
kinetic from damage to the cerebellum or its con-
nections. Tremor is a classical feature of MS, 
with prevalence between 25% and 60% [55, 56], 
but it is not usually a presenting symptom and, on 
average, develops 11  years after disease onset 
[57]. Patients report tremor as one of the most 
bothersome symptoms, though its impact is 
highly variable, probably in proportion to its 
severity and location. For instance, tremor in the 
dominant hand, head, or trunk is typically worse 
than a barely perceptible palatal tremor.

Since tremor is often worse with psychologi-
cal stress, excitement, and anxiety, treatment 
begins by encouraging coping skills for these 
exacerbating factors [42]. Cognitive behavioral 
therapy is a reasonable low-risk treatment, though 
its benefits are unproven in MS patients. 
Medications such as propranolol can treat the 
anxiety that worsens tremor indirectly, even when 
they do not treat the tremor directly [42].

There is no high-quality evidence about the 
effectiveness of any medications for treating cer-
ebellar tremor in MS patients, but clinical experi-
ence suggests that they are rarely highly effective. 
Case series have suggested possible benefit from 
carbamazepine [58], topiramate [59], primidone 
[60], dalfampridine [61], isoniazid, ondansetron, 
propranolol, trihexyphenidyl, buspirone, acet-
azolamide, gabapentin, and hydroxyzine [61]. 
For rubral tremor, which is coarser and affects 
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more proximal muscles than classical cerebellar 
tremor, levodopa has been effective, though it has 
not been tested in MS patients specifically [62]. 
A reasonable strategy is to use medications that 
treat other MS symptoms and adjust their dose to 
discover if they have benefit for an individual 
patient’s tremor too.

Other potential treatments for tremor in MS 
treatments include botulinum toxin, deep brain 
stimulation (DBS), and thalamotomy. A small 
randomized, double-blinded, placebo-controlled, 
crossover study of 23 patients found that botuli-
num toxin improved tremor severity in the upper 
limb at 6 and 12 weeks, though 42% of patients 
reported mild to moderate weakness in affected 
muscles [63]. DBS and thalamotomy have proven 
effective in reducing limb tremor in MS patients 
[64], though some studies found half of patients 
noticed some wearing off of effectiveness [65]. In 
general, DBS carries a 1.7% risk of postoperative 
complications associated with hemiparesis or 
decreased consciousness, and a 5% risk of long-
term hardware disruptions requiring corrective 
surgery [66].

�Cognitive Impairment

MS patients frequently experience cognitive 
decline, especially word-finding and multitask-
ing difficulties [67]. Cognitive difficulties may 
present early in the disease course and worsen, 
eventually affecting the majority of MS patients 
[68–70]. In its quality metrics for MS care, the 
AAN recommends regular screening for cogni-
tive impairment. Cognition screening seeks to 
identify affected cognitive domains in order to 
modify activities to reduce injury and to adjust 
the expectations of caregivers, employers, and 
acquaintances. Healthcare providers should 
probe secondary symptoms of cognitive decline, 
especially from stress, fatigue, depression, and 
medication side effects, such as from benzodiaz-
epines for spasticity and anticholinergics for uri-
nary incontinence. MS patients may benefit from 
cognitive rehabilitation [71], which is a low-risk 
emerging therapy [72].

�Emotional Disorders

Emotional disorders are divided into two catego-
ries: (1) mood disorders, including depression, 
anxiety, bipolar disorder, and adjustment disor-
der, and (2) affect disorders, including euphoria, 
apathy, and pseudobulbar affect (PBA). 
Emotional disorders are more common in MS 
than other neurological diseases [4], and the 
cause of their increased prevalence is likely mul-
tifactorial [73]. Emotional disorders are partly 
primary symptoms that result directly from the 
disease process [74], and they are also secondary 
and tertiary symptoms that can reflect reactions 
to the diagnosis, feelings of lost control from the 
unpredictability of relapses, accumulating physi-
cal disability, social isolation, and side effects of 
medication, especially interferons and glucocor-
ticoids. Emotional disorders can also worsen dis-
tress from other MS symptoms, reduce quality of 
life [12, 75–80], and contribute to increased inci-
dence of suicide among MS patients [81–87].

Identifying emotional disorders is challenging. 
Although AAN quality guidelines recommend 
screening for depression and assessing depression 
outcomes [11], AAN treatment guidelines do not 
recommend any particular way to do so [73]. 
These guidelines suggest that the Emotional 
Lability Scale may be useful to screen for pseudo-
bulbar affect, the Beck Depression Inventory or 
Patient Health Questionnaire (PHQ)-2 to screen 
for depression, and the General Health 
Questionnaire to screen for general emotional dis-
turbances [73]. This challenge is compounded by 
the fact that it can be difficult to distinguish emo-
tional disorders from each other, and their diag-
nostic criteria often require that the diagnosis is 
“not better explained by another mental disorder,” 
a proviso that requires the concurrent assessment 
of several related disorders. In complex cases, psy-
chiatry referrals are helpful.

When an emotional disorder has been identi-
fied, it should be analyzed according to its pri-
mary, secondary, and tertiary components, and 
related comorbidities should be screened for, 
especially sleep disorders and fatigue. Once sec-
ondary and tertiary components have been 
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addressed, residual primary components should 
be treated. First, MS care providers should seek 
to instill a sense of self-efficacy in treating MS 
symptoms in general, since this has shown to 
improve negative affect in MS patients [8]. In 
short, the more patients feel empowered to 
achieve some control over the symptoms of the 
disease, the more hopeful they are, and the better 
they feel. Second, psychotherapy should be 
encouraged; cognitive behavioral therapy in par-
ticular has been shown to be effective in MS 
patients with depression [88–90] and may be 
helpful in other emotional disorders as well. 
Local support groups [91, 92] are available 
through the National MS Society. Only after 
these important preparatory steps have been 
taken should MS care providers broach pharma-
cotherapy, whose function should be explained to 
patients as an important adjunct to lifestyle modi-
fications, rather than as monotherapy [93].

Pharmacotherapy has been extensively stud-
ied for depression and PBA in MS patients, but 
other emotional disorders are less well studied. 
Dextromethorphan with quinidine is effective 
[94] for MS patients with PBA but may take up to 
4–5 weeks to have an effect. Selective serotonin 
reuptake inhibitors (SSRIs) and tricyclic antide-
pressants (TCAs) are also effective, often at 
lower doses than that required for depression 
[95]. Refractory cases may respond to lamotrig-
ine, venlafaxine, mirtazapine, methylphenidate, 
or amantadine [96].

For major depressive disorder, individual anti-
depressants have shown mixed results [73]. 
Moreover, observational studies suggest that 
even when patients are treated (at rates up to 
85%), depressive symptoms can persist [96]. 
This may be due to insufficient dosing, the selec-
tion of inappropriate agents, inadequate lifestyle 
modifications, unsatisfactory psychotherapy, or 
the refractory nature of depression in MS patients. 
The key to effective pharmacotherapy is to select 
antidepressants that treat, rather than exacerbate, 
each individual patient’s MS symptoms. SSRIs 
may help with depression, but they can worsen 
sexual dysfunction and insomnia. In particular, 
fluoxetine can be helpful for patients with poor 
medication adherence because its half-life is lon-

ger than other SSRIs and has an active metabo-
lite, norfluoxetine, with a half-life up to 16 days 
[97]. Mirtazapine is effective for patients with 
nausea [98], insomnia [99], or anorexia [100]. 
Duloxetine and desvenlafaxine are in the same 
class of serotonin-norepinephrine reuptake inhib-
itors (SNRIs) as mirtazapine but, paradoxically, 
are associated with nausea [101], as well as 
insomnia, constipation, and stress incontinence 
[102]. Bupropion [103] and mirtazapine [104, 
105] are effective for patients with sexual dys-
function and can be used in combination with 
SSRIs to mitigate the latter’s exacerbation of 
sexual dysfunction. Bupropion may also hold 
some promise in treating fatigue [106]. However, 
it lowers the seizure threshold and can unmask 
psychosis through its dopaminergic effects [107, 
108]. Tricyclics, such as nortriptyline and desip-
ramine, are effective for migraine prophylaxis, 
insomnia, sialorrhea, and urinary incontinence 
but can worsen lethargy and urinary retention; 
they also can have cardiovascular effects requir-
ing monitoring. Venlafaxine [109], nortriptyline 
[110], varenicline [111], and bupropion [112] (or 
with the latter two in combination [113, 114]) 
have shown some promise in smoking cessation 
and addiction.

�Pain

Pain is common among MS patients and signifi-
cantly impacts their quality of life [9]. 
Complaints of pain can have multiple etiologies, 
and treatment should be targeted to the cause. 
Primary pain from axonal loss should prompt 
discussion about treatments for neurogenic 
pain, including carbamazepine, gabapentin, pre-
gabalin, tricyclics, SNRIs (e.g., duloxetine), and 
lamotrigine, alone or in combination [115]. In 
particular, trigeminal neuralgia should prompt 
imaging to identify vascular loops that can be 
surgically addressed. Topical treatments such as 
lidocaine and capsaicin can be helpful. 
Healthcare providers should identify the causes 
of secondary pain, such as weakness, tonic spas-
ticity, and altered gait mechanics, and treat those 
separately.
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�Bladder and Bowel Dysfunction

Bladder and bowel dysfunction is a “hidden” 
symptom that patients and MS care providers are 
often reluctant to discuss. It is important to probe 
symptoms of storage failure—such as urgency, 
urge incontinence, frequency, and nocturia/
enuresis—and of emptying failure, such as hesi-
tancy, double voiding, bladder insensitivity, and 
poor force of stream.

Treating incontinence can improve insomnia, 
reduce social isolation, and prevent urinary tract 
infections (UTIs), which is an MS quality care 
metric. Easy to implement lifestyle modifications 
include appropriate fluid intake, bathroom map-
ping, scheduled voiding, double voiding (to 
ensure complete emptying), and avoiding stimu-
lants. Incontinence can improve with pelvic floor 
training to defer urge and to enable relaxation. 
Intermittent catheterization or external bladder 
stimulators can facilitate scheduled voiding. For 
occasions where the risk of incontinence is 
greater, patients can be advised to use diapers or 
absorbent pads, carry a change of clothes, and 
wear clothes appropriate to hide wetness.

Pharmacotherapy for urinary incontinence 
aims to treat detrusor hyperreflexia (i.e., neuro-
genic or “overactive” bladder), incomplete emp-
tying (including detrusor sphincter dyssynergia), 
and frequency. Distinguishing these different 
contributors to incontinence may require measur-
ing the post-void residual, which, if abnormal, 
should prompt urology referral for urodynamic 
studies. Anticholinergics such as oxybutynin, 
tolterodine, hyoscyamine, propantheline, flavox-
ate, and imipramine can improve bladder spasms, 
but they can cause dry mouth and eyes, blurry 
vision, constipation, sedation, cognitive impair-
ment, and bladder retention. Alpha-1 antagonists 
such as doxazosin, terazosin, and tamsulosin can 
improve detrusor sphincter dyssynergia as well 
as autonomic dysreflexia but can cause nasal con-
gestion, orthostasis, abnormal ejaculation, and 
urinary incontinence; silodosin is in the same 
class and has lower rates of hypotension and 
abnormal ejaculation [116]. Tadalafil, a phospho-
diesterase-5 inhibitor, may improve overactive 
bladder as well as improve erectile dysfunction; 

it can cause headaches, hypotension/orthostasis, 
and nausea [117]. Mirabegron, a beta-3 agonist, 
relaxes detrusor smooth muscle during storage 
without affecting voiding and can aid with over-
active bladder; it is a CYP2D6 inhibitor and 
should be avoided in patients with severe liver or 
renal impairment; it can cause slight increase in 
blood pressure that should prompt caution in 
patients with uncontrolled hypertension [116]. 
Desmopressin, a vasopressin analogue applied 
intranasally, can reduce urinary frequency, espe-
cially at night, but can cause edema, hyponatre-
mia, headache, and weight gain [118].

These medications can also be applied in com-
bination to avoid the side effects of higher doses. 
Anticholinergics and alpha-1 antagonists have 
synergy in combination [116], and in principle, 
anticholinergics can also be combined with mira-
begron [119].

Incontinence that is refractory to lifestyle and 
behavioral and pharmacological therapies can be 
referred to a urologist for third-line therapy, 
including botulinum toxin injection, which is 
very effective for neurogenic bladder or for a 
bladder stimulator, of which there are two main 
varieties: sacral nerve stimulation, which 
improves urgency, frequency, urge incontinence, 
nonobstructive urinary retention, and fecal incon-
tinence [120], and posterior tibial nerve stimula-
tion, which improves urinary urgency and urge 
incontinence [121]. Hardware implantation has 
typically been limited to advanced cases, in part 
because of concerns about magnetic resonance 
imaging (MRI) compatibility, but newer MRI-
compatible models are on the horizon [122]. 
Cases with refractory urinary retention should be 
referred for the placement of suprapubic cathe-
ters. Misconceptions notwithstanding, patients 
with indwelling catheters often benefit from 
treatment with anticholinergics [116].

While urinary dysfunction in MS patients is 
mainly due to spinal cord disease, bowel dys-
function is less anatomically defined and may be 
multifactorial. One study found that 52% of MS 
patients with urological complaints had at least 
one bowel complaint, but even in those patients 
with both bladder and bowel dysfunction, bowel 
complaints did not “correlate with the patterns of 
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urinary disturbance, the duration of MS, or the 
degree of disability” [123]. The connection 
between MS, disease-modifying therapy, and the 
microbiome is still under study. All types of 
bowel dysfunction can be improved with dietary 
modifications and bowel training [124]. 
Constipation can respond to increasing fluids to 
1.5–2 quarts per day and to 20–30 g of soluble 
fiber, as well as including sources of insoluble 
fiber [124]. Laxatives, softeners, stimulants, and 
enemas can be beneficial when used sparingly. 
Diarrhea and bowel incontinence can be more 
difficult to treat. It can be reduced with bowel 
training and timed evacuations that exploit the 
gastrocolic reflux 20–30  minutes after eating. 
Bulking agents such as Citrucel or psyllium can 
be helpful.

�Sexual Dysfunction

Sexual dysfunction is another “hidden” symptom 
with widely varying estimates of its prevalence 
depending on how it is measured: estimates range 
from the same as healthy controls [125] to almost 
80% of MS patients [126–129]. It has a substan-
tial impact on patients’ quality of life [9]. It typi-
cally localizes to the spinal cord, though it also 
results from peri-insular injury (left more com-
monly than right) [130, 131]. Primary sexual dys-
function includes problems with libido, sensation 
(numbness, paresthesias, pain), arousal, erectile 
dysfunction, retrograde ejaculation, lubrication, 
orgasm, and satisfaction [132]. Treatment is tai-
lored to symptoms: pelvic floor exercises [133], 
devices (e.g., vibrators, vacuum suction) [134], 
and lubricants can all be helpful adjuncts. 
Bupropion can increase libido; sildenafil, 
tadalafil, vardenafil, or urethral prostaglandin can 
treat erectile dysfunction; topical estrogens can 
treat vaginal dryness and clitoral insensitivity [4]. 
Secondary sexual dysfunction involves different 
kinds of interference, such as dysmobility, pain, 
spasticity, fatigue, and bowel/bladder problems 
[132] (see other sections of this review). Tertiary 
sexual dysfunction involves social isolation, 
depression, anger, grief, guilt, spousal burden, 

and self-image [132], which can be successfully 
treated with sexual therapy [135].

�Speech and Swallowing

Dysarthria and dysphagia often co-occur but can 
have distinct etiologies. Dysarthria is classified 
as spastic, ataxic, or mixed [4] and is one of the 
most bothersome symptoms for MS patients [6]. 
Spastic dysarthria, which results from upper 
motor neuron injury, can respond to treatments 
for spasticity, while ataxic dysarthria from dis-
rupted cerebellar connections is more difficult to 
treat, but can respond to carbamazepine, oxcar-
bazepine, and, anecdotally, topiramate. Speech 
and language pathologists can offer individual-
ized therapy. Dysphagia can result from difficulty 
with thin liquids, reduced tongue coordination, 
delay in triggering swallowing, esophageal 
involvement, or aversion to foods because of 
altered sensation. It can contribute to aspiration 
pneumonia [136, 137], choking, malnutrition, 
dehydration, and decreased quality of life. Speech 
and language pathologists can offer individual-
ized therapy including working on breath sup-
port, tongue and lip coordination, postural 
modifications (e.g., chin tuck, head turn/tilt, and 
Mendelsohn maneuver), and improved caregiver 
support. Nutritionists can suggest dietary 
changes, including texture restrictions and con-
trolled eating of frequent, small meals. Advanced 
cases should be referred for formal swallowing 
studies.

�Conclusion

MS patients should have hope that their symp-
toms are treatable. MS care providers should help 
them probe neglected and hidden symptoms and, 
once found, unwind each symptom’s primary, 
secondary, and tertiary contributors. Care 
providers must also examine the wider context, 
identify constellations of self-reinforcing fea-
tures, and break their vicious cycle. For example, 
when a patient presents with depression, care 
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providers should screen for fatigue and insomnia; 
they should probe for connections between 
depression, falls, and impaired cognition or 
vision. Care providers should track MS symp-
toms and their management over time, since a 
single symptom (e.g., depression) may only rise 
to attention when concomitant reinforcing symp-
toms have emerged (e.g., sexual dysfunction), 
and these latter symptoms may only have 
emerged because of chronic or secondary or ter-
tiary exacerbations of a subclinical primary 
symptom (e.g., worsening incontinence). 
Symptom management is challenging, which can 
make it an especially rewarding part of high-
quality MS care—for both physicians and 
patients alike.
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Antisynthetase syndrome, 331

antibodies, 326
clinical features, 323
pathogenesis, 333

Anti-tumor necrosis factor (TNF) drugs, 457
Anti-Yo, 207
Apathy, 513
Aquaporin-4 antibody assays, 437
Aquaporin-4 (AQP4) autoimmune astrocytopathy, 182
Aquaporin-4-immunoglobulin G (AQP4-IgG), 226, 434, 

436
history and definition, 221, 222
NMOSD

acute treatment, 230
cerebrospinal fluid findings and autoantibody 

detection, 229
clinical features, 224, 226
coexisting autoimmunity, 229, 230
long-term treatment, 231
MRI, 226–229
pathology of, 224
pathophysiology, 222, 223
pregnancy, 231
prognosis, 230

Area postrema syndrome, 226, 233
Areflexia, 315
Aseptic meningitis, 376
Astrocytes, 127
Astrovirus encephalitis, 408
Ataxia, 212, 213
Atherosclerosis, 364

and vasospasm, 395

Autoantibody, 17
cell-based assays, 17, 20, 21
challenges, 23
detection, 215
enzyme-linked immunosorbent assays, 17
immunoprecipitation assays, 17, 21
line immunoblot assays, 17
pathogenesis, 23–25
primary culture-based immunofluorescence assays, 17
primary neuronal cell cultures, 22
sensitivity, 22, 23
specimen type, 22
tissue-based assays, 17, 19
Western blot, 17, 19, 20

Autoimmune astrocytopathy, 183
Autoimmune autonomic disorder, 349
Autoimmune diseases, multiple sclerosis genetic overlap 

with, 164, 165
Autoimmune encephalitis (AE), 261, 262

alternative treatment strategies, 176, 272, 273, 471
bortezomib, 273, 274
clinical manifestation, 177
eculizumab, 274
immunotherapy in, 264

first-line immunotherapy in anti-NMDAR, 264, 
266, 267

maintenance immunotherapy, 270–272
neuronal cell surface antibodies, 269, 270
second-line immunotherapy in anti-NMDAR, 

267–269
incidence rates of, 175
inebilizumab, 274
low-Dose IL-2 therapy and Treg modulation, 274
monoclonal antibodies targeting IL-6 receptor, 273
neural autoantibody-positive, 177

ancillary testing, 183, 184
antibodies targeting neural synapses, 178, 179, 

181, 182
intracellular neural antigens, 182, 183
management approach, 184

tumor association and screening, 262, 264
Autoimmune epilepsy

antiepileptic drugs (AEDS), 202, 203
APE2 score, 191
cancer screening, 197
clinical presentation, 190
diagnosis, 190
electroencephalogram, 194, 195
epidemiology, 190
follow-up, 203
imaging, 195, 196
immunomodulatory agents, 200–201
management algorithm for, 202
neural-specific antibodies associated with

cell surface epitopes, 191–193
intra-cellular epitopes, 193
new-onset refractory status epilepticus, 194
Rasmussen’s encephalitis, 194
SREAT, 194
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RITE2 score, 191–192
treatment, 197, 202

Autoimmune inflammatory disorders, 59, 392
Autoimmune movement disorders, 207, 210

antibodies association, 209
clinical evaluation, 213, 214

autoantibody detection, 215
electrophysiological, 215
imaging, 214, 215
laboratory testing, 215
neurological examination, 214

clinical syndromes, 208
hyperkinetic disorders, 208–211
hypokinetic disorders, 212, 213

demographics, 208
epidemiology, 208
immunotherapy

acute treatment, 216
maintenance treatment, 216

maintenance treatments, 217
treatment, 215

symptomatic therapy, 215, 216
Autoimmune myelitis, 433, 442

acute illness and fever, 437
acute treatments, 438
anti-AQP4 IgG, 437
cerebrospinal fluid, 439
characteristic magnetic resonance imaging, 439
chronic immunomodulatory therapy, 443
clinical presentations, 434, 435
computed tomography, 438
CSF analysis, 435, 437
demographic features, 434
demyelination, 434
efficacy and safety profiles, 443
etiologies, 443
forms of, 439
intrathecal immunoglobulin synthesis, 440
intravenous immunoglobulin, 438
mechanisms of, 443
MRI characteristics, 435
natural history studies, 442
progressive paraparesis or quadriparesis, 435
recurrence, 443
recurrent demyelinating and systemic inflammatory 

conditions, 439
sensory symptoms, 435
spinal cord involvement, 439

Autoimmune neurologic disorders (ANDs), 16
Autoimmune N-methyl-d-aspartate receptor (NMDAR), 

175
Autoimmunity

with alemtuzumab, 412
CVID, 409
postural orthostatic tachycardia syndrome, 352

Autologous hematopoietic stem cell transplantation 
(aHSCT), 500

Autologous stem cell transplantation, 490
Autonomic disorders, 349

Autonomic nervous system (ANS), 348, 349
Autonomic neuropathy/ganglionopathy, 350, 366
Axonal GBS, 287
Axonal loss, 106, 110
Axonal transection, 110
Azathioprine (AZA), 217, 270, 313, 335

B
B-cells, 5–7

inflammatory myopathy, 332
Beck Depression Inventory/Patient Health Questionnaire 

(PHQ)-2, 513
Behçet disease (BD), 367, 390
Benign multiple sclerosis, 96, 499
Benzodiazepines, 216, 511
Bickerstaff encephalitis, 183
Bilateral lower extremity, 478
Bilateral optic neuritis, 478
Bimagrumab, 337
Biomarkers, 50
Bladder and bowel dysfunction, 515, 516
Blood-brain barrier, 6
Bonferroni correction, 161
Bortezomib, 273, 274
Botulinum toxin, 511
Bowel dysfunction, 516
Brachio-cervical inflammatory myopathy (BCIM), 332
Brain atrophy, 35, 36
Brain MRI, 227, 229, 233
Brainstem encephalitis, 183
Bystander activation, 407
Bystander effect, 407

C
Calcinosis, 338
Cancer-associated retinopathy (CAR), 255
Cannabinoids, 511
Castleman disease, 298
CD20 antigen, 410
CD4+ T cells, 118, 119, 124
CD8+ T cells, 120, 121, 125
Celiac disease-gluten related ataxia, 208
Cell-based assay (CBA), 20, 21, 222
Cell surface epitopes, 191–193
Centrally acting muscle-relaxants, 511
Central nervous system (CNS), 3, 5–7, 30
Cerebellar degeneration related antigen 2 (CDR2), 254
Cerebral vasculitis in SLE, 364
Cerebral venous sinus thrombosis (CVST), 368
Cerebrospinal fluid (CSF) studies, 184, 365
CHAMPIONS (Controlled High-Risk Avonex in 

Multiple Sclerosis Prevention Study in 
Ongoing Neurologic Surveillance) trial, 453

Charcot-Marie-Tooth [CMT, 297
Childhood PACNS (cPACNS), 389

diagnostic approach, 389
treatment, 390
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Chlamydia pneumonia, 141
Chorea, 208, 210
Choreoathetosis, 407
Chronic ataxic neuropathy with disialosyl antibodies 

(CANDA), 298
Chronic ataxic neuropathy, ophthalmoplegia, cold 

agglutinins, and disialosyl antibodies 
(CANOMAD) syndrome, 297–298

Chronic inflammatory/immune demyelinating 
polyradiculoneuropathy (CIDP), 282, 290, 291

clinical features, 292
differential diagnosis, 297, 298
electrodiagnostics, 293, 294
epidemiology, 291
histopathology, 293
multifocal motor neuropathy, 296, 297
neuroimaging, 293
pathophysiology, 291, 292
treatment, 298, 299
variants, 294, 296

Chronic lymphocytic inflammation with pontine 
perivascular enhancement responsive to 
steroids (CLIPPERS), 426, 427

Chronic meningitis, 376
Cinryze®, 230
Classical PNS, 247
Clinically definite MS (CDMS), 453
Clinically isolated syndrome (CIS), 92, 93, 494
CNS antibody-mediated autoimmune disease, 406
CNS vasculitis, 393, 396

cerebral ischemia, 397
color duplex ultrasonography, 398
computed tomography angiography, 398
contrast-enhanced magnetic resonance angiography, 

398
CSF analysis, 397
diagnostic studies, 386
digital subtraction angiography, 398
DSA, 398
evaluation, 397
immunosuppression, 386
laboratory testing, 397
MRI, 397
neuroimaging studies, 397
non-vasculitic conditions, 395
prognosis, 400
protean manifestations, 397
treatment of, 386

Coexisting autoimmunity, 229, 230
Cognitive difficulties, 513
Cognitive impairment, 180
Collapsin response-mediator protein-5 (CRMP5) IgG, 

193, 209, 250, 254, 255, 437, 457
Compressive myelopathies, 435
Concept of dissemination in time (DIT), 78
Conduction block, 288
Connective tissue/rheumatologic diseases associated with 

CNS vasculitis, 392–393
Consortium of Multiple Sclerosis Centers (CMSC), 35

Controlled High-Risk Avonex in MS (CHAMPS) study, 
453

Corticosteroids, 61, 63, 230, 296, 313
Cranial neuropathies, 375
CRMP5, see Collapsin response-mediator protein-5 

(CRMP5) IgG
CSF HSV polymerase chain reaction (PCR) positivity, 

407
CSF studies, see Cerebrospinal fluid (CSF) studies
CVID-associated granulomatous disease, 409
Cyclophosphamide (CPA), 230, 264, 267, 268, 337
Cyclosporine, 313, 337
Cytokines, 5, 7

D
DADS neuropathy, see Distal acquired demyelinating 

symmetric (DADS) neuropathy
Dantrolene, 511
Data and Safety Monitoring Board (DSMB), 50
Delta/notch-like epidermal growth factor-related  

receptor (DNER), 254
Demyelinating disorders in children, 469, 480
Dendritic cells (DCs), 126
De novo demyelination, 457
Depression in SLE, 363
Dermatomyositis (DM), 321, 322, 328

antibodies, 325, 326
clinical features, 322
histopathology, 327, 328
pathogenesis, 332

Devic’s disease, 221
3,4‐Diaminopyridine (3,4-DAP), 317
Diet, 143
Diffuse large B-cell lymphoma, 422
Dipeptidyl-peptidase-like protein-6 (DPPX), 211, 353

antibody-associated encephalitis, 181, 193
Disease activity

corticosteroids, 61–63
diagnosis, 60, 61
intravenous immunoglobulins, 63–65
long-term immunosuppressive therapy, 66, 67
monitoring, 61
neuroimmunology, 68
plasmapheresis, 65, 66
symptom management, 67

Disease-modifying anti-rheumatic drugs (DMARDs), 366
Disease modifying therapies (DMT), 89, 166, 507

MS, 496–497
Disease-specific immunoglobulin G (IgG) biomarkers, 213
Dissemination in space, 78, 80, 85
Dissemination in time, 78
Distal acquired demyelinating symmetric (DADS) 

neuropathy, 294
DNER, see Delta/notch-like epidermal growth factor-

related  receptor (DNER)
Double-hit theory, 223
DPPX antibody-associated encephalopathy, 353
Drug development, 494
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Drug-induced vasculitis, 395
Drug washouts, 46
Dual seropositivity, 182
Dysarthria, 419, 508, 516
Dysfunctional adaptive immune response, 408
Dyskinesias, 210
Dysmobility, 510
Dysphagia, 338, 516
Dystonia, 211

E
Eculizumab, 231, 274, 314
Edrheim-Chester disease, 420
Edrophonium, 312
Electroencephalogram (EEG), 179, 184, 194, 195, 211
Electromyography/nerve conduction study (EMG/NCS), 

324, 377
Electronic medical record (EMR) templates and prompts, 

509
Elevated muscle enzymes, 324
Emotional disorders, 513, 514
Encephalitis, 175
Enzyme-linked immunosorbent assays (ELISA), 20, 437
Epilepsy, 189

See also Autoimmune epilepsy
Epstein-Barr virus (EBV), 140, 155
Erasmus GBS Outcome Score (EGOS), 290
Erdheim-Chester disease (ECD), 419, 420
Escalation therapy, 499
Ethiopathogenesis, 164
Euphoria, 513
European league against rheumatism (EULAR), 366
Expanded disability status scale (EDSS), 478, 510
Experimental allergic neuritis (EAN), 287
Extreme delta brush (EDB), 195
Eye movement dysfunction, 512

F
Facial nerve involvement, 375
Faciobrachial dystonic seizures (FBDS), 180, 192, 195, 

211, 269
Fatigue, 508, 511
Fisher-Bickerstaff syndrome, 289
Fludarabine, 294
Fluorescence activated cell sorting (FACS), 229
Follistatin, 337
Fulminant encephalitis, 193
Fulminant onset multiple sclerosis, 95

G
Gabapentin, 511
GAD65 antibodies, 213, 256

autoimmune epilepsy, 195
neurologic autoimmunity, 485
SPS, 488

GAD65 autoimmunity, 183

Gait and imbalance, 510
Gallium 67 scintigraphy, 379
Gamma-aminobutyric acid (GABA)

GABAA, 181
GABABR, 181, 193

Gammopathy, 297
Ganglion cell and inner plexiform layer (GCIPL), 456

atrophy mirrors, 461
Ganglionic AChR antibodies, 349
Ganglionopathy, 367
GD1b ganglioside, 289
Gene-environment interactions, 156
General Health Questionnaire, 513
Genome wide association studies (GWAS), 157, 164

non-HLA risk factors, 161–163
Giant cell arteritis (GCA), 398
Glial fibrillary acidic protein (GFAP)-IgG, 183
Glucocorticoid-induced osteoporosis, 400
Glucocorticoids, 217, 335
Glutamate excitotoxicity, 223
Glutamic acid decarboxylase (GAD65) antibodies, 193
Glycine receptor alpha subunit (GlyRα[alpha]1), 212
Glycine receptor-IgG, 181
Granulomas, 376

formation in sarcoidosis, 374
Granulomatous (segmental granulomatous inflammation 

with multinucleated giant cells) PACNS, 399, 
409

Guillain-Barré syndrome (GBS), 262, 267, 282, 354, 435
antecedent events, 282, 283
atypical features, 285, 286
clinical features, 283, 284
diagnostic studies, 284, 285
epidemiology, 282
histopathology, 289
pathyphysiology, 287–289
prognosis, 290
treatment, 290
varients, 286, 287

Gut dysmotility, 351
GWAS, see Genome wide association studies (GWAS)

H
Hardware implantation, 515
Hashimoto’s encephalopathy, see Steroid responsive 

encephalopathy associated with autoimmune 
thyroiditis (SREAT)

Hemiparesis, 419
Hereditary motor sensory neuropathy (HMSN), 297
Heritability in MS, 156, 157
Herpes simplex virus encephalitis (HSVE), 176, 192

HSVE-induced autoimmunity, 407
High throughput next-generation sequencing (NGS) 

platforms, 408
High-efficacy induction approaches, 502
Histiocytic sarcoma, 418, 421
Hodgkin lymphoma, 425
Hu (ANNA-1) antibodies, 244, 245, 251, 252
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Human herpes virus (HHV)-6-negative, 141
Human immunodeficiency virus (HIV), 409
Human leukocyte antigen (HLA), 157

class I and II alleles, 158
protective factors, 160, 161
risk factors, 157, 159, 160

Hyperkinetic disorders
chorea, 208, 210
dyskinesias, 210
dystonia, 211
myoclonus, 211
tremor, 211

Hypermetabolism, 184
Hypertrophic pachymeningitis, 370
Hypogammaglobulinemia, 410
Hypokinetic disorders

ataxia, 212, 213
parkinsonism, 212
SPS, 212

Hypometabolism, 184
Hyponatremia, 181
Hypothalamic–pituitary infiltration by sarcoid 

granulomas, 376

I
Idiopathic acute sensory neuronopathy, 286
Idiopathic subacute autonomic failure, 351
Idiopathic transverse myelitis, 434, 435, 437, 438, 441
IgG4-related disease (IgG4-RD), 369, 370
IgLON5-IgG, 182
IgM M-protein, 297
IL-6 inhibitor satralizumab (SA237), 231
Imaging features, 378
Immune and inflammatory myopathies (IIM), 336

classification, 334, 335
clinical features

antisynthetase syndromes, 323
dermatomyositis, 322
immune-mediated necrotizing myopathy, 322
sIBM, 323, 324

dermatomyositis (DM), 321
diagnostic evaluation

antibodies, 325, 326
electrodiagnostics, 324
elevated muscle enzymes, 324
muscle imaging, 324

epidemiology, 322
histopathology, 326–329, 331
management

calcinosis, 338
dysphagia, 338
LLD, 338
physical exercise, 337
skin disease, 338

pathogenesis, 332
antisynthetase syndrome, 333
dermatomyositis, 332
IMNM, 332, 333
sporadic IBM, 333, 334

polymyositis (PM), 321
sporadic IBM, 331, 332
treatment, 335, 337

Immune and inflammatory myopathies (IIM)., 323
Immune checkpoint inhibitors (ICPIs), 317, 412, 413
Immune-mediated failure of autonomic nervous  

system, 349
Immune-mediated necrotizing myopathy (IMNM), 322

antibodies, 326
histopathology, 329
pathogenesis, 332, 333

Immune myopathy, 329
Immune myopathies with perimysial pathology 

(IMPP), 335
Immunodeficiency and autoimmunity, 408, 409
Immunoglobulin G (IgG), 159

IgG4-RD, 369, 370
Immunomodulatory therapies, 314, 478

for POTS, 352
Immunoprecipitation assays, 21
IMNM, see Immune-mediated necrotizing myopathy 

(IMNM)
IMPP, see Immune myopathies with perimysial 

pathology (IMPP)
Induction therapy, 500
Inebilizumab, 274
Infections associated with CNS vasculitis, 394–395
Infectious encephalitis, 175
Infectious optic neuritis, 456, 457
Infective endocarditis, 364
Inflammation, 108
Inosine mono-phosphate dehydrogenase  

(IMPDH), 271
Institutional Review Boards (IRBs), 50
Interleukin-2 receptor (Il-2R), 161
Interleukin-7 receptor (IL-7R), 161
International League Against Epilepsy (ILAE), 190
International Multiple Sclerosis Genetics Consortium 

(IMSGC), 157, 161, 167
Interstitial lung disease (ILD), 338
Intra-cellular epitopes, 193
Intracellular neural antigens, autoantibodies specific for, 

182, 183
Intracranial hypertension, 368
Intrathecal baclofen pump, 511
Intrathecal phenol, 511
Intravenous immunoglobulins (IVIg), 64, 65,  

267, 290, 299
Intravenous methylprednisolone pulse (IVMP), 197,  

267, 335
Ischemic/inflammatory demyelinating optic  

neuropathy, 457

J
Juvenile xanthogranuloma (JXG), 420

K
Karnofsky performance scores (KPS), 264, 316
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L
Lambert-Eaton myasthenic syndrome (LEMS), 244,  

309, 352
clinical manifestations, 315
diagnosis

electrodiagnostics, 316, 317
serology, 316

epidemiology, 314, 315
neoplastic associations, 316
pathophysiology, 315
treatment, 317

Landau-Kleffner syndrome, 189
Langerhans cell histiocytosis, 418
Language disorders, 470–471
Leptomeningeal carcinomatosis, 376
Leptomeningeal involvement, 378
Leptomeninges, 378
Leucine-rich, glioma inactivated 1 (LGI1) 

immunoglobulin G, 192
Lewis-Sumner syndrome, 291
LGI1 IgG limbic encephalitis, 196
Libman-Sacks endocarditis (sterile valvular lesions), 364
Limbic encephalitis, 179, 193
Linkage disequilibrium (LD) blocks, 161
Longitudinally extensive transverse myelitis (LETM), 

221, 377
Low-Dose IL-2 therapy, 274
Lumbar puncture, 450, 471, 477
Lyme disease, 375
Lymphocytic (lymphocytic infiltrate with occasional 

plasma cells) PACNS, 399
Lymphomatoid granulomatosis, 425, 426

M
Ma2 (and Ma1) antibodies, 193, 212, 252, 253
Macrophagic myofasciitis (MMF), 332
MADSAM neuropathy, 296
Maintenance rituximab, 424
Major depressive disorder, 514
Major histocompatibility complex (MHC), 157
McDonald criteria for MS, 368
Medusa-head ataxia, 213
Mendelian randomization, 143, 156, 166, 167

obesity, 167, 168
vitamin D, 167

Meningococcal vaccination, 231
Meningoencephalitis, 408
Metabotropic glutamate receptor 1 (mGluR1), 213
Metabotropic glutamate receptor 5 (mGluR5) IgG 

encephalitis, 181, 193, 196
Methotrexate, 335
Methylprednisolone, 338
Microembolism, 364
Microglia, 123
Microtubule-associated protein (MAP) 1B, 213
Mild (isolated CN VII or aseptic meningitis), 

neurosarcoidosis, 380
Mitochondrial DNA (mtDNA), 157
Mitochondrial dysfunction, 157

Moderate and severe disease, neurosarcoidosis, 380
Moersch-Woltman syndrome, see Stiff person  

syndrome (SPS)
Molecular mimicry, 208
Monoclonal antibodies, 223

targeting IL-6 receptor, 273
Monoclonal anti-myelin associated glycoprotein (MAG) 

IgM, 294
Monophasic illness, 479
Mood disorder, 513

in SLE, 363
Moore’s lightening streaks, 450
Morvan’s syndrome, 181, 353
Motor GBS, 290
Movement disorders, 470
MS, see Multiple sclerosis (MS)
Multifocal acquired demyelinating sensory and motor 

(MADSAM) neuropathy, 291
Multifocal acquired motor axonopathy (MAMA), 296
Multifocal CIDP, 291
Multifocal motor neuropathy (MMN), 291, 296, 297
Multiple mononeuropathies, 366
Multiple sclerosis (MS), 75, 105, 106, 117, 138, 221, 225

activated microglia, 37
alpha-1 antagonists, 515
anticholinergics, 515
assistive devices and medications, 510
astrocytes, 127
atypical demyelinating lesions, 110
autoimmune diseases, genetic overlap with, 165
avoiding misdiagnosis, 83, 84
B cells, 118, 121
benign, 96
botulinum toxin injections, 507
bupropion, 514
CD4+T cells, 118, 119
CD8+ T cells, 120, 121
central vein imaging, 32
cerebrospinal fluid, 80, 81
in children, 472–477
cigarette smoking, 144
clinical characteristics, 98
clinical features, 76
clinical tools, 509
CNS demyelination, 32, 33
comorbidities, 100
constipation, 516
cortical lesion detection, 34
creatinine clearance, 510
dalfampridine, 510
deconditioning, 510
demographic characteristics, 139
dendritic cells, 126
desvenlafaxine, 514
diagnosis, 30, 32
diagnostic criteria, 75, 76
dietary macro, 144, 145
disease-modifying therapies, 99, 100, 496–497, 509

alemtuzumab, 500
asymptomatic MRI lesions, 495
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Multiple sclerosis (MS) (cont.)
autopsy studies, 494
biomarker, 494
clinical and pathological manifestations, 495
de-escalation, 501
degenerative component, 494
discontinuation, 502
high-efficacy therapy, 500
immunotherapies, 494
medical-economic arguments, 498
medications, 501
mitoxantrone, 501
neurological function, 499
PA-DMTs, 495
patient comorbidities, 498
pregnancy and breast-feeding issues, 495
progression, 501
radiographic, and pathological changes, 501
randomized controlled trials, 495
risk of relapse recurrence or disability, 502
risk stratification and mitigation, 499
standard of care, 498

dissemination in space, 80
dissemination in time, 78
diverse populations, 83
duloxetine, 514
Epstein-Barr virus, 140, 141
evidence-based interventions, 477
evolution, 77
fulminant onset, 95
genetic overlap with, autoimmune diseases, 164, 165
genetic risk factors, 156
genome-wide association studies (GWAS), non-HLA 

risk factors, 161–163
global distribution, 138, 139
gray matter lesions, 108–110
heritability, 156, 157
human leukocyte antigen (HLA)

protective factors, 160, 161
risk factors, 157, 159, 160

imaging characteristics, 97, 98
incidence, 138
innate immune cells, 122, 124–126
innate immune system, 122
interferon monotherapy, 473
interferon-beta and glatiramer acetate, 477
lesions, 106
macrophages, 122, 123
magnetic resonance imaging evidence, 81, 82
medications, 515
Mendelian randomization, 143, 166, 167

obesity, 167, 168
vitamin D, 167

microglia, 123
mirabegron, 515
mirtazapine, 514
morbidity, 508
mortality, 139, 508
MRI, 85

MSSS, 166
myelocortical, 110–112
neurodegeneration, 110
neuroimaging, 475
neurological disease, 137
new white matter lesion formation, 34
non-Caucasian populations, 163, 164
non classical situations, 84
non-imaging biomarkers, 85
nortriptyline, 514
obesity, 145
observational studies, 514
occupational exposure, 146
oligoclonal bands, 80
oxidative tissue injury, 112
pain, 514
pediatric onset, 96
pharmacotherapy, 508, 514
phenotype, 89, 90
phenotypes, 494
physical dysfunction, 508
plasmapheresis, 473
polypharmacy, 508
prevalence, 138
primary progressive, 82, 95
primary symptoms, 508
prognostic factors, 96, 97
progression, 77, 78
quality of life, 507
radiologically isolated syndrome, 32, 90–92
relapsing, 77, 112, 113
relapsing-remitting, 93, 95
risk factors, 139
secondary symptoms, 508
silosidin, 515
socioeconomic status, 146
stress, 146
sunlight exposure, 142
susceptibility factors, 165, 166
symptom management, 508
tadalafil, 515
T cells, 118
tertiary symptoms, 508
T follicular helper (Tfh), 120
Th1 T cells, 119
Th2 cells, 120
Th 17 cells, 119, 120
timing of exposure, 147, 148
treatment, 507
tricyclics, 514
vaccines, 142
varenicline, 514
venlafaxine, 514
visual system, 84
vitamin D, 142, 143
volumetric MRI, 35, 36
white matter lesions, 106, 107

classification, 107, 108
Multiple Sclerosis Council, 512
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Multiple Sclerosis Severity Score (MSSS), 163, 166
Multiple system atrophy (MSA), 212
Muscle anatomy, 327
Muscle relaxants, 216
Muscle-specific kinase (MuSK), 311
Muscle-specific tyrosine kinase, 60
Myalgias, 322
Myasthenia gravis (MG)

clinical manifestations, 311, 312
diagnosis, 312, 313
epidemiology, 311
immune therapy, 313

corticosteroid, 313
immunomodulating therapy, 314
nonsteroidal immunosuppressive agents, 313, 314
thymectomy, 314

pathophysiology
antibodies in, 311
thymus in, 311

symptomatic management, 313
Mycophenolate mofetil (MMF), 217, 270, 271, 299
Mycophenolic acid (MPA), 271
Myelin basic protein (MBP), 166, 234
Myelin oligodendrocyte glycoprotein (MOG) antibodies, 

164, 364, 456, 478
antibody-related syndromes, 226, 436, 440
autoimmune oligodendrogliopathy, 182
MOG-IgG associated disorders, 222, 225, 226

clinical features, 232, 233
CSF findings and autoantibody detection, 234
MRI, 233, 234
pathology, 232
pathophysiology, 231, 232
treatment and prognosis, 234, 235

epidemiology of, 222
history and definition, 222

Myelin protein inclusions, 108
Myelination, 38
Myelopathies, 435

causes of, 439
Myoclonus, 211
Myositis, see Immune and inflammatory  

myopathies (IIM)
Myositis-associated autoantibodies (MAAs), 325
Myositis-specific autoantibodies (MSAs), 325

N
Necrotizing (transmural fibrinoid necrosis; associated 

with intracranial hemorrhage) PACNS, 399
Neural autoantibody biomarkers, 176
Neural autoantibody testing, 184
Neurexin-3α(alpha), 181
Neuro-Behçet’s disease (NBD), 368, 369
Neurocardiac issues, 353
Neurodegeneration, 105–107, 109
Neuroimmunology, 281

adaptive immune response, 6–8
blinding, 47

clinical trial design, 43–45, 50, 51
CNS disease, 8
comparison, 48
CSF, 5, 6
data collection, 51
immune system, 4, 5
innate cell types, 8
intervention, 46–48
lymphocytes, 5, 6
outcome selection, 48–50
patient population, 45, 46
phase 1, 52
phase 2, 55
phase 3, 55
phase 4, 56
preclinical, 52
reporting, 52
types, clinical trial, 44

Neuro-inflammatory disorders, 364
Neuroleptospirosis, 408
Neurological autoimmune diseases, 62
Neurological autoimmunity, 177
Neurological irAEs, 413
Neurologic manifestations of BD, 368
Neuromuscular junction disorders, 309, 310

and immune checkpoint inhibitors, 317
Neuromyelitis optica (NMO), 164, 216, 440, 453, 455, 

456
related myelitis, 440

Neuromyelitis optica spectrum disorder (NMOSD), 81, 
222, 225, 273, 364, 433, 434, 456

aquaporin-4-immunoglobulin G (AQP4-IgG)
acute treatment, 230
cerebrospinal fluid findings and autoantibody 

detection, 229
clinical features, 224, 226
coexisting autoimmunity, 229, 230
long-term treatment, 231
MRI, 226–229
pathology of, 224
pathophysiology, 222, 223
pregnancy, 231
prognosis, 230

epidemiology of, 222
manifestations, 226
NMOSD myelitis, 440
NMOSD relapses, 440

Neuronal antibodies to synaptic targets, amphiphysin and 
other synaptic proteins, 255

Neuronal anticytoplasmic antibodies
CV2 (CRMP5) antibodies, 254, 255
PCA-2 (MAP1B) antibodies, 254
protein kinases, antibodies to, 255
Yo (PCA-1) antibodies, 253, 254

Neuronal calcium channel antibodies, 213
Neuroprotection/neurorestoration in AON, 461, 462
Neuropsychiatric syndromes, 362
Neuropsychiatric systemic lupus erythematosus 

(NPSLE), 362
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Neurosarcoidosis, 377, 441
adalimumab, 381
anti-tumor necrosis factor, 374
cerebrovascular complications, 375
clinical presentation, 374, 375
CNS neoplasms, 379
diagnosis, 374
epidemiologic information, 374
histopathology, 379
history, physical and neurologic exam, 378
imaging, 378
immunosuppression, 374, 379, 380
incidence, 374
infliximab, 380, 381
intravenous methylprednisolone, 381
medications, 381
meningeal involvement, 376
rituximab, 381
seizures, 375
serologic and CSF testing, 379
serum and CSF angiotensin-converting enzyme 

(ACE) levels, 379
small arterial and venous involvement, 376
steroids, 380
systemic imaging, 379
therapeutic agents, 381
TNF alpha, 380
treatment, 380
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