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v

Immune activation of the central or peripheral nervous system (CNS or PNS) 
has been shown to play a key role in the pathogenesis of many neurological 
disorders. Basic concepts in clinical neuroimmunology have changed signifi-
cantly during the last 10 years and are constantly evolving. New data has 
driven treatment concepts for a large number of autoimmune diseases, none 
more so than multiple sclerosis. As this area of research has become increas-
ingly active and productive, the need for a comprehensive up-to-date second 
edition of this handbook has become apparent.

Clinical Neuroimmunology: Multiple Sclerosis and Related Disorders 
(Second Edition) has been written with the clinician in mind and targets resi-
dents, fellows, internists, nurse practitioners, as well as general neurologists. 
The aim of this book is to make recent developments in neuroimmunology 
accessible to the clinicians who feel daunted by such advances and requires a 
clear explanation of the scientific and clinical issues. The chapters have been 
written by experts in their field and been extensively revised and updated. 
Two new chapters have been added. Part I provides a logical and straightfor-
ward overview of neuroimmunology. Part II consists of eight chapters 
focused on multiple sclerosis and includes a chapter on clinical decision- 
making and a chapter on vitamin D in MS. Part III has four chapters and 
focuses on other CNS inflammatory disorders including neuromyelitis optica, 
ADEM, vasculitis, autoimmune encephalopathies, and immunological 
aspects of cancer. Part IV includes two chapters that describe autoimmune 
disorders of the PNS. Part V, the final part, includes a single chapter that 
focuses on neurologic manifestation of systemic rheumatologic diseases such 
as systemic lupus erythematosus (SLE), neuro-sarcoidosis, and Behcet’s. We 
hope health professionals who are interested in neuroimmunological disor-
ders will find this book useful.

Finally, we would like to thank our contributing authors for their hard 
work and guidance.

Providence, RI, USA Syed A. Rizvi, MD
Providence, RI, USA  Jonathan F. Cahill, MD 
Stony Brook, NY, USA Patricia K. Coyle, MD

Preface
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The role of the immune system in the pathophysiology of central and periph-
eral nervous system disorders continues to be a topic of great interest among 
clinicians and researchers in the field. As stated by Drs. Rizvi, Cahill, and 
Coyle, the editors of Clinical Immunology, Second Edition, basic concepts in 
this field have changed significantly due to a constant evolution of knowledge 
since the publication of the first edition of this book in 2011. This comprehen-
sive and up-to-date second edition of this useful handbook is therefore a wel-
come addition to the field.

Clinical Immunology, Second Edition, continues to be written primarily 
for clinicians in the field and targets general neurologists, internists, fellows, 
residents, and nurse practitioners. Although clinically oriented, the chapters 
all include updated authoritative information on new understandings of the 
basic mechanisms of the disorders being discussed. Section 1 begins with two 
useful chapters which provide an excellent introduction and overview of clin-
ical neuroimmunology and the principles of immunotherapy. Section 2 cov-
ers multiple sclerosis and includes new chapters on clinical decision-making 
in the management of multiple sclerosis and the role of vitamin D in this 
disease. Section 3 covers other central nervous system inflammatory disor-
ders, such as neuromyelitis optica, acute disseminated encephalomyelitis, 
and CNS vasculitis, and a new chapter on paraneoplastic disorders. Section 4 
covers immunologic disorders of muscle and peripheral nerve, and Section 5 
provides a new chapter concerning the neurologic manifestations of systemic 
rheumatologic disorders. The readers of this volume will discover that the 
quantity of new knowledge accumulated in the past 10 years is worthy of this 
new and highly comprehensive summary of the field.

Daniel Tarsy, MD
Professor in Neurology, Harvard Medical School

Beth Israel Deaconess Medical Center
Boston, MA, USA

Series Editor’s Introduction
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Introduction to Neuroimmunology

Patricia K. Coyle

 Introduction

The nervous system can be considered the single 
most important body organ. It encompasses both 
the central nervous system (CNS) (brain, spinal 
cord, and optic nerve) and the peripheral nervous 
system (PNS) (peripheral nerves, neuromuscular 
junction, skeletal muscle). The autonomic ner-
vous system can be considered a functional sub-
division, with both CNS and PNS components.

Historically, the CNS has been described as a 
sequestered compartment protected from the sys-
temic immune system. However, more recent 
studies not only support clear communication 
links between the CNS and specific extraneural 
systems, but the existence of a brain innate 
immune system (Table  1.1) [1, 2]. The CNS is 
more accurately characterized as an immunologi-
cally privileged site [3].

Neuroimmunology is the neuroscience spe-
cialty that focuses on interactions between the 
nervous system and immune system. It includes 
both basic science fields and clinical disciplines 
which deal with a special set of CNS and PNS 
disorders (Table  1.2) [4–6]. These disorders 
result from immune-mediated damage and 
require diagnostic and therapeutic approaches 

that recognize and address this fact. Some are 
truly autoimmune, with a recognized pathogenic 
neural autoantigen target, while others are not. 
Most will be covered in subsequent chapters.

Sometimes unusual diseases are characterized 
as neuroimmune based on their pathology and/or 
therapeutic response. Chronic lymphocytic inflam-
mation with pontine perivascular enhancement 
responsive to steroids (CLIPPERS) is a recently 
described rare disorder that predominantly targets 
brainstem, cerebellum, and spinal cord. The MRI 
pattern is suggestive, with punctate (<3  mm) 
homogeneously enhancing pontine and cerebellar 
nodules [7]. Neuropathology shows dense perivas-
cular and parenchymal lymphocyte infiltration 
(particularly CD4+ T cells, with some B cells and 
plasma cells) without loss of myelin. CSF changes 
are nonspecific, but proteomic studies support 
roles for complement activation, IgG deposition, 
and altered extracellular matrix [8]. Patients show 
a marked corticosteroid response.

P. K. Coyle (*) 
Department of Neurology, MS Comprehensive Care 
Center, Stony Brook University Medical Center, 
Stony Brook, NY, USA
e-mail: patricia.coyle@stonybrookmedicine.edu

1

Table 1.1 CNS and immune system connections

CNS innate immune system
  Glial cells and neurons (in certain circumstances) 

secrete immune factors (chemokines, cytokines)
CNS meningeal lymphatic system
  Found in mice, primates, humans
CNS undergoes constant immune surveillance within 
the meningeal spaces
Paravascular glymphatic system
CNS-gut-microbiome axis
  Microbiota impacts CNS, immune system

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-24436-1_1&domain=pdf
mailto:patricia.coyle@stonybrookmedicine.edu
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Rasmussen’s encephalitis is another rare disor-
der characterized by unilateral hemispheral inflam-
mation, with refractory seizures and progressive 
neurologic deterioration [9]. Average age at onset is 
6  years. Rasmussen’s encephalitis appears to 
involve a cytotoxic CD8+ T cell response that may 
be enhanced by autoantibodies. There is marked 
microglial and astrocyte activation, and adjacent 
brain injury may be mediated by T cell-microglia 
interactions. The only cure for the refractory sei-
zures involves removal of the hemisphere.

Susac syndrome is a presumed immune- 
mediated disorder that involves a retino-cochlea- 

cerebral microangiopathy. There are occlusions of 
precapillary arterioles in the brain, retina, and 
cochlea [10]. Patients develop subacute encepha-
lopathy with headache with or without focal defi-
cits, branch retinal artery occlusions with or without 
visual issues, and sensorineural hearing loss. Only 
13% of patients show the complete clinical triad at 
onset however [11]. Brain MRI shows multifocal 
round hyperintense T2 and FLAIR lesions with 
invariable central corpus callosum involvement and 
characteristic retinal fluorescein angiography 
abnormalities (occlusions and segmental vessel 
wall staining) [11]. Treatments have included a vari-
ety of immunosuppressive approaches (corticoste-
roids, cyclophosphamide, anti-CD20 monoclonal 
antibody, intravenous immune globulin, azathio-
prine, mycophenolate) [10].

Recently autoimmune encephalitis/cerebelli-
tis (also referred to as antibody-mediated enceph-
alitis) has emerged as an ever-increasing group of 
disorders with prominent neuropsychiatric symp-
toms and antibodies against neuronal cell surface 
proteins, ion channels, or receptors [12].

Finally, there are several disorders of unclear 
etiology where a neuroimmune basis has been 
suggested but not proven. They include postural 
orthostatic tachycardia syndrome [13, 14], 
fibromyalgia with central sensitization syn-
drome and associated small fiber neuropathy, 
and chronic fatigue syndrome/systemic exertion 
intolerance disease [15]. Further studies are 
needed before they can be considered to be neu-
roimmune. The rest of this chapter will describe 
various CNS aspects, components, and cell pop-
ulations as a foundation to better understand 
neuroimmunology.

 Unique Anatomy

CNS anatomy is unique. Because the CNS is 
encased by bone, with a relatively inelastic dura 
lining, small volume changes can result in injury. 
The brain and spinal cord are encased in the bony 
protective skull and vertebral column, as well as 
a three parts membranous covering (pia, arach-
noid, dura). The pia and arachnoid membranes 
form the subarachnoid space, which is filled with 
cerebrospinal fluid (CSF). In essence, the brain 

Table 1.2 Neuroimmune disorders

CNS
  Acute disseminated encephalomyelitis (ADEM)/

postinfectious encephalomyelitis
  Autoimmune encephalitis/cerebellitis
  Multiple sclerosis
  Neuromyelitis optica spectrum disorder
  Acute transverse myelitis
  Optic neuritis
  MOG-associated syndromes
  Tropical spastic paraparesis—HTLV1-associated 

myelopathy
  Rasmussen encephalitis
  Stiff person syndrome
  Poststreptococcal movement disorders
  Pediatric autoimmune neuropsychiatric disorders 

(PANDAS)
  Hashimoto’s and other misc. autoimmune 

encephalopathy/encephalitis
  Paraneoplastic syndromes (can involve PNS)
  CNS vasculitis
  CLIPPERS
  Susac syndrome
PNS
  Peripheral nerve
  Guillain-Barre syndrome
  Chronic relapsing/inflammatory demyelinating 

polyneuropathy
  Multifocal motor neuropathy
  Other immune polyneuropathies (anti-MAG, 

anti-sulfatide, GALOP, POEMS, etc.)
Neuromuscular junction
  Myasthenia gravis
  Lambert-Eaton myasthenic syndrome
  Arthrogryposis multiplex congenital
Muscle
  Polymyositis
  Dermatomyositis
  Inclusion body myositis (degenerative plus 

inflammation components)

P. K. Coyle
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and spinal cord float in a water bath, since CSF is 
99% water [16, 17]. It acts as a buoyancy fluid. 
CSF is an active product of the secretory epithe-
lium of the choroid plexus, but up to 40% is 
formed by extracellular fluid from the CNS 
parenchyma. This extracellular fluid is added to 
CSF at virtually all points along the neuraxis. 
CSF circulates from within the ventricles (where 
the choroid plexi are situated) into the subarach-
noid space, flowing down the spinal axis and 
back up, to be resorbed into the venous blood 
system via the arachnoid villi. These arachnoid 
villi are outpouchings of the arachnoid mem-
brane that extend into the venous sinuses of the 
cerebral hemispheres. CSF is made continually, 
at approximately 20 cc/h. The total volume (125–
150  cc in a typical adult) is completely turned 
over 4–1/2 times every 24 h.

Since the ependymal cells which line the ven-
tricles lack tight junctions, there is essentially 
free communication between CNS white matter 
extracellular fluid and ventricular CSF. CNS gray 
matter fluid at the brain surface also communi-
cates with CSF via the Virchow-Robin spaces, 
specialized perivascular spaces associated with 
penetrating arteries that are continuous with the 
subarachnoid space.

CSF leukocyte count in normal controls 
ranges up to 5 WBCs/mm3. WBCs are largely 
(80%) CD4+ memory T cells [18]. About 5% are 
monocytes, while <1% are B cells. CSF T cells 
express CD27 and CD45 RO, markers of central 
memory T cells. Very late antigen-4 (VLA-4) 
expression is also increased compared to periph-
eral T cells. CSF T cells show higher expression 
of CXC chemokine receptor 3, compared to other 
chemokines. CSF memory T cells can encounter 
potential antigen-presenting cells (APCs) at sev-
eral sites, including the ependyma, Virchow- 
Robin spaces, and choroid plexus.

 Blood-Brain Barriers

The blood-brain barrier (BBB) can be demon-
strated by inhibition of entry of intravenous dyes 
into the CNS [19, 20]. It is formed by specialized 
features unique to CNS blood vessels. CNS cap-
illaries not only lack fenestrae, but they have 

interendothelial cell tight junctions which pre-
vent cell migration. They have a continuous basal 
lamina. They also do not pinocytose effectively 
and only have a few pinocytic vesicles. The BBB 
is not absolute. It is relative or even selective, 
limiting entry of large hydrophilic proteins, but 
allowing entry of smaller lipophilic compounds 
and small gaseous molecules [21]. The endothe-
lial basement membrane and perivascular glia 
limitans do not seem to play a role in the BBB.

Although the choroid plexus capillaries are 
fenestrated, with 80 nm openings [3], the choroid 
plexus epithelium has tight junctions. This is the 
anatomic basis for the blood-CSF barrier. There 
are specific CNS regions which do not have a 
barrier. The circumventricular organs (area pos-
trema, organum vasculosum of the lamina termi-
nalis, median eminence, subfornical organ) lack 
tight junctions between capillary endothelial 
cells. At these sites molecules can diffuse very 
easily into the CNS. The nasal barrier is another 
leaky site, where there is continuing turnover of 
olfactory receptor neuron axons which pass 
through the subarachnoid CSF to terminate on 
olfactory bulb mitral cells [22].

The BBB and blood-CSF barrier, along with 
the CSF circulation, provide bidirectional control 
of flow. Damaging CNS factors can be removed 
via efflux transporters into the blood, while influx 
transporters can promote nutrients into the 
CNS. The PNS has a similar blood-nerve barrier 
in peripheral nerve, but this is absent in spinal 
roots and at the dorsal root ganglia.

 CNS Lymphatics

A meningeal lymphatic system has been discov-
ered in mice, nonhuman primates, and humans 
[23, 24]. This system carries macromolecules 
(fluids and immune cells) from the CNS CSF and 
interstitial fluids and connects to deep cervical 
lymph nodes [25]. The lymphatics are found 
along large blood vessels and cranial nerves in 
the dura mater [24]. Meningeal lymphatic disrup-
tion in young mice leads to impaired brain CSF 
perfusion and learning and memory deficits [25].

There are several other CSF draining path-
ways. The subarachnoid space surrounding the 

1 Introduction to Neuroimmunology
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olfactory bulb crosses the cribriform plate at the 
base of the ethmoid bone, into nasal submucosal 
lymphatics [26]. In animals, CSF drains from the 
subarachnoid space along cranial and spinal 
nerve roots, and to a lesser extent the dura mater, 
to cervical and lumbar lymph nodes [26]. This 
route is also present in humans [27]. CSF moves 
directly into venous circulation through the 
arachnoid villi granulations in the walls of the 
venous sinuses. CNS soluble antigens within the 
CSF can access lymphoid tissue via both cervical 
lymphatics and venous drainage [3].

 CNS Immunity

The CNS is composed of neurons, glia, blood 
vessels, and meninges. Neurons contain den-
dritic, somatic, axonal, and synaptic regions. Glia 
consists of neuroectodermal cells (astrocytes, oli-
godendrocytes, ependymal cells) as well as bone 
marrow-derived cells (microglia).

The CNS has a resident immune system. Both 
microglia and astrocytes play key roles in CNS 
innate immune responses. They are comple-
mented by infiltrating monocytes and dendritic 
cells from the blood that accumulate at non- 
parenchymal CNS sites [28]. Innate immune 
responses can be neuroprotective or neurotoxic.

In contrast, acquired immune responses are 
more difficult to initiate within the CNS. Activated 
T cells (regardless of antigen specificity) pene-
trate into the CNS as a normal phenomenon, but 
then rapidly exit. CD4+ and CD8+ T cells pene-
trate by different mechanisms [29]. Usually T 
cells accumulate in the perivascular Virchow- 
Robin spaces and subarachnoid spaces. These T 
cells cause problems only if they recognize spe-
cific antigens in the context of major histocom-
patibility complex (MHC). CD4+ T cells 
recognize antigen in the context of MHC Class II, 
while CD8+ T cells recognize antigen in the con-
text of MHC Class I. Normally the CNS has low 
level of MHC expression. Since microglia and 
astrocytes are nonprofessional APCs, they 
express low levels of MHC and costimulatory 
molecules. They are more likely to induce T cell 
anergy rather than activate naïve T cells [28].

Dendritic cells are recognized as the most 
potent professional APCs. There are no resident 
dendritic cells within the CNS, although recent 
reports describe a resident population in mouse 
brain [30, 31]. Dendritic cells can infiltrate into 
CSF, choroid plexus, meninges, perivascular 
spaces, and CNS parenchyma as part of a neuro-
inflammatory response [32]. Along with macro-
phages, they probably reactivate T cells which 
enter the CNS [29]. Diverse chronic inflamma-
tory processes can result in peripheral dendritic 
cells entering the brain [33]. Dendritic cells can 
be derived from monocytes or lymphoid precur-
sors. Both myeloid and lymphoid dendritic cells 
are capable of entering the CNS under inflamma-
tory conditions.

The CNS immune/inflammatory response dif-
fers from that in other organ systems. CNS neu-
rons are largely postmitotic and nonregenerating. 
Neuronal necrosis induced by neurotoxin injec-
tion does not elicit a typical inflammatory 
response. Virus inoculated into the parenchyma 
is cleared slowly and inefficiently [34]. Yet neu-
roinflammation is how the CNS responds to 
altered homeostasis [35]. It involves resident 
glia, infiltrating immune cells, cytokines and 
cytokine signaling, and the BBB.

There are three distinct routes of entry for 
white blood cells (WBCs) into the CNS [3, 36]. 
The first pathway involves cells moving from 
blood vessels into the stroma of the choroid 
plexus and then crossing the blood-CSF barrier 
into CSF. This appears to be the most likely site 
for physiologic entry of leukocytes into CSF. A 
second route of cell entry is also across the blood- 
CSF barrier, into the subarachnoid space, involv-
ing postcapillary venules at the pia into the 
subarachnoid space and the Virchow-Robin peri-
vascular spaces. The endothelial cells express 
adhesion molecules, which promote T cell 
 adherence, allowing direct exchange between cir-
culating leukocytes and perivascular cells [37, 
38]. The third route involves activated T cells 
moving from blood to the parenchymal perivas-
cular space, across the BBB [29].

Leukocyte transmigration into tissue, includ-
ing the CNS, involves a coordinated stepwise 
process [39]. There is initial contact, then tether-
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ing/rolling (involving selectins and glycoprotein 
ligands), activation (involving chemokines and G 
protein-coupled receptors), adhesion (involving 
integrins and adhesion molecules), and diapede-
sis with migration to vascular junctions, penetra-
tion into the subendothelial compartment, and 
breach of the vascular basement membrane into 
tissue [39]. T cell migration into the CNS under 
inflammatory conditions involves α (alpha) 4ß 
(beta) 1 integrin expressed on T cells, interacting 
with vascular cell adhesion molecule 1 on acti-
vated endothelial cells. Expression of chemo-
kines and chemokine receptors also plays a role 
in T cell trafficking. The rate-limiting step in 
transmigration is crossing the basement mem-
brane laminins. T cells migrate across laminin 
411 but not laminin 511. Laminin α (alpha) 4 (a 
component of laminin 411) preferentially 
involves CD4+ T cell migration, but not CD8+ T 
cell macrophages or dendritic cells.

It has been suggested that WBC extravasation 
into the spinal cord may differ somewhat from 
that into the brain, but very little work has been 
done in this area [40].

CNS immune surveillance may occur primar-
ily within the subarachnoid space [29]. This is 
thought to be the initial site of T cell infiltration, 
where cells can be reactivated by MHC Class II 
APCs, with T cell proliferation and formation of 
large cellular aggregates. There can be a rapid T 
cell response within the subarachnoid space to 
antigen challenge. This reactivation of T cells 
promotes further inflammation and cell entry into 
the perivascular space and then the brain 
parenchyma.

 Major Histocompatibility Molecule 
Expression

In the CNS resting state, there is absent or mini-
mal expression of MHC Class I and II molecules 
[41, 42]. MHC expression is generally limited to 
low-level expression on microglia and endothe-
lial cells, but can be induced in a variety of CNS 
components [43]. Interferon gamma (IFNγ) 
induces MHC expression on neurons [28]. 
Astrocytes can also express MHC.

 CNS Cell Components

 Microglia

Microglia make up the primary CNS resident 
immune cell [44]. They are the main APCs in the 
CNS, responsible for innate immune surveil-
lance [45, 46]. Microglia are derived from 
erythro- myeloid progenitors in the yolk sac 
before embryonic day 1 [47]. They continuously 
proliferate throughout the lifetime of the indi-
vidual. Microglia make up about 10–15% of all 
glial cells [48]. They are usually in a resting 
state. Microglial activation and proliferation is 
increased when there is any sort of CNS injury 
including neurodegeneration. These glia are 
present throughout the CNS but enriched in cer-
tain areas, with more microglia in gray matter 
than white matter [49]. Mature cells express 
macrophage- specific markers including toll-like 
receptors (TLRs), CD11b integrin, and the F4/80 
glycoprotein, but show lower expression of 
CD45. Based on morphology, microglia are clas-
sified as resting ramified, activated, or ameboid 
phagocytic cells [44]. Ameboid phagocytic 
microglia predominate in the perinatal brain, but 
become ramified resting microglia during post-
natal development. They can be activated by 
injury, infection, or neurodegenerative processes 
[46]. Microglia are constantly active, surveying 
the brain and interacting with synapses. They 
help to prune redundant synapses and actively 
participate in synaptic remodeling along with 
astrocytes [35].

In macrophage biology, responses are classi-
fied as M1 (upregulation of proinflammatory 
mediators and production of reactive oxygen spe-
cies) and M2a (anti-inflammatory activity) and 
M2c (deactivation/wound healing activity) [50]. 
It remains controversial whether microglia can 
truly be classified as M1/M2.

Microglial function is driven by CNS micro-
environment changes. Microglia monitor their 
microenvironment and conduct routine surveil-
lance of the CNS via pinocytosis and neuronal 
interaction [48, 51]. They respond to a complex 
mix of excitatory and inhibitory input, including 
cell-cell contact and soluble factor exposures. 
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Activation by inflammatory or injury factors pro-
vokes a preprogrammed response designed to 
both kill and promote recovery and repair. 
Classical activation, alternative activation, and 
acquired deactivation are all going on, but may 
differ within regional areas. As examples, sub-
stance P neurotransmitter causes activation, 
while neuronal activity inhibits MHC class II 
expression to IFNγ. A neuronal surface molecule 
(CD200) appears to be an important regulator of 
microglial function. Soluble factors such as 
granulocyte- macrophage colony-stimulating fac-
tor (GM-CSF) and macrophage-CSF (MO-CSF) 
affect microglia function and development.

Resting ramified microglia are activated by 
detecting lipopolysaccharides, amyloid beta, 
thrombin, IFNγ, and other proinflammatory cyto-
kines [52]. Microglia express TLR. They can ini-
tiate innate immune responses by producing 
cytokines such as interleukin-1 (IL-1), IL-6, and 
tumor necrosis factor α (TNFα); chemokines 
such as monocyte chemoattractant protein-1 
(MCP-1), macrophage inflammatory protein-1, 
and RANTES; and nitric oxide (NO) (Table 1.3). 
The net result is local cell production of more 
proinflammatory cytokines and chemokines, and 
upregulation of immunomodulatory surface 
markers, with injury to the BBB and subsequent 
entry of soluble factors and systemic immune 
cells. Microglial activation precedes this sys-
temic cell entry. CNS injury results in phagocytic 
and cytotoxic activities of microglia. Complement 
and Fc gamma receptors are upregulated, leading 
to enhanced phagocytic ability. Cytotoxic super-
oxide radicals and NO are released into the 
microenvironment.

Resting microglia are very poor APCs. 
However, activation causes marked expression of 

MHC and costimulatory molecules [53, 54]. The 
activation state involves morphological changes 
as well as gene expression changes, migratory 
and proliferative responses, and phagocytic 
behavior. Activated microglia will express CD40, 
CD80, CD86, and MHC class II molecules. 
Subsequent interaction with T cells leads to 
microglial release of nitric synthase. IFNγ pro-
motes MHC class II as well as adhesion and 
costimulatory molecule expression.

Microglia have an important role in the devel-
opment and plasticity of synapses [55]. In essence 
they shape normal CNS circuitry and modify cir-
cuits during inflammation. Microglia also play an 
important role in regulation. Microglia express 
Fas ligand, which can bind to Fas receptor on T 
cells, leading to activation-induced T cell apopto-
sis. Cytotoxic microglial products, such as NO, 
can lead to death of immune cells (Table  1.3). 
Thus, activation of microglia can be self-limited, 
as it leads ultimately to removal of effector 
immune cells.

Microglia dynamically modulate neurons 
and astrocytes, share receptors, and produce 
factors that activate these surrounding cells. 
Microglia modulate glutamate levels and can 
protect or injure neurons [56]. They are a central 
immune system player in the CNS and interact 
with and regulate astrocytes. Disease-associated 
microglia have been identified in areas of neuro-
degeneration; they appear to be generated 
through the detection of neurodegeneration-
associated molecular pattern, using Trem2 sig-
naling pathways [57].

 Astrocytes

Astrocytes are the most common glial cell in the 
CNS and make up 20–40% of the total number of 
CNS cells. They play multiple roles, including 
neural circuit formation with trophic as well as 
structural support to neurons, promoting forma-
tion of synapse as well as their pruning (Table 1.4) 
Astrocytes maintain microenvironment homeo-
stasis and contribute to recovery after CNS injury 
[58, 59]. They produce antioxidants (glutathi-
one), recycle neurotransmitters (glutamate, 

Table 1.3 Activated microglia products

Chemokines
Complement proteins
Cytokines
Neurotrophic factors
Prostaglandins
Proteinases
Reactive oxygen species/reactive nitrogen species 
(nitric oxide, peroxynitrite, superoxide)
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GABA), and maintain the BBB.  The astrocyte 
foot process helps to form the BBB and glym-
phatic system [60].

There is regional variation in astrocyte to neu-
ron ratio, with higher ratios in areas that are dense 
with dendrite and axons [59]. Overall astrocyte to 
neuron ratio is controversial, ranging from four 
to five times more astrocytes, down to a one to 
one ratio [61].

Astrocyte morphology can differ. Protoplasmic 
astrocytes are found in gray matter, where their 
processes envelope synapses [61]. They show 
numerous ramified branches contacting neurons 
and blood vessels [21]. Fibrous astrocytes are 
found in white matter, where their processes con-
tact nodes of Ranvier [59]. They show longer, 
thinner processes.

All astrocytes express intermediate filament 
glial fibrillary acidic protein (GFAP). Activation 
results in upregulation of GFAP as part of gliosis. 
Astrocytes are dynamic and plastic. A host of 
CNS insults (trauma, stroke, infection, neurode-
generative disease) can trigger astrocytes moving 
from the resting to reactive state. Two distinct 
types of reactive astrocytes are described, A1 and 

A2 [58]. A1 astrocytes are induced by classically 
activated neuroinflammatory microglia, via 
release of IL1α, TNF, and C1q. A1 astrocytes 
upregulate destructive complement cascade 
genes and induce rapid death of neurons and oli-
godendrocytes. In contrast A2 astrocytes upregu-
late neurotrophic factors and can be considered 
neuroprotective. It has been postulated that A1 
astrocytes contribute to the death of neurons and 
oligodendrocytes in neurodegenerative diseases.

It is also known that astrocytes can process 
glucose to lactate. They may provide lactate as an 
energy source to neurons during periods of 
increased demand [62].

Astrocytes play an important role in regulat-
ing CNS inflammation and cell trafficking. In 
vitro, they can produce proinflammatory cyto-
kines and chemokines, and reactive oxygen spe-
cies (ROS) to enhance inflammation, as well as 
regulatory cytokines and ROS scavengers to limit 
inflammation [63]. Astrocytes have important 
interactions with blood vessels. Reactive astro-
cytes can act as perivascular barriers to restrict 
leukocyte entry during pathologic states.

With regard to the role of the astrocyte as an 
immune cell, they appear to function in both 
innate and acquired immunity, both in the normal 
and inflamed CNS. Astrocytes have dual actions, 
both beneficial and injurious. Astrocytes can 
express a variety of pattern recognition receptors, 
including TLRs, dsRNA-dependent protein 
kinase, complement receptors, mannose recep-
tors, and scavenger receptors. Astrocytes also 
show APC-like function in  vitro. They can be 
induced to express MHC class I and II molecules, 
to upregulate costimulatory molecules CD80 and 
CD86, to activate CD4+ and CD8+ T cells, and to 
present antigen to CD4+ T cells [4, 21]. During 
inflammation astrocytes release a variety of cyto-
kines (IL-1, IL-6, and IL-10; TNFα; transforming 
growth factor β (TGFβ)) that influence T cell 
responses. Astrocytes can contribute to lympho-
cyte penetration into the CNS in three ways: by a 
BBB effect, by expression of adhesion molecules 
such as ICAM-1 and VCAM-1, and by release of 
chemokines such as CCL5, CCL2, CXCL8, and 
CXCL10. Therefore astrocytes can participate in 
amplifying CNS inflammatory responses, but 

Table 1.4 Role of astrocytes

Neuronal support
  Microenvironmental ion, pH homeostasis
  Glycogen storage
  Clearance of toxic waste products
Neural circuit formation and support
  Synapse formation
  Synapse pruning
Synaptic transmission modulation
  Glutamate uptake
  Release of neuromodulatory factors
  Astrocyte neuron gap junction
Neuron and glial survival
  Production of neurotrophins: brain-derived 

neurotrophic factor (BDNF), neurotrophin-3 (NT-3), 
at baseline; BDNF, nerve growth factor (NGF) on 
injury

  Astrocyte-mediated growth factor production
Maintenance of blood-brain barrier
  Astrocyte end feet surround CNS capillaries and 

perivascular macrophages
  Astrocyte products can increase or tighten 

permeability
Immune function
  Contribute to both innate and acquired immunity
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also appear to suppress T cell activation by 
upregulating cytotoxic T lymphocyte antigen 
(CTLA)-4 on activated T cells [21]. Astrocytes 
can also induce regulatory T cells exhibiting sup-
pressor activity. Activated astrocytes release 
IL-17 to suppress Th17 cells.

Astrocytes both impede and promote CNS 
repair mechanisms. By forming a glial scar there 
is an additional physical barrier producing mul-
tiple biochemical changes, including expression 
of molecules on the astrocyte surface that can 
block axon regeneration as well as oligodendro-
cyte precursor cells. By production of certain 
chemokines, cytokines, and matrix metallopro-
teinases, as well as their tissue inhibitors, repair 
is promoted.

 Oligodendrocytes

Oligodendrocytes are the myelin-making glial 
cells of the CNS.  Oligodendrocytes form a 
myelin sheath around multiple axons to electri-
cally insulate them. This results in sodium chan-
nel clustering at the nodes of Ranvier, to allow 
saltatory conduction. Normal axonal transport 
and neuronal viability seems to require proper 
myelination, which also boosts axon diameter. 
Oligodendrocytes provide trophic support to neu-
rons via neurotrophic factors such as glial derived 
(GDNF), brain derived (BDNF), and insulin-like 
1 (IGF-1) growth factors [64].

At peak myelination, an oligodendrocyte sup-
ports a membrane weight 100 times its cell body 
[65]. Oligodendrocytes do not just myelinate, but 
facilitate transfer of metabolites to neurons and 
support axonal health.

Oligodendrocyte precursor cells (OPCs) 
with high mitochondrial demands are highly 
susceptible to metabolic stress injury. They are 
glucose dependent. Oligodendrocytes also 
show extremely high metabolic rates and con-
sume large quantities of oxygen and adenosine 
triphosphate (ATP), leading to high levels of 
intracellular hydrogen peroxide and ROS [66, 
67]. The numerous myelin synthesis enzymes, 
which require iron as a cofactor, results in 
OPCs containing the highest intracellular iron 

stores in the brain [64]. This can result in free 
radical formation and lipid peroxidation. 
Oligodendrocytes also have only low concen-
trations of the anti- oxidative enzyme glutathi-
one. The capacity of the oligodendrocyte’s 
endoplasmic reticulum to produce and fold pro-
teins is susceptible to minimum changes caus-
ing marked disturbances. All of this makes 
oligodendrocytes particularly vulnerable to 
oxidative damage and mitochondrial injury and 
more vulnerable to bystander damage than neu-
rons or astrocytes.

Oligodendrocytes are vulnerable to excitotoxic 
cell damage; they express glutamate α-amino-3-
hydroxy-5-methyl-4- isoxazolepropionic acid 
(AMPA), kainate, and N-methyl-d-aspartate 
(NMDA) receptors and the ATP receptor P2x7. 
Proinflammatory cytokines such as TNFα induce 
oligodendrocyte apoptosis by binding to the p55 
TNF receptor [67]. Although IFNγ has no nega-
tive effect on mature oligodendrocytes, it is highly 
toxic for proliferating OPCs and mildly toxic for 
immature oligodendrocytes. A variety of proin-
flammatory cytokines can induce mitochondrial 
injury, indirectly damaging the more vulnerable 
oligodendrocyte population. Autoantibodies 
which bind to surface myelin or oligodendrocyte 
epitopes can lead to damage via complement acti-
vation or Fc receptor recognition on activated 
neurophages.

Oligodendrocytes do not express MHC anti-
gens, but in  vitro exposure to IFNγ results in 
MHC class I induction.

 Neurons

Although neurons have been said not to express 
MHC, recent work indicates they most likely do 
express MHC class I that can be up- or down-
regulated by various factors [68]. In vitro expo-
sure to IFNγ induces MHC class I expression on 
human axons [69]. This would make them vul-
nerable to attack by CD8+ T cells. Natural killer 
(NK) cells can also lead to neuronal destruction. 
MHC class II was also noted on discrete subsets 
of human neural stem cells during development, 
independent of inflammatory stimuli [70].
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Neurons can regulate T cell activities either 
directly or indirectly, using a variety of contact- 
dependent and contact-independent mechanisms. 
They release soluble factors (neurotransmitters, 
neuropeptide, neurotrophins, cytokines, soluble 
Fas ligand, soluble ICAM-5) that can reduce 
microglial and T cell activation. This downregu-
lation occurs predominantly within the perivas-
cular and subarachnoid spaces [28]. Neurons can 
also interact directly with microglia and T cells 
via contact-dependent mechanisms involving 
neuronal glycoproteins such as CD22, CD47, 
CD200, neural cell adhesion molecule, and sema-
phorins [28].

 Endothelial Cells

CNS endothelial cells express MHC class I but 
not class II antigen. Brain capillary endothelium 
contain enzymes not otherwise found in the CNS 
(alkaline phosphatase and γ-glutamyl transpepti-
dase). They have much fewer cytoplasmic vesi-
cles than non-CNS endothelium, which will 
contribute to lower penetration into the 
CNS. Pericytes (of mesodermal origin) are found 
along the length of the cerebral capillaries and 
partially surround the endothelium and contrib-
ute to the basal lamina [19, 71]. They play a criti-
cal role in BBB maturation and maintenance 
[72]. (C, E). Astrocytes have integrins on their 
end feet that bind to laminin in the basal mem-
brane to provide an additional seal to the 
BBB.  There is actually a dual basement mem-
brane surrounding the endothelium, a three- 
dimensional mesh as thick as 200 nm, consisting 
of proteins including integrins, dystroglycans, 
collagens, and laminins. Disruption of extracel-
lular matrix increases BBB permeability [73].

 Other Immunologic Factors

 Cytokines

Immune system cells produce cytokines that can 
have important effects on the nervous system. 
Cytokines such as IL-1, IL-6, and TNF cross the 

BBB around the hypothalamus, due to fenestra-
tion as well as active transport mechanisms. 
They have direct impact on the hypothalamic 
neurons which regulate temperature, appetite, 
and sleep [5].

 Matrix Metalloproteinases (MMPs)

MMPs are a family of calcium-dependent zinc- 
containing endopeptidases that degrade extracel-
lular matrix to increase capillary permeability 
and permit cell penetration. They also proteolyti-
cally process many signaling molecules [74]. 
They are involved in post-injury remodeling, 
axonal growth, neurogenesis, angiogenesis, 
myelinogenesis, CNS barrier disruption, demye-
lination, and a variety of immune factor actions 
[75]. They can be divided into four groups of 
enzymes: collagenases, stromelysins, gelatin-
ases, and membrane-type metalloproteinases 
[56]. They are activated by cleavage, plasmin, or 
reactive oxygen radicals. MMP-2 (gelatinase A) 
is normally present in brain tissue and 
CSF. MMP-9 (gelatinase B), MMP-3, and MMP- 
12 are induced during an inflammatory response 
involving immediate early genes (c-FOS, 
c-JUNE) and cytokines such as TNFα (alpha) 
and IL-1B. Astrocytes stain for MMP-2. MMP-9 
appears in endothelial cells and neutrophils dur-
ing CNS injury. MMP-3 has been detected in 
microglia and neurons during ischemia, while 
MMP-12 is expressed by activated microglia and 
macrophages.

 Toll-Like Receptors (TLRs)

TLRs are part of the innate immune system. 
They are pathogen recognition receptors, type I 
transmembrane glycoprotein receptors with a 
highly variable extracellular region, and a highly 
conserved intracellular tail, localized to the cell 
surface or within endosomes [76]. They protect 
the host against pathogens. Many different TLRs 
are expressed by microglia [77]. They trigger a 
standardized cytokine and chemokine response, 
regardless of the inciting antigen, that can be 
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beneficial or harmful. Activation of astrocytes, 
oligodendrocytes, and neurons can also result in 
TLR expression. These TLRs play various roles 
which are cell specific and include cell migration 
and differentiation, limiting inflammation, and 
mounting repair processes.

 Nervous Immune and Endocrine 
System Network

There is a strong reciprocal relationship between 
the nervous, immune, and endocrine systems. 
These three systems participate in an extensive 
tri-directional network that involves both cell to 
cell contact and soluble factors (cytokines/ 
chemokines, growth factors, hormones, neu-
rotransmitters/neuropeptides). Sharing regula-
tory molecules allows coordinated responses to 
homeostasis disturbance produced by inflamma-
tion, infection, or stress [78]. These three body 
organ systems are anatomically and functionally 
connected. Neuroimmune activation and neuro-
inflammation play an important role even in  
diseases not considered to be classically neuro-
immune, such as stroke, Alzheimer disease, and 
Parkinson disease.

Neurotransmitters help regulate the host 
response to injury and infection. Immune  
cells express neurotransmitter receptors. 
Catecholamines can affect antigen presentation 
by dendritic cells, enhance antibody responses, 
and suppress cellular immune responses, clonal 
lymphocyte expansion, and cell migration and 
trafficking [79]. Net effects reflect whether α 
(alpha) or ß (beta) adrenergic receptors are 
activated.

The brain helps control immune activation. 
The cholinergic vagus nerve excites sympathetic 
neurons that innervate the spleen and synapse 
directly on immune cells [80]. Immune cells 
express receptors for pituitary hormones (prolac-
tin, human growth hormone, thyroid-stimulating 
hormone, insulin-like growth factor 1) as well as 
neurotransmitters (acetylcholine, glutamate, nor-
epinephrine, endorphins). In turn, MHC Class I 
molecules modulate neural synapse formation 
during brain development and can regulate these 

synapses as well in the mature brain [81]. 
Cytokines such as TNF regulate the AMPA class 
of glutamatergic receptors.

The brain and immune system communicate 
via the hypothalamic-pituitary-adrenal gland 
(HPA) axis and the sympathetic nervous system. 
The HPA axis maintains homeostasis by regulat-
ing the neuroendocrine, sympathetic nervous 
system, and immune system. Abnormalities in 
HPA axis have been implicated in autoimmune-/
immune-mediated disorders [82]. It is an impor-
tant feedback loop and a major component of 
how the nervous and endocrine systems commu-
nicate. The paraventricular nucleus of the hypo-
thalamus secretes two peptides, vasopressin and 
corticotropin-releasing hormone (CRH). They in 
turn act on the anterior lobe of the pituitary gland 
to secrete adrenocorticotropic hormone (ACTH). 
In turn, ACTH acts on the adrenal gland cortex to 
produce glucocorticoid hormones (chiefly corti-
sol), which in a negative feedback loop suppress 
CRH and ACTH release. CRH synthesis is influ-
enced by stress cortisol blood levels and the diur-
nal sleep-wake cycle. Cortisol normally rises 
30–45 min after awakening in the morning, and 
in the late afternoon, and is lowest in the middle 
of the night.

Psychoneuroimmunology is a reflection of the 
organ system links outlined above. It studies the 
interactions between psychological processes, 
such as stress and anxiety, and the nervous and 
immune systems. Traumatic life events, person-
ality traits, coping mechanisms, and strong emo-
tions can impact on nervous and immune 
function. For example, cell-mediated immunity 
can be impaired in individuals who lose a loved 
one. Stress can make individuals more vulnerable 
to infections. Psychoneuroimmunology evaluates 
models such as sickness behavior, neuropsychiat-
ric disorders, and the effects of stress on the ner-
vous system.

 Summary

The immune system plays a pivotal role in neu-
roimmune disorders. In addition, it is increas-
ingly recognized to be a factor in most major 
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neurologic diseases. It also determines how the 
body responds behaviorally to external factors. 
Practicing neurologists who are familiar with 
basic neuroimmunology concepts will have a 
better understanding of current and future 
advances in understanding and treating nervous 
system disorders.

References

 1. Gruol D. Advances in neuroimmunology. Brain Sci. 
2017;7(10) https://doi.org/10.3390/brainsci7100124.

 2. Martin CR, Osadchiy V, Kalani A, et  al. The brain- 
gut- microbiome axis. Cell Mol Gastroenterol Hepatol. 
2018;6:133–48.

 3. Ransohoff RM, Kivisakk P, Kidd G. Three or more 
routes for leukocyte migration into the central nervous 
system. Nat Rev Immunol. 2003;3:569–81.

 4. Pender MP. An introduction to neuroimmunology. In: 
Pender MP, McCombe PA, editors. Autoimmune neu-
rological disease. Cambridge: Cambridge University 
Press; 1995. p. 14–25.

 5. Bhat R, Steinman L. Innate and adaptive autoimmu-
nity directed to the central nervous system. Neuron. 
2009;64:123–32.

 6. Diamond B, Huerta PT, Mina-Osorio P, et al. Losing 
your nerves? Maybe it’s the antibodies. Nat Rev 
Immunol. 2009;9:449–56.

 7. Tobin WO, Guo Y, Krecke KN, et al. Diagnostic cri-
teria for chronic lymphocytic inflammation with pon-
tine perivascular enhancement responsive to steroids 
(CLIPPERS). Brain. 2017;140:2415–25.

 8. Blaabjerg M, Hemdrup AL, Drici L, et  al. Omics- 
based approach reveals complement-mediated inflam-
mation in chronic lymphocytic inflammation with 
pontine perivascular enhancement responsive to ste-
roids (CLIPPERS). Front Immunol. 2018;9:741.

 9. Varadkar S, Bien CG, Kruse CA, et al. Rasmussen’s 
encephalitis: clinical features, pathobiology, and treat-
ment advances. Lancet Neurol. 2014;13:195–2015.

 10. van der Kooij SM, van Buchem MA, Overbeek OM, 
et  al. Susac syndrome: a report of four cases and a 
review of the literature. Neth J Med. 2015;73(1):10–6.

 11. Kleffner I, Dörr J, Ringelstein M, et  al. Diagnostic 
criteria for Susac syndrome. J Neurol Neurosurg 
Psychiatry. 2016;87:1287–95.

 12. Dalmau J, Graus F. Antibody-mediated encephalitis. 
N Engl J Med. 2018;378(9):840–51.

 13. Vernino S, Stiles LE. Autoimmunity in postural ortho-
static tachycardia syndrome: current understanding. 
Auton Neurosci. 2018; https://doi.org/10.1016/j.
autneu.2018.04.005.

 14. Doherty TA, White AA. Postural orthostatic tachycar-
dia syndrome and the potential role of mast cell activa-
tion. Auton Neurosci. 2018; https://doi.org/10.1016/j.
autneu.2018.05.001.

 15. Blomberg J, Gottfries CG, Elfaitouri A, et al. Infection 
elicited autoimmunity and myalgic encephalomyeli-
tis/chronic fatigue syndrome: an explanatory model. 
Front Immunol. 2018;9:229.

 16. Regeniter A, Kuhle J, Mehling M, et  al. A modern 
approach to CSF analysis: pathophysiology, clinical 
application, proof of concept and laboratory report-
ing. Clin Neurol Neurosurg. 2009;111:313–8.

 17. Maurer MH.  Proteomics of brain extracellular fluid 
(ECF) and cerebrospinal fluid (CSF). Mass Spec Rev. 
2010;29:17–28.

 18. Svenningsson A, et al. Adhesion molecule expression 
on cerebrospinal fluid T lymphocytes: evidence for 
common recruitment mechanisms in multiple scle-
rosis, aseptic meningitis, and normal controls. Ann 
Neurol. 1993;34:155–61.

 19. Engehardt B, Sorokin L.  The blood-brain and the 
blood-cerebrospinal fluid barriers: function and dys-
function. Semin Immunopathol. 2009;31:497–511.

 20. Palmer AM.  The role of the blood-CNS barrier in 
CNS disorders and their treatment. Neurobiol Dis. 
2010;37:3–12.

 21. Nair A, Frederick TJ, Miller SD. Astrocytes in mul-
tiple sclerosis: a product of their environment. Cell 
Mol Life Sci. 2008;65:2702–20.

 22. Dhuria SV, Hanson LR, Frey WH II.  Intranasal 
delivery to the central nervous system: mechanisms 
and experimental considerations. J Pharm Sci. 
2010;99:1654–73.

 23. Louveau A, Smirnov I, Keyes TJ, et al. Structural and 
functional features of central nervous system lym-
phatics. Nature. 2015;523(7560):337–41.

 24. Goodman JR, Adham ZA, Woltjer RL, et  al. 
Characterization of dural sinus-associated lymphatic 
vasculature in human Alzheimer’s dementia subjects. 
Brain Behav Immun. 2018; https://doi.org/10.1016/j.
bbi.2018.07.020.

 25. Da Mesquita S, Louveau A, Vaccari A, et al. Functional 
aspects of meningeal lymphatics in ageing and 
Alzheimer’s disease. Nature. 2018;560(7717):185–91.

 26. Weller RO, Kida S, Zhang ET.  Pathways of fluid 
drainage from the brain: morphological aspects and 
immunological significance in rat and man. Brain 
Pathol. 1992;2:277–84.

 27. Johnston M, Zakharov A, Papaiconomou G, et  al. 
Evidence of connections between cerebrospinal fluid 
and nasal lymphatic vessels in humans, non-human 
primates and other mammalian species. Cerebrospinal 
Fluid Res. 2004;1:2–15.

 28. Tian L, Rauvala H, Gahmberg CG. Neuronal regula-
tion of immune responses in the central nervous sys-
tem. Trends Immunol. 2009;30:91–9.

 29. Goverman J.  Autoimmune T cell responses in 
the central nervous system. Nat Rev Immunol. 
2009;9:393–407.

 30. Bulloch K, Miller MM, Gal-Toth J, et  al. CD11c/
EYFP transgene illuminated a discrete network 
of dendritic cells within the embryonic, neonatal, 
adult, and injured mouse brain. J Comp Neurol. 
2008;508:687–710.

1 Introduction to Neuroimmunology

https://doi.org/10.3390/brainsci7100124
https://doi.org/10.1016/j.autneu.2018.04.005
https://doi.org/10.1016/j.autneu.2018.04.005
https://doi.org/10.1016/j.autneu.2018.05.001
https://doi.org/10.1016/j.autneu.2018.05.001
https://doi.org/10.1016/j.bbi.2018.07.020
https://doi.org/10.1016/j.bbi.2018.07.020


14

 31. Felger JC, Abe T, Kaunzner UW, et al. Brain dendritic 
cells in ischemic stroke: Time course, activation state, 
and origin. Brain Behav Immun. 2010;24(5):724–37.

 32. Hatterer E, Touret M, Belin MF, et al. Cerebrospinal 
fluid dendritic cells infiltrate the brain parenchyma 
and target the cervical lymph nodes under neuroin-
flammatory conditions. PLoS One. 2008;3:1–15.

 33. Gottfried-Blackmore A, Kaunzner UW, Idoyaga J, 
et al. Acute in vivo exposure to interferon-γ enables 
resident brain dendritic cells to become effective 
antigen presenting cells. Proc Natl Acad Sci U S A.  
https://doi.org/10.1073/PNAS.0911509106.

 34. Stevenson PG, Austyn JM, Hawke S. Uncoupling of 
virus-induced inflammation and anti-viral immunity in 
the brain parenchyma. J Gen Virol. 2002;83:1735–43.

 35. Ransohoff RM, Schafer D, Vincent A, et  al. 
Neuroinflammation: ways in which the immune 
system affects the brain. Neurotherapeutics. 
2015;12(4):896–909.

 36. Kivisakk P, Mahad DJ, Callahan MK, et  al. Human 
cerebrospinal fluid central memory CD4+ T cells: 
evidence by trafficking through choroid plexus and 
meninges via P-selectin. Proc Natl Acad Sci U S A. 
2003;100:8389–94.

 37. Lassman H, Schmied M, Vass K, et  al. Bone mar-
row derived elements and resident microglia in brain 
inflammation. Glia. 1993;7:19–24.

 38. Hickey WF.  Leukocyte traffic in the central ner-
vous system: the participants and their roles. Semin 
Immunol. 1999;11:125–37.

 39. Lee BPL, Imhof BA.  Lymphocyte transmigration 
in the brain: a new way of thinking. Nat Immunol. 
2008;9:117–8.

 40. Vajkoczy P, Laschinger M, Engelhardt B. α4-integrin- 
VCAM-1 binding mediates G protein-independent 
capture of encephalitogenic T cell blasts to CNS white 
matter microvessels. J Clin Invest. 2001;108:557–65.

 41. Yang I, Kremen TJ, Giovannone AJ, et al. Modulation 
of major histocompatibility complex class I molecules 
and major histocompatibility complex-bound immu-
nogenic peptides induced by interferon-alpha and 
interferon-gamma treatment of human glioblastoma 
multiforme. J Neurosurg. 2004;100:310–9.

 42. Stoll M, Capper D, Dietz K, et al. Differential microg-
lial regulation in the human spinal cord under nor-
mal and pathological conditions. Neuropathol Appl 
Neurobiol. 2006;32:650–61.

 43. Cebrián C, Loike JD, Sulzer D.  Neuronal MHC-I 
expression and its implications in synaptic function, 
axonal regeneration and Parkinson’s and other brain 
diseases. Front Neuroanat. 2014;8:114.

 44. Ling EA, Wong WC. The origin and nature of rami-
fied and amoeboid microglia: a historical review and 
current concepts. Glia. 1993;7:9–18.

 45. van Rossum D, Hanisch UK. Microglia. Metab Brain 
Dis. 2004;19:393–411.

 46. Block ML, Hong JS.  Microglia and inflammation- 
mediated neurodegeneration: multiple triggers with a 
common mechanism. Prog Neurobiol. 2005;76:77–98.

 47. Schetters STT, Gomez-Nicola D, Garcia-Vallejo JJ, 
et al. Neuroinflammation: microglia and T cells ready 
to tango. Front Immunol. 2018;8:1905.

 48. Barres BA.  The mystery and magic of glia: a per-
spective on their roles in health and disease. Neuron. 
2008;60:430–40.

 49. Rivest S. Regulation of innate immune responses in 
the brain. Nat Rev Immunol. 2009;9:429–39.

 50. Biber K, Owens T, Boddeke E. What is microglia neu-
rotoxicity (not)? Glia. 2014;62:841–54.

 51. Nimmerjahn A, Kirchhoff F, Helmchen F.  Resting 
microglial cells are highly dynamic surveillants of 
brain parenchyma in vivo. Science. 2005;308:1314–8.

 52. Bsibsi M, Ravid R, Gveric D, et al. Broad expression 
of Toll-like receptors in the human central nervous 
system. J Neuropathol Exp Neurol. 2002;61:1013–21.

 53. De Simone R, Giampaolo A, Giometto B, et al. The 
costimulatory molecule B7 is expressed on human 
microglia in culture and in multiple sclerosis acute 
lesions. J Neuropathol Exp Neurol. 1995;54:175–87.

 54. Kreutzberg GW. Microglia: a sensor for pathological 
events in the CNS. Trends Neurosci. 1996;19:312–8.

 55. Wu Y, Dissing-Olesen L, MacVicar BA, et al. Microglia: 
dynamic mediators and synapse development and 
plasticity. Trends Immunol. 2015;36(10):605–13.

 56. Wang J, Tsirka SE. Contribution of extracellular pro-
teolysis and microglia to intracerebral hemorrhage. 
Neurocrit Care. 2005;3:77–85.

 57. Deczkowska A, Keren-Shaul H, Weiner A, et  al. 
Disease-associated microglia: a universal immune sen-
sor of neurodegeneration. Cell. 2018;173(5):1073–81.

 58. Liddelow SA, Guttenplan KA, Clarke LE, et  al. 
Neurotoxic reactive astrocytes are induced by acti-
vated microglia. Nature. 2017;541(7638):481–7.

 59. Khakh BS, Sofroniew MV.  Diversity of astrocyte 
functions and phenotypes in neural circuits. Nat 
Neurosci. 2015;18(7):942–52.

 60. Snyder JM. Nervous system. In:  Comparative anat-
omy and histology: a mouse, rat, and human atlas. 2nd 
ed. Seattle: Elsevier; 2018.

 61. Sofroniew MV, Vinters HV. Astrocytes: biology and 
pathology. Acta Neuropathol. 2010;119:7–35.

 62. Jha MK, Morrison BM. Glia-neuron energy metabo-
lism in health and diseases: new insights into the 
role of nervous system metabolic transporters. Exp 
Neurol. 2018;309:23–31.

 63. Voskuhl RR, Peterson RS, Song B, et  al. Reactive 
astrocytes form scar-like perivasculasr barriers to leu-
kocytes during adaptive immune inflammation of the 
CNS. J Neurosci. 2009;37:11511–22.

 64. Bradl M, Lassmann H.  Oligodendrocytes: biology 
and pathology. Acta Neuropathol. 2010;119:37–53.

 65. Rosko L, Smith VN, Yamazaki R, et  al. 
Oligodendrocyte bioenergetics in health and 
disease. Neuroscientist. 2018; https://doi.
org/10.1177/1073858418793077.

 66. McTigue DM, Tripathi RB.  The life, death, and 
replacement of oligodendrocytes in the adult CNS. J 
Neurochem. 2008;107:1–19.

P. K. Coyle

https://doi.org/10.1073/PNAS.0911509106
https://doi.org/10.1177/1073858418793077
https://doi.org/10.1177/1073858418793077


15

 67. Jurewicz A, Matysiak M, Tybor K, et  al. Tumour 
necrosis factor-induced death of adult human oligo-
dendrocytes is mediated by apoptosis inducing factor. 
Brain. 2005;128:2675–88.

 68. Shatz CJ. MHC class I: an unexpected role in neuro-
nal plasticity. Neuron. 2009;64:40–5.

 69. Clarkson BDS, Patel MS, LaFrance-Corey RG, et al. 
Retrograde toll like re-gamma signaling induces 
major histocompatibility class I expression in human- 
induced pluripotent stem cell-derived neurons. Ann 
Clin Transl Neurol. 2018;5(2):172–85.

 70. Vagaska B, New SEP, Alvarez-Gonzalez C, et  al. 
MHC-class-II are expressed in a subpopulation 
of human neural stem cells in  vitro in an IFNγ- 
independent fashion and during development. Sci 
Rep. 2016;6:24251.

 71. Krueger M, Bechmann I.  CNS pericytes: concepts, 
misconceptions, and a way out. Glia. 2010;58:1–10.

 72. Yamazaki T, Mukouyama YS. Tissue specific origin, 
development, and pathological perspectives of peri-
cytes. Front Cardiovasc Med. 2018;5:78.

 73. Abbott NJ, Patagbendige AAK, Dolman DEM, et al. 
Structure and function of the blood-brain-barrier. 
Neurobiol Dis. 2010;37:13–25.

 74. Andries L, Van Hove I, Moons L, et al. Matrix metal-
loproteinases during axonal regeneration, a multi-
factorial role from start to finish. Mol Neurobiol. 
2017;54:2114–25.

 75. Brkic M, Balusu S, Libert C, et  al. Friends of foes: 
matrix metalloproteinases and their multifaceted 
roles in neurodegenerative diseases. Mediat Inflamm. 
2015;2015:620581.

 76. Fukata M, Vamadevan AS, Abreu MT.  Toll-like 
receptors (TLRs) and Nod-like receptors (NLRs) 
in inflammatory disorders. Semin Immunol. 
2009;21:242–53.

 77. Van Noort JM, Bsibsi M.  Toll-like receptors in the 
CNS: implications for neurodegeneration and repair. 
Prog Brain Res. 2009;175:139–48.

 78. Chesnokova V, Melmed S.  Minireview: neuro- 
immuno- endocrine modulation of the hypothalamic- 
pituitary- adrenal (HPA) axis by gp130 signaling 
molecules. Endocrinology. 2002;14:1571–4.

 79. Tracey KJ.  Reflex control of immunity. Nat Rev 
Immunol. 2009;9:418–28.

 80. Pavlov VA, et  al. Brain acetylcholinesterase activity 
controls systemic cytokine levels through the cho-
linergic anti-inflammatory pathway. Brain Behav 
Immun. 2009;23:41–5.

 81. Goddard CA, Butts DA, Shatz CJ. Regulation of CNS 
synapses by neuronal MHC class I. Proc Natl Acad 
Sci U S A. 2007;104:6828–33.

 82. Morale C, Brouwer J, Testa N, et al. Stress, glucocor-
ticoids and the susceptibility to develop autoimmune 
disorders of the central nervous system. Neurol Sci. 
2001;2:159–62.

1 Introduction to Neuroimmunology



17© Springer Nature Switzerland AG 2020 
S. A. Rizvi et al. (eds.), Clinical Neuroimmunology, Current Clinical Neurology, 
https://doi.org/10.1007/978-3-030-24436-1_2

Principles of Immunotherapy

Jennifer Joscelyn, Javier Ochoa-Repáraz, 
and Lloyd Kasper

 Introduction

Immunotherapeutic intervention varies from 
immunomodulation, which adjusts the immune 
system back toward a state of homeostasis, to 
immunosuppression, which ablates specific 
compartments or pathways involved in the 
pathologic process. These approaches carry 
both benefit and risk. This chapter will discuss 
current and future principles of immunothera-
peutic approaches.

 Autoimmunity

Autoimmune disease results from failure of tol-
erance, the ability to discriminate between self 
and nonself. The immune system may then 
attack the individual’s own cells and tissues. An 
inflammatory state may arise due to excessive 

activation of effector cells (resulting in a pro-
inflammatory state) or insufficient regulatory 
cells leading to a loss of immune tolerance [1]. 
Several mechanisms work together to prevent 
autoimmunity. These mechanisms include cen-
tral and peripheral tolerance, including T cell 
depletion, clonal anergy, and immune suppres-
sion provided by an important subpopulation of 
T regulatory (Treg) cells. These cells may carry 
either a CD4+ or CD8+ phenotype and include 
CD25+FoxP3+Tregs. Immunologic tolerance is 
controlled by this population of T cells [2]. 
Restoration of tolerance may be critical to the 
effective resolution of autoimmune disease pro-
cesses (Fig. 2.1).

In addition to the loss of immune homeostatic 
balance in those with autoimmune conditions, 
genetic predisposition provides a further com-
plex association. Multiple gene loci, most impor-
tantly the MHC/HLA haplotypes, are fundamental 
for the presentation of peptide antigens to T cells. 
Environmental variables such as geography, 
exposure, commensal microbiota, and infection 
also play a key role. Infections may activate self- 
reactive lymphocytes and lead to the develop-
ment of autoimmune diseases in predisposed 
individuals.

Many autoimmune diseases follow a 
 relapsing- remitting course, with periods of exacer-
bation followed by stability. This may relate to 
infection- triggered immune changes. The  initiating 
response amplifies rapidly via activation of the 
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innate immune system but is soon followed by a 
more target-specific response via the adaptive 
immune system. This includes antigen-specific T 
cells and antibody-producing B cells. Cytotoxic T 
cells and antibodies lead to efficient destruction of 
the invading microbe by eliciting specific inflam-
matory molecules, such as the interleukins that 
further activate the immune system and destroy 
the target in a variety of ways (including direct cell 
to target contact and oxidative molecules such as 
nitric oxide). Once the invading organism is elimi-
nated the  reduction in the immune response is 
rapid, limiting the damage to host tissue. Memory 
cells persist and provide the basis for secondary 
antigen-specific response. In autoimmune disor-
ders, the tissue damage and immunological 
response does not completely subside, although 
clinical remissions are commonplace [3].

Clinical autoimmunity arises as a result of an 
altered balance between autoreactive effector cells 
and regulatory [1, 4]. The goal of treating autoim-
mune disease is to re-establish immune homeosta-
sis and restore the  balance between effector and 
regulatory T lymphocytes. Current immunothera-
pies are primarily used to intervene early and 
reduce epitope spread, induce and support the “qui-
escent” stage, and prevent future exacerbations.

The immune system may often seem over-
whelming and too complex for the non- 
immunologist to fully understand, but there are 
recognized patterns to make organizing the infor-
mation and concepts easier. The immune system 
is always trying to maintain balance, so for each 
action, there is an equal and opposite reaction. 
Cell lineage and generative lymphoid organs 
form a second pattern (Fig. 2.2).

 T Cells

In T cell-mediated autoimmunity one of the 
most important players is the CD4+ T cell. 
Emerging from the thymus, naïve CD4+ cells 
differentiate into subtypes based on the cytokines 
they encounter in the periphery and/or within 
the CNS.  Each CD4+ T cell subtype exhibits 
unique functions largely based on the cytokines 
they produce [5]. CD4+ T cells are both effector 
and regulatory. Effector CD4+ T cells can be 
categorized as either Th1 or Th2 T cells by their 
cytokine production. The signature cytokine for 
Th1 cells is interferon (IFN)-γ and for Th2 cells 
is IL-4 (Fig. 2.3). Upon encounter with antigen/
MHC complexes, naive T cells become activated 

Fig. 2.1 Homeostatic 
balance of immune 
system. (Reprinted with 
permission from 
William Scavone)
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and can polarize into either a Th1 or Th2 cell. 
The process is influenced by a variety of factors, 
the most important of which is the cytokine 
milieu. The principal cytokines produced by 
antigen- presenting cells (APCs) for influencing 
Th1 cell polarization is IL-12, and for the TH2 it 
is IL-4 (Fig. 2.3). Once polarized, on the single-
cell level the CD4+ Th1 and Th2 cells are com-
mitted and cannot revert back to a naive 
phenotype or  convert to the other lineage. Using 
the early definition of T cell functions, IFN-γ 
facilitates macrophage activation and IL-4 facili-
tates the production of certain immunoglobulin 
subtypes. However, the lines between Th1 and 
Th2 functions have become blurred. IFN-γ is 
also required for the production of certain immu-
noglobulin (Ig) subtypes, and IL-4 can also be 

involved in macrophage activation [5]. The Igs 
induced by IL-4 serve specific functions, sepa-
rating the activity of the two T cells. IL-4 is 
required for the production of IgG1 and IgE. IgE 
sensitizes mast cells, a consequence of which can 
be allergic reactions; IgG1 is involved in opso-
nization of pathogens. The IFN-γ-induced or 
classically activated macrophages produce nitric 
oxide (NO), which is pro-inflammatory and 
drives chronic inflammation and tissue injury. 
Other cytokines produced by Th2 cells that influ-
ence the immune response include IL-5, IL-6, 
and IL-13 (Fig.  2.3). Th1 T cells also produce 
IL-2, IL-15, granulocyte macrophage colony-
stimulating factor (GM-CSF), tumor necrosis 
factor (TNF)-α, and other cytokines (Fig.  2.3). 
Like CD8+ T cells, Th1 cells also have the capac-

Fig. 2.2 Adaptive immune activation. Co-stimulation 
and T cell activation: full activation of T cells in the 
periphery is dependent on the recognition of co- 
stimulation factors on antigen-presenting cells (APCs) 
and completion of the two-signal activation. The first sig-
nal is comprised of antigen recognition: the APC presents 
MHC-associated antigenic peptides to the T cell receptor 
(TCR) on the naive T cell. Chemokines are released from 
the APC that react with the G-protein-coupled receptor 
(GPCR) on the T cell, increasing the affinity and avidity 
of the T cell/APC adhesion. Once the first signal is com-
plete another set of molecules participate in increasing co- 

stimulatory signaling and secreting polarizing cytokines; 
for example, CD40 receptor is upregulated on the APC 
and engages with the constitutively expressed CD40 
ligand on the T cell. The second signal is comprised of an 
upregulation of B7-1/B7-2 (CD80/CD86) ligand on the 
APC, following antigen recognition, that binds to the 
CD28 receptor on the T cell. Once the second signal is 
complete, the T cell is activated leading to clonal expan-
sion and differentiation into effector functions. It is 
important to note that without the completion of the sec-
ond signal the T cells become functionally inactive, aner-
gic. (Reprinted with permission from William Scavone)
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ity to induce cytotoxicity of target cells by sev-
eral different mechanisms. The immune response 
can be shaped by controlling the phenotype of 
the responding CD4 T cell [5].

Treg cells are essential in the everyday con-
trol of immune responses and maintaining 
peripheral tolerance [6, 7]. Two populations of 
Tregs control inflammation: natural (constitutive) 
Treg cells and induced Treg cells (iTreg) (Fig. 2.3). 
Natural Treg cells are a population of CD4+ lym-
phocytes residing in the thymus that express the 
interleukin (IL)-2 receptor CD25 and the tran-
scription repression factor FoxP3. These cells 
constitute 5–12% of the entire CD4+ cell popu-
lation and represent a very small proportion of 
the circulating WBC population. Specific popu-
lations of natural Treg cells are generated princi-
pally by interaction with immature APCs in the 
periphery. They recognize major histocompati-
bility complex (MHC) molecules in association 
with autoantigens with high specificity. These 
natural Treg cells are normally anergic but can be 
activated by exposure to antigens or to high con-
centrations of IL-2 released from activated TH1 
cells. Induced Treg cells are derived from either 

naïve CD8+ or CD4+ precursor cells in the thy-
mus in response to the local antigen or cytokine 
environment. Three subpopulations of iTreg cells 
can be distinguished on the basis of surface 
markers: CD8+ Treg cells, TH3 cells, and TR1 
cells. The latter two are derived from CD4+ pre-
cursors. In autoimmune disease, autoantigens 
can stimulate the differentiation of these iTreg 
cells. iTreg cells release cytokines such as IL-10 
and TGF-β (Fig. 2.3) that suppress the activity of 
effector T cells as well as of APCs. Effector cells 
and APCs may be inhibited by direct contact 
with natural and induced Treg cells and involve 
interactions of cell surface proteins. This helps 
prevent the development of hypersensitivity 
reactions of allergies, autoimmune disease, and 
promotes long-term graft tolerance. On the other 
hand, there may also be detrimental effects of 
inhibition of immune function by Treg cells; it 
attenuates immunity to pathogens and reduces 
both immunological surveillance and prevention 
of tumorigenesis.

The best-studied Treg cell to date is the Foxp3+ 
CD4+ T cell, a key regulatory molecule in the 
development and function of Treg cells. FoxP3 is a 

Fig. 2.3 Naive CD4+ 
lineage. Naive CD4+ 
cells emerge from the 
thymus and further 
differentiate into 
subtypes based on the 
cytokine 
microenvironment. Each 
subtype of CD4 T cells 
exhibits unique 
functions largely based 
on the cytokines that 
they produce. Treg cells 
are both thymic derived 
and induced in the 
periphery (iTreg). 
(Reprinted with 
permission from 
William Scavone)
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transcriptional repression factor of the Forkhead/
winged box family. It is expressed by all func-
tional Treg cells except the TR1 class. Mutations 
in FoxP3 impair the development of Treg cells in 
the thymus and are associated with inherited 
autoimmune diseases, such as Scurfy in the 
mouse and IPEX (an X-linked fatal autoimmune 
disorder) in humans [8, 9]. Seminal experiments 
have demonstrated that depletion of CD4+CD25+ 
suppressor cells results in the onset of systemic 
autoimmune disease in mice [10]. The defining 
influence of these cells in the control of autoim-
munity was demonstrated in an experimental 
murine model. Foxp3 expressing cells were spe-
cifically depleted in adult mice, resulting in the 
development of rapidly fatal autoimmunity that 
involved a variety of host tissue beyond the lym-
phatic system [2]. Although the exact mecha-
nisms by which Treg cells regulate and suppress 
immune responses are not always clear, one 
method is through the production of the anti- 
inflammatory cytokine IL-10 [11]. IL-10 controls 
inflammation by regulating the  expression of 
cytokines and molecules involved in antigen pre-
sentation. Treg cells mediate peripheral tolerance 
by suppressing proliferation and cytokine pro-
duction of autoreactive effector T cells that cause 
tissue damage and inflammation [12]. CD4 T cell 
population heterogeneity is essential for a prop-
erly functioning inflammatory response, and 
their differential production of cytokines is one 
method by which they exert their unique func-
tions. As noted above, iTreg can be derived from 
naïve CD8+ cells as well as CD4+ cells. The pos-
sibility that CD8+ T cells may also possess regu-
latory functions has received less attention, 
despite earlier studies [13]. CD8+ T cells can 
suppress the response of activated CD4+ cells. 
FoxP3 Treg cells inhibit the proliferation and 
cytokine production by both Th1 and Th2 cells 
and may suppress B cells [14].

 NK Cells

Natural killer (NK) cells are a subset of bone 
marrow-derived lymphocytes, distinct from B 
and T cells, that function in innate response to 

kill microbe-infected cells and to activate phago-
cytes by secreting IFN-γ; they enhance the adap-
tive response against infectious agents [15]. NK 
cells do not express clonally distributed antigen 
receptors such as Ig or TCRs. Their activation is 
regulated by a combination of stimulatory and 
inhibitory cell surface receptors. The inhibitory 
cell surface receptors are responsible for recog-
nizing self-MHC molecules [15]. The ability of 
NK cells to protect against infections is enhanced 
by IL-12 produced by macrophages, as well as 
antibody-mediated targeting. NK cells and other 
leukocytes may bind to antibody-coated cells and 
destroy them by opsonization. NK cells express 
an Fc receptor, FcγRIII (CD16), that binds to IgG 
antibody arrays attached to a cell [15]. As a result, 
NK cells are activated and kill the opsonized tar-
get, via antibody-dependent cellular cytotoxicity 
(ADCC). Although NK cell-mediated ADCC is 
not as important as phagocytosis of microbes in 
defense against most bacterial and viral infec-
tions [15], in autoimmunity the connection 
between infections and initiation/amplification of 
the aberrant immune response is key. NK cells 
play opposing roles in autoimmunity, as they 
function as both regulators and inducers of auto-
immune diseases, dependent on the cytokine 
milieu and cell-cell interactions. NK cells com-
prise about 10% of the lymphocytes in the blood 
and peripheral organs.

IL-15 appears to play pivotal roles in the dif-
ferentiation of NK cells from their progenitors 
and their survival and activation. CD56bright NK 
cells are an important NK cell subset that exerts 
immunoregulatory effects [16]. In vivo, blockade 
of the human IL-2R by a  monoclonal antibody 
(daclizumab) has been used for immunosup-
pression in transplantation, to treat leukemia and 
autoimmune diseases. In one study, in uveitis 
patients, administration of a humanized IL-2R 
blocking mAb induced a 4- to 20-fold expansion 
of CD56bright regulatory NK cells. The induced 
CD56bright regulatory NK cells from patients 
exhibited similar phenotype to naturally occur-
ring CD56bright cells. Patients with active uveitis 
had a significantly lower level of CD56bright NK 
cells compared with normal donors. In addition, 
the induced CD56bright cells, but not CD56dim 
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cells, could secrete large amounts of immunosup-
pressive cytokine IL-10. This suggests that the 
induction of the CD56bright cells might lead to 
the remission of active uveitis [17]. This observa-
tion may have implications for IL-2R blockade 
therapy and for the potential role of CD56bright 
regulatory NK cells in autoimmune diseases. By 
blocking the IL-2Rα chain the mAb can limit T 
cell expansion and direct the co- stimulated cell 
toward NK production (CD56bright) through the 
heterodimer IL2Rβ, inducing IL-15. Antibodies 
to IL-2Rα do not inhibit the action of IL-15 
[18]. The IL-15 receptor includes IL-2/15R and 
γс subunits, which are shared with IL-2 and an 
IL-15-specific receptor subunit, IL-15R [18]. The 
induced expansion of NK cells produced similar 
phenotype and function as naturally occurring 
NK cells and correlated highly to the reduction 
of inflammatory activity in human and animal 
studies. 

 NKT Cells

Natural killer T (NKT) cells share characteris-
tics of both T and NK cells and play a regulatory 
role in autoimmunity. NKT cells are thymically 
derived innate lymphocytes that express the TCR 
and receptors of the NK lineage, NK1.1. The 
TCR on the majority of the NKT cells expresses 
an invariant Va-Ja combination that translates 
into Va14 Ja281 (also called Ja18) in the mouse 
and Va24 JaQ in humans [19]. NKT cells recog-
nize glycolipids, such as α-galactosylceramide 
(α-GalCer), presented by the CD1d molecule 
on APCs [20, 21]. Unlike the classical MHC 
molecule that presents protein to lymphocytes, 
the CD1d molecule presents glycolipids to the 
TCR on the NKT cell [22]. Because of TCR 
chain characteristics on classical NKT cells, 
they are also called invariant (i)NKT cells [19]. 
Invariant NKT cells (iNKTs) are regulatory T 
lymphocytes that are CD1d reactive with an 
invariant TCRα chain, Vα24-JαQVβ11 [21]. 
The regulatory function of iNKT cells is related 
to their rapid and diverse secretion of cyto-
kines like IFN-γ, IL-4, IL-5, and IL-10 upon 
TCR stimulation. iNKTs play a dual role in the 

modulation of T cell- mediated immunity. They 
provide frontline defense against parasites, bac-
teria, and viruses and induce tolerance for the 
prevention of autoimmune diseases (similar to 
that of classical Tregs). Balancing the two func-
tions of adjuvant and regulation is related to 
the microenvironment, either to build an effec-
tive inflammatory immune response (upregula-
tion of IL-12/IL-23 by APC or effector cells) or 
prevent autoimmunity with regulation/counter-
regulation  (upregulation of CD1d or IL-10 by 
APCs or effector cells). In EAE, it was noted 
that the lipid structure of the CD1 ligands influ-
ences the duration of interaction between APCs 
and iNKT cells and thus the cytokine secretion 
by the activated iNKT cell. A shortened glyco-
lipid and TCR contact time produced TH2 cyto-
kine profile, while a longer glycolipid and TCR 
contact time resulted in a pronounced TH1 cyto-
kine profile of iNKT cells [19]. Concerted inter-
actions between iNKT cells and CD1d+ cells, 
DCs, macrophages, and B cells are involved 
in rendering autoreactive T cells unresponsive 
[19]. A primary goal in the treatment of autoim-
mune disorders is to find a therapeutic regime 
that inhibits reactive T cells while improving 
regulatory cell function. iNKT cells represent 
an important cellular bridge between the innate 
and adaptive arms of the immune system.

 B Cells

The role of B cells in normal immunity is well 
understood. The role of B cells is less clear in 
autoimmune diseases and historically associ-
ated with antibody production, the antibody- 
dependent role. Lymphocytes are the main 
immune cells. As discussed earlier, T lympho-
cytes dictate cell-mediated immunity. B lym-
phocytes are responsible for humoral immunity, 
the host defense mediated by secreted antibod-
ies that protect against extracellular microbes 
and their toxins [15]. Humoral immunity is 
important to prevent infection. Generation of 
the mature B cell pool involves stepwise devel-
opment of hematopoietic stem cells into pro-B 
cells, which mature into pre-B cells and then 
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immature B cells [15, 23] (Fig. 2.4). Immature B 
cells are then exported to the periphery as tran-
sitional B cells, which undergo further selection 
and development. When mature IgM+IgD+ B 
cells encounter T cell-dependent antigen (Ag), 
they differentiate into high-affinity effector cells, 
namely, memory B cells and immunoglobulin 
(Ig)-secreting cells (plasma cells) within the sec-
ondary lymphoid tissue of germinal centers [15, 
23] (Fig. 2.4). Mature B cells are responsible for 
the generation of humoral immunity and long-
lived serological memory. The coordinated dif-
ferentiation of B cells at these different stages 
of development and maturation is influenced by 
multiple factors, such as stromal cells and cyto-
kines provided within the bone marrow environ-
ment, Ag exposure, and interactions between B 
cells, Ig-specific T cells, and dendritic cells (DC) 

in the periphery [15, 24, 25]. Accumulating evi-
dence strongly supports an increased involve-
ment of B cells in autoimmune neurological 
diseases, with noted antibody- dependent and 
antibody-independent roles.

B cell development is complex and a multiple- 
step process. Differentiation of mature B cells 
into effector cells must be strictly regulated to 
ensure sufficient specific humoral immunity 
while simultaneously avoiding the production of 
autoantibodies. Receptor-ligand pairs of the 
tumor necrosis factor receptor (TNF-R/TNF) 
superfamily play critical roles in humoral immu-
nity by regulating activated B cell responses 
[26]. Two members of the TNF family, B cell 
activating factor (BAFF) and a proliferation-
inducing ligand (APRIL), have been identified in 
recent years as crucial factors for B cell survival, 

Fig. 2.4 B cell maturation and humoral immune 
response. The maturation of B lymphocytes proceeds 
through sequential steps. Many of which occur within the 
bone marrow. There are receptor editing and negative 
selection prior to maturation. Once mature, the naive 
IgM+IgD+ B cell is able to recognize antigen and undergo 
activation upon engagement with T lymphocytes and 

stimuli within the microenvironment. The activated, 
antigen- specific, effector cells can undergo class switch-
ing and affinity maturation, improving the capacity to 
identify and bind to an identified antigen. The expression 
of cell surface receptors is important to the understanding 
of B cell therapeutic targets for autoimmunity. (Reprinted 
with permission from William Scavone)
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differentiation, germinal center formation, and 
antibody production [27]. BAFF binds three 
receptors, which all belong to the TNF-R super-
family—BAFF receptor (BAFF-R) [28], trans-
membrane activator and calcium modulator and 
cyclophilin ligand interactor (TACI), and B cell 
maturation antigen (BCMA) [29, 30]; the latter 
two receptors also bind APRIL [27]. BAFF is 
predominately produced by myeloid cells such 
as macrophages, monocytes, dendritic cells, and 
astrocytes [31, 32] and neutrophils [33]. 
However, production can be further induced by 
cytokines (INF-γ and IL-10) [32, 34]. Pathogen-
associated molecular pattern (PAMP) molecules 
and toll- like receptors (TLR) can also induce 
production of BAFF in B cells, in response to 
microbial components such as peptidoglycan, 
CpG dsDNA, and lipopolysaccharide (LPS) 
when they are within contact [35, 36]. BAFF is 
required for late B cell development and mainte-
nance of B cell homeostasis. Normal human B 
cells first express BAFF receptors at the transi-
tional stage of development and remain capable 
of receiving  BAFF- dependent signals at least 
until they terminally differentiate into plasma 
cells (PC) (Fig. 2.4). Dysregulation of BAFF has 
been observed in patients with many systemic 
autoimmune diseases. The serum levels of BAFF 
are notably increased in these patients and cor-
related with the severity of their symptoms [37–
41]. It is speculated that BAFF protects 
self-reactive B cells from deletion by modify-
ing  the expression of pro- and anti-apoptotic 
molecules; it reduces the pro-apoptotic mole-
cules while increasing the anti-apoptotic mole-
cules [24, 26] and impairs B cell self-tolerance. 
Normally, BAFF provides survival signals for B 
cells involved in immune defenses against infec-
tion. Elevated BAFF levels are involved in the 
survival of self-reactive B cells and autoimmune 
diseases. BAFF does not affect the central self-
tolerance of B cells during their early develop-
ment in bone marrow, but influences the 
peripheral self-tolerance of B cells, especially in 
later transitional stages of B cell development 
(Fig.  2.4) [26, 42]. The relationship between 
BAFF and toll-like receptor (TLR) signaling is 
strong in mouse models of autoimmunity [36] 

and therefore another potential area of therapeu-
tic opportunity, as TLR signaling is also impli-
cated in the pathogenesis of human autoimmune 
diseases [26]. Antagonists of BAFF are promis-
ing therapeutic agents to treat autoimmune dis-
eases [26, 27].

Many organ-specific autoimmune diseases in 
humans are believed to be caused by T cells. 
Antibodies that cause disease are most often 
autoantibodies against self-antigens and less 
commonly are specific for foreign antigens. 
Autoantibodies may bind to self-antigens in tis-
sues or they may form immune complexes with 
circulating self-antigens [15], such as in myas-
thenia gravis (MG). The contribution of activated 
B cells has traditionally been viewed as a second-
ary consequence of the breakdown of T cell toler-
ance. In certain neurological diseases, including 
myasthenia gravis and specific neuropathies, 
autoantibodies are pathogenic and exert a direct 
effect on self-antigens either by functioning as 
neutralizing antibodies or by activating and fix-
ing complement on the targeted tissues (Fig. 2.5a) 
[27]. Normally the complement system helps 
eliminate microbes during innate and adaptive 
immune responses. Opsonization is probably the 
most important function of complement activa-
tion. However, during the membrane attack small 
peptide fragments are produced by proteolysis. 
These fragments are chemotactic for neutrophils 
and stimulate the release of inflammatory media-
tors from various leukocytes. Neutrophils also 
act on endothelium to enhance the movement of 
leukocytes and plasma proteins into affected tis-
sues to eliminate microbes. In normal individu-
als, B cells are tightly controlled and prevented 
from making autoantibodies, perhaps via their 
interaction with Tregs. In autoimmune disorders, 
this process of activating and fixing complement 
by autoantibodies leads to activation of ADCC 
(Fig.  2.5a) [27]. In ADCC, NK cells and other 
leukocytes may bind to antibody-coated cells and 
destroy them.

Another mechanism of B cell involvement in 
autoimmune disorders involves the presentation 
of antigenic peptides, with clonal expansion of 
either autoreactive or regulatory T cells 
(Fig. 2.5b) [27, 43–45]. Divergence of T cell phe-
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notypes and functions relates once again to the 
environment and specificity of antigens. B cells 
present specific antigens to cognate CD4+ T cells 
with extremely high efficiency to drive autoreac-
tivity, so that they obtain help from CD4+ T cells 
for the production of high-affinity antibodies. 
Nonspecific antigens derived from low levels of 
endogenous proteins are also presented by B 
cells, but the outcome of presentation of nonspe-
cific antigens is T cell tolerance [43]. B cells are 
100–1000 times more potent in antigen presenta-
tion than other postulated APCs, including den-
dritic cells [27, 46, 47]. B lymphocytes that bind 
protein antigens by their specific antigen recep-
tors endocytose these antigens, process them in 
endosomal vesicles, and display MHC 
II-associated peptides for recognition. They are 

also effective at presenting low concentrations of 
antigen. The membrane Ig of the B cell is a high- 
affinity receptor that specifically binds a particu-
lar antigen, even when the extracellular 
concentration of the antigen is very low [15]. 
Affinity maturation is in response to an antigen 
and increases with prolonged or repeated expo-
sure. In addition to presenting antigen via MHCII, 
B cells also express co-stimulatory factors (such 
as B7) that activate, via two-signal co- stimulation, 
the autoreactive T lymphocyte. This, in turn, acti-
vates T cells by expressing CD40 ligand and 
secreting cytokines. This promotes clonal expan-
sion, proliferation, and differentiation. As this co- 
activation between B cell (APC) and T cell 
occurs, heavy chain class switching and affinity 
maturation are also stimulated, demonstrating 

Fig. 2.5 B cell functions in autoimmunity. (a) Antibody- 
producing cells-plasma cells (b). Antigen-presenting cells 
(autoreactive T cells with a specific antigen; regulatory 
with low levels of nonspecific antigen) (c). Cytokine- 
producing cells; regulatory (B cell activation with isolated 
CD40 stimulation), polarizing (B cell activation with dual 

stimulation of BCR and CD40), lymphoneogenesis 
(memory B cells primarily produce pro-inflammatory 
cytokines, TNFα/LT following dual stimulation of BCR 
and CD40) (d). Development of tertiary/ectopic germinal 
centers. (Reprinted with permission from William 
Scavone)
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further that B cells play an important role in mag-
nifying and sustaining the T cell response. 
Although the antigens are unknown, modulating/
suppressing B cells and the ensuing co- 
stimulation of T cells may contribute to the treat-
ment effects noted with early treatment of many 
neurological autoimmune disorders.

Cytokine-producing B cells influence the ini-
tiation of immune responses and regulate T cell 
responses. As noted in Fig.  2.5c, another 
antibody- independent function of B cells is 
the  production of a diverse array of cytokines, 
including regulatory (IL-10, TGFβ), polarizing 
(IL-4, IL-13, IFN-γ, IL-12), and lymphoid tissue- 
organizing cytokines (TNFα, LTβ) [47, 48]. B 
cell-derived cytokines are produced and dictated 
by the balance of stimulatory signals via the B 
cell receptor (BCR) and CD40 [49]. CD40 is 
constitutively expressed on all B cells [50] and 
therefore B cells are capable of activation via 
BCR/CD40 ligation or singularly with CD40L 
via local immune responsive T cells [49]. 
Cytokines produced by B cells, including IL-6, 
play important roles in regulating autoimmune 
responses. IL-6 produced by activated (BCR/
CD40 stimulated) B cells functions in an auto-
crine fashion. It induces differentiation of IL-6 
receptor (IL-6R) expressing B cells into antibody- 
secreting plasma cells and enhances the long- 
term survival of the IL6-R+ plasma cells [47]. In 
normal B cells the IL-6/IL-6R autocrine loop is 
tightly regulated. Dysregulation of B cell-derived 
IL-6 has been suggested to contribute to the for-
mation of autoantibodies and development and 
magnification of autoimmune disorders [47, 49]. 
IL-10 is a suppressive cytokine produced by nor-
mal B cells and B cells associated with autoim-
mune disorders. IL-10-producing B cells, in 
EAE, have the ability to downregulate the ongo-
ing type 1 autoimmune response [51, 52] and 
suppress the expansion of autoimmune type 1 
cells [53]. Duddy and colleagues demonstrated 
that naïve (CD19+CD27−) and memory 
(CD19+CD27+) human B cells express distinct 
profiles of effector cytokines and reconfirmed 
earlier findings of context-dependent cytokine 
production of IL-10 and TNFα/LT [2]. Regulatory 
B cells control active CNS demyelination in a 

murine EAE model [54]. Naïve B cells 
(CD19+CD27−) almost exclusively produce 
IL-10, specifically after B cell activation with 
isolated CD40 stimulation ex vivo [2, 49]. As a 
well-established regulatory cytokine that sup-
presses APC and T cell activation, B cell IL-10 
likely decreases inappropriate immune responses 
by limiting undesirable polyclonal expansion and 
inducing apoptosis [49]. Memory B cells 
(CD19+Cd27+) primarily produce pro- 
inflammatory cytokines, TNFα/LT following 
dual stimulation of BCR and CD40 [2, 49]. It is 
important to remember the homeostatic function 
of the immune system; IL-10-producing B cells 
may ameliorate T cell-mediated autoimmune dis-
ease, while activated B cells are proficient pro-
ducers of inflammatory cytokines, such as 
lymphotoxin (LT) and TNFα (Fig. 2.5d). Current 
and future therapeutics are focused on selective B 
cell depletion (anti-CD20 mAb) and chemoabla-
tive techniques (anti-CD52 mAb, autologous 
stem cell therapy) [2].

Lymphotoxins and TNFα produced by B cells 
are responsible for organizing secondary and ter-
tiary/ectopic lymphoid structures (Fig. 2.5d) [27] 
in autoimmune disorders. Ectopic lymphoid 
structures could represent a critical step in sus-
taining humoral autoimmunity and disease exac-
erbation in neurological autoimmune disorders 
[55]. In a healthy immune response, peripheral 
lymphoid organs are organized to concentrate 
antigen, APCs, and lymphocytes in a way that 
optimizes interactions among the cells and pro-
duces an  appropriate adaptive response. An 
example of this organization would be in lymph 
nodes (LNs), specialized organs for trapping 
antigen from local tissue supplied by lymphatic 
vessels. LNs can be divided into three regions: 
cortex, paracortex, and medulla [15]. Naïve 
mature B cells are drawn into developing LNs by 
expression of the chemokine CXCL13. These B 
cells are then organized into follicles containing 
follicular dendritic cells (FDCs), located in the 
cortex of LNs, surrounded by T lymphocytes 
within the paracortex containing dendritic cells 
(DCs). The organization of the T and B cells 
adjacent to one another enables the two cells to 
migrate toward each other and interact to help B 
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cells differentiate into antibody-producing cells. 
Normally affinity maturation occurs in the germi-
nal centers of lymphoid follicles, as a result of 
somatic hypermutation of the Ig genes [15]. In 
autoimmune disorders, LT produced by B cells 
facilitates the development of tertiary structures, 
referred to as lymphoid neogenesis, occurring in 
the intermeningeal spaces of patients with MS, in 
the thymus of myasthenia gravis patients, and in 
the target organs associated with RA, Sjogren’s, 
and thyroiditis [15, 47]. Ectopic germinal centers 
of the thymus have also been found to develop 
preferentially in patients with early onset myas-
thenia gravis (EOMG) [56, 57]. In other autoim-
mune diseases, it has been demonstrated that 
ectopic follicles are found in tissues with the 
highest degree of inflammation, indicating that 
formation of ectopic lymphoid tissue requires a 
strong immune activation via autoimmune dys-
regulation and/or infectious stimulus (viral/bac-
terial) that results in a persistent inflammatory 
microenvironment [58, 59]. Formation of ectopic 
lymphoid tissue is viewed as part of an adaptive 
response against infection. It may also have the 
potential to support autoimmunity through 
expansion and activation of autoreactive B and T 
lymphocytes and further destruction of tissue 
[68]. Therapeutic targets (possibly B cell deple-
tion, chemokine antagonists, or LTβR-Ig) should 
be focused on prevention or eradication of such 
tertiary lymphoid structures nested within the 
CNS and other target organs of autoimmunity.

 Trafficking Molecules

The central nervous system (CNS) is character-
ized by an immune-specialized environment as a 
result of limited lymphatic drainage, resident 
DCs, and MHC expression [15, 60]. Under nor-
mal conditions, the CNS strictly controls immu-
nosurveillance, localized to the perivascular and 
subarachnoid spaces, as it is crucial for host 
defense [60]. Often the blood-brain barrier (BBB) 
is the only site of leukocyte transmigration. There 
are three potential sites for leukocytes to enter 
into the CNS: the BBB, the blood-CSF barrier 
(BCSFB), and the blood-spinal cord barrier 

(BSpCB) [60, 61]. The remaining discussion will 
focus on the BBB, which should be thought to 
include both capillary and postcapillary venules 
(they show equal restriction of molecules, with 
no differential characteristics) [60]. Slight differ-
ences between BBB meningeal and parenchymal 
microvessels have been identified. The menin-
geal microvessels lack astrocytic ensheathment 
[62], while the parenchymal microvessels lack 
P-selectin [63]. The choroid plexus epithelium 
establishes the brain-CSF barrier (BCSFB). Data 
suggests that lymphocytes enter the CSF across 
the BCSFB during normal immunosurveillance 
to monitor the subarachnoid space. They retain 
the capacity to initiate a local immune reaction if 
needed or return to secondary lymphoid organs, 
via CCR7 and L-selectin [63]. Ventricular and 
lumbar CSF from healthy patients is uniformly 
composed of CD4+ central memory T cells [64]. 
What guides autoreactive leukocytes (lympho-
cytes, macrophages, monocytes, eosinophils, 
neutrophils) into the CNS in neuroimmune 
inflammation disorders is still unclear. Whether 
antigen presentation takes place in the cervical or 
lumbar lymph nodes, as both are specific lym-
phatic drainage sites for CNS solutes (molecular 
mimicry) and antigens (neuro-specific antigens) 
[65], is not yet clarified. There are chemokine 
gradients between brain parenchyma and circula-
tion that could be initiated by a viral or bacterial 
infection that would then trigger TLRs in innate 
immune cells of the brain (microglia and astro-
cytes) [66]. Could prolonged inflammation and/
or specific BBB transmigration thru postcapillary 
venules give way to ectopic germinal center for-
mation and amplification of the disease process? 
Understanding the mechanisms of leukocyte traf-
ficking into the brain might provide insight into 
how to modulate pathologic immune responses 
with specific therapeutic targets.

Leukocyte transmigration is governed by che-
moattractant cytokines, chemokines, and adhe-
sion molecules and is a multistep well-orchestrated 
response to injury and inflammation (Fig. 2.6). It 
requires specific adhesion molecules (AMs), 
selectins, to make transient contact with the 
endothelium cells. Autoreactive leukocytes 
loosely tether and roll along the endothelial cells 
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due to the low-affinity binding of selectins and 
associated ligands (Fig. 2.6a) [60, 61]. There are 
three types of selectins: L-selectin is expressed 
on most circulating leukocytes, while P- and 
E-selectin expressions are inducible on endothe-
lial cells involved in acute and chronic inflamma-
tory processes. The shear forces of the blood flow 
continue the autoreactive leukocyte in a rolling 
motion, while it senses activating factors on the 
endothelial surface [60, 61]. Luminal chemo-
kines are immobilized on endothelial surfaces to 
trigger activation of integrins from circulating 
leukocytes (Fig. 2.6a) [61].

Once the rolling leukocyte slows in velocity, it 
reacts to chemokines on the endothelial surface 
via G-protein-coupled receptor, resulting in acti-
vation and conformational changes of integrins 
on the leukocyte surface (Fig. 2.6b). Integrins are 
a large family of αβ heterodimeric transmem-
brane proteins that provide a physical linkage, 
mediating cell-cell and cell-extracellular matrix 
interactions, and help to regulate cell behavior 
through discrete regulatory cues [15]. Upregulated 
integrins on the autoaggressive leukocytes 
include P-selectin glycoprotein ligand-1 (PSGP- 
1) and very late antigen-4 (VLA-4)/α-4 integrin 

Fig. 2.6 Blood-brain barrier transmigration. Multistep 
recruitment of leukocytes across the blood and CSF barri-
ers in the inflamed brain. (a) Rolling: Autoreactive leuko-
cytes loosely tether and roll along the endothelial cells due 
to the binding of selectins and associated ligands. The 
shear forces of the blood flow continue the autoreactive 
leukocyte in a rolling motion while sensing activating fac-
tors. (b) Activation: Once the rolling leukocyte slows in 
velocity, it reacts to chemokines on the endothelial surface 
via G-protein-coupled receptor, resulting in activation and 
conformational changes of integrins on the leukocyte sur-
face. (c) Adhesion: Activation leads to an increased affin-
ity and avidity for endothelial ligands and arrest of the 
leukocyte rolling motion. Only activated leukocytes are 

able to mediate firm adhesion. (d) Locomotion: Arrested 
leukocytes move across the endothelial surface until the 
tight junctions of the endothelium, interendothelial junc-
tions, are identified. (e) Protrusion: Activated leukocytes 
extend protrusions through the tight junctions sensing 
chemokines that serve as guides. (f) Transmigration: 
Diapedesis of leukocytes through the endothelial barrier 
between the endothelial basement membrane and the 
basement membrane of the glia limitans within the peri-
vascular space. Matrix metalloproteinases (MMPs) facili-
tate the leukocytes migrating both basement membranes 
and the glia limitans, providing entry into the parenchyma. 
(Reprinted with permission from William Scavone)
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(α4β7). G-protein-dependent activation leads to 
secure lymphocyte fixation, due to increased 
affinity and avidity of integrins for endothelial 
ligands vascular cell adhesion molecule-1 
(VCAM-1) and intracellular adhesion molecule-1 
(ICAM-1) (Fig. 2.6c). Newly identified adhesion 
molecules, junctional adhesion molecule-A 
(JAM-A) and platelet-endothelial cell adhesion 
molecule-1 (PECAM-1), are involved in the per-
meability and transmigration of the BBB [60]. 
They may be future therapeutic targets.

Only activated leukocytes mediate firm adhe-
sion and arrest of rolling. They then travel across 
endothelial surfaces until they identify interendo-
thelial tight junctions (Fig. 2.6d) [67]. Activated 
leukocytes extend protrusions through the tight 
junctions in response to chemokines (Fig. 2.6e) 
[61]. Chemokines are a large family of low- 
molecular- weight chemotactic cytokines that 
direct cells to specific sites of inflammation or 
injury and play an important role in leukocyte 
homing [68]. Chemokines secreted by lymph 
node cells attract B cells to germinal centers, 
DCs and T cells to T cell areas. The chemokine 
family is comprised of approximately 50 mole-
cules and 20 receptors [68, 69]. The chemokine 
ligand superfamily is divided into subgroups, the 
largest being CC chemokines (28 members), 
CXC chemokines (16 members), and CX3C che-
mokines (1 member) [68, 70]. Subgroup mem-
bers are functionally related and signal to 
corresponding families of chemokine G-protein- 
coupled receptors (GPCRs). Most of the recep-
tors bind several different chemokines, and many 
chemokines bind different receptors. Chemokine 
receptors are localized to various cell types, 
direct adaptive immune responses, and contribute 
to the pathogenesis of many diseases. In the CNS, 
specific chemokine receptors have been detected 
on microglia, astrocytes, oligodendrocytes, neu-
rons, and brain microvasculature [68]. 
Chemokines are implicated in many autoimmune 
disorders as they regulate a multitude of effector 
cells by governing their departure from the 
bloodstream into tissues, their migration through 
lesions, and their effector functions. Assigning 
roles to individual receptors is critical to the iden-
tification of relevant therapeutic targets.

Transmigration (diapedesis) occurs as leuko-
cytes extravagate thru the endothelial barrier, 
between the endothelial basement membrane and 
the basement membrane of the glia limitans 
within the perivascular space (Fig.  2.6f). 
Activated cells (including monocytes, macro-
phages, T lymphocytes, neutrophils, endothelial 
cells, microglia, astrocytes, oligodendrocytes) 
secrete matrix metalloproteinases (MMPs). 
MMPs are enzymes that digest various collagen 
components of the extracellular matrix and base-
ment membrane [71]. Tissue inhibitor of metal-
loproteinases (TIMP) controls the activity of 
MMPs. MMPs in coordination with TIMP facili-
tate the final step of leukocytes migrating the 
basement membrane and glia limitans, providing 
entry into the parenchyma [61]. There are many 
immunological targets to halt leukocyte traffick-
ing into the parenchyma including, but not lim-
ited to, G-protein-coupled receptor, adhesion 
molecules, chemokines, and MMP/TIMP.

 S1P1

A newer therapeutic paradigm to affect leukocyte 
transmigration involves blocking leukocyte lym-
phoid and thymic egress, thru sphingosine 1-phos-
phate (S1P). S1P is an important signaling molecule 
produced inside cells by sphingosine kinase-driven 
phosphorylation [72]. Once the S1P cells are trans-
ported and externalized into blood and interstitial 
fluids, they actively engage with associated 
G-PCRs, regulated by cellular activation, on a mul-
titude of cells. Both sphingolipid metabolites, S1P 
and ceramide, have been identified as critical regu-
lators of cell survival and death [73]. S1P is associ-
ated with decreased apoptosis, while ceramide 
conversely is associated with pro-apoptosis. Not 
only do these two sphingolipid metabolites exert 
opposing roles, but they are also interconvertible. 
This suggests the dynamic ratio between S1P and 
ceramide is responsible for cell fate [74], and ulti-
mately health or disease, in a wide distribution of 
systems. S1P receptors 1–5 are ubiquitously 
expressed, but show differential cell association 
and physiological action [72]. In the context of 
neurological autoimmunity, S1P1 normally trans-
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duces S1P effects on lymph node (LN) egress and 
tissue migration of naive lymphocytes, S1P4 has 
been detected primarily in the immune compart-
ments and leukocytes [75], and it has been postu-
lated that S1P4 may participate in cytokine 
production by T lymphocytes [76]; S1P5 is 
expressed primarily in the CNS white matter tracts, 
specifically in the oligodendrocytes [77]. S1P1 
receptor regulates the mobilization of NKT cells to 
inflammation within the periphery [78]. S1P1 ago-
nist prevents lymphocyte egress from secondary 
lymphoid tissues, resulting in a reduction of periph-
eral lymphocytes and therefore limiting potential 
recirculation into the CNS. Small molecules pro-
ligand (agonists) and modulators  for sphingosine 

1-phosphate receptor (S1P), S1P receptor agonists 
and  modulators,  are  approved or being devel-
oped for the treatment of MS. The T1IFNb protein, 
CD69, also impairs the function of S1P1 in a simi-
lar function [79]. S1P is a clear therapeutic target 
for many serious medical conditions such as can-
cer, inflammation, and immune-mediated disorders 
such as MS.

 Dendritic Cells

DCs are bone marrow-derived cells (HPCs) 
(Fig.  2.7), found in epithelia and most organs, 
morphologically characterized by thin membra-

Fig. 2.7 Dendritic cell lineage and subtypes. Two main 
pathways of dendritic cells (DCs) originate from bone 
marrow hematopoietic progenitor cells (HPCs), into 
myeloid DC (mDCs) and plasmacytoid DC (pDCs). 
Resident DC is mature and found in the secondary lym-
phoid tissues. Follicular DC (fDC) is unique and found 
within the germinal centers of lymph nodes with the pri-
mary role of presenting antigen to B cells, not T cells. 

pDC exists in the blood/circulatory compartment. mDCs 
exist in the peripheral tissues, blood, and secondary lym-
phoid compartments. Within the peripheral tissues, there 
are two additional subtypes: interstitial DC (intDC), 
located within the dermis and responsible for humoral 
immunity, and Langerhans DC (LC), located within the 
epidermis and responsible for cell-mediated immunity. 
(Reprinted with permission from William Scavone)
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nous projections, dendrites. DCs are specialized to 
capture and process antigens, to present their pep-
tides to lymphocyte. They are found in all periph-
eral tissues, blood/circulatory system, and 
lymphoid organs [4, 80]. DCs play a pivotal role in 
orchestrating the immune response. The activation 
status and cytokine secretion profile of DCs con-
trol both activation and tolerization of immune 
responses against self and nonself antigens. They 
function as “professional” APCs for naïve T lym-
phocytes and are important for the initiation of 
the adaptive immune response to protein antigens 
[15]. Integral to specific autoimmune diseases is 
an imbalance in the production of a particular 
cytokine (i.e., rheumatoid arthritis, TNFα; sys-
temic lupus erythematosus (SLE), T1IFN; MS, 
IL-12/23, IL-17) that are dependent upon DC 
interactions. In MS, it is well known that the cyto-
kine profiles of CD4+ T lymphocytes are dictated 
by the ability of APCs (such as DCs) to secrete 
either IL-12/IL-23, for a Th1 response, or the com-
bination of TGFβ and IL-6, for a Th17 response. In 
addition, DCs secreting IL-10 have been shown to 
induce IL-10-producing Tregs [81, 82]. The 
immune system is a dynamic system of cytokine 
vectors. Equilibrium maintains health and protec-
tive immunity, while a predominant skewing leads 
to autoimmunity and immunopathology. DC mat-
uration and subsets play a critical role in stimulat-
ing immune responses as well as maintaining 
tolerance. This understanding has led to the poten-
tial of DCs as a distinct therapeutic target for vari-
ous inflammatory and autoimmune diseases [4].

 Dendritic Cell Subtype 
and Maturation

The maturation and subtypes of DCs are presum-
ably a response to the encountered pathogen and 
the cytokine milieu, either in the peripheral lymph 
nodes via the lymph or in the spleen via the circu-
latory system. Nonactivated immature DCs are 
thought to continuously present self- antigens to 
autoreactive T cells in the absence of co-stimula-
tion. This induces anergy or deletion of poten-
tially harmful T cells (Fig. 2.8) [83]. If a microbe 
breaches the epithelium to enter connective tissue 

and parenchymal organs, it can be captured by an 
immature DC that reside in these tissues and be 
transported to the peripheral lymph nodes for 
antigen presentation to T lymphocytes. Recent 
studies indicate that soluble antigens directly dif-
fuse into draining LNs via lymphatics and con-
duits, thereby reaching the resident DCs [84]. 
Despite their proficiency as APCs, during this 
process of migration into the lymph nodes, the 
activated DCs can undergo semi-maturation into 
tolerogenic DCs. Semi-mature DCs, in a steady-
state, have demonstrated tolerogenic functions by 
skewing TH1/TH2 balance as well as generating 
and interacting with regulatory T lymphocytes 
(CD4+CD25+FOXP3), to suppress autoimmu-
nity (Fig. 2.8) [85]. DCs become activated follow-
ing the capture of antigens, triggering of toll-like 
receptors (TLRs) and the innate pro-inflammatory 
cytokine production. Activated DCs lose adhe-
siveness for epithelial tissue, but express surface 

Fig. 2.8 DC maturation. DCs are referred to as immature 
prior to binding and endocytosing antigen, as they are 
inactive and inefficient at stimulating T lymphocytes. 
Semi-mature DCs have demonstrated tolerogenic func-
tions by skewing TH1/TH2 balance (producing IL-10 and 
TGFβ) as well as generating and interacting with regula-
tory T lymphocytes (CD4+CD25+FOXP3), to suppress 
autoimmunity. Mature DCs are immunogenic once anti-
gens are encountered, endocytosed, and presented to T 
lymphocytes in an inflammatory microenvironment, 
resulting in effector functions (production of IFN-γ and 
IL-2). (Reprinted with permission from William Scavone)
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receptors for homing chemokines that direct the 
DCs into the lymph and peripheral lymph nodes. 
Antigen presentation of both MHC I and II, as 
well as expression of co-stimulatory molecules 
(CD80/CD86), and pro-inflammatory cytokines 
efficiently activate T lymphocyte effector func-
tions and cytokine production of TNFα and IL-2 
(Fig.  2.8) [86]. Traditionally, DCs have been 
referred to as mobile sentinels due to their 
capacity to capture antigen, migrate to LNs, and 
present to and activate lymphocytes. However, 
recent research has uncovered that DCs have the 
ability to minimize autoimmunity. Once these 
processes are better understood, they may be used 
to induce tolerance in autoimmune diseases.

 Cytokines

Cytokines represent critical mediators of the 
autoimmune process. They are generally small 
molecular weight soluble proteins that are 
secreted and responsible for communication 
between leukocytes and between leukocytes and 
other cells. They bind to their cognate receptors 
to induce a signaling cascade [5]. Cytokines 
function in both an autocrine and paracrine man-
ner to induce a number of cellular responses. 
There are currently 35 interleukins (ILs) that 
have been cloned and characterized, tumor necro-
sis factor (TNF), chemokines, interferon-γ (IFN- 
γ), and type 1 interferons α/β (T1IFNs). Many of 
the cytokines were found to be members of a 
family based on sequence similarity, sharing of 
subunits, sharing of receptors, or having cognate 
receptors that share subunits. For example, IL-2 
is an important T cell cytokine produced at high 
levels by naive CD4 T cells following antigen 
recognition. It serves as a growth and survival 
factor for T cells. IL-2 binds to its receptor, called 
the IL-2 receptor (IL-2R), which can consist of 
up to three chains: α, β, and с. The combination 
of receptor components determines the affinity of 
IL-2 to its receptor. On naive T cells, the α-chain, 
also known as CD25, is rapidly upregulated fol-
lowing antigen recognition and in combination 
with the β and с chains forms a high-affinity 

receptor. The c chain, also called the IL-2R com-
mon c chain, is also a component of the IL-4, 
IL-7, and IL-15 receptors [5]. Monoclonal anti-
bodies to cytokine receptors are being developed 
in order to suppress cytokine binding and prolif-
eration of the cytokine production, leading to 
specific autoimmunity (i.e., daclizumab, anti-
 CD25 (IL-2R)). There are a number of cytokine 
families that influence T cell biology and could 
be targeted in autoimmune disorders.

Endogenous T1IFN is a naturally occurring 
regulatory cytokine that is ubiquitously 
expressed except on red blood cells. Interferon 
(IFN) is pivotal for bridging the innate and 
adaptive immune response, as it is produced in 
response to viral stimuli by innate cells (T1IFN 
and IFN-γ) as well as T lymphocytes (IFN-γ) 
[15]. The key cell type that produces T1IFN is 
plasmacytoid dendritic cells (pDCs) [82]. pDCs 
are induced by toll-like receptors (TLR) on 
APCs. The pleiotropic effects of IFN include 
potent antiviral activity, antiproliferation, and 
immunomodulatory activities on the immune 
system [87]. T1IFN can stimulate the transcrip-
tion of many genes primarily through the Janus 
kinase (JAK)-STAT pathway. In addition to 
gene induction, T1IFN can also inhibit the tran-
scription of selected genes, although less is 
known about the mechanisms underlying IFN-
b- mediated negative gene regulation [88]. Cells 
targeted by T1IFNs include, but are not limited 
to, DCs, lymphocytes, macrophages, astrocytes, 
and neurons. Type I IFNs are differentially 
involved with a number of autoimmune disor-
ders [87] and therefore intriguing therapeutic 
targets.

 Stem Cells

Stem cells have varying potential as therapeutic 
targets for neurologic autoimmune disorders. 
While highly controversial, embryonic stem cells 
are considered truly pluripotent and most versa-
tile for regenerative medicine; adult stem cells 
also hold therapeutic potential. They are multipo-
tent and far less controversial. Stem cells have 
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common attributes that enable their self-renewal, 
survival, and maintenance of genomic integrity 
[89]. All tissues appear to have stem cells, and 
within each tissue type stem cells are located in a 
specialized vascular microenvironment called a 
“niche.” Critical to the maintenance of the stem 
cell niche are microenvironmental cues and cell- 
cell interactions (cell adhesion molecules and 
integrins) that balance stem cell quiescence with 
proliferation, specification, and differentiation of 
progenitor cells [89, 90]. The microenvironment, 
a common theme in the homeostasis of immunity 
and health, plays a key role in the therapeutic 
potential of adult stem cells, whether endogenous 
or exogenous/transplanted.

Adult bone marrow contains at least three 
stem cell populations: hematopoietic stem cells 
(HSCs), mesenchymal stem/stromal cells 
(MSCs), and endothelial progenitor cells (EPCs) 
[89]. HSCs are rare among bone marrow cells, 
with a frequency of perhaps 1 in 10,000 or more 
[89]. Identification of HSCs is based upon the 
cell surface marker CD34+. Transdifferentiation/
cell fusion [91, 92] is but one of many poten-
tially therapeutic properties of adult stem cells 
and possibly one of the most important [93, 94]. 
Other potential mechanisms include but are not 
limited to dedifferentiation, transdetermination, 
true pluripotent stem cell behavior, and produc-
tion of trophic factors [91]. The rationale behind 
autologous hematopoietic stem cell transplanta-
tion (HSCT) for MS, for example, is to induce 
new and self-tolerant lymphocytes (resetting the 
immune system) following chemotherapy- 
induced elimination of self-reactive lympho-
cytes [95]. Similar to malignancy response to 
HSCT, autoimmune diseases that respond to 
immunosuppressive therapy tend to respond to 
immunosuppressive conditioning followed by 
autologous HSCT rescue. Relapsing-remitting 
MS is an example of an inflammatory, immune 
responsive disease where an autologous HSCT 
study showed positive results in the form of 
100% progression- free survival after a mean 
follow-up of 3 years (as defined by “no deterio-
ration in their Expanded Disability Status 
Scale”) [95]. In contrast, traditional immune 

nonresponsive diseases such as primary pro-
gressive MS and late secondary progressive MS 
show little to no improvement following autolo-
gous HSCT [96]. Current research is ongoing to 
review the risk-benefit of autologous HSCT as 
well as the optimal conditioning regime (com-
plete/partial/non-myeloablation) prior to autol-
ogous HSCT [95–98].

MSCs have been studied in animal models 
and, following acute neurologic injury, migrate 
to the damaged brain [99]. MSCs can proliferate 
extensively in  vitro and differentiate under 
appropriate conditions into bone, cartilage, and 
other mesenchymal tissues, as well as multiple 
other cells including neuroectodermal cells [99–
101]. These results, albeit in animal models, 
suggest that human MSCs could provide an 
ideal cell source for repair of injured organs 
including the CNS. Studies with human MSCs 
have identified comprehensive immunomodu-
lating properties [93]. Modulation of host 
immune responses due to low immunogenic 
properties [102, 103] and the ability to secrete 
neurotrophins provides a microenvironment that 
induces neuronal cell survival and regeneration. 
Transplantation of MSCs, similar to HSCT, pro-
vide the most benefit in acute neurological 
injury and/or early inflammatory stages of dis-
ease. MSCs are rare and decline with age, so 
that alternative sources of MSCs may be inte-
gral for allogeneic therapeutic application in the 
future, particularly MSCs isolated from human 
umbilical cord blood [104].

CNS stem cells have tri-lineage potential, 
capable of generating neurons, oligodendro-
cytes, and astrocytes. During CNS development 
the neuroepithelial cells in the embryonic ven-
tricular layer generate most of the neurons and 
glia (astrocytes and oligodendrocytes). A con-
sensus view is that astrocytes are the main stem 
cell population, with small numbers of neural 
stem cells (NSCs) in other regions [89]. The 
niche for these NSCs has been identified as the 
subventricular zone (SVZ) lining the lateral ven-
tricles and the subgranular zone (SGZ) of the 
dentate gyrus of the hippocampus [105]. The 
neural stem cell niches define zones where stem 
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cells are retained after embryonic development 
for the production of new cells of the nervous 
system. This continual supply of new neurons 
and glia then provides the postnatal and adult 
brain with an added capacity for cellular plastic-
ity, neurogenesis, and gliogenesis that is 
restricted to the SVZ and SGZ within the brain 
[90]. In EAE, prolonged inflammation exten-
sively alters the proliferative and migration of 
endogenous NSCs in vivo [106]. In animal mod-
els research has demonstrated that transplanted 
NSCs migrate specifically to the injured CNS 
under the guidance of immune responsive cells, 
potentially directing targeted migration of stem 
cells toward the sites of inflammation/disease 
[107, 108]. Therapeutics aimed at facilitating 
endogenous or exogenous reparative processes 
will need to realize the timing of therapeutic 
potential, as it relates to stage and duration of 
disease process.

Remyelination represents one of the most 
compelling examples of adult multipotent pro-
genitor cells contributing to the endogenous 
regeneration of the injured CNS [109]. This pro-
cess has been noted to occur in the clinical disease 
MS [110], and the experimental disease EAE, 
revealing the impressive ability of the adult CNS 
to repair itself. The inconsistency of remyelin-
ation in MS, with loss of axonal integrity, makes 
enhancement of remyelination an important ther-
apeutic objective. There is tremendous research in 
this area, looking to expand upon ways in which 
to improve specification, differentiation, translo-
cation/mobilization, and function of endogenous 
NSCs and/or transplanted adult stem cells. The 
goal is to repair the degenerated or injured neuro-
nal pathways [111, 112]. Autologous stem cell 
transplantation (HSC, MSC, NSC) may provide 
greater potential than just cell replacement. The 
concept of “therapeutic plasticity” refers to the 
capacity of stem cells to produce neuroprotection 
and immunomodulation in response to specific 
microenvironmental needs of different pathologi-
cal conditions [108]. Pharmacological and cell-
based restorative immunotherapies will need to 
demonstrate remodeling and enhancement of neu-
rological function while providing an acceptable 
risk- benefit ratio.

 The Gut Microbiome in Multiple 
Sclerosis

Among the environmental factors that have been 
associated with elevated risk for multiple sclero-
sis, the gut microbiome is perhaps the most sig-
nificant. Although our understanding of the 
microbial world has been traditionally driven by 
the study of pathogenic microbes, most are non-
pathogenic. We are surrounded and colonized by 
a complex community of microbes that include 
bacteria, archaea, viruses, fungi, and other micro-
scopic eukaryotic cells. Collectively, the commu-
nity of microbes found at a given system is named 
the microbiota, while the interactive combination 
of microbiota with the host is termed microbi-
ome. Despite the direct and indirect negative 
impact of pathogenic microbes in health, we now 
understand that most microbes are symbionts 
with the host. While receiving nutrients and a 
physically defined space to survive, microbes 
reciprocally provide metabolic benefits to the 
host. New molecular, genetic, and animal experi-
mental tools provide a novel framework for the 
study of the interactions between the microbiome 
and the host, and the complex multifactorial 
interactions are now beginning to be understood. 
The most studied microbiome is the gut microbi-
ome of both mice and humans. Genetic, physical, 
and chemical factors shape the composition of 
the gut microbiome in healthy individuals, and as 
evidenced by the most recent findings, disease 
and disease-modifying therapies also affect such 
composition. In this section, we will highlight the 
most salient findings that suggest an interaction 
between the gut microbiome and animal models 
of multiple sclerosis and between the gut micro-
biome and the human disease.

 The Anatomy of the Gut Epithelium 
in the Context of Disease

Because of the elevated amounts of microbes and 
microbial antigens present, the mucosa- 
associated to the gastrointestinal (GI) tract con-
tains 80% of the host immune cells comprising 
the largest concentration of immune cells in the 
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body [113]. Despite its function absorbing nutri-
ents and reabsorbing water sequentially, the gut 
epithelium establishes an effective barrier against 
microbes serving as a physical and chemical sep-
aration between the lumen of the gut and the 
internal tissues, by the effects of the mucus pro-
duced by goblet cells and antimicrobial peptides 
produced by Paneth cells residing within the 
crypts of the small and large intestine (although 
much reduced in numbers in the large intestine).

As mentioned before because of the elevated 
numbers of microbes and derived antigens and 
metabolites, the immune system is explicitly 
present in the gut, forming the gut-associated 
lymphoid tissues (GALT). The proposed function 
for the GALT is the constant surveillance for 
pathogens and the maintenance of immune toler-
ance to beneficial members of the microbiome. 
As a combined secondary lymphoid tissues asso-
ciated with the gut mucosa, the GALT is com-
posed of diffuse lymphoid follicles, more 
organized Peyer’s patches, and lymphatics that 
drain into structurally defined mesenteric lymph 
nodes (MLN) through afferent lymphatic vessels. 
Antigen-presenting cells that sample the gut as 
well as soluble antigens traffic through the MLN 
on a CCL21- and CCR7-dependent mechanism 
where they encounter naïve T cells that entered 
the lymph nodes through the high endothelial 
venules from circulation. Within the lymph nodes 
T cell activation, clonal expansion, and differen-
tiation occur. Differentiation into specialized 
effectors is necessary for generating specific 
responses against microbes. Peripheral tolerance 
also occurs within the GALT, by the direct effects 
of regulatory T cells (Tregs) or by anergy.

 The GALT as a Regulator of Immune 
Function

T helper (Th) cells such as Th1, Th2, and Th17 
help mobilizing and recruit innate immune cells 
against microbes. However, in the gut, there is a 
very pressing need of activating active and pas-
sive mechanisms of peripheral tolerance in order 
to control inflammatory responses against non-
pathogenic and potentially beneficial microbes. 

Immune cells will render nonresponsive in the 
absence of appropriate co-stimulation or be con-
trolled by Tregs. Some gut symbionts, such as 
Bacteroides fragilis, promote immunotolerance 
by directing the production of interleukin-10 
(IL-10)-producing Tregs in the GALT through 
the recognition of dendritic cells of polysaccha-
ride A (PSA) [114] described later in further 
detail. Anergy is another mechanism of periph-
eral tolerance characterized by the lack of an 
immunological response to antigen. Although the 
mechanism remains to be elucidated, gut symbi-
onts could promote incomplete activation of T 
cells with no co-stimulatory signal that would 
result in nonresponsive T cells [115].

Due to the importance of the gut microbiome 
shaping immune responses, many labs across the 
world have focused their efforts on understand-
ing the association between the microbiome and 
diseases, with particular emphasis on autoim-
mune diseases hypothesized to be linked to 
immune functional deficiencies. Furthermore, 
the gut microbiome composition is affected by 
factors including host genetics, geographical 
location, diet, lifestyle choices, prescribed phar-
maceuticals, mode of delivery during birth, anti-
biotic exposure, and others that have been 
previously proposed to impact the risk for dis-
eases. Specifically, the concept of dysbiosis pro-
poses that factors that unbalance the composition 
of the gut microbiome result in changes in 
immune function that can lead to disease. The 
paradigm that an unbalanced gut microbiome 
could shift a homeostatic immune system toward 
a pro-inflammatory state could exacerbate func-
tional dysfunction associated with the peripheral 
tolerance in MS patients. Furthermore, the dis-
ruption of the integrity of the intestinal barrier 
promotes endotoxin and bacterial translocation 
that exacerbates systemic inflammation [116], 
which in turn could impact significantly CNS 
immunity and the integrity of the blood-brain 
barrier [117].

In MS, Tregs are defective in their ability to 
control the proliferation of pro-inflammatory, 
autoreactive, T cells [118, 119]. Since demyelin-
ation could be potentiated by the effects of Th17 
cells by the secretion of pro-inflammatory media-
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tors that recruit pathogenic cells, and both Treg 
and Th17 cell balances are impacted by the com-
position of the gut microbiome, recent efforts 
have put special emphasis on dysbiosis in the 
context of MS.

 The Gut Microbiome of Multiple 
Sclerosis Patients

The first studies designed to evaluate the poten-
tial association between the gut microbiome and 
CNS inflammatory demyelination that character-
izes MS used the murine experimental autoim-
mune encephalomyelitis (EAE); most used 
animal model to study MS. First, we reported a 
number of years ago that the oral administration 
of a mixture of broad-spectrum antibiotics 
reduced the severity of EAE in mice, by reshap-
ing the balance between pro-inflammatory and 
Tregs [120] and by impacting the function of gut- 
derived natural killer T (NKT) cells [121]. 
Antibiotics have also been shown to impact the 
severity of other models of autoimmunity such as 
experimental autoimmune uveitis [122]. In this 
later study, the treatment with antibiotics signifi-
cantly increased the expression of Tregs and 
reduced IL-17-producing Th17 cells [122], simi-
lar to the studies performed in EAE mice [120].

The impact of the gut microbiome regulating 
the severity of EAE was later confirmed in stud-
ies using germ-free (GF) mice, wherein mice that 
are born and raised under strict sterile conditions 
are unable to mount an inflammatory CNS demy-
elinating condition. It was previously shown that 
GF mice show reduced frequencies of gut-derived 
Th17 cells [123] that impacts their susceptibility 
to a variety of experimental autoimmune diseases 
such as diabetes [124], inflammatory bowel dis-
ease (IBD) [125], RA [126], and EAE [127, 128] 
when compared with conventional housed ani-
mals. In EAE and some other experimental con-
ditions, GF mice exposed to the monocolonization 
with segmented filamentous bacterium (SFB), a 
known inducer of Th17 cells in the GALT, 
restored susceptibility to disease, consistent with 
what has been observed in conventionally housed 
mice [126, 128].

In MS patients, significant modifications of 
specific microbial taxa have been observed [129–
131]. Although overall the broad composition of 
the microbiome remains unaffected in MS 
patients when compared to healthy individuals, a 
more profound view of a multitude of microbial 
taxonomical units shows patterns associated with 
specific changes that could lead to dysbiosis. 
Moreover, recent evidence suggests a functional 
impact of the gut microbiome those with 
MS. Two recent works demonstrate that the fecal 
transplantation of dysbiotic MS gut microbiome 
into GF mice restores the susceptibility of these 
mice to EAE [132, 133].

Causality as to whether the microbiome 
changes are responsible for the disease state or 
conversely the consequence of disease remains to 
be elucidated [134]. Effects of immunomodula-
tory therapeutics that target immune cells associ-
ated with the immunopathology of MS on the gut 
microbiome have been demonstrated. 
Furthermore, EAE studies in nonobese diabetic 
mice have shown that active induction of disease 
promotes significant changes on the microbiome 
that are most apparent at early stages of the dis-
ease [135]. Remarkably, the early treatment of 
EAE mice with antibiotics reduced the severity 
of the disease while later treatments did not affect 
the progression of disease.

The increase in the understanding of the inter-
actions between the microbiome and disease 
offers alternative venues for the development of 
newer therapeutics. While microbes of the oral 
microbiome such as Porphyromonas gingivalis 
exacerbates EAE [136, 137], other components 
of the microbiome or even microbial products 
show promising immunomodulatory effects that 
result in reduced severity in experimental models 
of disease. Bifidobacterium animalis reduces rat- 
induced EAE [138] and Lactobacillus spp. are 
protective against EAE in mice in a mechanism 
dependent on the induction of IL-10-producing 
Tregs [139]. A similar mechanism of action has 
been proposed for the protective effects of 
Prevotella histicola, a common member of the 
human gut microbiome that reduces Th1 and 
Th17 cell function by promoting tolerance [140]. 
Another member of the human gut microbiome, 
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Bacteroides fragilis, expresses eight capsular 
polysaccharides, one of which, the zwitterion 
polysaccharide A (PSA), promotes protection 
against different autoimmune experimental mod-
els by IL-10-producing CD4+ T cells (both 
Foxp3 positive and negative) [141]. PSA is con-
sidered a symbiotic factor since its production 
facilitates the survival of the microbe in the gut 
and also promotes the induction of population 
regulatory CD4+ T cells, including Tregs [141, 
142], Foxp3-negative CD4+ T cells [143], and 
CD39+ T cells that may or may not express 
Foxp3 [144, 145] that suppress the pro- 
inflammatory cell populations. In the context of 
EAE PSA is protective [142, 144, 145]. 
Furthermore, PSA is capable of promoting a reg-
ulatory phenotype in human peripheral blood 
mononuclear cells (PBMCs) isolated from both 
healthy individuals [146] and MS patients [147]. 
The regulatory function of the human regulatory 
T cells promoted by PSA is associated with an 
enhanced IL-10 production that has been shown 
to suppress TNF-α production by monocytes 
stimulated with LPS in  vitro [146]. The later 
studies demonstrate that gut microbiome-derived 
symbiont factors promote immunomodulatory 
responses in EAE mice and in samples isolated 
from MS patients, opening new possibilities in 
the search for novel therapeutics. Thus, the gut 
microbiome represents a unique and truly novel 
“treasure trove” of potential metabolites and anti-
gens that may serve as a profound basis for future 
therapeutic intervention in a wide range of human 
disease including autoimmunity and multiple 
sclerosis.

 Conclusion

Bench and clinical research focused on autoim-
munity have provided abundant details related to 
the pathogenesis of many neurological diseases 
and  a greater understanding of the current and 
novel treatment approaches to regulate the 
immune system. Much remains in question. The 
immune microenvironment drives cellular 
response. In order to re-establish immune homeo-
stasis and regain tolerance, it will require the con-

certed action of multiple cell types. If any one of 
the cell types is missing, peripheral tolerance will 
be avoided. The possibility of a single therapeutic 
agent, directed at a single target, resolving the 
complex interactions in disease pathogenesis 
may not be attainable. It may take multiple tar-
gets, treated simultaneously or serially, in order 
to restore the homeostatic balance needed for dis-
ease resolution. Restoration of the dysfunctional 
immune response will in all likelihood require 
careful dissection and manipulation rather than a 
sweeping ablative therapy that could be harmful. 
More bench and clinical research is needed to 
study other therapeutic targets such as allogeneic 
HSCT, antimetabolites, toll-like receptors, 
statins, vitamins D and A (retinoic acid), com-
mensal bacteria, continued genomic evaluation, 
and individualized treatments regimes.
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 Introduction

Although the precise etiology of multiple sclerosis 
(MS) remains unknown, three factors are involved 
(Table 3.1). The first is genetic vulnerability. Over 
230 risk/susceptibility genes, along with occa-
sional protection and disease severity genes, are 
being identified at an increasing pace. They are 
typically linked to immune/inflammatory rather 
than central nervous system (CNS) factors. Linked 
genes are not universal and can vary based on 
patient racial, ethnic, and geographic background. 
The second factor involves environmental expo-
sures, which probably occur at critical time points 
especially earlier in life. These include vitamin D 
deficiency, Epstein-Barr virus (EBV) infection, 
adolescent obesity, smoking, and ultraviolet light 
exposure. The final factor is the host immune sys-
tem, which damages the CNS.  MS is clearly an 
immune-mediated disease. It appears to be hetero-
geneous, however, with different pathways leading 
to disease expression [1]. Studies focused on 
pathology and immunology allow important 
insights into MS pathogenesis and pathophysiol-
ogy. This chapter will begin with a review of the 
neuropathology of MS and then cover current con-
cepts on major immunologic disease factors 

involved. Distinctions between relapsing and pro-
gressive MS will be highlighted.

 Pathology

Since there is no true animal model for MS, neu-
ropathologic studies are uniquely informative. 
Unfortunately biopsy and autopsy materials are 
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Table 3.1 Proposed etiologic factors in MS

Gene associations
  30–50% of MS risk is genetic
  20% of risk from gene associations (>230) from 

GWAS; largely increase susceptibility, especially 
HLA-DRB1∗1501

  Some decrease susceptibility/protect
  Rare reports of genes influencing disease severity
  5% of risk from low-frequency variants (NLRP8, 

PRKRA, HDAC7, PRF1)
Environmental factors/lifestyle
  Vitamin D deficiency
  Epstein-Barr virus (EBV) infection (infectious 

mononucleosis; high antibody levels to EBV nuclear 
antigen)

  Tobacco exposure
  Ultraviolet radiation exposure
  Gut microbiota
  Adolescent obesity
  Organic solvents
  Shift work
Immune system factors
  Acquired and innate immunity is involved
  CNS inflammation (both focal and diffuse), 

including leptomeningeal inflammation
  Changes in CNS components (BBB, glial cells, 

neurons, axoglial unit, ion channels, synapses)
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limited and subject to the criticism that they may 
not be representative of MS in general. 
Nevertheless, such studies have provided novel 
insights.

Abnormal pathology in MS is confined to the 
CNS.  There are two major pathological pro-
cesses. The first is focal inflammation leading to 
formation of macroscopic plaques, visualized 
initially as contrast-positive lesions on neuroim-
aging. This reflects major focal breach of the 
blood-brain barrier (BBB) and is a hallmark of 
relapsing MS. The second pathologic process is 
neurodegeneration, with microscopic injury to 
axons, neurons, synapses, and dendrites and sub-
sequent tissue volume loss. This is believed to be 
the neuropathologic substrate of progressive MS 
[2]. These two key pathologic processes, result-
ing in macroscopic and microscopic lesions, 
involve a spectrum of changes that can vary over 
time, as well as between patients (Table  3.2). 
Studies indicate progression is age dependent, 
which might support neurodegeneration as a 
truly independent process from focal inflamma-
tion [3]. In this setting, transition to progressive 
MS might reflect critical loss of CNS reserve.

 Macroscopic Injury

Multifocal lesions referred to as plaques occur in 
waves and can occur throughout the course of 

MS, but especially in the early years. They result 
from focal inflammation. About 80–85% of MS 
plaques are centered around small veins. They 
show sharp margins. Plaque pathology involves 
edema and inflammation early, variable degrees 
of myelin loss and axonal injury/loss, oligoden-
drocyte and neuronal loss including via pro-
grammed cell death (apoptosis), myelin pallor or 
vacuolization, normal or aberrant remyelination, 
microglial activation, and reactive astrocytosis. 
Programmed necrosis (necroptosis) has been sug-
gested as a neuronal cell death mechanism in MS 
via microglial activation [4, 5]. Early on there is 
infiltration of cells with marked BBB breakdown, 
identified by contrast enhancement on magnetic 
resonance imaging (MRI). This breakdown likely 
reflects direct effects of proinflammatory cyto-
kines and chemokines, as well as indirect WBC-
related injury [6]. This is followed by a local 
immune cascade, with proinflammatory cytokine 
and chemokine release, local cell activation, and 
injury to myelin, underlying axons, and oligoden-
drocytes. There is disruption of blood vessel 
walls, with deposition of perivascular serum albu-
min, fibrinogen, and immunoglobulins [7]. The 
edema and influx of serum components lead to 
nerve conduction block at nodes of Ranvier [8]. 
Over time inflammatory cells clear, leaving a per-
manent area of damage surrounded by an astro-
cytic scar. These macroscopic lesions are 
visualized on MRI as hyperintense foci on T2/
fluid-attenuated inversion recovery (FLAIR) 
sequences. When there is marked tissue matrix 
damage, they will also appear as chronic hypoin-
tense black holes on T1 sequences.

Plaques form in preferential areas, including 
corpus callosum, periventricular white matter, 
optic nerves, cortical gray matter, juxtacortical 
white matter, brain stem/cerebellum, and spinal 
cord. They always seem to be close to blood or 
cerebrospinal fluid (CSF), raising the issue of dif-
fusible humoral factors playing a role in their 
occurrence. White matter plaques are typically 
most apparent, but gray matter plaques and gray 
matter demyelination can be extensive. 
Neocortical lesions have been divided into leuko-
cortical (Type I), intracortical (Type II), or sub-
pial (Type III). Most cortical lesions are subpial 

Table 3.2 Pathologic changes in MS

Increased water content (edema), BBB injury
Endothelial cell injury
Inflammation (lymphocytes, monocytes/macrophages, 
dendritic cells)
Demyelination
Axonal injury and loss
Oligodendrocyte injury and loss
Neuronal injury and loss
  Dendrites, synapses affected
Microglial activation
Astrocytosis
Remyelination
Focal macroscopic plaques (typically centered around 
venules) in white matter and gray matter (cortex and 
deep nuclei)
Widespread microscopic injury
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[7]. Macroscopic injury, along with the micro-
scopic damage discussed below, leads over time 
to discernable atrophy of the brain and spinal 
cord. The corpus callosum thins, and the lateral 
ventricles expand. In 5–10% of patients, there is 
severe hydrocephalus ex vacuo [7].

 Microscopic Injury

MS CNS shows diffuse global injury. Much of 
the normal-appearing CNS, in between the mac-
roscopic plaques, is microscopically abnormal 
[9]. Changes include BBB disturbances, low- 
grade (CD8+ T cell) inflammation, gliosis, 
microglial activation, axonal injury, and damage 
to the nerve fiber layer of the retina [10]. This 
has been documented using imaging techniques 
such as magnetization transfer imaging, diffu-
sion tensor imaging, magnetic resonance spec-
troscopy, and optical coherence tomography and 
confirmed with careful pathologic studies. 
Inflammatory cuffs are often seen in normal-
appearing white matter. There is variable axonal 
injury, characterized by axonal spheroids and 
terminal swellings. Cellular and molecular 
changes point toward axonal transport distur-
bances, hypoxic injury, and loss of neurites and 
synapses [7]. Progressive MS patients in particu-
lar show both perivascular and parenchymal 
inflammatory infiltrates (see “Progressive MS” 
section). This microscopic injury is independent 
of macroscopic pathology.

 Plaque Pathology

Formation of the MS lesion goes through stages 
with distinct differences. In an autopsy study of 
very early MS, the pathologic changes that pre-
ceded myelin phagocytosis involved marked loss 
of oligodendrocytes, often by apoptosis; marked 
microglial activation; myelin pallor without 
myelin loss; and virtually no systemic inflamma-
tory cells [11]. The authors suggested these very 
early prephagocytic lesions, characterized by oli-
godendrocyte loss and microglial activation, pre-
ceded systemic inflammation. They interpreted 

this as most consistent with a primary in situ dis-
turbance at the level of the oligodendrocyte and/
or microglial cell, provoking a secondary sys-
temic inflammatory response. This supports an 
“inside-out” hypothesis for MS and has impor-
tant implications for the role of the systemic 
immune system in MS, which will be discussed 
later. More recent reports suggest abnormalities 
in astrocyte foot processes may also be a very 
early lesion feature [12].

The next stage in very early lesions is detec-
tion of macrophages ingesting myelin. Myelin 
phagocytosis represents an innate response of 
macrophages, and is not a CD4+ T cell-mediated 
process [13]. Normal tissue surrounding these 
active lesions shows microglial activation, except 
in very acute cases (when the duration is in days). 
Normal-appearing white matter also shows IgG- 
positive reactive astrocytes and occasional IgG- 
positive oligodendrocytes and axons. Very early 
lesions show CD 209+ dendritic cells in perivas-
cular spaces within and surrounding new lesions, 
consistent with their being a major antigen- 
presenting cell (APC) in MS. Proliferating mono-
cytes are present in the Virchow-Robin spaces 
and adjacent tissues in very early lesions.

CD4+ and CD8+ T cells are seen in perivascu-
lar spaces of parenchyma of recently demyelin-
ated tissue, along with B cells and plasma cells 
and occasional regenerating oligodendrocytes. 
This has been interpreted as the start of an adap-
tive/acquired immune response, as opposed to 
the innate response of the very early lesion.

The tissue bordering active expanding 
lesions shows early loss of oligodendrocytes 
accompanied by activated microglia, with little 
inflammatory infiltrate. There is subsequent 
accumulation of activated T cells, B cells, and 
IgG-positive plasma cells, with some oligoden-
drocyte regeneration.

Early active lesions are marked by heavy infil-
tration of macrophages that phagocytize myelin 
fragments. Active plaques are defined by the 
presence of partially demyelinated axons with 
myelin-filled macrophages [14]. Male and female 
MS patients show no inflammation differences in 
T cells, CD8+ T cells, and macrophages in early 
MS lesions [15].

3 Immunopathogenesis



48

The dominant cell in active plaques is the 
myelin-laden macrophage, which originates 
from microglia with participation of systemic 
infiltrating monocytes. They outnumber lympho-
cytes ten to one. With regard to T cells, clonally 
expanded CD8+ T cells markedly outnumber 
CD4+ T cells. B cells and plasma cells are lim-
ited. Immunoglobulin and complement products 
are found on the degenerating myelin sheaths, 
with variable loss of oligodendrocytes. This 
inflammatory infiltrate leads to upregulation of 
proinflammatory cytokines, such as interleu-
kin-1 (IL-1) and IL-2, tumor necrosis factor 
(TNF), and interferon γ (IFNγ), and activation of 
endothelial cells, which will express stress pro-
teins, MHC class II and adhesion molecules, and 
other factors.

Late chronic disease plaques show little 
inflammation and highly reactive microglia at 
their rim and can have some macrophages con-
taining myelin debris [7]. Burnt-out chronic inac-
tive plaques are marked by demyelination with 
little to no inflammation and are surrounded by 
an astrocytic scar.

 Autopsy Specimens

A 2009 study evaluated 67 MS autopsy brains 
compared to 28 control brains [16]. The MS 
cohort involved acute MS leading to death 
within 12 months (N = 9); relapsing MS (N = 5); 
secondary progressive MS (SPMS) (N  =  35); 
primary progressive MS (PPMS) (N  =  13); 
asymptomatic MS (N = 4); and benign relapsing 
MS (N = 1). A total of 1148 lesions were evalu-
ated: 378 were active, 222 were slowly expand-
ing (an inactive center, surrounded by a rim of 
activated microglia and some macrophages at 
the lesion margin), and 548 were inactive (a 
sharp lesion border without macrophages and 
no microglial activation). Detailed quantitative 
analysis was performed on a subset of 228 
lesions (85 active, 50 slowly expanding, 93 
inactive). In addition 139 normal-appearing 
white matter regions, 121 meninges, and 120 
control areas were also analyzed from the MS 
brains.

Several important observations were made. 
The most marked inflammation was found in 
acute and relapsing MS brains. T cells were most 
marked in active lesions (which were most com-
mon in the acute and relapsing MS brains), fol-
lowed by slowly expanding lesions (which were 
only found in progressive MS). Inactive lesions 
and normal-appearing white matter showed low 
T cell numbers. T cells were virtually absent 
from cortex, but markedly present in meninges. 
Most of the lesional T cells were CD8+ as 
opposed to CD4+ cells. B cells showed a similar 
distribution pattern but were tenfold fewer than T 
cells. They were predominantly found in perivas-
cular cuffs or meninges; very few were within 
parenchyma. Cortical lesions have shown limited 
inflammation at postmortem. They are often 
associated with leptomeningeal inflammation. 
They show loss of neurites, decreased synapses, 
and decreased neurons [7]. Macrophages (HLA- 
D+) were present in all active lesions, microglia 
were prominent in slowly expanding lesions, and 
a ramified microglia-like cell was present in inac-
tive lesions. Plasma cells were mainly found in 
perivascular and meningeal connective tissue 
rather than lesions, parenchyma, cortex, or 
normal- appearing white matter. They were most 
common in progressive MS.  Lymph node-like 
follicle structures were found only in 22% of the 
active progressive MS brains.

Acute axonal injury was most marked in 
active plaques, followed by slowly expanding 
lesions, inactive plaques, normal-appearing white 
matter, and cortex. Normal-appearing white mat-
ter from progressive MS showed greater axonal 
injury. Acute axonal injury correlated with 
inflammation in all MS subtypes, including pro-
gressive MS.

An intriguing observation was that in older 
MS brains (average age was 76 years), inflamma-
tion and axonal injury declined to levels consis-
tent with age-matched controls. All lesions 
seemed inactive, suggesting that perhaps the MS 
disease process burns out with age. However this 
concept has not been verified, and ongoing MS 
damage may be quite marked in elderly 
 individuals. In these brains, there was active 
remyelination with evidence of shadow plaques. 
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It could be speculated that clearance of activated 
microglia permitted resumption of remyelin-
ation. These patients could show concomitant 
vascular and Alzheimer pathology however.

The authors concluded that progressive MS 
was associated with inflammation, but did not 
show the degree of endothelial leakiness found in 
relapsing MS. There was differential cell distri-
bution. T cells were seen in large perivascular 
cuffs, as well as in brain parenchyma. In contrast, 
B cells and especially plasma cells accumulated 
in connective tissue spaces (perivascular spaces 
and meninges). Plasma cells accumulated later 
than T and B cells, but persisted long after T and 
B cells had cleared.

The pathologic data supported a role for mul-
tiple cells (CD8+ T cells, B cells, plasma cells, 
macrophages, monocytes, microglia) in MS, in 
addition to CD4+ T cells.

In another study of 16 MS brains and 8 con-
trols, focused on the cerebellar dentate nucleus, 
reduced numbers and density of synapses were 
found [17]. There was evidence for both a glia- 
mediated and direct neuronal damage process. In 
a third study of eight MS brains and eight con-
trols, widespread primary dendrite spine loss was 
found in MS cortex [18].

 Myelocortical MS

A recent study reported on 100 consecutive MS 
autopsies over a 14-year period [19]. Twelve 
showed a unique neuropathologic picture. There 
was no evidence for cerebral white matter 
myelin loss, despite very abnormal brain MRIs. 
Cerebral axons were diffusely swollen, with 
intact myelin. There were activated microglia, 
astrocytosis, and serum proteins observed in the 
cerebral regions. The authors referred to this 
newly recognized disease subtype as myelocor-
tical MS. There was the expected myelin loss in 
the subpial cortex and spinal cord. Compared to 
non-myelocortical MS, this subtype had the 
most profound loss of cortical neurons. Cortical 
neuron loss did not correlate with cortical demy-
elination, suggesting independent injury to 
myelin and neurons. Myelocortical MS patients 

had secondary progressive (SP) MS (67%), pri-
mary progressive (PP) MS (16.5%), and relaps-
ing MS (16.5%).

 Progressive MS

The neuropathology of progressive MS differs 
from relapsing MS. Progressive MS is believed 
to represent neurodegeneration, injury to axons, 
neurons, and synapses. Although both progres-
sive and relapsing MS contain focal inflamma-
tory demyelinating lesions, with variable axonal 
injury and loss, progressive MS as noted above 
has been associated with a compartmentalized 
low-grade diffuse inflammatory process behind a 
relative intact BBB, with slow expansion of white 
matter lesions, marked activated microglia, and 
extensive cortical demyelination. Most focal 
white matter lesions in progressive MS show 
slow expansion at the lesion edge or are inactive 
[20]. The slowly expanding lesions show no oli-
godendrocyte precursors, and no active remyelin-
ation. They appear to reflect mitochondrial injury 
and implicate an energy disturbance. The diffuse 
inflammation in progressive MS does not express 
apoptosis or proliferative markers. It is associ-
ated with marked neurodegeneration, with exten-
sive axonal injury and microscopic changes. 
Such a process could be driven by local antigen 
exposure or local cytokine production within the 
CNS microenvironment. There is diffuse injury 
to normal-appearing brain, along with marked 
gray matter demyelination within cerebral and 
cerebellar cortex. Fast axonal transport distur-
bances, resulting in neurodegeneration, correlate 
with inflammatory changes in T cells, B cells, 
and macrophages. Inflammatory lymphocytes 
predominate in perivascular cuffs. These T cells, 
B cells, and plasma cells are found largely in the 
meninges. Despite significant inflammation, pro-
gressive MS patients show little to no contrast- 
enhancing lesion activity. This has been 
interpreted as progressive MS showing inflam-
mation trapped behind a closed or repaired BBB.

In a recent study of the brain and spinal cord 
of 34 SPMS patients and 13 PPMS patients, the 
SPMS patients showed larger brain plaques and 
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greater demyelination and plaque inflammation, 
while PPMS showed greater remyelination with 
more remyelinated shadow plaques [21]. 
Incomplete remyelination in the spinal cord, but 
not in brain, correlated with greater disability.

Blood vessels in progressive patients may 
show thick perivascular infiltrates without leak-
iness [20]. Progressive patients can also show 
ectopic lymphoid follicle-like structures, 
resembling secondary lymphoid tissue, in con-
nective tissue compartments of the CNS.  In a 
subset of SPMS, these lymphoid follicles form 
within meninges where there is underlying 
inflammation and demyelination. They also 
form adjacent to large active subpial cortical 
lesions. The severity of meningeal inflamma-
tion and lymphoid follicles was said to corre-
late with extent of cortical lesion activity. 
However, in another study, cortical demyelin-
ation did not correlate with meningeal inflam-
mation [22]. The chronically inflamed brain in 
progressive MS could create a local microenvi-
ronment favoring retention of inflammatory 
cells. In short, the neuropathology supports dis-
tinct mechanisms involved in progressive vs. 
relapsing MS [23].

In a recent study from the Netherlands Brain 
Bank, progressive MS patients with a mean dis-
ease duration of 28.6  years showed marked 
inflammation: 57% of all lesions were active, 
and 78% were mixed active/inactive [24]. 
Progressive MS (vs. relapsing MS) showed 
higher lesion load (p = 0.001) and fewer remye-
linated lesions (p  =  0.03). They also showed 
higher proportion of mixed active/inactive 
lesions (p = 0.006).

 Lesion Heterogeneity

The MS Lesion Project originally proposed four 
patterns of acute MS plaques: demyelination 
with abundant macrophages, with or without 
immunoglobulin and complement deposition; 
oligodendrocyte apoptosis, with distal dying- 
back oligodendrogliopathy, and rare primary oli-
godendrocyte injury [25, 26]. It was suggested 
that those with immunoglobulin and complement 

responded to plasma exchange [27]. To date these 
patterns have not been confirmed definitively, 
and have not proven clinically useful.

 Remyelination

Remyelination occurs in about 70–75% of MS 
plaques and is associated with oligodendrocyte 
progenitor cell (OPC) recruitment. Chronic 
remyelinated lesions are referred to as shadow 
plaques. This myelin is thinner than normal [7]. 
Vessels often show wall dissection and fibrosis 
and enlarged perivascular spaces (pseudo- 
channels). In the other 25–30% of lesions, 
remyelination is absent, and oligodendrocyte 
numbers are limited, suggesting a failure to 
recruit OPCs [28]. Within a given macroscopic 
plaque, deeper sections can show signs of repair 
(remyelination, oligodendrocyte regeneration) 
even though the edges show continued destruc-
tive activity [29]. An important goal of current 
research efforts involves ways to enhance 
remyelination.

 Axon Pathology

Acute axon injury including transection occurs 
in early MS, within both active and chronic 
plaques, as well as normal-appearing brain tis-
sue and periplaque white matter [30–33]. Axon 
pathology correlates with degree of inflamma-
tion. Inflammatory intermediates reduce 
energy metabolism in demyelinated axons, 
perhaps by direct mitochondrial effects or by 
interfering with blood flow resulting in isch-
emia [8].

More specifically, CD8+ T cell inflammation 
has been associated with axonal injury [34]. 
Although there is a symbiotic relationship 
between myelin and axon, axon changes can 
occur independent of demyelination [34]. This is 
emphasized in the myelocortical MS previously 
discussed. In a study of MS spinal cord tissue, 
diffuse axonal loss correlated with density of 
both activated microglia and meningeal T cells 
[35]. In another recent study of brain tissue from 
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19 children with early MS, early axonal injury 
was much more extensive than in 12 adult MS 
samples [36].

With axon injury, there are sodium influx, 
activation of calcium-dependent proteases, 
upregulation of voltage-gated calcium channels, 
and destruction of the axon cytoskeleton. Small 
axons (<2.5 μm cross-sectional area) are prefer-
entially lost within MS spinal cord and optic 
nerve [37, 38] .

 Cortical/Gray Matter Pathology

Although MS has been described as a demyelin-
ating white matter disease, pathologic studies 
document marked gray matter involvement in 
deep nuclei as well as cortex. Thalamic neuro-
nal loss in MS is estimated at 30–35% [39]. As 
mentioned earlier, three types of cortical lesions 
are described. Type I lesions span the cortex and 
white matter, Type II are completely intracorti-
cal, and Type III extend from the pial surface 
into the cortex, generally to cortical layer 3 or 4, 
and cover several gyri [40]. Although not visual-
ized on conventional MRI, cortical lesions are 
common in MS.  They are hypocellular com-
pared to white matter plaques, and may not be 
associated with breakdown of the BBB. Although 
there are few inflammatory cells and no perivas-
cular cuffs, activated microglia are plentiful. 
These lesions show loss of axons and neurons. 
As noted previously, progressive MS patients 
show more cortical pathology than relapsing 
patients.

 Unusual MS Variants

Tumefactive MS refers to patients who present 
with an unusually large brain plaque, generally 
singular, with surrounding edema and mass 
effect. The lesion mimics a brain tumor or abscess 
and may lead to urgent biopsy. In rare cases this 
is the presentation of MS.  It can also occur in 
well-established MS and has been seen in fingo-
limod- and natalizumab-treated patients [41, 42]. 
Neuroradiologic features involve size typically 

>2 cm and mass effect, with edema and/or ring 
enhancement [43]. The pathology shows active 
inflammation with myelin loss, reactive gliosis, 
myelin-laden macrophages, and relative axonal 
sparing. Prognosis does not differ from classic 
relapsing MS.

Marburg variant MS refers to a clinically 
malignant and fulminant disease expression, 
where patients go on to profound disability or 
even death within months to a year or 2. Lesion 
pathology is more destructive [10]. There are 
many, often large, macroscopic lesions which 
may become confluent. Active lesions show mas-
sive macrophage infiltration, marked myelin loss, 
severe axon loss, and tissue necrosis. There may 
be deposition of immunoglobulin and comple-
ment activation in some cases. It has been sug-
gested that Marburg variant is associated with 
increased (>80%) citrullinated myelin basic pro-
tein (MBP), a more immature and unstable form 
of this core CNS myelin component [44, 45].

Balo concentric sclerosis is an unusual demy-
elinating variant reported as more frequent in the 
Philippines and Asia. Cognitive features may be 
prominent. There is often a severe stroke-like 
onset [46]. The striking pathology involves alter-
nating rings of intact myelin, separated by demy-
elinated regions. Oligodendrocyte apoptosis 
along with selective loss of myelin-associated 
glycoprotein (MAG) has been noted in the demy-
elinated regions. The demyelinating pattern has 
been described as similar to what hypoxic injury 
might produce, with local expression of iNOS 
and upregulated expression of tissue- 
preconditioning proteins at the lesion edge [10, 
47, 48]. These lesions show defects in mitochon-
drial respiratory chain proteins [49]. Aquaporin 4 
loss without complement or immunoglobulin 
deposition was extensive in both demyelinated 
and myelinated regions in four cases of Balo dis-
ease [50].

Myelinoclastic diffuse sclerosis (Schilder dis-
ease) is a very rare predominantly pediatric disor-
der, characterized by one or two large (3 × 2 cm) 
cerebral inflammatory demyelinating lesions 
[51]. This disorder is typically monophasic and 
steroid responsive [52]. It behaves like a postin-
fectious encephalitis [53].
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Progressive solitary sclerosis was first 
described in 1990. It refers to an isolated/single 
CNS demyelinating lesion which produces pro-
gressive motor impairment. In the largest series 
reported to date (N = 30) [54], lesion location was 
most commonly the cervical spinal cord (60%), 
followed by cervicomedullary junction/brain 
stem (20%), thoracic spinal cord (13.3%), and 
cerebral white matter (6.7%). Patients presented 
with hemiparesis/monoparesis (80%), quadripa-
resis (16.7%), or paraparesis (13.3%). The course 
is typically a slow worsening, but rare presenta-
tions are acute to subacute. Median age has been 
48.5 (23–71) years, 50% are female, and 50% 
show CSF abnormalities consistent with 
MS. Thirteen percent report a first degree relative 
with MS. Limited studies confirm demyelination, 
and in rare cases, there is late MRI dissemination. 
This has been proposed to be a forme fruste of 
PPMS [55].

 Summary

Pathologic studies in MS reinforce several key 
features. They include the inevitable presence of 
abnormal inflammation, both focal and diffuse; 
macroscopic and microscopic pathology; exten-
sive gray matter involvement; neurodegeneration 
in addition to myelin and oligodendrocyte injury; 
and distinctive features for relapsing vs. progres-
sive MS. More work is needed to clarify the role 
of recently described myelocortical MS and 
whether early in situ pathology triggers systemic 
inflammatory cell infiltration in a subset of MS or 
is a more general phenomenon.

 Immunology

Traditional MS immunopathogenesis concepts 
focused on systemic autoreactive CD4+ T cells, 
sensitized to one or more CNS myelin compo-
nents, along with proinflammatory cytokine pro-
duction and a preferential T helper (Th)1 
response. This was based on a key animal model 
discussed below. However, the immunology of 
MS is now appreciated to be much more com-

plex, with bidirectional interactions between sys-
temic components and resident CNS cells [6]. 
Mucosal immunity (in particular the gut micro-
biota) may play a crucial role. In fact it is not 
even clear that MS is a true autoimmune disorder, 
since no critical autoantigen target (including any 
myelin component) has ever been identified. It is 
more accurate to describe MS as an immune- 
mediated disorder, with multiple immune system 
components and factors mediating the key patho-
logic changes of MS.  Changes in systemic 
immune factors (increase in innate immunity, 
including myeloid dendritic cells) may contribute 
to development of SPMS, along with in situ CNS 
inflammation trapped behind a closed BBB [20, 
56, 57]. This CNS-compartmentalized inflamma-
tion likely contributes to CNS injury but is poorly 
targeted by current therapies.

 Animal Models

There is no true animal model for MS, but 
immune-mediated and toxin- and virus-induced 
models have been studied. The major one is 
experimental allergic/autoimmune encephalo-
myelitis (EAE). It is produced in susceptible ani-
mal strains by immunizing with CNS whole 
myelin or myelin components such as myelin 
oligodendrocyte glycoprotein (MOG), myelin 
basic protein (MBP), and proteolipid protein. 
The immunization procedure requires potent 
adjuvants. Depending on the strain and immuni-
zation protocols, clinical expression can involve 
monophasic, relapsing, or progressive disease. 
In EAE both cellular (CD4+, CD8+ T cell) and 
humoral immune responses play a role. The 
most common model involves CD4+ Th1  
cells initiating delayed-type hypersensitivity 
responses to myelin antigens. Pathogenic CD4+ 
T cells adoptively transfer EAE, with the brunt 
of pathology seen in the spinal cord. Myelin-
specific CD8+ T cells as well as Th17 cells can 
also induce EAE [58]. Recent studies suggest 
three forms of EAE, which can be driven by 
adoptive transfer of CD4+ Th1, Th17, or Th2/
Th9 cells [59, 60]. In the EAE model, inflamma-
tion first enters the subarachnoid space and then 
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the parenchyma. This may be similar to what 
happens in MS.  Although MOG- induced EAE 
probably comes closest to looking like MS, no 
EAE model truly duplicates MS. EAE seems to 
be a truer model for acute disseminated encepha-
lomyelitis (ADEM)/postinfectious encephalitis 
or encephalomyelitis, which has an immunopa-
thology distinct from MS [61].

Toxin-induced demyelination models include 
direct injection of gliotoxins (such as ethidium 
bromide, lysolecithin) into white matter or sys-
temically delivered toxins such as cuprizone [62].

The best infectious animal model for MS 
involves Theiler’s murine encephalomyelitis virus 
(TMEV), a nonenveloped single-strand RNA 
picornavirus [58]. This causes an acute mild polio-
encephalomyelitis in mice, followed by a chronic 
inflammatory demyelinating spinal cord infection, 
with virus detectable in glial cells and macro-
phages. The chronic infection results in an 
immune-mediated myelopathy with features remi-
niscent of MS.  However, it is relatively easy to 
document the persistent infection, whereas this 
has not been shown in MS. Other infection models 
have included canine distemper virus and mouse 
hepatitis virus, but none truly recapitulate MS.

 MS Immunologic Scenarios

Distinct immunologic scenarios have been pro-
posed for MS (Table 3.3). The most popular “out-
side- in” hypothesis involves proinflammatory 
CD4+ T cells, both Th1 and Th17, activated in 
the periphery by an unknown (likely antimicro-
bial) antigen. The triggering antigen presumably 
shares antigenic sequences with myelin or other 
CNS antigens. These proinflammatory cells 
attach to the CNS endothelium via adhesion mol-
ecules to cross the BBB.  This is facilitated by 
release of proteolytic enzymes such as matrix 
metalloproteinases (MMPs). Once inside the 
CNS parenchyma, molecular mimicry results in 
cross-reactivity, and the misdirected immune 
attack results in pathologic lesions. Instead of 
quickly exiting, the infiltrating cells see this 
shared antigen and are further activated locally to 
cause injury. This results in further leukocyte 

recruitment, inflammation, local cell activation, 
and damage to CNS tissue. There is evidence that 
immunity to myelin antigen targets can worsen 
MS. Altered peptide ligands (APL) are created as 
partial agonists or antagonists to the T cell recep-
tor of autoreactive lymphocytes. In a phase II 
trial of an APL to MBP 83–99, a subset of patients 
had marked worsening on MRI with clinical 
relapse, coincident with a marked expansion of 
MBP reactive T cells [63].

The inside-out hypothesis is based on a pri-
mary in situ CNS abnormality which somehow 
provokes systemic immune cells to infiltrate, pro-
ducing secondary inflammatory-mediated dam-
age. This could reflect an abnormality of intrinsic 
CNS cells (oligodendrocytes, microglia, astro-
cytes, neurons) or their components (mitochon-
dria, ion channels). The in situ disturbance could 
be a chronic CNS infection, metabolic, or vascu-
lar defect. In this scenario, MS could be a neuro-
degenerative disorder, with demyelination a 
secondary issue [64].

Finally, the immunology and damage mecha-
nisms between progressive and relapsing MS 
may be distinct, with a much more important role 
for intrathecal mechanisms in progressive MS.

Table 3.3 MS immunologic scenarios [6]

Environmental pathogen(s) or other factor leads to 
systemic immune response
  This response cross-reacts with CNS/possibly myelin 

antigen
  Sensitized systemic cells penetrate the CNS and 

result in primary tissue damage
  Outside-in hypothesis
Intrinsic CNS abnormality (at level of oligodendrocyte, 
astrocyte, microglia, or neuron) leads to in situ 
disturbance
  Secondary systemic immune cell penetration with 

secondary tissue damage
  Inside-out hypothesis
Progressive vs. relapsing MS
  Less focal inflammation; CNS-compartmentalized 

inflammation
  CD8+ T cells, plasma cells; activated microglia, 

astrocyte inflammatory responses
  Accentuated neuro-axonal degeneration (with 

oxidative stress, mitochondrial dysfunction, 
extracellular free iron accumulation, loss of myelin 
trophic support), altered glutamate, proinflammatory 
microenvironment
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Since MS is most likely heterogeneous, it is 
quite possible that more than one scenario can 
result in MS.  For example, could disease be 
driven by persistent CNS infection? It will be 
important to define distinct MS subsets.

 Immune System Cells

 T Cells

Although the human immune system does not 
have true distinct Th1 and Th2 cells, CD4+ Th1- 
like cells promote proinflammatory cytokines 
and enhance cellular immunity, while CD4+ 
Th2-like cells promote antagonistic regulatory 
cytokines and enhance humoral immunity. CD4+ 
T cells, depending on whether they are naïve or 
activated, can show abnormalities in number and/
or function in MS patients vs. controls [65].

T regulatory (Treg) cells are immunosup-
pressive CD4+ T cells that express CD25 and 
Foxp3. They inhibit autoreactive effector cells 
[65]. CD4+ CD25+ Treg cells are implicated in 
development of autoimmune disorders. A num-
ber of studies have suggested that Treg number 
and function are abnormal in MS [66–68]. 
Transcription factor Foxp3 is the programmer 
for the suppressive function of Treg cells. Foxp3 
mRNA and protein levels are reported as 
reduced in MS [69]. Recently CD8+ Treg cells 
were described and found to be decreased in 
blood and CSF of MS patients who were in an 
acute attack [70].

CD4+ Th17 cells are distinct from Th1, Th2, 
and Treg cells and have been associated with 
inflammation, autoimmunity, and response to 
extracellular pathogens [71]. Naïve T cells 
require exposure to transforming growth factor ß 
(TGFß) and either IL-6 or IL-21 to become Th17 
cells, along with exposure to IL-23 produced by 
macrophages and dendritic cells [72]. IL-23 is a 
main driver. Th17 cells produce IL-17, which 
promotes inflammatory responses [68]. IL-17 
messenger RNA (mRNA) is elevated in MS 
patients. These cells also produce IL-21 and 
IL-22. Th17 cells excel at infiltrating tissues to 
cause severe inflammation. They express the che-

mokine receptor CCR6 on their surface [66]. 
Th17 cells are clearly implicated in MS [73–75].

CD8+ T cells function as cytotoxic/regulatory 
cells. They are activated in the periphery and then 
enter the CNS.  They dramatically outnumber 
CD4+ T cells within MS lesions at all disease 
stages [70]. CD8+ T cells show the most pro-
found and reproducible clonal and oligoclonal 
expansion [76], and memory CD8+ T cells are 
enriched in both blood and CSF of MS patients 
[77]. CD8+ T cells are associated with axonal 
injury in early MS [68]. They interact with auto-
reactive CD4+ T cells to suppress them. CD8+ T 
cells are also reduced during MS relapses [69].

A small subpopulation of T cells have a T cell 
receptor composed of γ/δ polypeptides, as 
opposed to the usual α/ß polypeptides. They are 
mainly located in skin and mucosal tissues. These 
γ/δ T cells are involved in both innate and adap-
tive immune responses and have been reported as 
clonally expanded in the CSF of early MS 
patients [78]. Another subset was associated with 
very aggressive MS [79]. They are increased in 
MS lesions and may be involved in oligodendro-
cyte lysis [80]. γ/δ T cells in the EAE model con-
trol inflammatory cell migration into the CNS, 
promote apoptosis of encephalitogenic T cells, 
and play a key role in recovery. Their potential 
role in MS remains to be determined. Terminally 
differentiated effector memory γ/δ T cells were 
decreased in the periphery during relapse [81].

There is also a small subpopulation of CD20+ 
T cells. They make up 3–5% of T cells and are 
proinflammatory with a high proliferative 
capacity to CNS antigens. They were reported 
to be enriched in the blood and CSF of MS 
patients [82].

 B Cells

B cells play a major role in MS (Table  3.4). B 
cells and plasma cells are present in the brain and 
CSF of MS patients [83]. There are clonal expan-
sion and somatic mutation of B cell receptor 
genes, consistent with an antigen-driven response 
[84, 85]. Healthy controls rarely show B cells in 
CSF.  In contrast, MS patients show clonally 
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expanded CSF memory B cells, centroblasts, and 
short-lived plasmablasts as the predominant 
antibody- secreting cell in CSF [86]. When men-
ingeal lymphoid follicles with germinal centers 
are detected in SPMS patients, they are associ-
ated with younger age at MS onset, more severe 
disability, and more cortical demyelination [87]. 
Diffusion of antibodies or other soluble factors 
from the meningeal follicles to the cortex may be 
responsible for enhanced gray matter lesions. 
EBV causes persistent infection of B cells, and 
this results in immunologic changes that might 
promote development of MS.

Oligoclonal IgG in CSF is a hallmark diagnos-
tic signature in MS. The specificity of these bands 
is not known, but they are not directed against 
myelin components and could represent a non-
specific polyantigenic exposure response [88]. In 
a recent study, MS oligoclonal bands were at 
least partly directed against ubiquitous intracel-
lular autoantigens released during tissue destruc-
tion [89]. Oligoclonal IgM (lipid specific) in 
particular has been suggested to be a poor prog-
nosis marker [90]. Although initial reports sug-
gested anti-myelin antibodies to MBP and MOG 
might indicate more severe disease, these find-
ings have not been confirmed [91–93]. With a 
more accurate cell-based assay, anti-MOG IgG 
appears to be associated with unique non-MS 
disorders including seronegative NMO spectrum 
disorder, ADEM, chronic relapsing inflammatory 
optic neuropathy, and isolated cases of optic neu-
ritis, transverse myelitis, and encephalitis [94]. 

Elevated IgG index, as a marker of intrathecal 
immunoglobulin production, is another less spe-
cific CSF diagnostic marker.

Perhaps the most impressive data supporting a 
role for B cells in MS is the success of anti-CD20 
monoclonal antibody therapy in relapsing and 
PPMS [95, 96]. This anti-inflammatory response 
likely represents an effect on B cells as APCs and 
T cell regulators, since any effect on humoral 
antibody production is likely to be delayed for 
some years.

 Plasma Cells

Plasma cells, along with B cells, also show 
clonal expansion in MS CSF [97]. Plasma cells 
show a distinct pattern from T and B cells. They 
accumulate in connective tissue spaces in the 
meninges and perivascular space [16]. They 
accumulate in MS CNS tissue later but (unlike T 
and B cells) will persist. They do not show pro-
liferative markers, suggesting they are long-lived 
cells [98]. They are most marked in progressive 
MS. Clonally expanded plasma cells are the pre-
sumptive source of CSF oligoclonal bands and 
intrathecal immunoglobulin production [99].

 Monocytes/Macrophages

The mononuclear phagocyte system consists of 
circulating blood monocytes, tissue macrophages, 
and dendritic cells [100]. Blood-borne monocytes/
tissue macrophages are known to be the major cell 
type in the perivascular infiltrates in MS. Monocytes 
enhance T cell migration across the BBB and are 
the precursor for macrophages. There are three 
subsets (classic, nonclassical, intermediate) based 
on expression of CD14 and CD16. MS patients 
have been reported to show increased levels of 
nonclassical CD14+ CD16++ monocytes and 
decreased classic monocytes (CD14++, CD16−) 
[101]. Monocytes/macrophages along with 
microglia represent innate immunity. They play an 
important role in lesion pathogenesis and local tis-
sue injury, in phagocytic removal of debris, as well 
as in repair processes [102].

Table 3.4 Role for B cells in MS

B cells and plasma cells are present in CNS tissue
  Express hypermutated immunoglobulins (local CNS 

antigen-driven activation)
Positive response to B cell-depleting anti-CD20 
monoclonal antibody
  In relapsing MS
  In PPMS
CSF oligoclonal bands and intrathecal immunoglobulin 
production as diagnostic signatures
  Data suggests oligoclonal IgM/IgG; elevated IgG 

index indicates poorer prognosis
Lymphoid follicles in meninges of MS
EBV seropositivity required for development of MS (at 
least adult onset); EBV persistently infects B cells
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Early peripheral blood monocyte count was 
reported to correlate with MS severity in a 
Japanese population [103].

 Dendritic Cells

Dendritic cells are professional APCs which ini-
tiate primary immune responses and develop 
and maintain immune tolerance [104]. They are 
the most potent APC.  There are myeloid 
(CD11c+) and plasmacytoid (CD11cdim CD123) 
types [105]. They are typically elevated in the 
blood, CSF, and lesions of MS [105, 106]. MS 
dendritic cells secrete higher levels of proin-
flammatory cytokines (IL-6, TNF, IL-23) than 
healthy controls and show decreased expression 
of maturation markers [105]. There may be defi-
ciencies in the maturation of dendritic cells in 
PPMS [106, 107].

Recent studies have explored how dendritic 
cells enter the CNS (BBB, choroid plexus, 
meninges) and traffic to draining lymph nodes 
[108]. Tolerogenic DCs have also been proposed 
as a therapy for MS [109].

 Natural Killer (NK) Cells

NK cells, part of innate immunity, are a subset 
of lymphocytes that are cytotoxic to virus-
infected cells and tumor cells; they also secrete 
cytokines [110]. These distinct functions coin-
cide with two subsets, CD56dim NK cells and 
CD56bright NK cells. NK cells are found in MS 
lesions. NK cell abnormalities are described in 
MS, including certain subpopulations being 
increased during periods where patients are not 
actively relapsing [111, 112]. Other subpopula-
tions are reduced in untreated MS, as well as 
first-attack patients [110, 113]. A number of MS 
therapies (IFNß, cyclophosphamide, natali-
zumab, dimethyl fumarate) increase NK cells 
[110, 114, 115].

Invariant NK-T cells share properties of NK 
cells and T cells. These cells are reported as 
decreased in MS, and cell lines isolated from MS 
patients show higher secretion of IL-4 [66, 110]. 

It is debated whether enhancing NK cells is ben-
eficial or detrimental in MS [116–118]. Clearly 
further work is needed.

 Mast Cells

Mast cells are innate immune cells that are 
involved in allergic reactions. They contain 
granules and can release histamine and cyto-
kines when activated [119]. Mast cells are found 
in the brain and meninges normally and are cer-
tainly present in MS brain. Elevated levels of 
CSF histamine and tryptase (a specific mast cell 
enzyme) have been reported in MS CSF [119–
120]. Mast cells may play a role in MS menin-
geal inflammation and neuroinflammation [119, 
121] and are the therapeutic target in the MS 
masitinib trial [122, 123].

 Immune System Factors

 Cytokines

Proinflammatory Th1 cytokines include IL-17, 
IL-22, IL-23, granulocyte-macrophage colony- 
stimulating factor (GM-CSF), TNFα, IL-1, IL-6, 
IL-8, IL-12, and IFNγ. They are opposed by anti- 
inflammatory/regulatory Th2 cytokines such as 
IL-4 and IL-10 [124]. A number of reports find 
various proinflammatory cytokines elevated or 
upregulated in MS, while certain regulatory cyto-
kines may be downregulated [124–130]. It has 
also been noted that there are gene pathways asso-
ciated with MS that involve cytokine production, 
in addition to other mechanisms [124]. Several 
MS disease-modifying therapies are believed to 
work in part through a Th1 to Th2 shift. The pro-
inflammatory IFNγ cytokine has been reported to 
worsen MS [131], while IFNβ is used to treat 
MS. This cytokine picture is not straightforward. 
Blockade of another proinflammatory cytokine, 
TNFα, actually worsens MS [132, 133]. 
Progressive MS patients are reported to show 
greater IL-12 and IL-18 production by systemic 
immune cells [56, 134]. Targeted cytokine thera-
pies continue to be therapeutic strategies.
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 Chemokines

Chemokines are a family of small cytokines 
involved in chemo-attraction and cell migration. 
They are also involved in adhesion molecule 
expression, matrix metalloproteinase and cyto-
kine secretion, T cell activation, and synaptic 
transmission [135]. They are part of a network 
which also involves chemokine receptors. 
Chemokines control the selective CNS recruit-
ment of inflammatory cells in MS [136]. In par-
ticular CCL5, CCL2, CXCL10, and CXCL13 are 
implicated in MS. CCL5 (Rantes) is upregulated 
at the edge of MS plaques to attract monocytes 
[137]. CCL2 is expressed by local astrocytes to 
attract mononuclear cells [138]. MS CSF shows 
elevated levels of CXCL10 and CCL5, which 
draws activated T cells, and CXCL13, which 
draws B cells [135, 139]. CCL18 is reported to be 
elevated in the blood of MS patients, especially 
with progressive disease [140]. Chemokines are 
another potential therapeutic target in MS.

 Osteopontin

Osteopontin, early T lymphocyte activation-1, 
is a proinflammatory cytokine expressed by 
activated T cells, dendritic cells, and macro-
phages [59, 141]. It is a member of the small 
integrin binding-proteins, the SIBLING family 
[142]. It binds to α4ß1 integrin and modulates 
Th1 and Th17 cytokines, and studies have 
reported elevated levels in the blood and CSF 
during relapses [143–145]. High expression of 
osteopontin has been found in MS brain lesions 
using cDNA microarray technology [146]. It 
has been proposed as a blood and CSF bio-
marker in MS [147].

 Adhesion Molecules

Cell adhesion molecules are located on the sur-
face of cells and mediate binding to other cells or 
to extracellular matrix via an adhesion process. 
This is important to cell penetration into the 
CNS in MS.  Adhesion molecules involve four 

families (immunoglobulin superfamily, integ-
rins, cadherins, selectins). The endothelial cells 
within MS lesions express elevated levels of 
intercellular adhesion molecule (ICAM)-1 and 
vascular cell adhesion molecule (VCAM)-1 
[136]. Activated immune cells express selectins 
and integrins such as lymphocyte function-asso-
ciated antigen (LFA)-1 and very late antigen 
(VLA)-4, which bind to their ligand adhesion 
molecules on the endothelium. Anti-adhesion 
molecule therapy (such as natalizumab, a mono-
clonal antibody directed against ά4 integrin, a 
component of VLA-4) has been used success-
fully to treat MS.  In a recent study, another 
immunoglobulin superfamily member, neural 
cell adhesion molecule (NCAM or CD56), was 
shed from neural and glial cells [148]. Plasma 
levels of soluble NCAM correlated with soluble 
VCAM-1 levels in MS and health controls. In 
contrast, only MS showed correlated elevations 
in soluble ICAM-1 and VCAM-1. Levels of sol-
uble NCAM (p = 0.05) and VCAM-1 (p = 0.028) 
were higher in progressive MS compared to 
healthy controls [148].

 Matrix Metalloproteinases

MMPs are part of a family of almost 40 endopep-
tidases, proteolytic enzymes that are involved in 
extracellular matrix and basement membrane 
degradation. These proteases include tissue 
inhibitors of matrix proteases (TIMPs), which 
downregulate MMPs. Activated immune cells 
secrete MMPs to help penetrate through the BBB 
basement membrane and extracellular matrix, to 
enter the CNS. Matrix proteinases may directly 
injure CNS cells, as well as activating membrane- 
bound proinflammatory cytokines, but may also 
promote CNS repair and regeneration. MMPs are 
implicated in BBB permeability and CNS inflam-
mation in MS.

MMP-9 is elevated in the serum and CSF of 
MS, especially during relapses [149]. Elevated 
serum and CSF MMP-9 levels are reported to 
correlate with MS disease activity [150]. MMP-2 
to TIMP-2 ratio is increased in the CSF and 
serum of relapsing MS, with evidence of 
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 intrathecal MMP-2 production [151]. Serum 
MMP-2 and MMP-2/TIMP-1 ratio is said to be 
elevated in progressive MS [152]. In a recent 
study, MMP-9 gene expression and protein levels 
were significantly reduced at baseline in MS 
patients destined to develop progressive multifo-
cal leukoencephalopathy on natalizumab, com-
pared to healthy controls [153] .

 CNS Cells and Components

 Microglia

Microglia are the resident CNS macrophages 
as well as immune cells. They act as APCs, 
produce cytokines, and are involved in phago-
cytosis. Along with astrocytes, they modulate 
CNS inflammation and neurodegeneration 
[154]. They show plasticity, with neuroinflam-
matory as well as neuroprotective properties 
shaped by their CNS microenvironment [155]. 
In fact, both microglia and macrophages are 
sometimes classified as M1 (proinflammatory) 
or M2 (anti- inflammatory), although this divi-
sion has been challenged [156]. Activated 
microglia are noted in all MS patients but are 
especially associated with the progressive phe-
notypes. Clusters are also found in MS normal-
appearing white matter [157].

Activated microglia and macrophages pro-
duce cytotoxic molecules including proinflam-
matory and cytotoxic cytokines, reactive oxygen 
and nitrogen intermediates, and proteolytic and 
lipolytic enzymes [102]. Microglia are likely to 
be an important component of the MS damage 
process and are particularly involved in axonal 
injury [158]. It has been suggested that T cells 
in MS tissue may drive continued activation of 
microglia [159]. Microglia also promote repair, 
since they can secrete neurotrophins such as 
brain-derived neurotrophic factor (BDNF), neu-
rotrophin- 3 (NT3), and insulin-like growth fac-
tor- 1 (IGF-1), as well as regulatory cytokines 
[110]. In a recent study of autopsy brains, on 
average, 45% of the macrophage-like cells in 
active lesions were calculated to be derived 
from resident microglia [156]. Active lesion 

microglia showed a proinflammatory pheno-
type, which changed in later stages to an inter-
mediate phenotype.

 Oligodendrocytes and Myelination

Oligodendrocytes show variable degrees of loss 
in MS. They may be an early target and can die 
by apoptosis prior to formation of demyelinating 
plaques [160]. Oligodendrocytes are especially 
vulnerable to oxidative stress because of their 
high metabolic rate, high ATP usage to synthe-
size myelin, large intracellular iron content, high 
hydrogen peroxide level, high levels of polyun-
saturated fatty acid within the myelin, and low 
levels of antioxidants [161]. It has been suggested 
that intrinsic apoptosis due to oxidative stress is 
an important cause for oligodendrocyte loss in 
MS. Fas/CD95 is expressed on oligodendrocytes 
in chronic MS lesions; FasL expressed on 
microglia and inflammatory lymphocytes are 
likely to play a role in intrinsic oligodendrocyte 
apoptosis [161, 162].

Remyelination involves generating new mature 
oligodendrocytes [163]. Oligodendrocytes can be 
replaced by OPCs, a population of adult CNS 
stem/precursor cells widely placed within the 
adult CNS.  They are present in white and gray 
matter at a density similar to microglia. They 
appear to be the main source of remyelination in 
MS, as opposed to surviving adult oligodendro-
cytes. However, in two recent animal models, 
adult oligodendrocytes did participate in 
myelination [164]. There is also recent evidence 
for MS-specific oligodendrocyte lineage cells 
[165]. At least in animal models, adult neural 
stem cells (in the third ventrical subventricular 
zone and the dentate gyrus subgranular  
zone) contribute to oligodendrogliosis [166]. 
Remyelination in MS is ultimately inadequate 
and fails. This is likely to represent in part non- 
disease- related factors (genetic and immune sys-
tem background, sex, increasing age) as well as 
a failure of OPC differentiation and maturation 
[163, 167, 168].

Along with oligodendrocyte loss, MS involves 
extensive demyelination. Myelin is stripped and 
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phagocytized by macrophages. The basis for 
myelin and oligodendrocyte injury is unknown 
and likely multifactorial (Table 3.5). There could 
even be intrinsic myelin instability.

MBP in MS shows a higher rate of citrullina-
tion/deimination (45%) compared to controls 
(15–20%) [160]. This is developmentally imma-
ture myelin, which is less compact and therefore 
destabilized. An unproven hypothesis is that 
unstable MBP is a primary factor leading to MS 
[45, 169, 170].

 Astrocytes

Astrocytes are the most abundant CNS cell and 
are involved in BBB function, glutamate metab-
olism, weak APC activity, extracellular potas-
sium maintenance, and release of trophic 
factors for surrounding cells [171]. It is possi-
ble that MS could represent a primary distur-
bance of astrocytes, considering that another 
CNS inflammatory demyelinating disorder, 
neuromyelitis optica spectrum disorder, often 
targets an astrocyte water channel, aquaporin 4 

(AQP4). MS patients show changes in sodium 
channels in reactive astrocytes. There is focal 
upregulation of the sodium channel Nav 1.5 
within, as well as at the edge of, active and 
chronic MS lesions [172]. This upregulation is 
not seen in MS NAWM or control brain. It is 
also seen in astrocytes surrounding brain 
tumors and cerebrovascular accidents, suggest-
ing it is a compensatory mechanism to CNS 
damage. Very active MS lesions show structural 
changes involving astrocytes [173]. Acute MS 
lesions were reported to show loss of astrocytes 
along with their food processes that accompa-
nied demyelination [174]. Resolving lesions 
were repopulated with AQP4-negative stellate 
astrocytes, but astrocytes were mainly AQP4 
positive in older lesions. Decreased levels of 
creatine kinase B, localized to astrocytes, was 
reported in the white matter of MS patients but 
not controls [175]. Activated astrocytes have 
been shown to promote B cell survival and acti-
vation, which may be particularly important in 
progressive MS [176]. It is clear that the role of 
astrocytes in MS is not just to form glial scars 
but to play a role in lesion formation, recruit-
ment of lymphocytes, tissue damage, and tissue 
repair [177].

 Neurons/Axons

Neurons, along with dendrites, axons, and 
nodes of Ranvier, are damaged and lost in MS 
[39, 178]. This is not just sequelae of loss of 
trophic myelin, although demyelinated axons 
express increased sodium channels and defi-
cits in ATP production, making them more 
vulnerable to physiologic stressors [179]. The 
increased expression of sodium channels on 
the demyelinated axon leads to excess sodium 
within the axons, requiring increased ATP to 
correct the sodium concentration. This 
increased energy demand, along with mito-
chondrial dysfunction, leads to axonal hypoxia 
[180]. This appreciation of ion channel 
changes has led to voltage-gated sodium chan-
nel blockade being proposed as a strategy to 
treat MS [181].

Table 3.5 Possible basis for myelin and oligodendrocyte 
injury in MS

Cell based
  CD4+ T cells sensitized to myelin antigens
   Antigen-specific cytotoxic CD8+ T cells
  Astrocyte disturbance
Immune system factors
  Proinflammatory cytokines
  Antibody-mediated injury
  Complement cascade components
  Bystander demyelination following infectious 

superantigen cell activation
  Macrophage-mediated injury
Hypoxic/ischemic stress
  Reactive oxygen or nitrogen species; oxidative, 

endoplasmic reticulum stress
CNS tissue infection
Axonal dysregulation with 2o myelin loss
Glutamate excitotoxicity
  Excitatory amino acid transporters
Proteolytic, lipolytic enzymes
Fas antigen-ligand interactions
Unstable myelin
Apoptosis (programmed cell death)
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Acute axonal injury is prominent in active 
inflammatory plaques and correlates with 
 inflammation (CD8+ T cells, macrophages, 
microglia) [16, 33]. Axonal injury does not 
require demyelination. Retinal nerve fiber 
layer, made up of unmyelinated axons, can be 
evaluated by optical coherence tomography and 
shows deficits in MS [182]. These include thin-
ning of the retinal fiber layer and thinning of 
the ganglion cell-inner plexiform layer [183]. 
Within cortical lesions, neuronal loss is esti-
mated to be at least 20% of the total cell popu-
lation [184].

The mechanism of axon damage is believed 
to be multifactorial, mediated by inflammatory 
cells and soluble factors, loss of trophic support 
from myelin and glia, Wallerian degeneration, 
and antibodies. Autoantibodies directed against 
axo- glial gray matter antigens such as contactin 
2, neurofilament light chain, and neurofascin are 
found in CSF and serum of MS patients [185]. 
Contactin 2 is a cell adhesion molecule 
expressed by neuronal subpopulations and  
juxtaparanodal axon/myelin [180, 186]. 
Neurofilaments are part of the axonal cytoskel-
eton. Elevated levels of the light and heavy sub-
units are reported in the CSF of progressive 
patients [187]. Neurofilament light protein is 
also elevated in CSF during acute relapses 
[188]. Increased CSF neurofilament levels may 
predict a worse prognosis [189]. Neurofascin is 
a cell adhesion molecule expressed by oligoden-
drocytes at the paranode [190, 191]. About 30% 
of MS patients show antibodies to neurofascin, 
an axonal component. This is much more com-
mon in progressive vs. relapsing MS and seems 
to enhance axonal injury.

In addition, the neuronal 14-3-3 proteins are 
reported as elevated in the CSF of patients with 
more severe disability and disease progression 
[192]. Abnormally phosphorylated tau, with for-
mation of insoluble tau, has been correlated with 
transition to secondary progressive MS, implicat-
ing tau as a neuronal damage mechanism [2].

Neurofilament light protein (an axon/neuron 
injury marker) can be measured in blood. It is 
being proposed as a future prognostic and treat-
ment response biomarker for MS [193].

 Blood-Brain Barrier and Vascular 
System

The BBB involves multiple players that form a 
neurovascular unit: endothelia, perivascular 
astrocytes, pericytes, myocytes, neurons, and 
extracellular matrix components [194]. These 
endothelial cells lack fenestrations and show 
reduced pinocytotic activity [195]. There are 
tight junctions and adherens junctions between 
cells. The BBB is disrupted in MS at two levels 
[196]. First, there is marked focal disruption 
characterized by contrast enhancement on neu-
roimaging, associated with early focal edema 
and inflammation, which results in macroscopic 
plaque formation. This is characteristic of relaps-
ing MS but is also seen in progressive 
MS. Second, there is a much more subtle but dif-
fuse BBB disturbance with abnormal permeabil-
ity, tight junction disturbances, and changes in 
basement membrane and extracellular matrix 
[196–198]. This is present in normal-appearing 
brain tissue, and not just the lesion areas. The 
BBB is also immunologically activated in MS, 
with upregulation and expression of surface 
markers as well as secretion of immune factors 
[194]. Although BBB abnormalities have been 
thought to be a secondary phenomenon in MS, it 
is not ruled out that they could reflect a primary 
disturbance [195].

There are reports of early cerebral blood flow 
reductions and decreased cerebrovascular reac-
tivity in MS [199]. Deposition of blood-derived 
fibrin has been proposed as an immunotherapeu-
tic target in MS [200]. Down regulation of clau-
din- 11 is reported at the BBB, blood-spinal cord 
barrier, and blood-arachnoid barrier in MS [201].

It has also been proposed that the pericyte 
might offer a new therapeutic target for MS [202].

 Excitotoxins

Glutamate is the major excitatory amino acid. 
Excess glutamate is capable of causing cell 
death. Glutamate-mediated excitotoxicity 
involves activation of ionotropic and metabo-
tropic receptors, with calcium cytoplasmic 
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accumulation leading to cell death. Glutamate is 
elevated within MS lesions and normal-appear-
ing white matter, as well as CSF. This could be 
from activated immune cells, astrocytes, or 
axons [8]. AMPA, NMDA, and kainate recep-
tors are all upregulated. Glutamate transporter 
expression is also altered [203]. Genetic varia-
tion is reported to play a role in glutamate levels 
[204]. Astrocytes, oligodendrocytes, and myelin 
all express glutamate receptors. They are all 
potential targets for excitotoxic damage. Finally, 
glutamate directly activates T cells [205]. 
Abnormal CNS glutamate levels and signaling, 
as well as glutamate activation of T cells and 
glutamate release by T cells, may all contribute 
to MS pathophysiology [205].

 Nitric Oxide

Nitric oxide (NO) is a free radical implicated as a 
damage mechanism in MS.  It impairs the BBB 
[206]. Elevated levels of NO will modify func-
tion of ion channels, transporters, and glycolytic 
enzymes, resulting in axonal damage. Both NO 
and its derivative, peroxynitrite, inhibit neuronal 
and glial mitochondria and the ability of the axon 
to generate ATP.  NO impairs oligodendrocyte 
metabolism by damaging cell mitochondria 
[207]. A key enzyme involved in NO synthesis, 
NO synthase (iNOS), is upregulated in macro-
phages and reactive astrocytes in acute MS 
lesions [208]. NO activity in CSF rises during 
MS relapses [209–212]. It has been proposed that 
NO plays a key role in MS by stimulating local 
inflammation, disrupting the BBB, and increas-
ing permeability, causing neuronal and DNA 
damage, disrupting axons and mitochondria, and 
inhibiting myelin formation genes [213].

 Mitochondria

Mitochondria produce ATP, control calcium 
homeostasis, and play a role in apoptosis. They 
contain nonnuclear DNA which encodes subunits 
of the mitochondrial respiratory chain com-
plexes. Mitochondrial abnormalities reported in 

MS include reduced respiratory chain complex 
activities, increase in neuron mitochondrial DNA 
copies, and evidence of oxidative damage to 
mitochondrial DNA [37, 49].

Mitochondria have been implicated in both 
conduction block and axonal injury, through 
calcium- mediated cytoskeletal changes as well as 
oxidative stress [37]. Mitochondrial abnormali-
ties are believed to play a key role in neurodegen-
eration [214] and have been proposed as a 
therapeutic target in MS [215].

 Neurotrophic Factors

Neurotrophic factors encompass three families: 
nerve growth factor (NGF) family, glial cell line- 
derived neurotrophic factor (GDNF) family 
ligands, and neuropoietic cytokines [216]. They 
promote differentiation and survival of CNS cells 
and their components. They also increase anti-
oxidant enzymes and inhibit free radical forma-
tion. They are secreted by activated immune cells 
and are the basis for the concept of neuroprotec-
tive autoimmunity. CNS inflammatory cells may 
help contain damage and boost repair and cell 
survival, by releasing these neurotrophic factors 
in MS brain and spinal cord [217–219]. Those 
that could have pertinence in MS include NGF, 
BDNF, NT-3 and NT -4, ciliary neurotrophic fac-
tor, and leukemia inhibitory factor [216].

 Other Factors

 Vitamin D

Vitamin D deficiency is a risk factor for MS, at 
least among Caucasians. Vitamin D is obtained 
from synthesis in the skin (triggered by sunlight) 
and dietary intake. 25-Hydroxy vitamin D is the 
major circulating metabolite and is the one to 
measure in blood, while 1,25-dihydroxy vitamin 
D (calcitriol) is the biologically active metabo-
lite. Biologic effects are mediated via the vitamin 
D receptor [220], a member of the steroid recep-
tor superfamily. Vitamin D receptor is expressed 
by monocytes, APCs, and activated lymphocytes. 
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Vitamin D appears to shift immune responses to 
a more anti-inflammatory regulatory role and 
enhances Treg function. Various MS susceptibil-
ity genes are located within or near genes associ-
ated with vitamin D metabolism [221]. Higher 
levels may play a role in treating MS, but this is 
not yet clearly proven [222]. The role of vitamin 
D in MS is the subject of ongoing research.

 Exosomes and MicroRNAs

Exosomes are small (50 nm to 1 μm) extracellu-
lar vesicles that provide cell-to-cell communica-
tion [223]. They are involved in immune 
regulation. These vesicles contain proteins, lip-
ids, transcriptional factors, RNA, and DNA 
[224]. They contain microRNAs (miRNAs), a 
group of small single-stranded non-coding RNA 
molecules 21–23 nucleotides in length. They 
degrade mRNA or repress mRNA translation. 
They can impact the genetic program of their tar-
get cell and influence both innate and acquired 
immune responses.

Exosomes are increased in the serum and CSF 
of relapsing MS, particularly during an acute 
attack [224]. Serum exosomes contain myelin 
proteins in both MS and healthy controls; exo-
somes containing MOG correlated with disease 
activity [223]. Exosome release in MS appears to 
facilitate immune cell transportation across the 
BBB.

miRNAs are being studied in the circulation 
of MS patients, as well as within MS immune 
cells. This appears to be a promising area to shed 
further light on the immunology of MS 
[225–227].

 Gut Microbiota

There is a very important gut-brain axis, with 
bidirectional communication [228]. The gut 
microbiota influences systemic immunity and 
inflammation, including within the CNS [229]. 
There may be a gut microbiota that predisposes to 
MS, as well as a gut microbiota that can treat MS 
[230, 231]. This is discussed further in Chap. 5.

 Summary

CNS damage in MS is mediated by a number of 
immune and inflammatory factors beyond the 
CD4 Th1 cell. Key immune factors may differ 
based on subsets of MS patients and different 
stages of the disease. A better appreciation of this 
immune system complexity is guiding therapeu-
tic developments.

Novel targets are being proposed (ion chan-
nels, mitochondria, NO, glutamate) that may lead 
to improved outcomes. Current personalized 
medicine emphasizes an individualized approach. 
Future precision medicine will use validated 
molecular markers to guide optimal diagnosis 
and management.

References

 1. Barnett MH, Parratt JDE, Pollard JD, et al. MS: is it 
one disease? Int MS J. 2009;16:57–65.

 2. Anderson JM, Hampton DW, Patani R, et  al. 
Abnormally phosphorylated tau is associated with 
neuronal and axonal loss in experimental autoim-
mune encephalomyelitis and multiple sclerosis. 
Brain. 2008;131:1736–48.

 3. Koch M, Mostert J, Heersema D, et al. Progression 
in multiple sclerosis: further evidence of an age 
dependent process. J Neurol Sci. 2007;255:35–41.

 4. Ofengeim D, Ito Y, Najafov A, et  al. Activation 
of necroptosis in multiple sclerosis. Cell Rep. 
2015;10(110):1836–49.

 5. Dhib-Jalbut S, Kalvakolanu DV.  Microglia and 
necroptosis: the culprits of neuronal cell death in 
multiple sclerosis. Cytokine. 2015;76(2):583–4.

 6. Filippi M, Bar-Or A, Piehl F, et al. Multiple sclero-
sis. Nat Rev Dis Primers. 2018;4(1):43.

 7. Matthews PM, Roncaroli F, Waldman A, et  al. A 
practical review of the neuropathology and neu-
roimaging of multiple sclerosis. Pract Neurol. 
2016;16:279–87.

 8. Trapp BD, Nave K-A. Multiple sclerosis: an immune 
or neurodegenerative disorder? Annu Rev Neurosci. 
2008;31:247–69.

 9. Kutzelnigg A, Lucchinetti CF, Stadelmann C, et al. 
Cortical demyelination and diffuse white mat-
ter injury in multiple sclerosis. Brain. 2005;128(pt 
11):2705–12.

 10. Hu W, Lucchinetti CF. The pathological spectrum of 
CNS inflammatory demyelinating diseases. Semin 
Immunopathol. 2009;31:439–53.

 11. Barnett MH, Prineas JW.  Relapsing and remitting 
multiple sclerosis: pathology of the newly forming 
lesion. Ann Neurol. 2004;55:458–68.

P. K. Coyle



63

 12. Parratt JDE, Prineas JW.  Neuromyelitis optica: 
a demyelinating disease characterized by acute 
destruction and regeneration of perivascular astro-
cytes. Mult Scler. 2010;16:1156–72.

 13. Henderson APD, Barnett MH, Parratt JDE, et  al. 
Multiple sclerosis. Distribution of inflamma-
tory cells in newly forming lesions. Ann Neurol. 
2009;66:739–53.

 14. Prineas JW, McDonald WI, Franklin 
RJM.  Demyelinating diseases. In: Graham DI, 
Cantos PL, editors. Greenfield’s neuropathology. 7th 
ed. London: Arnold; 2002. p. 471–550.

 15. Kuhlmann T, Goldschmidt T, Antel J, et al. Gender 
differences in the histopathology of MS? J Neurol 
Sci. 2009;286:86–91.

 16. Frischer JM, Bramow S, Dal-Bianco A, et  al. 
The relation between inflammation and neuro-
degeneration in multiple sclerosis brains. Brain. 
2009;132:1175–89.

 17. Albert M, Barrantes-Freer A, Lohrberg M, et  al. 
Synaptic pathology in the cerebellar dentate 
nucleus in chronic multiple sclerosis. Brain Pathol. 
2017;27:737–47.

 18. Jürgens T, Jarafi M, Kreutzfeldt M, et  al. 
Reconstruction of single cortical projection neu-
rons reveals primary spine loss in multiple sclerosis. 
Brain. 2016;139:39–46.

 19. Trapp BD, Vignos M, Dudman J, et  al. Cortical 
neuronal densities and cerebral white matter demy-
elination in multiple sclerosis: a retrospective study. 
Lancet Neurol. 2018;17:870–4.

 20. Bradl M, Lassmann H. Progressive multiple sclero-
sis. Semin Immunopathol. 2009;31:455–65.

 21. Bramow S, Frischer JM, Lassmann H, et  al. 
Demyelination versus remyelination in progressive 
multiple sclerosis. Brain. 2010;133:2983–98.

 22. Kooi EJ, Geurts JIG, van Horssen J, et al. Meningeal 
inflammation is not associated with cortical demy-
elination in chronic multiple sclerosis. J Neuropathol 
Exp Neurol. 2009;68:1021–8.

 23. Lassmann H, Bruck W, Lucchinetti CF. The immu-
nopathology of multiple sclerosis: an overview. 
Brain Pathol. 2007;17:210–8.

 24. Luchetti S, Fransen NL, van Eden CG, et  al. 
Progressive multiple sclerosis patients show substan-
tial lesion activity that correlates with clinical dis-
ease severity and sex: a retrospective autopsy cohort 
analysis. Acta Neuropathol. 2018;135:511–28.

 25. Lucchinetti C, Bruck W, Parisi J, et al. Heterogeneity 
of multiple sclerosis lesions: implications for 
the pathogenesis of demyelination. Ann Neurol. 
2000;47:707–17.

 26. Reich DS, Lucchinetti CF, Calabresi PA.  Multiple 
sclerosis. N Engl J Med. 2018;378(2):169–80.

 27. Keegan M, Konig F, McClelland R, et al. Relation 
between humoral pathological changes in mul-
tiple sclerosis and response to therapeutic plasma 
exchange. Lancet. 2005;366:579–82.

 28. Lucchinetti CF, Bruck W, Parisi J, et  al. A quan-
titative analysis of oligodendrocytes in multiple 

sclerosis lesions: a study of 113 cases. Brain. 
1999;122:2279–95.

 29. Prineas JW, Barnard RO, Kwon EE, et al. Multiple 
sclerosis: remyelination of nascent lesions. Ann 
Neurol. 1993;33:137–51.

 30. Ferguson B, Matyszak M, Esiri MM, et al. Axonal 
damage in acute multiple sclerosis lesions. Brain. 
1997;120:393–9.

 31. Trapp BD, Peterson J, Ransohoff RM, et al. Axonal 
transaction in the lesions of multiple sclerosis. N 
Engl J Med. 1998;338:278–85.

 32. Evangelou N, Esiri MM, Smith S, et al. Quantitative 
pathological evidence for axonal loss in normal 
appearing white matter in multiple sclerosis. Ann 
Neurol. 2000;47:391–5.

 33. Kuhlmann T, Lingfeld G, Bitsch A, et al. Acute axo-
nal damage in multiple sclerosis is most extensive in 
early disease stages and decreases over time. Brain. 
2002;125:2202–12.

 34. Bitsch A, Schuchart J, Bunkowski S, et  al. Acute 
axonal injury in multiple sclerosis: correlation 
with demyelination and inflammation. Brain. 
2000;123:1174–83.

 35. Androdias G, Reynolds R, Chanal M, et  al. 
Meningeal T cells associate with diffuse axonal 
loss in multiple sclerosis spinal cords. Ann Neurol. 
2010;68:465–76.

 36. Pfeifenbring S, Bunyan RF, Metz I, et al. Extensive 
acute axonal damage in pediatric multiple sclerosis 
lesions. Ann Neurol. 2015;77(4):655–67.

 37. Mahad D, Lassmann H, Turnbull D.  Mitochondria 
and disease progression in multiple sclerosis. 
Neuropathol Appl Neurobiol. 2008;34:577–89.

 38. Lassmann H.  Axonal and neuronal pathology in 
multiple sclerosis: what have we learn from animal 
models. Exp Neurol. 2010;225:2–8.

 39. Cifelli A, Arridge M, Jezzard P, et al. Thalamic neu-
rodegeneration in multiple sclerosis. Ann Neurol. 
2002;52:650–3.

 40. Bo L, Vedeler CA, Nyland HI, et  al. Subpial 
demyelination in the cerebral cortex of multiple 
sclerosis patients. J Neuropathol Exp Neurol. 
2003;62:723–32.

 41. Moghadasi AN, Baghbanian SM.  Tumefactive 
demyelinating lesions in a patient with mul-
tiple sclerosis receiving natalizumab. Acta 
Neurol Belg. 2018; https://doi.org/10.1007/
s13760-018-0948-2.

 42. Sanchez P, Meca-Lallana V, Vivancos J. Tumefactive 
multiple sclerosis lesions associated with fingolimod 
treatment: report of 5 cases. Mult Scler Relat Disord. 
2018;25:95–8.

 43. Lucchinetti CF, Gavrilova RH, Metz I, et al. Clinical 
and radiographic spectrum of pathologically 
 confirmed tumefactive multiple sclerosis. Brain. 
2008;131:1759–75.

 44. Wood DD, Bilbao JM, O’Connors P, et  al. Acute 
multiple sclerosis (Marburg type) is associated with 
developmentally immature myelin basic protein. 
Ann Neurol. 1996;40:18–24.

3 Immunopathogenesis

https://doi.org/10.1007/s13760-018-0948-2
https://doi.org/10.1007/s13760-018-0948-2


64

 45. Harauz G, Musse AA.  A tale of two citrullines—
structural and functional aspects of myelin basic pro-
tein deamination in health and disease. Neurochem 
Res. 2007;32:137–58.

 46. Behrens JR, Wanner J, Kuchling J, et  al. 7 Tesla 
MRI of Balo’s concentric sclerosis versus mul-
tiple sclerosis lesions. Ann Clin Transl Neurol. 
2018;5(8):900–12.

 47. Yao DL, Webster H, Hudson LD, et al. Concentric 
sclerosis (Balo): morphometric and in situ hybrid-
ization study of lesions in six patients. Ann Neurol. 
1994;35:18–30.

 48. Stadelmann C, Ludwin SK, Tabira T, et  al. 
Hypoxic preconditioning explains concentric 
lesions in Balo’s type of multiple sclerosis. Brain. 
2005;128:979–87.

 49. Mahad D, Ziabreva I, Lassmann H, et  al. 
Mitochondrial defects in acute multiple sclerosis 
lesions. Brain. 2008;131:1722–35.

 50. Matsuoka T, Suzuki SO, Iwaki T, et al. Aquaporin-4 
astrocytopathy in Balo’s disease. Acta Neuropathol. 
2010;120:651–60.

 51. Bacigaluppi S, Polonara G, Zavanone ML, et  al. 
Schilder’s disease: non-invasive diagnosis? Neurol 
Sci. 2009;30:421–30.

 52. Dunn-Pirio A, Eckstein C. Recurrent schilder’s dis-
ease. Mult Scler Relat Disord. 2018;26:8–10.

 53. Genç HM, Kara B, Uyur Yalçin E, et al. Long-term 
clinical and radiologic follow-up of Schilder’s dis-
ease. Mult Scler Relat Disord. 2017;13:47–51.

 54. Keegan BM, Kaufmann TJ, Weinshenker BG, et al. 
Progressive solitary sclerosis: gradual motor impair-
ment from a single CNS demyelinating lesion. 
Neurology. 2016;87:1713–9.

 55. Lebrun C, Cohen M, Mondot L, et al. A case report 
of solitary sclerosis: this is really multiple sclerosis. 
Neurol Ther. 2017;6:259–63.

 56. Vaknin-Dembinsky A, Weiner HL.  Relationship of 
immunologic abnormalities and disease stage in 
multiple sclerosis: implications for therapy. J Neurol 
Sci. 2007;259:90–4.

 57. Meinl E, Krumbholz M, Derfuss T, et  al. 
Compartmentalization of inflammation in the CNS: 
a major mechanism driving progressive multiple 
sclerosis. J Neurol Sci. 2008;274:42–4.

 58. Sato F, Tanaka H, Hasanovic F, et  al. Theiler’s 
virus infection: pathophysiology of demyelin-
ation and neurodegeneration. Pathophysiology. 
2011;18(1):31–41. https://doi.org/10.1016/j.
pathophys.2010.04.011.

 59. Steinman L. Shifting therapeutic attention in MS to 
osteopontin, type 1 and type 2 IFN. Eur J Immunol. 
2009;39:2358–60.

 60. Jager A, Dardalhon V, Sobel RA, et  al. Th1, 
Th17, and Th9 effector cells induce experimen-
tal autoimmune encephalomyelitis with dif-
ferent pathological phenotypes. J Immunol. 
2009;183:7169–77.

 61. Wingerchuk DM, Lucchinetti CF.  Comparative 
immunopathogenesis of acute disseminated enceph-

alomyelitis, neuromyelitis optica and multiple scle-
rosis. Curr Opin Neurol. 2007;20:343–50.

 62. Bjelobaba I, Begovic-Kupresanin V, Pekovic S, et al. 
Animal models of multiple sclerosis: focus on exper-
imental autoimmune encephalomyelitis. J Neurosci 
Res. 2018;96:1021–42.

 63. Bielekova B, Goodwin B, Richert N, et  al. 
Encephalitogenic potential of the myelin basic pro-
tein peptide in multiple sclerosis: results of a phase 
II clinical trial with an altered peptide ligand. Nat 
Med. 2000;6:1167–75.

 64. Tsutsui S, Stys PK.  Degeneration versus auto-
immunity in multiple sclerosis. Ann Neurol. 
2009;66:711–3.

 65. Mikulkova Z, Praksova P, Stourac P, et al. Imbalance 
in T-cell and cytokine profiles in patients with 
relapsing-remitting multiple sclerosis. J Neurol Sci. 
2011;300:135–41.

 66. Batoulis H, Addicks K, Kuerten S. Emerging con-
cepts in autoimmune encephalomyelitis beyond the 
CD4/Th1 paradigm. Ann Anat. 2010;192:179–93.

 67. Vonken K, Hellings N, Hensen K, et al. Secondary 
progressive in contrast to relapsing-remitting mul-
tiple sclerosis patients show a normal CD4+CD25+ 
regulatory T-cell function and FoXP3 expression. J 
Neurosci Res. 2006;83:1432–46.

 68. Bennett JL, Stuve O.  Update on inflammation, 
neurodegeneration, and immunoregulation in 
multiple sclerosis: therapeutic implications. Clin 
Neuropharmacol. 2009;32:121–32.

 69. Huan J, Cubertson N, Spencer L, et  al. Decreased 
FOXP3 levels in multiple sclerosis patients. J 
Neurosci Res. 2005;81:45–52.

 70. Correale J, Villa A. Role of CD8+ CD25+ Foxp3+ 
regulatory T cells in multiple sclerosis. Ann Neurol. 
2010;67:625–38.

 71. Harrington LE, Hatton RD, Mangan PR, et  al. 
Interleukin 17-producing CD4+ effector T cells 
develop via a lineage distinct from the T helper type 
1 and 2 lineages. Nat Immunol. 2005;6:1123–32.

 72. Korn T.  Pathophysiology of multiple sclerosis. J 
Neurol. 2008;255:2–6.

 73. Lock C, Hermans G, Pedotti R, et  al. Gene- 
microarray analysis of multiple sclerosis lesions 
yields new targets validated in autoimmune enceph-
alomyelitis. Nat Med. 2002;8:500–8.

 74. Tzartos JS, Friese MA, Craner MJ, et  al. 
Interleukin-17 production in central nervous system- 
infiltrating T cells and glial cells is associated with 
active disease in multiple sclerosis. Am J Pathol. 
2008;172:146–55.

 75. Kebir H, Kreymborg K, Ifergan I, et  al. Human 
T(H)17 lymphocytes promote blood-brain barrier 
disruption and central nervous system inflammation. 
Nat Med. 2007;13:1173–5.

 76. Babbe H, Roers A, Waisman A, et al. Clonal expan-
sions of CD8(+) T cells dominate the T cell infil-
trate in active multiple sclerosis lesions as shown by 
micromanipulation and single cell polymerase chain 
reaction. J Exp Med. 2000;192:393–404.

P. K. Coyle

https://doi.org/10.1016/j.pathophys.2010.04.011
https://doi.org/10.1016/j.pathophys.2010.04.011


65

 77. Jacobsen M, Cepok S, Quak E, et  al. Oligoclonal 
expansion of memory CD8+ T cells in cerebrospi-
nal fluid from multiple sclerosis patients. Brain. 
2002;125:538–50.

 78. Shimonkevitz R, Colburn C, Burnham JA, et  al. 
Clonal expansions of activated gamma/delta T cells 
in recent-onset multiple sclerosis. Proc Natl Acad 
Sci U S A. 1993;90:923–7.

 79. Chen Z, Freedman MS.  Correlation of specialized 
CD16+ gammadelta cells with disease course and 
severity in multiple sclerosis. J Neuroimmunol. 
2008;194:147–52.

 80. Selmaj K, Brosnan CF, Raine CS.  Colocalization 
of lymphocytes bearing gamma delta T-cell recep-
tor and heat shock protein hsp65+ oligodendro-
cytes in multiple sclerosis. Proc Natl Acad Sci. 
1991;88:6452–6.

 81. Monteiro A, Cruto C, Rosado P, et  al. 
Characterization of circulating gamma-delta T 
cells in relapsing vs. remission multiple sclerosis. J 
Neuroimmunol. 2018;318:65–71.

 82. Von Essen MR, Ammitzboll C, Hansen RH, et  al. 
Proinflammatory CD20+ T cells in the pathogenesis 
of multiple sclerosis. Brain. 2019;142:120–32.

 83. Cepok S, Rosche B, Grummel V, et al. Short-lived 
plasma blasts are the main B cell effector sub-
set during the course of multiple sclerosis. Brain. 
2005;128:1667–76.

 84. Harp C, Lee J, Lambracht-Washignton D, et  al. 
Cerebrospinal fluid B cells from multiple sclerosis 
patients are subject to normal germinal center selec-
tion. J Neuroimmunol. 2007;183:189–99.

 85. Owens GP, Ritchie AM, Burgoon MP, et al. Single- 
cell repertoire analysis demonstrates that clonal 
expansion is a prominent feature of the B cell 
response in multiple sclerosis cerebrospinal fluid. J 
Immunol. 2008;171:2725–3.

 86. Fraussen J, Vrolix K, Martinez-Martinez P, 
et  al. B cell characterization and reactivity 
analysis in multiple sclerosis. Autoimmun Rev. 
2009;8:654–8.

 87. Magliozzi R, Howell O, Vora A, et  al. Meningeal 
B-cell follicles in secondary progressive mul-
tiple sclerosis associate with early onset of 
disease and severe cortical pathology. Brain. 
2007;130:1089–104.

 88. Owens GP, Bennett JL, Lassmann H, et  al. 
Antibodies produced by clonally expanded plasma 
cells in multiple sclerosis cerebrospinal fluid. Ann 
Neurol. 2009;65:639–49.

 89. Brändle SM, Obermeier B, Senel M, et al. Distinct 
oligoclonal band antibodies in multiple sclerosis rec-
ognize ubiquitous self-proteins. Proc Natl Acad Sci 
U S A. 2016;113(28):7864–9.

 90. Thangarajh M, Gomez-Rial J, Hedstrom AK, et al. 
Lipid-specific immunoglobulin M in CSF predicts 
adverse long-term outcome in multiple sclerosis. 
Mult Scler. 2008;14:1208–13.

 91. Berger T, Rubner P, Schautzer F, et  al. Antimyelin 
antibodies as a predictor of clinically definite mul-

tiple sclerosis after a first demyelinating event. N 
Engl J Med. 2003;349:139–45.

 92. Kuhle J, Lindberg RL, Regeniter A, et al. Antimyelin 
antibodies in clinically isolated syndromes corre-
late with inflammation in MRI and CSF.  J Neurol. 
2007;254:160–8.

 93. O’Connor KC, McLaughlin KA, De Jager PL, et al. 
Self-antigen tetramers discriminate between myelin 
autoantibodies to native or denatured protein. Nat 
Med. 2007;13:211–7.

 94. Jarius S, Paul F, Aktas O, et al. MOG encephalomy-
elitis: international recommendations on diagnosis 
and antibody testing. J Neuroinflamm. 2018;15:134.

 95. Hauser SI, Bar-Or A, Comi G, et  al. Ocrelizumab 
versus interferon beta-1a in relapsing multiple scle-
rosis. N Engl J Med. 2017;376(3):221–34.

 96. Montalban X, Hauser SL, Kappos L, et  al. 
Ocrelizumab versus placebo in primary pro-
gressive multiple sclerosis. N Engl J Med. 
2017;376(3):209–20.

 97. Von Budingen HC, Harrer MD, Kuenzle S, et  al. 
Clonally expanded plasma cells in the cerebrospinal 
fluid of MS patients produce myelin-specific anti-
bodies. Eur J Immunol. 2008;38:2014–23.

 98. Pollok K, Mothes R, Ulbricht C, et al. The chroni-
cally inflamed central nervous system provides 
niches for long-lived plasma cells. Acta Neuropathol 
Commun. 2017;5:88.

 99. Von Budingen HC, Gulati M, Kuenzle S, et  al. 
Clonally expanded plasma cells in the cerebrospinal 
fluid of patients with central nervous system autoim-
mune demyelination produce “oligoclonal bands”. J 
Neuroimmunol. 2010;218:134–9.

 100. Ajami B, Steinman L. Nonclassical monocytes: are 
they the next therapeutic targets in multiple sclero-
sis? Immunol Cell Biol. 2018;96:125–7.

 101. Gjelstrup MC, Stilund M, Petersen T, et al. Subsets 
of activated monocytes and markers of inflamma-
tion in incipient and progressed multiple sclerosis. 
Immunol Cell Biol. 2018;96(2):160–74.

 102. Merson TD, Binder MD, Kilpatrick TJ.  Role of 
cytokines as mediators and regulators of microg-
lial activity in inflammatory demyelination of the 
CNS. NeuroMolecular Med. 2010;12:99–132.

 103. Akaishi T, Takahashi T, Nakashima I.  Peripheral 
blood monocyte count at onset may affect the 
prognosis in multiple sclerosis. J Neuroimmunol. 
2018;319:37–40.

 104. Kim SH, Jung HH, Lee CK. Generation, characteris-
tics and clinical trials of ex vivo generated tolerogenic 
dendritic cells. Yonsei Med J. 2018;59(7):807–15.

 105. Comabella M, Montalban X, Munz C, et  al. 
Targeting dendritic cells to treat multiple sclerosis. 
Nat Rev Neurol. 2010;6:499–507.

 106. Zozulya AL, Clarkson BD, Ortler S, et al. The role 
of dendritic cells in CNS autoimmunity. J Mol Med. 
2010;88:535–44.

 107. Schwab N, Zozulya AL, Kieseier BC, et  al. An 
imbalance of two functionally and phenotypi-
cally different subsets of plasmacytoid dendritic 

3 Immunopathogenesis



66

cells characterizes the dysfunctional immune 
regulation in multiple sclerosis. J Immunol. 
2010;184:5368–74.

 108. De Laere M, Berneman ZN, Cools N. To the brain 
and back: migratory paths of dendritic cells in 
multiple sclerosis. J Neuropathol Exp Neurol. 
2018;77(3):178–92.

 109. Florez-Grau G, Zubizarreta I, Cabezon R, et  al. 
Tolerogenic dendritic cells as a promising antigen- 
specific therapy in the treatment of multiple sclerosis 
and neuromyelitis optica from preclinical to clinical 
trials. Front Immunol. 2018;9:1169.

 110. Gandhi R, Laroni A, Weiner HL. Role of the innate 
immune system in the pathogenesis of multiple scle-
rosis. J Neuroimmunol. 2010;221:7–14.

 111. O’Keefe J, Gately CM, Counihan T, et  al. T-cells 
expressing natural killer (NK) receptors are 
altered in multiple sclerosis and responses to 
α-galactosylceramide are impaired. J Neurol Sci. 
2008;275:22–8.

 112. Sakuishi K, Miyake S, Yamamura T.  Role of NK 
cells and invariant NKT cells in multiple sclerosis. 
Results Probl Cell Differ. 2010;51:127–47.

 113. De Jager PL, Rossin E, Pyne S, et  al. Cytometric 
profiling in multiple sclerosis uncovers patient pop-
ulation structure and a reduction of CD8 low cells. 
Brain. 2008;131:1701–11.

 114. Putzki N, Baranwal MK, Tettenborn B, et  al. 
Effects of natalizumab on circulating B cells, T 
regulatory cells and natural killer cells. Eur Neurol. 
2010;63:311–7.

 115. Smith MD, Calabresi PA, Bhargava P.  Dimethyl 
fumarate treatment alters NK cell function in mul-
tiple sclerosis. Eur J Immunol. 2018;48(2):380–3.

 116. Segal BM. Enhancing natural killer cells is benefi-
cial in multiple sclerosis – commentary. Mult Scler. 
2018; https://doi.org/10.1177/1352458518809296.

 117. Liu Q, Shi FD. Enhancing natural killer cells is ben-
eficial in multiple sclerosis – no. Mult Scler. 2018; 
https://doi.org/10.1177/1352458518799591.

 118. Laroni A. Enhancing natural killer cells is beneficial 
in multiple sclerosis – yes. Mult Scler. 2018; https://
doi.org/10.1177/1352458518800776.

 119. Hendriksen E, van Bergeijk D, Oosting RS, et  al. 
Mast cells in neuroinflammation and brain disorders. 
Neurosci Biobehav Rev. 2017;79:119–33.

 120. Rozniecki JJ, Hauser SL, Stein M, et  al. Elevated 
mast cell tryptase in cerebrospinal fluid of multiple 
sclerosis patients. Ann Neurol. 1995;37:63–6.

 121. Brown MA, Weinberg RB.  Mast cells and innate 
lymphoid cells: underappreciated players in CNS 
autoimmune demyelinating disease. Front Immunol. 
2017;9:514.

 122. Conti P, Kempuraj D.  Important role of mast cells 
in multiple sclerosis. Mult Scler Relat Disord. 
2016;5:77–80.

 123. Efficacy and safety of masitinib in the treatment 
of progressive multiple sclerosis. Retrieved from 
https://clinicaltrials.gov/ct2/show/NCT01433497. 
Accessed 10 Dec 2018.

 124. Wang K, Song F, Fernandez-Escobar A, et  al. The 
properties of cytokines in multiple sclerosis: pros 
and cons. Am J Med Sci. 2018;356(6):552–60.

 125. Li YF, Zhang SX, Ma XW, et al. Levels of periph-
eral Th17 cells and serum Th17-related cytokines 
in patients with multiple sclerosis: a meta-analysis. 
Mult Scler Relat Disord. 2017;18:20–5.

 126. Bassi MS, Iezzi E, Landi D, et al. Delayed treatment 
of MS is associated with high CSF levels of IL-6 
and IL-8 and worse future disease course. J Neurol. 
2018;265:2540–7.

 127. Khaibullin T, Ivanova V, Martynova E, et al. Elevated 
levels of proinflammatory cytokines in cerebrospinal 
fluid of multiple sclerosis patients. Front Immunol. 
2017;8:531.

 128. Kallaur AP, Oliveira SR, Colado Simão AN, et  al. 
Cytokine profile in relapsing-remitting multiple 
sclerosis patients and the association between pro-
gression and activity of the disease. Mol Med Rep. 
2013;7(3):1010–20.

 129. Rasouli J, Ciric B, Imitola J, et  al. Expression of 
GM-CSF in T cells is increased in multiple scle-
rosis and suppressed by IFNβ therapy. J Immunol. 
2015;194:5085–93.

 130. Trenova AG, Slavov GS.  Cytokines in multiple 
sclerosis – possible targets for immune therapies. J 
Neurol Exp Neurosci. 2016;1(2):25–9.

 131. Panitch HS, Hirsch RL, Schindler J, et al. Treatment 
of multiple sclerosis with gamma interferon: exac-
erbations associated with activation of the immune 
system. Neurology. 1987;27:1097–102.

 132. Van Oosten BW, Barkhoff F, Truyen L, et  al. 
Increased MRI activity and immune activation in 
two multiple sclerosis patients treated with the 
monoclonal anti-tumor necrosis factor antibody 
cA2. Neurology. 1996;47:1531–4.

 133. The Lenercept Multiple Sclerosis Study Group 
and the University of British Columbia MS/MRI 
Analysis Group. TNF neutralization in MS: results 
of a randomized, placebo-controlled multicenter 
study. Neurology. 1999;53:457–65.

 134. Balashov KE, Smith DR, Khoury SJ, et  al. 
Increased interleukin 12 production in progressive 
multiple sclerosis: induction by activated CD4+ 
T cells via CD40 ligand. Proc Natl Acad Sci. 
1997;94:599.

 135. Iwanowski P, Losy J, Kramer L, et al. CXCL10 and 
CXCL13 chemokines in patients with relapsing 
remitting and primary progressive multiple sclerosis. 
J Neurol Sci. 2017;380:22–6.

 136. Bar-Or A.  The immunology of multiple sclerosis. 
Semin Neurol. 2008;28:29–45.

 137. Hvas J, McLean C, Justesen J, et  al. Perivascular 
T cells express the pro-inflammatory chemokines. 
RANTES mRNA in multiple sclerosis lesions. 
Scand J Immunol. 1997;46:195–203.

 138. Van Der Voorn P, Tekstra J, Beeden RH, et  al. 
Expression of MCP-1 by reactive astrocytes in 
demyelinating multiple sclerosis lesions. Ann J 
Pathol. 1999;154:45–51.

P. K. Coyle

https://doi.org/10.1177/1352458518809296
https://doi.org/10.1177/1352458518799591
https://doi.org/10.1177/1352458518800776
https://doi.org/10.1177/1352458518800776
https://clinicaltrials.gov/ct2/show/NCT01433497


67

 139. Szczucinski A, Losy J.  CCL5, CXCL10 and 
CXCL11 chemokines in patients with active and 
stable relapsing-remitting multiple sclerosis. 
Neuroimmunomodulation. 2011;18:67–72.

 140. Ziliotto N, Bernardi F, Jakimovski D, et al. Increased 
CCL18 plasma levels are associated with neurode-
generative MRI outcomes in multiple sclerosis. Mult 
Scler Relat Disord. 2018;25:37–42.

 141. Morimoto J, Kon S, Matsui Y, et al. Osteopontin; as 
a target molecule for the treatment of inflammatory 
diseases. Curr Drug Targets. 2010;11:494–505.

 142. Bhat R, Steinman L. Innate and adaptive autoimmu-
nity directed to the central nervous system. Neuron. 
2009;64:123–32.

 143. Vogt MH, Lopatinskaya L, Smits M, et al. Elevated 
osteopontin levels in active-remitting multiple scle-
rosis. Ann Neurol. 2003;53:819–22.

 144. Comabella M, et  al. Plasma osteopontin lev-
els in multiple sclerosis. J Neuroimmunol. 
2005;158:231–9.

 145. Chowdhury SA, Lin J, Sadiq SA.  Specificity and 
correlation with disease activity of cerebrospinal 
fluid osteopontin levels in patients with multiple 
sclerosis. Arch Neurol. 2008;65:232–5.

 146. Chabas D, Baranzini SE, Mitchell D, et al. The influ-
ence of the proinflammatory cytokine, osteopontin, 
on autoimmune demyelinating disease. Science. 
2001;294:1731–5.

 147. Agah E, Zardoui A, Saghazadeh A, et al. Osteopontin 
(OPN) as a CSF and blood biomarker for multiple 
sclerosis: a systematic review and met-analysis. 
PLoS One. 2018;13(1):e0190252.

 148. Ziliotto N, Zivadinov R, Jakimovski D, et al. Plasma 
levels of soluble NCAM in multiple sclerosis. J 
Neurol Sci. 2019;396:36–41.

 149. Leppert D, Ford J, Stabler G, et al. Matrix metallo-
proteinase- 9 (gelatinase B) is selectively elevated in 
CSF during relapses and stable phases of multiple 
sclerosis. Brain. 1998;121:2327–34.

 150. Fainardi E, Castellazzi M, Bellini T, et  al. 
Cerebrospinal fluid and serum levels and intra-
thecal production of active matrix metallo-
proteinase-9 (MMP-9) as markers of disease 
activity in patients with multiple sclerosis. Mult 
Scler. 2006;12:294–301.

 151. Fainardi E, Castellazzi M, Tamborino C, et  al. 
Potential relevance of cerebrospinal fluid and serum 
levels and intrathecal synthesis of active matrix 
metalloproteinase-2 (MMP-2) as markers of disease 
remission in patients with multiple sclerosis. Mult 
Scler. 2009;15:547–54.

 152. Benesova Y, Vasku A, Novotna H, et  al. Matrix 
metalloproteinase-9 and matrix metalloproteinase-2 
as biomarkers of various courses in multiple sclero-
sis. Mult Scler. 2009;15:316–22.

 153. Fissolo N, Pignolet B, Matute-Blanch C, et al. Matrix 
metalloproteinase 9 is decreased in natalizumab- 
treated multiple sclerosis patients at risk for progres-
sive multifocal leukoencephalopathy. Ann Neurol. 
2017;82(2):186–95.

 154. Rothhammer V, Borucki DM, Tjon EC, et  al. 
Microglial control of astrocytes in response to micro-
bial metabolites. Nature. 2018;557(7707):724–8.

 155. Voet S, Prinz M, van Loo G.  Microglia in central 
nervous system inflammation and multiple sclero-
sis pathology. Trends Mol Med. 2019; https://doi.
org/10.1016/j.molmed.2018.11.005.

 156. Zrzavy T, Hametner S, Simmer I, et  al. Loss of 
‘homeostatic’ microglia and patterns of their 
activation in active multiple sclerosis. Brain. 
2017;140:1900–13.

 157. Bogie JFJ, Stinissen P, Hendriks JJA.  Macrophage 
subsets and microglia in multiple sclerosis. Acta 
Neuropathol. 2014;128:191–213.

 158. Howell OW, Rundle JL, Garg A, et  al. Activated 
microglia mediate axoglial disruption that con-
tributes to axonal injury in multiple sclerosis. J 
Neuropathol Exp Neurol. 2010;69:1017–33.

 159. Friese MA, Fugger L.  T cells and microglia as 
drivers of multiple sclerosis pathology. Brain. 
2007;130:2755–7.

 160. Artemiadis AK, Anagnostouli MC. Apoptosis of oli-
godendrocytes and post-translational modifications 
of myelin basic protein in multiple sclerosis: pos-
sible role for the early stages of multiple sclerosis. 
Eur Neurol. 2010;63:65–72.

 161. Jana A, Pahan K. Sphingolipids in multiple sclerosis. 
Neuromol Med. 2010;12(4):351–61.

 162. D’Souza SD, Bonetti B, Balasingman B, et  al. 
Multiple sclerosis Fas signaling on oligodendrocyte 
cell death. J Exp Med. 1996;184:2361–70.

 163. Franklin RJM, Ffrench-Constant C.  Remyelination 
in the CNS: from biology to therapy. Nat Rev 
Neurosci. 2008;9:839–55.

 164. Duncan ID, Radcliff AB, Heidari M, et  al. The 
adult oligodendrocyte can participate in remyelin-
ation. Proc Natl Acad Sci U S A. 2018; https://doi.
org/10.1073/pnas.1808064115.

 165. Falcão AM, van Bruggen D, Marques S, et  al. 
Disease-specific oligodendrocyte lineage cells arise 
in multiple sclerosis. Nat Med. 2018;24:1837–44.

 166. Kremer D, Akkermann R, Küry P, et  al. Current 
advancements in promoting remyelination in 
multiple sclerosis. Mult Scler. 2018; https://doi.
org/10.1177/1352458518800827.

 167. Kuhlmann T, Miron V, Cuo Q, et al. Differentiation 
block of oligodendroglial progenitor cells as a cause 
for remyelination failure in chronic multiple sclero-
sis. Brain. 2008;131:1749–58.

 168. Mi S, Miller RH, Tang W, et al. Promotion of cen-
tral nervous system remyelination by induced dif-
ferentiation of oligodendrocyte precursor cells. Ann 
Neurol. 2009;65:304–15.

 169. Whitaker JN, Mitchell GW.  A possible role for 
altered myelin basic protein in multiple sclerosis. 
Ann Neurol. 1996;40:3–4.

 170. Moscarello MA, Mastronardi FG, Wood DD.  The 
role of citrullinated proteins suggests a novel mech-
anism in the pathogenesis of multiple sclerosis. 
Neurochem Res. 2007;32:251–6.

3 Immunopathogenesis

https://doi.org/10.1016/j.molmed.2018.11.005
https://doi.org/10.1016/j.molmed.2018.11.005
https://doi.org/10.1073/pnas.1808064115
https://doi.org/10.1073/pnas.1808064115
https://doi.org/10.1177/1352458518800827
https://doi.org/10.1177/1352458518800827


68

 171. Chastain EML, Duncan DS, Rodgers JM, et  al. 
The role of antigen presenting cells in multiple 
sclerosis. Biochim Biophys Acta. 2010; https://doi.
org/10.1016/J.BBADIS.2010.07.008.

 172. Black JA, Newcombe J, Waxman SG.  Astrocytes 
within multiple sclerosis lesions upregulate sodium 
channel Nav1.5. Brain. 2010;133:835–46.

 173. Sharma R, Fischer MT, Bauer J, et al. Inflammation 
induced by innate immunity in the central ner-
vous system leads to primary astrocyte dysfunc-
tion followed by demyelination. Acta Neuropathol. 
2010;120:223–36.

 174. Prineas JW, Lee S.  Multiple sclerosis: destruction 
and regeneration of astrocytes in acute lesions. 
J Neuropathol Exp Neurol. 2019; https://doi.
org/10.1093/jnen/nly121.

 175. Steen C, Wilczak N, Hoogduin JM, et al. Reduced 
creatine kinase B activity in multiple sclero-
sis normal appearing white matter. PLoS One. 
2010;5:e10811.

 176. Touil H, Kobert A, Lebeurrier N, et al. Human cen-
tral nervous system astrocytes support survival and 
activation of B cells: implications for MS pathogen-
esis. J Neuroinflamm. 2018;15:114.

 177. Ponath G, Park C, Pitt D. The role of astrocytes in 
multiple sclerosis. Front Neurol. 2018;9:217.

 178. Pirko I, Lucchinetti CF, Sriram S, et al. Gray mat-
ter involvement in multiple sclerosis. Neurology. 
2007;68:634–42.

 179. Siffrin V, Vogt J, Radbruch H, et al. Multiple sclero-
sis  – candidate mechanisms underlying CNS atro-
phy. Trends Neurosci. 2010;33:202–10.

 180. Derfuss T, Linington C, Hohlfeld R.  Axo-glial 
antigens as targets in multiple sclerosis: implica-
tions for axonal and grey matter injury. J Mol Med. 
2010;88:753–61.

 181. Mantegazza M, Curia G, Biagini G, et al. Voltage- 
gated sodium channels as therapeutic targets in 
epilepsy and other neurological disorders. Lancet 
Neurol. 2010;9:413–24.

 182. Henderson APD, Trip SA, Schlottmann PG, et al. An 
investigation of the retinal nerve fibre layer in pro-
gressive multiple sclerosis using optical coherence 
tomography. Brain. 2008;131:277–87.

 183. Srinivasan S, Efron N. Optical coherence tomogra-
phy in the investigation of systemic neurologic dis-
ease. Clin Exp Optom. 2018; https://doi.org/10.1111/
cxo.12858.

 184. Vercellino M, Plano F, Votta B, et  al. Grey matter 
pathology in multiple sclerosis. J Neuropathol Exp 
Neurol. 2005;64:1101–7.

 185. Meinl E, Derfuss T, Krumbholz M, et al. Humoral 
autoimmunity in multiple sclerosis. J Neurol Sci. 
2010;001:10.1016.

 186. Derfuss T, Parikh K, Velhin S, et  al. Contactin 2/
TAG-1-directed autoimmunity is identified in 
multiple sclerosis patients and mediates gray mat-
ter pathology in animals. Proc Natl Acad Sci. 
2009;106:8302–7.

 187. Semra YK, Seidi OA, Sharief MK.  Heightened 
intrathecal release of axonal cytoskeletal proteins 
in multiple sclerosis is associated with progressive 
disease and clinical disability. J Neuroimmunol. 
2002;122:132–9.

 188. Malmestrom C, Haghighi S, Rosengren 
L.  Neurofilament light protein and glial fibril-
lary acidic protein as biological markers in 
MS. Neurology. 2003;61:1720–5.

 189. Lim ET, Sellebjerg F, Jensen CV, et  al. Acute 
axonal damage predicts clinical outcome in 
patients with multiple sclerosis. Mult Scler. 
2005;11:532–6.

 190. Mathey EK, Derfuss T, Storch MK, et al. Neurofascin 
as a novel target for autoantibody-mediated axonal 
injury. Exp Med. 2007;204:2363–72.

 191. Pomicter AD, Shroff SM, Fuss B, et al. Novel forms 
of neurofascin 155  in the central nervous system: 
alterations in paranodal disruption models and mul-
tiple sclerosis. Brain. 2010;133:389–405.

 192. Colucci M, Roccatagliata L, Capello E, et  al. The 
14-3-3 protein in multiple sclerosis: a marker of dis-
ease severity. Mult Scler. 2004;10:477–81.

 193. Disanto G, Barro C, Benkert P, et  al. Serum 
neurofilament light: a biomarker of neuro-
nal damage in multiple sclerosis. Ann Neurol. 
2017;81(6):857–70.

 194. Alvarez JI, Cayrol R, Prat A.  Disruption of cen-
tral nervous system barriers in multiple sclerosis. 
Biochim Biophys Acta. 2010;D01:10.1016.

 195. Spencer JI, Bell JS, DeLuca GC.  Vascular pathol-
ogy in multiple sclerosis: reframing pathogenesis 
around the blood-brain barrier. J Neurol Neurosurg 
Psychiatry. 2018;89:42–52.

 196. Bennett J, Basivireddy J, Kollar A, et  al. Blood- 
brain barrier disruption and enhanced vascular per-
meability in the multiple sclerosis model EAE.  J 
Neuroimmunol. 2010;229(1-2):180–91.

 197. Hochmeister S, Grundtner R, Bauer J, et  al. 
Dysferlin is a new marker for leaky brain blood ves-
sels in multiple sclerosis. J Neuropathol Exp Neurol. 
2006;65:855–65.

 198. Padden M, Leech S, Craig B, et  al. Differences 
in expression of junctional adhesion molecule-A 
and beta-catenin in multiple sclerosis brain tissue: 
increasing evidence for the role of tight junction 
pathology. Acta Neuropathol. 2007;113:177–86.

 199. Sweeney MD, Kisler K, Montagne A, et al. The role 
of brain vasculature in neurodegenerative disorders. 
Nat Neurosci. 2018;21:1318–31.

 200. Ryu JK, Rafalski VA, Meyer-Franke A, et al. Fibrin- 
targeting immunotherapy protects against neuroin-
flammation and neurodegeneration. Nat Immunol. 
2018;19(11):1212–23.

 201. Uchida Y, Sumiya T, Tachikawa M, et  al. 
Involvement of claudin-11  in disruption of blood-
brain, -spinal cord, and -arachnoid barriers in mul-
tiple  sclerosis. Mol Neurobiol. 2018; https://doi.
org/10.1007/s12035-018-1207-5.

P. K. Coyle

https://doi.org/10.1016/J.BBADIS.2010.07.008
https://doi.org/10.1016/J.BBADIS.2010.07.008
https://doi.org/10.1093/jnen/nly121
https://doi.org/10.1093/jnen/nly121
https://doi.org/10.1111/cxo.12858
https://doi.org/10.1111/cxo.12858
https://doi.org/10.1007/s12035-018-1207-5
https://doi.org/10.1007/s12035-018-1207-5


69

 202. Cheng J, Korte N, Nortley R, et al. Targeting peri-
cytes for therapeutic approaches to neurological dis-
orders. Acta Neuropathol. 2018;136:507–23.

 203. Centonze D, Muzio L, Rossi S, et  al. The link 
between inflammation, synaptic transmission and 
neurodegeneration in multiple sclerosis. Cell Death 
Differ. 2010;17:1083–91.

 204. Baranzini SE, Srinivasan R, Khankhanian P, et  al. 
Genetic variation influences glutamate concentra-
tions in brains of patients with multiple sclerosis. 
Brain. 2010;133:2603–11.

 205. Levite M. Glutamate, T cells and multiple sclerosis. 
J Neural Transm (Vienna). 2017;124(7):775–98.

 206. Thiel VE, Audus KL.  Nitric oxide and blood- 
brain barrier integrity. Antioxid Redox Signal. 
2001;3:273–8.

 207. Lan M, Tang X, Zhang J, et al. Insights in pathogen-
esis of multiple sclerosis: nitric oxide may induce 
mitochondrial dysfunction of oligodendrocytes. Rev 
Neurosci. 2018;29(1):39–53.

 208. Oleszak EL, Zaczynska E, Bhattacharjee M, et  al. 
Inducible nitric oxide synthase and nitrotyrosine are 
found in monocytes/macrophages and/or astrocytes 
in acute, but not in chronic, multiple sclerosis. Clin 
Diagn Lab Immunol. 1998;5:438–45.

 209. Giovannoni G. Cerebrospinal fluid and serum nitric 
oxide metabolites in patients with multiple sclerosis. 
Mult Scler. 1998;4:27–30.

 210. Brundin L, Morcos E, Olsson T, et  al. Increased 
intrathecal nitric oxide formation in multiple sclero-
sis : cerebrospinal fluid nitrite as activity marker. Eur 
J Neurol. 1999;6:585–90.

 211. Calabrese V, Scapagnini G, Ravagna A, et al. Nitric 
oxide synthase is present in the cerebrospinal fluid 
of patients with active multiple sclerosis and is asso-
ciated with increases in cerebrospinal fluid protein 
nitrotyrosine and S-nitrosothiols and with changes in 
glutathione levels. J Neurosci Res. 2002;70:580–7.

 212. Rejdak K, Eikelenboom MJ, Petzold A, et al. CSF 
nitric oxide metabolites are associated with activity 
and progression of multiple sclerosis. Neurology. 
2004;63:1439–45.

 213. Tang X, Lan M, Zhang M, et al. Effect of nitric oxide 
to axonal degeneration in multiple sclerosis via 
downregulating monocarboxylate transporter 1  in 
oligodendrocytes. Nitric Oxide. 2017;67:75–80.

 214. Kozin MS, Kulakova OG, Favorova OO. Involvement 
of mitochondria in neurodegeneration in multiple 
sclerosis. Biochemistry (Mosc). 2018;83(7):813–30.

 215. Lassmann H. Pathophysiology of inflammation and 
tissue injury in multiple sclerosis: what are the tar-
gets for therapy. J Neurol Sci. 2010;D01:10.1016.

 216. Razavi S, Nazem G, Mardani M, et al. Neurotrophic 
factors and their effects in the treatment of multiple 
sclerosis. Adv Biomed Res. 2015;4:53.

 217. Linker R, Gold R, Luhder F.  Function of neuro-
trophic factors beyond the nervous system: inflam-
mation and autoimmune demyelination. Crit Rev 
Immunol. 2009;29:43–68.

 218. De Santi L, Annunziata P, Setta E, et  al. Brain- 
derived neurotrophic factor and TrkB receptor in 
experimental autoimmune encephalomyelitis and 
multiple sclerosis. J Neurol Sci. 2009;287:17–26.

 219. Urshansky N, Mausner-Fainberg K, Auriel E, et al. 
Dysregulated neurotrophin mRNA production by 
immune cells of patients with relapsing remitting 
multiple sclerosis. J Neurol Sci. 2010;295:31–7.

 220. Smolders J, Damoiseaux J, Menheere P, et  al. 
Vitamin D as an immune modulator in multiple scle-
rosis, a review. J Neuroimmunol. 2008;194:7–17.

 221. Lu M, Taylor B, Körner H. Genomic effects of the 
vitamin D receptor: potentially the link between 
vitamin D, immune cells, and multiple sclerosis. 
Front Immunol. 2018;9:477.

 222. McLaughlin L, Clarke L, Khalilidehkordi E, et  al. 
Vitamin D for the treatment of multiple sclerosis: a 
meta-analysis. J Neurol. 2018;265:2893–905.

 223. Galazka G, Mycko MP, Selmaj I, et  al. Multiple 
sclerosis: serum-derived exosomes express myelin 
proteins. Mult Scler. 2018;24(4):449–58.

 224. Selmaj I, Mycko MP, Raine CS, et  al. The role of 
exosomes in CNS inflammation and their involve-
ment in multiple sclerosis. J Neuroimmunol. 
2017;306:1–10.

 225. Vistbakka J, Elovaara I, Lehtimäki T, et  al. 
Circulating microRNAs as biomarkers in progressive 
multiple sclerosis. Mult Scler. 2017;23(3):403–12.

 226. Liu C, Yang H, Shi W, et  al. MicroRNA-mediated 
regulation of T helper type 17/regulatory T-cell 
balance in autoimmune disease. Immunology. 
2018;155(4):427–34.

 227. Nuzziello N, Vilardo L, Pelucchi P, et al. Investigating 
the role of microRNA and transcription factor co- 
regulatory networks in multiple sclerosis pathogen-
esis. Int J Mol Sci. 2018;19(11):3652.

 228. Camara-Lemarroy CR, Metz LM, Wee YV. Focus on 
the gut-brain axis: multiple sclerosis, the intestinal 
barrier and the microbiome. World J Gastroenterol. 
2018;24(37):4217–23.

 229. Rojas OL, Pröbstel AK, Porfilio EA, et  al. 
Recirculating intestinal IgA-producing cells regulate 
neuroinflammation via IL-10. Cell. 2019;176:1–15.

 230. Forbes JD, Chen C, Knox NC, et al. A comparative 
study of the gut microbiota in immune-mediated 
inflammatory diseases-does a common dysbiosis 
exist? Microbiome. 2018;6:221.

 231. Kirby TO, Ochoa-Reparaz J.  The gut microbiome 
in multiple sclerosis: a potential therapeutic avenue. 
Med Sci (Basel). 2018;6(3) https://doi.org/10.3390/
medsci6030069.

3 Immunopathogenesis

https://doi.org/10.3390/medsci6030069
https://doi.org/10.3390/medsci6030069


71© Springer Nature Switzerland AG 2020 
S. A. Rizvi et al. (eds.), Clinical Neuroimmunology, Current Clinical Neurology, 
https://doi.org/10.1007/978-3-030-24436-1_4

Epidemiology and Genetics

Tina Roostaei and Philip L. De Jager

 Distribution of MS in Human 
Populations

MS affects approximately 500,000 people in the 
United States and 2.5 million people throughout 
the world [1, 2]. Most MS patients develop the 
disease between 20 and 40 years of age, with a 
preponderance of women being affected. While 
the overall prevalence rate is generally cited as 
approximately 1  in 1000 for populations of 
European ancestry, the lifetime risk in certain 
populations is as high as 1 in 200 for women and 
slightly less for men. Indeed, MS is between 1.5 
and 3 times more prevalent in women, and this 
skewed gender distribution has been rising over 
time [3]. Much less is known about the preva-
lence of MS in non-European populations and 
admixed populations such as African-Americans. 
The available evidence suggests that prevalence 
is reduced, particularly in populations of African 
and East Asian ancestry [1]. However, some 
recent studies in the United States have shown an 
increase in incidence in African-American popu-

lation comparable to that of people from 
European ancestry [4].

Overall, MS prevalence demonstrates a lati-
tude gradient, with an increased prevalence in 
northern latitudes of Europe and North America 
and in southern regions of Australia and New 
Zealand. This difference in geographical distri-
bution was noted early in the study of MS and is 
unlikely to be explained by issues such as access 
to medical care and lack of familiarity with a 
diagnosis of MS in areas of low prevalence. 
However, there are notable exceptions to this 
general statement, with Sardinians having sub-
stantially higher rates of MS than other Italians 
and Parsis being more commonly affected than 
other ethnic groups in South Asia [5]. These 
observations suggest that the variable frequency 
of genetic susceptibility factors across human 
populations is likely to explain at least some of 
the geographical distribution of the disease.

There are a few observations that cannot be 
attributed to genetic factors. People who migrate 
to areas of greater MS prevalence tend to adopt 
the risk of their new homeland if they migrate in 
childhood, whereas those who migrate in later 
years retain the risk of their place of origin. Nor 
can genetics explain the differences in risk among 
those of common ancestry who migrate to areas 
of different MS prevalence [6]. It has also been 
argued that the recent decline in the latitude gra-
dient and the relative increase in MS prevalence 
for Caucasian women in the United States and 
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Canada must indicate exogenous factors, since 
genetic change does not occur over such a short 
period of time [7–9].

The much-quoted observation of change in 
risk depending on age at migration has been 
called into question. The cutoff for many years 
was assumed to be 15 years of age, but a study 
with a homogeneous Australian population dem-
onstrated that when 15  years was used as the 
point of stratification, age of migration had no 
effect on MS susceptibility, suggesting that risk 
from migration must span a wider age range [10]. 
Overall, it is clear that neither genetic nor envi-
ronmental risk factors are sufficient to indepen-
dently explain the distribution of MS in different 
human populations; there is an active interplay 
between these two sets of risk factors.

 Sunlight, Vitamin D, and MS

The search for environmental agents tied to lati-
tude that might directly affect risk of MS has 
been difficult. Norman and colleagues studied a 
US veteran population and reported that air pol-
lution index, concentrations of minerals in 
groundwater, temperature measures, measures of 
annual rainfall and average humidity, and amount 
of annual solar radiation, when analyzed by mul-
tiple regression, did not influence MS risk inde-
pendently from latitude [11]. That study 
notwithstanding, much of the research for a lati-
tude correlate has centered on the amount and 
duration of sunlight [12]. Studies measuring MS 
mortality as a function of occupational exposure 
to sunlight [13], skin cancer rates as a proxy for 
the amount of sun exposure [14], as well as self- 
reported [15, 16] and objectively measured 
(actinic damage) [17] sun exposure have all 
showed a protective role for sunlight in 
MS.  However, it should be noted that this evi-
dence, while intriguing, might be misleading. 
The occupational exposure, skin cancer, and skin 
damage studies that appear to show a relationship 
between less sunlight and MS risk may in fact 
reflect “reverse causation”—an epiphenomenon 
in which MS patients may preferentially avoid 
the sun as heat can exacerbate their symptoms, 

rather than sun exposure protecting against 
MS.  Furthermore, case-control surveys can be 
confounded by recall bias; for example, it is pos-
sible that being aware of the posited relationship 
between sunlight and MS would affect the report-
ing of exposure in MS patients. Nonetheless, 
increased sunlight exposure remains an attractive 
hypothesis that could contribute to the latitude 
gradient.

Exceptions to the latitude rule provide an 
important insight as to how sunlight might be act-
ing to promote MS susceptibility. The first anom-
aly is the high prevalence of MS at low altitudes 
and the low MS rates at high altitudes in 
Switzerland [18]. The second is the high preva-
lence of MS inland and the lower MS prevalence 
along the coast in Norway [19, 20]. Both of these 
phenomena can be convincingly explained by 
examining the role of vitamin D in this pathway. 
UV light is stronger at higher altitudes, encourag-
ing endogenous production of vitamin D3, and 
coastal residents eat more vitamin D-rich fish oils 
than do inland residents in Norway. Experimental 
data also support the role of vitamin D by show-
ing that 1,25-dihydroxyvitamin D given exoge-
nously prevents experimental autoimmune 
encephalomyelitis (EAE), the mouse model of 
MS [21, 22], while in vitamin D-deficient mice, 
the onset of EAE is accelerated [23]. Nevertheless, 
it seems that the dissection of the effects of sun-
light exposure and vitamin D requires further 
investigation, as some evidence suggests that 
both may have independent effects on the risk of 
MS [17, 24].

Case-control studies have shown lower dietary 
vitamin D intake [25] and serum concentrations 
of 25-hydroxyvitamin D3 [25(OH)D] [26], an 
objective measure of vitamin D status, in MS 
patients in comparison to matched controls. 
However, these studies are also subject to the 
potential problem of reverse causation and, in the 
case of dietary intake studies, further subject to 
recall bias. Somewhat stronger evidence for a 
causal role for vitamin D in susceptibility to MS 
comes from studies that provided unbiased infor-
mation on vitamin D status of participants prior 
to the onset of MS.  A longitudinal prospective 
study performed using dietary vitamin D intake 
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data from the Nurses’ Health Study (NHS) and 
NHS II found that higher total vitamin D intake 
(including intake from vitamin D supplements) 
was associated with lower risk of developing MS 
in later life [27]. Two nested case-control studies 
performed on blood samples collected from 
active-duty US military personnel [28] and 
population- based biobanks from the northern 
half of Sweden [29] further demonstrated that 
serum 25(OH)D levels were lower in individuals 
who later developed MS in comparison to 
matched healthy controls years before clinical 
onset of MS symptoms. However, as MS has an 
insidious onset, the temporal and hence causal 
relation between lower 25(OH)D levels and MS 
onset still requires further investigation to deter-
mine the exact window where this risk factor 
exerts its effect: a number of studies have found 
associations between lower vitamin D intake 
around adolescence [30] and even neonatal 
25(OH)D status [31] with higher risk of MS.

Mendelian randomization studies, on the other 
hand, can address the causality of the relationship 
between vitamin D and MS risk from a different 
perspective, by assessing whether genes that are 
associated with lower serum 25(OH)D levels also 
contribute to higher risk of developing MS. The 
assumption for these studies is that the genetic 
variants associated with different traits are inher-
ited randomly, and therefore, these studies can 
represent a randomized trial that minimizes the 
effects of confounding and reverse causation. 
Two recent such studies have demonstrated that 
individuals with polygenic scores associated with 
higher 25(OH)D levels are at lower risk of MS 
[32, 33]. However, residual pleiotropy (i.e., the 
possibility that the genetic variants influence 
both 25(OH)D levels and MS risk) cannot be 
ruled out.

In addition to the risk of MS, studies have 
found associations between vitamin D and MS 
disease activity, in terms of relapses, new lesions, 
and also conversion from clinically isolated syn-
drome to MS [34–36]. Although the association 
with relapse rate and disability was not replicated 
in more recent and larger longitudinal studies 
[37, 38] and clinical trials of vitamin D supple-
mentation [39, 40], evidence suggests that the 

association of vitamin D with lower increase in 
brain new and active lesions remains significant 
consistent with the previous studies [37, 39].

 Infectious Agents and MS

Given the geographical distribution of MS, the 
change in risk among migrants of different age, 
and the possible occurrence of MS epidemics [6, 
41], the hypothesis that MS results from expo-
sure to an infectious agent was proposed early 
and has been repeatedly explored. Certainly, the 
idea that a virus could infect many people but 
only cause pathological manifestations in a few 
was already evident from poliomyelitis and pro-
vided a possible model for MS. This model of a 
viral cause was conceptually supported by obser-
vations that several viruses were associated with 
demyelinating encephalomyelitis both in human 
patients and in experimental animals and that 
high concentrations of IgG (oligoclonal bands) 
are found in many patients with MS [42].

Two competing hypotheses have aimed to 
explain the relationship of microbes to MS. The 
prevalence hypothesis argues that MS comes 
about as a result of a pathogen that is more com-
mon in areas of high MS prevalence. Alternatively, 
the hygiene hypothesis states that a heavy burden 
of microbial or parasitic infections creates a per-
sistent effect on the immune system early in 
childhood, conferring protection against MS (and 
other autoimmune diseases). The effect on the 
immune system may include a shift from pro- 
inflammatory helper T cell (Th17) profile to a 
Th2 profile, such as that is seen following hel-
minthic infections and is associated with dimin-
ished inflammation in MS [43]. The hygiene 
hypothesis has generally been favored over the 
prevalence hypothesis in MS because it is better 
able to account for the latitude gradient, recent 
increases in prevalence (improved hygiene), and 
changing risk among migrants [3].

Over the years, various pathogens—such as 
human herpesvirus 6 (HHV6), Chlamydia pneu-
moniae, and endogenous retroviruses—have 
been investigated for possible connection to MS, 
but none have been definitively linked with the 
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disease [44]. The pathogen with the most robust 
evidence to support it is the Epstein-Barr virus 
(EBV) [45], the virus associated with infectious 
mononucleosis (IM), lymphoma, and nasopha-
ryngeal carcinoma. The vast majority of adults 
have been infected with EBV. Interestingly, both 
IM and MS occur in adolescents and young 
adults and specifically target populations where 
EBV infection is known to occur at a later age 
(i.e., those with higher socioeconomic status and 
more education). IM also follows a similar lati-
tude gradient to MS [46]. Thus, late infection 
with EBV, marked by the appearance of IM, is 
associated with MS risk; conversely, early acqui-
sition of EBV is seen in various parts of the 
world, such as Asia, where MS prevalence is low. 
Seropositivity to EBV nuclear antigen 1 (EBNA- 
1) and history of IM are among the most repli-
cated environmental associations found in 
relation to MS [45]. A number of studies have 
also investigated the temporality of this associa-
tion and have found associations with EBV sero-
conversion [47] and elevated levels of 
anti-EBNA-1 antibodies many years prior to 
clinical manifestations of MS [48].

At this point, epidemiological and serological 
studies suggest a role for EBV in MS susceptibil-
ity, but how can the hygiene hypothesis and a 
putative role for EBV be reconciled? The hygiene 
hypothesis argues that a large burden of microbes 
in early childhood shifts the immunological pro-
file toward protection from MS. EBV alone is 
unlikely to be sufficient to explain such a shift. 
However, it is known that children who are sero-
negative for EBV (presumably members of the 
high hygiene group) have a very low risk of MS 
as long as they are EBV-negative [49]. On the 
other hand, individuals who are infected and 
develop IM have a relative risk of MS of 2.3 com-
pared with those who never developed IM [50, 
51]. The “EBV variant” of the hygiene hypothe-
sis argues that good hygiene is detrimental from 
the MS perspective only insofar as it causes one 
to be infected with EBV later in life and hence 
have a higher chance of developing MS [49].

Molecular evidence for the role of EBV in MS 
has extended these epidemiologic observations. 
A genome-wide association study of the anti- 

EBNA- 1 IgG titers has shown that polygenic risk 
for this antibody is correlated with the genetic 
risk for MS [52]. EBNA-1 and EBNA-2 are 
among EBV nuclear proteins expressed in 
latently infected B lymphocytes. Interestingly, a 
recent study has demonstrated significant overlap 
between EBNA-2 DNA-binding sites and more 
than 40 MS-associated genetic loci in B lympho-
cyte cell lines [53], suggesting a biological basis 
for the association.

A group of researchers have reported the pres-
ence of lymphoid infiltrates within the meninges 
and also cortical lesions of MS patients [54, 55]. 
These structures were noted to contain many B 
cells and plasma cells with evidence of EBV 
infection. Although the replication of these 
results has been challenging [56], if replicated, 
this will offer a concrete link between EBV and 
MS-related neuropathology. The importance of B 
cell dysregulation in MS has been suggested by 
the successful trials of rituximab and more 
recently ocrelizumab (anti-CD20 monoclonal 
antibodies) in patients with relapsing-remitting 
disease [57, 58]. So, evaluating EBV further in 
this context is critical. In vitro studies have sug-
gested that, because of amino acid sequence 
homologies between EBV proteins and myelin 
basic protein, immune responses directed against 
EBV antigen could cross-react with self-antigen. 
In a genetically susceptible host under the right 
circumstances, the threshold of such autoreactive 
reactions may be lower. For example, immune 
response to EBV may be modulated by vitamin 
D, and suboptimal levels could lead to the activa-
tion of autoreactive T cells [59]. Thus, while 
definitive evidence for a role of EBV or another 
microbial trigger of MS remains elusive, it is 
likely that one or more different infectious agents 
may play a role in the initiation of the inflamma-
tory process in MS.

 Smoking and MS

Several studies suggest that cigarette smoking is 
a risk factor for multiple sclerosis. Meta-analyses 
performed on the association between smoking 
and susceptibility to MS have relatively large 
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sample sizes, and it does not appear that there is 
large heterogeneity among the included studies 
[45, 60]. While there is some concern in these ret-
rospective analyses that self-reported smoking 
status may not be very reliable, it has been shown 
that MS survey participants do reliably report 
their smoking status [61]. Moreover, these results 
are replicated in longitudinal studies, which, 
though varying in their definitions of smoking, 
have shown a 1.5-fold increase in the relative risk 
of MS for smokers when they are compared to 
individuals who had never smoked [62]. Studies 
have also demonstrated a dose-related increase in 
MS risk for smoking, with the highest risk in 
heavy smokers and people with higher cumula-
tive doses of smoking [62, 63]. There is also an 
interaction observed with sex, with a higher 
increase in risk of MS with smoking in males in 
comparison to females, which may explain the 
recent trends in increasing MS female-to-male 
ratio, as there has been a decrease in smoking 
behavior in males over time [3, 63].

Several hypotheses have been proposed to 
explain the effect of smoking on MS risk. A sys-
temic effect of smoking on the immune system is 
supported by the fact that smoking increases risk 
not only for MS but also for other autoimmune 
diseases [64]. Lung irrigation and increase in 
respiratory infections, vascular effects, neuro-
toxic effects, and effects on central nervous sys-
tem signaling pathways are among other 
suggested mechanisms [3]. Interestingly, a nega-
tive interaction has been observed between smok-
ing and IM, so that there is no increased risk 
associated with smoking in people who have a 
history of IM suggesting some shared biological 
pathways between the two [65]. On the other 
hand, the common use of smokeless oral tobacco 
(snuff) in Sweden has allowed for dissociating 
the effect of smoking from that of oral tobacco, 
demonstrating that unlike smoking, snuff is asso-
ciated with decreased risk of MS [63].

Smoking is also linked to transition to second-
ary progressive disease in MS [66], and it has 
been noted that smoking may promote acute 
exacerbations of MS [67]. Furthermore, it is sug-
gested that smoking is also a risk factor for early 
conversion to MS after an initial demyelinating 

event [68]. However, these results were not repli-
cated in recent studies including a prospective 
longitudinal study of ~500 participants enrolled 
with clinically isolated syndrome [69].

 Early-Life Obesity and MS

Obesity has emerged as a potential risk factor for 
MS in the past decade in large case-control [70, 
71] and prospective [72, 73] studies. These epi-
demiological studies suggest that obesity around 
adolescence, rather than high body mass index 
(BMI) at later ages, is associated with ~2-fold 
increase in risk of MS.  This effect is further 
shown to remain significant independent of the 
effects of other major genetic and environmental 
risk factors of MS including history of IM and 
smoking [74]. Results from two Mendelian ran-
domization studies further support a causal asso-
ciation between obesity and MS by demonstrating 
that the genetic risk score for higher BMI is asso-
ciated with increased risk of MS [75, 76]. This is 
further supported by evidence of significant 
genetic correlation between MS, BMI, and child-
hood obesity [77]. Similar to the other environ-
mental risk factors, mechanisms underlying the 
association between obesity and MS are not yet 
clear. Low-grade systemic inflammation and an 
increase in pro-inflammatory processes along 
with decreased circulating 25(OH)D levels are 
thought to contribute to the effect of obesity on 
risk of MS [78].

 Neuro-endocrine and Other Factors

There is some evidence for the role of hor-
mones in MS risk, although, admittedly, it is 
not as robust as the data supporting the suscep-
tibility factors discussed above. Given (1) the 
increased ratio of females to males affected 
with MS, (2) symptom onset in young adult-
hood, (3) higher risk of MS with younger age at 
menarche [79, 80], and (4) the fact that women 
with MS appear to suffer somewhat fewer 
relapses in the second and third trimesters of 
pregnancy followed by an increase in rate of 

4 Epidemiology and Genetics



76

relapse in the first trimester postpartum [81], 
sex hormones have been investigated for a pos-
sible role as modulators of MS risk. Progesterone 
appears to cause a switch from a Th1 to a Th2 
immune response, while testosterone exerts 
anti-inflammatory and immunosuppressive 
effects in mouse models of autoimmunity [82]. 
The protection during pregnancy and the 
increased risk postpartum could be mediated by 
hormonal fluctuations of progesterone, estro-
gen, or other factors affected by pregnancy: for 
example, progesterone levels increase during 
gestation, reaching their peak during the third 
trimester, at which point evidence of protection 
from MS is the strongest, and then plummet in 
the puerperium [83]. Further, it has been pro-
posed that estradiol, the form of estrogen com-
mon in nonpregnant women, is deleterious with 
regard to MS but that estriol, the predominant 
estrogen in pregnant women, is protective [84]. 
Two recent clinical trials have suggested bene-
ficial effects for estriol and oral contraceptives 
on relapse rate and active lesions in MRI, 
respectively [85, 86]. However, epidemiologi-
cal investigations of oral contraception use 
[87], parity, and age at first birth suggest that 
these factors are not robustly associated with 
the risk of the disease, and their effects on dis-
ease activity or progression are short-lived [62].

Other factors such as dietary intake of salt and 
fatty acids, alcohol and coffee consumption, 
physical exercise, and exposure to other viruses 
and chemicals and more recently the microbiota 
are also being investigated as factors affecting the 
risk of MS [78, 88], which, if solidified, can have 
important implications for the prevention of the 
disease. However, the causality and extent of 
these associations yet remain to be elucidated. 
On the other hand, based on the prevalence and 
effect size of the established environmental risk 
factors—i.e., smoking, low vitamin D levels, 
obesity, and IM—it is estimated that there may 
be up to a 60% reduction in MS at the population 
level, if these risk factors are prevented [3]. Such 
an estimate is likely to be high, but it illustrates 
the point that modifying environmental risk fac-
tors could have an important effect in reducing 
the incidence of MS.

 Genetic Susceptibility in MS

Risk of MS is higher among biological relatives 
of MS patients and increases with the degree of 
relatedness [89]. Heritability of MS risk (amount 
of variation in developing MS that is due to 
genetic causes) is estimated to be between 35% 
and 75% [90]. While monozygotic twins have a 
concordance rate of 20–30%, the risk of the dis-
ease reduces to ~5% in dizygotic twins, 3% in 
siblings, and 2% in parents and children, which is 
still 10- to 20-fold higher than the age-adjusted 
risk in general population (0.1–0.2%) [91]. 
Although familial recurrence is seen in MS, no 
simple Mendelian form of MS has been described 
to date, and unlike certain diseases, such as cystic 
fibrosis and sickle cell anemia, in which muta-
tions in a single gene are wholly responsible for 
pathogenesis, MS is a genetically complex trait. 
That is to say, many different genetic loci with 
incomplete penetrance contribute to an individu-
al’s risk of developing MS.  The evidence indi-
cates that each of these genes only exert a modest 
influence on susceptibility. The most recent stud-
ies of the International Multiple Sclerosis 
Genetics Consortium (IMSGC) [92, 93] on 
115,635 individuals of European ancestry 
expanded our understanding of the major histo-
compatibility complex (MHC), a region of the 
genome that contains at least 31 different suscep-
tibility factors, including the HLA-DRB1∗1501 
allele that has a unique role in MS given its high 
frequency in the population and its nearly three-
fold increase in risk of the disease. Outside of the 
MHC, these studies have extended evidence of 
association to >200 common genetic variants 
with smaller effect sizes (i.e., 1.05 < OR < 1.5) 
[92, 94] on risk of the disease. Although the cur-
rent data supports the common disease-common 
variant model, the possibility of the existence of 
rare variants with larger effect sizes cannot be 
ruled out at this time. However, nonsignificant 
results from linkage studies for regions outside 
the MHC suggest that even if such rare variants 
exist, their effect size would be limited (i.e., 
OR < 6) or that few affected families share the 
same affected gene [94, 95]. In this section, we 
will discuss in more detail what we have learned 
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to date about the genetics of MS. However, we 
note that our knowledge is mainly based on stud-
ies on people with European ancestry, as studies 
on other populations have been limited.

 The Major Histocompatibility 
Complex (MHC)

Human leukocyte antigen (HLA) genes, located 
within the MHC on chromosome 6p21, were first 
found to be associated with MS in 1972 [96, 97]. 
Numerous linkage and association studies have 
since made this the most replicated finding in MS 
genetics [98]. Although the association between 
this region and MS has been known for decades 
now, the characterization and identification of 
relevant variants within the region has been dif-
ficult, as the MHC is a locus with high gene den-
sity and extended linkage disequilibrium (LD, 
the co-occurrence of alleles at two or more loci 
more frequently than would be expected by 
chance), and the genes within the MHC are 
highly polymorphic. However, advances in geno-
typing technology and statistical methodologies 
have led to the creation of reference panels fol-
lowed by imputation algorithms specific to the 
MHC that have enabled well-powered efforts to 
resolve independent effects within this region. 
The strongest effect in the MHC is the HLA- 
DRB1∗15:01 allele. The allele is frequent in pop-
ulations of European ancestry (minor allele 
frequency  =  13%) [99]. The individuals who 
carry an HLA-DRB1∗15:01 allele are at ~3 times 
higher risk of developing MS than the people 
who don’t have it [92].

Although it has been demonstrated that some 
of the observed associations between MS risk 
and other MHC class II alleles such as HLA- 
DQB1∗06:02 and HLA-DQA1∗01:02 can be 
explained by their linkage disequilibrium with 
HLA-DRB1∗15:01, evidence has also emerged 
demonstrating multiple independent associations 
with MS susceptibility with a number of other 
alleles within this dense region [92, 100, 101]. 
Stepwise conditional analysis performed in the 
most recent IMSGC meta-analysis study con-
firmed previous findings and extended the evi-

dence to 31 statistically independent effects 
within the MHC consisting of a combination of 
HLA alleles, amino acid changes and single 
nucleotide polymorphisms (SNPs), some of 
which are protective: seven independent effects 
in the HLA-DRB1 locus, nine independent effects 
in other MHC class II alleles (HLA-DPB1, DPB2, 
DQA1, and DQB1), seven effects in MHC class I 
(HLA-A and B), and eight effects in non-classical 
HLA and non-HLA genes [92]. Part of the asso-
ciation between HLA-DR alleles and MS risk is 
explained by changes in amino acids that reside 
in the peptide-binding groove of these proteins, 
thus suggesting that these genetic variants exert 
their effect through changes in the binding of 
peptides and recognition of antigens [101].

In addition to the independent main effects 
observed in the MHC, interaction effects have 
also been reported between MHC class II alleles 
[92, 99, 102]. However, the current data suggests 
that there is no strong evidence for the modula-
tion of the effect of HLA alleles by non-MHC 
polymorphisms from across the genome, nor is 
there a polygenic epistasis effect [99, 100]. The 
interaction effects between HLA alleles require 
both further biological and statistical explora-
tions. These may also suggest a haplotypic or 
diplotypic nature for the association between the 
MHC and MS susceptibility [102].

 Association-Based Mapping  
and Non- MHC Risk Alleles

The search for susceptibility loci in MS initially 
relied on linkage studies of families with multi-
ple cases of MS, with limited success. This was 
consistent with theoretical discussions that high-
lighted the lack of statistical power of the link-
age approach in discovering genetic variants of 
modest effect. Instead, an association-based 
approach such as a simple case-control design 
was put forward as the preferred method for 
gene discovery [103]. This realization led to the 
formation of the IMSGC, since an association 
study design requires very large sample sizes 
and dense genotyping to be successful. This, 
coupled with concurrent development of 
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resources such as HapMap, a catalog of common 
genetic variation, technological advances includ-
ing novel high- throughput genotyping platforms, 
and more powerful statistical methodologies, led 
to the first genome-wide association study 
(GWAS) of MS in 2007 [104]. This study was 
performed on data from ~1000 trios and a repli-
cation cohort of ~5500 participants and, for the 
first time, resulted in the identification of a 
region outside of the MHC as being significantly 
associated with MS after accounting for genome-
wide testing (threshold of significance is a 
P-value < 5 × 10−8) [104]. The top hit after the 
HLA-DRB1 locus was a single nucleotide poly-
morphism (SNP), rs12722489, located in an 
intronic region of the gene IL2RA. The IL2RA 
gene product, interleukin-2 receptor alpha chain 
(also called CD25), is expressed on the surface 
of activated T cells and B cells, and daclizumab, 
a humanized monoclonal antibody directed 
against this protein, was used for the treatment 
of MS [105] before recently being withdrawn 
from the market due to its side effects. The solu-
ble form of IL2RA is increased in the serum of 

MS patients, and its levels are associated with 
the risk genotype in healthy individuals and MS 
patients [106].

Following the first GWAS, a series of genome- 
wide association and meta-analysis studies have 
been performed with a growing number of sam-
ple sizes over the past decade [92, 100, 107, 
108]. The subsequent studies have also taken 
advantage of improved reference panels, imputa-
tion methods, and specialized genotyping kits 
such as Immunochip and MS chip designed for 
the purpose of replication and fine-mapping of 
the previously associated loci [92, 108–110]. 
The most recent GWAS of IMSGC is performed 
on data from ~8,000,000 SNPs with minor allele 
frequency >1% on a total of 115,635 participants 
[92]. This study has extended the number of 
genome-wide significant independent associa-
tion effects outside the MHC to 201 loci and has 
for the first time identified a non-autosomal 
effect on the X chromosome. With the currently 
available sample sizes, we have been able to 
identify effects with odds ratio as low as 1.05 
(Fig. 4.1).

Fig. 4.1 Odds ratio (OR) for the non-MHC genome-
wide significant alleles associated with susceptibility to 
MS (including the recently identified X chromosome 
association locus) from the most recent IMSGC studies 
on European populations [92, 93]. The effect size for 
the strongest association from the MHC locus (HLA- 

DRB1∗15:01) is shown separately in green for compari-
son. The dashed lines represent OR = 1 and 1.05. Each 
circle represents one susceptibility variant, and its size 
is proportional to the effect size of that variant. RAF risk 
allele frequency
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 “Missing Heritability”

It is estimated that the currently identified com-
mon variants explain ~40% of MS heritability: 
the MHC region explains 20%, and the other 
20% is explained by the non-MHC genome-wide 
significant effects [92]. Part of the remaining 
heritability may be attributable to common, low- 
frequency, and rare variants that remain to be dis-
covered, and some of these will be identified 
using larger sample sizes, studies on non- 
European populations, and utilization of whole- 
exome and whole-genome sequencing instead of 
genotyping arrays. For example, another recent 
IMSGC study which investigated the association 
of low-frequency and rare variants in the coding 
regions of the genome with MS using exome chip 
genotyping arrays [93] identified five additional 
effects with minor allele frequencies between 
0.2% and 5.6% not previously tagged with com-
mon SNPs in the previous studies. It is also prob-
able that part of the unexplained heritability can 
be attributed to “phantom” heritability, which 
results from the presence of gene-gene and gene- 
environment interactions among the currently 
identified risk factors. Although two-by-two 
interactions within the MHC locus have been 
investigated previously [99, 100, 111], more 
complex patterns of epistasis and the interactions 
between loci outside the MHC are understudied. 
Much larger studies will be needed to evaluate 
this question in a statistically powerful manner.

 Functional Implications 
of the MS-Associated Loci

Information on the functional consequences of 
MS susceptibility variants can guide our under-
standing of the etiology and pathology of the dis-
ease. However, the majority of the MS-associated 
loci are in intronic or intergenic regions or in 
regions containing several genes [92]. With 
advances in sequencing technologies and statisti-
cal methodologies, efforts have begun to map the 
relation of genetic variation to the transcriptomes 
and epigenomes of human cells and tissues [112–
114]. These atlases can be used to elucidate the 

regulatory and functional effects of genetic varia-
tion associated with disease and can help to pri-
oritize genes, cell types, and tissues involved in 
disease processes for further studies.

Enrichment analyses performed to date on the 
MS GWAS results have found that MS-associated 
loci are overrepresented in promoters, enhancers, 
and accessible chromatin regions from not only T 
cells but also B cells, natural killer cells, and den-
dritic cells [92, 115]. Evidence also suggests 
enrichment for microglia, but not astrocytes and 
neurons [92, 115]. Although these results provide 
interesting evidence for the role of different cell 
types involved in both adaptive and innate immu-
nities in MS, they should not be interpreted as if 
they rule out the role of neurons and the brain 
tissue, as a number of the genetic loci can still 
exert their effects through regulatory changes in 
these cell types, either as molecular changes spe-
cific to these cells or through pathways shared 
between them and immune cells.

In addition to prioritizing cell types and tis-
sues, some functional studies have been success-
ful in prioritizing genes and validating the 
mechanisms through which some of the 
MS-associated loci exert their effects: it has been 
shown that the MS-associated loci found in close 
proximity of IL2RA, IL7R, and TNFRSF1A genes 
affect the alternative splicing of these receptors 
[106, 116, 117]. Another example is the genetic 
variation in the TYK2 locus that results in 
decreased activity of the tyrosine kinase 2 enzyme 
which is in turn associated with a shift favoring 
the secretion of Th2 cytokines [118]. Future stud-
ies are yet to resolve the full picture of the effects 
of each MS-associated locus on the molecular 
machinery and function of cells in a cell type- 
and status-specific manner.

 Genetic Associations with Other 
Autoimmune and Neurodegenerative 
Disorders

Multiple reports suggest that MS patients and 
their families tend to be affected by other autoim-
mune diseases more frequently than the general 
population [31, 119]. Shared heritability analyses 
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also support significant genetic correlation 
between MS and a number of autoimmune dis-
eases, such as inflammatory bowel disease, pri-
mary biliary cirrhosis, systemic lupus 
erythematosus, and rheumatoid arthritis [77]. On 
the other hand, associations with neurologic and 
psychiatric disorders including amyotrophic lat-
eral sclerosis, Alzheimer’s disease, and 
Parkinson’s disease have been nonsignificant 
[120, 121].

In the hopes of providing insights into com-
mon disease pathways, efforts have been made 
to identify susceptibility alleles shared among 
different autoimmune disorders [122]. As in MS, 
the MHC contains the major susceptibility 
alleles for other autoimmune disorders such as 
Type 1 diabetes (T1DM), rheumatoid arthritis 
(RA), and autoimmune thyroid disease (AITD). 
In addition, a large number of autosomal non-
MHC loci are associated with more than one 
autoimmune disease [100, 108, 123]. For exam-
ple, the SNP rs6897932 (IL7R), found to be 
associated with MS, is also related to T1DM 
[124]; and the Ser307 allele of the CD226 gene, 
whose product is a transmembrane protein 
involved in adhesion and co-stimulation of T 
cells, predisposes to MS, T1DM, and primary 
sclerosing cholangitis [125, 126].

Although the colocalization evidence at a 
number of loci, such as the TYK2 locus, support 
the existence of a single causal variant that is 
associated with the risk for MS, T1DM, RA, and 
celiac disease [122], more detailed analyses of 
some of the other autoimmune disease-associated 
loci suggest more complex patterns of shared and 
discrete associations. For example, the HLA- 
DRB1∗15:01–HLA-DQB1∗06:02 haplotype 
likely confers risk for narcolepsy through HLA-
DQ6- mediated autoimmunity, rather than HLA- 
DRB1∗15:01, the top susceptibility locus for 
MS.  On the other hand, the latter haplotype is 
protective against T1DM, autoimmune polyglan-
dular syndrome, and immunoglobulin A (IgA) 
deficiency [127]. The IL2RA locus consists of 
multiple independent risk and susceptibility 
effects for MS and T1DM [122, 128]. Another 
example is a single causal variant on chromo-
some 6q25 containing the TAGAP gene that is 

associated with both celiac disease and 
MS. However, the risk allele for MS is the protec-
tive allele for celiac [108, 122]. These suggest 
that the genetic associations between different 
autoimmune diseases are complex and require 
further investigation.

 Influence of Genetics on Clinical 
Features and Endophenotypes

Evidence from concordance studies in families 
with two or more MS patients suggest that genetic 
factors may affect some clinical features of the 
disease such as age at onset and clinical course 
but not disease severity [129, 130]. Multiple 
studies have investigated the association between 
MS susceptibility loci and clinical features of the 
disease. The HLA-DRB1∗1501 haplotype has 
been shown to be associated with an earlier age 
of onset, with heterozygotes presenting approxi-
mately 1 year earlier [99, 100], while another 
haplotype (the HLA-DQA1∗01:01 haplotype) has 
been associated with an increased onset age [99]. 
However, it seems that there is no association 
between the HLA region and clinical measures of 
disease course and severity [99, 100]. Studies 
that have investigated the association between 
non-MHC autosomal MS-associated loci with 
disease severity, either with individual SNPs or 
aggregate measures of risk in the form of poly-
genic scores, have also mainly had nonsignificant 
results [110, 131, 132]. Some candidate gene 
studies have suggested a number of genetic asso-
ciations with disease course or severity, but the 
majority of these studies have small sample sizes, 
and the results need further replication in larger 
and independent samples [133]. Genome-wide 
association studies performed to date on disease 
severity have reported no genome-wide signifi-
cant results, which supports the lack of associa-
tion observed with the MS susceptibility loci 
[134–137]. Interestingly, the enriched pathways, 
if replicated, seem to point to distinct biological 
processes being involved in progression vs. sus-
ceptibility to the disease [134, 135, 137].

Moderate sample size, disease heterogeneity, 
shortcomings of commonly used clinical 
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 measures such as Multiple Sclerosis Severity 
Scale (MSSS), and cross-sectional study design 
are among the reasons for the absence of repli-
cated genome-wide significant associations with 
disease severity to date. Larger studies that utilize 
longitudinal clinical data, such as one that is cur-
rently being performed by the IMSGC, may shed 
light on the genetic mechanisms underlying het-
erogeneity in disease severity and progression. 
Another approach is to use disease endopheno-
types that are representative of different mecha-
nisms involved in the pathobiology of the disease 
as outcomes for the genome-wide association 
studies. Such studies have proven to be more suc-
cessful, and a number of haplotypes, including 
HLA-DRB1∗15:01, are demonstrated to affect 
measures such as the presence or absence of oli-
goclonal bands and cerebrospinal fluid IgG index 
levels in MS patients [138]. Similarly, the HLA 
B∗44 haplotype which is protective in terms of 
MS susceptibility is also associated with larger 
brain volume and reduced brain lesions among 
MS patients [139]. Other small studies have also 
reported results relating to brain lesion distribu-
tion [140], cortical thickness [141], and brain 
glutamate concentration [142]. As our under-
standing of disease pathology and our methods 
for measuring different mechanisms involved in 
disease severity (e.g., measures derived from 
positron emission tomography, diffusion- and 
susceptibility-weighted MRI, and optical coher-
ence tomography) improve, these measures can 
also be used as endophenotypes in larger and 
independent studies of the genetic architecture of 
disease heterogeneity and progression.

Genetic studies can also be used to find bio-
markers for treatment response or side effects 
which help us in moving toward the goal of pro-
viding more personalized medical care for MS 
patients. While a growing number of candidate 
gene and genome-wide association pharmacoge-
netics studies are being performed on response 
to treatment to the majority of disease-modify-
ing therapies [143], the results of the first studies 
have generally not been reliably replicated. One 
exception is a study of interferon-β response that 
returned a genome-wide result which was repli-
cated [144]; this variant was found near the 

SLC9A9 gene which is differentially expressed 
in the presence of interferon-β. However, a repli-
cation limited to individuals that are negative for 
neutralizing antibodies failed to replicate this 
result, illustrating the need for much larger stud-
ies with consistent subject selection criteria to 
return definitive results. In contrast to response 
to treatment, for which definition may vary 
widely depending on the study, the genetic stud-
ies on the development of neutralizing antibody 
to interferon-β converge on the effect of MHC 
class II alleles [145, 146].

 Integrating Environmental 
and Genetic Risk Factors

As a complex trait, MS susceptibility and pro-
gression are thought to be affected by a combi-
nation of environmental and genetic factors in 
each individual. It is also likely that these factors 
modify the effect of each other, so that individu-
als with different genetic susceptibility to MS 
may respond differently to environmental expo-
sures or certain environmental factors are depen-
dent on a particular genetic architecture. Given 
that HLA- DRB1 is a co-receptor for EBV entry 
and that the HLA-DRB1∗1501 allele may be able 
to present EBV antigen that may mimic self-
antigen, assessing the interaction of these two 
strong risk factors has been of great interest. The 
results demonstrate a synergistic effect between 
infectious mononucleosis and HLA-DRB1∗1501 
[147–149]. Studies performed on the interaction 
between smoking and HLA-DRB1∗1501 show a 
similar effect [150]. Moreover, smoking was 
shown to interact with a variant in a non-HLA 
gene, NAT1, which is an N-acetyltransferase 
involved in drug metabolism, affecting risk of 
MS: susceptibility to MS was increased in smok-
ers in comparison to nonsmokers only in people 
who carried the polymorphism [151]. These 
observations suggest that diagnostic modeling 
may become practical as we further uncover the 
interrelations between genetic and environmen-
tal factors. Furthermore, these can help identify 
mechanisms underlying resilience to the effects 
of certain risk factors.
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The information on the genetic and environ-
mental risk factors of MS have also been used to 
calculate personalized aggregate risk scores for 
each individual in order to investigate the correla-
tions between these scores and different out-
comes related to the disease. Although these 
aggregate scores do not have high sensitivity and 
specificity in distinguishing MS from healthy 
controls [152], they may be useful in stratifying 
at-risk asymptomatic individuals or people with 
subclinical signs and symptoms for more detailed 
follow-up or even early intervention. By concen-
trating the resources on the study of first-degree 
relatives of MS patients, who are at about 30 
times higher risk of developing MS than the gen-
eral population, more detailed prospective longi-
tudinal studies can be performed in order to 
identify the timing and the sequence of events in 
the process of developing MS and to find the 
mechanisms and phenotypes that are related or 
not related to the genetic and environmental risk 
factors [153]. For example, one such study has 
suggested that asymptomatic first-degree rela-
tives who have a higher aggregate genetic and 
environmental risk score are more likely to have 
subclinical MS manifestations, including poorer 
vibration sensation and a number of MRI find-
ings such as perivenous T2-weighted hyperin-
tense lesions and focal leptomeningeal 
enhancement [154].

 Conclusion

As we have seen, a variety of environmental and 
genetic factors have been implicated in the onset 
of MS. Sunlight exposure and vitamin D intake, 
infection with EBV, smoking, and other envi-
ronmental risk factors have substantial epide-
miological evidence supporting their role as MS 
risk factors. On the other hand, genetic associa-
tion studies have shown that polymorphisms in 
the MHC and many non-MHC loci predispose 
individuals to develop MS. Fine-mapping of MS 
patients will be required to determine which 
specific variant is causal in each locus, and we 
will need to follow with studies on the func-
tional consequences of those variants. The abil-

ity of genome-wide scans to detect modest 
genetic associations has been a great boon for 
MS research, highlighting susceptibility path-
ways that need to be pursued further. The next 
step would be to attack critical questions such as 
whether there are genetically distinct subgroups 
of patients within which particular alleles have a 
much greater effect or whether particular molec-
ular pathways are preferentially targeted in each 
subgroup of patients. The answers to these and 
many other questions will guide us in our dis-
section of disease pathways, in drug develop-
ment, and in the design of more personalized 
clinical algorithms for diagnosis and possibly 
prognosis.
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Clinical Features, Symptom 
Management, and Diagnosis
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and Guy J. Buckle

 Introduction

Given its potential for diffuse dissemination 
throughout virtually every portion of the central 
nervous system (optic nerves, brain, and spinal 
cord), it is perhaps not surprising that a broad 
array of symptoms may be reported by patients 
with Multiple Sclerosis (MS). Nonetheless, the 
majority of patients with MS will at some point 
present with a stereotyped constellation of symp-
toms and signs constituting a first clinical “attack” 
of demyelination, often referred to as a Clinically 
Isolated Syndrome (CIS). CIS typically com-
prises unilateral optic neuritis, partial transverse 
myelitis, or a brainstem-cerebellar syndrome (see 
below). The majority of patients presenting with 
CIS will also have characteristic lesions on brain 
MRI not accounting for their clinical presentation 
and indicative of prior asymptomatic episodes 
of inflammatory demyelination. These patients 

should be managed based on their risk of having 
a second attack and thus converting to Relapsing-
Remitting MS (RRMS), also termed Clinically 
Definite MS (CDMS). Longitudinal studies sug-
gest the rate of conversion to CDMS is 60–80% 
when characteristic demyelinating lesions are 
present on the baseline brain MRI and approxi-
mately 20% when baseline brain MRI is normal 
[1]. These findings underscore the prognostic 
value of MRI early in the course of MS.  Using 
modern imaging criteria, it is now also possible to 
make a diagnosis of MS prior to a second clinical 
attack by demonstrating the presence of coexist-
ing active and inactive asymptomatic lesions (i.e., 
dissemination in space and time) on a MRI single 
MRI scan, and most disease modifying therapies 
(DMTs) are utilized in both RRMS and CIS with 
characteristic abnormal MRI findings. In this 
chapter, we will discuss the signs and symptoms 
experienced by MS patients as well as the diagno-
sis and differential diagnosis of MS.

 Signs and Symptoms

No single symptom or sign is pathognomonic for 
MS, although in younger age groups, the typical 
symptoms and signs of CIS should always prompt 
an investigation into demyelinating disease. These 
include: (1) optic neuritis, typically subacute 
monocular central visual loss with pain on eye 
movement, red desaturation, and relative afferent 
pupillary defect (RAPD); (2) partial transverse 
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myelitis, typically unilateral or bilateral subacute 
ascending sensory disturbances and paresthesias, 
often with L’hermitte phenomenon, and with pos-
terior column sensory loss and varying degrees of 
paraparesis, hyperreflexia, and autonomic distur-
bances; or (3) brainstem- cerebellar syndromes, 
typically combinations of diplopia, dysarthria, 
weakness, and incoordination, often with unilat-
eral or bilateral internuclear opthalmoparesis 
(INO) and varying degrees of ataxic hemiparesis.

Conversely, some symptoms (e.g., fatigue, 
overactive bladder), while nonspecific, occur 
with such frequency in MS that their conspicuous 
absence may warn the practitioner that other 
diagnoses should at least be more carefully con-
sidered. There is as yet no specific biomarker for 
MS (MRI comes closest), and diagnosis is ulti-
mately based on clinical presentation and elimi-
nation of other possible etiologies/explanations 
(MS mimickers). In practice however, MS is rela-
tively common in the young adult population, 
alternative etiologies for the typical CIS presen-
tations are comparatively rare, especially when 
they are accompanied by MRI findings typical 
for demyelination, and the majority of CIS cases 
will evolve into CDMS over time.

 Cranial Nerves

Though any cranial nerve can be involved in MS, 
certain characteristic syndromes are so common 
in MS that they should always prompt a workup 
for demyelinating disease.

 Optic Neuritis

Optic nerve involvement typically presents as a 
subacute but often rapidly progressive loss of 
visual acuity, as well as pain on eye movement 
and color (especially red) desaturation. Nadir is 
generally reached within hours or days, not min-
utes or weeks. Pain with eye movement occurred 
in 92% of patients in the optic neuritis treatment 
trial and is thought to result from stretching of the 
dural sheath around an inflamed optic nerve [2]. 
Acutely, fundoscopic examination is normal in 

2/3 of cases. A relative afferent pupillary defect 
(RAPD) can often be detected in the acute or sub-
acute setting with the (Marcus-Gunn) swinging 
flashlight test and is estimated to be present 
chronically in 50% of MS patients that have 
experienced an episode of optic neuritis [3]. 
Almost all patients in the ONTT had improve-
ment in visual acuity in one month, and at 15-year 
follow-up 72% of patients had at least 20/20 
vision in the affected eye, though even patients 
improving to 20/20 acuity noted blurred or 
“washed out” vision [4, 5]. Visual Evoked 
Potentials (VEPs) classically show an increased 
P100 latency in the affected eye with preserved 
waveform, though amplitude can be slightly 
diminished. Optical coherence tomography 
(OCT) is also often used to assess for evidence of 
RNFL thinning as a marker of prior optic neuri-
tis; however, it can take up to 6 months for these 
abnormalities to become evident [6]. Central sco-
tomata are common, and peripheral visual loss 
occurs far less frequently. Uhthoff’s phenomenon 
classically denotes enlargement of a central sco-
toma or “blind spot” with exercise, although the 
term has been generalized to denote the return of 
nearly any prior MS symptom upon even a mild 
elevation of core body temperature.

 Eye Movement Abnormalities
Complex cerebral, cerebellar, and brainstem cir-
cuitry mediates coordination of eye movements 
through some of the most heavily myelinated 
and rapidly conducting tracts of the CNS.  The 
most common finding in MS is breakdown of 
smooth pursuit movements, which is frequently 
found in the absence of any overt symptoms. 
This is believed to be due to damage to cerebel-
lar and descending supranuclear fibers and 
may implicate a second site of involvement of 
the CNS in patients presenting with an attack 
not involving these connections clinically. 
Up-beating vertical nystagmus is uncommon but 
often attributable to a lesion of the rostral inter-
stitial medial longitudinal fasciculus (riMLF). 
Down-beating vertical nystagmus classically 
localizes to the cervicomedullary junction and 
can be caused by MS, but it can also occur with 
a Chiari malformation or paraneoplastic cerebellar 
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degeneration, two conditions that may occasion-
ally mimic MS. Internuclear ophthalmoplegia 
(INO) results from damage to the medial longi-
tudinal fasciculus (MLF), located in the dorsal 
pons/midbrain, which leads to poor integration 
between the oculomotor and abducens cranial 
nerve nuclei and consequent failure of binocular 
fusion. This is classically manifested as diplopia, 
although blurring, jumping, or shadowing of 
images may be described. Though classically the 
affected side experiences an inability to adduct 
past the midline, with nystagmus in the contra-
lateral abducting eye, in practice it is more com-
mon to observe slowed adduction rather than 
paralysis, and in its mildest form (forme fruste) 
only a subtle nystagmus of the abducting eye 
may be present. Convergence is preserved, indi-
cating intact third nerve nuclei rostrally. In a sur-
vey of 100 patients, Muri and Meienberg [7] 
reported a unilateral INO in 20 patients, bilateral 
in 14. Bilateral INO is nearly pathognomonic for 
MS, and long- standing cases may develop “wall-
eyed,” bilateral INO (WEBINO) secondary to 
complete failure of adduction and resulting bilat-
eral exotropia. Complete gaze palsy on one side 
and an INO on gaze to the opposite side consti-
tutes the “one-and-a-half” syndrome, resulting 
from a lesion that damages either the parame-
dian pontine reticular formation (PPRF) or abdu-
cens nucleus (or both), together with the MLF on 
the same side. Individual palsies of cranial 
nerves III, IV, and VI are relatively uncommon. 
Other rarer eye movement abnormalities have 
been described.

 Other Cranial Nerves
The olfactory nerve may be involved in up to 
40% of patients [8] but is infrequently tested. 
Trigeminal involvement is common, and, when it 
occurs, generally involves the second and/or third 
divisions and is often painful, i.e., trigeminal 
neuralgia (TGN). When facial palsy occurs it is 
usually subtle; and upper versus lower motor 
neuron involvement can be difficult to distinguish 
at the bedside in the absence of other brainstem 
or cerebellar findings. A “lower motor neuron” 
CN VII palsy can occasionally be seen from a 
CNS lesion involving the nerve root exit zone, 

although more commonly, frontalis and orbicu-
laris occuli muscles are spared in MS. Often iso-
lated cranial nerve palsies are not always reflected 
on MRI and may be more sensitively identified 
with electrophysiological testing [9] although in 
practice this is rarely done, and clinical examina-
tion remains the most relevant and practical 
means of evaluation.

The vestibular-cochlear system is often 
involved in MS, and subtle forms of vertigo are 
frequent complaints. Patients often have concom-
itant spasticity and posterior column loss and fre-
quently complain of difficulty with balance, 
station, and gait. They may describe a sensation 
of being suddenly “pushed” or “shoved,” as if by 
an unseen force, and have particular difficulty on 
descending stairs. Lesions of the brainstem and 
cerebellum can cause patients to become frankly 
vertiginous, even to the point of nausea and vom-
iting acutely, but benign positional vertigo can of 
course affect MS patients as well [10]. Though 
usually a low grade and frequently persistent 
symptom, vertigo can sometimes be intermittent 
and intense, simulating a labyrinthitis. Hearing 
loss can be an MS-related symptom, though it 
rarely occurs in isolation. Demyelinating lesions 
responsible for hearing loss are typically unilat-
eral and also frequently cause vertigo and tinnitus 
on the affected side. Isolated retrocochlear hear-
ing loss seen in an MS-like presentation with 
monocular visual loss and nonspecific T2 signal 
abnormalities on brain MRI should arouse suspi-
cion for Susac syndrome. Spastic dysarthria 
occurs in patients with prominent motor involve-
ment while “scanning speech” occurs classically 
with cerebellar dysfunction. Isolated tongue or 
palatal weakness is an uncommon manifestation, 
and severe difficulty swallowing is typically due 
to a failure of coordination of motor control and 
is generally seen as an end-stage complication in 
the otherwise severely disabled patient.

 Weakness, Hyperreflexia, Spasticity
Weakness is extremely common in MS and gen-
erally results from involvement of the spinal cord 
or brainstem, although capsular and even hemi-
spheric syndromes occur on occasion, especially 
with “tumefactive” presentations. Weakness and 
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spasticity often increase over time, especially in 
progressive forms of MS, and tend to parallel the 
degree of spinal cord involvement. Isolated limb 
weakness is comparatively rare but can occur in 
presentations of primary progressive MS. Atrophy 
can occur as a result of deconditioning, but is not 
a common finding in early MS. Fasciculations in 
the setting of progressive motor weakness should 
of course always prompt a workup for motor neu-
ron disease.

Brisk reflexes alone are not clearly pathologic 
and can be seen in young adults and anxious 
patients. Clinical experience suggests that evi-
dence of reflex spread, sustained clonus, or upgo-
ing toes relates better to evidence of CNS damage. 
The degree of hyperreflexia seen in MS is often 
severe and frequently parallels that seen in other 
forms of spinal cord injury. Absence of lower 
extremity reflexes in the setting of upgoing toes, 
progressive weakness, sensory loss and other 
signs of myelopathy should prompt consideration 
of subacute combined degeneration of the spinal 
cord from vitamin B12 deficiency, hereditary 
ataxias, and a variety of other conditions that may 
mimic progressive forms of MS (see Table 5.4).

Symptomatic spasticity was reported in 53% 
of the patients registered in the North American 
Research Committee on MS [11]. Patients fre-
quently complain of pain, stiffness, and incoordi-
nation in the lower extremities on first rising in 
the morning or after prolonged periods of inactiv-
ity, such as long car rides or airplane flights. 
Symptoms of spasticity improve with stretching, 
exercise, or ambulation, in contrast to weakness, 
which typically worsens with prolonged ambula-
tion, although frequently the two occur together 
as a consequence of spinal cord involvement. 
Clinically, spasticity tends to increase in cold 
weather or environments, whereas weakness in 
MS tends to increase with any factor that raises 
body temperature, and this distinction may be 
helpful in directing symptom management. 
Spasticity can impair gait and lead to increased 
disability early on, while treatment of spasticity 
may unmask muscle weakness in more disabled 
patients, because involuntary spastic muscle con-
traction of the quadriceps can compensate for 
decreased strength in the lower extremities and is 

often relied upon for short-distance ambulation 
and transfers, especially in secondary progressive 
patients. Spasticity is the functional consequence 
of damage to the corticospinal, vestibulospinal, 
or reticulospinal tracts and frequently coexists 
with autonomic dysfunction of the bladder. 
Bladder and bowel abnormalities, such as urinary 
tract infections and constipation, can increase 
weakness and/or spasticity, even in the absence 
of detectable fever, by poorly understood mecha-
nisms. Medication options for treatment of spas-
ticity include “muscle relaxants” such as baclofen 
and tizanidine, which have comparable efficacy, 
but differ in their side-effect profiles. Baclofen 
stimulates gamma-aminobutyric acid (GABA) 
receptors and can cause lightheadedness, dry 
mouth, and drowsiness. Abrupt withdrawal of 
baclofen at high doses can precipitate seizures. 
Tizanidine is an adrenergic receptor agonist. It 
tends to be more sedating than Baclofen and can 
also precipitate hypotension, dry mouth, consti-
pation, and asthenia. Benzodiazepines such as 
diazepam and clonazepam work well for spastic-
ity but are sedating and have potential for depen-
dence and withdrawal phenomena. Dantrolene 
sodium can be used in refractory cases but can 
cause acute liver toxicity, and liver function needs 
to be followed closely on this agent. Injectable 
botulinum toxin also can help treat MS-related 
spasticity, especially in small muscles of the 
upper extremity. Larger doses required for the 
quadriceps and other large lower extremity mus-
cles frequently lead to neutralizing antibody for-
mation. Intrathecal baclofen (ITB) pump 
implantation, once considered a “last resort” for 
wheelchair-bound patients with painful lower 
extremity spasticity, is now relatively common-
place and is increasingly initiated in ambulatory 
patients with moderate to severe painful lower 
extremity spasticity that are unable to tolerate the 
side effects of the oral medications.

 Incoordination and Tremor
Approximately 45% of MS patients complain of 
tremor [11, 12], and in some cases this may be 
the most disabling feature of their disease. The 
upper extremity is most frequently involved with 
postural and intention (“target-seeking”) tremors 

J. F. Rosenthal et al.



93

being most common [13]. Resting tremor is 
comparatively rare, although titubation and trun-
cal instability are relatively common in severely 
disabled patients. Speech can be ataxic with dys-
arthria and/or a scanning quality. Many MS 
patients with advanced disease walk with a 
wide-based gait, and often there is an ataxic 
component to their disability in combination 
with spasticity and posterior column sensory 
loss. Imbalance with feet together and eyes open 
suggests potential cerebellar involvement, in 
contrast to Romberg’s test, which classically 
invokes posterior column sensory loss. 
MS-related tremor can be notoriously difficult to 
treat. Small controlled trials suggest that some 
therapeutic benefit might be achieved with pro-
pranolol, ethanol, isoniazid, carbamazepine, 
ondansetron, or dolasetron [13]. Mirtazapine, 
primidone, diazepam, and clonazepam are some-
times helpful but are all sedating. Severe cases 
are sometimes treated by implantation of a deep 
brain stimulator into the ventral intermediate 
nucleus of the thalamus; however, convincing 
evidence of a sustained benefit is lacking and the 
level of improvement is variable [14].

 Sensory Loss
Patients with MS frequently have involvement of 
the posterior columns, and sensory complaints 
are common. Impairment of vibratory sensation, 
often with preservation of pain and temperature 
sensation, in the lower extremities is especially 
common, even in the absence of sensory com-
plaints or other motor or sensory findings, and 
should always be tested in cases of suspected 
MS.  Proprioceptive loss occurs later and is  
generally seen with concomitant weakness. 
Spinothalamic tract involvement is less common, 
and pain and temperature loss may be relative 
rather than absolute, so that patients report a dull-
ing of pinprick rather than an absence. Patients 
with acute spinal cord attacks can exhibit a clear 
sensory level to pain and temperature, though the 
posterior columns are typically also involved, 
and a true Brown-Sequard syndrome is rare. 
Paresthesias are common in MS and often persist 
after relapses with sensory disturbance. A con-
comitant neuropathy or radiculopathy can make 

the examination more challenging, although 
preservation or exaggeration of ankle jerks and 
positive Babinski responses in the setting of 
decreased distal sensation to all modalities may 
be the telltale sign of combined central and 
peripheral nerve dysfunction.

 Ambulatory Difficulties
Gait abnormalities and slowed walking are com-
mon in MS. Multiple factors can impinge on an 
MS patient’s ability to walk, including cerebellar 
or vestibular dysfunction, weakness, spasticity, 
and sensory loss. Walking time also tends to slow 
as the disease progresses. Dalfampridine has 
been approved by the FDA based on trials docu-
menting improvement in walking in about a third 
of patients [15, 16]. It is a sustained-release prep-
aration of 4-amino-pyridine (4-AP), available for 
decades as a compounded medication, which 
blocks potassium channels, serving to speed con-
duction along damaged demyelinated axons. It is 
suggested that through its mechanism of action 
dalfampridine may have other beneficial effects 
in MS, to include improvements in arm function, 
fatigue, mood, and quality of life [17, 18]. 
Compounded 4AP was associated with increased 
risk of seizure, though in trials seizure was no 
more frequently reported in the dalfampridine 
group than placebo. It is important, however, to 
highlight that patients with prior seizures were 
excluded from the trials, and a preexisting sei-
zure disorder is considered a contraindication to 
its use. Side-effect profile otherwise was benign.

 Subjective or “Invisible” Symptoms 
of MS

 Fatigue

Point estimates indicate that fatigue is present in 
over 75% of MS patients [19] and is commonly 
present even in those with low T2 lesion load on 
brain MRI and little motor impairment or other 
disability. Many patients will complain of epi-
sodes of severe fatigue unrelated to effort. 
Though many affected patients typically awake 
reasonably well rested, they describe, “hitting a 
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wall” in the early afternoon, suggesting an effect 
related to MS itself rather than poor quality of 
sleep. Primary MS fatigue is also typically exac-
erbated in heat. Fatigue is frequently seen in oth-
erwise normal-appearing, nondisabled patients 
with MS, but the possibility of secondary etiolo-
gies such as depression, metabolic abnormalities 
(e.g., anemia or hypothyroidism), sleep apnea, or 
medication-related side effects should also be 
considered in patients with this frequent com-
plaint. The underlying explanation for MS-related 
fatigue has yet to be determined.

Pharmacologic intervention for fatigue includes 
amantadine, modafinil or armodafinil, and amphet-
amines. Extensive clinical experience confirms that 
modafanil is effective, well tolerated, nonhabit-
forming, and works well in most patients, although 
placebo-controlled trials differ in terms of efficacy 
results [20, 21]. Support for the use of amantadine 
is largely anecdotal, although it is generally safe 
and may provide benefit in some patients for 
largely unknown reasons. Amphetamines are effec-
tive but are generally considered a last resort sec-
ondary to their potential for long-term dependence, 
addiction, and withdrawal.

 Depression

Lifetime prevalence rates of depression in MS 
range from 25% to 50% [22]. A study comparing 
patients with MS to patients who had similar lev-
els of disability resulting from peripheral nervous 
system disorders found that depression was more 
common in the MS group, suggesting that 
 depression in MS is likely related to the direct 
pathophysiologic effects of the disease on the 
brain [23]. Compared with nondepressed MS 
patients, patients with major depression had a 
greater T2-weighted lesion volume and less gray 
matter volume [24]. Interferon treatment in the 
past has been implicated as having the potential 
to exacerbate underlying depression; however, 
more recent studies suggest it is unlikely to 
increase risk of depression [25–27].

Standard antidepressant medications are gen-
erally effective in MS, although use of selective 
serotonin reuptake inhibitors (SSRIs) may be 

limited by sexual side effects, especially in 
patients with spinal cord involvement. Tricyclic 
antidepressants can be limited by anti- cholinergic 
side effects at high doses, although low doses at 
bedtime often help with chronic pain, overactive 
bladder, and sleep disturbances in addition to 
mood. Many practitioners prefer atypical agents 
such as buproprion as first line, because of its 
relative lack of sedative and sexual side effects, 
although increased seizure risk should be kept in 
mind, especially in patients on interferons, which 
may also reduce seizure threshold.

 Cognitive Dysfunction

The prevalence of cognitive impairment ranges 
from 43% to 70% in individuals with MS [28]. 
Information processing speed, working memory, 
and episodic memory are most commonly affected 
[29, 30]. Language abilities are sometimes 
affected in terms of word-finding difficulties, but 
aphasia, apraxia, visuospatial deficits, and other 
cortical syndromes are relatively rare. Studies 
have demonstrated that patients early in the dis-
ease course, who may not manifest significant 
physical disability, still exhibit cognitive impair-
ment [31]. Patients with cognitive difficulty can 
have social functional impairment and are more 
likely to be disabled or unemployed [32]. Fatigue 
and depression are common intercurrent morbidi-
ties in MS, and, although quality of life frequently 
suffers, overt dementia is rare [33]. Patients with 
greater MRI disease burden tend to have more 
cognitive impairment, as do patients with brain 
volume loss, especially gray matter atrophy [34, 
35]. It remains unclear if reducing relapse rates 
and MRI lesion accumulation has a definite effect 
on progression of cognitive dysfunction. 
Cholinesterase inhibitors (i.e., donepezil, rivastig-
mine) have been studied with no consistent bene-
fit shown in MS patients [36, 37].

 Pain

Though a survey found that the percentage of MS 
patients reporting pain (80%) was not substan-
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tively different than a normal population (75%), 
MS patients experience pain of greater intensity, 
more frequently require medication for pain 
relief, and suffer greater impairment of quality of 
life from pain [38]. Several pain syndromes are 
highly suggestive of demyelinating disease, espe-
cially in younger age groups and when accompa-
nied by focal neurologic signs and symptoms. 
Perhaps the most common pain phenomenon in 
MS is Lhermitte’s sign, a sudden, brief and repro-
ducible sensation of tingling, vibration or electri-
cal shock-like sensations that spread down the 
spine, into the extremities, or throughout the 
body on flexion of the neck, generally indicative 
of posterior column involvement in the cervical 
spine. Two prospective studies estimate preva-
lence of Lhermitte’s sign at nearly 40% patients 
[39, 40], while estimates of incidence range are 
lower (9–13%) [39, 41]. Although a strong asso-
ciation between Lhermitte’s sign and intramedul-
lary cervical spinal cord abnormalities on MRI 
has been demonstrated [42], it is not specific to 
demyelinating disease, and other conditions such 
as subacute combined degeneration of the cord, 
neck trauma, radiation myelitis, or herniated cer-
vical disc can cause it. Another common pain 
syndrome seen in MS is trigeminal neuralgia 
(TGN). It typically manifests as a unilateral inter-
mittent lancinating pain in the second or third 
division of the trigeminal nerve felt in the cheek, 
teeth, or gums. Pain can be quite severe and is 
frequently precipitated by “triggers” such as 
brushing the teeth or hot or cold beverages. TGN 
in MS is treated similarly to that in the general 
population. First-line agents include anticonvul-
sants such as carbamazepine and oxcarbazepine. 
Surgical therapies are reserved for refractory 
cases and may include microvascular decompres-
sion or ablative procedures.

“Tonic spasms” can also occur with MS and 
are typified by sudden brief (generally less than 
1 min) involuntary contractions of an extremity, 
which may be mistaken for simple partial or 
partial- onset seizures, except that they are usually 
painful and do not result in loss of consciousness. 
They can be frequent throughout the day and dis-
abling, although they generally respond to carba-
mazepine or benzodiazepines. They are most 

often associated with spinal cord lesions, often 
near a root exit zone, and are thought to be caused 
by ephaptic transmission of nerve impulses.

 Bladder, Bowel, and Sexual 
Dysfunction

A study by Marrie et  al. of nearly 10,000 MS 
patients found that 80% of patients reported either 
bowel or bladder symptoms [43]. Urinary tract 
infections were reported in 64% of patients within 
6 months of survey, which was roughly six times 
higher than observed in the general female popula-
tion. Symptoms reported as “greatly bothersome” 
included urinary frequency (16.5%), urgency 
(17.0%), urge incontinence (8.4%), difficulty with 
bladder emptying (12.5%), and nocturia (20.9%). 
Patients were at greater risk for urologic dysfunc-
tion if they were female, had a longer disease dura-
tion, or higher degree of disability. Clinically, it is 
commonly observed that patients with lower 
extremity weakness and spasticity are more likely 
to have autonomic nervous system involvement as 
well. Nocturia can be a significant cause of sleep 
disturbance and can result in falls. The pons con-
tains a micturation center that coordinates ure-
theral sphincter relaxation and bladder detrusor 
contraction via a complex network of sympathetic 
and parasympathetic fibers arising from multiple 
levels throughout the thoracic and lumbar spinal 
cord. An MRI study showed that detrusor hypore-
flexia occurred more frequently with pontine 
involvement and detrusor–sphincter dyssynergia 
(a lack of coordination between bladder and exter-
nal urethral sphincter) more commonly with spinal 
cord lesions [44]. Patients with detrusor hyperac-
tivity often respond well to anticholinergics such 
as oxybutynin and tolterodine. Detrusor–sphincter 
dyssynergia may respond to a combination of anti-
cholinergics and adrenergic antagonists or may 
require self- catheterization. Urinary retention fre-
quently does not respond to pharmacologic treat-
ment and requires self-catheterization, though 
adrenergic antagonists (i.e., tamsulosin, terazosin, 
doxazosin) can be trialed. Intra-detrusor botuli-
num neurotoxin injections have been shown to 
decrease incontinence, urinary urgency, and noc-
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turia and to improve quality of life [45]. Urologic 
referral should be initiated for recurrent UTIs, 
uncontrolled incontinence, or persistent urinary 
retention with elevated post-void residuals.

Constipation and fecal incontinence are the two 
most common complaints involving bowel dys-
function. In a patient population with urologic 
issues and clinical evidence of spinal cord disease, 
only 25% of patients reported normal bowel func-
tion; 36% of patients had constipation, and 30% 
reported one episode of fecal incontinence in the 
past 3 months [46]. Similar numbers were reported 
in an earlier study by Hinds et al. in an unselected 
MS population [47]. The underlying causes of MS 
related bowel dysfunction are unclear. Bowel 
issues are important to address because they can 
cause embarrassment, pre-dispose to infection, 
and worsen spasticity. Anticholinergics taken for 
bladder dysfunction and muscle relaxants such as 
baclofen can worsen constipation. Copious fluid 
intake, fiber, and docusate may help keep bowels 
regular. If these are ineffective laxatives can be 
considered. In severely disabled and immobile 
patients with MS, abdominal pain resulting from 
abnormal colonic motility can occur, and manual 
disimpaction may be necessary.

Sexual dysfunction is common in MS. A sur-
vey of 56 Norwegian MS patients 2–5 years after 
diagnosis found that 50% of males and 14% of 
females were not satisfied with their sexual func-
tioning [48]. Men most often complained of 
 difficulty achieving or maintaining an erection, 
while women most often complained of difficulty 
having an orgasm. It is always important to 
review all patient medications when addressing 
sexual dysfunction, because some medications 
frequently used in MS, such as SSRIs, can cause 
impairment in sexual functioning. Mixed results 
have been achieved with sildenafil citrate in both 
men and women in clinical trials, although in 
practice erectile dysfunction often responds to 
this or similar agents [49–51].

 Seizures

Seizure prevalence is increased slightly in MS 
(approx 2%) relative to the general population 

(0.5–1%) [52]. Two-thirds of seizures in MS are 
generalized. Simple partial seizures are more 
common than partial complex seizures, the 
reverse of what is expected in the general popula-
tion. To date, no studies evaluating specific anti-
epileptic medication efficacy in MS have been 
performed, although in practice seizure disorders 
in MS generally respond to conventional anticon-
vulsants and are rarely intractable. Cortical and 
juxtacortical lesions are increasingly recognized 
in MS and are not always well visualized on con-
ventional MRI sequences. New-onset partial and/
or secondarily generalized seizures may occa-
sionally herald a new cortical/juxtacortical 
enhancing brain lesion, which may respond to 
steroid treatment acutely. Interferons have the 
potential to lower seizure threshold and should be 
used cautiously in patients with a preexisting sei-
zure disorder, though in practice this is not neces-
sarily an absolute contraindication.

 Sleep Difficulties

A higher prevalence of sleep disturbance is 
observed in MS patients than in the general pop-
ulation, with insomnia affecting nearly 50% of 
patients [53]. Common causes for insomnia in 
MS include bladder dysfunction (e.g., nocturia), 
pain, and mood-related disorders. Restless legs 
syndrome (RLS) is one of the more common 
sleep disorders encountered in MS, and there is a 
fourfold increased risk among MS patients 
(prevalence of 19% vs. 4% for controls) [54]. 
Risk factors for development of RLS include 
older age, longer disease duration, and increased 
disability [55].

 Other Symptoms

Patients may suffer from other paroxysmal symp-
toms such as intermittent dysarthria, ataxia, tonic 
spasms, itching, transient akinesia, and radicular 
thoracic sensations of pain or tightness (so-called 
MS hug), or other radicular type pain in an 
extremity. Some of these symptoms are covered 
in the section on pain. Anticonvulsants such as 
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carbamazepine and gabapentin often are helpful 
to decrease the frequency and severity of these 
spells.

 Diagnosis of Multiple Sclerosis

The majority of MS cases can be diagnosed by 
clinical or clinical and imaging parameters alone, 
provided these are properly applied and that other 
causes of CNS inflammatory white matter dis-
ease (so-called MS mimickers) are ruled out, 
usually by history, appropriate blood tests, and 
occasionally by CSF analysis. A CSF analysis 
that is positive for markers of abnormal intrathe-
cal immunoglobulin synthesis (increased IgG 
index, synthesis rate, and/or oligoclonal bands) is 
highly useful in differentiating unusual presenta-
tions of MS with uncharacteristic features on 
MRI from MS mimics, as well as in primary pro-
gressive MS, where imaging may be negative, 
especially early in the disease course. Frequently 
however, the CSF can be negative for these mark-
ers, especially early in the disease course, and 
provides no supportive evidence in either direc-
tion. Visual evoked potential (VEP) recordings or 
optical coherence tomography (OCT) are usually 
unnecessary in the setting of acute optic neuritis 
but can be useful in documenting a prior episode 
of retrobulbar neuritis.

 Diagnostic Criteria

Initial criteria used to diagnose Multiple Sclerosis 
(MS) were based on clinical features alone and 
required demonstration of CNS lesions dissemi-
nated in space and time by objective abnormali-
ties on the neurological examination, as well as 
the elimination of alternative diagnoses that 
might present with a similar clinical picture, ulti-
mately rendering MS a diagnosis of exclusion. In 
1983, the “Poser Criteria” [56] were proposed, 
which used paraclinical findings (neuroimaging, 
evoked potentials, and spinal fluid analysis) to 
supplement clinical evidence for the diagnosis in 
situations where strict clinical criteria were not 
met. An international panel chaired by W.  Ian 

McDonald met in July 2000 to review preexisting 
criteria for the diagnosis of MS and to  incorporate 
modern imaging techniques into a diagnostic 
scheme that would allow the clinician to satisfy a 
requirement for dissemination of lesions in time 
and/or space without having to wait for a second 
clinical manifestation of disease, as had previ-
ously been the norm [57]. The resulting 
“McDonald Criteria” may appear cumbersome at 
first, but, if properly applied, show a sensitivity of 
83%, specificity of 83%, negative predictive 
value of 89%, and accuracy of 83% for clinically 
definite MS at 3 years in patients initially pre-
senting with a clinically isolated syndrome (CIS) 
suggestive of demyelinating disease [58]. These 
criteria have since been revised several times, 
most recently in 2017, in order to allow for both 
earlier and more accurate diagnosis of clinically 
definite MS (CDMS) after either a monosymp-
tomatic presentation or a progressive course from 
the outset (primary progressive MS) [59–61]. 
Nearly all subsequent clinical trials in RRMS 
have relied on the McDonald criteria for inclu-
sion. Since initiation of treatment at the time of 
CIS in patients with abnormal MRI findings has 
been shown to delay the onset of a second clinical 
attack, i.e., clinically definite MS (CDMS), most 
MS specialists now advocate early treatment, at 
the time of CIS, if the baseline MRI shows char-
acteristic lesions indicative of prior asymptom-
atic demyelination. Earlier recognition allows for 
treatment to at least be considered after a first 
clinical episode and to tailor the follow-up 
approach with the patient. It should also be reem-
phasized that the McDonald criteria do not abso-
lutely require an MRI in order to diagnose MS; 
however, it is recommended that brain MRI be 
obtained in all patients being considered for a 
diagnosis of MS [61]. In contradistinction, the 
criteria also do not provide for a diagnosis of MS 
based on imaging alone. At least one attack with 
objective clinical evidence of a CNS lesion on 
examination (CIS) is required before paraclinical 
data (chiefly MRI) come into play. Furthermore, 
it cannot be overemphasized that there must be 
no better explanation for any clinical or paraclini-
cal abnormalities in order for the diagnosis to be 
secure, i.e., “MS mimickers” must be ruled out.
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To simplify the McDonald criteria (Table 5.1), 
we can apply them to five common clinical 
scenarios:

 1. Two clinical attacks and two objective lesions 
on examination: Here, no further paraclinical 
testing is technically needed, and a diagnosis 
of relapsing-remitting MS (RRMS) can be 
made anywhere in the world without the ben-
efit of MRI or other paraclinical testing, pro-
vided other diagnostic possibilities have been 
ruled out, i.e., there is “no better explanation” 
for the findings.

 2. Two clinical attacks, one objective lesion on 
examination, and reasonable historical evi-
dence of a prior attack involving a different 
neuroanatomical area: Here, a history of a 
prior attack with symptoms and evolution typ-
ical for an inflammatory demyelinating event 
will count toward dissemination in time. No 
further paraclinical testing is technically 
needed, and a diagnosis of relapsing-remitting 
MS (RRMS) can be made.

 3. Two clinical attacks, one objective lesion on 
examination: The diagnosis can be made 
either by waiting for an additional attack, or 
MRI evidence of dissemination in space can 
be demonstrated by documenting two or more 
characteristic demyelinating lesions on MRI 
(criteria summarized in Table 5.2).

 4. One clinical attack and two or more objective 
lesions on examination: In this case, the crite-
rion for dissemination in space was fulfilled 
by the neurological exam. The criterion for 
dissemination in time can be demonstrated by 
either waiting for a second attack, or by the 
demonstration of a new lesion on a follow-up 
MRI, or by the presence of CSF-specific oli-
goclonal bands (other CSF findings atypical 
for MS must be absent).

 5. One clinical attack and one objective lesion 
on examination: The monosymptomatic pre-
sentation or so-called clinically isolated syn-
drome (CIS) generally comprises optic 
neuritis, partial transverse myelitis, and 
brainstem- cerebellar syndromes, although a 
capsular or large hemispheric lesion may 
occasionally present in this fashion. Here the 

criterion for dissemination in space can again 
be satisfied by a second clinical attack (in a 
different anatomical location) or by fulfilling 
MRI criteria (Table 5.2). The criterion for dis-
semination in time is then satisfied either by a 
second clinical attack, or by documenting 
additional new lesions on a follow-up MRI, or 
by CSF-specific oligoclonal bands.

 6. Insidious neurological progression from the 
outset or primary progressive MS (PPMS): 
Here it is difficult to prove dissemination in 
time or space and the MRI may not show 
characteristic demyelinating lesions, 
 especially early in the disease course, so in 
order to diagnose PPMS, alternative criteria 
must be met (Table 5.1).

In each case, if the criteria indicated are ful-
filled, the diagnosis is multiple sclerosis; if the 
criteria are not completely met, the diagnosis is 
“possible MS”; if the criteria are fully explored 
and not met, the diagnosis is “not MS.”

A common obfuscation in the application of 
the McDonald criteria seems to arise from the 
dual meaning of the word “lesion.” In the context 
of the initial clinical presentation (Table 5.1, left 
panel), “lesion” refers to a demonstrable clinical 
abnormality of the CNS on neurological exami-
nation and not to an area of signal abnormality on 
MRI. “Lesion” in the context of MRI criteria is 
also commonly used to define an area of signal 
abnormality seen on MRI (Table 5.1, right panel 
and Table 5.2). In our experience the most com-
mon difficulty, however, arises from the failure to 
differentiate MRI lesions that are typical for MS 
from those that are “nonspecific” and are fre-
quently noted as incidental findings on routine 
imaging of patients with headache, vertigo, and a 
variety of other common conditions. The 
McDonald criteria address to some extent the 
issues of lesion number (>2 total) and location 
(infratentorial, cortical or juxtacortical, periven-
tricular, spinal cord) in satisfying a requirement 
for dissemination in space. Other MRI features 
commonly seen in MS, though not specifically 
addressed in the criteria, include relatively sharp 
lesion borders, extensive involvement of the cor-
pus callosum, periventricular lesions that are lin-
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ear to ovoid and perpendicularly oriented to the 
ventricles (“Dawson fingers”), open ring 
enhancement, and well-circumscribed cord 
lesions usually less than two vertebral levels in 
length and less than ½ cord diameter. As for the 
issue of follow-up of CIS with a normal initial 
brain MRI, this is not specifically addressed in 
the criteria. There are also no specific recommen-
dations for the increasingly common scenario of 

the asymptomatic patient, with no prior history of 
a demyelinating episode, who has incidental MRI 
findings characteristic of prior areas of demyelin-
ation on a scan that was done for other reasons 
(e.g., headache, vertigo, trauma), or so-called 
Radiographically Isolated Syndrome (RIS), 
although this is an area of intensive research. 
Currently, in order for a diagnosis of MS to be 
made, there must be clinical manifestations [61].

Table 5.1 2017 McDonald diagnostic criteria

Clinical presentation Additional data needed for MS diagnosis
Two or more attacks; objective clinical evidence of 
two or more lesions

Nonea

Two or more attacks; objective clinical evidence of 
1 lesion; historical evidence of a previous attack 
involving a lesion in a distinct anatomical locationb

Nonea

Two or more attacks; objective clinical evidence of 
1 lesion

Dissemination in space, demonstrated by an additional 
clinical attack or by MRIc

One attack; objective clinical evidence of 2 or more 
lesions

Dissemination in time, demonstrated by an additional clinical 
attack or by MRId or demonstration of CSF-specific 
oligoclonal bandse

One attack; objective clinical evidence of one lesion Dissemination in space, demonstrated by an additional 
clinical attack or MRIc

AND
Dissemination in time, demonstrated by an additional clinical 
attack or MRId or demonstration of CSF-specific oligoclonal 
bandse

Progression from onset (primary progressive MS) 1 year of disability progression (retrospectively or 
prospectively determined) independent of clinical relapse
PLUS two of the following:
  One or more T2-hyperintense lesions characteristic of MS 

in one or more of the following brain regions: 
periventricular, cortical or juxtacortical, or infratentorial

  Two or more T2-hyperintense lesions in the spinal cord
  Presence of CSF-specific oligoclonal bands

From Thompson et al. [61]
If the 2017 McDonald Criteria are fulfilled and there is no better explanation for the clinical presentation, the diagnosis 
is multiple sclerosis. If multiple sclerosis is suspected by virtue of a clinically isolated syndrome, the 2017 McDonald 
Criteria are not completely met, the diagnosis is possible multiple sclerosis. If another diagnosis arises during the evalu-
ation that better explains the clinical presentation, the diagnosis is not multiple sclerosis
aNo additional tests are required to demonstrate dissemination in space and time. However, unless MRI is not possible, 
brain MRI should be obtained in all patients in whom the diagnosis of multiple sclerosis is being considered. In addi-
tion, spinal cord MRI or CSF examination should be considered in patients with insufficient clinical and MRI evidence 
supporting multiple sclerosis, with a presentation other than a typical clinically isolated syndrome, or with atypical 
features. If imaging or other tests (e.g., CSF) are undertaken and are negative, caution needs to be taken before making 
a diagnosis of multiple sclerosis, and alternative diagnoses should be considered
bClinical diagnosis based on objective clinical findings for two attacks is most secure. Reasonable historical evidence 
for one past attack, in the absence of documented objective neurological findings, can include historical events with 
symptoms and evolution characteristic for a previous inflammatory demyelinating attack; at least one attack, however, 
must be supported by objective findings. In the absence of residual objective evidence, caution is needed
cMRI criteria for dissemination in space are described in Table 5.2
dThe MRI criteria for dissemination in time are described in Table 5.2
eThe presence of CSF-specific oligoclonal bands does not demonstrate dissemination in time per se but can substitute 
for the requirement for demonstration of this measure
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 Differential Diagnosis

A key element in the diagnosis of MS is the exclu-
sion of other possible disease entities. 
Distinguishing an MS presentation from that of 
another neurologic disease can at times be chal-
lenging, due to lack of homogeneity in clinical 
presentation and absence of a definitive paraclini-
cal confirmatory test. Overlap between MS and 
other diseases that may have similar presentations 
and can also be difficult to diagnose further com-
pounds the problem. For this reason, an awareness 
of neurologic diseases that are MS “look-alikes” 
or “mimics” is important and consideration for an 
alternate diagnosis is often based on presenting 
symptoms, clinical course (e.g., relapsing–remit-
ting vs. progressive), and/or MRI findings. With 
regard to other autoimmune etiologies (e.g., 
ADEM, NMOSD), these are covered in greater 
detail elsewhere in this book and so this chapter 
will be limited to more general comments.

Optic neuritis, transverse myelitis, and brain-
stem/cerebellar syndromes represent some of the 
more common initial MS presentations and so 
having a more in-depth differential diagnosis for 
each of these is often important (Table 5.3).

Optic Neuritis There is a wide differential diag-
nosis for optic neuropathy to include infectious, 
autoimmune, compressive (e.g., primary tumors, 
aneurysm, thyroid ophthalmopathy), ischemic, 

inherited (e.g., Leber’s hereditary optic neuropa-
thy), and toxic/metabolic etiologies (e.g., B12 
deficiency). Aside from multiple sclerosis, other 
diseases that can result in steroid-responsive 
optic neuropathies include sarcoidosis, neuro-
myelitis optica spectrum disorder, systemic 
lupus erythematosus, Behcet disease, and 
chronic relapsing inflammatory optic neuropa-
thy (CRION). Brain MRI can be useful in help-
ing to narrow the differential, for example, 
brainstem involvement is present in 51% [65] of 
those with Behcet disease and MRI leptomenin-
geal enhancement  +/−  parenchymal inflamma-
tion can be seen in 36% of those with 
neurosarcoidosis [66]. Other useful diagnostic 
studies to consider in the workup of neurosar-
coidosis may include CSF/serum ACE level; 
chest X-ray or CT; whole body PET or Gallium 
scan; lymph node, lacrimal, or salivary gland 
biopsy; and occasionally brain biopsy. Infectious 
etiologies (e.g., syphilis, tuberculosis, Lyme dis-
ease, viral) are typically associated with severe 
optic disc edema and further supported by appro-
priate serum and CSF studies. Ischemic optic 
neuropathies (e.g., giant cell arteritis, AION, 
PION) tend to occur in older individuals and are 
of relatively abrupt onset. Optic neuropathy that 
is progressive (>2 weeks), persistent with com-
plete loss of vision, of bilateral simultaneous 
onset, and/or associated with neuroretinitis or 
uveitis is atypical and should prompt consider-
ation of an alternate diagnosis [62, 66].

Brainstem/Cerebellar Syndrome As stated pre-
viously in this chapter, brainstem/cerebellar syn-
dromes presenting with cranial nerve deficits can 
often occur in multiple sclerosis; however, cer-
tain symptom presentations should raise suspi-
cion for alternate etiologies. Progressive 
cerebellar symptoms can be seen in spinocerebel-
lar ataxia or paraneoplastic syndromes. Persistent 
enhancement can be seen in neurosarcoidosis, 
Behcet disease, malignancy, histiocytosis, infec-
tion, or CLIPPERS [63]. Fever or meningismus 
would suggest infection. Sudden onset symptoms 
and/or signs following a vascular territory suggest 
ischemia. Alternatively, slowly progressive and/
or fluctuating symptoms would be atypical in 
relapsing–remitting multiple sclerosis.

Table 5.2 2017 McDonald criteria for dissemination in 
space and time

DIS DIT
≥1 T2-hyperintense 
lesions that are 
characteristic of multiple 
sclerosis in at least two of 
four areas of the CNS:
  Periventriculara

  Cortical or 
juxtacortical

  Infratentorial
  Spinal cord

Simultaneous presence of 
gadolinium-enhancing and 
non-enhancing lesions at 
any time
OR
New T2-hyperintense or 
gadolinium-enhancing 
lesion on follow-up MRI 
with reference to a baseline 
scan, irrespective of the 
timing of the baseline MRI

From Thompson et al. [61]
aFor some patients—e.g., individuals older than 50 years 
or those with vascular risk factors—it might be prudent 
for the clinician to seek a higher number of periventricular 
lesions
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Spinal Cord Syndrome As with optic neuropa-
thy and brainstem syndromes, spinal cord syn-
dromes can also occur in the setting of 
compressive, vascular, inflammatory, infectious, 
and toxic/metabolic etiologies. Atypical for spi-
nal cord syndromes in MS would be hyperacute 
onset, longitudinally extensive myelitis, com-
plete (vs. partial) transverse myelitis, areflexia, 
radicular pain, sharp sensory level, or the pres-
ence of systemic symptoms (e.g., fever) [64].

As alluded to earlier, different MS subtypes 
overlap with alternate potential differential diag-
noses, and so a crucial point of distinction in eval-
uating a patient may be whether they are presenting 

with a relapsing vs. a progressive course. For 
example, because amyotrophic lateral sclerosis 
(ALS) is a progressive disease of motor neurons, it 
would be difficult to confuse with CIS or relapsing 
forms of MS. On the other hand, primary progres-
sive MS and ALS could be, and often are, more 
readily confused. Symptoms and signs attributable 
to relapsing MS are often also seen in other auto-
immune/inflammatory, vasculitic, infectious, met-
abolic, and paraneoplastic presentations, while 
infectious, metabolic, and structural entities most 
commonly overlap with a more progressive MS 
phenotype. Table  5.4 lists diseases more com-
monly mistaken for MS based on clinical course 
with some basic differential diagnosis points.

Table 5.3 Differential diagnosis of common MS presentations

Optic neuritis [62] Brainstem syndrome [63] Spinal cord syndrome [64]
Compressive Primary tumors

Metastasis
Tuberculomas
Thyroid ophthalmopathy
Arterial aneurysms
Sinus mucoceles

Malignancy
  Lympoma
  Glioma

Intervertebral disc
Tumor

Inflammatory Sarcoidosis
SLE
CRION
Behcet disease
NMOSD
ADEM
Neuroretinitis

Sarcoidosis
NMOSD
Behcet disease
Histiocytosis
CLIPPERS
SLE

NMOSD
Sarcoidosis
SLE
Sjogren syndrome

Infectious Syphilis
TB
Lyme disease
Viral

Syphilis
Listeria
Lyme
Whipple disease
TB
Viral

Syphilis
Lyme
TB
Viral-HIV, HTLV

Vascular AION
PION
GCA
Diabetic papillopathy

Infarct
Cavernous angioma
Vasculitis

Ischemia
AVM
dural fistula

Toxic/metabolic Vitamin B12 deficiency
Tobacco-alcohol amblyopia
Methanol intoxication
Ehthambultol toxicity

Central pontine myelinolysis B12 deficiency
Copper deficiency
NO toxicity

Genetic LHON
Other Myasthenia Gravis Non-cord mimics

  GBS
  Myasthenia Gravis

ADEM acute disseminated encephalomyelitis, AION anterior ischemic optic neuropathy, AVM arteriovenous malforma-
tion, CLIPPERS chronic lymphocytic inflammation with pontine perivascular enhancement responsive to steroids, 
CRION chronic relapsing inflammatory optic neuropathy, HIV human immunodeficiency virus, HTLV human 
T-lymphotropic virus, GBS Guillain-Barre syndrome, GCS giant cell arteritis, LHON Leber’s hereditary optic neuropa-
thy, NMOSD neuromyelitis optica spectrum disorder, NO nitrous oxide, PION posterior ischemic optic neuropathy, SLE 
systemic lupus erythematosus, TB tuberculosis
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Table 5.4 Diseases that mimic relapsing presentations of MS

Disease Symptoms/exam Paraclinical
Diseases that may  mimic relapsing presentations of MS
Neurosarcoidosis Cranial neuropathy (80%), headaches 

(27%), visual failure (27%), ataxia (20%), 
vomiting (23%), seizures (17%)
Note: 10% no evidence of systemic 
sarcoidosis [66]

serum ACE+ (29%) [67]
CSF OCB+ (27%)
CSF ACE (55–94%)
MRI leptomeningeal enhancement (36%) 
[68]
Abnormal CXR and chest CT (68%) [69]
Gallium scanning + (67%)

Neuomyelitis optic 
spectrum disorder 
(NMOSD)

Optic neuritis, transverse myelitis, areas 
postrema syndrome, acute brainstem 
syndrome, symptomatic narcolepsy, and/
or symptomatic cerebral syndrome [70]

NMO IgG
Brain MRI normal or nonspecific white 
matter lesions
Myelitis usually ≥3 segments

Behcet disease Brainstem involvement (51%) [65], 
arthritis (30–50%), thrombophlebitis 
(25%), oral ulcerations (97–99%), genital 
ulcerations (85%), uveitis (50%)
Note: Rare without evidence of 
ulcerations [71]

CSF OCB not typically seen
CSF pleocytosis (approx. 50%)
MRI abnormal about 2/3 patients with CNS 
involvement, no specific feature

Systemic lupus 
erythematosis (SLE)

Neuropsychiatric (60%)
Malar rash, photosensitivity, arthritis
Visual loss frequently severe and painless 
if occurs

Serum ANA + (59%)
Double-stranded DNA + (28%)
Antiphospholipid antibody (33%) [72]
CSF OCB (approx. 50%)
MRI can look MS like or stroke-like

Antiphospholipid 
antibody syndrome

Hx of thrombosis, miscarriages, livedo 
riticularis, thrombocytopenia, transverse 
myelitis [73]

Antiphospholipid antibodies frequently + in 
active disease
MRI spinal cord involvement usually >2 
vertebral levels, typically thoracic

Sjogren syndrome Peripheral nervous system involvement 
(62%), multiple mononeuropathies (9%), 
seizures (9%), cranial nerves (20%)
Sicca sx (53%), spinal cord (35%) [74]

CSF OCB (30%)
VEP abnl (61%)
Anti-Ro/anti-la + (21%)
ANA + (54%)
MRI WM lesions (70%)

Lyme disease Aseptic meningitis, radicular pain, cranial 
neuropathy (VII), arthralgia, rash, tick 
bite

CSF OCB, pleocytosis frequently present
MRI WM lesion common
Lyme testing very sensitive [75]

Vasculitis Peripheral neuropathies, mono-neuritis-
multiplex, oculomotor palsies, seizures, 
encephalopathy
Fatigue, fever, night sweats, headaches, 
oligoarthropathy

CSF leukocytosis
MRI stroke, hemorrhage, or meningeal 
enhancement, or multiple punctuate 
enhancing lesions
Gold standard for dx: brain biopsy [76]

Cerebral autosomal 
dominant arteriopathy 
with subcortical infarcts 
and leukoencephalopathy 
(CADASIL)

Headache, stroke-like episodes
Family history of stroke common

CSF OCB rarely present
MRI diffuse extensive WM changes with 
anterior temporal and external capsule 
involvement (Table 5.5)
NOTCH 3 gene +

Leber hereditary optic 
neuropathy (LHON)

Consider with recurrent optic neuritis
Vision loss most commonly painless, 
progressive and binocular
Affects men only

Point mutation in mitochondrial DNA

Diseases that may mimic progressive presentationsof MS
Vitamin B12 deficiency Peripheral neuropathy, myelopathy

Cognitive impairment (25%)
Bilateral + Babinski, ankle jerks lost [77]

Macrocytic anemia
B12 or methylmalonic acid low

Copper deficiency Gait difficulty, myelopathy, lower 
extremity paresthesias, bilateral + 
Babinski, ankle jerks lost

Anemia frequent, Ceruloplasmin or copper 
levels low
MRI can show brain or spinal cord 
involvement
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Table 5.4 (continued)

Table 5.5 lists diseases that may mimic MRI 
findings in MS. When reviewing MRIs, special 
attention should be paid to the morphology, dis-
tribution and location of lesions, involvement of 
the corpus callosum (common in MS), and the 
presence of contrast-enhancement. Red flags 
would include the presence of acute ischemic 

DWI/ADC changes, hemorrhage, persistent 
enhancement, or pronounced leptomeningeal 
enhancement. Still, it can be difficult to differen-
tiate MS from non-MS patients based on MRI 
alone, and so imaging should be interpreted 
along with history, examination, and other para-
clinical data, as previously discussed.

Disease Symptoms/exam Paraclinical
Paraneoplastic 
syndromes

Gait unsteadiness, dysarthria, diplopia, 
dysphagia, weight loss, pruritis, fevers

CSF lymphocytic pleocytosis, elevated 
protein, OCB
MRI can show late cerebellar atrophy
Anti-Yo, anti-HU, anti-Tr most frequently 
associated [78]

HTLV-1 myelopathy/
tropical spastic 
paraparesis

Chronically progressive myelopathy CSF OCB typically present
MRI spinal cord lesions, brain can have 
white matter lesions
Thoracic cord atrophy common
HTLV-1 antibodies found in both serum and 
CSF

Whipple disease Cognitive changes
Supranuclear gaze palsies
Neuro. symptoms rare before systemic 
(arthralgia, weight loss, diarrhea, fever)
Oculmasticatory myorhythmia (20%) [79]

OCB can be present
MRI can look MS-like
PCR + T. whippelii

Spinocerebellar ataxias 
(SCA)

Primarily disequilibrium, incoordination CSF OCB likely negative
MRI atrophy of cerebellum, brainstem but 
T2/FLAIR changes unlikely
Genetic testing available

Friedrich ataxia Ataxia, weakness later, skeletal 
abnormalities, diabetes common, 
diminished reflexes, toes up-going [80]

CSF OCB can be present
MRI at time gray and white matter 
involvement
Genetic testing available (trinucleotide 
repeat)

Amyotrophic lateral 
sclerosis (ALS)

No sensory involvement
Upper and lower motor neuron
Fasciculations
Bulbar symptoms

EMG/NCS confirmatory in advanced disease

Primary lateral sclerosis 
(PLS)

Similar to ALS, no lower motor neuron 
involvement

EMG/NCS confirmatory in advanced disease

celiac sprue Progressive spinal and cerebellar decline
Myoclonus, peripheral neuropathy, 
encephalopathy and seizures can occur

MRI can look MS-like [81]
Antigliadin antibodies nonspecific, duodenal 
biopsy recommended

Leukodystrophies In adults can look like progressive 
myelopathy
Adrenoleukodystophy (ALD): Addisonian 
features, bronzing of skin, abdominal 
pain, family history. Metachromatic 
leukodystrophy (MLD): progressive 
myelopathy

OCB absent
ALD-serum very long chain fatty acids
MLD-serum arylsulfatase A deficiency
MRI ALD: WM involvement can occur [82]
MRI MLD: WM involvement, sparing of “U” 
fibers [83]

ACE angiotensin converting enzyme, ANA antinuclear antibodies, CSF cerebrospinal fluid, CXR chest X-ray, dx diag-
nosis, EMG/NCS electromyogram/nerve conduction study, Hx history, OCB oligoclonal bands, PCR polymerase chain 
reaction, sx symptoms, VEP visual evoked potentials, WM white matter
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Table 5.5 Diseases that may mimic MRI findings in MSa

Diagnosis MRI findings
Small vessel disease (SVD) Subcortical and periventricular lesions can be multifocal and punctate, 

or symmetric and confluent
Central pons (vs. surface of the pons more common in MS)
No contrast-enhancement (except in subacute infarction)
T2 hyperintense rims around the ventricles
Basal ganglia can be involved (this is rare in MS)
U fibers, temporal lobes, and corpus callosum typically spared (vs. 
common/often in MS)
No spinal cord involvement

Cerebraovascular autosomal dominant 
arteriopathy with subcortical infarcts and 
leukoencephalopathy (CADASIL)

Anterior temporal lobe, external and external capsule involvement
Lacunar infarcts
Hemorrhages/microhemorrhages
Sparing of the corpus callosum and infratentorial regions

Susac syndrome Periventricular white matter lesions arranged in ‘‘spoke wheel” 
appearance with defects in the central portion of the corpus callosum 
(vs. the underside in MS).
+/− DWI changes during acute phase
+/− Leptomeningeal enhancement

Acute demyelinating encephalomyelitis 
(ADEM)

Infrequent corpus callosum or periventricular white matter lesions
Cortical and deep gray matter typically affected
Symmetrical distribution
Ill-defined margins
Variable size of lesions, but usually at least one large (1–2 cm)
Cord lesions are usually located in the thoracic regions
Dissemination in time is atypical (note—recurrent or multiphasic 
ADEM can rarely occur)

Neuromyelitis optica spectrum disorder 
(NMOSD)

Normal white matter or nonspecific white matter changes
LETM and affects the majority of the cross section of the spinal cord

Vasculitis/inflammatory
  Primary CNS vasculitis
  SLE
  Sjogren
  Sarcoidosis
  Neuro-Behcet
  CLIPPERS
  Wegener’s granulomatosis
  Crohn’s disease
  Celiac disease

Cortical or lacunar infarcts
Lesions crossing gray-white matter boundaries and/or vascular 
territories
May have enhancing areas of the parenchyma, leptomeningeal 
enhancement (esp. neurosarcoid), microhemorrhages, spinal cord 
involvement, and/or sinus venous thrombosis
Brainstem and basal ganglia involvement sensitive/specific for 
neuro-Behcet disease
T2 lesions within the pons, brainstem, cerebellum, and spinal cord 
involvement in CLIPPERS
Calcifications in the occipital lobes on CT in celiac disease

Progressive multifocal leukoencephalopathy 
(PML)

Progressively enlarging and progressively confluent lesions with 
infrequent mass effect and infrequent enhancementb

No spinal cord involvement
Lyme disease (with nervous system 
involvement)

No specific lesion pattern
Lesions will enhance in the acute phase
+/− leptomeninges enhancement
+/− cranial nerve or spinal nerve root enhancement

Central pontine myelinolysis (CPM) Central pons +/− deep gray matter and cerebral white matter
Usually no contrast enhancement

Posterior reversible encephalopathy 
syndrome (PRES)

Areas of vasogenic edema largely in the parieto-occipital regions and 
to a lesser extent in the frontal, inferior temporal and cerebellar 
regions

Mitochondrial disorders (e.g., Kearn-Sayre 
syndrome, MELAS, Leigh’s syndrome)

Diffuse lactate increase on brain MRS
Gray matter structures often involved (e.g., basal ganglia, brainstem 
nuclei, and cortex)
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 Conclusion

MS can present with a wide variety of symptoms 
and signs, and there remains no substitute for 
clinical judgment. One must remain alert to alter-
nate possible diagnoses, both at the initial visit 
and in follow-up. MRI is a remarkably sensitive 
paraclinical test that can be repeatedly used to 
demonstrate both the acute and chronic changes 
in CNS signal characteristics that are typically 
seen in MS. As such, it is used increasingly as 
both a diagnostic tool to establish dissemination 
in time and space, a prognostic tool at the time of 
CIS, and as a tool to monitor disease activity and 
the effectiveness of treatments. Ultimately, con-
ventional (proton) MRI is not specific to any dis-
ease process and can be misleading if not 
interpreted in the proper clinical context. The 
typical “laundry list” differential generated by 
the radiologist in response to common nonspe-
cific T2 signal changes in the white matter is 
daily proof of this and is almost never helpful. 
For this reason, it is the obligation of the diagnos-
ing and treating neurologist to consider all clini-
cal data and personally review the MRI scans. 
Neither do conventional measures of disease bur-
den or activity, such as T2 lesion number or vol-
ume, or Gadolinium enhancement correlate 
particularly well with symptoms or disability on 
cross-sectional studies, much less at the office 
visit. One should not be drawn into the type of 
simple structure/function explanation that char-
acterizes other CNS lesions. Surprising numbers 
of MS lesions may be found in supposedly “elo-
quent” areas of the CNS, including the brainstem 

and spinal cord, without any corresponding 
symptoms or signs on examination. When deter-
mining diagnosis and management, one must 
incorporate the MRI into an overall picture of the 
patient that also includes clinical measures of 
disease activity, such as relapse rate, disability 
progression, and cognitive and psychosocial 
parameters.
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bNatalizumab-related PML will frequently show some degree of enhancement (compared to HIV patients with PML)
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 Introduction

Multiple sclerosis (MS) is regarded as a chronic 
autoimmune demyelinating disease of the central 
nervous system (CNS), affecting more than two 
million people worldwide [1]. The multifocal 
demyelinated plaques seen on magnetic reso-
nance imaging (MRI) appear throughout the 
CNS and are characterized with areas of focal 
inflammation, edema, glial reaction, and scar-
ring. In the early stages of the disease, the acute 
appearance of the focal lesions is commonly 
accompanied with episodes of intermittent and 
accumulating neurological dysfunction [2]. 
Although MS still remains incurable, the early 
use of more than dozen available disease- 
modifying therapies allows fewer acute neuro-
logical episodes, lowers the MRI-detected 
pathological changes, and delays the accumula-
tion of long-term physical disability [3].

Even though the conventional MRI is 5–10 
times more sensitive than clinical examination in 
assessment of the MS disease activity, the tech-
nique has a number of drawbacks that limit the 
reliability as an overall surrogate marker for 
detecting clinical progression [4]. The unsuc-
cessful efforts to link the MRI-derived markers 
and the clinical disability scores have resulted in 

the coinage “clinical-radiologic” paradox [5]. 
Although the current gap between the clinical- 
radiologic paradox has been substantially 
reduced over the last decade, the overall MRI 
correlations still remain modest at best [6]. 
Therefore, this review will outline the major 
strengths and limitations of the conventional and 
nonconventional MRI techniques in their attempt 
to detect the inflammatory and neurodegenera-
tive aspects of MS.

 Conventional MRI in Multiple 
Sclerosis

 MS Lesion Detection

Currently, there is no consensus on the precise 
and specific definition for the white matter (WM) 
hyperintensities (hereafter referred only as 
lesions) that are commonly seen in MS patients. 
Although variable, the MS lesions are usually 
ovoid or round in shape and are centered on small 
penetrating vessels. Their occurrence in the peri-
ventricular WM, juxtacortical, and infratentorial 
region is a relatively specific sign for MS. When 
imaged on sagittal MRI views, the ovoid lesions 
of the corpus callosum have typical radiographic 
appearance termed “Dawson fingers.” The char-
acteristic decay of the nuclear spin is called trans-
verse relaxation (T2) and it describes the time it 
takes for the signal to decrease to the 63% of its 
original value [7]. Among many variations 
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between sequences that are able to detect the T2 
changes, the most often recommended are: con-
ventional echo, fast spin-echo (FSE), turbo spin- 
echo (TSE), and fluid-attenuated inversion 
recovery (FLAIR) [8]. T2-weighted imaging 
(WI) allows highly specific detection of the dis-
ease activity and the lesion appearance over time; 
however, it has intrinsic limitation in the ability 
to distinguish between the differential substrates 
of the T2-WI hyperintensities (inflammation, 
edema, demyelination, and axonal loss). 
Compared to higher sensitivity of the FLAIR 
sequence in detecting subcortical and discrete 
cerebral lesions, the FSE proton-density (PD) 
imaging allows better and more accurate detec-
tion of focal lesions within the infratentorial 
compartment [9]. Based on their appearance 
under different MR sequences, the majority of 
MS lesions are classified into three main groups: 
T2 hyperintense, chronic T1 hypointense (also 
known as “black holes”), and gadolinium (Gd) 
enhancing lesions on post-contrast T1-WI 
(Fig. 6.1).

Apart from the symptomatic lesion, clinically 
isolated syndrome (CIS) patients tend to exhibit 
multiple asymptomatic brain lesions even before 
their first onset clinical presentation (radiologi-
cally isolated syndrome, RIS). The number of T2 
hyperintense lesions is directly associated with 

the percentage and the time of reaching clini-
cally definite MS diagnosis (81% of patients 
with ≥10 lesions when compared to only 9% in 
patients with an absence of T2 lesion, hazard 
ratio (HR) of 19.7) [10]. Similarly, the baseline 
T2 characteristics have the highest predictive 
value for detecting patients that will reach an 
Expanded Disability Status Score (EDSS) of 3.0 
(22% of patients with ≥10 lesions when com-
pared to only 4% in patients with absence of T2 
lesion, HR of 4.4) [10]. The role of MRI-derived 
inflammatory biomarkers as high-impact prog-
nostic factor have been also carefully studied 
and demonstrated within the initial large inter-
ventional MS trials [11]. Greater baseline MRI 
lesion volume and greater increase of lesion vol-
ume over time are moderately associated with 
clinical disability after 20 years [12]. Within this 
long-term follow- up, the rate of the lesion vol-
ume accumulation is substantially higher in 
patients that develop secondary progressive MS 
(SPMS) than in patients who maintain their 
relapsing–remitting MS (RRMS) status 
(2.89 cm3/year vs. 0.80 cm3/year) and this differ-
ence is already evident within 5 years of disease 
presentation [12].

The lack of specificity and the moderate cor-
relations with the clinical disability call for 
improvement of the quality of T2-WI sequences 

2D FLAIR 2D T2 WI 2D T1 WI post-contrast 2D TI WI pre-contrast

Fig. 6.1 T1-weighed imaging, T2-weighted imaging, 
FLAIR, and gadolinium enchanced T1-weighted imaging. 
Conventional magnetic resonance imaging in multiple 
sclerosis patient including: (a) 2D fluid-attenuated inver-
sion recovery (FLAIR) sequence, (b) T2-weighted image 
(WI) sequence, (c) T1-WI post-contrast sequence, and (d) 

T1-WI pre-contrast sequence. The contrast enhancing 
lesion (white arrow) seen on the T1-WI post-contrast cor-
relates with hispathological findings of blood-brain- 
barrier (BBB) breakdown and acute inflammation. Note 
the initial hypointensity of the acute MS lesion on the pre- 
contrast 2D T1-WI image
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and use of additional quantitative approaches 
that will better characterize the lesions. The use 
of thinner 2D FLAIR slices (1.5  mm) can 
increase the sensitivity for detection of cortical 
and juxtacortical lesions in MS patients [13]. 
Lesion detection can be also substantially 
increased with the application of 3D MRI tech-
niques, which provide equal spatial resolution 
along all three different axes. 3D FLAIR imag-
ing uses inversion recovery preparation with 
variable flip angles that establishes pseudo-
steady-states/relaxation contra-balancing, and 
allows nonblurred images despite the long echo 
trains. Although initially 3D FLAIR showed sig-
nificant increase in the ability to detect MS 
lesions, the sequence required long, clinically 
unfeasible scanning times [14]. The 1.7 times 
increase in number of lesions detected by the 
single-slab 3D FLAIR when compared to the 
conventional 2D FLAIR may be also attributed 
to the significantly higher contrast-to-noise ratio 
(Fig. 6.2) [15]. However, recent optimization of 
the sequence parameters retained the increase in 
detection of both supra- and infratentorial lesions 
within acceptable reduction of the scanning time 
[16]. Despite the fact that many groups have 
tried to develop an automated and unsupervised 
method for MS lesion segmentation, thus far, 
these techniques are not readily available for 
wide clinical use [17].

The seminal paper by Trapp et  al. demon-
strated that the active inflammation during the 
demyelinating process causes a large number of 
axonal transections [18]. As a consequence of 
this acute focal axonal transection, the signal 
intensity within 80% of the active lesions shows 
initial T1-WI hypointensity [19]. As the inflam-
mation subsides, 40% of the T1-WI hypointensi-
ties undergo process of remyelination, tissue 
repair, and return to their isotense signal charac-
teristic [19]. However, the remaining percentage 
of acute black holes continues to degrade and 
develop into persistent black holes. The assess-
ment of the persistent black holes was considered 
as the first measurable biomarker of the neurode-
generative process in MS [20]. Moreover, the 
presence and the extent of black holes have been 
repeatedly shown as one of the best predictive 
factors for disability in long-term follow-up stud-
ies [21, 22].

Gd enhancement is a transient phenomenon 
of the MS lesion that correlates with histopatho-
logical findings of blood-brain-barrier (BBB) 
breakdown and acute inflammation. When com-
pared to T2-derived lesions, the Gd enhancing 
lesions are typically easier to identify and are 
less dependent on technical factors like acquisi-
tion parameters and intra- and interobserver 
variability. Due to the short interval of Gd persis-
tence (3–6  weeks), the enhancing lesions may 

2D FLAIR 3D FLAIRFig. 6.2 Lesion 
detection comparison 
between 2D FLAIR and 
3D FLAIR sequences. In 
addition to the improved 
lesion to noise contrast 
ratio, the 3D FLAIR 
image provides better 
delineation of white 
versus gray matter and 
allows detection of 
cortical lesions (white 
arrow)
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remain undetected by the regular 3–6 month res-
can periods. Therefore, Gd enhancing lesions are 
not sufficiently sensitive as singular measures of 
disease activity and treatment evaluation. In 
response to this limitation, in order to detect 
patients with suboptimal treatment response, 
several proposed scoring methods or criteria 
combine the clinical and MRI-derived measures 
[23]. In particular, the purposed scoring systems 
like the Rao scale, the modified Rao scale, and 
the European Medicines Agency (EMA) criteria 
showed variable sensitivity and specificity in 
detecting patients that will exhibit increased 
relapse rate or/and disability progression (rang-
ing between 24% and 71% sensitivity and 
71–97% specificity) [23]. A recent composite 
that included both absence of clinical and radio-
graphic activity was initially termed “disease 
activity free status” (DAFS) and later renamed 
as “no evidence of disease activity” (NEDA). 
Although it has been shown that achieving and 
sustaining long-term NEDA status is especially 
difficult, NEDA has the potential to become a 
key therapeutic target goal in the future [24].

Both acute enhancing and chronic non- 
enhancing MS lesions show time-dependent 
increase in contrast enhancement [25]. The 
greater contrast enhancement seen in scans 
acquired after longer delay from the Gd adminis-
tration suggests persistence of BBB leak [25]. 
Furthermore, several studies have shown that 
application of Gd would intensify the T1 effect 
on the FLAIR images and improve the detection 
of extra-axial pathology and meningeal enhance-
ment [26]. Therefore, a combination of delayed 
post-contrast imaging and use of 3D FLAIR 
sequence allowed illustration of leptomeningeal 
contrast enhancement (LM CE) adjacent to the 
cortex of MS patients [27]. The aforementioned 
LM CE has been documented by several research 
groups and has been associated with patient age, 
disease severity, and the clinical type of MS [28]. 
A postmortem 7 T and histopathological exami-
nation of the structures that present as LM CE on 
MRI demonstrated that the aggregates of T- and 
B-cells are organized within a tertiary follicle- 
like structure [27]. The surrounding cortex of the 
sulcus that hosts the tertiary follicle-like structure 

also shows extensive cortical demyelination [27]. 
Furthermore, the presence of LM CE was associ-
ated with lower global gray matter (GM) and cor-
tical volume [29]. A similar 7 T MRI examination 
additionally showed that only a specific pattern 
of spread/fill foci are associated with the reduced 
cortical GM volumes, whereas the nodular foci 
may represent a normal variant [30]. Figure 6.3 
exhibits the utility of post-contrast FLAIR in 
detecting the LMCE and demonstrates the differ-
ences between nodular versus spread/plate-type 
of LMCE. The proximity of the aforementioned 
tertiary follicle-like structures may potentially 
link the meningeal inflammation with the type III 
subpial cortical lesions. With the introduction of 
the new B-cell depleting therapies for MS, better 
understanding and reliable detection of the LM 
CE could potentially become a useful biomarker 
in assessing their therapeutic efficacy [31].

In contrast to the 3D FLAIR, the three- 
dimensional double inversion recovery (3D DIR) 
uses additional radiofrequency (RF) pulse that 
results in suppression of both the WM and the 
cerebrospinal fluid (CSF) [7]. The additional 
inversion pulse used in DIR imaging proves to 
decrease the signal-to-noise ratio and make the 
images appear noisier; however, it provides 
excellent contrast-to-noise ratio between the 
lesion and the parenchyma and may be an excel-
lent tool for detecting cortical lesions (Fig. 6.4). 
The cortical lesions can be detected throughout 
all MS phenotypes and are mainly grouped as 
leukocortical or type I (lesions that extend 
through both GM and WM), intracortical or type 
II (lesions exclusively within the GM), and sub-
pial or type III (lesions abutting the pia and 
extending into the cortex) [32]. Furthermore, 
DIR has been used for imaging of the optic nerve, 
the infratentorial segment, and the spinal cord. 
The DIR showed improved sensitivity at detect-
ing lesions with a 7% gain with respect to FLAIR 
and 15% gain with respect to T2-WI [33]. The 
increase was even larger in respect to the infraten-
torial lesions with 56% increase when compared 
to FLAIR and 44% increase when compared to 
T2-WI [33]. In longitudinal examinations, DIR 
subtraction maps improved the detection of new 
and enlarged lesions both in terms of accuracy 
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a1 a4 b1 b4

a2 a5 b2 b5

a3 a6 b3 b6

Fig. 6.3 Leptomeningeal enhancement in multiple scle-
rosis patients. The use of pre-contrast (a1–3 and b1–3) 
and post-contrast (a4–6 and b4–6) 3D fluid-attenuated 
inversion recovery (FLAIR) sequences in detection of lep-
tomeningal contrast enhancment (LMCE). Sixty-three- 
year-old secondary progressive multiple sclerosis patients 

presenting with nodular LMCE enhancement (white 
arrow) demonstrated in all plane post-constrast 3D FLAIR 
images. Fifty-seven-year-old relapsing–remitting multiple 
sclerosis patients presenting with “spread/plate”-like 
LMCE (dotted white arrow)

DIR FLAIR FSPGR

Fig. 6.4 Cortical lesion imaging using double inversion 
recovery (DIR) sequence. Double inversion recovery 
(DIR) sequence uses two separate radiofrequency pulses 
that suppress both the white matter and the cerebrospinal 
fluid signal. The sequence allows better detection of corti-

cal lesions (white arrow) when compared to conventional 
sequences. (a) Double inversion recovery (DIR) sequence, 
(b) fluid-attenuated inversion recovery (FLAIR) sequence, 
and (c) fast spoiled gradient echo (FSPGR) sequence
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and the time needed for the scan read [34]. The 
reported 1.7 times more detected active lesions 
using DIR subtraction was mainly driven by the 
strength of the DIR sequence in detecting cortical 
lesions [34]. The same group also demonstrated 
that post-contrast DIR imaging can detect signifi-
cantly more (16%) contrast-enhancing lesion 
when compared to the traditional post-contrast 
T1-WI [35]. Despite the comparative improve-
ment to the conventional FLAIR imaging, the 3D 
DIR technique is still not able to detect up to 80% 
of the cortical lesions seen under microscope 
[36]. The latest consensus recommendations for 
cortical lesion scoring using the DIR sequence 
included that (1) the GM lesions should be clearly 
hyperintense on DIR and (2) should cover at least 
three pixels based on minimal in-plane resolution 
of 1.0 mm2 [37]. This recommendation also takes 
into account the relatively noisier 1.5  T DIR 
images when compared to 3 T. Due to the high 
association of cortical lesion load with physical 
and cognitive progression, the ability to success-
fully image the cortical pathology may help in 
early identification of patients with the most 
severe prognosis [38].

The latest guidelines published by the 
European Magnetic Resonance Imaging in MS 
(MAGNIMS) network recommended a standard-
ized protocol for baseline and follow-up MRI 
examinations for patients with suspected or clini-
cally definite MS [39]. The baseline examination 
included mandatory use of axial proton-density 
(PD) and/or T2-FLAIR/T2-WI, sagittal 2D or 3D 
FLAIR, and a 2D or 3D contrast-enhanced 
T1-WI. Additional (optional) sequences included 
unenhanced 2D or high-resolution 3D T1-WI, 2D 
and/or 3D DIR sequence, and an axial diffusion- 
weighted imaging (DWI) sequence. Similarly, 
the follow-up MRI examinations should include 
at least the mandatory PD or T2-FLAIR and the 
2D or 3D contrast-enhanced T1-WI, with optional 
addition of the high-resolution 3D T1-WI, 2D/3D 
DIR, and axial DWI.  Unfortunately, the mini-
mum recommended milieu of sequences is not 
able to provide reliable prognostic information 
for establishing disease progression. The addi-
tion of repeat scans within the first few months of 
treatment initiation can considerably predict the 

treatment response [23]. Additionally, the use of 
automated subtraction techniques (follow-up vs. 
baseline subtraction) can improve the accuracy 
and sensitivity of detecting new and/or enlarging 
T2 lesions [23]. As discussed later in this review, 
the current data still does not support the use of 
automated brain volume nor spinal cord mea-
sures in predicting the individual treatment 
response rate [23].

 MRI Contrast Agents and Contrast 
Deposition

The fundamental capability of contrast agents to 
efficiently lower the relaxation times of T1 and/
or T2 allows generation of better MRI-derived 
signal and better detection of lesions. The addi-
tion of paramagnetic ions like gadolinium (Gd3+), 
iron (Fe2+,3+), and manganese (Mn2+) act as indi-
vidual microscopic magnets that cause faster 
neighboring proton relaxation back to their equi-
librium state. In comparison to Gd, the iron-based 
agents have stronger ability to affect the relax-
ation times and they are mostly used as dark MRI 
contrast (T2∗ imaging). These iron oxide parti-
cles vary in size, from ultrasmall superparamag-
netic particles of iron oxide (USPIOs, 5–50 nm) 
to superparamagnetic iron oxide particles (SPIOs, 
50–150  nm) and micron-sized iron oxide parti-
cles (MPIOs, ≈1 μm) [40].

A major benefit in utilization of USPIOs in 
imaging of the inflammatory diseases like MS is 
their ability to be captured by the circulating 
monocytes/macrophages and travel to the site of 
inflammation. Thus, USPIO contrast agents are 
able to provide higher cell specificity and better 
understanding of the CNS inflammation. 
Additionally, potential coupling of MPIOs with 
anti-adhesion antibodies can provide direct imag-
ing of endothelial surface markers (E-selectin and 
P-selectin) that control immune cell trafficking 
[41, 42]. The discrepancies of contrast enchant-
ment seen while imaging with both USPIOs and 
Gd-based agents have suggested an active mono-
cyte infiltration through the  preserved integrity of 
the BBB [43]. However, the appearance of USPIO 
within an hour of its administration points to a 
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second, cell- independent transport indicates leaky 
BBB [44]. On that note, USPIO-related abnor-
malities can be already seen at day 10 after EAE 
disease induction, a period which does not include 
macrophage infiltration [44]. The later process of 
passive USPIO diffusion is cleared through neigh-
boring cervical lymph nodes and does not pro-
duce significant contrast changes after 24  h of 
administration [44]. Therefore, knowledge about 
the USPIO kinetics is crucial in determining the 
temporal and mechanistic characteristic of USPIO 
imaging.

Due to the ionic radius of 0.99 Å, Gd in its 
stable oxidation state (Gd3+) can easily compete 
for the binding sites of Ca2+ and produce relative 
biological toxicity. Prior to its use in humans, 
the Gd requires a process of chelation that will 
prevent free Gd3+ circulation [45]. Generally, 
the current Gd-based MRI contrast agents 
(GBCAs) are divided into four types: macrocy-
clic or linear and they can be additionally sepa-
rated as ionic (charged) or non-ionic. The 
particular chemical structure produces inherent 
differences in the kinetic stability [46]. In pres-
ence of endogenous cations like Cu2+ or Zn2+, 
the linear agents can exhibit poorer kinetic sta-
bility and dissociate [46].

A potential association of MRI-detected brain 
abnormalities and previous exposure to linear 
chelate GBCAs has been initially published in 
2014 [47]. It showed a positive correlation 
between high signal intensity of the dentate 
nucleus and history of multiple GBCA adminis-
trations [47]. These preliminary results were later 
confirmed with GBCA accumulation studies in 
patients with MS, brain metastasis, and in pediat-
ric population [48]. A preclinical study investi-
gated the amount of Gd deposition in rat brains 
after 20 consecutive injections of linear GBCA, 
macrocyclic GBCA, or placebo [49]. The results 
corroborated that linear GBCA leads to progres-
sive increase in MRI signal intensity ratio [49]. 
Additionally, postmortem autopsy demonstrated 
higher amount of linear GBCA deposition when 
compared to rats exposed to the macrocyclic 
GBCA or placebo [49]. A similar study examined 
multiple formulations of GBCAs and showed 
that all three linear GBCAs tested had signifi-

cantly higher brain deposition than placebo or the 
macrocyclic GBCAs [50].

Until recently, the only other known adverse 
effect related to Gd administration was a rare 
nephrologic condition called nephrogenic systemic 
fibrosis. Due to the aforementioned reports of Gd 
deposition in the brain, the FDA issued warning, 
which suggests avoiding linear GBCAs adminis-
tration if not necessary. The highest retention was 
seen among the linear gadodiamide (Omniscan®) 
and gadoversetamide (OptiMARK®), followed by 
gadopentetate dimeglumine (Magnevist®), gado-
benate dimeglumine (MultiHance®), and gadox-
etate disodium (Eovist®), and the lowest retention 
with the use of the macrocyclic gadoterate meglu-
mine (Dotarem®), gadoteridol (ProHance®), and 
gadobutrol (Gadavist®). Additionally, the EMA 
suspended the use of the aforementioned 
Omniscan®, Magnevist®, OptiMARK®, and 
restricted the use of MultiHance® only for liver 
scans. In conclusion, convincing evidences demon-
strate active deposition of Gd in the deep brain 
nuclei, particularly after repeated linear GBCAs 
exposure. The biological and clinical effect of this 
brain deposition still remains undetermined in 
patients with MS and other diseases [51].

 2017 Revision of McDonald Criteria 
for Multiple Sclerosis Diagnosis

Due to the rapid growth of the medical imaging 
field, periodical revision of the diagnosis guide-
lines would provide continuous improvement in 
the sensitivity and specificity of the criteria [52–
54]. The new 2017 revision of the MS McDonald 
criteria has focused on clarifying and simplifying 
the constituents of the previous versions, changes 
that will ultimately allow lower frequency of MS 
misdiagnosis [54]. The previous 2010 revision of 
the McDonald criteria required that dissemina-
tion in space (DIS) should be demonstrated by 
≥1 T2 lesion in at least two of four areas of the 
CNS (periventricular, juxtacortical, infratento-
rial, and spinal cord). On the other hand, for the 
demonstration of dissemination in time (DIT), it 
required: (1) a new T2 and/or Gd enhancing 
lesion on follow-up MRI or (2) simultaneous 
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presence of asymptomatic Gd enhancing and 
non-enhancing lesions at any time [53].

The first step into improving the CIS/MS clas-
sification was the inclusion of the CSF-derived 
oligoclonal bands (OCB) as acceptable substitute 
for the DIT requirement. The change was 
prompted by multiple recent studies showing that 
presence of CSF OCB is an independent predic-
tor of consecutive second attack [10, 55]. In a 
large multicenter study, the presence of OCB was 
associated with increased conversion to MS (haz-
ard ratio of 2.18) [56]. Furthermore, a meta- 
analysis showed that the presence of OCB in the 
CSF of CIS patients resulted in increased chance 
(odds ratio of 9.9) of conversion to MS [57].

As a second amendment, the new criteria 
remove the discrimination between symptomatic 
and asymptomatic T2 lesions in the determina-
tion of DIS or DIT [58, 59]. The previous distinc-
tion was done with an idea to exclude the 
symptomatic lesion from the required two out of 
four MS characteristic region involvement (peri-
ventricular, juxtacortical, infratentorial, and spi-
nal cord) and prevent double counting. As an 
example, a patient presenting with an acute par-
tial transverse myelitis would require only one or 
more T2-hyperintense lesions in the remaining 
three regions (paraventricular, juxtacortical, or 
infratentorial) in order to fulfill the new 
2017-revised McDonald criteria. Although still 
debated, lesions in the optic nerve are considered 
as exception from this rule and still remain insuf-
ficient in documenting DIS or DIT [60, 61].

Lastly, the new 2017 McDonald criteria rec-
ommend the inclusion of cortical lesions as equal 
constituents for fulfilling the DIS requirement. 
The ability to routinely and reliably detect corti-
cal lesions requires additional MRI sequences 
that were previously described in this review. The 
expert panel of the revised 2017 criteria has rec-
ognized the potential imaging artifacts and the 
current limitations of DIR imaging [62, 63].

The future alliterations of the MS diagnosis 
guidelines should focus on defining entities like 
RIS, solitary sclerosis, possible multiple sclero-
sis, pediatric multiple sclerosis, anti-MOG 
pathology, and the diagnosis of MS in more 
diverse populations [64–66]. Future standardiza-

tion of the nonconventional techniques like 
multi-echo MRI imaging, GM imaging, optical 
coherent tomography (OCT), evoked potentials, 
and laboratory tests may increase the accuracy of 
the diagnosis.

 Spinal Cord Imaging

Due to the inclusion of the spinal cord region as 
part of the four areas included in the McDonald 
criteria, spinal lesions can be used to demonstrate 
DIS. Therefore, spinal cord imaging is an essen-
tial diagnostic tool that should be obtained in 
patients with spinal cord symptomatology and 
patients in whom brain scans do not solemnly 
fulfill the McDonald criteria for MS diagnosis 
[67]. The spinal cord MRI abnormalities are not 
exclusively seen in MS and should be differenti-
ated from diseases like neuromyelitis optica 
spectrum disorder (NMOSD), myelin oligoden-
drocyte glycoprotein myelopathy (anti-MOG dis-
ease), and idiopathic transverse myelitis (ITM) 
[68]. Regardless of the OCB and brain MRI find-
ings, the spinal cord lesions independently con-
tribute to two- to threefold increase in risk for 
reaching an MS diagnosis [69]. Indeed, even in 
patients with non-spinal CIS presentation, the 
detected spinal cord MRI abnormalities are able 
to explain a larger amount of follow-up disability 
progression when compared to the brain MRI 
measures [70]. Both the accumulation of asymp-
tomatic spinal cord lesions and the progression of 
spinal cord atrophy in CIS patients contribute up 
to 50% of the MS-related disability accumulation 
over mid-term follow-up period [70].

Most spinal cord scans were traditionally 
acquired with the use of sagittal dual echo (PD 
and T2) sequence. Together with the increasing 
clinical 3 T availability, multiple combination of 
sequences have been purposed to increase the 
lesion detection and regional cord volume detec-
tion. For example, sequences like short tau inver-
sion recovery (STIR) and phase-sensitive 
inversion recovery (PSIR) use fat suppression 
and allow better spinal cord lesion assessment 
and WM versus GM separation [71]. Multiple 
findings demonstrate that the preferential loss of 
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spinal cord GM is associated with more severe 
EDSS score and walking disability, whereas spi-
nal cord WM did not [71, 72]. Manual and auto-
mated models of spinal cord volume segmentation 
have been additionally proposed [73].

The relationship between spinal cord pathol-
ogy and the disability progression has been espe-
cially emphasized within SPMS and primary 
progressive (PP) MS patients [74]. In a large 
single-center retrospective study, all SPMS 
patients and almost all PPMS had spinal cord 
lesions at their C2–C3 level [74]. Additionally, 
PPMS patients had significantly more spinal cord 
atrophy when compared to SPMS and healthy 
controls [74]. The overall sample size calcula-
tions for the use of spinal cord cross-sectional 
area measurement in PPMS patients resulted 
only in 57 subjects per arm needed, whereas for 
SPMS it required at least 546 subjects per arm 
[74]. Therefore, future PPMS and neuroprotec-
tive MS trials should consider spinal cord imag-
ing as part of their outcome measures.

The use of nonconventional spinal cord MRI 
studies are still in their very early stages and 
have relatively limited clinical applicabilty [75]. 
DTI of the spinal cord (FA metric) is the only 
nonconventional technique that provides mod-
erate evidence of association with impairment 
in a number of neurological diseases [75]. The 
larger magnetic field inhomogeneity and the 
intensified intrinsic motion caused by the car-
diac and respiratory cycles remain as major lim-
iting factors in the acquisition of high-quality 
spinal cord data [70].

 Ultra-High-Field MRI Imaging in MS

The advantages and limitations of ultra-high- 
field imaging can be essentially explained by the 
increase of the main magnetic field (B0). The 
larger initial amount of spins that are transversely 
aligned with the magnet will produce larger net 
magnetization. However, the larger strength will 
also introduce a larger B0 inhomogeneity that can 
cause artifacts and signal loss. When compared to 
1.5  T and 3  T MRI imaging, the 7  T scanners 
allow five- to tenfold increase of the signal-to- 

noise ratio. Additional benefits of ultra-high-field 
MRI imaging are: improved contrast derived 
from the magnetic susceptibility variations, 
greater chemical shift dispersion, and faster echo 
planar imaging. The 7 T MRI scanners have been 
extensively used in understanding the pre- 
lesional WM changes, evolution of the cortex 
changes, detection of GM lesions, and under-
standing the process of neurodegeneration [76]. 
The increased number of WM lesions detected 
with the ultra-high-field MRI systems suggests 
that the current imaging protocols are not fully 
capturing the MS pathology [77]. Additionally, 
the higher imaging resolution provides improve-
ment in the differential diagnosis of WM abnor-
malities and in their differentiation from other 
mimicking demyelinating lesions [78–80]. 
Several studies have shown that 7  T imaging 
allows more than double increase in the detection 
rate of cortical lesions in MS [62, 81, 82]. 
However, when compared to histopathological 
analysis, up to 40% of the subpial (type III) corti-
cal lesions are still missed even at 7 T MRI [62]. 
Similarly, a study using 7 T, T2∗ MRI sequence 
produced surface-based analysis that showed 
in vivo characterization of the degree of cortical 
pathology at different depths of the cortex [83]. 
The gradient in the intracortical pathology across 
different disease stages demonstrates that the 
pathology is driven from the pial surface itself 
[83]. As of October 12th, 2017, the FDA approved 
human clinical use of the first 7 T MRI device 
(Magnetom Terra®, Siemens), which allows for 
0.2  mm in-plane resolution, voxel size of 
0.14 cm3, and submillimeter fMRI BOLD signal 
specifications.

 Nonconventional Imaging

 Brain Atrophy

The physical and cognitive decline seen in the 
later stages of the disease are not represented by 
the sparse MRI-detected inflammatory lesions. 
The purposed two-stage process might poten-
tially explain the failure of the current anti- 
inflammatory therapeutics in their ability to 
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control the secondary inflammation-indepen-
dent disability progression [84]. The underlying 
brain atrophy seen throughout all stages of MS 
can be generally explained by three main subse-
quent pathological processes: tissue loss within 
the lesions themselves (T1-hypointensities), 
Wallerian degeneration affecting the length of 
the transected axons, and independent neurode-
generative changes within the NAWM and 
NAGM [18]. As the axons do lose their myelin 
sheath, a compensatory upregulation of sodium 
channel expression sustains the signal transduc-
tion [85]. Intensified sodium channel usage 
requires greater amount of ATP that eventually 
gets depleted and induces mitochondrial dys-
function [85]. The mitochondrial dysfunction 
further causes global neuronal energy deficit 
and cascades to toxic accumulation of Ca2+, 
which finally leads to neuronal death [85]. 
Potential inhibition of the specific Nav1.6 chan-
nels might prevent the “inside-out” pathophysi-
ology of the MS neurodegeneration [86]. The 
robustness of the ongoing axonal loss has been 
documented with histological analysis of the 
cerebrospinal tract [87]. After a lifetime of MS 
(an average of 30 years of disease duration), the 
corticospinal tract loses approximately 60% of 
the total axonal pool [87]. Similarly, the normal-
appearing white matter (NAWM) demonstrates 
substantial loss (50%) of both axon density and 
volume [88].

On the other hand, the GM atrophy is primar-
ily affected by neurodegeneration, a co-occurring 
process that is not associated with presence of 
GM lesions, the overall myelin density, or the 
survival of the oligodendrocytes [89]. The first 
systematic histopathological and MRI investiga-
tion showed that the cortical volume in long- 
lasting MS patients is largely and independently 
explained by neuronal density, neuronal size, and 
axonal density [90]. After a mean disease dura-
tion of 27 years, MS patients have almost 40% 
less total number of neocortical neurons and 
almost 30% reduction in neuronal density when 
compared to controls [91]. This neuronal loss 
was seen in all lobes investigated with the excep-
tion of the primary occipital (visual) cortex. The 
association between the overall neuronal loss and 
the MRI-derived cortical volume demonstrates 

that in vivo MRI studies can provide robust pre-
diction of cortical pathology [91].

A serial yearly MRI scans acquired over a 
decade showed that ventricular CSF space and 
the whole brain atrophy in early MS patients can 
predict the development of disability progres-
sion over 10  years later (after 1 and 2  years, 
respectively) [92]. Similarly, a large multicenter 
study showed that a combination of central atro-
phy rate and the lesion volume change over the 
first 2  years was able to predict the disability 
over 10  years (74.3% of explained variance in 
clinical outcome) [93]. The atrophy of the deep 
gray matter (especially the thalamus) has been 
repeatedly shown as an effective MRI measure 
that is able to predict future conversion of CIS 
patients to clinically defined MS or predict 
patients with future disability progression [94, 
95]. There is an increasing amount of evidence 
that the GM and deep GM atrophy occurs more 
rapidly through all stages of the disease when 
compared to the WM and may present as a mean-
ingful indicator of neurodegeneration [96, 97]. 
The ability to detect an early brain atrophy rate 
that will subsequently predict the long-term dis-
ability outcomes allows better therapy monitor-
ing (Figs. 6.5 and 6.6) [98].

A meta-analysis from all published RRMS 
clinical trials showed close relationship between 
the treatment effect on brain atrophy and on dis-
ability progression [99]. The treatment effect 
demonstrated an independent effect on active 
MRI lesions, an independent effect on the brain 
atrophy, and a synergistic effect of both MRI out-
comes combined [99]. Based on several long- 
term follow-up studies, cutoff values of 
pathological yearly brain atrophy have been pur-
posed [100–102]. A combined analysis of multi-
ple observational and interventional MS trials 
that included more than 11,000 MRI scans dem-
onstrated that −0.57% annualized percentage 
change of corpus callosum volume had 90% 
specificity and 48% sensitivity in distinguishing 
between healthy controls and RRMS patients 
[101]. A small single-center study showed that an 
annual whole brain atrophy rate greater than 
0.5% has 95% specificity or greater than 0.4% 
has 80% specificity in discriminating patients 
with MS from healthy controls [100]. Based on 
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Fig. 6.5 Brain atrophy analysis using SIENA algorithm. 
SIENA algorithm for estimating the longitudinal total 
brain volume change between two input images taken 
from the same subject, at different timepoints. The upper 
row of images belongs to the initial MRI timepoint and 
the lower row of images belongs to the follow-up MRI 

timepoint. (a, b) Represent the extracted brain images, (c, 
d) demonstrate the standard space masking within a com-
mon field of view, while (e, f) show the tissue segmenta-
tion that detects the brain/non-brain boundaries. In panel 
g, the final brain edge movement image shows atrophy 
(blue) or “growth” (orange)

a b

After 5 years

Estimated PBVC = -9.898%

After 5 years

Estimated PBVC = -1.45%

Fig. 6.6 Brain atrophy differences between age- and sex- 
matched relapsing–remitting multiple sclerosis patients 
assessed with SIENA alghoritm over a 5-year follow-up 
period. PBVC percentage brain volume change. The relaps-
ing–remitting multiple sclerosis (RRMS) patient in panel 

(a) demonstrates a high rate of 5-year longitudinal atrophy 
rate (estimated PBVC = −9.898% or 1.98% annualized), 
whereas the age- and sex-matched RRMS patient in panel 
(b) demonstrates comparatively lower brain atrophy rate 
(estimated PBVC = −1.45% or 0.29% annualized)
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the corresponding 0.4% of annual whole brain 
atrophy, similar sensitivity and specificity analy-
sis determined the lateral ventricular volume cut-
off at annual rate of 3.5% [102]. With a proposed 
individual expected brain volume calculation, the 
FREEDOMS I/FREEDOMS II trial patients 
were classified as low baseline volume (1  stan-
dard deviation below the expected), medium 
baseline brain volume (within 1 standard devia-
tion of the expected), and high brain volume (1 
standard deviation above the expected) [103]. 
Additional factors that were accounted into the 
model included the baseline age, sex, the disease 
duration, T2 lesion load and their baseline dis-
ability [103]. The aforementioned attempt of 
individual brain volume classification was able to 
differentiate patients with high risk of future dis-
ability worsening (low vs. high BV with hazard 
ratio of 1.73) [103]. Before undertaking the task 
of individual volumetric comparisons, it is criti-
cal to understand the processes of biological 
aging and the ability to separate the “normal 
aging atrophy” with “disease-specific atrophy” 
[104]. A step toward determining ideal regions 
that undergo disease-specific atrophy would ulti-
mately lead to the ability of measuring the thera-
peutic interventions that would target the brain 
atrophy. Furthermore, the creation of a large 
population- wide volumetric database that 
archives the MRI scans and provides MS-specific 
atrophy rates across the lifespan of the patients 
may further overcome the current limitations of 
atrophy use [105]. Furthermore, the measure-
ment of brain atrophy has special interest in the 
management of the questionably distinct and 
small cohort of patients (10%) termed as PPMS, 
which demonstrates continuous disability wors-
ening despite the absence of clearly recognizable 
clinical relapses and active inflammatory MRI 
biomarkers [106].

The use and reliability of brain atrophy mea-
surements in MS patients have substantially 
improved in the last two decades. Fully auto-
mated software like NeuroQuant®, MSmetrix™, 
and NeuroSTREAM® have been developed for 
computing cross-sectional and/or longitudinal 
changes of the whole brain volume, separate 
tissue- compartment volumes (GM and WM), 

and lateral ventricular CSF volumes, respec-
tively [107]. Based on the characteristics of the 
MRI sequences that are currently acquired 
throughout the United States (99.3% availability 
of T2-FLAIR vs. only 39.7% of 3D T1-WI), 
developing a feasible surrogate T2-FLAIR-
derived atrophy calculation may additionally 
assist in future implementation of atrophy out-
comes [108]. Although brain atrophy now is 
regularly used as a secondary endpoint in all 
recent and upcoming MS clinical trials, the util-
ity and interpretation of individual brain volume 
changes within the clinical routine remain unde-
termined [109].

 Magnetization Transfer  
Imaging (MTI)

Magnetization transfer imaging (MTI) uses the 
different T2 relaxation properties of water mole-
cules that are found in a free state (>10 ms) or as 
bound to complex macromolecules (<200  μs). 
Application of an off-resonance RF pulse that 
will selectively pre-saturate only the immobile 
water protons causes exchange (transfer) of lon-
gitudinal magnetization between the rigid macro-
molecules and the free water protons. This 
magnetization transfer results in partial satura-
tion of the free water molecules as well (it 
decreases the signal) and creates tissue contrast. 
The magnetization transfer ratio (MTR) can be 
quantified by acquiring and subtracting two sets 
of acquisitions, image with the off-resonance 
pulse (Msat) and conventional image (M0) 
(Fig. 6.7):

 
MTR sat
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=
-M M
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Decrease in MTR has been associated with 

loss of myelin, axonal damage, and active cell 
infiltration, whereas the increase of MTR has 
been hypothesized as marker of possible remye-
lination and lesion resolution [110, 111]. The use 
of this technique in understanding the MS pathol-
ogy has been further standardized and imple-
mented in several pivotal MS trials. In the 
DEFINE trial, a double-blind, placebo-controlled 
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study that randomized patients to dimethyl fuma-
rate and placebo, the active treatment showed 
significant normal-appearing brain tissue 
(NABT) reduction when compared to placebo 
[112]. The similar utility of longitudinal MTR 
imaging was seen in BECOME [113] and 
ADVANCE trials [114], demonstrating the MTR 
responsiveness in clinical intervention settings. 
The use of MTR imaging in future remyelination 
trials is also planned.

Average NABT MTR changes have shown 
good specificity and positive predictive value in 
predicting individual disability progression over 
the 4.5-year follow-up period [115]. Similarly, a 
combination of percentage change of lesion MTR 
and GM MTR values are able to discriminate 
66% of the MS patients with risk of long-term 
disability progression [116]. These MTR changes 
are present even at the earliest stages of MS and 
are not correlated to the inflammatory burden of 
the patient, alluding to independent pathophysi-
ology [117]. Independently of the lesion load, a 
similar study also showed that the periventricular 
MTR changes in CIS patients are associated with 
later definitive MS diagnosis and subsequent dis-
ability accumulation [118].

Consecutive MTR scans have demonstrated 
that progressive local decrease in MTR values in 

the NAWM precedes the development of enhanc-
ing lesions [119]. These changes appear 3 months 
before the Gd enhancement and may be attrib-
uted to perivascular inflammation, edema, astro-
cytic proliferation, and sequential demyelination 
[120]. At the time of enhancement the lesion 
shows major decrease of MTR that partially 
recovers over the following 4 months [121]. The 
heterogeneity is demonstrated where some 
lesions show partial recovery of the mean MTR, 
some show stable low levels of MTR, and others 
further continue to decline [121]. In situ, post-
mortem MTR imaging of seven MS brains 
showed that normalized MTR of the cortex was 
significantly lower in presence of cortical lesions 
when compared to myelinated cortex [122]. The 
imaging was performed on 3 T clinically avail-
able MTR sequences and may be of additional 
benefit in the detection of cortical lesions [122].

Overall, the MTI can be used as proxy mea-
surement of the absolute myelin content and pro-
vides additional information on the overall 
pathophysiology of the processes seen in NABT 
and in MS lesion evolution. The availability of 
MTI in most of the modern MRI scanners allows 
obtainable and achievable MTI imaging in large 
clinical remyelination trials [123]. Myelin water 
imaging (MWI), quantitative magnetization 

M0

Msat

MTR map

Fig. 6.7 Magnetization 
transfer imaging (MTI) 
in multiple sclerosis. 
The magnetization 
transfer ratio (MTR) 
obtained by subtracting 
two sets of acquisitions: 
image with the 
off-resonance pulse 
(Msat) and conventional 
image (M0). The 
decrease in MTR as 
represented by 
hypointense signal areas 
in the MTR map (white 
arrows) is associated 
with loss of myelin, 
axonal damage, and 
active cell infiltration
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transfer (QMT), multi-echo T2 mapping, and 
steady-state multicomponent relaxometry 
(mcDESPOT) are newer techniques that may fur-
ther provide understanding of the myelin pathol-
ogy observed in MS.

 Multi-echo Imaging

Magnetic susceptibility is the physical quantity 
that measures the extent to which a material is 
magnetized when placed in an extrinsic magnetic 
field. This is an intrinsic property of all biological 
tissues and the brain susceptibility is mainly 
driven by four molecules: water, iron, myelin, 
and calcium [124]. The magnetic susceptibility 
causes local field perturbation that creates vari-
ous distortions of the MRI images. Although 
these image distortions were initially considered 
as unwanted, a number of sequences take advan-
tage of them as a useful image contrast [125]. In 
contrast to the nuclear magnetization of the MRI 
signal, magnetic susceptibility originates from 
the orbital electrons [126]. Multi-echo spoiled- 
gradient- recalled-echo (SPGR or GRE) sequence 
is the most common method of capturing the 
effect of the aforementioned magnetic suscepti-
bility. The exponential decay (T2∗ decay) mea-
sures the offset of the local Larmor frequency and 
captures the local field perturbations. Therefore, 
different biological tissues would have different 
T2∗ values that allow early and quantitative diag-
nosis of diseases.

The simple MRI signal is an oscillating sinu-
soidal wave that has fundamental properties of 
frequency, amplitude, and phase. The 
susceptibility- weighed imaging (SWI) uses a 
combination of magnitude and phase in order to 
enhance the T2∗ contrast derived from the mag-
netic field perturbations. The sensitivity of the 
conventional sequences to detect MS lesions is 
high; however, the lack of specificity can be 
potentially overcome by SWI. The initial use of 
MR venography showed that 94 out of 95 lesions 
seen in MS patients have a vein running centrally 
through them, demonstrating the perivenular dis-
tribution of the pathology [127]. The North 
American Imaging in Multiple Sclerosis 

(NAIMS) Cooperative later has recognized the 
utility of the “central vein sign” (CVS) as pro-
posed MRI biomarker to increase the accuracy of 
the MS diagnosis [80]. Although the CVS can 
been seen among T2 hyperintensities originating 
from other inflammatory and non-inflammatory 
pathology, a threshold of 50% perivenular lesions 
allows MS discrimination with diagnostic accu-
racy of 100% [128]. Similar phase abnormalities 
are able to distinguish WM signal abnormalities 
in CIS patients and tend to be more predictive of 
conversion to definite MS than the conventional 
T2 lesions [129]. Outside of lesion discrimina-
tion, the SWI technique can be used in determin-
ing cerebral microbleeds [130] and abnormal 
phase tissue in the subcortical gray matter [131].

The field variations based on the biological 
magnetic susceptibility can be quantitatively 
assessed by quantitative susceptibility mapping 
(QSM) or susceptibility tensor imaging (STI) 
(Fig. 6.8). The potential use of QSM in MS imag-
ing can be essential in understanding the substan-
tial and long-lasting microglial inflammation that 
is actively occurring behind an intact BBB [132]. 
As such, changes in iron accumulation within the 
macrophages and microglia may provide addi-
tional information of the lesion evolution [133]. 
During active Gd enhancement, the susceptibility 
is initially isointense. As soon as the enhance-
ment diminishes, the susceptibility drastically 
increases and remains constant until completely 
returning to the original isointense levels (forma-
tion of chronic silent lesions after several years) 
[134]. Similar use of QSM would allow detecting 
chronically active versus chronically inactive 
lesions. Lesions rich with iron-laden M1 microg-
lia express proinflammatory cytokines that pro-
mote slow smothering tissue damage around the 
rim of the lesion [135].

Several cross-sectional and longitudinal MS 
studies showed heterogeneity in the iron trajecto-
ries of the deep GM. Accumulating evidence is 
demonstrating that certain structures like the cau-
date are progressively accumulating more iron, 
whereas the thalamus, pulvinar, and the left lat-
eral nuclear region decrease their iron content 
[136]. The susceptibility reduction seen in the 
thalamus and the pulvinar is also associated with 
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longer disease duration [137]. The thalamic 
reduction of susceptibility may potentially sug-
gest an active process of iron depletion within the 
oligodendrocytes [137].

Future QSM studies have the potential to 
understand the role of global iron trafficking in 
terms of lesion evolution and neurodegeneration. 
Additional T2∗-weighted methods that use the 
contrast from the magnetic field perturbations are 
myelin water imaging (MWI), STI, arterial spin 
labeling (ASL), and functional magnetic reso-
nance imaging (fMRI).

 Diffusion-Weighted Imaging (DWI) 
and Diffusion Tensor Imaging (DTI)

The diffusion measurement captures the random 
thermal (Brownian) motion of water molecules 
constrained by the surrounding anatomy. 
Therefore, diffusion-weighted imaging (DWI) 
provides information dominated mainly by static 
neuroanatomy and less influenced by the physiol-
ogy of the system [138]. Diffusion of the water in 
a circular fashion (spreading toward all sides) is 
called isotropic diffusion, whereas water that dif-
fuses along one specific axis is called anisotropic 

diffusion [139]. Diffusion tensor imaging (DTI) 
uses multiple DWI images acquired with differ-
ent diffusion gradients that can be fitted into one 
diffusion tensor model and provides numerical 
quantification of mean diffusivity (MD), radial 
diffusivity (RD), axial diffusivity (AD), and frac-
tional anisotropy (FA). Since water can easily 
diffuse along the length of the axonal bundles and 
between the myelin sheaths, the anisotropic 
 properties allow estimation of axonal integrity 
and organization.

This technique has allowed systematic map-
ping of the macroscopic human brain circuits 
within projects like the Human Connectome 
Project (HCP), The BRAIN initiative, the Human 
Brain Project, and has a significant utility in 
understanding the MS pathology [140]. As men-
tioned previously, the disease hallmarks of axo-
nal demyelination and neurodegeneration alter 
the geometry of the brain tissue and allow 
increase in isotropic diffusion. Preclinical models 
that are specific to demyelination and remyelin-
ation processes (cuprizone-induced mice mod-
els) demonstrated that the loss of myelin is a 
sufficient and independent driver of the RD 
change [141]. Although RD has been proposed as 
in vivo marker for demyelination, a multicompo-

Magnitude image

Raw Phase image

Quantitative Susceptibility Mapping

Fig. 6.8 Multi-echo 
phase imaging and 
quantitative 
susceptibility mapping 
(QSM) processing. 
Quantitative 
susceptibility mapping 
provides sensitive tool 
for assessing the amount 
of iron and calcium 
within the tissues. After 
a series of processing 
steps, the final image is 
derived from a 
magnitude and raw 
phase image. The white 
arrow points to a 
microbleed
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nent analysis of additional DTI scalar maps sub-
stantially increases the accuracy in prediction of 
the lesion microstructure [142]. Similar to the 
previous MTI and QSM studies, DWI imaging 
can also detect local NAWM changes that occur 
6  weeks before the enhancement appearance 
[143]. These DTI-derived changes continue to 
increase even after the enhancement subsides. 
Eventually, nine weeks after the enhancment, 
these lesions reach similar values to the ones of 
chronic MS lesion [143]. In comparison to WM 
lesions that are characterized with reduced FA, 
several studies have shown that the cortical 
lesions differ and demonstrate increase in their 
FA [144]. Compared to healthy controls, the 
increase in FA was also noted within the lesion- 
free GM [144]. This FA change in the GM can 
also help in explaining the long-term clinical out-
comes in PPMS, a disease subtype that is still not 
fully characterized [145]. The contrasting results 
may be explained by the lower level of inflamma-
tion and the considerable increase in microglial 
proliferation seen in cortical lesions.

The DTI alterations are not only present in 
areas of current and/or future inflammatory 
involvement, but they are also widespread within 
the NABT and subcortical deep gray matter 
[146]. The DTI technique allows insight of the 
cerebral microscopic changes and provides 
deeper understanding of the structural changes 
that are otherwise not seen by conventional imag-
ing [147]. For example, even when the volumet-
ric changes are accounted for, the MD of the 
thalamus provides additional 7–13% of explained 
variance seen in the MS-associated cognitive 
decline [148]. Similarly, MS patients with slow-
ing of their information processing speed showed 
reduction of FA within the corpus callosum, a 
region that is not primarily affected by 
T2-weighted lesions [149]. Since the corpus cal-
losum is a vital structure for bi-hemispheric com-
munication, any disruption of the callosal 
microstructural integrity may play an important 
role in the cognitive performance.

Future methods that should improve the 
in  vivo evaluation of the structural integrity 
include tract-based spatial statistics (TBBS), dif-
fusion kurtosis imaging (DKI), and neurite ori-

entation dispersion and density imaging 
(NODDI). Diffusion-weighed imaging can 
advance the understanding of the structural 
changes that contribute toward cognition, 
fatigue, brain reserve, and plasticity. Longitudinal 
studies have showed DTI applicability in exam-
ining the temporal evolution of the structural 
integrity changes [150]. Although the use of pre-
standardized protocols improves the feasibility 
of longitudinal assessments, there are still con-
siderable differences attributed to the acquisition 
centers [151]. Before implementation of diffu-
sion-based imaging into clinical trials, additional 
standardization is needed.

 Functional Magnetic Resonance 
Imaging (fMRI)

The complex interplay between acute and chronic 
structural damage and the dynamic ability of the 
brain to adapt and recover is highlighting MS as 
ideal model for studying brain reserve and plas-
ticity [152]. In general terms, processes in the 
brain activity changes are divided into adaptive 
(brain activity that will result in lowering the 
symptomatology) and maladaptive (brain activity 
that potentiates and worsens the existing symp-
tomatology). This ability of structural, functional, 
and connection-wise reorganization can be mea-
sured and quantified using various MRI 
 techniques. One accepted method of studying the 
change in activity is fMRI (Fig. 6.9). fMRI is an 
indirect measure of neuronal activity by measur-
ing the amount of increased recruitment of oxy-
genated blood within the local cerebral blood 
flow. The hemodynamic response increases the 
delivery of oxygen-rich blood and displaces the 
deoxygenated one. Since deoxygenated hemo-
globin has more magnetic properties (paramag-
netic) when compared to the oxygenated 
hemoglobin, it produces changes in the magnetic 
field (T2∗) and creates MRI signal called blood- 
oxygen- level-dependent (BOLD) contrast.

Task-based fMRI (tb-fMRI) is used to identify 
brain regions that are activated during perform-
ing a specific task. Most motor tb-fMRI studies 
involve a task of finger tapping, whereas N-back 
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tasks are used to study brain regions activated 
during cognitive/memory performance. A classic 
example of an adaptive process that involves an 
active cortical area reorganization is the activa-
tion of contralateral motor area during an MS 
relapse [153]. Since the new lesion would inter-
fere with pathways that were previously in use, 
the movement of the affected extremity results in 
activation of both the contralateral and in relative 
activation increase of the ipsilateral motor cortex 
[153]. Additionally, patients with established 
RRMS phenotype and no disability have 
increased supplementary motor area activation 
when compared to CIS patients [154]. This sup-
plementary motor area activation might be due to 
additional recruitment of preexisting motor path-
ways and reflects the increased efforts in order to 
perform the same motor task [154]. More com-
prehensive reviews on the changes in connectiv-
ity associated with motor performance have been 
published [155].

In comparison to the traditional tb-fMRI, cap-
turing the spontaneous BOLD signal alterations 
in absence of a stimulus or a task is called resting- 
state fMRI (rs-fMRI). The large rs-fMRI data can 
be analyzed by two main models: functional seg-
regation and functional integration [156]. The 
former allows determination of brain regions 
according to their specific function. Among com-
monly used methods for functional segregation 
analysis are the regional homogeneity (ReHo) 
and amplitude of low frequency fluctuations 
(ALFF). The increasing recognition of the brain 
as complex integrated network rather than 

isolated activating regions has decreased the use 
of the functional segregation methods as pre-
ferred rs-fMRI analysis. On the other hand, the 
functional integration analysis allows measure-
ment of the BOLD synchrony between two dif-
ferent brain regions. This synchrony does not 
imply structural connection of the regions (DTI-
derived information) but the synchronic connec-
tivity can be a result through an indirect link or 
mediating regions. Methods for functional inte-
gration analysis include independent component 
analysis (ICA) [157], ROI-based functional con-
nectivity analysis [158], and graph analysis 
[159]. The default mode network (DMN) has 
been the most commonly studied network in the 
rs-fMRI analysis. This network is highly active 
during rest and decreases in activity over a broad 
range of  goal- orientated cognitive tasks and is 
therefore named “task-negative” network [160]. 
The lack of DMN reduction during task perfor-
mance results in decrease in attention and lower 
cognitive performance in healthy individuals 
[161]. The activity of DMN has been also nega-
tively correlated with other task-based networks 
like the attention network [162].

In the early stages of MS, the diverging role 
of anatomical and functional connectivity mea-
surements has been shown [163]. As the anatom-
ical connectivity declines (a lesion causing 
disconnection between regions), the functional 
connectivity shows concurrent and compensa-
tory increase in activity. However, in the later 
stages of the disease, the ability to activate larger 
brain regions gets depleted and an overall 

a b c

Fig. 6.9 Functional magnetic resonance imaging (fMRI) 
analysis. Independent component analysis of a single sub-
jects resting-state fMRI time series reflects known func-

tional networks. Panel (a) demonstrate’s the sensory-motor 
network, (b) demonstrates the frontoparietal network, and 
(c) demonstrates default mode network
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decrease in activity is noted [164]. This decrease 
also has been associated with the T2 lesions load 
and correlated with disability [164]. Similarly, 
during the execution of the N-back task, the 
fMRI analysis demonstrated that cognitively 
impaired MS patients have decreased activity in 
the frontal regions and increased activity of the 
DMN network [165]. The aforementioned graph 
theory allows formation of networks that are 
defined by multiple nodes that are functionally 
connected. Parameters like modularity, central-
ity, clustering coefficient, and node degree 
describe this “small- world” network as organi-
zation that attempts to deliver information by 
spending the lowest energy in the most effective 
way possible [166]. This method was applied on 
246 MS patients and 55 matched healthy con-
trols and showed that MS patients had loss of 
network hubs, right lateralization of the basal 
ganglia, and formation of new hubs in the tem-
poral lobe and cerebellum [167]. The impaired 
network was not able to exchange information 
efficiently and the analysis was able to discrimi-
nate the cognitively impaired patients [167].

The previous analysis of functional connectiv-
ity solemnly depends on correlation between two 
remote brain regions and does not provide 
dynamic information. On the other hand, effec-
tive connectivity allows making inferences on the 
effect that one neuronal system exerts over 
another region, both on a synaptic or population 
based level [168]. Since there is no single method 
that defines the brain connectivity on its own, use 
of multiple complementary analyses may yield 
more complete connectivity characterization. 
The use of fMRI would substantially help in 
understanding the physiological background of 
cognitive decline, fatigue, and brain plasticity 
seen in MS patients [169].

 Magnetic Resonance Spectroscopy 
(MRS)

1H-Magnetic Resonance Spectroscopy (1H-MRS) 
allows imaging and quantifying the number of 
hydrogen protons that are positioned within dif-
ferent shielding environments. Since the number 

of hydrogen protons situated within the mole-
cules of water and fat is several thousand times 
higher than the amount of hydrogen protons 
within other molecules, an active water suppres-
sion is essential in visualizing the lower spectral 
peaks. This is usually performed with narrow 
bandwidth frequency-selective pulse (Chemical 
Shift Selective or CHESS), which is applied 
exactly at the Larmor frequency of the water. 
Recording of the free induction decay allows 
peaks to be plotted on a line that usually starts 
with 0 ppm molecule (tetra-methyl silane) at the 
left and until the suppressed water peak at 
4.7 ppm at the right of the spectrum (Fig. 6.10). 
Since the ability to separate the peaks (spectral 
dispersion) is directly proportional to B0, ultra- 
high- field MRS imaging enables enhanced capa-
bility of metabolite detection.

N-acetylaspartate (NAA), myo-inositol (mI), 
choline (Cho), creatine (Cr), glutamate (Glu), 
gamma-aminobutyric acid (GABA), and lactate 
(Lac) are several brain metabolites that are of 
particular interest in MS pathology [170]. After 
glutamate, NAA is the second most prevalent 
brain metabolite and colocalizes in the neuronal 
bodies, proximal dendrites, and axons [171]. 
Therefore, quantification of the NAA peak would 
generally provide valuable information about the 
neuronal integrity and neurodegeneration. Recent 
studies also showed high levels of NAA within 
the myelin itself [172]. The concentrations of 
NAA in the myelin of the WM tracts were com-
parable, or higher, to the cytosol of the central 
axon [172]. On the contrary, mI is a metabolite 
not seen in neurons but appears to be specific to 
the glia cells [173]. Due to its sugar-like proper-
ties, mI functions as the brain osmolyte, thus con-
trolling the cell volume and fluid distribution. 
Additionally, mI is an essential precursor for the 
phospholipid molecules that are found in phos-
pholipid cell membranes and myelin sheaths. 
Cho reflects the overall cell-membrane turnover, 
and elevated concentrations are seen in active 
processes of demyelination, remyelination, glio-
sis, and inflammation [174]. Lactate metabolite is 
an end product of the less efficient anaerobic gly-
colysis. As this metabolite is usually not present 
in a healthy brain tissue, it might define areas of 
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mitochondrial dysfunction and/or increased 
energy consumption [175]. Finally, Cr levels 
have been associated with the extent of gliosis.

As the pathology of the MS brain is not strictly 
confined to the T2-hyperintense lesions, the MRS 
imaging (similarly to the MTI) has also focused 
on two separate regions: lesions and the NABT.

The use of 1H-MRS in lesion analysis is heav-
ily limited by the spatial resolution of the tech-
nique. Due to the large size of the MRS voxel, 
partial volumes from the NAWM and CSF space 
will contaminate the lesional output. Therefore, 
most of early MS spectroscopy analyses were 
confined to lesions larger than 1 cm3, despite the 
fact that these lesions are not characteristic of the 
disease itself. Several studies have examined the 
metabolic changes through the evolution of the 
lesions [176–178]. The concentrations of mI, Cr, 
and Cho in the pre-lesional tissue were not differ-
ent when compared to chronic lesions, whereas 
the levels of NAA were higher [176]. This find-
ing demonstrates that the processes responsible 
for lesion formation can be detected even before 
the actual lesion formation [176]. The additional 
drop of the NAA levels coincides with the appear-
ance of the acute lesion on conventional 

T2-WI.  In months following the lesion appear-
ance, the maintenance of low NAA levels was 
associated with persistence of the 
T2-hyperintensity, whereas NAA recovery was 
correlated with concurrent resolution of the 
lesion [176].

The decrease in NAA/Cr ratio is among the 
most reproducible changes within the NABT of 
MS patients [179, 180]. The changes within the 
NABT are seen both in relation to the vicinity 
of coexisting MS lesions, implying axonal tran-
section, and in their complete absence [18, 
181]. In testimony of the aforementioned dif-
fuse brain pathology, a PPMS study demon-
strated substantial decrease of the NAA/Cr 
ratio within the NABT and showed no differ-
ences when compared to the NAA levels mea-
sured at T2 lesions [182]. Similarly, a direct 
quantitative metabolite comparison showed no 
difference between the chronic T2 lesions and 
the NAWM [183]. The elevated markers of glial 
proliferation but normal levels of axonal injury 
during clinical remission are suggestive of 
ongoing diffuse inflammation that precedes the 
structural damage and brain atrophy [184]. A 
longitudinal 1H-MRS study showed that the 

a b

Fig. 6.10 Magnetic resonance spectroscopy (MRS) fre-
quency spectrum from human and mouse thalamus 
imaged on 3 T Toshiba MRI and on 9.4 T Bruker MRI 
scanners, respectively. Panel (a) demonstrates magnetic 
resonance spectroscopy (MRS) output form healthy 
human thalamus imaged with point resolved spectroscopy 
(PRESS) sequence on a 3 T Canon Medical MRI. Similarly, 
the panel (b) demonstrates the same PRESS sequence uti-
lized for imaging of mouse thalamus on a 9.4 T Bruker 
MRI scanner. The major MRS metabolite peaks are shown 

in increasing particles per million (from right to left) and 
labeled with different arrows: dark blue—N-acetyl aspar-
tate, cyan—glutamate, glutamine, and GABA, red and 
pink—creatine and phosphocreatine, green—choline, 
yellow—myo-inositol and brown—glucose. The higher 
magnetic field (B0) of 9.4 T scanner allows better separa-
tion of the aforementioned metabolic peaks and isolation 
of additional peaks like lipids (magenta) and lactate 
(black). All peaks and their absolute quantification are 
shown in the corresponding MRS output
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higher baseline ratio of mI:NAA measured in 
the NAWM can be considered as predictive of 
future brain atrophy [185]. This biomarker was 
also able to predict future changes in the EDSS, 
MS Functional Composite (MSFC), and in pre-
diction of 12-month sustained EDSS progres-
sion [185]. The combined examination of 
several metabolites better portrays the complex 
pathophysiology of neuronal loss, gliosis, and 
inflammation. Future advances into the field of 
MRS imaging should include use of high field 
MRI strengths, diffusion-weighted spectros-
copy (DW-MRS), improvement in the absolute 
quantification of the metabolites, and use of 
other MRS atomic nuclei like phosphorus (31P), 
carbon (13C), and fluorine (19F).

Additionally by using 1H-Nuclear Magnetic 
Resonance (1H-NMR) spectroscopy, collected 
blood or CSF samples from MS patients can be 
ex  vivo analyzed. For example, blood-derived 
samples showed metabolic differences within the 
tryptophan and energy metabolism [186]. The 
aforementioned pathways have been previously 
associated with MS pathology [187].

 Quantitative and Synthetic MRI 
(qMRI/syMRI)

Quantitative MRI (qMRI) uses the principal 
physical properties that create the MRI image: 
longitudinal relaxation rate (R1), transverse relax-
ation rate (R2), and the proton density (PD). 
Biological processes like inflammation, axonal 
injury, and gliosis will directly influence the 
relaxation properties of the tissue and cause 
absolute changes in R1, R2, and PD values. 
Absolute quantification of the relaxation times 
will allow direct comparison of a single patient to 
a referenced and matched healthy group. As an 
additional benefit, the large sample size of 
acquired quantitative maps can be used for creat-
ing common brain templates and allow auto-
mated brain region segmentation. The qMRI 
method has been shown to outperform the con-
ventional MRI imaging in detection of both WM 
and cortical lesions [188]. Similarly, qMRI mea-
surements of the NABT show strong correlations 

with measures of clinical disability and may fur-
ther allow in vivo analysis of the MS pathophysi-
ology [189].

Although the principles of absolute measure-
ment of T1 and T2 relaxation times were initially 
described 60 years ago, the long scanning time 
and the high background noise has limited its 
clinical use [190]. Recent development of fast 
quantitative protocols like “quantification of 
relaxation times and proton density by multiecho 
acquisition of a saturation-recovery using turbo 
spin-echo readout (QRAPMASTER)” allows 
automated lesion segmentation, brain volume 
quantification, and mapping of the myelin based 
on the quantitative analysis [191]. Synthesis of 
the scans (syMRI) are based on the absolute 
quantitative values and allow complete head cov-
erage within scan time of 6 min [192]. This short 
scanning time of syMRI produces good quality 
images that can be of great benefit to the pediatric 
population and the critically ill patients [192]. 
Additionally, the syMRI uses the acquired inverse 
relaxation time values (R1, R2, and PD) to create 
virtual signal intensities in any combination of an 
echo and repetition time. Since most clinical 
radiologist have limited experience in reading 
quantitative maps, the syMRI also allows cre-
ation of T1-WI, T2-WI, and PD-WI that resem-
ble the conventionally weighted contrast images. 
Currently, the synthetic MRI protocols are in the 
process of regulatory approval in several coun-
tries and will be integrated into the platforms pro-
vided by GE, Philips, and Siemens.

 Conclusion

MRI remains the most sensitive diagnostic and 
prognostic biomarker for MS patients. The cur-
rent conventional MRI techniques have been 
additionally optimized for better detection of 
active and chronic lesions. However, the recent 
findings of widespread activity within the NABT 
have limited their use in fully apprehending the 
pathophysiology of MS.  The nonconventional 
MRI techniques, new cell-specific contrast 
agents, synthetic MRI, and ultra-high-field scan-
ners are among many MRI advancements that are 
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able to provide better understanding of the under-
lying disease pathology. Use of nonconventional 
techniques in the development of new clinical 
trials would additionally help to identify patients 
that would most benefit from the examined medi-
cation. Similarly, implementation of modalities 
that provide microstructural and myelin informa-
tion can help with the discovery of future protec-
tive and remyelination medications. Before 
clinical implementation of these modalities, fur-
ther standardization is still warranted.
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Disease-Modifying Agents

Syed A. Rizvi

 Introduction

Treatment strategies for multiple sclerosis over 
the last two decades have undergone a profound 
change. Several agents are now available, all tar-
geting the inflammatory aspects of the disease. 
All disease-modifying agents (DMA) are effec-
tive in reducing relapses as well as MRI activity. 
The evidence for a beneficial effect (short and 
long term) on disability and brain atrophy is 
increasing. The treatment effect appears to be 
greater when these agents are used early in the 
disease course. This chapter will review currently 
used agents (both FDA approved and off label) 
and discuss several promising agents in various 
phases of development.

 Interferons

Interferons (IFN) act through cell receptors pro-
ducing a variety of immunological and antiviral 
effects. Although the exact mechanism of action in 
multiple sclerosis is unknown, an anti- 
inflammatory effect may be the result of inhibition 
of interferon gamma, inhibition of T-cell activa-
tion, production of anti-inflammatory cytokines, 
reduced T-cell migration, decreased blood–brain 

barrier permeability, or possibly other unknown 
mechanisms [1–3].

IFN ß (beta)-1b subcutaneous (S/Q) every 
other day (Betaseron/Betaferon) was the first 
disease-modifying agent approved for the treat-
ment of relapsing–remitting multiple sclerosis 
(RRMS). In the pivotal trial of IFN β (beta)-1b 
involving 372 RRMS patients, two different 
doses were compared to placebo [4]. Both doses 
were found to be significantly better than placebo 
with about one-third greater reduction in relapse 
rate (8 MIU vs. placebo p = 0.0001, 1.6 MIU vs. 
placebo p  =  0.0101, 8 MIU vs. 1.6 MIU 
p = 0.0086). IFN β (beta)-1b had a profound ben-
eficial effect on MRI parameters [5, 6].

The pivotal trial for IFN ß (beta)-1a intramus-
cular (I/M) once weekly (Avonex) involved 301 
RRMS patients and also showed a relapse rate 
reduction of about one-third and a positive effect 
on MRI parameters [7–9]. Additionally, there 
was a significant beneficial effect on time to sus-
tained disability, which was the primary end-
point. Further analysis of the study also revealed 
a beneficial effect on the rate of brain atrophy in 
the second year of treatment [10].

The definitive trial for IFN ß (beta)-1a subcuta-
neous (S/C) three times weekly (Rebif) compared 
two different doses (6 and 12 MIU) to placebo in 
560 RRMS patients. In the 2-year controlled 
phase, both doses had a significant effect on 
relapse rate reduction (about one-third) (6 
MIU  =  1.82, 12 MIU  =  1.73, placebo  =  2.56), 
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 disability measures, and MRI parameters [11, 12]. 
After 2 years, the placebo group was re- randomized 
to receive either the low-dose or the high-dose IFN 
ß (beta)-1a. After 4 years, a dose–response rela-
tionship was observed for some measures, but not 
others [13]. The higher-dose group continued to 
do better for up to 8 years when compared to the 
original placebo group [14]. A pegylated form of 
IFN ß (beta)-1a (S/C) every 14  days (Plegridy) 
was approved after the ADVANCE study reported 
better MRI, relapse, and disability outcomes when 
tested against placebo [15, 16].

Interferons are generally well tolerated and 
have a proven long-term safety record. Side 
effects are more frequent with the high-dose, 
high-frequency formulations and may include 
injection site reactions, flu-like symptoms, ele-
vated liver enzymes, lymphopenia, and depres-
sion [17]. The efficacy of interferons can be 
compromised by the development of neutralizing 
antibodies, which are more common with the 
high-frequency formulations [18]. The exact 
relationship of development of neutralizing anti-
bodies to loss of efficacy is unclear.

 Glatiramer Acetate

Glatiramer acetate (GA) (Copaxone) is a syn-
thetic molecule compound consisting of four 
amino acids (l-alanine, l-glutamic acid, l- 
tyrosine, l-lysine). Although the precise mecha-
nism of action of GA is unknown, there is some 
evidence that GA might compete with myelin 
basic protein for antigen binding that can result in 
phenotypic shift of Th1 cells to Th2 cells. These 
cells then cross the blood–brain barrier and 
release anti-inflammatory cytokines and possibly 
neuroprotective factors [1, 19].

The pivotal trial of GA involving 251 RRMS 
patients showed a significant effect on relapse 
reduction (about one-third) compared to placebo 
[20, 21]. MRI parameters were not assessed in 
the pivotal study, but a follow-up imaging study 
demonstrated a significant reduction in MRI 
lesions when compared to placebo [22]. The MRI 
effects of GA are less pronounced compared to 
interferons, and this may be secondary to its lack 

of direct effect on the blood–brain barrier. GA 
appears to have an excellent long-term safety and 
is often used in patients with mild disease. GA is 
available in two different formulations (40  mg 
three times a week and 20 mg daily) as well as 
several different generic options.

 Natalizumab

Natalizumab (Tysabri) was the first humanized 
monoclonal antibody to be approved for treat-
ment of relapsing–remitting multiple sclerosis 
and has been shown to be effective both in the 
early relapsing–remitting population and patients 
worsening on first-line therapy [23, 24].

Natalizumab binds to alpha 4-antegrin, thus 
inhibiting adhesion of leukocytes to vascular cell 
adhesion molecule (VCAM) receptor, preventing 
leukocyte migration into the CNS and subsequent 
inflammatory events [25]. Treatment with natali-
zumab results in a significant reduction of CD4/
CD8 cells in the CNS and reversal of CD4/CD8 
ratio similar to what is seen in AIDS patients. 
This can persist up to 6 months after discontinua-
tion of natalizumab [26].

The efficacy of natalizumab has been evalu-
ated in two large double-blinded placebo- 
controlled randomized studies: the AFFIRM 
(Natalizumab Safety And Efficacy In Relapsing–
Remitting Multiple Sclerosis) and SENTINEL 
(Safety and Efficacy of Natalizumab in 
Combination with IFN ß (beta)-1a in patients 
with Relapsing–Remitting Multiple Sclerosis) 
[27]. The primary endpoint in both these studies 
was the rate of relapse at 1 year and cumulative 
probability of disability progression sustained for 
12  weeks at 2 years. In the AFFIRM trial, 942 
patients (natalizumab = 627, placebo = 315) were 
enrolled, and natalizumab monotherapy reduced 
the risk of disability progression sustained for 12 
and 24  weeks over 2 years by 42% and 54%, 
respectively, compared to placebo. Natalizumab 
reduced the analyzed relapse rate by 68% com-
pared to placebo at 1 year, and the reduction was 
maintained for greater than 2 years. In the 
SENTINEL study, natalizumab in combination 
with IFN ß (beta)-1a reduced the risk of disability 
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progression sustained for 12 weeks over 2 years 
by 24% compared to IFN ß (beta)-1a alone. No 
significant difference was noted at 24  weeks. 
There was a 54% relative reduction in analyzed 
relapse rate at 1 year and 55% at 2 years when 
natalizumab was added to patients on IFN ß 
(beta)-1a [28]. In both studies, natalizumab had a 
profound effect on MRI measures but was unable 
to show a beneficial effect on rate of brain atro-
phy at 2 years, although a positive effect was 
noted in both trials in the second year of treat-
ment [29]. Natalizumab was found to be even 
more effective in a subgroup of patients with 
highly active disease, both in the AFFIRM and 
the SENTINEL trials [30]. In about 6% of 
patients, persistent neutralizing antibodies devel-
oped resulting in loss of efficacy [31].

Natalizumab was found ineffective in the 
treatment of acute relapses [32]. When tested in 
combination with glatiramer acetate, it was found 
to be safe and well tolerated during 6 months of 
therapy, and interestingly the incidence of persis-
tent anti-natalizumab antibodies was higher 
(13%) [33]. In a small study in children, natali-
zumab was noted to be well tolerated and resulted 
in strong suppression of disease activity [34].

Several studies have documented an increase 
in disease activity after discontinuation of natali-
zumab treatment, especially in patients who were 
resistant to other treatments prior to starting ther-
apy with natalizumab [35–37]. Minimizing the 
transition gap (not more than 3 months) and using 
an effective agent may minimize the risk of 
severe rebound [38]. PML should be carefully 
excluded in this setting, since several cases of 
PML have been documented soon after transi-
tioning to other agents.

 Natalizumab and PML

Natalizumab has been associated with >750 
cases of PML in 177,000 patients exposed to 
the drug with almost a 20% mortality rate. The 
risk of developing PML is higher in patients 
who are positive for JCV antibody (high titers 
associated with highest risk), with duration of 
exposure >24  months and prior exposure to 

immunosuppressive agents. PML is extremely 
rare in treated patients who remain JCV nega-
tive (five cases) [39].

Natalizumab may cause PML by reactivation 
of latent JC virus found in greater than 80% of 
individuals [40, 41]. Although the exact mecha-
nism is unknown, evidence points to impairment 
of immune surveillance. PML usually occurs in 
immunocompromised individuals such as 
patients infected with HIV and patients treated 
with aggressive immunosuppressive agents and 
some monoclonal antibodies including rituximab 
[42–44]. Although PML in general carries a 
grave prognosis, most of the data comes from the 
HIV literature. Early recognition and discontinu-
ation of natalizumab resulting in accelerated 
removal of natalizumab from the circulation may 
lead to a better outcome [45].

 B-Cell-Depleting Therapies 
(Rituximab and Ocrelizumab)

Rituximab is a chimeric monoclonal antibody 
targeting CD20-positive B lymphocytes [46, 47], 
resulting in rapid and sustained depletion of B 
cells (6–9  months). Rituximab is currently 
approved in the treatment of non-Hodgkin’s lym-
phoma (NHL) [48], refractory rheumatoid arthri-
tis [49], and diffuse B-cell lymphoma but has 
been used extensively for the treatment of MS 
(off-label). Several case reports and smaller 
open-label studies have found rituximab to be 
beneficial in the treatment of a range of autoim-
mune neurological disorders including neuromy-
elitis optica (NMO), where it is now considered 
standard of care [50]. Treatment of RMS patients 
with rituximab results in selective depletion of 
CD20-positive B cells resulting in significant 
reduction of gadolinium-enhancing lesions 
(91%) and clinical relapses (44%), as demon-
strated in a phase II trial with 104 patients with 
relapsing multiple sclerosis treated with ritux-
imab compared to placebo [51]. Even though the 
existence of a humoral component in MS has 
been implicated for decades, the results of this 
trial provided solid evidence regarding the role of 
B cells in the  immunopathology of multiple scle-
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rosis [52, 53]. Rituximab may be useful in 
patients with aggressive RRMS who have failed 
to respond to other conventional therapies [54] 
and offers superior efficacy when compared to 
other commonly used agents in newly diagnosed 
RRMS patients [55].

Ocrelizumab a humanized (90–95%) has a 
similar mode of action as rituximab but is expected 
to produce less side effects. Ocrelizumab was 
recently approved (March 2017) for the treatment 
of RMS and PPMS. In two identical RRMS trials 
(OPERA I and OPERA II), patients on ocreli-
zumab had 46% reduction in annualized relapse 
rate and significant reduction in MRI lesions and 
disability progression when compared to inter-
feron beta-1a [56]. As of July 2019, approxi-
mately 100,000 patients have been infused with 
ocrelizumab. It appears to be well tolerated with 
no serious unexpected adverse events.

Both rituximab and ocrelizumab were tested 
in the PPMS population, and while rituximab 
failed to meet its primary endpoint of con-
firmed disability progression, ocrelizumab 
became the first disease-modifying agent 
approved for PPMS by reducing the relative 
risk of disability progression by 25% when 
compared to placebo [57].

In general, B-cell-depleting therapies when 
used as a monotherapy in patients with MS 
appear to be relatively safe [58]. As with several 
other monoclonal antibodies, both rituximab and 
ocrelizumab have been associated with serious 
infusion reactions. Treatment with rituximab has 
been associated with serious infections, includ-
ing PML in patients with other autoimmune and 
neoplastic disease [59]. No cases of PML have 
been reported in MS patients treated with B-cell- 
depleting therapies. There appears to be an 
increased risk of herpes reactivation and a possi-
ble increased risk of breast cancer (ocrelizumab). 
The safety of long-term repeated fixed dose use 
of B-cell-depleting therapies is unknown. 
Individualized dosing based on CD19 counts is a 
possibility but would need to be confirmed in a 
clinical trial [60, 61].

B-cell-depleting therapies offer an effective 
and completely different approach for treatment 
of MS.  These monoclonal antibodies have sev-

eral advantages including superior efficacy, 
acceptable risk profile, infrequent dosing (1–2 
infusions every 6 months), and a documented 
effect on patients with progressive disease.

 Alemtuzumab

Alemtuzumab, a humanized MCA-targeting 
CD52 (expressed on circulating T and B cells), is 
approved for relapsing forms of MS.  It has a 
unique dosing schedule given as two annual 
courses (initial 5 days of IV infusion followed by 
3 days at the end of 1 year). In phase III trials 
alemtuzumab was compared to SC IFN beta-1a 
in naïve MS patients (CARE-MS-I) and patients 
who had inadequate response to prior treatment 
(CARE-MS II). In both clinical trials, alemtu-
zumab reduced relapses by approximately 50% 
when compared to IFN beta-1a [62, 63]. Long- 
term follow-up data reveals excellent retention 
rates (CARE-MS I 86%, CARE-MS II 79%) and 
sustained long-term efficacy with the majority of 
patients treated with alemtuzumab not requiring 
any further treatment for up to 6  years 
(CARE-MS 1 64%, CARE-MS II 55%) [64, 65]. 
The effect on disability was significant in CARE-
MS-II but did not reach significance in 
CARE-MS I.  Alemtuzumab had a beneficial 
impact on all MRI measures and significantly 
reduced brain volume loss when compared to 
IFN beta-1a. The proportion of patient achieving 
no evidence of disease activity (NEDA) was 
consistent throughout the extension period of up 
to 6  years (CARE-MS I 57% at 6  years, 
CARE-MS II 60% at 6 years). The proportion of 
patients treated with alemtuzumab who had 
6-month clinical definite improvement (CDI) 
was 34–43%. Very low number of patients in the 
CARE-MS trials converted to SPMS over the 
6-year follow-up period (CARE-MS I 1.1%, 
CARE-MS II 3.7%). MSBase, an international 
registry conversion rates for a similar period was 
about 18% [66].

Treatment-related risk included infusion reac-
tions which were common and in some cases 
severe as well as several documented cases of 
pneumonitis. Several infections related to an 
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immunocompromised state have been documented 
including herpetic (10%), nocardia, and several 
cases of listeria monocytogenes. Alemtuzumab has 
also been associated with secondary autoimmune 
diseases including autoimmune thyroid disease 
(42% at 6 years), immune thrombocytopenic pur-
pura (ITP) (2.3%), and several cases of autoim-
mune nephropathy. Most patients with adverse 
events were easily managed with either observa-
tion or first-line interventions [67]. Several recent 
cases of cervical arterial dissection as well as isch-
emic and hemorrhagic strokes have also been 
reported.

Alemtuzumab is highly efficacious but because 
of its risk profile, it is generally used in patients 
who have failed to respond to other agents. The 
clinical development program for alemtuzumab 
includes several steps to mitigate risk and facilitate 
early detection of any side effects. Alemtuzumab 
(as well as mitoxantrone and cladribine) can be 
used as an induction agent early in the treatment of 
RRMS with potentially long- term benefits.

 Daclizumab

Daclizumab was the first FDA-approved human-
ized monoclonal antibody for clinical use, ini-
tially for prevention of renal transplant rejection 
and eventually for relapsing–remitting MS. It is a 
humanized IgG1 monoclonal antibody that binds 
to CD25, the alpha subunit of the high-affinity 
IL-2 receptor, resulting in upregulation of immu-
noregulatory CD56 NK cells, inhibition of IL-2 
trans-presentation on dendritic cells, and down-
regulation of effector and lymphoid inducer T 
cells [68]. Notably, the FDA-approved formula-
tion of subcutaneous daclizumab beta differs 
from the original humanized form of daclizumab 
in terms of the extent of glycosylation, and this 
may have as yet unknown implications for mech-
anistic differences [69].

After several smaller studies reported a benefi-
cial effect of IV daclizumab on MS patients, three 
major clinical trials have evaluated subcutaneous 
daclizumab in combination with IFN beta- 1a or as 
monotherapy [70–72]. The CHOICE study was a 
phase II trial involving 230 patients with RRMS 

or SPMS who were given daclizumab plus IFN or 
IFN and placebo and used imaging as the primary 
endpoint. Add-on daclizumab treatment reduced 
the number of GAD-enhancing lesions compared 
to IFN beta alone, but it did not significantly 
reduce the adjusted annualized relapse rate [73]. 
The SELECT trial was a phase II study with 621 
RRMS patients randomized to either daclizumab 
monotherapy or placebo. Compared with placebo, 
there was a 54% reduction in annualized relapse 
rate with daclizumab 150 mg and a 50% reduction 
with daclizumab 300  mg [74]. Two extension 
studies (SELECTION and SELECTED) impor-
tantly showed no rebound effect during a washout 
period and made further observations on safety up 
to 6.5  years of treatment [75, 76]. Lastly, the 
DECIDE trial was a phase III study involving 
1841 RRMS patients comparing daclizumab 
150 mg directly to IFN. There was a 45% relative 
risk reduction in terms of annualized relapse rate 
for patients receiving daclizumab compared to 
IFN [77].

The most common adverse events include 
nasopharyngitis, upper respiratory infection, and 
headache. Serious adverse events include liver 
function testing abnormalities, cutaneous reac-
tions, infections, and autoimmune phenomena. In 
a pooled analysis of the major clinical trials 
including a total of 2236 patients, 16% of patients 
experienced a severe adverse event other than 
MS relapse. Most adverse events were mild or 
moderate in severity; 13% of patients had to dis-
continue daclizumab due to an adverse event 
other than MS relapse [78].

Unfortunately, due to several serious adverse 
events, daclizumab was withdrawn from the mar-
ket in March 2018.

 Fingolimod

Fingolimod (Gilenya) was the first oral disease- 
modifying therapy for the treatment of RRMS. It 
is a sphingosine-1-phosphate receptor modulator 
which binds to four out of five S1P receptors on 
lymphocytes resulting in receptor internalization 
[79]. These receptors deliver a recognition signal 
for lymphocytes to egress the thymus and 

7 Disease-Modifying Agents



142

 secondary lymphoid tissue. Lymphocytes, includ-
ing Th17 central memory T cells, are retained in 
the lymphoid tissue and prevented from reaching 
sites of inflammation [80]. Fingolimod can enter 
the CNS and may have a beneficial neuroprotec-
tive effect on glial cells [81]. A small study 
described strong expression of S1P receptor 1 and 
3 in reactive astrocytes in active and chronic inac-
tive MS lesions [82].

A 6-month phase II study showed that once 
daily oral treatment with Fingolimod (1.25 or 
5 mg) had a significant benefit on inflammatory 
measures of disease activity (MRI and relapse 
rate), and the effect seems to persist for at least 
24  months [83]. In the TRANSFORMS study, 
patients treated with FTY720 had a 52% greater 
reduction of RR compared to IFN beta-1a (I/M) 
[84]. Side effects of FTY720 include two deaths 
from disseminated herpes, several skin malignan-
cies, macular edema, initial dose bradycardia, 
decrease in FEV, elevated liver enzymes, and a 
single case each of posterior reversible encepha-
lopathy syndrome (PRES) and focal encephalitis. 
In the FREEDOMS trial, which involved >1200 
patients, FTY720 reduced the relapse rate by 
54% in the 0.5 mg group and 60% in the 1.25 mg 
group compared to placebo (p  =  <0.001) [85]. 
There were positive effects on MRI, including 
reduction in rate of brain atrophy and a 30% 
reduction in disability progression. There were 
no unexpected adverse events, and patients on the 
lower dose had very few side effects.

Treatment with fingolimod has been associ-
ated with serious infections including rare cases 
of PML [86], fungal meningitis [87], and herpetic 
encephalitis [84]. Several cases of severe disease 
exacerbations have been reported in patients 
treated with fingolimod soon after discontinuing 
treatment [88–90].

 Dimethyl Fumarate

Dimethyl fumarate (DMF) (Tecfidera) is an 
unsaturated carboxylic acid ester that was ini-
tially used to treat inflammatory skin diseases 
such as psoriasis [91]. DMF is rapidly hydro-
lyzed in the small intestine to its active metabo-

lite, monomethyl fumarate (MMF) [92, 93]. This 
molecule is then absorbed into systemic circula-
tion where it is thought to increase expression of 
anti-inflammatory cytokines while inhibiting the 
expression of pro-inflammatory cytokines. DMF 
and its primary metabolite, MMF, have also been 
implicated in modulating cellular response to 
oxidative stress by activating the Nrf2 (nuclear- 
related erythroid-2 related factor 2) pathway, 
which leads to enhanced expression of antioxi-
dant proteins leading to neuronal cell protection 
[94, 95]. Two randomized, double-blind, 
placebo- controlled phase III trials have shown 
that orally administered dimethyl fumarate 
reduces the annual relapse rate and number of 
new lesions on MRI in patients with relapsing–
remitting multiple sclerosis. The DEFINE study 
was a 2-year clinical trial involving a total of 
1237 patients that were randomly assigned to 
receive placebo or dimethyl fumarate at a dose 
of 240 mg either three times daily or two times 
daily. This study showed that both oral DMF 
dosages (240  mg twice daily or 240  mg three 
times daily) significantly reduced the annualized 
relapse rate (53% and 48% reduction respec-
tively), the rate of disability progression, and the 
number of brain lesions on MRI when compared 
with placebo in patients with relapsing–remit-
ting multiple sclerosis [96]. The CONFIRM 
study was another phase III trial where a total of 
1417 patients were randomly assigned to receive 
one of the following: dimethyl 240  mg three 
times daily, dimethyl fumarate two times daily, 
glatiramer acetate 20 mg daily, or placebo. All 
therapies were found to significantly reduce 
relapse rates (DMF 3/day 51%, DMF 2/day 
48%, GA 29%) and decrease the number of new 
lesions on neuroimaging when compared to pla-
cebo in patients with relapsing–remitting multi-
ple sclerosis. There was no significant beneficial 
effect on disability [97].

The most common side effects noted with use 
of dimethyl fumarate have been flushing and gas-
trointestinal complaints such as diarrhea, nausea, 
and abdominal pain. These adverse events 
decrease after the first month of therapy [98]. 
Treatment with DMF has been associated with 
rare cases of PML [99].
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 Teriflunomide

Teriflunomide is a once daily oral immunomodu-
lating agent which selectively and reversibly inhib-
its dihydroorotate dehydrogenase (DHODH) 
resulting in inhibition of circulating activated T and 
B lymphocytes. It reduces pro-inflammatory 
unique CD4+ T-cell clones seen in MS patients 
[100]. Immune responses are preserved during 
treatment with teriflunomide [101]. It is an active 
metabolite of leflunomide which has been used for 
many years for the treatment of rheumatoid and 
psoriatic arthritis. In two phase III trials (TEMSO, 
TOWER), patients on the higher dose of terifluno-
mide (14 mg) had approximately one- third reduc-
tion in relapses and a beneficial effect on 
MRI-related measures and disability progression 
when compared to placebo [102, 103]. In the 
TEMSO trial, treatment with teriflunomide signifi-
cantly reduced brain volume loss when compared 
to placebo over a 2-year period [104]. In the TOPIC 
study in patients with clinically isolated syndrome, 
teriflunomide reduced the risk of second relapse by 
43% [105]. In the TENERE study, there was no 
difference in efficacy when teriflunomide was 
compared to IFN beta-1a (Rebif), although less 
patients on teriflunomide dropped out of the study 
[106]. Long-term extension data provides evidence 
in support of sustained beneficial effects of teriflu-
nomide for treatment of relapsing MS [107].

Teriflunomide is well tolerated with very few 
serious side effects across several clinical trials. 

Adverse events reported include abnormal liver 
function tests, transient hair thinning, diarrhea, and 
upper respiratory infections. Rare cases of tubercu-
losis reactivation have been reported [108]. 
Teriflunomide should be used with caution in 
female patients of child bearing age, although there 
have not been any confirmed cases of teratogenic-
ity [109]. Treatment with cholestyramine or acti-
vated charcoal can rapidly reduce teriflunomide 
concentrations in case of pregnancy or other seri-
ous adverse events [110].

 Mitoxantrone

Mitoxantrone binds to DNA and inhibits topoisom-
erase II. It has an effect on B- and T-cell function 
and decreases secretion of TH1 cytokines [111]. 
After several small trials with encouraging results, a 
phase III trial using two different doses (12 and 
5  mg/m2) was completed [112]. The higher dose 
had significantly more effect on a combined pri-
mary endpoint consisting of five clinical measures. 
The result led to the approval of mitoxantrone as a 
first chemotherapy drug for treatment of worsening 
MS. Mitoxantrone has also been used as induction 
treatment and in combination with other immuno-
modulating agents [113, 114]. The results have 
been encouraging, and in some cases, long-lasting 
effects were seen. Unfortunately, the use of mito-
xantrone is very limited because of dose-related 
cardiotoxicity and several reports of therapy-related 
leukemia [115–117] (Table 7.1).

Table 7.1 Treatment of MS

Radiologically isolated syndrome (RIS)

Observation with periodic exams and MRI
Consider treatment in patients with persistent increase  
in lesion load

CIS and RRMS Mild Moderate/severe
GA Natalizumab (JCV−)
IFN Ocrelizumab
Teriflunomide Fingolomod or Siponoimod
DMF Alemtuzumab (induction)

Worsening RRMS and SPMS with relapses Natalizumab (JCV−)
Ocrelizumab
Fingolimod or Siponimod
Alemtuzumab or Cladribine

SPMS without relapses Consider discontinuing DMA for stable patients >65 years old
PPMS Ocrelizumab
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 Treatment of Radiologically 
Isolated Syndrome (RIS)

Several recent studies have raised awareness of 
patients with incidentally discovered MRI 
lesions suggestive of multiple sclerosis, the so-
called radiologically isolated syndrome (RIS). 
These studies have documented a conversion 
rate to CIS of about one-third within a 5-year 
period. Many more patients (59%) continue to 
have radiological progression [118, 119]. 
Furthermore, the risk of an alternate diagnosis 
with characteristic MRI finding suggestive of 
MS seems to be extremely low. Patients with evi-
dence of ongoing disease activity may be candi-
dates for treatment [120].

 Treatment of Clinically Isolated 
Syndrome (CIS) and Newly 
Diagnosed Mild RRMS

Several natural history and long-term longitudi-
nal studies have provided useful information 
regarding progress in individual patients with 
multiple sclerosis. An increased rate of relapses 
in the first few years, poor recovery from 
relapses, high lesion burden on MRI, spinal 
cord lesions, and African-American race are all 
associated with a relatively poor long-term out-
come. On the other hand, lack of poor prognos-
tic indicators may not necessarily point toward a 
benign outcome. Benign MS is mostly a relaps-
ing disease either mild RRMS or CIS without 
further episodes [121]. Rare cases of benign 
PPMS have also been documented [122]. Patient 
with an EDSS <2 after 10 years from diagnosis 
may have a higher chance (70–80%) of having a 
benign course, although these patients represent 
<20% of RRMS patients [123, 124]. 
Histopathological and advanced imaging stud-
ies have revealed that significant axonal loss 
occurs early in the course of MS, and this loss of 
axons may be the principal determinent of fixed 
permanent disability [125–127]. Long-term 
MRI studies (10–20-year follow-up) have sug-
gested that the lesion load on the initial MRI 

may be a prognostic indicator for long-term dis-
ability [128].

There is overwhelming evidence suggesting a 
better response to disease-modifying treatments 
when used early in the disease course. Several 
studies have looked into the effect of these agents 
when initiated at the time of first clinical event 
(clinically isolated syndrome or CIS). These tri-
als have demonstrated a beneficial effect on dis-
ease activity with a reduction in relapse rates and 
new MRI lesions in the critical first 2 years after 
the initial event. Other controlled trials have 
compared early versus late treatment and have 
demonstrated a beneficial effect of starting treat-
ment early. It appears that in the early phases of 
multiple sclerosis there may be a window of 
opportunity to target the inflammatory compo-
nent of the disease. However, it is unclear if the 
benefit persists as the disease progresses.

In the BENEFIT study (Betaseron in Newly 
Emerging Multiple Sclerosis for Initial 
Treatment), 468 patients with a first clinical event 
were randomized to receive IFN ß (beta)-1b ver-
sus placebo [129, 130]. After 2 years, the treated 
group did much better with only 26% of treated 
patients converting to clinically definite multiple 
sclerosis (CDMS) versus 44% in the placebo 
group (p < 0.0001). The patients in the placebo 
group who converted to CDMS were offered 
open-label IFN ß (beta)-1b and were followed for 
an additional 3 years. After 11 years, early treat-
ment with IFN ß (beta)-1b reduced the risk of 
CDMS by 33%, although there was no significant 
difference between the groups on MRI and EDSS 
[131]. In the CHAMPS study (Controlled High- 
Risk Subjects Avonex Multiple Sclerosis 
Prevention Study trial), 383 patients with an ini-
tial mono-focal demyelinating event were ran-
domized to receive IFN ß (beta)-1a (I/M once 
weekly) or placebo [132]. The trial was stopped 
early after an interim analysis suggested a posi-
tive outcome. Thirty-five percent of the treated 
group converted to CDMS versus 50% in the pla-
cebo group (p = 0.002). The benefit of early treat-
ment was shown to persist for at least 5 years on 
relapses and MRI measures, but not on disability 
[133]. In the ETOMS (Early Treatment of 
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Multiple Sclerosis) trial, patients (N  =  309) 
treated with a low-dose IFN ß (beta)-1a, 22 μm 
once weekly S/C, were also less likely to have 
subsequent attacks compared to placebo (34% vs. 
45%) [134]. The PRECISE study randomized 
mono-focal CIS patients to GA or placebo simi-
lar to the interferon CIS studies. Patients treated 
with GA had a reduced risk of developing CDMS 
(25% vs. 43%) [135]. In the TOPIC trial, patients 
on teriflunomide had a 43% reduction versus pla-
cebo in conversion to definite MS [105]. MS 
diagnostic criteria have evolved significantly 
over the last decade resulting in earlier diagnosis 
of definite MS and a shrinking CIS patient 
population.

 Treatment of Aggressive Onset 
and Worsening RRMS

CIS and newly diagnosed RRMS patients with 
positive prognostic indicators including severe 
or multiple relapses, high lesion burden, spinal 
cord lesions, and African Americans should be 
considered for a more aggressive approach with 
higher efficacy agents [136, 137]. One-third of 
patients do not achieve an optimal response to an 
initial disease-modifying agent, and the percent-
age of patients failing may increase with time 
[138]. The outcome with recently approved 
higher efficacy agents may be better. In the 
absence of a validated clinical or laboratory sur-
rogate marker of a suboptimal response most 
specialists would consider an increase in relapse 
rate (compared to baseline), and the presence of 
new MRI activity as a sign of worsening disease. 
An aggressive treatment approach could also be 
considered to achieve a disease-activity-free sta-
tus in multiple sclerosis using “no evidence of 
disease activity” (NEDA). More specifically, 
NEDA-3 has been defined as (1) absence of 
relapses, (2) absence of focal MRI activity, and 
(3) absence of confirmed disability progression. 
NEDA-4 not only includes the criteria included 
in NEDA-3 but also requires an annualized rate 
of brain volume loss of less than 0.4% [139, 
140]. Since brain volume loss has been shown to 

correlate with disability progression and cogni-
tive decline, this definition may more accurately 
reflect a complete absence of disease activity. 
However, NEDA criteria do not fully capture 
disability related to MS such as cognition, pain, 
and fatigue, and the evidence for an association 
between NEDA and lack of future disease pro-
gression is lacking, although some short-term 
studies have suggested positive outcomes in 
patients who achieve NEDA status [141–143]. It 
is difficult to sustain long-term NEDA status. In 
the CLIMB cohort of 2200 patients, only 7.9% 
maintained NEDA status after 7 years; however, 
NEDA status at 2 years had a positive predictive 
value of no progression of 78.3% at 7 years [144] 
(Table 7.2).

Possible options in managing patients with 
worsening disease include switching to alternate 
first-line or second-line agents and possibly 
enrolling in a clinical trial with an experimental 
agent. A more aggressive and increasingly 
acceptable approach is to minimize the risk of 
early progression by using high-efficacy agents 
as first-line or very early in the disease course. 
Several high-efficacy agents including natali-
zumab (JCV negative), ocrelizumab, and fingoli-
mod offer acceptable efficacy/risk profiles and 
can be considered as first-line agents.

Table 7.2 NEDA rates in clinical trials of at least 2-year 
duration

Trial
NEDA-3 
[reference]

IFN-b1a S/C three 
times a week

CARE-MS and 
OPERA

14–29% [56, 
62, 63]

Teriflunomide 
(14 mg)

TEMSO 23% [145]

Dimethyl Fumarate DEFINE
CONFIRM

28% [145]
18%

Fingolimod FREEDOMS 31% [140]
Plegridy ADVANCE 

(1 year)
34% [146]

Natalizumab AFFIRM 37% [147]
Alemtuzumab CARE-MS I

CARE-MS II
39% [62]
32% [63]

Cladribine CLARITY 44% [148]
Ocrelizumab OPERA I and II 48% [56]
Autologous stem 
cell transplant

Observational 
studies

78–83% [149]
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 Treatment of Progressive MS

Almost 80% of patients RRMS eventually develop 
progressive disease after an initial inflammatory 
relapsing–remitting MS phase. These patients 
may continue to experience relapses and develop 
new MRI lesions in the earlier phases of 
SPMS.  Several trials have suggested a modest 
benefit of using disease-modifying agents in this 
subgroup of patients with SPMS.  The only dis-
ease agent approved for SPMS is mitoxantrone, 
although it is rarely used due to serious toxicity. 
Two large trials with IFN ß (beta)-1b (European 
and North American Trials) produced mixed 
results [150, 151]. Unfortunately, there is no evi-
dence that SPMS without relapses may benefit 
from any of the currently FDA-approved disease-
modifying agents including natalizumab and fin-
golimod; both were highly effective treatment for 
RRMS and were found to be ineffective in the 
SPMS population [152, 153].

Results from EXPAND (phase III) trial for 
BAF321 suggest a beneficial effect in SPMS 
patients. BAF321 reduced confirmed disability 
progression at 6 months by 26% when compared 
to placebo [154]. Encouraging phase II results 
include a reduction in brain atrophy with simvas-
tatin and reduction in disability with high-dose 
biotin [155, 156]. Larger confirmatory trials are 
being planned.

Finally, the ORATORIO trial provided a major 
breakthrough in PPMS patients. Ocrelizumab, a 
CD20 monoclonal antibody, became the first 
drug to show significant efficacy (and approved 
by FDA) in the PPMS population by reducing the 
risk of progression of clinical disability by 24% 
compared to placebo [57].

 Comparative Trials

Several trials have compared the efficacy of 
disease- modifying agents in a controlled setting 
sometimes with surprising results.

Several trials (INCOMIN, EVIDENCE, and 
BEYOND) comparing different formulations of 
interferons demonstrated lower relapse rate and 
MRI lesions with high-dose, high-frequency 

compared to low-dose, low-frequency interferon 
[157–159]. Other trials (BEYOND, BECOME, 
and REGARD) compared efficacy of high-dose, 
high-frequency interferons and GA and found no 
difference in relapse rates or time of onset of 
clinical activity [160, 161]. In the TRANFORMS 
study, fingolimod was more effective than low- 
dose, low-frequency interferon [84]. In the 
CONFIRM trial, reduction in annualized relapse 
rates when compared to placebo was proportion-
ally higher for dimethyl fumarate when com-
pared to GA [97]. Both alemtuzumab and 
ocrelizumab were tested against IFN beta-1a S/C 
three times a week and reduced the annualized 
relapse rate by approximately 50% versus the 
active comparator [56, 62].

 Other Agents Used in the Treatment 
of RRMS

Cyclophosphamide is an alkylating agent that 
binds to DNA and suppresses both B and T cells. 
It is commonly used as an antineoplastic agent 
and is also used to treat several immune- mediated 
disorders [162]. Two large trials in patients with 
progressive disease (the Northeast Cooperative 
Multiple Sclerosis Treatment Group and 
Canadian Cooperative Multiple Sclerosis Group) 
provided conflicting results. The Northeast trial 
suggested some benefit in young patients with 
maintenance dosing, while the Canadian study 
failed to show any benefit of using cyclophospha-
mide [163, 164]. Several recent small studies 
have reported a beneficial effect on a subgroup of 
patients who are young and have aggressive dis-
ease [165, 166]. It carries a significant risk of 
serious side effects such as hemorrhagic cystitis, 
bladder cancer, and azoospermia and should only 
be used in patients with fairly aggressive disease 
unresponsive to other agents [167, 168].

Azathioprine is an oral immunosuppressive 
agent used to treat several immune-based disor-
ders, including myasthenia gravis and rheuma-
toid arthritis. Clinical trials testing azathioprine 
in MS have been relatively small and lacked stan-
dardized MRI measures. A meta-analysis 
 involving 793 patients suggested a slight benefit 
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at 2 years of treatment, but the authors concluded 
that this probably did not outweigh the potential 
risks for long-term serious side effects [169].

Mycophenolate mofetil (Cellcept) is an immu-
nosuppressive agent. It is increasingly being used 
in preventing organ transplant rejection and has 
been found to be beneficial in Crohn’s disease 
[170, 171]. It also promotes recovery in experi-
mental allergic encephalomyelitis (EAE) [172]. A 
phase II trial in a small number of patients resulted 
in disease stabilization when mycophenolate was 
used in combination with IFB ß (beta)-1a [173].

Intravenous immune globulin (IVIG) may 
work by neutralizing circulating antibodies 
against myelin antigens, downregulating anti-
body production, or interfering with complement 
or macrophage-mediated damage. It has also 
been shown to produce re-myelination in animal 
models [174, 175]. A meta-analysis of four 
double- blinded studies reported a beneficial 
effect on annual relapse rate as well as change in 
EDSS scores [176]. Several other trials failed to 
show a beneficial effect [177, 178]. IVIG was 
also found to be useful in reducing relapses in the 
postpartum period and patients with acute 
relapses who are intolerant to steroids [179]. One 
small study noted a benefit in patients with a first 
demyelinating event [180].

Plasmapheresis may work by removing circu-
lating autoantibodies and may be useful in 
patients with severe relapses unresponsive to ste-
roids [181–184].

 Disease-Modifying Agents 
Currently in Development

 Cladribine

Cladribine is an oral deoxyadenosine analog pro-
drug which causes moderate reduction in T and B 
cells with minimal effects on innate immune cells 
[185]. It has a unique dosing regimen with a total 
of 8–10  days of oral dosing with long-lasting 
effects. Cladribine (parenteral) is used as treat-
ment for hairy cell leukemia and has been studied 
in other autoimmune conditions including 
MS. Earlier studies in MS patients using paren-

teral cladribine resulted in positive outcomes in 
MRI and clinical measures, but the outcomes 
were difficult to interpret. Two doses of oral 
cladribine were compared against placebo in a 
pivotal phase III trial [186]. The annualized 
relapse rate was significantly reduced in both 
cladribine tablet groups with relative reduction 
rates of 57.6% and 54.5% compared to placebo. 
Both disability and MRI measures (including 
brain atrophy) were significantly better in the 
cladribine-treated patients [187]. Long-term fol-
low- up studies have suggested a sustained benefit 
after the first 2 years of treatment [188]. In the 
ORACLE study, two different doses of cladribine 
were tested against placebo in the CIS popula-
tion. Patients who were on cladribine (both 
doses) had a significant delay in time to conver-
sion to CDMS (62%, 67%) [189]. Although the 
study was terminated early because of a negative 
regulatory decision in relation to CLARITY data, 
the investigators did not feel it affected the out-
come. Cladribine was well tolerated in most 
patients. Lymphopenia was an expected side 
effect. CD19 cells had a more robust reduction 
compared to T lymphocytes but returned to nor-
mal range within 48 weeks after dosing without 
any signs of significant overshoot. Infections 
were similar across groups except herpes zoster 
which was more common in treated patients 
[190]. Although there was a concern about 
increased risk of malignancy in the CLARITY 
study, an independent meta-analysis found that 
the cancer rates were not increased versus treat-
ment group in other studies [191]. The European 
Medicine Agency (EMA) approved cladribine 
for highly active RRMS patients in 2017.

Cladribine (Mavenclad) was approved by the 
FDA (March 2019) for the treatment of relaps-
ing–remitting and active secondary process 
MS.  Treatment risk (box warning) includes 
malignancy and fetal harm.

 Ozanimod

Ozanimod is another selective sphingosine- 1- 
phosphate receptor modulator (receptor types 1 
and 5), currently in development for MS and 
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inflammatory bowel disease [192]. Two different 
doses of ozanimod were found to be superior to 
placebo and IFN beta-1a for relapse rate and MRI 
measures (including brain atrophy), but no sig-
nificant differences were noted for disability out-
comes [193]. Ozanimod has a favorable cardiac 
safety profile [194].

 Siponimod

Siponimod (BAF312) is a selective sphingosine- 
1- phosphate receptor modulator (receptor types 1 
and 5) [195]. In the EXPAND trial, siponimod 
reduced the risk of disability progression in 
SPMS patients [154, 196]. Unlike other SPMS 
trials with positive results (IFN beta-1b and mito-
xantrone), the EXPAND trial design allowed 
enrollment of patients widely representative of 
the SPMS population with minimal evidence of 
inflammatory activity. Early evidence suggests a 
possible neuroprotective effect [197, 198].

Siponimod (Mayzent) was approved by the 
FDA (March 2019) for the treatment of relapsing 
forms of MS, including clinically isolated syn-
drome, RRMS, and active SPMS.

 Ofatumumab

Ofatumumab is a fully humanized anti-CD20 
monoclonal antibody currently being investi-
gated in RRMS [199]. Two different phase II tri-
als (IV and S/C) have demonstrated positive 
results with an excellent safety profile [200, 201]. 
Phase III trial comparing ofatumumab (S/C) to 
teriflunomide are currently ongoing [202].

 Ponesimod

Ponesimod is a highly selective, rapidly revers-
ible and selective sphingosine receptor modula-
tor. After successful phase II program, an 
ongoing phase III trial is comparing ponesimod 
with teriflunomide. The efficacy and side-effect 
profile of ponesimod appears to be comparable 
to fingolimod with the added advantage of hav-
ing an optimized up-titrated regimen and a short 

half-life resulting in less risk of adverse events 
[203, 204].

 Stem Cell Transplantation

Stem cell transplantation requires a collection of 
hematopoietic stem cells from the peripheral cir-
culation followed by ablation of the immune sys-
tem with chemotherapy agents with reinfusion of 
stem cells in the hope that the reconstituted 
immune system would be more tolerant to self-
antigens. This idea is supported by several case 
reports of individual MS patients treated for 
malignancy and EAE animal models [205].

Several studies have looked at the effects of 
autologous hematopoietic stem cell transplanta-
tion and found encouraging results with pro-
longed periods of disease stabilization in patients 
with aggressive disease [149, 206–214]. Patients 
with aggressive RRMS, time of diagnosis 
<10 years, and minimal exposure to prior immu-
nosuppressive agents have the best treatment 
response with minimal risk. A recent meta- 
analysis of 15 studies (mostly open label) 
revealed a significant benefit with >80% not pro-
gressing over a period of 2 years. The benefit was 
significantly greater in patients with RRMS.  In 
five studies that reported NEDA at 5  years, 
NEDA was 67%. The overall transplant-related 
mortality was 2.1% in the study but significantly 
lower (0.3%) in patients enrolled in the last 
10 years [215]. However, stem cell transplanta-
tion is a difficult process and carries a significant 
risk and should only be considered in patients 
with aggressive disease not responsive to other 
conventional agents. Data from future controlled 
trials may help us understand and better define 
the risk and benefits of this aggressive but prom-
ising approach for treating MS.

 Neuroprotection

A variety of agents thought to be neuroprotec-
tive have been tested in MS and have either been 
inconclusive or failed to show any beneficial 
effect; several others are in early phases of 
development [216, 217]. The lack of a clear sur-
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rogate marker of demyelination and neuropro-
tection is a significant handicap in the development 
of neuroprotective agents. In the absence of any 
promising regenerative treatments, the best 
approach may be to prevent chronic inflammation 
and secondary neurodegeneration using effective 
disease- modifying agents as early as possible in 
the disease process.

 Conclusion

Over the last two decades, multiple disease- 
modifying agents have been approved for the 
treatment of relapsing forms of multiple sclero-
sis. The more recently approved agents appear to 
be increasingly more effective and target differ-
ent proposed mechanisms of MS pathophysiol-
ogy. These include several monoclonal antibodies 
and oral agents with novel mechanism of action. 
Several other options offer some hope in progres-
sive patients as well. Early treatment with highly 
effective agents increases the probability of 
achieving long-term disease-free remission. 
Unfortunately, a more aggressive approach may 
be associated with an increased risk of serious 
adverse events, and only long-term data from 
controlled large-scale clinical trials will deter-
mine the extent of therapeutic efficacy and safety 
of these emerging therapies.
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 Escalation Versus Early Aggressive 
(or Induction) Treatment 
in the Management of Relapsing 
MS (RMS)

Early in the disease course, multiple sclerosis is 
characterized by periods of inflammation associ-
ated with demyelination and axonal injury. 
However, in the later phase of the disease, inflam-
mation becomes less prominent, and neurode-
generation arises as the defining feature of the 
illness. While progressive MS is primarily man-
aged symptomatically, the early inflammatory 

phase in relapsing MS represents a critical period 
where the benefits of disease-modifying therapy 
(DMT) can be best realized. Several studies [1–7] 
have shown that early treatment with disease- 
modifying therapy results in better long-term 
outcomes in comparison with delayed treatment 
and consequently therapeutic strategies have 
evolved.

The two general approaches employed in 
selecting a disease-modifying therapy can be 
described as either an “escalation” strategy or an 
early aggressive strategy. An escalation approach 
entails the initial use of a first-line agent, gener-
ally glatiramer acetate (GA) or interferon β, and 
transitioning to a second-line agent in the event 
of disease progression or clinical relapses while 
on therapy [8]. This is a reasonable strategy, as a 
patient may be well controlled on an agent with a 
long safety profile history. However, this 
approach does not take into consideration how 
early or late a patient is in their disease course or 
the degree of initial clinical or radiographic activ-
ity. Alternatively, an early aggressive strategy uti-
lizes initial treatment with a medication 
considered more potent than first-line therapies, 
such as fingolimod, natalizumab, or ocrelizumab, 
or the use of an “induction” agent. Induction 
therapies provide a sustained alteration of the 
immune system and ideally are able to provide a 
prolonged period free from disease activity. 
Three of the disease-modifying therapies are 
considered induction agents: mitoxantrone, 
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alemtuzumab, and cladribine [9]. Stem cell trans-
plant therapies also fall in the category of induc-
tion therapy.

In general, the newer therapies have been 
shown to decrease clinical relapse rates to a 
greater degree than the older therapies, and many 
of the newer therapies decrease the rate of dis-
ability progression in MS [10]. However, stron-
ger medications also come with an increase in 
risk of serious adverse events. Progressive multi-
focal leukoencephalopathy with the use of natali-
zumab and the precipitation of other autoimmune 
conditions with alemtuzumab, for instance, are 
concerning for adverse outcomes related to the 
use of these agents. Due to variations in presenta-
tion and the fact that some patients will present 
with aggressive disease which cannot be ade-
quately managed by first-line therapies, individu-
alizing the treatment regimen for the individual is 
paramount. Disease severity must be considered 
when selecting a medication. Use of a potent 
agent as an initial therapy is becoming more 
common in an effort to minimize disability, par-
ticularly in patients with risk factors for an 
aggressive course [9, 11–14].

An aggressive treatment approach is often 
considered in an attempt to achieve a disease- 
activity- free status in multiple sclerosis. Criteria 
for such a status have been debated; however, 
the term “no evidence of disease activity” 
(NEDA) is the currently agreed upon model 
[15]. More specifically, NEDA-3 has been 
defined as (1) the absence of relapses—a new, or 
worsening of a previously stable, neurological 
abnormality, present for at least 24 h and occur-
ring in the absence of fever or infection; (2) the 
absence of focal MRI activity, new or enlarged 
T2 lesions and/or gadolinium-enhancing 
lesions; and (3) the absence of confirmed dis-
ability progression (CDP)—an increase in 
Expanded Disability Status Scale (EDSS) score 
of 1.5 points from a baseline of 0, of 1.0 point 
from a baseline score of at least 1.0, or of 0.5 
points from a baseline score of greater than 5.0 
and confirmed after 3 or 6  months. While 
NEDA-3 captures inflammatory disease activity 
well, it may not fully account for the neurode-
generative component of MS.  Thus, another 

more stringent definition, NEDA-4, incorpo-
rates the criteria included in NEDA-3, as well as 
an annualized rate of brain volume loss of less 
than 0.4% [16]. Since brain volume loss has 
been shown to correlate with disability progres-
sion and cognitive decline, this definition may 
more accurately reflect a complete cessation of 
disease activity. It should be noted, however, 
that NEDA criteria do not account for disability 
attributed to cognitive measures, visual func-
tion, fatigue, or pain [17, 18].

Sustained disease control with an induction 
agent has been demonstrated in several studies. 
Mitoxantrone, an intercalating agent which 
crosslinks DNA strands, has proven efficacious 
in the treatment of acute myeloid leukemia, 
breast cancer, liver carcinoma, and non- 
Hodgkin’s lymphoma. For MS, it is administered 
intravenously every 3 months but is limited by a 
cumulative maximum dose. A 5-year observa-
tional trial of patients who received mitoxantrone 
therapy for MS showed that 32% of patient 
remained relapse-free after 5 years and 60% of 
patients did not have worsening of their EDSS 
score [19]. However, it should be noted that the 
adverse outcomes of decreased left ventricular 
cardiac ejection fraction and leukemia often limit 
mitoxantrone use [20]. Alemtuzumab, a human-
ized anti-CD52 monoclonal antibody which 
binds to the CD52 receptor on B and T lympho-
cytes causing a long-lasting depletion of lympho-
cytes, has similarly exhibited positive outcomes. 
The CARE-MS I study demonstrated that as an 
initial therapy, alemtuzumab was superior to 
interferon beta 1a in achieving an endpoint equiv-
alent to NEDA-3—referred to as “freedom from 
disease activity”—with 39% (139/360) of 
patients in the alemtuzumab arm achieving this 
outcome at 24 months, in comparison with 27% 
of patients in the interferon beta 1a group [21]. In 
the CARE-MS II trial, alemtuzumab was utilized 
as a second-line therapy, and 32% (127/396) of 
these patients achieved freedom from disease 
activity at 24  months, compared to 14% of 
patients in the interferon beta 1a group [22]. 
Cladribine data thus far is encouraging with an 
extension study demonstrating that after 4 years 
after initiating treatment, 75% of patients 
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remained relapse-free and 72.4% of patients were 
free from disability progression [23].

While modern DMTs have demonstrated 
improved efficacy in minimizing disease pro-
gression in relapsing-remitting MS (RRMS), 
autologous hematopoietic stem cell transplanta-
tion (AHSCT) for the treatment of MS has also 
shown encouraging results. AHSCT for MS 
patients, which can be considered the ultimate in 
induction therapies, began in 1995, and by 2008, 
approximately 400 cases had been performed 
worldwide [24]. Although protocols from early 
transplantations varied greatly, even initial data 
showed slowing of disease progression in the 
majority of patients following treatment. 
Unfortunately, transplant-related mortality in 
early trials was reported as high as 7.3%. This 
was particularly concerning due to the fact that 
MS patients tend to be young and otherwise 
unburdened by other diseases. Newer trials have 
fortunately shown positive outcomes with far less 
morbidity and mortality. A retrospective review 
analyzing results from 281 patients who had 
received AHSCT via various protocols between 
1995 and 2006 and had a median follow-up of 
6.6  years found that 46% of transplant patients 
did not progress in their EDSS after 5 years [25]. 
Younger age, relapsing type of MS, fewer prior 
immunotherapies, and lower baseline EDSS 
score were all associated with improved out-
comes. Furthermore, 100-day mortality follow-
ing AHSCT was 1.3% for transplants performed 
from 2001 to 2007.

Additional studies have further supported a 
freedom from disease progression over the long 
term. A 2009 study with 21 patients who were 
treated with AHSCT at Northwestern University 
found that 62% of patients had no disease pro-
gression as measured by EDSS, no clinical 
relapses, and no new MRI lesions at 3-year mean 
follow-up [26]. A 2015 Northwestern University 
study of 145 patients, primarily with RRMS, 
treated with AHSCT found that 52% (14/27) of 
patients showed improvements in EDSS of at 
least 1.0 point at the 5-year follow-up point [27]. 
The HALT-MS trial studying AHSCT in 24 
patients with RRMS reported that 78% of patients 
achieved an endpoint comparable with NEDA—

termed “event-free survival”—after 3 years and 
69.2% of patients achieved this endpoint after 
5 years [28]. Lastly, a trial with 24 patients with 
aggressive disease as predicted by a dataset from 
London, Ontario, Canada, showed that 69.6% of 
patients were free from clinical relapse, new or 
Gd-enhancing lesions on MRI, and progression 
of EDSS at 3  years following AHSCT [29]. 
Overall AHSCT has demonstrated NEDA status 
rates of 78–83% at 2  years and 60–68% after 
5 years [30].

 Can Disease-Modifying Treatment 
Be Discontinued in Non-active 
RRMS/SPMS Patients?

Among the reasons for discontinuing disease- 
modifying therapy (DMT) in multiple sclerosis 
(MS) patients, stopping in those who are deemed 
to have stable disease is perhaps the most contro-
versial. The concept of “no evidence of disease 
activity” (NEDA) has made this topic even more 
relevant in recent years. This, combined with the 
extreme costs and potential complications of 
DMTs, means that stopping treatment if it is safe 
and reasonable to do so may be in our patients’ 
best interests. Expert opinion [31–33] has long 
dominated this area, but evidence is slowly start-
ing to emerge to provide clinicians with some 
guidance in select patient groups. That being 
said, a prospective, randomized study of DMT 
discontinuation has yet to be completed, though 
one is currently in process (DISCO-MS, 
NCT03073603).

While starting DMT early in young, nondis-
abled patients is widely advocated in order to 
achieve the best long-term outcomes, it is unclear 
whether older, more disabled patients with inac-
tive or secondary progressive MS derive any ben-
efit [34, 35]. The concept of immune senescence 
may explain why disease activity seems to 
decline with age [36] and why DMT may become 
unnecessary at a certain point. Cerebrospinal 
fluid (CSF) biomarkers of inflammation and axo-
nal injury have been shown to decline with age, 
particularly with MS patients over age 54 [37]. 
Accordingly, age has been shown to be the most 
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significant predictor of gadolinium (Gd) enhance-
ment on MRI in natural history studies, with the 
probability of enhancement decreasing by 36% 
for each additional decade. The frequency of 
enhancement was 12% in the group aged 50 and 
older compared to 55% in the 20–30-year-old 
group. As expected, relapse rate similarly peaked 
in the 20s and 30s and declined by approximately 
34% per decade. Patients aged 55 and older who 
had been deemed to have secondary progressive 
disease for 5 or more years had only a 5% prob-
ability of relapse [38]. The unique pathologic 
basis underlying progressive disease, with 
chronic activation of macrophages and microglia, 
could potentially help explain the lower likeli-
hood of relapses in this group [39]. Patients who 
are newly diagnosed with MS at an older age sug-
gest that there is more to this story [40], but these 
data seem to support that older, inactive patients 
and patients with progressive disease may be less 
likely to relapse while off DMT.

Several recent observational studies have 
evaluated outcomes for patients who have dis-
continued DMT, mostly involving injectable 
medications. In one US center, 77 patients with 
secondary progressive MS who had no evidence 
of disease activity for at least 2  years had an 
11.7% rate of new lesions or relapses after stop-
ping DMT. These patients had a median age of 
61 and range of 2–20 years of disease inactivity 
prior to discontinuation [41]. A French study on 
100 patients with secondary progressive MS for 
at least 2 years who stopped DMT showed that 
33% had a relapse or new enhancing lesion at 
3  years, but only five of those patients had 
relapses that resulted in sustained increases on 
the Expanded Disability Status Scale (EDSS) at 
6 months. Factors significantly associated with 
relapses following discontinuation included 
enhancing lesions within 3  years of stopping 
and EDSS less than 6 prior to stopping. Notably, 
changes in T2 lesion load were not considered 
in this study. Whether new, non-enhancing T2 
lesions have implications for disability progres-
sion in secondary progressive MS remains 
unclear [42].

A larger analysis of 485 patients across 28 
sites used data from MSBase, an international 

prospective Internet-based registry. These 
patients stopped injectable DMTs after having no 
relapses for at least 5 years. They had been treated 
continuously for at least 3 years prior to discon-
tinuation and were followed for at least 3 years 
after stopping DMT. The relapse risk was 36.4% 
after stopping DMT, and 33.5% of patients who 
stopped DMT had confirmed disability progres-
sion. Only 10.8% of patients experienced both 
relapse and confirmed disability progression. 
Younger age and lower baseline disability were 
significant predictors of relapse risk. Survival 
time to confirmed disability progression was 
shorter among patients who stopped DMT, with 
patients who had a stable EDSS for 5 years prior 
to discontinuation contributing significantly to 
this observation. Notably, the MSBase registry 
did not include the reasons for discontinuing 
treatment for the majority of patients who were 
included in this study. Of those for whom it was 
listed, reasons were multifactorial including per-
ceived disease progression, intolerance, and 
adverse events [43].

An Austrian study of 221 patients with 
relapsing–remitting MS (RRMS) who discon-
tinued DMT identified possible criteria for 
selecting patients who may be more likely to 
remain relapse-free after doing so. These 
patients were treated continuously for at least 
12  months prior to discontinuation and did so 
for a variety of reasons including adverse events 
or patient preference. Only 27% of the cohort 
discontinued DMT due to stable disease. 
Relapses occurred in 44% of patients during a 
mean of 3.8  years of follow- up. Age over 
45 years and the absence of clinical relapses or 
enhancing lesions for at least 4  years prior to 
discontinuation were felt to predict freedom 
from relapses after stopping DMT with a hazard 
ratio of only 0.06. Disability progression 
occurred in 20.8% of patients and was associ-
ated with higher EDSS, age over 45 years, and 
longer disease duration at the time of discon-
tinuation [44].

As attempts are made to identify groups of MS 
patients who may not be benefitting from DMT, 
particularly with prospective, randomized-
controlled trials, clinicians will hopefully be able to 
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make evidence-based decisions with their patients 
to stop treatment. Such data will be particularly 
important for patients who are on medications such 
as natalizumab and fingolimod which are associ-
ated with a risk of disease “rebound” on cessation 
[45, 46]. The newer drugs ocrelizumab and siponi-
mod which have been shown to slow disability pro-
gression even in the absence of objective evidence 
for inflammatory activity raise additional questions 
about the perceived lack of benefit of DMT in cer-
tain populations [47, 48]. Whichever group of 
patients may seem suited for a trial of discontinua-
tion, what is clear is the need for close clinical and 
radiological monitoring after stopping.

 Rebound Disease Activity 
in Patients Discontinuing Disease- 
Modifying Drugs

Though many effective treatments are now avail-
able to inhibit multiple sclerosis disease progres-
sion, reports have emerged concerning for 
exaggerated disease activity upon cessation of 
treatment with these agents. Some patients 
treated with fingolimod or natalizumab, which 
target trafficking of lymphocytes from lymphoid 
tissues and across the blood–brain barrier, respec-
tively, have demonstrated “rebound” or disease 
activity that exceeded pretreatment rates based 
upon both clinical assessment and contrast- 
enhanced MRI analysis [49]. As studies contin-
ued to profile risks of discontinuation of 
fingolimod and natalizumab, new cases began to 
emerge that also identified increased activity in 
multiple sclerosis patients who discontinued 
treatment with dimethyl fumarate and terifluno-
mide [50–52]. The potential for severe exacerba-
tion upon drug withdrawal is particularly 
concerning for patients who must stop treatment 
or change to a different medication due to inade-
quate response to therapy, JC virus positivity, or 
desire for pregnancy.

The nature of this rebound disease upon 
medication discontinuation is not well charac-
terized. Some discordance in the literature 
reflects disagreement in definition of “rebound” 
versus “reactivation” or inevitable progression 

of an unpredictable disease. Some have sug-
gested that those with severe reactivation com-
pared to pretreatment status might simply be 
demonstrating a variant of natural disease pro-
gression that is independent of medication use 
[53], but comparison of large populations of 
patients who were on different doses of fingoli-
mod versus placebo demonstrated that disease 
activity exceeded predicted disease progression 
[54]. Additionally, the time of increased disease 
activity seems to correlate with expected with-
drawal from the discontinued medications. A 
large cohort study demonstrated significant 
relapse rate of disease between 2 and 8 months 
after cessation of natalizumab therapy with 10% 
of patients suffering rebound, corresponding 
with the 3-month decrease in concentrations of 
natalizumab and changes in the immune system 
that have been documented up to 6 months after 
cessation of treatment [55, 56]. Studies explor-
ing rates of rebound with fingolimod washout 
are largely similar but vary from 5% to 10% [46, 
50, 53, 57]. Research continues to debate 
whether the rebound phenomenon is of the same 
etiology across patient populations, John 
Cunningham virus (JCV) and Epstein–Barr 
virus (EBV) status, medication used, and other 
yet uncharacterized variables that could affect 
patient outcome.

Controversy similarly surrounds whether 
rebound activity is related to immune reconstitu-
tion inflammatory syndrome, or IRIS.  While 
IRIS previously described an immune response 
to infectious agents, it was proposed as the cul-
prit for rebound activity upon cessation of immu-
nomodulatory therapies as a result of an 
endogenous antigenic cause of new activity. 
Characterizing “rebound” activity versus IRIS 
sparked a debate within the community: Was 
rebound an exaggerated immune response after 
ending therapy or was an independent mecha-
nism to explain the increase in disease activity in 
excess of pretreatment levels [49, 50]? What 
were these endogenous antigens? According to 
the field hypothesis, an unidentified compound 
or molecule in tissue, possibly of viral origin, 
triggers focal inflammation [1]. Some authors 
favor an exogenous cause, having isolated EBV- 
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infected cells and T cell binding in white matter 
lesions in a fatal case of rebound after cessation 
of natalizumab [58, 59]. Others refuted the con-
nection to IRIS and a viral antigenic etiology 
through description of a severe, fatal disease they 
characterized in a postmortem study as inconsis-
tent with IRIS or PML. The lesional damage was 
extensive yet characteristic of active demyelinat-
ing MS progression. Additionally, CCR5 inhibi-
tors have shown efficacy in treating PML/IRIS, 
but researchers detected low levels of expression 
in sampled brain tissue, suggesting that such 
treatment would have been ineffective in their 
rebound case [60].

Other hypotheses regarding disease mecha-
nism and etiology are more specific to the dis-
tinct treatments. Long-term natalizumab therapy 
may change the dynamics of cell adhesion mol-
ecules in leukocytes [61], and changes in cell 
adhesion molecule expression might also 
explain the cases of rebound disease upon ces-
sation of dimethyl fumarate [62], though these 
may be through different mechanisms. 
Individual patient variables may also affect out-
comes. A case report describing an affected 
patient’s neutralizing antibodies against natali-
zumab suggested that acceleration of T cells 
into CSF caused disease exacerbation beyond 
the patient’s baseline. They also noted that 
natalizumab promotes immune activation by 
giving a costimulatory signal to T cells, causing 
a pro-inflammatory state so its withdrawal (and 
thus prevention of effector cell migration into 
CSF) results in an increase of disease activity 
above pretreatment baseline [63]. Immune cell 
populations also undergo changes with treat-
ment that may contribute to rebound phenom-
ena. Research has shown an increased peripheral 
Th17 cell population and IL-17 levels after use 
of natalizumab, while disease reactivation was 
associated with a drop in Th17 and decrease in 
serum IL-17, suggesting reentry into CSF that 
was confirmed in a postmortem pathologic 
study [60, 64]. Others note the contributions of 
a reduction of regulatory T cells and upregula-
tion of effector T cells [65].

Rebound activity after cessation of fingolimod 
may be due to a completely different immune 

dysregulatory effect. A predisposition for severe 
exacerbations may arise from compensatory 
overexpression of sphingosine-1-phosphate 
receptors involved in lymphocyte trafficking due 
to chronic receptor blockade by fingolimod [66]. 
These rebounds can be particularly severe, pro-
ducing tumefactive demyelinating lesions (i.e., 
lesions that are larger than 2 cm, with edema or 
mass effect) [67] even during active fingolimod 
treatment [65]. A postmortem case report follow-
ing a fatal discontinuation of fingolimod describes 
astrocytic gliosis within the tumefactive lesions 
with intense sphingosine-1-phosphate receptor 1 
expression. Of note, researchers also found astro-
cytic gliosis within white matter regions that 
appeared grossly normal [68].

Due to the lack of clarity and seeming dispar-
ity in etiologies of rebound cases, clinicians 
should be cautious when selecting patients who 
are appropriate candidates for immunomodula-
tory therapies. Patients with disease rebound tend 
to have more pretreatment disease activity, as 
indicated by higher Expanded Disability Status 
Scale (EDSS) scores, higher annualized relapse 
rate, and mean enhancing lesions before treat-
ment, demonstrating a correlation between prior 
disease activity and likelihood of rebound activity 
[55, 56]. These patients should be monitored with 
extra caution when discontinuing a medication 
regimen, especially with fingolimod or natali-
zumab. Prevention and treatment of rebound are 
not yet optimized, but current studies considering 
specific medication withdrawal and JCV status 
recommend that alternative therapy should be 
started as 2–4 weeks after cessation of fingolimod 
and within 4 months after ending natalizumab to 
align timing of treatment with washout [49]. This 
can be challenging if patients end treatment with 
these regimens due to JCV positivity: alemtu-
zumab, cladribine, and mitoxantrone may cause 
long-term lymphocyte depletion, thus hindering 
CD8-dependent T-cell defense against JCV. B-cell 
therapies, rituximab and ocrelizumab, may pro-
vide immunity against JCV escape variants, so 
transitioning or discontinuing therapies safely 
with these options is a unique challenge [49].

Additionally, prevention of rebound has 
proven difficult at best. After stopping fingoli-
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mod therapy, patients have rebounded even with 
treatment with rituximab or two courses of ste-
roids [46]. A case study of a patient’s transition 
from fingolimod to alemtuzumab with methyl-
prednisolone after a 5-week fingolimod washout 
still resulted in unexpected high activity as T 
cells displayed an activated HLA phenotype. 
However, this immune response may be con-
nected with fingolimod insufficiency in this 
patient [69]. Similar difficulties have been docu-
mented in transitioning to other therapies from 
natalizumab. A patient who discontinued natali-
zumab and started daclizumab suffered rebound 
on his new therapy, but he responded well to 
methylprednisolone and alemtuzumab [70]. In 
JCV-positive patients who must switch from 
natalizumab to alemtuzumab or other induction 
therapies, some recommend bridging with fingo-
limod, citing its efficacy in controlling disease 
after stopping natalizumab [71], though others 
have found relapse during use of fingolimod in 
patients transitioning from natalizumab [72]. 
One study did not find any significant reduction 
in disease activity with preventative methylpred-
nisolone treatment, and glatiramer acetate, fingo-
limod, nor interferon beta offered appropriate 
protection against resumption of disease activity 
[55]. However, while some cases of rebound 
respond poorly to steroids, rebound upon discon-
tinuation of teriflunomide responded well in a 
patient to two courses of IV steroids and 60 mg 
oral prednisone daily for 2 weeks followed by 
rituximab [52]. Research suggests that dimethyl 
fumarate might be effective if started after a short 
(1 month) washout of natalizumab [73], but a 
case report has also demonstrated inefficacy of 
dimethyl fumarate in controlling rebound activity 
after natalizumab cessation when used after a 
cyclophosphamide bridge [74]. Other work sug-
gests that a short course of treatment with 60 mg 
cladribine effectively suppresses inflammatory 
activity and allows partial recovery in a patient 
with progressive multiple sclerosis with rebound 
disease from fingolimod with no short-term 
safety issues or adverse events [75]. Further work 
is necessary to explicate the relationships among 
patient factors, rebound etiology, medication 
effects, immunologic characteristics, and risk 

profiles with different bridging regimens to clar-
ify which patients would benefit most from spe-
cific transition protocols and who would be less 
likely to respond to certain treatments.

 Extended/Reduced Dosing of DMD

Several of the disease-modifying agents have 
been associated with serious side effects related 
to sustained immunosuppression including but 
not limited to PML.  One possible approach to 
mitigate the risk is to reduce the overall dose of 
the agents by extending dosing intervals. 
Although definite data is lacking, several small 
studies provide some supportive evidence for this 
approach.

A subset of patients on fingolimod have a 
higher risk of developing severe lymphopenia, 
infections, and liver function abnormalities. 
Reducing the frequency of dosing (alternate day) 
may improve laboratory abnormalities although 
there may be a higher risk of breakthrough dis-
ease activity [76–78]. Several observational stud-
ies have evaluated the risk of breakthrough 
disease in patients treated with natalizumab who 
were dosed less frequently (up to 8-week inter-
vals) and found no significant increase in disease 
activity [79–82]. More recently, a statistical anal-
ysis of the large TOUCH registry (US REMS 
program) revealed a significant reduction of risk 
of developing PML in JCV-positive patients who 
are treated with extended dosing compared to 
standard dosing [83]. Less frequent dosing prior 
to discontinuation has also been shown to reduce 
the risk of developing rebound disease activity 
after natalizumab discontinuation [84]. Infrequent 
dosing for B-cell-targeted therapies is even less 
well studied. Both rituximab and ocrelizumab are 
dosed at fixed 6-month intervals. While this dose 
effectively maintains B-cell depletion in the 
majority of patients, the minimum dose required 
to achieve complete and persistent B-cell deple-
tion is unclear. One small study showed 97% 
depletion of B cells in patients who were treated 
with 1  mg/m2 (a fraction of the standard dose) 
although cells recovered to 60% of baseline 
within 4  weeks [85]. Similarly, several small 
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studies have suggested increasing the intervals 
between treatments (up to 9 months) or reducing 
the dosage (50%) of rituximab in RRMS patients 
maintains B-cell depletion and efficacy [85–87]. 
Some suggest flexible dosing based on CD19/20 
counts [88].

Less frequent dosing seems to be a reasonable 
option in patients who are at risk of or are experi-
encing significant side effects on DMDs.

 Management of PML in MS Patients 
and Subsequent Disease-Modifying 
Treatment

Among the most feared complications of disease- 
modifying therapy (DMT) in multiple sclerosis 
(MS) patients is progressive multifocal leukoen-
cephalopathy (PML), a rare but severely dis-
abling disease of the central nervous system 
caused by the John Cunningham virus (JCV) 
[89]. Patients treated with natalizumab, one of 
the most effective treatment options for MS, are 
the third largest population at risk of developing 
PML after patients with HIV and hematologic 
malignancies [90]. Besides natalizumab, PML 
has also been reported to occur in a few cases of 
patients treated with dimethyl fumarate and fin-
golimod [91, 92]. However, natalizumab has the 
most well-established association with PML as 
an adverse effect among the immunomodulatory 
therapies, with over 800 cases reported since 
2005 [93]. The incidence of PML associated with 
natalizumab ranges from 0.1% for patients with-
out additional risk factors to 1.3% among patients 
who are JCV antibody-positive, have a history of 
prior immunosuppressive therapy, and have 
received more than 4 years of treatment [94, 95]. 
With significant disability being incurred by two- 
thirds of the approximately 80% of patients who 
survive natalizumab-associated PML, early diag-
nosis and institution of appropriate treatment are 
of paramount importance [93, 96].

Although JCV is widespread throughout the 
world, with most individuals infected by age 
30–40 likely via a urine or fecal–oral route, path-
ological transformation occurs only in immuno-
suppressed individuals by poorly understood 

mechanisms [90, 97]. Replication of the trans-
formed JCV then leads to axonal demyelination 
via lysis of infected oligodendrocytes. Large 
plaques are thereby formed in the subcortical 
white matter, often involving U fibers. The multi-
focal destruction leads to the variable symptom-
atology, ranging from hemiparesis to visual 
deficits depending on the areas involved. 
Neuroimaging and PCR detection of JCV DNA 
from CSF combined with the clinical picture 
make diagnosis possible without the need for 
biopsy [97].

Patients receiving natalizumab are risk strati-
fied for PML at regular intervals using quantita-
tive JCV antibody testing. The cutoff values for a 
positive test and when to halt further treatment 
evolve over time based on available evidence. 
Several studies have documented a very low risk 
of PML in patients who remain JCV negative 
[98]. There are several potential limitations to 
this method of PML risk stratification, including 
variability in testing methodologies and the pos-
sible effect of natalizumab on JCV indices. It also 
does not take into account other PML risk fac-
tors, such as prior immune suppression and dura-
tion of treatment with natalizumab [98]. While it 
is currently unclear whether JCV antibody test-
ing has resulted in significantly earlier detection 
of PML, such is the goal of risk stratification 
methods and will hopefully be the case as they 
are further refined. Given the small number of 
PML cases associated with fingolimod and 
dimethyl fumarate, monitoring parameters for 
the purposes of PML risk stratification have not 
yet been established, though a possible associa-
tion with lymphopenia has been observed [89, 
99].

Currently, there is no treatment for PML. The 
general approach once PML has been diagnosed, 
regardless of etiology, consists of immune recon-
stitution in order to support the body’s natural 
response to JCV [89, 97]. In natalizumab- 
associated PML, this was historically achieved 
by plasma exchange (PLEX) with the aim of 
removing the drug as quickly as possible. As the 
half-life of natalizumab is ~11 ± 4 days, it would 
take 2–3.5 months to naturally clear 95% of the 
drug. Modeling based on a study of PLEX in 
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patients treated with natalizumab suggested that 
five sessions would reduce serum natalizumab 
concentrations to <1 μg/mL in >95% of patients 
[95, 100]. Whether this approach is superior to 
simple drug cessation remains uncertain. Recent 
retrospective analyses have failed to support the 
use of PLEX for improving clinical outcome and 
survival [101, 102]. It is noteworthy that biologi-
cal effects of natalizumab may persist for 
6  months or more despite drug cessation [95, 
103]. Newer treatments, including antiviral 
agents, immune response modulators, and even 
immunization strategies, are currently being 
investigated and will hopefully result in some 
positive outcomes [90].

A common complication in the treatment of 
PML is PML-immune reconstitution inflamma-
tory syndrome (PML-IRIS). The majority of 
natalizumab-treated patients with PML go on to 
develop PML-IRIS upon removal of the drug 
within days to weeks. In this entity, the demyelin-
ation induced by PML is paradoxically enhanced 
by a robust immune response with macrophages 
and CD4 and CD8 lymphocytes [97]. 
Radiologically, PML-IRIS is more likely than 
PML to cause edema or mass effect and to 
enhance with contrast, particularly at the borders 
of an established PML lesion [104]. Treatment 
usually consists of high doses of corticosteroids 
followed by a prolonged taper while being mind-
ful of the potential for exacerbating any coexis-
tent infection [97]. This approach has not been 
evaluated in any controlled trials [90].

For the 80% of patients who survive PML, a 
standardized approach to resuming treatment of 
their MS does not exist. Not only are there con-
cerns about which agent to choose, but there are 
also questions regarding how long to delay 
treatment following PML.  A recent retrospec-
tive study evaluated outcomes in 23 patients 
treated with various DMTs following PML. 
Though only three patients had been treated 
with each, both dimethyl fumarate and fingoli-
mod were used without any clinical or radio-
logical worsening of PML.  Of note, the mean 
duration of treatment with both drugs was 
shorter than the mean time to PML associated 
with these drugs in the cases described thus far. 

The mean delay in switching ranged from 
2.9 months with IFN-ß 1B to 11.6 months with 
dimethyl fumarate. The length of delay should 
likely differ depending on the pre-natalizumab 
severity of disease activity [105].

While there is a need for prospective con-
trolled trials on many fronts to inform PML diag-
nosis, treatment, and resumption of MS DMT for 
PML survivors, the small population for recruit-
ment and the lack of an adequate PML animal 
model are major limitations [97]. What is per-
haps most clear at present for the successful treat-
ment of PML is the need for early detection and 
subsequently providing the immune system the 
ability to fight JCV, just not too well.

 Management of Issues Related 
to Pregnancy in MS

 Normal Pregnancy and Reproduction 
in Multiple Sclerosis

Multiple sclerosis (MS) is nearly three times 
more common in women than in men where 
onset typically occurs during childbearing years 
(20 and 40 years of age), a time when many indi-
viduals consider starting a family [106–108]. 
Many patients may wonder how MS will affect 
their ability to reproduce; thus, providers should 
thoroughly discuss pregnancy and its implica-
tions with patients and tailor specific disease 
management to the individual.

In starting this conversation, women should be 
reassured that the diagnosis of multiple sclerosis 
does not affect fertility. Studies have shown that 
MS females have normal fertility rates with no 
increase in spontaneous abortions or fetal abnor-
malities [107].

Although the etiology of MS still remains 
unclear, it is thought to involve the interaction 
between multiple genes and environmental fac-
tors [108, 109]. According to certain studies, the 
lifetime risk of developing MS in the normal 
population is about 100–300 cases per 100,000 
[110, 111]. Individuals with first-degree relatives 
with MS have a 2–4% chance for developing the 
disease, although this is much higher (up to 20%) 
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in children that are born to two MS parent [110, 
112]. MS patients should be reassured that their 
own diagnosis, however, does not increase their 
child’s risk of developing the disease. Per expert 
opinion, MS patients carry a 96% chance of hav-
ing a completely normal child [106, 110].

Prior to the 1960s, it was believed that preg-
nancy worsened the clinical progression of mul-
tiple sclerosis, and these patients were highly 
discouraged from becoming pregnant [109]. 
Instead, research in the modern era has shown 
that pregnancy is actually protective due to 
increased levels of immunosuppression and a 
state of immune tolerance [109]. Several retro-
spective and prospective studies show that preg-
nancy is associated with decreased MS relapses, 
particularly in the second and third trimesters. 
This was first demonstrated in 1998 through the 
Pregnancy in Multiple Sclerosis (PRIMS) study. 
In this trial, 254 pregnant MS patients were pro-
spectively followed and were found to have a 
70% reduction in annualized relapse rates dur-
ing their third trimester of pregnancy compared 
to their prepregnancy year [106, 108, 109, 113]. 
Reduced relapse rate during pregnancy is 
thought to be due to estriol and progesterone, 
two female sex hormones which are found in 
higher concentrations in late pregnancy. These 
hormones are thought to increase anti-inflam-
matory cytokines and reduce pro-inflammatory 
cytokines [107–109]. After delivery, there is a 
sudden decline in these hormones which most 
likely accounts for the increased relapse rates 
observed in the 3- to 6-month postpartum period 
[107, 109]. Although MS relapse rates increase 
temporarily postpartum, the PRIMS study fur-
ther showed there was no change in the overall 
course of the disease during the 3-year follow-
up period. Thus, pregnancy, delivery, and post-
partum relapse rates appear to have no effect on 
long-term MS disease progression or disability 
[108, 114].

Another common question asked by patients 
is whether babies born to MS mothers will have 
long-term health consequences compared to the 
normal population. Between 1967 and 2002, a 
study was conducted comparing birth outcomes 
in women with MS to those without by using the 

Norwegian Medical Birth Registry [108, 110, 
115]. Other than finding that MS mothers had 
higher rates of small-for-gestational age babies, 
this study showed there was no difference in 
Apgar scores, rates of birth defects, or neonatal 
mortality [108]. From this research, the general 
consensus is that babies born to MS mothers have 
no greater long-term health consequences com-
pared to the normal population [106, 108, 110, 
114, 115].

 Testing and Treatment of Acute 
Relapse During Pregnancy

When concern for acute MS exacerbation arises 
in pregnancy, providers must suggest appropriate 
testing which poses minimal to no harm on the 
developing fetus. In the past, use of MRI was 
avoided during the first trimester due to concern 
over the negative health ramifications on the 
growing baby. Instead, newer research has shown 
that non-contrast MRI poses no increased risk to 
the developing neonate and is considered safe 
throughout all stages of pregnancy. Use of gado-
linium contrast, however, is strongly discouraged 
throughout pregnancy (in any trimester) due to an 
assortment of negative effects on the fetus includ-
ing inflammatory/skin disorders, rheumatologic 
conditions, and neonatal death. Evoked poten-
tials and lumbar puncture are other tests that can 
be pursued and considered safe throughout preg-
nancy [107].

MS relapses that occur during pregnancy can 
be effectively treated with intravenous (IV) meth-
ylprednisolone but should be reserved for severe 
exacerbations and are safest when used only in 
the second and third trimesters [114]. IV steroid 
use should be avoided in the first trimester of 
pregnancy as studies have shown an increased 
risk for craniofacial abnormalities, such as cleft 
palate [107, 108, 114, 116]. Instead, relapses 
occurring in the first trimester of pregnancy can 
be effectively treated with intravenous immuno-
globulin (IVIG) as there are no effects on the 
developing fetus and very low rate of maternal 
side effects [107, 110, 111]. Testing and  treatment 
of acute MS exacerbations during pregnancy 
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should be carefully discussed with the patient 
and tailored to each individual.

 Risks of Disease-Modifying Therapy 
During Conception, Pregnancy, 
and Lactation

Risk of disease-modifying therapy (DMT) should 
be thoroughly discussed with MS patients who 
are trying to conceive or discover they are preg-
nant. Available data regarding these risks are 
mainly based on incidental exposure to the drug 
or animal research. Each DMT has varying 
effects on the growing fetus and differ in length 
of time they should be discontinued prior to 
attempts at conception [107]. There is general 
agreement from the FDA and National MS 
Society that most DMTs should not be used in 
MS patients who are pregnant or breastfeeding 
and should be discontinued at least 3 months 
prior to conception [108, 110].

IFN-βs, the oldest class of injectable DMT, 
are contraindicated in pregnancy and should be 
discontinued at least 3 months prior to concep-
tion [114]. Various animal studies show increased 
rates of miscarriage and spontaneous abortion 
with supra-therapeutic dosages (as high as 40 
times the human therapeutic dose), leading to its 
category C rating by the FDA [114]. Certain 
reports show higher incidence of low birth weight 
and premature births in women incidentally 
exposed to these agents prior to conception or 
within the first trimester of pregnancy [110, 114, 
117]. However, other studies do not confirm these 
findings such as the German Multiple Sclerosis 
and Pregnancy Registry, Betaseron Pregnancy 
Registry, or Avonex Pregnancy Exposure Registry 
[107, 114]. As a result, some providers still 
choose to continue interferon therapy up until 
conception, while others stop these agents at least 
3 months prior [110]. The exact decision regard-
ing discontinuation of therapy should be made 
between the provider and the patient and can be 
based largely on the severity of the patient’s dis-
ease [108, 110].

Glatiramer acetate (GA) is the only MS 
disease- modifying agent labelled category B. It 

does not cross the placenta and is shown to be 
safe during both pregnancy and lactation [106–
108, 114]. In animal studies and human case 
reports, exposure to this agent during concep-
tion and throughout pregnancy has shown no 
teratogenic effects to the growing fetus, includ-
ing no association with congenital abnormali-
ties, low birth weight, premature birth, or 
spontaneous abortion [107, 108, 114]. Being a 
large amino acid polymer, GA is unable to be 
absorbed through the neonatal gastrointestinal 
tract and is thus safe during lactation and breast-
feeding [114].

Fingolimod is rated category C by the FDA 
due to strong evidence showing increased terato-
genicity (cardiovascular malformations) and 
spontaneous abortions during pregnancy [106, 
107, 110, 114]. This agent has the ability to cross 
the placenta and should be discontinued at least 3 
months prior to conception [114]. Fingolimod 
takes at least 2 months to be completely elimi-
nated from the body after drug discontinuation 
[108, 110]. MS patients wanting to become preg-
nant should be counseled on the importance of 
drug discontinuation prior to conception and 
informed of its negative effects on a growing 
fetus. In over 50 human exposure cases, this 
agent was associated with high rates of cardio-
vascular fetal malformations at birth including 
Tetralogy of Fallot, persistent truncus arteriosus, 
ventricular septal defects, and even fetal death 
[114, 118]. When used during conception and 
pregnancy, fingolimod likely precipitates cardio-
vascular malformations due to its action on spe-
cific sphingosine-1-phosphate receptors, which 
are involved in fetal angiogenesis [110]. As this 
drug is also secreted in breast milk, breastfeeding 
while using fingolimod is strongly contraindi-
cated [114].

Dimethyl fumarate has been labeled category 
C by the FDA due to animal studies showing 
increased embryonic lethality at supra- therapeutic 
dosages (two times higher than the approved 
human dose) [114]. Limited data exists on the 
effects of this drug when taken during or after 
conception. However, no adverse effects were 
found in a case series of 45 women who were 
incidentally exposed to this therapy during the 
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first trimester of pregnancy [114, 119]. Despite 
this, based mainly on animal studies, consensus 
recommendations are to stop this DMT 3 months 
prior to conception. Due to its short half-life, at 
least 1 month is indicated prior to discontinua-
tion. As effects on the growing neonate remain 
unclear, women are further advised to avoid 
breastfeeding while on this medication [114].

Teriflunomide is contraindicated during con-
ception, pregnancy, and lactation. Due to its 
mechanism of action (inhibition of pyrimidine 
synthesis), this drug has increased teratogenicity 
during embryogenesis and is labeled category X 
by the FDA [107, 110, 114]. In animal studies, 
teriflunomide was able to cross the placenta and 
caused multiple fetal abnormalities (craniofacial, 
axial, and appendicular skeletal malformations) 
at doses lower than those used for MS therapy 
[114, 120]. However, human exposure studies 
have not shown serious malformations or 
increased rate of spontaneous abortions com-
pared to the general population [107, 110]. 
Despite this, caution when using teriflunomide is 
still advised. A pregnancy test should be adminis-
tered prior to initiation of this agent in female MS 
patients, and it should not be used in patients with 
unreliable methods of contraception [107, 114]. 
Moreover, small amounts of this drug are found 
in male semen, although it is not known to dam-
age human sperm or affect male fertility [110, 
114]. Because of its long half-life, teriflunomide 
may stay in a patient’s body between 8 months 
and 2 years after drug cessation. Because of this, 
discontinuation of the drug is advised at least 2 
years prior to conception and pregnancy in both 
male and female patients [110, 114]. In cases of 
unplanned pregnancy or conception desired 
within 1 year of DMT, the rate of drug elimina-
tion from the body can be increased with use of 
cholestyramine or activated charcoal [107, 110, 
114]. Teriflunomide has also been detected in rat 
milk and is thus contraindicated during breast-
feeding [110, 114].

Alemtuzumab is an anti-CD52 humanized 
monoclonal antibody labeled category C by the 
FDA.  In animal studies, early use of alemtu-
zumab during conception and pregnancy leads to 
increased rates of fetal loss and decreased lym-

phocytes in offspring upon birth [121]. In a case 
series involving over 130 pregnant women (where 
conception occurred at least 4 months after last 
alemtuzumab infusion), there was no evidence of 
increased spontaneous abortions or birth defects 
[114, 120]. Since this drug has been found in 
milk of lactating mice, breastfeeding is strongly 
contraindicated [114].

Natalizumab is considered category C by the 
FDA, and consensus recommendations include 
discontinuation of this DMT 3 months prior to 
conception and during breastfeeding [107, 110, 
114]. In animal studies, supra-therapeutic doses 
were shown to decrease fertility and reduce neo-
natal survival [114]. In humans, the Tysabri 
Pregnancy Exposure Registry, which enrolled 
369 MS patients exposed to the drug, showed 
minimal increase in spontaneous abortions and 
fetal malformations when compared to the gen-
eral population. However, transient hematologic 
abnormalities were observed in patients with 
severe MS who were on this medication during 
the second and third trimesters of pregnancy 
[107, 110, 114]. This DMT has been found in 
breast milk and should be avoided during breast-
feeding [110, 114].

Rituximab (an anti-CD20 chimeric monoclo-
nal antibody) and ocrelizumab (the humanized 
version of rituximab) are labeled category C by 
the FDA [114]. Animal studies demonstrate that 
rituximab crosses the placenta but show no 
increased risk of spontaneous abortions or terato-
genicity. However, transient B-cell depletion was 
observed in newborns when mothers were 
exposed to the drug during the second or third 
pregnancy trimesters [114, 122]. Ocrelizumab is 
a relatively newer agent with limited information 
available regarding its effect on the developing 
fetus and on the neonate while breastfeeding. 
Due to its unknown effects, patients are currently 
advised to discontinue treatment 6 months prior 
to conception and to avoid use while breastfeed-
ing [114].

All chemotherapeutic agents are contraindi-
cated in pregnancy and lactation and should be 
discontinued at least 3 months prior to  conception. 
Mitoxantrone and azathioprine are placed in FDA 
category D where azathioprine has been associ-
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ated with increased risk of intrauterine growth 
retardation [108, 110]. Methotrexate (FDA cate-
gory X) is known to be teratogenic and carries a 
high risk of spontaneous abortion [108, 110].

Overall, choosing when to discontinue 
disease- modifying agents prior to conception can 
be a difficult decision for many patients with MS 
due to the risk of relapse that may occur if ther-
apy is held for a prolonged period [114]. For MS 
patients hoping to become pregnant, a visit 
should be scheduled at least 6 months to 1 year 
prior to conception to discuss the various risks 
and benefits of DMT [107]. The risk of relapse 
due to DMT discontinuation can often be offset 
by the reduced rate of relapse during pregnancy 
[107]. Regardless of the DMT, advice must be 
tailored to each individualized patient.

 Managing Postpartum Relapse

Although MS relapse rates are known to decrease 
during pregnancy, numerous studies have shown 
higher rates of relapse in the 3 months postpar-
tum [109, 110]. Acute disease exacerbation dur-
ing this period has the potential to worsen 
postpartum depression or can interfere with the 
developing bond between both mother and child 
[110]. Three variables correlate with increased 
postpartum relapse: increased relapse rate in the 
year prior to pregnancy, increased relapse rate 
during pregnancy, and a higher Expanded 
Disability Status Scale score at pregnancy onset 
[109, 114]. In turn, women on DMT prior to or 
during conception and throughout pregnancy 
have shown lower relapse rates than those not on 
therapy [109]. Acute exacerbation in the postpar-
tum period can effectively be treated with intra-
venous methylprednisolone [110, 123]. This is 
considered safe when breastfeeding as only 
small concentrations pass into milk from mother 
to child [123]. Based on retrospective studies, 
intravenous immunoglobulin can also be admin-
istered postpartum with no adverse effects and 
the ability to reduce relapse rates by about 50% 
[110, 124].

Limited evidence and no clear consensus exist 
on how to prevent postpartum relapse [109, 110]. 

After delivery, many practitioners decide to 
resume DMT; however, the optimal time to restart 
these agents remains unclear [109]. As discussed 
earlier, many maintenance therapies are contrain-
dicated during breastfeeding. Although it is gen-
erally recommended to resume DMT in patients 
with highly active disease prepregnancy, there is 
evidence that exclusive breastfeeding reduces 
MS relapse [108, 125, 126]. A prospective study 
showed fivefold relapse rate reduction in patients 
who exclusively breastfed in the 2-month post-
partum period [108, 110, 126]. However, earlier 
studies suggested no effect on postpartum relapse 
rates during lactation. Although this is still an 
area of controversy, the decision regarding 
breastfeeding versus reinitiation of DMT should 
be tailored to the individual and thoroughly dis-
cussed between patient and provider [108, 110].

 Use of Medical Marijuana 
in Multiple Sclerosis Patients

Although cannabis has been used medicinally for 
thousands of years, evidence of its role in the 
treatment of multiple medical and psychiatric 
disorders has only recently begun to accumulate. 
Over the last several decades, many randomized 
clinical trials (RBCs) have attempted to test the 
effectiveness of cannabinoid-based medications 
in treating neuropathic pain, cancer pain, inflam-
mation, spinal cord injury, spasticity in multiple 
sclerosis (MS), and other conditions [127]. 
Notably, most of these novel medications still 
lack government approval, which limits their 
clinical usage. Nonetheless, there is both anec-
dotal and scientific evidence that cannabis extract 
or cannabinoid-based medication may be benefi-
cial in managing symptoms such as spasticity, 
chronic pain, and bladder function and may 
improve overall quality of life [128].

In the United States, about 20% of MS patients 
either inhale or ingest cannabis, while an esti-
mated 1–4% of MS patients in the United 
Kingdom and 14–16% of patients in Canada use 
cannabinoid-based medications [129, 130]. 
Cannabinoids come in multiple formulations 
aside from inhaled marijuana. Cannabis extract, 
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dronabinol (Marinol), and nabilone (Cesamet) 
are orally administered, while nabiximols 
(Sativex) is administered through an oromucosal 
spray [131]. More than 60 cannabinoids have 
been identified from the Cannabis sativa flower-
ing plant, with delta-9-tetrahydrocannabinol 
(THC) and cannabidiol (CBD) being the major 
compounds [132]. The effects of cannabinoids 
are mediated through G protein-coupled recep-
tors, specifically CB1 and CB2. Receptor activa-
tion inhibits adenylate cyclase, which converts 
cAMP to ATP and inhibits the release of neu-
rotransmitters such as acetylcholine, dopamine, 
and glutamate [131]. The highest density of CB1 
receptors is found in the cerebral cortex, cerebel-
lum, basal ganglia, and hippocampus, while CB2 
receptors are found not only predominantly in 
lymph tissue but also in the periaqueductal gray 
and other brain regions [131, 133, 134]. 
Cannabinoids also have indirect effects on opiate, 
serotonin, NMDA, and gamma-aminobutyric 
acid, which help explain the various physiologic 
responses seen with cannabis use [131].

THC is a partial CB1 receptor agonist shown 
to induce psychotic activity, analgesia, muscle 
relaxation, and hunger [135]. CBD, on the 
other hand, is a CB1/CB2 receptor antagonist 
with antipsychotic activity and has been shown 
to have anxiolytic, antioxidant, neuroprotec-
tive, and anticonvulsant effects [135]. Genetic 
knockout mice studies have demonstrated the 
neuroprotective effects of cannabinoids [136]. 
In relation to MS in particular, knockout mod-
els have shown that cannabinoids may improve 
inflammation, increase re-myelination of 
axons, and decrease apoptosis of oligodendro-
cytes [136].

The evidence around using cannabinoids as a 
therapeutic treatment for symptoms of MS is lim-
ited. However, a systemic review conducted by 
Nielsen et al. in February 2018 synthesizing the 
findings from high-quality 11 systemic reviews 
and 32 studies examining the efficacy and safety 
of cannabinoid use in MS found evidence that 
cannabinoids have modest efficacy in treating 
spasticity and chronic pain [137]. A meta- analysis 
of moderate-certainty evidence conducted by da 
Rovare et  al. in 2017 including 16 placebo- 

controlled RCTs (2597 patients) found that can-
nabinoid use in MS patients is associated with 
non-statistically significant improvements in 
spasticity, cognitive function, and pain [128]. A 
systemic review and meta-analysis of the benefits 
and adverse events of cannabinoids for medical 
use conducted by Whiting et al. in 2015 including 
79 RCTs (6462 patients) found that cannabinoid 
use in MS patients was correlated with non- 
statistically significant improvements in spastic-
ity and chronic neuropathic pain [138]. Lastly, a 
systemic review of the safety and efficacy of can-
nabinoids in the treatment of MS and other neu-
rological disorders conducted by Koppel et al. in 
2014 found that cannabis extract is effective and 
nabiximols and THC are probably effective in 
reducing patient-centered measures of spasticity, 
central pain, and painful spasms [131].

Although spasticity affects the majority of MS 
patients at some point in their disease course, 
conventional antispastic agents are often not effi-
cacious or have intolerable side effects. Currently, 
Sativex, which contains CBD and THC in a 1:1 
ratio, is the only commercially available formula-
tion of cannabinoids available to MS patients 
who have spasticity refractory to first-line anti-
spastic therapies. A literature review by Giacoppo 
et  al. found that Sativex is effective in treating 
spasticity and also improves quality of life. In 
addition, it has a low incidence of adverse effects. 
Additionally, a double-blind, placebo-controlled 
RCT conducted by Markovà et al. in 2018 found 
that using Sativex as an add-on therapy improved 
spasticity significantly more than adjusting con-
ventional antispastic agents in resistant MS spas-
ticity (p < 0.01) [138, 139].

Notably, research has consistently demon-
strated that when compared to treatment with pla-
cebo or usual care, cannabinoids are associated 
with a significantly greater number of adverse 
effects such as headaches, dry mouth, dizziness, 
nausea, and somnolence [128, 138]. In addition, 
preliminary research with fMRI  suggests that 
smoked cannabis may compromise information 
processing speed and memory, but in the absence 
of a high-quality clinical trial, the effects of can-
nabinoids on cognition are unknown [130]. 
Importantly, the side effects associated with can-
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nabinoid use are considerably more tolerable than 
the side effects of conventional antispastic thera-
pies such as baclofen, benzodiazepines, gabapen-
tin, and tizanidine [128].

In summary, there is limited data on topics 
surrounding cannabis use in patients with MS 
despite the high prevalence of cannabinoid- 
related medications in the MS population across 
the globe. There is both anecdotal and scientific 
evidence that cannabis extracts may be effective 
in providing symptom relief for MS patients; 
however, more evidence in the form of large- 
scale RCTs is needed to better understand the 
effectiveness of cannabinoids in treating patient 
outcomes such as spasticity, pain, cognition, and 
bladder function. The classification of marijuana 
as a Schedule I drug in the United States makes 
research into its effects on MS and other neuro-
logical conditions more complicated, although 
more and more states are legalizing medical use 
of marijuana. Ultimately, it is up to individual 
physicians to weigh the constellation of evidence 
related to cannabinoid use and determine, for 
themselves, the role cannabis may play in patient 
care within the MS population.
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 Introduction

Though still under-recognized, pediatric multiple 
sclerosis (MS) has been the subject of consider-
able clinical research since its special diagnostic 
challenges were first described over a decade 
ago. The International Pediatric Multiple 
Sclerosis Study Group (IPMSSG), established in 
2004, has continued to clarify the frequency and 
treatment patterns of MS in children worldwide. 
A defining feature of childhood MS and demye-
linating disease, in general, is the narrow window 
between environmental and biologic triggers and 
clinical expression of disease. Specifically, the 
interaction between genetic predisposition and 
environmental factors remains a growing area of 
interest. While management is complicated by a 
lack of pediatric pharmaceutical controlled trials, 
immunomodulatory therapy in adults has been 
clinically applied to children successfully over 
the years. Recently there has been a major effort 

in studying disease-modifying therapy (DMT) in 
children in part due to incentives provided to 
industry coming from regulatory authorities if 
companies submit a pediatric investigational 
plan. This review will summarize key features in 
the current evaluation and treatment of a now 
increasingly reported condition.

 Demographics Profile

An estimated 2.7–5.4% of all MS patients expe-
rience their first attack before 18 years of age 
[1–8]. The frequency of disease is much lower 
among young children (age 10 and younger)—
estimated to be 0.2–0.7% of all MS cases [4, 5, 
7, 9, 10]. Prospective studies have helped to 
confirm the reliability of previous retrospective 
reports, offering incidence rates as opposed to 
estimations of prevalence. One such study in 
Canada found initial demyelinating events 
(IDE) of childhood to occur at an incidence rate 
of 0.9/100,000 [11]. The frequency of pediatric- 
onset MS in the world population has been 0.2–
0.8/100,000 compared to adult onset which has 
a global median estimated incidence of 
2.5/100,000 [11–16]. One interesting epidemi-
ological outlier has been the population of the 
island of Sardinia located off the Italian coast, 
reporting a pediatric incidence of 2.85/100,000, 
which would make it among the highest rates in 
the world [17].
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Presenting characteristics have been relatively 
consistent across numerous studies. The majority 
of those with pediatric MS are adolescents, and 
in a prospective US study of pediatric MS cases, 
72% of children with MS developed symptoms at 
12 years of age and older [18]. In general, female 
preponderance has been shown to increase with 
age, with the female to male ratio being almost 
equal at 0.8:1 before the age of 6 and then climb-
ing steadily until adolescence with a ratio of 2:1 
for an onset over 10 years of age [19]. This fea-
ture implies a hormonal influence on the risk of 
developing MS and continues to be an active area 
of research.

There is also increasing interest in the racial 
and ethnic diversity exhibited by younger MS 
patients. African Americans represent a higher 
proportion of pediatric-onset MS compared to 
the adult-onset population. Additionally, African 
American patients can have a more severe pre-
sentation and course compared to their Caucasian 
counterparts [7, 19]. A US multiethnic study 
found the incidence rate of pediatric MS to be 
0.51/100,000. In this cohort, black children were 
more likely to experience a pediatric acquired 
demyelinating condition compared to white chil-
dren [12]. Among those with pediatric MS evalu-
ated across nine geographically diverse sites in 
the USA, a high proportion were found to have 
one or more foreign-born parents (39%) [18]. 
The clinical significance and explanation for 
these demographic differences need further 
exploration.

 Risks Factors for Developing MS 
and Pathogenesis

Certain biologic, genetic, and environmental risk 
factors have been identified for both the adult and 
pediatric onset of MS and should be considered 
when evaluating inflammatory demyelinating 
syndromes in general. One theory as to why MS 
affects so few children compared to their adult 
counterparts is that they might need to be exposed 
to a greater risk factor load, leading to earlier 
development of disease.

The primary genetic risk profile identified in 
both adults and children involves the human leu-
kocyte antigen (HLA) system which relates to 
immune function in general. There is a genetic 
predilection for the HLA DRB1∗15 group of 
alleles in pediatric and adult patients with MS 
[20, 21]. Interestingly, HLA DRB1 risk positivity 
is less frequent in non-European populations, 
suggesting a greater role for environmental or 
epigenetic factors in those pediatric MS patients 
who relocate from low-incidence areas.

Regarding environmental risk in children, 
vitamin D stands out as likely playing a role 
both in disease prevention and further modifica-
tion of disease course. Vitamin D concentrations 
are commonly lower than expected among 
young people with MS [22], and in one Canadian 
study, levels at the time of any acquired demye-
linating syndrome (ADS) onset were inversely 
associated with the likelihood of developing MS 
[23]. Also of interest, among the several envi-
ronmental risk factors identified, only vitamin D 
insufficiency has been shown to affect disease 
course. Among those with early pediatric-onset 
MS, increases in vitamin D level were associ-
ated with a 34% reduction in the risk of subse-
quent relapses [24]. Given the known association 
between vitamin D and relapse rate and the 
interaction of this relation with genetic back-
ground, it is possible that vitamin D supplemen-
tation may be more effective in preventing 
relapses in those with a positive HLA DRB1∗15 
genotype [25, 26].

Risk factors such as geographic origin, smok-
ing exposure, obesity, and prior Epstein-Barr 
virus (EBV) infection have been demonstrated in 
children as they have in adult populations. 
Interestingly, unlike adults with MS who are 
more likely to report European heritage, pediatric 
patients are more likely to report Caribbean, 
Asian, or Middle Eastern ancestry [27]. Moderate 
and extreme obesity has also been shown to spe-
cifically increase the risk of MS among adoles-
cent girls [28]. Some gene variants associated 
with obesity interact with age which may explain 
why body mass index (BMI) plays a greater role 
in adolescent-onset vs. adult-onset MS [29].
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The role of viral infections continues to be a 
difficult area of research, particularly regarding 
the complex gene-gene and gene-environment 
interactions known to exist. For example, in a 
case-control study involving 189 patients with 
early pediatric MS, remote EBV was associated 
with increased risk for MS, while on the other 
hand, cytomegalovirus (CMV) infection was 
associated with lower risk [30]. Paradoxically 
herpes simplex virus-1 (HSV-1) was associated 
with increased odds of MS but only when com-
bined with negative HLA allelic risk and decreased 
odds when paired with positive HLA status [31].

There is an additive interaction between EBV 
and HLA positivity in adults in that genetically 
susceptible individuals with a history of EBV 
exposure were at a 7.0-fold increased risk for 
developing MS compared to non-EBV-exposed 
individuals of a similar genotype [32]. A similar 
interaction has been suggested in children in 
whom EBV humoral antibody response was 
greater in the setting of positive HLA status [31]. 
The combined effect of HLA risk and early EBV 
exposure does not necessarily confer greatest MS 
risk, with one study examining the “hygiene 
hypothesis” showing low infant EBV exposure 
(prior to age 6) and HLA positivity together actu-
ally increase risk of disease [33]. Additional 
gene-environment interactions need to be stud-
ied, to further shed light on the nature and bene-
fits of early immune priming in the context of 
genetic susceptibility.

 Definitions

Various definitions for pediatric MS have been 
proposed to facilitate research and to facilitate 
clinical diagnosis. Careful consideration is 
needed in order to distinguish syndromes of acute 
disseminated encephalomyelitis (ADEM) from 
MS, and criteria have undergone revision from 
when first proposed in 2007 to more recent ver-
sions in 2013 and 2016 [34–36]. The main point 
is that a patient presenting with ADEM who has 
subsequent clinical and radiologic events can be 
reclassified as MS.

Adult diagnostic tools such as 2010 McDonald 
criteria, though applicable in children, need to be 
used cautiously in very young patients [37–42]. 
The revised 2012 International Pediatric MS 
Study Group (IPMSSG) definitions, largely 
based on the 2010 McDonald criteria, allow for 
earlier diagnosis in children (at the time of first 
clinical attack) when MRI features fulfill specific 
dissemination in space (DIS) and dissemination 
in time (DIT) criteria [40]. Revisions and special 
considerations were made in 2016 with respect to 
clinical situations not conforming to current defi-
nitions. A major consideration continues to be the 
subgroup of children younger than 12 years who 
present differently than those 12 and older in 
terms of both clinical and MRI features [38–41].

Whether the most recent revision of the 
McDonald criteria in 2017 can be applied to all 
children is controversial, although preliminary 
reviews seem positive for adolescents [43]. The 
latest criteria which allow the presence of cere-
bral spinal fluid (CSF) oligoclonal bands (OCBs) 
to substitute for DIT in clinically isolated indi-
viduals still need to be approached carefully in 
young children, given that OCBs are known to be 
present in a variety of childhood neurological 
disorders [44, 45].

 Risks for Developing MS After 
an Initial Demyelinating Event (IDE)

Determining whether a child with an IDE will go 
on to have recurrence can be very challenging. The 
clinician must consider whether a first-time epi-
sode of optic neuritis (ON) or ADEM represents a 
polyphasic disease process. Several studies from a 
variety of countries have addressed this issue and 
have suggested various features that may help in 
making the ultimate diagnosis of MS.  Table  9.1 
summarizes these features [46–48].

A prospective study of 296 pediatric IDE 
patients found that after a mean observation 
period of 2.9  years, 57% experienced two or 
more episodes of demyelination [48]. Factors 
associated with an increased risk for a second 
attack and an outcome of MS included age over 
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10 years, family history of CNS demyelination, 
optic neuritis, lack of change in mental status, 
and lack of isolated myelitis [49, 50]. Children 
presenting with a clinically isolated syndrome 
(CIS) and abnormal MRI (more than one high T2 
signal) are more likely to develop relapsing 
remitting disease than children presenting with 
ADEM [49]. A large 2017 prospective study of 
>700 children with CIS further confirmed many 
of these findings in addition to showing that 
female patients and those with multifocal disease 
onset were at increased risk for a second attack, 
independent of DMT exposure [51].

As shown in Table  9.1, additional features 
suggestive of future MS following an IDE include 
a monofocal rather than polyfocal onset, absence 
of seizures, and lack of meningismus. Children 
who go on to develop MS are more likely to have 
positive OCBs in the CSF and an elevated IgG 
index [46–48, 52].

Additional MRI features at the time of clinical 
presentation which are associated with pediatric 
MS include the following: two or more periven-
tricular lesions, presence of black holes, lesions 
that are discrete rather than diffuse, and addi-
tional lesions that involve a juxtacortical, 
infratentorial, or spinal cord location [53, 54].

While, in general, a change in mental status 
goes along with a self-limiting event, this is not a 
universal finding. As noted in a study from the 
Netherlands, there was no significant difference 
in developing MS in children with ADEM-like 
presentations with or without encephalopathy 
[47]. While most patients with encephalopathy (a 
defining feature of ADEM) have self-limited dis-
ease, 5–29% of pediatric patients meeting 2007 

IPMSSG criteria for ADEM will go on to have 
recurrent episodes of CNS dysfunction and be 
reclassified as MS [19, 47, 48, 50, 51, 55, 56].

Radiologically isolated syndrome (RIS) has 
also received increased attention with researchers 
looking at clinical and radiologic outcomes in 
children who are incidentally found to have neu-
roimaging findings suggestive of demyelinating 
disease. In one retrospective pediatric study, as 
was found among adults with RIS, the presence 
of CSF oligoclonal bands and spinal cord lesions 
on MRI was associated with increased risk for a 
first-time clinical event with a median time inter-
val of 2 years following an RIS diagnosis [57].

As with adults, pediatric ON when associated 
with an abnormal brain MRI is associated with an 
increased likelihood of MS [58]. In a large sam-
ple of 357 children with isolated optic neuritis, an 
abnormal cranial MRI, presence of CSF oligoclo-
nal bands, and age were independent predictors 
of ultimate MS diagnosis [59]. The MS-confirming 
attack can occur many years after the initial event 
and the risk of MS increases with time [47, 60]. 
There is conflicting data as to whether bilateral 
relative to unilateral ON increases the risk of MS 
[58, 61].

 Clinical Features

Children with MS can present with a variety of 
symptoms including ON, sensory deficits, weak-
ness, gait disorders, and brainstem-related dys-
function. They are commonly polysymptomatic 
(50–70%), though a monosymptomatic (30–
50%) presentation is not uncommon [5, 48, 62]. 
Of the children with a monosymptomatic presen-
tation, 30% will have motor symptoms, 30% sen-
sory symptoms, 25% brainstem symptoms, 
10–22% present with ON, and 5–15% with ataxia 
[48, 63, 64]. Isolated transverse myelitis is seen 
in less than 10% [1, 2, 48]. Seizures are estimated 
to occur in 5% [65]. Following CIS, a second 
clinical event follows typically between 11 and 
71 months later [6, 9, 53, 64, 65].

Optical coherence tomography (OCT) can be 
used to assess retinal changes in pediatric MS in 
that there is a significant decrease in mean retinal 

Table 9.1 Features of a childhood initial demyelinating 
event associated with a subsequent MS diagnosis

Monofocal onset
Family history of CNS demyelination
Absence of preceding infection
Optic neuritis (ON)
Absence of encephalopathy
Absence of seizures
Absence of meningismus or fever
MRI suggestive of MS
Intrathecal oligoclonal bands
Elevated IgG index
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nerve fiber layer (RNFL) thickness in those with 
a history of MS and ON compared to that of 
healthy controls. Whether or not mean thickness 
is also decreased in those children with MS and 
no history of ON remains a topic of debate. In 
general, OCT is thought to be a useful confirma-
tory test for clinical history of ON. Unlike visual 
evoked potentials (VEP), OCT may infrequently 
identify retinal abnormalities in pediatric-onset 
MS patients without history of clinical optic 
nerve involvement [66, 67].

Several clinical features differ among 
younger (usually 10 years and under) children 
relative to postpubertal or adolescent MS 
patients. Younger patients have more seizures, 
more frequent ON, more brainstem or cerebellar 
involvement, and less spinal cord presentations. 
Younger patients also have more confluent dis-
ease on MRI and lesions that tend to vanish 
more quickly [19, 46, 53, 68, 69]. Those under 
the age of 12 compared with those 12 years and 
older had a longer relapse-free interval and 
lower number of relapses in the first 2 years [9]. 
CSF in younger children is less often oligoclo-
nal band positive, and less often shows an ele-
vated IgG index, but has a higher proportion of 
neutrophils [18, 70].

A number of individuals with pediatric MS 
experience cognitive slowing, fatigue, and mood 
problems. The overall frequency of poor perfor-
mance on cognitive tests in research studies has 
been between 29% and 41% depending on the 
patients evaluated and the nature of the neuro-
psychological test battery [71–73]. Useful 
screening measures include the Symbol Digit 
Modalities Test (SDMT), the Brief International 
Cognitive Assessment for MS (BICAMS) 
adapted for children and adolescents, and com-
puter-administered batteries such as the Cogstate 
Brief Battery [74, 75]. The course of cognitive 
change is unclear with some suggesting worsen-
ing function over time and others finding either 
little change over short intervals or what is per-
haps most likely failure to achieve age-expected 
gains [76–78].

Mood problems can be diverse and include 
anxiety, depressive symptoms, and other symp-
toms. In general, there appears to be a pattern for 

elevated symptoms of psychological distress 
rather than one major psychiatric disorder [79]. 
However, depression and anxiety are the most 
frequent problems and appear to be more often 
found in those with cognitive impairment.

Fatigue and excessive sleepiness may also be 
challenging. Parents in one study were more con-
cerned about fatigue than were the patients. 
Others have not found major differences from 
controls on fatigue measures [77, 80].

 Prognosis

Over time, children with MS if untreated con-
tinue to relapse and can accumulate increasing 
disability. Annual relapse rates vary from 0.5 to 
2.8 depending on differences in study design 
(prospective vs. retrospective) and duration of 
follow-up [6, 7, 67, 81]. Overall, when compared 
with adults, children with MS have a higher rate 
of relapse within the first 2 years of disease but 
progress more gradually [5, 53, 64].

Overall, with increasing time, disability accu-
mulates, and in one prospective study of 54 chil-
dren, the mean EDSS was 3.8 after a period of 
10 years. In several retrospective studies, the time 
to reach an EDSS of 6.0 from diagnosis varied 
from 19 to 29 years [9, 82]. Although time to con-
version to secondary progressive disease is about 
two times longer in pediatric compared to adult 
MS, the median age at conversion is lower for 
those with pediatric onset suggesting the serious-
ness of early disease [5, 9].

Features associated with a more severe prog-
nosis include female sex, less than 1-year time 
interval between the first and second attack, the 
absence of encephalopathy at disease onset, and 
secondary progressive disease. In a prospective 
study of 197 children with an IDE, severe dis-
ease outcome was noted in 73% when this was 
defined by the occurrence of a third clinical 
event or a persistent EDSS of four or more [53]. 
In other studies, the accumulation of disability 
within the first year of disease onset or a high 
frequency of relapses within the first 2 years of 
onset has been associated with higher EDSS 
scores [64].
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 Differential Diagnosis

Since progressive MS is extremely rare in pediat-
ric MS, any child with a history of progressive 
cognitive or motor decline should be evaluated 
for conditions other than MS.  In contrast, a 
relapsing-remitting course with dissemination in 
time and space is an essential feature to the diag-
nosis of MS, as well as absence of non- 
neurological involvement or systemic disease. 
Numerous diseases may still mimic MS. Lesion 
pattern and distribution on MRI as well as clini-
cal course and risk factors should be carefully 
considered to help exclude these diseases. NMO 
and MOG (myelin oligodendrocyte glycopro-
tein) antibody syndrome are two important mim-
icking entities which can be diagnosed through 
serological testing. Below is an overview of some 
of the more common disorders which need to be 
considered in the differential diagnosis of MS in 
children.

 Acute Disseminated 
Encephalomyelitis (ADEM)

The first demyelinating event of MS can be per-
haps the most difficult diagnosis to differentiate 
from ADEM. The challenge is due to the general 
understanding that the younger the patient, the 
more likely they are to present with ADEM as 
their initial event [11, 83]. Similarly, the younger 
the patient, the more likely it is that ADEM will 
be the first manifestation of MS and likely other 
CNS demyelinating disorders as well.

As shown in Table 9.2, there are certain clini-
cal CSF and radiological features more in favor 
of ADEM compared with MS. ADEM presents 
with multiple CNS lesions corresponding to neu-
rological deficits, due to a post- or para-infectious 
demyelinating process [68]. CSF OCB are less 
common and certain MRI features help distin-
guish ADEM from MS.  Unfortunately, there is 
no biomarker that can help to differentiate mono-
phasic ADEM from monophasic CIS or MS.

The increasingly recognized condition of anti- 
MOG syndrome is interesting in the context of 
childhood ADEM in that a significant number of 

cases that would have commonly been referred to 
as classic monophasic ADEM transiently test 
positive for MOG antibody [84–87]. The signifi-
cance of this transient positivity is unknown, and 
furthermore the persistence of this antibody 
beyond the event (6 months or more) is not well 
understood, particularly in children who first 
present with ADEM.

Pathologically, ADEM represents a more 
localized pathological process with limited focal 
demyelination restricted to a perivenular location 
with macrophages and lymphocytes. In contrast, 
the multifocal demyelination in MS is more con-
fluent and extensive with more macrophages 
[88]. Consistent with the pathology, on neuroim-
aging using magnetization transfer, the normal- 
appearing white matter (NAWM) appears intact 
in ADEM where it is not in MS [89].

The International Pediatric MS Consensus 
definitions provide provisional diagnostic criteria 
for MS, ADEM, and other acquired demyelinat-
ing disorders of the central nervous system (CNS) 
[90]. The criteria for ADEM require multifocality 
and encephalopathy; however, this definition is 
likely to be too restrictive as some multifocal 
non-encephalopathic patients have a self-limited 
disease course as would occur in ADEM [47]. 
ADEM often includes prominent involvement of 
both white and gray matter on brain MRI. Rarely, 
a second inflammatory event may rarely be seen 

Table 9.2 Features more common in ADEM vs. MS

Clinical
  Younger age group (<10 years)
  Recent viral infection or vaccination
  Encephalopathy/meningismus
  Bulbar symptoms
  Seizures
  Single event which can fluctuate over 12 weeks
CSF
  Pleocytosis/lymphocytosis
  Elevated protein
  Absent oligoclonal bands
MRI
  Diffuse large bilateral lesions
  White and gray matter involvement
  More deep gray nuclear involvement
  Normal-appearing white matter (NAWM) intact
  Absent T1 black holes
  Lesions typically resolve
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in ADEM variants such as recurrent ADEM or 
multiphasic ADEM.  However, unlike an MS 
attack, encephalopathy is present, and the MRI 
shows characteristic features of ADEM as 
described below. The disease is subsequently 
self-limited without further events after the sec-
ond episode [68, 80].

In a retrospective chart review study, compar-
ing ADEM and MS, patients with ADEM were 
more likely to have nonspecific symptoms such as 
fever, headache, vomiting, meningismus, enceph-
alopathy, and bulbar symptoms such as dysarthria 
and dysphagia [91]. A history of recent viral ill-
ness or vaccination usually is typically elicited in 
ADEM.  Other important features include sei-
zures, cranial neuropathies, and optic neuritis [46, 
47, 92]. CSF studies tend to show a mild leukocy-
tosis, elevated protein, and a lower frequency of 
OCB compared with MS. Finally, ADEM is much 
more likely in young children and much less fre-
quent in those who are adolescents.

Typically, the MRI in ADEM demonstrates 
multifocal lesions with indistinct margins distrib-
uted throughout the cerebral gray and white mat-
ters. Additional MRI features favoring ADEM 
are the presence of diffuse bilateral lesions, lack 
of two or more periventricular lesions, and lack 
of black holes. Efforts have been made to more 
formally distinguish MS and ADEM radiologi-
cally [93].

Differentiating ADEM from MS is particu-
larly challenging in youngsters less than 10 years 
of age. In this subgroup, even though the children 
are destined to have MS, sometimes their initial 
MRI picture closely resembles ADEM.  Often 
time and subsequent changes on MRI or clinical 
course reveal the correct diagnosis [94]. In the 
absence of a specific biomarker for either ADEM 
or MS, assessment of the paraclinical data and 
clinical course remain the most critical tools for 
making the distinction.

 Neuromyelitis Optica (NMO)

Another inflammatory disorder of the CNS that 
can mimic MS is neuromyelitis optica (NMO), 
formerly referred to as Devic’s disease. The crite-

ria for the diagnosis require optic neuritis and 
transverse myelitis and either a longitudinally 
extensive lesion on spinal cord MRI or a positive 
NMO-IgG antibody titer [80]. The presence of 
brain involvement is not uncommon in children 
and does not exclude the diagnosis [95]. This dis-
order is discussed in detail in a separate chapter.

 Myelin Oligodendrocyte 
Glycoprotein (MOG) Antibody 
Syndrome

Since at least 2003, MOG antibodies have been 
associated with a variety of demyelinating dis-
eases [96]. Improvements in the assay, however, 
have led to greater specificity and sensitivity. In 
general, persistent MOG Ab positivity is more 
typical of a non-MS outcome in children [74–77]. 
Antibodies have been detected in 18–35% of 
children with a first-time episode of acute demy-
elinating disease [74, 75, 97]. The significance of 
its occasional presence in children presenting 
with ADEM is unclear since seropositivity is 
often transient [74–77]. In some studies, some 
pediatric patients with a diagnosis of MS have 
detectable antibodies [98].

In a comprehensive study of 327 MOG sero-
positive patients with symptom onset ranging 
from 1 to 81 years, a subgroup had longitudinal 
serologic studies and persistence of antibody was 
associated with recurrent disease. It is unclear 
how many young children with ADEM were rep-
resented within this subcohort; however, the 
authors conclude that it may be worth consider-
ing treatment in any patient with persistent anti-
body beyond 6  months given the likelihood of 
relapse suggested by this data. Subjects within 
the same cohort who seroconverted to negative 
antibody status interestingly did not go on to 
have relapses [99].

 Infection and Other Disorders

Fever and CSF leukocytosis are the hallmarks of 
encephalitic or meningoencephalitic infectious 
processes in patients with acute presentations. 
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CNS Lyme disease may manifest with multifocal 
white matter lesions and rarely a seemingly 
relapsing/remitting clinical course. Other infec-
tions to exclude would be HIV encephalomyeli-
tis, HTLV-1, neurosyphilis, progressive 
multifocal leukoencephalopathy (PML), 
Whipple’s disease, and subacute sclerosing 
panencephalitis.

 Vascular and Inflammatory Disorders

CNS vasculitis and other autoimmune disorders 
can be difficult to distinguish from MS. The pres-
ence of systemic signs, abnormal serology, or 
beading on cerebral angiogram can suggest the 
diagnosis, as can elevated C-reactive protein or 
erythrocyte sedimentation rate (ESR). 
Unfortunately, in cases of isolated CNS vasculitis, 
the differential diagnosis is more difficult as there 
may be no laboratory or systemic abnormalities. 
In these cases, brain biopsy might establish the 
correct diagnosis. Autoimmune disorders such as 
systemic lupus erythematosus (SLE), Behçet dis-
ease, neurosarcoidosis, Sjogren’s disease, and iso-
lated CNS vasculitis can also present a varied, 
multifocal neurological clinical picture during or 
at the onset of disease. Vascular diseases mimick-
ing MS in younger individuals are fortunately rare 
and would include moyamoya disease and cere-
bral autosomal dominant arteriopathy with sub-
cortical infarcts and leukoencephalopathy 
(CADASIL). Other inflammatory disorders to 
distinguish from MS include macrophage activa-
tion syndrome (MAS) and Langerhans cell histio-
cytosis. MAS may resemble MS but most often 
affects very young children (usually 2 years old) 
and tends to have systemic involvement. This dis-
order may be related to hemophagocytic lympho-
histiocytosis and consanguinity is not uncommon 
in these cases.

 Neoplasms

Tumefactive presentation of MS on neuroimag-
ing may mimic intracranial neoplasms, particu-
larly CNS lymphoma [100, 101]. MRS studies 

performed along with routine MRI might help in 
the differential diagnosis in these instances. A 
relentlessly progressive course distinguishes neo-
plasms from the recovery typical of an acute MS 
relapse.

 Leukodystrophies

The leukodystrophies are another diagnostic 
group to consider when evaluating pediatric MS 
patients. The hallmark clinical feature that distin-
guishes these patients is their progressive course. 
Leukodystrophies can be subdivided into myelin-
ation failure, delay, or breakdown, as well as 
those associated with malformations. Typical 
features are bilateral symmetric involvement of 
the white matter on MRI in a fairly homogenous 
manner. Adrenoleukodystrophy and adrenomy-
eloneuropathy tend to show preferential involve-
ment of posterior head regions, namely, the 
peritrigonal white matter, splenium of the corpus 
callosum, posterior limb of the internal capsule, 
the crus cerebri, and the cerebellar white matter 
[90].

Macrocrania with white matter dystrophy sug-
gests either Alexander disease or Canavan dis-
ease. Early involvement of cortical U-fibers, as 
well as focal cystic changes on MRI, is character-
istic of Canavan disease, particularly in the 
Ashkenazi Jewish population. Alexander disease 
exhibits preference for frontal white matter, sub-
ependymal areas, and heads of the caudate nuclei, 
as well as widened lateral ventricles, sylvian fis-
sures, and subarachnoid spaces. While the infan-
tile onset of leukodystrophies is usually clearly 
differentiated from MS, those with a juvenile 
onset can overlap. For example, in juvenile cases 
of Alexander disease, the posterior fossa may be 
preferentially involved and the bilateral frontal 
white matter involvement less conspicuous. 
Persistent contrast enhancement can also occur 
[102]. A case of Pelizaeus-Merzbacher has been 
described which overlapped considerably with 
MS both on clinical and radiologic manifesta-
tions. The patient’s relapsing neurological prob-
lems were steroid responsive, and the MRI 
showed features typical of MS. Further, the CSF 

C. D. Tyshkov et al.



187

was positive for OCB.  The marked nystagmus 
led to testing of the proteolipid 1 protein abnor-
mality and the correct diagnosis [103]. In gen-
eral, progressive cognitive decline (as was present 
in the Pelizaeus-Merzbacher case) is typical for 
the leukodystrophies but extremely rare in 
MS. The onset of a progressive course (such as 
primary progressive MS) represents only 1–3% 
of pediatric MS.

Degenerative and metabolic diseases can 
rarely mimic MS and include metachromatic 
leukodystrophy, Krabbe disease, Refsum dis-
ease, vanishing white matter disease, Wilson’s 
disease, Fabry disease, vitamin B12 deficiency, 
folate deficiency, vitamin E deficiency, and 
celiac disease.

 Mitochondrial Disorders

Mitochondrial disorders can also present with a 
relapsing pattern of events, but the course is typi-
cally progressive over time. Basal ganglia and 
brainstem involvement on MRI are good clues 
for the diagnosis of a mitochondrial disorder, 
such as Leigh syndrome. Further red flags, such 
as visual loss, bilateral hearing deficit, short stat-
ure, ophthalmoplegia (Kearns-Sayre), cardiac 
involvement (Kearns-Sayre), stroke-like events 
(MELAS), or myoclonic epilepsy (MERRF), can 
help hone in on the specific cytopathy. Rarely, 
patients with mitochondrial disorders can be ste-
roid responsive as was the case of an adolescent 
with a DARS2 mutation who had myelopathy. 
Such aspects can add further challenges to the 
diagnosis [104].

 Diagnostic Testing

A standard diagnostic evaluation beyond imag-
ing and CSF should include CBC, ESR, and 
ANA, while extended testing might include 
Lyme antibody titers, MR angiography, MR 
spectroscopy, evoked potentials, CSF lactate/
pyruvate, serum vitamin levels (B12, D, E, 
folate), anti-Ro, anti- La, serum angiotensin-con-
verting enzyme, HIV, rapid plasma reagin, 

HTLV-1, serum EBV and mycoplasma titers, 
and MOG and NMO antibodies.

Many diagnosticians opt for an extended eval-
uation, particularly for diseases that are easily 
tested or amenable to treatment. Further labora-
tory testing for specific disorders in the differen-
tial diagnosis is more thoroughly reviewed 
elsewhere [90, 105].

 Treatment

 Communicating the Diagnosis

Being told of the diagnosis of MS can be trau-
matic for the patient and family. Adjustment is 
made more difficult due to the rare nature of the 
condition and uncertain prognosis is uncertain. 
Several considerations should go into the pro-
cess of conveying the diagnosis. It is important 
to emphasize to the family that they are not alone 
and that online social network groups, support 
groups, and literature specific to the topic of 
pediatric MS are available. The National 
Multiple Sclerosis Society has programs for the 
families of children or teens with MS, and teen 
adventure summer programs or camps have been 
established in North America (see www.msbrain-
center.com).

While conveying the diagnosis, the impor-
tance of treatment designed to modify the disease 
course can be emphasized. The rapid rate of 
progress in our understanding and in treatment 
options offers much hope than in earlier years.

 Management of Relapses

The usual treatment for an acute relapse is with 
doses of parenteral methylprednisolone ranging 
from 20 to 30 mg/kg/day. In most instances, the 
maximum dose is 1000 mg administered intrave-
nously (IV) once daily in the morning for 
3–5  days. An oral prednisone taper is optional. 
An alternative to IV corticosteroids is high-dose 
oral prednisone (same dose as IV therapy) which 
in adults may be as effective as IV treatment 
[106] and seems effective in managing acute 
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relapses [107]. High-dose oral prednisone (up to 
1200 mg/day) has also been found to have good 
bioavailability compared with intravenous ther-
apy [108]. However, high-dose prednisone has 
only been used in adults with MS and is untested 
in children or adolescents. Adverse effects of ste-
roids such as insomnia, mood disturbance includ-
ing psychosis, hyperglycemia, and hypertension 
need to be monitored. Prolonged steroid use can 
also possibly retard growth in youngsters. Despite 
its long-term risks, short courses of steroid ther-
apy are reasonably safe and well tolerated by 
most children.

Plasmapheresis or plasma exchange (PLEX) 
and intravenous immunoglobulins (IVIG) are 
options when IV steroids fail to improve a severe 
relapse. The use of either modality historically 
has been based on its success in a limited number 
of cases of children or adults [109, 110]. PLEX is 
increasingly being considered for children with 
severe life-altering attacks such as seen in pro-
found or persistent optic neuritis and attacks 
involving the brainstem or spinal cord. One case 
series of four children in France showed promis-
ing results for refractory optic neuritis with 
PLEX and a related therapy known as immune 
adsorption [111]. Also of growing interest is the 
use of PLEX in patients with lesion patterns and 
other biomarkers suggestive of highly active, 
antibody-mediated disease [112]. Treatment with 
plasmapheresis continues to be an important tool 
as it has been safely and successfully performed 
on children with other immune-mediated disor-
ders [110]. IVIG treatment at a dose of 0.4 g/kg/
day for 5  days and continued 1  day/month at 
0.4 g/kg has been studied in only small samples 
of ADEM and its variants [113, 114]. Of note the 
usefulness of IVIG in MOG positive syndromes 
has also been raised [115].

 Treatment with Disease-Modifying 
Therapy (DMT)

Multiple studies have demonstrated that the use 
of adult medications in pediatric MS is well toler-
ated. To the extent that efficacy can be established 
in the absence of placebo-controlled trials, the 

body of evidence supports treatment. In contrast, 
pediatric patients with an IDE and features highly 
suggestive of MS have not been studied with 
respect to treatment.

The adult literature has demonstrated that 
medications differ in efficacy and meta-analyses 
have been attempted to estimate the hierarchical 
relationship among various therapies [116]. The 
relationship between high-potency vs. low- 
potency agents informs the strategy of manage-
ment undertaken by clinicians whether it be 
therapy by induction or escalation. There is insuf-
ficient evidence in both adult and pediatric litera-
ture to favor one method over the other.

Increasingly the observation that patients fall 
into high and low disease-related disability cate-
gories has prompted the implementation of an 
individualized approach to the selection of ther-
apy. Choosing the best fitting medication at clini-
cal onset is an evidence-based, personalized, and 
family-oriented event that should ideally be car-
ried out by a multidisciplinary team at an MS 
Care Center.

 Overview of DMT Options

The bulk of studies demonstrating treatment effi-
cacy is drawn from comparisons of pretreatment 
relapse frequency to that during treatment. 
However, a comparison of untreated to treated 
patients also favored treatment. In this study, 197 
pediatric MS patients were followed after their 
MS-defining event for a mean of 5.5  years. A 
total of 24 began interferon therapy a mean of 
3.6  months after their relapse, whereas 73 
remained untreated. Those treated had a relative 
reduction in relapses over the subsequent first 
2  years on therapy with a hazard ratio of 0.40, 
p < 0.01. However, over the 4 years of follow-up, 
the benefit was less apparent [117].

As of 2017, the first global randomized clini-
cal trial in pediatric MS (known as the 
PARADIGMS study) was successfully com-
pleted [118]. Other ongoing trials of similar 
design include those for dimethyl fumarate and 
teriflunomide, oral therapies already approved 
for adult MS.
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 Early DMTs

Presently, interferon-β (IFN-β) and glatiramer 
acetate (GA) continue to be the standard first-line 
treatments for pediatric MS patients worldwide. 
This is supported by numerous historical obser-
vational studies and expert consensus guidelines. 
Pediatric data on the use of IFN-β therapies have 
largely been limited to small cohort studies and 
isolated case reports. These studies have gener-
ally found a drop in relapse rate from pretreat-
ment to during therapy, good tolerability, and 
improved relapse rate with treatment [119–122].

One of the largest studies to date looked at 
records from 307 patients who received at least 
one injection of subcutaneous IFN β-1a for 
demyelinating events when aged 18 or younger. 
Annualized relapse rates were 1.79 before treat-
ment and 0.47 during treatment [123]. Similarly, 
the two well-known studies to date looking at the 
efficacy of GA were performed on a small num-
ber of patients. Clinical outcome was favorable in 
both studies with no major adverse events 
reported [124, 125].

 Later Treatments

A general conclusion has been that the initial 
first-line therapies, though effective in many 
patients, are unable to achieve expected results in 
a subgroup who have ongoing relapses or new 
lesions, thereby requiring escalation of therapy 
with more aggressive management [126]. 
Alternatively, some advocate initiating with more 
potent therapies for patients with baseline factors 
worrisome for poor outcomes.

 Infusion Medications

 Natalizumab (Tysabri)

Several initial small series of children treated 
with natalizumab have been reported [127, 128]. 
Patients were 12–13 years at the time of therapy 
and had failed first-line DMTs (interferons and 
glatiramer acetate). A dose of 5 mg/kg of body 

weight was administered with decrease in disease 
activity and, in three patients in whom it was 
recorded, improved quality of life. All patients 
tolerated the treatment well, but none at the time 
of the report had been followed for more than 
24 months. Subsequent larger series of pediatric 
MS patients treated with natalizumab [129] con-
firmed positive outcomes with over half achiev-
ing no evidence of disease activity. The potential 
development of progressive multifocal leukoen-
cephalopathy (PML) remains a substantial con-
cern in choosing this treatment option but can be 
mitigated by monitoring for John Cunningham 
virus or JCV seropositive status.

 Rituximab (Rituxan)

Rituximab is an anti-CD20 chimeric monoclonal 
antibody that has been shown to effectively sup-
press clinical and radiological disease activity in 
MS as well as other demyelinating and inflam-
matory conditions. Its common use in the onco-
logic community has also made it a medication of 
choice for some patients given its known side 
effect profile and administrative predictability. In 
one retrospective review of 144 children with 
various pediatric CNS inflammatory disorders, a 
definite, probable, or possible benefit was 
reported in 87% of patients [130]. Another report 
from Sweden found that none of the 14 pediatric 
MS patients treated with rituximab experienced 
relapses after a mean treatment duration of almost 
2 years [131]. Rituximab has been available for 
several decades and has a favorable safety profile 
in the pediatric population with diverse medical 
conditions [130]. Other anti-CD20 monoclonal 
antibody therapies have either been approved for 
adults (e.g., ocrelizumab or Ocrevus) or are in 
 trials and are likely to be tested among those with 
pediatric MS in the future.

 Fingolimod (Gilenya)

The first large randomized, placebo-controlled 
study comparing the use of fingolimod and INF 
B1a among those with pediatric MS (ages 
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10–17  years) was completed in 2017 [118]. 
Unsurprisingly the positive results confirmed pre-
vious reports and clinical experience which have 
shown efficacy over first-line treatments [132].

The PARADIGM study’s aim was to investi-
gate the efficacy and safety of fingolimod up to 
0.5 mg daily vs. IFN β-1a IM 30 μg in pediatric 
patients with relapsing MS.  Fingolimod was 
found to significantly reduce annualized relapse 
rate (ARR) by 82% vs. IFN-β-1a IM.  Other 
favorable end points achieved included reduction 
of annualized MRI findings, reduction of annual 
rate of brain atrophy from baseline, reduction of 
confirmed disability progression over a 24-month 
period, and fewer adverse events in the fingoli-
mod group [118].

 Oral Therapies

Pediatric MS clinical trials are currently under-
way for dimethyl fumarate (Tecfidera) and teri-
flunomide (Aubagio). Small open-label studies 
suggest similar efficacy and side effect profiles as 
with adults with MS.

 Breakthrough Disease

Unfortunately, many children treated with first- 
line DMTs experience breakthrough disease and 
need to be switched to either another first-line 
treatment or second-line therapies. In a prelimi-
nary study of 164 treated children, 25% had 
breakthrough disease with initial DMT. Of these, 
eight children were switched to chemotherapy, 
two went on natalizumab, and two were treated 
with pulse IVIG [133].

Cyclophosphamide appears effective in 
children who are refractory to first-line treat-
ments. In a study of 17 pediatric-onset patients, 
annualized relapse rates decreased from 3.8 to 
1.1 per year after 1 year of treatment. However, 
adverse events included bladder carcinoma in 
one patient and idiopathic thrombocytopenic 
purpura (ITP) in another [134]. The availabil-
ity of a broader range of effective DMT makes 
the need for Cytoxan less common than in 
the past.

 Treatment Adherence

Compliance requires the family, patient, and physi-
cian to jointly acknowledge the disease and treat-
ment. Poor adherence can result from poor family 
dynamics, limited education about the disease, and 
incomplete understanding of the purpose of ther-
apy. Among older children, responsibility shifts 
from the parents toward the adolescent. However, 
teens for which there is parental involvement have 
better compliance [122]. Reasons for poor adher-
ence among teens include anger, loss of control, or 
failure to recognize that the therapy is designed to 
alter the disease course rather than provide symp-
tomatic relief. Interventions to increase adherence 
to DMT include open discussions with the patient 
and parents, review of the treatment options includ-
ing side effect profiles, and balancing the teen’s 
need for autonomy with parental preference.

 Symptom Management

There are no specific studies of symptomatic 
management in pediatric MS. Therefore, most of 
the treatment approaches are based on adult 
studies and anecdotal reports. Most of the com-
mon MS symptoms associated with adult MS 
also occur in children [135]. These include prob-
lems with fatigue, cognitive impairment, mood 
disturbance, paroxysmal spasms, bladder/bowel 
dysfunction, and fine motor impairments.

It is important to emphasize exercise, participa-
tion in school activities including sports, and 
avoiding homeschooling as the socialization 
aspects of attending school are critical to normal 
development. Routine age appropriate vaccination 
is recommended. The majority of youngsters with 
MS do well and cope positively with the diagnosis. 
However, for some families, the process is very 
traumatic and counseling and other outreach 
efforts are critical to the child’s wellbeing.

 Psychosocial Factors

Children and teens diagnosed with MS face more 
than the symptoms and management of the ill-
ness. They are now living with a chronic illness 
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with an uncertain prognosis, including the poten-
tial for disability. These psychosocial factors can 
influence the trajectory of academic, occupa-
tional, and social attainment [136, 137]. Indicative 
of the chronic stress from the illness, pediatric 
patients report elevated psychological and behav-
ioral problems, but this nature of this expression 
can vary across patients [138]. While about one 
third of patients may have cognitive involvement, 
it is typically mild and would not necessarily 
impair learning at these early stages [75]. 
However, school performance may decline, often 
as result of missed days due to symptoms and for 
medical appointments [139]. It is important to 
view the pediatric patient’s functioning in the full 
context of any potential challenges from home 
and school as well as their illness.

Routine screening for mood disturbance is 
recommended in order to identify the need for 
intervention the earliest stage. Supportive coun-
seling is recommended if there are any indica-
tions of distress, and there should be an emphasis 
and expectation for resuming and maintaining 
daily activities as much as possible. Informal or 
structured mentors can also be strategically uti-
lized in order to reduce the isolation a child or 
teen patient may experience and provide exam-
ples of those successfully managing the illness 
into young adulthood. A social worker experi-
enced with pediatric MS and/or living with 
chronic illnesses in childhood can be a strong 
asset to the treatment team.

 Supporting the Family

MS affects the entire family including parents, 
siblings, and grandparents. Support, education, 
and reassurance are needed. We believe that the 
diagnosis should be shared with both the parents 
and the patient regardless of the age. There are a 
variety of different support systems available to 
assist in breaking the diagnosis to the family. 
Educational materials available through the 
National Multiple Sclerosis Society (NMSS) 
include “Children get MS too: A Guide for 
Parents,” “Children and Teens with MS: A 
Network for Families,” and “Mighty Special 
Kids—An Activity Book for Children with MS.” 

More information, additional services, and online 
networking for parents and teens are available at 
the website of the NMSS which is www.
NationalMSsociety.org/pediatricms or by phone 
1 866—KIDS WMS (866 543 7967). Additional 
information can also be found at www.pediatric-
mscenter.org.

 Conclusion

Pediatric MS is a chronic disorder whose risk fol-
lowing an initial clinical attack varies with the 
specific features. Clearly some patients whose 
presentation resembles ADEM will subsequently 
be reclassified as MS. The differential diagnosis 
and clinical features differ slightly from adults 
with the disease and are most distinctive in the 
youngest patients. The management includes 
educating and reassuring the family, using medi-
cations to modify the disease course, and address-
ing the daily symptoms and psychosocial 
consequences of the disease. Most children 
appear to do reasonably well and do not develop 
a progressive course until decades later [9]. 
However, ongoing support and assistance in tran-
sitioning to adulthood as the children become 
older are all critical aspects to the care of this MS 
subgroup.
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Vitamin D and Multiple Sclerosis

Michael J. Bradshaw, Michael F. Holick, 
and James M. Stankiewicz

 Introduction

Multiple sclerosis (MS) is the most common 
demyelinating disease of the central nervous sys-
tem and the most common cause of nontraumatic 
disability among young adults [1, 2]. The inci-
dence and prevalence of MS are increasing, and 
the medical, social, and economic burden of the 
disease is significant [3]. While the precise etiol-
ogy of MS remains to be completely elucidated, 
it appears to arise from a combination of genetic 
and environmental factors. Vitamin D, “the sun-
shine vitamin,” and sunlight have been impli-
cated among several other environmental factors 
thought to contribute to an individual’s risk of 
developing MS, others including smoking, obe-
sity, and Epstein-Barr virus infection. The inter-
action between vitamin D and MS has been the 
subject of significant investigative efforts, and 
much has been learned. This chapter will discuss 
the role of vitamin D in the pathophysiology of 

MS and review the evidence related to clinical 
outcomes in patients with MS who have vitamin 
D deficiency.

 Background

 Source and Metabolism of Vitamin D

Vitamin D is technically a prohormone that is 
synthesized in the skin from 7- dehydrocholesterol 
as a result of exposure to solar ultraviolet-B radi-
ation (UVB) or obtained through ingestion. UVB 
radiation photolysis of 7-dehydrocholesterol to 
pre-vitamin D3 which is subsequently isomer-
ized by a nonenzymatic membrane enhanced 
catalysis to vitamin D3 [4]. Although sun expo-
sure is capable of yielding substantial amounts of 
vitamin D, a number of individual factors (e.g., 
age, increased skin pigmentation, use of sun-
screen, time spent indoors) and environmental 
factors (e.g., time of day, latitude, climate) limit 
sunlight as a source of vitamin D [5]. Dietary 
sources of vitamin D such as salmon, tuna, egg 
yolk, shiitake mushrooms, and other mushrooms 
exposed to sunlight for UVB radiation as well as 
fortified milk, orange juice, and some cereals can 
provide modest amounts (between 100 and 200 
international units (IU) per day) of vitamin D in 
the form of vitamin D3 (cholecalciferol, animal 
sources) or vitamin D2 (ergocalciferol, yeast, 
mushrooms, and plant sources) [6–8] (Fig. 10.1).
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Although vitamin D2 and vitamin D3 have no 
known intrinsic biological activity on calcium 
metabolism or on non-calcimimetic genomic 
activities, there is some evidence that vitamin D3 
itself may play a fundamental role in stabilizing 
endothelial membranes reducing inflammatory 
activity. Vitamin D (D represents D2 or D3) is 
weakly bound to the vitamin D-binding protein 
and transported via the bloodstream to the liver 
for enzymatic conversion to 25-hydroxyvitamin 
D [25(OH)D]. This is subsequently hydroxylated 
to 1,25-dihydroxyvitamin D [1,25(OH)2D] in the 
kidneys for regulating calcium, phosphate, and 
bone metabolism [7, 8]. 1,25(OH)2D interacts 
with its nuclear vitamin D receptor (VDR) in the 
small intestine resulting in the enhancement of 
dietary calcium and phosphate absorption. In the 
bone, this hormone interacts with its receptor in 
osteoblasts resulting in the increased expression 
of receptor activator of NFkB (RANKL), which 
in turn interacts with monocytes to become 
mature osteoclasts. These cells are responsible 

for removing calcium from the skeleton to help 
maintain calcium homeostasis.

There are a variety of tissues and cells that 
also have the capacity to convert 25(OH)D to 
1,25(OH)2D including macrophages, monocytes, 
breast, colon, brain, and prostate among other tis-
sues. It is believed that the local production of 
1,25(OH)2D acts in an autocrine or paracrine 
fashion to regulate a wide variety of genes con-
trolling DNA synthesis, apoptosis, and cellular 
maturation among many other activities. In addi-
tion to these genomic activities, locally produced 
1,25(OH)2D initiates its own destruction by 
markedly enhancing the expression of the 
25-hydroxyvitamin D-24-hydroxylase. This 
enzyme causes oxidation of the side chain pro-
ducing a water-soluble inactive vitamin D metab-
olite calcitroic acid. When healthy adults ingested 
2000  IUs/day of vitamin D for 12  weeks, 291 
genes responsible for regulating more than 100 
different metabolic processes were altered in 
their peripheral white blood cells [8]. These 
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 non- calcemic genomic activities may be respon-
sible for the importance of vitamin D in such 
diverse roles as cancer prevention [9], as well as 
immune [10], and cardiovascular disease [11].

 Immunomodulatory Effects 
of Vitamin D

The role of vitamin D in immune function has 
been the subject of extensive investigation since 
the discovery of VDRs in activated human T and 
B lymphocytes [12, 13]. VDRs have now been 
identified on virtually all immune cells, many of 
which are also capable of converting 25(OH)D 
into 1,25(OH)2D [12–17], allowing 1,25(OH)2D 
to modulate immune function at sites of inflam-
mation [18]. Vitamin D modulates the response 
of both innate and adaptive immune cells [18]. 
Vitamin D does not appear to be immunosup-
pressive, but rather immunomodulatory, with 
pleotropic effects on immune function. The 
immunomodulatory mechanisms of vitamin D 
have been recently reviewed extensively [18–20], 
so we will only discuss a few key findings perti-
nent to MS and experimental autoimmune 
encephalomyelitis (EAE).

Treatment with the active form of vitamin D, 
1,25(OH)2D, promotes a tolerogenic state among 
dendritic cells, characterized by decreased pro-
duction of inflammatory cytokines (e.g., interleu-
kin- 12 [IL-12]) and increased production of 
anti-inflammatory cytokines (e.g., IL-10, trans-
forming growth factor-β) [21]. These tolerogenic 
dendritic cells are less capable of activating allo-
reactive T-cells and promote the differentiation of 
regulatory T-cells [21, 22]. The effects of 
1,25(OH)2D on macrophages are more complex. 
Early in the course of an inflammatory stimulus, 
1,25(OH)2D produced by macrophages promotes 
inflammatory and antimicrobial mechanisms 
essential for pathogen clearance [23, 24]. 
However, 1,25(OH)2D also attenuates toll-like 
receptor-mediated inflammation through enhanc-
ing negative feedback [25] which promotes 
decreased production of inflammatory cytokines 
such as IL-6 and TNF, increases production of 
IL-10, and impairs macrophage activation of 

T-cells [18]. Thus while 1,25(OH)2D promotes 
the inflammatory M1 macrophage phenotype, it 
also abrogates inflammation through favoring the 
anti-inflammatory M2 macrophage phenotype.

Historically, vitamin D was thought to modu-
late adaptive immunity through its effects on 
innate immune function as outlined above. More 
recently, however, the role of vitamin D in 
directly modulating adaptive immunity has 
attracted interest and is beginning to be eluci-
dated [20]. The effects of vitamin D on B-cells 
remain incompletely understood. 1,25(OH)2D 
reduces the proliferation of B-cells, inhibits 
immunoglobulin class switching, induces B-cell 
apoptosis, and decreases antibody production 
[20]. However, 1,25(OH)2D also stimulates ter-
minally differentiating B-cell to become plasma 
cells and promotes B-cell migration to sites of 
inflammation [20].

T-cells are directly and indirectly affected by 
vitamin D, although the effects of 1,25(OH)2D 
differ between different T-cell subsets [26]. For 
example, 1,25(OH)2D inhibits the differentiation 
and activity of Th17 cells, and impairs the devel-
opment of experimental autoimmune encephalo-
myelitis (EAE) by MOG-specific Th17 cells in a 
VDR-dependent fashion [27, 28]. 1,25(OH)2D 
reduces T-cell production of IL-2, IL-17, and 
IFNγ and abrogates the cytotoxic activities of 
CD4+ and CD8+ T-cells [29]. In vivo 1,25(OH)2D 
has been found to enhance the development of 
IL-10-producing T-cells, reduce the number of 
IL-6- and IL-17-secreting cells, and increase the 
number of CD4+CD25+ T-regulatory cells [30].

While 1,25(OH)2D is capable of preventing 
EAE in either male or female mice, even at high 
doses, vitamin D3 supplementation was only pro-
tective in female mice (in a 17-β-estradiol- 
dependent manner) [31, 32]. A sex-specific effect 
of vitamin D has not been observed in key epide-
miological studies, however, as discussed below. 
In North America it is well documented that liv-
ing below an approximate latitude equivalent to 
Atlanta, Georgia, for the first 10  years of life 
reduces risk of developing MS substantially, 
regardless of where the person locates after this 
time, suggesting that sun exposure possibly 
through the action of vitamin D has some benefit 
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[5]. UVB exposure also appears to inhibit the 
development of EAE [33], although it remains 
unclear whether vitamin D or other effects of 
UVB on immune function mediate this observa-
tion [34, 35]. In addition, neither UVB nor 
25(OH)D appear capable of altering the course of 
EAE after the development of initial symptoms, 
while 1,25(OH)2D is capable of exerting immu-
nomodulatory effects even after EAE onset [36].

One pilot study including 40 patients with MS 
randomized to 800 or 10,400 IU daily vitamin D3 
noted pleotropic immunomodulatory effects of 
high-dose supplementation [37]. High-dose vita-
min D3 reduced the proportion of IL-17- 
producing CD4+ T-cells, and reductions in IL-17 
production correlated with increases in serum 
25(OH)D levels. CD4+IL-17+ T-cells (Th17) 
have been implicated in the immune pathogene-
sis of EAE and MS and IL-17 gene expression is 
increased in MS lesions [38]. The study also 
noted a reduction in the proportion of effector 
memory CD4+ T-cells and an increase in central 
memory CD4+ cells and naïve CD4+ T-cells in 
the high-dose group. No differences were noted 
in the serum levels of 51 other cytokines evalu-
ated in the study.

 Measuring Vitamin D Status

The renal production of 1,25(OH)2D is tightly 
regulated and has a relatively short half-life (4 h), 
while 25(OH)D has a longer half-life (20–
60  days) [39, 40]. As an integrated measure of 
vitamin D produced by solar UVB exposure, 
dietary intake, and release from adipose tissues, 
serum levels of 25(OH)D are the best indicator of 
an individual’s overall vitamin D status [41]. The 
1,25(OH)2D levels in circulation are 1000 times 
lower than 25(OH)D levels, and they are often 
normal or elevated in patients with vitamin D 
deficiency because of the renal production of this 
hormone in response to increasing blood levels of 
parathyroid hormone. Thus the measurement of 
1,25(OH)2D is of no value in determining a per-
son’s vitamin D status but is helpful in the dif-
ferential diagnosis of acquired and inherited 
disorders in calcium, phosphate, and bone metab-

olism [7]. It should also be noted that extrarenal 
production is not tightly regulated. This is the 
reason why patients with granulomatous disor-
ders developed hypercalciuria and hypercalcemia 
due to the unregulated production of 1,25(OH)D 
by activated macrophages and its release into the 
circulation [7]. The 25(OH)D serum levels are 
reported in ng/mL or nmol/L with 1 ng/mL equal 
to 0.4006 nmol/L.

 Vitamin D Deficiency 
and Insufficiency

Nutritional rickets associated with vitamin D 
deficiency was widespread from the industrial 
age until the mid-twentieth century. Age of onset 
determines clinical manifestations but generally 
includes short stature, bone pain, bowing defor-
mities of the legs and widening of the joints 
(epiphyseal plates), and severe proximal muscle 
weakness. In the 1920s, the value of cod liver oil, 
which contains adequate levels of vitamin D3, 
was recognized. At the same time, it was demon-
strated that sun exposure could cure rickets, and 
initially the precursor of vitamin D2 was added to 
milk and then exposed to ultraviolet radiation, 
which imparted antirachitic activity. In the 1930s 
when vitamin D was commercially produced, 
this process was eliminated and vitamin D2 was 
added directly to the milk [5]. As a consequence, 
nutritional rickets was virtually eliminated in the 
United States by the 1940s. The importance of 
vitamin D in bone health and calcium homeosta-
sis is now well-recognized and has been recently 
reviewed [42].

In 2011, the Institute of Medicine released 
guidelines for the general population which rec-
ommended a dietary vitamin D intake of 600 IU/
day for those aged 1–70, and 800  IU/day for 
those >70 years old, corresponding to serum lev-
els of 25(OH)D of 16 ng/mL [43]. The report did 
not recommend that all individuals attempt to 
achieve levels of 20  ng/mL or higher; rather it 
emphasized that most (97.5%) individuals’ nutri-
tional needs would be met at serum levels of 
25(OH)D <20  ng/mL.  However, the Endocrine 
Society whose guidelines were for the treatment 
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and prevention of vitamin D deficiency in chil-
dren and adults defined deficiency as <20 ng/mL, 
insufficiency as 21–29 ng/mL, and sufficiency as 
≥30 ng/mL for maximum musculoskeletal health 
[44]. The definitions proposed by these two 
groups have been debated in the literature and 
will not be explored in detail herein [45–47].

 Vitamin D Status and Risk 
of Developing MS

Several key observations form the foundation for 
the hypothesis that hypovitaminosis D is an MS 
risk factor [48]. First, the prevalence of MS has 
been observed to increase with greater distance 
from the equator, which is strongly inversely cor-
related with duration and intensity of UVB expo-
sure and 25(OH)D levels [5, 49–53]. Second, 
populations at high latitudes but with higher con-
sumption of vitamin D-rich fatty fish have a 
lower than expected prevalence of MS [49, 52]. 
And third, the risk of MS appears to decrease 
with early migration from higher to lower lati-
tudes [54, 55]. The final observation appears to 
have decreased in recent decades, possibly related 
to increasing tendency to avoid sun exposure and 
stay indoors for greater portions of the day even 
in warmer climates [56]. MS risk varies by lati-
tude. Vitamin D status is inversely related to lati-
tude [5], but other potentially involved factors 
also have a latitudinal gradient. For example, 
Epstein-Barr virus prevalence shows a direct lati-
tude gradient, whereas parasite infections show 
an inverse relationship. How each of these factors 
contribute to overall risk of MS requires further 
characterization.

 Serum Levels of 25-Hydroxyvitamin D

If hypovitaminosis D has an effect on MS risk, 
we should observe MS incidence to increase with 
lower serum levels of 25(OH)D.  Longitudinal 
studies examining 25OH(D) levels before the 
onset of MS are crucial because it is well estab-
lished that serum 25(OH)D levels decrease after 
the onset of MS [57, 58]. Studies that only look at 

vitamin D status after the development of MS 
leave open the potential for reverse causation as a 
confounder.

Although controversial [59], the risk of MS 
appears to be higher for individuals born in the 
spring (serum vitamin D status are lowest over 
the winter and early spring) than autumn, an 
observation that is most prominent in high-risk 
areas (higher latitude/less sunlight) and does not 
hold true in areas with higher sunlight exposure 
[60, 61]. Higher milk intake, dietary vitamin D 
consumption, and maternal predicted 25(OH)D 
were all associated with a decreased risk of MS 
in children of mothers from the Nurses Mother’s 
Study, a prospective, longitudinal cohort study 
[62]. This suggests that maternal hypovitamino-
sis D during pregnancy may contribute to risk in 
the offspring. Further corroborating these results, 
a prospective, nested case-control study evalu-
ated whether maternal serum 25(OH)D levels in 
early pregnancy are associated with MS risk in 
offspring [63]. The authors found that offspring 
of mothers with serum 25(OH)D <12 ng/mL dur-
ing early pregnancy had a nearly twofold 
increased risk of MS compared to offspring from 
mothers with normal 25(OH)D levels. Another 
study found that low concentrations of neonatal 
25(OH)D were associated with an increased risk 
of MS, with the greatest risk in the lowest quin-
tile (<8.3 ng/mL) and lowest in the highest quin-
tile (≥19.6  ng/mL) suggesting a dose-response 
effect [64]. Taken together these studies suggest 
that low levels of vitamin D in utero and in neo-
nates may increase the risk of MS.

Hypovitaminosis D also appears to increase 
risk of MS in adulthood. A prospective, nested 
case-control study of US military personnel 
found that high levels of serum vitamin D were 
associated with a decreased risk of MS [57]. A 
nested case-control study from another group 
including individuals in northern Sweden noted 
similar decreased risk of MS with higher vitamin 
D levels [65]. Munger and colleagues recently 
reported the results of a nested case-control study 
of 1092 women diagnosed with MS in the Finnish 
maternity cohort [66]. 25(OH)D was quantified 
in serum obtained prior to MS diagnosis, and 
subjects were matched with up to three controls 
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on date of birth and area of residence. Conditional 
logistic regression adjusted for year of sample 
collection, gravidity, and parity were used to esti-
mate relative risks and 95% confidence intervals. 
They found that women with 25(OH)D levels 
<12 ng/mL had a 43% higher risk of MS com-
pared to those with levels ≥20 ng/mL.

 Genetic Studies

Several recent studies have utilized Mendelian 
randomization to estimate the effect of vitamin D 
on the risk of MS.  This is a method that uses 
measured variation in genes with known function 
to estimate the association of modifiable expo-
sures in the risk of disease. Studies using this 
approach reduce the chance of reverse causation 
because inherited alleles are not affected by most 
confounding variables or disease status. In one 
study, genome-wide data of genetic variants 
shown to predict levels of serum 25(OH)D were 
applied to the International MS Genetics 
Consortium [67]. The authors found that alleles 
known to decrease levels of serum 25(OH)D pre-
dicted an increased susceptibility to MS. Another 
study found similar results in two separate popu-
lations, including white, non-Hispanic Americans 
and members of a Swedish population study [68]. 
A study of patients with pediatric-onset MS 
found independent effects of low vitamin D and 
high BMI [69]. These data further support the 
hypothesis that low levels of vitamin D exert 
independent causal effects on MS.

There are, however, a few studies with dis-
crepant results worth considering. A population- 
based, multicenter, case-control study in Sweden 
investigated the link between vitamin D status at 
birth and the risk of MS using stored neonatal 
dried blood [70]. This study included 459 per-
sons with MS and 663 controls and found no 
association between neonatal serum 25(OH)D 
quintiles and the risk of MS.  Results were not 
appreciably different when adjusted for con-
founding factors such as month of birth, latitude 
of birth, breastfeeding or adult sun exposure, 
vitamin D intake, smoking, etc. The results of 
this study were viewed critically on several 

grounds, including that blood samples were not 
well preserved with degradation of 25(OH)D 
noted in the study. Additionally, the range of 
25(OH)D levels was narrow and mostly low 
(mean 11.9  ng/mL, median 10.3, interquartile 
range 6.8–15.4 ng/mL) [71].

 Vitamin D Status MS Disease 
Activity

Several studies have shown a correlation 
between relapse rates and vitamin D status. 
Although these are confounded by the possibil-
ity of reverse causation, they lend support to the 
possible role of vitamin D supplementation in 
MS. A retrospective study of pediatric patients 
with MS, after adjusting for several factors 
including age, race, ethnicity, disease duration, 
and treatment, found that every 10  ng/mL 
increase in 25(OH)D levels was associated with 
a 34% decrease in relapse rate [72]. Similar 
results were seen in adult-onset MS, where one 
study observed relapse rate to decrease by 27% 
for every doubling of 25(OH)D levels [73], and 
another noted that every increase in 25(OH)D 
by 4  ng/mL was associated with up to 12% 
reduction in relapse rate [74].

A 5-year longitudinal cohort study did not find 
a statistically significant correlation between 
vitamin D status and relapse rate in patients with 
relapsing-remitting multiple sclerosis (RRMS) or 
clinically isolated syndrome (CIS), but did 
observe a 15% lower risk of new T2 lesions and a 
32% lower risk of new enhancing lesions on MRI 
for every 10 ng/mL increase in 25(OH)D [75]. A 
follow-up study found a tendency for an inverse 
relationship between average 25(OH)D levels 
and the composite endpoint of ≥3 new brain T2 
lesions or ≥1 relapse within a year in patients 
with CIS [76]. A retrospective study of 100 
patients with CIS from another group found that 
lower levels of serum 25(OH)D were associated 
with an increased risk of conversion to clinically 
definite MS, an association that was even stron-
ger when controlling for additional risk factors 
for conversion [77]. Multiple studies have also 
correlated lower vitamin D status with greater 
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disability and disease severity, although reverse 
causation remains a concern in such studies.

Two MS treatment trials examined 25(OH)D 
levels and risk of MS progression. A possible 
advantage to these studies is that clinical out-
comes such as relapses and MRI activity were 
more systematically ascertained than in observa-
tional cohorts. The BENEFIT (Betaferon/
Betaseron in Newly Emerging Multiple Sclerosis 
For Initial Treatment) study was a randomized 
trial designed to evaluate the effect of early vs. 
delayed treatment with interferon beta-1b 
(IFNB-1b) in patients with CIS.  As part of the 
study, serum 25(OH)D levels were tested at 0, 6, 
12, and 24 months from randomization. Ascherio 
and colleagues analyzed the relationship between 
serum 25(OH)D levels and MS activity/progres-
sion using clinical and radiological data [78]. 
Low 25(OH)D levels were found to be a strong 
risk factor for long-term MS activity and progres-
sion with increased hazard of conversion to clini-
cally definite MS (by radiologic or clinical 
criteria), higher rate of new lesion formation on 
MRI, higher rate of clinical relapses, and higher 
rate of brain atrophy on MRI with lower levels of 
25(OH)D.

The BEYOND (Betaferon/Betaseron Efficacy 
Yielding Outcomes of a New Dose) study 
included measurements of 25(OH)D every 6 
months, and a post hoc analysis of the data dem-
onstrated that higher levels of 25(OH)D were 
associated with lower rates of MS activity on 
MRI; however, there was no significant associa-
tion between serum 25(OH)D levels and rate of 
brain atrophy or clinical outcomes [79]. The 
association between 25(OH)D and MS activity 
was stronger in the early treatment (with 
IFNB-1b) group than in the delayed treatment 
group, suggesting that there may be an additive 
effect of IFNB-1b with vitamin D.

The aforementioned studies demonstrating 
that individuals with higher vitamin D levels 
experienced more MS disease control with 
IFNB-1b led to further exploration of possible 
immunomodulatory mechanisms [80]. Enhanced 
regulation of genes involved in immunomodula-
tion was advanced as a possible explanation [81]. 
Lending support to this finding, an independent 

team of investigators observed a greater produc-
tion of vitamin D from sunlight in patients treated 
with IFNB [81]. In that study, every 10  ng/mL 
increase in 25(OH)D was associated with a 10% 
decrease in relapse rates, and interestingly IFNB 
was only protective against relapse in patients 
with higher levels of 25(OH)D.  Patients with 
inadequate levels were at increased risk of 
relapse, despite IFNB treatment. However, 
another prospective cohort study of 88 patients 
with RRMS in Norway found that pre-IFN treat-
ment, higher levels of 25(OH)D were associated 
with less radiologic disease activity, but this 
effect was no longer detected after IFNB treat-
ment [82]. No associations were noted for 
relapses or EDSS progression.

The relationship between vitamin D status and 
other disease-modifying therapies was explored 
in the CLIMB (Comprehensive Longitudinal 
Investigation of Multiple Sclerosis at Brigham 
and Women’s Hospital) study, a prospective 
cohort study that began enrolling patients in 2000 
[83]. Rotstein and colleagues investigated the 
effect of vitamin D status on clinical and MRI 
outcomes in patients treated with IFN (n = 96), 
glatiramer acetate (GA) (n = 151), or fingolimod 
(n  =  77) [84]. Serum 25(OH)D levels were 
adjusted for season and patients were divided 
into subgroups based on 25(OH)D tertile. The 
primary endpoint was time to first inflammatory 
event, defined as either clinical relapse or 
gadolinium- enhancing lesion on MRI.  The 
authors found that higher 25(OH)D levels were 
associated with longer time to the combined end-
point for patients on IFN or fingolimod, but not 
glatiramer. There was a significant association 
with gadolinium-enhancing lesions in both the 
IFN and GA groups, although the effect was 
greater for the IFN group, but no significant asso-
ciation with relapses was seen in either group. In 
the fingolimod group, there was a significant 
association for the combined endpoint and 
relapses, but not for gadolinium-enhancing 
lesions. These results suggest that patients with 
robust vitamin D status might experience a 
greater benefit from this with some disease- 
modifying therapies than others. It makes sense 
in theory that some medications may duplicate 
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many of vitamin D’s effects and show less benefit 
when combined, while others might work pri-
marily on separate pathways with an additive 
effect. Further research is necessary to better 
understand the interactions between MS drugs 
and vitamin D.

 Vitamin D Supplementation

 Vitamin D Supplementation 
as a Means to Preventing MS 
Development

Prospective non-randomized studies investigat-
ing whether vitamin D supplementation may 
lower the risk of developing MS are limited and 
have been conflicting. One study that included 
two large cohorts of women (the Nurses’ Health 
Study with 92,253 women followed from 1980 
to 2000 and Nurses’ Health Study II with 95,310 
women followed from 1991 to 2001) found a 
decreased pooled, age-adjusted relative risk of 
MS for subjects in the highest quintile of total 
vitamin D intake compared to the lowest quintile 
(RR  =  0.67) [85]. The same study noted a 
reduced relative risk with vitamin D intake 
through supplements. Women who took 
≥400  IU/day had a relative risk of 0.59 com-
pared to those who did not take supplementa-
tion; however, no association was observed 
between MS incidence and vitamin D intake 
from food sources. Another study using the data 
from both the Nurses’ Health Study and Nurses’ 
Health Study II study examined the association 
of vitamin D intake specifically during adoles-
cence with risk of MS and found no significant 
effect associated with vitamin D intake, includ-
ing through supplementation [85, 86]. However, 
there was a non-statistically significant trend 
toward decreased risk of MS with supplementa-
tion ≥400  IU/day. Some have advocated for a 
more proactive approach consisting of vitamin D 
supplementation in hopes of preventing MS, at 
least for individuals at high risk including smok-
ers, the obese, and those with a family history of 
MS [87].

 Vitamin D Supplementation 
as a Means to Decreasing MS Disease 
Severity

Studies investigating the role of vitamin D sup-
plementation in MS are conflicting and no con-
sensus has been reached regarding the use of 
vitamin D. A systematic review of randomized, 
controlled trials published in 2013 noted prob-
lems with small sample sizes (23–68 patients), 
heterogeneity in dosing, form of vitamin D 
(cholecalciferol vs. ergocalciferol), and out-
come clinical measures [88]. Four of the five tri-
als demonstrated no effect of vitamin D in MS, 
while one showed a reduction of the number of 
enhancing lesions only. The authors concluded 
that the evidence for vitamin D supplementation 
in MS is inconclusive and that larger studies are 
warranted [88]. A meta-analysis also from 2013 
was only able to include 129 high-dose vitamin 
D-treated patients and 125 controls and found 
no correlation between high-dose vitamin D 
treatment and clinical relapses and similarly 
concluded that the existing studies were meth-
odologically limited and further investigation 
was warranted in the form of larger, more pro-
longed studies [89]. Below we comment on 
some particular studies, attempting to offer 
some perspective about trials that have been 
conducted to date.

Two studies explored the effect of a 20,000 IU/
week (equivalent = approximately 3000 IU daily) 
of vitamin D3 on clinical and MRI outcomes. A 
1-year randomized controlled study including 66 
patients with MS randomized patients to a weekly 
dose of 20,000 IU vitamin D3 or placebo. Eighty- 
four percent of patients in the treatment arm 
achieved levels of 25(OH)D >34 ng/mL and had 
fewer enhancing lesions on MRI.  However the 
study was not powered to assess clinical out-
comes. A 96-week trial originally designed to 
assess the effects of high-dose vitamin D3 sup-
plementation on bone density in patients with 
MS found that a weekly dose of 20,000  IU of 
vitamin D3 was also not powered to assess clini-
cal outcomes, but did not appear to affect the 
course of the disease [90].
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One study randomized patients with clinically 
active RRMS to either a dose of 6000 or 1000 IU 
ergocalciferol daily in patients with clinically 
active RRMS [91]. The authors found no differ-
ence between groups in MRI-based outcome 
measures. A higher exit EDSS and a higher pro-
portion of relapse were noted in the high-dose 
arm. A few methodologic limitations are worth 
mentioning, however. Only 23 patients were 
enrolled initially and 3 patients withdrew from 
the study. A patient in the high-dose group 
included in the analysis had 38 enhancing lesions 
at baseline, while all others had 2–5, and the low- 
dose group was on average 5–10 years younger 
than the high-dose group. Another study includ-
ing 50 patients randomized to 8000  IU vitamin 
D3 or placebo daily found no effect on clinical or 
MRI metrics [92]. Mosayebi and colleagues ran-
domized 62 patients to 300,000  IU (equiva-
lent  =  10,000  IU daily) once monthly to either 
vitamin D3 injection or placebo and no differ-
ence in clinical or radiological measures of dis-
ease activity, although lymphocyte proliferation 
rates were lower in the treatment arm [93].

The SOLAR study, another randomized, 
double- blind, placebo controlled phase 2 study 
including patients who were on subcutaneous 
IFNB-1a with 25(OH)D levels <60  ng/mL, did 
not find significant differences in clinical out-
comes between groups, but was technically lim-
ited by poor recruitment [94, 95]. The study did 
note differences in MRI findings. The study 
included 229 patients who were randomized to 
treatment with 14,000 IU/day cholecalciferol or 
placebo. The primary endpoint was freedom 
from disease activity as measured by relapses, 
progression on EDSS, or new unique enhancing 
or T2 lesions. Only available in abstract format, 
the primary endpoint was changed due to delayed 
recruitment, allowing for reductions in study size 
and duration. Compared with placebo, vitamin D 
supplementation did not affect freedom from dis-
ease activity, but did reduce the number of new 
active lesions overall and new T1 hypointense 
lesions in patients aged 18–30  years. Another 
randomized, placebo-controlled phase 2 study 
included 129 patients with MS on IFNB-1a who 

were randomized to either 100,000  IU vitamin 
D3 twice monthly (daily equivalent of 7143 IU) 
or placebo noted no effect on clinical parameters, 
but did observe a protective effect of vitamin D 
on MRI parameters. The authors found no statis-
tically significant effect on clinical parameters in 
the intention-to-treat analysis, but the study may 
have been underpowered as a consequence of an 
unexpectedly low relapse rate among the control 
patients [96].

 Ongoing Studies

Three ongoing studies are registered with www.
clinicaltrials.gov. The Efficacy of Vitamin D 
Supplementation in Multiple Sclerosis (EVIDIMS) 
study is a randomized, controlled, double-blind 
stratified phase 2 clinical trial of patients with CIS 
or MS on IFNB-1b in Germany [97]. Patients are 
randomized to high-dose (average 10,200  IU 
daily) or low-dose (average 200 IU daily) chole-
calciferol for 18  months. The primary outcome 
measure is the number of new T2 lesions on brain 
MRI. Secondary endpoints include other MRI and 
OCT parameters, clinical metrics, and patient-
reported outcomes such as quality of life and 
fatigue. Results are anticipated in 2018 or 2019.

Another ongoing study, the Vitamin D to 
Ameliorate Multiple Sclerosis (VIDAMS) study, 
is a randomized, controlled phase 3 study with a 
target recruitment of 172 patients with MS in the 
United States [98]. Patients will be randomized 
to high-dose (5000 IU daily) or low-dose (600 IU 
daily) vitamin D3 as add-on therapy to glatiramer 
acetate. The primary outcome is proportion of 
patients experiencing a relapse, and secondary 
outcomes include additional clinical and radio-
logical metrics. The study will terminate in 2018. 
Finally, an actively recruiting, double-blind, ran-
domized, controlled trial including 100 patients 
with MS will randomize patients to 1000 or 
4000 IU vitamin D3 daily for 4 months. The pri-
mary outcome is the change in 25(OH)D levels, 
with goals including improving the understand-
ing of immunomodulatory effects of vitamin D 
in vivo.
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 Translating Data into Clinical 
Practice

 Offering Vitamin D Supplementation 
to Patients

Although substantial evidence has demonstrated 
the safety and tolerability of even relatively high 
doses of vitamin D, the absence of definitive data 
from large randomized controlled trials has lim-
ited the application of vitamin D supplementa-
tion for patients with MS. Similarly, the role of 
vitamin D supplementation for the prevention of 
MS in the general public, as well as for higher- 
risk individuals, such as family members of per-
sons with MS, remains incompletely defined.

It is unclear whether D2 or D3 might perform 
better as a supplement or if they are equivalent. 
In a meta-analysis of seven randomized trials 
evaluating serum 25(OH)D concentrations in 
patients requiring supplementation with D2 vs. 
D3, D3 increased serum 25(OH)D more effi-
ciently than D2 [99]. This result should be inter-
preted cautiously given different dosing 
frequencies, doses, and time periods used in this 

study. It is also unclear how this might apply to 
patients considered to be at a normal level who 
are supplemented to further increase their serum 
vitamin D 25OH [99].

Despite the limitations in our current under-
standing of whether vitamin D supplementation 
might alter MS disease course, we routinely eval-
uate the vitamin D status of patients with radio-
logically isolated syndrome (RIS), CIS, and MS 
and provide supplementation to target a level of 
40–70 ng/mL with oral cholecalciferol, if neces-
sary (Fig. 10.2). We choose 40 ng/mL as the lower 
bound based on an increased risk of disease devel-
opment observed in the military nested case-con-
trol cohort [57] and worsening of MS observed in 
the post hoc analysis of the BENEFIT trial [78] in 
individuals with levels <40  ng/mL.  We recheck 
serum levels 3–6 months after making any adjust-
ments to supplementation, and once serum levels 
have been relatively stable on a consistent regi-
men, we check levels every 6–12 months for mon-
itoring. Patients with a BMI >30 require 2–3 
times more vitamin D to satisfy their requirements 
[100]. Similarly, those who are treated chronically 
with steroids or who have gut absorption prob-

Patient with RIS, CIS, MS or a
first degree relative

Serum 25(OH)D levels

<20 ng/mL

50,000 IU
weekly for 3
weeks, then
3000 IU daily

thereafter

Increase by
3000 IU daily

Increase by
1000 IU daily

Continue
current

regimen,
recheck in 6

months

Decrease by
1000 IU daily

Re-check serum
25(OH)D levels after 3

months

Recheck levels in
3 months; reduce

prior vitamin D
supplementation

Adjust cholecalciferol dosage as
needed. Once levels have been
relatively stable for 6–9 months,

monitor twice per year

Decrease by
2000 IU daily

Discontinue
cholecalciferol

20–35 ng/mL 35–40 ng/mL 40–70 ng/mL 70–80 ng/mL 80–90 ng/mL >90 ng/mL

Fig. 10.2 Suggested daily vitamin D3 supplementation based on serum levels of 25(OH)D. CIS clinically isolated 
syndrome, IU international units, MS multiple sclerosis, RIS radiologically isolated syndrome
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lems or are treated with antiepileptic medications 
such as phenytoin or phenobarbital may require 
higher supplemental doses [101].

 Offering Vitamin D to Those at Risk 
for MS

The evidence supporting a preventative effect of 
vitamin D is more compelling than the evidence 
suggesting a therapeutic effect. In addition to 
correcting low levels of 25(OH)D for patients 
with RIS, CIS, or MS, we generally recommend 
that first-degree relatives of persons with MS 
have their vitamin D status evaluated and cor-
rected with oral supplementation if needed [87].

 Safety and Toxicity

When considering supplementation, an under-
standing of the safety profile of vitamin D and 
signs of intoxication are important. A double- blind, 
randomized pilot study demonstrated the safety 
and tolerability of high-dose vitamin D in MS 
patients over a 6-month study period [37]. The 
authors randomized 40 study participants to receive 
supplemental cholecalciferol at doses of 10,400 IU 
daily and 800  IU daily for 6 months. Adverse 
events were minor and did not differ between treat-
ment groups. Three patients (one in the low-dose 
and two in the high-dose group) developed nausea 
that resolved after discontinuing supplementation. 
Baseline serum 25(OH)D levels did not differ 
between treatment groups, but increased to a 
greater extent in the high-dose than the low-dose 
group: the mean change from baseline was 34.9 ng/
mL in the high-dose and 6.9 ng/mL in the low-dose 
group. One patient in the high-dose group was 
found to have a serum calcium level of 10.6 mg/dL 
(reference range 8.4–10.5 mg/dL; the participant’s 
baseline level was 10.0 mg/dL) with a normal urine 
calcium. That participant completed the study, and 
at the 6-month follow-up, after stopping 
 supplementation, the serum calcium level had nor-
malized. Dosing frequency was reduced to every 
other day in one patient from each treatment group 
for elevated urine calcium/creatinine ratio.

An open-label, phase I/II dose-escalation trial 
of vitamin D found that high-dose vitamin D did 
not significantly increase serum calcium levels 
compared to patients not on high doses. Patients 
with MS were matched for demographics and 
disease characteristics and randomized to control 
or treatment with vitamin D [102]. Treatment 
arm patients were given escalating doses up to 
40,000  IU daily. The study was not statistically 
precise enough nor designed to assess clinical 
outcomes, but did provide class II evidence that 
high-dose vitamin D given to patients with MS 
for 52  weeks does not significantly increase 
serum calcium levels compared to patients not on 
high-dose supplementation.

Toxicity from vitamin D is most often related 
to hypercalcemia, and associated serum 25(OH)
D levels are typically well above 150 ng/mL in 
these patients [44]. Doses above 10,000 IU daily 
are generally required to achieve these levels 
[103]. A study in Canada reported that healthy 
adults taking as much as 20,000 IUs of vitamin D 
per day maintain blood levels of 25(OH)D in the 
range of 60–80 ng/mL without any evidence of 
toxicity [104]. The effects of long-term relatively 
high-dose vitamin D have not been well studied, 
however. A few reports suggest a correlation 
between serum levels of 25(OH)D >60  ng/mL 
and increased risks of any-cause mortality, pan-
creatic cancer, and vascular calcification, but one 
cannot assess cause and effect given the observa-
tional nature of these studies [105–107].

Vitamin D intoxication clinically manifests 
with confusion, polyuria, polydipsia, anorexia, 
emesis, and muscle weakness related to hypercal-
cemia. Hyperphosphatemia also occurs due to the 
suppression of PTH, and increased intestinal 
absorption of dietary phosphate and chronic vita-
min D intoxication can cause nephrocalcinosis, 
vascular calcification, and bone demineraliza-
tion. A recent systematic review and meta- 
analysis did not find an increased risk of 
cardiovascular events with vitamin D supplemen-
tation, and a Cochrane database review found a 
decreased risk of death in the elderly with  vitamin 
D3 (but not vitamin D2 supplementation) [108, 
109]. The level at which hypercalcemia occurs is 
undefined, but many experts define intoxication 
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as serum levels of 25(OH)D3 ≥150  ng/mL [7, 
44]. Our practice is to monitor serum 25(OH)D 
levels every 6 months while adjusting vitamin D3 
supplementation and annually for patients with 
stable levels. Adjustments can be made based on 
the patient’s serum 25(OH)D levels according to 
Fig. 10.2.

 Conclusion

Vitamin D has pleotropic effects, some of which 
are beneficial to the immune system. It is our 
view that there is good evidence that in utero and 
beyond low vitamin D status predispose to the 
development of multiple sclerosis. It is also likely 
that MS patients with low 25(OH)D levels are at 
greater risk of MS disease activity. The data sup-
porting the role vitamin D in the treatment of MS 
are not as compelling as those in the prevention 
of MS, but better prospective studies are needed. 
The trials to date are limited by methodological 
issues such as their small size and short duration, 
but the association between 25(OH)D levels and 
MS activity is stronger for MRI than for clinical 
outcomes. This may be related to higher sensitiv-
ity of MRI to disease activity than clinical met-
rics. In practice we recommend vitamin D 
supplementation to our MS patients and first- 
degree relatives employing the rationale that in 
our geographic area, oftentimes 25(OH)D levels 
are low and that it is unlikely to cause harm if 
moderate doses are used. Clinical trials are cur-
rently underway to more directly address the role 
of vitamin D supplementation in MS, yet further 
investigations are needed. As most studies have 
included primarily older Caucasians, it is impor-
tant to evaluate the role of vitamin D in younger 
persons of non-Caucasian ethnicity.
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Acute Disseminated 
Encephalomyelitis

Patricia K. Coyle

 Introduction

Acute disseminated encephalomyelitis (ADEM), 
also called postinfectious encephalitis/encepha-
lomyelitis, is an immune-mediated inflammatory 
and demyelinating syndrome of the central ner-
vous system (CNS). It is typically multifocal but 
monophasic [1]. In most subjects ADEM follows 
within a few days to weeks of a triggering event, 
typically infection or more rarely vaccination 
(Table 11.1). The vaccine relationship has been 
questioned, and some studies report no associa-
tion [2, 3]. A minority of patients have no identi-
fiable prior event. A critical concept is that 
ADEM does not represent an ongoing CNS 
infection.

ADEM is predominantly a pediatric disorder. 
The average age at onset is 5–8  years [4–6]. 
ADEM is much less common in adults, where it 
can occur at any age but particularly affects young 
adults. It is rare in the very young (ages 2–3 years) 
and in the elderly. The incidence in children is 
reported to range from 0.1 to 0.64 cases per 
100,000 population per year [4, 7–10]. Most 
series show a slight male predominance. ADEM 
is said to account for at least 8%, and perhaps as 
high as 20%, of acute encephalitis cases [11].
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Table 11.1 Triggering events for postinfectious enceph-
alitis/encephalomyelitis

Exanthematous viral infections (more historical)
  Measles (0.1%), varicella zoster virus, rubella, 

smallpox
Other viruses (HIV, HTLV-1, hepatitis, other herpes 
viruses, dengue, chikungunya, Zika, mumps, 
parechovirus)
Viral respiratory tract infection
Viral gastroenteritis
Nonspecific febrile illness
Bacterial infection
  Group A beta hemolytic streptococci
  Borrelia burgdorferi
  Campylobacter, leptospira, chlamydia, legionella
  Mycoplasma pneumonia
Protozoal infection
  Malaria [109]
Rickettsial infection
  Rickettsia rickettsii
Aseptic meningitis
Vaccination (≤1–5 cases per million)
  Rabies, pertussis, diphtheria
  Tetanus-polio, measles-mumps-rubella, influenza, 

smallpox, hepatitis B, Japanese B encephalitis, hog 
vaccine, yellow fever, papilloma virus, 
meningococcus

Animal/insect bites
Viper bite with antivenom therapy
Neoplastic process
  Leukemia, non-Hodgkin’s lymphoma
Organ transplant
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 Pathology

The pathologic hallmark of ADEM is wide-
spread white and gray matter perivenous inflam-
mation with demyelination [12]. The 
inflammatory infiltrate is made up of predomi-
nantly lymphocytes and monocytes/macro-
phages. Inflammation results in subsequent 
“sleeve-like” demyelination, with axons rela-
tively spared [13]. In a recent pathology study, 
perivenous demyelination was associated with a 
distinct pattern of cortical microglial activation 
without myelin loss [12]. Perivenous lesions can 
coalesce to form larger demyelinated lesions. 
This neuropathology is quite distinct from mul-
tiple sclerosis (MS) or acute viral encephalitis. 
MS involves confluent demyelination [12]. 
Gross pathology can involve brain congestion 
and swelling, with engorged blood vessels 
within the white matter. Microscopically this is 
associated with hyperemia, endothelial swell-
ing, vessel wall infiltration by inflammatory 
cells, and perivascular edema [14].

Acute hemorrhagic leukoencephalitis (AHLE), 
a hyperacute variant of ADEM discussed below, 
shows a somewhat different pathology, with 
prominent neutrophil infiltration, punctate pete-
chial and ringlike hemorrhages, necrotizing vas-
culitis, and early perivascular astrocyte damage 
[4, 15].

 Clinical Features

At least 70% of patients report an antecedent pro-
dromal event, with neurologic symptoms begin-
ning 2–30  days later [11]. Most often this is 
infection, with less than 5% following vaccina-
tion [16]. Rabies vaccine, when it contained neu-
ral tissue components, was a clear risk [4]. Viral 
infection is the commonest trigger, but nonviral 
pathogens and rare noninfectious exposures are 
also reported [17, 18]. Classically exanthematous 
infections such as measles (0.1%) were a particu-
lar risk. The prototypic clinical picture of ADEM 
involves multifocal neurologic deficits superim-
posed on a diffuse encephalopathy (Table 11.2) 
[19]. There may be seizures. Altered conscious-

ness is a key feature. Drowsiness, lethargy, stu-
por, or coma is much more suggestive for ADEM 
than is simple irritability or mood disturbance. 
Cognitive deficits are seen [20], and multifocal 
deficits can involve motor, sensory, visual, coor-
dination, and gait disturbances. Ataxia and lan-
guage disturbance may be more common in 
children than adults [19, 21]. Lower urinary tract 
dysfunction can be seen in 33% and may persist 
[22]. It is also common to have neurologic abnor-
malities outside the brain itself. The spinal cord is 
involved in up to 67% of cases, particularly in 
adults [11, 13]. Peripheral nervous system (PNS) 
involvement (polyradiculoneuropathy) occurs in 
5–44% [11, 23], perhaps reflecting that ADEM is 
part of a much broader immune-mediated neuro-
logic spectrum that includes Guillain-Barre syn-
drome. The clinical course is rapid, with maximal 
deficits within 2–5  days [4]. Unusual clinical 
manifestations include acute psychosis, cerebel-
lar mutism, various movement disorders, and 
Klüver-Bucy syndrome [24–28]. ADEM can cer-
tainly present with a picture that suggests mass 
lesion with increased intracranial pressure. It has 
also developed following aseptic meningitis [29]. 
Sustained high fever and hyponatremia were 
noted in these meningitis patients.

Based on the most current diagnostic criteria 
(see below), clinical features may fluctuate. New 
features may appear over a 3-month period and 

Table 11.2 Clinical features of postinfectious encephali-
tis/encephalomyelitis

Encephalopathy (drowsiness/lethargy, stupor/coma)
Fever
Headache
Motor deficits
Ataxia
Sensory abnormalities
Seizures (focal or generalized)
Optic neuritis (unilateral or bilateral)
  Bilateral may need to rule out neuromyelitis 

optica-Devic spectrum disorder
Transverse myelitis
Bladder, bowel disturbances
Language abnormalities
Cranial neuropathy/brainstem deficits
Visual field defects
Radicular, neuropathic features
Meningismus
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are still considered one episode. A small minority 
of ADEM patients (2–4%) will have a second 
attack [30]. In 80%, this second attack occurs 
within 2 years [30]. An early follow-up brain 
MRI (within 6 months), if it has new or persistent 
lesions, predicts multiphasic ADEM [31]. Brain 
MRI follow-up up to 2 years did not find silent 
MRI lesions in the monophasic group. Some 
pediatric ADEM patients will go on to develop 
MS, neuromyelitis optica spectrum disorder 
(NMOSD), or ADEM followed by optic neuritis 
(ADEM-ON) [4].

 Diagnosis

Diagnosis of ADEM depends on a consistent 
clinical and laboratory picture, with other possi-
bilities ruled out. It is a diagnosis of exclusion 
[4]. Core laboratory tests involve blood work, 
neuroimaging, and cerebrospinal fluid (CSF) 
evaluation. The International Pediatric MS Study 
Group revised their formal consensus definition 
criteria for pediatric ADEM in 2012 (Table 11.3). 
They recognize the monophasic and multiphasic 
(second attack) variants. More than two attacks 
are now felt to reflect a chronic relapsing disor-
der, such as MS or NMOSD [30]. The revised 
diagnostic criteria propose that after pediatric 
ADEM, MS criteria would be met if a second 

clinical event occurred ≥3 months later, was non-
encephalopathic, and was associated with new 
MRI lesions meeting dissemination in space cri-
teria. The ADEM diagnostic criteria require poly-
symptomatic onset with encephalopathy. Many 
earlier studies did not use formal diagnostic stan-
dards, and entered patients with CNS inflamma-
tory syndromes of unknown etiology, with or 
without encephalopathy. In such series up to 58% 
of what was considered ADEM did not have 
encephalopathy [32].

The diagnosis in adults is more problematic, 
since it is fairly easy to include multifocal clini-
cally isolated syndrome (CIS) (representing 
the  first attack of relapsing MS) in ADEM 
series, unless encephalopathy is required. 
Encephalopathy is virtually never seen in MS 
relapses. In one series of 60 patients over age 15, 
who presented with an acute demyelinating syn-
drome, ADEM was differentiated from MS by 
meeting at least two of three critical criteria: atyp-
ical clinical symptoms for MS, absent CSF oligo-
clonal bands, or gray matter involvement [33]. In 
another study of 40 adult ADEM cases, 35% were 
said to have developed MS [34]. However, 
encephalopathy was not required for the original 
ADEM diagnosis. A recent series reported on five 
elderly subjects (ages 57–85  years) with patho-
logically confirmed ADEM [35]. Their initial dif-
ferential diagnosis was broad.

ADEM should be considered in anyone who 
presents with a suggestive neurologic syndrome. 
Recent illness or vaccination increases likelihood 
of this diagnosis, but is not required. The rare 
postvaccinal cases typically follow a primary 
rather than revaccination [13].

Neuroimaging is central for the diagnosis of 
ADEM.  Although brain CT may show patchy 
areas of low attenuation in white matter, with 
focal or diffuse cortical enhancement, it is nor-
mal in about 70% of patients and is much less 
sensitive than magnetic resonance imaging 
(MRI) [36]. Brain MRI with and without con-
trast should be carried out in all patients, unless 
 contraindicated. Normal brain MRI probably 
excludes a diagnosis of classic ADEM, although 
imaged lesions may be delayed for several 
weeks [37]. MRI typically shows multiple T2/

Table 11.3 Revised pediatric postinfectious encephali-
tis/encephalomyelitis ADEM diagnostic criteria [30]

Monophasic ADEM
  A first polyfocal clinical CNS event with presumed 

inflammatory cause
  Encephalopathy that cannot be explained by fever
  MRI typically shows diffuse, poorly demarcated, 

large, >1–2 cm lesions involving predominantly 
cerebral WM; T1-hypointense WM lesions are rare; 
deep GM lesions (e.g., thalamus or basal ganglia) 
can be present

  No new symptoms, signs, or MRI findings after 3 
months of the incident ADEM

Multiphasic ADEM
  New event of ADEM 3 months or more after the 

initial event that can be associated with new or 
re-emergent prior clinical and MRI findings. Timing 
in relation to steroids is not pertinent

WM white matter, GM gray matter
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FLAIR hyperintense lesions involving white 
matter but also gray matter. ADEM lesions may 
(but do not have to) lack sharp borders. The 
classical imaging features for ADEM are sym-
metric bilateral lesions, relative periventricular 
sparing, and deep gray matter involvement. 
Deep gray matter (basal ganglia, thalamus) 
involvement is reported in 15–60% of adult 
cases [38]. Bilateral thalamic involvement is 
reported in 12% of pediatric cases [39]. In a 
recent study, MRI criteria were evaluated to dif-
ferentiate ADEM from MS; the so- called Callen 
MS-ADEM criteria had the best sensitivity 
(75%) and specificity (91%) [40]. They involved 
meeting at least two of the following three crite-
ria: absence of a diffuse bilateral lesion pattern, 
presence of black holes, and two or more peri-
ventricular lesions. Lesions affect subcortical 
white matter predominantly, although middle 
cerebellar peduncle and periventricular involve-
ment can be seen [41]. Diffuse extensive supra-
tentorial white matter involvement has also been 
seen [38]. Sometimes there can be a single 
tumefactive lesion, which can even be confined 
to the brainstem [10].

Contrast enhancement is not that helpful. 
Although very suggestive when it involves all 
lesions, there may be enhancement of only a sub-
set of lesions, or none may enhance. There can be 
rare presentations with multiple ring enhancing 
lesions [42]. In pediatric ADEM, contrast 
enhancement of one or more lesions is noted in 
14–30% [30].

Follow-up brain MRI 6 months after presenta-
tion should show partial or complete resolution 
of lesions, with no new lesions [13]. Spinal cord 
MRI may be abnormal as well. Cord lesions in 
ADEM are more likely to involve the thoracic 
region and may be diffuse and longitudinally 
extensive [43, 44].

There are limited reports using nonconven-
tional MRI techniques. It would be helpful if a 
unique diagnostic imaging signature could be 
developed. Using diffusion MRI, apparent diffu-
sion coefficient (ADC) was reported as decreased 
in early ADEM lesions and increased in later 
stages [41]. In another small series, diffusion 
tensor imaging signal was reported as abnormal 

in ADEM vs. MS basal ganglia [45]. A recent 
series showed ADC values increased in 70% of 
17 pediatric ADEM cases, consistent with vaso-
genic edema [46]. Using MR spectroscopy, acute 
and chronic phases of ADEM showed distinct 
patterns. Reduced N-acetylaspartate to creatine 
ratios were noted in supratentorial normal- 
appearing white matter, while choline to creatine 
ratios were increased acutely, but decreased back 
toward normal later. Myoinositol to creatine 
ratios were decreased acutely, but increased in 
the chronic phase, consistent with gliosis. 
Elevated lipids and lactate were noted in the 
acute phase for all subjects, but later normalized 
[47]. Elevated glutamine/glutamate was present 
in 67% acutely and then dropped. The authors 
suggested that the decrease in myoinositol dur-
ing the acute phase might distinguish ADEM 
from MS [47]. Unlike MS, normal-appearing 
brain tissue did not show abnormal magnetiza-
tion transfer imaging or diffusion tensor imaging 
values [48].

CSF is routinely examined as part of the diag-
nostic workup. It helps to exclude direct infec-
tion. CSF can be normal in up to 33% of cases 
[11]. Most often there is a low-grade mononu-
clear pleocytosis, with mildly elevated protein 
and normal glucose. Rarely neutrophils may pre-
dominate. All cultures and stains, and any PCR or 
antigen tests, should be negative. CSF pressure 
may be elevated. Positive oligoclonal bands or 
elevated intrathecal IgG production is reported in 
a minority of cases. ADEM can be associated 
with oligoclonal bands in both CSF and serum 
[11]. If positive, they are transient and not persis-
tently abnormal. Myelin basic protein (MBP) is 
often elevated in CSF, as a nonspecific acute 
injury marker.

With regard to other laboratory testing, about 
50% of patients show peripheral leukocytosis or 
elevated acute-phase reactants [21]. Myelin oli-
godendrocyte glycoprotein (MOG) IgG anti-
body should be obtained if possible (see below). 
Electroencephalogram (EEG) generally shows 
diffuse background slowing [19]. Brain biopsy 
is rarely necessary but may be indicated in 
 confusing cases (particularly with continued 
deterioration).
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 Differential Diagnosis

The differential diagnosis of ADEM involves 
principally other causes of encephalitis or 
encephalomyelitis, stupor, or brain MRI white 
matter lesions (Table 11.4) [1, 49–54]. The dif-
ferential is influenced somewhat by age, since 
conditions such as mitochondrial disorders are 
more likely in the young, while toxic abuse is 
more likely in adults.

 Management

Symptomatic management involves general sup-
portive measures, such as assuring airway and 
venous access, controlling fever, and treating 
electrolyte imbalance. Seriously ill patients or 
those who decompensate should be managed in 
an intensive care unit (ICU) setting, since 
increased intracranial pressure is a major concern 

in severe cases. Appropriate measures are taken 
to prevent venous thrombosis, and any seizures 
are treated.

There are no randomized controlled trials for 
treatment of ADEM. Corticosteroids are standard 
therapy based on class III evidence [55]. The 
most typical dose is 1 g intravenous (IV) methyl-
prednisolone for 3–7 days. Occasionally higher 
doses (up to 2 g) are used. Plasma exchange (typ-
ically seven exchanges) can be considered in 
steroid-unresponsive patients. The expected 
response rate is at least 44% [56]. Males, those 
with preserved reflexes, and those who receive 
early (within 21 days) plasma exchange appear to 
do better. In one study early treatment, and 
improvement at discharge, predicted good 
response 6 months post exchange [57]. Treatment 
with intravenous immune globulin (IVIG) can 
also be considered in steroid-resistant patients, 
typically 1–2 g/kg over 2–5 days [36, 58]. IVIG 
is preferred to plasma exchange for postvaccinal 
ADEM [13, 59]. PNS involvement, milder onset 
disability, and lower CSF albumin have predicted 
IVIG treatment response [11]. IV cyclophospha-
mide has also been used for patients who con-
tinue to deteriorate. Rarely aggressive surgical 
decompression or hypothermia may be needed to 
control brain swelling [60–62].

 Prognosis

With the exception of the AHLE hyperacute 
 variant, ADEM overall has a good prognosis. 
Mortality rate is less than 5% in pediatric series, 
but has been reported as high as 8–25% in adults 
requiring ICU admission [38, 63]. Most patients 
make a good recovery from ADEM, though there 
may be permanent deficits in 10–30% including 
cognitive and psychosocial deficits [27, 28, 32, 
34, 64]. In a pediatric series, initially severe 
course was associated with cognitive and visual 
spatial deficits years later [65]. In recent studies 
pediatric ADEM patients showed significantly 
reduced age-expected brain volume growth, and 
white matter development, compared to controls 
[66, 67]. Adults are reported to have a worse 
 disease course and outcome than children [21]. 

Table 11.4 Differential diagnosis of postinfectious 
encephalitis/encephalomyelitis

Acute infectious encephalitis/encephalomyelitis
  Viruses (herpes viruses, West Nile virus)
  Bacteria (legionnaires, listeria, tuberculosis)
  Parasites (amebae)
Brain abscess
Systemic disorders
  Autoimmune connective tissue disease
  Hemophagocytic (cytokine storm) syndrome
  Neurosarcoidosis
Vasculitis
Neoplastic and paraneoplastic disorders
  Lymphoma, angioendotheliomatosis, gliomatosis 

cerebri
Multiple sclerosis
  Tumefactive
  Marburg variant
Toxic leukoencephalopathy
  Inhaled heroin (“chasing the dragon”)
  Carbon monoxide
Mitochondrial disorders
Metabolic disorders
  Central and extrapontine myelinolysis
  Marchiafava-Bignami disease
  Wernicke-Korsakoff encephalopathy
Posterior reversible encephalopathy syndrome
X-linked Charcot-Marie-Tooth disease
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In  one small series of eight patients, brainstem 
involvement was associated with poorer outcome 
[68]. Peripheral nervous system involvement 
may also be associated with poorer recovery and 
higher risk of relapse [69]. Seizures and coma are 
also suggested to indicate worse prognosis [19, 
27]. Other features associated with poorer out-
come were older age onset, female gender, 
increased CSF protein, and spinal cord involve-
ment [23]. In another very small series (two 
patients), decreased ADC in the internal capsule, 
consistent with cytotoxic edema, predicted poor 
motor outcome [70]. Patients with a relapsing 
attack are reported to have a good outcome in 
long-term (9–13 years) follow-up [71].

 ADEM Spectrum Overlap Disorders

ADEM can be considered part of a spectrum of 
CNS disorders (Table 11.5). As discussed previ-
ously, ADEM is typically monophasic but can 
involve a repeat episode in 2–4% of cases. A 
repeat episode must occur beyond 3 months. By 
convention, this is considered multiphasic 
ADEM.

MOG IgG antibody is reported in a subset of 
demyelinating CNS disorders. It is more com-
mon in pediatric cases and with optic neuritis 
(especially bilateral). It requires a cell-based 
assay for reliable detection of conformationally 
sensitive IgG.  ELISA and immunoblot, used 
 previously, provided unreliable results [72]. Anti- 
MOG IgG is rarely if ever detected in 
MS. However, it accounts for about 10% of sero-
negative NMOSD (negative for aquaporin 4 IgG 
antibodies). It is reported in subjects with optic 
neuritis, encephalitis with brain demyelinating 
lesions, and myelitis. Some have suggested the 

eponym MOG-IgG-associated optic neuritis, 
encephalitis, and myelitis (MONEM) for this 
cohort [73]. The highest titers have been reported 
in ADEM but are generally transient and clear 
with recovery [72]. However persistent antibod-
ies are also found in an unusual subset of ADEM 
that is followed by one or more attacks of optic 
neuritis (ADEM-ON).

In a Dutch study, this variant accounted for 
only 1.2% of pediatric acquired demyelinating 
disease [74]. Anti-MOG antibodies are said to 
predict a non-MS disease course [75]. 
ADEM-ON is typically anti-MOG IgG positive 
in blood. In an analysis of 17 pediatric patients, 
relapses involved a unilateral or bilateral optic 
neuritis (94.4%) or ADEM (5.6%) [76]. During 
a median follow-up of 5.3 years, half of relapses 
occurred at the time corticosteroids were being 
tapered (to <10 mg) or within 4 weeks of dis-
continuation. Residual deficits were found in 
71%. Interattack intervals could exceed 5 years. 
There is a case report of good response to ritux-
imab [77]; others report corticosteroid respon-
siveness [76]. The acute attack in MOG-related 
syndromes is treated with corticosteroids, 
plasma exchange, IVIG, or cyclophosphamide 
[73]. The optimal long-term therapeutic 
approach to MOG-related syndromes is unclear, 
but currently includes prolonged corticosteroids 
over months, pulse IVIG, anti-CD20 monoclo-
nal antibody, or immunosuppression [73]. It is 
important to follow titers, since loss of antibod-
ies may allow withdrawal of therapy.

AHLE (Hurst syndrome) is a very rare disor-
der. It is the hyperacute and most severe form of 
ADEM [78, 79]. AHLE typically follows non-
specific respiratory tract infection. Clinical 
onset involves fever, confusion proceeding to 
stupor and coma, seizures, and focal neurologic 
deficits that mimic a rapidly expanding mass 
lesion within the brain. Mortality approaches 
70% and occurs within days, with severe mor-
bidity in survivors. MRI shows large hemi-
spheric white matter lesions, with relative 
sparing of gray matter (although basal ganglia 
and thalamus may be involved, as can brain-
stem/cerebellum and spinal cord) [15]. There 
may be limited MRI enhancement despite 

Table 11.5 Postinfectious encephalitis/encephalomyeli-
tis CNS spectrum overlap disorders

Multiphasic ADEM
ADEM followed by optic neuritis (ADEM-ON)
Acute hemorrhagic leukoencephalitis (AHLE)
Acute necrotizing encephalopathy
Bickerstaff brainstem encephalitis
Pediatric MS
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 evidence of edema and hemorrhage. On diffu-
sion MRI, both acute and subacute lesions 
showed increased ADC values [15]. CSF shows 
pleocytosis with RBCs. Neuropathology 
involves polymorphonuclear cell infiltration 
with fibrinoid necrosis of small blood vessels, 
perivascular exudates, microhemorrhages, and 
cerebral edema. Myelin loss occurs in the set-
ting of relative preservation of axons. There are 
no formal guidelines on treatment, but one can 
formulate a reasonable approach based on small 
case series (Table  11.6). Therapy requires 
aggressive treatment of increased intracranial 
pressure and other complications [36]. 
Corticosteroids with plasma exchange, IVIG, 
and/or immunosuppressants (cyclophospha-
mide) may be tried, and surgical intervention 
and hypothermia may be needed for severe 
cases [60–62, 80–82]. Clinical improvement has 
been noted within 2 days of starting plasma 
exchange.

Acute necrotizing encephalopathy, formally 
characterized in 1995, is a rare disease which 
follows influenza, parainfluenza, human herpes-
virus- 6, measles, or mycoplasma infections [83, 
84]. Young children under the age of 5  years, 
particularly from an Asian background (Japan 
and Taiwan), seem to be preferentially vulnera-
ble [85]. The clinical syndrome is fulminant, 
with fever and altered mental status within 1–4 
days of the viral febrile illness, progressing to 
coma within 24–72 h. Seizures (often refractory 
to treatment) are common, and mortality is 
30–70%, typically due to cardiorespiratory 
issues [86]. Brain MRI shows multiple symmet-

ric lesions involving the thalami, brainstem teg-
mentum, cerebellum, periventricular white 
matter, and putamen [85]. The differential diag-
nosis includes Reye syndrome, Leigh’s disease 
(subacute necrotizing encephalomyelopathy), 
Wernicke encephalopathy, Sandhoff disease, 
cerebrovascular event, or tumor [87]. CSF 
shows increased protein without pleocytosis and 
has been PCR positive for virus in only a minor-
ity of cases. Serum aminotransferases but not 
blood ammonia may be elevated. Postmortem 
studies show tissue necrosis, vascular changes 
with petechial hemorrhages, local vessel con-
gestion, microthrombi, and vasogenic edema 
[86]. Some patients show high circulating levels 
of interleukin-6 and tumor necrosis factor [83]. 
Corticosteroids administered within 24  h of 
onset may be associated with better outcome, at 
least when brainstem is not involved [87]. An 
autosomal dominant disorder, involving recur-
rent bouts of acute necrotizing encephalopathy, 
has been associated with missense mutations in 
the Ran-binding protein 2 (RANBP2) gene on 
chromosome 2. This gene codes for a nuclear 
pore component [85, 88]. Acute necrotizing 
encephalopathy shows many similarities to 
AHLE. A recent case of AHLE in a 6-year-old 
girl with sickle cell disease was associated with 
a novel RANBP2 variant [89]. It is interesting to 
speculate whether acute necrotizing encepha-
lopathy is an expression of AHLE in the very 
young.

Bickerstaff brainstem encephalitis is charac-
terized by ophthalmoparesis, ataxia, and other 
CNS features including impaired conscious-
ness. It appears to be part of a very broad neuro-
immune spectrum which includes Guillain-Barré 
syndrome, especially the Miller Fisher variant 
[90, 91]. Reflexes in these brainstem encephali-
tis patients may be increased, normal, or even 
absent. Patients can show central motor and sen-
sory abnormalities, and up to 66% have 
 anti- GQ1b antibodies [92]. CSF shows cytoal-
buminologic dissociation most often, but 32% 
do have a pleocytosis. Brain MRI is abnormal in 
up to 30%, with T2-hyperintense lesions most 
often within the brainstem [93]. Bickerstaff 
brainstem encephalitis is treated with either 

Table 11.6 Management of acute hemorrhagic 
leukoencephalitis

Admit to ICU
Ensure airway, breathing, oxygenation, IV access
Control fever, seizures
Monitor and control intracranial pressure (intracranial 
transducers, sedation, hypothermia, other measures)
Glucocorticoids; consider concomitant plasma 
exchange or IVIG
Surgical decompression to control swelling
Consider IV cyclophosphamide for ongoing process

ICU intensive care unit, IV intravenous, IVIG intravenous 
immune globulin
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IVIG or plasma exchange [94]. Outcome is gen-
erally good with spontaneous recovery, but sev-
eral deaths have occurred [95].

MS is the major acquired CNS inflamma-
tory demyelinating disease. It is certainly in 
the differential diagnosis for ADEM but can 
also be considered part of this immune-medi-
ated spectrum. This is especially true for 
pediatric MS but also for adult-onset 
MS.  Pediatric MS is discussed in a separate 
chapter. Compared to ADEM, pediatric MS is 
not monophasic. It has onset typically over 
age 10  years, shows female predominance, 
and has no triggering event. It is more likely 
to have a monosymptomatic vs. polysymp-
tomatic onset and is much less likely to 
involve any encephalopathic features, bilat-
eral optic neuritis, fever, headache, meningis-
mus, or seizures [32, 96]. Family history of 
MS also favors MS over ADEM [32]. 
However up to 20% of pediatric MS patients 
experience ADEM as their initial event and 
then go on to clear-cut MS [97, 98]. These 
children tend to be under 10  years of age. 
Laboratory distinctions are helpful. In MS 
the CSF is more likely to show oligoclonal 
bands which persist, without increased pro-
tein or pleocytosis. Brain MRI is much more 
likely to show periventricular perpendicular 
and corpus callosum ovoid lesions with well-
defined margins, without gray matter or 
brainstem/cerebellar macroscopic lesions 
[32, 96]. MS MRI lesions increase over time 
and do not resolve the way ADEM lesions do. 
MS spinal cord MRI lesions are virtually 
never longitudinally extensive (extending 
three or more vertebral segments) except in 
rare pediatric cases. MRI diffusion- weighted 
imaging shows MS vs. ADEM differences. 
ADC values within the corpus callosum were 
consistently elevated in MS compared to 
ADEM or neurosarcoidosis patients, consis-
tent with nonrestricted water diffusion due to 
demyelination.

For adult-onset MS, multifocal CIS can be 
confused with ADEM, but a key feature is the 
lack of encephalopathy as a component of the 
CIS presentation.

 Etiology

ADEM is considered an immune-mediated CNS 
syndrome. It is believed that myelin components 
are generally the autoimmune targets. Several 
hypotheses have been proposed. The first is based 
on molecular mimicry. In this scenario an envi-
ronmental pathogen or external vaccination con-
tains antigenic epitopes that cross-react with 
myelin components and results in a misdirected 
systemic immune attack against the CNS.  This 
would be akin to the major animal model for MS, 
experimental allergic/autoimmune encephalomy-
elitis, because it involves a systemic immune 
pathogenesis. This hypothesis is partially sup-
ported by early reports that rabies vaccines devel-
oped in CNS tissues had an excessive high rate of 
postinfectious sequelae.

A second hypothesis involves a transient 
infection of the CNS that results in blood-brain 
barrier damage, with release of sequestered 
myelin antigens to the systemic immune system. 
This is temporally linked to a secondary organ- 
specific immune attack against the CNS.

A third hypothesis requires a critically timed 
two-hit infection, with the second infection 
reactivating previously primed autoreactive 
lymphocytes.

In a limited number of cases, there is one final 
interesting observation: a mutation in the SCNIA 
sodium channel that has been associated with 
postvaccination ADEM [13, 99, 100].

T cells sensitized to MBP have been reported 
in ADEM. In an immunologic study of ADEM, 
most patients showed lymphocyte proliferation 
to MBP [101]. Some patients show antibodies to 
glycolipids such as galactocerebroside, as well as 
myelin proteins. IgG antibodies to MOG (but not 
to proteolipid protein or aquaporin 4) are present 
in most ADEM patients but are typically transient 
[102]. IgM antibodies to MOG were only found 
in 3 of 19 ADEM cases. In another series involv-
ing 19 children with ADEM vs. 25 with CIS, 28 
other neurologic disease patients, and 30 healthy 
controls, IgM to EBV early antigen was present 
in 16% of ADEM cases only. Serum IgG to EBV 
was no different between ADEM and controls, 
but titers were higher in CIS patients. High IgG 
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titers to native MOG were found only in the 
ADEM and CIS cohorts and were unrelated to 
the EBV antibody response [103]. There has 
been a particular interest in anti-MOG antibodies 
because they demyelinate in vitro MOG. MOG is 
expressed on the outer lamella of the myelin 
sheath. Persistent MOG antibodies in ADEM 
mark a group at risk for subsequent optic neuritis 
(ADEM-ON).

Cytokines are implicated as well [104], and 
lesion formation is said to involve cytokines such 
as interleukin-2 (IL-2), interferon-γ, and tumor 
necrosis factor [105]. In a study of chemokines 
and cytokines in ADEM, MS, and healthy control 
subjects, ADEM showed elevated CSF levels of 
chemokines involved in neutrophil and T helper 2 
cell attraction [106]. There was no difference in 
serum cytokine/chemokine levels.

Human leukocyte antigen alleles have been 
studied a little bit in ADEM and in various popu-
lations have been similar (but not identical) to 
those associated with MS [107]. A recent child 
with biopsy-documented ADEM showed two 
heterozygous mutations of the polymerase 
gamma gene, consistent with mitochondrial dis-
ease [108]. The significance of this association in 
a single case is unclear.

 Summary

ADEM is an important neuroimmune syndrome 
that is part of a spectrum of CNS inflammatory 
demyelinating diseases. It is distinct from MS and 
carries overall a good prognosis with the excep-
tion of the hyperacute AHLE variant. The immu-
nopathogenesis is not well understood, which 
limits development of preventive strategies and 
definitive therapies. A recent focus on IgG to 
MOG is helping to define useful ADEM subsets.

Diagnostic paradigms continue to be refined. 
Management involves appropriate supportive care 
and early institution of immunomodulatory thera-
pies such as corticosteroids, plasma exchange, 
and IVIG. Aggressive management is always jus-
tified to control increased intracranial pressure, 
since such patients can ultimately do very well 
once this monophasic syndrome has ended.
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Neuromyelitis Optica Spectrum 
Disorders

Jonathan F. Cahill

 Clinical Presentation

Optic neuritis (ON) and transverse myelitis 
(TM) have long been considered the core clinical 
characteristics of neuromyelitis optica spectrum 
disorder (NMOSD). The optic neuritis of 
NMOSD presents similarly to that of multiple 
sclerosis (MS) and other inflammatory ON with 
decreased visual acuity, loss of color vision, and 
pain with eye movement developing subacutely 
over hours to days. The episodes or attacks of 
optic neuritis are most commonly severe and of 
a relapsing and remitting course. Unilateral ON 
is most typical, although simultaneous bilateral 
ON is not uncommon [1, 2]. There is frequently 
incomplete recovery from attacks with a step-
wise accrual of disability (loss of visual acuity 
and constriction of visual fields) over time. 
Similarly, the clinical presentation of TM with 
NMO is similar to that of MS, with paraparesis, 
bladder dysfunction, and a sensory level on the 
trunk being common symptoms. Lhermitte sign 
and tonic spasms, other symptoms of myelopa-
thy, are also common. Compared to MS, severe 
symptoms and incomplete recovery are more 
common in NMOSD [3]. A third clinical presen-

tation in NMOSD, which is included as a core 
clinical characteristic in the 2015 NMOSD crite-
ria [4], is that of the area postrema syndrome 
(APS). Lesions of the area postrema, the chemo-
sensitive vomiting center of the brain in the dor-
sal medulla, can be caused by the extension of 
longitudinally extensive cervical cord lesions. 
APS is characterized by intractable hiccups, 
nausea, and vomiting [5].

About half of all patients with NMO have a 
relapse of symptoms within 1 year of diagnosis, 
and up to 90% have a clinical relapse within 3 
years [6, 7]. Because residual symptoms after 
each attack are common and disability accrues 
with time, approximately half of all patients 
develop severe visual loss or inability to ambu-
late without assistance after 5 years [7, 8]. With 
the effect on neurological disability leading to 
other complications such as respiratory failure 
from high cervical lesions, the median survival 
for patients with NMO is less than 18 years [7, 9]. 
Factors associated with more severe disease and 
shorter survival include higher attack frequency 
during the first year of disease, incomplete recov-
ery from the first attack, blindness at disease 
onset, and the presence of other autoimmune dis-
eases [7, 9].

The main difference between typical MS and 
typical NMOSD is the lack of significant brain 
disease in NMOSD. The disease primarily affects 
the optic nerves and spinal cord, with relative 
sparing of the brain, although some specific brain 
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areas are increasingly recognized as being 
affected in NMOSD. Another key clinical differ-
ence between NMOSD and MS is that NMOSD 
does not have a secondary progressive phase of 
illness [10]. NMOSD is a disease characterized 
almost exclusively by relapses, sometimes with 
incomplete recovery, which can be more severe 
than relapses of MS [1, 11, 12].

 Epidemiology

The median age of onset of symptoms in NMOSD 
is about 10 years later than in MS (39 years com-
pared to 29 years) and the female-to-male ratio is 
significantly higher (range 3:1 to 9:1 in NMOSD) 
than in MS [11, 13, 14]. Other autoimmune dis-
eases, especially systemic lupus erythematosus 
(SLE) and Sjogren syndrome (SS), have been 
associated with NMOSD and longitudinally 
extensive myelitis [15–18]. The serological mark-
ers of these systemic autoimmune disorders (anti-
nuclear antibodies and Sjogren syndrome A 
antibodies) are also common in patients with 
NMOSD who do not have clinical manifestations 
of SLE or SS.  In one study of 78 patients with 
NMOSD, 66.7% of them had aquaporin-4 anti-
bodies, antinuclear antibodies were found in 
43.8%, and Sjogren syndrome A antibodies in 
15.7% [19]. Only five of the aquaporin-4 
antibody- positive patients had coexisting clinical 
SLE, SS, or both.

 Pathology and Pathophysiology

The pathology of NMOSD is primarily demye-
lination. The degree of demyelination within 
lesions is frequently more extensive than in MS, 
and there is more commonly associated necrosis, 
cavitation, and acute axonal pathology (spher-
oids) [20, 21]. There is significant oligodendro-
cyte loss in both gray matter and white matter. In 
active lesions, there is perivascular inflammation 
with macrophages and T-cells, as well as neutro-
phils and eosinophils.

With the discovery of specific autoantibodies 
to the aquaporin-4 channel on astrocytes in 

NMOSD [22], a biomarker for the disease was 
found. Aquaporin-4 is an astrocyte water channel 
found in the periventricular and periaqueductal 
brain and the gray matter of the spinal cord [23, 
24]. The aquarorin-4 channel is one of a family of 
channels that allow for movement of water across 
cell membranes [25]. The channel is highly rep-
resented in the optic nerve, the spinal cord, and 
the area postrema. In NMOSD, specific autoanti-
bodies to the aquaporin-4 channel have been 
shown to be pathogenic [26, 27]. Measurable 
aquaporin-4 immunoglobulin G antibodies 
(AQP4-IgG) can be found in 75–90% of patients 
with NMOSD, and when found, the AQP4-IgG is 
91–100% specific for NMOSD [11].

 MOG Antibodies

In a subset of patients with a clinical presentation 
of NMOSD but without AQP-4-IgG, antibodies to 
the membrane-embedded myelin oligodendrocyte 
glycoprotein (MOG) have been found [28, 29]. 
MOG-IgG is also found in children with acute dis-
seminated encephalomyelitis [30], but in those 
cases, the antibody seropositivity is not persistent 
and MOG-IgG cannot be detected after the mono-
phasic illness. MOG-IgG is not found in patients 
with multiple sclerosis or AQP-4-IgG seropositive 
NMOSD [31]. The clinical presentation of MOG-
IgG-positive NMOSD is like that of AQP-4-IgG-
positive cases, with ON and TM as the most 
common presenting syndromes. Though the sever-
ity of symptoms is similar between the two, the 
degree of recovery from attacks of ON or TM in 
patients with MOG-IgG disease is generally 
greater than for those with AQP-4-IgG disease. 
Patients with MOG-IgG- positive disease are more 
likely to have simultaneous bilateral ON, rapidly 
sequential ON, or simultaneous ON and TM [32]. 
In one large cohort of 252 patients, 56% of MOG-
IgG seropositive patients had a monophasic pre-
sentation [33]. Involvement of the cerebellum and 
brainstem is also more common in MOG-IgG-
positive patients, and cases of seizures, encephali-
tis, and meningitis have been described [34–36]. 
Because of the greater degree of phenotypic vari-
ability in MOG-IgG-positive patients, some have 
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 suggested it be considered a separate entity outside 
of NMOSD, and the terms MOG-IgG-associated 
optic neuritis, encephalitis, and myelitis 
(MONEM) have been suggested [37]. The natural 
history of MOG-IgG seropositive NMOSD is not 
fully understood, owing to the limited follow- up 
time and the low number of described cases. In 
clinical practice, most patients with MOG-IgG 
seropositive NMOSD are treated with long-term 
immunotherapy in a similar way to patients with 
AQP-4 IgG seropositive NMOSD [38].

 Imaging NMOSD

MRI is a valuable diagnostic tool for the diagno-
sis and monitoring of disease activity in 
NMOSD. Just as how the clinical presentation of 
NMOSD is similar but with notable specific dif-
ferences from MS, the imaging abnormalities of 
the two diseases are distinct. A large majority of 
patients with NMOSD presenting with ON have 
gadolinium enhancement of the optic nerve visi-
ble on MRI [11]. Bilateral optic neuritis, chias-
matic involvement, and enhancement of more 
than half of the length of the optic nerve (longitu-
dinally extensive optic neuritis—LEON) are fea-
tures more typical of NMOSD than MS [4, 39].

At the time of diagnosis, brain MRI in 
NMOSD patients is normal in nearly 80%, and 
the remainder usually have nonspecific white 
matter T2 hyperintensities not meeting diagnos-
tic criteria for MS [1]. Over time, the brain MRI 
in most patients with NMOSD demonstrates the 
accumulation of white matter T2 hyperintensi-
ties, but typically they remain nonspecific and 
not meeting MS criteria [1]. The brain MRI is 
useful in differentiating MS from NMOSD, but 
not in differentiating different antibody-medi-
ated forms of NMOSD from one another [40]. At 
disease onset, several patterns of brain MRI 
lesions specific to NMOSD have been described, 
including lesions that are longitudinally exten-
sive within the corticospinal tract, extensive 
hemispheric lesions, periependymal lesions sur-
rounding the lateral ventricle, and cervicomedul-
lary lesions [41]. With further follow-up imaging, 
a minority of patients (16%) ultimately develop 

typical MS-like lesions which satisfy MS criteria 
[42, 43].

In NMOSD patients presenting with myelitis, 
a large majority (90%) have abnormal spinal cord 
MRI showing T2 hyperintensity most often in the 
central gray matter, which usually (88%) spans 
three or more vertebral body levels within the 
spinal cord [1]. Although longitudinally exten-
sive transverse myelitis (LETM) is typical, 
lesions spanning less than three levels are also 
described [44]. Cord edema (50%) and gadolin-
ium enhancement (64%) are common during the 
acute presentation, and over time, many patients 
develop cord atrophy [1].

 2015 Criteria

Previous diagnostic criteria for NMOSD [1, 45] 
have defined NMOSD by the clinical presenta-
tion of ON and acute myelitis, with supportive 
evidence of AQP4-IgG seropositivity and MRI 
findings. Recognizing the role of AQP4-IgG in 
the pathogenesis of NMOSD, some have reported 
cases of AQP4-IgG seropositive patients not 
meeting previous NMOSD criteria [44, 46]. 
Many of these cases were first attacks or mono-
phasic presentations of ON or acute myelitis. 
Some were cases of short-segment myelitis, 
hypothalamic, or brainstem syndromes.

With increasing recognition of several differ-
ent CNS syndromes as within the spectrum of 
NMOSD, a consensus panel revised the diagnos-
tic criteria in 2015 [4]. These criteria dichoto-
mize NMOSD cases into those APQ4-IgG 
seropositive and those seronegative. Because of 
the specificity of the AQP4-IgG, the requirements 
for diagnosis of NMOSD are fewer in seroposi-
tive cases. Table  12.1 summarizes the 2015 
NMOSD diagnostic criteria.

These criteria may facilitate earlier and more 
accurate diagnosis of NMOSD, often after only one 
clinical attack (in the AQP4-IgG-positive patients). 
The criteria may also prove helpful in diagnosing 
NMOSD in a subset of patients with atypical 
MS. As treatment for NMOSD with immunother-
apy becomes more widespread, the importance of 
early and accurate diagnosis becomes clear.
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 Immunotherapy for NMOSD

Like with MS, there are several goals of treat-
ment for NMOSD.  First, one should consider 
treating acute attacks of NMOSD with immuno-
therapy to reduce CNS damage and enhance 
repair. Second, long-term immunotherapy should 
be considered to reduce the frequency and sever-
ity of subsequent attacks in order to reduce dis-
ability in the long term. A third consideration, 
though not reviewed in detail here, is the use of 
pharmacological agents and other therapies to 
reduce chronic symptoms of NMOSD, much in 
the same way as MS.

The primary goals in treating acute attacks of 
NMOSD are to restore neurological function and 
to limit irreversible damage of the CNS.  The 
mainstay of treatment for acute attacks of optic 

neuritis and transverse myelitis, the two most 
common presenting symptoms of NMOSD, is 
high-dose corticosteroids [47]. A typical dose is 
1000  mg of intravenous methylprednisolone 
daily for 3–5 days. Intravenous methylpredniso-
lone has been the treatment of choice since the 
Optic Neuritis Treatment Trial demonstrated the 
superiority of intravenous steroids over low-dose 
oral steroids [48]; but several recent studies have 
shown high-dose bioequivalent oral steroids to be 
as effective as intravenous doses [49, 50]. Oral 
tapering doses of steroids following the high- 
dose course are optional, but have not be evalu-
ated in a systematic way. An oral taper over 2–6 
months may be considered in cases of limited 
recovery or instances when the long-term immu-
notherapy to be started has a delayed onset of 
action.

Because acute attacks of NMOSD can be 
severe and poorly responsive to corticosteroids, 
additional treatment options may be necessary. In 
cases of severe optic neuritis, severe transverse 
myelitis, and NMOSD attacks, plasmapheresis 
has been shown to be helpful in achieving better 
functional recovery [51–54]. The benefit of 
 plasmapheresis is independent of AQP-4 IgG 
 seropositivity in patients with NMOSD [55]. 
A  typical regimen would be five to seven 
exchanges of 1–1.5 volumes of circulating 
plasma every other day [56]. Other acute immu-
notherapies such as intravenous immune globulin 
(IVIG) have not been shown to be effective in 
treating acute NMOSD attacks.

Because incomplete recovery from attacks is 
common, and the accrual of disability in NMOSD 
over time is largely dependent on the attack sever-
ity and frequency, long-term immunotherapy 
to reduce attacks is warranted in most patients. 
Unlike MS, NMOSD does not have a second-
ary progressive phase, and the therapeutic target 
in NMOSD is for reduced attack frequency only. 
Prior to 2019 no randomized controlled trials of 
preventative immunotherapy agents in NMOSD 
had been completed, though many different 
agents had shown benefit in small prospective 
and retrospective series, including oral corticoste-
roids, azathioprine, mycophenolate, methotrexate, 
mitoxantrone, and rituximab. Immunomodulating 

Table 12.1 2015 NMO-spectrum disorders diagnostic 
criteria

AQP4-IgG 
seropositive

AQP4-IgG seronegative or 
unknown

At least one core 
clinical 
characteristica

At least two core clinical 
characteristicsa, occurring as a 
result of one or more clinical 
attacks, and meeting the following 
requirements:
  1.  One of the core clinical 

characteristics must be ON, 
myelitis with LETM, or APS

  2.  Dissemination in space (two 
or more different core clinical 
characteristics)

  3.  MRI findings consistent with 
NMOSDb

aCore clinical characteristics: (1) Optic neuritis (ON), (2) 
Acute myelitis, (3) Area postrema syndrome (APS), (4) 
Acute brainstem syndrome, (5) Symptomatic narcolepsy 
or acute diencephalic clinical syndrome with NMOSD- 
typical diencephalic MRI lesionsb, (6) Symptomatic cere-
bral syndrome with NMOSD-typical brain MRI lesionsb

bMRI findings consistent with NMOSD: (1) Brain MRI 
normal or only nonspecific white matter lesions, (2) Optic 
nerve MRI with T2-hyperintensity or gadolinium 
enhancement extending over half the optic nerve length 
(LEON) or involving optic chiasm, (3) Spinal cord MRI 
with lesion extension over three contiguous segments 
(LETM), or three contiguous segments of focal spinal 
cord atrophy in patients with history compatible with 
acute myelitis, (4) Area postrema syndrome requires asso-
ciated dorsal medulla/area postrema lesions, (5) Acute 
brainstem syndrome requires associated periependymal 
brainstem lesions
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agents used to treat MS, such as beta-interferon, 
natalizumab, and fingolimod, have largely been 
unsuccessful in NMOSD or shown to be harmful 
[57–59].

A small retrospective study showed long-
term corticosteroid therapy in NMOSD to 
reduce relapse rates [60], but the side effects of 
long- term corticosteroid use limit its wide-
spread adoption as first-line therapy. Several 
steroid-sparing agents have been investigated 
and used for NMOSD. Azathioprine, which 
inhibits de novo purine synthesis and prevents 
T-cell and B-cell proliferation, has been used 
to treat NMOSD for decades [61]. It has been 
shown to decrease annualized relapse rates in 
NMOSD patients when used alone or in con-
junction with oral corticosteroids [62]. Because 
of the delayed onset of action of azathioprine, 
a typical approach is to treat with a target dose 
of 2–3  mg/kg/day in conjunction with oral 
prednisone, and to taper the prednisone over 
several months. Mycophenolate, an inhibitor 
of de novo guanosine synthesis, which pre-
vents T-cell and B-cell proliferation, also has 
also been shown in a retrospective series to 
reduce relapse rates and reduce or stabilize dis-
ability in NMOSD [63]. Target doses for myco-
phenolate are 1000 mg twice daily. Like with 
azathioprine, there is a delayed onset of action 
with mycophenolate and a prolonged oral cor-
ticosteroid taper may be warranted. Long-term 
immunosuppression with azathioprine or 
mycophenolate has been associated with 
increased risk of infection, myelosuppression, 
and secondary malignancy. Small studies have 
shown benefits in NMOSD with the use of 
methotrexate [64] and mitoxantrone [65, 66], 
but the significant side effects of these drugs 
and the availability of other immunotherapeu-
tic options have limited their use.

The understanding of the antibody-mediated 
pathogenesis of NMOSD has led to the use of 
rituximab, an anti-CD20 monoclonal antibody that 
depletes peripheral B-cell populations. Rituximab, 
dosed either as four weekly 375 mg/m2 infusions 
or as 1000 mg biweekly infusions, reduces relapse 
rates in NMOSD [67, 68]. Disability scores in 
patients with NMOSD treated with rituximab also 

either stabilize or decrease over the course of treat-
ment, up to 2 years [69, 70]. A typical approach is 
to dose rituximab every 6 months, or alternatively 
to monitor circulating B-cells, and re-dose based 
on repopulation of CD19+ B-cells or CD27+ 
memory B-cells. Rituximab is generally well tol-
erated, with the most common side effect being 
allergy or infusion reaction, which can generally 
be avoided with pre-treatment with corticoste-
roids, diphenhydramine, and/or acetaminophen. 
Infections, including severe infections, are more 
common in patients treated with rituximab. And 
although cases of progressive multifocal leukoen-
cephalopathy (PML) have been reported in 
patients being treated with rituximab for other 
autoimmune conditions (risk estimated 1:25,000) 
[56], to date, there have been no reports of PML in 
patients treated with rituximab monotherapy for 
NMOSD or MS.

In 2019, the results of clinical trials of three 
different monoclonal antibodies were presented, 
showing a reduction in relapse rates in NMOSD 
subjects. Eculizumab is a humanized monoclonal 
antibody which inhibits the terminal complement 
protein C5. As an add-on therapy to existing 
immunomodulating therapy, eculizumab reduced 
the likelihood of relapse in AQP4-IgG positive 
NMOSD subjects. Only 3% of subjects in the 
eculizumab group experienced an adjudicated 
relapse compared to 43% of placebo treated sub-
jects [71]. Based on these results, eculizumab 
became the first drug approved by the US Food 
and Drug Administration for the treatment of 
AQP4-IgG positive NMOSD patients in June 
2019. Inebilizumab, a monoclonal antibody tar-
geting the B-cell marker CD19, reduced relapse 
rates by 73% in NMOSD subjects, the majority 
of whom were AQP4-IgG positive [72]. And 
satralizumab, an anti-IL-6 receptor monoclonal 
antibody, reduced relapse rates by 62% in a group 
of AQP4-IgG positive and negative subjects with 
NMOSD, although the treatment benefit was less 
evident in the antibody negative subjects [73]. 
The success of these three monoclonal antibodies 
in reducing relapse rates in NMOSD represents a 
breakthrough in the treatment of this disease and 
reinforces the importance of immunotherapy in 
NMOSD.
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The optimal duration of immunotherapy 
treatment for NMOSD is not well studied. In 
part, this is because of the relatively recent rec-
ognition of the disease as a specific entity and 
the lack of a known cure. In this way, NMOSD is 
like MS, and most immunotherapy is continued 
for the long term depending on tolerability and 
the development of adverse effects. The decision 
to stop immunotherapy for NMOSD should be 
based on consideration of multiple factors 
including pre- and post-treatment relapse rates, 
relapse severity, disability, treatment tolerability, 
treatment duration, and other patient-specific 
factors (e.g., age, other comorbidities, consider-
ations for potential pregnancy).

 Conclusion

Over the past two decades, neuromyelitis 
optica spectrum disorder has come to be under-
stood as a unique disease entity distinct from 
multiple sclerosis. The unique pathology, 
pathophysiology, imaging, epidemiology, and 
responses to treatment set the disease apart. 
But NMOSD also has significant phenotypic 
heterogeneity, and new information, such as 
additional pathogenic autoantibodies, is com-
ing to light each year.
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PCA Purkinje cell cytoplasmic 
antibody

PCD Paraneoplastic cerebellar 
degeneration

PERM Progressive encephalomyelitis 
with rigidity and myoclonus

PET/CT Positron emission tomography/
computed tomography

PND Paraneoplastic neurologic 
disorder

PNMA Paraneoplastic Ma antigens
POEMS Polyneuropathy, organomegaly, 

endocrinopathy, monoclonal 
protein, skin changes

RNA Ribonucleic acid
SCLC Small-cell lung cancer
SPS Stiff person syndrome
SREAT Steroid responsive encephalopa-

thy associated with autoimmune 
thyroiditis

SuS Susac syndrome
VEGF Vascular endothelial growth 

factor
VGCC Voltage-gated calcium channel
VGKC Voltage-gated potassium channel

 Introduction

The term paraneoplastic neurologic disorder 
(PND) can describe any condition or syndrome for 
which there is a causal relationship between a 
malignant process that is distal from the inciting 
tumor and a systemic illness or collection of symp-
toms. In other words, these disorders are associ-
ated with tumors but are not caused by direct 
tumor invasion of the target tissue. Technically, 
PNDs include systemic conditions like Trousseau’s 
syndrome, a malignancy- associated disorder char-
acterized by migratory superficial thrombosis and 
thrombophlebitis. However, more commonly 
when this term is used, it describes a neurologic 
condition associated with malignancy. The under-
lying mechanism of PND is thought to be an exag-
gerated immune response against a neuronal 
protein expressed by the tumor [1, 2].

It is of foremost importance to note that the 
initial evaluation of a suspected PND starts with 
a detailed neurologic history and examination to 
characterize the syndrome. Not uncommonly, 
neurological manifestations present before the 
tumor has manifested [2].

 Definition and Classifications

The list of paraneoplastic syndromes is rapidly 
growing as clinicians and scientists classify and 
associate antibodies with specific neurologic 
and non-neurologic symptoms and signs. The 
identification, classification, and treatment of 
paraneoplastic syndromes have become one of 
the most dynamic fields within neurology. Most 
neurologists who treat these conditions still 
divide them into two groups in an attempt to 
identify conditions that have stronger associa-
tions with malignancies, also known as “classi-
cal syndromes” prompting a more thorough 
evaluation for occult tumor, and those that have 
a more casual relationship with an underlying 
malignancy, also known as “nonclassical syn-
dromes.” These two groups can be further bro-
ken down based on location within the nervous 
system. Onconeuronal antibodies are directed 
against intracellular antigens.

Graus proposed diagnostic criteria that may 
help differentiate definite paraneoplastic disor-
ders from possible paraneoplastic disorders [3] 
(see Fig. 13.1).

In addition to the distinction between classi-
cal and nonclassical paraneoplastic syndromes 
(Table 13.1), and possible versus definite para-
neoplastic syndromes, a third method of classi-
fication of these syndromes exists that 
distinguishes clinical syndromes in relation to 
their antibodies. This system distinguishes syn-
dromes with autoantibodies that are directed 
against intracellular proteins from those syn-
dromes with autoantibodies opposed to proteins 
located on the cell surface (Tables 13.2 and 
13.3). In general, this also separates non- 
paraneoplastic autoimmune encephalitis and 
other neurologic conditions from the classical 
paraneoplastic disorders. This antibody- based 
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classification has important management and 
prognostic implications, as the response to 
immune therapy in patients with neuronal sur-
face autoantibodies is far more favorable to 
immune therapy. This is not the case for para-
neoplastic disorders caused by autoantibodies 
directed against intracellular proteins [1].

 Clinical Features of Classical 
Syndromes

To better understand the paraneoplastic disor-
ders, we will describe briefly the classical syn-
dromes and specific antibody-associated 
syndromes. The reader must keep in mind that 
one classic paraneoplastic syndrome may be 

associated with multiple antibodies; for exam-
ple, limbic encephalitis has been linked to 16 
different antibodies (Tables 13.2 and 13.3) as 
of this publication. At the same time, one anti-
body can be associated with multiple paraneo-
plastic syndromes. The best example is the 
Anti-Hu antibody, which can present as a sen-
sory neuronopathy, sensory-motor neuropathy, 
gastroparesis/autonomic involvement, limbic 
encephalitis, encephalomyelitis, and cerebellar 
degeneration (Table 13.2).

 CNS Classical Syndromes

 Paraneoplastic Limbic Encephalitis

Limbic encephalitis is the most common paraneo-
plastic syndrome. This classic syndrome may be 
paraneoplastic or idiopathic, depending on the 
type of associated antibodies. It presents as 
 subacute psychiatric manifestations. Likely due to 
its temporal lobe and limbic structure involve-
ment, this condition often presents with memory 
deficits, seizures, and behavioral abnormalities. 
Seizures that occur in limbic encephalitis may be 
difficult to control and often require multiple anti-
epileptic drugs (AEDs). Electroencephalograms 
(EEGs) in these patients can demonstrate diffuse 
or focal slowing and interictal discharges includ-
ing sharp waves and spike waves.

Strict autoimmune encephalitis is more com-
mon than the classical paraneoplastic condition it 
resembles [4]. Although many of the antibodies 
that can cause these conditions can develop in 
association with an underlying malignancy, they 
can often be found in the absence of an associ-
ated cancer or mass lesion. These conditions may 
also occur in a wider range of patients including 
young adults and sometimes children. The anti-
bodies associated with non-paraneoplastic auto-
immune encephalitis tend to be cell surface 
antigens rather than intracellular antigens and 
thus may have a higher response rate to treatment 
than the classical PND counterparts. There are 
many different antibodies associated with limbic 
encephalitis, several of which will be discussed 
below.

Paraneoplastic disorders (PND)

a. Definite
PND

g. Definite
PND

c. Definite
PND

b. Definite
PND

d. Definite PND

d. Definite PND

e. Possible PND

f. Possible
PND

Cancer

Classical
paraneoplastic
syndromes

Onconeuronal
antibodies

Non classical
paraneoplastic
syndromes

Fig. 13.1 Definite and possible paraneoplastic syndromes. 
(a) Classical syndrome and cancer that develops within 
5  years of the diagnosis of the neurological disorder. (b) 
Nonclassical syndrome that resolves or improves after cancer 
treatment. (c) Nonclassical syndrome with onconeuronal 
antibodies and cancer that develops within 5 years of diagno-
sis of the neurological disorder. (d) Neurological syndrome 
(classical or not) with onconeural antibodies and no cancer. 
(e) Classical syndrome, no onconeuronal antibodies, no can-
cer but at high risk to have an underlying tumor. (f) 
Nonclassical syndrome, no onconeuronal antibodies (anti-
body and cancer present within 2 years of diagnosis). (g) A 
classical syndrome with onconeuronal antibodies and cancer
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Table 13.2 Antibodies against intracellular/cytoplasmic or nuclear antigens. Onconeuronal antibodies

Antibody Target Symptoms and disorders
Associated 
malignancies

Anti-Hu/ANNA-1 [72] Hu family of RNA-binding 
proteins
HuA, HuB, HuC, HuD

Sensory neuronopathy
Cerebellar degeneration
Limbic encephalitis
Chronic gastrointestinal 
pseudoobstruction
Lambert Eaton Myasthenic 
Syndrome (uncommon)
Brainstem encephalitis
Neuropathies
Multifocal nervous system 
involvement

SCLC
NSCLC
Prostate
Gastrointestinal
Breast
Bladder
Pancreas
Ovarian

Anti-Ri/ANNA-2 Ri family of RNA-binding 
proteins

Opsoclonus/myoclonus
Lambert Eaton Myasthenic 
Syndrome (uncommon)
Cerebellar ataxia
Jaw dystonia
Laryngospasm
Cranial neuropathies
Myelopathy

SCLC
Breast
NSCLC

ANNA-3 [110] Unknown Limbic encephalitis
Cerebellar ataxia
Sensorimotor neuropathy
Myelopathy

SCLC

Anti-Yo (f-1) Purkinje cells Cerebellar degeneration Gynecologic 
malignancy
Endometrial, 
fallopian, ovarian
Breast

Table 13.1 Classical and nonclassical paraneoplastic syndromes classified by location

Classicala Nonclassicalb

Supra-tentorial brain Encephalomyelitis
Limbic encephalitis

Demyelinating encephalopathy
Chorea
Parkinsonism

Brainstem and cerebellum Cerebellar degeneration
Opsoclonus/myoclonus

Brainstem encephalitis

Cranial nerves Cancer-associated retinopathy
Melanoma-associated retinopathy

Optic neuropathy
Bilateral diffuse uveal melanocytic 
proliferation (BDUMP)

Spinal cord Subacute motor neuronopathy Necrotizing myelopathy/neuromyelitis optica
Inflammatory myelitis
Motor neuron disease
Stiff person syndrome

Dorsal root ganglia and 
peripheral nerves

Sensory neuronopathy
Chronic gastrointestinal 
pseudo-obstruction
Polyneuropathy, organomegaly, 
endocrinopathy, monoclonal protein, 
skin changes (POEMS)

Autonomic neuropathy
Acute sensorimotor neuropathy
Polyradiculopathy
Brachial neuropathy
Chronic sensorimotor neuropathy
Neuromyotonia

Neuromuscular junction 
and muscles

Lambert Eaton Myasthenic Syndrome
Dermatomyositis

Myasthenia gravis
Polymyositis
Necrotizing myopathy
Myotonia

aStrongly associated with malignancy even if antibodies are negative
bNot always associated with cancer
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Table 13.2 (continued)

Antibody Target Symptoms and disorders
Associated 
malignancies

Anti-PCA-2 Purkinje cells Cerebellar degeneration
Limbic encephalitis
Brainstem encephalitis

SCLC

Anti-Ma PNMA1-6 Limbic encephalitis
Brainstem encephalitis

Lung
GI
Breast
Germ cell
Lymphoma
Salivary gland

Anti-Ma2 PNMA1-6 Limbic encephalitis
Cranial neuropathies
Brainstem encephalitis

Testicular germ cell
Other testicular 
tumors
Lung cancer

Anti-CRMP5 [111] Collapsin response-mediator 
protein 5

Lambert Eaton Myasthenic 
Syndrome
Limbic encephalitis
Opsoclonus myoclonus
Stiff person syndrome
Optic neuropathy
Movement disorders (chorea)
Ataxia
Myelopathy

SCLC
Thymoma

Anti-GAD65 Purkinje cell cytoplasm Stiff person syndrome
Limbic encephalopathy
Cerebellar degeneration
Epilepsy
Cerebellar ataxia
Dyskinesia

Renal cell carcinoma
Hodgkin disease
SCLC
GI malignancies

Anti-amphiphysin Amphiphysin I (synaptic 
vessel recycling)

Stiff person syndrome
Limbic encephalitis

SCLC
Breast
NSCLC

Zic-4 [112] Granule cell neurons in 
cerebellum

Cerebellar degeneration SCLC

Sox1 (anti-glial nuclear 
antibody) [113]

SRY-like HMG box proteins 
(nuclei of Bergmann)

Cerebellar degeneration
Lambert Eaton Myasthenic 
Syndrome
Limbic encephalitis
Sensorimotor neuropathy

SCLC

Anti-Tr Purkinje cell Cerebellar degeneration Hodgkin Lymphoma
Anti-protein kinase C 
gamma [114]

Purkinje cell Cerebellar degeneration NSCLC

Anti-ubiquitin conjugating 
enzyme UBE2E1 [115]

Encephalomyelitis SCLC

Anti-NB (beta-NAP) [35] Purkinje cell Cerebellar degeneration Unknown
Anti-Carp VIII [18] Purkinje cell Cerebellar degeneration Melanoma

NSCLC
Colon

ANNA antineuronal nuclear antibody, RNA ribonucleic acid, SCLC small-cell lung carcinoma, NSCLC non-small-cell 
lung carcinoma, PCA Purkinje cell cytoplasmic antibody, PNMA paraneoplastic Ma antigens, NAP neuronal adaptin- 
like protein
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 N-Methyl d-Aspartate Receptor 
(NMDAR) Encephalitis
For many years, the only paraneoplastic syn-
dromes associated with antibodies against ion 
channels or receptors were Lambert Eaton 
Myasthenic Syndrome (LEMS) and myasthenia 
gravis (MG). Paraneoplastic encephalitis was 
believed only to affect cytoplasmic or nuclear 
proteins and was characterized by poor response 
to treatment. In 2007, antibodies to the NMDAR 
subunit were described in 12 women with a dis-
tinct syndrome of psychiatric illness, seizures, 
dysautonomia, and hypoventilation associated 
with teratomas that responded well to immuno-
therapy [5]. Anti-NMDAR autoimmune encepha-
litis results in cross-linking and internalization of 
target receptors in neurons, resulting in impaired 
neurotransmission [6]. This was the first type of 
autoimmune encephalitis characterized molecu-
larly, and subsequently a multitude of antibodies 

have been discovered [7]. Autoimmune encepha-
litis occurs at least ten times more common than 
all other synaptic antibody diseases combined 
[8], and is a more prevalent cause of encephalitis 
than any other single viral etiology [9]. These 
patients develop a predictable syndrome with 
progression of symptoms that resemble the clini-
cal picture caused by noncompetitive agonists of 
NMDAR (such as phencyclidine or ketamine). 
The mild form of anti-NMDAR encephalitis can 
cause illusionary perceptions, ideas of reference, 
paranoia, and decreased executive function, 
which is characteristic of both disease onset, and 
months later, during recovery. More advanced 
disease can manifest as psychosis, agitation, ste-
reotyped movements, repetitive motor behaviors, 
decreased responsiveness to pain, and memory 
disturbance. Very severe stages of anti-NMDAR 
encephalitis are characterized by dyskinesias, 
catatonia, autonomic dysfunction, hypoventila-

Table 13.3 Antibodies against neuronal surface antigens

Antibody Target Symptoms and disorder
Malignancies 
associated

Anti-NMDAR 
[13]

N-Methyl-d-aspartate receptor Limbic encephalitis
Encephalomyelitis
Chorea/movement disorder
Behavioral abnormalities

Ovarian teratoma
Other ovarian 
pathology

LGI1 [19] Leucine-rich, glioma-inactivated 
protein 1

Limbic encephalitis
Morvan syndrome
Faciobrachial dystonic seizures

CASPR2 [61] Contactin-associated protein-like 2 Limbic encephalitis
Morvan syndrome

AMPAR [18] α-Amino-3-hydroxy-5-methyl-4- 
isoxazolepropionic acid receptor

Limbic encephalitis
Multifocal encephalomyelitis

Lung
Thymoma
Breast
Ovarian

GABA-A-R 
[116]

GABA-A receptor-associated protein Stiff person syndrome
Limbic encephalitis

GABA-B-R 
[117]

GABA-B receptor-associated protein Limbic encephalitis SCLC

MGluR5 [118] Metabotropic glutamate receptors Limbic encephalitis Hodgkin 
lymphoma

mGluR1 [119] Metabotropic glutamate receptors Cerebellar degeneration Hodgkin 
lymphoma

Homer 3 [18] Post-synaptic scaffold protein Cerebellar degeneration SCLC
Dopamine D2 
receptor

Dopamine D2 receptor Encephalomyelitis

Glycine 
receptor [55]

Glycine Progressive encephalitis with rigidity 
and myoclonus

SCLC
Breast cancer

DPPX [60] Dipeptidyl-peptidase-like protein Encephalopathy with muscle spasms, 
rigidity, myoclonus, hyperekplexia

B-cell neoplasms
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tion, and coma [10]. Triggers for the disease are 
tumors and viruses. In children, the clinical syn-
drome is different, characterized by behavioral 
changes and movement disorders (chorea, dyski-
nesia, or rigidity) rather than psychiatric manifes-
tations. Seizures are common and can present at 
any stage of the disease [11].

Brain imaging typically shows contrast- 
enhancing lesions and fluid-attenuated inversion 
recovery (FLAIR) abnormalities in multiple 
regions but may have predominance in the hip-
pocampus. Cerebral spinal fluid (CSF) may show 
lymphocytic pleocytosis and presence of oligo-
clonal bands [4]. EEGs can have a characteristic 
pattern called extreme delta brush [12].

Ovarian teratoma is concomitant in about 60% 
of cases in women aged 18 years or older [13]. 
NMDAR encephalitis has been reported in a vari-
ety of other tumors including teratomas outside 
the ovary, lymphomas, small-cell lung cancer 
(SCLC), and testicular germ cell tumors [14]. 
The frequency of an underlying teratoma is 
greater in females aged 12 years or older than in 
younger children and males (52% vs. 6%) [10]. 
Therefore, in females older than 12  years, the 
screening should be similar to that of paraneo-
plastic syndromes but screening of young chil-
dren and males is unclear. Of note, approximately 
20% of patients with herpes simplex encephalitis 
(HSE) develop antibodies against NMDAR [7].

In a large observational study, it was observed 
that immunotherapy and removal of any identi-
fied teratoma when applicable resulted in signifi-
cant neurological recovery in about 81% of cases 
[12]. In this study, 91% of patients underwent 
first-line treatment with either high-dose ste-
roids, intravenous immunoglobulin (IVIG), or 
plasma exchange alone or combined. Over 
4  weeks, 53% of patients improved after first-
line therapy and 97% of these patients had a 
good outcome of a modified Rankin Scale (mRS) 
0–2 within 24  months. In the remainder of 
patients who continued to do poorly despite first-
line therapy, 57% went on to receive second-line 
therapy which included rituximab, cyclophos-
phamide, or both. The patients receiving these 
interventions had better outcomes (in terms of 
mRS) than patients who received first-line treat-

ment again or no additional treatment, indicating 
that patients unresponsive to initial agents may 
respond to rituximab or cyclophosphamide [12]. 
Immune therapy is combined with removal of 
any potential tumor, which decreases the proba-
bility of a relapse [15]. The only known predic-
tors of a good outcome are lower severity of 
symptoms (lack of intensive care unit require-
ment) and early initiation of tumor removal 
when indicated [10].

New animal models have shown that the anti-
bodies involved in autoimmune encephalitis are 
directly pathogenic [16]. Furthermore, adminis-
tration of ephrin-B2 ligand antagonizes the 
pathogenic effects of NMDAR antibodies on 
memory and synaptic plasticity, promising a 
novel targeted therapy for NMDAR autoimmune 
encephalitis [17]. The combination of yearly dis-
covery of new antibodies causing autoimmune 
encephalitis, historical and present misdiagnosis 
of these cases as psychiatric illness, and exciting 
new prospects for treatment make this branch of 
neurology an active field of research.

 Anti-α-Amino-3-Hydroxy-5-Methyl-4- 
Isoxazolepropionic (AMPA) Receptor 
Encephalitis
Anti-AMPA receptor encephalitis occurs pre-
dominantly in women and in older populations as 
compared to NMDAR encephalitis. The median 
age for presentation is around 50–60 years [18]. 
The most common presentation is limbic enceph-
alitis with seizures. Malignancy can be associ-
ated with this antibody in approximately 60% of 
cases, most commonly occurring in the lung, thy-
mus, and breast [18].

 LGI-1 (Leucine-Rich Glioma-Inactivated 
Protein 1) Encephalitis
LGI-1 antibody syndrome bears special mention 
because of its unusual presentation and often 
robust response to treatment with immunotherapy. 
LGI-1 stands for leucine-rich, glioma- inactivated 
protein 1, and it is a surface protein that was for-
merly believed to be associated with the voltage-
gated potassium channel. About 50% of patients 
with LGI-1 syndrome present with facio-brachial 
dystonic seizures. Patients with these clinical epi-
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sodes demonstrate brief, sudden onset dystonic 
posturing of the hand and ipsilateral face, often 
between 10 and 50 times per day [19, 20]. The 
same patient can have episodes independently on 
the right and left sides, and while clinical activity 
is quite stereotyped, the EEG often demonstrates 
no electrographic correlate. As LGI-1 antibody 
syndrome develops, cognitive and behavioral 
changes ensue, with memory loss, hallucinations, 
emotional incontinence, as well as temporal lobe 
seizures and sleep disorders such as insomnia. 
Hyponatremia is present in many patients. One 
small case series notes 4 of 10 patients with mild 
hyponatremia and 1 patient with severe hyponatre-
mia to 115 at initial presentation [21]. Magnetic 
resonance imaging (MRI) may reveal FLAIR T2 
hyperintensities in the medial temporal lobes and 
hippocampus [21]. Patients with this disorder 
often respond successfully to some combination of 
IVIG, corticosteroids, and/or plasmapheresis, but 
relapses can occur and repeat treatments are often 
necessary. LG1-1 syndrome is most commonly 
autoimmune, but rarely is associated with malig-
nancies [21]. LGI-1 antibody syndrome was for-
merly thought to be limbic encephalitis due to 
voltage-gated potassium channel (VGKC) anti-
bodies; in recent years, overlap has been found 
with another clinical syndrome, Morvan’s syn-
drome, which is discussed below [22].

 Antibody-Negative Limbic Encephalitis
There are cases of limbic encephalitis that do not 
have a known associated antibody that can be dis-
covered. This is classified as antibody-negative 
limbic encephalitis. Graus et al. described 7% of 
163 patients with a clinical and radiographic 
diagnosis of limbic encephalitis that do not have 
an identifiable causative antibody [23]. In almost 
half of these patients, a tumor was diagnosed at 
some point either prior to or subsequent to the 
diagnosis of limbic encephalitis. Despite the suc-
cess in identifying new antibodies associated 
with autoimmune limbic encephalitis, there is 
still a subgroup of this condition where a caus-
ative antibody cannot be identified. In this small 
case series, a significant portion of patients 
responded to some immune suppression includ-
ing steroids, IVIG, and rituximab [23].

 Hashimoto’s Encephalopathy
LGI-1 antibody syndrome bears similarity in pre-
sentation to Hashimoto’s encephalopathy, an 
autoimmune encephalopathy known for its 
exquisite response to corticosteroids—also 
termed “steroid responsive encephalopathy asso-
ciated with autoimmune thyroiditis (SREAT).” 
Patients with Hashimoto’s encephalopathy can 
present with either subacute or acute-onset 
(stroke-like) symptoms including cognitive 
impairment, transient aphasia, psychotic symp-
toms, as well as tremulousness, myoclonus, 
ataxia, sleep abnormalities, and extrapyramidal 
signs. The cause of this disorder is not known, 
but patients can have high titers of anti-thyroid 
antibodies, including anti-thyroglobulin and anti- 
thyroperoxidase (nonspecific and fairly common 
antibodies that are not thought to be causative). 
Patients with this disorder can (but need not) 
have CSF pleocytosis or elevated protein; EEG 
with generalized or focal slowing and triphasic or 
epileptiform features; and brain MRI with diffuse 
atrophy and white matter T2 hyperintensities 
and/or ischemia. The diagnosis is made clinically 
based on a response to corticosteroids [24]. 
Hashimoto’s encephalopathy is not a classic 
paraneoplastic limbic encephalitis but should be 
in the differential diagnosis for any patient pre-
senting with limbic encephalitis symptoms.

 Paraneoplastic Encephalomyelitis
This syndrome affects multiple regions of the 
central nervous system in addition to the limbic 
system. Often, there is cerebellar and brainstem 
involvement resulting in ataxia, vertigo, cranial 
nerve involvement, dysphagia, dysarthria, sleep 
disorders, and parkinsonism. It can also affect the 
spinal cord causing myelopathy. The most com-
mon malignancy associated is SCLC followed by 
testicular germ cell tumors [25]. The associated 
antibody is most commonly anti-Hu (associated 
with SCLC). This is followed by anti-Ma2 (asso-
ciated with testicular germ cell tumors). Anti- 
collapsin response-mediator protein-5 (CRMP5), 
also known as CV2 antibodies, can also be asso-
ciated with an encephalomyelitis but tends to 
involve additional symptoms including chorea 
and extrapyramidal symptoms as well as addi-
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tional structures outside the brain and spinal cord 
including optic nerves and peripheral nerves 
[26]. There are a variety of other antibodies 
which can be associated with an encephalomyeli-
tis including antibodies against amphiphysin, 
AMPA, gamma-aminobutyric acid (GABA), glu-
tamic acid decarboxylase (GAD), and LGI-1. 
This condition, like most other paraneoplastic 
conditions, can occur in the absence of an identi-
fiable antibody.

 Paraneoplastic Cerebellar 
Degeneration
Paraneoplastic cerebellar degeneration (PCD) is 
a collection of disorders grouped together by 
common symptomatology. It presents most com-
monly in a rather stereotyped fashion. Symptoms 
often start with some mild dizziness and vertigo 
but progress to a more fulminant cerebellar syn-
drome. Patients very quickly develop diplopia, 
difficulty swallowing (often requiring parenteral 
enteric g-tube placement), dysarthria, severe 
ataxia (often wheelchair bound), nystagmus, 
gaze apraxia, hypophonia, nausea/vomiting, and 
tremors. This disease most commonly progresses 
in a subacute fashion over a few weeks but can 
progress much more rapidly [27, 28]. Untreated, 
after several months, symptoms may eventually 
stabilize. Some patients can develop the cerebel-
lar affective syndrome which is associated with 
negativism [2].

In the acute setting, in most cases, brain imag-
ing is normal; however, in some rare instances, 
there can be evidence of cerebellar inflammation. 
If patients survive long enough, cerebellar atro-
phy is often seen [29, 30]. There are a multitude 
of autoantibodies seen associated with this condi-
tion; however, the most common association is 
with Anti-Yo antibodies which is commonly seen 
in breast and gynecologic malignancies. The tar-
get of Anti-Yo antibodies is the Purkinje cell 
itself and on histologic evaluation of cerebellum 
in patients with anti-Yo-associated PCD, a com-
plete loss of the Purkinje cell layer is often seen 
[31]. Anti-Hu antibodies can also be associated 
with PCD; however, often there is other associ-
ated neurologic conditions related to this autoan-
tibody. A third antibody, Anti-Tr, is seen in 

association with Hodgkin disease [26]. Other 
antibodies associated with this syndrome include 
anti-GAD 65, anti-P/Q-type calcium channel 
antibody, and anti-mGluR1 antibody [32].

Due to its rapid, progressive nature, it is 
imperative to identify and treat this condition 
quickly. Often, symptoms of PCD are the pre-
senting findings of a malignancy and many 
patients have limited-stage disease that would be 
amenable to anti-neoplastic therapies. This is 
particularly true with breast cancer patients [28]. 
However, this condition can progress to severe 
disability, but, in most cases, is not fatal.

 Opsoclonus Myoclonus Syndrome
Opsoclonus myoclonus syndrome (OMS) can 
occur in either a paraneoplastic or a non- 
paraneoplastic form. In the non-paraneoplastic 
setting, it is most often related to a viral infection 
or is idiopathic in nature. Paraneoplastic OMS in 
children is almost exclusively associated with 
neuroblastomas [33]. In adults, OMS has been 
reported to be associated with breast cancer and 
small cell lung cancer [34]. Symptoms usually 
start with gait difficulty and falls. Ophthalmologic 
evaluation identifies opsoclonus, involuntary 
movements of the eyes in all directions. In most 
cases, the opsoclonus is associated with 
myoclonus.

A multitude of antibodies have been associ-
ated with patients who have this illness including 
Hu, Ri, Ma2, amphiphysin, CRMP5, Zic2, Yo, 
voltage-gated calcium channel (VGCC), and 
mitochondrial [35]. In adults, it is most com-
monly associated with Anti-Ri, Anti-Hu, and 
NMDA antibodies [34]. Many adults with this 
condition, however, have a non-paraneoplastic 
form [36].

First-line treatment in children often includes 
adrenocorticotrophic hormone (ACTH) or high- 
dose steroids. Rituximab has also been found to 
be beneficial [37].

 Cancer-Associated and Related 
Autoimmune Retinopathies and Optic 
Neuropathies
There are a variety of retinopathies and optic 
neuropathies that are paraneoplastic in origin. 
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These disorders are quite uncommon and are 
caused by a variety of antibodies against retinal 
and optic nerve proteins. The typical presentation 
of these conditions is of subacute vision loss for 
which symptoms often predate the identification 
of a malignancy [38].

Anti-enolase antibodies are a more commonly 
associated antibody with CAR [39]. This anti-
body targets the alpha isoform of enolase which 
is present predominantly in retinal cells. There 
are several other less frequent antibodies which 
have been found to be pathologic in the develop-
ment of cancer-associated antibody. These 
include glyceraldehyde-3-phosphate dehydroge-
nase antibodies, heat shock cognate protein 70 
antibodies, Tubby-like protein antibodies, and 
anti-carbonic anhydrase II antibodies [40–43]. 
Electroretinogram (ERG) can be helpful in iden-
tifying these conditions. Abnormal ERGs which 
show a photoreceptor disorder should trigger a 
malignancy evaluation. This condition usually 
affects rods and cones together but can also affect 
them separately [44, 45]. ERGs can also be help-
ful in monitoring for progression of disease.

Melanoma-associated retinopathy (MAR) is 
an autoimmune retinopathy that is associated 
with melanoma. In this variant, it is much more 
common to present at the time of metastasis 
rather than at first diagnosis. Symptoms typically 
start with shimmering, flickering, and night 
blindness. Patients may also present with scoto-
mas and may have significantly impaired visual 
acuity at the time of diagnosis. This condition is 
associated with a specific antibody: anti-bipolar 
cell antibodies. However, there are several other 
antibodies that may be associated with MAR. In 
addition, the ERG shows a characteristic pattern. 
This typically shows a reduction in the B wave 
amplitude and an abnormality in the “on” 
response to long flashes [44].

Paraneoplastic optic neuritis and neuropathies 
are extremely infrequent occurrences as either 
isolated conditions or in the setting of other more 
established disorders. Of the antibodies known to 
cause optic neuritis/neuropathy, anti-CRMP 5 
(anti-CV2) is likely the most common. This anti-
body has been shown to cause both retinopathy 

and neuropathy. SCLC is the most common 
malignant etiology, although there are case 
reports in multiple myeloma and thyroid cancer 
[46–49]. Aside from the treatment of the sus-
pected causal tumor, systemic immunosuppres-
sion and intravitreal corticosteroids have shown 
to improve vision in some patients [50].

 Stiff Person Syndrome (SPS) 
and Progressive Encephalomyelitis 
with Rigidity and Myoclonus (PERM)
Stiff Person Syndrome (SPS) was first described 
in 1956  in a series of patients with progressive 
rigidity and painful spasms in axial and proximal 
muscles, and in particular, the paraspinal muscles 
[51]. Individuals with SPS typically present with 
progressive, regional, or generalized painful and 
rigid muscles; they are also prone to acute exac-
erbations of painful spasms, anxiety, and an 
exaggerated startle response. This startle 
response, as well as emotions like anxiety, anger, 
or fear, can in fact trigger painful spasms in the 
torso and limbs. These spasms can last hours or 
even days. During an exacerbation or with base-
line muscle rigidity, the electromyography in 
SPS can detect hyperexcitable spinal motor neu-
rons. Facial and jaw muscles are spared initially, 
although the face can be involved very late in the 
course of this disorder. The most common anti-
body associated with the condition is known as 
GAD65, which affects 60% of individuals with 
SPS [52]. GAD65 targets glutamic acid decar-
boxylase; the enzyme converts glutamate to 
GABA in the nervous system. Incidentally, this 
antibody is also frequently present in type I dia-
betics. In fact, 30% of patients with SPS also 
have insulin-dependent diabetes. Other diseases 
associated with GAD antibodies include autoim-
mune thyroiditis, cerebellar ataxia, and epilepsy. 
About 10–20% of individuals with SPS also have 
seizures [24].

SPS can be an autoimmune or paraneoplastic 
condition. Those with paraneoplastic SPS often 
have antibodies to amphiphysin; other autoanti-
bodies implicated in the condition include gephy-
rin and GABA A receptor-associated protein 
(GABARAP) [53, 54].
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A subpopulation of patients with SPS also 
have encephalomyelitis, which is considered a 
separate disorder known as progressive encepha-
lomyelitis with rigidity and myoclonus (PERM), 
or “stiff person plus” disease [55]. This disorder is 
similar to SPS but more rapidly progressive (over 
weeks), and associated with other features includ-
ing cognitive changes, seizures, diplopia, ophthal-
moplegia, ptosis, dysphagia, ataxia, dysautonomia 
(including urinary and respiratory issues), hyper-
somnia, hyperhidrosis, myoclonus, itching, and 
panic attacks. PERM is associated with antibodies 
against glycine receptors (GlyR) present in serum 
and CSF [56, 57]. Both SPS and PERM have been 
described in patients with an underlying malig-
nancy, without an underlying malignancy, and 
rarely following infection [58, 59].

Both paraneoplastic and autoimmune forms of 
SPS and PERM are typically treated with immune 
therapy, including but not limited to IVIG, 
 plasmapheresis, corticosteroids, rituximab, and 
oral immunosuppressive medications. Symptoms 
can be managed with baclofen, benzodiazepines, 
and anticonvulsants [24].

PERM has also been associated with a novel 
antibody against dipeptidyl-peptidase-like protein-
 6 (DPP6 or DPPX). However, no malignancies 
have been associated with this antibody. DPPX is a 
regulatory subunit of the voltage-gated A-type 
Kv4.2 potassium channel complex expressed in 
neuronal dendrites and soma, which is critical for 
firing rates and back-propagations of action poten-
tials into neuronal dendrites and cardiac rhythms. 
Since Kv4.2 channels are widespread in the nervous 
system, this manifests as a variety of symptoms 
besides PERM, which include encephalopathy 
involving cortex, cerebellum, and brainstem, weight 
loss, dysautonomia (temperature dysregulation, 
cardiac dysrhythmia), myelopathy, gastrointestinal 
dysmotility (diarrhea and gastroparesis), sleep dis-
orders (insomnia, periodic limb movements, sleep 
apnea, hypersomnia), and psychiatric symptoms 
such as depression and psychosis [60].

 Morvan’s Syndrome
Morvan’s syndrome is a rare disease, more 
common in older males, that is characterized by 

peripheral nerve hyperexcitability, autonomic 
instability, and neuropsychiatric manifestations 
[61]. Neurological symptoms and signs include 
insomnia, hallucinations, confusion, hyperhi-
drosis, pain, itching, muscle cramps, twitching 
(myokymia and/or myoclonus), and cerebellar 
features [62]. Morvan’s syndrome can be auto-
immune or paraneoplastic, often associated 
with small-cell lung cancer and thymoma (20–
50% of cases) [24, 62]. Morvan’s syndrome 
was formerly considered to be one of two para-
neoplastic or autoimmune conditions associ-
ated with antibodies against voltage-gated 
potassium channels (VGKC antibodies), the 
other being a form of limbic encephalitis, with 
cognitive and behavioral changes and seizures 
[24, 63]. In fact, in recent years, two distinct 
antibodies have been identified with these two 
disorders: antibodies against contactin-associ-
ated protein-like 2 (CASPR2) are more fre-
quently associated with the peripheral and 
autonomic hyperexcitability syndrome, while 
antibodies against (LGI-1) are more frequently 
associated with a type of limbic encephalitis, 
discussed elsewhere. However, substantial 
overlap can be found between these two anti-
bodies and also with clinical syndromes [61]. 
In fact, among patients with CASPR2 antibod-
ies, a limbic encephalitis presentation is in fact 
more common than Morvan’s syndrome [61]. 
Some patients with Morvan’s syndrome also 
co-express LGI-1 antibodies, and 
many   co-express nonspecific antibodies to 
VGKC. However, there are many other patients 
with VGKC antibody positivity who have nei-
ther LGI-1 nor CASPR2 antibodies, and many 
more VGKC-positive patients are asymptom-
atic from a neurological  standpoint, raising 
questions about the original designation of 
VGKC antibodies. LGI-1 and CASPR2 are 
both surface proteins, and treatment for associ-
ated clinical conditions can often include intra-
venous immunoglobulin, corticosteroids, and/
or plasmapheresis. In patients with Morvan’s 
syndrome who have thymoma, thymectomy is 
indicated and can resolve the neurological con-
dition [61].
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 Peripheral Nervous System Classical 
Syndromes

 Lambert Eaton Myasthenic Syndrome

Lambert Eaton Myasthenic Syndrome (LEMS) is 
a paraneoplastic syndrome that is most com-
monly associated with anti-VGCC in patients 
with SCLC. LEMS has associated specific elec-
tromyogram (EMG) and nerve conduction stud-
ies (NCS) findings which can aid in the diagnosis. 
This condition is discussed in detail elsewhere in 
this text.

 Dermatomyositis
Dermatomyositis is an inflammatory myopathy 
that can present as a paraneoplastic syndrome in 
up to 15% of cases. It can be associated with a 
wide range of malignancies, particularly 
 non- Hodgkin lymphoma, ovarian, and lung can-
cer [64]. Polymyositis and inclusion body myosi-
tis have low incidence of association with 
malignancies. This condition is discussed in 
detail elsewhere in this text.

 Subacute Sensory Neuronopathy
The subacute sensory neuronopathy syndrome 
is one of the earliest described paraneoplastic 
syndromes. It can either be seen in isolated 
form or in association with an encephalomyeli-
tis. The onset of this condition is usually quite 
rapid and associated with loss of sensation and 
paresthesias. Symptoms with sensory neu-
ronopathy can sometimes begin in regions 
along the trunk as opposed to starting in the 
extremities and this pattern may indicate a 
search for a paraneoplastic syndrome. Pain may 
or may not be a significant symptom seen in 
this condition [35].

On electrodiagnostic testing, findings indi-
cated a non-length-dependent nerve pattern of 
injury and is typically found in a widespread pat-
tern. Since this is a dorsal root ganglion disorder, 
motor action potentials are usually unaffected. 
However, occasional motor abnormalities can be 
seen as well, indicating more widespread involve-
ment of the peripheral nerves.

Most commonly, this condition is associated 
with the anti-Hu antibody in patients with 
SCLC.  Often patients may progress to develop 
limbic encephalitis or other clinical symptoms 
associated with anti-Hu antibodies. Aside from 
SCLC, this condition can be associated with 
other malignancies like breast cancer or non- 
small- cell lung cancer [35].

 Chronic Intestinal Pseudo-obstruction
This condition often presents with the symptoms 
of constipation and distension of the abdomen. It 
is caused by antibodies which react with the 
myenteric plexus and subsequent disruption of 
autonomic signaling to the gut. Most commonly, 
this occurs in relation to anti-Hu antibodies in 
association with SCLC [65]. Other antibodies 
may include anti-CRMP5 and a variety of 
voltage- gated channel antibodies.

 POEMS (Polyneuropathy, 
Organomegaly, Endocrinopathy, 
Monoclonal Protein, and Skin Changes)
POEMS syndrome is a condition most associated 
with patients who have monoclonal gammopathy 
or frank multiple myeloma. The underlying cause 
of this condition is unknown and, like most of the 
conditions on this list, it may not necessarily be 
caused directly by antibodies produced by the 
immune system but potentially by overproduc-
tion of chemokines [66].

The International Myeloma Working Group 
has come up with specific criteria for the diagnosis 
of this syndrome. Both polyneuropathy and mono-
clonal plasma cell proliferative disorder are man-
datory criteria for diagnosis. In addition, one major 
criterion is required which includes osteosclerotic 
lesions, Castleman’s disease, or elevated serum or 
plasma vascular endothelial growth factor (VEGF) 
levels. One minor criterion must also be met which 
includes organomegaly, volume overload, endocri-
nopathy, skin changes, papilledema, or thrombo-
cytosis/polycythemia. The neuropathy is usually 
the dominant symptom seen in this condition. 
Nerve injury tends to be more length-dependent 
and tends to be motor predominant. However, they 
may start with sensory symptoms [67].
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There is no specific treatment recommended 
for this condition. Lenolidamide- and bortezomib- 
based treatments are favored by hematologists 
for treatment of the underlying condition due to 
limited toxicity with these therapies. Other 
approaches include hematopoietic stem cell 
transplantation [68]. From a symptom stand-
point, there may be some benefit in using some 
anti-VEGF-related therapies like bevacizumab, 
but this has not been thoroughly evaluated [69].

 Other Nonclassical Neurologic 
Paraneoplastic Symptoms
Outside of the classically defined paraneoplastic 
syndromes, there are a multitude of neurologic 
symptoms and syndromes which are thought to 
be paraneoplastic in origin. These can include 
simple neuropathies as well as paraneoplastic 
presentations of movement disorders like 
Parkinson disease and chorea, motor neuron dis-
eases like amyotrophic lateral sclerosis (ALS), 
and myelopathies/myelitis.

Paraneoplastic movement disorders like cho-
rea are some of the more common presentations 
of nonclassical autoimmune or paraneoplastic 
neurologic disorders. Choreiform movements 
can be found to be associated with multiple anti-
bodies. Most commonly, this can involve anti- 
CRMP5 antibodies but can also occur with 
anti-Hu antibodies, GAD 65, CASPR2, and LGI1 
antibodies. Paraneoplastic chorea is most often 
associated with SCLC, thymomas, non-Hodgkin 
lymphoma, and tonsillar squamous cell carci-
noma. Non-paraneoplastic chorea can be associ-
ated with Lupus and antiphospholipid antibody 
syndrome [70, 71].

Isolated paraneoplastic myelopathies are 
uncommon; however, they may occur as part of 
a more extensive encephalomyelitis. There have 
been reports of transverse, necrotizing, and 
demyelinating myelitis. Anti-Hu antibodies are 
the most prevalent antibodies in paraneoplastic 
myelopathies [72]. Anti-CRMP5 antibodies 
have also been associated with necrotizing 
myelitis and bilateral optic neuritis in a neuro-
myelitis optica-like syndrome [73]. In many 
cases, paraneoplastic myelopathies present with 

longitudinally extensive abnormalities on MRI 
[74].

Many of the motor neuron diseases (MND) 
such as ALS typically occur in the same age 
group as patients prone to developing malignancy 
which can make the overall cause difficult to 
ascertain. In fact, there are many studies which 
question if there is a link between motor neuron 
disease and malignancy [75]. There is no defini-
tive way to determine if a motor neuron disease is 
paraneoplastic in nature; however, if there is 
measurable improvement after treating the tumor 
itself, this would go against the natural course of 
any of the traditional MNDs. There are several 
cases reported in the literature involving lung and 
renal cell, that demonstrate either symptomatic 
improvement or complete recovery [76]. Breast 
cancer also seems to have some association with 
a motor neuron disease, potentially the primary 
lateral sclerosis variant [77]. Antibodies discov-
ered in patients with an identified malignancy 
concurrent with a motor neuron-like syndrome 
include Anti-Hu, CRMP5, Yo, Spectrin, and Ma2 
[78]; the later presenting with a progressive mus-
cular atrophy-like syndrome [79]. In summary, 
there may be some rare individual cases of para-
neoplastic MND but the vast majority of cases do 
not have a paraneoplastic origin.

 Classification Based on Antibodies

In addition to classification of paraneoplastic dis-
orders based on the disorder itself, these condi-
tions can be classified based on the antibody 
causing the symptoms. Many paraneoplastic 
antibodies can present as several different disor-
ders, both classical and nonclassical syndromes. 
The list of known antibodies identified seems to 
grow rapidly, not all of which are associated with 
malignancies. Antibodies can be grouped 
together into several larger categories including 
nuclear antibodies, cytoplasmic antibodies, and 
cell surface antibodies. Classifying these condi-
tions based on the antibody itself may have some 
implications regarding treatment, since antibod-
ies targeting cell surface antigens may have better 
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responses to immunosuppressants. Table  13.2 
lists antibodies targeting antigens against intra-
cellular, cytoplasmic, or nuclear antigens as well 
as known associated disorders and malignancies 
both common and uncommon that have been 
reported in these conditions. Table 13.3 lists cell 
surface antigens, their known symptoms, and 
associated malignancies.

 Checkpoint Inhibitors and Risk 
of Paraneoplastic Neurological 
Disorders

Checkpoint inhibitors are immunomodulatory 
antibodies that have dramatically improved the 
prognosis of advanced malignancies; however, it is 
further recognized that these treatments can be 
associated with neurological complications and 
the development of autoimmunity including 
 conditions like cerebellar ataxia, autoimmune reti-
nopathy, autoimmune endocrinopathies, acute 
inflammatory demyelinating polyradiculoneurop-
athy, autoimmune myopathy, and myasthenia gra-
vis [80]. Furthermore, patients treated with 
checkpoint inhibitors can also develop autoim-
mune encephalitis associated with multiple known 
antibodies including CRMP5 [81], NMDAR auto-
immune encephalitis [82], and anti-Hu antibodies 
[83, 84]. It is thought that these treatments may 
predispose patients to the development of paraneo-
plastic disorders in some instances.

 Diagnosis

Approaching the management of patients with 
suspected paraneoplastic disorders can also be a 
daunting task. The approach is different in 
patients who have a known malignancy com-
pared to those without a known malignancy. 
Furthermore, patients with symptoms that fit 
within the classical paraneoplastic syndromes 
may alter the approach as well. By dividing 
patients with suspected PND into groups, the 
approach and the assessments necessary to man-
age these patients can be simplified.

In patients with no known cancer, an evalua-
tion for evidence of a systemic malignancy 
should be performed after more common condi-
tions are ruled out. Most often imaging of the 
nervous system is obtained to rule out structural 
or other causes of the presenting symptoms. 
Patients with classical paraneoplastic disorders, 
or in any patient who presents with unexplained 
subacute neurologic symptoms, warrant a sys-
temic evaluation. Systemic imaging with a posi-
tron emission tomography/computed tomography 
or PET/CT or a CT of the chest, abdomen, and 
pelvis can identify asymptomatic malignancies. 
Of these modalities, a PET/CT scan could be of 
higher yield than a plain CT due to the often 
small nature of malignancies associated with 
PND. Other initial diagnostic testing depending 
on the clinical situation may include pelvic 
examination, mammogram, serum cancer mark-
ers, or a testicular ultrasound.

In patients with paraneoplastic encephalitis in 
many, but not all, cases, there are MRI findings 
that would be consistent with active inflamma-
tion. Mesiotemporal FLAIR hyperinten-
sity ± enhancement may be present. Reports of 
up to 2/3 of patients show evidence of T2 or 
FLAIR hyperintensities in patients with anti-Hu- 
associated encephalitis [85, 86]. Brain 
fluorodeoxyglucose- positron emission tomogra-
phy (FDG-PET) imaging may be helpful in iden-
tifying increased metabolism in MRI-negative 
encephalitis [87].

The next step in evaluation would typically 
include basic CSF evaluation including cell 
counts, IgG synthesis, oligoclonal bands, cyto-
logic evaluation, and a guided search for parane-
oplastic autoantibodies in the serum and CSF 
[88]. In one large series of limbic encephalitis, 
only 60% of patients had detectable autoantibod-
ies [86]. If there are positive autoantibodies asso-
ciated with common PND, this should prompt 
frequent surveillance of these patients for the 
development of new malignancies.

In patients with a known malignancy, as with 
those without known malignancy, a thorough 
search for alternate diagnoses which could 
explain their symptoms should be performed. 

A. Mohler et al.



249

This would be followed by an evaluation of 
serum and CSF with basic studies and a targeted 
search for paraneoplastic autoantibodies based 
on the presenting symptoms.

 Management

Due to the uncommon nature of PND and auto-
immune encephalopathies, it is difficult to accrue 
evidence-based treatments for these conditions. 
Most data that have been gathered are in small 
case reports or case series. Despite the difficulty 
in collecting data regarding treatment of these 
uncommon conditions, there are some guidelines 
regarding management of PND that have been 
published [25].

The most effective method of treating these 
conditions is by initiating therapies directed 
toward the inciting tumor, which can include 
surgical resection, radiation, and chemotherapy. 
Resection is the most rapid way of removing the 
antigenic tissue, followed by radiation and then 
chemotherapy. If the source of the antigen is 
removed, it is possible to halt or slow progres-
sion of the condition. Immune modulatory thera-
pies, including PD-1 inhibitors, could be used in 
certain scenarios but should be used cautiously 
as these medications tend to enhance the natural 
immune response to the tumor and thus theoreti-
cally may enhance the natural immune response 
to affected neural tissue as well [80, 89, 90].

Once a plan to address the primary malig-
nancy is in place, treatments targeting the PND 
itself may be the next step. Frank immunosup-
pression or modulation of the immune system is 
generally thought to be the next step. These 
treatments generally start with high-dose meth-
ylprednisolone (1000 mg IV for 3–5 days). This 
can be used alone or in combination with other 
more acute therapies such as intravenous immu-
noglobulin or plasma exchange, particularly in 
more symptomatically severe or aggressive 
cases. Treatments such as these are usually initi-
ated at initial diagnosis as more definitive, lon-
ger lasting treatments may take time to be 
arranged [91].

Cyclophosphamide is an immunosuppressant 
that can affect many facets of the immune sys-
tem. There are several dosing regimens used in 
this setting, all of which are reported in small 
series. Dosing from a 1000  mg fixed dose to 
750 mg/m2 every 4 weeks split over 1–4 days per 
month has been used. This medication may be 
somewhat harsher than rituximab with regard to 
myelosuppression and systemic side effects. 
However, cyclophosphamide, a DNA alkylating 
agent, has a broader effect on the immune system 
than rituximab in that it can reduce proliferation 
of all cells within the immune system as opposed 
to rituximab which exerts its effects primarily on 
the B-cell population.

Rituximab, a CD20 monoclonal antibody, is 
primarily used in PND and other related disor-
ders that are primarily antibody driven. In a 
single institutional study of patients with auto-
immune limbic encephalopathy, the use of ritux-
imab was found to be associated with more 
frequent functional improvement as compared 
to patients not treated with rituximab [92]. It has 
been shown to be beneficial in multiple paraneo-
plastic and other antibody-related conditions in 
small case reports including Morvan’s syn-
drome, anti-NMDA receptor encephalitis, 
 pediatric opsoclonus myoclonus syndrome, can-
cer-associated retinopathy, and paraneoplastic 
chronic intestinal pseudo-obstruction [93–95]. 
There are multiple regimens using rituximab, 
but most commonly, it is dosed at 375  mg/m2 
weekly over 4 weeks. There are even some regi-
mens that rituximab is used in conjunction with 
cyclophosphamide [89, 96].

It is worth noting that the response to immune 
therapy in disorders mediated by antibodies tar-
geting intracellular proteins may be less effec-
tive. These antibodies typically include most of 
the antibodies associated with the classical PNDs. 
Neurologic stability is often considered a favor-
able outcome in these conditions. Early diagnosis 
and immediate treatment may be key in prevent-
ing significant severe neurologic morbidity. On 
the contrary, synaptic and cell surface-mediated 
paraneoplastic syndromes have a better response 
to immune therapy. Many autoimmune encepha-
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litidies, like anti-NMDA receptor encephalitis, 
are included in this category, which highlights 
the significant functional improvements seen 
with aggressive treatment.

 Miscellaneous Neuroimmunologic 
Disorders

Outside of paraneoplastic and autoimmune neu-
rologic disorders, there are several conditions or 
groups of conditions that affect the nervous sys-
tem and have an inflammatory or immunologic 
component. These include conditions that may 
have a malignant component like several of the 
histiocytoses and conditions that are more strictly 
immunologic or inflammatory like Susac syn-
drome, or the chronic lymphocytic inflammation 
with pontine perivascular enhancement respon-
sive to steroids syndrome (CLIPPERS). The rar-
ity of many of these conditions limits the ability 
to better classify them and to develop appropriate 
therapies targeting them.

The histiocytoses make up a heterogenous 
group of conditions that involve abnormalities 
in the macrophage system. These conditions 
are split into two categories: Langerhans cell 
histiocytosis (LCH) which is more common, 
and the non-Langerhans cell histiocytoses, 
which include conditions like Erdheim-Chester 
disease (ECD), Rosai-Dorfman-Destombes 
disease (RDD), and other xanthogranulomas. 
None of these conditions are restricted to the 
CNS and in fact, most cases have manifestation 
outside of the brain or spinal cord. LCH rarely 
involves the CNS with the exception of supra-
optic and periventricular nuclei which leads to 
diabetes insipidus. Outside of hypothalamic–
pituitary axis, when it does involve the nervous 
system, it is typically due to CNS extension 
from lesions within the calvarium [97]. With 
the discovery of clonal BRAF V600E muta-
tions with relatively common frequency in 
patients with ECD, the pathogenesis of this 
condition is more consistent with a malignant 
process [98]. This condition tends to cause 
enhancing lesions often in deep structures 
including the brainstem. To date, no recurrent 

mutation has been isolated in RDD and the 
most recent consensus guidelines favor an 
inflammatory origin for this condition [99].

 Susac Syndrome

Susac is a rare disorder defined by the classical 
triad of encephalopathy, branch retinal artery 
occlusion (BRAO), and sensorineural hearing 
loss [100], although the majority of patients do 
not present with the complete clinical triad. It is 
more common in females than males. The 
encephalopathy is most often accompanied by 
headache, likely due to damage of leptomenin-
geal vessels. BRAO can affect the periphery and 
be silent but they can also affect the larger 
branches resulting in symptoms. Hearing loss, 
caused by occlusion of cochlear and semicircular 
canals arterioles, can be severely disabling and 
can be accompanied by severe tinnitus [101].

The etiology of this disorder is unclear but it is 
thought to be a microvascular autoimmune endo-
theliopathy that affects the central nervous sys-
tem, retina, and inner ear. Brain biopsies show 
microvascular endothelium and vessel wall struc-
ture damage resulting in microinfarctions. Also, 
there is evidence of T-cell inflammation involv-
ing small–medium-sized vessels [102]. Several 
diagnostic tools are used. MRI always shows 
involvement of the corpus callosum (usually the 
central portion) with microinfarcts that can 
appear as “snowball” lesions. Central callosal 
holes are pathognomonic of the disease. 
Fluorescein angiography should be used to evalu-
ate BRAO even in asymptomatic patients, and is 
characterized by multifocal fluorescence due to 
leakage of fluorescein in the damaged vessel. 
Yellow emboli (Gass plaques) can also be 
observed and represent the focal disturbance of 
the endothelium. Audiometric testing usually 
reveals affectation of the middle and lower fre-
quencies first. CSF studies can show a lympho-
cytic pleocytosis with high protein. Angiography 
is without abnormality, as the vessels affected are 
too small to be detected [103]. Finally, 
 antiendothelial antibodies can be of diagnostic 
significance [104].
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The disease can relapse or remain continu-
ously chronic. Encephalopathy and visual defects 
may remit but hearing loss is irreversible. It is 
important to diagnose this pathology early and 
treat aggressively to prevent relapses. Given the 
rarity of this disorder, there are no studies that 
show which are the best treatments. 
Immunotherapy is the mainstay of treatment and 
includes high-dose steroids, IVIG, cyclophos-
phamide, mycophenolate mofetil, infliximab, and 
rituximab [102, 103, 105].

 Chronic Lymphocytic Inflammation 
with Pontine Perivascular 
Enhancement Responsive 
to Steroids Syndrome (CLIPPERS)

CLIPPERS is another rare disease affecting 
predominantly perivascular spaces in the pons 
with variable involvement of adjacent struc-
tures and striking response to steroids [106]. 
The mean age of onset is 50 years and there is a 
male predominance of 3:1 [107]. The classic 
presentation includes development of subacute 
gait ataxia and diplopia, dysarthria, dizziness, 
nystagmus, tremor, spasticity, cognitive impair-
ment, and facial paresthesias; however, there 
are no clinical symptoms that are specific to 
this condition [108]. Brain MRI is the preferred 
diagnostic modality and it shows FLAIR hyper-
intensities in the perivascular spaces and white 
matter regions as well as a characteristic pattern 
of punctate and curvilinear enhancement, “pep-
pering” of the pons and adjacent regions includ-
ing the medulla, brachium pontis, and midbrain. 
The lesions are smaller and less frequent farther 
away from the pons. Other described symptoms 
include supratentorial lesions in addition to the 
typical infratentorial lesions [109]. Typical 
CSF findings can show normal or mildly ele-
vated protein and rarely a lymphocytic pleocy-
tosis. Brain biopsies demonstrate lymphocytic 
infiltrates in the white matter with perivascular 
predominance and markedly CD3 positive 
T-lymphocytes, mild B-lymphocytes, and mod-
erate macrophage infiltrates [108]. Response to 
steroids is characteristic of the disease and 

often a helpful diagnostic tool. Steroid therapy 
is typically associated with improvement of 
symptoms and resolution of enhancing lesions 
[108], but patients often relapse when tapered 
off steroids. There are no guidelines for man-
agement due to the rarity of the disorder. Expert 
opinion suggests that response to treatment 
should be monitored periodically by clinical 
examination and serial brain MRI. Introduction 
of corticosteroid-sparing agents can be dis-
cussed in cases of relapse or due to steroid side 
effects. Agents to consider include methotrex-
ate, cyclophosphamide, hydroxycloroquine, 
and azathioprine [107].
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Adult and Childhood Vasculitis 
of the Nervous System

David S. Younger

 Introduction

Vasculitis results in a variety of clinical neuro-
logic manifestations and neuropathologic 
changes in the central and peripheral nervous 
system (CNS and PNS). If unrecognized and 
therefore untreated, vasculitis leads to ischemia 
and injury of the involved tissues. Remarkable 
progress has been achieved in the pathogenesis, 
diagnosis, and treatment of vasculitis of the ner-
vous system, making it an important topic for cli-
nicians and researchers alike.

 Classification and Nosology

Vasculitis is defined as inflammation of blood 
vessel walls for at least some time during the 
course of the disease and affects arteries and 
veins of varying caliber. Two Chapel Hill 
Consensus Conferences (CHCC), one in 1994 
[1], and the other in 2012 [2], provided consensus 
on nosology and definitions for the commonest 
forms of vasculitis. The revised CHCC nomen-
clature serves as a guide for the categorization of 

diverse forms of vasculitis based upon the vessels 
involved, and provides a scheme for the neuro-
logic aspects thereof (Table 14.1). Large vessel 
vasculitis (LVV) including giant cell arteritis 
(GCA) and Takayasu arteritis (TAK) affects the 
aorta, its major branches, and analogous veins. 
Medium vessel vasculitis (MVV) inclusive of 
polyarteritis nodosa (PAN) and Kawasaki disease 
(KD) involves main visceral arteries and veins 
and initial branches. The category of small vessel 
vasculitis (SVV) recognizes the involvement of 
intraparenchymal arteries, arterioles, capillaries, 
veins, and venules, with a disease mechanism 
related to antineutrophil cytoplasmic antibody 
(ANCA) and immune complexes. The category 
of ANCA-associated vasculitis (AAV) includes 
granulomatosis with polyangiitis (GPA) 
[Wegener granulomatosis (WG) type], eosino-
philic granulomatosis with polyangiitis (EGPA) 
[Churg-Strauss syndrome (CSS)], and micro-
scopic polyangiitis (MPA) (microscopic polyar-
teritis), while vasculitic disorders associated with 
immune complexes includes IgA vasculitis 
(IgAV) [Henoch-Schönlein purpura (HSP)], 
cryoglobulinemic vasculitis (CV), and hypocom-
plementemia urticarial vasculitis (HUV) associ-
ated with C1q antibodies. Vasculitis without a 
predominant vessel size and caliber, respectively 
from small to large, involving arteries, veins, and 
capillaries, comprises the category of variable 
vessel vasculitis (VVV), characteristic of Behçet 
disease (BD) and Cogan syndrome (CS). The 
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 category of vasculitis associated with systemic 
 disease includes vasculitis associated with rheu-
matoid arthritis (RA) and systemic lupus erythe-
matosus (SLE) and other connective tissue 
disorders, wherein the vasculitic process is sec-
ondary to or associated with the underlying sys-
temic disorder. There is a category of vasculitis 
associated with a probable specific etiology, such 
as substance abuse and infection designated by 
the specific vasculitic disorder with a prefix to 
denote the causative agent. The category of 
single- organ vasculitis (SOV) involves arteries or 
veins of any size in a single organ without fea-

tures to indicate that it is a limited expression of 
a systemic vasculitis characterized by primary 
CNS vasculitis, nonsystemic peripheral nerve 
vasculitis (PNV), and isolated aortitis.

Recognizing that certain forms of vasculitis 
are more common in childhood and that some 
vasculitides display different disease courses 
compared to adult forms [3], the Pediatric 
Rheumatology European Society (PRES) and the 
European League against Rheumatism (EULAR) 
proposed specific classification criteria for the 
commonest childhood vasculitis syndrome [4] 
based upon vessel size, similar to the CHCC 
nomenclature [2]. In 2008, the EULAR, PRES, 
and the Pediatric Rheumatology International 
Trials Organization (PRINTO) reported their 
methodology and overall clinical, laboratory, and 
radiographic characteristics for several childhood 
systemic vasculitides [5] followed by a final vali-
dated classification [6].

 A Century of Insights

The early history of vasculitis is debatable, but 
one fact is clear, the earliest patients with vasculi-
tis appeared to have had neurologic involvement. 
According to Lamb [6], Kussmaul and Maier pro-
vided the first complete gross and microscopic 
description of a patient with leg pains, cramps, 
and tenderness so prominent that trichinosis was 
considered in an article entitled, “A hitherto unde-
scribed peculiar disease of the arteries which is 
accompanied by Bright’s disease and a rapidly 
progressive general paralysis of the muscles.” At 
postmortem examination, there was widespread 
arteritis that resembled syphilitic periarteritis. The 
disorder was named periarteritis for the inflamma-
tion around blood vessels. In 1908, Langcope [7] 
described the first American patient with periar-
teritis, a 35-year-old man with constitutional 
symptoms and subacute leg pains. Postmortem 
examination showed widespread necrotizing arte-
ritis and nodules along small and medium-sized 
vessels of the heart, liver, kidney, pancreas, testi-
cles, brain, nerves and skeletal muscles, sparing 
the lungs and spleen. The histologic lesions con-
sisted of mononuclear cell infiltration, necrosis of 

Table 14.1 Childhood and adult vasculitides with ner-
vous system involvement

Large vessel vasculitis
  Giant cell arteritis
  Takayasu arteritis
  Idiopathic aortitis (IgG4)
Medium vessel vasculitis
  Polyarteritis nodosa
  Kawasaki disease
Small vessel vasculitis
  ANCA-associated vasculitis
   Microscopic polyangiitis
   Granulomatosis with polyangiitis (Wegener)
   Eosinophilic granulomatosis with polyangiitis 

(Churg-Strauss)
  Immune-complex vasculitis
   Cryoglobulinemic vasculitis
   IgA vasculitis (Henoch-Schönlein)
   Hypocomplementemic urticarial vasculitis (IgA 

Vasculitis)
Variable vessel vasculitis
  Behçet disease
  Cogan syndrome
Primary CNS vasculitis
Vasculitis associated with collagen vascular disease
  Systemic lupus erythematosus
  Rheumatoid arthritis
Vasculitis due to substance abuse
  Amphetamines
  Cocaine
  Opioids
Vasculitis and infection
  Bacteria
  Viruses
  Neurosyphilis
  Mycoses
  Parasites
  HIV/AIDS
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internal and external elastic lamina of the media, 
fibrin deposition, aneurismal dilatation, perivas-
cular inflammation of the adventitia, and intimal 
proliferation resulting in narrowing of arterial 
lumina. Kernohan and Woltman [8] summarized 
the clinical and neuropathologic aspects of adult 
PAN, and Krahulik and colleagues [9] reported 
the postmortem neurologic findings of fulminant 
childhood PAN (cPAN). The dominant neurologic 
picture of both adult and cPAN was a peripheral 
neuritis that occurred in one-half of patients early 
in the illness with a predilection for the legs. At 
postmortem examination, all had arteritic lesions 
along nutrient arteries of the peripheral nerves, 
and three-quarters had lesions in arteriae nervo-
rum. The combination of acute and chronic 
lesions correlated with known exacerbations. 
Involvement of the CNS was estimated to occur in 
8% of cases evident by clinically apparent brain 
infarcts resulting from occlusion of cerebral ves-
sels, which was often insidious in its progression. 
In PAN, as in the other systemic necrotizing arte-
ritis, the vasculitic lesion proceeded in a charac-
teristic manner (Fig.  14.1) commencing with 
invasion of the intima, media, and adventitia by 
polymorphonuclear, plasma cells, eosinophils, 

and lymphocytes, leading to swelling of the 
media, and fibrinoid necrosis that clusters around 
the vasa vasorum, with fragmentation of the inter-
nal elastic lamina. There was focal deposition of 
perivascular connective tissue, vascular necrosis, 
and denuding of the endothelium, followed by 
vascular thrombosis, ischemia, aneurysm forma-
tion, rupture, and hemorrhage. Healed lesions 
coexisted with active lesions. Harry Lee Parker 
conceptualized nerve and muscle biopsy in a dis-
cussion of the paper by Kernohan and Woltman 
[8] commenting, “It occurs to me that in any case 
in which polyarteritis nodosa may be suspected, it 
is advisable to take a biopsy from a peripheral 
nerve, muscle or artery.” There are no published 
series confirming the correlation of the extent of 
systemic necrotizing arteritis that may be pre-
dicted by the singular finding of vasculitis in a 
cutaneous nerve biopsy specimen. Only one 
reported series [10] reported neither systemic nor 
isolated PNV was found at postmortem after diag-
nostic cutaneous nerve biopsy evidencing necro-
tizing vasculitis in life. A  variant of PAN was 
recognized in very young children with mucocu-
taneous lymph node syndrome [11, 12]. Although 
early publications used the term infantile PAN 
[13, 14], KD is the preferred term to describe this 
childhood syndrome with worldwide occurrence, 
affecting children of all ages and races. Both PAN 
and KD are prototypical examples of MVV.

Contemporaneously, SVV syndromes were 
recognized and differentiated from PAN. First 
described by Wohlwill in 1923 [15], Davson and 
colleagues [16] and Wainwright and Davson 
[17] described MPA among 34 patients who dif-
fered from PAN due to selective involvement of 
small microscopic arteries, arterioles, capillar-
ies, and venules including glomerular and pul-
monary alveolar capillaries. Fever, arthralgia, 
purpura, hemoptysis, pulmonary hemorrhage, 
abdominal pain, and gastrointestinal bleeding 
likewise preceded the explosive phase of sys-
temic necrotizing vasculitis that affected the 
kidney and lungs, with rapidly progressive glo-
merulonephritis and pulmonary capillaritis. 
Two of five deaths were attributed to CNS 
involvement by vasculitis during periods of dis-
ease respectively at 4 and 8 months; however, 

Fig. 14.1 This small muscular artery from muscle is 
from a patient with polyarteritis nodosa. In the third, or 
proliferative, phase illustrated here, chronic inflammatory 
cells replace the neutrophils of the second phase; there is 
evidence of necrosis of the media, early intimal prolifera-
tion (arrowheads), and fibrosis. The lumen is almost com-
pletely occluded. Ultimately, in the healing phase, this 
process is replaced by dense, organized connective tissue 
(stain, hematoxylin and eosin; original magnification, 
×250)
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that could not be confirmed since postmortem 
examinations were not performed. The disorder 
was later reclassified by the CHCC [1, 2] as a 
necrotizing SVV with little or no immune-com-
plex deposition that primarily affected the kid-
ney and lungs. Medium-sized arteries might be 
involved even though the disease was predomi-
nantly considered to affect small-sized arteries, 
arterioles, capillaries, and venules of the two 
organs most affected, with variable systemic 
necrotizing vasculitis.

The first patient with EGPA was probably 
Case 1 of Lamb [18] reported in 1914 under the 
heading of PAN. That patient, a 26-year-old man 
with 2 years of worsening asthma, developed 
fever, palpable purpura, nodular skin lesions, 
hemoptysis, vomiting, urinary difficulty, and 
granular urinary casts. He died 1 month later and 
postmortem examination showed necrotizing 
arteritis of small arteries, with dense collections 
of extravascular eosinophils and tissue eosino-
philia in the heart, stomach, and kidney. Decades 
later, Churg and Strauss [19] described the clini-
cal and postmortem findings of 13 patients with 
asthma, fever, and hypereosinophilia, accompa-
nied by eosinophilic exudation, fibrinoid change, 
and granulomatous proliferation that constituted 
the so-called allergic granuloma, found within 
vessel walls and in extravascular connective tis-
sue of major organ systems, leading to cardiac, 
pulmonary, gastrointestinal, skin, PNS, and CNS 
manifestations. In 1977, Chumbley and cowork-
ers [20] described 30 asthmatic patients from the 
Mayo Clinic over the period 1950–1974, with 
necrotizing vasculitis of small arteries and veins 
with extravascular granulomas and infiltration of 
vessels and perivascular tissue with eosinophilia. 
The lungs, peripheral nerves, and skin were most 
frequently involved, and renal failure was 
encountered in only one patient. Corticosteroids 
seemed to confer long-term survival. In 1984, 
Lanham and colleagues [21] emphasized that the 
combination of necrotizing vasculitis, tissue infil-
tration by eosinophils and extravascular granulo-
mas suggested by Churg and Strauss [19], 
occurred contemporaneously in only a minority 
of patients. Moreover, such histologic findings 
could be encountered in well as in other granulo-

matous, vasculitic, and eosinophilic disorders in 
the absence of clinical asthma, allergic rhinitis, 
sinusitis, pulmonary infiltrates, and cardiac 
involvement pathognomonic of EGPA.  The 
authors described a phasic pattern of EGPA in 
which allergic disease preceded systemic vascu-
litis and eosinophilic tissue infiltrates might 
occur in the absence of peripheral blood eosino-
philia. Pulmonary infiltrates, upper respiratory 
tract, and gastrointestinal disease often preceded 
the vasculitic component of the syndrome lead-
ing to cardiac, cutaneous, nervous system, renal, 
bone, and muscle involvement. In 1990, the 
American College of Rheumatology (ACR) [22] 
developed criteria for the classification of EGPA, 
that included ascertainment of four or more of the 
following: asthma, eosinophilia of >10%, mono-
neuropathy or polyneuropathy, nonfixed pulmo-
nary infiltrates on chest radiograph, paranasal 
sinus abnormality, and extravascular eosinophils 
on tissue biopsy that included an artery, arteriole, 
or venule. These criteria were inadequate in dif-
ferentiating the various clinicopathologic expres-
sions of SVV and a patient with asthma and 
paranasal sinusitis could fit the designation of 
EGPA. The 1994 CHCC [1] characterized EGPA 
as an eosinophil-rich and granulomatous inflam-
matory process that involved the respiratory tract, 
with necrotizing vasculitis that affected small to 
medium-sized vessels such as capillaries, 
venules, arterioles, and arteries, with associated 
asthma and eosinophilia.

In 1954, Godman and Churg [23] described 
the syndrome of GPA that included granuloma in 
the nasopharynx, sinuses, and lower respiratory 
tract with focal segmental glomerulonephritis 
and disseminated small vessel vasculitis 
(Fig. 14.2). Nervous system involvement in GPA 
was found in up to one-half of patients according 
to Drachman [24] who also described a patient 
with 1 month of headache that awakened him 
from sleep followed by rhinitis, nasal obstruc-
tion, epistaxis, mononeuropathy multiplex, con-
fusion, and hypertension. Active arteritis and 
necrotizing granulomata were found in the brain, 
not in peripheral nerves. Two decades later, Fauci 
and colleagues [25] and Hoffman and colleagues 
[26] at the National Institutes of Health (NIH) 
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respectively reported a prospective series of 85 
patients with GPA, and a retrospective assess-
ment of 180 patients followed for 6  months to 
24 years, describing nervous system involvement 
in up to 23% of patients. There was a preponder-
ance of mononeuritis multiplex with CNS abnor-
malities in 8–10% of patients. CNS involvement 
included stroke, cranial nerve abnormalities, and 
diabetes insipidus. Fauci and colleagues [25] 
established the efficacy of cyclophosphamide 
and prednisone in achieving complete remissions 
in 93% of patients as well as the tendency of 
patients to relapse and accrue additive mortality 
from both disease and treatment; however, alter-
native immunosuppressant regimens were not 
equally effective [26]. In a landmark article, 
Godman and Churg [27] concluded that MPA, 
EGRA, and GPA were related to one another yet 
distinct from PAN.  This astute conclusion was 
based mainly on pathologic features was later 
substantiated by their common association with 
ANCA, but not so for PAN [28].

There ensued a renaissance in the understand-
ing of primary systemic vasculitis with convincing 
clinical evidence to support an important role for 
ANCA in the development of AAV. Early observa-
tions of ANCA were provided by van der Woude 
and colleagues in 1985 [29], and Falk and Jennette 
[30] and Goldschmeding and colleagues [31] in 

1988, followed by progress in the differentiation 
of these subtypes and understanding of the epony-
mous manifestations [32]. Proteinase 3 (PR3) is a 
serine protease found in the azurophilic granules 
of neutrophils and peroxidase- positive lysosomes 
of monocytes. Myeloperoxidase (MPO), which 
constitutes about 5% of the total protein content 
of the neutrophilic cell, is localized to the same 
cellular compartment as PR3. However, PR3  in 
contrast to MPO is also found on the plasma 
membrane of resting neutrophils and monocytes 
in many patients. Autoantibodies directed against 
PR3 and MPO are directed against multiple epit-
opes. Although sera from different patients may 
recognize different epitopes, all ANCA recog-
nized restricted epitopes of PR3 involving its cat-
alytic site [33]. An AAV classification appears to 
better recognize ANCA disease and predict prog-
nosis than other any existing clinical classification 
systems [34]. However, as with other autoimmune 
disorders, the etiology and pathogenesis appeared 
multifactorial, involving the interplay of initiating 
and predisposing environment and genetic fac-
tors. Important contributing factors to the media-
tion of vascular and extravascular inflammation 
included a loss of regulatory T- and B-cell func-
tion, acute neutrophilic cell injury with release of 
ANCA-antigens, cytokine priming of neutrophilic 
cells, and subsequent complement activation by 
Fc and Fab2 engagement, and enhancement of 
complement-dependent cytotoxicity with release 
of ANCA-antigens into the microenvironment 
[35–37]. The ANCA lesion typical of GPA 
includes both vasculitic and granulomatous fea-
tures in lung, with focal segmental glomerulone-
phritis typified pathologically by lysis of 
glomerular tufts, basement membrane disruption, 
accumulation of fibrinoid material, thrombosis of 
glomerular capillary loops, acute tubular necrosis, 
and cant deposition of immunoglobulin (Ig) and 
complement. There are genetic distinctions 
between MPO and GPA suggested by the strong 
association of PR3-ANCA disease with antigenic 
specificity of HLA-DP and the genes encoding 
α1-antitrypsin (SERPINA1) and PR3 (PRTN3), 
and HLA-DQ for MPO-ANCA [38]. An immuno-
fluorescence technique (IFT) has been the stan-
dard method for routine determination of ANCA 

Fig. 14.2 Wegener’s granulomatosis. This small muscu-
lar artery is destroyed. A large confluent area of fibrinoid 
degradation (arrows) is surrounded by neutrophils, pali-
sading histiocytes, lymphocytes, plasma cells, and some 
giant cells (stain, hematoxylin and eosin; original magni-
fication, ×250)
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in vasculitis using ethanol- fixed human neutro-
phils as substrate. Two main immunofluorescence 
patterns are distinguished, a cytoplasmic 
(c-ANCA) and perinuclear (p-ANCA). The 1999 
“International consensus statement on testing and 
reporting ANCA” [39] required laboratories to 
screen for ANCA by IFT and to confirm the speci-
ficity of fluorescent sera by enzyme-linked immu-
noassay (ELISA) for PR3 and 
MPO-ANCA.  However, conventional ELISA 
using PR3 immobilized to the surface of the 
ELISA plate shows great variation in performance 
and often lack sensitivity. Capture ELISA is supe-
rior in overall diagnostic performance to direct 
ELISA [40], but the capturing antibodies hiding 
relevant epitopes may reduce the sensitivity of 
capture ELISA.  High sensitivity PR3 (hsPR3)-
ANCA ELISA, which immobilizes PR3 via a 
bridging molecule to the plastic plate and pre-
serves nearly all epitopes for the binding of 
ANCA, was superior to direct and capture tech-
niques in GPA [41].

Hypersensitivity vasculitis leading to cutane-
ous vasculitis was conceptualized as an immuno-
logic response to antigenic material associated 
with clinically evident purpura, and small vessel 
inflammation affecting arterioles, capillaries, and 
postcapillary venules. Between 1948 and 1952, 
Zeek [42, 43] separated the hypersensitivity vas-
culitides from allergic granulomatous angiitis, 
rheumatic arthritis, PAN, and GCA. Hemorrhage 
into the skin or palpable purpura was noted in vir-
tually all patients resulting from extravasation of 
erythrocytes, pronounced endothelial swelling, 
polymorphonuclear, and later mononuclear cell 
infiltration, followed by fibrosis, necrosis, fibri-
noid deposits, and visible polymorphonuclear 
debris termed leukocytoclasia (Fig.  14.3). Zeek 
[44] likened hypersensitivity vasculitis to the ana-
phylactoid Arthus reaction produced by the exper-
imental injection of horse serum into rabbits [45]. 
Osler [46] first appreciated the relation of purpu-
ric attacks to cerebral manifestations in the report 
of a patient with transient hemiparesis, and three 
others with potentially fatal cerebral hemor-
rhages. Gairdner [47] described HSP among 12 
patients with anaphylactoid purpura including 
one child who  developed rash, colic, melanotic 

stools, intussusception, and hematuria followed 
by a typical exanthema and convulsion. She died 
3 months later and postmortem examination 
showed scattered cortical hemorrhages associated 
with cerebral necrotizing arteriolitis. Levitt and 
Burbank [48] described the clinicopathologic 
findings in two previously nonallergic patients 
with recurrent fatal attacks of HSP after injection 
of penicillin and ingestion of strawberries respec-
tively that included glomerulonephritis alone or 
with systemic arteriolitis. The finding of IgA 
deposits in cutaneous blood vessel walls and in 
glomerular mesangial biopsies of patients with 
HSP and IgA nephropathy (IgAN) [49, 50] was 
circumstantially convincing enough to substitute 
the term IgAV for HSP.

Wintrobe and Buell [51] described cryoglobu-
linemia in a patient with progressive frontal 
headache, facial pain, Raynaud symptoms, recur-
rent nosebleeds, exertional dyspnea, palpitation, 
and changes in the eye grounds due to central 
vein thromboses. Postmortem examination 
showed infiltrating myeloma of the humerus and 
lumbar vertebra and splenic enlargement. 
A unique plasma protein was detected that spon-
taneously precipitated with cold temperature and 
solubilized at high temperature differed from 
Bence-Jones proteinuria of other myeloma 
patients. Lerner and Watson [52] noted the 

Fig. 14.3 This arteriole from muscle is from a patient 
with leukocytoclastic vasculitis. The entire vessel and 
perivascular tissue is infiltrated with polymorphonuclear 
leukocytes and some chronic inflammatory cells with 
necrosis and nuclear debris. The vascular lumen is nearly 
obliterated (stain, hematoxylin and eosin; original magni-
fication, ×400)
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 association with purpura, and later, Lerner and 
Watson [53] described its occurrence in 10% of 
pathological sera. Gorevic and colleagues [54] 
described mixed CV in forty patients, the clinical 
features of which included palpable purpura in 
all patients, polyarthralgia in three-quarters, and 
kidney involvement in slightly more than one- 
half, and deposits of IgG, IgM, and complement, 
or renal arteritis in a third of patients.

Recurrent attacks of erythematous, urticarial, 
and hemorrhagic skin lesions that last 24 h at a 
time, associated with recurrent attacks of fever, 
joint swelling, abdominal distress, and depressed 
serum complement indicative of HUV, were 
described by McDuffie and colleagues in 1973 
[55]. Small amounts of cryoglobulin were present 
at one time or another in the serum of each patient. 
When tested by immunodiffusion against purified 
preparations of rheumatoid factor (RF) and human 
C1q, two patients consistently produced bands 
against the former, and two others reacted strongly 
with purified C1q. Skin biopsies showed leukocy-
toclasia characteristic of necrotizing vasculitis in 
one patient; anaphylactoid purpura in two others; 
and mild nonspecific perivascular infiltration in 
another. Immunofluorescence of skin specimens 
performed in three patients showed fixation of Ig 
in the patient with necrotizing vasculitis, while in 
two others with a pathologic picture of anaphylac-
toid purpura or nonspecific dermal infiltrate, and 
immunofluorescence was negative. Renal biopsy 
in two patients showed mild to moderate glomer-
ulonephritis indistinguishable for those seen in 
other forms of chronic membranoproliferative 
glomerulonephritis. The differences from SLE 
included more urticarial and purpuric skin lesions, 
with relatively mild renal or absent and other vis-
ceral involvement in the patients with HUV, that 
was atypical for SLE. Moreover, serum speckled 
antinuclear and anti-DNA antibodies, and base-
ment membrane Ig deposits were absent in those 
with HUV, also atypical for SLE. An etiopatho-
genesis related to chronic vascular inflammation 
resulting from deposits of immune complexes in 
small vessel walls seemed likely. Zeiss and col-
leagues [56] characterized C1q IgG precipitins 
from HUV sera that precipitated C1q in agarose 
gel among four additional patients. Wisnieski and 

Naff [57] showed C1q- binding activity in IgG 
from HUV sera, which suggested a relation to LE, 
but that view was later amended.

The historical account of the category of LVV 
spanned more than a century with notable 
advances in the past several years. Hutchinson 
provided the first clinical description of temporal 
arteritis [58], followed by a pathologic descrip-
tion by Horton [59] more than 50 years after the 
description and designation of polymyalgia rheu-
matic (PMR) by Bruce [60] and Barber [61]. 
Temporal arteritis was named for the site of gran-
ulomatous giant cell inflammation and vessel 
involvement [62]. Those with biopsy-proven 
temporal arteritis and associated blindness due to 
vasculitic involvement of ophthalmic and poste-
rior ciliary vessels were classified as cranial arte-
ritis [63]. The occasional finding of giant cell 
lesions along the aorta, its branches, and in other 
medium- and large-sized arteries at autopsy in 
other patients warranted the additional diagnosis 
of generalized GCA [64]. The pathologic hetero-
geneity of temporal arteritis was further demon-
strated by the finding of intracranial lesions in 
eight patients who also qualified for the diagnosis 
of granulomatous angiitis of the nervous system 
(GANS) [65–70]. PNS involvement in GCA was 
exceedingly uncommon [71]. The earliest lesions 
of GCA consisted of vacuolization of smooth 
muscle cells of the media, with enlargement of 
mitochondria, infiltration of lymphocytes, plasma 
cells, and histiocytes. With progression, there 
was extension of inflammation into the intima 
and adventitia leading to segmental fragmenta-
tion and necrosis of the elastic lamina, granuloma 
formation, and proliferation of connective tissue 
along the vessel wall. This eventuated in vascular 
thrombosis, intimal proliferation, and fibrosis 
(Fig. 14.4). One other LVV was described in the 
Japanese literature as unusual changes of the cen-
tral vessels of the retina in the absence of periph-
eral arterial pulses in a woman [72]. This 
pulseless disease [73] and occlusive thromboaor-
topathy [74] or TAK disease [75], manifested 
constitutional complaints of malaise, fever, 
 stiffness of the shoulders, nausea, vomiting, night 
sweats, anorexia, weight loss, and irregularity of 
menstrual periods weeks to months before the 
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local signs of vasculitis were recognized in up to 
two-thirds of patients. It is the commonest large 
vessel vasculitis among Asian women.

One other form of inflammatory aortic dis-
ease, aortitis, surfaced in the surgical literature 
with equally broad and far-reaching implications 
for concepts of autoimmunity. In 1972, Walker 
and colleagues [76] noted that 10% of 217 
patients presenting with abdominal aneurysms at 
Manchester Royal Infirmary between 1958 and 
1969 for resection showed excessive thickening 
of aneurysm walls and perianeurysmal adhesions 
at operation. Subsequent histologic examination 
of the walls of the aneurysms showed extensive 
active chronic inflammatory changes including 
plasma cell infiltration. The clinical features of 

patients with inflammatory aneurysms differed 
from those with atherosclerotic disease due to 
generally younger age by a decade, lower inci-
dence of rupture, lack of claudication of intermit-
tent the limbs and presence of peripheral pulses, 
less likelihood of unusual presenting features, 
elevated ESR, and lack of calcification on preop-
erative abdominal radiographs. In 1985, Pennell 
and coworkers [77] reported inflammatory aortic 
or iliac aneurysms in 4.5% of 2816 patients 
undergoing repair for abdominal aortic aneurysm 
from 1955 to 1985. Ultrasound and CT imaging 
suggested the diagnosis respectively in 13.5% 
and 50% of patients, the former showing a sono-
lucent halo with clear definition of the aortic wall 
posterior to the thickened anterior and lateral aor-
tic walls. In 2000, Rojo-Leyva and colleagues 
[78] noted idiopathic aortitis in 43% of 1204 aor-
tic specimens gathered over a period of 20 years. 
In 96% of the patients with idiopathic aortitis, 
aneurysm formation and aortitis were present 
only in the thoracic aorta. In 2001, Hamano and 
colleagues [79] noted high concentrations of 
IgG4 associated with sclerosing pancreatitis 
characterized by obstructive jaundice, infrequent 
attacks of abdominal pain, irregular narrowing of 
the pancreatic duct, sonolucent swelling of the 
parenchyma, lymphoplasmacytic infiltration, 
fibrosis, and a favorable response to corticoste-
roid treatment. One year later, Hamano and 
coworkers [80] noted the association of scleros-
ing pancreatitis with raised concentrations of 
IgG4 among those with concomitant hydrone-
phrosis that caused ureteral masses, later diag-
nosed as retroperitoneal fibrosis (RPF). 
Histologic examination of ureteral and pancreatic 
tissues revealed abundant tissue infiltration by 
IgG4-bearing plasma cells. In the same year, 
2008, three important observations were in this 
area. First, Sakata and colleagues [81] concluded 
that inflammatory abdominal aortic aneurysm 
(IAAA) was related to IgG4 sclerosing disease. 
Second, Kasashima and colleagues [82] con-
cluded that IAAA was an IgG-related disease 
(IgG4-RD) together with RPF. Third, Ito and col-
leagues [83] described a patient with IAAA, 
hydronephrosis caused by RPF, and high levels 
of IgG4 I in whom treatment with corticosteroids 
led to clinical improvement and reduction in 

a

b

Fig. 14.4 Temporal arteritis. (a) In an early lesion of a 
large muscular artery, necrosis, inflammation, and giant 
cell formation (single arrow) can be seen immediately 
adjacent to the internal elastic lamina (arrowhead), which 
is undergoing degenerative changes, and there is some 
intimal proliferation (double arrows) (stain, hematoxylin 
and eosin; original magnification, ×100). (b) This more 
advanced lesion has complete segmental destruction of 
the internal elastic lamina and virtually the entire media 
(arrows). Marked intimal proliferation has nearly occluded 
the lumen, and few inflammatory cells remain (stain, 
hematoxylin and eosin; original magnification, ×50)
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IgG4 levels. Histologic inspection of the aortic 
wall specimen showed lymphocytoplasmacytic 
infiltration. Immunohistochemical analysis of the 
tissue showed IgG4-positive plasma cells. The 
findings suggested that IAAA had an etiopatho-
genesis similar to autoimmune pancreatitis and 
that some cases of IAAA and RPF may be aortic 
and periaortic lesions of an IgG4-RD. One year 
later, in 2009, Khosroshahi and colleagues [84] 
described thoracic aortitis due to IgG4-RD with 
marked elevation of the serum IgG4 levels with 
progression to autoimmune pancreatitis, and 
Stone and coworkers [85] described IgG4-related 
thoracic aortitis with a media-predominant pat-
tern of aortic wall infiltration and marked eleva-
tion of serum IgG4 levels, unequivocally linking 
IgG4-RD with thoracic lymphoplasmacytic 
aortitis.

Two forms of VVV, BD and CD, were recog-
nized with very different clinical presentations 
and systemic involvement. Adamantiades [86] 
recognized the disorder of relapsing aphthous 
ulcers of the mouth, eye, and genitalia, and the 
clinicopathologic details of which were described 
in later detail by Behçet [87, 88] in two Turkish 
patients. Nervous system involvement of a 
28-year-old Yemenite with relapsing oral,  genital, 
and oral eruptions over 4 years, was accompanied 
by severe headache, memory loss, dizziness, 
lethargy, fatal seizures, and coma. Postmortem 
examination showed perivascular inflammatory 
cell infiltration of the meninges, brain, and cen-
tral retinal artery and optic nerve with necrotic 
cerebral lesions. Encephalomyelopathy was 
detailed at postmortem examination in two 
Australian patients with BD [89] who presented 
with hemiparesis, while the other patient pre-
sented with pseudobulbar affect, vertical gaze 
palsy, nystagmus, and spastic paraplegias. 
Postmortem examination showed widespread 
lesions in cortical and brainstem white matter 
and hypothalamus, corresponding to small blood 
vessels including arterioles and veins that showed 
perivascular mononuclear cell infiltration. The 
first well-documented American patient with ner-
vous system involvement of BD was described 
by Wolf and coworkers [90]. The patient was a 
22-year-old woman with a 5-year history of 
recurrent oral and genital ulceration, and a 2-year 

course of progressive visual loss, headache, 
hemiparesis, ataxia, tremor, dysarthria, cranial 
nerve palsy, cerebellar and corticospinal tract dis-
ease, and mental deterioration, which responded 
to prednisone therapy.

Mogan and Baumgartner [91] described a 
26-year-old man with recurrent pain, spasm and 
redness of the left eye with photophobia, exces-
sive tearing, and marked conjunctival injection, 
followed by severe attack of dizziness, tinnitus, 
vertigo, nausea, vomiting, ringing in the ears, 
profuse perspiration, and deafness. A diagnosis 
of recurrent interstitial keratitis and explosive 
Menière disease was made. In retrospect, he was 
probably the first reported patient with CS of 
nonsyphilitic interstitial keratitis (IK) [91]. 
Cogan [92] later described vestibuloauditory 
symptoms. Haynes and colleagues [93] set forth 
the diagnostic criteria for typical CS according to 
the definitions established by In a review of 30 
patients seen at the National Eye Institute of the 
NIH by Cogan [92, 94, 95], symptoms of IK 
developed abruptly and gradually resolved, asso-
ciated with photophobia, lacrimation, and eye 
pain which may be unilateral or bilateral. Such 
symptoms tended to recur periodically for years 
before becoming quiescent. Vestibuloauditory 
dysfunction was manifested by sudden onset of 
Menière-like attacks of nausea, vomiting, tinni-
tus, vertigo, and frequently progressive hearing 
loss that characteristically occurred before or 
after the onset of IK. However, within 1–6 months 
of the onset of eye symptoms, auditory symp-
toms progressed to deafness over a period of 1–3 
months, certainly no longer than 2 years. Cody 
and Williams [96] provided a description of atyp-
ical CS if another significant inflammatory eye 
lesion in addition to, or instead of IK such as 
scleritis, episcleritis, retinal artery occlusion, 
choroiditis, retinal hemorrhage, papilledema, 
exophthalmos, or tendonitis. Haynes and col-
leagues [93] defined acute CS as the presence of 
acute eye disease within 2 weeks of hearing loss, 
while inactive CS was applied to patients with-
out  active eye disease or vestibuloauditory 
 dysfunction of greater than 2 weeks prior to 
study. With less than 100 reported patients with 
this rare childhood and young adult disorder, the 
majority of reported patients with typical CS 
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appeared as single case reports or patient series 
[93, 97–100], often without pathologic confirma-
tion [92, 94, 100, 101] or evidence of systemic 
vasculitis in a biopsy or at postmortem examina-
tion [95, 96, 102, 103]. In contrast to Mogan and 
Baumgartner [91] and Cogan [92, 94], headache 
and other CNS manifestations occurred. Norton 
and Cogan [95] described a patient with atypical 
acute CS in whom headache instead preceded 
detection of superior central retinal artery branch 
occlusion and orbital edema.

The histopathologic appearance of vasculitis 
of the peripheral nerve is similar regardless of 
whether the process is primary or secondary to 
underlying systemic vasculitis. Historically, 
detailed neurovascular anatomy historically arose 
from the careful dissection of amputated limbs 
following injection of India ink to opacify periph-
eral nerve vessels in World War II veterans [104, 
105]. Such studies indicated that proximal 
stretches of each of the major nerves were sup-
plied both by a single arterial vessel, such as in 
the axilla-to-elbow and knee-to-elbow segments 
located peripherally in the nerve trunk, and abun-
dantly along their distal course by a succession of 
microvessel. Their repeated division and anasto-
mosis outlined an unbroken vascular net that 
assured continuous vascular supply. As there was 
no evidence for the presence of watershed zones 
of poor vascular supply along major nerves of the 
arm or leg, ischemic paralysis of a limb should 
rarely if ever occur in the absence of widespread 
arteritis, abrupt occlusion of large named vessels, 
or focal nerve compression. A quarter-century 
later, Dyck and coworkers [106] ascribed isch-
emic centrofascicular nerve fiber degeneration of 
named upper arm and thigh nerves in a patient 
with necrotizing angiopathic neuropathy to poor 
vascular perfusion along presumed watershed 
zones of the upper arm and thigh regions. 
However, the clinical details of the patient were 
not given, the centrofascicular fiber loss was only 
pronounced in the legs, and extraneural blood 
vessels of the arms were not studied. Two decades 
later, Moore and Fauci [107] ascribed progres-
sive weakness and sensory loss in the arms and 
subsequently in the legs distally from the knees 
in Patient 8 with extensive mononeuritis multi-
plex due to infarction of specific peripheral 

nerves, culminating in ambulation with leg braces 
and good use of the hands. However, that patient 
was not studied pathologically. Vasculitis of the 
peripheral nerves leads to specific alterations in 
the arteriae nervorum with a caliber of 100 μm 
located in the epineurial compartment, as well as 
in peripheral nerve fascicles ensheathed by peri-
neurium and endoneurium. The key elements of 
pathologically definite nonsystemic vasculitic 
neuropathy, generally regarded as a form of SOV, 
are intramural inflammation accompanied by 
pathologic evidence of vascular wall damage 
without evidence of systemic involvement [108].

Diverse syndromes of adult and childhood pri-
mary CNS vasculitis with very different clinical 
presentation, histopathology, and prognosis were 
described. Primary CNS vasculitis was first 
described by Harbitz in 1922 [109] in one patient 
with worsening headaches, mental change, and 
ataxia culminating in stupor, spastic paraparesis, 
coma and death in 2 years. A second patient pre-
sented with hallucination and confusion pro-
gressing to gait difficulty, stupor, coma, and death 
in 9 months. At postmortem examination, both 
had granulomatous vasculitis of the meninges 
comprised of lymphocytes, multinucleate giant 
cells, and epithelioid cells with vessel necrosis 
and extension into the brain along involved veins 
and arteries of varying caliber. Over the ensuing 
quarter-century, additional patients were reported 
under the rubric of allergic angiitis and granulo-
matosis [110], giant cell arteritis [111], and sar-
coidosis [112]. Cravioto and Fegin [113] 
delineated the clinicopathologic syndrome of 
noninfectious granulomatous angiitis, and for 
two more decades, rare affected patients were 
identified in life, but there was no effective treat-
ment. Hinck and coworkers [114] in GCA and 
later by Cupps and Fauci [115] in other patients 
with first noted the identification of angiographic 
beading and a sausage-like appearance of cere-
bral vessels at sites of presumed arteritis 
(Fig. 14.5) so-called, isolated angiitis of the CNS 
(IACNS). The angiographic features of presumed 
vasculitis along with the judged efficacy of a 
combination immunosuppressive regimen of oral 
cyclophosphamide and alternate-day prednisone, 
including three patients with IACNS defined 
angiographically, and another with biopsy- 
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proven GANS of the filum terminale, led to 
 prospective diagnostic and therapeutic recom-
mendations [116]. At that time, investigators at 
the NIH regarded IACNS and GANS as equiva-
lent entities with the former term emphasizing 
the restricted nature of the vasculitis and the lat-
ter the granulomatous histology. Giant cells and 
epithelioid cells, usually found at autopsy in 
GANS (Fig. 14.6), were an inconsistent finding 
in a meningeal and brain biopsy, and therefore 
considered unnecessary for antemortem diagno-
sis. In the same year of 1988, Calabrese and 
Mallek [117] proposed criteria for the diagnosis 
of PACNS, while Younger and colleagues [118] 
contemporaneously described the limits of gran-
ulomatous angiitis of the brain (GAB) and ner-
vous system (GANS) [119]. The past 
quarter-century has witnessed an expansion in 
the present understanding of primary CNS vascu-
litis in children and adults.

Vasculitis due to drug abuse captured the 
interest of successive generations of investiga-
tors. The earliest reports of misuse of amphet-
amine sulfate occurred in 1937 when students 
used it to avoid sleep during examination periods 
[120]. This was followed by reports of death by 
those who ingested the drug repeatedly as a stim-

ulant for the same purpose [121], in a suicide 
attempt that resulted in a fatal intracerebral hem-
orrhage [122], or accidentally, when dexamphet-
amine and phenelzine were fatally ingested 
together decades later [123]. During the Second 
World War, amphetamine and methamphetamine 
were used clinically and illicitly, but their abuse 
soared in San Francisco after 1962 wherein it was 
illegally produced and distributed [124]. By 
2009, the United Nations Office on Drugs and 
Crime estimated that 16–51 million persons 
between the age of 15 and 64  years consumed 
amphetamine drugs, with more than half using 
methamphetamine [125], exceeding the com-
bined consumption of all other drugs of abuse 

Fig. 14.5 Radiographic features of cerebral vasculitis. 
Ectasia and beading in the M1 segment and lack of flow 
in the A1 segment of the right anterior cerebral artery 
(arrow)

a

b

Fig. 14.6 Central nervous system vasculitis. (a) The 
media and adventitia of this small leptomeningeal artery 
have been almost completely replaced by multinucleated 
giant cells (arrowheads). There is intimal proliferation 
with obliteration of the vascular lumen, and a dense, peri-
vascular, mononuclear inflammatory infiltrate can be seen 
(stain, hematoxylin and eosin; original magnification, 
×250). (b) A somewhat larger leptomeningeal vessel 
shows necrosis of the media and internal elastic lamina 
with multinucleated giant cell formation (arrows), intimal 
proliferation (arrowhead), and lymphocytic infiltration of 
the adventitia and neighboring meninges (stain, hematox-
ylin and eosin; original magnification, ×250)
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except cannabis [126]. Such drug agents com-
prise a large spectrum of agents available in pow-
der, capsule, tablet, and injectable fluid form that 
can be swallowed, snorted or taken intranasally, 
smoked or injected with highly variable purity 
and dosage equivalence. Histologically con-
firmed cerebral vasculitis (Fig.  14.7) due to 
amphetamine, methamphetamine, and related 
agents is exceedingly rare which is surprising 
given the number of substances that could cause 
this disorder if there was a true association.

Perhaps, the most interesting recent develop-
ment in vasculitides has been the recognition of 
rare encephalopathies and autoimmune enceph-
alitides with a possible relation to CNS inflam-
mation [127–129]. For almost half a century, 
neurologists have been pursuing the rare enceph-
alopathy associated with Hashimoto thyroiditis 
with recent recognition of its association with 
autoimmune encephalitis and CNS vasculitis. In 
1966, the British neurologist, Lord Brain and col-
leagues [130] described the entity of Hashimoto 
encephalopathy in a 40-year-old man with 12 
ictal and stroke-like episodes of confusion and 
agitation 1 year after onset of treated hypothy-

roidism. The cerebral disorder remitted com-
pletely after 19  months commensurate with a 
decline in high serum thyroid-antibody levels. 
Treatment with prednisone and an anticoagulant 
for 3  months was ineffective. His neurologic 
symptoms remitted while he was taking only 
levothyroxine. The authors concluded that the 
likeliest explanation for this protracted and stut-
tering brain disorder was localized cerebral 
edema due to antibody-mediated autoimmunity. 
Jellinek and Ball [131] extended the results of 
Brain and colleagues [130], describing the origi-
nal patient, who at age 62, died 12 years later of 
an unrelated cause. Postmortem examination 
showed virtually no remaining thyroid tissue and 
atheromatous cerebrovascular changes with 
splenic atrophy. The authors postulated that 
underlying autoimmunity was the cause of 
Hashimoto thyroiditis and encephalopathy, and 
splenic atrophy. In 2003, Rowland and colleagues 
[132] characterized the clinicopathologic find-
ings of literature cases of Hashimoto encepha-
lopathy beginning with the patient described by 
Lord Brain and coworkers [130] through 2002, 
and adding their own patient. The diagnosis of 
Hashimoto encephalopathy, as described by 
Rowland and coworkers [132] rested on the pres-
ence of thyroiditis with measurably high titers of 
thyroid peroxidase (TPO) or thyroglobulin (Tg) 
antibodies, clinical encephalopathy (clouding of 
consciousness with reduced wakefulness, atten-
tion, or cognitive function), and absence of cere-
brospinal fluid (CSF) evidence of bacterial or 
viral infection. These criteria remain the standard 
for case selection; however, then as now, it is 
unknown whether antithyroid antibodies and 
concomitant thyroid dysfunction contribute to 
the pathogenesis of Hashimoto encephalopathy. 
Ochi and colleagues [133] provided a link 
between Hashimoto thyroiditis autoimmunity 
and the CNS. They developed a human brain pro-
teome map using two-dimensional electrophore-
sis and applied it to the immunoscreening of 
brain proteins that reacted with serum antithyroid 
antibodies in Hashimoto’s encephalopathy 
patients, identifying the novel antigen, α-enolase, 
encoded on 1p36.23, as a candidate and marker 
for Hashimoto encephalopathy-related pathology 

Fig. 14.7 Cerebral vasculopathy in a case of intracere-
bral hemorrhage associated with the use of phenylpropa-
nolamine as an aid to weight loss. The profound intimal 
hyperplasia all but obliterates the vascular lumen. 
Polymorphonuclear leukocytes are in all three vascular 
layers but particularly the intima. The media are remark-
ably well preserved compared with cases of polyarteritis 
nodosa and leukocytoclastic vasculitis (stain, hematoxylin 
and eosin; original magnification, ×100)

D. S. Younger



269

and corticosteroid sensitivity. Kishitani and 
coworkers [134] extended the findings of Ochi 
and colleagues [133] noting anti-NH2-terminal 
of α-enolase antibodies in 24% of Hashimoto 
encephalopathy patient sera and limbic abnor-
malities on magnetic resonance imaging (MRI) 
demonstrating abnormal signal in unilateral or 
bilateral medial temporal lobes, and diffuse slow 
wave activity with epileptogenic discharges. 
These findings suggested that limbic encephalitis 
associated with anti-NH2-terminal of α-enolase 
antibodies could be a possible manifestation of 
Hashimoto encephalopathy in some cases. 
Vasculitic pathogenesis also appeared to be likely 
in some cases of Hashimoto encephalopathy 
based upon the tendency for increased autoim-
munity in Hashimoto thyroiditis. In addition, the 
available histopathology in Hashimoto encepha-
lopathy also supports an inflammatory vasculop-
athy, so noted in one postmortem case that 
showed lymphocytic infiltration of brainstem 
veins [135]; and in brain biopsy tissue from 
another case, categorized as isolated angiitis due 
to lymphocytic infiltration of the walls of arteri-
oles and veins [136]. Brain biopsy tissue of sec-
ond living patient showed perivascular cuffs of 
lymphocytic cells [132]. It is noteworthy that 
patients with Hashimoto encephalopathy and cir-
culating α-enolase antibodies are at risk for 
heightened autoimmune activity, and a tendency 
for systemic and invasive autoimmune disorders 
including systemic vasculitis [137, 138]. 
Moreover, like Hashimoto encephalopathy, auto-
immune encephalitis is a severe inflammatory 
disorder of the brain with diverse causes and a 
complex differential diagnosis including central 
nervous system vasculitis. Recent advances in the 
past decade have led to the identification of new 
syndromes and biologic markers of limbic 
encephalitis, the commonest presentation of 
autoimmune encephalitis. Autoimmune encepha-
litis is associated with serum and intrathecal anti-
bodies to intracellular and surface neuronal 
antigens against constituents of the limbic system 
neuropil. This has led to a reconsideration of a 
number of neuropsychiatric and neurocognitive 
disorders as having shared mechanisms of origin. 
The successful use of serum and intrathecal anti-

bodies to diagnose affected patients, and their 
subsequent improvement with effective treatment 
has resulted in relatively few biopsy and post-
mortem examinations. However, in those avail-
able, there are variable infiltrating inflammatory 
T cells with cytotoxic granules in close apposi-
tion to neurons, analogous to CNS vasculitis.

 Clinical Presentation 
and Laboratory Evaluation

The clinical presentation of a patient with vascu-
litis of the nervous system depends on three fac-
tors: distribution of the involved neural vessels, 
spectrum of extraneurologic organ involvement, 
and severity and rate of progression of the under-
lying vasculitic process. Patients with systemic 
vasculitis will have other involved tissues besides 
peripheral nerve, brain and spinal cord, includ-
ing the skin, joints, kidneys, lungs, and gastroin-
testinal tract, although the dysfunction may be 
extremely mild or subclinical and detectable 
only after extensive laboratory evaluation. 
Constitutional symptoms such as fever, weight 
loss, anorexia, myalgia, arthralgia, and nonspe-
cific fatigue and weakness occur in about 80% of 
patients, but careful general examination and 
laboratory investigation is mandatory to look for 
systemic abnormalities that may suggest a more 
generalized process. Two exceptions are patients 
with isolated PNV and primary CNS vasculitis 
in which systemic organ involvement by defini-
tion is lacking. Since the ischemic process in 
PNS vasculitis does not have a predilection for 
motor or sensory fibers, both modalities are 
nearly always affected. Most patients complain 
of deep aching discomfort in the affected limb 
that later evolves into burning dysesthetic pain. 
There may be restricted involvement such as uni-
lateral foot drop or intrinsic hand muscle weak-
ness due to single nerve involvement. However, 
multifocal nerve involvement is more typical at 
the outset, with up to one-half of patients pre-
senting with mononeuropathy multiplex and a 
quarter to a third of patients demonstrating over-
lapping bilateral involvement resulting in distal 
symmetrical and asymmetrical polyneuropathy 
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due to  extensive confluent ischemic involvement 
at many levels of multiple nerve trunks [139]. 
The clinical manifestations of primary CNS vas-
culitis range from minor to severe life-threaten-
ing signs of ischemia, although specific 
symptoms and signs depend upon the associated 
underlying mechanism. Affected adult and chil-
dren present with headache, cognitive impair-
ment, mood impairment, seizures, and focal 
deficits. It generally evolves in a stepwise or 
insidious fashion with progressive deficits cul-
minating in quadriparesis, lethargy, coma, and 
death due to additional ischemic lesions.

The clinical manifestations of primary and 
secondary CNS vasculitis range from minor to 
severe life-threatening signs of ischemia, 
although specific symptoms and signs depend 
upon the associated underlying mechanism.

There is general agreement on four principles 
in the diagnosis of vasculitis, especially applica-
ble to the nervous system:

First, vasculitis is a potentially serious disor-
der with a propensity for permanent disability 
owing to tissue ischemia and infarction; recogni-
tion of the neurologic manifestations is important 
in developing a differential etiologic diagnosis.

Second, undiagnosed and untreated, the out-
come of vasculitis is potentially fatal.

Third, a favorable response to an empiric 
course of immunosuppressive and immunomod-
ulating therapy should never be considered a sub-
stitute for the absolute proof of the diagnosis of 
vasculitis.

Fourth, histopathologic confirmation of vas-
culitis is essential for accurate diagnosis, such as 
by brain and meninges where there is CNS 
involvement, and analysis of nerve and muscle 
biopsy tissue when PNS involvement is 
postulated.

Serologically specific studies should be 
obtained in all patients guided by the clinical pre-
sentation and postulated etiologic diagnosis to 
avoid excessive cost and spurious results.

Electrodiagnostic studies are useful in the ini-
tial investigation of systemic vasculitis because 
they can identify areas of asymptomatic involve-
ment and sites for muscle and nerve biopsy and 
distinguish the various neuropathic syndromes 

associated with peripheral nerve and muscle 
involvement. A wide sampling of nerves and 
muscles should be examined, both distal and 
proximal, using standard recording and needle 
electrodes for the performance of nerve conduc-
tion studies (NCS) and needle electromyography 
(EMG), at skin temperatures of 34 °C, with com-
parison to normative data. Most patients with 
peripheral nerve vasculitis show evidence of 
active axonopathy acutely in a mononeuritis mul-
tiplex pattern and over time in a distal symmetric 
or asymmetric pattern. Quantitative motor unit 
potential (MUP) analysis can delineate whether 
proximal wasting and weakness are caused by 
myopathic or neurogenic disease. In clinically 
suspected patients, open biopsy of a cutaneous 
sensory nerve is indispensable in the evaluation 
of primary and secondary PNV. Collectively, the 
observed primary pathologic process is generally 
an axonopathy with correlative findings on light 
microscopy employing cryostat- and paraffin- 
stained hematoxylin and eosin (H&E) sections, 
and later by plastic embedded, 1-mm, semithin 
sections, and teased nerve fiber studies. Such 
studies show Wallerian degeneration due to nerve 
ischemia and vasculitis supported by the pres-
ence of myelin ovoids, myelin debris, macro-
phage recruitment along the course of degenerated 
fibers, marked fascicular depletion of myelinated 
and unmyelinated nerve fibers, and endoneurial 
fibrosis. Immunocytochemical studies including 
lymphocyte cell marker analysis and comple-
ment immunofluorescence identify components 
of the cell-mediated and humoral immune system 
that may be present in active or chronic 
vasculitis.

Cerebrospinal fluid (CSF) analysis, electro-
encephalography (EEG), and CNS neuroimag-
ing studies are integral to the diagnostic 
evaluation of most CNS disorders including 
vasculitis. Properly performed lumbar puncture 
carries minimal risk and provides potentially 
useful information regarding possible underly-
ing vasculitis as suggested by pleocytosis in 
excess of 5 cells/mm3, protein elevation 
>100  mg/dL, and evidence of intrathecal syn-
thesis of immunoglobulin (Ig) and oligoclonal 
bands. Molecular genetic, immunoassay, and 

D. S. Younger



271

direct staining techniques to exclude spiro-
chetal, fungal, mycobacterial and viral infec-
tions, as well as cytospin examination of CSF 
for possible malignant cells should be per-
formed. There are no typical EEG findings in 
CNS vasculitis. Magnetic resonance imaging 
(MRI) is more sensitive than computed tomog-
raphy (CT), but both methods lack specificity in 
histologically confirmed cases. The most com-
mon MRI findings are multiple bilateral cortical 
and deep white matter signal abnormalities and 
enhancement of the meninges after gadolinium. 
High-resolution 3-Tesla (3-T) MRI, MR angi-
ography (MRA), and CT angiography (CTA) 
and functional imaging of the brain provide 
complementary information (Fig.  14.8). The 
former is useful in the evaluation of medium 
and large vessel disease, but can miss fine vessel 
contours better seen on cut-film or digital sub-
traction angiography (DSA). The abnormal dif-
fuse and focal perfusion patterns seen on single 
photon emission-CT (SPECT) do not always 
correlate with neurologic symptoms or distin-
guish vasculitic from nonvasculitic vasculopa-
thy. Some authorities have claimed that cerebral 
angiography showed diagnostic features, but 
that assertion was later modified. Beading of 
vessels is found in only about a third of patients 
with histologically proven CNS vasculitis, as 
well as in CNS infection, atherosclerosis, cere-
bral embolism, and vasospasm of diverse cause. 
Multiple microaneurysms, often seen on vis-
ceral angiography in systemic vasculitis, are 
distinctly rare in CNS vessels. The synergy of 
integrating functional imaging of 182-deoxy-2-
[fluorine-18]fluoro- d-glucose positron emission 
tomography with the anatomical nature of CT 
(18F-FDG PET/CT) offers substantial benefits in 
the diagnostic work-up of patients with the clin-
ical suspicion of LVV. One important feature of 
18F-FDG PET imaging in this regard is its ability 
to reveal increased metabolism and functional 
vascular alterations that precede, or are con-
comitant with the morphologic changes of frank 
vasculitis.

Biopsy of the brain, spinal cord, and attached 
meningeal tissue are the gold standard for the 
diagnosis of CNS vasculitis, but false-negatives 

occur because of focal lesions and sampling 
errors. Radiographic studies that guide the biopsy 
site toward the areas of abnormality appear to 
improve its sensitivity. The risk of serious mor-
bidity related to biopsy is less than 2.0% at most 
centers, which is probably less than the cumula-
tive risk of an empiric course of long-term immu-
nosuppressive therapy. Experts in childhood and 
adult CNS vasculitis disagree in the correlation 
between brain and leptomeningeal biopsy and 
other clinical or laboratory predictors. Torres and 
colleagues [140] identified histopathologic evi-
dence of CNS inflammation in 9/79 (11%) adults 
of mean age 55  year, with suspected primary 
angiitis of the CNS (PACNS). The authors noted 
perivascular inflammation instead of vessel wall 
inflammation in 18% of cases, and an alternative 
diagnosis in 30%, including cerebral amyloid 
angiopathy, encephalitis, demyelination, and 
lymphoma. They concluded that brain biopsy 
was an important diagnostic tool; however, fur-
ther studies were needed to establish the clinical 
variables associated with a positive yield. 
Cellucci and colleagues [141] identified three 
different clinical groups in children whose mean 
age was 8.8  years with PCNSV, noting paresis 
and speech deficits as the commonest presenting 
features in the stroke phenotype; behavior 
changes, cognitive dysfunction, and seizures in 
the encephalopathy phenotype; and ataxia, vision 
abnormalities, and seizures in an encephalopa-
thy/impaired vision phenotype. Altogether, 93% 
of the patients with the encephalopathy pheno-
type showed signs of vascular inflammation in 
CNS biopsy specimens, compared to none of 
those with the stroke phenotype. Salvarani and 
colleagues [142] studied adults of mean age 
47  years, noting granulomatous, lymphocytic, 
and acute necrotizing patterns of inflammation in 
29 of 47 (62%) patients who underwent CNS 
biopsy specimens with suspected primary CNS 
vasculitis (PCNSV), noting the absence of a clear 
clinical relation among the three histologists. 
However, the patients with a granulomatous pat-
tern were most often older in age and presented 
with altered cognition. Notwithstanding, the 
CNS tissue examination would certainly be war-
ranted if there were no other explanation for the 
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Fig. 14.8 (a–e) Primary angiitis of the central nervous 
system. (a) Noncontrast CT (top) demonstrates multifocal 
regions of low attenuation. Those in the right frontal sub-
cortical white matter and left basal ganglia (black arrows) 
are sharply defined without mass effect and likely reflect 
old infarctions. Both the cortex and underlying white mat-
ter of the right occipital lobe are involved, as is the right 
splenium of the corpus callosum (white arrows). In these 
locations, the margins are more ill-defined and there is 
subtle mass effect characterized by sulcal and ventricular 
effacement, suggesting acute ischemia in the right poste-
rior cerebral artery territory. MRI FLAIR imaging (mid-
dle) demonstrates central low and peripheral high signal 
intensity within the frontal and periventricular white mat-
ter lesions (black arrows) consistent with chronic enceph-
alomalacia from old infarctions. The FLAIR hyperintense 
signal within the right occipital lobe is more confluent and 
extends to the posterior temporal lobe and splenium, 
involving both cortex and white matter (white arrows) and 
better delineates the extent of the acute infarct. DWI (bot-

tom) demonstrates restricted diffusion consistent with 
acute ischemia. (b) T1-weighted imaging pre- and postg-
adolinium demonstrates extensive leptomeningeal 
enhancement along the cortical surface of the posterior 
temporal and occipital lobes. (c) CTA demonstrates mul-
tifocal vascular narrowing within several branches of the 
MCA (white arrows) with intervening regions of normal 
appearing vasculature. At the bottom of the image, there is 
vascular narrowing within the posterior cerebral artery.  
(d and e) Angiogram reveals completely normal extracra-
nial vasculature. The anterior cerebral (black arrowheads), 
middle cerebral (black arrows) and posterior cerebral 
artery (black outlined arrows) demonstrate mild to severe 
short segment stenosis. Abbreviations: CT computed 
tomography, MRI magnetic resonance imaging, FLAIR 
fluid attenuation inversion recovery, CTA computed tomo-
graphic angiography, DWI diffusion-weighted imaging, 
MCA middle cerebral artery. (Reproduced from Ref. 
[164], with permission of the publisher)
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progressive syndrome of fever, headache, 
encephalopathy, and focal cerebral signs, in asso-
ciation with CSF pleocytosis, and protein content 
elevation greater than 100 mg/dL [118].

 Treatment

Physicians treating vasculitides must choose the 
sequence and combination of available immuno-
suppressant and immunomodulating therapies to 
induce and sustain remission and treat relapses, 
recognizing the possible beneficial and adverse 
effects. Recommended treatment options for the 
different categories of vasculitis are summarized 
in Table 14.2.

The standard of care for the treatment of vas-
culitides, notably AAV, has been evolving in 
response to several factors [143]. One factor is 
the steady influx of multicenter, national, and 
international randomized clinical trials (RCT). A 
second factor has been large collaborative net-
works such as the French (FVSG), European 
(EUVAS), and Italian (IVSG) Vasculitis Study 
Groups, and the Vasculitis Clinical Research 
Consortium (VCRC) that share data. A third is 
the influence of gene-wide association studies 
(GWAS) that have elucidated risk gene loci, sin-
gle nucleotide polymorphism (SNP) and human 
HLA in disease clusters and population cohorts 
[38]. Such inherited and environmental factors, 
gene-gene interactions, epigenetic factors, and 
other influences upon the immunopathogenesis 
of vasculitides have important theoretical impor-
tance for the performance of an RCT in vasculiti-
des subtypes, as well as the relevance of screening 
studies and timing of therapy. The following sec-
tion deals with the specific therapeutic agents 
employed in vasculitides.

The usefulness of corticosteroids in the treat-
ment of systemic vasculitis has been appreciated 
for over 50 years; however, there has never been 
a randomized controlled trial conducted to sup-
port their use. The beneficial effects of corticoste-
roids are attributed to a multiplicity of effects on 
the cell and humoral immune system, including 
inhibition of activated T, and B cells, antigen- 
presenting cells (APC), and leukocytes at sites of 

inflammation, interferon (IFN)-γ, induced main 
histocompatibility class (MHC) class II expres-
sion, macrophage differentiation, pathogenic 
cytokine expression, complement interactions, 
and immunomodulation of cell adhesion 
 molecules. Patients receiving long-term cortico-
steroid therapy for vasculitis should be monitored 
closely for hypertension, fluid retention, glucose 

Table 14.2 Recommendations for the treatment of 
vasculitides

Large vessel vasculitis
GCA, TAK: CS, AZA, RTX, infliximab, anti-TNF-α, 
anti-IL-6, tocilizumab, and MM
Adjunctive therapy: ASA and AC
Medium vessel vasculitis
PAN, KD: CS and CYC; MM
Small vessel vasculitis-AAV type
GPA, EGPA, MPA: Induction with CS + CYC; 
CS + RTX; or CS + MM and maintenance RTX, AZA, 
or MM
Small vessel vasculitis-IC type
CV: MM; INF-alpha and PegINF-alpha plus ribavirin 
or RTX in HCV-associated MC
IgAV: CS and/or MM; and supportive care
Hypocomplementic-C1q: Antihistamines, IVIg, PE
Variable vessel vasculitis
Cogan syndrome: CS
BD: CS, MM; colchicine or anti-TNFα
Single-organ vasculitis—isolated aortitis, PACNS
Isolated aortitis: CS, AZA, MM, and MTX
PACNS: Induction with CS, CS + CYC followed by 
maintenance with AZA, MTX or MM
Vasculitis associated with systemic collagen vascular 
disease-SLE, RAV
SLE: CS, MM; and AC
RAV: CS, RTX, infliximab, and AZA or MTX
Vasculitis associated with illicit substance abuse
Avoid illicit substance
Vasculitis associated with infection
Antimicrobial agents chosen specifically to treat a 
given etiologic organism

AC anticoagulation, ASA aspirin, AZA azathioprine, BD 
Behçet disease, CS corticosteroids, CV cryoglobulinemic 
vasculitis, CYC cyclophosphamide, EGPA eosinophilic 
granulomatosis with polyangiitis, GCA giant cell arteritis, 
GPA granulomatosis with polyangiitis, HCV hepatitis C 
virus, IC immune complex, IgAV IgA vasculitis, INF 
interferon, IL interleukin, IVIg intravenous immune glob-
ulin, KD Kawasaki disease, MC mixed cryoglobulinemia, 
MM mycophenolate mofetil, MPA microscopic polyangi-
itis, MTX methotrexate, PACNS primary angiitis of the 
central nervous system, PAN polyarteritis nodosa, PE 
plasma exchange, RAV rheumatoid arthritis vasculitis, 
RTX rituximab, SLE systemic lupus erythematosus, TAK 
Takayasu arteritis, TNF tumor necrosis factor
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intolerance, cataracts, myopathy, avascular 
necrosis, infection, gastric and duodenal ulcers, 
and psychosis, and followed empirically for the 
need of short-acting insulin coverage as needed. 
The American College of Rheumatology (ACR) 
[144] addressed two serious complications of 
corticosteroid therapy, osteoporosis, and bone 
fracture. The guidelines, which assessed fracture 
risk by a Fracture Risk Assessment Tool (FRAX), 
categorized patients into low, medium, or high-
risk categories depending on the estimated 
10-year risk for major osteoporotic fracture. 
Patients at low risk should be offered bisphos-
phonate, whereas those at the highest risk of a 
major fracture should be treated with bisphos-
phonate therapy and teriparatide.

The effectiveness of a daily oral regimen of 
2  mg/kg/day or oral cyclophosphamide with 
prednisone in GPA served as a template for the 
treatment of virtually all types of systemic vascu-
litis for decades [25], and together, they remained 
the standard treatment for inducing remission in 
virtually all forms of potentially fatal systemic 
vasculitis until 2010 when Stone [145], and Jones 
[146] and coinvestigators demonstrated the supe-
riority and safety of rituximab. Although 75–90% 
of patients with GPA and other AAV achieve 
remission with oral or intravenous cyclophospha-
mide, few data are available on therapeutic strate-
gies for patients with disease refractory to this 
first-line therapy. Its favorable effect on vasculitis 
derives from the preferential T-cell lysis resulting 
from the inhibition of hematopoietic precursors 
in the bone marrow, leaving stem cells unharmed. 
At high doses, this inhibition favors repopulation 
of the marrow and thus the cellular immune sys-
tem. After an intravenous dose of cyclophospha-
mide, the nadir of peripheral leucopenia, which 
corresponded with peak marrow suppression, 
occurred in 7–18 days. Less than 20% of labeled 
cyclophosphamide is excreted unchanged in the 
urine. The toxic side effects include hemorrhagic 
cystitis, bladder cancer, bone marrow suppres-
sion, and the risk of fatal infection and gonadal 
toxicity. Bladder toxicity may be reduced by 
administration of the drug in a single daily oral 
morning dose followed by hydration; and admin-
istration of the drug intravenously as pulse ther-

apy, adjusting the dose to renal function. 
Intravenous cyclophosphamide, which can be 
administered as pulses therapy based on body 
surface area, is as effective as and less toxic than 
oral cyclophosphamide. Premature ovarian fail-
ure occurs in 30–50% of premenopausal women 
following cyclophosphamide therapy that is 
cumulative and more pronounced with increasing 
age at administration. Accordingly, women with 
GPA so treated with daily oral cyclophosphamide 
for up to 6 months had significant loss of ovarian 
reserve as measured by the anti-Müllerian hor-
mone level [147]. The administration of 
gonadotropin- releasing hormone (GRH) analog 
10 days prior to an intravenous bolus of cyclo-
phosphamide appears to preserve fertility [148]. 
Cryopreservation techniques to preserve ovarian 
tissue and stimulate oocytes can be offered to 
childbearing women before treatment of cyclo-
phosphamide [149].

Rituximab is a chimeric monoclonal anti-
 CD20 antibody that selectively depletes B cells, 
but not plasma cells. The rituximab versus cyclo-
phosphamide in ANCA-associated vasculitis 
(RITUXVAS) [146] demonstrated nonsuperior-
ity of rituximab to standard intravenous cyclo-
phosphamide for severe AAV with highly 
sustained remission rates in both groups. 
Rituximab-based therapy was not associated with 
reductions in early adverse events. The rituximab 
in ANCA-associated vasculitis (RAVE) study 
[145] found that rituximab was not inferior to 
daily cyclophosphamide treatment for induction 
of remission in severe AAV and possibly superior 
in relapsing disease.

The bioavailable agents with activity against 
TNF-α, which include etanercept and infliximab 
have been well studied in AAV and other sys-
temic vasculitides. In animal models, inhibition 
of TNF-α markedly decreases the development 
of bactericidal granulomas during Bacille de 
Calmette et Guérin (BCG) infection. Moreover, 
CD4+ T cells from patients with GPA are associ-
ated with HLA-DR+ CD4+ T cells that exhibit an 
unbalanced Th1-type cytokine pattern and 
 elevated levels of TNF-α [150]. Serum levels of 
TNF-α receptor correlate with disease activity 
and TNF-α-positive cells infiltrate renal lesions 
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[151]. Treatment with the dimeric soluble TNF 
receptor etanercept was not effective for the 
maintenance of remission in patients with GPA 
and durable remissions were achieved in only a 
minority of patients, with a high rate of treatment- 
related complications including the development 
of solid cancers in six patients in the etanercept 
group as compared with none in the control group 
[152]. A pilot study of the anti-TNF-α antibody 
infliximab [153] were well tolerated during short- 
term follow-up and successfully induced prompt 
symptomatic responses in those with systemic 
vasculitis not responding to conventional treat-
ments. Seven patients with GPA, two with RV, 
and one with CV of mean duration of 9, 21.5, and 
17  years respectively, so treated had no major 
side effects.

Oral methotrexate at the dose of 20–25  mg/
week with prednisolone was as effective as oral 
cyclophosphamide 2  mg/kg/day with predniso-
lone that was tapered and withdrawn over 
12 months in the initial treatment of early nonse-
vere AAV [154]. However, the methotrexate regi-
men was less effective for induction of remission 
in those with extensive disease and pulmonary 
involvement, and associated with more relapses 
than with cyclophosphamide after the termination 
of treatment. The high relapse rates in both treat-
ment groups supported the practice of continuing 
immunosuppressive treatment beyond 12 months. 
The adverse effects of methotrexate in that study 
[154] included infection, leukopenia, hyperten-
sion, liver dysfunction, nausea, and vomiting.

The purine analog azathioprine, which 
 metabolizes to the cytotoxic derivative 
6- mercaptopurine, exerts favorable action in vas-
culitis by the inhibition of T-cell activation and 
T-cell-dependent antibody-mediated responses. 
Azathioprine is generally considered a safe alter-
native although less effective agent to prednisone 
and cyclophosphamide in virtually all forms of 
vasculitis. However, there are three drawbacks to 
its use. First, idiosyncratic side effects, most 
often gastrointestinal and flu-like, occur in 
approximately 10% of patients and rarely neces-
sitate permanent withdrawal of the medication. 
However, pancreatitis and gastritis severe enough 
to warrant hospitalization can occur. Second, 

bone marrow suppression occurs in nearly all 
patients, usually manifested by mild pancytope-
nia. Third, there is typically a long delay in the 
onset of the therapeutic effect of 3  months or 
more. Taking all of these factors into account, 
most clinicians concur with the slow advance-
ment of the dose over weeks, commencing with 
50 mg/day and achieving maintenance levels of 
2–3 mg/kg/day with careful monitoring of liver 
and marrow function.

Mycophenolate mofetil is an inhibitor of purine 
synthesis. It has been traditionally employed to 
prevent organ transplant rejection. Initial enthusi-
asm for mycophenolate in refractory autoimmune 
disorders was tempered by recognition of its pre-
disposition to systemic tumor formation as a rare 
side effect as well as the inability to demonstrate 
superiority over corticosteroids and other immu-
nosuppressants. Nevertheless, most experts agree 
that patients with systemic vasculitides who are 
poor candidates for corticosteroids, cyclophospha-
mide, and are intolerant of azathioprine may be 
given effective, safe, and long-term treatment with 
mycophenolate [155, 156]. While azathioprine 
and methotrexate appeared to be equally effective 
in maintaining remission in GPA [157], mycophe-
nolate mofetil was less effective than azathioprine 
[158], it can be used as an alternative to cyclophos-
phamide, azathioprine and methotrexate in patients 
AAV with renal impairment where it carries less 
risk [159].

Infection is an important risk of immunosup-
pressant therapy; therefore, every effort should 
be made to exclude infection prior to initiation of 
such therapy including prophylaxis and vaccina-
tion when appropriate. Two-thirds of patients 
receiving immunosuppressive medications were 
asymptomatic at the time of HBV reactivation 
[160]. The latter is preventable with preemptive 
antiviral therapy in appropriately selected 
patients, particularly those with HBs and core 
antigenemia, or present HBV DNA.  Patients 
with suspected TB exposure should be screened 
with a tuberculin skin test and interferon-gamma 
release assay (IGRA) prior to initiation of corti-
costeroids and immunosuppressive therapy 
[161]. Corticosteroids and cyclophosphamide 
with  prolonged lymphopenia are known risk 
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 factors for Pneumocystis pneumonia. Unlike 
HIV, there are no guidelines for prophylaxis in 
vasculitides although trimethoprim-sulfa-
methoxazole (TMP- SMZ) should be considered 
for all AAV patients receiving cyclophospha-
mide with dose adjustment for renal function. 
The Centers for Disease Control and Prevention 
(CDC) Vaccination should be considered for 
immunosuppressed patients with a minimum 
interval between vaccination and initiation of 
immunosuppressive therapy of 2 weeks. The live 
varicella, measles/mumps/rubella, yellow fever, 
typhoid fever, polio, and intranasal attenuated 
influenza, should be avoided in patients receiv-
ing greater than 20  mg/day of prednisone or 
other immunosuppressive medications. All 
patients should be offered inactive influenza vac-
cination annually. The pneumococcal polysac-
charide vaccination should be administered to all 
eligible adults.

High dose IVIg therapy is the most widely 
employed immunomodulating agent for autoim-
mune neurologic disorders [162]. It is an alterna-
tive therapy for CNS and PNS vasculitis and 
diverse connective tissue disorders. Among 22 
patients with relapsing AAV including 19 with 
GPA and 3 MPA, IVIg was administered at the 
dose of 0.5 g/kg/day for 4 days as additional ther-
apy monthly for 6 months in conjunction with 
corticosteroids and immunosuppressants (21 
patients) [163]. IVIg induced complete remis-
sions of relapsed AAV in 13 of 22 patients at 9 
months. The immunomodulating and anti- 
inflammatory actions of IVIg are provided by 
monthly doses of 2000 mg/kg/body weight given 
400–500  mg/kg/day respectively over 4–5 days 
each month at a slow drip with acetaminophen 
and diphenhydramine pretreatment to prevent the 
commonest side effects including headache, 
fever, chills, rash, erythema, flushing, nausea, 
myalgia, arthralgia, abdominal cramps, and chest 
and back pain. True anaphylactic reactions to 
IVIg can occur in recipients with documented 
prior allergies to immune globulins or antibodies, 
especially IgA type. Transient reversible renal 
insufficiency occurs in individuals with preexist-
ing renal disease. Susceptible individuals can be 
identified by less than normal expected 24-h 

 creatinine clearance rates for age and abnormal 
vascular perfusion on radionuclide scans. Aseptic 
meningitis rarely occurs several hours after treat-
ment and resolves over several days with discon-
tinuation of therapy.
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Immunologic Disorders 
of Neuromuscular Junction 
and Muscle

James M. Gilchrist and John E. Donahue

 Introduction

A range of inherited and acquired processes can 
adversely affect the neuromuscular junction 
(NMJ) and muscle, many of which are not cur-
rently amenable to medical therapy, such as the 
muscular dystrophies. Autoimmune disorders of 
NMJ and muscle provide some of the limited 
number of peripheral neuromuscular diseases 
responsive to medical therapy and thus, are 
essential to recognize. Immune disorders account 
for the most common diseases of neuromuscular 
transmission and are very important to under-
stand, not least because the autoimmune nature 
of disease provides opportunities for effective 
treatment. On the other hand, inflammatory dis-
orders of muscle are a diverse group, some of 
which appear to have an immunologic basis, e.g., 
polymyositis and dermatomyositis, and possibly, 
inclusion body myositis.

 Neuromuscular Junction Anatomy

The neuromuscular junction is a synapse which 
transmits signals between a motor nerve termi-
nal and a muscle fiber, the pre- and post-synaptic 
areas, respectively. The motor axon terminal 
contains active zones of arranged P/Q-type 
voltage- gated calcium channels (VGCC). 
Acetylcholine (ACh)-filled synaptic vesicles 
collect at these active zones. The primary synap-
tic cleft, which divides the pre- and post-synap-
tic areas, is comprised of a basal lamina that 
contains acetylcholinesterase, which catabolizes 
acetylcholine as it diffuses across the primary 
synaptic cleft. The post-synaptic membrane is 
comprised of junctional folds containing nico-
tinic-acetylcholine receptors (AChR) with 
ligand-gated cation channels. At the base of the 
folds are voltage-gated sodium channels 
(VGSC). The adult AChR is a tetramer contain-
ing two α subunits, and one each of β, δ, and ε 
subunits. Fetal AChR contain a γ subunit in place 
of the ε subunit. Each α subunit contains a ligand 
site for ACh as well as a main immunogenic 
region (MIR). ACh must bind to both ligand sites 
to activate the receptor channel [1].

When an action potential reaches the motor 
nerve terminal, VGCC are activated allowing 
influx of calcium into the nerve terminal. The 
influx of calcium triggers exocytosis of the ACh- 
synaptic vesicles and ACh is released into the pri-
mary synaptic cleft. ACh passively diffuses 
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across the synaptic cleft to bind to post-synaptic 
AChR. Once activated, AChR undergo a confor-
mational change allowing the influx of sodium 
and efflux of potassium, causing a small depolar-
ization in the adjacent muscle membrane. A min-
iature endplate potential (MEPP) is the potential 
generated by the release of a single quantum of 
ACh. Since many synaptic vesicles are released, 
many MEPPs temporally and spatially summate 
to form an endplate potential (EPP). If this EPP is 
sufficient to depolarize the membrane to thresh-
old, an action potential is generated and propa-
gated by way of VGSC leading to muscle fiber 
contraction [1].

 Myasthenia Gravis

 Clinical Description

Myasthenia gravis (MG) was first described by 
Thomas Willis in 1672. It is characterized by fati-
gable weakness and prior to the discovery of anti- 
cholinesterase inhibitors and mechanical 
ventilation, it was a lethal disease. It is the most 
common disorder of neuromuscular transmission 
and the discovery of polyclonal autoantibodies 
directed against the post-synaptic neuromuscular 
junction in 1970 revolutionized the treatment and 
prognosis of MG.  The most common presenta-
tion involves ocular, bulbar, and limb muscles. 
Fifty to sixty percent of patients present with 
ocular muscle weakness manifesting as ptosis 
and diplopia. An additional 30% will eventually 
develop ocular symptoms. Up to 90% of ocular 
myasthenic patients will eventually have general-
ized disease, causing bulbar, limb, and respira-
tory weakness [2]. Bulbar symptoms such as 
dysarthria and dysphagia can result in weight 
loss and aspiration pneumonia. Myasthenic crisis 
is the most severe manifestation when respiratory 
muscle weakness leads to respiratory failure.

Infants have a unique variety—neonatal myas-
thenia. Neonatal myasthenia occurs in progeny of 
myasthenic mothers within hours to days of birth. 
Arthrogryposis, generalized weakness, poor suck 
and swallow, and respiratory dysfunction can 
occur. Disease results from placentally transmit-

ted AChR autoantibodies and can be fatal if there 
is antenatal involvement. If not, symptoms gener-
ally fully resolve in a few weeks and the infants 
are not at further risk for myasthenia gravis.

 Diagnosis

The diagnosis is suggested by fatigable weakness 
of ocular, bulbar, or limb skeletal muscles. The 
clinical suspicion can be confirmed with autoan-
tibody testing, short-acting anticholinesterase 
inhibitors such as edrophonium, and electrodiag-
nostic testing. Eighty percent of patients have 
antibodies against the acetylcholine receptor. 
These antibodies include binding, blocking, and 
modulating varieties, of which binding accounts 
for over 90% of acetylcholine receptor antibodies 
[1]. Seronegative myasthenia may be a manifes-
tation of technical issues, antibodies with high 
affinity to their antigens, prolonged immunosup-
pression, or unknown autoantibodies. Cell-based 
assay for antibodies against clustered acetylcho-
line receptor antibodies is positive in nearly 40% 
of seronegative myasthenia gravis [3]. Up to a 
quarter of seronegative myasthenic patients have 
antibodies against muscle-specific kinase 
(MuSK) [1]. MuSK is a tyrosine kinase which 
regulates and maintains acetylcholine receptor 
clustering [4, 5]. These antibodies effectively dis-
rupt clustering and function of the postsynaptic 
neuromuscular junction, without loss of acetyl-
choline receptors. Antibodies directed against 
other components of the neuromuscular junction 
have been discovered, including LRP-4, cortac-
tin, and agrin, which account for a few percent-
age of patients though none are yet commercially 
available [6, 7]. Anti-striated muscle antibodies 
directed against thymic myoid cells are present in 
27% of myasthenic patients and up to 90% of 
myasthenic patients with thymoma [8].

Edrophonium testing allows for transient 
improvement of symptoms in a clinically weak, 
easily tested muscle such as the deltoid or a ptotic 
eyelid. Such testing is 90–95% sensitive for gen-
eralized myasthenia and 80–90% sensitive and 
specific for ocular myasthenia. The Ice Cube test, 
in which an ice cube is placed on the muscle (this 
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only works with ptosis), can also be a useful bed-
side tool to diagnose myasthenia gravis [9]. 
Electrodiagnostic testing includes repetitive 
nerve stimulation and single-fiber electromyog-
raphy (EMG). Repetitive nerve stimulation tests 
for compound motor action potential decrement 
from baseline and transient post-exercise facilita-
tion. Single fiber EMG quantitatively assesses jit-
ter, a manifestation of the variability in time it 
takes the EPP to reach threshold for action poten-
tial propagation at the neuromuscular junctions 
of individual muscle fibers. In myasthenia gravis, 
there is increased jitter with intermittent neuro-
muscular transmission blocking, clinically mani-
festing as weakness [1].

 Pathophysiology

Myasthenia gravis results from an antibody- 
mediated, T-cell-dependent autoimmune attack 
on the postsynaptic neuromuscular junction with 
associated damage to, and simplification of, the 
postsynaptic membrane and reduction in number 
of AChR.  The autoimmune nature of MG is 
thought related to loss of tolerance to self- 
antigens originating from thymic T cells. Up to 
70% of myasthenics have thymic hyperplasia and 
another 15% have thymomas [1]. The hyperplas-
tic thymus has an increased number of myoid 
cells which produce AChR similar to endplate 
AChR. These myoid cells are in close proximity 
to MHC-II interdigitating cells, which function 
as antigen-presenting cells, and are thought to 
present AChR fragments to autoreactive T cells. 
These T cells then aid AChR B cells in producing 
autoantibodies through the production of cyto-
kines. AChR-specific T cells are also found in 
patients without MG, implying loss of tolerance 
or inhibitory control is necessary to lead to myas-
thenia gravis [10].

Antibodies in MG are heterogeneous with dif-
fering mechanisms, epitope recognition, and iso-
types. This polyclonal expansion may explain the 
lack of correlation at times between symptoms 
and antibody titers. Most AChR antibodies bind 
to the α subunit, at the main immunogenic region 
(MIR). Antibodies may bind, block, or modulate 

the AChR.  Binding antibodies crosslink two 
AChR, causing internalization and degradation, a 
process which is accelerated if more than one 
antibody binds. In this latter case, the clustered 
AChR are destroyed as well as VGSC, thereby 
increasing the depolarization threshold needed 
for generation of action potentials [10]. Unlike 
antibodies directed against AChR in myasthenia 
gravis, antibodies against MuSk are IgG4, which 
does not fix complement [5].

Complement plays a major role in the destruc-
tion of the postsynaptic membrane in AChR ab+ 
myasthenia gravis. Lytic phase activation and 
membrane attack complex (MAC) deposition at 
the NMJ causes shedding of postsynaptic junc-
tional folds and AChR. The combination of anti-
body degradation of AChR and MAC destruction 
of junctional folds limits the surface area and the 
number of AChR available at the postsynaptic 
NMJ [10].

 Treatment

Treatment can be symptomatic in purely ocular 
disease, using a longer acting form of acetylcho-
linesterase inhibitor such as pyridostigmine. 
Pyridostigmine is also efficacious in quickly but 
transiently treating fatigable weakness in gener-
alized myasthenia. Pyridostigmine often has a 
paradoxic effect in MuSK+ myasthenia gravis, 
with no or adverse effect. Steroids are used as 
first-line immunomodulating therapy and can 
effectively induce clinical remission in up to 
80% of patients, with sustained improvement 
beginning within 2 weeks. High-dose steroid 
induction can cause transient worsening of 
myasthenia and initiation requires inpatient hos-
pitalization to monitor for respiratory failure. 
Second-line therapies include azathioprine, 
which inhibits T-cell proliferation, and myco-
phenolate mofetil, which inhibits an enzyme 
crucial in purine synthesis and critical for B- and 
T-cell production. Cyclosporine was proven 
effective by a prospective, double-blind, pla-
cebo-controlled trial but is usually limited to 
patients who fail steroids and azathioprine, due 
to kidney and liver toxicity, and hypertension. A 
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double-blind, controlled,  randomized trial of 
methotrexate in myasthenia gravis failed to show 
improvement in the primary endpoint, decrease 
in prednisone dose, though did show trends 
toward improvement in several secondary mea-
sures [11]. A Cochrane review of immunosup-
pressants in MG found improvement with 
cyclophosphamide or with cyclosporine with or 
without corticosteroids in small randomized 
control trials. Other small randomized control 
trials showed no improvement with azathioprine, 
mycophenolate mofetil, or tacrolimus [12].

Intravenous immunoglobulin (IVIG) causes 
transient improvement in 70% of myasthenic 
patients within 5  days, and can last for 8–12 
weeks. A Cochrane review showed benefit of 
IVIg over placebo, but no difference between 
IVIG and plasma exchange [13]. There was no 
difference between 1 and 2  g/kg of IVIG or 
between IVIG and oral methylprednisolone. 
Plasma exchange rapidly but temporarily reduces 
antibody titers and is a very important part of the 
treatment of myasthenic crisis [13]. It can also 
be useful in patients refractory to other treat-
ments or in those needing immediate but tran-
sient improvement, such as prior to thymectomy. 
Thymectomy provides long-term benefit which 
may be delayed for 6–12 months and is usually 
done in patients between 18 and 55 with general-
ized disease. It is essential in the 15% of myas-
thenic patients with thymomas. The goal of 
thymectomy is improved symptoms, decreased 
medication requirement, and an increased rate of 
remission post thymectomy. What was missing 
to prove the value of thymectomy was a random-
ized trial. This was finally accomplished and 
conclusively showed not only improvement in 
the Quantitative Myasthenia Gravis score but 
also significant reduction in prednisone dose 
[14]. Rituximab, an anti-CD20+ monoclonal 
antibody, may be efficacious, particularly in 
MuSK ab+ myasthenia [15]. Eculizamab, an 
inhibitor of the C5 component of the comple-
ment cascade, therefore inhibiting the MAC, was 
approved in Europe and the USA for use in 
refractory seropositive generalized myasthenia 
gravis in late 2017 based on the results of the 
REGAIN trial [16].

 Lambert Eaton Myasthenic 
Syndrome

 Clinical Description

Lambert-Eaton myasthenic syndrome (LEMS) 
was initially described in 1953, as potentially the 
first paraneoplastic disease. LEMS presents insidi-
ously with symmetric weakness and fatigue in a 
proximal to distal gradient. Muscle aches and par-
esthesias are often present. Reflexes are character-
istically absent, but return transiently following 
voluntary muscle contraction [17]. Seventy-five 
percent of patients with LEMS have dysautonomia 
manifesting as dry mouth, dry eyes, impotence, 
constipation, difficulty with micturation, decreased 
sweating, and pupillary abnormalities [17]. Unlike 
myasthenia gravis, oculomotor abnormalities and 
respiratory crises are uncommon.

While 50% of LEMS patients are associated 
with paraneoplastic syndrome, three-quarters of 
the neoplasms are not diagnosed until 1–5 years 
following neurological presentation. Paraneoplastic 
LEMS is often associated with other paraneoplas-
tic syndromes such as cerebellar degeneration, sen-
sorimotor polyneuropathy, and encephalomyelitis, 
which helps to distinguish this from the autoanti-
body variety [17, 18].

One striking clinical feature pathognomonic 
to disorders of presynaptic neuromuscular junc-
tion transmission is facilitation. Muscles and 
reflexes that were weak return to nearly normal 
strength, transiently, after exercise.

 Diagnosis

Diagnosis is based on a high degree of clinical 
suspicion. Electrodiagnostic findings of reduced 
compound muscle action potentials (CMAP) 
with greater than 100% increment of CMAP 
amplitude following 10–30  s of exercise (post- 
exercise facilitation) are diagnostic of a 
 pre- synaptic disorder. Similar post-exercise 
facilitation is seen following 20–50 Hz repetitive 
nerve stimulation, which is not recommended in 
the conscious patient due to its great discomfort. 
Slow repetitive nerve stimulation (2–5  Hz) 
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reveals >10% decrement pre-exercise with repair 
of decrement and increase in CMAP amplitude 
immediately following exercise and subsequent 
decrement after 2–3  min. Singe-fiber EMG 
shows abnormal jitter with blocking, but jitter 
decreasing with an increase in firing rate. 
Electrodiagnostic testing cannot differentiate 
paraneoplastic from autoimmune LEMS [17].

Antibodies against P/Q-type voltage-gated 
calcium channels (VGCC) are found in up to 
85% of LEMS patients. High-titers strongly sup-
port the diagnosis, whereas low titers can be seen 
in non-LEMS patients and absent titers do not 
rule out the diagnosis. Anti-Hu or other antinu-
clear neuronal antibodies are suggestive of para-
neoplastic LEMS in association with small cell 
lung carcinoma [18].

Once the diagnosis is made, the search for 
neoplasm should focus on small cell lung carci-
noma, the primary neoplasm implicated in para-
neoplastic LEMS.  Other neoplasms associated 
include T-cell leukemia, lymphoma, Castleman’s 
syndrome, and reticulum-cell sarcoma [19].

 Pathophysiology

LEMS is caused by a polyclonal antibody attack 
directed against the P/Q VGCC located on the 
pre-synaptic membrane of the neuromuscular 
junction. VGCCs contain α1, β, and α2/δ sub-
units, with the α1 subunit serving as the ligand- 
binding site as well as containing the calcium 
conductance channel. The autoimmune attack 
results in loss of calcium channels and disorgani-
zation of the active zones, where exocytosis of 
acetylcholine-containing synaptic vesicles 
occurs. There is reduction in acetylcholine 
release into the NMJ, resulting in fewer MEPPs 
at the post-synaptic terminal, resulting in a 
decreased EPP. If the EPP is below threshold for 
action potential generation, then neuromuscular 
transmission is unsuccessful and weakness 
occurs. Exercise serves to increase ingress of cal-
cium, allowing for increased synaptic vesicle 
release, increased numbers of MEPPs and an 
EPP sufficient to reach threshold, thus explaining 
facilitation [17].

 Treatment

In paraneoplastic LEMS, treatment is directed 
at the primary neoplasm, removal of which 
often reduces symptoms or allows remission 
[17]. Symptomatic treatments include pyr-
idostigmine, and 3,4-diaminopyridine (3,4 
DAP). Pyridostigmine, an acetylcholinesterase 
inhibitor, inhibits the breakdown of acetylcho-
line, effectively enhancing the MEPP ampli-
tudes allowing for increased EPP and successful 
neuromuscular transmission. Diaminopyridine 
inhibits voltage-gated potassium channels, 
which lengthens the action potential and pro-
longs calcium entry into the presynaptic termi-
nal, thereby increasing acetylcholine release 
into the primary synaptic cleft. It has been the 
subject of two recent randomized, controlled tri-
als, one testing the base version of DAP 
(DAPPER) and the other a more stable, salt 
form (Catalyst sponsored trial). Both showed 
significant efficacy [20, 21]. FDA approval is 
pending for both and the two forms have pre-
cipitated a discussion about pharmaceutical 
company pricing and unexpected consequences 
of the Orphan Drug program of the FDA [22].

Immunologic therapy is an important mainstay 
in patients not undergoing cancer treatment. 
Prednisone and azathioprine or their combination 
has been shown to be efficacious. Plasma exchange 
and IVIG are used as in myasthenia to remove 
autoantibodies or suppress their production. A 
Cochrane review of treatments in LEMS showed 
improvement in strength in two studies of 3,4-DAP 
with 38 total patients and one study of 9 patients 
using IVIg. Other LEMS treatments have not been 
studied in randomized, controlled trials [23].

 Polymyositis

 Clinical Description

Polymyositis (PM) presents insidiously in adults 
with progressive symmetric proximal weakness. 
Symptoms include difficulty climbing stairs, get-
ting out of a chair, and combing hair. Up to 50% 
have myalgias and tenderness to palpation. 
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Atrophy occurs in severe weakness with associ-
ated reduced reflexes. Pharyngeal and neck 
extensor weakness may lead to dysphagia and 
head drop. In advanced cases, there may be 
involvement of respiratory muscles and distal 
hand muscles. Facial and extraocular muscles are 
typically spared. Other organ system involve-
ment includes cardiac disease due to myocarditis 
and interstitial lung disease (ILD). Interstitial 
lung disease can be a result of methotrexate tox-
icity or in 10% of PM, seen in association with 
anti-Jo or ribonucleoprotein antibodies [24].

 Diagnosis

The diagnosis of PM is based on clinical suspi-
cion, muscle enzyme testing, EMG, and muscle 
biopsy. Characteristically, creatine kinase can be 
up to 50 times the upper limit of normal. 
Evaluating for myositis-associated antibodies 
(MAA) or myositis-specific antibodies (MSA) is 
important for staging the disease and stratifying 
risk [24]. EMG findings include short-duration, 
low-amplitude polyphasic potentials with abnor-
mal spontaneous activity which is characteristic 
of necrotic myopathies such as PM [24]. Muscle 
biopsy is the most specific diagnostic test, reveal-
ing endomysial inflammation with muscle fiber 
necrosis (Fig.  15.1). CD8+ T cells invading 
 non- necrotic muscle fibers expressing MHC-1 
antigens are characteristic [25]. Imaging is play-

ing an increasing role in diagnosis (see section 
“Diagnosis” of DM below).

 Pathophysiology

PM is thought due to a T-cell-mediated attack on 
muscle fibers. Macrophages and cytotoxic CD8+ 
T cells surround and eventually invade non- 
necrotic muscle tissue, eventually leading to 
muscle fiber destruction. These cytotoxic T cells 
recognize an unknown antigenic target in associ-
ation with MHC-1 antigens expressed by muscle 
fibers. T cells induce muscle fiber necrosis via 
perforin, a membrane lytic molecule [25, 26].

In up to 20% of inflammatory myopathies, 
there are autoantibodies against nuclear and cyto-
plasmic antigens (Table 15.1). Ribonucleoproteins 
are involved in translation and protein synthesis 
and are the target of several anti-cytoplasmic 
antibodies such as Jo-1 (the most common). 
These autoantibodies are not specific to PM as 
they can be seen in both dermatomyositis (DM) 
and inclusion body myositis (IBM), and occur in 
ILD in the absence of myositis [27, 28].

Anti-synthetase syndrome is the most com-
mon syndrome with myositis and autoantibodies. 
The typical presentation is ILD and myositis, 
often with Raynaud’s, fever, arthralgia, and thick-
ened cracked fingers known as “mechanic’s 
hands,” often with a more acute, crescendo pre-
sentation. Anti-Jo-1, directed against histidyl- 
transfer RNA synthetase, comprises up to 75% of 
the anti-synthetase antibodies and accounts for 
60–80% of MSA patients, with PL-7, PL-12, EJ, 
OJ, or KS found in the remainder. There is a 
threefold increase in mortality compared to PM, 
perhaps due to its association with ILD [27].

Overlap syndromes exist between connective 
tissue diseases and either PM or DM. Systemic 
lupus erythematosus has an associated myositis 
in 8% of patients. Of these patients, anti-nuclear 
antibodies directed against native DNA and anti-
 Sm are specific to SLE-myositis patients. Other 
antibodies include anti-SSA (Ro), anti-SS-B 
(La), and anti-U1 ribonuclear protein, but are not 
specific to SLE-myositis patients. Myositis is 
rarely associated with Sjogren’s syndrome with 
antibodies against the ribonucleoproteins SS-A 

Fig. 15.1 Polymyositis. Muscle fibers are surrounded by 
inflammatory cells, mainly lymphocytes (black arrow). At 
least one fiber in this figure is undergoing myophagocyto-
sis (white arrow). H&E stain, ×400
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and SS-B. Up to 13% of rheumatoid arthritis is 
associated with myositis. Scleroderma has myo-
sitis as a feature in 5–17%. In North America, 
25% of patients with scleroderma and myositis 
have anti-PM-Scl (anti-PM1) antibodies, while in 
Japan, anti-Ku antibodies are more common. 
Anti-U1 ribonuclear protein is seen in mixed 
connective tissue disease [24]. Anti-signal recog-
nition particle antibodies were previously associ-
ated with PM, but recent studies have shown they 
are part of a distinctive syndrome consisting of a 
steroid-resistant necrotizing myopathy with little 
inflammation, and MAC deposition and capillary 
loss [29, 30] (see below).

PM can be seen during the course of other auto-
immune diseases such as Crohn’s disease, vasculi-
tis, sarcoidosis, celiac disease, primary biliary 
cirrhosis, Behcet’s disease, and Hashimoto’s dis-
ease, among others. Giant cell myositis is associ-
ated with thymomas and as such can also be seen 
in patients with myasthenia gravis.

 Treatment

Corticosteroids remain the mainstay of treatment 
for PM with more than 80% of patients respond-
ing to some degree. Noticeable clinical improve-
ment occurs within 3–6 months. For patients who 
do not respond, or who relapse during prednisone 
therapy, second-line agents include azathioprine, 

methotrexate, cyclophosphamide, rituximab, 
cyclosporine, mycophenolate mofetil, IVIG, and 
plasmapheresis. Methotrexate is a folate antago-
nist used in patients who respond poorly to ste-
roids or azathioprine [24]. IVIG has been shown 
to provide significant improvement in muscle 
strength over 3 months [31]. Rituximab may be 
beneficial in refractory PM [32], particularly in 
patients with MSAs [24]. Relapses should be dif-
ferentiated from steroid myopathy, which has 
normal CK levels, no abnormal spontaneous 
activity on needle EMG and type 2 fiber atrophy 
on muscle biopsy. The myositis, arthralgias, and 
systemic symptoms of anti-synthetase syn-
drome tend to respond to steroids, while the ILD 
can be steroid responsive, depending on subset. 
Undetectable anti-synthetase antibodies after 
treatment predict a favorable prognosis [27]. 
A  Cochrane review of treatments for both PM 
and DM found equal efficacy with azathioprine, 
cyclosporine, and methotrexate, with the latter 
having a more favorable side effect profile [31].

 Dermatomyositis

 Clinical Description

Dermatomyositis (DM) occurs in children and 
adults and is characterized by skin changes 
which accompany or may precede weakness. 

Table 15.1 Antibodies seen in inflammatory myopathies

Autoantibody Antigen target Clinical presentation
Anti-Jo 1 Histidyl t-RNA synthetase Antisynthetase syndrome
Anti-PL-7 Threonyl-t-RNA synthetase Polyarthritis
Anti-PL-12 Alanyl-t-RNA synthetase
Anti-EJ Glycyl-t-RNA synthetase ILD
Anti-KS Asparaginyl-t-RNA synthetase “Mechanic” hands
Anti-OJ Isoleucyl-t-RNA synthetase Myositis
Anti-SRP 325-kDa ribonucleoprotein Anti-SRP syndrome (muscle, cardiac involvement, steroid 

resistant)
Anti-Mi2 Transcription peptide complex DM ±  ILD
Anti-Scl-PM Peptide complex Scleroderma, myositis, scleroderma/PM or DM
Anti-Ku Heterodimer associated with 

DNA-dependent protein kinase
Scleroderma/PM or DM overlap syndromes, SLE, 
scleroderma, MCTD, Sjogren’s, thyroiditis, pulmonary 
hypertension

Anti-PMS DNA binding protein complex PM and DM
Anti-56 kDa Ribonucleoprotein PM and DM of childhood onset

ILD inflammatory lung disease, SRP signal recognition protein, DM dermatomyositis, PM polymyositis, SLE systemic 
lupus erythematosus, MCTD mixed connective tissue disease
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An edematous bluish-purple discoloration of the 
upper eyelid, “heliotrope rash”, flat erythema-
tous rash of the face, chest and extensor surface 
dermatitis exacerbated by sun exposure, and 
Gottron’s rash, a erythematous, scaly, violaceous 
rash on the knuckles, are all characteristic. Nail 
changes with dilated capillary loops, thickened 
cuticles, and rough, cracked “mechanic hands” 
may occur. Subcutaneous calcifications occur 
more frequently in children and may cause ulcer-
ations [24]. Weakness occurs subacutely with a 
proximal to distal gradient.

Cardiac manifestations include cardiomyop-
athy, conduction defects, and tachyarrhythmia 
similar to polymyositis. Pulmonary symptoms 
are related to interstitial lung disease, metho-
trexate toxicity, or thoracic muscle weakness. 
Gastrointestinal ulceration, joint contractures, 
and systemic symptoms occur. Rarely, renal 
failure and rhabdomyolysis may be seen in 
acute presentations. DM has an increased risk of 
malignancy which can precede the diagnosis, 
but usually occurs within 2 years of the myosi-
tis. Women over the age of 40 years appear to be 
at greatest risk of associated neoplasm. 
Commonly associated cancers include breast, 
lung, ovarian, and gastrointestinal [24]. 
Amyopathic dermatomyositis, i.e., dermatomy-
ositis without muscle involvement, occurs in 
about 20% of patients [24].

 Diagnosis

Skin manifestations of dermatomyositis are 
pathognomonic. Clinical diagnosis can be con-
firmed with muscle enzyme testing, electrodiag-
nostic testing, and muscle biopsy. Creatine 
kinase often reflects disease severity and can be 
increased up to 50-fold. Testing for MAA/MSAs 
is important for staging the disease and stratify-
ing risk [24]. Electromyography reveals myo-
pathic features interspersed with rare neurogenic 
motor unit potentials and abnormal spontaneous 
activity. Perifasicular inflammation, endothelial 
hyperplasia, and capillary loss are characteristic 
muscle biopsy features (Figs.  15.2 and 15.3). 
Frequently, a high percentage of B cells and an 

increased CD4+/CD8+ ratio may be found 
on  immunohistochemistry of muscle [24]. 
Perifasicular atrophy (Fig.  15.3) results from 
watershed zone microinfarcts within muscle 
fascicules and is highly suggestive of 
DM. Magnetic resonance imaging is being used 
more often in both PM and DM, to detect 
affected muscles for biopsy, and to determine 
active inflammation (T2-weighted images) or 
atrophy (T1-weighted). Ultrasonography can 
distinguish between normal and pathologic 
muscle and is easier and less expensive than 
MRI, particularly for determining muscles best 
suited for biopsy [24].

Fig. 15.2 Dermatomyositis. Inflammatory cells, mainly 
lymphocytes (arrow) are seen completely surrounding and 
invading two small, interstitial blood vessels (V). H&E 
stain, ×400

Fig. 15.3 Dermatomyositis. Unlike polymyositis, der-
matomyositis is a vasculitis, which leads to ischemic dam-
age along the periphery of the muscle fascicles, resulting 
in “perifascicular atrophy” (arrow). H&E stain, ×400
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 Pathophysiology

Dermatomyositis is most commonly thought to 
be caused by antibody-mediated damage of mus-
cle capillaries with subsequent necrosis, capillary 
loss, and focal muscle ischemia. While the anti-
gen is unknown, it is thought to be a component 
of the endothelium of endomysial vessels. 
Activation of complement C3 leads to the forma-
tion and deposition of C3bNEO and MAC depo-
sition on endomysial capillaries. MAC deposition 
leads to endothelial damage and subsequent cap-
illary necrosis [24]. The remaining capillaries 
dilate to compensate for the capillary loss, and 
perifasicular atrophy occurs as a result of hypo- 
perfusion to this watershed area. Micro-infarcts 
occur as a result of necrosis of larger intramuscu-
lar vessels. Muscle fiber damage also occurs 
from the recruitment of macrophages and T cells 
by chemotactic factors as a result of complement 
activation.

 Treatment

The mainstay of treatment is corticosteroids in 
high doses. The mechanism of action is unclear 
but may involve inhibiting movement of lympho-
cytes to areas of muscle inflammation. Steroid- 
sparing medications include azathioprine, 
methotrexate, cyclosporine, and for refractory 
disease, IVIg and rituximab should be consid-
ered. A recent randomized trial in juvenile der-
matomyositis compared prednisone to prednisone 
and methotrexate and to prednisone and cyclo-
sporine. Both combinations were significantly 
more efficacious than prednisone alone, and the 
combination of prednisone and methotrexate had 
fewer side effects than with cyclosporine [33]. A 
Cochrane review of treatments showed benefit in 
DM with IVIg versus placebo in one small trial 
[31]. Rituximab given early or late was studied in 
a randomized, double-blind trial of refractory PM 
and DM. Steroids and other immunosuppressives 
were allowed at entry. There was no difference 
between the two rituximab regimens, and 83% of 
patients with refractory disease met the definition 
of improvement [32].

 Inclusion Body Myositis

 Clinical Description

Inclusion body myositis (IBM) is the most 
common primary muscle disorder in people 
older than 50 years. There is a male predomi-
nance and IBM is usually sporadic with rare 
autosomal recessive inheritance. The course is 
one of indolent progression of asymmetric 
weakness affecting the legs before the arms. 
Patients often present with falling and tripping 
from quadriceps and foot plantar flexor weak-
ness. Finger flexor weakness contributes to 
difficulty with fine motor skills such as but-
toning and opening jars. The combination of 
quadriceps and finger flexor weakness and 
atrophy is characteristic of IBM. Weak quadri-
ceps muscles contribute to depressed patellar 
reflex. Other muscles commonly affected 
include biceps, triceps, iliopsoas, and tibialis 
anterior. Weakness is often  asymmetric. 
Dysphagia is a presenting feature in 30–40%. 
Facial weakness can occur along with other 
cranial nerves but respiratory muscles are rela-
tively spared [29, 34].

 Diagnosis

Diagnosis is based on clinical, laboratory, elec-
trodiagnostic, and biopsy findings. Creatine 
kinase is often elevated two- to threefold but can 
be up tenfold or may be normal. Anti-cytosolic 
5′-nucleosidase 1A (cN1A) autoantibodies have 
been reported to be specific for the diagnosis of 
IBM, though have also been reported in other 
autoimmune diseases [29]. Electrodiagnostic 
testing helps to exclude neurogenic conditions 
such as amyotrophic lateral sclerosis. Myopathic 
features are most commonly seen on needle elec-
tromyography though in 1/3 of patients neuro-
genic features may be interspersed with 
myopathic motor unit potentials. Spontaneous 
activity is seen due to myonecrosis but may be 
underwhelming. Muscle biopsy (Fig. 15.4) is the 
standard for diagnosis. Findings include rimmed 
vacuoles, endomysial inflammation, eosinophilic 
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inclusions, swollen or vacuolated nuclei, and a 
combination of hypertrophic and atrophic fibers. 
Red ragged fibers may be seen due to abnormal 
mitochondria after nuclear damage. CD8+ T cells 
invading non-necrotic muscles fibers provide evi-
dence for definite IBM.  Electron microscopy 
reveals intranuclear and intracytoplasmic fila-
mentous inclusions, approximately 10–18 nm in 
diameter.

 Pathophysiology

Muscle biopsy findings in IBM include signifi-
cant endomysial inflammation similar to 
PM.  Auto-aggressive CD8+ T cells comprise 
70% of the endomysial inflammatory cells and 
preferentially invade non-necrotic muscle, 
implicating inflammatory cells in muscle fiber 
necrosis. MHC-1 antigens have also been 
found surrounding these inflammatory cells, 
and the presence of cN1A antibodies impli-
cates an autoimmune process [29]. Other 
pathologic features (rimmed vacuoles, abnor-
mal protein aggregates, and the lack of response 
to immune therapies) suggest a degenerative 
process [29].

 Treatment

Treatment in IBM is largely supportive, as no 
effective pharmacologic treatment has been 
found [35]. Steroids, azathioprine, cyclophos-
phamide, methotrexate, beta interferon 1a, lym-
phoid irradiation, and IVIG have shown no 
benefit. Cricopharyngeal botulinum toxin may be 
beneficial in patients with severe dysphagia [36].

 Immune-Mediated Necrotizing 
Myopathy

Immune-mediated necrotizing myopathies are 
characterized by subacute weakness of limb mus-
cles, elevated creatine kinase, myopathic EMG, 
and pathologic findings on muscle biopsy, includ-
ing muscle fiber necrosis and very limited, if any, 
inflammatory infiltrates [29]. The autoimmune 
nature is bolstered by more recent delineation of 
an association with at least two particular 
myositis- specific antibodies, directed either at 
the signal recognition particle (SRP) or at 
3-hydroxy-3-methylglutarylcoenzyme A reduc-
tase (HMGCR). The relative absence of inflam-
mation and the presence of MSAs help 
differentiate these patients from those with other 
inflammatory myopathies (Fig.  15.5a). Patients 
can respond to immunosuppressive therapy, 
though usually requiring steroids and one or 
more additional immunotherapeutic agents (such 
as IVIG, MTX, AZA, rituximab) [29].

CD68+ iNOS+ macrophages and a Th-1 
immune environment are involved in ongoing 
phagocytosis of necrotic muscles fibers and acti-
vation of the classical complement cascade 
occurs [30]. IgG1 isotype is seen amongst both 
anti-SRP and anti-HMGCR antibodies, which 
activates complement. C5b9 (Fig.  15.5b) and 
C1q, and both autoantibodies are deposited on 
the sarcolemmal membrane, indicating a direct 
role of the antibodies and that complement acti-
vation plays a pathogenic role [29, 30]. CK levels 
have been found to correlate with both the pro-
portion of necrotic fibers as well as the titer of 
anti-SRP antibodies [30].

Fig. 15.4 Inclusion body myositis. Rimmed vacuoles 
(arrows) within muscle fibers are a prominent part of the 
pathology of inclusion body myositis. Modified Gomori 
trichrome stain, ×400
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 Drug-Induced Inflammatory 
Myopathies

Immune checkpoint inhibitor (CI) therapy 
unleashes the body’s immune system to attack 
cancer and has become an increasingly useful 
therapeutic strategy in more severe stages of can-
cer, with remarkable success. However, in allow-
ing this avenue of attack on cancer, it opens the 
door to autoimmune attack upon other, healthy 
tissues such as neuromuscular junction and skel-
etal muscle. CI-induced disease is similar to non-
 CI disease in therapy but can differ in 
pathophysiology [37].

There are three targets of checkpoint inhibi-
tion with several target-specific monoclonal anti-
bodies approved for use. Targets include 
cytoplasmic t-lymphocyte-associated antigen-4, 
targeted by ipilimumab; programmed cell death-
 1, targeted by pembrolizumab and by nivolumab; 
and programmed cell death ligand-1, targeted by 
avelumab, ateozolizimab, and durvalumab [37]. 
Neurologic adverse events are rare, in the 1–3% 
range, with neuromuscular involvement account-
ing for a small portion of that. Myasthenia gravis, 
either as exacerbation of known disease or as de 
novo disease, is the most frequent neuromuscular 
adverse event. Patients can be AChR antibody 
positive or negative, but have not been MuSK 
antibody positive. Onset is usually within 
3  months of onset of therapy, often within the 
first 6  weeks. Rhabdomyolysis, myositis, and 
myocarditis may also occur. Treatment requires 
high dose steroids and often, IVIG or plasma-
pheresis [37].

Myositis is less frequent, especially when 
encountered as the sole manifestation of autoim-
munity. It can respond to steroids or steroid- 
sparing immunosuppressants [37].

 Other Myopathies

Eosinophilic myositis is a rare form of PM in 
which there is peripheral eosinophilia and eosin-
ophilic infiltrates of the endomysium. The cyto-
kine IL-5 is thought to activate eosinophils which 
invade muscle fibers (Fig. 15.6), degranulate and 
release cytotoxic materials. Eosinophilic myosi-
tis has occurred as a consequence of calpain-3 
mutations, which often causes adult-onset limb 
girdle muscular dystrophy (LGMD type 2A), in 
children under 10 years with elevated creatinine 
kinase and peripheral eosinophilia [38, 39].

Several muscular dystrophies are associated 
with inflammation found on histochemical study 
of muscle. Laminin α2 (merosin) deficiency can 
have an associated perimysial, endomysial, and 
perivascular B- and T-cell infiltration with myofi-
ber necrosis [40]. Macrophages and lymphocytes 

a

b

Fig. 15.5 Immune-mediated necrotizing myopathy due 
to anti-SRP antibodies. (a) Myonecrosis affecting muscle 
fibers in the absence of significant inflammatory response. 
H&E, ×20. (b) Multiple muscle fibers showing reactivity 
to C5b9, ×20
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with MHC-I expression have been found in 
LGMD2L, Duchenne muscular dystrophy, and 
Becker muscular dystrophy, and inflammation 
has been found in up to 40% of dysferlinopathy 
(LGMD2B) biopsies [41]. Inflammatory cells are 
found in 40–80% of biopsies in facioscapulo-
humeral muscular dystrophy (FSHD) [42]. A 
compelling hypothesis is that sarcolemmal dis-
ruption due to genetically induced defects results 
in repeated cycles of muscle fiber degeneration 
and regeneration, thus triggering chronic inflam-
matory responses leading to functional muscle 
tissue being replaced by non-functional fibrotic 
tissue, perpetuating and exacerbating the under-
lying muscle disease. The benefit of steroids in 
Duchenne muscular dystrophy may arise from its 
anti-inflammatory effects. Chronic inflammation 
may result from calcium overflow-induced 
inflammation, reactive oxygen species, and/or 
activation of the NF-κB inflammatory pathway. 
There are several potential therapeutic targets 
which are under investigation [43].

While sarcoidosis may have a variety of neu-
rologic presentations, 50–80% of patients with 
systemic sarcoid have muscle granulomas, over 
90% of which are asymptomatic. Symptomatic 
sarcoid myositis presents with proximal weak-
ness, myalgias, muscle tenderness, and weight 
loss. Chronic sarcoid myopathy presents as prox-
imal muscle wasting of limb, trunk, and neck 

muscles. Non-caseating granulomas form in the 
muscle (Fig.  15.7) as a result of accumulation 
and aggregation of CD4+ helper T cells. The 
mainstay of treatment for systemic and symp-
tomatic myopathic sarcoid is corticosteroids, 
though chronic sarcoid myopathy often responds 
poorly. Immunosuppressants such as methotrex-
ate, azathioprine, cyclophosphamide, or irradia-
tion are reserved for those patients who remain 
refractory or continue to progress despite treat-
ment with corticosteroids [44].

 Conclusion

The discovery in 1970 of antibodies directed 
against the acetylcholine receptor in patients with 
myasthenia gravis finally provided a rationale for 
treatment directed at the underlying problem, and 
dramatically improved survival and quality of 

Fig. 15.6 Eosinophilic myositis. A cluster of inflamma-
tory cells with a prominent eosinophilic component 
(arrow) can be seen adjacent to a group of muscle fibers. 
The patient was thought to have Churg-Strauss syndrome. 
H&E stain, ×400

Fig. 15.7 Sarcoid myopathy. A multinucleated giant cell 
(arrow) is seen within a non-caseating granuloma. H&E 
stain, ×400
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life. The discovery a couple of decades later of 
autoantibodies in Lambert-Eaton myasthenic 
syndrome similarly provided treatment strategies 
beyond the merely symptomatic. Continued 
advances in immunologic knowledge have 
allowed for advances in diagnostic testing and 
new treatment options in the inflammatory dis-
eases of muscle as well. Inclusion body myositis, 
however, remains stubbornly obdurate to our 
understanding and to effective treatment. Chronic 
inflammation as a factor in progressive weakness 
in muscular dystrophy offers opportunities for 
therapeutic advances. Further randomized, 
placebo- controlled trials are important to best 
determine the most effective treatments for these 
immune-mediated disorders.
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Autoimmune Neuropathies

Jacques Reynolds and George Sachs

 Introduction

Autoimmune neuropathies comprise a diverse 
array of disorders. Their temporal evolution may 
be acute and self-limited, relapsing-remitting or 
chronically progressive. Deficits and symptoms 
may be distal or proximal, in a symmetric or 
multifocal pattern. Within each temporospatial 
profile, pathophysiology may reflect demyelin-
ation or axonal degeneration. Rather than attempt 
an exhaustive catalogue, this chapter will address 
major, common autoimmune neuropathies. Their 
clinical presentation, laboratory evaluation, 
pathogenesis, and therapeutic options will be 
reviewed.

 Guillain-Barré Syndrome

Historically, Guillain-Barré syndrome (GBS) 
represents the earliest description of an autoim-
mune neuropathy, though it was not recognized 
as such until nearly a century after Landry’s ini-
tial case reports in 1859. The main contribution 

of Guillain, Barre, and Strohl in 1916 was the 
identification of an associated elevation of pro-
tein in an acellular CSF [1]. This finding of 
albumino- cytologic dissociation served to distin-
guish GBS from the known infectious causes of 
ascending paralysis (i.e., polio and syphilis). 
Curiously, Guillain himself continued to favor an 
infectious etiology, rejecting proposals by 
Bannwarth and others that GBS was an allergic 
phenomenon [2]. The emergence of experimental 
allergic neuritis (EAN) as an animal model in the 
1950s fostered acceptance of an immune- 
mediated pathogenesis for GBS [3, 4].

Pathologic and nerve conduction studies of 
GBS in Europe and North America revealed evi-
dence of a primary demyelinating neuropathy 
similar to that found in the animal model of EAN 
[5]. As a result, the term acute inflammatory 
demyelinating polyneuropathy (AIDP) became 
synonymous with GBS. More recently, the study 
of GBS cases worldwide has emphasized its syn-
dromic nature with different pathologic and 
physiologic processes leading to similar clinical 
presentations.

 Clinical Features

GBS is defined as an acute neuropathic weakness 
with strength decreasing to a nadir within 4 weeks 
along with loss of deep tendon reflexes. Its course 
is most often ascending, beginning in the lower 
extremities. Weakness of the limbs is nearly 
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always symmetric or becomes so as it progresses. 
Initial weakness may involve proximal or distal 
muscles. Over half of GBS cases show facial or 
bulbar weakness. Respiratory muscle weakness 
is common with approximately one-quarter of 
patients requiring mechanical ventilation [6, 7].

Sensory symptoms often precede the onset of 
weakness. Over half of GBS cases begin with 
paresthesia in distal lower extremities; however, 
initial paresthesia may occur in any location. 
Sensory deficits tend to reflect preferential 
involvement of large caliber sensory axons and 
ataxia is common. The loss of tendon reflexes, 
even in relatively strong muscles, reflects con-
duction block or desynchronization in 1A affer-
ents [6].

Autonomic dysfunction complicates nearly 
two-thirds of GBS cases. Alteration in blood 
pressure and cardiac arrhythmias predominate 
with hypertension and tachycardia being most 
common. Urinary incontinence occurs in roughly 
25% of cases [6, 7].

 Laboratory Investigations

Approximately, 90% of GBS cases reveal ele-
vated CSF protein without abnormal cell 
counts. Protein levels may not exceed normal 
range during the first week of symptoms, but 
usually peak by 2–3  weeks after onset. 
Thereafter, levels decline slowly for months. 
Cases with significant CSF pleocytosis (greater 
than five white blood cells) can occur in the set-
ting of HIV, cytomegalovirus, Lyme disease, 
sarcoidosis, or carcinomatous or lymphoma-
tous meningitis [8].

Electrodiagnostic studies typically reveal a 
picture of AIDP with evidence of a demyelinat-
ing polyneuropathy affecting motor more than 
sensory fibers [9, 10]. In some cases, particularly 
early in the course, distal conduction studies will 
be normal since demyelination may be largely 
proximal. Abnormalities may be limited to F 
waves, followed by patchy changes in distal 
latencies. As the disease progresses, the more 
classic features evolve, showing conduction 
block, temporal dispersion, and prolonged distal 

and F-wave latencies. These classic findings may 
not be seen until several weeks into the illness. 
Various degrees of axonopathy may supervene 
reducing CMAP and SNAP potential amplitudes. 
This is accompanied by evidence of ongoing 
denervation on EMG.  Low CMAP amplitudes 
with denervation provide the most reliable prog-
nosis for slow recovery [11]. Sensory nerve con-
duction studies may show demyelinative slowing 
or less specific decrease in amplitude. One com-
mon feature of AIDP is preserved sural sensory 
conduction studies in the face of abnormal 
median and ulnar sensory studies [12]. This sural 
sparing may reflect the fact that this nerve is stud-
ied at a more proximal level than the nerves 
within the hand. Sural nerve biopsy is not rou-
tinely performed in cases with typical presenta-
tion especially if CSF findings or nerve 
conduction studies support the diagnosis. 
Pathologic studies of the AIDP form of GBS have 
shown changes similar to those found in experi-
mental EAN [4]. There are areas of demyelin-
ation with variable lymphocytic infiltrates. 
Ultrastructural studies have revealed invasion of 
intact myelin lamellae by macrophages [13] 
(Fig. 16.1).

Fig. 16.1 Electron micrograph from a case of AIDP 
demonstrating attack of myelin lamellae by macrophages 
(M). (Reprinted with permission from Hughes [148])
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 GBS Variants

In the United States, Canada, and Europe, over 
90% of GBS cases show AIDP as their underly-
ing pathophysiology. The remaining minority of 
patients present as either acute primary axonopa-
thies, the Miller Fisher variant or other regional 
variants. The existence of “axonal GBS” was 
long a matter of debate, until studies of GBS in 
China revealed that over 30% of cases could be 
classified as acute motor and sensory axonal neu-
ropathy (AMSAN) or its pure motor counterpart 
acute motor axonal neuropathy (AMAN) [14]. 
These axonal subtypes show no evidence of 
demyelination on nerve conduction studies and 
typically present as quadriparesis with low ampli-
tude or absent motor potentials and marked evi-
dence of denervation on EMG. Pathologic studies 
confirm a primary axolemmal attack by macro-
phages [15]. An acute reversible pure motor 
 syndrome marked by transient conduction block 
has been interpreted as a mild form of AMAN, 
where axolemmal attack may be limited to 
regions at nodes of Ranvier [16, 17] (Fig. 16.2).

The Miller Fisher variant of GBS presents with 
ophthalmoparesis, ataxia, and areflexia [18]. It 
accounts for approximately 5% of all GBS cases. 
Given its rarity and generally benign course, 
pathologic investigations have been lacking and 
the pathophysiology remains poorly elucidated. 
There is general agreement that cranial and sen-
sory peripheral nerves are the primary targets of 
immune attack, though cases with accompanying 
limb weakness and CNS involvement have been 

described. Nerve conduction studies typically 
reveal low amplitude or absent sensory nerve 
action potentials. These improve rapidly during 
clinical recovery, suggesting reversible demyelin-
ation or nodal conduction block as the underlying 
process [19, 20].

Other variants of GBS are even more rare and 
include pure sensory, pure autonomic presenta-
tions, as well as regional weakness (e.g., oropha-
ryngeal variant). The underlying pathophysiology 
in some of these appears similar to that in 
AIDP. In other instances, distinct antibody pro-
files suggest different immune processes (see 
below).

 Immune Pathogenesis

The mechanisms of immune attack in GBS are 
complex, likely involving both cellular and 
humoral processes. Insights into cell-mediated 
hypersensitivity underlying AIDP have come 
from animal studies of EAN.  Infiltrates of 
T-lymphocytes occur in areas of demyelination, 
in both AIDP and EAN [4]. Adoptive transfer 
studies in rats have demonstrated that injection of 
T cells sensitized to myelin proteins is sufficient 
to induce demyelination in peripheral nerve of 
naïve animals [21]. To what extent T-cell- 
mediated hypersensitivity accounts for AIDP is 
not clear. For AIDP, the triggering mechanism 
related to prior infection has not been delineated 
and antigenic protein targets in peripheral nerve 
myelin remain unspecified.

A clearer picture is emerging for antibody- 
mediated mechanisms in GBS variants 
(Table 16.1). Support for postinfectious molecular 
mimicry has advanced through investigations of 
anti-glycolipid antibodies in AMAN and Miller 
Fisher variants. Antibodies to gangliosides GM1, 
GM1b, or GD1a occur in approximately two-
thirds of AMAN cases [22, 23]. These ganglio-
sides localize to the axolemma and paranodal 
myelin of motor and sensory axons. Interestingly, 
antibodies to GD1a seem to bind selectively to 
motor axons, perhaps due to slight differences in 
GD1a fatty acid configuration in sensory axons 
[24]. About one-third of patients with AMAN 

Fig. 16.2 Electron micrograph from a case of AMAN 
demonstrating primary attack of a macrophage (M) on an 
axon (A) within an intact myelin sheath. (Reprinted with 
permission from Griffin et al. [149])
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exhibit antibodies to a minor ganglioside (GalNAc-
GD1a), found only on motor axons [25].

Cases of Miller Fisher variant exhibit antibod-
ies to another set of gangliosides. GQ1b ganglio-
side antibodies occur in over 85% of such cases, 
and interestingly, also occur in “overlap” cases of 
AIDP with ophthalmoparesis [22]. Though widely 
distributed in the PNS and optic nerves, the high-
est concentrations of GQ1b ganglioside occur at 
nodes of Ranvier and paranodal myelin in oculo-
motor cranial nerves [26]. A smaller percentage of 
Miller Fisher cases exhibit antibodies to GD1b 
and GT1a gangliosides. Antibodies to GD1b bind 
specifically to large neurons in dorsal root ganglia 
[24]. This suggests an underlying mechanism for 
the sensory ataxia and hyporeflexia. Along these 
lines, antibodies to GD1b also occur in cases of 
acute sensory neuronopathy [27]. GT1a antibod-
ies may preferentially target cranial nerves as they 
occur in the oropharyngeal regional variant of 
GBS as well as in Miller Fisher cases [28].

Experimental studies in animals as well as 
findings from human trials of ganglioside therapy 
support a true pathogenic role for antiganglioside 
antibodies. Rabbits immunized with GM1 devel-
oped high titers of IgG antibodies and degenera-
tion of ventral roots with pathologic findings 
similar to those in AMAN [29, 30]. Therapeutic 
trials of mixed ganglioside therapy for various 
neurologic disorders conducted in the 1990s 
resulted in a small number of acute neuropathies 
which closely resembled AMAN [31]. Melanoma 
patients receiving experimental monoclonal anti-
ganglioside antibodies also developed an acute 
reversible neuropathy [32].

 Campylobacter and Molecular 
Mimicry

Campylobacter enteritis is the most common 
infection preceding GBS worldwide [33]. 
Although recognized as a prodrome for AIDP, 
Campylobacter infections are most closely asso-
ciated with AMAN [34]. Studies of antiganglio-
side antibodies in AMAN and Miller Fisher 
variants have generated a coherent picture of 
molecular mimicry as a mechanism of postinfec-
tious GBS. Lipooligosaccharides (LOSs) from 
certain strains of Campylobacter are structurally 
similar to various gangliosides. Such analogy 
was first documented between GM1 ganglioside 
and LOSs from Campylobacter infecting a 
patient with AMAN [35]. Later experimental 
studies in animals have supported a causal role of 
Campylobacter via molecular mimicry. Injection 
of appropriate bacterial LOSs into rabbits induced 
both GM1 antibodies and neuropathy resembling 
AMAN [30]. Strains of Campylobacter which 
precipitate the Miller Fisher variant exhibit LOSs 
structurally similar to GQ1b and GT1a ganglio-
sides [36].

 Treatment

The most dramatic advances in the management 
of GBS have come with improvements in sup-
portive ICU care. Vigilant monitoring and ther-
apy for respiratory decompensation (including 
frequent measurements of forced vital capacity 
and maximal expiratory pressure), cardiac 
arrhythmia, blood pressure changes, and infec-
tions have had significant impact. These, along 
with preventative measures against deep vein 
thrombosis and pulmonary embolus have reduced 
overall mortality to 3–10% [37].

Beyond this, randomized placebo-controlled 
clinical trials have confirmed the benefit of 
immune-modulating therapies in GBS. The larg-
est early trials of plasma exchange revealed sig-
nificantly greater improvement in a disability 
scale at 4 weeks and faster recovery of ambula-
tion [38, 39]. Subsequent studies documented 
that four exchange sessions (of 1.5 plasma 

Table 16.1 Antiganglioside antibodies associated with 
different subtypes of Guillain-Barré syndrome

GBS subtype Antibodies
Acute inflammatory demyelinating 
polyradiculoneuropathy (AIDP)

Unknown

Acute motor and sensory axonal 
neuropathy (AMSAN)

GM1, GM1b, 
GD1a

Acute motor axonal neuropathy 
(AMAN)

GM1, GM1b, 
GD1a, 
GalNac-GD1a

Fisher syndrome GQ1b, GD1b, 
GT1a

Oculopharyngeal variant GT1a

Adapted from Ref. [22]
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volumes each) accelerated recovery more than 
two sessions, but that recovery was no faster with 
six total sessions [40]. Data compiled from major 
plasma exchange trials indicates a higher rate of 
full recovery in strength compared with support-
ive treatment alone (relative rate of 1.24) [41].

Clinical trials have shown a comparable ben-
efit from treatment with high-dose intravenous 
immune globulin (IVIG). Studies comparing 
IVIG to supportive treatment alone have been 
limited to small trials in children, and these indi-
cated greater improvement in disability score and 
a higher rate of return to normal strength [42, 43]. 
Adult trials of IVIG have compared its effect to 
that of PE. The largest of these revealed equiva-
lent improvement of a disability score at 4 weeks 
[44]. Smaller adult studies also failed to show 
significant differences between IVIG and PE in 
various outcome measures [45, 46]. A common 
dosing schedule for IVIG is 0.4  g/kg/day for 
5 days, and it is not known whether this schedule 
is superior to administration of the same total 
dose over 2–3 days.

Overall, trials of corticosteroids have not 
shown significant benefit. Two trials of intrave-
nous methylprednisolone produced no significant 
change in time to recovery or disability scores at 
4 weeks to 6 months [47, 48]. Analysis of small 
trials using oral steroids indicated that they may 
have a negative effect at the 4-week mark [49, 
50]. The combination of intravenous steroids and 
IVIG conferred no benefit over IVIG alone [51].

The choice between treatment with PE or 
IVIG usually depends on availability and side 
effect profile as their cost and efficacy are compa-
rable. For these reasons, IVIG has become the 
preferred initial treatment. However, since trials 
of IVIG have entered patients only within 2 
weeks of symptom onset, some guidelines 
endorse PE more strongly for treatment at 2–4 
weeks [37]. There is limited evidence that ambu-
latory patients with milder disease may benefit 
from PE, while the effects of IVIG have not been 
tested in this group [40]. Data on axonal variants 
such as AMSAN and AMAN is insufficient to 
draw conclusions about the relative efficacy of 
IVIG and PE in these subgroups. A retrospective 
study has suggested that IVIG may provide more 

benefit to GBS cases with GM1 antibodies [52], 
but this has not been rigorously proven and any 
practical utility would be limited by the time 
required for antibody testing in a clinical setting.

Both PE and IVIG treatment can be compli-
cated by relapse within a few weeks of initial 
response [53]. In such cases, more sustained 
improvement usually follows a second course of 
the same treatment. Indications are less clear for 
patients that continue to deteriorate through their 
initial treatment. A large, controlled trial failed to 
show benefit from IVIG following a course of PE 
[44]. A very small observational study has sug-
gested that patients continuing to worsen after 
initial IVIG treatment may benefit from a second 
course of IVIG [54]. Over time, the question of 
chronic inflammatory demyelinating polyradicu-
loneuropathy (CIDP) may arise in the setting of a 
protracted course. This is particularly so if pro-
gression occurs beyond 4 weeks or if symptoms 
occur 2 months after the onset of illness.

 CIDP

In its broadest definition, chronic inflammatory 
demyelinating polyradiculoneuropathy (CIDP) 
encompasses a wide variety of clinical presenta-
tions. Many chronic neuropathies involve some 
degree of immune-mediated demyelination. It is 
difficult to decide which of these should be 
included under the umbrella of CIDP.  There is 
reasonable agreement concerning characteristics 
of “classic CIDP” but the classification of variant 
presentations continues to stir debate. From a 
practical standpoint, differential response to ther-
apy should be a primary consideration in distin-
guishing various clinical entities.

 Clinical Features

Classic CIDP is often viewed as a chronic form 
of AIDP. As such, defining features include sym-
metric weakness of proximal and distal muscles, 
sensory disturbance involving large fiber modali-
ties more than small, and generalized hypore-
flexia. In contrast to AIDP, progression of 
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symptoms must extend beyond 8  weeks. 
Temporal evolution may be chronically progres-
sive, stepwise progressive, or relapsing- remitting. 
There is a history of infection in the month pre-
ceding symptom onset in fewer than 20% of 
CIDP patients (as opposed to 70% of patients 
with AIDP) [55]. Involvement of cranial nerves 
occurs less frequently in CIDP than in AIDP 
(15% vs. 50%) [56]. Respiratory decompensation 
and dysautonomia are far less prevalent in 
CIDP.  Urinary dysfunction and ventilatory fail-
ure complicate less than 25% and 10% of patients 
[57, 58].

Estimates of prevalence for classic CIDP have 
ranged from 1 to 4 cases per 100,000  in most 
populations [59–61]. This rate increases in 
patients with chronic viral infections of Hepatitis 
B and C as well as HIV.

Lymphoproliferative disorders including lym-
phomas are also associated with higher rates of 
CIDP as are lupus and other collagen vascular 
diseases. The prevalence of CIDP in diabetics 
exceeds general population rates and may be 
underestimated since neuropathies are less scruti-
nized within this group [62].

Monoclonal gammopathies are commonly 
associated with CIDP. Series collected within the 
last 25  years demonstrate paraproteinemia in 
20–45% of patients with CIDP [63]. Clinical fea-
tures and differential response to therapy distin-
guish the demyelinating neuropathies seen with a 
subset of paraproteinemic disorders (including 
POEMS syndrome and IgM gammopathies with 
anti-MAG antibodies) and these will be discussed 
separately below. Apart from these, CIDP associ-
ated with monoclonal gammopathies of undeter-
mined significance (MGUS) is often viewed as 
similar to CIDP without paraproteinemia. 
However, the largest series comparing CIDP with 
and without MGUS noted that the MGUS cases 
were more indolent with less dramatic response 
to immunotherapy [64]. Some investigators have 
suggested that demyelinating neuropathies with 
IgM MGUS of any type are refractory to immu-
nomodulating therapy [65, 66]. Other researchers 
have stressed that the high incidence of distally 
predominant weakness in IgM MGUS neuropa-
thies accounts for this poor response. They advo-

cate classifying such cases as “Distal acquired 
demyelinating symmetric” (DADS) neuropa-
thies, in contradistinction to CIDP [67].

 Laboratory Studies

Most diagnostic criteria for CIDP require electro-
physiologic findings of demyelination. Elevated 
CSF protein is generally considered supportive 
rather than requisite evidence, though over 90% 
of CIDP cases show levels exceeding 45 mg/dl 
[68]. CSF usually reveals fewer than 10 
WBC. Cases of HIV-related CIDP often exhibit 
pleocytosis, but a WBC count exceeding 50 is 
extremely rare and excludes the diagnosis by 
some criteria [69]. Morphologic evaluation of 
autopsy material is limited and has shown abnor-
malities at the level of spinal roots and proximal 
nerve trunks. These include areas of segmental 
demyelination, remyelination, and onion-bulb 
formation. In addition, studies have found vari-
able degrees of edema and inflammatory infil-
trates within epineurium and endoneurium [70, 
71]. Less specific findings of axonal degeneration 
along with clusters of regenerating axons have 
also been noted. In general, sural nerve biopsies 
are less helpful than electrodiagnostic studies and 
CSF analysis. Biopsies may appear relatively 
unremarkable or show axonal degeneration with-
out the specific diagnostic findings seen at more 
proximal levels.

 Immune Pathogenesis

The immune mechanisms underlying CIDP are 
complex and only roughly delineated. As with 
AIDP, both cell-mediated and humorally medi-
ated processes seem to contribute. There is 
 evidence of T-cell activation and migration 
through the blood–nerve barrier. T cells infiltrat-
ing nerves are of CD4 and CD8 subgroups and 
may directly attack myelin in addition to activat-
ing macrophage attack and phagocytosis [72, 73].

Humoral immune processes have been impli-
cated in CIDP by the observation of immunoglob-
ulin and complement deposition on myelinated 
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nerve fibers [74] as well as oligoclonal IgG bands 
in the CSF [75]. The therapeutic effect of plasma 
exchange in CIDP supports a humoral process. 
Further evidence derives from passive transfer 
experiments where serum or IgG from patients 
with CIDP cause nerve demyelination in rats [76]. 
Antibody responses to a number of targets in 
peripheral myelin have been identified including 
GM1 and other glycolipids [77, 78] as well as 
peripheral myelin protein 22 [79, 80].

Interestingly, more recent studies have pro-
posed a novel concept of a “nodopathy,” whereby 
autoantibodies directed toward either the nodal or 
paranodal regions of a peripheral nerve may alter 
saltatory conduction and induce significant nerve 
dysfunction. The discovery of contactin-1 
(CNTN1) and neurofascin-155 (NF155) antibod-
ies have generated much interest in these areas of 
autoimmune attack. Other axo-glial autoimmune 
targets have been described, also located in these 
domains, and each region expresses a distinct set 
of proteins: Neurofascin 186, voltage-gated 
sodium channels, gliomedin, ankyrin G, and 
NRCAM are highly enriched at the node while 

Caspr, contactin-1, and neurofascin 155 are 
enriched at the paranode. The paranodal antigens, 
in particular, CNTN1 and NF155, have been 
described in a small proportion of patients with 
CIDP wherein the presence of associated anti-
bodies would predict a poor therapeutic response 
to IVIG therapy [81]. Despite these more recent 
findings, there is no predominant antigenic target 
yet identified to account for a major proportion of 
CIDP cases (Fig. 16.3).

 Treatment

Studies over the last 50 years have investigated 
the response of CIDP to immunomodulating 
therapy. The benefit of ACTH and oral steroids 
was initially recognized in the 1950s [82]. In 
1982, Dyck et  al. evaluated 35 patients in the 
only randomized, controlled trial of corticoste-
roids to date [83] and demonstrated a positive 
effect of prednisone on disability scores over 3 
months. Progressive and relapsing cases showed 
similar improvement. Several observational 

a b

c d

Fig. 16.3 CIDP. (a) Semi-thin section demonstrating loss 
of myelinated axons, more pronounced in the upper right 
fascicle. (b) Immunohistologic demonstration of lympho-
cytes within the endoneurium. (c) Higher power micro-
graph of a semi-thin section revealing endoneurial edema, 

perivascular inflammation, and early onion bulbing around 
myelinated axons. (d) Teased fiber preparation demon-
strating demyelinated segments of individual axons. ((a–c) 
Reprinted with permission from Rizzuto et al. [150]; (d) 
Reprinted with permission from Pytel et al. [151])
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studies have also revealed benefit from cortico-
steroids. Overall, 60–75% of patients responded 
to treatment, though the first evidence of 
improvement occurred as late as 5  months in 
some cases [84].

Two randomized controlled trials of plasma 
exchange have demonstrated benefit in CIDP- 
related disability. The first compared 15 patients 
receiving six sessions of PE over 3 weeks with a 
parallel group receiving and sham exchange [85]. 
The second trial evaluated the effect of ten plasma 
exchange sessions over 4 weeks versus sham 
exchange in a crossover design [86]. Analysis of 
data combined from both trials revealed that 
approximately two-thirds of patients responded 
to active treatment. Responders improved rap-
idly, but the effect was short lived and rebound 
worsening occurred in some cases once treatment 
ceased. There was a moderate incidence of 
adverse events including myocarditis and stroke.

A greater number of rigorous studies have 
investigated the effects of IVIG in CIDP. At least 
seven randomized controlled trials have demon-
strated benefit [87]. These have included various 
treatment schedules and most assessed change in 
disability within 1 month of treatment. The larg-
est and most recent trial revealed sustained ben-
efit from IVIG treatments (1 g/kg every 3 weeks) 
up to 24  weeks [88]. Studies comparing IVIG 
against corticosteroids [89] and plasma exchange 
[90] have demonstrated comparable benefits for 
these treatments.

With corticosteroids, PE and IVIG showing 
roughly equal efficacy, the choice of initial treat-
ment for CIDP should weigh speed of response 
and side effect profile against convenience and 
cost. When available and affordable, IVIG is an 
option which acts rapidly with relatively few 
adverse effects. Risk of stroke and renal failure is 
generally low but may temper its use in patients 
with renal insufficiency and cerebrovascular dis-
ease. The main drawbacks to IVIG therapy are 
the cost and inconvenience of repeated treat-
ments. Plasma exchange remains an alternative 
treatment for rapidly progressive CIDP but its 
invasive nature and lack of a home treatment 
option limit its suitability for long-term mainte-
nance. Corticosteroid treatment is reasonable for 
debilitating but slowly progressive disease. Its 

advantages include low initial cost, ease of 
administration and greater chance of inducing 
remission. Adverse effects accrue with longer 
steroid treatment and their associated long-term 
cost needs to be considered in comparing the eco-
nomics of different therapies.

Approximately, two-thirds of the patients 
receiving any of the three major treatments will 
respond. Patients failing one of these treatments 
may show better response to either of the others 
[91]. For those refractory to all three, alternative 
immunosuppressants may prove beneficial. A 
number of series have demonstrated improve-
ment with cyclophosphamide [92–96] or cyclo-
sporine [97–101] and these are fairly frequently 
used in cases of debilitating refractory 
CIDP.  However, there are no randomized con-
trolled studies of these agents. A single controlled 
randomized trial evaluated azathioprine as add-
 on treatment to prednisone [102] but failed to 
show additional benefit. Since uncontrolled series 
have suggested a beneficial effect from azathio-
prine [68, 94], perhaps, its slow onset of action 
may help explain negative results in relatively 
short trials.

After an open label study of interferon beta 
[103] showed promise, it was evaluated as an 
IVIG sparing agent, but the study failed to show 
a benefit of adding interferon beta to IVIG.  A 
slight benefit was noted in patients with severe 
disability and those requiring high doses of IVIG 
[104]. Recent data may suggest that rituximab is 
beneficial to the subset of treatment-resistant 
patients with antibodies against nodal and 
paranodal of proteins CNTN1 and NF155 [105]. 
Limited data suggests that alemtuzumab may 
also offer an alternative to traditional therapies 
for patients with refractory illness but further 
studies are needed and its use is experimental at 
this time [106]. There have been several trials of 
interferons (interferon-alfa 2a and interferon 
beta 1a) that did not demonstrate efficacy [107, 
108]. A prospective placebo-controlled study of 
methotrexate failed to show significant benefit in 
allowing reduction in IVIG or corticosteroid 
dosing for CIDP patients [109]. Experimental 
treatments such as peripheral blood stem cell 
transplantation, have not demonstrated safety or 
efficacy to date [110]. There is little data regarding 
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nonpharmacologic interventions such as regular 
exercise but physical therapy referral should be 
considered for patients with CIDP for gait train-
ing and fall prevention when clinically 
indicated.

 CIDP Variants

 Multifocal Acquired Demyelinating 
Sensory and Motor Neuropathy 
(MADSAM)

This disorder, also known as Lewis-Sumner syn-
drome, is a demyelinating mononeuropathy mul-
tiplex marked by areas of persistent conduction 
block that affect both sensory and motor axons 
[111]. It presents with pain, paresthesia, and 
weakness in the distribution of individual nerves. 
Aside from this multifocality, it shares character-
istics with classic CIDP.  In addition to conduc-
tion block, electrodiagnostic studies reveal other 
demyelinating features including segmental 
slowing and temporal dispersion of potentials. 
Pathologic abnormalities resemble CIDP with 
inflammation and onion-bulb formation. Spinal 
fluid protein levels are frequently elevated. Most 
importantly, MADSAM and CIDP respond to the 
same range of immune therapies including corti-
costeroids, IVIG, and plasma exchange. There is 
general agreement that MADSAM represents a 
true variant form of CIDP, a fact underscored by 
the occasional evolution of multifocal cases into 
a more confluent picture of classic CIDP [112].

 Pure Sensory CIDP

Cases presenting the clinical picture of chronic 
pure sensory polyneuropathy may infrequently 
show electrophysiologic or pathologic evidence of 
a primary demyelinating process. Two small series 
have described cases with pathologic evidence of 
segmental demyelination on teased nerve prepara-
tions. However, one series revealed electrophysio-
logic evidence of demyelination in motor nerve 
fibers [113], where the other showed normal motor 
conduction or only axonopathic changes [114]. A 
third series demonstrated that CIDP cases with ini-

tial pure sensory presentations later developed 
motor deficits [115]. Taken together, these studies 
suggest that “sensory CIDP” may be part of a 
spectrum that includes more typical motor-pre-
dominant cases, rather than an entirely distinct 
entity. Though only limited data exist, sensory 
CIDP appears responsive to a similar range of 
immunomodulating treatment including cortico-
steroids, IVIG and plasma exchange.

 Distal Acquired Demyelinating 
Symmetric (DADS) Neuropathy

Some authors have drawn a distinction between 
chronic demyelinating neuropathies with limited, 
distal weakness and more classic CIDP. The for-
mer group which they refer to as DADS has a 
higher association with IgM monoclonal gam-
mopathy. Patients with DADS and monoclonal 
gammopathy are predominantly male and older 
than CIDP patients on the average. They show 
significantly less response to immunomodulating 
therapy [67]. The features of DADS patients 
without gammopathy are less consistent.

 Multifocal Motor Neuropathy

This disorder presents as a chronic, motor- 
selective mononeuropathy multiplex. Although 
clinically it resembles motor neuron disease, its 
physiologic hallmark of motor conduction block 
has led many to classify it as a variant of CIDP 
[116]. Response to immunomodulating therapy 
has strengthened the association between MMN 
and CIDP.  However, some investigators have 
emphasized the differences between these two 
disorders [117]. Conduction block in MMN may 
involve alterations in axolemmal properties rather 
than simple demyelination [118]. Moreover, the 
number of effective immunomodulating treat-
ments is more limited for MMN than for CIDP.

 Clinical Features
MMN is an uncommon disorder with a prevalence 
of 1–2 cases per 100,000. It usually begins in young 
adulthood or middle age and affects men at least 
twice as often as women. Presenting as weakness 
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within the distribution of individual nerves, the 
lack of associated pain and sensory deficit differen-
tiates MMN from other inflammatory mononeu-
ropathies and nerve entrapments. Initially, 
weakened muscles may retain their bulk but atro-
phy supervenes with progressive axonal degenera-
tion over time. Cramps and fasciculations are 
common symptoms. Upper motor neuron signs are 
not attributable to MMN and their presence would 
indicate an alternative or additional diagnosis.

The vast majority of patients with MMN suffer 
weakness in the distal upper extremities but foot 
drop is not uncommon. Involvement of cranial and 
phrenic nerves has been reported but is rare. Slowly 
progressive weakness is the most common course, 
though spontaneous improvement is occasionally 
seen. Acute presentations of multifocal motor neu-
ropathies with rapid resolution have been described, 
but these may be more closely related to Guillain-
Barré syndrome than MMN [16, 17].

 Laboratory Studies
Motor conduction block is a defining characteris-
tic of MMN. A particular feature of conduction 
block in MMN is its selectivity for motor axons 
with preserved conduction in sensory fibers 
through the same length of nerve. It is more com-
monly found in the forearm and calf than in more 
proximal segments of nerves or roots. This may, 
in part, reflect the technical difficulty of demon-
strating conduction block at proximal levels, but 
the distribution of weak muscles is at least con-
sistent with a distal predominance. In contrast to 
many cases of MADSAM or CIDP, sensory con-
duction studies and motor conduction outside the 
regions of block reveal only mild abnormalities. 
EMG of weakened muscles shows evidence of 
ongoing and chronic denervation, especially in 
cases of longstanding weakness.

IgM antibodies to gangliosides (mostly GM1 
but also GD1a and GM2) can be detected in 
approximately half of the patients with MMN 
[119]. Estimates have ranged from 20% to 80% 
of MMN patients showing such antibodies with 
differences in assays likely accounting for much 
of this variation. Though GM1 antibodies are 
sometimes detected in disorders other than 

MMN, reviews have indicated that their specific-
ity is sufficiently high to confer clinical utility in 
supporting the diagnosis [120]. Other blood test-
ing is usually unremarkable in MMN. CSF pro-
tein is normal in approximately half of cases with 
mild elevation in most of the other half.

Sural nerve biopsies have generally not shown 
dramatic or specific abnormalities. Mild demye-
linating features have been noted on some electron 
microscopic studies [121]. Motor nerve fascicular 
biopsies at confirmed sites of conduction block 
have shown loss of large myelinated fibers without 
evidence of demyelination [122] (Fig. 16.4).

Fig. 16.4 Conduction block in the ulnar nerve of a 
patient with MMN.  Compound motor action potentials 
elicited from abductor digiti quinti by stimulation at the 
wrist (A1), below elbow (A2), above elbow (A3), axilla 
(A4), and Erb’s point (A5). Reduction in amplitude by 
more than 50% demonstrates conduction block between 
the elbow and axilla. (Modified from Van Den Berg-Vos 
et al. [152])
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 Immune Pathogenesis
Response to immunomodulating therapy and the 
frequent association of antiganglioside antibod-
ies have fostered the notion that MMN is an auto-
immune disorder. However, its pathogenesis 
remains largely unspecified. Disruption of 
paranodal myelin or axolemma mediated by 
GM1 antibodies is an attractive hypothesis, yet 
not all experimental studies have supported this 
[123]. GM1 ganglioside is enriched at paranodal 
myelin and particularly on motor axons. 
Intraneural injection of serum from MMN 
patients has induced conduction block both 
in vivo [124] and in vitro [125]. However, similar 
experiments using purified GM1 antibodies 
failed to show conduction block [126]. Whether 
this reflects an artifact of the purification process 
or indicates a role for other components of the 
transferred serum is not clear. Similar to CIDP, 
antibody reactivity to the nodal and paranodal 
proteins NF155 and CNTN1 have been previ-
ously suggested in MMN; however, a recently 
published study using confirmatory cell-based 
assay and indirect immunofluorescence deter-
mined that these antibodies were in fact absent in 
all MMN cases [81]. Although MMN is not typi-
cally recognized as a postinfectious disorder, a 
few case reports have described multifocal motor 
neuropathies with highly elevated levels of GM1 
antibodies following Campylobacter jejuni enter-
itis [16, 17, 127]. These included acute, mono-
phasic, and chronic relapsing presentations, 
raising the possibility that some cases of MMN 
may share the mechanism of molecular mimicry 
proposed for GBS following Campylobacter 
enteritis.

 Treatment
Although cyclophosphamide was the earliest rec-
ognized treatment of MMN [128], there is now 
general agreement that IVIG should be offered as 
initial therapy. At least four randomized con-
trolled trials have demonstrated significant bene-
fit with IVIG [129–132]. Overall, 75–80% of 
patients treated with IVIG showed improvement 
in strength, and this effect was often rapid. No 
serious adverse effects were reported in random-

ized trials, though minor symptoms such as head-
ache, rash, and fever were encountered in over 
half the participants.

Corticosteroids and plasma exchange have 
consistently proven ineffective in patients with 
MMN. Furthermore, there are reports of worsen-
ing deficits following treatment with these agents 
[114]. This contrasts with the beneficial effect 
seen in many cases of classic CIDP or MADSAM 
and supports the concept of MMN as a distinct 
disorder.

Patients unresponsive to IVIG, or in whom 
its effect wanes with repeated treatments, may 
benefit from cytotoxic agents. A number of 
reports have shown improvement with cyclo-
phosphamide [128, 133, 134], but it should be 
considered only for patients with significant 
deficit since it may cause serious adverse effects. 
Experience with azathioprine, rituximab, and 
beta-interferon has been much more limited. A 
randomized controlled trial of mycophenolate 
mofetil failed to show benefit in reducing the 
requirement for IVIG in 28 patients with MMN 
[135]. Given the long-term requirement for 
IVIG in most patients with MMN, continued 
efforts to identify more convenient and afford-
able treatments are warranted.

 Neuropathies Associated 
with Monoclonal Gammopathy

An estimated 10% of otherwise idiopathic poly-
neuropathies are associated with monoclonal 
gammopathy [136, 137]. This includes neuropa-
thy complicating malignant plasma cell dyscra-
sias, and more commonly, neuropathy seen in 
conjunction with monoclonal gammopathies of 
undetermined significance (MGUS). Neuropathic 
symptoms often lead to the initial recognition of 
a gammopathy. Moreover, the existence of a neu-
ropathy is of prognostic importance in MGUS as 
it confers a greater risk of eventual transforma-
tion to a malignant gammopathy. This section 
will describe the features of neuropathies associ-
ated with various malignant gammopathies and 
MGUS.
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 Malignant Gammopathies

Waldenstrom’s macroglobulinemia (WM), a 
lymphoplasmacytic lymphoma with monoclonal 
IgM, is often complicated by neuropathy. When 
prospectively studied, nearly half of patients with 
WM develop neuropathic symptoms or signs 
[138]. Sensory deficits predominate, involving 
both large and small fiber modalities. When 
weakness occurs, it is largely distal. Conduction 
studies show evidence of demyelination in a 
number of cases with prolonged distal latencies, 
slow conduction velocities but little conduction 
block. In approximately half of the demyelinat-
ing neuropathies, the IgM paraprotein reacts 
against MAG.  These patients resemble MGUS 
patients with anti-MAG antibodies described 
below. Less frequently, patients with WM will 
suffer mononeuropathy multiplex due to amyloid 
deposition. Neuropathy will often improve with 
alkylating agents used to treat WM. Rituximab in 
combination with cyclophosphamide or fludara-
bine can also improve neuropathy. However, 
there are reports of dramatic worsening of neu-
ropathy with rituximab in some cases [139, 140].

Although patients with multiple myeloma 
(MM) frequently show abnormalities on nerve 
conduction studies, only about 10% suffer sig-
nificant neuropathic symptoms [141]. Typically, 
the neuropathy is distal, symmetric, and sensory- 
motor, with features of primary axonal degenera-
tion. Pathologic studies reveal perineural 
deposition of IgG and IgM. Less frequently, the 
presentation is one of mononeuropathy multiplex 
due to infiltration of amyloid. Neuropathies asso-
ciated with MM are generally refractory to treat-
ment [128].

Osteosclerotic myeloma, as part of POEMS 
syndrome, occurs less frequently than MM but 
has a much higher rate of associated neuropathy 
[142]. The neuropathy commonly involves sen-
sory loss in both small and large fiber modalities 
along with weakness. These symptoms begin dis-
tally but can advance to produce significant prox-
imal weakness and loss of mobility. Nerve 
conduction studies show evidence of demyelin-
ation with prolonged distal latencies, slow con-

duction velocities, and temporal dispersion of 
motor potentials. Associated paraproteins are 
IgG or IgA with lambda light chains. Pathologic 
studies revealing endoneurial deposition of light 
chains argue that the paraproteins are pathogenic. 
Recent evidence has also implicated high-level 
production of VEGF and cytokines by the plas-
macytomas [143]. The resultant proliferation of 
perineural vasculature and breakdown of the 
blood-nerve barrier lead to edema and demyelin-
ation. The marked increase in CSF protein seen 
in POEMS cases likely reflects these vascular 
changes. In cases with solitary or limited plasma-
cytomas, their irradiation or surgical excision can 
lead to resolution of the neuropathy along with 
skin and endocrinologic manifestations of 
POEMS syndrome.

 Monoclonal Gammopathy 
of Undetermined Significance 
(MGUS)

Over two-thirds of monoclonal gammopathies 
fall into the category of MGUS. These are char-
acterized by a low level of paraprotein (less than 
3 g/dl) in serum, little or no urinary paraprotein 
and less than 5% plasma cells in the bone mar-
row. By definition, MGUS lacks features of 
malignant gammopathies such as anemia, renal 
failure, bone lesions, or amyloid deposition. 
The former designation of “benign monoclonal 
gammopathy” was abandoned as nearly one-
quarter of cases ultimately undergo malignant 
transformation.

Although most cases of MGUS involve IgG 
paraproteins, 60% of cases with neuropathy show 
an IgM paraprotein compared to 30% with IgG 
and 10% with IgA [144, 145]. A variety of neu-
ropathies occur with MGUS of each type, but 
cases of IgM MGUS are associated with the most 
distinct forms of neuropathy. In approximately, 
half of IgM MGUS-related neuropathies, anti-
bodies react with myelin-associated glycoprotein 
(MAG) [146].

Anti-MAG neuropathy most commonly 
afflicts older men. Their clinical presentation is 
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marked by painless, gradual, distal loss of large 
fiber sensory modalities. This, along with distal 
weakness leads to a slowly progressive gait disor-
der. Nerve conduction studies reveal evidence of 
distal demyelination with disproportionate slow-
ing of distal motor and sensory latencies. Nerve 
biopsies have shown separation of outer lamellae 
in myelin sheaths, a characteristic that anti-MAG 
cases may share with other IgM MGUS neuropa-
thies (Fig. 16.5).

Neuropathy in many patients with IgM 
MGUS, but without specified autoantibodies, 
resembles the anti-MAG neuropathy described 
above. The category of distal acquired demyelin-
ating sensorimotor (DADS) neuropathy is largely 
composed of IgM MGUS neuropathy. In general, 
their response to immunomodulating therapy is 
more modest than IgG and IgA MGUS neuropa-
thies. Randomized controlled studies have shown 
short-term response to IVIG, but the overall ben-
efit in these slowly progressive disorders is less 
clear. Small, uncontrolled series have reported 
benefit with fludarabine, cyclophosphamide, and 
rituximab. However, more systematic trials with 
long-term follow-up would be advisable for these 
potentially toxic treatments for a slowly progres-
sive disorder.

Specific autoantibodies have not been identi-
fied for neuropathies in IgG and IgA MGUS. 
Therefore, a causal role for these paraproteins is 
less apparent. Associated neuropathies include 

CIDP which does not differ significantly from 
classic CIDP and generally shows similar 
response to treatment.

 Vasculitic Neuropathy

Vasculitic neuropathy may arise in the context of 
systemic vasculitis or as a disorder limited to the 
peripheral nervous system (i.e., nonsystemic vas-
culitic neuropathy). Of the systemic vasculidites 
involving peripheral nerves, polyarteritis nodosa 
and rheumatoid vasculitis account for the major-
ity of cases. Several other connective tissue dis-
orders and infections comprise the remainder 
[147]. Clinical presentation, pathology, and elec-
trophysiology are similar for neuropathies of sys-
temic and nonsystemic vasculitis and have been 
discussed in detail in a separate chapter.

 Conclusion

Autoimmune neuropathies are defined largely by 
their clinical and electrodiagnostic features. GBS 
and CIDP are broad syndromic disorders, reflect-
ing varied underlying pathophysiologic mecha-
nisms. IVIG, corticosteroids, and plasmapheresis 
remain the principle treatments but identification 
of specific autoantibodies has begun to refine 
therapeutic approaches.

a bFig. 16.5 (a) Electron 
micrographs 
demonstrating 
separation of outer 
myelin lamellae (arrow) 
in a case of IgM MGUS 
neuropathy. (b) A higher 
power electron 
micrograph showing 
similar separation of 
outer lamellae from 
another case of IgM 
MGUS neuropathy. 
(Reprinted with 
permission from Vital 
et al. [153])
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 Introduction

As neurologic manifestations of systemic auto-
immune disease are increasingly recognized, the 
field of autoimmune neurology is rapidly expand-
ing, creating the need for neurologists with spe-
cialized training in this field [1]. This chapter 
briefly reviews the neurologic manifestations, 
diagnostic approach, and treatment of the follow-
ing systemic rheumatic diseases: sarcoidosis, 
IgG-4-related disease, Behçet syndrome, Sjögren 
syndrome, lupus, and rheumatoid arthritis. The 

illustrative cases are not meant to be pathogno-
monic, but rather to highlight specific features of 
the diseases and their effects on the nervous sys-
tem. As a group, the neurologic manifestations of 
these conditions include parenchymal brain and 
brainstem disease, myelopathy, radiculopathy, 
myopathy, and all forms of peripheral neuropa-
thy. They can also present with secondary effects 
on neural structures from extra-axial or menin-
geal disease. With a brief consideration of several 
systemic autoimmune disorders with neurologic 
manifestations, this chapter should serve as a 
guide for the practicing clinician and springboard 
for the interested reader.

 Neurosarcoidosis (Fig. 17.1)

First described in 1877 by Hutchinson at King’s 
College Hospital in London, sarcoidosis is an 
inflammatory disorder characterized by a height-
ened granulomatous immune response to 
unknown environmental antigen(s) that develops 
in genetically susceptible individuals [2]. Well- 
formed coalescent non- or minimally necrotizing 
epithelioid granulomas with scattered lympho-
cytes are the pathologic hallmarks of the disease 
[3]. Tumor necrosis factor (TNF) plays an impor-
tant role in granuloma formation and mainte-
nance and is avidly expressed on epithelioid and 
giant cells in sarcoid granulomas [4]. Sarcoidosis 
occurs worldwide in all races, with an incidence 
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in the United States of 3–10/100,000 Caucasians 
(highest in those of Scandinavian descent) and 
35–80/100,000 African Americans [5]. Most 
patients are in their 30s–50s at the time of diag-
nosis [2]. While the lungs, skin, intrathoracic 
lymph nodes, and eyes are commonly affected 
sites, sarcoidosis can involve any organ system 
[6]. Neurosarcoidosis (NS) develops in ~5–10% 
of all patients with systemic sarcoidosis, but sub-
clinical neurologic involvement is identified at 
autopsy in another 13–15% of cases [7]. Seventy- 
five percent of patients with known systemic sar-
coidosis who develop NS do so within 2 years of 
systemic diagnosis [8]. Patients evaluated by 
neurologists often have no known evidence of 
systemic sarcoidosis at the time of presentation 
and sarcoidosis remains isolated to the nervous 
system in 10–20% of cases despite a thorough 
diagnostic evaluation [9–14].

 Clinical Manifestations

Despite its reputation as the “great mimicker,” 
NS has recognizable patterns like any other 
affliction. Both the central and/or peripheral ner-
vous systems can be involved [15]. The most 
common clinical manifestations and their differ-
ential diagnosis are listed in Table  17.1 [13, 
15–19].

Cranial neuropathies are among the most com-
mon manifestations of NS, with optic, facial, ves-
tibulocochlear neuropathies commonly involved, 
although trigeminal neuropathy is also seen 

 relatively frequently. Most patients with NS and 
cranial neuropathy have additional neurologic 
dysfunction, and multiple cranial neuropathies 
with granulomatous meningitis (lymphocyte pre-
dominant) is a repeated and recognizable pattern. 
Recurrent cranial neuropathy is another clue to the 
diagnosis. The mechanism of cranial neuropathy 
is often related to leptomeningeal infiltration asso-
ciated with epineural or perineural or inflamma-
tion. Less commonly, cranial neuropathy may 
develop consequent to compression by a dural-
based granuloma [13]. Optic neuritis is generally 
subacute or chronic and bilateral in a slight major-
ity of patients [10, 16]. Facial nerve palsy is com-
mon and is simultaneously or sequentially bilateral 
in approximately one-third of cases [13]. In con-
trast to optic neuritis associated with NS, facial 
nerve dysfunction is more likely to recover [20].

Meningeal sarcoidosis most often affects the 
base of the brain and basilar cisterns (Case 17.1). 
Cranial neuropathies (particularly the lower cra-
nial nerves), meningismus, and headaches are 
common. MRI demonstrates leptomeningeal 
contrast enhancement and thickening that is typ-
ically nodular but can be smooth, diffuse, focal, 
or multifocal with a predilection for the base of 
the brain (basilar meningitis) [21]. Subacute 
communicating or non-communicating hydro-
cephalus may result from meningitis or from 
obstruction related to granulomatous mass 
lesions. Pachymeningeal lesions occasionally 
occur and typically appear as diffuse or discrete 
dural masses that homogenously enhance with 
gadolinium [22].

a b c

Fig. 17.1 (a, b) Coronal T1 MRI with gadolinium. (c) FDG-PET
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Hypopituitarism related to granulomatous 
infiltration of the pituitary gland or hypophysis is 
not uncommon and manifests with diabetes insi-
pidis, hypogonadotropic hypogonadism, hypo-
thyroidism, and other neuroendocrine disruptions 
localizable to the pituitary gland/stalk [23]. 
Rarely disordered sleep, satiety, or thermoregula-
tion may occur when granulomatous infiltration 
extends to the hypothalamus.

Intracranial granulomatous mass lesions occur 
in some 5–10% of patients [24]. These are typi-
cally isointense on T1-weighted images with 
variable gadolinium enhancement (6–37%) [18], 
and rarely contain areas of calcification, necrosis, 
or hemorrhage [22]. Associated leptomeningeal 
or pachymeningeal gadolinium enhancement is a 
clue to the diagnosis but biopsy is often neces-
sary to exclude alternate etiologies.

Ischemic and hemorrhagic stroke are uncom-
mon complications of NS that may affect the 
hemispheres, brainstem, or cerebellum. Although 
both the arterial and venous vessels can be 
affected by NS, small arterial perforators appear 
to be most commonly involved [19]. Cerebral 
vessel involvement is typically due to granuloma-
tous perivascular infiltration rather than direct 
vessel wall inflammation. The propensity of sar-
coid granulomas to spread along the perivascular 
spaces sometimes gives rise to a characteris-
tic  pattern of linear branching gadolinium 

Table 17.1 Clinical manifestations and differential diagnosis of neurosarcoidosis

Clinical manifestation
Approximate 
frequency Diagnostic considerations

Cranial neuropathy
  Optic nerve
  Facial nerve
  Vestibulocochlear nerve

50–75%
7–35%
11–25%
3–17%

Multiple sclerosis (optic nerve/brainstem lesions), neuromyelitis 
optic spectrum disorders (optic nerve/brainstem lesions), Sjögren, 
lupus, Lyme, syphilis, HSV, VZV, glioma, meningioma, 
infiltrative neoplasm or histiocytosis

Aseptic meningitis 10–20% Leptomeningitis: Vogt-Koyanagi-Harada, Behçet’s, brucellosis, 
Lyme, fungal or tubercular infection, infiltrative histiocytosis, 
leptomeningeal malignancy; Pachymeningitis: ANCA-associated 
vasculitis, IgG4-RD, meningioma, intracranial hypotension

Parenchymal disease
  Seizure
  Mass lesions
  Encephalopathy
  Neuroendocrinopathy

Up to 50%
15%
5–10%
5–10%
2–8%

Primary CNS lymphoma, infiltrative histiocytosis, infiltrative 
neoplasm, ANCA-associated vasculitis, Sjögren, lupus

Vascular disease Rare Atherosclerotic disease, embolism, vasculitis
Peripheral neuropathy
  Small fiber neuropathy

2–86% Large fiber: AIDP/CIDP, ANCA-associated vasculitis, infectious 
neuropathy; Small fiber: DM, toxic neuropathy, celiac, Sjögren, 
rheumatoid arthritis, vasculitis, paraneoplastic neuropathy

Myelopathy 5–26% Multiple sclerosis, neuromyelitis optic spectrum disorders, Sjögren, 
lupus, tuberculosis, VZV HTLV1, compressive myelopathy

Case 17.1
A 37-year-old man with no medical history 
developed mild cognitive dysfunction over a 
few weeks followed by a left peripheral abdu-
cens palsy. Brain MRI demonstrated lepto-
meningeal gadolinium enhancement on 
T1-post contrast images surrounding rostral 
cervical spinal cord and brainstem (a, arrows) 
that extended into the Sylvian fissures (b, 
arrows) and encasing the optic nerves (b, 
arrowheads). Combined PET/CT (c) demon-
strated mild hilar and parabronchial lymph-
adenopathy (none larger than 1.5  cm) with 
FDG avid lymph nodes in the bilateral axil-
lae. A left axillary FDG avid lymph node was 
biopsied (c, arrow) and was consistent with 
sarcoidosis. A diagnosis of probable NS was 
made and he was treated with oral predni-
sone, but was unable to taper below 10 mg 
daily without worsening of CNS sarcoidosis 
clinically and on MRI so methotrexate was 
added. One later, he again worsened clini-
cally and radiologically and was treated with 
infliximab with complete clinical and radio-
logical remission and has been stable on 
combination infliximab, low-dose methotrex-
ate, and 5 mg prednisone every other day for 
3 years.
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 enhancement on MRI. Dural venous sinus throm-
bosis is exceptionally rare.

Subcortical encephalopathy including demen-
tia can develop in patients with NS. Nonspecific 
periventricular white matter T2/FLAIR hyperin-
tense lesions are seen in 30–46% of patients and 
can be small and focal or larger, more diffuse 
lesions that may mimic multiple sclerosis. 
Importantly, systemic sarcoidosis and multiple 
sclerosis can co-exist. When the clinical presen-
tation and MRI are consistent with multiple scle-
rosis, the neurologic syndrome should not be 
assumed to be NS even in the presence of systmic 
sarcoidosis [25]. This is particularly important as 
TNF antagonists can worsen multiple sclerosis. 
Nonspecific T2 hyperintensities sometimes seen 
in patients with sarcoidosis or NS are not typi-
cally affected by treatment, nor do they correlate 
with clinical disability, making their relationship 
to NS uncertain [26]. In the absence of gadolin-
ium enhancement, these are unlikely to reflect 
active NS and may be comorbid [18].

Depression is common (~60%) and other psy-
chiatric illness such as psychosis and hallucina-
tions occur in 20% of patients [27]. Psychiatric 
disease may arise as a consequence of living with 
a chronic illness, treatment toxicity or from 
parenchymal NS, in which case some patients 
may respond to glucocorticoids [27, 28].

Myelopathy was historically reported as a rare 
manifestation of NS, but contemporary studies 
have found spinal cord involvement in ~19–26% 
of patients [16, 29]. Myelopathy may result from 
intramedullary, intradural, or extradural sarcoid-
osis [30]. Most patients present with subacute 
proprioceptive disturbances, pain, hypoesthesia, 
motor deficits, or sexual/sphincter dysfunction 
[31]. The cervical and upper thoracic cords are 
the most often affected sites, but the conus medul-
laris and cauda equina may also be involved [32]. 
NS is an increasingly recognized cause of longi-
tudinally extensive transverse myelitis (LETM) 
and intramedullary spinal NS can be associated 
with severe neurologic deficits [33]. MRI fea-
tures, such as central canal and especially dorsal 
subpial or meningeal gadolinium enhancement 
suggest NS myelitis, which can be difficult to 
distinguish from other causes of LETM [34, 35]. 
Compressive myelopathy or radiculopathy from 

granulomas can also occur as can a painful radic-
ulitis with truncal radiculitis an uncommon but 
characteristic manifestation.

Peripheral neuropathy including sensorimotor, 
pure motor or sensory, Guillain-Barre-like syn-
dromes, mononeuritis multiplex, and plexopathies 
with both large and small fiber involvement are 
relatively common in NS [36]. Small fiber neu-
ropathy is likely an under-recognized manifesta-
tion of NS [37, 38]. Electromyography is typically 
normal with small fiber neuropathy, but skin 
biopsy and/or quantitative sudomotor axon reflex 
testing serve as objective measures of small fiber 
neuropathy. Three patterns of sarcoid myopathy 
were described in a 2018 series, including nodular 
(27%); smoldering (29%); acute, subacute, or pro-
gressive myopathic (35%); and combined myo-
pathic and neurogenic pattern (10%) which imply 
different clinical courses (e.g., the nodular pattern 
was relapsing and remitting, while the myopathic 
pattern may have a progressive course) [39].

 Diagnostic Evaluation

The differential diagnosis of neurosarcoidosis is 
heavily influenced by the presenting syndrome 
(Table 17.1). Fundamentally, sarcoidosis is a patho-
logical diagnosis and biopsy from the affected neu-
rologic site or at least a systemic target should be 
pursued. The 1999 Zajicek criteria [10] are widely 
used, but updated diagnostic criteria were published 
in 2018 [40]. These include definite, probable, and 
possible NS and require a clinical syndrome sug-
gesting NS, exclusion of other diseases and biopsy 
confirmation from a neurologic site (definite), or 
evidence of inflammation in the CNS, plus evidence 
of systemic sarcoidosis, ideally histologically 
proven (probable), or an appropriate clinical syn-
drome with exclusion of other diseases not meeting 
the aforementioned (possible).

The primary purpose of serum testing is to 
evaluate for other etiologies on the differential 
diagnosis (Table  17.1). Nonspecific markers of 
inflammation such as erythrocyte sedimentation 
rate and C-reactive protein may be elevated. 
Cerebrospinal fluid (CSF) is abnormal in many 
patients with CNS sarcoidosis, but no findings are 
sufficiently specific to establish the diagnosis. 

M. J. Bradshaw et al.



325

Patients with isolated cranial neuropathy usually 
have normal CSF [17], in contrast to those with 
meningeal or parenchymal disease [16, 26]. 
Moderate pleocytosis (~100 nucleated cells/mL, 
usually lymphocyte predominant, although mono-
cyte predominance may be seen) and elevated 
protein are typical, and hypoglycorrhachia (an 
important clue to the diagnosis), oligoclonal 
bands and/or an elevated IgG index may be seen 
[16, 26]. In one study CSF hypoglycorrhachia and 
elevated CSF ACE levels were uncommon, but 
exclusive to NS, and constitutional symptoms, 
CSF pleocytosis, and hilar adenopathy were sig-
nificantly more common in NS compared to aqua-
porin 4+ neuromyelitis optica (NMO) or multiple 
sclerosis [35]. NS myelitis is more likely to be 
associated with elevated serum CRP and lactate 
dehydrogenase compared to NMO and multiple 
sclerosis [31]. CSF ACE levels are nonspecific 
and lack sufficient sensitivity for NS [41–44]. 

MRI with gadolinium is the preferred imaging 
modality for CNS sarcoidosis [45].

When an alternative diagnosis cannot be 
established by history, examination, neuroimag-
ing, serum, or CSF studies, systemic imaging 
should be the next diagnostic step with a goal of 
identifying evidence of another etiology or locat-
ing a systemic target amenable to biopsy. 
Combined fluorodeoxyglucose positron emission 
tomography (PET)/CT imaging can identify 
biopsy targets when CT is unremarkable or 
equivocal and is an important consideration [46].

 Management

Barring strict contraindications, glucocorticoids 
are widely considered first-line therapy 
(Table 17.2) [8, 10, 11, 16, 18, 47]. Patients with 
aggressive disease at presentation may require 

Table 17.2 Medications commonly used in the treatment of neurosarcoidosis

Medication Dose Common adverse effects Monitoring Comments
Glucocorticoids
  Prednisone
  Methylprednisolone

0.25–1 mg/kg/day 
PO
1000 mg/
day × 3–5 days IV

Numerous including 
psychosis, osteoporosis, 
Cushing syndrome, 
hypertension, diabetes 
mellitus, gastric ulcers, 
glaucoma, cataracts

Blood pressure, 
blood glucose

Give with calcium, 
gastric protection and 
consider PCP 
prophylaxis for doses 
≥20 mg/day prednisone 
for ≥3 months

Immunosuppressant agent
  Azathioprine Up to 2 mg/kg PO 

daily
Anemia, neutropenia, 
hepatitis

CBC, LFTs

  Cyclophosphamide 50–200 mg/day 
PO
500 mg q 
2–3 weeks IV

Cytopenias, hemorrhagic 
cystitis, infection, 
infertility, cardiac toxicity

CBC, LFTs, 
creatinine, UA

  Methotrexate 10–25 mg weekly 
PO or SQ

Cytopenias, hepatitis, 
pneumonitis, mucositis, 
teratogenicity, GI upset

CBC, LFTs, Give with folic acid 
1 mg PO daily

Mycophenolate mofetil 1–1.5 g PO BID Anemia, GI upset, 
hepatitis, colitis

CBC, LFTs

Immunomodulators
  Hydroxychloroquine 100–200 mg PO 

BID
Retinopathy, myopathy, 
cardiomyopathy, rash

Ophthalmologic 
examination

Side effects are rare, 
generally reserved for 
mild cases and in 
combination with 
glucocorticoids

  Chloroquine 500–750 mg PO 
daily

Retinopathy, myopathy, 
cardiomyopathy, rash

Ophthalmologic 
examination

Tumor necrosis factor inhibitor
  Infliximab 3–7 mg/kg IV at 

week 0, 2, 6 then 
3–7 mg/kg IV 
q4–8 weeks

Infusion reaction, 
anti-drug antibodies, 
malignancy, 
demyelination, hepatitis, 
drug-induced lupus

CBC Contraindicated in heart 
failure, test for TB and 
HBV before
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pulse-dose glucocorticoids (1  g intravenous 
methylprednisolone daily for 3–5 days) followed 
by an oral prednisone taper over a few months. 
Oral prednisone at a dose of 1 mg/kg/day or less 
may be sufficient for patients with less severe 
presentations. Although many patients achieve 
remission with glucocorticoids, a significant pro-
portion will be refractory to treatment or relapse 
when attempting to taper to safer/more tolerable 
doses. The long-term toxicities of glucocorti-
coids further complicate their use [48].

Retrospective evidence suggests that metho-
trexate may be more effective than mycopheno-
late [29, 49]. Accumulating evidence has 
provided support for the use of anti-TNF drugs 
such as infliximab for aggressive or refractory 
neurosarcoidosis, which is often combined with 
low-dose immunosuppression [14, 29, 50]. In the 
largest series to date, including 66 patients with 
aggressive and/or refractory CNS sarcoidosis, 
clinical improvement was observed in 77% of 
patients and favorable MRI response in 82% 
[14]. There are reports, however, of granuloma-
tous reactions associated with TNF antagonists, 
particularly etanercept [51]. A clinical trial com-

paring infliximab to glucocorticoids is currently 
being planned.

Clinical history, examination, and MRI with 
gadolinium are essential for monitoring response 
to treatment. Rigorous phenotyping and follow-
 up remain critical, as is careful monitoring for 
infectious complications of treatment, including 
granulomatous infections (e.g., histoplasmosis) 
that can mimic worsening NS.  Interdisciplinary 
coordination is extremely valuable in managing 
patients with NS, particularly when there is also 
systemic sarcoidosis.

 IgG-4-Related Disease (Fig. 17.2)

IgG4-related disease (IgG4-RD) is a multi-organ 
disorder characterized by a dense lymphoplasma-
cytic infiltrate (predominantly CD4+ T cells), 
storiform fibrosis, and obliterative phlebitis that 
can affect any organ [52]. The pathophysiology is 
thought to be an exaggerated immune response 
to  as-yet-unidentified antigen(s) with critical 
 interactions between CD4+ cytotoxic T cells, fol-
licular helper T cells, and both B lymphocytes 

a b

c d

Fig. 17.2 (a–d) Axial T1 MRI with gadolinium. (c) Coronal T1 MRI with gadolinium

M. J. Bradshaw et al.



327

and plasmablasts. The IgG4 antibodies do not 
appear to be directly pathogenic. Great progress 
has been made toward understanding the clinical 
manifestations and pathophysiology in the last 
few years and like NS, recognizable clinical pat-
terns have emerged [53].

 Clinical Manifestations

Most patients with IgG4-RD present in their sixth 
or seventh decade, and in contrast to most other 
immune-mediated diseases, IgG4-RD is more 
prevalent in men (3:1) unless the head/neck is 
involved. Two general patterns are seen: mass 
lesions that mimic malignancy and allergic/atopic 
presentations. Mikulicz’ disease (dacryoadenitis 
and enlargement of both the parotid and subman-
dibular glands) has a high positive predictive value 
for the diagnosis. Other common systemic mani-
festations include orbital disease (e.g., lacrimal 
gland enlargement), lymphadenopathy, pancreati-
tis, pulmonary nodules, ground-glass opacities 
and interstitial lung disease, and retroperitoneal 
fibrosis. Neurologic manifestations of IgG4-RD 
most often relate to infiltration the dura (pachyme-
ninges), pituitary gland and/or stalk (IgG4-related 
hypophysitis), peripheral nerves and rarely brain 
parenchyma or lepto-meninges without pachyme-
ningeal disease.

IgG4-RD is among the most common non- 
malignant causes of pachymeningitis, demonstra-
ble on MRI as homogenous dural gadolinium 
enhancement and thickening that may be nodular 
in appearance. Clinical manifestations of pachy-
meningeal IgG4-RD depend upon the affected 
neuroanatomical structures and include headache, 
cranial neuropathy, and obstructive hydrocepha-
lus [54] (Case 17.2). Symptoms of Tolosa-Hunt 
syndrome occur when the cavernous sinus is 
involved. Pachymeningeal thickening may be 
asymptomatic and discovered incidentally in a 
substantial number of cases. IgG4-related 
hypophysitis can produce neuroendocrine dys-
function related to the anterior or posterior 
 pituitary, but most commonly causes pan-hypopi-
tuitarism. MRI demonstrates enlargement of the 
pituitary and/or thickened infundibulum that 
homogeneously enhance with gadolinium. Orbital 

IgG4-RD may present to the neurologist given 
frequent involvement of branches of the trigemi-
nal nerve, extraocular muscles as well as the optic, 
oculomotor, trochlear, and abducens nerves 
within the orbit [55]. Involvement of the infraor-
bital nerve and enlargement of the neural foramen 
can be seen on imaging and are useful for distin-
guishing IgG4-RD orbital disease from other eti-
ologies [56]. Peripheral nerves can be affected 
through compression related to nearby mass-like 
IgG4-RD or the epi/perineurium can be directly 
infiltrated. These produce predominantly axonal 
degeneration of both large and small fibers that 
may be accompanied by demyelinating features 
on electrophysiologic investigation [57].

Case 17.2
A 69  -year-old woman developed left 
sided hearing loss and (a) MRI demon-
strated nodular pachymeningeal gadolin-
ium enhancement lining the internal 
auditory canals, prepontine, and perimes-
encephalic cisterns. Serum IgG was ele-
vated (1620) with elevation of IgG1 
(1100) and IgG4 (128) subtypes. CSF 
analysis revealed lymphocytic pleocytosis 
(72 nucleated cells; 97% lymphocytes), 
elevated protein 148, elevated CSF IgG 
(34.9) without oligoclonal bands. 
Infectious evaluation was negative and she 
was treated with glucocorticoids and 
methotrexate and remained clinically sta-
ble. Two years later, she developed 
 worsening balance and bilateral optic neu-
ropathy and MRI demonstrated worsened 
pachymeningitis affecting the basilar cis-
terns with (b) mass effect on the pons, (c) 
bilateral cavernous sinuses, pituitary, 
optic chiasm and (d) optic nerves, as well 
as stable encasement of the basilar artery 
and supraclinoid internal carotid arteries 
and developed hydrocephalus necessitat-
ing ventriculoperitoneal shunt. She was 
treated with rituximab and her vision 
improved to near baseline and she has 
been stable for 4 years on rituximab.
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 Diagnostic Evaluation

The approach to the diagnosis is complex and 
integrates a range of clinical, radiological, 
laboratory, and pathological findings, none of 
which are pathognomonic. Diagnostic suspicion 
should be elevated when neurologic dysfunction 
is accompanied by unexplained enlargement or 
swelling of one or more organs [58]. Serum lab-
oratory studies that provide a clue to the diag-
nosis include peripheral eosinophilia (present 
in 34%), hypergammaglobulinemia, elevated 
serum IgE levels (elevated in 58%), and hypo-
complementemia (seen in 36%). A meta-analy-
sis of >1200 patients with IgG4-RD and almost 
5700 unaffected controls found that serum IgG4 
concentrations >135  mg/dL have a sensitivity 
and specificity of 87% and 83%, respectively, 
making this a useful screening test if mea-
sured before steroid treatment (which lowers 
levels significantly) [59]. Untreated patients 
with systemic, but not CNS IgG4-RD have 
been shown to have markedly elevated blood 
plasmablast concentrations by flow cytometry, 
which is emerging as another important diag-
nostic study [60, 61]. CSF analysis is nonspe-
cific but may demonstrate mild to moderate 
lymphocyte-predominant pleocytosis (1–100 
cells/μL), normal to mildly increased protein 
(20–200 mg/dL), normal glucose, and possibly 
oligoclonal bands. MRI with gadolinium is the 
neuroimaging modality of choice for neurologic 
manifestations.

In order to definitively establish the diagnosis, 
tissue biopsy with the characteristic pathological 
findings is necessary [52]. This is also important 
for excluding alternative etiologies, as the afore-
mentioned diagnostic studies are nonspecific and 
treatment varies significantly among the diagnos-
tic considerations.

 Management

Glucocorticoids are considered first-line ther-
apy for IgG4-RD [62]. A reasonable approach is 
oral prednisone with starting doses in the range 
of 0.6–1.0 mg/kg/day for a month followed by 

taper over 2–3 months to discontinuation while 
monitoring response.  Steroid-sparing immu-
nosuppressants such as azathioprine, myco-
phenolate mofetil, and methotrexate are also 
commonly used in IgG4-RD, but have not been 
studied prospectively. A retrospective study of 
33 patients with IgG4-RD treated with ritux-
imab observed a positive clinical response in 
93.5% of patients, corroborating results seen in 
several previous studies [63]. An uncontrolled, 
open-label prospective pilot study of rituximab 
for IgG4-RD found treatment response in 97% 
and complete remission in 40% [64]. Eighty- 
seven percent were treated without glucocorti-
coids. Given these data, in addition to first-line 
glucocorticoids as above, we typically add 
rituximab (eg.  two doses of 1  g separated by 
2 weeks every 6 months), particularly if there 
is serious neurologic disease, multi-organ sys-
temic IgG4-RD beyond the nervous system or 
serum IgG4 levels significantly above the upper 
limit of normal. Clinical history, examination, 
and serial MRI with gadolinium are useful 
metrics of response to therapy. Poor response 
to glucocorticoids should be considered a red 
flag for alternative diagnoses in patients with-
out biopsy-confirmed IgG4-RD.

 Behçet Disease (Fig. 17.3)

Behçet disease (BD) was likely recognized by 
Hippocrates [65], but was named after Turkish 
dermatologist Hulusi Behçet who reported three 
patients with recurrent oral and genital ulceration 
and hypopyon-related uveitis in 1937 [66]. BD 
occurs most often in individuals with ancestry 
traceable to countries along the ancient Silk 
Route (highest prevalence is in Turkey, Iran 
and  Japan). Although the precise etiology is 
unknown, epidemiologic data support a genetic 
predisposition to autoimmunity. There is debate 
about the roles innate and adaptive immunity 
play in the pathogenesis, but inflammatory cyto-
kines including TNF are upregulated [67, 68]. 
Pathological investigations reveal arterial and 
venous perivascular infiltration by T cells, B 
cells, and neutrophils typically without fibrinoid 
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necrosis [69]. Onset is usually in the third or 
fourth decade of life with similar incidence in 
men and women, but young men tend to be most 
severely afflicted [70].

 Clinical Manifestations

BD is an inflammatory disorder characterized by 
recurrent mucocutaneous ulceration and systemic 
manifestations affecting the integumentary, mus-
culoskeletal, vascular, gastrointestinal, and neu-
rologic systems (Table  17.3) [71]. The typical 
course is characterized by intermittent exacerba-
tions that tend to attenuate in intensity over time 
with an average disease course lasting 20 years 
before remitting [72].

Neurologic BD (NBD) occurs in roughly 10% 
of patients and is nearly three times more com-
mon in men than women [73]. In most cases, 
neurologic disease develops 3–6 years after sys-
temic manifestations, but may be the initial mani-
festation. Neurologic exacerbations are typically 
subacute, often associated with systemic exacer-
bation including fever and mucocutaneous ulcer-
ations [73]. NBD is divided into parenchymal 
and nonparenchymal disease, which may coexist 
in up to 20% of cases [74]. Parenchymal NBD 
manifests predominantly with encephalitis affect-
ing the brainstem but can also involve the menin-
ges, cranial nerves, thalamus, basal ganglia, 

white matter, cerebral cortex, and uncommonly 
the spinal cord.

Brainstem dysfunction manifests as cranial 
neuropathies, pyramidal, and sensory deficits 
referable to the brainstem and cerebellar dys-
function depending on the affected neuroana-
tomic structures (Case 17.3). Optic neuritis and 
ischemic optic neuropathy are a rare manifesta-
tion (0.4%) and most cases of monocular vision 
loss are due to ocular involvement rather than 
optic neuritis. Extension of brainstem encephali-

a bFig. 17.3 (a) Axial 
FLAIR MRI. (b) Axial 
T1 MRI with 
gadolinium

Table 17.3 Clinical manifestations of Behçet disease

Clinical manifestation
Approximate 
frequency (%)

Neurologic 10
Ocular
  Uveitis 50
Mucocutaneous
  Oral ulcers 97–99
  Genital ulcers 85
  Pathergy reaction 60
  Papulopustular lesions 85
  Erythema nodosum 50
Musculoskeletal
  Arthritis 50
Vascular
  Thrombophlebitis 25
  Deep venous thrombosis 10
  Arterial occlusion/aneurysm 4
Gastrointestinal 1–30 (higher in 

Japan)
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tis to the  thalamus and basal ganglia can produce 
deficits referable to these structures although 
movement disorders such as parkinsonism, cho-
rea, and dystonia are rare despite frequent MRI 
abnormalities in the basal ganglia. Cortical dis-
ease can produce hemiparesis, hemisensory loss, 
seizures (2–5%), cognitive dysfunction and psy-
chosis, and subcortical dementia has been 
reported. Clinical evidence of spinal cord dys-
function develops in approximately 10% of 
patients, but is seen on autopsy in another 20% 
and only rarely occurs in isolation.

Nonparenchymal NBD is less common than 
parenchymal NBD and most often manifests as 
cerebral venous sinus thrombosis (CVST) and 
occasionally arterial thrombosis. Onset is subacute 
to chronic in most, but may be acute (<48 h) in 
approximately 1/3 patients. CVST commonly 
presents with headache, papilledema, focal neuro-
logic deficits, seizures, sixth nerve palsy, or altered 
mental status [75]. Inflammation and endothelial 
cell activation are implicated in the pathogenesis 
of CVST related to NBD. Arterial stenosis, aneu-
rysm, or dissection are rarely reported. Peripheral 
nerve involvement manifesting as sensorimotor 
polyneuropathy, mononeuritis  multiplex, auto-
nomic neuropathy, or a Guillain-Barré-like syn-
drome uncommonly develop. Necrotizing myositis 
with pain, swelling, and myalgia is also rarely 
observed.

 Diagnostic Evaluation

The differential diagnosis of NBD includes primar-
ily infectious, autoimmune, and malignant etiolo-
gies (Table 17.4) [76, 77]. No specific biomarkers 
exist to establish the diagnosis, which relies upon 
clinical criteria and exclusion of other conditions. 
Diagnostic criteria for BD were updated in 2014 
[78], and NBD diagnostic criteria were proposed in 
the same year (Tables 17.5 and 17.6) [79].

Serum laboratory studies that are useful in 
addressing the differential diagnosis include 

Table 17.4 Differential diagnosis of Neuro-Behçet 
disease

Immune-mediated Infectious
Multiple sclerosis Listeria monocytogenes
Neurosarcoidosis Brucellosis
Primary CNS 
vasculitis

Mycobacterium tuberculosis

Secondary CNS 
vasculitis

Tropheryma whipplei

Vogt-Koyanagi- 
Harada syndrome

Blastomyces dermatitidis

Reiter syndrome Treponema pallidum
Eales’ disease Herpes simplex viruses 1 and 2
Cogan’s syndrome Varicella zoster virus
Susac syndrome JC virus (the cause of 

progressive multifocal 
leukoencephalopathy)

Neuro-Sweet 
syndrome

HIV

CLIPPERS Enterovirus 71
Flaviviruses

Malignant Other
Primary CNS 
lymphoma

Stroke

Brainstem glioma
Erdheim-Chester and 
other
infiltrative 
histiocytosesCase 17.3

A 54-year-old man developed recurrent 
painful oral and scrotal ulcers and a right 
knee effusion with high nucleated cell 
count but no bacteria or crystals identified. 
He later experienced episodes of confu-
sion, followed by memory loss, which pre-
vented him from working. He lost 60  lb 
over the course of a year. He deteriorated 
over 2 weeks, with progressive weakness 
of all extremities and ataxia. MRI brain 
demonstrated swelling and (a) T2 hyperin-
tensity diffusely throughout the ventral 
pons with (b) areas of nodular intraparen-

chymal gadolinium enhancement. CRP 
was elevated to 25. CSF contained 31 
nucleated cells (24% neutrophils), normal 
glucose, and elevated protein (135). He 
was treated with 5  days of IVMP and 
recovered.
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ESR/CRP (nonspecific but can provide evidence 
of systemic inflammation), ANA, SSA, and 
SSB.  Human leukocyte antigen (HLA) typing 
can be useful as individuals with the HLA-B51 
allele have a significantly increased risk of 
developing BD (odds ratio 5.78 depending on 
the ethnic group) [80]. However, while HLA-
B51 is present in 60–70% of patients with 
Japanese or Turkish descent, this is only seen in 
10–20% of those with European ancestry [73]. 
CSF is abnormal in 70–80% of patients with 
parenchymal NBD and typically reveals a mod-
est neutrophilic, lymphocytic or mixed pleocyto-
sis (0–400 nucleated cells/μL), elevated protein 
with normal glucose (hypoglycorrhachia sug-
gests an alternative etiology such as fungal or 

tuberculous meningitis or NS) and rarely oligo-
clonal bands [72, 81].

MRI with gadolinium is the preferred imaging 
modality for parenchymal NBD and lesions are 
hyperintense on T2-weighted images and iso-to 
hypointense on T1-weighted images and often 
enhance with gadolinium during an acute relapse 
[82, 83]. In contrast to MS, the periventricular 
white matter is not preferentially affected in 
NBD, rather there is a predilection for the brain-
stem. Areas of microhemorrhage may be evident 
on susceptibility-weighted imaging [84]. When 
evaluating for the presence of CVST, MR venog-
raphy, or CT venography are the preferred imag-
ing modalities. PET and sequential positron 
emission tomography (SPECT) can reveal areas 
of decreased oxygen consumption and cerebral 
hypoperfusion and may be more sensitive than 
MRI for detecting brain lesions [85].

Biopsy of involved tissue is not routinely 
obtained in the evaluation of possible NBD, but 
may be needed in some cases to exclude malig-
nancy. Pathological examination of parenchymal 
NBD reveals that NBD is not a true vasculitis, but 
rather an inflammatory perivasculitis with intense 
inflammatory infiltration by neutrophils, lympho-
cytes, macrophages, and rarely eosinophils with 
or without areas of necrosis [86].

 Management

There have been no randomized, controlled clini-
cal trials for the treatment of NBD; therefore, 
treatment is based on expert recommendations 
[79]. Treatment of acute attacks consists of intra-
venous methylprednisolone 1  g daily for 
5–10 days followed by oral prednisone starting at 
0.5–1 mg/kg/day and a gradual taper by 0.5 mg/
day/week over up to 6  months. Two-thirds of 
patients with brainstem encephalitis respond well 
to glucocorticoids, but the remaining third relapse 
or progress and should be treated early with a 
steroid-sparing agent [79]. Azathioprine is a com-
monly used agent with a predictable and mild 
side-effect profile, but mycophenolate mofetil, 
methotrexate, chlorambucil, and cyclophospha-
mide are other reasonable first-line options.

Table 17.5 2014 Diagnostic criteria for Behçet diseasea

Ocular lesions 2
Genital aphthosis 2
Oral aphthosis 2
Skin lesions 1
Neurologic manifestations 1
Vascular manifestations 1
Positive pathergy testa 1a

aPathergy test is optional and the primary scoring system 
does not include patherey testing. However, where 
patherey testing is conducted, one extra point may be 
assigned for a positive result

Table 17.6 2014 Diagnostic criteria for neuro-Behçet 
diseasea

Definite NBD meeting all of the following three criteria
1. Satisfy the ISGa criteria for BD
2.  Neurologic syndrome (with objective neurologic 

signs) recognized to be caused by BD and supported 
by relevant and characteristicb abnormalities seen on 
either or both:

  (a) Neuroimaging
  (b) CSF
3. No better explanation for the neurologic findings
Probable NBD meeting one of the following two 
criteria in the absence of a better explanation for the 
neurologic findings:
1.  Neurologic syndrome as in definite NBD, with 

systemic BD features but not satisfying the ISG 
criteria

2.  A non-characteristic neurologic syndrome occurring 
in the context of ISG criteria-supported BD

aISG international study group criteria 1990 or any other 
accepted current or future criteria
bDefined in Kalra et al. J Neurol (2014) 261:1662–1676
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Poor prognostic indicators include brainstem/
spinal cord presentation, frequent relapses, early 
disease progression, and high CSF pleocytosis. 
Severe or refractory NBD warrants IV 
 glucocorticoids in combination with either TNF 
antagonism (e.g., infliximab 5 mg/kg at 0, 2, and 
6  weeks then every 6  weeks) or cyclophospha-
mide (IV, 750  mg/m2 given monthly up to 
6 months) [87, 88]. Cyclosporine, while effective 
for treating ocular BD, should be avoided given a 
higher risk of NBD in treated patients.

Glucocorticoids are recommended for patients 
with CVST, and can be given with anticoagula-
tion, which is standard for CVST of any etiology. 
Steroid-sparing immunosuppression should be 
given to patients with CVST, especially when 
there has been previous CVST, parenchymal 
NBD, or active systemic disease.

 Sjögren Syndrome

Sjögren syndrome (SS) is a chronic autoimmune 
disorder characterized by lymphocytic infiltra-
tion of exocrine glands (e.g., salivary and lacri-

mal) that manifests with xerostomia, 
xerophthalmia, and antibodies targeting the small 
ribonucleoprotein particles SSA and SSB, which 
are found in a high percentage of patients. SS was 
first comprehensively described in 1933 by 
Swedish ophthalmologist Henrik Sjögren, who 
noted its predilection for women (10:1) most of 
whom were perimenopausal [89]. SS may occur 
alone (primary SS) or accompanied by other 
autoimmune diseases such as rheumatoid arthri-
tis, systemic lupus erythematosus, or systemic 
sclerosis.

 Clinical Manifestations 
and Diagnostic Evaluation

The diagnosis of SS is based on the criteria in 
Table  17.7 [90]. Patients with primary SS may 
develop a range of extra-glandular manifestations 
including skin, joint, muscle, pulmonary, and 
renal involvement. Neurologic symptoms develop 
in ~20% of patients with SS and may antedate 
xerostomia and xerophthalmia in many (25–92%) 
[91, 92]. In one series, more than half (57%) of 

Table 17.7 American-European Consensus Group Revised International Classification Criteria for Sjögren syndrome 
(quoted directly)

I.    Ocular symptoms: a positive response to at least one of the following questions:
   1. Have you had daily, persistent, troublesome dry eyes for more than 3 months?
   2. Do you have a recurrent sensation of sand or gravel in the eyes?
   3. Do you use tear substitutes more than three times a day?
II.  Oral symptoms: a positive response to at least one of the following questions:
   1. Have you had a daily feeling of dry mouth for more than 3 months?
   2. Have you had recurrently or persistently swollen salivary glands as an adult?
   3. Do you frequently drink liquids to aid in swallowing dry food?
III.  Ocular signs—objective evidence of ocular involvement defined as a positive result for at least one of the 

following two tests:
   1. Schirmer’s test, performed without anesthesia (<5 mm in 5 min)
   2. Rose Bengal score or other ocular dye score (>4 according to van Bijsteryeld’s scoring system)
IV.  Histopathology: In minor salivary glands (obtained through normal-appearing mucosa) focal lymphocytic 

sialoadenitis, evaluated by an expert histopathologist, with a focus score >1, defined as a number of lymphocytic 
foci (which are adjacent to normal- appearing mucous acini and contain more than 50 lymphocytes) per 4 mm2 of 
glandular tissue

V.   Salivary gland involvement: objective evidence of salivary gland involvement defined by a positive result for at 
least one of the following diagnostic tests:

   1. Unstimulated whole salivary flow (<1.5 mL in 15 min)
   2.  Parotid sialography showing the presence of diffuse sialectasias (punctate, cavitary or destructive pattern), 

without evidence of obstruction in the major ducts
   3. Salivary scintigraphy showing delayed uptake, reduced concentration and/or delayed excretion of tracer
VI. Autoantibodies: presence in the serum of the following autoantibodies:
     1. Antibodies to Ro(SSA) or La(SSB) antigens, or both
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patients had neurologic manifestations at presen-
tation, half of whom had isolated neurologic man-
ifestations (36% of total) [93]. Neurologic 
manifestations antedated the diagnosis of SS in 
81%, and only 21% had antibodies to SSA/
SSB.  The most common neurologic manifesta-
tions include peripheral neuropathy and myelitis, 
but the range of neurologic manifestations is 
broad. Debilitating fatigue is a common neuro-
psychiatric manifestation, although like fatigue 
seen in multiple sclerosis, the precise etiology is 
unclear.

Neuropathy related to SS develops clinically 
in ~10–15% of cases, although more cases may 
be detected with nerve conduction studies. 
Patterns include sensory, sensorimotor, mono-
neuritis multiplex, cranial neuropathies (espe-
cially trigeminal neuralgia), radiculoneuropathy, 
and autonomic dysfunction [94]. Predominantly 
proximal symptoms consistent with small fiber 
neuropathy suggest SS. Small fiber neuropathy is 
usually chronic and characterized by lancinating 
or burning pain that may or may not be length 
dependent. Pure dorsal root ganglionitis affecting 
small fibers presents with painful asymmetric, 
patchy, non-length dependent dysesthesias. 
Nerve conduction studies are usually normal, but 
skin biopsy can demonstrate decreased nerve 
fiber density and axonal swelling. Mixed dorsal 
root ganglionitis (sometimes called ataxic neu-
ropathy) presents with paresthesias, hyporeflexia, 
autonomic instability, and impaired propriocep-
tion with consequent sensory ataxia, pseudoath-
etosis, and Romberg sign [95]. Sensorimotor 
polyneuropathy manifests as paresthesias and 
distal, symmetric muscle weakness and hypore-
flexia and nerve conduction studies typically 
demonstrate axonal polyneuropathy of sensory 
and motor fibers. Cryoglobulinemia may be iden-
tified on laboratory testing. Mononeuritis multi-
plex presents with subacute, painful neuropathy 
of named peripheral nerves and is generally vas-
culitic in etiology. Cranial neuropathies, most 
often trigeminal neuropathy, radiculoneuropa-
thies, and isolated autonomic neuropathy also 
occur.

Although the lack of standardized diagnostic 
criteria makes estimation difficult, central 

 nervous system manifestations develop rarely 
(2%) in patients with SS and can involve the 
meninges, spinal cord, brainstem, basal ganglia, 
optic nerves, cerebellum, and cerebral hemi-
spheres [94, 96]. When myelitis develops in SS, 
it often involves three or more levels of the spi-
nal cord (LETM) on MRI and patient serum 
should be tested for the presence of aquaporin-4 
IgG as contemporary studies suggest AQ P-4-
positive NMO is often the underlying illness in 
these cases.

 Management

The treatment of neurologic manifestations of SS 
includes immunotherapy and symptom manage-
ment. Intravenous corticosteroids are generally 
considered first-line for patients with acute CNS 
manifestations such as myelitis. For patients with 
severe disease or those who do not respond to 
treatment or relapse, steroid-sparing agents such 
as azathioprine, methotrexate, mycophenolate 
mofetil, rituximab, cyclophosphamide, or plasma 
exchange can be considered [97]. However, neu-
ropathy in SS tends to be recalcitrant to treatment, 
therefore, symptom management including agents 
such as tricyclics, gabapentinoids, venlafaxine, 
duloxetine, or antiepileptics such as lamotrigine 
and topiramate should be considered. When there 
is LETM, the patient should be treated as though 
they have AQ P-4 positive NMOSD while the 
diagnostic evaluation is underway. This generally 
consists of high dose IV methylprednisolone, 
early plasma exchange and rituximab [98].

 Systemic Lupus Erythematosus 
(Fig. 17.4)

Systemic lupus erythematosus (SLE) is an 
inflammatory connective tissue disease with 
widely variable manifestations, both systemic 
and neurologic. Women are more frequently 
affected than men. Although the precise etiol-
ogy is unclear, multiple mechanisms have been 
implicated, including hyperactivation of B and 
T lymphocytes with consequent overproduction 

17 Neurologic Manifestations of Systemic Rheumatologic Diseases



334

of autoantibodies, tissue deposition of immune 
complexes, apoptotic dysfunction with intracel-
lular antigen exposure and high levels of 
inflammatory cytokines. Patients with SLE are 
known to produce a wide array of autoantibod-
ies, most of which are not assessed in routine 
clinical practice [99]. Anti-double-stranded 
DNA (dsDNA) antibodies are the most com-
mon, a subset of which has been shown to 
cross-react with the N-methyl-d-aspartate 
receptor (NMDAR), termed dsDNA/NMDAR 
antibodies [100]. Neurologic involvement from 
SLE is a major source of mortality and morbid-
ity and can be broadly divided into focal abnor-
malities and generalized neuropsychiatric 
disturbances. The underlying mechanisms of 
neurologic damage in SLE remain incompletely 
understood but evidence to date implicates dis-
ruption of the blood–brain barrier, endothelial 
cell autoreactive antibodies, complement depo-
sition, inflammation mediated by cytokines 

such as IL-1, IL-6 and TNF and vascular  disease 
including accelerated atherogenesis and throm-
bosis [101, 102].

Diagnostic criteria for SLE were first proposed 
in 1971, and were most recently revised in 2012 
[103]. This includes 11 clinical criteria and 6 
immunologic criteria. Clinical features include 
acute and chronic skin findings, oral ulcers, alope-
cia, synovitis, serositis, proteinuria or red blood 
cell casts in the urine, hemolytic anemia, leukope-
nia, thrombocytopenia, and neurologic manifesta-
tions. The immunologic criteria include elevated 
antinuclear antibody (ANA), dsDNA, anti-Sm, 
antiphospholipid antibodies (aPL), low comple-
ment, and direct Coombs test in the absence of 
hemolytic anemia. Four criteria must be fulfilled, 
including at least one clinical and one immuno-
logic, or biopsy-proven lupus nephritis found in 
the presence of ANA or dsDNA antibodies to 
establish the diagnosis. These criteria are cumula-
tive and need not be present simultaneously.

a bFig. 17.4 (a) Mid- 
sagittal STIR MRI. (b) 
Mid-sagittal T1 MRI 
with gadolinium
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 Clinical Manifestations

Neurologic manifestations in SLE (termed neu-
ropsychiatric SLE; NPSLE) (Table  17.8) were 
initially thought to be related to vasculitis; how-
ever, true vasculitis is extraordinarily rare in SLE 
[104]. Rather, many patients have a vasculopathy 
characterized by perivascular accumulation of 
mononuclear cells without actual vasculitis 
evinced by fibrinoid necrosis [105]. The inci-
dence of ischemic stroke is increased in patients 
with SLE with 2–15% having a stroke in the 
course of their illness [106]. The risk is increased 
in the presence of aPL, high disease activity, and 
valvular disease (e.g., Libman-Sacks endocardi-
tis). Cerebrovascular events account for 2–30% 
of mortality in SLE.  Mechanisms of stroke 
include hypercoagulability, thromboembolism, 
accelerated atherosclerosis, and rarely vasculitis. 
Seizures affect some 8–18% of patients and can 
occur at any time in the course SLE, but most 
often develop early in the course [107]. Younger 
patients with high disease activity, episodes of 
psychosis, and previous stroke are at higher risk 
for seizures [108] and there appears to be an 
increased risk with anti-Smith and aPL.

Patients with true vasculitis present with fever, 
headache, and encephalopathy, and can rapidly 
progress to psychosis, seizures, and coma, which 

may mimic NMDAR and other autoimmune 
encephalitides. Management of non-vasculitic 
stroke includes standard risk factor modification 
and treatment with statins, aspirin, or anticoagu-
lation in the setting of hypercoagulable state. 
Immunosuppression should be considered for 
patients with evidence of vasculitis as the etiol-
ogy of stroke.

Demyelinating syndrome is a rare (1–3%) but 
serious manifestation of SLE. When present, 
demyelinating disease is frequently the presenting 
manifestation of SLE (up to 40%) [109]. A recent 
meta-analysis identified five syndromes in SLE: 
AQP4+ NMO, NMOSD, demyelinating  syndrome 
predominantly involving the brain, or the brain-
stem, and clinically isolated syndrome related to 
SLE without dissemination in time [109].

Myelitis is estimated to develop in 1–2% of 
patients [110]. Birnbaum et al. described two pat-
terns of myelitis in NPSLE that appear to occur in 
equal proportion: predominantly gray matter myeli-
tis typified by hyporeflexia and urinary retention 
and predominantly white matter myelitis with spas-
ticity and hyperreflexia [111]. Patients with gray 
matter myelitis typically presented with a distinc-
tive prodromal fever and urinary retention and were 
often initially misdiagnosed as having a urinary 
tract infection. These patients uniformly suffered a 
catastrophic, rapid progression to paralysis over less 
than 6 h, as in Case 17.4. Gray matter myelitis typi-
cally occurred in the setting of highly active SLE 
and was irreversible despite a monophasic course 
and aggressive immunosuppression. Those with 
white matter myelitis were more likely to meet 
NMOSD diagnostic criteria and to have aPL.

Table 17.8 Neurologic manifestations of systemic lupus 
erythematosus

Central nervous system
Stroke
  Vasculopathy
  Embolism (Libman Sacks)
  Antiphospholipid antibodies
  Vasculitis (rare)
Seizures
Migraine (association, likely not causation)
Demyelinating disease
  Optic neuritis
  Brain and brainstem encephalitis
  Myelitis
Meningitis
Organic brain syndrome
  Cognitive dysfunction
  Dementia
  Psychosis
Peripheral neuropathies

Case 17.4
A 29year-old man with SLE presented with 
fever, vomiting, and diarrhea. Complements 
were below baseline and dsDNA antibod-
ies were elevated. His azathioprine was 
held given concern for infection. Over a 
period of 3.5 h, he developed back pain and 
rapidly progressive, flaccid paralysis to 
T10. MRI demonstrated extensive radicu-
lomyelitis from the cauda equina to the 
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 Diagnostic Evaluation

When NPSLE is suspected, the initial laboratory 
assessment should include complete blood count, 
comprehensive metabolic panel, ANA, anti- dsDNA, 
erythrocyte sedimentation rate, C-reactive protein, 
C3, C4, thyroid function studies, and urinalysis. 
More focused testing should be tailored to the pre-
senting syndrome, for example, evidence of CNS 
pathology should be evaluated with contrasted MRI 
and CSF analysis while stroke-like presentations 
should include vascular imaging and aPL.  When 
myelitis is the presenting syndrome, AQ P-4 IgG 
antibodies should be evaluated from serum.

Whenever there is a concern for lupus myelitis, 
the patient should undergo emergent MRI of the spi-

nal cord with and without contrast and CSF analysis. 
Infectious etiologies should be aggressively pursued 
and serum AQ P-4 antibodies should be evaluated 
[112]. CSF in patients with gray matter myelitis was 
statistically more inflamed (indistinguishable from 
bacterial meningitis), compared to those with white 
matter myelitis: median cell count was 385 vs. 10 
cells/μL, with median neutrophilia of 71% vs. 15%, 
median protein of 254 vs. 57  mg/dL and median 
glucose of 33 vs. 54 mg/dL for patients with gray 
vs. white matter myelitis, respectively. MRI dem-
onstrated LETM in most patients and cord swelling 
in 91.7% vs. 21.7% of patients with gray vs. white 
matter myelitis. However, contrast enhancement 
was seen only 25% (gray matter myelitis) vs. 42.9% 
(white matter myelitis) of patients. To explain the low 
rates of contrast enhancement and severe, irreparable 
damage seen in gray matter myelitis, the authors 
proposed a primarily inflammatory mechanism with 
early cord edema that produces ischemia and eventu-
ally infarction of the gray matter tracts with hypo-
perfusion leading to decrease efflux of gadolinium. 
Patients who develop myelitis should be treated 
aggressively, especially when febrile, including 
broad-spectrum antimicrobials under the supervision 
of infectious disease experts, possibly in combina-
tion with immunomodulatory therapy such as IVMP, 
plasma exchange, and/or cyclophosphamide.

 Management

There remains no cure for SLE and achieving 
durable, sustained remission is often challenging. 
It is important to consider carefully whether neu-
rologic or psychiatric illness in any patient with 
SLE is caused by immune-mediated mechanisms 
or not. Mild to moderate neuro logic  manifestations 
attributed to immune-mediated mechanisms can 
reasonably be treated with glucocorticoids and 
steroid-sparing immunosuppressants such as aza-
thioprine, mycophenolate mofetil, and methotrex-
ate. For more severe disease such as lupus myelitis, 
high dose glucocorticoids, and immunosuppres-
sion should be initiated promptly. A systematic 
review of non- biologic immunosuppressive medi-
cations for NPSLE noted that  cyclophosphamide 
may be useful for the treatment of NPSLE and 

 rostral medulla with hyperintensity on T2/
STIR (a)∗ and contrast enhancement 
throughout the nerve roots and thoracic and 
cervical cord (b)∗ and he was transferred to 
neurology. He reported worsening weak-
ness in the arms and dysphagia. LP revealed 
2730 nucleated cells (99% neutrophils), 
glucose 15, protein 301, IgG index 0.92, 
and no oligoclonal bands. He was treated 
empirically with ceftriaxone, vancomycin, 
ampicillin, and acyclovir until infectious 
studies returned negative apart from noro-
virus in the stool (CSF PCR was negative). 
Aquaporin-4 IgG was negative on presen-
tation and follow-up. Given concern for 
 catastrophic lupus myelitis, he was simul-
taneously treated with IVMP 1 g daily ×5 
days (initiated within 10  h of myelitis 
onset), plasma exchange for five sessions, 
and 1 g IV cyclophosphamide. The weak-
ness in his arms improved and his dyspha-
gia resolved. Follow-up MRI (not shown) 
demonstrated significantly reduced 
enhancement but persistent T2 hyperinten-
sity. He was given a prolonged steroid 
taper, but remained paralyzed below T10 in 
follow-up. ∗Several images from the same 
study are overlaid in order to demonstrate 
the extent of the lesion.
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reduction of relapses [113–115]. Rituximab, 
plasma exchange, and IVIg may also effective for 
NPSLE [116]. Antiepileptic drugs should be given 
to patients with seizures and anticoagulation for 
those with stroke and hypercoagulable state. 
Glucocorticoids, antidepressants, and atypical 
antipsychotics may be useful for cognitive and 
psychiatric illness, depending on the etiology.

 Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic systemic 
inflammatory disorder characterized by synovitis 
and erosive arthritis. The disease is more com-
mon in individuals of European descent and most 
often affects women. The etiology is unclear, but 
the disease develops in individuals with genetic 
susceptibility, environmental exposure (such as 
smoking), epigenetic modification, and post- 
translational modifications that ultimately lead to 
loss of tolerance and autoimmunity [117]. 
Synovitis is pathologically characterized by cel-
lular hyperplasia (including panus), increased 
synovial vascularity, and inflammatory infiltrates 
predominantly consisting of CD4+ T cells [117]. 
The 2010 American College of Rheumatology 
diagnostic criteria are commonly used for RA 
[118]. Typical findings include tender, swollen, 
symmetric polyarthritis of the hands with pro-
longed morning stiffness and joint erosion on 
X-ray imaging and abnormal laboratory test such 
as elevated ESR, CRP, rheumatoid factor (RF), 
and anticitrullinated peptide antibodies (ACPA; 
~90–96% specific) [119, 120]. Extra-articular 
manifestations such as rheumatoid nodules, pul-
monary involvement or vasculitis, and systemic 
comorbidities occur.

 Clinical Manifestations

The most common CNS pathology in RA is com-
pressive myelopathy of the cervical spine, which 
presents with neck pain, headache, C2 radicu-
lopathy, and signs of upper cervical myelopathy 
such as difficulty walking, sensory loss, hyperre-
flexia, and/or lower brainstem dysfunction. 

Atlantoaxial subluxation, upward subluxation of 
the odontoid process against the medulla, or ver-
tebral subluxation below C2 are described mech-
anisms. Plain X-rays may demonstrate pathology, 
but MRI is preferred. Meaningful spine disease 
from RA is rare in the absence of significant 
peripheral joint disease.

Neuropathy is clinically apparent in some 
25% of patients, but nearly 60% have electrodi-
agnostic evidence of neuropathy, which is usu-
ally axonal (85%) [121]. Patterns include pure 
sensory, sensorimotor, entrapment neuropathies, 
and infrequently vasculitis manifesting as mono-
neuritis multiplex. Myopathy such as focal myo-
sitis (usually adjacent to actively involved joints), 
disseminated nodular myositis (non-necrotizing 
lymphocytic and plasma cell perivascular infil-
trates), polymyositis (rare), and vasculitic/isch-
emic myopathy may be related to RA but steroid 
myopathy and disuse atrophy can also occur.

CNS vasculitis associated with RA typically 
affects small arteries that can include the menin-
ges, gray or white matter and may present in 
 isolation or with systemic vasculitis. Clinical 
manifestations are highly variable and include 
confusion, focal seizures, weakness, ataxia, cra-
nial neuropathies, and changes in vision that typi-
cally progress subacutely.

 Diagnostic Evaluation

Inflammatory CNS manifestations are very rare 
in RA and include meningitis (headaches, cranial 
neuropathies), vasculitis (stroke or stroke-like 
episodes), and/or seizures. CSF in rheumatoid 
meningitis demonstrates mild pleocytosis (<100 
cells/μL, mononuclear cell predominant) with 
normal to mildly elevated protein and normal or 
low glucose. Rarely, RF is present in the CSF, 
and is thought to be a specific marker of neuro-
logic RA, but data are limited to case reports. 
MRI findings are nonspecific and include pachy-
meningeal and/or leptomeningeal thickening and 
enhancement that may appear nodular. Biopsy 
reveals mononuclear infiltration that may be rich 
in plasma cells and can include areas of necrosis 
and granulomata [122, 123]. When alternative 
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etiologies (see section “IgG-4-Related Disease,” 
above) have been appropriately excluded, treat-
ment with intravenous glucocorticoids is reason-
able and may be effective.

In CNS vasculitis associated with RA, sys-
temic markers of inflammation may be present 
and CSF analysis may or may not reveal intra-
thecal inflammation. Brain MRI may demon-
strate acute infarction, T2 hyperintensities in the 
cortex and/or subcortical or periventricular white 
matter. Conventional angiography is insensitive, 
given the small vessel nature of RA vasculitis. 
RA vasculitis is typically a late disease manifes-
tation and histopathologically appears identical 
to polyarteritis nodosa with similar systemic 
signs/symptoms. Biopsy demonstrates intimal 
proliferation of fibrinoid necrosis, mononuclear 
cell cuffing and thickening of small arteries and 
veins [124]. Infectious vasculitis and menin-
goencephalitis must be excluded, even in the 
absence of fever as many patients are on immu-
nosuppressive treatment [125]. Common causes 
of stroke should be evaluated and managed as 
appropriate.

 Management

The management of compressive myelopathy 
related to RA has been reviewed elsewhere [126]. 
When alternative etiologies for the inflammatory 
disease or vasculitis have been appropriately 
excluded, treatment with IV glucocorticoids may 
be effective. For vasculitis specifically, cyclo-
phosphamide may be effective [127].

 Conclusion

The role of the neurologist in the management of 
patients with systemic autoimmune disease is 
increasing. There is a great need for neurologists 
with experience in autoimmune neurology as an 
integrated member of an interdisciplinary team 
including general internists, rheumatologists, 
pulmonologists, nephrologists, cardiologists, and 
infectious disease experts responsible for provid-
ing care to patients with systemic autoimmune 

disease. Recognizing when a neurologic concern 
is related to immune-mediated or alternative 
mechanisms is a critical role for the neurologist 
as treatment decisions may be based on this 
assessment. Familiarity with the neurologic man-
ifestations of systemic rheumatologic disease is 
therefore critical. The approach to treatment 
depends on the underlying mechanisms of dis-
ease, and decisions should be made in consulta-
tion with other experts assisting in the clinical 
care of an individual patient.
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