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Introduction

Great strides in understanding multiple sclerosis (MS) have been made in the areas
of immunology, genetics, and most importantly treatment since the first publication
of this volume. Advances in drug treatment of MS continue to provide newer, more
convenient oral therapies, and potentially more effective options for patients. These
areas have been given greater attention for students of this disorder.

History

Charcot first described MS as a unique disorder in the mid nineteenth century in
Paris. He attributed the original recognition of this disorder to Cruveillier, the famed
professor of anatomy. Others also described the pathological anatomy of the disease
in remarkable detail, but it was Charcot who characterized the clinical illness and
correlated the illness with its unique neuropathology [1]. From the first descriptions
of the illness, it was recognized that MS differed clinically from one patient to
another, with the majority of patients experiencing a relapsing-remitting multiple
sclerosis (RRMS) [1, 2]. Charcot recognized the illness in a minority of patients was
fundamentally different and described them as having an “incomplete” form of ill-
ness [1, 2]. From their first symptoms, these patients manifest signs of a progressive
spinal cord disease without relapses. They are now designated as having primary
progressive (PPMS) [2].

The first person documented to clearly have suffered from MS was a grandson of
King George III of England, Sir August D’Este [3]. The course of his illness
recorded in his diary was edited and published by Douglas Firth in 1947. While MS
is an illness that is more common in the higher socioeconomic strata of society, it is
not limited to the well to do by any means [2, 4, 5]. The disease does, however,
occur predominantly in persons of European descent [2, 4, 5]. African-Americans
have MS diagnosed at approximately half the rate of Caucasians in the United States
[4, 5].

Clinical Features of Multiple Sclerosis

Multiple sclerosis is an illness characterized by relapses of neurological deficits fol-
lowed by remissions with varying degrees of recovery [1-6]. The occurrence and
severity of the exacerbations are unpredictable, although several factors are recog-
nized as increasing the risk of attacks. Patients experiencing their initial attacks of
MS are more likely to recover “fully,” but an experienced neurologist can virtually
always find residual evidence of the previous neurological deficit, no matter how
complete the recovery seems to have been. For example, retrobulbar neuritis heralds
the onset of illness in 10—15% of MS patients. The severity of the visual impairment
varies greatly, with a very small percentage of patients suffering complete loss of
light perception. Recovery of vision generally occurs, but occasionally, especially if
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complete loss of vision occurs, there may be little or no recovery. A skilled exam-
iner can find neurological deficits such as an afferent pupillary defect (Marcus Gunn
pupil) and color desaturation (impaired color vision) in the vast majority of patients
with a history of retrobulbar neuritis who seem to have recovered normal visual
acuity.

Multiple sclerosis is typically manifest by recurrent acute onset of neurological
difficulties reflecting damage to multiple areas of the brain and spinal cord, defined
clinically as “attacks” or “relapses” [1, 2, 4]. Symptoms associated with these events
typically remit, but subsequent relapses occur unpredictably and may become more
obviously associated with residual disability [1, 3, 4]. It is this dissemination in time
and space that is so characteristic of multiple sclerosis and its principal diagnostic
feature [6-9]. Interval progression between, or in the absence of attacks of illness,
signifies the onset of secondary progressive multiple sclerosis (SPMS) [2]. However,
approximately 10-15% of the overall patient population will develop a progressive
form of illness without relapses, usually appearing in midlife, termed primary pro-
gressive multiple sclerosis, PPMS [2, 10]. This form of illness is slightly more com-
mon in men. This progressive form of MS is approximately three times more
common in Irish and Ashkenazi Jewish populations [2, 10]. Should one or more
exacerbations occur after onset of primary progressive illness at outset, patients
may be designated as having “relapsing progressive MS” [2]. Although in the past,
there has been no agreement that SPMS and relapsing progressive patients differ in
any fundamental way; evidence from new studies shows differences in the micro-
scopic neuropathology of RRMS, SPMS, and PPMS. Lesions associated with acute
relapse in early disease are cellular with abundant CD3+ T cells and do not show
smoldering microglial disease activity. In contrast, in PPMS the central nervous
system (CNS) is largely devoid of focal cellular collections and smoldering lesions
and markers of microglial activation predominate. Secondary progressive patients
have a mixture of four types of microscopic lesions with the presence of CD3+ T
cells, antibody in plaques, and microglial activation as well as inactive plaques. The
majority of the MS population will experience relapsing-remitting illness, but resid-
ual persistent disability may variably follow despite remission [11-13]. The pres-
ence of residual disability following exacerbations does not signify the onset of
secondary progressive illness, however.

Increases in body temperature, or illness, in MS may result in the transient reap-
pearance of neurological symptoms (Uhthoff phenomenon). Despite a previous
remission of clinical manifestations of MS, those same symptoms may appear with
overheating [2]. Although the Uhthoff phenomenon is not an exacerbation, these
phenomena in MS patients are commonly misinterpreted as such. Occasionally heat
exposure appears to acutely worsen the severity of an exacerbation and, in other
circumstances, worsens a minimal or subclinical event making it more clearly
apparent clinically [14]. These events probably reflect the ability of heat to impair
the blood-brain barrier, allowing activated lymphocytes and immunoglobulins to
enter the brain and spinal cord [14].

The most common initial symptoms of MS are sensory disturbances and fatigue
but are often ignored by patients and physicians alike. Perceptions of numbness and
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tingling by the patient may not be accompanied by obvious abnormalities on initial
examination, especially if the patient is not examined completely by a neurologist
at the onset of their symptoms. Almost half of initially recognized exacerbations
principally affect ambulation. Acute paraparesis varies greatly in degree and in
symmetry of the weakness. In many MS patients with motor weakness found by
examination, they describe their difficulty as a ‘“heaviness” in their “leg(s).”
Alternatively, they may seem only to stumble when their foot catches an uneven
area on a sidewalk. The difficulty is often initially recognized only by a family
member or a friend during ambulation. Gait problems may be due to motor difficul-
ties and/or, ataxia. Ataxia may occur as a result of vestibular, cerebellar, or sensory
impairments. Thus, gait difficulty may reflect motor deficits or ataxia due to one or
more problems within the brainstem or spinal cord.

About one out of five or six MS patients will have unilateral retrobulbar (optic)
neuritis as their initial clinical difficulty [2, 11]. Other common symptoms at onset
include diplopia, facial weakness and/or facial myokymia, vertigo, bladder, and
bowel symptoms. Seizures will eventually occur in 10% during the clinical illness
but rarely (about 1%) are a presenting sign of illness [2]. Some symptoms, such as
hearing loss and impaired night vision, can be seen in MS and also acute dissemi-
nated encephalomyelitis (ADEM). The speed of recovery is variable and may be
slow over several months or may not occur at all. Other less commonly recognized
symptoms include extrapyramidal symptoms and a family of paroxysmal manifes-
tations [15].

Recurrent brief (paroxysmal) stereotyped manifestations in MS include paroxys-
mal dystonia or “tonic seizures,” paroxysmal dysarthria, paroxysmal akinesis (“par-
oxysmal falling”), pains (including trigeminal neuralgia and glossopharyngeal
neuralgia), and other difficulties [2, 16]. Lhermitte’s sign is precipitated by neck
flexion and typically consists of transient shocklike sensations radiating down the
neck and back, often into the limbs. It is commonly recognized as a sign of MS
especially when it occurs in the young, although it may occur with compressive
cervical disc disease or spinal tumors. Except for Lhermitte’s sign, these paroxys-
mal symptoms seem to occur in a minority of patients and are often not recognized
as part of the spectrum of illness. When recognized, these paroxysmal phenomena
are of great diagnostic value since they are rarely associated with other illness.
When viewed in a cross section of a patient population, they are evident in only
about 3% of patients. We have found, however, that with long-term follow-up that
paroxysmal phenomena will eventually occur in up to a quarter of patients.
Occasionally paroxysmal dystonia involves all four limbs and the truncal muscles
as well and may be accompanied by severe pain. Fortunately there is usually a
prompt and complete response to carbamazepine in a 400 mg per day dosage, but a
course of parenteral corticotrophin may be needed. Unfortunately, many such
patients are incorrectly diagnosed as having an acute psychiatric problem. These
paroxysmal symptoms are commonly attributed to ephaptic transmission (cross talk
between damaged/demyelinated axons), but we suspect that they may be due to
inflammatory mediators such as leukotriene C, and other leukotrienes, produced by
macrophages. Leukotrienes are extremely potent depolarizing agents. Often the
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time course of these paroxysmal events approximates that of an exacerbation and, if
so, should be considered to be exacerbations.

Although fatigue and fatigability become more prominent with time, especially
during periods of disease activity, they may be prominent presenting signs of
MS. Anxiety, depression, and cognitive issues, also, may dominate the presentation
of illness and may delay disease recognition. In our experience cognitive problems
and accompanying emotional reaction occurring early in the course of illness are
more important than physical disability as reasons for social dislocation and patients
leaving studies or their workplace. A substantial proportion of patients are dis-
missed as “functional” early in the course of their illness due to their observed
emotional status. A recent oral presentation reported the association of MS with
schizophrenia and bipolar disorder, with a rate ratio of 1.42 for schizophrenia and
1.73 for bipolar disorder [17].

A bewildering variety of manifestations may occur in MS, singly or in combina-
tion with other difficulties. These include limb weakness, “useless limb” syndrome
due to severe proprioceptive loss, memory impairment, word-finding difficulty,
acalculia, tremor, unusual nonphysiological patterns of sensory loss, and sexual
impotence, among others [2, 11]. Motor impersistence is common in the MS popu-
lation and accompanies proprioceptive impairment. Geschwind also suggested that
frontal lobe involvement was a likely contributing factor (Norman Geschwind —
personal communication).

Diagnosis of Multiple Sclerosis

Diagnosis of MS is dependent upon the recognition of symptoms and neurological
findings typically accompanying exacerbations of MS and affecting different parts
of the nervous system over time [7-9]. The importance of an accurate history and
physical examination cannot be overemphasized. The senior author’s own observa-
tion is that a relative’s recognition of early manifestations of MS is likely to lead to
the diagnosis of MS in a family member, rather than the contrary as is commonly
believed.

Diagnostic Criteria The recognition of MS was easy for experienced neurologists
in the past. However, long delays in diagnosis were common and many patients
were incorrectly diagnosed. The need for standardized criteria for patients entering
treatment studies led to the formation of an NIH committee headed by Dr. George
Schumacher. Diagnostic criteria have evolved from the 1965 Schumacher criteria
[7], that were established primarily for the selection of research subjects for MS
studies, to the 1983 Poser criteria [8] which for the first time included laboratory
support (magnetic resonance imaging [MRI], evoked response testing, as well as
spinal fluid examination). The 2001, 2006, and now 2010 McDonald criteria are
based on the original criteria but include validated specific MRI features [9, 10].
These new criteria (Table 2.1) allow the identification of “clinically isolated syn-
dromes” (optic neuritis and brain stem or acute myelitis) with very high (80%)
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Table 2.1 2010 RRMS McDonald diagnostic criteria

Objective
Clinical attacks lesions Additional requirement to make diagnosis
>2 >2 Clinical evidence is enough
>2 1 Disseminated in space by MRI or + CSF and > 2MRI
lesions consistent with MS or additional clinical attack
in different site
1 >2 Disseminated in time by MRI or 2nd clinical attack
1 1 Disseminated in space by MRI or await a 2nd attack
Mono-symptomatic implicating a different CNS site and
disseminated in time by MRI or 2nd attack
0 Progressive from 1 in brain 1 year of disease progression plus two of three of the
start 2 in spinal following:
cord Disseminated in space by MRI evidence of 1 or more T2
brain lesions
or > 2 cord lesions
+ CSF

probability of MS. Imaging provides the additional evidence required to establish
the presence of dissemination of lesions both in time and space. Early diagnosis of
MS with earlier introduction of treatment portends a better outcome in the short-
term and prolonged survival, at least for interferon-beta-1a [18, 19]. Consensus
definitions of the clinical subtypes of MS were released by the US National Multiple
Sclerosis Society Advisory Committee on Clinical Trials in Multiple Sclerosis in
1996 and revised in 2013 [20, 21].

Relapsing MS is characterized by clearly defined relapses with either full recovery
or residual deficit, representing about 85% of patients at the outset. Progressive MS is
characterized clinically by the gradual accrual of disability independent of relapses
and can occur with disease onset (primary progressive) or can be preceded by a relaps-
ing disease course (secondary progressive). In most cases, SPMS is diagnosed retro-
spectively after several years of gradual worsening after a period of clinical relapses.
Currently, there are no clear criteria to mark the transition from RRMS to SPMS. The
basis of separating the primary versus secondary progressive forms of MS was derived
from a meta-analysis of the COP1 trial in progressive MS as an antecedent of the
PROMISE trial [22]. The criteria formulated by Thompson et al. grouped suspected
PPMS patients into “definite,” “probable,” and “possible” [21, 23-25]. Multiple scle-
rosis may be seen as a spectrum with an intense focal inflammatory component in
RRMS and more neurodegenerative features with concomitant chronic inflammation
and axon loss in progressive forms of MS [26]. Currently, clinical diagnostic criteria
exist for both forms. A recent publication provides clear differences in the neuro-
pathological findings separating RRMS, SPMS, and PPMS [27].

Another issue impacting on early diagnosis of MS is the quality of spinal fluid
examinations. Importantly, the FDA laboratory standard for oligoclonal banding
testing — isoelectric focusing on agarose gel followed by immunoblotting or immu-
nofixation for IgG with paired spinal fluid and serum — avoids technically inade-
quate studies. The quality of antihuman antibody used in the testing has a major
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Table 2.2 Differential

Acquired diseases
diagnosis of MS

1. ADEM vs. CIS (MS)
2. Infectious disease

Syphilis

Retroviral infection
HIV
HTLV-I/IT
3. CNS vasculitis

Granulomatous vasculitis — sarcoid, HIV, etc.

Primary CNS vasculitis

. Autoimmune diseases — SLE
. Tumors of the CNS

. Trauma to CNS

7. Psychiatric illness

NN~

Hereditary diseases

1. Leukodystrophies

2. Spinocerebellar diseases

3. Hereditary spastic paraparesis

impact on the results. Evoked response testing is relied upon less, but can be helpful,
especially visual evoked responses [9].

Diagnostic criteria for PPMS were also updated in 2010 and include (1) a mini-
mum of 1 year of disease progression plus two of three of the following: dissemina-
tion in space in the brain or spinal cord or positive CSF, defined as the presence of
OCBs, and/or elevated IgG index [10].

Differential Diagnosis There is a large differential diagnosis, outlined in Table 2.2. In
the past meningovascular syphilis was the “great imitator” and topped the list. Today
a variety of granulomatous diseases and other diseases are considered in the differen-
tial diagnosis, but sarcoidosis and systemic lupus erythematosus (SLE) are the major
differential diagnosis considered. The retroviruses human immunodeficiency virus
(HIV) and HTLV-I/II can rarely present as a granulomatous disease or mimic MS.
Central nervous system lymphoma may require brain biopsy to establish a diag-
nosis, but a positive test for HIV ordinarily rules out the diagnosis of MS. Biopsy is
ordinarily required to make a diagnosis of primary central nervous system vasculitis
(CNS vasculitis). The disorder “CNS vasculitis” is rare and like progressive multi-
focal leukoencephalopathy (PML) is associated with MS-like attacks resulting in
increasing neurological deficit progressing in a stepwise fashion. Unlike PML there
may be at least temporary partial resolution of neurological deficit with high-dose
steroids or pulse cyclophosphamide therapy in patients with CNS vasculitis. Despite
its rarity, establishing a diagnosis of CNS vasculitis is important because it is regu-
larly fatal if not treated aggressively with chronic systemic immunosuppression.
Multiple sclerosis may occasionally present with prominent sensory complaints
and marked, symmetrical weakness of the lower extremities and be mistakenly
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diagnosed as an acute demyelinating polyneuropathy (Guillain-Barré syndrome).
Albumino-cytological dissociation, however, is rarely found in MS.

Symptoms of MS must last 24 hours at a minimum. To be considered a new
relapse, a new symptom or a relapse of a prior symptom must occur at least 1 month
after the previous exacerbation. The symptoms and findings should be of a type
recognized as associated with multiple sclerosis. The diagnosis of multiple sclerosis
is accepted only if it is established by a neurologist [7-10].

PPMS is a more difficult diagnosis to establish. This form of MS presents most
commonly in midlife (about 40+5 years on average), and distinguishing this form of
MS from other potentially treatable illness may be extremely difficult [11, 28].
Manifestations of neurological disease should be observed for at least 6 months before
acceptance as evidence supporting a diagnosis of PPMS. Multiple other disorders
must be ruled out of the differential diagnosis. Syphilis, vitamin B-12 deficiency (sub-
acute combined myelopathy), and retrovirus-associated myelopathy (HIV-associated
myelopathy and human T-cell leukemia-associated myelopathy (TSP/HAM)) [2, 11,
29] can be easily ruled out by laboratory testing. Antibody testing by Western blot for
HTLV-I/I, if indeterminate, may not be sufficient [30]. Genetic (“PCR,” polymerase
chain reaction) testing in a reliable laboratory test is the most sensitive and specific
test for this purpose. In our experience this test is positive in up to 20% of patients who
are Western blot indeterminate but who are infected with either HTLV-I/II virus [31].
Radiation myelopathy continues to be an important differential diagnosis in patients
with a history of radiation therapy to the head and neck.

Neuroimaging should be carried out to eliminate spinal cord compression, con-
genital abnormalities, and intraparenchymal tumors from consideration. At times,
imaging will not reveal the presence of one or more intraparenchymal spinal cord
lesions that are evidenced by clinical examination, however. The finding of hypo-
thyroidism is common in MS, and myelopathy should not be attributed to thyroid
disease alone. Adrenocortical leukodystrophy and hereditary spastic paraplegia are
easily distinguished from primary progressive multiple sclerosis by the patient’s
infantile age of presentation and presence of a family history [2, 32].

It cannot be overemphasized that repeated clinical visits and examinations over time,
as well as repeated imaging, may clarify the nature of the illness in difficult cases. This
is particularly important when cognitive and emotional issues dominate and obscure the
presentation [3, 11]. The McDonald criteria, however, greatly assist early diagnosis and
justify the institution of treatment. It should be noted that in using the criteria for a clini-
cally isolated syndrome (CIS), the majority will be correctly diagnosed as having MS,
but about 20% of patients may never meet criteria for clinically definite MS. On the
other hand, we regularly document relapses within weeks to months in many patients
with CIS who initially had no evidence of brain lesions in their MRI scans at clinical
presentation. Multiple sclerosis remains a clinical diagnosis [9, 10].

Prognosis

Exacerbation rates in MS patients vary greatly but tend to diminish with increasing
duration of illness [13, 14, 18, 33]. When a patient has established disability,
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exacerbations do not appear to correlate with increasing disability [13]. Pregnancy
has long been thought to decrease the risk of relapse in the third trimester, as shown
in a large prospective study [34]. This is thought, at least in part, to be secondary to
high concentrations of estrogen and progesterone, and phase II clinical trials have
shown a potential role for estriol in treatment of MS [35]. The risk of relapse in the
first trimester, however, is increased. The French study also confirmed a long recog-
nized phenomenon that the risk of exacerbation of MS is markedly increased for
3 months postpartum. This study also showed this risk continued at a somewhat
lower level for the 33 months of follow-up in the study. The importance of infection
as a precipitating factor for exacerbations has long been recognized [36].

Emotional stress and its impact on MS has been the subject of a number of excel-
lent studies [37—40]. All of these studies have consistently shown a correlation
between major life stress and a significantly increased risk of exacerbation of MS. In
aremarkable more recent study, Mohr et al. have demonstrated a correlation between
stress, including “hassles” and the appearance of new active gadolinium-enhancing
brain lesions [40]. The perception of stress, rather than a particular life event, is
related to an increased risk of exacerbation [37—40]. While other factors are thought
to influence prognosis in MS patients, no similar studies of risk factors has addressed
them adequately.

A large number of neurologists at academic centers in the United States and
elsewhere have concluded that the majority of MS patients develop secondary pro-
gressive disease and then progress rapidly to disability. Confavreux et al. have pub-
lished their studies of the natural history of a large population of French patients
[13]. The French workers have concluded that there is no relationship between
relapses and progression, once disability is established. They have further con-
cluded that only 30% of their relapsing-remitting patients had secondary progres-
sive MS. Pittock et al. at the Mayo clinic published important observations of a
10-year follow-up of their MS population from Olmsted County, Minnesota [14].
They too found that disability in the majority of their patients did not progress mea-
surably during the 10-year period of observation. Only 30% of their patients pro-
gressed to needing a cane or a wheel chair, but most patients remained stable despite
the fact that only 15% had received immunomodulatory therapy. It is obvious that
the perception that the vast majority of MS patients develop secondary progressive
disease with rapid progression to serious disability is incorrect. The group in Lyon,
France, has also found that longer periods of follow-up show that patients thought
to have “benign MS” do develop some neurological impairment over 20-30 years
of follow-up. Please see Table 2.3 for a list of proposed prognostic indicators.

Neuroimaging in Multiple Sclerosis

Computerized tomography (CT) neuroimaging for the first time revealed areas of
decreased radiodensity in the brain as well as occasional enhancing brain and spinal
cord lesions in MS. Interestingly, increasing brain atrophy, although reported early,
was largely ignored by the MS community [43—-45]. Comparative studies of CT and
MRI revealed the relative strength of MRI in visualizing plaques as well as brain
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Table 2.3 Prognostic indicators in MS [41, 42]

Favorable Poor
Race Caucasian Black
Age at onset Young (< 35 years) Older (>35 years)
Gender Female Male
Tobacco abuse No Yes

First attack characteristics

Optic neuritis, sensory,
unifocal

Motor, cerebellar, sphincter,
multifocal incomplete

MRI lesion location Cerebral Spinal cord

Brain lesion burden Low High

Lesion enhancement on No Yes

MRI

Recovery after relapse Complete Incomplete

Attack rate Low High (>2in 1 year)
MS subtype Relapsing Progressive
Disability at 5 years No Yes

atrophy in MS [46—-48]. In contrast to the limitations encountered with the use of
CT, MRI has had an important impact on both the diagnosis and subsequent man-
agement of MS because of the relative ease which it can detect white matter lesions
in the brain and spinal cord.

Investigators have sought brain MRI correlations with clinical symptoms of MS,
prognosis of the illness, other laboratory findings, as well as with central nervous
system pathology. Increased T2 signal, reflecting increases in water content of
lesions in hemispheric white matter, was emphasized in earlier studies, but their
presence correlates poorly with symptoms and neurological findings (Fig. 2.1a). In
our initial experience with this imaging modality, we found that very early in the
course of clinical disease, only half of patients with clinically definite MS did have
cerebral white matter lesions [47, 49]. However, almost half of those that did not
have plaques in their brains exhibited spinal cord lesions that were clearly evident
[50]. While, not all cerebrospinal fluids (CSF) had “diagnostic” abnormalities, only
5% of patients did not have either brain MRI abnormality or significant CSF abnor-
mality. In part, the difficulty with the MRI findings in these early studies was related
to technical issues such as image slice thickness, noncontiguous sections, etc. Use
of fluid-attenuated inversion recovery (FLAIR) sequences, which are easier to visu-
alize, has been made practicable by advances in the hardware and software (Fig.
2.1b). Newer acquisition paradigms and the use of gadolinium to identify “active”
inflammatory lesions, in particular, as well as continued hardware improvements
have remarkably improved the quality and utility of MRI. However, not all patients
with MS, particularly those with PPMS, exhibit white matter lesions in their cere-
bral hemispheres. The absence of MRI abnormality does not negate the diagnosis of
MS [9]. We found that after 9—12 years, the same proportion of MS patients will
have white matter lesions evidence by MRI and by pathology, however [47, 49]. In
a recent presentation from the Cleveland Clinic, Dr. Robert Fox revealed that
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Fig. 2.1 MRI scans of the brain of a 19-year-old woman with relapsing-remitting multiple scle-
rosis. Axial T2-weighted (a) and fluid-attenuated inversion recovery (b) views show hyperintense
lesions in subcortical white matter. Axial T1-weighted postcontrast (c¢) of the same patient reveals
an enhancing lesion, indicating the breakdown of the blood-brain barrier

approximately 20% of their well-documented patients with progressive MS did not
have hemispheric white matter lesions at necropsy [50]. They do, however, have
cortical as well as spinal cord, i.e., “corticospinal” involvement. Cortical involve-
ment in MS is rarely evident with standard imaging parameters. Double inversion
recovery is capable of documenting about 40% of the cortical lesions found in path-
ological study [51].

A strong correlation between increased volume of cerebral MRI T2 signal and
long-term disability in MS has been reported in patients followed for 5 years after
the onset of a clinically isolated syndrome. However, further follow-up of this
cohort of patients has shown only a moderate correlation at 10 years [52]. A number
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of short-term correlations between stabilization, or reduction, of T2 volumes and
clinical stabilization in patients treated with each of the immunomodulatory drugs
are currently approved. After the initial 5 years of illness, with some notable excep-
tions, changes from 1 year to the next are difficult to see in brain MRI scans. Clearly,
there must be some reservation about the use of T2 lesion volumes for assessment
of longer-term treatment of any kind.

Gadolinium enhancement of white matter lesions is an accepted indicator of
active disease, but enhancing lesions are seen several times more often than acute
exacerbations of illness in multiple sclerosis (Fig. 2.1c). This surrogate measure of
disease activity has been used effectively in preliminary drug efficacy studies to
detect a treatment effect. Despite the earlier negative reports, Leist et al. reported a
correlation between gadolinium-enhancing lesions and the subsequent appearance
of cerebral atrophy [53]. Unlike the earlier studies reporting on correlation, this NIH
study was based on frequent (monthly) gadolinium-enhanced brain MRI studies.

Although T1 hypointensities have been reported to correlate with cerebral atro-
phy, other studies have shown that this type of MRI lesion does not correlate well
with either the amount of demyelination or gliosis in tissue lesions. The lack of
correlation with tissue changes makes it difficult to understand and accept these
observations at face value [54, 55]. Importantly, De Stefano et al. have reported data
supporting a role between early axonal damage and subsequent development of dis-
ability in multiple sclerosis [66].

Brain atrophy progresses at a rate of 0.5-1.0% per year in patients with MS,
considerably higher than the typical rate seen with normal aging at 0.1-0.3% per
year. Once thought to be largely a disease of white matter, MS is now recognized to
have significant manifestations in the gray matter [56]. The volumetric changes
seen on MRI during the course of MS have been correlated with disability progres-
sion and cognitive impairment; however, the quantitative cutoffs to determine phys-
iologic versus pathological brain atrophy in MS remain to be determined.

No evidence of disease activity (NEDA) has been proposed as a potential treat-
ment goal for treatment trials in MS. Elimination of relapses and prevention of
disease progression, including cognitive loss and impaired ambulation, are the clini-
cal goals (Fig. 2.2).

NEDA-3 includes (1) no sustained increase in disability lasting 3 months, (2) no
relapses, and (3) no MRI activity, defined as no new or enlarging T2 and Gad+
lesions. NEDA-4 includes similar parameters, with the addition of no annual brain
volume loss >0.4%. NEDA-3 status appears to correlate with subsequent relapse
and focal inflammatory MRI activity. NEDA-4, in utilizing measures for tissue
destruction at both the focal inflammatory and diffuse level, may be a more compre-
hensive predictor for subsequent disability-related outcomes. NEDA-4 data has
been collected using post hoc analyses of the FREEDOMS and FREEDOMS-II
trials [57, 58].

More advanced imaging methods continue to be explored. Double inversion
recovery (DIR) can be used to demonstrate cortical inflammatory lesions, although
its use is limited by inadequate resolution and inability to identify purely intracorti-
cal, versus juxtacortical or leukocortical, lesions [51]. Diffusion tensor imaging
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Fig. 2.2 Disease-free concept: NEDA-4

(DTYI) is used to evaluate the structural integrity of the white matter tracts. DTI can
be used for diffusivity measures including mean diffusivity and fractional anisot-
ropy, which may provide even closer evaluation of tissue integrity and axonal dam-
age [56, 59-61]. The value of proton magnetic resonance spectroscopy continues to
be investigated and has resulted in many claims that are not entirely consistent. The
advent of higher Tesla field strengths, up to ultrahigh-field 7-8 Tesla, has improved
characterization of cortical demyelination, with good pathologic correlation but is
restricted to research studies for safety reasons [62].

It is obvious that MRI is especially helpful in the evaluation of patients early in
the course of their illness. Unfortunately, the question as to the utility of using MRI
or other surrogate measures to evaluate the long-term response to treatment remains
essentially unanswered. Cerebral atrophy may very well be the most valuable
measure.

Other Laboratory Measures

CSF CSF analysis can be helpful if performed in a specialty laboratory. Increased
intrathecal IgG synthesis, measurement of the increase in the proportion of gamma
globulin by CSF electrophoresis, and the presence of CSF oligoclonal bands
increase the likelihood of a diagnosis of MS [7-9, 11]. Neurofilament chains are
potential markers for axonal injury as seen in gadolinium-enhancing lesions in
RRMS and progressive forms of MS [63, 64].

Glial Fibrillary Acidic Protein (GFAP) Concentration CSF GFAP is raised in
SPMS and associated with expanded disability status scale (EDSS) scores [65].
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Evoked Response Testing Visual evoked responses carried out in an established
laboratory too can be helpful in making a diagnosis [9]. Other evoked responses,
brain stem and somatosensory, can be abnormal in other diseases as well as MS, and
the studies are technically more difficult. Spinocerebellar degenerations are often
associated with markedly abnormal auditory evoked potentials, for example.

Epidemiology

To yield useful data epidemiological studies must be carried out by trained person-
nel in large populations with good access to good medical care. A number of good
studies have been performed, and there is evidence indicating that incidence rates
for MS may be increasing.

Age and Sex Distribution Multiple sclerosis of the relapsing-remitting type is more
common in women, about 70% of all patients in most recently studied populations,
including our large southern population, with onset of illness in both sexes by the
age of 30 in two-thirds [11]. Primary progressive MS is slightly more common in
men and typically begins in midlife.

Incidence of MS Incidence is the rate of occurrence of newly diagnosed (MS) cases
per unit of population (usually described per million) per time period, usually
reported on an annual basis. The incidence of MS is relatively low (1-5 per million)
but seems to have increased over the last century [11]. In the United States the most
useful current data comes from Olmsted County, Minnesota, where the incidence
rate increased during the last century from two per million to three times that inci-
dence [11].

A number of confounding factors influence incidence figures. Over the last half
century, there has been a dramatic increase in the number of trained neurologists.
With the advent of effective therapies, more neurologists are interested in MS and
many trained in this subspecialty. Consistent easily interpreted diagnostic criteria,
and improved diagnostic testing (especially MRI), have greatly facilitated making
the diagnosis. Undoubtedly, these factors partly account for the apparent increased
incidence of multiple sclerosis. If we can extrapolate from the experience of neuro-
pathologists, and as reported from Stanford, 1-2% of postmortem examinations
reveal tissue evidence of “demyelinating disease” in the absence of a clinical history
[66, 67]. It is possible that now, given the availability of neurologists, the increasing
awareness of MS, and the diagnostic facilities available, many clinically undiag-
nosed cases in the past would be labeled as having MS.

Despite the low incidence of MS, this illness is the most common cause of
chronic disability in young adults because of the minimal impact on the longevity
currently. The observations in Olmsted County, Minnesota, clearly indicate a real
increase in the incidence, as well as its prevalence, of MS [9].

It is often stated that there are 250,000-350,000 MS patients in the United
States [11]. Figures currently used, however, are not based on any current national
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epidemiological studies. When prevalence figures were reported to be low for the
Southern United States, except for California, there were no neurologists in the
South. In Florida, for example, the first neurologist established a practice in
Florida in 1953 but then entered the military service, a situation similar to many
other areas in the South. The appearance of neurologists in the South since that
time, as in virtually all under-serviced communities in the United States, is bound
to have had a dramatic impact on the recognition and diagnosis of nervous system
disease, especially MS. The impact of MRI on the recognition of neurological
disease has been dramatic, especially for MS. Considering the increased avail-
ability of neurological consultation, improved diagnostic criteria and the avail-
ability to MRI, and improved CSF examination, that larger numbers of MS
patients will be recognized in life. The quoted prevalence of MS appears to be
unrealistically low.

Environmental Factors Myriad environmental risk factors for MS have been
studied with varying degrees of validation. The most robust data supports the
association of prior Epstein-Barr virus infection and smoking and development of
MS [68]. The significant detrimental effect of smoking has been identified in
numerous studies, with a dose-response relationship [69, 70]. Previous infection
with EBV and high antibody titers to Epstein-Barr early nuclear antigen are well-
established risk factors for MS, especially when contracted as an adolescent or
young adult [71, 72].

Other epidemiological factors, which may be associated with an increased risk of
MS, include increased salt intake. Kleinewietfeld et al. demonstrated that elevated
sodium chloride concentrations in human (dietary) and mouse (tissue culture fol-
lowed by studies of dietary intake) models increase proinflammatory Th17 cells
[73, 74]. Vitamin D may be an early predictor MS activity and progression, though
identification of the optimal Vitamin D supplementation strategies remains undeter-
mined [75]. Unpublished follow-up data beyond 10 years of Aschiero’s study group
of vitamin D shows maintenance of long-term benefit with vitamin D levels greater
than 50 nmol/L. High-dose supplementation with 10,400 IU cholecalciferol daily
has been reported as safe [76]. Adolescent obesity, defined as a BMI of > 27 kg/m?
at age 20, is associated with a twofold increased risk of developing MS. Further
study has indicated an interaction between adolescent obesity and HLA risk genes
in MS [77, 78].

There is a geographical pattern distribution of MS, with higher disease inci-
dence in higher latitudes, though this has become less apparent in recent years in the
setting of globalization [79]. In this context, the “hygiene hypothesis” was intro-
duced by Strachan in the 1980s. It proposes that persons with less exposure to
microbes early in life are more likely to develop autoimmune disorders, including
MS [80]. This hypothesis has fallen out of favor, however, as a result of several stud-
ies evaluating MS incidence and helminthic infection, and the role of the gut micro-
biome in MS has become a focus of research. Nonpathogenic intestinal microflora
may be mediators of autoimmunity in MS [81-85]. There is no longer evidence for
a north-south gradient for MS in the United States.
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Pathology of Multiple Sclerosis

Charcot recognized multiple areas of discoloration and hardness (sclerosis) scat-
tered throughout the brain and spinal cord which he termed plaques (plate like) as
the cardinal features of MS: hence, the diagnosis of sclerose en plaque, or “multiple
sclerosis” [1]. By microscopy, Charcot found that plaques exhibited loss of myelin
with relative sparing of axons and varying amounts of gliotic scarring. He also
described the presence of inflammatory cells, including large numbers of fat-laden
cells. The demyelinated plaque remains the pathological hallmark of this disease
[85].

Early in the disease small plaques are prominent in subcortical white matter [42],
but in the usual necropsy material obtained after many years of disease, large
coalesced plaques are predominantly periventricular [85-89]. No regular associa-
tion between MS plaques and blood vessels was observed by Adams and Kubik [87]
and Zimmerman and Netsky [88]. Subsequently, however, Lampert [89], and oth-
ers, performed whole brain serial sections of a number of cases, including those
previously studied and reported that brain plaques were invariably perivenular [89].
Although oligodendrocyte loss had earlier been reported as a major feature of MS
[87, 88], study of whole brain serial sections did not reveal this to be a consistent
feature [89]. Another important finding is that so-called shadow plaques seen at the
white matter cortical junction are areas of remyelination, rather than areas of incom-
plete demyelination, as had previously thought [85].

In recent years, the neuropathology of MS has been revisited [90-92], and a new
view of the histopathology of MS has emerged based on a study of 51 biopsies and
37 autopsies. A central role for CD4+ T cells and macrophages in the immuno-
pathogenesis of the multiple sclerosis lesions seemed to have been well established
(Fig. 2.3) [91]. Lucchinetti et al., however, have suggested four different types of
neuropathology in MS, pointing to a predominant role for CD3+ cells and macro-
phages in type 1, with antibody-mediated demyelination added in type 2, and to loss
of oligodendrocytes in others [93].

In type 1, in patients where tissue samples were obtained very early, prominent
perivascular infiltrates composed of CD3+ cells and macrophages were present
without IgG or complement. In type 2, a similar perivascular picture was seen,
except that antibody (IgG) and complement, without cells, were seen at the edge of
active demyelination. While prominent loss of myelin basic protein and myelin-
associated glycoprotein was found, remyelination was reported to be prominent in
types 1 and 2. In type 3 and 4, oligodendrocyte loss was prominent, raising the ques-
tion of primary oligodendrocyte pathology. Plaques were poorly defined and not
related to vessels. However, the authors reported that CD3+ (T) cells and macro-
phages were present in all four types of multiple sclerosis pathology included in
their classification contain, a finding in keeping with other recent analysis of lesions
[93]. Their findings that tissue obtained from a small number of patients studied
shortly after onset of their illness revealed prominent CD3+ (T) cells and macro-
phage cellular infiltrates but lacked antibody (type 1) are reminiscent of the findings
of patients who died early in the course of their illness, reported by Lumsden [86].
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Type 2, where antibody is present in the lesions, is seen at necropsy with some fre-
quency and resembles changes seem in chronic relapsing forms of EAE. In EAE the
initial cellular infiltrate is composed primarily of CD4+ cells initially, but this is
followed by the appearance of much large numbers of macrophages that induce the
damage to myelin and oligodendrocytes [94].

Despite the impressive amount of work their report encompasses [93], the
observations that in a proportion of cases the pathology of MS may consist of oli-
godendrocyte loss, with pathology not associated with blood vessels, raises ques-
tions. The numbers of cases are relatively small and many were biopsy specimens,
where sampling necessarily was limited and most importantly not based on study
of whole brain serial sections. Poser had raised other questions about type 1 pathol-
ogy [95]. Recently, in 20 patients of a subset of well-documented subset of 150
progressive MS patients without cerebral white matter lesions, pathological evalu-
ation revealed the presence of cortical pathology with an inflammatory component
extending from the meninges into the cortex [50]. Spinal cord root entry zone
pathology can lead to debilitating pain in MS patients and are rarely identified by
neuroimaging [96, 97].

Pathogenesis of Multiple Sclerosis
Genetics

In the past few years, our understanding of the genetic underpinnings of MS has
exploded due to the advent of large genome-wide association studies (GWAS).
Clustering within families is a well-known phenomenon. Prior to the recent
advances, it was found that in a large MS database in Vancouver and our large
database in South Florida, a 20% familial incidence was present in both data sets.
The Canadian twin study shows a concordance of 31%, similar to other twin stud-
ies [98]. Mothers confer a 20—40 times increased risk to their children, greater for
girls than boys. Other first-degree relatives also have a much-increased risk of
MS [99].

As of press time, more than 159 genetic variants have been associated with an
increased risk of developing MS [100, 101]. For several decades, the major histo-
compatibility (MHC) gene locus located on chromosome 6 has been implicated,
and it is clear that the HLA-DRBI1 gene in the class II region of the MHC explains
up to 10.5% of the genetic variance underlying risk of MS. A monumental linkage
study, conducted by the International Multiple Sclerosis Consortium, evaluated 730
families with multiple cases of MS, further emphasized the role of the major histo-
compatibility (MHC) class Il HLA-DRB1*15:01 allele, as the only variant of sev-
eral genetic loci to achieve statistical significance [102]. Mouse studies also
implicate a strong genetic susceptibility for experimental allergic encephalomyelitis
(EAE) localized to the region of DQBq*602 [103]. The more complete character-
ization of MHC contribution to MS and identification of variants outside the MHC
region were not appreciated until the advent of the era of GWAS. Using large
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Fig. 2.3 Biopsy of a large left frontal lobe plaque from a 29-year-old woman with new onset mul-
tiple sclerosis with recurrent right hemiparesis over 3 months and new mild speech difficulty. (a)
Specimen is stained with Luxol fast blue counterstained with eosin. A new active plaque is shown
which is not sharply demarcated but exhibits prominent perivascular cellularity with varying myelin
damage and relative sparing of axons. The inflammatory infiltrate is composed of lymphocytes
(predominantly CD4 Th; cells) and a large number of macrophages. These cells are predominantly
of hematogenous origin and are considered the perpetrators of tissue damage. These features are in
contrast to chronic or inactive plaques which exhibit relatively few or no inflammatory cells but
contain prominent myelin damage and gliosis. Axonal loss may be prominent. (b) Frontal lobe
biopsy: Luxol fast blue counterstained with eosin. Higher power view showing loss of axons and
more prominent myelin loss. Note that axons that are preserved exhibit variable loss of myelin
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sample sizes, the largest of which numbered 80,095 subjects, this technique identi-
fied 110 non-MHC risk variants in 103 loci. Interestingly, 78% of predicted MS
heritability remains undetermined [104]. Improving whole-genome sequencing
technologies hold promise to identify rare genetic variants.

A limited number of causative gene variants have been identified. The
MS-associated SNP rs6897932, located in the alternatively spliced exon 6 of
IL-7Ra, alters the ratio between the soluble and membrane-bound isoforms of the
protein by disrupting an exonic splicing enhancer [105]. The risk variant
rs1800693 in the tumor necrosis factor (TNF) 1A gene that drives the expression
of a novel soluble form of the receptor that can inhibit TNF signaling mimics the
effects of TNF-blocking drugs that are known to exacerbate MS pathology [106].
Other variants include rs3453644, acting at the tyrosine kinase 2 protein, and
rs12487066 associated with decreased levels of human endogenous retrovirus
Casitas B-lineage lymphoma proto-oncogene B in CD4+ T cells [107, 108]. The
underlying pathogenic mechanisms for these variants remain unclear. The current
collaborative studies arose from early findings by Jersild et al. who found that the
alleles A3, B7, and DR2 [109] occurred twice as commonly in MS as compared
with the unaffected population. They observed that in patients that possessed both
HLA-B7 and DR2, that disease was particularly severe [109]. Many genes impor-
tant in normal immune function and in immune-mediated tissue damage, such as
tumor necrosis factor, are located in the region between HLA-B7 and the DR locus.
Several mutations of genes resident in this area are currently being studied. An
important study looking for single nucleotide polymorphisms (SNP), modeled on
the Crohn’s disease study, is currently under way as part of the human genome
project. As yet there is no single gene, or combination of genes, implicated in the
risk or causation of MS.

Once disease-causing gene variants are identified, the next step is to identify
biomarkers that can predict disease progression. Our understanding of the factors
leading to neurodegeneration and increased disability in progressive MS remains
limited, and genetics may shed significant light on this process.

Several reports have described familial clustering of MS phenotype. The pres-
ence of the HLA-B*44 allele is thought to be associated with better neuroimaging
outcomes [110]. Variants associated with age of onset and a range of radiologic
outlooks include HLA-DRB1*#15:01, HLA-DRB1#07:01 and HLA-DRB1*11:04,
and HLA-DRB1*01:03 [111-114]. The absence of HLA-BS5 independently associ-
ates with a marked increase in the severity of MS, as in the Afro-American popula-
tion [110]. Future directions for pharmacogenetics research in MS include
identification of specific genetic variants associated with treatment response, lead-
ing to a tailored therapy approach. SNP genotype data led to the discovery of several
HLA genes and may be used to identify IFN-p super-responders. An important
recent study found an association between the rs9828519 variants, which is intronic
to SLC9A9 and implicated as a regulator of proinflammatory lymphocyte activation
and MS disease response and nonresponse to IFN-f [115, 116].

Studies of migrant populations have suggested the presence of an environmental
factor. Although generally interpreted as evidence that a viral infection is playing a
role in multiple sclerosis, no conclusive evidence of a specific virus playing a role
in multiple sclerosis has been produced [11, 71, 117, 118].
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Myelin Biochemistry

The genetic basis of a number of leukodystrophies has been firmly established. Of
these disorders, the most common are adrenocortical leukodystrophy and metachro-
matic leukodystrophy. At one time both were considered to have some relationship
to MS [2, 11]. Of some importance is Marburg’s disease, sometimes referred to as
“acute multiple sclerosis,” which has been attributed to a defect in myelin basic
protein (MBP) synthesis and structure [119]. Work on alterations of the 3D struc-
ture of MBP and relationship to various demyelinating disease continues.
Interestingly, several mutations of the proteolipid of myelin are causative of
Pelizaeus-Merzbacher disease, another leukodystrophy, as well as several types of
hereditary spastic paraparesis. These disorders ordinarily should not be confused
with MS because of early age of presentation of the leukodystrophies, their inexo-
rably progressive course, and their familial setting.

Immunology

Multiple sclerosis is now generally accepted as an immune-mediated illness
although its pathogenesis is incompletely understood. The occurrence of MS fol-
lowing about a third of cases of acute disseminated encephalomyelitis complicating
infections [120-122] as well as after immunizations, including Semple vaccine
(containing spinal cord and killed virus), suggested an autoimmune origin. Although
EAE has been studied in animal models for decades, the primary impetus was to
elucidate the nature of the immune response [123]. These studies have also provided
insight into the pathogenesis of MS as well. Transfer of EAE from immunized to
naive animals was first successfully accomplished using lymph node cells but not
antibody, thus pointing to a central role for lymphocytes [123]. Nevertheless, anti-
body from immunized animals, and patients with MS, can induce demyelination
in vitro [60, 61].

T cells play a primary role in the pathogenesis of EAE, irrespective of the ner-
vous system antigen used to induce disease [124—127]. A consensus has developed
that T cells are the primary effectors both in MS and in EAE [127]. Nevertheless, B
cells, plasma cells, and antibody can be found both in EAE pathology and in MS
plaques [92, 93]. Despite their emphasis on other findings, these recent studies of
pathology in MS show that the predominant cells in active lesions are lymphocytes,
in particular CD3+ T cells, and macrophages [93].

Multiple injections of the whole spinal cord were used to induce EAE in early
studies, but single immunizations of equivalent amounts of purified myelin or MBP
combined with adjuvants were shown to be very effective in disease induction
[127]. Myelin proteins other than MBP have also been investigated, notably proteo-
lipid and myelin oligodendrocyte glycoprotein (MOG). Proteolipid protein can
induce forms of experimental disease in animal models and, although antibody as
well as T cells reactive to this antigen may be present in plaques, no role for sensi-
tization to this antigen has been established [127]. However, an interesting EAE
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model in marmosets induced using MOG indicates that antibody may mediate
demyelination [128, 129]. Passive transfer of the disease by serum from MOG-
sensitized animals has been accomplished [129]. However, T cells (CD4+ Th2,
rather than CD4+ Thl cells) may be the primary mediators of myelin damage in
MOG-sensitized marmosets [129]. The situation is complicated by the fact that
CD4+ cells reactive to MBP, capable of inducing EAE, are present in naive animals
as well as in these immunized animals coincidently with anti-MOG antibody [129].
Anti-MOG antibody has been reported at the outset of MS and is common in RRMS
[130, 131]. In contrast to anti-MOG antibody being limited to MS relapse, CD4+
cells reactive to MOG are ubiquitous [132].

Antigen presentation by MHC class I or MHC class II by antigen-presenting
cells (APC) to T cells results in the initiation of immune responses: antibody pro-
duction or a cellular immune response. Activated CD4+ T helper (Th) cells fall into
three functionally distinct classes, Thl and Th2, and Th17 with distinctive profiles
of lymphokine production. Following antigenic stimulation CD4+ Th1 cells pro-
duce interleukin-1 (IL-1), IL-2, IFN-y, and tumor necrosis factor a (TNF-ar) are
postulated to mediate inflammatory pathological processes in immune-mediated tis-
sue damage seen in MS and EAE [133]. In contrast, Th2 cells produce 1L-4, IL-5,
IL-6, and IL-10 and induce upregulation of antibody production and downregula-
tion of Thl cellular responses (Fig. 2.4) [133]. The observed failure of increased
production of the regulatory cytokine IL-10, by myelin-reactive T cells in MS by
Ozenci et al. in Sweden, has recently been confirmed by Cao et al. at MIT [134,
135]. More recently a role for Th17 helper cells in a large subpopulation of MS
patients has been identified and characterized. Sera from interferon-p-1a treatment
failure patients from Denmark were shown to contain IL-17F. Naive patients that
had IL-17F and elevated levels of endogenous INF-f failed to respond to IFN-p-1a
subsequently also. These IFN-f failure MS patients resemble EAE animals induced
by Th17-polarized cells [136, 137].

Macrophages are the principal sources of IL-1, IL-12, and TNF-a, driven by IL-2
production from antigen-activated CD4+ cells. Importantly, IL-12 production is
IFN-y dependent and TNF-a production is IL-12 dependent [138]. Traditionally the
macrophage was considered to be the principal APC, but B cells are now recognized
as important in this task. However, macrophages are central effector cells in cell-
mediated immunity. After antigen presentation, CD4+ cells respond by clonal prolif-
eration and recruitment of other CD4+ cells to participate in the initiation of cellular
immune responses. Cytotoxic CD8+ cells, driven by IL-12, may exert their effect
directly or target antibody complexed with antigen on target tissue, i.e., antibody-
dependent cytotoxicity [127, 139]. Macrophages may also target these complexes.
The spectrum of CD4+ Th2 responses includes a regulatory role in switching of
CDS8+ cell cytotoxic function to active suppression of CD4 Th1 responses, suppres-
sor T cells. In the CNS microglial cells can function as APC and exhibit certain other
macrophage behaviors including an anti-inflammatory response.

The blood-brain barrier (BBB) is a physical barrier that prevents intravascular
cellular elements, antibodies, and other proteins free access to the brain and spinal
cord [138]. The endothelial cells in the brain and spinal cord possess tight junctions
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Fig. 2.4 A model of immunopathogenesis of multiple sclerosis. Following exposure to certain
environmental antigen(s) in genetically susceptible individuals, myelin-reactive T cells migrate
from peripheral circulation to the central nervous system. Interaction between activated T cell and
cerebral endothelial cells leads to upregulation of the adhesion molecules (E-selectin, vascular cell
adhesion molecule, intercellular adhesion molecule, mucosal addressin cell adhesion molecule,
and platelet endothelial cells adhesion molecule). Transendothelial migration of reactive T cells is
heralded by the disruption of the blood-brain barrier, which is in part mediated by the activities of
the matrix metalloproteinases. Matrix metalloproteinases digest the activated T cells (such as
TNF-a and IFN-y) and upregulate the expression of cell surface molecules on antigen-presenting
cells (in this figure, glial cell). Binding of putative multiple sclerosis antigen (e.g., myelin basic
protein and myelin oligodendrocyte glycoprotein) by the trimolecular complex T-cell receptor and
class II major histocompatibility molecules on the antigen-presenting cells precipitates a massive
inflammatory cascade, which leads to production of both pro- and anti-inflammatory cytokines.
This inflammatory reaction ultimately results in loss of myelin-oligodendrocyte complexes

that are impervious to intravascular fluids as well as nonactivated cells. These endo-
thelial cells are also surrounded by astrocytic foot processes that further support and
maintain the integrity of the BBB. However, activated CD4+ cells do cross the BBB
[140-145]. However, the BBB is an actual physical barrier which may be breached
only in an organized and well-orchestrated fashion [140, 145, 146]. The
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mechanisms of cellular transmigration across the blood-brain barrier are now well
understood [140-146].

Interleukin-17 and Type 17 Helper T Cells

T cells were found to produce cytokines that could not be classified into either the
Th1 or Th2 scheme detailed above. Primary among these cytokines is interleukin-17
(IL-17), and the cells that produce IL-17A have been named Th17 cells. Other cyto-
kines produced include IL-17F, IL-21 and IL-22, IL-26, and TNFa. Their important
role in the pathogenesis of MS is increasingly recognized [147, 148]. In vitro stud-
ies have suggested that Th17 cells can permeate the blood-brain barrier, and ele-
vated levels of IL-17 have been detected both in serum and CSF in some patients
with MS [149]. In addition, an increase in IL-17 mRNA has been detected in MS
plaques at autopsy [150, 151]. Th17 cells can induce and regulate tissue inflamma-
tion. In the setting of chronic inflammation and autoimmunity, initially studied in
rheumatoid arthritis, signaling through Th17 receptors induces production of
inflammatory cytokines such as IL-6, IL-1, TNF, IL-8, and matrix metalloprotein-
ases [147]. A recent study has implicated glutamate excitotoxicity as a possible
effector mechanism for inflammation in MS [152]. Studies to elucidate the role of
Th17 cells in MS are ongoing. Secukinumab, a selective anti-IL-17A monoclonal
antibody, is being studied as a potential treatment for MS [153].

Adhesion Molecules

Venules control CD4+ and other cell migration from blood into the nervous system.
Attachment requires cellular adhesion molecules and endothelial counter receptors
to overcome the considerable shear stresses produced by blood flow. Adhesion mol-
ecules on CD4+ cells and macrophages act as functional anchors forming stable
bonds with their ligands on the vascular wall. In addition to functioning as mechani-
cal anchors, adhesion molecules function as tissue-specific recognition molecules
[140-146].

Entry of CD4+ cells and macrophages into the CNS is accomplished by a series
of steps including tethering or rolling, adhesion (binding), and finally transendothe-
lial migration across the BBB [141-146]. Subsequent to their egress, they migrate
through the extracellular matrix in the CNS. Selectins mediate the initial step of
tethering leading to rolling [146, 154, 155] but selectin-mediated bonds are revers-
ible. To arrest these cells on the endothelium, these low-affinity interactions must be
supplemented by high-affinity adhesion molecules, the integrins [153, 154]. The
integrins, including o4p1-integrin (VLA-4), are members of the endothelial immu-
noglobulin superfamily [156, 157]. The predominant function of the f2-integrin leu-
kocyte function antigen-1 (LFA-1) and od4-integrins (integrin-o4p1/VLA-4) is to
bind the cells to their ligands intercellular adhesion molecule-1 (ICAM-1) and vas-
cular cell adhesion molecule (VCAM-1) [155-157]. Blocking of attachment of the
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o4 moiety on lymphocytes by natalizumab is highly effective treatment in MS but is
complicated by a risk of progressive multifocal leukoencephalopathy (PML) [158].

Selectins expressed on leukocytes (P-selectin and L-selectin) and endothelium
(E-selectin) result in rolling and slowing of the cells. P-selectin and its ligand
PECAM-1 appear to play a special role in EAE and MS [159, 160]. As cells roll and
are slowed by the interaction of selectins and their ligands, they respond to endothe-
lial cell chemokines. Specific chemokines are fixed on the endothelial surface and
are molecular signals that direct cells to tissues and with specific adhesion mole-
cules confer organ specificity [145]. Chemokines are divided into four families that
are specific for different T-cell subgroups [145]. Distinctive chemokine receptors on
Th1 cells include CCR5 and CXCR3. In MS, all of the infiltrating Th1 cells express
these chemokine receptors [161]. They play a central role in the egress of specific
lymphocyte subgroups into specific target organs. Selectin binding to ligand is an
activating signal that induces rapid activation of od-integrins and (2-integrins
[155-157].

From the first availability of IFN-f, about half of the population placed on this
drug did not appear to benefit from it. In a prospective study, Byun and coworkers
found that half of MS patients placed on IFN-f were “super-responders” [162].
They found that a number of genes were expressed in this super-responder subpopu-
lation following their first dosage, and this predicted the clinical response.
Interestingly, these genes included heparan proteoglycans [160]. Further support for
the identification of IFN-P responder/nonresponder populations followed with a
report by Axtell et al. in 2010 [136]. They reported that serum from Danish IFN-
B-1a nonresponders contained IL-17. Most recently the evidence correlating
response or nonresponse to IFN-f to polymorphisms of a specific gene rs9828519,
a sodium-hydrogen channel, has been published [115]. Apart from illuminating the
mechanisms of the drug response, these observations hopefully will help identify
potential “super-responders’ and assist in advising them in regard to their therapeu-
tic choices for MS. This should reduce the human and financial cost of treatment
failure in managing MS.

T-cell vaccine studies are continuing. The initial approach was to remove immu-
nocompetent cells from patients by immunizing them with antigen analogous to
V-beta chains of T-cell receptors that are capable recognizing encephalitogenic
fragments of MBP. More recent studies have focused on using CNS antigen-
stimulated cells from the patient’s own T-cell repertoire and, following irradiation,
infusing these autoreactive cells back into the donors. There has been a remarkable
impact on reducing sustained progression of disability patients with RRMS, and the
current study is hoping to replicate these findings in patients with SPMS. A prelimi-
nary report in RRMS was encouraging for progressive MS [163].

Treatment of Multiple Sclerosis

Treatment issues in MS generally fall into four categories. These are (1) symptom-
atic treatment; (2) treatment of acute MS exacerbations; (3) reducing the risk (“pre-
vention”) of future exacerbations and, more importantly, reducing the risk of
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sustained increases in disability; and (4) neurological rehabilitation. In recent years
there have been advances in each of these four areas.

In the past, treatment of MS was limited to empirical management of symptoms,
i.e., symptomatic treatment. Most treatments were untested and were of question-
able value, at best. Interested readers are referred to the Diary of Augustus D’Este
where descriptions of treatments employed are recounted [3]. Treatments were
really generic, ineffective, and sometimes dangerous remedies such as cathartics,
enemas, and bloodletting. Many ineffective empirical treatments continue to be
offered by misguided individuals and quacks.

Symptomatic Treatment

Symptomatic treatment covers many areas, but only a few specific issues will be
dealt with in this review. Fatigue, spasticity, and bladder symptoms are among the
most important areas. Also important is the management of the paroxysmal disor-
ders: paroxysmal dystonia, paroxysmal akinesia, paroxysmal dysarthria, trigeminal
neuralgia, facial myokymia, and hemifacial spasm. Treatment can be dramatically
effective.

Fatigue is a prominent complaint in the majority of patients. In reality, the fatigue
of which patients complain is predominantly fatigability, although the occasional
patients with severe exacerbations may awaken with overwhelming fatigue. The
first drug for fatigue to be evaluated in double-blind trials (and shown to effective)
was amantadine HCI (Symmetrel®) [164]. A dose of 100 mg twice daily is an effec-
tive antiviral, initially virtually preventing all influenza type A infections and 90%
of type B infections and a lower but important risk reduction for other paramyxovi-
rus infections. The sustained reduction of fatigue observed in the majority of patients
is presumably due to its weak dopamine agonist properties, rather than an antiviral
effect. In addition, a variety of adrenergic drugs have been used to treat fatigue, but
tolerance tends to develop quickly and habituation is also problem [165]. Modafinil
(Provigil®), a more selective member of this family of drugs appears safe and toler-
ated in small (200 mg) daily doses [166]. Unfortunately, in our experience, toler-
ance seems to develop quickly too. A matter of concern is that in vitro adrenergic
drugs appear to promote cellular immune mechanisms, calling into question their
use in fatigue management. Fatigue and depression commonly coexist, and fluox-
etine (Prozac®) is commonly used to manage these patients. Interestingly, fluox-
etine has immunomodulatory properties, with resultant increases in the Th2
lymphokines, IL-4, and TGFp [167]. Fatigue lessens in patients who stabilize clini-
cally, spontaneously, or in conjunction with immunomodulatory therapy.

Mobility

Dalfampridine (Ampyra®) was approved in 2010 for the improvement of walking abil-
ity. It is a nonspecific potassium channel blocker that is thought to improve conduction
in focally demyelinated axons by delaying repolarization and prolonging duration of
action potentials. Enhanced neuronal conduction is thought to strengthen skeletal mus-
cle fiber twitch activity, resulting in improved motor function [168—170].
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Spasticity continues to be a major problem in MS patients [2]. Diazepam
(Valium®) was the first drug to be proven to reduce spasticity in MS, and it contin-
ues to be a very helpful drug. The use of single oral dose of 5 mg at bedtime is
convenient and cost-effective treatment in a large proportion of patients with mild-
to-moderate spasticity. Occasionally, a small additional dose can be added in the
morning, but the long half-life of the drug usually makes that unnecessary or unde-
sirable. Baclofen (Lioresal®) is an important and useful drug that is less frequently
associated with sedation than diazepam, even at high doses. The oral form of the
drug, which is a racemic mixture, does not seem to have a predictable dose response
in many patients, however. In contrast, those patients with severe refractory spastic-
ity predictably respond to intrathecal baclofen [171]. This, in part, reflects the addi-
tion of I-baclofen to the racemic forms of baclofen for intrathecal use. Use of the
intrathecal drug requires the implantation of a pump to deliver the drug, however
[171]. Tizanidine (Zanaflex®), an alpha-2-adrenergic agonist, has good dose-
response characteristics [122]. On the negative side, tizanidine has a short half-life
and 40% of patients experience prominent fatigue and dry mouth as side effects. In
some patients use of tizanidine avoids the necessity of pump implantation and there-
fore is a welcome alternative [172]. Hopefully, in the future an oral formulation of
I-baclofen will advance to phase III studies and become a clinical option.

Bladder dysfunction occurs in the majority of patients, largely due to hyperre-
flexia of the detrusor muscle. However, dyssynergia accompanies this in 90% of
cases. Managing urinary frequency is usually attempted with the use of low doses
of anticholinergic and oral baclofen, but is often unsatisfactory. Often a single dos-
age of an anticholinergic drug before retiring at night and prior to occasional social
outings is more satisfactory than a multiple doses. Incomplete emptying is usually
best handed by intermittent catheterization. The management of infections is very
important. Avoidance of antibiotics for unproven infections, and obtaining bacterial
sensitivities for each infection, is crucial to avoid pseudomonas infections. Often
chronic use of oral ascorbic acid 2—4 g daily with hippuric acid 2 g daily to acidify
the urine together with six to eight glasses of water successfully prevents recurrent
infections. Mirabegron (Myrbetriq®) is a remarkable new adrenergic drug for
hyperreflexic bladder with incontinence [173].

More extensively studied in spinal cord injury, botulinum toxin A has recently
been approved as an effective alternative for uncontrolled neurogenic detrusor over-
activity resulting in incontinence in patients with MS [174, 175]. It is clear that good
bladder management significantly contributes to quality of life [176].

Management of the paroxysmal disorders is relatively simple in most patients
once they are recognized and identified by physicians [2]. Paroxysmal dystonia (or
tonic spasms), paroxysmal akinesia, trigeminal neuralgia, facial myokymia, and
hemifacial spasm are often successfully managed with modest doses of anticonvul-
sant drugs. However, the response in patients with paroxysmal dysarthria tends is
less predictable. For patients requiring treatment, carbamazepine in doses of 100 mg
orally three times daily controls about 70% of these disorders and 400 mg daily
increases the response rate to 80-85%. Higher doses sometimes are helpful but the
addition of a second anticonvulsant is often more effective. Some patients require
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two or more drugs, including gabapentin and topiramate, to control these symp-
toms, but often carbamazepine can be withdrawn if the second drug is effective
[177]. The use of corticotrophin (ACTH) intravenously or intramuscularly, but not
steroids, is sometimes necessary to gain control of the situation [178].

Treatment of Acute Exacerbations

In the past management of MS exacerbations consisted principally of continuous
enforced rest [2]. At the onset of an exacerbation, rest relieves (or prevents) fatigue.
Thankfully, the injudicious use of extended periods of rest has given way to the
enthusiastic use of physical rehabilitation.

The senior author’s career has spanned the era of validation and FDA approval of
corticotrophin (adrenocorticotropic hormone/ACTH) [122] and the subsequent
introduction and use of high-dose intravenous steroids for the management of exac-
erbations of multiple sclerosis. Dr. Leo Alexander, Harvard Medical School, ini-
tially used corticotrophin because steroids (that he hypothesized should be helpful)
were not available (personal communication). The effectiveness of corticotrophin
was established by multiple controlled trials, the first for any MS treatment [178].
The pivotal trial was a multicenter double-blind placebo-controlled trial was pub-
lished in Neurology 1970 and became the basis of the FDA approval in 1978. No
other drug has been validated as an effective treatment for exacerbations of
MS. However, 40 years ago neurologists at the Montreal Neurological Institute,
including the senior author with other MS physicians, first employed high-dose
intravenous steroids in patients diagnosed with MS. The use of high-dose parenteral
steroids was limited to patients who had lost vision, in one or both eyes due to optic
neuritis, or who were acutely paraplegic due to acute myelitis. In retrospect, these
patients probably had neuromyelitis optica rather than MS. On the basis of the anal-
ogy with trauma and tumor management, it was hypothesized that that acute severe
edematous swelling of the optic nerve or spinal cord resulted in complicating isch-
emia due to the limited capacity to expand within the dura spaces. Although patients
often improved rapidly, frequent complications of high-dose therapy problems were
encountered. Gastrointestinal complications are now rare, but psychiatric distur-
bances, infectious complications, osteoporosis, and aseptic necrosis of the hip and
other bones which are side effects are not rare. Despite weak evidence of benefit
from the single-blind (intravenous) optic neuritis treatment trial indicating short-
term benefit [178, 179], no well-organized appropriate sized, double-blind trials
have been carried out to date. The double-blind oral steroid use portion of the optic
neuritis trial showed clearly that oral steroids were deleterious to patients with optic
neuritis (most of whom would develop clinically definite multiple sclerosis).
Patients receiving oral steroids subsequently experienced a doubled relapse rate of
optic neuritis, apart from other manifestations of MS compared with oral placebo
recipients. A German trial has confirmed experimental observations of increased
damage from the use of steroids equivalent to doses used in human [180]. In patient
with optic neuritis treated with steroids, treatment is associated with damage to the
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affected optic nerve that can be reduced by the concomitant administration of eryth-
ropoietin [181]. We interpret these results as evidence that oral steroids, alone,
should not be used in the management of MS. It is important to note that a neuro-
protective effect for neurons from corticotrophin is well established [182—184].
Methylprednisolone, however, has recently been shown to induce programmed cell
death (apoptosis) of neurons [180]. Because of the effectiveness, and the neuropro-
tective effect, of corticotrophin, we continue to favor its use.

A trial of natalizumab for the management of acute exacerbations failed to influ-
ence the outcome of such clinical exacerbations [185]. The drug, however, did
reduce the risk of new MRI brain lesions over the subsequent 12 weeks following a
single infusion. Despite its failure to induce a more rapid recovery from exacerba-
tions, natalizumab did improve the sense of well-being of the drug recipients, also.
Benefit was observed in subsequent studies aimed at reducing the risk of MS exac-
erbations and/or sustained increase in disability also.

Reduction of Multiple Sclerosis Exacerbations and Disability

For more than a decade and a half, there has been intensive study of several drugs
and their potential value in reducing the risk of exacerbations in MS. As a corollary
to this outcome, there has been increasing emphasis on their potential impact on
reducing the risk of disability due to this disease. At press time, there are ten FDA-
approved disease-modifying therapies for relapsing MS (see Table 2.4).

The first drug to be approved (1993) to reduce the frequency of MS exacerba-
tions of (33% reduction) was IFN-f-1b (Betaseron®) [186, 187]. The drug also had
a remarkable effect, significantly reducing the burden of disease as measured by
brain MRI T2 lesion volumes [187]. Unfortunately, use of IFN-p-1b is consistently
associated with flu-like symptoms and local inflammatory reaction at the injection
site.

The drug IFN-f-1a is produced using mammalian cell lines and the authentic
human genetic sequence, unlike IFN-f-1b that has two genetic alterations and
which is made using coliform bacteria. IFN-f-1a is rapidly absorbed from the injec-
tion site and local reactions as well as neutralizing antibody formation are less.
Avonex® brand of IFN-f-1a was approved in 1996 as a result of a study using 30
micrograms intramuscularly once weekly [188]. Risk of sustained disability for
24 weeks, the primary outcome measure, was reduced for drug recipients to 21.9 vs.
39.7% for placebo recipients in the study. Relapse risk was also reduced, 0.61 vs.
0.90 for those who completed the 104 weeks of the trial. However, data analysis
employing “intent-to-treat analysis” showed a reduction in the risk of relapses with
active drug treatment of 0.61 vs. 0.82 for placebo. The latter results reflect the fact
that 40% of the patients did not complete the study because study drug was not
available. Subsequently, the benefits on disability prevention were shown to be sus-
tained [189].

A large three-arm pivotal (PRISMS) trial was reported in 2002, showing results
resembling those reported for IFN-f-1b [190]. Subsequently, after additional
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Table 2.4 Commonly used disease-modifying therapies in RRMS

Name of Year of Dosing Proposed
medication approval regimen mechanism of action | Important side effects
Injectables
IFN-B-1a 1996 Once a week; Modulates T-cell and | Flu-like symptoms,
Avonex® intramuscular | B-cell function, depression, anemia,
injection; 30 decreases expression | elevated LFTs, allergic
mcg of matrix reactions
metalloproteinases,
interferes with
blood-brain barrier
disruption, alters
expression of
cytokines [121]
IFN-B-1a 1996 Three times a | As above Flu-like symptoms,
Rebif® week; injection site reactions,
subcutaneous blood dyscrasias,
injection; 44 depression, elevated
mcg LFTs, allergic reactions
Pegylated 2014 Every 14 days; | As above Flu-like symptoms,
IFN-B-1a subcutaneous injection site reactions,
Plegridy™ injection; 125 depression, anemia,
mcg elevated LFTs, allergic
reactions, cardiac
abnormalities
IFN-B-1 1993 Every other As above Flu-like symptoms,
Betaseron® day; injection site reactions,
subcutaneous allergic reactions,
injection; 250 depression, elevated
mcg LFTs, leukopenia
IFN-B-1p 1993 Every other As above As above
Extavia® day;
subcutaneous
injection;
0.25 mg
Glatiramer 1997 Every day; Stimulates Injection site reactions;
acetate subcutaneous | regulatory T cells, idiosyncratic reaction
Copaxone® injection; neuroprotective and | including anxiety, chest
20 mg OR repair mechanisms pain, palpitations, SOB,

three times a
week;
subcutaneous
injection;

40 mg

[121]

flushing; vasodilation

(continued)
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Table 2.4 (continued)

Name of Year of Dosing Proposed
medication approval regimen mechanism of action | Important side effects
Oral drugs
Fingolimod 2010 Every day; Sphingosine-1- Headache, flu, diarrhea,
Gilenya® capsule taken | phosphate receptor back pain, elevated
orally; 0.5 mg | modulator that LFTs, cough, prolonged
inhibits the QT interval/bradycardia
migration of T cells | following first dose,
from lymphoid infections, macular
tissue into the CNS edema
[123]
Teriflunomide | 2012 Every day; pill | Interferes with de Hair thinning, diarrhea,
Aubagio® taken orally; novo synthesis of flu, nausea, abnormal
7 mgor 14 mg | pyrimidines by LFTs, paresthesia,
inhibition of leukopenia,
dihydroorotate hypertension, hepatic
dehydrogenase, injury
leads to blocking
cell replication in
rapidly dividing cells
Dimethyl 2013 Twice a day; Unknown; possibly | Flushing,
fumarate capsule taken | via action on nuclear | gastrointestinal effects,
Tecfidera® orally; 120 mg | factor erythroid2- rash, proteinuria,
for 1 week and | related factor 2, elevated LFTs, blood
240 mg which upregulates dyscrasias
thereafter antioxidative
pathways; inhibition
of the translocation
of nuclear factor-kB
and therefore
inhibits cascade of
inflammatory
cytokines,
chemokines, and
adhesion molecules
[124]
Infusions
Natalizumab | 2003 Every 4 weeks | Binds o4-integrin PML, allergic, or
Tysabri® by IV; 300 mg. | and blocks hypersensitivity
interaction with reactions within 2 h of
leukocytes with infusion, headache,
vascular cell fatigue, urinary tract
adhesion molecules, | infections, depression,
resulting in inhibited | respiratory tract
migrations of infections, joint pain,
leukocytes from the | gastrointestinal effects,
blood into the CNS vaginitis
[122]
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Table 2.4 (continued)

Name of Year of Dosing Proposed
medication approval regimen mechanism of action | Important side effects
Alemtuzumab | 2014 Intravenous Targets CD52, Autoimmune disorders
Lemtrada™ infusion on depletes including thyroid and
five lymphocytes ITP, renal failure, rash,
consecutive headache, fever, nasal
days, followed congestion, nausea,
by intravenous urinary tract infection,
infusion on fatigue, insomnia,
three upper respiratory tract
consecutive infection, hives,
days 1 year itching, fungal
later; 12 mg infection, arthralgias,
diarrhea, vomiting,
flushing, infusion
reactions

studies, a head-to-head trial of Rebif® vs. Avonex® was undertaken [191]. The
16-month trial benefit favored Rebif® at each time point in the study. However, the
“survival” curve of Avonex® appeared to approach that of Rebif® as the study pro-
gressed, however. The PRISM trial extension did show more benefit for patients at
the higher dose who initially had received placebo and who were switched to either
22 or 44 micrograms three times weekly [192, 193].

Pegylated IFN-f-1a (Plegridy®) was approved by the FDA in 2014 and is admin-
istered subcutaneously at 2-week intervals at a maintenance dose of 125 pcg
/0.5 mL, available both as a pen injector and prefilled syringe. It is an IFN-f-1a to
which a single, linear 20,000-dalton methoxy poly(ethyleneglycol)-O-2-
methylpropionaldehyde molecular is covalently attached to the alpha amino group
of the N-terminal amino acid residue. The efficacy of Plegridy® was demonstrated
in the ADVANCE study, a randomized, double-blind, placebo-controlled study of
RRMS that examined clinical and MRI outcomes at 48 weeks, comparing the treat-
ment group against placebo. The primary outcome of related reduction of annual-
ized relapse rate over 1 year was met, with statistically significant (p=0.0007)
relative reduction of 36%. MRI outcomes at 48 weeks showed a 67% relative reduc-
tion of mean number of new or newly enlarging T2 hyperintense lesions and 86%
relative reduction in the mean number of Gd-enhancing lesions (p<0.0001) [194].
The side-effect profile is quite similar to that of Rebif®, including flu-like symp-
toms, injection site reactions, hepatic injury, and depression. The dose-frequency
blinded extension study (ATTAIN) is ongoing.

Glatiramer acetate (Copaxone®) was approved in 1997 as a result of a double-
blind placebo-controlled trial [195]. The outcome of the trial was a 30% reduction
in the risk of relapse for glatiramer, compared with placebo, similar to the IFN-f
studies. A follow-up of a subset of patients by the original investigators has shown
apparent robust long-term benefits with the majority of the study subjects stabilized
[196]. This information has become part of the package insert. More recently in the
Glatiramer Acetate Low-Frequency Administration (GALA) study, glatiramer
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acetate at a dose of 40 mg/mL administered subcutaneously thrice weekly com-
pared to placebo showed a 34.0% reduction in risk of confirmed relapses, and this
new dosing regimen is now approved for use [197].

A marked reduction of gadolinium lesion enhancement has been found following
initiation of IFN-B-1b [198] and IFN-p-1a [188] and for glatiramer acetate [199].
Similar results for natalizumab have been reported [200]. Interestingly, the serially
studied placebo patients showed that while enhancement disappears with steroid
administration, enhancement returns, finally disappearing about 2 months after its
first appearance [185]. In recent years, increasing emphasis has been placed on
techniques of measuring brain atrophy [201-203].

Natalizumab (Tysabri®) is a humanized monoclonal antibody that binds a4-integrin
and blocks interaction of o4pl-integrin on leukocytes with vascular cell adhesion
molecules (VCAM) and connects segment-1 on fibronectin sites on vascular endothe-
lial cells [204]. Two phase III clinical trials demonstrated the efficacy of natalizumab,
administered at a dose of 300 mg intravenously every 4 weeks. The AFFIRM trial
showed that natalizumab reduced ARR by 68% over 2 years, disability progression by
42% over 12 weeks and 54% over 24 weeks, an 83% decrease in new or enlarging T2
hyperintense lesions, and decrease in gadolinium-enhancing lesions on MRI by 92%
compared to placebo. The SENTINEL trial examined natalizumab in combination
with IM IFN-B-1a is more effective than IM IFN-f- 1o alone [205-207]. Natalizumab
is generally tolerated well. Side effects include infusion-related symptoms, allergic
hypersensitivity reactions, anxiety, fatigue, pharyngitis, bladder and respiratory infec-
tions, sinus congestion, and peripheral edema. The primary safety concern is the
increased risk of PML, the risk of which increases with duration of therapy and serum
JCV Ab status and index [208, 209]. Approximately 6% of patients develop persistent
anti-natalizumab-neutralizing antibodies [210]. Switching of natalizumab to alterna-
tive agents like fingolimod more than 8 weeks after cessation of natalizumab may be
associated with lower risk of MRI and clinical disease reactivation [211].

In 2010, Fingolimod (Gilenya®) was the first oral disease-modifying drug to be
approved by the Food and Drug Administration for MS. Fingolimod is a sphingosine-
1-phosphate receptor (S1P1) modulator, initially acting as an agonist of the S1P1
receptor, and then becomes a potent functional antagonist, leading to internalization
of S1P1 receptors on lymph node T cells, resulting in sequestration of lymphocytes
in the lymph node. Uniquely, circulating naive T cells and central memory cells are
reduced by fingolimod, since both express the chemokine receptor lymph node
homing CCR?7. Fingolimod does not affect effector memory cells, but some of its
mechanisms of action may be explained by the enhancement of function of potent
circulating regulatory T cells. Other effects include the modulation of human oligo-
dendrocyte progenitor cells, which potentially could affect myelin repair, astrocyte
proliferation, migration and gliosis, and neuroprotection. The clinical efficacy of
fingolimod was demonstrated in two large, phase III, double-blind, randomized tri-
als: (1) FTY720 Research Evaluating Effects of Daily Oral Therapy in Multiple
Sclerosis (FREEDOMS) and (2) Trial Assessing Injectable Interferon Versus
FTY720 Oral in Relapsing-Remitting Multiple Sclerosis (TRANSFORMS). The
FREEDOMS trial enrolled 1272 patients who were assigned either oral fingolimod
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0.5 mg or 1.25 mg daily versus placebo for 2 years. The primary end point, ARR,
was 0.18 in the 0.5 mg dose group, 0.16 in the 1.25 mg dose group, and 0.40 in the
placebo group. There was also a statistically significant effect on reduction of sus-
tained disability progression. After 12 weeks progression was seen in 17.7% in the
0.5 mg dose group and 16.6% in the 1.25 mg dose group versus 24.1% in the pla-
cebo group. Fingolimod also showed a reduction in the number of new or enlarging
lesions on T2-weighted imaged, gadolinium-enhancing lesions at year 2.
Importantly, reductions in whole brain volume were less at both 12 and 24 months
in the fingolimod group [212, 213]. The TRANSFORMS trial included 1292
patients randomly assigned to the 0.5 mg dose and 1.25 mg dose, but this time a
comparator of 30 pg weekly IM interferon-beta-1a. Orally administered fingolimod
at a dose of 0.5 mg daily was found to be superior to IFN-p-1a at reducing ARR and
MRI activity, although the sustained use of IFN in patients prior to the initiation of
the trial is considered a confounder of this data [214]. Fingolimod is generally well
tolerated; however, low-frequency specific safety issues including first-dose brady-
cardia, herpes virus dissemination, macular edema, and elevated blood pressure
require screening and regular monitoring. Of note, four cases of PML have now
been reported with fingolimod use, without prior exposure to natalizumab.

Teriflunomide (Aubagio®) is an oral medication that interferes with the de novo
synthesis of pyrimidines via inhibition of the mitochondrial enzyme dihydroorotate
dehydrogenase, resulting in blocking cell replication in rapidly dividing cells. The
precise mechanism for its effect in RRMS is unknown. Teriflunomide is a derivative
of leflunomide, used for many years in the management of rheumatoid arthritis.
Two clinical trials examined the efficacy of teriflunomide: (1) TEMSO and (2)
TOWER. The TEMSO study evaluated both 7 mg and 14 mg doses versus placebo
in 1088 patients with active relapsing MS. Both doses showed a significant reduc-
tion in the primary outcome measure, ARR, compared to placebo by 31.2% (7 mg)
and 31.5% (14 mg). Both the 7 mg and 14 mg dose reduced MRI outcomes, slightly
more in favor of thel4 mg dose. In the TEMSO extension study, adjusted ARR
remained low 5 years after initial randomization [215-217]. In the TOWER study,
1169 were randomly assigned to a 7 mg dose, 14 mg dose, and placebo group. The
ARR was higher in the placebo group (0.50) compared to the 14 mg (0.32) and 7 mg
dose groups (0.39). Teriflunomide at the 14 mg dose reduced the risk of sustained
accumulation of disability at 48 weeks; however, the 7 mg dose did not show this
effect [218, 219]. A third head-to-head study compared the effectiveness and safety
of teriflunomide and subcutaneous interferon-p-1a (44 pg three times per week) in
patients with relapsing multiple sclerosis (TENERE) over a 2-year period. The pri-
mary end point was time to failure, defined as the first occurrence of confirmed
relapse or permanent treatment discontinuation for any reason, and no statistical
superiority between IFN-B-la and the 14 mg dose of teriflunomide was found,
although IFN-B-1a was superior to the 7 mg dose of teriflunomide [220]. The ongo-
ing phase III TERACLES trial is examining the clinical usefulness of combination
teriflunomide with IFN-p. (ClinicalTrials.gov identifier: NCT01252355)

The most common adverse effects of teriflunomide are mild-moderate, including
elevation in transaminases, hair thinning, GI upset, and headache. We have had two
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apparent allergic reactions to this drug. The greatest concern is the potential for tera-
togenicity based on animal data, and teriflunomide is contraindicated in women in
childbearing potential not using reliable contraception, and men with the potential
to father a child are also advised to utilize contraception. As teriflunomide may
remain in the serum for up to 2 years, an enhanced drug elimination procedure using
cholestyramine or activated charcoal powder is used for patients planning on becom-
ing pregnant or who already are pregnant [221]. Despite these precautions, as of
2013 the AUBAGIO Pregnancy Registry data indicated that 12 newborns have been
conceived while on teriflunomide, with no structural or functional deficits reported
[222].

Dimethyl fumarate (DMF) (BG-12, Tecfidera®) is the third oral therapeutic
option. It is a fumaric acid ester in an enteric-coated microtablet. When it enters the
CNS is immediately hydrolyzed by esterases to its metabolite monomethyl fuma-
rate. DMF is associated with decreased GI side effects compared to MMF. It acts on
nuclear factor erythroid2-related factor 2 (Nrf-2), which upregulates various anti-
oxidative pathways and inhibits the translocation of nuclear factor-xB into the
nucleus, therefore avoiding the expression of a cascade of inflammatory cytokines,
chemokines, and adhesion molecules. While the forgoing mechanism is thought to
be responsible to it clinical effect, the exact mechanism of action in RRMS, how-
ever, is unknown [223].

Two clinical trials have evaluated the efficacy of BG-12 for RRMS: (1) determi-
nation of the efficacy and safety of oral fumarate in relapsing-remitting multiple
sclerosis (DEFINE) and (2) comparator and an oral fumarate in relapsing-remitting
multiple sclerosis (CONFIRM). The DEFINE study evaluated 1234 patients with
RRMS and EDSS scores of <5 who were randomized to a 240 mg twice-a-day dos-
ing regimen, 240 mg three-times-a-day dosing regimen, or placebo. The primary
outcome measure was the proportion of patients relapsing at 2 years, whereas unlike
other clinical trials, the ARR and risk for disability progression were secondary
outcomes. Both doses of BG-12 met the primary outcome measure, with a reduction
in the proportion of patients relapsing by almost 50%. Twenty-seven percent of
patients on the twice-a-day dosing and 26% of patients on the three-times-a-day
regimen had at least one relapse at 2 years, versus 46% of patients on placebo. ARR
in both doses of BG-12 was reduced by 53% relative to placebo. EDSS progression
was also reduced at 12 weeks in both dosing regimens, with 16% (twice-a-day regi-
men) and 18% (three-times-a-day regimen) progressing versus 27% of patients on
placebo. Other measures, including new or enlarging MRI lesions were significantly
lower in the BG-12-treated patients as well. The CONFIRM trial evaluated 1430
patients randomized to one of the two BG-12 dosing regimens or an active compara-
tor glatiramer acetate (GA) 20 mg/d subcutaneously. The primary end point, differ-
ence in ARR over a 2-year period, was 44% lower with BG-12 at the twice-a-day
regimen, 51% lower with the three-times-a-day regimen, and 29% lower with
GA. There was no significant reduction in sustained increase in disability, but a
preplanned analysis of the combined outcomes of the DEFINE and CONFIRM
studies did reveal a significant reduction in the risk of sustained increase in disabil-
ity. Of note, the study was powered to evaluate the doses against placebo, but not
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against GA. The most common adverse effects include abdominal pain, flushing,
nausea, and diarrhea. These effects can be ameliorated with the administration of
the medication with food and/or regular aspirin at a dose of <325 mg 30 minutes
prior to administration. Severe lymphopenia may occur, and PML has been reported
in four patients. It is recommended that a CBC with differential be obtained at least
at 6-month intervals. Reduction of CD8+ T cells is more pronounced than that of
CD4+ T cells, and this can be serially monitored with lymphocyte subset panels
[224-226].

Despite hopes that oral therapy would lead to increased compliance, it has been
shown that oral medications, particularly dimethyl fumarate which is dosed twice
daily, is associated with poorer compliance, especially in the young population
[227-229]. Alemtuzumab (Lemtrada®) is a humanized anti-CD52 monoclonal
antibody. The exact mechanism by which alemtuzumab exerts its therapeutic effects
in RRMS is unknown, but is thought to work via depletion and subsequent repopu-
lation of both circulating T and B lymphocytes. These cell populations recover at
variable rates, with CD4+ T lymphocytes being the slowest, leading to long-term
adaptive immunity. The CARE-MS I trial was a phase III randomized clinical trial
of 581 treatment-naive patients comparing alemtuzumab (12 mg/d over a 5-day IV
administration with a second 3-day IV administration 1 year later) to subcutaneous
IFN-B-1a administered three times a week at a ratio of 2:1. Two primary end points
were identified: reduction in relapse rate and 6-month sustained accumulation of
disability. Alemtuzumab reduced risk for relapse by 55% compared to IFN-f-1a,
with a yearly relapse rate of 0.39 in the IFN-f-1a group compared to 0.18 in the
alemtuzumab group, monitored over a period of 2 years. A secondary outcome mea-
sure, maintenance of relapse-free status for 2 years, was met in 77.6% of
alemtuzumab-treated patients and 58.7% of IFN-p-la-treated patients. Multiple
MRI outcomes also favored alemtuzumab. These included a reduction in the per-
centage of new and enlarging T2 lesions, new gadolinium-positive lesions, or per-
sistent gadolinium-positive lesions at 24 months and new T1-hypointense lesions.
The alemtuzumab group had slower progression of brain atrophy as compared to
IFN-B-1a (0.87 versus -1.49 median percent change at year 2) [230]. CARE-MS II
evaluated 840 patients who, unlike CARE-MS I, had recently relapsed while taking
a standard disease-modifying therapy. Randomization was performed in a 2:2:1
ratio of high-dose (24 mg) alemtuzumab, low-dose (12 mg) alemtuzumab, and IFN-
B-1a. Yearly rate of relapse was significantly reduced in the low-dose alemtuzumab
group (0.26) compared to the IFN-p-1a group (0.52) over 2 years. A 42% reduction
in the risk for sustained accumulation of disability over 6 months was seen in the
low-dose alemtuzumab group (12.7%) versus the IFN-p-1a group (21.1%). Of the
low-dose alemtuzumab group, 28.8% had sustained improvement in their EDSS
score compared to the IFN-f-1a group (12.9%). There was no significant change in
total T2 burden, but fewer patients had new or enlarging T2 lesions or new
gadolinium-positive lesions over 24 months in the alemtuzumab group. There was
less reduction in mean brain parenchymal fraction in the alemtuzumab group
(—0.615% versus —0.81%). No advantage of the 24 mg over 12 mg dose of alemtu-
zumab was seen [231].
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Alemtuzumab is associated with several safety issues. Mild-moderate infusion-
related reactions are seen in 90%. The incidence of infections is higher, most com-
monly upper respiratory tract infections, urinary tract infections, and oral herpes.
The development of secondary autoimmune disorders is of primary concern, with
16-19% of alemtuzumab-treated patients developing thyroid-related problems and
1% developing immune thrombocytopenia. There is concern for development of
antiglomerular basement membrane disease as well. Monthly CBC with differen-
tial, serum creatinine levels, and urinalysis with urine cell counts are recommended
for 48 months after the last dose of alemtuzumab. Prophylactic medications for
pneumocystis pneumonia and herpes viral infections must be administered during
treatment and for at least 2 months following the last dose or until CD4+ counts
recover to >200 cells/mm? [232].

The management of primary and secondary progressive disease is far from satis-
factory but based on prospective studies; two drugs are now approved: mitoxantrone
[233, 234] (Novantrone®) and IFN-B-1b [235]. The use of IFN-p-1b varies greatly
from one geographic area to another, varying on the impatience and experience of
physicians and patients alike. Its use is tempered by the fact that many patients
seemingly stabilized initially subsequently begin to progress despite continued use
of the drug. In retrospect, this is seen in drug trials that included patients who no
longer experienced relapses [235]. This observation is also in keeping with the
meta-analysis of the US trial. The use of mitoxantrone resulted in cessation of exac-
erbations and apparent stabilization in the majority of drug recipients vs. controls in
the study. This was accompanied by the realization that the drug is cardiotoxic [233,
234]. The results as published are difficult to under interpret for the non-statistician,
and the specter of cardiotoxicity combined with the risk of promyelocytic leukemia
has limited its use of this effective drug, despite clear-cut guidelines. It is best used
in larger centers with experience with this drug.

High doses of oral biotin (100—300 mg daily) were studied in France for chronic
progressive multiple sclerosis [236]. Data in an open-label study of 23 patients
showed that 91.3% improved clinically suggested that biotin may have an effect on
disability and progression. The results of a randomized, double-blind, multicenter
placebo-controlled (2:1) trial of MD1003 (pharmaceutical grade biotin dosed at
300 mg/day) in patients with progressive MS were reported at both the 2015 AAN
meeting and 1st Congress of the European Academy of Neurology [237]. A second
clinical trial is underway evaluating the effect of biotin in MS patients with perma-
nent visual loss following optic neuritis. A significant reduction in disability pro-
gression is preliminarily reported.

Other nonspecific immunosuppressants have been used in the clinical setting.
Some were employed in open-label settings, and limited trials of azathioprine,
methotrexate, and cyclophosphamide have been carried out. There appears to be a
desirable effect from the use of these drugs, but potential infections are real risks,
and other problems potentially complicate their use. Hopefully, pivotal trials of one
or more of these agents will be organized in the near future. If employed, their use
again should be limited or guided by neurologists who are experienced in their use.
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Future Directions in Treatment

Though traditionally B cells were not thought to be of central importance in the
pathogenesis of MS, and therefore not initially a target for disease-modifying ther-
apy, an anti-B-cell therapy a proof of concept (phase II) study indicated a potential
role for rituximab (Rituxan®) in the treatment of RRMS [238]. While a clinical trial
evaluating the use of rituximab in primary progressive MS (PPMS) patients did not
show a statistically significant difference in time to confirmed disease progression
compared to placebo, subgroup analysis revealed a significant difference in patients
aged <51 years with gadolinium-enhancing lesions seen on MRI [239].

Data presented at the 2015 ECTRIMS meeting from recently completed pivotal
studies of ocrelizumab, a humanized anti-CD20 monoclonal antibody given intrave-
nously, have revealed a highly significant impact on both relapse reduction and
reduction in the risk of progression in RRMS. Another anti-CD20 humanized
monoclonal antibody under study, ofatumamab, has been successful in a proof of
concept studies with either intravenous or subcutaneous preparations. The data of
three large pivotal (phase III) clinical trials, two evaluating ocrelizaumab in the
RRMS population (OPERA I and II), and another in the progressive MS population
(ORATORIO) were revealed at the 2015 ECTRIMS annual meeting in Barcelona,
Spain. Ocrelizumab showed a significant effect for both relapsing-remitting and
progressive MS. Ocrelizumab reduced the ARR at 96 weeks by 46% in OPERA 1
and 47% in OPERA II compared to IFN-p-1a [240]. In the ORATORIO PPMS
study, ocrelizumab met the primary end point of a significant 24% reduction in
12-week confirmed disability progression (CDP) [241]. Key secondary end points
including a 25% reduction in risk of CDP at 24 weeks, 17.5% reduction in brain
volume loss, and 3.4% decrease in T2 lesion volume. The most common adverse
events were mild-to-moderate infusion-related reactions [242]. Official publication
of the results is newly released [243], [244].

Daclizumab is yet another humanized monoclonal antibody that binds to the
a-subunit (CD25) of the high-affinity interleukin-2 (IL-2) receptor expressed on
activated T cells and CD4+CD25+FoxP3+ regulatory T cells. Its mechanism of
action in MS is thought to be via blockage of the activation and expansion of auto-
reactive T cells. An important biological effect of daclizumab is the activation and
expansion of immunoregulatory CD56 bright natural killer cells. Two phase III tri-
als are recently completed and the drug has been submitted for approval by the
Federal Drug Agency. The DECIDE study, which compared subcutaneous dacli-
zumab high-yield process (HYP), administered at a dose of 150 mg every 4 weeks,
with intramuscular IFN-p-1a. The annualized relapse rate was significantly lower
with daclizumab HYP than with IFN-f-1a (0.22 vs. 0.39, 45% lower rate with dacli-
zumab HYP). The number of new or newly enlarged hyperintense lesions on T»-
weighted magnetic resonance imaging (MRI) over a period of 96 weeks was lower
with daclizumab HYP than with IFN-p-1a (4.3 vs. 9.4, 54% lower number of lesions
with daclizumab HYP, P<0.001). At week 144, the estimated incidence of disability
progression confirmed at 12 weeks was 16% with daclizumab HYP and 20% with
IFN-f-1a, but this finding was not statistically significant [245]. The results of the



62 A.A.Lizarraga and W.A. Sheremata

OBSERVE single-arm study, which is evaluating the immunogenicity and pharma-
cokinetics of daclizumab HYP, have not been published at press time [246].

There is understandably substantial interest in the development of remyelinating
agents in MS to repair damage myelin. The anti-LINGO-1 monoclonal antibody
BIIB033 has undergone phase I randomized trials, and phase II results from the
SYNERGTY trial were reported in Barcelona in 2015 [247, 248]. Another monoclo-
nal antibody under consideration for development is GSK1223249 which targets
NOGO-A, an inhibitor of neurite outgrowth [249].

Laquinomod is a derivative of linomide, an agent studied in the 1980s for use in
MS whose development was halted due to multiple adverse events including myo-
cardial infarction. As with its parent molecule, serious adverse experience including
cardiotoxicity has been recognized, and the pivotal study has been halted.

Other treatments in early clinical studies include secukinumab, an anti-IL-17A
monoclonal antibody and firategrast, an oral agent acting against anti-a4-integrin
(the target for natalizumab) [250, 251]. Second-generation, more specific sphingo-
sine receptor agents being studied include siponimod and ONO-4641 [252, 253].
Ibudilast is a phosphodiesterase-4 inhibitor that reduces microglial inflammation
and hopefully neurodegeneration in MS and is a promising option for treatment of
progressive MS. The phase IIb trial Secondary and Primary Progressive Ibudilast
NeuroNEXT trial in Multiple Sclerosis (SPRINT-MS) is currently under way.

Rehabilitation

There is renewed interest in exercise in MS both here in the United States and in
Europe, and strategies employed in rehabilitation have continued to evolve [254,
255]. The recognition and acceptance of the principal of shorter periods of exercise
for MS patients repeated after periods of rest has helped many patients greatly. The
use of aquatic exercises, where the patient is cooled during exercise and allowed
longer periods of sustained effort, also has resulted in more effective rehabilitation.
The impact of daily exercise on experimental models of CNS disease is striking
[256-258].

The use of more modern orthotics devices, which are lighter and reduce fatigue
in the MS patient, is a major advance in patient management. New neuroprosthetic
technology in the form of functional electrical stimulation, such as Bioness® and
WalkAide®, can be helpful in selected patients. Fitting these devices and monitor-
ing by experienced physicians and therapists increases their effectiveness and is
particularly important. Patients require training and encouragement to adapt to
these devices. Similarly, simply giving a patient a prescription for a cane is insuffi-
cient. Early introduction of stretching, and judicious use of muscle stretching and
use of drugs for control of spasticity prevent contractures and simplify management
of most patients. The primary role of the therapist is to instruct the patient and care-
givers as to what they must do to decrease the risk of contractures and increase
mobility. At the same time they must increase self-confidence of the patient avoid
making the patient dependent on the therapist.
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Conclusions

The age of rational therapy for MS arrived in the early 2000s with natalizumab
and therapeutic options continue to expand. Increased efficacy may be associ-
ated with complications such as PML as first evidenced with natalizamab. Its
continued use is contingent upon improved risk stratification for PML based on
JC virus antibody indices with values less than 1.3 indicative of a low risk (less
than 1:10,000). There is continuing concern that other effective drugs may share
such risks but the jury is still out. Risks for natalizumab vary with duration of
treatment, peaking at the end of the third year of use for high JC virus antibody
index subjects and subsequently decreasing to levels resembling those observed
after 2 years. Prior use of mitoxantrone or methotrexate raises the risk to espe-
cially high levels (1:90) in the presence of high index JVC antibody. L-selectin
(CD62L) was thought to be a possible useful biomarker, but a recently pub-
lished prospective study failed to show any utility [209]. From the available
data, fingolimod and dimethyl fumarate appear to be associated with a very low
risk for PML, far less than the risk for natalizumab with low JVC antibody
indices.

Future trials of compounds discussed in the “emerging therapies” section are
exciting prospects. Of particular importance are the anti-B-cell therapies. The
focus for disease-modifying therapy has been in relapsing-remitting multiple
sclerosis, and there is newfound enthusiasm for treatment of progressive MS
stimulated by the recently announced ocrelizumab trial results for PPMS. The
FDA has just declared this drug as a “breakthrough” in the treatment of progres-
sive MS.
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