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Summary 

Multiple sclerosis is a major cause of neurologic disability, which accrues predominantly during 

progressive forms of the disease. While development of multifocal inflammatory lesions is the 

underlying pathologic process in relapsing-remitting multiple sclerosis, the gradual accumulation 

of disability that characterizes progressive multiple sclerosis appears to result from more diffuse 

immune mechanisms and neurodegeneration. As a result, the13 anti-inflammatory medications 

with regulatory approval to treat relapsing-remitting multiple sclerosis have little or no efficacy in 

progressive multiple sclerosis without inflammatory lesion activity. Thus, effective therapies for 

progressive multiple sclerosis that prevent worsening, reverse damage, and restore function 

represent major unmet needs. This review summarizes the current status of therapy for 

progressive multiple sclerosis and outlines prospects for the future. 
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Introduction 

Multiple sclerosis (MS) is a chronic immune-mediated disease of the central nervous system. 

The global prevalence of MS was estimated at 2·3 million in 2013,1 an increase of 0·2 million 

from five years earlier. This prevalence is likely an underestimate and does not fully account for 

the number of patients with MS in large Asian countries. Approximately 15% of patients begin 

with a progressive disease course from onset, termed primary progressive MS (PPMS); 

approximately 70% develop progression 10–15 years after an initial relapsing-remitting (RR) 

course, termed secondary progressive MS (SPMS). Thus, at least 1·3 million people have 

progressive MS. 

Disability in MS accrues predominantly in the progressive forms of the disease, creating a 

significant healthcare burden at the individual, family, and community levels. Although 

substantial progress has been made in the treatment of RRMS – 13 medications currently have 

regulatory approval – development of therapies that prevent or reverse progression has been 

slower. International efforts such as the International Progressive MS Alliance are increasing the 

focus on PMS and identifying specific research areas to target.2 This review summarizes the 

current status of therapy for progressive MS and outlines prospects for the future. 

 

Current understanding of the pathogenesis of progressive multiple sclerosis 

The pathogenic mechanisms underlying progression are incompletely understood. Moreover, 

since the division 25 years ago of what previously was called chronic progressive MS into 

PPMS and SPMS, it remains uncertain whether they represent overlapping or distinct entities.3 

Patients with PPMS and SPMS both exhibit gradually worsening disability, most often motor 

impairment with a pattern suggesting a myelopathy but also may have progressive hemiparesis, 

ataxia, visual dysfunction, or cognitive impairment. While the onset of progression commonly 

occurs at age 40-50 in both groups, SPMS follows an initial RR phase typically lasting 10–15 

years. Patients with PPMS have an equal gender balance, while SPMS more commonly affects 
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women. In patients with radiologically isolated syndrome (MRI findings typical of MS without 

clinical manifestations), a small proportion have clinical conversion manifested as gradual 

progression of disability.4 The proportion, demographics, gender balance, clinical 

characteristics, and frequency of cord lesions are similar to those of PPMS in the overall MS 

population. The current consensus is that PPMS is biologically part of the MS spectrum, and the 

clinical, imaging, and pathological differences between PPMS and SPMS are more relative than 

absolute. Therefore, in much of this review, PPMS and SPMS will be discussed together as 

progressive MS (PMS). 

The pathological mechanisms causing tissue damage in RRMS and PMS overlap but differ 

quantitatively. In the early stages, MS pathology is dominated by focal inflammatory lesions with 

perivenular accumulation of T and B lymphocytes, blood-brain barrier disruption, demyelination, 

and acute axonal transection.5 Although focal lesions sometimes develop in PMS, new lesion 

activity becomes less frequent over time. In contrast, diffuse pathology in grossly normal-

appearing white and gray matter with microglial activation and neurodegeneration are more 

prominent.6 These features are found in early MS as well, but increase with age and disease 

duration. 

The clinical importance of gray matter pathology involving cortex, deep structures, 

cerebellum, and spinal cord in PMS is increasingly recognized.7 Several types of cortical lesions 

have been distinguished: leukocortical (subcortical lesions affecting adjacent white and gray 

matter), intracortical, and subpial lesions (spanning long distances in the subpial ribbon and 

extending from the surface to cortical layers II or IV).8 Cortical histopathology includes microglial 

activation, demyelination, neuritic transection, neuronal death, and reduced presynaptic 

terminals but tends not to include perivascular lymphocytic cuffs typical of white matter lesions.8 

Subpial lesions may be associated with meningeal infiltrates of T and B lymphocytes, plasma 

cells, and macrophages,6 which in some cases of SPMS form structures resembling lymphoid 
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follicles.9 The severity of cortical demyelination correlates with the extent of meningeal 

inflammation in PMS, suggesting a pathogenic role.10 

A number of potential mechanisms are hypothesized to lead to neurodegeneration in PMS 

(Figure 1),11 many of which are potential therapeutic targets. Demyelinated axons are abundant 

in longstanding MS and are hypothesized to be susceptible to chronic injury.6 In addition to loss 

of myelin’s structural and trophic support, chronic demyelination might permit increased 

exposure to toxic species in the microenvironment: inflammatory mediators, and reactive 

oxygen and iron species. In some demyelinated axons, saltatory nerve impulse conduction is 

replaced by continuous conduction, which restores function but increases energy demand and 

sodium accumulation in the axonal cytoplasm. Resultant reverse operation of sodium-calcium 

exchanger to restore ionic gradients could lead to cytoplasmic calcium accumulation, activation 

of calpains, and proteolysis of cytoskeleton. As discussed below, studies of sodium channel 

blockers had mixed results.12,13 Although remyelination can be seen in some lesions, the failure 

of remyelination in other areas is hypothesized to cause axonal degeneration and disease 

progression. Thus, remyelination is a potential therapeutic goal. The abundance of 

oligodendrocyte precursors in some chronic lesions suggests that lack of such cells does not 

explain failure of remyelination.14 Rather, the absence of factors necessary for successful 

remyelination or the presence of inhibitory factors is more likely responsible. This concept has 

important implications for potential repair-promoting strategies. 

Axonal injury also is a major contributor to irreversible disability. This injury is believed to 

occur through a combination of acute inflammatory damage, degeneration of chronically 

demyelinated axons in white and gray matter, and antegrade and retrograde trans-synaptic 

degeneration due to distal axonal transection.15 There is increasing evidence that mitochondrial 

dysfunction in axons results from impaired mitochondrial transport, susceptibility to oxidative 

injury, and mutations in mitochondrial DNA, all of which lead to impaired energy production and 

generation of reactive oxygen species. The net effect of these processes is accumulation of 
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various toxic species, increased cellular energy demand, failure of energy production, and 

virtual hypoxia resulting in neurodegeneration. Improved energy production is the proposed 

mechanism of action of high-dose biotin.16 

 

Revised multiple sclerosis phenotype classification 

Increasing recognition that relapses and MRI lesion activity occur in some patients with PMS, 

mainly in the early stages, led to recent revision of the phenotypic categories of PMS (Figure 

2).17 The new scheme still differentiates progression at disease onset (PPMS) from progression 

after an initial RR course (SPMS) but adds two qualifiers: presence or absence of clinical 

relapses or new MRI lesions (“active” or “not active”), and presence or absence of gradual 

worsening disability independent of relapses (“with progression” or “without progression”). 

These qualifiers are intended to be re-assessed over time, e.g. annually, with patients 

potentially changing category based on recent disease course. 

The new classification will have significant benefits in recognizing two relatively separate 

facets of PMS – inflammatory lesion activity and gradual progression. The classification will be 

especially helpful for selection of informative clinical trial participants. As discussed below, the 

presence of recent relapses or active MRI lesions is an important determinant of efficacy in 

PMS of medications with predominantly anti-inflammatory effects. It is hoped that in the future, 

phenotypic classification will incorporate additional imaging and non-imaging biomarkers, 

genetic markers, and epigenetic factors to categorize patients more comprehensively. 

 

Clinical measures of disability 

Clinical outcome measures must take into account heterogeneous clinical manifestations, 

unpredictable course, and generally slow rate of worsening in PMS. The current measures 

address these issues in different ways.18 The Kurtzke Expanded Disability Status Scale (EDSS) 

is based on the neurologic examination and assesses a range of neurological functions, 
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permitting comparison between individuals or groups on a 0–10 scale. Despite limitations, the 

EDSS is likely to continue to be used as a measure of MS-related disability. An alternative 

approach, the MS Functional Composite (MSFC), uses quantitative neuroperformance tests 

covering four neurologic domains – Timed 25-Foot Walk (T25FW, short-distance walking 

speed), Nine-Hole Peg Test (9HPT, upper extremity function), Sloan low contrast letter acuity 

(vision), and Paced Auditory Serial Addition Test or Symbol Digit Modalities Test (cognitive 

processing speed and sustained attention). Anticipated advantages of the MSFC compared to 

the EDSS are ease of administration, more meaningful contribution from several neurologic 

domains, improved reliability, and greater sensitivity in some populations. The Multiple Sclerosis 

Outcome Assessments Consortium comprising MS clinical researchers from academia and 

industry currently is working to develop the MSFC approach further and obtain formal regulatory 

qualification for use in MS trials.19 The INFORMS trial of fingolimod in PPMS20 employed a 

composite outcome measure combining EDSS, T25FW, and 9HPT. Although the trial did not 

demonstrate efficacy, the composite endpoint detected events in 69% of participants, more than 

its components. 

A number of automated measurement devices to capture function in MS are under 

development. The MS Performance Test is a battery of quantitative neuroperformance 

assessments modeled after the MSFC designed for supervised or self administration using a 

suite of iPad® apps.21 Several smartphone and wearable motion sensors have been developed, 

which provide the ability to measure community-based ambulation and physical activity. How 

such data can be used to assess therapies in clinical trials or to make therapeutic decisions in 

practice is unclear at present. Nevertheless, it is expected that MS disability assessment will 

undergo further refinement to include various performance measures. Methods for capturing 

large segments of data using the electronic medical record also will expand in the future. 

 

The role of imaging in progressive multiple sclerosis 
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MRI is a key diagnostic tool in all forms of MS. In addition, because of the greater sensitivity of 

MRI compared to clinical outcomes, a standard approach in the development of anti-

inflammatory therapies for RRMS employs MRI lesion activity in phase 2 trials to predict benefit 

on relapses in subsequent phase 3 trials.22 Such a marker is lacking in PMS where lesion 

activity is less common than in RRMS and disability often worsens without lesion accrual. 

Moreover, due to its limited pathologic specificity, standard MRI does not appear to detect the 

pathologic processes that underlie disability progression. Several imaging approaches under 

development show promise to meet this need. 

 

Brain volume measures 

Whole brain atrophy, which reflects aggregate tissue injury, is more severe in PMS compared to 

RRMS, though the rate of volume loss is relatively constant over the course of the disease.23 

Whole brain atrophy correlates with physical23 and cognitive24 impairment. Treatment effects on 

brain atrophy predict effects on disability, at least in RRMS.25 Methods for measuring whole 

brain volume are reasonably well established, and published sample size estimates for PMS 

trials based on whole brain atrophy are feasible.26 The main disadvantage as a phase 2 trial 

outcome is the rather slow rate of change, prolonging trial duration. In addition, precise whole 

brain volume measurement is technically challenging and subject to significant biologic 

variability, making it difficult to implement in clinical practice. 

 

Methods to detect gray matter pathology 

Conventional MRI does not detect cortical lesions, an important site of MS injury. Specialized 

sequences like double inversion recovery27 and ultra-high field (7 tesla) MRI28 allow 

identification of some but not all cortical lesions. Because of the insensitivity of current 

techniques to demonstrate cortical pathology directly, some studies have measured cortical 

thickness or volume to quantify pathology indirectly. Cortical atrophy is prominent in PMS29 and 
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correlates with physical30 and cognitive31 impairment. Atrophy of deep gray structures 

(thalamus, caudate, and hippocampus) also occurs in PMS and can be focal (presumably due 

to lesions) or more diffuse (presumably due to damage to afferent or efferent connections).32,33 

Like whole brain atrophy measures, regional atrophy measures require substantial image post-

processing, making them more suitable for research studies than clinical practice.  

 

“Advanced” MRI techniques 

Several MRI techniques may provide improved pathologic specificity and, thus, better 

correlation with clinical disability: diffusion tensor imaging (DTI, which quantifies the three-

dimensional diffusion of water),34 magnetization transfer imaging (MTI, which quantifies tissue 

integrity through the interaction of protons bound to molecular structures and free water),35 

magnetic resonance spectroscopy (which quantifies tissue metabolites),36 and techniques such 

as magnetic resonance fingerprinting.37 These techniques can be applied to the whole brain, or 

selectively to gray or white matter lesions, or regions that appear normal on standard MRI. All of 

these techniques show promise but require further validation of their pathologic specificity. 

 

Spinal cord imaging 

Spinal cord atrophy correlates with clinical measures of disability.38 Quantitative and more 

pathologically specific MRI measures of spinal cord are difficult due to low spatial resolution, 

pulsation artifact, cerebrospinal fluid partial volume averaging, and challenges in registration. 

Nevertheless, assessment of the spinal cord using DTI,39 MTR,40 and spectroscopy41 may 

provide important insights in PMS. 

 

Positron emission tomography 
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Positron emission tomography markers for activated microglia42 and myelin43 have been 

developed that potentially could assess disease status in PMS. This technique’s principal 

shortcoming is its limited spatial resolution. 

 

Optical coherence tomography 

Optical coherence tomography is a rapid, non-invasive technique that provides high-resolution 

quantification of the retinal nerve fiber layer (the axons that extend to the optic nerve) and the 

corresponding neuronal cells bodies in the ganglion cell layer. These measures directly reflect 

the axonal integrity of the optic nerves and correlate with overall clinical disability44 and brain 

MRI measures.45 

 

Status of disease therapy for progressive multiple sclerosis 

Anti-inflammatory strategies 

Most medications approved for RRMS have been tested in PMS (Table 1). Interferon-β1 

therapies were evaluated in SPMS shortly after their efficacy was demonstrated in RRMS. 

Although two trials were positive,46,47 several others were negative.48-50 Similarly, a phase 3 trial 

of glatiramer acetate in PPMS was negative.51 Subsequent analysis found that trials enriched 

with participants with recent relapses and MRI lesion activity tended to demonstrate benefit from 

interferon-β1.52 Similar results were observed with other anti-inflammatory therapies in PMS. 

Fingolimod, a sphingosine 1-phosphate (S1P) receptor modulator, reduced relapses, MRI 

lesion activity, and brain volume loss in three phase 3 trials in RRMS.53-55 Fingolimod readily 

enters the brain and has direct effects on several central nervous system cell types mediated by 

S1P receptors, suggesting it might be beneficial in PMS.56 A phase 3 trial of fingolimod in PPMS 

demonstrated reduction in new MRI lesions but not the risk of confirmed disability worsening 

measured by a composite outcome that included EDSS, T25FW, and 9HPT.20 These results 
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indicate that entry of a medication into the central nervous system and direct actions there do 

not ensure efficacy in PMS. 

Another highly effective anti-inflammatory therapy, the anti-1 integrin monoclonal antibody 

natalizumab, was evaluated in a phase 3 trial in SPMS. Natalizumab therapy did not slow 

worsening of disability measured by a composite outcome similar to that used to test fingolimod, 

though benefit was seen on 9HPT.57 The lack of benefit on progression of natalizumab, one of 

the more potent anti-inflammatory therapies for RRMS, underscores the importance of 

mechanism of action in determining efficacy. 

Because of the potent efficacy of anti-CD20 monoclonal antibodies in RRMS, there is 

increased recognition of the multifaceted role of B lymphocytes in MS pathogenesis beyond 

antibody production.58 In a phase 3 trial in PPMS, rituximab treatment slowed the change in 

lesion volume relative to placebo, but did not decrease the risk of confirmed disability 

progression.59 In planned subgroup analyses, participants younger than 50 years and those with 

gadolinium-enhancing lesions at baseline showed benefit on disability progression. Based on 

those results, a humanized anti-B lymphocyte monoclonal antibody, ocrelizumab, was evaluated 

in PPMS. This phase 3 trial demonstrated that ocrelizumab reduced the risk of disability 

progression by 24%.60 Importantly, this trial enrolled relatively young participants (mean age 

44.6 years; maximum 55 years), with short disease duration (mean 6.4 years; maximum 15 

years), and a relatively high proportion with gadolinium-enhancing lesions at baseline (26%). 

The subgroup with gadolinium-enhancing lesions at baseline appeared to have a greater 

reduction in risk of disability progression, though the difference was not significant.61 

The different results obtained in PMS trials appear not to relate to differences in anti-

inflammatory potency. Instead, the results suggest that those trials enrolling a study population 

with younger age, shorter disease duration, and more ongoing inflammatory lesion activity tend 

to demonstrate greater benefit. Conversely, older patients without lesion activity gain little if any 

benefit as a group. In addition to study population, mechanism of action also may be relevant, 
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although that requires further study. These observations provide valuable guidance for both the 

characteristics of participants to enroll in future trials and the choice of therapies to study in 

PMS.  

 

Neuroprotective therapeutic strategies 

The limited success of anti-inflammatory agents in treating PMS suggests that other therapeutic 

approaches, such as neuroprotective or repair-promoting strategies, will be necessary. A phase 

2 study assessed the potential cytoprotective properties of simvastatin in SPMS.62 Simvastatin 

produced a 43% reduction in whole brain volume loss and a slowing in disability worsening 

measured by EDSS (absolute difference in means of 0.25 points). Another trial utilized a 

repurposed sodium-channel blocker, phenytoin, to protect axons from acute inflammatory injury 

in acute optic neuritis.12 Phenytoin treatment within two weeks of onset led to a 30% decrease in 

loss of retinal nerve fiber layer thickness relative to placebo. This success is in contrast to the 

negative results with another sodium channel blocker, lamotrigine, in slowing brain volume loss 

in SPMS.13 This discrepancy may relate to a “pseudo-atrophy” effect seen in the first year of the 

lamotrigine study, which may have obscured a potential benefit. Similarly, the neuroprotective 

effects of cannabinoids observed in the laboratory were not confirmed in a trial of the synthetic 

cannabinoid, dronabinol in PPMS and SPMS. Treatment did not reduce disability worsening 

over three years.63 The low progression rate in the placebo group decreased the ability of this 

study to demonstrate benefit. 

Cellular energy metabolism appears to be abnormal in PMS11 and is another potential 

therapeutic target. The vitamin biotin is a coenzyme for many essential carboxylases and, in 

high doses, is hypothesized to enhance cellular energy production with resultant improved 

axonal function, decreased neurodegeneration, and enhanced remyelination.64 A placebo-

controlled phase 3 trial evaluated whether high dose biotin (300 mg/day) improved disability in 
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SPMS and PPMS.16 The study found that 13% of treated participants had improvement in 

measures of disability, compared to none in the placebo group. 

 

Repair-promoting strategies 

LINGO-1 is a protein expressed by oligodendrocytes and neurons that inhibits remyelination.65 

Treatment of patients with acute optic neuritis with the LINGO-1-blocking monoclonal antibody 

BIIB033 did not improve recovery of visual evoked potential latency, a measure of optic nerve 

conduction, in the primary analysis but was effective in a post-hoc “per-protocol” analysis.66 

Negative results of a phase 2 trial assessing whether BIIB033 improves disability in RRMS and 

SPMS (clinicaltrials.gov identifier NCT01864148) recently were announced. 

Cell-based repair-promoting strategies have received much attention as a potential 

therapeutic approach in PMS. Oligodendrocyte progenitor cells (OPCs) can be isolated from 

fetal human brain and when injected intracerebrally into hypomyelinating shiverer mice, lead to 

widespread myelination and reversal of the clinical phenotype.67 A phase 1 dose-escalation trial 

to evaluate the feasibility and safety of intracerebral injections of these cells in SPMS currently 

is planned.68 

An intriguing related approach involves using OPCs69 or OPC-like induced pluripotent stem 

cells70 as the basis for high-throughput screening of already available drugs for their ability to 

stimulate remyelination. Molecules identified in the initial screens were further evaluated by 

increasingly stringent in vitro and in vivo testing, identifying the muscarinic antagonist 

benztropine, the antihistamine clemastine, the imidazole antifungal miconazole, and the topical 

steroid clobetasol as potential candidates for further testing. A pilot study of clemastine showed 

improvement on visual evoked potentials in participants with MS-related chronic optic 

neuropathy.71 

Significant work has assessed mesenchymal stem cell (MSC) transplantation as a potential 

repair-promoting strategy in MS.72 MSCs are pluripotent precursor cells that can be isolated 
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from bone marrow, adipose tissue, and numerous other tissues, and culture-expanded to purity. 

They exhibit numerous immunomodulatory, tissue-protective, and repair-promoting properties.72 

Following several preliminary studies in MS showing good safety and tolerability, the ongoing 

MESEMS phase 2 trial (clinicaltrials.gov identifier NCT01854957) should provide more definitive 

evidence concerning safety and efficacy. However, important methodological questions remain, 

including preferred source (bone marrow versus adipose tissue), cell production protocol to 

optimize yield and potency, whether the cells can be cryopreserved or need to be administered 

immediately, best route of administration (intravenous, intrathecal, or intra-arterial), appropriate 

dose and dosing schedule, and whether the cells should be derived from the patient 

(autologous) or someone without MS (allogeneic).72 

 

Future directions 

The largely disappointing results of studies of anti-inflammatory agents in PMS indicate that 

therapeutics that target other mechanisms will be necessary. One obstacle to development of 

such strategies is our incomplete understanding of the pathophysiology of progression. 

Therefore, the range of approaches under investigation remains relatively broad and without a 

clear pattern of success as yet. MS-SMART (clinicaltrials.gov identifier NCT01910259) is 

applying an adaptive trial design to evaluate three putative neuroprotective agents, amiloride, 

riluzole, and fluoxetine. A second significant obstacle is the lack of a validated phase 2 trial 

methodology that reliably predicts success of neuroprotective and repair-promoting strategies in 

phase 3 studies. Two general approaches have been utilized to date: recovery from an acute 

lesion involving an eloquent pathway (e.g. the optic nerve), or an imaging biomarker (e.g. whole 

brain atrophy). The eloquent pathway approach has the advantage of sensitivity, but the 

relevance to PMS of lessening damage or improving recovery from a focal acute inflammatory 

lesion is uncertain. Conversely, assessing whole brain or regional volume loss appears more 

likely to measure preservation of tissue integrity relevant to PMS but may be insufficiently 
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sensitive for a phase 2 trial. In addition to testing the efficacy of ibudilast in PPMS and SPMS, 

the SPRINT-MS trial (clinicaltrials.gov identifier NCT01982942) is evaluating the relative 

sensitivity of whole brain and regional atrophy measures, DTI, MTI, and OCT to detect 

neuroprotection for use in proof-of-concept clinical trials. At the present time, however, the 

population most likely to benefit from neuroprotective or repair-promoting strategies and the 

optimal trial design to demonstrate benefit have yet to be defined. 

 

Restorative and rehabilitation approaches 

Persons with PMS must manage increasing disability from a wide range of complex interacting 

symptoms, with impairments of gait, vision, and cognition considered the most relevant for those 

who have lived with MS for over 15 years.73 Given the paucity of pharmacologic treatments for 

these symptoms, restorative and rehabilitation approaches form the mainstay of their 

management; highlighted as a key priority by the International Progressive MS Alliance.2 While 

most studies of physiotherapy and multi-disciplinary rehabilitation have focused on RRMS, there 

is some evidence that these approaches are effective in improving ability and participation, and 

importantly health-related quality of life and coping skills in patients with PMS.74 However, a 

recent systematic review found that, while 13 studies showed benefit in at least one outcome 

measure, all either were under-powered or had methodological issues.74 Adequately designed 

clinical trials will be necessary to advance rehabilitation for PMS. 

There is some evidence to suggest that exercise, incorporating endurance or resistance 

training, is feasible in MS,75 and improving physical fitness benefits not only physical but also 

cognitive function.76 Addressing the multiplicity of symptoms in PMS may require a combination 

of approaches and utilise a range of outcomes. A recent pilot trial used three forms of exercise 

and demonstrated benefit in both mobility and cognition.77 Similarly, a recent study showed 

augmented benefit from combining exercise with symptomatic therapy.78 For more disabled 

patients, use of robotics may be helpful.79 Results for gait and balance training have been 
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encouraging, though trial sizes were relatively small. Some benefits also were seen for upper 

limb function weakness and incoordination. 

Numerous studies have demonstrated neuroplasticity in MS, measured with functional 

imaging and, more recently, physiological techniques at the synaptic level.80,81 There is a body 

of evidence suggesting that functional reorganisation following a relapse helps restore function. 

At a cellular level, synaptic plasticity appears to make an important contribution to recovery in 

MS. Long-term potentiation of synaptic transmission may functionally compensate for neuronal 

loss through increasing synaptic excitability of denervated neurons. This phenomenon has been 

demonstrated following relapse but not yet in progression. The challenge will be to incorporate 

approaches that target these mechanisms into active rehabilitation programmes. This issue is 

compounded in PMS by more limited cognitive and motor reserve. 

Finally, management of PMS presents a number of other challenges. This population is older 

with increased likelihood of comorbidities.82 Recognition and treatment of conditions such as 

musculoskeletal disorders, diabetes, cardiac disease, and respiratory dysfunction are necessary 

to maximise levels of ability and participation. In addition, awareness of the factors that lead to 

falls – inevitably associated with increasing disability and therefore more common in PMS – and 

preventative measures to avoid them, is essential.83 

Over and above all of these approaches, embracing a holistic concept of wellness and 

encouraging lifestyle choices across physical, emotional, social, intellectual, occupational, and 

spiritual dimensions is a key element of a comprehensive management plan and one that is 

strongly advocated by people with MS.84 This approach serves to underline the importance of 

self-management at all stages of MS. 

 

Conclusions 

The pathogenic mechanisms underlying acute relapses and progression differ, though both 

processes probably co-exist to varying degrees throughout the course of MS. Therapies 
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approved for RRMS have little or no benefit in PMS in the absence of ongoing inflammatory 

lesion activity. Therapies that prevent progression independent of acute inflammatory pathology 

are needed. Approaches to restore function, both through promoting tissue repair and improving 

function of damaged tissue, also are needed. Successful development of new therapies for 

PMS will require better understanding of the pathogenesis of progression and more sensitive 

clinical and imaging outcome measures. 

 

Contributors 

DO drafted the sections on phenotype classification and imaging, and provided modifications to 

the text in all other sections. AJT drafted the Introduction and sections on restorative and 

rehabilitation approaches, and provided modifications to the text in all other sections. RJF 

drafted the sections on disease and neuroprotective therapeutic strategies, and provided 

modifications to the text in all other sections. JAC drafted the sections on pathogenesis, 

measures of disability, and repair-promoting therapeutic strategies; provided modifications to 

the text in all other sections; and did the final editing before submission. 

 

Declaration of interests 

DO reports personal fees from Acorda Therapeutics, Alkermes, Biogen, Genentech, Genzyme, 

Mallinkrodt, and Teva; and grants from the National institutes of Health, National Multiple 

Sclerosis Society, Genzyme, and Novartis. AJT reports fees paid to his institution from Biogen, 

Esai, MedDay, Novartis, Teva; and honoraria from EXCEMED, Remedica; and Sage 

Publications as Editor-in-Chief of Multiple Sclerosis Journal; and travel support for serving on 

the Scientific Advisory Board from International Progressive MS Alliance.  RJF reports personal 

fees from Actelion, Biogen, Genentech, Mallinckrodt, MedDay, Novartis, Teva, and XenoPort. 

JAC reports personal fees from Genentech, Genzyme, Novartis, Receptos, Teva; and an 



 Page 18 

honorarium from SAGE Publishers as Co-Editor of Multiple Sclerosis Journal – Experimental, 

Translational and Clinical. 

 

Acknowledgments 

We thank Amanda Mendelsohn who helped create the figures. 

 

Search strategy and selection criteria 

This paper is based on the cumulative literature archives of the authors. In addition we searched 

PubMed for articles published in English up to April 1, 2016, with the search terms “multiple 

sclerosis”, “epidemiology”, “pathology”, “inflammation”, “neurodegeneration”, “demyelination”, 

“remyelination”, “outcome measures”, “magnetic resonance imaging”, “clinical trial”, “stem cell”, 

and “rehabilitation”, including only human and non-retracted publications. 

 

References 

1 Browne P, Chandraratna D, Angood C, et al. Atlas of multiple sclerosis 2013: a growing 

global problem with widespread inequity. Neurology 2014; 83(11): 1022-24. 

2 Fox RJ, Thompson A, Baker D, et al. Setting a research agenda for progressive multiple 

sclerosis: the International Collaborative on Progressive MS. Mult Scler J 2012; 18(11): 

1534-40. 

3 Miller DH, Leary SM. Primary-progressive multiple sclerosis. Lancet Neurol 2007; 6(10): 

903-12. 

4 Kantarci OH, Lebrun C, Siva A, et al. Primary progressive multiple sclerosis evolving from 

radiologically isolated syndrome. Ann Neurol 2016; 79(2): 288-94. 

5 Lucchinetti CF, Parisi J, Bruck W. The pathology of multiple sclerosis. Neurol Clin 2005; 23: 

77-105. 



 Page 19 

6 Lucchinetti CF, Popescu BFG, Bunyan RF, et al. Inflammatory cortical demyelination in early 

multiple sclerosis. New Eng J Med 2011; 365(23): 2188-97. 

7 Calabrese M, Poretto V, Favaretto A, et al. Cortical lesion load associates with progression 

of disability in multiple sclerosis. Brain 2012; 135(10): 2952-61. 

8 Peterson JW, Bo L, Mork S, Chang A, Trapp BD. Transected neurites, apoptotic neurons, 

and reduced inflammation in cortical multiple sclerosis lesions. Ann Neurol 2001; 50: 389-

400. 

9 Serafini B, Rosicarelli B, Magliozzi R, Stigliano E, Aloisi F. Detection of ectopic B-cell 

follicles with germial centers in the meninges of patients with secondary progressive multiple 

sclerosis. Brain Pathol 2004; 14(2): 164-74. 

10 Howell OW, Reeves CA, Nicholas R, et al. Meningeal inflammation is widespread and linked 

to cortical pathology in multiple sclerosis. Brain 2011; 134(9): 2755-71. 

11 Mahad DH, Trapp BD, Lassmann H. Progressive multiple sclerosis 1.  Pathological 

mechanisms in progressive multiple sclerosis. Lancet Neurology 2015; 14(2): 183-93. 

12 Raftopoulos R, Hickman SJ, Toosy A, et al. Phenytoin for neuroprotection in patients with 

acute optic neuritis: a randomised, placebo-controlled, phase 2 trial. Lancet Neurol 2016; 

15(3): 259-69. 

13 Kapoor R, Furby J, Hayton T, et al. Lamotrigine for neuroprotection in secondary 

progressive multiple sclerosis: a randomised, double-blind, placebo-controlled, parallel-

group study. Lancet Neurol 2010; 9(7): 681-88. 

14 Chang A, Tourtellotte WW, Rudick RA, Trapp BD. Premyelinating oligodendrocytes in 

chronic lesions of multiple sclerosis. N Engl J Med 2002; 346: 165-73. 

15 Trapp BD, Peterson J, Ransohoff RM, Rudick R, Mork S, Bo L. Axonal transection in the 

lesions of multiple sclerosis. N Engl J Med 1998; 338: 278-85. 



 Page 20 

16 Tourbah A, Lebrun Frenay C, Edan G, et al. Effect of MD1003 (high doses of biotin) in 

progressive multiple sclerosis: results of a pivotal phase III randomized double blind placebo 

controlled study. Neurology 2015; 84(14 Supplement): PL2.002. 

17 Lublin FD, Reingold SC, Cohen JA, et al. Defining the clinical course of multiple sclerosis: 

the 2013 revisions. Neurology 2014; 83(3): 278-86. 

18 Cohen JA, Reingold SC, Polman CH, Wolinsky JS, for the International Advisory Committee 

on Clinical Trials in Multiple Sclerosis. Disability outcome measures in multiple sclerosis 

trials: current status and future prospects. Lancet Neurology 2012; 11(5): 467-76. 

19 Rudick RA, LaRocca N, Hudson LD, MSOAC. Multiple Sclerosis Outcome Assessments 

Consortium: Genesis and initial project plan. Mult Scler J 2014; 20(1): 12-17. 

20 Lublin F, Miller DH, Freedman MS, et al. Oral fingolimod in primary progressive multiple 

sclerosis (INFORMS): a phase 3, randomised, double-blind, placebo-controlled trial. Lancet 

2016; Published online January 27, 2016 http://dx.doi.org/10.1016/S0140-6736(15)01314-

8. 

21 Rudick RA, Miller D, Bethoux F, et al. The Multiple Sclerosis Performance test (MSPT): an 

iPad-based disability assessment tool. J Vis Exp 2014; 30: e51318. 

22 Sormani MP, Bruzzi P. MRI lesions as a surrogate for relapses in multiple sclerosis: a meta-

analysis of randomised trials. Lancet Neurology 2013; 12(7): 669-76. 

23 De Stefano N, Giorgio A, Battaglini M, et al. Assessing brain atrophy rates in a large 

population of untreated multiple sclerosis subtypes. Neurology 2010; 74(23): 1868-76. 

24 Zivadinov R, Sepcic J, Nasuelli D, et al. A longitudinal study of brain atrophy and cognitive 

disturbances in the early phase of relapsing-remitting multiple sclerosis. J Neurol Neurosurg 

Psychiatry 2001; 70(6): 773-80. 

25 Sormani MP, Arnold DL, De Stefano N. Treatment effect on brain atrophy correlates with 

treatment effect on disability in multiple sclerosis. Ann Neurol 2014; 75(1): 43-49. 

http://dx.doi.org/10.1016/S0140-6736(15)01314-8
http://dx.doi.org/10.1016/S0140-6736(15)01314-8


 Page 21 

26 Altmann DR, Jasperse B, Barkhof F, et al. Sample sizes for brain atrophy outcomes in trials 

for secondary progressive multiple sclerosis. Neurology 2009; 72(7): 595-601. 

27 Seewann A, Kooi EJ, Roosendaal SD, et al. Postmortem verification of MS cortical lesion 

detection with 3D DIR. Neurology 2012; 78(5): 302-08. 

28 Mainero C, Benner T, Radding A, et al. In vivo imaging of cortical pathology in multiple 

sclerosis using ultra-high field MRI. Neurology 2009; 73(12): 941-48. 

29 Fisher E, Lee J-C, Nakamura K, Rudick RA. Gray matter atrophy in multiple sclerosis: a 

longitudinal study. Ann Neurol 2008; 64(3): 255-65. 

30 Chen JT, Narayanan S, Collins DL, Smith SM, Matthews PM, Arnold DL. Relating 

neocortical pathology to disability progression in multiple sclerosis using MRI. Neuroimage 

2004; 23(3): 1168-75. 

31 Calabrese M, Rinaldi F, Grossi P, Gallo P. Cortical pathology and cognitive impairment in 

multiple sclerosis. Expert Rev Neurother 2011; 11(3): 425-32. 

32 Anderson VM, Fisniku LK, Khaleeli Z, et al. Hippocampal atrophy in relapsing-remitting and 

primary progressive MS: a comparative study. Mult Scler 2010; 16(9): 1083-90. 

33 Mesaros S, Rocca MA, Pagani E, et al. Thalamic damage predicts the evolution of primary-

progressive multiple sclerosis. AJNR Am J Neuroradiol 2011; 32(6): 1016-20. 

34 Fox RJ, Cronin T, Lin J, et al. Measuring myelin repair and axonal loss with diffusion tensor 

imaging. AJNR 2011; 32: 85-91. 

35 Fisniku LK, Altmann DG, Cercignani M, et al. Magnetization transfer ratio abnormalities 

reflect clinically relevant grey matter damage in multiple sclerosis. Mult Scler 2009; 15(6): 

668-77. 

36 MacMillan EL, Tam R, Zhao Y, et al. Progressive multiple sclerosis exhibits decreasing 

glutamate and glutamine over two years. Mult Scler J 2016; 22(1): 112-16. 

37 Ma D, Gulani V, Seiberlich N, et al. Magnetic resonance fingerprinting. Nature 2013; 

495(7440): 187-92. 



 Page 22 

38 Bieniek M, Altmann DR, Davies GR, et al. Cord atrophy separates early primary progressive 

and relapsing remitting multiple sclerosis. J Neurol Neurosurg Psychiatry 2006; 77(9): 1036-

39. 

39 von Meyenburg J, Wilm BJ, Weck A, et al. Spinal cord diffusion-tensor imaging and motor-

evoked potentials in multiple sclerosis patients: microstructural and functional asymmetry. 

Radiology 2013; 267(3): 869-79. 

40 Charil A, Caputo D, Cavarretta R, Sormani MP, Ferrante P, Filippi M. Cervical cord 

magnetization transfer ratio and clinical changes over 18 months in patients with relapsing-

remitting multiple sclerosis: a preliminary study. Mult Scler 2006; 12(5): 662-65. 

41 Marliani AF, Clementi V, Albini Riccioli L, et al. Quantitative cervical cord 3T proton MR 

spectroscopy in multiple sclerosis. AJNR Am J Neuroradiol 2010; 31(1): 180-84. 

42 Oh U, Fujita M, Ikonomidou VN, et al. Translocator protein PET imaging for glial activation in 

multiple sclerosis. J Neuroimmune Pharmacol 2011; 6(3): 354-61. 

43 Wu C, Zhu J, Baeslack J, et al. Longitudinal positron emission tomography imaging for 

monitoring myelin repair in the spinal cord. Ann Neurol 2013; 74(5): 688-98. 

44 Martinez-Lapiscina EH, Arnow S, Wilson JA, et al. Retinal thickness measured with optical 

coherence tomography and risk of disability worsening in multiple sclerosis: a cohort study. 

Lancet Neurol 2016; published online 18 MAR 2016 http://dx.doi.org/10.1016/S1474-

4422(16)00068-5. 

45 Saidha S, Al-Louzi O, Ratchford JN, et al. Optical coherence tomography reflects brain 

atrophy in multiple sclerosis: a four-year study. Ann Neurol 2015; 78(5): 801-13. 

46 European Study Group on Interferon β-1b in Secondary Progressive MS. Placebo-controlled 

multicentre randomised trial of interferon β-1b in treatment of secondary progressive 

multiple sclerosis. Lancet 1998; 352(9139): 1491-97. 

47 Cohen JA, Cutter GR, Fischer JS, et al. Benefit of interferon β-1a on MSFC progression in 

secondary progressive MS. Neurology 2002; 59(5): 679-87. 

http://dx.doi.org/10.1016/S1474-4422(16)00068-5
http://dx.doi.org/10.1016/S1474-4422(16)00068-5


 Page 23 

48 Secondary Progressive Efficacy Clinical Trial of Recombinant Interferon-beta-1a in MS 

(SPECTRIMS) Study Group. Randomized controlled trial of interferon-beta-1a in secondary 

progressive MS. Clinical results. Neurology 2001; 56(11): 1496-504. 

49 The North American Study Group on Interferon Beta-1b in Secondary Progressive MS. 

Interferon beta-1b in secondary progressive MS: results from a three-year controlled study. 

Neurology 2004; 63(10): 1788-95. 

50 Andersen O, Elovaara I, Farkkila M, et al. Multicentre, randomised, double blind, placebo 

controlled, phase III study of weekly, low dose, subcutaneous interferon beta-1a in 

secondary progressive multiple sclerosis. J Neurol Neurosurg Psychiatry 2004; 75(5): 706-

10. 

51 Wolinsky JS, Narayana PA, O'Connor P, et al. Glatiramer acetate in primary progressive 

multiple sclerosis: results of a multinational, multicenter, double-blind, placebo-controlled 

trial. Ann Neurol 2007; 61(1): 14-24. 

52 Kappos L, Weinshenker B, Pozzilli C, et al. Interferon beta-1b in secondary progressive MS.  

A combined analysis of the two trials. Neurology 2004; 63(10): 1779-87. 

53 Kappos L, Radue E-W, O'Connor P, et al. A placebo-controlled trial of oral fingolimod in 

relapsing multiple sclerosis. N Engl J Med 2010; 362(5): 387-401. 

54 Cohen JA, Barkhof F, Comi G, et al. Oral fingolimod or intramuscular interferon for relapsing 

multiple sclerosis. N Engl J Med 2010; 362(5): 402-15. 

55 Calabresi PA, Radu EW, Goodin D, et al. Safety and efficacy of fingolimod in patients with 

relapsing-remitting multiple sclerosis (FREEDOMS II): a double-blind, randomised, placebo-

controlled, phase 3 trial. Lancet Neurol 2014; 13(6): 545–56. 

56 Groves A, Kihara Y, Chun J. Fingolimod: direct CNS effects of sphingosine 1-phosphate 

(S1P) receptor modulation and implications in multiple sclerosis therapy. J Neurol Sci 2013; 

328(1-2): 9-18. 



 Page 24 

57 Steiner D, Arnold D, Freedman M, et al. Natalizumab versus placebo in patients with 

secondary progressive multiple sclerosis (SPMS): results from ASCEND, a multicenter, 

double-blind, placebo-controlled, randomized phase 3 clinical trial (ES1.009). Presented at 

the 2016 Annual Meeting of the American Academy of Neurology. 

58 McFarland HF. The B cell - old player, new position on the team (editorial). N Engl J Med 

2008; 358: 664-65. 

59 Hawker K, O'Connor P, Freedman MS, et al. Rituximab in patients with primary progressive 

multiple sclerosis.  Results of a randomized double-blind placebo-controlled multicenter trial. 

Ann Neurol 2009; 66(4): 460-71. 

60 Montalban X, Hemmer B, Rammohan K, et al. Efficacy and safety of ecrelizumab in primary 

progressive multiple sclerosis - results of the placebo-controlled, double-blind, phase III 

ORATORIO study (Abstract 228). Mult Scler J 2015; 23(S11): 780-81. 

61 Wolinsky JS, Arnold D, Bar-Or A, et al. Efficacy of ocrelizumab in patients with PPMS with 

and without T1 gadolinium-enhancing lesions at baseline in a phase III placebo-controlled 

trial (LB148). Mult Scler J 2016; 22(S1): 67-68. 

62 Chataway J, Schuerer N, Alsanousi A, et al. Effect of high-dose simvastatin on brain atrophy 

and disability in secondary progressive multiple sclerosis (MS-STAT): a randomised, 

placebo-controlled, phase 2 trial. Lancet 2014; 383(9936): 2213-21. 

63 Zajicek J, Ball S, Wright D, et al. Effect of dronabinol on progression in progressive multiple 

sclerosis (CUPID): a randomised, placebo-controlled trial. Lancet Neurol 2013; 12(9): 857-

65. 

64 Sedel F, Bernard D, Mock DM, Tourbah A. Targeting demyelination and virtual hypoxia with 

high-dose biotin as a treatment for progressive multiple sclerosis. Neuropharmacology 

[Epub ahead of print 05 SEP 2015]; doi: 10.1016/j.neuropharm.2015.08.028. 

65 Mi S, Pepinsky RB, Cadavid D. Blocking LINGO-1 as a therapy to promote CNS repair: from 

concept to the clinic. CNS Drugs 2013; 27(7): 493-503. 



 Page 25 

66 Cadavid D, Balcer L, Galetta S, et al. Efficacy analysis of the Anti-LINGO-1 monoclonal 

antibody BIIB033 in acute optic neuritis: the RENEW trial. Neurology 2015; 84(14 

Supplement): P7.202. 

67 Windrem MS, Schanz SJ, Guo M, et al. Neonatal chimerization with human glial progenitor 

cells can both remyelinate and rescue the otherwise lethally hypomyelinated shiverer 

mouse. Cell Stem Cell 2008; 2(6): 553-65. 

68 Goodman AD. Stem cell therapy for MS. Mult Scler J 2016; 22(S1): 8. 

69 Mei F, Fancy SPJ, Shen Y-AA, et al. Micropillar arrays as a high-throughput screening 

platform for therapeutics in multiple sclerosis. Nat Med 2014; 20(8): 954-60. 

70 Najm FJ, Madhavan M, Zaremba A, et al. Drug-based modulation of endogenous stem cells 

promotes functional remyelination in vivo. Nature 2015; 522(7555): 216-20. 

71 Green A, Gelfand J, Cree B, et al. Positive phase II double-blind randomized placebo-

controlled crossover trial of clemastine fumarate for remyelination of chronic optic 

neuropathy in MS (ES1.008). Presented at the 2016 Annual Meeting of the American 

Academy of Neurology. 

72 Cohen JA. Mesenchymal stem cell transplantation in multiple sclerosis. J Neurol Sci 2013; 

333(1-2): 43-49. 

73 Heesen C, Bohm J, Reich C, Kasper J, Goebel M, Gold SM. Patient perception of bodily 

functions in multiple sclerosis: gait and visual function are the most valuable. Mult Scler 

2008; 14(7): 988-91. 

74 Campbell E, Coulter EH, Mattison PG, Miller L, McFadyen A, Paul L. Physiotherapy 

rehabilitation for people with progressive multiple sclerosis: a systematic review. Arch Phys 

Med Rehabil 2016; 97(1): 141-51. 

75 Dalgas U, Stenager E. Exercise and disease progression in multuple sclerosis: can exercise 

slow down the progression of multiple sclerosis? Ther Adv Neurol Disord 2012; 5(2): 81-95. 



 Page 26 

76 Beier M, Bombardier CH, Hartoonian N, Motl RW, Kraft GH. Improved physical fitness 

correlates with improved cognition in multiple sclerosis. Arch Phys Med Rehabil 2014; 95(7): 

1328-34. 

77 Briken S, Gold SM, Patra S, et al. Effects of exercise on fitness and cognition in progressive 

MS: a randomized, controlled pilot trial. Mult Scler J 2014; 20(3): 382-90. 

78 Hupperts R, Lycke J, Short C, et al. Prolonged-release fampridine and walking and balance 

in MS: randomised controlled MOBILE trial. Mult Scler J 2016; 22(2): 212-21. 

79 Feys P. Potential of robot-assisted therapy for disabled persons with MS. Mult Scler J 2016; 

22(3): 264-65. 

80 Tomassini V, Matthews PM, Thompson AJ, et al. Neuroplasticity and functional recovery in 

multiple sclerosis. Nature Rev Neurol 2012; 8(11): 635-46. 

81 Weiss S, Mori F, Rossi S, Centonze D. Disability in multiple sclerosis: when synaptic long-

term potentiation fails. Neurosci Biobehav Rev 2014; 43: 88-99. 

82 Marrie RA, Cohen J, Stuve O, et al. A systematic review of the incidence and prevalence of 

comorbidity in multiple sclerosis: overview. Mult Scler J 2015; 21(3): 263-81. 

83 Nilsagard Y, Gunn H, Freeman J, et al. Falls in people with MS - an individual data meta-

analysis from studies from Australia, Sweden, United Kingdom and the United States. Mult 

Scler J 2015; 21(1): 92-100. 

84 Dunn M, Bhargava P, Kalb R. Your patients with MS have set wellness as a high priority - 

and the National MS Society is responding.  Multiple Sclerosis Special Report. US 

Neurology 2015. 

85 Freedman MS, Bar-Or A, Oger J, et al. A phase III study evaluating the efficacy and safety 

of MBP8298 in secondary progressive MS. Neurology 2011; 77(16): 1551-60. 

 

 



 Page 27 

Table: Recent phase 3 clinical trials in progressive multiple sclerosis 

 

Study Population Treatment arms (n) Follow-

up 

duration 

Mean 

age 

(years) 

Proportion 

of 

participants 

with 

gadolinium-

enhancing 

lesions at 

baseline 

Primary 

outcome 

Results 

Anti-inflammatory strategies 

ASCEND57 SPMS natalizumab (439) 

placebo (448) 

96 weeks 47.2 24% 6-month CDW 

based on a 

composite of 

EDSS, 

T25FW, and 

9HPT 

4% increase in 

CDW, 

OR=0.86, 95% 

CI [0.66-1.13], 

p=0.287 
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INFORMS20 PPMS fingolimod (336) 

placebo (487) 

3 years 49 13% 3-month CDW 

based on a 

composite of 

EDSS, 

T25FW, and 

9HPT 

5.05% reduction 

in CDW, 

HR=0.95, 95% 

CI [0.80-1.12], 

p=0.544 

MAESTRO85 SPMS MPB8298 (305) 

placebo (307) 

2 years 49.9 N/A 6-month CDW 

based on 

EDSS 

2.9% increase 

in CDW in 

DR2+/DR4+ 

subgroup, 

p=0.527 

7.5% reduction 

in CDW in DR2-

/DR4- 

subgroup, 

p=0.055 



 Page 29 

OLYMPUS59 PPMS rituximab (292) 

placebo (147) 

96 weeks 49.9 24.5% 3-month CDW 

based on 

EDSS 

8.3% reduction 

in CDW, 

HR=0.77, 95% 

CI [0.55-1.09], 

p=0.144 

ORATORIO60 PPMS ocrelizumab (488) 

placebo (244) 

120 weeks 44.6 

years 

26% 3-month CDW 

based on 

EDSS 

24% reduction 

in CDW, 

HR=0.76, 95% 

CI [0.50-0.98], 

p=0.03 

PROMiSe51 PPMS glatiramer acetate (627) 

placebo (316) 

36 

months 

50.4 14.1% 3-month CDW 

based on 

EDSS 

HR=0.87, 95% 

CI [0.71-1.07], 

p=0.175 

Neuroprotective or repair-promoting strategies 

CUPID63 PPMS 

SPMS 

dronabinol (329) 

placebo (164) 

36 months 52.2 N/A 6-month CDW 

based on 

EDSS, 

change in 

0.1% reduction 

in CDW, 

HR=0.92, 95% 
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MSIS-29 

PHYS 

CI [0.68-1.23], 

p=0.57 

MS-SPI16 PPMS 

SPMS 

biotin (103) 

placebo (51) 

12 months 51.4 N/A Proportion 

with disability 

improvement 

based on 

EDSS and 

T25FW at 9 

months 

confirmed at 

12 months 

12% of 

participants in 

biotin arm 

improved 

compared with 

0 in the placebo 

arm, p=0.005 

 

9HPT = Nine-Hole Peg Test, CDW = confirmed disability worsening, CI = confidence interval, EDSS = Expanded Disability Status 

Scale, HR = hazard ratio, N/A = not applicable, MSIS-29 PHYS = physical impact subscale of the 29-item Multiple Sclerosis Impact 

Scale, OR = odds ratio, PPMS = primary progressive multiple sclerosis, SPMS = secondary progressive multiple sclerosis, T25FW = 

Timed 25-Foot Walk 
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Figure legends 

 

Figure 1: Pathogenesis of neurodegeneration in progressive multiple sclerosis 

A large number of potential mechanisms have been hypothesized contribute to tissue injury in 

progressive multiple sclerosis (MS). Focal inflammatory demyelinating lesions are less common 

than in relapsing-remitting MS but do occur in progressive MS.  Acute axonal transection may 

accompany inflammatory demyelination and leads to both antegrade and retrograde axonal 

degeneration. In addition to focal inflammatory lesions, diffusely distributed activated microglia 

are present and elaborate inflammatory mediators and reactive oxygen species (ROS), 

damaging numerous other cellular elements. Chronic demyelination is thought to result in loss 

of the insulating properties of myelin, increased exposure to inflammatory mediators and ROS, 

loss of structural and trophic support, and interruption of saltatory nerve impulse conduction. 

Up-regulation of sodium channel expression and insertion into the demyelinated axonal 

segment may restore function but with increased energy demand from replacement of saltatory 

nerve impulse conduction by continuous conduction. Energy failure and insufficiency of the 

sodium-potassium adenosine triphosphate pump leads to reverse operation of the sodium-

calcium exchanger leads to cytoplasmic calcium accumulation. Calcium overload results in 

activation of calpains, proteases, lipases, and nitric oxide synthase leading to damage to of the 

axonal cytoskeleton and membrane. Dysfunction of axonal mitochondria results from impaired 

mitochondrial transport from the nucleus, oxidative injury, and mutations in mitochondrial DNA 

may lead to impaired energy production and further generation of ROS. Finally release of iron 

from damaged myelin and oligodendrocytes may lead to accumulation of toxic iron species. The 

proposed net result is neurodegeneration due to direct effects of toxic mediators, increased 

cellular energy demand, failure of energy production, and virtual hypoxia.  

 

Figure 2: Categorization of patients with progressive multiple sclerosis 
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Progressive multiple sclerosis is defined by the presence at some time of gradual worsening in 

the absence of (or between) relapses. Clinically, primary progressive and secondary 

progressive multiple sclerosis (MS) are distinguished based on whether there is progression 

from disease onset or whether it follows a relapsing-remitting course, respectively. Patients with 

both forms of progressive MS are further categorized based on the presence or absence clinical 

relapses or new MRI lesions (“active” or “not active”) and of gradual worsening disability 

independent of relapses (“with progression” or “without progression”) in a preceding period of 

time (e.g. one year). An individual patient may move between these categories over time. 
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