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Progressive multiple sclerosis (PMS) is a debilitating neurodegenerative 
disorder within the broader category of multiple sclerosis (MS) that significantly 
impacts quality of life due to continuous neuroinflammation and gradual neuronal 
loss. Unlike relapsing-remitting MS, PMS exhibits minimal acute inflammatory 
activity and is instead characterized by a steady progression of neurological 
decline. Recent therapeutic advancements have focused on addressing both the 
neurodegenerative and immune-mediated components of PMS, with limited 
success in disease modification. This review explores the pathophysiology, 
diagnostic advances, therapeutic developments, and emerging research directions 
in PMS. The pathophysiology section highlights key mechanisms, including 
oxidative stress, mitochondrial dysfunction, and CNS compartmentalized 
inflammation, which contribute to progressive axonal and neuronal damage. 
Diagnostic improvements encompass advanced imaging modalities, such as high-
resolution MRI and novel biomarkers like neurofilament light chain (NfL), which 
enable earlier and more accurate disease monitoring. The review also discusses 
current disease-modifying therapies (DMTs) and experimental treatments, 
including monoclonal antibodies, GM-CSF antagonists, and IL-2 receptor 
inhibitors, focusing on their potential to attenuate disease progression. 
Additionally, symptomatic management approaches and the role of 
neurostimulatory techniques in enhancing patient quality of life are examined. 
Future directions suggest that biomarkers for precision medicine, alongside 
advancements in cell-based therapies and gene-editing technologies, could 
provide targeted and individualized treatments for PMS. This review synthesizes 
current knowledge on PMS and emphasizes the need for continued innovation to 
effectively manage and ultimately mitigate disease progression. 
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INTRODUCTION 
 

Multiple sclerosis (MS) is a chronic, inflammatory, and demyelinating disease of the central nervous 
system (CNS) affecting over 2.8 million people worldwide. MS can manifest in various clinical forms, including 
relapsing-remitting MS (RRMS) and progressive MS (PMS). PMS is further categorized into primary progressive 
MS (PPMS), which accounts for approximately 10-15% of all MS cases, and secondary progressive MS (SPMS), 
where the disease transitions from an initial relapsing-remitting course into a steadily progressive phase [1]. While 
RRMS is characterized by relapses followed by partial or complete recovery, PMS shows a steady accumulation 
of disability with or without occasional relapses [2]. 

PMS presents distinct challenges in both diagnosis and treatment due to its unique pathophysiological 
underpinnings. In PMS, compartmentalized inflammation within the CNS, chronic microglial activation, and 
mitochondrial dysfunction play critical roles in ongoing neurodegeneration. These factors drive the continuous 
progression of disability, primarily through mechanisms of axonal and neuronal loss that are less responsive to 
traditional immunomodulatory therapies effective in RRMS [3]. This pathophysiology underscores the urgent 
need for targeted therapies that address the neurodegenerative aspects of PMS beyond inflammation alone. 

The limited efficacy of disease-modifying therapies (DMTs) in PMS reflects the distinct pathogenic 
processes at play. Conventional therapies, including β-interferons and glatiramer acetate, which effectively reduce 
relapse rates and slow disability progression in RRMS, demonstrate minimal impact on the progression of PMS 
due to the lack of active, peripheral inflammatory components [4]. This therapeutic gap has driven recent research 
into understanding the specific mechanisms of neurodegeneration in PMS and exploring novel therapeutic 
strategies to prevent or slow this process. 

With advancements in imaging techniques and the identification of potential biomarkers, early diagnosis 
and continuous monitoring of PMS are becoming more feasible. Emerging diagnostic tools, including high-
resolution MRI and cerebrospinal fluid biomarkers such as neurofilament light chain (NfL), offer valuable insights 
into disease progression and prognosis [5]. These developments are critical in guiding clinical decisions, 
particularly in a landscape where effective treatment options remain scarce. 

In this review, we explore recent advances in the understanding, diagnosis, and treatment of PMS. The 
pathophysiology section delves into neuroinflammation, mitochondrial dysfunction, and oxidative stress, 
highlighting their roles in progressive neuronal damage. We also discuss advancements in diagnostic techniques, 
including imaging and biomarkers, that are instrumental in facilitating earlier diagnosis and targeted therapeutic 
interventions. Additionally, we review current and emerging therapeutic options, including immunomodulatory 
agents, neuroprotective strategies, and symptomatic therapies, with an emphasis on their potential to modify 
disease progression in PMS. Finally, we address future directions in PMS research, focusing on novel treatment 
modalities such as cell-based therapies, gene-editing technologies, and precision medicine approaches that hold 
promise for revolutionizing PMS management. 
 
Pathophysiology of progressive multiple sclerosis 

The pathophysiology of progressive multiple sclerosis (PMS) is complex and involves an interplay of 
chronic inflammation, neurodegeneration, mitochondrial dysfunction, and oxidative stress within the central 
nervous system (CNS). Unlike relapsing-remitting multiple sclerosis (RRMS), which is primarily driven by acute 
inflammatory episodes in the peripheral immune system, PMS is characterized by continuous and 
compartmentalized inflammation within the CNS. This inflammation is sustained by resident immune cells such 
as microglia and astrocytes, leading to a progressive loss of axons and neurons that ultimately contributes to 
permanent disability [6]. 
 
Chronic Inflammation and Compartmentalized Immune Response 

One of the hallmark features of PMS is compartmentalized inflammation, where immune cells are 
confined within the CNS. In RRMS, inflammation often originates in the peripheral immune system and involves 
T-cells crossing the blood-brain barrier (BBB) to attack CNS myelin sheaths. However, in PMS, inflammation 
becomes compartmentalized, persisting within the CNS and isolated from peripheral immune modulation. This 
compartmentalized inflammation is largely maintained by microglial activation and the formation of meningeal 
lymphoid-like structures in the meninges surrounding the brain and spinal cord [7]. 

Microglial cells, the CNS's resident immune cells, become chronically activated in PMS, releasing pro-
inflammatory cytokines such as interleukin-1β (IL-1β), tumor necrosis factor-alpha (TNF-α), and interleukin-6 
(IL-6), which contribute to sustained neuroinflammation [8]. Unlike the inflammation in RRMS, this process is 
less responsive to immunomodulatory therapies that target peripheral inflammation, as the BBB remains largely 
intact, preventing peripheral immune cells from accessing the CNS. 
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Mitochondrial Dysfunction and Axonal Injury 
Mitochondrial dysfunction plays a critical role in the pathogenesis of PMS by impairing cellular energy 

production, which is essential for neuronal survival and function. In PMS, mitochondrial DNA mutations and 
deficiencies in mitochondrial enzymes lead to reduced ATP production and an increased generation of reactive 
oxygen species (ROS), causing oxidative damage to neurons and axons [9]. This oxidative stress exacerbates the 
vulnerability of demyelinated axons, which are less capable of maintaining ionic balance and are highly dependent 
on efficient mitochondrial function for survival. 

The impaired energy metabolism in PMS leads to energy deficits that affect axonal transport and 
contribute to axonal degeneration over time. Studies have shown that mitochondrial dysfunction and ROS 
production are closely associated with the progression of disability in PMS patients, as they disrupt the integrity 
of neurons and support cells, ultimately resulting in irreversible neurological damage [10]. Therapeutic strategies 
targeting mitochondrial protection and reducing oxidative stress are therefore being explored as potential avenues 
to mitigate neuronal loss in PMS. 
 
Oxidative Stress and Neurodegeneration 

Oxidative stress is a significant contributor to the neurodegenerative processes observed in PMS. 
Elevated levels of ROS, combined with reduced antioxidant defenses, lead to extensive damage to cellular 
structures, including lipids, proteins, and DNA within neurons. In PMS, oxidative stress is primarily driven by the 
chronic activation of microglia and macrophages within the CNS, which release high levels of ROS and reactive 
nitrogen species (RNS) [11]. These reactive molecules can initiate a cascade of damage that further compromises 
neuronal survival and accelerates axonal degeneration. 
Oxidative damage in PMS is not limited to axons but also affects oligodendrocytes, the cells responsible for 
myelination in the CNS. Damage to oligodendrocytes impairs remyelination, leading to persistent demyelinated 
lesions that exacerbate neurodegenerative processes. Additionally, myelin sheaths in PMS are more susceptible 
to oxidative stress due to their high lipid content, making them a primary target for ROS-mediated damage [12]. 
 
Role of B-cells and Lymphoid-like Structures 

Recent studies suggest that B-cells, along with the formation of ectopic lymphoid-like structures in the 
meninges, contribute to the sustained inflammation in PMS. These structures, which resemble secondary 
lymphoid organs, serve as local sites for B-cell activation and antibody production against CNS antigens. The 
presence of these structures in the meninges has been linked to greater levels of disability and more rapid 
progression in PMS, suggesting a pathogenic role in sustaining chronic inflammation within the CNS [13]. 

B-cells within these lymphoid-like structures produce antibodies and pro-inflammatory cytokines, 
further perpetuating inflammation and tissue damage. B-cell depletion therapies, such as rituximab and 
ocrelizumab, have shown some efficacy in reducing disease activity in PMS, indicating that targeting B-cell-
mediated inflammation may provide therapeutic benefit in managing progressive forms of MS [14]. 
 
Neuroaxonal Damage and Glial Scarring 

The cumulative effects of chronic inflammation, oxidative stress, and mitochondrial dysfunction lead to 
significant neuroaxonal damage and glial scarring in PMS. Axonal loss is a primary driver of irreversible disability 
in PMS, as it disrupts neuronal circuits and impairs motor and cognitive functions. Glial scar formation, primarily 
composed of astrocytes and activated microglia, further impedes neural regeneration by creating a physical and 
biochemical barrier that limits axonal growth and repair [15]. 

Astrocytes, which play a supportive role in healthy CNS function, contribute to the formation of glial 
scars by proliferating in response to injury and releasing inhibitory molecules that restrict axonal regrowth. This 
process, known as reactive astrogliosis, is particularly pronounced in PMS, where sustained inflammation and 
tissue damage lead to extensive scar formation [16]. Targeting astrocytic responses and promoting a more 
permissive environment for axonal regeneration are emerging areas of research aimed at counteracting 
neuroaxonal damage in PMS. 
 
Advances in diagnostic techniques 

Timely and accurate diagnosis of progressive multiple sclerosis (PMS) is critical for effective disease 
management, especially since therapeutic options are more limited and less effective once significant 
neurodegeneration has occurred. Traditional diagnostic tools, primarily developed for relapsing-remitting MS 
(RRMS), have limited sensitivity and specificity for detecting the subtle, ongoing CNS damage in PMS. As such, 
recent advancements in imaging techniques and biomarker research are proving essential for improving the early 
diagnosis and monitoring of PMS. These techniques provide clinicians with better tools to differentiate PMS from 
other neurological conditions and track disease progression, enabling more tailored treatment approaches. 
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Magnetic Resonance Imaging (MRI) Innovations 
MRI remains a cornerstone in the diagnosis and monitoring of MS due to its ability to visualize structural 

changes in the brain and spinal cord. For PMS, however, conventional MRI scans are often insufficient, as they 
primarily detect acute inflammatory lesions, which are less common in PMS than in RRMS. To overcome this 
limitation, advanced MRI techniques are being utilized to capture the subtle, chronic changes associated with 
PMS. 

One of the most promising advancements is high-field MRI, which utilizes magnetic fields of 7 Tesla 
(T) or higher to provide high-resolution images. High-field MRI enables the detection of cortical lesions and brain 
atrophy, both of which are indicative of progressive disease. Studies have shown that cortical lesions are more 
prevalent in PMS than in RRMS and are associated with greater disability and cognitive impairment [17]. 
Additionally, high-field MRI can detect microstructural changes in normal-appearing white matter (NAWM) and 
gray matter, providing insights into the diffuse axonal damage that characterizes PMS [18]. 

Magnetization transfer imaging (MTI) and diffusion tensor imaging (DTI) are other MRI-based 
techniques that have shown promise in assessing microstructural damage in PMS. MTI measures the exchange of 
magnetization between free water and macromolecules, offering insights into myelin integrity, while DTI assesses 
white matter integrity by tracking the diffusion of water molecules along axonal pathways. Both MTI and DTI 
have been shown to correlate with disability progression in PMS, making them valuable tools for monitoring 
disease evolution [19]. 
 
Positron Emission Tomography (PET) and Novel Tracers 

Positron emission tomography (PET) imaging has recently emerged as a valuable tool in MS research, 
particularly for understanding PMS. PET allows for the visualization of active neuroinflammation and 
neurodegeneration at a molecular level, which is crucial for studying the chronic, compartmentalized 
inflammation characteristic of PMS. Unlike MRI, which captures structural changes, PET can track functional 
alterations by using radioactive tracers that bind to specific cellular targets. 

One notable PET tracer is the translocator protein (TSPO) ligand, which binds to microglia and 
macrophages, markers of inflammation within the CNS. Studies using TSPO-PET imaging have shown that PMS 
patients exhibit higher levels of microglial activation, particularly in gray matter regions and the cortex, compared 
to RRMS patients. This increased microglial activity correlates with disease severity and progression, making 
TSPO-PET a promising tool for both diagnosis and monitoring [20]. 

Other PET tracers target metabolic activity within the CNS, offering insights into neuronal health. For 
instance, tracers that bind to glucose transporters or mitochondrial markers can assess cellular metabolism in 
specific brain regions, potentially identifying areas of neurodegeneration before they are detectable on MRI. These 
imaging tools provide a more dynamic view of PMS pathology, allowing researchers and clinicians to observe 
disease processes in real-time and assess the impact of therapeutic interventions [21]. 
 
Biomarkers in Cerebrospinal Fluid (CSF) and Blood 

The search for reliable biomarkers in cerebrospinal fluid (CSF) and blood has become a focal point in 
PMS research, as biomarkers offer a minimally invasive way to monitor disease activity and progression. Among 
the most promising biomarkers are neurofilament light chain (NfL) and glial fibrillary acidic protein (GFAP), 
both of which have shown potential in predicting disease severity and tracking neurodegeneration. 

Neurofilament light chain is a structural protein released into the CSF and blood following axonal 
damage. Elevated levels of NfL have been correlated with disease progression in PMS, as higher concentrations 
of NfL indicate increased axonal injury and neurodegeneration. Recent studies suggest that NfL levels in blood 
and CSF correlate well with MRI findings, making it a viable biomarker for tracking disease activity over time 
[22]. Its ability to reflect ongoing neurodegeneration makes NfL a promising candidate for use in clinical practice, 
particularly in assessing the efficacy of neuroprotective therapies in PMS. 

Another promising biomarker is glial fibrillary acidic protein (GFAP), an intermediate filament protein 
expressed in astrocytes. Increased GFAP levels in CSF and blood indicate reactive astrogliosis, a hallmark of CNS 
damage in PMS. GFAP levels have been shown to correlate with MRI markers of brain atrophy, suggesting that 
GFAP may serve as an indicator of long-term neurodegenerative changes [23]. Together, NfL and GFAP provide 
complementary information about axonal and astrocytic injury, respectively, offering a more comprehensive view 
of PMS pathology. 
 
Emerging Biomarkers and Personalized Diagnostics 

In addition to NfL and GFAP, several other biomarkers are being investigated for their potential to 
provide personalized diagnostic information in PMS. For example, chitinase-3-like protein 1 (CHI3L1), a marker 
of inflammation and glial activation, has been associated with increased disability and worse clinical outcomes in 
MS. Elevated CHI3L1 levels in CSF have been shown to correlate with gray matter atrophy and cognitive 
impairment in PMS, suggesting that it could serve as a marker of disease progression [24]. 
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The development of biomarker panels, which combine multiple biomarkers to capture different aspects 
of PMS pathology, is an area of active research. These panels could help stratify patients by disease subtype, 
predict response to specific therapies, and allow for more personalized treatment approaches. The ability to 
identify patients who are at high risk for rapid progression would be particularly valuable in PMS, where early 
intervention could prevent significant disability [25]. 
 
Revised Diagnostic Criteria and Clinical Guidelines 

The advent of advanced imaging techniques and biomarkers has prompted discussions about updating 
the diagnostic criteria for MS, particularly PMS. Current diagnostic criteria, such as the McDonald criteria, are 
primarily designed for RRMS and rely heavily on detecting relapses and MRI-visible lesions. However, PMS 
often lacks these hallmark features, making it difficult to diagnose accurately in its early stages. 

Proposed revisions to the diagnostic criteria for PMS emphasize the use of imaging and biomarker data 
to detect subtle disease progression and identify patients with a progressive disease course earlier. For example, 
incorporating biomarkers such as NfL and CHI3L1 into clinical guidelines could provide additional support for a 
PMS diagnosis in patients with atypical MRI findings or no history of relapses. The inclusion of high-resolution 
MRI techniques, such as cortical lesion detection and DTI metrics, may also enhance the sensitivity of diagnostic 
criteria for identifying PMS [26]. 

These updated diagnostic approaches have the potential to improve early diagnosis and enable more 
effective monitoring of disease progression in PMS. By integrating biomarkers and advanced imaging, clinicians 
may be better equipped to tailor treatment strategies to the specific needs of PMS patients, addressing both 
inflammatory and neurodegenerative aspects of the disease. 
 
Therapeutic advances 

Therapeutic advancements in progressive multiple sclerosis (PMS) remain a high priority due to the 
limited effectiveness of traditional disease-modifying therapies (DMTs) that primarily target the inflammatory 
processes characteristic of relapsing-remitting MS (RRMS). In PMS, the neurodegenerative components, 
including chronic neuroinflammation, mitochondrial dysfunction, and oxidative damage, necessitate a different 
therapeutic approach. Recent developments in both immunomodulatory therapies and neuroprotective strategies 
have shown potential for reducing disability progression in PMS. Here, we review the current DMTs, experimental 
treatments under investigation, and emerging therapeutic strategies that are transforming PMS management. 
 
Disease-Modifying Therapies (DMTs) for PMS 

Disease-modifying therapies (DMTs) have been the cornerstone of MS treatment, mainly aimed at 
reducing relapse rates in RRMS. In PMS, however, DMTs demonstrate limited efficacy due to the lack of active 
peripheral inflammation that these therapies primarily target. For instance, interferon beta (IFN-β) and glatiramer 
acetate, which modulate the immune response and reduce relapse frequency, have minimal impact on the 
neurodegenerative processes that characterize PMS [27]. Despite their limited effectiveness in PMS, some studies 
suggest that early initiation of DMTs in the transitional phase from RRMS to secondary progressive MS (SPMS) 
may slow disease progression in certain cases, likely by curbing residual inflammatory activity [28]. 

One of the more promising DMTs for PMS is ocrelizumab, a humanized monoclonal antibody that targets 
CD20+ B cells, which play a key role in CNS inflammation. Approved for primary progressive MS (PPMS) in 
2017, ocrelizumab is the first and only DMT shown to significantly reduce disability progression in PPMS patients 
[29]. By depleting CD20+ B cells, ocrelizumab mitigates the chronic inflammatory response in the CNS, which 
has shown measurable benefits in terms of slowing disability progression in patients with early-stage PPMS. 
Despite these advances, ocrelizumab’s efficacy is still limited in patients with advanced PMS, where 
neurodegenerative processes predominate. 
 
Monoclonal Antibodies and Immunomodulatory Agents 

In addition to ocrelizumab, other monoclonal antibodies and immunomodulatory agents are being 
explored for their potential to manage PMS. Rituximab, another anti-CD20 monoclonal antibody, has shown 
promise in reducing B-cell-driven inflammation in PMS and is often used off-label for PPMS in clinical practice 
[30]. Although rituximab is not officially approved for PMS, studies suggest that it may offer benefits similar to 
ocrelizumab, particularly in patients with active inflammation. 

Natalizumab, an integrin antagonist that prevents immune cells from crossing the blood-brain barrier, 
has also been studied for its efficacy in PMS. However, its use in PMS remains controversial due to limited 
evidence of efficacy in progressive forms and concerns regarding the risk of progressive multifocal 
leukoencephalopathy (PML), a serious brain infection caused by the JC virus. Nevertheless, natalizumab may 
benefit a subset of PMS patients with active inflammation who are carefully monitored for PML risk [31]. 

Other immunomodulatory agents, such as Siponimod and ponesimod, target sphingosine-1-phosphate 
receptors and are effective in modulating the immune response. Siponimod, specifically approved for secondary 
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progressive MS (SPMS), has shown efficacy in reducing relapse rates and slowing disability progression in 
patients with active SPMS. Its mechanism of action, which involves trapping lymphocytes in lymph nodes, 
prevents these cells from entering the CNS and causing inflammation [32]. 
 
Neuroprotective Strategies 

Given the limited efficacy of traditional DMTs in PMS, neuroprotective strategies that target neuronal 
and axonal integrity are becoming a focus of therapeutic development. One such approach involves high-dose 
biotin, a B vitamin thought to play a role in energy production and myelin synthesis. Initial studies indicate that 
high-dose biotin supplementation may reduce disability progression in PMS by enhancing cellular metabolism 
and supporting remyelination processes [33]. Though promising, the long-term efficacy and safety of high-dose 
biotin require further investigation in larger clinical trials. 

Mitochondrial-targeted antioxidants, such as idebenone and mitoquinone, are also being studied for their 
potential to reduce oxidative damage in PMS. By countering the effects of mitochondrial dysfunction and 
oxidative stress, these antioxidants aim to protect axons and neurons from progressive damage. Early-phase 
studies of these compounds have shown some neuroprotective effects, particularly in slowing the progression of 
motor impairment, but more extensive research is needed to validate their clinical utility in PMS [34]. 
 
GM-CSF Antagonists and IL-2 Receptor Inhibitors 

Novel immunotherapies targeting specific cytokines and immune pathways involved in chronic CNS 
inflammation represent a new frontier in PMS treatment. GM-CSF (granulocyte-macrophage colony-stimulating 
factor) antagonists, for example, inhibit the action of GM-CSF, a cytokine that promotes microglial activation and 
CNS inflammation. GM-CSF antagonists, such as specific antibodies that block GM-CSF receptors, have shown 
efficacy in reducing neuroinflammatory markers in PMS models and are currently undergoing clinical evaluation 
[35]. 

IL-2 receptor inhibitors represent another class of immunomodulatory agents that may benefit PMS 
patients. IL-2 plays a role in T-cell and B-cell proliferation, and its receptor has been implicated in the pathological 
immune response in PMS. Early clinical trials indicate that IL-2 receptor inhibitors, particularly for patients who 
do not respond to β-interferon, may provide an alternative means of reducing neuroinflammation in PMS [36]. 
Further studies are required to determine the safety and efficacy of these therapies in larger patient populations. 
 
Cell-Based and Regenerative Therapies 

Cell-based therapies, including hematopoietic stem cell transplantation (HSCT) and mesenchymal stem 
cell (MSC) therapy, are emerging as potential options for PMS patients, particularly those who do not respond to 
conventional therapies. HSCT, which involves ablating the immune system and reconstituting it with 
hematopoietic stem cells, aims to reset the immune system and halt disease progression. While HSCT has shown 
promise in aggressive RRMS, its role in PMS remains under investigation, with early studies suggesting potential 
benefits in select patient populations [37]. 

Mesenchymal stem cells (MSCs), derived from bone marrow or adipose tissue, have immunomodulatory 
and regenerative properties that could aid in CNS repair and remyelination. MSC therapy is currently being 
evaluated in clinical trials for PMS, with preliminary results indicating improvements in functional outcomes and 
a reduction in inflammation markers [38]. These therapies offer a new approach to PMS management by targeting 
the neuroregenerative capacity of the CNS rather than solely modulating the immune response. 
 
Symptomatic Therapies and Quality of Life Enhancements 

In addition to disease-modifying and neuroprotective therapies, managing symptoms remains a critical 
component of PMS care. Common symptoms in PMS, such as spasticity, pain, fatigue, and cognitive impairment, 
significantly impact quality of life and require targeted interventions. Pharmacologic treatments for symptom 
relief include muscle relaxants (e.g., baclofen, tizanidine) for spasticity, antiepileptic drugs (e.g., gabapentin) for 
neuropathic pain, and amantadine for fatigue [39]. 

Non-pharmacologic interventions, including physical therapy, occupational therapy, and cognitive 
behavioral therapy (CBT), are equally important for maintaining function and quality of life in PMS patients. 
Neurostimulatory techniques, such as transcranial magnetic stimulation (TMS) and transcranial direct current 
stimulation (tDCS), have also shown promise in alleviating fatigue and cognitive symptoms in MS, offering an 
additional therapeutic tool for PMS management [40]. 
 
Future Directions in Therapeutic Development 

As research into PMS pathophysiology advances, new therapeutic approaches targeting specific 
molecular pathways and cellular processes hold promise for more effective management of the disease. Precision 
medicine approaches, which utilize biomarkers to stratify patients and guide therapy choices, are likely to play an 
increasingly important role in PMS treatment. Ongoing research into the use of NfL and GFAP as biomarkers 
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could enable clinicians to tailor therapies to the individual patient’s disease profile, optimizing treatment outcomes 
and potentially slowing disease progression [22]. 

Additionally, gene-editing technologies, such as CRISPR/Cas9, are being explored for their potential to 
modify disease-related genes and reduce neuroinflammation. Although these technologies are in the early stages 
of development for PMS, they represent a promising avenue for future research aimed at addressing the underlying 
genetic and molecular causes of the disease [41]. 
 
Management of symptoms 

In progressive multiple sclerosis (PMS), the continuous neurological decline leads to an array of 
symptoms that substantially impact quality of life. Since disease-modifying therapies (DMTs) primarily address 
disease progression rather than symptomatic relief, a significant component of PMS management revolves around 
alleviating symptoms such as spasticity, pain, cognitive impairment, and fatigue. Symptomatic management is 
crucial for maintaining functional independence, minimizing discomfort, and supporting mental health in patients. 
This section reviews pharmacologic and non-pharmacologic treatments that are essential in the comprehensive 
care of PMS patients. 
 
Pharmacologic Management of Spasticity and Pain 

Spasticity, characterized by involuntary muscle stiffness and spasms, is a common and often disabling 
symptom in PMS. Muscle relaxants, such as baclofen and tizanidine, are the mainstay pharmacologic treatments 
for spasticity. Baclofen, a gamma-aminobutyric acid (GABA) agonist, reduces muscle spasms by inhibiting spinal 
reflexes, whereas tizanidine, an alpha-2 adrenergic agonist, reduces muscle tone by acting on the central nervous 
system [42]. Both medications can alleviate spasticity but may cause side effects such as drowsiness and dizziness, 
requiring careful dosage adjustments. 

In cases of severe spasticity that do not respond to oral medications, intrathecal baclofen therapy (ITB) 
may be considered. ITB delivers baclofen directly into the cerebrospinal fluid via an implanted pump, providing 
effective relief with lower systemic side effects. Botulinum toxin injections are another option for localized 
spasticity, particularly in cases affecting small muscle groups [43]. 

Neuropathic pain is another common and challenging symptom in PMS. It is often described as a burning, 
tingling, or stabbing pain resulting from nerve damage. Gabapentin and pregabalin, both of which are antiepileptic 
drugs with analgesic properties, are commonly prescribed for neuropathic pain. These medications work by 
modulating calcium channels to decrease neuronal excitability. Tricyclic antidepressants, such as amitriptyline, 
and serotonin-norepinephrine reuptake inhibitors (SNRIs), like duloxetine, are also effective options for 
neuropathic pain management [44]. 
 
Fatigue and Energy Management 

Fatigue is one of the most debilitating symptoms of PMS, affecting nearly all patients to varying degrees. 
It significantly impairs daily functioning and is often described as a persistent lack of energy that is 
disproportionate to physical activity. The management of fatigue in PMS involves both pharmacologic and 
lifestyle-based strategies. 

Amantadine, a dopaminergic agent, is commonly used to alleviate MS-related fatigue. Although its 
mechanism of action in reducing fatigue is not fully understood, studies suggest that amantadine may enhance 
neurotransmitter release, providing an energizing effect. Modafinil, a wakefulness-promoting agent, is also 
sometimes prescribed off-label for fatigue in MS, though its efficacy in PMS is variable, and it can cause side 
effects such as headaches and anxiety [45]. 

In addition to pharmacologic treatments, non-pharmacologic strategies such as energy conservation 
techniques, regular physical activity, and structured rest periods are essential components of fatigue management. 
Occupational therapists often work with PMS patients to develop personalized plans that optimize energy use 
throughout the day, helping patients engage in meaningful activities while avoiding excessive fatigue. 
 
Cognitive Impairment and Cognitive Rehabilitation 

Cognitive impairment in PMS can affect memory, attention, processing speed, and executive functioning, 
leading to difficulties in performing daily tasks and maintaining social interactions. Cognitive rehabilitation, a 
structured approach that includes cognitive training exercises, compensatory strategies, and environmental 
modifications, has been shown to improve cognitive function and quality of life in MS patients [46]. 

In cases of mild cognitive impairment, cognitive training exercises can help improve specific cognitive 
skills, such as memory and attention, by engaging neural pathways involved in cognitive processing. These 
exercises can be conducted through computer-based programs or in-person sessions with neuropsychologists. 
Compensatory strategies, such as using reminders, maintaining structured routines, and simplifying tasks, can also 
help patients manage cognitive demands more effectively [47]. 
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Pharmacologic treatments for cognitive impairment in PMS are limited, but some medications used for 
Alzheimer’s disease, such as donepezil, have been explored in MS for their potential benefits on cognitive 
symptoms. While evidence supporting their effectiveness in PMS is limited, these medications may offer modest 
benefits for select patients [48]. 
 
Depression, Anxiety, and Psychological Support 

Depression and anxiety are common comorbidities in PMS, with studies showing that up to 50% of MS 
patients experience depressive symptoms at some point. The chronic nature of PMS, combined with physical 
limitations, can lead to feelings of helplessness and social isolation, exacerbating mental health issues. 
Psychological support is, therefore, an integral part of PMS care, focusing on improving emotional well-being 
and enhancing resilience. 

Cognitive behavioral therapy (CBT) is one of the most effective psychotherapeutic approaches for 
managing depression and anxiety in PMS. CBT helps patients identify and modify negative thought patterns, 
develop coping strategies, and improve emotional regulation. Group therapy and support groups also provide a 
platform for patients to share their experiences, reducing feelings of isolation and fostering a sense of community 
[49]. 

Antidepressant medications, such as selective serotonin reuptake inhibitors (SSRIs), are frequently 
prescribed for depression in PMS. SSRIs, including fluoxetine and sertraline, are often well-tolerated and can 
improve mood, sleep, and energy levels. Given the high prevalence of depressive symptoms in PMS, routine 
screening for depression and anxiety is recommended to ensure timely intervention [50]. 
 
Physical Therapy and Exercise-Based Interventions 

Physical therapy plays a crucial role in managing the motor symptoms of PMS, including weakness, gait 
abnormalities, and spasticity. Exercise-based interventions, guided by physical therapists, can help improve 
strength, flexibility, and balance, enabling patients to maintain functional independence. Strengthening exercises, 
stretching routines, and aerobic activities are common components of physical therapy programs for PMS patients 
[51]. 

Studies have shown that regular physical activity can have a positive impact on both physical and 
cognitive symptoms in PMS. Aerobic exercise, in particular, may enhance cardiovascular health, improve mood, 
and reduce fatigue levels. Balance training and gait training are also essential for PMS patients at risk of falls, 
helping to prevent injury and maintain mobility. Physical therapists work with patients to develop individualized 
exercise programs that account for their abilities and limitations, providing a structured approach to symptom 
management [52]. 
 
Neuromodulatory Techniques: TMS and tDCS 

Neuromodulatory techniques, such as transcranial magnetic stimulation (TMS) and transcranial direct 
current stimulation (tDCS), have emerged as potential adjunct therapies for managing symptoms like fatigue, 
depression, and cognitive impairment in PMS. These techniques involve non-invasive stimulation of specific brain 
regions to modulate neural activity and improve symptom control. 

TMS uses magnetic pulses to stimulate cortical areas, particularly the dorsolateral prefrontal cortex, 
which is involved in mood regulation and cognitive processing. Studies suggest that TMS may reduce fatigue and 
depressive symptoms in MS patients by enhancing neuroplasticity and increasing activity in underactive brain 
regions [53]. Similarly, tDCS, which delivers a low electrical current to specific brain areas, has shown promise 
in improving cognitive symptoms and reducing pain in PMS. Although these techniques require further validation 
in large-scale trials, they offer a novel approach to symptomatic management in PMS [54]. 
 
Integrative and Lifestyle-Based Approaches 

Integrative therapies, such as yoga, mindfulness-based stress reduction (MBSR), and dietary 
modifications, are gaining popularity among PMS patients as complementary approaches to symptom 
management. Yoga and MBSR, for instance, have been shown to reduce stress, improve mood, and enhance 
physical flexibility and balance. These practices also promote relaxation and mental well-being, helping patients 
cope with the chronic nature of PMS [55]. 

Dietary interventions, although not curative, may influence the course of MS. Anti-inflammatory diets 
rich in fruits, vegetables, whole grains, and omega-3 fatty acids are often recommended to support overall health 
and potentially reduce systemic inflammation. While more research is needed to establish dietary guidelines for 
MS, patients are encouraged to maintain a balanced diet and discuss nutritional supplements with their healthcare 
providers [56]. 
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Future directions and emerging therapies 
The treatment of progressive multiple sclerosis (PMS) remains one of the most challenging areas in 

neurology, due to the complexity of the disease and the limited efficacy of existing therapies. However, 
advancements in our understanding of PMS pathophysiology are leading to new, innovative therapeutic strategies 
that hold promise for altering disease progression. Future treatment approaches aim to integrate personalized 
medicine, regenerative therapies, and novel pharmacologic agents to address both inflammation and 
neurodegeneration. This section reviews the latest research directions and emerging therapies that may transform 
PMS management in the coming years. 
 
Biomarkers and Precision Medicine 

Precision medicine, which tailors treatments to an individual’s unique disease profile, has the potential 
to revolutionize PMS care. Biomarkers that reflect disease activity and progression can guide treatment decisions, 
enabling clinicians to select therapies that best match a patient’s specific disease characteristics. Currently, 
neurofilament light chain (NfL) and glial fibrillary acidic protein (GFAP) are among the most promising 
biomarkers in PMS. Both biomarkers can be measured in cerebrospinal fluid (CSF) or blood, offering a less 
invasive means of tracking disease progression [57]. 

NfL is particularly valuable as it reflects axonal damage, while GFAP serves as a marker of astrocytic 
injury and gliosis, both of which are central to PMS pathology. By monitoring these biomarkers, clinicians can 
assess treatment responses and adjust therapies as needed to slow neurodegeneration. Future research aims to 
develop additional biomarkers that can predict treatment outcomes, detect early changes in disease activity, and 
guide the use of neuroprotective agents in PMS [58]. 

The integration of biomarker-based diagnostics into clinical practice could support the use of 
combination therapies that target different aspects of PMS pathology. For example, combining anti-inflammatory 
agents with neuroprotective or regenerative therapies could provide a multifaceted approach to treatment, guided 
by real-time biomarker feedback. 
 
Stem Cell Therapies 

Stem cell therapies, including hematopoietic stem cell transplantation (HSCT) and mesenchymal stem 
cell (MSC) therapy, are among the most promising approaches for treating PMS due to their potential to modulate 
the immune response and promote CNS repair. HSCT involves ablating the immune system with high-dose 
chemotherapy and reconstituting it with autologous hematopoietic stem cells, effectively “resetting” the immune 
system. HSCT has shown efficacy in aggressive cases of relapsing MS, but its role in PMS remains under 
investigation. Recent studies suggest that HSCT may slow disease progression in PMS by reducing inflammation 
and neurodegeneration, though more research is needed to confirm these findings [59]. 

MSC therapy, on the other hand, offers a less aggressive alternative to HSCT, with MSCs derived from 
the patient’s own bone marrow or adipose tissue. MSCs have immunomodulatory and regenerative properties, 
and they can potentially promote remyelination and reduce neuroinflammation. Early-phase clinical trials in PMS 
have shown that MSC therapy is safe and may improve functional outcomes, though the extent of its efficacy is 
still under study. Researchers are exploring ways to enhance the therapeutic potential of MSCs, such as genetic 
modification to boost their neuroprotective effects or pre-conditioning to improve their homing to damaged CNS 
areas [60]. 
 
Gene Therapy and Gene Editing 

Gene therapy and gene-editing technologies, such as CRISPR/Cas9, are emerging as innovative 
approaches for targeting the genetic and molecular drivers of PMS. Gene therapy involves delivering therapeutic 
genes to specific cells to correct genetic abnormalities or modulate immune responses. For PMS, gene therapy 
strategies focus on reducing inflammation, promoting remyelination, and protecting neurons from oxidative 
damage. Early research has shown potential in animal models, and clinical trials are underway to assess the safety 
and efficacy of gene therapy in human patients [61]. 

CRISPR/Cas9 gene-editing technology enables precise modifications to the genome, allowing 
researchers to target specific genes associated with inflammation and neurodegeneration in PMS. For example, 
CRISPR/Cas9 can be used to silence pro-inflammatory genes or upregulate genes involved in neuroprotection. 
Although gene-editing technology for PMS is still in its infancy, advancements in CRISPR/Cas9 delivery methods 
and target specificity are paving the way for its potential application in neurodegenerative diseases. These 
therapies may one day offer a more targeted approach to PMS treatment, addressing the disease at a molecular 
level [62]. 
 
Neuroprotective Agents and Novel Pharmacologic Approaches 

Neuroprotective agents, which aim to prevent or reduce neuronal loss, are a critical area of research in 
PMS. Given that neurodegeneration is a major driver of disability in PMS, therapies that protect neurons from 
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damage could play a key role in managing the disease. Biotin, a B vitamin that supports cellular energy production, 
has shown some efficacy in reducing disability progression in PMS by enhancing mitochondrial function. High-
dose biotin supplementation is currently being studied in clinical trials to determine its long-term effects on 
neuroprotection and disability in PMS [63]. 

Antioxidants that target mitochondrial dysfunction, such as idebenone and mitoquinone, are also being 
investigated as potential neuroprotective agents. These compounds reduce oxidative damage by neutralizing 
reactive oxygen species (ROS) and supporting mitochondrial health. Although early-phase trials have shown that 
mitochondrial-targeted antioxidants may slow motor impairment in PMS, further studies are needed to establish 
their clinical benefits and safety profile [64]. 

In addition to neuroprotective agents, novel pharmacologic approaches that target specific immune 
pathways are under investigation. For instance, granulocyte-macrophage colony-stimulating factor (GM-CSF) 
antagonists aim to inhibit neuroinflammation by blocking GM-CSF receptors on microglia and macrophages. 
Similarly, IL-2 receptor inhibitors may reduce T-cell and B-cell proliferation, offering an alternative 
immunomodulatory approach for PMS patients who do not respond to conventional therapies. These therapies, 
currently in various stages of clinical testing, could add new options for managing neuroinflammation and 
promoting neuroprotection in PMS [65]. 
 
Combination Therapies and Personalized Treatment Approaches 

One of the most promising future directions in PMS treatment is the use of combination therapies that 
address multiple aspects of the disease simultaneously. Given the multifactorial nature of PMS, combining 
therapies that target different mechanisms, such as inflammation, neurodegeneration, and oxidative stress, may 
provide more comprehensive disease control. For example, combining an anti-inflammatory DMT with a 
neuroprotective agent could offer benefits by reducing inflammation while simultaneously protecting neurons 
from oxidative damage [66]. 

Personalized treatment approaches, driven by biomarker profiling, could further enhance the efficacy of 
combination therapies. By analyzing a patient’s biomarker profile, clinicians may be able to determine the 
dominant pathological process in a given individual, allowing them to select the most appropriate therapies. 
Precision medicine approaches, supported by advancements in biomarkers and genetic testing, are expected to 
become increasingly feasible as our understanding of PMS pathophysiology grows. The integration of such 
strategies into clinical practice could pave the way for more individualized and effective PMS management [67]. 
 
Emerging Technologies in PMS Research and Clinical Trials 

Advances in technology are transforming how PMS is studied and treated. Artificial intelligence (AI) 
and machine learning, for instance, are being applied to analyze complex datasets from imaging studies, genetic 
testing, and biomarker analysis, providing new insights into disease progression and treatment responses. AI-
driven analysis of MRI and PET scans can help identify early signs of neurodegeneration, while predictive 
algorithms may assist in identifying patients at higher risk of rapid progression [68]. 

Digital health tools, such as wearable devices and mobile apps, are also gaining traction in PMS research. 
These tools enable real-time monitoring of physical activity, symptom fluctuations, and treatment adherence, 
providing valuable data for clinicians and researchers. Digital biomarkers derived from wearable devices may 
soon complement traditional biomarkers, offering an additional layer of information to guide personalized 
treatment strategies. The integration of these technologies into clinical trials is also expected to improve data 
quality and support the development of more effective therapies for PMS [69]. 
 
Ongoing Research and Clinical Trials 

Ongoing clinical trials in PMS are focused on a wide range of therapeutic strategies, from DMTs and 
neuroprotective agents to regenerative therapies and lifestyle interventions. For instance, trials are evaluating the 
efficacy of high-dose biotin, mitochondrial-targeted antioxidants, and stem cell therapies, with the goal of finding 
therapies that can slow or halt neurodegeneration in PMS. Additionally, studies investigating the impact of 
exercise, diet, and psychological support on PMS progression are providing insights into how lifestyle 
modifications may complement pharmacologic treatments [70]. 

Clinical trials are also assessing combination therapies and exploring the potential of emerging 
treatments, such as gene therapy and cell-based approaches. These trials will continue to shape the future of PMS 
management, as they provide critical data on safety, efficacy, and long-term outcomes. As research progresses, 
the integration of novel therapies into standard care will likely lead to more effective and individualized treatment 
options for PMS patients. 
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CONCLUSION 
 
In summary, progressive multiple sclerosis presents unique therapeutic challenges due to its complex 
pathophysiology, marked by chronic inflammation and neurodegeneration. Recent advances in diagnostic 
techniques, such as high-resolution imaging and biomarker analysis, are enabling earlier detection and more 
precise monitoring of PMS. Therapeutic innovations, including stem cell therapies, gene-editing technologies, 
and neuroprotective agents, offer hope for altering disease progression. Future treatment approaches that 
incorporate combination therapies and precision medicine hold significant potential for improving outcomes in 
PMS, providing a foundation for more effective and personalized. 
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