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Abstract  

Background: Multiple sclerosis (MS) is the most common demyelinating, inflammatory and 

neurodegenerative disease that impacts the central nervous system (CNS) and can cause significant 

physical and cognitive disability. Physical activity and cardiorespiratory fitness may influence 

potential biomarkers such as brain-derived neurotrophic factor (BDNF), neurofilament light chain 

(NfL), and interleukin-6 (IL-6). I investigated whether fitness and self-reported physical activity 

were related to blood biomarkers of neuroinflammation and repair in individuals with MS. 

Methods: Blood samples were obtained from twenty-four patients with Relapsing-Remitting and 

Progressive MS (18 women and 6 men) before completing a maximal graded exercise test on a 

recumbent stepper. Participants reported moderate to vigorous physical activity (MVPA) in the 

previous 24 hours using the adapted International Physical Activity Questionnaire. Serum levels 

of BDNF, NfL, and IL-6 were analyzed using enzyme-linked immunosorbent assay (ELISA).  

Results: I evaluated the relationships between MVPA, fitness (VO2peak), age, weight and 

biomarkers (BDNF, IL-6, NfL, and BDNF/IL-6 ratio). Results showed that only serum NfL, 

weight and VO2peak were significantly correlated (r= -0.435, p= 0.034, and r= 0.436, p= 0.033),  

and that the other biomarkers did not correlate with MVPA, fitness, age, or weight (p > 0.05).  

Conclusion: Higher serum NfL levels, a neuronal damage biomarker, are associated with lower 

body weight and better physical fitness. Most of the remaining biomarkers show a sensitivity that 

is not specific enough to differentiate the relationship of fitness to MVPA. This reflects one of the 

limitations of my study and shall further be elaborated on in the discussion regarding the 

limitations of my findings. 
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Lay Summary  

Multiple sclerosis (MS) is a chronic condition with diverse physical and mental symptoms 

affecting the brain and spinal cord. Recent research investigates the potential of physical activity 

in mitigating inflammation and promoting brain repair among MS patients. This study involves 24 

individuals diagnosed with relapsing-remitting multiple sclerosis (MS), who provided pre-exercise 

blood samples and documented their recent levels of moderate to vigorous physical activity. Three 

molecules – interleukin-6 (IL-6), neurofilament light chain (NfL), and brain-derived neurotrophic 

factor (BDNF) – were quantitatively assessed and their associations examined. Results revealed a 

connection between higher NfL levels (an axonal damage marker), lower body weight, and being 

more physically fit (measured as VO2peak). However, the other markers (BDNF, IL-6, and 

BDNF/IL-6) remained unaffected by physical activity, fitness, age, or body weight. This study 

suggests a link between elevated NfL levels, lower body weight, and higher fitness level in 

individuals with MS, indicating that the other markers may lack sensitivity to reflect the impact of 

physical activity and fitness in this limited patient cohort. 
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Chapter One: Overview and Introduction  

1.1 Multiple Sclerosis  

1.1.1 Overview of MS 

 

Multiple Sclerosis (MS) is an autoimmune disease of the central nervous system (CNS) 

wherein the immune system targets the myelin sheath of neurons in the brain and spinal cord 

(Buzzard et al., 2017; Tafti et al., 2022). The numerous symptoms of the disease are associated 

with inflammatory lesions in the CNS and axonal demyelination (Haines et al., 2011). Individuals 

with MS experience a wide range of symptoms, including motor and cognitive impairments. 

Symptoms such as diminished limb function and sensation, loss of balance and coordination, 

fatigue, and a decline in cognitive processing and memory significantly reduced the quality of life 

for affected individuals (Motl et al., 2010). While MS remains incurable, a spectrum of disease 

management (e.g. disease-modifying therapies, steroids, and symptomatic treatments) is available 

to effectively manage the disease, alleviate symptoms, slow its progression, and enhance the 

quality of life for those affected.  

Recent research has significantly deepened our understanding of the immunological and 

genetic elements that contribute to the pathogenesis of MS. The focus of these investigations is, 

substantially  towards the dysregulated immune system in MS; some are directed at reducing the 

process of inflammation and modulating the immune response, while others seek to delay disease 

progression. Furthermore, the discussed studies, as highlighted by Tafti et al. (2022) and J. H. 

Yang et al. (2022), describe molecular and genetic factors that are related to the development of 

MS, identify new therapeutic targets, and propose possible new ways of treatment that may find 

implementation in the near future. Development in imaging and discovery of biomarkers, and a 

better understanding of immunological response in MS, are opening the path for more 
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individualized and personalized special treatment modalities (Katsavos & Anagnostouli, 2013). 

Disease-modifying drugs (DMDs), including interferon-beta and monoclonal antibodies like 

ocrelizumab, have demonstrated efficacy in clinical trials, providing hope for better long-term 

outcomes for MS patients (Wiendl et al., 2021). A burgeoning body of research, dedicated to 

unravelling the intricate mechanisms underlying MS and the development of innovative 

therapeutic interventions (Hauser & Cree, 2020; He et al., 2020; Yang et al., 2022), has made 

significant contributions to this evolving field, shedding light on various aspects of the disease. 

Emerging research has emphasized the importance of a holistic approach to MS 

management, encompassing pharmaceutical interventions, lifestyle modifications, and 

rehabilitation (Wills & Probst, 2022). This approach is crucial for addressing the complex nature 

of MS and its impact on individuals. Pharmaceutical interventions, such as disease-modifying 

therapies, play a key role in managing the progression of the disease and reducing relapses (Diouf 

et al., 2023; Kołtuniuk & Chojdak-Łukasiewicz, 2022). Treatment modalities involve oral 

medications, injections, or infusions and such strategies as the course of the disease changes may 

require modifications to treatment methods. Although disease-modifying treatments play a crucial 

role in managing the progression of the disease, they alone are insufficient for enhancing functional 

recovery (Ploughman et al., 2022). Lifestyle changes such as aerobic exercise, dietary adjustments, 

and stress management have shown the potential to enhance the well-being of individuals living 

with MS (Elkhalii-Wilhelm et al., 2022) and can have a positive effect on the immune system, 

remyelination and inflammatory processes (Barry et al., 2016). Additionally, rehabilitation 

programs aim to enhance mobility, strength, and independence for individuals with MS (Amatya 

et al., 2019). In conclusion, while there is no cure for MS at present, ongoing research efforts  offer 

promising prospects for improved treatments and a better quality of life for those affected by this 
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challenging condition (Hauser & Cree, 2020; He et al., 2020; Tafti et al., 2022; J. H. Yang et al., 

2022). 

1.1.2 Epidemiology  

 

The most current evidence of the global prevalence found that about 2.8 million people, or 

35.9 out of every 100,000, are currently living with the disease. A dramatic increase in the global 

prevalence of MS has been observed after 2013, which corresponds to persisting distributional 

disparities. Diagnosed usually at a mean age of 32 years, Walton et al. (2020) pointed out a pooled 

incidence rate of MS to be at 2.1 per 100,000 person-years across 75 countries. This gene-

combined susceptibility generally arises from complex interactions of environmental exposures, 

sometimes called the 'perfect storm,' which are key contributors to the root cause for disease 

development (Waubant et al., 2019). Important environmental risk factors detected include 

exposure to Epstein-Barr Virus (EBV), geographical variation, low levels of Vitamin D, obesity 

in early life, and smoking. Notably, EBV infection is singled out as an especially strong risk factor 

(Guan et al., 2019), with building evidence in various research areas pointing to their centrality in 

light of MS progression (Hedström, 2023; Soldan & Lieberman, 2023). One compelling cohort 

study of more than 10 million US Army members followed for over two decades found that EBV-

infected individuals had a 32-fold higher risk of MS than their uninfected counterparts (Bar-Or et 

al., 2022; Bjornevik et al., 2022). 

From this pattern, the role of environmental factors can be seen to be at the center of the 

geography of MS. This geographic variation underlines the impact of the environment on MS since 

MS is found to be highly prevalent in temperate regions and low in Asia and tropical areas. 

Research has revealed a connection between an increase in the level of disability in patients 
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suffering from MS and vitamin D deficiency (Alharbi, 2015). There is also a significant 

relationship between childhood and adolescent obesity or being overweight and susceptibility to 

developing MS (Loonstra, de Ruiter, Strijbis, et al., 2023). Smoking is also related to an 

acceleration of the processes described above, from CIS to the confirmed diagnosis of MS and the 

accumulation of disability in the established forms of the disease (Wingerchuk, 2012). 

MS prevalence is higher in certain ethnic communities, women, and family clusters, 

suggesting a genetic susceptibility (Langer-Gould et al., 2013; Wallin et al., 2012). There have 

been reports of changes in MS's demographics worldwide during the past few years (Chinea et al., 

2017; Lee et al., 2015). A retrospective cohort study based on Kaiser Permanente data in Southern 

California found that African Americans had a 47% higher risk of MS, in contrast to white 

Americans, Asian Americans and Hispanic Americans. Hispanic Americans and white Americans 

had 80% and 50% lower risk, respectively (2.9 per 100,000 for Hispanics vs. 6.9 for whites) 

(Langer-Gould et al., 2013). Similar findings were reported in a study of the US military Veteran 

population, indicating higher MS rates in African Americans. Both studies consistently showed 

lower MS risk in Hispanics and Asians (Wallin et al., 2012). A Canadian study observed a doubling 

of MS incidence among females of Asian background in British Columbia from 1986 to 2010, 

unlike the non-Asian white population (Lee et al., 2015). 

 MS disproportionately affects women, with hormonal factors implicated in this gender 

disparity (Boziki et al., 2023). The complexity of MS pathways necessitates further investigation 

into the interplay between sex hormones and genetic factors. Remarkably, there is a higher 

transmission rate to daughters than sons in families with MS (odds ratios, 2.72 and 1.65, 

respectively) (Westerlind et al., 2014). 



 

 

5 

The increasing incidence of MS that tends to cluster in families provides strong support for 

genetic involvement. The MS concordance rate increases with genetic similarity, with 

monozygotic twins showing a higher rate than dizygotic twins. However, the lack of full 

concordance in monozygotic twins and the large differences between monozygotic and dizygotic 

twins suggest the influence of environmental factors (Sadovnick, 2019). In conclusion, the intricate 

interplay of genetic, environmental, and lifestyle factors regulates the immune system, 

contributing to the dysregulation seen in MS. Despite advances in understanding, the precise cause 

of MS remains largely unknown, emphasizing the need for continued research for effective 

management. 

 

1.1.3 Pathogenesis  

 

MS is intricately characterized by autoimmune inflammatory processes and 

neurodegenerative elements, with the disruption of the blood-brain barrier and immune cell 

infiltration as pivotal hallmarks (Lassmann, 2018). The blood-brain barrier, a regulated protective 

barrier composed of endothelial cells, typically ensures homeostasis and neural function by 

selectively controlling the movement of ions, molecules, and immune cells between the blood 

vessels and the CNS (Daneman & Prat, 2015).  In MS, a compromised blood-brain barrier allows 

the infiltration of leukocytes, including T cells, B cells, and macrophages, into the CNS, 

contributing to the disease's pathogenesis (Balasa et al., 2021; van Langelaar et al., 2020).  

The initiation of MS pathogenesis is debated between two models: the "outside-in" model, 

suggesting peripheral autoimmune inflammation preceding myelin degradation, and the "inside-

out" model, proposing a neurodegenerative event triggering inflammatory responses (Titus et al., 



 

 

6 

2020). Regardless of the model, both scenarios lead to an immune response cascade, causing focal 

inflammation and subsequent destruction of oligodendrocytes—the myelinating cells of the CNS 

(Stadelmann et al., 2019). The myelin sheath, crucial for efficient nerve conduction, becomes a 

target for immune-mediated destruction in individuals with MS, resulting in lesions in the brain 

and spinal cord and contributing to diverse symptomatic manifestations of the disease (Ghasemi 

et al., 2017). The evolving understanding of MS pathophysiology, including the blood-brain 

barrier's role and the interplay of inflammatory and neurodegenerative processes, underscores the 

complexity of the disease and guides ongoing research to develop targeted therapeutic strategies.  

 

1.1.4 Disease Course and Types of MS 

 

The McDonald criteria have been instrumental as a guideline for clinicians, offering 

guidelines on the earliest diagnosis in the case of MS (Porter et al., 2020; Thompson, Banwell, et 

al., 2018). These help to work toward the improvement of outcomes and quality of life in 

individuals who are diagnosed with MS. Recognition of the actual type of MS is fundamental in 

the standard tailoring of treatment plans and, eventually, guiding research into new therapies that 

meet individual needs, thereby enhancing the effectiveness of care and treatment (Gajofatto & 

Benedetti, 2015). There are different types of MS, including relapsing-remitting, primary 

progressive, and secondary progressive MS. 

 

1.1.4.1 Clinically Isolated Syndrome (CIS) 

 

Clinically isolated syndrome encompasses an initial monophasic episode of clinical 

symptoms and objective evidence that are suggestive of MS with a duration of at least 24 hours, 
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along with a lack of fever, infection, and encephalopathy (Grzegorski & Losy, 2020). These 

episodes are the first demyelinating symptom in ~85% of individuals with MS. The CIS is termed 

active if a magnetic resonance imaging detects signs of disease activity, such as new or 

unmistakably expanding T2 lesions on serial imaging (Grzegorski & Losy, 2020).  

 

1.1.4.2 Relapsing-Remitting MS (RRMS) 

 

The prevalent MS phenotype, observed in approximately 85% of individuals with MS, is 

known as relapsing-remitting MS (Klineova & Lublin, 2018). This type is marked by recurrent 

episodes of neurological dysfunction, known as relapses, interspersed with periods of relative 

clinical stability devoid of new neurological symptoms, referred to as remissions (Klineova & 

Lublin, 2018). While the frequency of relapses may differ among patients, it typically remains 

below 1.5 per year (Klineova & Lublin, 2018). In the absence of infection or metabolic 

disturbance, some neurological symptoms, including weakness, altered feeling, impaired balance, 

decreased visual acuity, and double vision, may be present for at least 24 hours during the relapse 

(Klineova & Lublin, 2018).  

 

 

1.1.4.3 Primary Progressive MS (PPMS) 

 

 PPMS affects around 10-15% of individuals with MS and is characterized by a slow 

deterioration of symptoms from the onset of the illness, with no symptom flare-ups or recovery 

(Braune et al., 2023). While females are more likely to develop relapsing-remitting MS than males, 

both sexes are equally affected by PPMS (Miller & Leary, 2007). In this type of MS the symptoms 

worsen gradually and steadily without any relapses or remissions (Miller & Leary, 2007).  
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1.1.4.4 Secondary Progressive MS (SPMS)  

 

SPMS typically develops in individuals with relapsing-remitting MS after a period of time 

(usually several years). In secondary progressive MS, the disease gradually progresses with or 

without relapses or remissions (Ziemssen et al., 2023). The lack of clear clinical, radiological, 

immunologic, or pathologic criteria that distinguish relapsing-remitting MS from secondary 

progressive multiple sclerosis, presents a number of difficulties in the accurate diagnosis and 

clinical management of SPMS (Ziemssen et al., 2023).   

 

 

1.1.5 Neurodegeneration and Lesion Formation 

 

In MS, both white matter and grey matter are affected by neurodegeneration. The 

development of focal inflammatory and demyelinating lesions in the white matter regions of the 

CNS is a hallmark of MS (Lassmann, 2018; Mey et al., 2023). Research has shown that 

abnormalities in strategic brain white matter tracts contribute to cognitive impairment in MS 

(Enzinger & Fazekas, 2015). Lesions are present in the grey matter, including the cortex, the grey 

matter of the spinal cord, basal ganglia, and brain stem, leading to axonal loss in the normal-

appearing white matter and diffuse neurodegeneration in the entire grey matter, resulting in 

profound brain tissue loss and atrophy, particularly in the progressive stage of the disease 

(Enzinger & Fazekas, 2015; Lassmann, 2018). Furthermore, the relationship between white matter 

lesions and grey matter atrophy in MS has been investigated, suggesting that grey matter 

neurodegeneration is mainly secondary to damage in the white matter during early disease stages 

while becoming more detached and dominated by other, possibly primary neurodegenerative 

disease mechanisms in PMS (Lie et al., 2022). This highlights the complex interplay between 
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neurodegeneration and lesion formation in both white and grey matter in MS, emphasizing the 

need for a comprehensive understanding of these processes to develop effective treatments. 

 

1.1.6 MS Symptoms  

 

MS exhibits a range of diverse symptoms, varying widely among individuals, including 

fatigue, numbness, loss of balance, stiffness, pain, bladder issues, muscle weakness, coordination 

difficulties, vision problems, vertigo, and cognitive issues (Ghasemi et al., 2017; Wajda & Sosnoff, 

2015). Optic neuritis – optic nerve inflammation – often initiates MS symptoms, presenting as 

blurred or double vision and eye movement pain (Malik et al., 2014). Prodromal symptoms 

preceding clinical onset involve disturbances in urinary, gastrointestinal, and anorectal functions, 

insomnia, fatigue, depression, anxiety, headaches, and various pain types (Disanto et al., 2018). 

Emerging evidence suggests a prodromal state before objective MS findings appear, 

defined as early signs preceding classical disease onset (Makhani & Tremlett, 2021). Clinical 

features alone are insufficient to identify MS prodrome because symptoms can be common and 

nonspecific. However, by combining them with biomarkers and demographic characteristics, we 

can identify people at the greatest risk of developing a clinical event consistent with MS (Makhani 

& Tremlett, 2021). The typical biomarkers in cerebrospinal fluid and MS serum have also been 

found at higher rates before the first demyelinating event. Neurofilament light chain (NfL), a 

marker for axonal damage, has already been proven to be a helpful biomarker in MS, although it 

is not yet used routinely in the clinical setting (Matute-Blanch et al., 2018).  

NfL serves as a valuable biomarker in MS, reflecting axonal damage. Although not yet 

widely practiced in the clinic, NfL turns out to have a promising avenue as it takes over as the 
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prognosticating biomarker for relapsing-remitting and progressive MS in the monitoring of both 

new clinical relapses and treatment response (Kuhle et al., 2019). This marker is integral for 

quantifying and monitoring neurodegeneration, with optimized assays enabling its measurement 

in cerebrospinal fluid (CSF) and blood, enhancing its potential for clinical translation (Freedman 

et al., 2024). In conclusion, the symptoms of MS, often unpredictable and not always correlating 

with magnetic resonance imaging lesions, highlight the importance of identifying specific 

biomarkers to increase the specificity for earlier recognition and management of MS (Tremlett et 

al., 2022). 

 

1.1.7  Approaches to MS Management 

 

The primary treatment approach for individuals with MS involves the use of disease-

modifying drugs, recognized as the first-line therapy. These drugs, including ocrelizumab, beta 

interferons, glatiramer acetate, teriflunomide, and dimethyl fumarate, interact with the immune 

system to mitigate disease activity. Disease-modifying drug's role is crucial in reducing the 

frequency of relapses and may slow the long-term progression of disability associated with MS 

(Vargas & Tyor, 2017; Wingerchuk & Carter, 2014). Within the Canada stats, approximately 19 

disease-modifying therapies are available for managing MS. These therapies are administered in 

various forms, including pills, injections, or infusions, providing individuals with different options 

for treatment (data & https://mscanada.ca/managing-ms/treatments-for-multiple-sclerosis#toc--

disease-modifying-therapies-). 

Physical activity has been emphasized as a potential second-line therapy associated with 

better clinical outcomes among individuals with MS (Motl et al., 2017; Pilutti et al., 2014). 
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Involvement in physical activity is associated with better health status, cognition, physical 

functioning, and mobility in individuals with MS (Kohn et al., 2014; Motl, Fernhall, et al., 2011; 

Motl, Gappmaier, et al., 2011; Motl, Snook, Wynn, et al., 2008). It also reduced fatigue, levels of 

anxiety, depression and pain (Motl et al., 2009; Motl, Snook, & Schapiro, 2008; Silveira et al., 

2021; Stroud & Minahan, 2009; Suh et al., 2010). 

Unfortunately, compared to healthy peers, individuals with MS have lower physical fitness 

and participate in less physical activity (Kinnett-Hopkins et al., 2017; Motl et al., 2005; Motl et 

al., 2017).  They employ power-saving strategies that may include restricting the magnitude of the 

day's physical activities, all in an attempt to cut down on fatigue. Paradoxically, these can worsen 

physical deconditioning and further increase fatigue in a vicious circle (Eldadah, 2010; Neal et al., 

2020). Both physical activity and fitness have been linked to disability status and disease 

progression (Ng & Kent-Braun, 1997; Platta et al., 2016; Ranadive et al., 2012; Sandroff et al., 

2012). Research demonstrates that maintaining a physically active lifestyle can enhance immune 

cell function and lower the chance of relapses (Kalb et al., 2020; Motl et al., 2017; Pilutti et al., 

2014; Tallner et al., 2012). Individuals with MS who reported vigorous physical activity for more 

than 3 weeks showed a reduced risk of MS symptoms (Wesnes et al., 2018). Physical activity and 

exercise are described as a low-cost disease-modifying therapy that may slow down disability 

progression, lower the relapse rate, stop the growth of pathology seen on magnetic resonance 

imaging, and improve neurocognitive function (Motl & Pilutti, 2016). 
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1.2 Physical Activity and Fitness 

1.2.1  What is Physical Activity? 

 

The terms “physical activity,” “moderate to vigorous physical activity,” and “exercise” are 

distinct concepts. However, they are often used interchangeably and inaccurately (Caspersen et 

al., 1985). The following are the differences between these terminologies: 

Physical activity is any physiological motion that increases energy expenditure above 

resting levels due to contraction of skeletal muscles (Caspersen et al., 1985). Physical activity can 

be divided into two categories: occupational and leisure-time physical activity. Occupational 

physical activity refers to activities performed as part of one's work, such as construction work, 

gardening, or cleaning. Leisure-time physical activity, on the other hand, refers to the activities 

that are performed outside of work for the purpose of well-being and improving health, such as 

walking, cycling, or swimming (Bonekamp et al., 2023).  

Moderate to vigorous physical activity (MVPA) is a type of physical activity that raises 

heart and breathing rates. It often consists of activities that raise an individual’s heart rate to 

between 3 and 6 metabolic equivalents of tasks (METs), which is 50% to 60% higher than a 

person’s resting heart rate (MacIntosh et al., 2021). The working metabolic rate to resting 

metabolic rate ratio is known as the MET. One MET is the energy cost of passively sitting still and 

corresponds to a caloric intake of 1 kcal/kg/h. Activities having a MET of 2 to less than 3, 3 to less 

than 5, and 5 or greater are categorized as mild, moderate, and vigorously intensive, respectively, 

for older persons (more than 55 years of age) (Haskell et al., 2007; Nelson et al., 2007). Moderate-

intensity activities include brisk walking, dancing, gardening, etc., whereas examples of vigorous-

intensity activities include jogging, running, fast cycling, and fast swimming (MacIntosh et al., 

2021). Authorities advise that adults should obtain 150 minutes of moderate to vigorous physical 
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activity each week to achieve a variety of health benefits, such as improved cardiorespiratory 

fitness, strong bones, weight control, and a decreased risk of developing health conditions like 

heart disease, cancer, type 2 diabetes etc. (MacIntosh et al., 2021). 

Exercise is a subtype of physical activity that is planned, systematic, and repetitive with 

the goal of enhancing or maintaining one or more physical fitness-related components (Caspersen 

et al., 1985). The American College of Sports Medicine's recommendations for physical activity 

divide exercise into categories based on types (such as walking, flexibility, and resistance 

exercise), intensities (such as vigorous to moderate exercise), frequency (days/week), and duration 

(minutes). The American College of Sports Medicine suggests resistance, flexibility, and aerobic 

exercise as kinds of exercise (Williams & Wilkins, 2009).  

 

1.2.2 What Is Fitness? 

 

Fitness refers to attributes related to the ability to perform physical activity (Caspersen et 

al., 1985). There are several components of fitness, including muscular strength, cardiorespiratory 

fitness, flexibility, and body composition. The ability of the lungs, blood vessels and heart to 

provide oxygen to the muscles during physical activity is called cardiorespiratory or aerobic 

fitness. The ability of muscles to produce force and maintain that force over time is referred to as 

muscular strength and endurance. The range of motion around a joint is referred to as flexibility. 

Body composition is the term used to describe the proportions of fat, muscle, bone, and other body 

tissues (Caspersen et al., 1985).  

Aerobic fitness, called cardiorespiratory fitness within clinical contexts, assesses the 

organism's proficiency in extracting atmospheric oxygen and converting it into cellular energy. 
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The measurement commonly employed to quantify aerobic fitness is the maximum oxygen 

consumption (V̇O2max), expressed in milliliters per minute per kilogram. Multiple determinants 

influence aerobic fitness, including gender, age, genetic predisposition, body composition, medical 

conditions, historical engagement in physical training, pulmonary and cardiac functionality, 

properties inherent to skeletal muscles and neural factors (Kujala et al., 2019).  

 

1.3 How Do We Measure Physical Activity and Fitness? 

 

Subjective and objective tools are used to measure physical activity and fitness. The 

subjective and self-reported measures, which consist of tools such as physical activity 

questionnaires or diaries, have been the most common measurement types; they are practicable, 

flexible, low cost, and easy to use (Ainsworth et al., 2015; Tudor-Locke & Myers, 2001; Welk, 

2002). Objective methods include measures that directly evaluate one or more aspects of physical 

activity, such as frequency, intensity, time, and type and may be capable of gathering a series of 

metrics like the number of steps, minutes of exercise, heart rate, etc. (Strath et al., 2013). The most 

common tools used are wearable sensors, e.g. accelerometers, pedometers, heart rate monitoring, 

indirect calorimetry and direct observation (Welk, 2002). Accelerometer-based assessment is 

currently the most widely used objective method for assessing physical activity levels in 

individuals with MS (Macdonald et al., 2022). When an accelerometer directly assessed physical 

activity, it was lower in individuals with MS than in sedentary control subjects. The accelerometer 

also seems more capable than the 7-day recall questionnaire ( as a subjective method) of detecting 

changes in physical activity between relatively inactive groups (Ng & Kent-Braun, 1997). 
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1.3.1 How Physical Activity and Cardiorespiratory Fitness Impact MS 

 

As mentioned previously (section 1.1.7), regular physical activity has been associated with 

improved muscle strength and cardiovascular fitness, as well as improved mood and quality of life 

among individuals with MS. A systematic review by Kjølhede et al. (2012), included 16 studies, 

revealed that muscular strength improved in lower-limb maximal voluntary contraction (MVC) 

between 7–21% and 20–50% improvement in lower-limb one-repetition maximum (Langeskov-

Christensen et al., 2015) and (Platta et al., 2016) found that peak oxygen consumption and 

cardiorespiratory fitness improved in response to exercise training. Depressive symptoms also 

decrease due to exercise training, as shown by (Ensari et al., 2014), (Dalgas et al., 2015) and 

(Adamson et al., 2015). In a meta-analysis by Motl & Gosney. (2008), their results with 13 studies 

showed that exercise training improved the quality of life among individuals with MS.  

In addition, some studies suggest that regular physical activity may positively affect MS 

disease progression and symptom management, which may be achieved through improved 

cardiovascular fitness, enhanced muscle strength, and even better general functional capacity 

(Heine et al., 2015). All of them can help reduce fatigue, which is the most debilitating symptom 

among people with MS. Despite the potential beneficial effects of physical activity, individuals 

with MS are less physically active compared to healthy populations (Motl et al., 2005). A 

decreased affinity for physical activity can be attributed to factors such as physical barriers (motor 

impairment, fatigue, pain/sensory symptoms, and heat sensitivity) and environmental barriers 

(transportation and accessible exercise facilities) (Halabchi et al., 2017).  

Several studies support that long-term, regular, moderate-to-vigorous physical activity may 

provide disease-modifying and neuroprotective effects in individuals with MS. Studies have 

reported that physical activity decreases the risk of MS, the severity of symptoms and disease 
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progression (Dalgas et al., 2019; Wesnes et al., 2018). A study by Rooney et al. (2021) (N = 91) 

demonstrated that in MS participants, increased physical activity was associated with 

neuromuscular improvement and physical function, highlighting the importance of physical 

exercise in improving and preserving motor function in individuals with MS. Another study by 

Klaren et al. (2015) (N = 39) found that moderate to vigorous physical activity was associated with 

preserved whole brain white and gray matter and deep grey matter structures (thalamus, 

hippocampus, putamen, caudate, and pallidum) – regions involved in cognitive and motor 

functions in individuals with MS. However, the relationship between physical activity and MS is 

complex. Numerous studies advocate that consistent physical exercise can markedly lower the risk 

of developing MS and slow down the progression of disability.  

However, some research has failed to establish a significant connection between the levels 

of physical activity and the outcomes of MS (Dalgas et al., 2008). The specific effects of physical 

activity on disease progression and symptom management are still being investigated (Dalgas & 

Stenager, 2012; Huynh et al., 2022; Kalb et al., 2020). Such complexity itself adds to the possibility 

that the impact of exercise on MS could be very varied from one patient to another, based on issues 

of the type and stage of MS, the level and duration of exercise, and individual patient 

characteristics (Motl, 2021). As with levels of participation in physical activity, individuals with 

MS have reduced cardiorespiratory fitness compared to their healthy counterparts; an important 

metric of health status and wellbeing (Canning & Hicks, 2020; Motl & Baird, 2021). In individuals 

with MS, having decreased level of cardiorespiratory fitness can have several repercussions. A 

study by Sebastião et al. (2019) (N = 62), investigated the relationship between instrumental 

activities of daily living (cooking, cleaning, transportation, laundry, and managing finances) and 

cardiorespiratory fitness in MS patients and found that lower fitness was linked to reduced ability 
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to complete daily living activities, subsequently limiting one's independence. In addition, in people 

living with MS, a lower level of cardiorespiratory fitness was associated with a higher risk for 

secondary diseases, a reduction in functional ability, and an aggravation of disease symptoms 

(Heine et al., 2016; Madsen et al., 2019). Lastly, studies have demonstrated that in individuals with 

MS, better physical fitness and more physical activity resulted in preserved brain volumes and 

improved nervous system integrity (Motl et al., 2015; Prakash et al., 2010).  

In conclusion, regular physical activity offers numerous advantages for individuals with 

MS, such as enhanced cardiorespiratory fitness, increased muscle strength, and an improved 

quality of life. Although the precise impact of physical activity on disease progression and 

symptom management is being actively researched, it is widely recognized that regular physical 

activity is beneficial for those with MS. In addition, the extent in which participation in physical 

activity or maintaining fitness offers neuroprotective benefits is not fully understood. However, in 

general, collective findings suggest that boosting cardiorespiratory fitness could improve various 

MS outcomes, such as disease severity, functional ability, and cognitive function. To monitor these 

potential disease-modifying effects of physical activity and cardiorespiratory fitness, it is essential 

to have reliable and accurate objective measures, such as biomarkers.  

Biomarkers obtained from magnetic resonance imaging (MRI), cerebrospinal fluid and 

blood biomarkers may help elucidate inflammation and repair and whether physical activity and 

cardiorespiratory fitness are neuroprotective in MS (Hamer & Chida, 2009), and (Paul et al., 2019). 

MRI is used as one of the most important clinical tools for treatment response, disease activity, 

and disease diagnosis (Paul et al., 2019). On the other hand, molecular markers derived from 

biological fluids are easy to quantify and can complement MRI and clinical assessment. Clinically 

relevant and promising blood and cerebrospinal fluid biomarkers are presented below, which are 
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helpful for the diagnosis and prognosis of multiple sclerosis and for the assessment of treatment 

response and side effects (Ziemssen et al., 2019). 

 

1.4 Biomarkers/ Cytokines 

1.4.1 What Are Biomarkers? 

 

The Food and Drug Administration - National Institutes of Health Biomarker Working 

Group has defined a biomarker as a defined property that can be measured to reveal pathogenic 

processes, normal biological processes, or reactions to treatment (Robb et al., 2016). The 

biomarker concept has changed over the past 50 years to reflect advances in science and medicine. 

In 1973, the term "biomarker" was first used to denote the existence or absence of a biological 

material (García-Gutiérrez et al., 2020). Currently, biomarkers can be classified into the following 

categories: risk/susceptibility, diagnostic, monitoring, pharmacodynamic/response, safety, 

prognostic, and predictive biomarkers (Figure 1.1) (Cagney et al., 2018) (Figure1.1). An excellent 

biomarker should be highly reproducible in its measurements, have a high signal-to-noise ratio, 

and be reliably and dynamically altered when the clinical situation worsens. Additionally, a 

biomarker should be accessible for detection and measurement, including physiologic, 

radiographic, histologic, or molecular traits (Robb et al., 2016). Biomarkers can be used to measure 

and clinically evaluate neurodegenerative diseases such as MS (Ziemssen et al., 2019). 

1.4.2 Types of Biomarkers 

1.4.2.1 Diagnostic Biomarkers 

 

Diagnostic biomarkers consequently represent very important tools in medicine because 

they provide information that allows a clinician to confirm or exclude the occurrence of certain 

diseases or conditions. An example of this is the case of finding certain antibodies in the blood of 
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a person that will point towards the presence of some infections or autoimmune diseases. This 

diagnosis is very pivotal in early disease detection and, therefore, accurate disease identification 

so that proper treatment measures are put in place in good time (Das et al., 2023; Laterza et al., 

2007). 

1.4.2.2 Monitoring Biomarkers 

 

Monitoring biomarkers are indispensable in the longitudinal observation of a patient's 

health status. They give much help in tracking, for example, the course of a disease or possibly 

measuring the effectiveness of a therapeutic effort over time. The biomarkers, whether to measure 

the effect of the pharmaceutical compound or the effect brought by environmental factors, will 

provide dynamic insights that help in adjusting treatment plans to bring about better outcomes in 

patients (Califf, 2018). 

1.4.2.3 Pharmacodynamic or Response Biomarkers  

 

Pharmacodynamic or response biomarkers refer to dynamic indicators reflecting changes 

of the biological pathway or process in relation to the therapeutic intervention. Any alteration of 

such biomarkers can thus guide clinicians to an informed decision about the continuation or 

adjustment of treatment. This would, of course, help healthcare providers design treatment 

regimens for the best results when they understand how a patient's body reacts to a given therapy. 

This makes therapies more effectual and secure (Okazaki et al., 2018).  
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1.4.2.4 Predictive Biomarkers  

 

Predictive biomarkers are on the cutting edge of personalized medicine because of their 

help in finding subjects who are most likely to benefit from the administration of a given medical 

treatment or intervention. This approach, therefore, optimizes not only the therapeutic 

effectiveness but also reduces risks of adverse reactions, opening the way toward more targeted 

and efficient solutions in health care (Cagney et al., 2018). 

1.4.2.5 Prognostic Biomarkers 

 

These are commonly used to determine the likelihood that a clinical event may occur in 

individuals who have been diagnosed with a medical condition or an illness. In clinical trials, 

prognostic biomarkers are used to identify patients at higher risk of developing clinical events or 

disease progression. These events can include death, disease progression or recurrence, or the 

development of a new medical condition. Prognostic biomarkers are also used as inclusion or 

exclusion criteria in clinical trials to identify populations at higher risk (Carnicer-Cáceres et al., 

2021, Califf, 2018; García-Gutiérrez et al., 2020). For example, in the early stages of RRMS, 

neurofilament light level may serve as a prognostic indicator (Salzer et al., 2010). 

1.4.2.6 Safety Biomarkers 

 

Safety biomarkers are essential for evaluating the potential risks associated with medical 

treatments or environmental exposures.  They provide valid information about the likelihood of 

toxicity and adverse events by giving early signs and indices of harmful effects, which should be 

monitored. All this approach is proactive in a critical assessment of the safety precautions for 

patient comfort, decreasing the risk brought about by therapeutic and environmental intervention 

(Chakrapani, 2020). 
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1.4.2.7 Susceptibility or Risk Biomarker 

 

This is a risk factor for getting an illness or having a medical condition (Angst & 

Merikangas, 1997). For the creation of epidemiological studies intended to assess the risk of 

developing a disease, susceptibility/risk biomarkers are crucial, helping to build preventative 

methods in clinical practice (Hartwig et al., 2017). 

 

1.4.3 Biomarker Classification in MS 

 

In MS, an ideal biomarker should correlate with disease activity, progression, and treatment 

effects. MS biomarkers are classified into four categories: 1) disease activity biomarkers can track 

the activity of the disease and assist in differentiating between various stages of MS progression, 

such as relapsing-remitting and secondary-progressive MS; 2) predictive biomarkers have the 

potential to identify individuals who may be at risk of developing MS; 3) diagnostic biomarkers 

can differentiate MS patients from those with other neurological or autoimmune disorders, as well 

as from healthy individuals; and 4) treatment-response biomarkers can signify the outcome of a 

novel treatment in a research context and also monitor the effectiveness of drugs in clinical care 

(Paul et al., 2019; Ziemssen et al., 2019). Utilizing a combination of imaging biomarkers, such as 

those derived from magnetic resonance imaging and fluid biomarkers, is vital for clinical MS 

subtyping, disease monitoring and assessing treatment response (Paul et al., 2019). 
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1.4.4 Sources of Typical MS Biomarkers 

1.4.4.1 Magnetic Resonance Imaging (MRI)  

 

MRI is a non-invasive brain imaging technique that produces three dimensional anatomical 

images of the body’s interior and is often used in clinical practice to detect diseases, confirm 

diagnoses, and monitor treatments (Hockings et al., 2020; Tomassini & Palace, 2009). In MS, MRI 

is essential in diagnosis and treatment monitoring as it provides information on the age, size, and 

number of inflammatory lesions formed in the CNS – including white and grey matter lesions 

(Comabella et al., 2016; Cook et al., 2012; van Munster & Uitdehaag, 2017). Although imaging 

biomarkers play a pivotal role in MS clinical care, molecular biomarkers found in the cerebrospinal 

fluid and blood, comprising of DNA, RNA, and proteins, can complement brain imaging 

techniques (Ziemssen et al., 2019). 

 

1.4.4.2 Cerebrospinal Fluid (CSF) 

 

CSF is a clear, transparent, protein-rich fluid surrounding the brain and spinal cord and is 

vital in providing nourishment, waste removal, and protection to the CNS (Telano & Baker, 2018). 

CSF is mainly produced in the ventricles of the brain by the choroid plexus at a rate of ~500ml/day 

(Huff et al., 2017). It is an important diagnostic biomarker for a variety of neurodegenerative 

diseases, such as acute or chronic meningitis, metastasizing tumors, and multiple sclerosis (Péter 

et al., 2020). A CSF sample can be obtained through an invasive procedure known as a lumbar 

puncture (spinal tap) in which a needle is inserted into the subarachnoid space of the lumber spine. 

The collected sample is then tested for abnormalities in red and white blood cells, glucose, and 

proteins. 
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In MS, along with MRI identified lesions in the CNS, the analysis of CSF is fundamental 

in the diagnosis and monitoring of the disease. The presence of oligoclonal bands called 

immunoglobulins in the CSF indicates chronic immune activation in the CNS and can be detected 

in several diseases. Oligoclonal bands are created by immunoglobulin antibodies G (IgG) and M 

(IgM) which are produced by plasma cells in the CNS (Deisenhammer et al., 2019; Ziemssen et 

al., 2019). Although elevated oligoclonal bands levels is not exclusive to MS, immunoglobulin G 

(IgG) bands are detectable in the CSF in more than 95% of individuals with MS (Deisenhammer 

et al., 2019; Ziemssen et al., 2019). Studies have found that oligoclonal bands in the CSF is 

sensitive and specific for MS and can augment MRI measures to help diagnose and monitor the 

disease. Therefore, the revised McDonald criteria have accordingly increased the importance of 

the oligoclonal bands (Deisenhammer et al., 2019; Świderek-Matysiak et al., 2023). Although MRI 

and CSF analysis are vital diagnostic biomarkers, they lack information on the underlying 

pathology of MS. Additional biomarkers such as blood biomarkers may be useful to monitor 

disease activity and detect subtle changes prior to the presence of irreversible MRI detected lesions 

in the central nervous system. 

 

1.4.4.3 Blood Biomarkers 

 

Blood biomarkers are less invasively collected compared to cerebrospinal fluid and are 

commonly employed in medicine for treatment monitoring (Ziemssen et al., 2019). These 

biomarkers allow for repeated sampling and contribute to a shorter diagnostic process, enable 

efficient monitoring, and streamline the approval of effective treatments for neurodegenerative 

disorders (Alcolea et al., 2023). Overall, the type of blood marker can be indicative and affiliated 

with different diseases, such as the link between MS and certain proteins, such as NfL, Brain-
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Derived Neurotrophic Factor (BDNF) and Interleukin-6 (IL-6) (Paul et al., 2019; Ziemssen et al., 

2019).  

 

1.4.4.3.1 Neurofilament Light Chain (NfL) 

 

Neurofilaments (Nf) are divided into four subunits: α-internexin (Int), neurofilament 

heavy,  medium, and light polypeptides, and NfL (Yan et al., 2007).  Nf, and especially NfL, have 

several traits that make them effective biomarkers of neurodegeneration. NfL can be quantitatively 

and objectively evaluated. As mentioned, the axonal cytoskeleton's structural scaffolding proteins 

are called Nf and are necessary for axonal caliber maintenance, stability, radial growth, and 

electrical impulse transmission (Gnanapavan & Giovannoni, 2015; Yuan et al., 2012; Ziemssen et 

al., 2019). 

It is also particularly sensitive to neurodegenerative processes, and its concentration 

fluctuates as the disease gets better or worse (Disanto et al., 2017). NfL is a structural cytoskeletal 

protein that is highly expressed in the axon of neurons. In neurodegenerative diseases such as MS, 

axonal damage or degeneration results in increased NfL concentrations in the blood and CSF. 

Although NfL is constantly released from axons in healthy, aging individuals, during axonal 

damage, NfL concentrations in the CSF can increase to 40 times the baseline level (Ferreira-

Atuesta et al., 2021; Gaetani et al., 2019; Ning & Wang, 2022). In MS, several studies have shown 

that NfL levels are elevated during relapses and reflect MRI -detected lesion development, disease 

activity, disability, and disease progression (Damasceno et al., 2019; Thebault et al., 2022; Uphaus 

et al., 2021). It is this disease-specific correlation between elevated NfL levels and MS pathology 

that distinguishes its diagnostic and prognostic utility from other neurological disorders. 
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Comparative research supports that the pattern and magnitude of NfL elevations in MS are distinct, 

correlating with clinical measures of disability and relapse rate, a feature less pronounced in other 

CNS and PNS diseases. (Ferreira-Atuesta et al., 2021; Ning & Wang, 2022; Ziemssen et al., 2019).  

 

1.4.4.3.2 Brain-Derived Neurotrophic Factor (BDNF) 

 

BDNF is a neurotrophic growth factor expressed in the central and peripheral nervous 

systems which promotes neuronal differentiation, maturation, axonal growth, and synaptic 

plasticity (Miranda et al., 2019).  BDNF acts by attaching to the tropomyosin receptor kinase B 

(TrkB) receptor, which in turn stimulates signaling pathways such as MAPK/ERK, PI3K/Akt, and 

PLCγ to enhance neuronal survival and synaptic strength (Numakawa et al., 2010). Low levels of 

BDNF have been identified in several CNS diseases including Alzheimer’s Disease (Ng et al., 

2019) , Parkinson’s Disease (Scalzo et al., 2010), Huntington’s Disease (Mughal et al., 2011) and 

MS (Sohrabji et al., 2006). Inflammation triggers immune cells to create neurotrophic factors, such 

as BDNF, as a coping strategy to protect neurons and promote healing during MS relapses 

(Caggiula et al., 2005; Sarchielli et al., 2002). Notably, BDNF levels have been observed to rise 

in the circulation during acute relapses and are upregulated within active inflammatory lesions, 

suggesting a reactive surge in its production in response to neuronal stress (Azoulay et al., 2008). 

Moreover, BDNF promotes remyelination by influencing oligodendrocyte precursor cells and 

enhancing their maturation (Nicholson et al., 2021).  
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1.4.4.3.3 Pro- and Anti-Inflammatory Cytokines 

 

Cytokines are small secreted proteins involved in the immune response that are responsible 

for directing cellular communication and are essential for controlling inflammation in the body 

(Zhang & An, 2007). Various cells generate cytokines, including specific categories such as 

tumour necrosis factors (TNFs), interleukins (ILs), and chemokines. These molecules play crucial 

roles in immune cell communication and the regulation of inflammatory responses, and the 

terminology reflects their diverse roles and sources within the immune system (Becher et al., 

2017). 

Cytokines interact with receptors on the cell surface, inducing distinct gene expression and 

mediating intercellular communication. These cytokines have the potential to trigger several cell 

signaling pathways including autocrine, paracrine, and endocrine signaling (Ramani et al., 2015). 

Cytokines can have pro- or anti-inflammatory effects in which the balance between the two 

mediates overall inflammation. 

The activity and interaction between pro- and anti-inflammatory cytokines dictate the 

overall inflammatory response. Pro-inflammatory cytokines are signalling proteins that promote 

inflammation and are crucial to modulating the immune response. They are produced 

predominantly by activated macrophages, T cells, and dendritic cells. The pro-inflammatory 

cytokines interleukin (IL) IL-1 and IL-6, and TNF are involved in up-regulating inflammatory 

reactions and are associated with the development of pathological pain (Dinarello, 2000; Zhang & 

An, 2007). When released in response to a threat, pro-inflammatory cytokines signal immune cells 

to fight invaders and repair tissue damage. While pro-inflammatory cytokines induce 

inflammation, conversely, anti-inflammatory cytokines suppress inflammation. Major anti-

inflammatory cytokines include IL-1 receptor antagonist, IL-4, IL-6, IL-10, IL-11, and IL-13 (Opal 
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& DePalo, 2000; Zhang & An, 2007). These cytokines collaborate with specific inhibitors and 

soluble receptors to modulate immune responses. IL-10, for instance, stands out for its potent anti-

inflammatory attributes, suppressing the expression of inflammatory cytokines like TNF and IL-1 

in activated macrophages. Additionally, IL-6 is a pleiotropic cytokine, meaning it can exhibit both 

pro-inflammatory and anti-inflammatory properties depending on the context (Opal & DePalo, 

2000; Tanaka et al., 2014). Variations in pro- and anti-inflammatory cytokines concentrations in 

biological fluids such as serum or blood, cannot provide valuable information regarding diagnosis, 

prognosis and treatment response of various diseases, such as MS (Chow et al., 2022). 

 

1.4.4.3.4 Cytokines in MS 

 

Interleukins are a comprehensive group of cytokines that play a pivotal role in regulating 

the immune system. They act on processes via cellular adhesion, proliferation, differentiation, 

maturation, and activation. These cytokines, secreted not only by leukocytes but by a multitude of 

other cells, have a duality of actions in the immune response: in turn, they act as pro-inflammatory 

and anti-inflammatory mediators. 

The scientific literature extensively documents the involvement of pro-inflammatory and 

anti-inflammatory cytokines in the context of MS. Pro-inflammatory cytokines, including IL-17, 

IL-22, TNF, IL-1, IL-12, IL-6 and interferon-γ, have been linked to the promotion of inflammation 

and tissue damage within the central nervous system, playing a role in the initiation and 

advancement of MS (Kallaur et al., 2013; Meyer-Arndt et al., 2023; Wang et al., 2018). 

Conversely, circulating anti-inflammatory cytokines like IL-4 and IL-10 are diminished in MS and 

are theoretically capable of providing a direct protective effect (Wang et al., 2018). Studies indicate 
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that pro-inflammatory cytokines are crucial in the pathogenesis of MS, influencing lymphocyte 

infiltration across the blood-brain barrier and triggering neuroinflammation. In contrast, anti-

inflammatory cytokines contribute to a protective role against the progression of the disease 

(Khaibullin et al., 2017; Vani & Chitra, 2022). The imbalance between pro-inflammatory and anti-

inflammatory cytokines is believed to contribute to the development and advancement of MS. 

Recognizing the distinct roles of various cytokines in the pathogenesis of MS is essential for 

identifying potential therapeutic targets aimed at modulating cytokine activity and restoring 

immune balance (Kallaur et al., 2013; Meyer-Arndt et al., 2023; Palle et al., 2017). 

 

1.4.4.3.5 Interleukin-6 (IL-6): A Pro-Inflammatory and Anti- Inflammatory Cytokine 

 

In this manner, the pro-inflammatory action of interleukins, among them, IL-6, is quite 

important in the first defense reaction to pathogenic agents because they stimulate immune cells 

and signal them to refer to places of infection or injury. On the other side, their anti-inflammatory 

effects are of key importance in the resolution process of inflammation to help the inflamed tissue 

regain its normality before too much damage is reconstituted in the tissue (Vaillant & Qurie, 2022).  

IL-6 is a multifunctional prototype cytokine with pivotal importance in the host defense 

system, as it mediates a broad range of hematopoietic and immune functions (Simpson et al., 

1997). Produced by a variety of cell types that include B cells, macrophages, T cells, fibroblasts, 

and astrocytes, hence its importance in inflammation and immune regulation (Choy & Rose-John, 

2017). IL-6 is considered a prominent proinflammatory cytokine that is produced both in response 

to infectious agents and injury to tissue, with the service of modulating immune responses, 

including those involved with acute-phase proteins, and also stimulating various cell division and 
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proliferation events. (Hunter & Jones, 2015) Its proinflammatory effects are generally transduced 

through a process known as trans-signaling, whereby the soluble IL-6 receptor is engaged, hence 

allowing activation of STAT3, a pathway normally connected with inflammation and pathogenesis 

(Garbers et al., 2018). 

On the other hand, IL-6 assumes an anti-inflammatory role particularly in the later stages 

of immune responses. This is achieved through classical signaling, whereby membrane-bound IL-

6 receptor is restricted to particular subtypes of immune cells, hence promoting regenerative 

processes, while in turn, prohibiting the overproduction of pro-inflammatory cytokines (Scheller 

et al., 2011). In addition, the anti-inflammatory reaction is mediated by IL-6 through stimulation 

of the production of IL-1ra and IL-10, powerful anti-inflammatory cytokines that usually decrease 

the inflammatory response (Pedersen & Febbraio, 2008). 

 

1.5 The Relationship between Physical Activity, Fitness, and Blood 

Biomarkers/Cytokines in MS 

1.5.1 Relationship between BDNF, Physical Activity and Cardiorespiratory Fitness in MS 

 

As previously mentioned, BDNF is an essential neurotrophic growth factor in promoting 

neuroplasticity and has been shown to increase after physical activity. The effect of physical 

activity and cardiorespiratory fitness on BDNF concentrations is a topic of research interest.  

(Devasahayam et al., 2021), found that after performing a maximal graded exercise test on a 

recumbent stepper, BDNF levels were similar in MS and control groups at rest, but interleukin-6 

levels were significantly higher in MS. When considering both groups, a higher VO2max was 

associated with a shift in the BDNF/IL-6 ratio from inflammation to repair. This study provided 

evidence that enhanced cardiorespiratory fitness in individuals with PMS signifies a shift in the 

ratio of blood biomarkers toward a repair phenotype.  
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In the study by Savšek et al. (2021) (N=14), the authors found that BDNF levels increased 

after 12 weeks aerobic exercise program. In another study (N=94), after 12 weeks (3 sessions per 

week), the authors demonstrated that exercise training significantly enhanced BDNF levels 

(Banitalebi et al., 2020). Jeon & Ha. (2017)(N=40) found that the intensity of exercise affected the 

alterations in BDNF brought on by exercise after 12 weeks of exercise. BDNF increased 

significantly in the high-intensity exercise group compared to the low-intensity and control group. 

A meta-analysis review (N= 1,111), showed that frequent exercise, even at a modest intensity, 

could elevate BDNF levels in individuals with MS, with potential gender differences favoring men 

over women (Szuhany et al., 2015).  

Several studies support that lower intensity and/or shorter duration physical activity had 

minimal effects on circulating BDNF in individuals with MS. In a study by Abbaspoor et al. (2020) 

(N=20), they found no significant difference in BDNF levels between a functional training group 

and the control group after 8 weeks (3 days per week) of rhythmic aerobic exercise, TRX 

suspension training, elastic band training, and bodyweight training. In another study (N=22), there 

was no significant difference after 4 weeks of aerobic exercise training (Castellano & White, 

2008).  However, serum BDNF considerably increased after respondents completed higher 

intensity ramp tests. These discrepancies may be due to variations in exercise programs' duration, 

intensity, and type (such as resistance training, aerobic training (AT), or mixed interventions). 

Disparate findings in the relationships between physical activity, cardiorespiratory fitness 

and BDNF in MS could be due to methodological inconsistencies. Timing of blood draws (time 

of day), handling of the samples, examination of plasma or serum, and the assay used (Bansi et al., 

2013) could affect results. Additionally, the differences in findings could be related to the 

characteristics of the participants, such as gender, MS severity or the type of MS (Mokhtarzade et 
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al., 2018; Wens et al., 2016), or differences in study design and analysis, such as the sample size 

and dividing participants into two groups (Ozkul et al., 2018). The measurement of BDNF can be 

influenced by several factors. Anthropometrics, such as body composition, influences how well 

BDNF responds to exercise training (Dinoff et al., 2016; Mokhtarzade et al., 2018). Overall, 

current research supports that 2-3 sessions of moderate-intensity exercise training per week for at 

least 4 weeks can alter circulating BDNF in people with MS.  

There is robust evidence to support the link between higher levels of physical fitness and 

the upregulation of BDNF. The links between circulating BDNF and neuroprotection have yet to 

be examined in the context of MS patients, which would require longitudinal monitoring of key 

biomarkers (Negaresh et al., 2019).  

For a more comprehensive understanding of the interaction between physical activity, 

cardiorespiratory fitness, and their effects on BDNF levels and MS progression, future studies 

should focus on: establishing causality through longitudinal research (Motl & Pilutti, 2012), 

uncovering the underlying biological mechanisms (Ploughman et al., 2009), evaluating the role of 

exercise diversity and intensity (Dalgas, Stenager, & Ingemann-Hansen, 2008), and understanding 

personal response variations to exercise (Sandroff, Motl, & Scudder, 2016). Additionally, 

integrating exercise with disease-modifying treatments (Pedersen & Febbraio, 2008), linking 

BDNF alterations to clinical outcomes (Zimmer et al., 2018), and conducting studies tailored to 

specific populations (Motl et al., 2017) are essential. There is a critical need for meticulously 

designed, large-scale studies to investigate the impact of exercise training on MS, particularly from 

a biomarker perspective (Negaresh et al., 2019). 
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1.5.2 Relationship between IL-6, Physical Activity and Cardiorespiratory Fitness in MS 

 

IL-6 has emerged as a significant marker in exercise immunology, functioning as a pro-

inflammatory and anti-inflammatory agent (Tanaka et al., 2014). In recent years, numerous 

investigations have explored the physiological benefits of physical activity on the immune system. 

Physical activity triggers a hormonal pattern that induces an immunologic response (Goldhammer 

et al., 2005; Steensberg et al., 2001). This response facilitates a balance in the immunologic 

homeostatic environment by influencing the activity of inflammatory markers (Castellano et al., 

2008; Goldhammer et al., 2005; Steensberg et al., 2001)  and impacting helper T lymphocytes. It 

is reasonable to think that along with beneficial effects on physical capabilities, cardiorespiratory 

function and the individual quality of life, physical activity could have direct influence on immune 

system function (Castellano et al., 2008; Golzari et al., 2010).  

Through physiological processes, physical activity appears to improve functional outcomes 

and lessen symptoms in MS without exacerbating the inflammatory disease (Florindo, 2014).  

Numerous cytokines are released into the body during and after physical activity, however it is 

unclear how these cytokines may affect MS inflammation.  Notably, IL-6, an exerkine, exhibits a 

complex dual-role. It acts as a pro-inflammatory agent when secreted by immune cells during 

pathological conditions yet adopts an anti-inflammatory profile when produced by muscles in 

response to exercise. This exercise-induced IL-6 can contribute to the anti-inflammatory 

environment, potentially mitigating MS-related inflammation. These observations underscore the 

nuanced influence of physical activity on cytokine profiles and highlight the importance of context 

in cytokine signalling and its implications for MS (Chow et al., 2022). In a review by Florindo. 

(2014), aerobic and resistance exercise had a distinct effect on cytokines among persons with MS. 
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Aerobic exercise increases resistance capacity and overall quality of life, whereas resistance 

exercise may affect levels of pro-inflammatory cytokines, including TNF- and IFN-gamma, as 

well as IL-6 and IL-10. These outcomes are associated with the working muscle (Florindo, 2014). 

The pro-inflammatory cytokine IL-6, along with being responsive to exercise, is also 

involved in the pathogenesis of several diseases, including cancer and autoimmune disorders 

(Scheller et al., 2011). Inflammation depends heavily on pro-inflammatory cytokines like IL-1, 

TNF, and IL-6 (Hirano, 2021). As mentioned previously,  IL-6 can act as both a pro-inflammatory 

and anti- inflammatory cytokine depending on the context in which it is produced and the cells it 

is signaling to (Tanaka et al., 2014). When IL-6 is signaling in monocytes or macrophages, it 

creates a pro-inflammatory response, whereas IL-6 activation and signaling in muscle is anti-

inflammatory (Gabay, 2006; Roohi et al., 2021; Tanaka et al., 2014).  

Numerous studies have shown that individuals with MS had high levels of IL-6 in their 

serum and cerebrospinal fluid (Stampanoni Bassi et al., 2020; Stelmasiak et al., 2000). IL-6 can 

also promote the differentiation of B cells into antibody-secreting cells, leading to the production 

of autoantibodies against myelin (Sabatino Jr et al., 2019). Whether IL-6 responds to exercise in 

MS is not clear. Some studies showed no difference in levels of IL-6 after 8 weeks of exercise in 

individuals with MS. For instance, Schulz et al. (2004) (N=18) found no change after 8 weeks of 

low-level bicycle exercise training in MS participants with EDSS <5.0. In another study by White 

et al. (2006) (N=10), IL-6 remained unchanged after 8 weeks of progressive resistance training 

(twice-weekly). In one systematic review, the authors demonstrated that after regular and acute 

exercise in individuals with MS compared to controls, IL-6 levels did not show any changes 

(Shobeiri, Seyedmirzaei, et al., 2022). Additionally, some studies reported no significant changes 

in IL-6 levels among MS participants after various exercise modalities (e.g., ergometer, aerobic, 
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combined, resistance exercise) (Alvarenga-Filho et al., 2016; Bansi et al., 2013; Berkowitz et al., 

2019; Briken et al., 2016; Deckx et al., 2016; Majdinasab et al., 2018; Schulz et al., 2004; White 

et al., 2006) 

Others found reductions in IL-6 levels following combined training (Faramarzi et al., 2020; 

Tadayon Zadeh et al., 2021) and 12 weeks of resistance exercise (Kierkegaard et al., 2016). 

Devasahayam et al. (2021), showed that among persons with progressive MS, as well as age and 

sex matched controls, being fitter shifted the exercise-induced concentrations of BDNF to IL-6 

(increased BDNF and lowered IL-6). Tadayon Zadeh et al. (2021)(N=30) (EDSS≤ 6) found that, 

after 8 weeks combined exercise training program, IL-6 levels decreased significantly. Castellano 

et al. (2008) (N=22) showed that the cytokine responses to 8 weeks aerobic exercise in MS patients 

and the control group varied and it was discovered that both groups' IL-6 levels tended to drop as 

they trained. Another study by Faramarzi et al. (2020) (N=94) explored the impact of combined 

exercise training on pentraxins and pro-inflammatory cytokines in individuals with MS after 12 

weeks, demonstrating a significant reduction in IL-6 levels following combined exercise training.  

In contrast, some studies reported an increase in IL-6 levels after 8 weeks of ergometer use 

(Barry et al., 2019) and a single session of fitness (Devasahayam et al., 2021). According to Briken 

et al. (2016) (N=42), patients with PMS exhibited a larger elevation (36.2%) in serum IL-6 levels 

after graded exercise test (GXT) following 9 weeks of endurance training than a wait-list control 

group (10.3% increase) (p = 0.06). A comprehensive meta-analysis, comprising 226 studies and 

encompassing 13,526 individuals diagnosed with MS, revealed a noteworthy elevation in the 

concentrations of 21 blood cytokines, including IL-6, among MS patients compared to control 

groups (Bai et al., 2019). Additionally, a positive correlation has been found between NfL and 

both disease activity and progression in MS (J. Yang et al., 2022). These studies support that short 
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durations of exercise seem to increase IL-6, which is likely released from muscle and anti-

inflammatory, while long-term adherence to exercise and higher fitness seems to suppress IL-6 

which is likely pro-inflammatory. 

In contrast to the variety of trends seen in the MS population, studies show that IL-6 and 

physical activity are consistently positively correlated in the healthy population. Physical activity 

appears to have a similar effect on the inflammatory indicators of IL-6 in MS and healthy 

individuals. The amount of IL-6 released during skeletal muscle activity rose dramatically, which 

probably had an impact on the synaptic activity, oxidative stress, and inflammation process 

(Petersen & Pedersen, 2005; Steensberg et al., 2001).  The large rise in IL-6 levels may encourage 

the development of its soluble receptor (sIL-6r) which, when different from Th2, induces the 

proliferation of tumor necrosis factor, and controls cellular activity in the blood-brain barrier 

(Neurath & Finotto, 2011).  When healthy people engaged in rigorous and prolonged physical 

exercise (such as high-performance athletes and marathon runners), the results were identical. The 

tendency of sIL-6r to increase during physical activity in MS exactly matches the outcomes of 

healthy people following an extended activity (Robson-Ansley et al., 2009; Schulz et al., 2004). 

Starkie et al. (2003) (N=8), demonstrated that exercise caused to release IL-6 from the 

skeletal muscle, which is thought to suppress tumor necrosis factor, a key mediator of 

inflammation, in healthy volunteers. IL-6 produced during exercise is crucial for preserving 

homeostasis (Knudsen et al., 2017) and mediating some of the systemic advantages of the exercise 

(Brown et al., 2015; Pedersen, 2007).  

Regarding exercise, its role in modulating inflammation presents a promising avenue for 

both individuals with MS and healthy populations. It is recognized that exercise has a systemic 

anti-inflammatory impact, which is crucial for managing chronic conditions like MS, where 
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inflammation plays a pivotal role in disease progression. However, the specific impact of exercise 

on IL-6 levels, a key marker of inflammation, in MS patients is nuanced and influenced by several 

exercise-related factors. Studies have revealed that aerobic exercise can lead to reductions in IL-6 

levels in MS patients, suggesting an anti-inflammatory benefit. For instance, (White & Castellano, 

2008) demonstrated that regular aerobic exercise could decrease serum IL-6 concentrations, 

potentially mitigating the inflammatory processes associated with MS progression. Similarly, a 

systematic review by (Dalgas & Stenager, 2012) highlighted the variable effects of different 

exercise modalities on IL-6 levels, underscoring the importance of exercise intensity, type, and 

frequency in eliciting beneficial inflammatory responses. 

Moreover, the frequency of exercise sessions plays a critical role in modulating IL-6 levels. 

Regular, moderate-intensity exercise has been associated with long-term anti-inflammatory 

effects, as evidenced by lower IL-6 levels in individuals adhering to consistent exercise routines 

(Motl et al., 2017). In contrast, high-intensity exercise may produce transient increases in IL-6, 

reflecting an acute inflammatory response that could yield long-term anti-inflammatory benefits 

through a complex physiological adaptation process (Heine et al., 2015). These findings suggest 

that while exercise generally promotes an anti-inflammatory state beneficial for MS patients and 

healthy individuals, the specific outcomes on IL-6 levels depend on the exercise regimen's 

characteristics. Therefore, tailoring exercise programs to individual needs and capabilities emerges 

as a critical consideration in leveraging physical activity as a therapeutic strategy for managing 

MS-related inflammation. In conclusion, IL-6 is an essential inflammatory marker in the 

pathogenesis of MS, and its levels are elevated in individuals with MS. IL-6 plays a very crucial 

role in helping control the immune reactions, inflammation, and the healing of tissues. Approaches 
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targeting IL-6 through the use of monoclonal antibodies and small molecule inhibitors have 

demonstrated potential in the management of MS. 

Current literature identifies several major research gaps that must be studied in more detail 

to expand our knowledge of the interaction between physical activity, IL-6 modulation, and MS 

progression. Firstly, the literature presents a paradoxical narrative on the impact of various exercise 

regimens on IL-6 levels among MS patients, thus suggesting an urgent need for a deeper 

mechanistic understanding (Gabay, 2006; Roohi et al., 2021; Tanaka et al., 2014). Although the 

benefits of physical activity are known, the optimal intensity, type, duration, and frequency of 

exercise that beneficially modulate IL-6 levels and, by extension, exerts influence on MS 

progression and symptomatology are not adequately defined (Faramarzi et al., 2020; Florindo, 

2014; Kierkegaard et al., 2016; Tadayon Zadeh et al., 2021). Secondly, the lack of comprehensive 

longitudinal investigations precludes a good understanding of the long-term effects of physical 

activity on IL-6 dynamics and MS disease trajectory (Schulz et al., 2004; White et al., 2006). 

Thirdly, a great lack of the spectrum of individual variability in response to exercise intervention, 

apparently influenced by other confounding factors like age, sex, disease severity, and baseline 

fitness levels, has highlighted a requirement to make tailor-made exercise prescriptions for 

maximal therapeutic benefits against MS (Petersen & Pedersen, 2005; Neurath & Finotto, 2011). 

Lastly, there is an evident lack of studies linking immunological alterations with clinical outcomes 

in MS patients and hence points to a critical gap. Such a linkage will be fundamental in developing 

a comprehensive understanding of how exercise may serve as a control mechanism in the 

management of MS (Bai et al., 2019; J. Yang et al., 2022). Addressing these identified gaps would 

considerably improve our understanding of the intricate relationship between exercise, IL-6 



 

 

38 

modulation, and MS. This advancement is pivotal for devising more effective, evidence-based 

physical activity interventions as therapeutic modalities in the comprehensive management of MS. 

In summary, IL-6 is a pro-inflammatory and anti-inflammatory actor of exercise 

immunology. From this point of view, the actor has a capability of exercise immunology to 

moderate the immune response by turning it down in MS. Physical activity could increase IL-6 

production, although its effects on inflammation and progression of MS could be variable, and 

studies have documented mixed results. The variability underlines the complexity of the IL-6 role 

and its action by exercise, the personalized regimens in exercise to exploit the therapeutic 

potentials optimally. Future research would be supposed to capture the exact mechanisms through 

which the modulation of IL-6 is mediated by exercises and the possible management implications 

in MS. 

1.5.3 Relationship between NfL, Physical Activity and Cardiorespiratory Fitness in MS 

 

A cohort study (N=1158) using data from the Chicago Health and Aging Project found that 

engaging in physical activity is linked to reduced cognitive decline in older adults who have 

elevated levels of serum NfL (Desai et al., 2022).  In a range of neurological conditions, including 

inflammatory, neurodegenerative, traumatic, and cerebrovascular diseases, NfL levels rise in 

cerebrospinal fluid and blood proportionately to the severity of axonal damage (Gaetani et al., 

2019). Recent studies have shown that NfL levels can be used as a neuroaxonal damage biomarker 

for a variety of neurological conditions, including MS (Gaetani et al., 2019; Kuhle et al., 2019), 

Alzheimer's disease, and traumatic brain injury (Thebault, Booth, et al., 2020).  NfL has been 

studied as a potential marker for tracking injury and recovery in individuals with neurological 

conditions. Recent research indicates that serum NfL may be helpful in monitoring treatment 

response to disease-modifying medication in MS patients (Delcoigne et al., 2020; Disanto et al., 
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2017; Kuhle et al., 2019; Novakova et al., 2017). According to numerous studies, NfL levels rise 

during MS relapses and are correlated with the emergence of MRI lesions (Barro et al., 2018; 

Disanto et al., 2016; Novakova et al., 2017), disease activity, disability, and disease progression 

(Thebault, Abdoli, et al., 2020). The patient can safely be measured for NfL, and NfL levels are 

rather simple to find. New technologies enable quick, easy, and less intrusive measurement 

techniques. This enables easier sample gathering and storage as well as periodic assessments. NfL 

has been used as an outcome measure in various clinical trials, and results have demonstrated that 

disease modifying therapies significantly lower NfL levels when compared to placebo (Axelsson 

et al., 2014; Gunnarsson et al., 2011; Kuhle et al., 2015; Romme Christensen et al., 2019). NfL is 

now a useful outcome metric in clinical studies as a result of this discovery (Axelsson et al., 2014).   

In the case of people who already have MS, some authors have reported elevated NfL as 

the only indicator of disease activity in people with PMS vs. Relapsing-Remitting MS (Reyes et 

al., 2020), while others have discovered greater levels of NfL in Relapsing-Remitting MS vs. PMS 

(Martin et al., 2019), and that NfL levels at the time of diagnosis correlated with long-term 

progression from Relapsing-Remitting MS to PMS (Bhan et al., 2018). Several methods, such as 

ELISA, single-molecule array tests, and electrochemiluminescence immunoassays, can be used to 

evaluate NfL levels in cerebrospinal fluid or blood samples. These methods rely on antibodies that 

bind to NfL specifically and enable its measurement (Kuhle et al., 2016).  

Recent studies in aging and Huntington’s disease have explored the relationships between 

physical activity and NfL. For instance, in a large sample of older individuals assessed 

longitudinally (N=1158)  among those having lower NfL, engaging in medium and high levels of 

physical activity was associated with a slower rate of cognitive deterioration compared to those 

with higher NfL levels (Desai et al., 2022). (Cruickshank et al., 2020), studied the relationships 
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between serum NfL and lifestyle factors (physical activity, cardiorespiratory fitness, smoking, 

alcohol use, and extent of social networks) in 29 Huntington’s Disease mutation carriers and 15 

matched controls. Although there were no differences in NfL between groups, fitness was 

associated with lower NfL in healthy controls but not in Huntington’s patients. Because the use of 

NfL as a biomarker is a relatively new field, it will take time to determine its relationships to fitness 

and physical activity in cross-sectional and longitudinal cohorts. 

In the field of MS, there is controversy regarding whether NfL is responsive to exercise. 

For instance, Gravesteijn and group recently reported serum NfL results of a subset of MS patients 

(30 exercise and 25 no exercise) participating in a randomized controlled trial testing whether 16 

weeks of aerobic exercise improved fatigue (Gravesteijn et al., 2023). There were no between 

group differences in the change in NfL (measured using SiMoa) however the relationships between 

fitness (an indicator of longer-term adherence to exercise) was not assessed. In another secondary 

analysis of a trial comparing 3 weeks of high or moderate intensity aerobic exercise among 

relapsing-remitting and PMS participants, a single acute bout of exercise resulted in immediate 

reduction in NfL (measured using SiMoa) which returned to baseline 3 hours later. However, there 

were no differences in NfL between groups after the 3 weeks intervention (Joisten et al., 2021). 

Several other groups present positive effects of exercise on NfL. For example, (Ercan et al., 2021), 

examined serum NfL in relapsing-remitting MS patients before and after either 8 weeks of aerobic 

exercise or a home exercise control condition. They reported that NfL levels (measured using 

enzyme-linked immunoassay) were significantly lower after 8 weeks only among those 

participants receiving aerobic exercise. Similarly, in a pilot study among 11 MS patients, 6 weeks 

of resistance exercise resulted in lowering of plasma NfL (measured using SiMoa) (Ercan et al., 

2021; Joisten et al., 2021; Mulero et al., 2023). At this time there are no studies that examine the 
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extent to which NfL is related to habitual levels of physical activity or to cardiorespiratory fitness 

in MS patients. There are also no longitudinal studies linking cardiorespiratory fitness to MS 

progression or to NfL levels. These are critical areas of study in order to determine whether 

engaging in exercise is neuroprotective in MS. 

Overall, the use of NfL as a biomarker in exercise trials in MS shows promise however 

there are some inconsistencies in how NfL is measured (serum or plasma, type of assay). A recently 

registered clinical trial  (NCT05229861) comparing moderate and high intensity aerobic exercise 

among people with PMS (Kupjetz et al., 2023) is positioned to evaluate both the effects of exercise 

on NfL as well as the relationships between baseline fitness and baseline NfL. This will be the first 

exercise study in MS that pre-specifies using NfL as a biomarker.  

In summary, NfL has emerged as an indicator in the field of neurological disorders, 

including MS. These proteins that provide support play a role in maintaining the size of nerve 

fibres, their stability and the transmission of electrical signals. Elevated levels of NfL in both CSF 

and blood have been associated with neurological conditions like MS, Alzheimers disease and 

traumatic brain injury. Importantly NfL has shown potential as a marker for monitoring disease 

activity, disability progression and response to treatment in individuals with MS. While there are 

some debates about whether NfL levels are affected by exercise in MS patients or not. This 

emphasizes the need for research to establish the connection between physical activity, 

cardiovascular fitness and NfL levels. The potential use of NfL as an indicator in exercise-based 

trials for MS holds promise; however, it is crucial to standardize measurement methods. Ongoing 

clinical trials are expected to provide insights into how exercise affects NfL levels and its 

correlation with fitness levels. This will contribute to an understanding of exercise's role in 

managing MS symptoms. 
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1.6 Relationships between BDNF, IL-6 and NfL and other Lifestyle Factors  

 

It is important to consider that, besides how samples are handled, circulating biomarkers 

could be influenced by characteristics of the individual such as anthropometrics, age, and smoking 

or even time-of day (Zielinski & Gibbons, 2022). These factors would likely have to be considered 

when analyzing biomarker data. 

1.6.1 Weight 

 

Several studies confirm there is a link between cytokines and obesity. In general, most 

cytokines in the interleukin family increase with greater central obesity. Research indicates a 

pivotal role played by elevated obesity and body mass index in the onset of MS and higher levels 

of chemerin, an adipokine associated with obesity, have been identified in MS patients with excess 

weight compared to their non-obese counterparts (Correale & Marrodan, 2022; Schreiner & Genes, 

2021). This suggests a plausible interplay among weight, inflammation, and cytokine levels within 

the context of MS.  

Although decreased brain levels of BDNF has been implicated in obesity, particularly in 

animal models, a large systematic review and meta-analysis confirmed that there were no 

differences in circulating BDNF in serum or plasma between humans subjects with obesity and 

controls (Sandrini et al., 2018). One study that examined the role of BDNF in predicting stroke 

recovery noted as association between body weight and serum BDNF and therefore reported 

BDNF concentration as a ratio of body weight in kilograms (King et al., 2019). In terms of the 

associations between NfL and body weight, higher NfL has been shown to be related to lower 

body weight (and blood volume) (Benkert et al., 2022; Khalil et al., 2020). In a large general 

population cohort, higher NfL was associated with lower body mass index, Waist-to Hip size Ratio 
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and less total body water (Hermesdorf et al., 2022). Characteristics of participants in terms of 

weight, Body Mass Index (BMI) and examination of anthropometrics among sample outliers 

should be included in studies that examine links between physical activity, fitness and biomarkers 

(IL-6, BDNF and NfL). When possible, body weight should be controlled for in the analysis.  

1.6.2 Age 

 

Aging is described as a gradual decline in the function of different organ systems over time 

(Ponnappan & Ponnappan, 2011). With advancing age, there is a progressive unfolding array of 

degenerative processes within the body that work adversely to lower immune competence. This 

decline in immune competence is described as immunosenescence and involves degradation, 

attempts to compensate, and rebuild the immune system. Such changes render the elderly much 

more vulnerable to the entire array of health problems, which include infectious diseases, 

neoplastic conditions (tumours), and chronic illnesses (Ponnappan & Ponnappan, 2011; Yu & 

Zheng, 2019). The immune system is a key sentinel for detecting deteriorations that manifest in 

aging because of its ability to sense and protect against pathogenic signals (Franceschi et al., 2007). 

The irregular regulation of cytokines is thought to be a crucial factor in the restructuring of the 

immune system during the aging process. Evidence suggests that the inability to control systemic 

inflammation precisely is a sign of aging that is not progressing successfully. This transformation 

in the pattern of cytokine expression, characterized by a gradual shift toward a pro-inflammatory 

phenotype, is referred to as "inflamm-aging" (Rea et al., 2018).  

1.6.2.1 Age and IL-6 

 

Interleukin-6 has been widely acknowledged for its significance in the aging process and 

age-related illnesses and has been called  "the cytokine of gerontologists" (Ershler, 1993; Ershler 
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& Keller, 2000). In typical circumstances, the blood contains low concentrations of Interleukin-6; 

however, its levels rise with aging and in individuals exhibiting indicators of frailty and chronic 

conditions. In such cases, there is a correlation between elevated Interleukin-6 levels and mortality 

(Puzianowska-Kuźnicka et al., 2016; Van Epps et al., 2016; Varadhan et al., 2014). 

1.6.2.2 Age and BDNF 

 

It appears that the regulation of BDNF during the aging process varies depending on the 

species and the area. It has been reported that BDNF levels rise in the murine hippocampal tissue 

during normal aging, but not in pathologically altered mice (Katoh-Semba et al., 1998). The 

intensity of BDNF-immunoreactivity in the cell bodies and dendrites of the neurons in the 

hippocampus formation has been observed to decrease in aged monkeys (26, 30, and 32 years) 

(Hayashi et al., 2001). Human age has been observed to correlate with a decline in BDNF levels 

in plasma (Lommatzsch et al., 2005). 

1.6.2.3 Age and NfL 

 

NfLs are one of the most promising neurological blood-based indicators, and they are 

cytoskeletal proteins that are only expressed in neurons (Ladang et al., 2022). Studies report an 

increase in NfL levels with increasing age. In a cohort study, after a mean follow-up time of 5.9 

years and using a single molecule array (n = 335), they demonstrated that subclinical comorbid 

diseases might be the cause of the acceleration of neuronal injury at older ages, as indicated by 

rising and more varied NfL in those over 60 (Khalil et al., 2020). Given that comorbidities are 

more common in the aged population, it may emerge with age and contribute to the rise in blood 

NfL levels rather than the aging process alone (Divo et al., 2014). 
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Understanding the dynamics of NfL is essential in applying blood NfL levels to clinical 

practice. The precise duration for blood NfL concentrations to peak after neuronal injury and its 

half-life in the bloodstream remains uncertain. This highlights the significance of obtaining 

ongoing measurements in each patient over time. The time required to reach the peak of NfL 

concentrations in the blood following neuronal injury and its half-life in the blood has yet to be 

precisely discovered. This further underscore the importance of obtaining longitudinal 

measurements in an individual patient (Barro et al., 2020).  

Age-related mechanisms significantly influence the progression of MS. Notably, research 

has demonstrated a correlation between aging and the transitioning from the relapsing-remitting 

phase to the progressive phase of MS, typically manifesting in the fifth decade of life (Zeydan & 

Kantarci, 2020). Furthermore, the age at disease onset has been identified as a key determinant, 

with older age associated with shorter times to disability levels, suggesting a substantial impact of 

age on disease progression (Scalfari et al., 2011). While clinical and subclinical disease activity 

may decrease with aging, the post-relapse recovery potential also decreases with age, and the 

efficacy of disease-modifying treatments declines with older age (Zeydan & Kantarci, 2020). In 

summary, age-related factors play a pivotal role in shaping the trajectory of MS and influencing 

the disease. 

 

1.7 Thesis Objective 

 

The goal of this thesis was to study the relationships between MVPA, cardiorespiratory 

fitness (VO2peak), and the serum biomarkers BDNF, IL-6 and NfL in individuals with MS. More 

specifically, we aimed to investigate the physiological processes that underlie the effects of 
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physical activity and to determine the feasibility of using serum biomarkers BDNF, IL-6, and NfL 

to monitor the impact of physical activity and cardiorespiratory fitness in individuals with MS 

based on their fitness level which is measured as a VO2peak and their self-report physical activity. 

We also considered the relationships between our key biomarkers and potentially important 

confounders, age, and weight.  In the present study, we conducted a cross-sectional study of an 

MS cohort in which we measured levels of cardiorespiratory fitness (VO2peak) and physical activity 

as well as serum BDNF, IL-6 and NfL concentrations. We hypothesized that higher levels of 

MVPA and cardiorespiratory fitness are associated with lower levels of IL-6 and NfL, and higher 

levels of BDNF in individuals with MS. As physical activity and cardiorespiratory fitness become 

increasingly important in MS neurorehabilitation, it is vital to continue to investigate non-invasive 

biomarkers as indicators of treatment-induced effects.  
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2 Chapter Two: Manuscript 

2.1 Introduction 

 

Multiple Sclerosis (MS) is an autoimmune disease, diagnosed in over 2.5 million people 

globally, that affects the spinal cord, optic nerves, and brain (Thompson, Baranzini, et al., 2018). 

Recent research suggests that lifestyle factors can either provide neuroprotection or hasten MS 

progression. For instance, having cardiovascular comorbidity (Marrie et al., 2010) or smoking 

(Briggs et al., 2017) is linked to more rapid loss of walking among individuals with MS  (Marrie 

et al., 2010). A growing body of research in animal models and persons living with MS suggests 

that participating in physical activity can have positive effects on the immune system (Jensen et 

al., 2018), integrity of the CNS (Chaves et al., 2019; Prakash et al., 2010), and relapse rate 

(Lozinski & Yong, 2022; Ploughman et al., 2022). However, in the past, persons with MS were 

advised against physical exercise to avoid exercise-induced increases in body temperature, which 

worsened feelings of fatigue (Lozinski & Yong, 2022). 

New DMDs help thwart relapses, but axonal degeneration and demyelination occur over 

time, even in the absence of relapse events (Tur et al., 2023). However, a recent systematic review 

(Sokratous et al., 2023) concluded that evidence was too weak to conclude that cardiorespiratory 

fitness or physical activity interacts with MS progression. In light of these findings, further 

research is needed to better understand the complex relationship between lifestyle factors, physical 

activity, and the course of MS. Such insights could pave the way for more tailored and effective 

interventions to improve the lives of individuals living with this challenging condition. 

Circulating biomarkers such as BDNF, IL-6, and NfL are gaining attention for their roles 

in indicating the effects of physical activity on individuals with MS, where fitness levels may 



 

 

48 

influence the shift from pro-inflammatory states towards repair and neuroprotection  

(Devasahayam et al., 2021; Papathanassoglou et al., 2015), Despite the potential indicated by 

lower serum matrix metalloproteinases in response to high-intensity interval training (Zimmer et 

al., 2018) the impact of exercise on other biomarkers like BDNF remains inconclusive. 

Furthermore, while NfL is emerging as a promising marker for neuronal damage (Bittner et al., 

2021), its response to physical activity and its potential to serve as a surrogate marker for MS 

progression requires further investigation (Gravesteijn et al., 2023; Kupjetz et al., 2023). Exercise 

also offers benefits for brain health, potentially preventing structural decline (Prakash et al., 2010) 

and enhancing neuroplasticity by upregulating various neurotrophins (Geng & Mark, 2015; 

Knaepen et al., 2010; Papathanassoglou et al., 2015). Nonetheless, the diversity in the effects of 

exercise on CNS inflammation highlights the need for more comprehensive research (Negaresh et 

al., 2019; Gravesteijn et al., 2023). 

Serum biomarkers seem to be responsive to acute bouts of exercise in individuals with MS 

however, little is known about their relationships with overall physical activity and fitness 

(Florindo, 2014). Physical activity can be measured either by using accelerometry or by asking 

people to report their physical activity patterns using standardized questionnaires such as the 

International Physical Activity Questionnaire (Craig et al., 2003). Aerobic fitness represents the 

body’s ability to extract oxygen to produce energy and is typically measured using the gold 

standard graded maximal exercise test to derive the maximum volume of oxygen (VO2max) (Bayles, 

2023). Engaging in higher levels of physical activity usually leads to improved fitness. 

Physical activity is further stratified by intensity using the concept of the metabolic 

equivalent of a task or MET. Resting MET is 1.0 while moderate to vigorous physical activity 

would range from 3 to 8 METs (Jetté et al., 1990). MET-based prescription would reflect a wide 
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range of homeostatic disruptions given that VO2max can range from 5 METs to >20 METs 

depending on age, sex, genetic predisposition, and individual fitness level (Iannetta et al., 2021). 

According to Warburton et al. (2011), the prescription for moderate and vigorous exercise intensity 

may also be based on heart rate ranges expressed relative to an individual's maximal heart rate or 

percentage of heart rate reserve. Moderate exercise is defined as 40–59% of the aerobic capacity 

reserve or heart rate reserve, and vigorous exercise is defined as 60–84% of these reserves.  

The majority of the MS population does not engage in physical activity of sufficient 

intensity and volume (Warburton et al., 2007; Borgundvaag and Janssen, 2017) to achieve these 

health benefits, despite the fact that moderate to vigorous intensity physical activity (MVPA) is 

frequently recommended for health benefits (Tremblay et al., 2010). We undertook this study to 

determine the relationships between potentially important blood biomarkers of neuroinflammation 

(NfL, IL-6) and repair (BDNF and BDNF/IL-6 ratio) and physical activity (MVPA) and 

cardiorespiratory fitness (VO2peak). We also considered whether serum biomarkers could also be 

related to relevant demographic and anthropometric variables (age and weight (kg)). We 

hypothesized that higher levels of MVPA and cardiorespiratory fitness are associated with lower 

levels of IL-6 and NfL and higher levels of BDNF in individuals with MS.  

 

2.2 Material and Methods  

2.2.1 Study Design 

 

We conducted a cross-sectional study of an MS cohort recruited from a specialized MS 

clinic. Following informed written consent, participants agreed to attend a 3-hour study session in 

which they first completed demographic information, had anthropometrics measured, and reported 
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details of physical activity in the previous 24 hours. Just before completing a graded maximal 

exercise test, blood was drawn from the median cubital vein.  The Human Research Ethics Board 

approved this study (HREB Ref:  2016.1208). 

 

 

                                                             Anthropometric  

          Consent Form                             Measurement                      Fitness Test 

 

 

                              

                                               
                                   Questionnaire                                Blood Sampling     

 

 

Illustrating the flow of assessments conducted throughout the study, providing a visual overview 

of the study's experimental timeline (Original Illustration by Najmeh Sheikhian). 

 

2.2.2 Sample Size Calculation 

 

With the alpha set at 5% and a power of 80%, the minimum sample size was estimated to 

be between 20 and 25 to detect the effects of exercise-induced serum BDNF, NfL and IL-6 (Briken 

et al., 2016; Gold et al., 2003; Shahim et al., 2016).  

 

 

 

Figure 2.1. Study design  
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2.2.3 Participants 

 

We aimed to recruit at least 20 participants. Participants were included if they: (1) were 

≥18 years old, and (2) received a MS diagnosis using the Revised McDonald Criteria (Thompson, 

Banwell, et al., 2018). They were excluded if they (1) experienced recent active disease (previous 

3 months), or (2) were deemed unable to participate in a graded exercise test as per the physical 

activity readiness questionnaire (PAR-Q) (Shephard, 1988; Thomas et al., 1992). Those 

participants who failed PAR-Q were referred to a physician for a Physical Activity Readiness 

Medical Examination (PARmed-X) (Warburton et al., 2011).  

 

2.3 Demographics, Activity and Fitness Outcomes 

2.3.1 Demographics 

 

In order to determine the degree of MS-related disability, we extracted the neurologist-

scored expanded disability status scale from the participant’s health record (Kurtzke, 1983). We 

also extracted disease duration (years) and MS disease type (relapsing-remitting or progressive). 

In addition, we measured their body weight using a digital scale (Healthometer Pro+Plus, 

Healthometer Professional Scales; McCook, Illinois). 

 

2.3.2 Determination of MVPA 

 

We used the adapted International Physical Activity Questionnaire and encouraged 

participants to list all activities in which they participated during the previous 24 hours, then 
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calculated that into the metabolic equivalent of task (MET); we consider only MET ≥ 3.0, in the 

moderate to vigorous range (Medicine, 2013; Piercy et al., 2018). MET-minutes is then computed 

by multiplying an activity's MET score by the number of minutes the activity was performed. 

Finally, the resulting MET values were added together to provide a continuous measure of physical 

activity in the total ME -minutes/week (Motl, Arnett, et al., 2008). 

 

2.3.3 Cardiorespiratory Fitness Test  

 

Before proceeding to the Graded Exercise Test, the participants were instructed to fast for 

at least four hours. At the beginning, test procedures were fully explained to the participants, they 

became familiarized with the device, and any questions or doubts they had been resolved. Then 

the ergometer arm and leg were adjusted based on their height and comfort, after which the 

participants were equipped with Polar chest sensor for monitoring their heart rate (HR) (H10, Polar 

Electro Inc., NY, USA). A face mask with a two way non-rebreathing valve was connected by 

tubing to a metabolic cart (Moxus Metabolic Systems, AEI Technologies, Inc., Pittsburgh, 

Pennsylvania, USA) that measures the amount of oxygen inhaled and exhaled breath-by-breath, as 

well as respiratory rate (RR) (Kelly et al., 2017). Blood pressure (BP) was recorded with an 

automated blood pressure monitor (Physiologic, A.M.G. Medical Inc., Montreal, QC, Canada).  

Exercise began at a load level of 3 (corresponding to 20 W) with a recumbent stepper 

(NuStep, Ann Arbor, MI, USA) on a standard scale of 1–10 and increased by 20 W every 2 minutes 

(min). If participants did not stop by load level 10, we increased the stepping rate by 10/min, every 

2 min.  
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Criteria for test termination were:  

(1) Volitional exhaustion 

(2) Inability to maintain workload 

(3) Signs of excessive fatigue 

(4) Despite an increase in effort, there was no VO2 or HR rise (Chaves et al., 2019).  

We recorded the volume of oxygen uptake normalized to body mass (V̇O2Peak; mL/kg/min), HR 

(bpm), and rating of perceived exertion (RPE; 10-points) every 2 min during exercise. 

Before each test, the gas analyzers were calibrated using standard gases that contained 

16.0% oxygen and 4.0 +/- 0.02% carbon dioxide and ambient air (20.94% oxygen and 0.03% 

carbon dioxide). During graded exercise test (GXT), participants were instructed to keep up a pace 

of 80 steps per minute while the workload increased by 20 W every two minutes starting at load 

level 3 (21 W) and continuing until fatigue was reached (Kelly et al., 2017). 

The achievement of VO2max during exercise suggests that a person has achieved their 

genuine physiological limit. A plateau in VO2 (an increase of less than 150ml/min, despite an 

increase in workload) is the gold standard for determining if a person has reached their VO2max  

(Bayles, 2023). Participants in clinical populations rarely reach a VO2 plateau, despite exerting 

themselves to the fullest. In clinical populations, VO2peak may be a more representative way to 

describe fitness levels (Arena et al., 2007). We used the term VO2peak as all the participants were 

not able to achieve a plateau of VO2 during the maximal effort due to muscular fatigue, or fatigue 

unrelated to their cardiorespiratory system. Similar to (Motl & Baird, 2021), VO2peak (ml/kg/min) 

was determined as the highest recorded 15 second VO2 value, when at least one of the following 
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conditions were met: (1) respiratory exchange ratio > 1.10, (2) > 90% age predicted maximal HR, 

or (3)  8.0 rate of perceived exertion (ACoS, 2013). 

 

 

 

 

 

 

 

 

 

 

(NuStep, Ann Arbor, MI, USA) for measuring VO2peak. Original Photo: Najmeh Sheikhian. 

 

2.3.4 Blood Samples and Processing 

 

Prior to the Graded Exercise Test, blood samples were taken from the median cubital vein 

and placed in 5mL serum containers (Price et al., 2007). The blood samples were allowed to 

coagulate for 30 to 60 minutes, then the serum was extracted and stored frozen at -80 °C. 

According to the manufacturer’s instructions, serum levels of BDNF, IL-6, and NfL were tested 

using ELISA sets for human BDNF (R&D Systems Inc. Minneapolis, MN, USA), IL-6 (BD 

Biosciences, San Diego, CA, USA) and NfL (Uman Diagnostics, Umeå, Sweden). NfL and IL-6 

Figure 2.2. Recumbent stepper 
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tests were run in duplicate, and BDNF was in triplicate. The minimum detectable concentrations 

of BDNF, NfL and IL-6 in serum were determined to be >23.4 pg/mL, >0.4 pg/mL, and >4.7 

pg/mL, respectively. We completed the BDNF assay in two dilutions: 1:500 and 1:1000. In 

preliminary correlation analysis there was no difference between 1:500 and 1:1000, so we 

proceeded with subsequent analysis with 1:500. A commercially available ELISA (Uman 

Diagnostics, Umeå, Sweden and BD Biosciences, San Diego, CA, USA, respectively) was used to 

measure NfL and IL-6 in accordance with the manufacturer's recommendations. To define the shift 

in the balance of neurotrophic and pro-inflammatory cytokines towards a repair phenotype in MS, 

we estimated a ratio of BDNF and circulating inflammatory cytokine IL-6 (BDNF/IL-6). Higher 

VO2max following the Graded Exercise Test was shown to be closely related with a shift in the 

BDNF/IL-6 ratio from inflammation to repair (Devasahayam et al., 2021). 

 

2.3.5 Statistical Analysis 

 

The assumptions of normality for all variables were verified using histograms, box plots, 

and Shapiro-Wilk tests (p > 0.01) (Ghasemi & Zahediasl, 2012; Öztuna et al., 2006), all conducted 

within the IBM SPSS statistical software package version 24 (IBM Corporation, NY, USA). Data 

analysis, including the determination of relationships between serum biomarkers, age, weight, 

MVPA, and cardiorespiratory fitness, was performed using Spearman's rank correlation coefficient 

within the same statistical software. 
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2.4 Results 

2.4.1 Participant Characteristics 

 

A total of 25 people with Relapsing-Remitting and Progressive MS (19 women and 6 men) 

were recruited, but we excluded one because they did not reach VO2peak based on the criterion. The 

remaining 24 participants were on average 50.5 years of age and were diagnosed with MS for 17.5 

years (Table 1). 

           Table 2.1. Participant characteristics 

 Characteristic Mean(±SD) 

Demographic   

Age (years)  50.46(±8.55) 

Sex Female/Male 18/ 6 

Weight (kg)  77.84(± 17.44)  

Years since MS diagnosis  17.5(±7.7) 

Types of MS(n) RRMS 21 

 SPMS 3 

EDSS score  2.29(±1.97) 

 

 

Disease Modifying Therapies 

Dimethyl fumarate 

Glatiramer acetate 

Fingolimod 

Teriflunomide 

Interferon beta-1a (Avonex) 

5 

4 

3 

2 

2 
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Interferon beta-1a (Rebif) 

None 

1 

7 

 

Smoking 

Smoker/Previous smoker 

Nonsmoker 

15 

9 

Biomarkers   

BDNF (pg.ml-1)  86.03(±12.87) 

IL-6 (pg.ml-1)  2.56(±1.22) 

NfL (pg.ml-1)  12.03(± 6.35) 

BDNF/IL-6 ratio (pg.ml-1)  18.04(± 9.34) 

Functional measures   

VO2peak (mL/ min/ kg)  30.12(±8.9) 

MVPA in 24 hrs (MET- day/min)  451.70(± 

348.45) 

kg: kilogram; RRMS: Relapsing remitting MS; SPMS: secondary-progressive MS; EDSS: Expanded Disability 

Status Scale; BDNF: brain-derived neurotrophic factor; pg: picograms; mL: milli-liter; IL-6: interleukin-6; 

NfL: Neurofilament Light chain; VO2Peak: peak aerobic capacity; MVPA: moderate to vigorous physical 

activity; min: minute. 

 

2.4.2 Relationships between Blood Biomarkers, Age, and Weight 

 

Higher serum NfL was significantly correlated with lower body weight (r= -0.435, p= 

0.034: Figure 1 (d)). BDNF showed a weak positive, nonsignificant correlation with age (r = 0.209, 

p = 0.327; (Table 2; Figure 1)), which can be indicative of the tendency of BDNF values to increase 
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with age. A similar weak and non-significant correlation was noticed for weight (r = 0.125, p = 

0.560), where no clear relationship of body weight with BDNF was revealed in our sample. 

IL-6 correlated with age and was not associated with age (r = -0.071, p = 0.743)The 

correlation between IL-6 and weight showed a positive trend (r = 0.244, p = 0.250), suggesting 

that with an increase in body weight, a proportionate increase in the levels of IL-6 was observed, 

but this, too, was not statistically significant. 

The BDNF/IL-6 ratio was weakly positively correlated with age (r = 0.199, p = 0.351) and 

weakly negatively correlated with weight (r = −0.206, p = 0.334). These again suggest potential 

trends but are not significant in our sample. Overall, the serum NfL was significantly correlated 

only with a low body weight, while the other biomarkers, namely IL-6 and BDNF, showed non-

significant trends, underlining their complexity of interaction in terms of age and weight in people 

with MS. The observed trends in this study, though without statistical significance, are important 

for understanding the larger framework of biomarker dynamics and should be evaluated in a larger 

study with better design to gain insights into their potential clinical relevance. 

 

            Table 2.2. Blood biomarkers and Spearman’s correlation with age and weight 

Biomarkers 

Age (Years) Weight (kg) 

R P R P 

BDNF 0.209 0.327 0.125 0.560 

IL-6 -0.071 0.743 0.244 0.250 

NfL 0.161 0.452 -0.435* 0.034 
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BDNF/IL-6 ratio 0.199 0.351 -0.206 0.334 

 kg: kilogram; BDNF: brain-derived neurotrophic factor; IL-6: interleukin-6; NfL: Neurofilament Light chain 

 

2.4.3 Relationships between Blood Biomarkers, MVPA and Fitness 

Higher serum NfL was related to higher cardiorespiratory fitness as measured by VO2peak 

(r= 0.436, p= 0.033: Figure 2 (f)). The other relationships were not significant (p >0.05) (Table 3; 

Figure 2). For BDNF, there were weak positive, but non-significant, correlations with MVPA and 

fitness (r = 0.115, p = 0.593), meaning that there were no clear relationships with BDNF levels in 

our sample. 

In terms of IL-6, the correlation with MVPA was positive (r = 0.331, p = 0.114), suggesting 

a trend towards higher levels of IL-6 with increased physical activity, though nonsignificant. There 

was no correlation between IL-6 and fitness (r = 0.053, p = 0.806), indicating no significant 

relationship between IL-6 levels and cardiorespiratory fitness. 

Although the BDNF/IL-6 ratio showed a weak negative correlation with MVPA (r = 

−0.174, p = 0.406) and a weak negative correlation with fitness (r = −0.183, p = 0.391), the findings 

were not statistically significant in our sample. In summary, the relationship between serum NfL 

and higher cardiorespiratory fitness was significant. The nonsignificant trends for IL-6 and BDNF 

thus underline the complexity of their interactions with physical activity and fitness in MS patients. 

These nonsignificant trends—in the absence of statistical significance—might be of importance 

for the understanding of the general context of the dynamics of biomarkers and should be further 

explored with larger sample sizes in more rigorous study designs to tease out the potential clinical 

implications. 
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          Table 2.3. Blood biomarkers and Spearman’s correlation with MVPA and fitness 

Biomarkers 

MVPA (MET/min) Fitness (VO2peak) 

R P R P 

BDNF 0.105 0.626 0.115 0.593 

IL-6 0.331 0.114 0.053 0.806 

NfL -0.012 0.957 0.436** 0.033 

BDNF/IL-6 ratio -0.174 0.406 -0.183 0.391 

kg: kilogram; BDNF: brain-derived neurotrophic factor; IL-6: interleukin-6; NfL: Neurofilament Light chain; 

MVPA: moderate to vigorous physical activity; MET: metabolic equivalent of task; min: minute; VO2Peak: peak 

aerobic capacity. 
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Data presented as individual values. (a) Relationship between Interlukin-6 and age; (b) Relationship 

between Interlukin-6 and weight; (c) Relationship between BDNF and age; (d) Relationship between BDNF 

and weight; (e) Relationship between NfL and age; (f) Relationship between NfL and weight; (g) 

Relationship between BDNF/IL-6 ratio and age; (h) Relationship between BDNF/IL-6 ratio and weight. 

Figure 2.3. Relationships between biomarkers, age and weight 
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Data presented as individual values. (a) Relationship between IL-6 and MVPA; (b) Relationship between IL-6 

and VO2peak; (c) Relationship between BDNF and MVPA; (d) Relationship between BDNF and VO2peak; (e) 

Relationship between NfL and MVPA; (f) Relationship between NfL and VO2peak; (g) Relationship between 

BDNF/IL-6 ratio and MVPA; (h) Relationship between BDNF/IL-6 ratio and VO2peak. 

Figure 2.4. Relationships between biomarkers, VO2peak (Fitness) and Moderate to Vigorous Physical Activity 

(MVPA) 
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2.5 Discussion 

 

The need for efficient rehabilitation strategies for people with PMS is of paramount 

importance. Recent studies have mentioned that physical exercise may be a neuroprotective agent 

in MS because it seems to influence the axis of the neuro immune (Diechmann et al., 2021; Giesser, 

2015). The progressive neurodegeneration and inflammation characteristic of MS might be 

balanced or normal by an active life that would include regular physical exercise. 

Our investigation delved into the correlations between inflammatory (IL-6) and 

neurodegeneration (NfL) biomarkers, as well as indicators of neural repair (BDNF), with lifestyle 

factors such as exercise intensity and aerobic fitness. The study also explored the relationship of 

these biomarkers with variables like age and body mass. Research highlights that NfL levels in 

serum may serve as a key biomarker for tracking neurodegeneration during aging, aiding in 

distinguishing between typical aging and pathological brain alterations (Khalil et al., 2020). 

Moreover, the prognostic value of serum NfL in MS has been corroborated, suggesting its utility 

in tailoring individual disease management and treatment strategies (Benkert et al., 2022).   

We report four main findings. First, the cytoskeleton protein NfL was present in serum in 

this sample suggesting that inflammation and neuronal damage was actively taking place, despite 

the fact that we ensured participants were free from relapses in the previous 3 months. Second, 

higher serum NfL was related to lower body weight. Third, we found that higher serum NfL was 

related to higher fitness, which seemed counterintuitive. Finally, there were no relationships 

between IL-6, BDNF, or BDNF/IL-6 ratio and age, weight, physical activity, or cardiorespiratory 

fitness.  
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In this light, these studies have broadened the complex interplay between physical activity, 

cardiorespiratory fitness, and biomarkers of neurodegeneration and inflammation in MS. Thus, 

NfL becomes promising for tracking the disease course and response to lifestyle interventions; 

however, the role of IL-6 and BDNF in this context remains to be determined. Our study's results 

substantiate the importance of NfL as a biomarker in the analysis of future studies and projects. 

There were no significant findings regarding the links between these biomarkers and lifestyle 

factors. Further research must be done to disentangle the pathophysiologic mechanisms that give 

rise to these relations. In addition, forthcoming studies must explore how the intensity and mode 

of physical activity alter IL-6 and BDNF levels to determine whether these varying factors can 

invariably translate into measures of clinical utility in MS. In summary, more research is necessary, 

while emphasizing the need for more nuanced investigations into the effects of lifestyle 

interventions on IL-6 and BDNF levels. Integrating findings from these studies, such as those by 

Khalil et al. (2020) and Benkert et al. (2022), with longitudinal and mechanistic research would 

be crucial to developing personalized, evidence-based strategies for managing MS through 

lifestyle modifications. 

 

2.5.1 NfL Protein in Serum Indicates Ongoing Inflammation in MS Patients without 

Recent Relapses  

 

MS is characterized by the immune system's attack on the myelin sheath surrounding nerve 

fibers, resulting in inflammation, demyelination, and axonal damage (Høglund & Maghazachi, 

2014). In recent research involving 24 MS participants, we explored the potential of NfL as a 

reliable biomarker for assessing neuronal damage in this context. NfL is a protein that is released 

into both the cerebrospinal fluid and the bloodstream when neurons undergo damage. This marker 
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has shown promise in detecting neuronal damage across various neurodegenerative diseases and 

other neurological impairments (Barro et al., 2020). Studies have shown that serum NfL levels can 

be elevated in MS patients even in the absence of clinical relapses, suggesting ongoing subclinical 

disease processes (Kuhle et al., 2019; Disanto et al., 2017). This is particularly relevant for 

monitoring disease progression and treatment response in MS patients. Research indicates that 

serum NfL levels differ across MS subtypes and are higher in patients with PMS compared to 

relapsing-remitting MS, aligning with the greater degree of neurodegeneration typically seen in 

progressive forms of the disease (Barro et al., 2020). The dynamics of NfL levels in relation to 

physical fitness and lifestyle factors have been a subject of interest. Some studies suggest that 

exercise may have a modulatory effect on NfL levels, potentially reflecting neuroprotective 

mechanisms (Barro et al., 2020; Khalil et al., 2020; Thebault et al., 2020). 

To further contextualize our findings, recent studies provide invaluable insights into the 

utility of NfL as a biomarker for neurodegeneration and disease progression. A study on individual 

prognostication of disease activity in MS patients highlighted that NfL levels, adjusted for age and 

BMI, could predict future disease activity, underscoring its potential as a valuable biomarker even 

without clinical symptoms. This supports our observation of elevated NfL levels among our 

participants, suggesting a subclinical progression of neuronal damage (Benkert et al., 2022). In 

conclusion, NfL levels represent an important biomarker for ongoing inflammation and 

neurodegeneration in MS, independent of relapse activity. As such, they offer a valuable tool for 

clinicians to monitor disease progression and potentially guide therapeutic interventions. 
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2.5.2 Serum NfL Levels and Lower Body Weight in MS Participants 

 

The dynamics of the relationship between body weight, blood volume, and the 

concentrations of NfL in the context of MS are still under interrogation and development. While 

this area is poorly explored, since the description of the pathophysiology of MS increased to great 

depth, more studies have been conducted on how physiological factors of weight and blood volume 

affect NfL concentrations. In early research, such as by Yalachkov et al. (2022), results proposed 

that body mass index and estimated blood volume may exert an effect on measurements of serum 

NfL, possibly from alterations in the volume of distribution. This suggests an added aspect of 

complexity that complicates our understanding of NfL dynamics, compared to a study by 

Manouchehrinia et al. (2020), which did not observe any significant relationship between body 

metrics and cerebrospinal fluid NfL levels after adjustments for demographic variables. Moreover, 

the review by Barro et al. (2020) emphasizes the importance of considering extraneural factors 

such as body mass index while interpreting the blood NfL concentrations. 

Our investigation contributes to the evolving narrative by uncovering a notable association 

between lower body weight and elevated NfL levels in individuals with MS. This discovery 

prompts a broader examination of the factors influencing serum NfL concentrations, which include 

demographic, lifestyle, and comorbidity variables. The literature identifies several determinants of 

NfL levels, such as exercise, blood volume, age, and body mass index, with aging notably 

associated with increased NfL, reflecting the natural progression of brain aging and the 

acceleration of neuronal injury in older populations (Benkert et al., 2022; Hermesdorf et al., 2022; 

Joisten et al., 2021; Khalil et al., 2020; Vågberg et al., 2015). Conversely, the phenomenon of 

decreased NfL levels in obese individuals, as discussed by Hermesdorf et al. (2022), introduces a 
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counterintuitive aspect to the relationship between NfL concentrations and body weight, 

suggesting a dilution effect attributable to higher blood volume in obese populations. 

However, this relationship is nuanced in the context of obesity in a healthy population, 

where it has been observed that obese individuals may have decreased NfL levels due to their 

higher blood volume (Hermesdorf et al., 2022). This suggests that while NfL levels increase with 

age, they may decrease in obese individuals due to the dilution effect of higher blood volume. 

These results highlight the complex interplay between age and NfL levels, underscoring the need 

for further research to understand their relationship entirely.  

Our findings suggest that blood NfL levels could be useful as a valuable biomarker for 

detecting ongoing inflammation and neuronal damage in individuals with MS, even without 

clinical symptoms. The association between serum NfL levels and reduced body weight in MS 

individuals further underscores the intricate interplay between NfL and neuronal damage. The 

precise mechanism behind this intriguing link remains a subject for further investigation and 

necessitates additional research. Moreover, the findings from studies examining NfL levels in 

normal aging elucidate the biomarker's increase with age and its association with morphological 

brain changes, indicating an acceleration of neuronal injury in older populations (Khalil et al., 

2020). These observations align with our report of higher serum NfL related to lower body weight, 

suggesting that the relationship between NfL levels and body weight might also be influenced by 

age-related neurodegenerative processes, thereby highlighting a multifaceted relationship that 

warrants comprehensive future studies to unravel the complex dynamics at play. 
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2.5.3 Higher Cardiorespiratory Fitness Linked to Elevated Serum NfL in MS 

 

In our recent investigation, we unearthed a noteworthy correlation between 

cardiorespiratory fitness, as measured by VO2peak, and NfL levels in individuals with MS. This 

intersection of NfL levels and cardiorespiratory fitness has become an increasingly vital focal point 

within MS research, with NfL emerging as a potential biomarker signifying neurodegenerative 

processes in MS. Elevated NfL levels are indicative of more extensive neuronal damage, while the 

pursuit of overall health and mobility in individuals with MS necessitates the maintenance of 

cardiorespiratory fitness, typically assessed using VO2 peak as a key metric (Motl & Baird, 2021; 

Varhaug et al., 2019; Yang et al., 2022). 

Contrary to initial assumptions, our findings suggest that higher cardiorespiratory fitness 

is linked to elevated serum NfL in MS participants. This observation is intriguing, given that 

previous research indicated increased NfL levels in MS participants are linked to lower levels of 

cardiorespiratory fitness, as shown by lower VO2 peak values (Ercan et al., 2021). This rise in NfL 

levels aligns with a decline in cardiorespiratory fitness attributed to persistent neuronal damage, 

shedding light on the intricate interplay between neurological and physiological elements within 

the context of MS. The development of therapies aimed at preserving or enhancing 

cardiorespiratory health among this population may, therefore, be guided by the monitoring of NfL 

levels, serving as a valuable tool for assessing the risk of declining fitness in individuals with MS 

(Cruickshank et al., 2020; Ercan et al., 2021). 

To tailor specialized rehabilitation and exercise regimens for those afflicted with MS, a 

comprehensive understanding of the interrelationship between NfL and cardiorespiratory fitness 

is imperative. The potential for reducing chronic systemic low-grade inflammation, a hallmark of 

MS, through progressively challenging aerobic training aimed at improving fitness or physical 
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activity status, emerges as an intriguing prospect. Moreover, cross-sectional research among 

healthy older individuals has unearthed a connection between the level of physical activity and 

NfL concentrations, with higher physical activity levels linked to lower NfL levels (Beavers et al., 

2010; Raffin et al., 2021). 

The existing literature underscores the relationship between serum NfL concentration and 

various facets of MS, including disease activity, diagnosis, neurodegeneration, and disease 

progression (Bridel et al., 2019; Kapoor et al., 2020). Discrepancies in biomarker concentrations 

across studies can be attributed in part to differences in measurement techniques, sampling times, 

and participants' emotional states. Additionally, a separate study found that NfL and GFAP levels 

in the experimental group significantly decreased after the trial, with no significant changes 

observed in the control group; notably, the ΔNfL levels of the experimental group surpassed those 

of the control group (Ercan et al., 2021). Conversely, research focused on individuals with mild 

Alzheimer’s disease did not establish a discernible connection between aerobic exercise and NfL 

(Frederiksen et al., 2023). 

In summary, our investigation uncovers a compelling link between NfL levels and 

cardiorespiratory fitness in individuals grappling with MS, marking a significant stride in 

understanding the intricate dynamics of this debilitating condition. The prospect of harnessing NfL 

as a tool to gauge and manage cardiorespiratory fitness decline within the MS population opens 

promising avenues for future interventions. As we delve deeper into the interplay between 

neurological biomarkers and physical well-being, we inch closer to more effective strategies for 

alleviating the impact of MS-related neurodegeneration on cardiorespiratory fitness. Additionally, 

the variability in biomarker levels between studies underscores the importance of standardizing 
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measurement techniques and considering contextual factors, shedding light on the complex 

landscape of biomarker research within neurological disorders like MS. 

 

2.5.4 IL-6, BDNF, and BDNF/IL-6 Ratios Unaffected by Age, Weight, Physical Activity, 

or Cardiorespiratory Fitness in MS Participants 

 

In the pursuit of understanding the intricate relationship between exercise, 

neuroinflammatory diseases like MS, and the levels of crucial biomarkers such as BDNF and IL-

6, our study embarked on a comprehensive investigation. The aim was to shed light on whether 

physical activity and cardiorespiratory fitness levels might hold the key to managing and 

potentially mitigating the effects of MS.  

Our study involved participants who underwent Graded Exercise Testing using a 

recumbent stepper until they reached the point of maximal voluntary exertion. We found no 

relation in serum BDNF levels in response to the exercise, participants exhibited notably poor 

levels of cardiorespiratory fitness, which could explain the lack of significant BDNF changes. Here 

are some studies that show a positive result but had better fitness in their sample. This outcome 

led us to consider the research of Cabral-Santos et al. (2016)  and Rasmussen et al. (2009), who 

found that the release of BDNF in the blood is inversely correlated with exercise intensity. 

However, it's worth noting that our study's participants exhibited notably poor levels of 

cardiorespiratory fitness, which could explain the lack of significant BDNF changes. In contrast, 

Gold et al. (2003) reported a significant increase in serum BDNF levels after exercise. However, 

their study involved participants with different demographic profiles than our sample. Their age 

were lower ( 39.2  1.8 in their sample; 50.46 ± 8.55 in our sample), their disease duration was 

shorter  (10.5  1.5 years in their sample;   17.5  7.7 years in our sample) and their mean weight 
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was greater (69.5  2.3 kg in their sample;  77.84  17.44 in our sample). Briken et al. (2016) also 

observed a BDNF increase in a sample of MS patients with moderate impairment after a shorter 

exercise duration. These divergent results underline the complexity of the relationship between 

exercise and BDNF in the context of MS. Additionally, (Devasahayam et al., 2021) highlighted 

the importance of the BDNF/IL-6 ratio in reflecting immune system efforts and their potential 

implications for improving the well-being of MS patients  Consequently, further research is 

imperative to elucidate the delicate balance between inflammation and repair in 

neuroinflammatory diseases like MS. 

Another significant observation in our study was the absence of correlations between age, 

weight, physical activity, and cardiorespiratory fitness in MS individuals with IL-6, BDNF, and 

BDNF/IL-6 ratios. This intriguing lack of connection might be attributed to various factors, 

including the possibility that these biomarkers are not directly linked to the progression and 

severity of MS. Genetics, environmental factors, or comorbidities could potentially exert a stronger 

influence (Ghasemi et al., 2017; Tafti et al., 2022). Additionally, a thorough investigation and 

meta-analysis was conducted by (Shobeiri, Seyedmirzaei, et al., 2022) indicated that physical 

activity did not induce changes in IL-6 levels in MS patients. These results raise questions about 

the connection between IL-6 and physical activity in individuals with MS, warranting further 

exploration. Previous research has suggested that biomarkers like IL-6 and BDNF may be linked 

to MS progression and severity, emphasizing the importance of unraveling their intricate roles 

(Briken et al., 2016; Devasahayam et al., 2021; Nociti et al., 2022).  

Moreover, research into the connection between serum neurotrophins and maximal aerobic 

exercise in stroke patients revealed interesting insights. (King et al., 2019) discovered that, 

following exercise, BDNF levels remained unchanged, but they did observe a positive relationship 
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between height and resting BDNF levels. This finding, coupled with their observation that higher 

resting BDNF was associated with less physical activity and younger age, suggests that various 

factors interact in shaping BDNF levels. These findings extend the intricate web of BDNF's 

responses to exercise and underscore the need for considering factors like age, physical activity, 

and disability severity in such investigations (King et al., 2019). 

Recent studies have illuminated the potential of exercise to protect the brain from the 

ravages of MS through interactions with the neuroimmune axis (Alvarenga-Filho et al., 2016; Motl 

& Sandroff, 2018). This growing body of evidence points toward physical activity and fitness as 

potential avenues for managing MS. Nonetheless, a comprehensive understanding of this 

relationship remains elusive, emphasizing the necessity of ongoing research in this field. 

Results from earlier studies suggested that mood disorders may be influenced by an 

imbalance between pro- and anti-inflammatory cytokines, as indicated by a greater ratio of tumor 

necrosis factor/IL-10 and IL-6/IL-10 in the brains of rats subjected to chronic mild stress (You et 

al., 2011). In a study of 66 recipients of hematopoietic stem cell transplants, those with depression 

had greater IL-6/IL-10 ratios than controls (Tavakoli-Ardakani et al., 2015). Exercise is thought 

to cause the release of IL-6 from skeletal muscle, which is thought to suppress tumor necrosis 

factor, a key mediator of inflammation, in healthy volunteers (Starkie et al., 2003). In a study by 

(Gravesteijn et al., 2023),  they did not find changes in NfL , sGFAP and sBDNF. 

As previously demonstrated, BDNF's reaction to exercise training is determined by 

sociodemographic factors including body composition (Dinoff et al., 2016). Weight gain appears 

to be linked to low-grade inflammation (Heilbronn & Campbell, 2008), which can inhibit the 

generation of neurotrophic factors including platelet-derived growth factor and BDNF 

(Mokhtarzade et al., 2018). In a systematic review and meta-analysing paper they demonstrated 
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that physical activity increases the BDNF’s levels in individuals with MS but they did not find any 

significant relationship with sex and age (Shobeiri, Karimi, et al., 2022). This study reported no 

significant relationship between confounders and blood biomarkers, but in our study, we found a 

significant relationship between weight and NfL (R= -0.498, P= 0.011). 

Mokhtarzade et al. (2017) reported that weight loss following exercise is associated with 

an increase in the level of anti-inflammatory cytokines such as IL-10 and adiponectin in person 

with exercise-induced weight loss is linked to an increase in IL-10 and adiponectin levels, two 

anti-inflammatory cytokines, in individuals with MS. Therefore, weight reduction and its role in 

the impact of exercise on cytokines and adipokines in MS should receive special consideration in 

future investigations. In a study among people with progressive multiple sclerosis there were no 

statistically significant variations in age, sex distribution, or body mass index between the MS 

group and controls (Devasahayam et al., 2021).  

Gravesteijn et al. (2023) demonstrated, after a 16 weeks high intensity aerobic exercise 

training program, did not find any significant relationship between biomarkers (BDNF and NfL) 

and age. Briken et al. (2016), reported no significant changes after 22 sessions of training in 42 

patients with progressive MS; in addition, acute or extended exercise had no appreciable impact 

on irisin or interleukin-6 (Devasahayam et al., 2021).  showed that IL-6 in MS subjects in the 

exercise and resting group were higher than control group. In (Devasahayam et al., 2021) study,  

participants with progressing MS in the untrained trial group reported a 40% increase in blood IL-

6 levels following the Graded Exercise Testing. Recent studies have provided evidence to suggest 

that exercise may confer neuroprotection in individuals with MS through its interactions with the 

neuro-immune axis (Diechmann et al., 2021; Langeskov-Christensen et al., 2017; Motl & 

Sandroff, 2018).  
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In summary, our study investigated the relationships between exercise, neuroinflammatory 

diseases such as MS, and key biomarkers such as BDNF and IL-6. We did not find a significant 

increase in BDNF associated with exercise in MS patients, which is consistent with some research 

in the more general research context. Our findings indicate that NfL levels are significantly 

associated with body weight and physical fitness; therefore, these biomarkers could be used to 

indicate subclinical neurodegeneration and the putative role of lifestyle factors.  

The role of IL-6 and BDNF in neuroprotection and repair in MS remains complex and 

multifaceted. Exercise seems to have variable effects on these biomarkers, depending on exercise 

intensity, exercise duration, and probably individual patient characteristics. This complexity 

underlines the need for further research to unravel these relationships and understand how exercise 

modulates neuroinflammatory processes. Our findings point to a promising neuroprotective role 

of exercise in MS but indicate that the path ahead requires careful consideration of the interaction 

between various biomarkers, physical fitness, and other variables. Continued research is needed to 

improve the quality of life and to develop possible therapeutic strategies and for individuals 

suffering from neuroinflammatory diseases. 

 

2.5.5 Limitations 

 

The limitations of our investigation must be acknowledged. Our findings' generalizability 

is constrained by the cross-sectional design and small sample size. Future studies with longitudinal 

designs and larger sample sizes are warranted to further explore the relationships between physical 

activity, cardiorespiratory fitness, and blood biomarkers in individuals with MS. We are aware that 

the absence of a control group of participants may be one of our study's limitations. We also can 
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mention the time of blood sampling and the participant’s mood which may be different among 

participants and could affects the levels of the biomarkers. 

Only one blood testing was conducted; for future research studies we suggest having 2-

time blood testing, before and after the program. We also had participant physical activity self-

reports which may be lacking in accuracy. Finally, IL-6 is a pleiotropic cytokine that plays a role 

in a number of biological processes, including inflammation, metabolism, oncogenesis, immune 

regulation, and hematopoiesis (Kang et al., 2019). The interpretation of IL-6-related data from our 

investigation must be restricted to the particular setting of our research because IL-6 can participate 

in numerous, potentially overlapping signaling processes. 

 

2.6 Conclusion 

 

In conclusion, our study suggests that in individuals with MS, physical activity and 

cardiorespiratory fitness may not directly influence blood biomarkers associated with 

neuroinflammation and repair, as measured by BDNF, NfL, and IL-6. Nonetheless, it is important 

to highlight that these findings are derived from a limited sample size, and additional research is 

required to verify our outcomes. The lack of significant relationships with BDNF and IL-6 levels 

could be due to several factors, including the variability in exercise intensity, duration, and 

individual patient characteristics. Additionally, NfL levels, while correlated with physical fitness 

and body weight, did not show a relationship with moderate to vigorous physical activity. Future 

studies should explore additional biomarkers and employ longitudinal designs to gain a better 

understanding of the complex relationships between physical activity, cardiorespiratory fitness, 

and blood biomarkers in individuals with MS. Overall, we can draw the conclusion that more study 
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is necessary to clarify the relationship between physical activity and cardiorespiratory fitness and 

biomarker levels. 
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3 Chapter Three: Discussion 

3.1 Overview/ Key Findings 

 

Multiple sclerosis (MS) presents a complex challenge, necessitating nuanced approaches 

to behavioral and rehabilitative strategies (Proschinger et al., 2022). Current recommendations 

endorse a moderate to vigorous degree of physical activity, including frequent exercise, as a 

potential intervention (Motl et al., 2022; Sandroff et al., 2012), and the beneficial effects of 

exercise on neuroinflammation and brain repair have been well-documented in various 

neurological conditions (Mee-Inta et al., 2019; Svensson et al., 2015). Our study aimed to 

investigate the connections between physical activity, cardiorespiratory fitness, and blood 

biomarkers associated with neuroinflammation and repair in individuals with MS. We investigated 

whether cardiorespiratory fitness (VO2peak) and self-reported physical activity were related to 

blood biomarkers of neuroinflammation (NfL and IL-6) and repair (BDNF) in individuals with 

MS. 

We demonstrated the monitoring and predictive value of the cytoskeleton protein NfL. The 

levels of the biomarker were detected in serum of participants with a three-month relapse free 

course of MS suggesting that inflammation and neuronal damage was actively taking place, despite 

absence of objective signs and symptoms of the disease progression. We assessed the relationships 

between moderate-to-vigorous physical activity (MVPA), cardiorespiratory fitness, age, weight, 

and various biomarkers (BDNF, IL-6, NfL, and BDNF/IL-6 ratio). The results indicated a 

correlation between serum NfL levels and weight and VO2peak (r= -0.435, p= 0.034, and r= 0.436, 

p= 0.033), while the other biomarkers did not show significant correlations with MVPA, 

cardiorespiratory fitness, age, or weight (p > 0.05). Our results suggest that higher serum NfL, was 

related to lower body weight and higher cardiorespiratory fitness (VO2peak). The correlations 
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indicate that the elevated levels of the pro-inflammatory biomarker are linked to individuals with 

MS who maintain a lower body weight and exhibit better physical fitness. A number of 

confounding factors, such as BMI (Benkert et al., 2022), blood volume, body fat mass, and total 

body water (Hermesdorf et al., 2022), medication, smoking, and time since relapse, not considered 

in our study, might have contributed to the results. This interesting observation highlights the role 

of weight, cardiorespiratory fitness, age, and effects of medication in regulating inflammatory 

processes seen in MS yet requires further research and careful interpretation.  

In this limited sample of MS patients, BDNF, IL-6, and the BDNF/IL-6 ratio exhibited no 

discernible changes based on physical activity, cardiorespiratory fitness level, age, or body weight. 

It appears that BDNF and IL-6 may lack sensitivity in detecting relationships induced by 

cardiorespiratory fitness and MVPA in this small patient sample. Despite this, our findings 

enhance our understanding of the relationship between biomarkers and physical activity in the MS 

population. In conclusion, this study significantly contributes to our knowledge of specific 

biomarker correlations with physical activity and cardiorespiratory fitness in MS. However, the 

limitations in the responsiveness of BDNF, IL-6, and the BDNF/IL-6 ratio highlight the necessity 

for further investigations. These studies can deepen our understanding of the challenges associated 

with using specific biomarkers in multiple sclerosis populations, emphasizing the importance of 

gaining insights to enhance interventions for individuals with MS. 

 

3.2 Limitations/Challenges 

 

Our study has several limitations that must be acknowledged. First, the nature of our cross-

sectional study design makes it more difficult to derive causal relationships between the parameters 

from analysis, as we measure the outcome and the exposures in the participants at the same time. 
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Second, our study included only 24 participants with two phenotypes of MS combined and no 

control group, which makes interpretation of the biomarker levels more challenging. Third, an 

assessment of physical activity requires a higher level of precision. In our study MVPA was 

assessed by the adapted International Physical Activity Questionnaire (IPAQ). The questionnaire 

lists all types of physical activities only during previous 24 hours before the visit, and relies on a 

self-reported values in minutes. This approach might underestimate or overestimate the objective 

regular level of physical activity of a particular participant and alter the direction and strength of 

correlations. 

Besides, the presence of concomitant diseases or medical conditions may influence the 

results of the blood tests and cardiorespiratory fitness tests. We did not collect dietary preferences, 

alcohol consumption, current smoking status, presence of sleep disturbances, physical activity 

pattern information, presence of concomitant cardiovascular or pulmonary diseases, disturbances 

in glucose metabolism from participants to see if these factors had any influence on the 

measurement of blood biomarkers, especially BDNF, IL-6, and VO2peak. Medications may have 

had a significant impact on our results. Modern treatments slow down the progression of MS by 

limiting the immune response and decreasing inflammation, which influences the levels of 

biomarkers in the systemic circulation. NfL, for instance, is considered to be not only diagnostic 

and prognostic biomarker, but a monitoring biomarker as shown in our study. So, levels of NfL 

may vary depending on the treatment strategy and a medication used. 

Furthermore, it is worth noting that sex differences could explain the obtained results since 

male and female populations are inherently different in weight and VO2peak. Although our present 

study is not powered enough to test for sex differences, future studies could either exclude males 

completely or test males and females separately to determine if our results hold in a more 
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homogeneous female sample. Of specific value would be to make it evident if the relationship 

between NfL levels, weight, and VO2peak indicates a sex difference for this biomarker. By 

addressing this in future research, we can ensure more robust and tailored findings, providing 

valuable insights for personalized MS management. 

Despite these limitations, this study has provided additional information about the 

connections between the level of NfL, weight, and cardiorespiratory fitness in patients with MS. 

Further research is necessary to address these limitations and provide a more comprehensive 

understanding of the role of blood biomarkers and their relationship with physical activity and 

cardiorespiratory fitness in individuals with MS. The information from our study might be useful 

in designing a cohort study including more participants with one phenotype on a stable treatment, 

comparing the results with matching healthy controls or utilizing the longitudinal design with 

planned intervention. 

In conducting an extensive inquiry into the intricate associations between biomarkers and 

crucial health indicators in individuals diagnosed with MS, our study represents a noteworthy 

contribution, offering valuable insights into the nuanced interrelationships within this intricate 

domain. More precisely, our research illuminates the prospective utility of NfL as a promising 

indicator for evaluating inflammation in the context of body weight and physical fitness. 

Nevertheless, our findings highlight the imperative for further expansive investigations to clarify 

the responsiveness of additional scrutinized biomarkers to these factors within this distinctive 

population. 
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3.3 Recommendations for Future Study 

3.3.1 Longitudinal Study Design and Multiple Blood Testing 

 

A shift towards longitudinal study designs with planned intervention is recommended for 

future investigations. Longitudinal studies, tracking participants over an extended period, offer a 

more dynamic understanding of how biomarkers respond to sustained physical activity and 

changes in cardiorespiratory fitness levels. This approach facilitates the identification of patterns 

and trends, providing a more comprehensive view of the explored relationships. Additionally, 

implementing two rounds of blood testing – both before and after interventions – would provide a 

more comprehensive understanding of the temporal changes in biomarkers in response to physical 

activity and cardiorespiratory fitness interventions. This approach enables a nuanced analysis of 

how these markers may dynamically respond over time, providing insights into the sustainability 

of observed effects. 

 

3.3.2 Concomitant Diseases and Risk Factors 

 

BDNF is an anti-inflammatory biomarker and its level in peripheral circulation may be 

influenced by a number of medical conditions and risk factors. Low levels of BDNF had been 

detected in previous studies in patients with obesity, anxiety, depression, and diabetes mellitus 

(Fujinami et al., 2008; Krabbe et al., 2007; Li et al., 2016; Moosaie et al., 2023). Besides, the level 

might be greatly influenced by stress and estrogens (Eckert et al., 2017; Hosang et al., 2014). Thus, 

collecting additional information on the factors or conditions that may influence the level of BDNF 

is crucially important for further research. 
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IL-6 is a cytokine with multiple functions, including immune response and hematopoiesis. 

The signaling molecule plays a central role in the stimulation of acute phase responses, has a pro-

atherogenic effect, and promotes insulin resistance. The mean age of the participants in our study 

was 50.46(±8.55) years, which is an independent risk factor that increases the possibility of 

developing cardiovascular diseases, obesity and diabetes mellitus. So, accounting for those 

conditions is highly important for the correct interpretation of the blood test results for IL-6. 

Besides, smoking is also a potent activator of white blood cells, leading to increased production of 

IL-6 and systemic inflammation (Liu et al., 2023; McEvoy et al., 2015) and smoking status should 

be included in the analysis and interpretation of IL-6 levels in future research. 

 

3.3.3 Effect of Pharmacological Treatment 

 

Further researchers should consider the impact of disease-modifying therapies on the 

progression of MS. Modern medications limit the inflammatory response, influencing the levels 

of pro-inflammatory and anti-inflammatory cytokines as well as their ratios. Our study showed no 

relationships between IL-6, BDNF, or BDNF/IL-6 ratio and age, weight, physical activity, or 

cardiorespiratory fitness. The results could be influenced by the treatment regimen or no treatment 

in people with very mild symptoms. Thus, evaluation of pharmacologic treatment is recommended 

for the further studies. Understanding how medications may influence biomarker responses is 

crucial for untangling the complexities of these relationships and refining the specificity of 

exercise-based interventions for individuals with MS. 
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3.3.4 Precise Assessment of Regular Physical Activity in MS Participants 

 

The use of more precise methods of physical activity monitoring may have a significant 

impact on the results of future research. Moderate to vigorous physical activity, determined by the 

International Physical Activity Questionnaire in our study, did not show any significant 

correlations with age, weight and blood biomarkers. However, utilization of tri-axial 

accelerometers, heart rate monitors or pedometers may give much more objective information 

about the level of physical activity of a particular individual over a period of time, eliminating a 

subjective component from the data. The results of objective measures might be more effective in 

discovering the presence of connection between physical activity and biomarkers. 

3.4 Conclusion 

 

In conclusion, this study contributes valuable insights into the intricate relationships 

between biomarkers and critical health parameters in individuals with MS. While the correlation 

of cardiorespiratory fitness and weight with NfL suggests promising avenues for assessing 

inflammation and impact of physical activity, the limited responsiveness of other investigated 

markers emphasizes the need for caution in interpretation. The study, conducted in a small sample, 

highlights the complexity of these relationships and emphasizes the necessity for more extensive 

research. Given the ongoing development of our comprehension of the bond between exercise and 

these biomarkers, it is imperative to conduct additional investigations utilizing larger and more 

diverse cohorts to uncover the intricate mechanisms involved and improve our ability to manage 

MS through exercise-based interventions. 
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