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ABSTRACT 

 
 

ASSOCIATIONS BETWEEN WHITE MATTER MICRO- AND MACROSTRUCTURAL 

INTEGRITY, NEUROPHYSIOLOGY, AND MOTOR FUNCTION IN PEOPLE WITH 

MULTIPLE SCLEROSIS 

 
 

Movement is one of the most fundamental expressions of brain function. From “simple” 

movements like reaching and walking to the most complex aerial gymnastic stunts, voluntary 

movement emerges from the seamless integration of sensory input, motor planning, and execution. 

Such integration relies on a symphony of widespread, dynamic communication across cortical, 

subcortical, brainstem, and spinal regions orchestrated to produce smooth, purposeful movement. 

In this way, the brain does not merely support movement, it is shaped by and for it. However, when 

the integrity of these neural systems is disrupted, as in neurodegenerative conditions like multiple 

sclerosis (MS), the consequences can be life altering, leading to impaired mobility, loss of 

independence, and diminished quality of life.  

MS is a chronic disease of the central nervous system (CNS) that results in neural injury, 

impairing communication within neural networks. Damage to neurons and their connections gives 

rise to a range of heterogeneous symptoms, among which challenges with balance and mobility 

are among the most common and impactful. Understanding how MS-related damage to the CNS 

contributes to functional impairment requires tools that can capture different aspects of neural 

integrity and motor performance. This dissertation integrates biomechanical, neurophysiological, 

and neuroimaging approaches to characterize the state of the CNS in people with MS and to link 

these metrics to real-world movement abilities. 
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Using biomechanical techniques, the first study found that individuals with MS control 

their bodyweight differently during a sit-to-stand transfer movement, producing less force and 

power than neurotypical controls, with power helping to distinguish fallers from non-fallers. 

Building on this, the second study examined corticospinal integrity using neurophysiological 

measures, finding that altered excitability and prolonged conduction were associated with reduced 

force during both isolated muscle contractions and a sit-to-stand transfer movement, linking 

corticospinal function to movement performance. The third study used advanced neuroimaging 

techniques, including diffusion tensor imaging, diffusion kurtosis imaging, and fixel-based 

analysis, to assess corticospinal tract integrity in people with MS, revealing white matter 

alterations throughout the corticospinal tract. Among these methods, fixel-based metrics 

demonstrated the strongest associations with clinical measures of balance, disability, and 

neurophysiological outcomes. Finally, recognizing that the corticospinal tract is not the sole motor 

pathway, the fourth study examined the corticoreticulospinal tract and found that fiber density in 

this pathway correlates with balance and walking performance in people with MS. 

Together, these studies illustrate the complex ways in which neural damage in MS disrupts 

the intricate networks essential for effective movement. By employing a multimodal approach, 

this work enhances understanding of how structural and functional changes across multiple motor 

pathways contribute to motor function. These insights may help inform future efforts to assess and 

manage mobility impairments in people with MS.  
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CHAPTER 1 – REVIEW OF STRUCTURAL NEUROIMAGING TECHNIQUES IN 

MULTIPLE SCLEROSIS 

 
 
Introduction 

 In the complex landscape of neurodegenerative diseases, multiple sclerosis (MS) presents 

a unique challenge. MS is a chronic, multifaceted neurological disorder that manifests in a wide 

range of symptoms, complicating both diagnosis and disease management. The disease is primarily 

driven by an immune-mediated inflammatory response resulting in hallmark lesions throughout 

the central nervous system (CNS). Within these lesions, immune cells attack and damage myelin, 

the protective sheath surrounding nerve fibers, disrupting communication between neurons in the 

brain and spinal cord.1,2 While axons are relatively preserved in the early stages of MS pathology, 

axonal degeneration develops as the disease progresses.3 The interplay between inflammation, 

demyelination, and neurodegeneration is highly individual, not only differing in severity but in the 

specific areas of the CNS affected and the degree of impact on function.4,5 Variability in the extent 

and site of damage leads to highly diverse clinical presentations and trajectories of symptom 

progression, making MS especially challenging to study, understand, diagnose, predict, and 

manage effectively. 

  Variability in disease presentation is reflected in the wide range of symptoms experienced 

by individuals with MS. Common symptoms include fatigue, cognitive dysfunction, depression, 

muscle weakness and strength asymmetries, balance and mobility difficulties, visual impairment, 

bladder and bowel dysfunction, and sensory disturbances. 5–7 Symptoms can appear in isolation or 

in combination, fluctuating in severity or steadily progressing as MS advances.5 The first diagnosis 

a patient typically receives is clinically isolated syndrome, which marks the first neurological 
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episode. Although clinically isolated syndrome is not a definitive diagnosis of MS, it can be an 

early indicator of the initial onset of MS.8  

  Clinically, MS is categorized into several subtypes primarily based on the pattern of disease 

progression. The most common form is relapsing-remitting MS, making up 85-90% of all 

diagnosed cases. Relapsing-remitting MS is characterized by episodes of symptom flare-ups that 

develop over hours or days and persist for weeks, followed by periods of partial or complete 

recovery.9 Complete recovery is more common in the early stages of MS, however, as relapses 

and neural damage accumulate over time, partial recovery becomes more typical.7,10 Notably, 

relapsing-remitting MS is three times more prevalent in females compared to males, and the 

average age of diagnosis is in the early 30s.11,12 This relatively early onset in life contributes to 

MS being the leading neurodegenerative disease causing long-term disability in young adults.13 

Around 20% of individuals with relapsing-remitting MS will develop persistent neurological 

decline known as secondary progressive MS, typically 15-20 years following initial symptom 

onset.7,14 Secondary progressive MS is marked by a steadier accumulation of impairment with the 

absence of remitting phases.15 A smaller portion of MS diagnoses, roughly 5-15%, are categorized 

as primary progressive MS, marked by progressive decline from the onset of symptoms.7,15 

  In addition to these more common forms, progressive-relapsing MS represents a rare 

subtype found in less than 5% of patients in which both steady progression of symptoms and 

intermittent relapses with worsening symptoms are present without remission.15 Even rarer, 

radiologically isolated syndrome, found in less than 1% of patients, describes individuals who 

possess identifiable CNS lesions via brain scans but do not have clinical symptoms.16,17 

Radiologically isolated syndrome has been suggested as a preclinical stage of MS, as half of those 

diagnosed will go on to develop relapsing-remitting or primary progressive MS, however, the other 
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half will remain asymptomatic.18 Taken all together, MS presents with a wide range of symptoms 

that vary in severity level, and its progression spans a spectrum from relapsing-remitting to more 

aggressive forms. Given these complexities, significant efforts have been made to develop 

techniques and assessments that provide clinicians and researchers with reliable information to 

better diagnose, manage, and study the disease. 

  Currently, a single definitive diagnostic test for MS does not exist.9 Instead, a 

comprehensive diagnosis is typically made by combining clinical evaluations, neuroimaging, and 

laboratory evidence following the McDonald criteria. The McDonald criteria are based on 

evidence of dissemination in time (evidence of MS across at least two different time points) and 

space (evidence in at least two different CNS locations).19 Neuroimaging, particularly T2-weighted 

and gadolinium-enhanced magnetic resonance imaging (MRI), is used to detect lesions and specify 

their location in the CNS. Laboratory tests often include a lumbar puncture to analyze 

cerebrospinal fluid for the presence of oligoclonal bands, which are proteins that indicate the 

presence of neuroinflammation.19  

  First established in 2001, the McDonald criteria have been revised multiple times, most 

recently in 2017, with the goal of making the guidelines more accessible for clinicians to apply 

and allow for earlier diagnoses.19,20 With substantial progress in the formation and discovery of 

disease-modifying therapies, early diagnosis has become a pressing issue in MS. Studies have 

shown that delayed administration of disease-modifying therapies is associated with an increased 

risk of disability. However, disease-modifying therapies also present unnecessary risks and are 

linked to morbidity in misdiagnosed patients. Together, these outcomes apply pressure on 

physicians to make decisions quickly while simultaneously weighing the risks and benefits of early 
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treatment.21,22 Despite efforts to establish clear and distinct guidelines to aid the medical 

community in their evaluation of MS, the variability of the disease presents a formidable barrier.  

  Studies evaluating the 2017 McDonald criteria revisions have shown improvements in 

diagnostic sensitivity, ranging from 68 to 100%, but also highlight a decrease in specificity, 

ranging from 14 to 63%, compared to previous versions.20,23 While increased sensitivity is 

beneficial for early diagnosis, improvements in technologies and approaches may hold the key to 

an optimal balance between early detection and limiting the number of misdiagnoses. To that end, 

the 40th Congress of the European Committee for Treatment and Research in Multiple Sclerosis 

recently proposed revisions to the 2017 version that aim to leverage advancements in imaging and 

molecular biomarkers with the explicit goal of enabling earlier diagnosis, facilitating timely 

treatment, and reducing misdiagnoses. As such, there is strong motivation within the 

neurodegenerative research community to develop and refine techniques that enhance our 

understanding of MS pathophysiology and offer insight into the neural substrates underlying 

clinical symptoms. 

This review examines neuroimaging techniques used in MS research, with an emphasis on 

their ability to reveal structural abnormalities, such as lesions and microstructural damage, and 

their associations with clinical outcomes. The use of neuroimaging has several advantages: 1) it is 

non-invasive, thus mitigating patient risk; 2) it provides direct visualization of tissue and functional 

changes; and 3) it provides insights into both global and focal changes, as opposed to molecular 

biomarkers, which tend to only reflect systemic processes. While developments in biochemical 

biomarkers, such as oligoclonal bands, kappa free light chain, and serum neurofilament light chain, 

have shown promise as indicators of MS disease mechanisms and provide valuable complementary 

information, they fall outside the scope of this review. For recent discussions on biochemical 
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biomarkers, scholars are encouraged to consult these recent publications, Rocca et al. 2024 and 

Chertcoff et al. 2024.24,25 This review aims to provide a comprehensive understanding of 

established and emerging non-invasive techniques used in MS that are central to efforts to better 

evaluate, manage, and understand MS.  

Structural Imaging Techniques in MS 

 In 1868, Jean-Martin Charcot provided the first detailed description of MS, connecting 

clinical manifestations to the presence of multiple sclerotic plaques in the CNS. Using postmortem 

tissue samples, Charcot was responsible for identifying key histological properties, such as loss of 

myelin, that helped establish MS as a distinct disease.26 Since direct examination of the brain is 

typically reserved for after death, the ability to view the brain for diagnostic and prognostic 

purposes is at the forefront of MS and other neurological disorders. Although it’s important to note 

that no imaging technique directly measures underlying disease processes, structural 

neuroimaging, mainly through MRI, has become an essential tool heavily relied on in medical 

practice and research.  

  Conventional MRI techniques, such as T1-weighted and T2-weighted imaging, have 

become fundamental for identifying macroscopic lesions and quantifying physical metrics, 

including lesion load and brain atrophy. Advanced techniques such as diffusion tensor imaging, 

magnetization transfer imaging, and myelin water imaging enable more detailed assessments of 

white matter structural integrity, offering researchers valuable tools to investigate microstructural 

changes that may contribute to the pathophysiology and clinical heterogeneity of MS. Imaging 

biomarkers like the central vein sign can aid in diagnosing MS and paramagnetic rim lesions may 

be useful indicators of clinical outcomes. Finally, emerging imaging technologies, such as 7T MRI, 

are establishing new bounds for imaging resolution and may hold the key to improved diagnostic 
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accuracy. This section will explore these various structural imaging methods and their clinical and 

research applications in MS. 

Conventional Imaging 

Basics 

  Magnetic resonance imaging leverages the nuclear spin of hydrogen atoms (i.e., protons) 

to generate detailed images of the body’s internal structures.27 MRI is particularly well-suited for 

capturing brain images due to the brain’s high water content and, thus, a large abundance of 

hydrogen atoms.28,29 A standard 1.5T MRI system generates a magnetic field that is roughly 30,000 

times stronger than Earth’s.30 In the presence of such a strong magnetic field, the intrinsic magnetic 

field of protons, which are naturally randomly oriented (Figure 1.1a), divides into two energy states 

– aligned parallel or antiparallel to the applied magnetic field (Figure 1.1b). The energy state 

aligned parallel to the strong magnetic field has a slightly lower energy level and is thus the slightly 

preferred energy state, creating an overall net magnetization aligned in the same direction as the 

strong magnetic field.30  

  Once a static magnetization alignment is established, a transient radiofrequency pulse is 

applied, knocking the protons out of the established alignment and into an orthogonal orientation 

(Figure 1.1c). As the protons return to the original static alignment state, they release energy, which 

is detected by MRI sensors (Figure 1.1d).30 The signals collected from proton energy vary 

depending on the type of tissue, as gray matter, white matter, and cerebrospinal fluid each cause 

protons to return to their aligned state at different rates.31–33 This process is repeated several times 

at different field strengths and frequencies to capture detailed images slice by slice, which are 

ultimately compiled into a three-dimensional image volume.34,35   
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Figure 1.1. Basic Principles of Magnetic Resonance Imaging Signal Generation. Schematic of 
the fundamental steps involved in MRI. a) In the absence of a magnetic field, hydrogen protons in 
the body are randomly oriented. b) In the presence of a strong external magnetic field, protons 
align parallel or antiparallel to the field. c) A radiofrequency (RF) pulse temporarily tips the 
aligned protons into an orthogonal plane. d) As the protons return to alignment with the magnetic 
field, they release energy, which is detected and used to construct MR images. 
 
T1- and T2-Weighted Images 

  The typical imaging protocol recommended for MS wields two fundamental MRI 

techniques, T1- and T2-weighted imaging (Figure 1.2).36 These methods provide different 

contrasts based on the type of spin relaxation and the tissue environment surrounding the protons. 

T1-weighted imaging measures the time it takes for protons to realign with the applied static 

magnetic field after being bumped out of alignment by the radiofrequency pulse. During this 

process, known as T1 relaxation or longitudinal relaxation, the disrupted protons transfer their 

energy to surrounding molecules.30 In myelin-rich areas, such as white matter, where there is a 

high presence of lipids and macromolecules, T1 times are short. Short T1 times are primarily due 

to the transient bonds formed between water molecules and surrounding macromolecules.33 The 

formation of these bonds allows for efficient transfer of energy and rapid spin realignment, 

resulting in a bright contrast in T1-weighted images. Conversely, energy transfer is far less 

efficient in cerebrospinal fluid, where water is less restricted, and macromolecules are less 

abundant, resulting in longer T1 relaxation time and darker contrast in T1-weighted images (Figure 

1.2a).37,38  
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  T2-weighted imaging measures the time it takes for protons to lose spin coherence in the 

transverse plane following radiofrequency pulse excitation. Unlike T1, which reflects energy loss, 

T2 time refers to the loss of spin coherence, where nearby protons gradually fall out of phase with 

each other.30 Similar to T1, T2 times also vary depending on the tissue environment. In white 

matter, proton movement is more restrictive, resulting in rapid dephasing and short T2 times. In 

areas with cerebrospinal fluid where water is less restricted, proton dephasing is more gradual, 

resulting in longer T2 times. The difference in how quickly protons fall out of phase creates the 

contrast in T2-weighted images, with areas of free water appearing bright and lipid-rich tissues 

appearing darker.29,37,38 Importantly, neither T1- nor T2-weighted imaging directly measures 

specific cellular components. Rather, the detailed tissue contrast provided by both methods is a 

result of the interaction between the tissue environment and the nuclear spin of hydrogen atoms. 

  T1 and T2 imaging are critical tools in assessing MS, offering distinct yet complementary 

insights into key clinical and diagnostic markers. These imaging methods can quantify disease 

outcomes such as lesion count, volume, and location, as well as measures of brain atrophy. T2-

weighted imaging is commonly used for the quantification of lesions in MS. Both acute and 

chronic lesions appear as hyperintensities due to the presence of increased water content in the 

affected areas, which is linked to pathological changes such as inflammation, edema, 

demyelination, gliosis, or axonal loss.39,40 To enhance the visibility of lesions, most clinical MRI 

protocols include a Fluid Attenuated Inversion Recovery (FLAIR) sequence for MS patients. 

FLAIR sequences suppress the bright signal from cerebrospinal fluid, making lesions more easily 

identifiable, especially those located superficially. Studies have demonstrated that using FLAIR 

sequences enables the detection of up to four times as many lesions compared to standard T2-

weighted imaging (Figure 1.2b).41  
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Figure 1.2. Example T1- and T2-Weighted MRIs in Multiple Sclerosis. Structural brain images 
highlighting differences in tissue contrast between MRI sequences. a) T1-weighted image from an 
individual with MS, shown in coronal (top) and axial (bottom) views, with lesions appearing 
hypointense. b) T2-weighted FLAIR image from the same individual, shown in coronal (top) and 
axial (bottom) views, with MS lesions appearing hyperintense. 
 
  Although these hyperintensities in T2 images are highly effective for flagging lesions, they 

are limited in that they cannot reliably distinguish between the severity or age of a lesion.42 

Approximately 10 – 20% of areas appearing hyperintense on T2-weighted images are also 

detectable on T1-weighted sequences, allowing for further classification of lesions based on their 

characteristics.39 Lesions on T1-weighted images may appear as isointensities or as 

hypointensities, often referred to as “black holes”. These hypointensities have been associated with 

significant tissue destruction and axonal loss, indicating areas of severe injury.43 In addition to 
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severity, T1 images can also be used to characterize newly formed lesions with the aid of a 

contrasting agent, typically a gadolinium-based agent.44 Gadolinium is a paramagnetic ion known 

for its high relaxivity, which significantly shortens nuclear spin relaxation times upon introduction 

to tissue.45 This property makes gadolinium valuable in enhancing contrast for MRI, especially for 

T1 imaging.46  

  Gadolinium enhances the visibility of newly formed lesions in MRI due to its ability to 

cross a disrupted blood-brain barrier and is associated with active inflammation.47,48 Blood-brain 

barrier dysfunction is an early mechanism of new lesion formation, occurring prior to the onset of 

symptoms and other MRI markers.49–51 This disruption enables gadolinium to accumulate in areas 

of tissue damage, particularly in lesions where there is increased vascular permeability. As a result, 

newly formed lesions exhibit heightened contrast on T1-weighted images, aiding in their detection 

and characterization. Notably, only newly formed lesions are contrast-enhancing, and this 

enhancement fades as the lesions age.46 This allows for tracking lesion development over time and 

distinguishes those that recover from those that evolve into persistent “black holes”. 

  In summary, T1- and T2-weighted MRI are foundational techniques for detecting, 

characterizing, and quantifying lesions in MS. T2 imaging is highly sensitive to both acute and 

chronic lesions, revealing areas of inflammation and demyelination, while T1-weighted imaging, 

particularly with gadolinium enhancement, highlight active, newly forming lesions and can be 

tracked to identify chronic “black holes”, indicative of severe tissue damage. Together, these 

imaging modalities provide essential insights into lesion burden, disease activity, and progression, 

making them indispensable for the diagnosis and monitoring of MS. 
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Clinico-Radiologic Paradox 

  Despite the ubiquitous use of T1- and T2-weighted imaging for diagnosing and monitoring 

MS, lesion load or total lesion volume has historically shown an inconsistent relationship with 

clinical outcomes. This discrepancy largely arises from the inherent variability in MS, as some 

patients may have many lesions without apparent signs of clinical manifestation. In contrast, others 

may display severe symptomology yet minimal lesion evidence. This disconnect between imaging 

findings and physical and cognitive symptoms is referred to as the clinico-radiologic paradox.52–

54  

Studies measuring T2 lesion volume have shown a wide range of correlation strengths with 

the Expanded Disability Status Scale (EDSS), a widely accepted clinical measure of disability in 

MS.55 Reported correlation values range from 0.17 to 0.60 in cross-sectional studies and from 0.18 

to 0.72 in longitudinal studies, reflecting the substantial variability in MS research outcomes.56 

Some studies have observed a plateau in the relationship between T2 lesion volume and EDSS 

scores above 4.5, suggesting that lesion load may lose its predictive value at higher levels of 

disability. However, other publications have not found a similar trend.57,58 Further longitudinal 

studies have identified that T2 lesion volume captured early in MS correlates with long-term 

disability and clinical outcome.59,60 Taken together, T2 lesion volume measured early in disease 

progression, when EDSS scores are low, may be a valuable tool for assessing and predicting future 

disability. However, its predictive value may diminish in patients with chronic disease, where 

lesion volume may no longer closely correspond with clinical outcomes. 

  T1 imaging with contrast is used to identify active lesions and is a strong predictor of future 

relapse, but the measured level of burden differs across clinical subtypes. Studies have reported 

that higher burden of enhanced lesions in relapsing-remitting and secondary-progressive MS 
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compared to primary-progressive MS.61–63 T1 mapping of the accumulation of “black hole” lesions 

has been shown to correlate more strongly with disability than T2 lesion load, particularly in 

progressive forms of MS.64 This suggests that evaluating “black hole” lesions may provide the 

most valuable insights into the disability experienced by patients. 

  The clinico-radiologic paradox in MS highlights the complex relationship between imaging 

findings and clinical symptoms. Several factors have been postulated for reasons underscoring the 

paradox: 1. Conventional MRI techniques are limited to identifying macroscopic lesions and 

cannot quantify damage in normal-appearing brain tissue. 2. Conventional imaging cannot readily 

distinguish the cause of the focal intensity in the image (edema, degeneration, inflammation, etc.). 

3. Absence of spinal cord imaging. 4. MS lesions are dynamic and may regress or repair over time. 

5. Total lesion volume over looks regional brain injury outcomes. 6. Clinical outcome measures, 

specifically the EDSS, may be limited.56 Additionally, the timing of imaging assessments relative 

to disease progression and the specific imaging modalities used can further complicate the 

interpretation of lesion burden in relation to clinical outcomes. Given these challenges, there is a 

need to research and develop advanced imaging techniques and biomarkers that can more 

accurately reflect the underlying disease processes and their impact on patient outcomes. 

Lesion Location  

  While total lesion volume may not be the strongest correlate of clinical outcomes in MS, 

due to the regionality of brain functions, efforts to connect lesion location to specific outcomes 

have shown promise. MS lesions can appear in any region of the CNS and typically populate both 

hemispheres of the brain. However, compared to other white matter disorders, MS tends to impact 

specific areas more frequently, including periventricular and juxtacortical white matter, the 

brainstem, the corpus callosum, and the cervical segment of the spinal cord.65 These regions are 
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central to the McDonald criteria, which utilizes lesion location as a critical factor in confirming 

MS diagnoses through MRI, by helping to distinguish MS from other neurological disorders.19  

In addition to being relied on for diagnosing protocols, studies have shown that the specific 

location of lesions within the CNS plays a role in shaping clinical manifestations and may help 

explain the variability in symptom presentation among patients.  

  Research indicates that lesion locations in MS correspond to experienced symptoms, with 

lesions in specific areas leading to different clinical outcomes. For example, lesion locations 

associated with cognitive disabilities are distinct from those linked to physical disabilities.66 

Cognitive and motor outcomes in MS have been associated with lesion accumulation in 

anatomically plausible regions relating to brain function. Motor disability has been linked to 

lesions in the internal capsule, cerebellar peduncles, and pyramidal periventricular white 

matter.66,67 Cognitive disability has been associated with commissural fiber tracts, putative 

superior longitudinal fascicle, and gray-white matter junctions of associative, limbic, and 

prefrontal cortex.66–68 Studies comparing individuals with MS who experience cognitive 

impairment to those who do not strengthen the rationale for incorporating lesion mapping 

alongside lesion quantification. While patients with cognitive deficits often show a higher overall 

lesion load, their lesions tend to be more regionally concentrated. In contrast, individuals without 

cognitive impairment typically have a more widespread distribution of lesions. These findings 

suggest that the location of lesions, not just their total volume, plays a critical role in cognitive 

function.68  

  Although they are more challenging to detect, gray matter lesions are common in MS, 

despite the lower relative abundance of myelin in gray matter.69,70 Most gray matter lesions are 

mixed lesions, affecting both white and gray matter at their junctions, however, lesions also present 
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as isolated within the cortex.71 Cortical lesions are significantly challenging to visualize using MRI 

due to their subtlety and location. Many cortical lesions are missed even when a FLAIR sequence 

is employed.72 Further intensity suppression can be achieved using a double-inversion recovery 

sequence, which quiets the white matter signals to improve lesion detection. However, many small 

cortical lesions remain elusive compared to findings in postmortem analyses.73,74 Despite the 

challenges in detecting cortical lesions on MRI, they hold significant clinical relevance. Cortical 

lesions have been shown to have significant correlations with physical and cognitive impairments 

and can often be detected early in the disease course.75–77 Some studies suggest that clinical 

outcomes may be more closely linked to the presence of cortical lesions than to those in deep white 

matter.78 Further, research indicates that gray and white matter lesions may develop independently, 

each providing distinct information about disease progression and outcomes.78,79 Collectively, the 

identification of both gray and white matter lesions is crucial for a comprehensive understanding 

of MS and its clinical implications.   

  Focal lesion formation is not confined solely to the brain, spinal cord lesions can also 

significantly contribute to clinical manifestations. Most patients with MS exhibit spinal cord 

hyperintensities, which tend to be more symptomatic than brain lesions and show strong 

correlations with physical disability.80–82 Spinal cord lesions are valuable for diagnosis and 

prognosis. Although not formally included in the McDonald criteria as a diagnostic lesion location, 

they can still be used as evidence of dissemination in space and are uncommon in other 

neurological disorders, making them useful for distinguishing MS.19,83 These lesions are also 

strong predictors of long-term disability and are particularly effective in identifying individuals at 

high risk of progressing from clinically or radiologically isolated syndrome to MS.84–86 Despite 

their importance, spinal cord imaging is not always part of standard clinical practice and has 
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historically been challenging due to the cord’s smaller size, complex anatomy, and added imaging 

time.87,88 Currently, spinal cord imaging is recommended in the presence of spinal cord-related 

symptoms, when considering MS in a population where MS is less prevalent, or when additional 

information is needed to increase diagnostic confidence.19  

Atrophy 

  Multifocal lesions are well-known as the primary physiological hallmark of MS. However, 

other neurodegenerative traits are commonly observed and should be quantified to understand 

disease outcomes better. Specifically, brain atrophy, characterized by a reduction in brain volume, 

has been associated with disease progression. The global brain atrophy rate in MS is significantly 

higher than in healthy controls, with estimates ranging from 0.5% to 1.35% per year, compared to 

0.1% to 0.3% per year, respectively.89 While the atrophy rate may slow with the use of disease-

modifying therapies, it occurs across all stages of the disease, including in patients with clinically 

isolated syndrome, and is most pronounced in progressive subtypes as atrophy accumulates.90–93 

Measures of brain volume obtained from early scans provide predictive value for short-, mid-, and 

long-term declines in function.94–97  

  Atrophy has been associated with neurodegenerative biomarkers and axonal loss and is 

correlated with overall disability, as well as physical and cognitive impairments.98–101 Moreover, 

with advancements in computational technology, measuring brain atrophy can now leverage semi-

automated processes, making it feasible and efficient for research and clinical use. Multiple 

software packages are available that provide tools for quick, precise, and repeatable assessments 

that are relatively easy to implement.102  

  The mechanisms underlying atrophy are still being unraveled, as conflicting reports exist 

regarding its association with lesions. Evidence suggests separate mechanisms might be at play, 
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as atrophy can develop in the absence of lesion formation, and some research has shown a lack of 

association between active lesions and brain volume.103,104 Other studies have found associations 

between lesion load and atrophy, particularly in the early stages of MS, but also suggest that this 

relationship may diminish over time.105 Comparisons between lesion load and atrophy may also 

be limited by the shortcomings of traditional lesion measurements, as current imaging techniques 

often miss smaller, microscopic injuries and cortical lesions. Overall, the relationship between 

lesion load and atrophy is likely dynamic and not entirely independent of each other. 

  Caution should be exercised when interpreting measures of global atrophy, as numerous 

confounding factors, including age, lifestyle, cardiovascular disease, diabetes, genetics, and 

medication, can influence brain volume.106 Additionally, like global lesion measurements, global 

atrophy measures may lack the sensitivity of more localized, regional analyses. Atrophy occurs in 

both gray and white matter of the brain and spinal cord, and the rates of atrophy are not uniform 

across the CNS. Atrophy in the brain’s white matter is common in the corpus callosum, 

corticospinal tract, and longitudinal fibers.107,108 In gray matter, several studies have documented 

differences across various brain cortices, suggesting that atrophy may occur in a specific order, 

depending on the disease phenotype and duration. For example, in relapsing-remitting MS, initial 

atrophy has been observed in the posterior cingulate cortex and precuneus, with subsequent 

involvement of the middle cingulate cortex, brainstem, and thalamus.109 When modeling physical 

dysfunction, the best results were achieved by including the cortical thickness of the bilateral 

sensorimotor cortices and the bilateral insula. In the same study, the most accurate model for 

cognitive dysfunction included the bilateral posterior cingulate cortex and the bilateral temporal 

pole.110  
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  In addition to cortical changes, alterations in deep gray matter structures are associated 

with MS progression. Atrophy has been observed in regions such as the caudate, putamen, 

pallidum, nucleus accumbens, and thalamus.111 Among these, thalamic atrophy is particularly 

notable, indicating that the thalamus is a key region where structural decline closely aligns with 

clinical symptoms.112 Thalamic atrophy may hold prognostic value, as it is observed in individuals 

with clinically isolated syndrome and is predictive of conversion to MS.113,114 Additionally, 

thalamic volume has been linked to overall disability, cognitive impairment, and even aerobic 

fitness level.112,114–116  

Spinal cord atrophy, similarly, shows a strong association with disability and, in particular, 

physical impairment. MS patients tend to have smaller spinal cord cross-sectional areas compared 

to healthy controls, with those experiencing greater disability and longer disease duration 

exhibiting more pronounced atrophy.80,117 Additional evidence supports spinal cord atrophy as a 

significant feature in MS, with studies reporting axonal density losses of up to 65%.118 Further, 

spinal cord volume is associated with disability in MS independently of brain atrophy and lesion 

load.119 Altogether, tracking region-specific atrophy from the early stages of MS through the 

course of the disease may offer insights into patient symptomology and disability progression. 

Imaging Normal-Appearing Brain Tissue 

  So far in this review, we have covered lesions and atrophy observed at the macroscopic, 

regional, and global scale in MS. However, postmortem histopathological studies show that MS 

also causes diffuse neurodegeneration in non-lesion locations, termed normal-appearing brain 

tissue, which is not easily detectable using conventional MRI techniques. Signs such as 

inflammatory infiltrates, microedema, diffuse microglial, widespread axonal damage, and gliosis 

are observed in this seemingly unaffected tissue.79 Depending on the severity and extent, these 
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processes can disrupt neural communication and lead to neural injury.79,120,121 Research suggests 

that these areas of dysfunction may precede new lesion development, forming preactive lesions, 

and their study may offer deeper insights into the underpinnings of clinical outcomes in MS.122,123  

  Traditional MRI, with imaging resolutions and sensitivities typically in the range of 1-3 

mm, can miss these microstructural changes, thereby limiting our ability to fully understand the 

extent of neuronal damage. The lack of sensitivity in standard imaging methods means that these 

subtle changes in normal-appearing brain tissue go unmeasured. Given these limitations, 

researchers have turned to advanced MRI techniques, such as diffusion weighted imaging and 

magnetization transfer imaging, to better understand non-lesional damage and its relationship to 

clinical outcomes in MS.  

Diffusion Weighted Imaging 

Basics 

  With conventional MRI, images of brain structures are captured based on the density and 

relaxation properties of hydrogen protons, providing contrast between tissue types and 

macroscopic structures. Diffusion MRI (dMRI) extends this capability by leveraging the 

directional movement of water molecules, or diffusion, to provide insights into tissue’s 

microstructural properties. Outside the body, water molecules, without restrictions, exhibit 

constant, random Brownian motion, representing uninhibited or free diffusion (Figure 1.3a). In 

contrast, water movement within biological tissues is typically restricted due to interactions with 

cell membranes and other macromolecules (Figures 1.3b and c).124 Whether in extracellular, 

intracellular, or intravascular spaces, the surrounding cellular architecture affects the extent and 

direction of water molecule diffusion, ultimately defining the dMRI signal.125 Accordingly, the 

degree of diffusion restriction is inversely correlated with cell density and membrane integrity in 
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biological tissue (Figures 1.3b and c).126 Notably, the typical water displacement distance during 

diffusion measurement is estimated at 8–10μm, roughly the average size of cells in the human 

body. This suggests that, in principle, dMRI has the sensitivity to probe cellular microstructure in 

vivo.127  

 

Figure 1.3. Representation of Water Diffusion. Schematic illustrating how extracellular water 
molecule movement varies across different microstructural environments, forming the basis of 
dMRI. a) Free diffusion, water molecules move randomly without barriers, as in cerebrospinal 
fluid. b) Hindered diffusion, water movement is partially constrained by cellular structures such 
as sparsely distributed axons. c) Restricted diffusion, water is tightly confined by densely packed 
axons, limiting displacement and producing strong diffusion anisotropy. 
 
  The dMRI sequence is largely adapted from T2-weighted MRI sequences. In dMRI, two 

diffusion-sensitizing gradients are added around radiofrequency pulses to identify water 

movement within tissues.128 These two applied gradients shift the alignment, or phase, of proton 

spins, depending on their motion. For example, water molecules that are highly restricted and 

stationary are largely unaffected as the two gradients cancel, and high signal intensity is preserved 

during both gradient applications. However, for less restricted water molecules, the first gradient 

shifts their phase, and then, because the molecules have moved in space by the time the second 

gradient is applied, their phase isn’t fully restored, leading to a drop in signal.128–130 By applying 

gradients in multiple directions within an MRI acquisition, dMRI provides a map of diffusion 

strength and direction across the brain. The differing phase responses of unrestricted and restricted 
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water molecules enable the measurement of cellular density and structural integrity differences in 

various tissues and between populations. 

  Within the CNS, myelin acts as a strong barrier to water motion, and especially in white 

matter where myelinated axons are aligned, it creates a non-uniform water diffusion direction 

distribution called anisotropic diffusion.131 Contrastingly, in the ventricles, where cerebrospinal 

fluid is present without many cells or surrounding structure, diffusion more closely resembles free 

diffusion, which is a uniform movement distribution across all directions, or isotropic.132 Gray 

matter fits in the middle of this spectrum as it contains high cell density but also lacks uniform 

direction and contains unique structures, such as cell bodies that return more isotropic signals. 132–

134  

  By understanding the distinct diffusion characteristics of different brain tissues and 

regions, dMRI can highlight subtle microstructural alterations associated with early disease stages 

or minor injury, including differences in normal-appearing white matter. Abnormal diffusion 

patterns can signal compromised tissue, as seen in stroke, tumors, traumatic brain injury, and 

neurodegenerative conditions such as MS, where diffusion characteristics deviate significantly 

from typical healthy patterns.124,135–139 Through its sensitivity to microstructure, dMRI has become 

a valuable tool for assessing brain health and structural connectivity, providing researchers with 

insights into regions and pathways that may appear unaffected on conventional MRI. 

Diffusion Tensor Imaging 

  To fully harness the power of dMRI, models are needed to help quantify and interpret the 

complex data captured during imaging. One of the most widely used models is diffusion tensor 

imaging (DTI), which quantifies the diffusion of water molecules by representing them as tensors. 

A tensor is a multi-dimensional array that encapsulates directional information, allowing DTI to 
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capture the degree and directionality of water diffusion within each imaging voxel (Figure 1.4).140 

To obtain a reliable diffusion tensor within a 3D space, DTI imaging sequences must capture data 

across at least six directions in addition to an image with no diffusion weighting.141 In DTI, the 

diffusion of water is modeled as an ellipsoid, where the principal axes correspond to the 

predominant directions of water movement. This tensor ellipsoid can be characterized by three 

eigenvectors, representing the extent of diffusion along three orthogonal axes, providing a 

comprehensive picture of water diffusion within the voxel (Figure 1.4).132 When the eigenvalues 

associated with these vectors are similar in magnitude, diffusion is isotropic, occurring equally in 

all directions (Figure 1.4a). In contrast, diffusion is anisotropic when one eigenvalue is 

significantly larger than the other two, indicating a preferred direction of water movement (Figure 

1.4b).132 

  From the tensor representation, several metrics can be derived to describe the underlying 

water movement and subsequent interpretation of microstructure. The most commonly used 

metrics are mean diffusivity (MD), axial diffusivity (AD), radial diffusivity (RD), and fractional 

anisotropy (FA).142 MD is the average of all three eigenvalues and represents a directionless 

measure of the average rate of water diffusion within a voxel. MD is often used as a general 

measure of tissue integrity in white matter, where lower MD values correlate with more intact 

tissue and higher values with tissue damage.142 AD measures diffusion along the primary direction 

and is often associated with axonal integrity in white matter, where lower AD values are correlated 

with axonal loss.143,144 RD quantifies diffusion perpendicular to the primary direction and is 

calculated as the average of the secondary and tertiary eigenvalues. RD has been linked to 

structural organization and demyelination, where higher values generally indicate reduced 

structural integrity.145–147  
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Figure 1.4. Diffusion Tensors. Tensors model the direction and magnitude of diffusion. a) An 
isotropic tensor, visualized as a sphere, represents equal diffusion in all directions. The associated 
eigenvectors are of roughly equal length, indicating no primary direction of diffusion. b) An 
anisotropic tensor, shown as an elongated ellipsoid, reflects directional diffusion. One of the 
associated eigenvectors is significantly longer, indicating greater diffusion along the principal 
direction. 
 
  FA measures the degree of anisotropy of water diffusion calculated on a scale of 0 to 1, 

where 0 is isotropic and 1 is anisotropic. FA is the most frequently used DTI metric and is primarily 

used as a summary metric for structural integrity, where higher values indicate better integrity.142 

Studies have recommended the utility of analyzing all 4 metrics collectively to distinguish 

diffusion patterns and infer underlying physiology.148,149 Although DTI is one of the most widely 

used diffusion models and histopathologic correlations have been explored for its metrics, it’s 

crucial to recognize that, like conventional MRI, DTI does not directly measure cellular structures. 

Changes in DTI metrics can result from a variety of underlying factors and may be misleading.150 

Therefore, caution should be used when interpreting these imaging metrics in isolation. 

  In MS research, DTI has become a widely used tool for quantifying microstructural 

changes in the CNS, with over 300 studies published as of 2019.151 Given that MS is marked by 

demyelination and axonal loss, which disrupts neural architecture, DTI is particularly well-suited 

for investigating these pathological changes and their clinical associations. Early studies in the 
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field revealed that MD and FA were reduced in both white matter lesions and normal-appearing 

white matter in MS patients compared to controls, indicating both focal and diffuse structural 

differences. Additionally, lower MD and FA values were observed in hypointense T1 lesions 

compared to isointense lesions, suggesting that these DTI metrics may be useful indicators of 

lesion severity.152,153 In a separate study, lesion FA was only weakly correlated with EDSS score 

across all MS phenotypes and moderately correlated in progressive forms. 154  

  With evidence that DTI can detect structural abnormalities in normal-appearing white 

matter, tract-based DTI analyses have become a prominent approach in MS research. Using 

regional DTI analysis, metrics extracted from the corticospinal tract and corpus callosum have 

been found to correlate with motor disability in MS patients, while metrics from the parietal, 

frontal, and temporal white matter are associated with cognitive dysfunction.155–157 Altogether, 

tract-based DTI analysis has shown strong associations with clinical outcomes, likely because it 

captures structural damage in regions that appear unaffected on conventional imaging.158  

  DTI studies of the spinal cord in MS patients have demonstrated that DTI metrics can 

distinguish between patients with high and low disability levels, even among those with low lesion 

counts.159 Furthermore, spinal cord DTI metrics have been shown to correlate with sensorimotor 

impairment across MS phenotypes, with altered DTI metrics observed in patients with more 

progressive forms of the disease.160  

This brief overview highlights only some of the research in MS using DTI to detect and 

quantify structural changes. With demonstrated correlations between DTI metrics and both 

physical and cognitive disability, DTI has established itself as a valuable research tool for 

investigating the neural basis of MS-related impairments.  
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Despite its popularity as a model and widespread usage in MS research, DTI is 

accompanied by several important considerations. First, DTI is based on the assumption that water 

diffusion in biological tissue follows a Gaussian distribution, which is only true in the case of 

isotropic, unrestricted diffusion.161 In the complex cellular environment of neural tissue, 

intracellular and extracellular water molecules encounter various structural barriers, such as 

membranes and organelles, which lead to highly heterogeneous diffusion patterns. As a result, 

diffusion within neural tissue rarely fits a true Gaussian model, leading to deviations that can limit 

the accuracy of DTI measurements.161,162 This assumption, while simplifying modeling, can lead 

to potential inaccuracies, particularly in regions with complex microstructures.  

  Another major limitation of DTI is that it assumes only one primary diffusion process per 

voxel, which can lead to erroneous quantification in regions containing multiple fiber 

orientations.163 This is a significant issue, as recent estimates suggest that between 63-90% of 

white matter contains crossing fibers.164 In such regions, DTI struggles to accurately represent the 

true diffusion patterns, as the ellipsoid tensor model oversimplifies fiber architecture by reducing 

multiple fiber tracts within a voxel to a single pathway. This simplification can lead to incomplete 

or misleading interpretations of the integrity of underlying neural pathways.  

  Another challenge arises from the fluid-filled areas surrounding blood vessels in the brain, 

known as perivascular spaces, which have been shown to influence DTI metrics. Studies indicate 

that increased fluid in these spaces leads to increased MD values and decreased FA values, 

potentially introducing bias in measurements.165 Lastly, DTI metrics lack specificity when used in 

isolation. For example, while FA measures anisotropy, it is an aggregate metric, meaning that 

changes in FA could result from demyelination, axonal loss, edema, changes in axonal orientation, 

or a combination of these factors. These considerations highlight the importance of exercising 
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caution when interpreting DTI findings in isolation and suggest that, while DTI has demonstrated 

considerable potential, more advanced imaging techniques may provide a more comprehensive 

and accurate characterization of the underlying structural alterations in MS pathology. 

  Collectively, DTI was one of the first techniques developed to model diffusion in the brain, 

and it remains a valuable research method. Studies using DTI have helped establish the presence 

of diffuse pathology in MA, showing measurable differences in normal-appearing white matter in 

vivo that affect areas beyond visible lesions. Its simple yet elegant tensor model has provided 

insights into one of the most complex systems, the human nervous system, helping to bridge neural 

structure and clinical outcomes in ways that lesion load alone could not. However, DTI has 

limitations. Its Gaussian model can distort the underlying diffusion and cannot solve the crossing 

fibers problem, leading to imperfect interpretations. Despite its limitations, DTI remains a valuable 

tool in human neuroscience and will continue to play a key role in uncovering the neural 

underpinnings of functional impairment in MS. 

Diffusion Kurtosis Imaging 

  Diffusion kurtosis imaging (DKI) expands on the capabilities of DTI by characterizing the 

non-Gaussian behavior of water diffusion, offering a more nuanced depiction of the complex 

microstructural heterogeneity within biological tissues.166 In DKI, the b-value, an imaging 

parameter that quantifies the strength and timing of the diffusion weighting applied, can be 

implemented at increased intensity levels. Higher b-values increase the sensitivity to shorter 

molecule movement distances and, therefore, enhance the detection of subtle microstructural 

variations, which are often missed by DTI’s lower b-value constraints.161 In DKI’s mathematical 

framework, a term accounts for kurtosis or the degree to which the diffusion profile deviates from 

Gaussian behavior. Higher kurtosis values indicate a greater deviation from the Gaussian 
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distribution, suggesting that water movement must navigate a more complex environment.161,167 

Additionally, DKI’s capability to model non-Gaussian water enhances its effectiveness in regions 

with isotropic diffusion characteristics, such as gray matter, where water diffusion does not have 

a predominant direction, thereby enabling more comprehensive imaging across both white and 

gray matter tissues.167 

  DKI captures directional kurtosis using a fourth-order tensor that encompasses 21 

combined degrees of freedom, compared to just 6 in standard DTI.161,168 This increased complexity 

in modeling necessitates a corresponding increase in scanning effort, as DKI typically requires 

imaging at least three different b-values and 15 distinct directions.168 From the DKI tensor, several 

metrics that relate to those obtained from DTI can be derived, allowing for the quantification of 

overall and directional microstructural complexity. The most commonly reported metrics include 

mean kurtosis (MK), axial kurtosis (AK), radial kurtosis (RK), and fractional anisotropy kurtosis 

(FAK). However, due to the high dimensionality of the kurtosis tensor, many additional 

quantifications are also possible. 161,169 MK, which reflects the overall diffusional heterogeneity, 

increases as tissue complexity increases. AK measures diffusion along the primary fiber direction, 

where lower values indicate more diffusion along this direction. RK provides information on 

diffusion perpendicular to the main fiber direction, increasing as water is more restricted in this 

direction. Like RD, RK values have been linked to processes such as myelination and axonal health 

in white matter. In a mouse model, RK and MK were better indicators of myelin content than DTI 

metrics.170  

  Within MS research, some studies have shown that DKI measures reveal larger differences 

between MS patients and controls in normal-appearing white matter compared to DTI measures. 

This includes regions where DKI detected differences and DTI did not.171 Further studies 
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implementing DKI and DTI found that both metrics are sensitive to tissue differences between 

individuals with MS and controls. However, DTI performed best in regions with highly aligned 

fibers, such as the corpus callosum, and DKI excelled in areas with complex fiber orientations, 

such as the corona radiata.172 This suggests that the two models can be used in tandem to provide 

complementary information. Similarly, studies in the spinal cord suggest that DKI of the white 

and gray matter can provide a more comprehensive characterization of neural damage.173 In 

regards to clinical outcomes, RK within the corticospinal tract has been associated with EDSS at 

baseline and 12-month follow up.174 Kurtosis metrics measured within the corpus callosum were 

also moderately associated with the EDSS.175 Additionally, studies have reported that decreased 

MK in cortical gray matter is strongly associated with poor cognitive performance.176,177  

  Taken together, DKI addresses some of the limitations of DTI and may offer additional 

insights into neural alterations in MS that contribute to functional impairment. Although it is a less 

explored technique in MS, studies have highlighted the effectiveness of DKI in offering insights 

into neural impairment, particularly in regions with complex tissue. In addition, DKI enables the 

investigation of isotropic tissue, such as normal-appearing gray matter, potentially deepening our 

understanding of the structural changes linked to clinical outcomes.  

Neurite Orientation Dispersion and Density Imaging  

  Neurite Orientation Dispersion and Density Imaging (NODDI), similar to DKI, expands 

on traditional diffusion MRI techniques by providing insights into tissue microstructural 

environments. To achieve this, NODDI utilizes a multi-compartment model to distinguish between 

three microstructural environments: intra-neurite, extra-neurite, and cerebrospinal fluid.178 Each 

compartment is modeled using a different diffusion distribution: intra-neurite space is modeled 

using a Watson distribution, extra-neurite space with a Gaussian anisotropy distribution, and 
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cerebrospinal fluid with an isotropic Gaussian distribution. The intra-neurite compartment is 

designed to model both axons and dendrites, allowing it to be utilized to assess the structural 

integrity of both gray and white matter.178 By modeling these distinct compartments, NODDI 

offers a more nuanced depiction of cellular architecture than the simple single Gaussian DTI 

model. NODDI outputs two primary parameters, orientation dispersion index (ODI) and neurite 

density index (NDI), which respectively quantify the directional dispersion and density of 

neurites.178 By distinguishing between neuron density and orientation, both of which affect DTI 

measures like FA, NODDI enables a more precise interpretation of the underlying data.179 

  NODDI is a relatively new technique, and research using it for in vivo assessment of MS 

patients is limited in number. However, studies employing NODDI have shown promise in 

detecting early microstructural abnormalities in normal-appearing white matter, lesions, and 

cortex.180,181 A common finding across NODDI studies in MS is a reduction in NDI in both lesions 

and normal-appearing white matter compared to controls, and a decrease in ODI in lesions, likely 

indicating axonal loss. In addition, multiple studies have noted an increase in ODI in normal-

appearing white matter in MS patients compared to controls, potentially indicating pathological 

disruptions in the alignment and togetherness of tightly packed fibers.180,182–184  

Given its ability to detect microstructural disruption, NODDI metrics, such as increased 

ODI in normal-appearing white matter, may provide a valuable approach for studying diffuse 

tissue damage early in the course of MS. Additionally, studies have shown that NODDI metrics 

identify more extensive changes in lesions and normal-appearing white matter compared to DTI.182 

Research on the clinical correlations between NODDI metrics and the EDSS is limited and has 

produced mixed findings.180–183,185 Studies applying NODDI in the spinal cord have provided 

evidence that ODI reductions in MS lesions align with histopathological findings.186 Further spinal 
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cord studies have found reduced NDI in both lesions and normal-appearing white matter in MS 

patients compared to controls, and lower NDI in the white matter of patients was associated with 

higher disability.185,187 Altogether, given its potential to reveal microstructural features not 

accessible through traditional diffusion techniques, further research is warranted to fully explore 

and validate the utility of NODDI in MS. 

Fixel-based Analysis 

  Fixel-Based Analysis (FBA) is another advanced neuroimaging framework option 

designed to address the limitations of traditional diffusion models. Specifically, FBA provides 

detailed information about complex fiber arrangements within each voxel, enabling the 

differentiation of multiple fiber bundles in close proximity.188,189 Central to the use of FBA is a 

technique called constrained spherical deconvolution (CSD), which enables the identification of 

multiple fiber orientations within a voxel. Unlike traditional diffusion models, CSD does not 

assume a single dominant fiber direction per voxel, instead, it uses estimates to identify the number 

of fiber populations within a voxel and their orientations.190 This approach is particularly useful 

for mapping complex white matter structures such as fanning, kissing, or intersecting fibers 

commonly found throughout the brain.191,192   

  CSD leverages high angular resolution diffusion imaging, an advanced imaging protocol 

that collects diffusion-weighted images across many directions, typically at high b-values. 

Collecting data from a large number of directions increases sensitivity to distinct fiber pathways 

and provides a more comprehensive diffusion imaging dataset of the brain’s diverse fiber 

orientations.193 In CSD, an expected signal for a single white matter fiber population, known as 

the response function, is used in a deconvolution process to extract a white matter fiber orientation 

distribution from the diffusion MRI signal measured in each voxel.190 This results in the 
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identification of distinct fiber tracts within individual voxels, enabling the independent analysis of 

each fiber population. This capability is valuable for obtaining accurate measurements in complex 

regions, such as the corona radiata. 

  Fixel within FBA refers to an individual “fiber element within a voxel”, making it possible 

to quantify the white matter properties of a fiber bundle even if multiple fiber populations are 

present within the same voxel.191 Three metrics are derived from FBA: fiber density (FD), fiber 

cross-section (FC), and combined fiber density and cross-section (FDC) (Figure 1.5). FD is a 

measure of white matter microstructure and quantifies the intra-axonal volume of specific fiber 

bundles.194 FC is a macroscopic quantification that reflects the cross-sectional area of the fiber 

bundles. FDC combines both metrics, offering a comprehensive measure of the microstructural 

and macrostructural makeup of the fiber population.188 Together, they provide insight into 

pathophysiological processes in white matter, such as axonal loss and/or atrophy, enabling a 

nuanced evaluation of white matter differences at a subvoxel level. 

  FBA offers unique advantages for studying MS by estimating the complete fiber 

orientation distribution, allowing it to better account for confounding processes such as 

inflammation, edema, and gliosis that can impact standard DTI analysis.195 FBA research in MS 

has found that FD is reduced in both lesions and normal-appearing white matter, demonstrating 

similar sensitivity to FA in detecting lesion tissue. However, unlike FA, FD remained robust in 

areas with crossing fibers, where FA is often unreliable.195 Additionally, FD and FC were found 

to be reduced in the inferior fronto-occipital fasciculus, including the optic radiations, in MS 

patients with optic neuritis, suggesting that FBA can be a valuable tool for studying correlates of 

early axonal degeneration in MS.195  
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Figure 1.5. Representation of Fixel-Based Analysis Metrics. Illustration of the three metrics 
derived from fixel-based analysis, which quantifies white matter properties at the level of 
individual fiber populations within a voxel. The top panel shows a typical, healthy fiber bundle. 
Bottom left: Decreased Fiber density (FD)—reduced number of intra-axonal fibers, reflecting 
decreased axonal density. Bottom middle: Decreased Fiber cross-section (FC)—a smaller cross-
sectional area of the fiber bundle, reflecting macroscopic atrophy. Bottom right: Decreased Fiber 

density and cross-section (FDC)—a reduction in both FD and FC, indicating combined micro- and 
macrostructural alterations. 
   

A recent study identified that FBA metrics were associated with MS phenotype, with 

secondary progressive MS showing the greatest microstructural and macrostructural damage, 

followed by primary progressive and then relapsing-remitting MS. FBA metrics also correlated 

with the degree of cognitive impairment, distinguishing between cognitively preserved, mildly 

impaired, and significantly impaired MS patients. Moreover, baseline FBA metrics have been 

shown to predict cognitive decline over a five-year period, highlighting their potential utility for 

researchers investigating neural correlates of disease progression in MS.196 Additional associations 

have been reported between FD and FC and gait impairment, as well as errors in a force-tracking 
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task, in MS patients with minimal disability.197 Lastly, FDC reductions in brainstem 

monoaminergic tracts are associated with cognitive fatigue in MS, supporting the idea that axonal 

damage to these pathways leads to the dysfunction of the monoaminergic system, contributing to 

central fatigue.198  

  FBA is an emerging neuroimaging framework for assessing white matter properties in 

neurodegenerative and aging populations, offering advantages over traditional diffusion imaging 

methods, particularly in regions with complex fiber orientations. FBA is highly robust in areas 

where fibers cross, diverge, or bend, providing more accurate measurements of white matter 

properties in these challenging spaces. Early studies using FBA in MS have demonstrated 

correlations with clinical outcomes, such as cognitive impairment, physical disability, central 

fatigue, and disease progression. FBA captures both microstructural (FD) and macrostructural 

(FC) information, allowing for comprehensive characterization of white matter tracts. Taken 

together, FBA is a promising research tool for revealing white matter changes linked to MS 

outcomes. 

Structural Networks 

  Using dMRI and subsequent modeling techniques, structural networks in the brain can be 

constructed by mapping connections between different regions using tractography, a process that 

models the pathways of white matter fibers. Tractography enables the visualization of white matter 

tracts across the brain, allowing researchers to examine the structural connections underlying 

neural communication. Tracing tracts through white matter is where advanced frameworks like 

FBA are especially advantageous, offering improved precision in mapping fibers through complex 

regions. In contrast, tractography based on DTI may be less reliable in the complex areas, and 

more reliable in areas where white matter fibers are tightly aligned, such as the corpus callosum 
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and internal capsule. This limitation is particularly relevant in MS, where multifocal lesions can 

disrupt tracts and prevent accurate tracing of fibers. Studies have shown that CSD and other 

advanced techniques, which incorporate more complex modeling, are better equipped to handle 

tissue complexity and are more resilient to damage-related artifacts, likely allowing for more 

accurate tract tracing through affected regions.199,200 Consequently, structural networks mapped 

with FBA provide a more robust foundation for both whole-brain and regional analyses, enhancing 

our understanding of both large-scale and localized brain networks. 

  Studies assessing structural networks in MS patients have found notable alterations in both 

local and global connectivity compared to controls. For instance, research has shown pronounced 

network differences in sensorimotor, visual, default-mode, and language networks, with these 

alterations correlating with EDSS scores.201 Another study, which used a metric sensitive to both 

short- and long-range connections, found altered connectivity even in early relapsing-remitting 

MS, suggesting that these measures may be useful for investigating early network-level changes 

in the disease. The same study identified increased connections through major intra- and 

interhemispheric tracts, the cingulum and corpus callosum, which may reflect compensatory 

mechanisms in early MS.202 Additional studies highlight structural reorganization linked to deficits 

in attention and executive function, cerebellar connectometry differences that are strongly 

correlated with disability, as well as connectivity differences within the limbic system that are 

associated with major depression in MS.203–205 While some studies show connectivity differences 

are linked to lesion load and location, others find little overlap between lesion location, network 

connectivity, and underlying function, arguing that injury within normal-appearing white matter 

is a likely contributor.204,206,207  
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  While the studies presented here are informative and contribute significantly to our 

understanding of MS by enabling researchers to link microstructural alterations with clinical 

manifestations, many arrived at these conclusions using DTI tractography. Further research would 

benefit from reassessing global and local measures using advanced techniques. Overall, network 

dysfunction is evident from the early stages of MS, and structural connectivity likely evolves over 

time as the CNS attempts to adapt and compensate for the accumulation of neural injury.  

Magnetization Transfer Imaging  

  Magnetization Transfer Imaging (MTI) is another powerful MRI technique that measures 

protons differently from conventional and dMRI by focusing on the interactions between free 

water protons and protons bound to macromolecules. In conventional MRI, signals are primarily 

derived from the spins of mobile hydrogen nuclei, with the time between the radiofrequency pulse 

and maximum signal intensity typically exceeding 10 milliseconds. In contrast, the spins of 

hydrogen protons within macromolecules, such as myelin and proteins, decay much more rapidly, 

often with decay times of 1 millisecond or less, making them undetectable in conventional MRI.208  

  MTI utilizes a radiofrequency pulse far from the normal resonance frequency of free water, 

known as an “off-resonance” pulse. This approach selectively excites the protons in 

macromolecules, while leaving the protons in free water largely unaffected.209 Due to the constant 

motion of mobile water, there are frequent interactions and exchanges between these mobile 

protons and the stationary protons of macromolecules. When water molecules bind transiently to 

the surfaces of macromolecules, the spins of the protons can exchange. When adequate off-

resonance power is applied, macromolecular spins reach a saturated state, where the numbers of 

parallel and antiparallel spins become equal, resulting in a net magnetization vector of zero. This 

saturated magnetization can then be transferred to mobile protons, causing partial saturation of 
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their spins.209 As a result, the greater the amount of macromolecules present within a tissue, the 

greater the extent of magnetization transfer. This magnetization exchange is fundamental to MTI, 

enabling it to detect subtle changes in tissue composition and providing insights into the 

macromolecular environment that are not discernible using traditional MRI techniques. 

  The magnetization transfer ratio (MTR) is commonly implemented to quantify MTI and 

facilitate interpretation. MTR is calculated as the ratio between signal intensities from MR images 

acquired with and without the application of a saturating pulse.208 This approach standardizes 

comparisons across different tissue types and brain regions. MTR is expressed as a percentage, 

where lower values indicate reduced magnetization transfer. For example, in the ventricles, where 

the abundance of macromolecules is low, the signals from saturated and non-saturated pulse 

acquisitions are nearly identical, resulting in an MTR close to zero. In contrast, regions such as the 

corpus callosum, which contains high levels of myelin and densely packed fibers, yield higher 

MTR values. Typically, white matter exhibits MTR values that are 7-8% higher than those of gray 

matter.209 

  Research using animal models, including a rodent model of MS, has shown that MTR 

correlates with histopathological features such as axonal loss, demyelination, edema, and 

macrophage presence.210–213 Additionally, postmortem studies of MS patients have demonstrated 

associations between MTR values and axonal loss and demyelination in lesions and normal-

appearing white matter.214–216 In vivo studies have shown that MTR decreases in normal-appearing 

white matter up to 1–12 months before the formation of contrast-enhancing lesions. MTR is 

particularly low in T1 hypointense “black hole” lesions compared to isointense lesions, though it 

may gradually increase over time, potentially reflecting recovery from acute inflammation.217,218 

Together, this suggests that MTR serves as an indicator of lesion severity and as a predictor of 
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future lesion development or recovery. Several studies highlight that lower whole-brain MTR 

values are associated with increased disability, further building upon histological studies that link 

MTR to diffuse tissue damage.219 In addition to white matter changes, MTR studies have linked 

lower values to gray matter demyelination, identifying cortical abnormalities that correlate with 

disability even in the early stages of MS.220,221 

  Collectively, MTR offers a unique structural imaging approach that provides independent 

and complementary information to conventional and dMRI. MTR has shown associations with 

clinical disability and serves as a quantitative indicator for both present and potential future tissue 

damage. Although MTR cannot distinguish between specific pathologies like edema, myelin loss, 

or demyelination, it provides insight into the extent of tissue alteration. Together, this makes MTR 

a valuable addition to MRI-based research and clinical studies in MS. 

Myelin Water Imaging  

  Myelin Water Imaging (MWI) is an advanced MRI technique specifically designed to 

quantify the myelin content in brain tissue, providing insights into white matter health, especially 

in demyelinating diseases like MS. Conventional FLAIR imaging has been widely used to 

visualize demyelination in MRI, but signal changes in FLAIR images can reflect not only 

demyelination but also edema, inflammation, and axonal loss.222 This overlap has fueled interest 

in myelin-specific imaging for research applications. MWI is proposed to take advantage of the 

unique folds in myelin structure to measure water trapped within the lipid bilayers surrounding 

axons. In the MTI section, we discussed the different spin decay times between free water 

(characterized by a long spin decay) and water in macromolecules (characterized by a short spin 

decay, typically less than 1 ms). In between these two typical relaxation times is an additional 
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quantifiable relaxation time that represents water found between the lipid bilayers of myelin, 

termed “myelin water”.223  

  It’s important to clarify that the molecules expressing this relaxation timing are not free 

water or part of macromolecules but rather the water trapped between myelin layers. Due to its 

close proximity to macromolecules and highly restricted environment, myelin water produces 

unique signal characteristics that can be detected and quantified. MWI can be generated from 

various MRI protocols, with T2-based MWI being the most common.224 Regardless of the specific 

imaging technique, MWI relies on detecting the faster relaxation time of myelin water compared 

to that of extracellular and intra-axonal water. This enables the calculation of the myelin water 

fraction (MWF), a metric representing the proportion of myelin water to total water within a voxel, 

thereby quantifying myelin density.225 

  Histological studies have demonstrated a strong correlation between MWF and 

postmortem myelin density across white matter, gray matter, and lesions.226,227 Animal studies 

similarly show that MWF is closely related to myelin density and suggest that MWF is less 

influenced by inflammation compared to MTI.228,229 In vivo studies reveal that lesions exhibit 

roughly 50% lower MWF than contralateral white matter, while normal-appearing white matter in 

individuals with MS also has lower MWF compared to controls. Additionally, overall water 

content was elevated in all measured tissues in MS patients compared to controls, possibly 

indicating diffuse microedema.230  

  Longitudinal studies have shown that MWF changes in lesions over time, with increases 

in MWF interpreted as edema resolution and potential remyelination.231 MWF alterations have 

been identified in normal-appearing brain tissue in individuals with clinically isolated syndrome, 

and predicted short-term conversion risk to clinically diagnosed MS.232 Furthermore, baseline 
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MWF can predict MWF at follow-up, and initial lesion severity has been linked to a lesion’s 

myelin recovery potential.233 Regional analyses indicate clinical correlations between MWF and 

cognitive and sensorimotor functions in neuroanatomically relevant areas.234,235 Specifically, 

MWF in motor pathways like the corticospinal tract and cerebellar peduncles have been associated 

with walking performance and fall risk in MS patients.236 

  Taken together, MWI is an advanced MRI technique that was developed to provide an 

indirect measure of myelin content in the CNS. This imaging approach offers a unique perspective 

on myelin density, enabling the differentiation between healthy and affected white matter in 

neurodegenerative diseases. While MWI and MWF have strong histological support, it’s important 

to note that MWF is a ratio and can be influenced by changes in total water levels. For example, 

elevated water content from diffuse microedema, commonly suggested in MS, can make MWF 

appear reduced. This sensitivity to total water should be carefully considered when interpreting 

findings and reported clearly by studies using MWF as an outcome variable. MWI offers the 

potential for tracking disease progression and has also been used to evaluate the effectiveness of 

treatments aimed at preserving or restoring myelin, making it a valuable tool in neuroimaging 

research. 

Ultra-High Field Magnetic Resonance Imaging  

  Thus far in this review, we have not discussed the hardware used to capture MRI images 

in detail. Most of the studies highlighted here rely on MRI scanners with magnetic field strengths 

of 1.5 or 3 Tesla (T), which are currently the most commonly used systems in clinical and research 

settings. Tesla refers to the strength of the magnetic field, where a higher Tesla rating provides a 

stronger magnetic field and, therefore, greater signal sensitivity. While 1.5T and 3T are widely 

available and sufficient for many imaging purposes, some of the studies included in this review 
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utilize a cutting-edge 7T MRI system. This ultra-high-field MRI technology offers substantial 

advantages in resolution and sensitivity, pushing the boundaries of what can be detected in the 

brain, particularly in conditions like MS. 

  The primary advantage of implementing 7T MRI over 3T MRI is the improved signal-to-

noise ratio. Higher magnetic field strengths significantly increase tissue signal while reducing 

background noise, which enables greater spatial resolution and enhanced tissue contrast. This 

combination enables 7T MRI to provide an enhanced level of detail, making it possible to visualize 

small-scale structural changes and subtle tissue abnormalities that lower-field systems may miss. 

For example, in MS research, 7T MRI has proven particularly useful for assessing grey matter 

pathology and detecting cortical lesions, an area of research that remains challenging with lower-

field MRI.  

  To that end, recent studies have shown that 3T MRI could only detect about ¼ of the 

cortical lesions identified with postmortem histopathology.237 A comparative study between 7T 

and 3T MRI found that 7T MRI increased the cortical lesion detection rate by 200–225%, with 

particularly high identification rates for certain lesion types.238 Further, 7T MRI is better at 

distinguishing lesions located at cortical and subcortical junctions, and excluding some cortical 

lesions identified with 3T that were actually signals from blood vessels.239 Intra-rater lesion 

scoring using 7T MRI is excellent and poor using 3T MRI.240 Although the benefits of lesion 

identification within the brain may be confined to the gray matter, within the spinal cord, lesion 

detection is 50% higher using 7T MRI compared to 3T MRI.241,242 Lastly, 7T MRI may also 

improve the detection of biomarkers such as central vein sign and paramagnetic rims, which can 

help with the speed and accuracy of diagnoses.243,244 
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  Despite these advantages, practical barriers still exist for implementing 7T MRI in all 

clinical settings. The cost of a 7T MRI system is estimated to be between $7–10 million in the 

United States. Additionally, the hardware requires more space, is heavier, and takes longer to 

install.245 Scanning times with 7T MRI are also longer, and several additional safety considerations 

must be taken into account. These include significant acoustic noise levels (up to 110 dB) and the 

lack of safety testing for many implanted medical devices in 7T environments, which complicates 

its clinical application.246  

The implementation of 7T MRI in MS research presents significant advantages over 

traditional 3T MRI, particularly in detecting subtle cortical lesions, which are key indicators of 

disability. Additionally, 7T MRI has the potential to aid in identifying tissue attributes that could 

enhance the speed and accuracy of diagnosis. Although logistical and safety concerns remain, the 

superior resolution offered by 7T MRI is poised to be invaluable for both clinical practice and 

research in MS and other neurodegenerative disorders. Overall, the transition to ultra-high-field 

MRI is a promising step forward, with the potential to improve our understanding and management 

of complex neurological conditions. 

Conclusion 

Over the past several decades, the field of neuroimaging has advanced significantly, providing 

clinicians and researchers with an expansive toolkit to investigate, diagnose, and monitor complex 

neurological diseases. In MS, MRI remains the backbone of clinical imaging, playing a critical 

role in diagnosing, monitoring, and predicting disease progression. Conventional T1- and T2-

weighted imaging is essential for identifying and quantifying CNS injury. These conventional MRI 

techniques form the foundation of the McDonald criteria, the primary diagnostic protocol for MS. 

As imaging protocols and technologies advance, the goal remains to refine these criteria by 
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identifying robust imaging biomarkers that improve diagnostic sensitivity while minimizing the 

risk of misdiagnosis. 

Beyond assessing macroscopic injury, a major frontier in MS imaging lies in capturing 

pathology outside focal lesions through advanced imaging techniques. Conventional DTI was 

among the first models used to study white matter in MS, providing measures such as FA and MD 

that were proposed to serve as an indicator of structural integrity. DTI studies have revealed diffuse 

abnormalities both within lesions and in normal-appearing white matter in MS patients compared 

to neurotypical controls, with metrics capturing damage beyond focal lesions showing stronger 

correlations with clinical outcomes. However, DTI has limitations, notably its low sensitivity to 

crossing fibers and its simplistic modeling of tissue microstructure. Newer diffusion models, such 

as NODDI and FBA, offer refined insights by explicitly accounting for and modeling the complex 

architecture of neural tissue. These techniques provide more detailed measures of underlying 

microstructural changes while maintaining accuracy in regions with intricate crossing fibers. By 

capturing diffuse injury and subtle alterations in tissue composition, these methods enable a more 

precise interpretation of MS-related damage that extends beyond traditional lesion tracking and 

simple DTI models, providing a more comprehensive view of the disease's impact on neural 

integrity. 

The future of MS imaging holds exciting potential with the emergence of ultra-high-field 

MRI (7T), which offers higher resolution, increased sensitivity, and improved tissue contrast. This 

next-generation imaging technology holds the potential to improve the identification of important 

imaging markers. For instance, 7T MRI substantially improves the detection of cortical lesions, a 

key challenge in MS neuroimaging, providing information that is otherwise hidden at lower 

scanning resolution. These improvements could allow for faster, more accurate diagnoses, 
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enhanced disease monitoring, and deeper investigation into the structural changes underlying MS-

related symptoms. However, despite these benefits, the widespread clinical adoption of 7T MRI is 

currently limited by economic and logistical barriers. To ensure that high-quality neuroimaging is 

accessible to a broad patient population and that subsequent care decisions are well-informed, the 

continued development of advanced imaging techniques for lower-field MRI remains essential. 

In summary, neuroimaging in MS has reached a promising stage, where advanced 

techniques and multimodal approaches enable the accurate capture of anatomical information at 

both the macrostructural and microstructural levels, leading to informative interpretations. With 

ongoing innovations in MRI technology, the field is well-positioned to deepen our understanding 

of the neural underpinnings of MS-related impairments, optimize patient care, and ultimately 

enhance outcomes for individuals with this challenging disease. 
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CHAPTER 2 – POWER PRODUCTION DURING THE FIVE TIMES SIT TO STAND TEST 

IN PEOPLE WITH MULTIPLE SCLEROSIS1 

 

 

Introduction  

Multiple sclerosis (MS) is a chronic neurological condition affecting an estimated 2.8 

million people worldwide and is a leading cause of long-term disability in young adults.1,2 In MS 

pathology, damage to myelinated axons disrupts neural communication within the brain and spinal 

cord, leading to a variety of symptoms.3,4 Among the most impactful of these symptoms is a 

progressive decline in motor and sensory function.5,6 These physical limitations can significantly 

interfere with daily life, as many people with MS face increasing challenges with movement and 

balance over time.7,8 

One of the most detrimental consequences of MS-related physical impairments is an 

increased risk of falls.9 Falls begin early in the disease course, sometimes preceding a clinical MS 

diagnosis, and increase in frequency as the disease advances.10 Falls pose a heightened risk of 

physical injury (e.g., fractures, head injuries), and they precipitate a cascade of psychological and 

social effects.11,12 Falls and the fear of falling impede individual independence by reducing 

physical activity, limiting comfort and confidence in movement, and decreasing social 

engagement, ultimately leading to diminished quality of life.11,13–161 

Many falls occur during transfer movements when an individual changes body positions, 

such as when rising and lowering from a chair.17 As such, clinical assessments of sit-to-stand 

 

1 This chapter is published as: Patrick CM, Bast IE, Scarsbrook MW, Swanson CW, Fling BW, Johnson KA. Power 
Production During the Five Times Sit to Stand Test in People with Multiple Sclerosis. Multiple Sclerosis and Related 

Disorders. 2025; 106582. 
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transfer ability are particularly relevant. The Five Times Sit-to-Stand Test (5XSST) is a reliable 

measure of transfer ability and functional strength in aging and neurological populations.18–21 

Moreover, according to clinical practice guidelines for neurorehabilitation, the 5XSST is the best 

practice for assessing sit-to-stand transfer ability in people with MS.22 

Beyond evaluating functional mobility, metrics derived from force plates during a sit-to-

stand transfer, such as peak lower-body power, differentiate fallers from non-fallers in older 

adults.23 While measuring lower-body power during transfers may help identify fall risk in people 

with MS, the equipment and time required to measure power is largely inaccessible to clinicians. 

Accordingly, equations that use readily available metrics such as patient height, weight, and time 

to complete the transfer assessment have been developed to estimate lower-body power during sit-

to-stand transfers.24 Currently, it is unknown whether these equations accurately estimate lower-

body power during transfers in individuals with MS. Given the high rate of falls among people 

with MS and the harmful impact falls have on health and well-being, assessing transfer ability and 

lower-body power with clinically feasible tests like the 5XSST can provide valuable insights for 

enhancing health monitoring and outcomes within neurological conditions such as MS. 

Therefore, the aims of this study were to 1) examine differences in 5XSST vertical ground 

reaction force (vGRF) profiles and associated kinetic metrics between people with MS and 

matched controls, 2) establish the relationship between force plate-derived lower-body power with 

estimated lower-body power during the 5XSST, and 3) compare force plate derived power and 

estimated power during the 5XSST between fallers and non-fallers with MS. Together, this work 

aids in developing accessible methods for fall risk monitoring, prevention, and neurorehabilitation 

for people with MS. 
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Materials and Methods  

The data for this study was collected as part of a larger investigation into the neural 

underpinnings of motor control in people with MS. The study was reviewed and approved by the 

Colorado State University Institutional Review Board (IRB#18-7738H), and all participants 

provided written informed consent prior to participation. 

Participants 

A total of 56 participants from northern Colorado were enrolled in this study, including 29 

individuals with a neurologist confirmed diagnosis of relapsing-remitting MS and 27 sex- and age-

matched neurotypical (NT) controls. Only individuals with mild to moderate disability (0–6.5, 

self-reported Expanded Disability Status Scale (EDSS)) were eligible to participate. Participants 

were excluded if they reported a musculoskeletal injury, joint replacement, vestibular disorder, or 

any neurological conditions other than MS known to impact mobility. 

Five Times Sit-to-Stand Test (5XSST) 

Participants completed five repetitions of a sit-to-stand movement using a standard chair 

with a straight back, no armrests, and a seat height of 17 inches (43.2 cm), consistent with 

recommended height ranges.25 Prior to the 5XSST, participants’ feet were positioned shoulder 

width apart with each foot situated on independent force plates. During the movement, participants 

were instructed to maintain a forward gaze and perform five sit-to-stand and stand-to-sit 

movements as quickly and safely as possible, with arms and hands placed across their chest.  

Force Parameters 

Throughout the 5XSST, only participants’ feet were situated on the force plates, with each 

foot positioned on a separate force plate (Model 4060-10, Bertec Corp., Columbus, OH, USA). 

The chair was positioned off platform and did not contribute to the force signal. vGRF was 
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collected bilaterally at 1000 Hz and subsequently added together for a complete vGRF measure. 

Force measurements were processed using a 20 Hz lowpass filter in MATLAB (v.9.14.0, 

MathWorks Inc., Natick, MA, USA). Following filtering, several outcome metrics were extracted 

from the force profile using a custom MATLAB script and visualized in Figure 2.1. 

The completion time for the 5XSST was measured from the onset of trunk flexion during 

the first stand action, defined as a ≥2.5% decrease in foot weight,26 to the completion of the fifth 

sit, identified as a local minimum in the vGRF profile using a first-derivative approach. Incline, a 

measure of the rate of force development (RFD), is the slope of the vGRF profile between 20% 

and 90% of maximum vGRF,26 expressed as percent body weight per second (%BW/s; Figure 

2.1A and 1B). Maximum vGRF was calculated as the maximal vGRF generated by participants 

during the rising phase of the movement and normalized to participant body weight (Figure 2.1C). 

Peak-to-Trough is the difference in force between the max vGRF and the following local minimum 

(trough) prior to full standing position (Figure 2.1C and D). Instrumented power was calculated as 

the center-of-mass (COM) vertical velocity multiplied by vGRF. Participant body mass and vGRF 

were used to calculate COM vertical acceleration, then integrated to calculate COM vertical 

velocity. All force metrics were calculated for each individual sit-to-stand movement and then 

averaged across the five repetitions. 

Estimated Power 

 Estimated power was calculated using an equation that strongly correlates to instrumented 

power from force plate and video analysis of the 5XSST and a leg press power assessment in older 

adults (Equation 2.1).24,27 This equation estimates leg length as half of the participant’s height 

(Equation 2.1). Therefore, a second power estimate was calculated using measured leg length, 

defined as the distance between the medial malleolus and the greater trochanter, to more accurately 
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capture body displacement and consequently better approximate instrumented power (Equation 

2.2).  

 

 

Figure 2.1. Representative vGRF profile during a single sit-to-stand-to-sit transition. (Top) 
Relative body position across one repetition of the sit-to-stand task. (Bottom) Corresponding 
vGRF profile normalized to body weight. (A) 20% of maximum vGRF; (B) 90% of maximum 
vGRF; (C) maximum vGRF, peak; (D) local minimum following max vGRF, trough; (E) Stand, 
~100% body weight. 
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Equation 2.1: 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑆𝑆𝑆𝑆𝑆𝑆 𝑝𝑝𝑝𝑝𝑝𝑝𝑀𝑀𝑝𝑝 (𝑊𝑊)  =   𝐵𝐵𝑝𝑝𝐵𝐵𝐵𝐵 𝑚𝑚𝑀𝑀𝑚𝑚𝑚𝑚  ×  0.9  ×  [𝐻𝐻𝑀𝑀𝐻𝐻𝐻𝐻ℎ𝑡𝑡 ×  0.5 − 𝐶𝐶ℎ𝑀𝑀𝐻𝐻𝑝𝑝 𝐻𝐻𝑀𝑀𝐻𝐻𝐻𝐻ℎ𝑡𝑡]� 5𝑋𝑋𝑆𝑆𝑆𝑆𝑆𝑆 𝑡𝑡𝐻𝐻𝑚𝑚𝑀𝑀𝑀𝑀 𝑝𝑝𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆 𝑝𝑝𝑀𝑀𝑝𝑝𝑀𝑀𝑡𝑡𝐻𝐻𝑡𝑡𝐻𝐻𝑝𝑝𝑀𝑀𝑚𝑚�   ×  0.5
 

Equation 2.2: 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑆𝑆𝑆𝑆𝑆𝑆 𝑝𝑝𝑝𝑝𝑝𝑝𝑀𝑀𝑝𝑝 (𝑊𝑊)  =   𝐵𝐵𝑝𝑝𝐵𝐵𝐵𝐵 𝑚𝑚𝑀𝑀𝑚𝑚𝑚𝑚  ×  0.9  ×  [𝑳𝑳𝑳𝑳𝑳𝑳 𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 − 𝐶𝐶ℎ𝑀𝑀𝐻𝐻𝑝𝑝 𝐻𝐻𝑀𝑀𝐻𝐻𝐻𝐻ℎ𝑡𝑡]� 5𝑋𝑋𝑆𝑆𝑆𝑆𝑆𝑆 𝑡𝑡𝐻𝐻𝑚𝑚𝑀𝑀𝑀𝑀 𝑝𝑝𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆 𝑝𝑝𝑀𝑀𝑝𝑝𝑀𝑀𝑡𝑡𝐻𝐻𝑡𝑡𝐻𝐻𝑝𝑝𝑀𝑀𝑚𝑚�   ×  0.5
 

Disability and Functional Impairment 

 The Expanded Disability Status Scale (EDSS) is a widely used scale to assess 

neurological function and disease progression in people with MS.28 Participants with MS 

reported their EDSS score using a self-administered questionnaire. Self-reported EDSS scoring is 

strongly associated with physician-assessed EDSS scoring.29 

Fall History 

 Participants reported all falls that occurred in the six months prior to study enrollment. 

Those having at least one fall were classified as fallers.30 

Secondary Assessments 

 Participants also completed the Timed Up and Go (TUG) test and mini Balance Evaluation 

Systems Test (miniBEST), clinical assessments of mobility and balance validated in the MS 

population.31,32 Briefly, the TUG test measures functional mobility by recording the time taken to 

rise from a chair, walk seven meters, turn, and return to the chair.33 The miniBEST assesses 

dynamic balance across four domains: anticipatory postural adjustments, reactive postural control, 

sensory orientation, and balance during gait.34 Individuals with MS also completed the 12-item 

Multiple Sclerosis Walking Scale (MSWS12) questionnaire, which assesses the impact of MS on 

walking ability in daily life and is predictive of faller status in people with MS.30,35 
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Statistical Analysis 

 One-dimensional statistical parametric mapping (SPM) was used to identify which parts 

of the vGRF profile differed between individuals with MS and NT controls.36,37 This analysis 

focused on differences in body control within the rising and lowering phases of the sit-to-stand 

movement. To center the analysis on the core portion of the movement, vGRF data points were 

isolated from 25% body weight during rising to 25% body weight during lowering. These data 

points were registered to 101 nodes to time-normalize the movement from 0–100%. A two-sample 

SPM t-test was then applied to compare force profiles between groups at each node. 

Additional 5XSST metrics were imported to R Statistical Software (v4.4.2; R Core Team, 

Vienna, Austria, 2024) for statistical analysis. Two sample t-tests were used for group comparisons 

between people with MS and NT controls for maximum vGRF, incline, peak-to-trough, 

instrumented lower-body power, and estimated lower-body power. For each variable in each 

group, quantile-quantile plots and Shapiro-Wilks Tests were used to confirm normality. Levene’s 

Test was used to confirm equal variance for each variable. A Welch two sample t-test was used to 

compare 5XSST completion time, as it failed the assumption of equal variance. For comparisons 

between fallers and non-fallers with MS, the same normality and variance testing was conducted. 

Two-sample t-tests were used for instrumented power, estimated power, incline, and peak-to-

trough, Welch’s t-test was used for maximum vGRF, and Mann-Whitney U tests were used for 

5XSST completion time, TUG, miniBEST, and MSWS-12. All group comparisons were 

conducted as one-tailed tests. Cohen’s d was used to calculate effect sizes (d). Correlations 

between instrumented and estimated lower-body power were calculated using Pearson’s product-

moment correlation coefficient (r). The alpha level was set to 0.05 for all statistical tests, with 

Bonferroni correction applied for multiple comparisons of force plate-derived metrics. 
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Results  

Group Characteristics 

The MS group presented with mild to moderate disability, with an average score of 3.2 ± 

1.7 (median: 4, range: 0 - 6.5) on the EDSS (Table 2.1). The MS and NT groups were similar in 

age (p = 0.908), height (p = 0.161), and body mass index (BMI, p = 0.994). Compared to the NTs, 

people with MS took longer to complete the TUG test (p = 0.002) and performed worse on the 

miniBEST (p < 0.001). People with MS also reported more falls, averaging 1.7 ± 2.9 falls in the 

past six months, whereas no falls were reported by the NT group (Table 2.1).   

Table 2.1. Group Characteristics. Average demographic and clinical characteristics of 
participant groups. Fallers were people with MS who reported 1 or more falls within the past 6 
months. Non-fallers were people with MS who reported 0 falls within the past 6 months. BMI = 
Body Mass Index; EDSS = Expanded Disability Status Scale; MSWS12 = Twelve Item MS 
Walking Scale; TUG = Timed-Up and Go Test; miniBEST = Mini-Balance Evaluation Systems 
Test. 

Characteristic Multiple Sclerosis Neurotypical p-value 

  Mean SD Mean SD   

n 29 - 27  - - 

Sex (male:female) 9:20 - 8:19  -  

Age (years) 47.5 12.2 47.1 15.2 0.908 

BMI (kg/m²) 24.9 3.7 24.9 3.3 0.994 

Height (cm)  166.4 7.6 169.3 7.9 0.161 

EDSS 3.2 1.7 - - - 

MSWS12 Total  27.5 14.4 - - - 
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5XSST Performance and Force Profile Comparison 

Force profile differences between groups are presented in Table 2.2. People with MS took 

longer to complete the 5XSST compared to the NTs, showed lower maximal vGRF, lower incline, 

lower peak-to-trough, and lower mean and maximal power.  

 

MSWS12 Percentage (%)  32.3 30.0 - - - 

TUG (s)  18.7 4.8 15.5 1.8 0.002 

miniBEST Total  24.0 5.6 29.2 2.5 <0.001 

Falls Past 6 months    - - - 

- Fallers (n = 10) 1.7 2.9    

- Non-fallers (n = 19) 0 0    
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 Table 2.2. Comparison of 5XSST performance time, force production, and power outputs between the MS and NT groups. Bonferroni 
correction for multiple comparisons was applied and available in the corrected p-value column. 

Variable Multiple Sclerosis Neurotypical 
Uncorrected 

 p-value 

Corrected  

p-value 

Cohen’s d 

   Mean SD Mean SD 

Completion Time (s) 13.4 3.6 11.0 2.2 0.002 0.011 0.82 

Max vGRF (%BW) 129.9 11.1 138.7 10.5 0.002 0.011 -0.81 

Incline (%BW/s) 723.1 267.3 972.8 213.5 <0.001 <0.001 -1.03 

Peak-to-Trough 

(%BW) 65.3 23.8 83.3 21.6 0.002 0.013 -0.80 

Mean Power (W) 202.1 67.5 258.9 81.1 0.003 0.020 -0.76 

Max Power (W) 378.0 140.2 492.5 154.3 0.003 0.016 -0.78 
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SPM analysis (Figure 2.2A) revealed differences in the vGRF between MS and NT groups during 

the sit-to-stand-to-sit movement. Corresponding force profiles for both groups are shown in Figure 

2.2B. During the rising phase of the movement, the NT group generated higher vGRF from 2-18% 

of the task cycle (p < 0.001). This was followed by a lower trough in the NT group compared to 

the MS group, between 32–38% of the task cycle (p < 0.001). The lowering phase of the movement 

was nearly a mirror of the rising phase with the NT group exhibiting lower vGRF at a local 

minimum following the standing phase (58–72%, p < 0.001) and higher vGRF at the local 

maximum during the lowering phase (78–95%, p < 0.001). Overall, the MS group demonstrated a 

flatter vGRF profile, characterized by lower values at both peaks and higher values at both troughs, 

while the NT group displayed a more dynamic profile with more pronounced peaks and troughs. 

 
Figure 2.2. Group differences in vGRF during the sit-to-stand-to-sit task. (A) Statistical parametric 
mapping (SPM) results comparing vGRF profiles between the MS and NT groups. Shaded regions 
above and below the red dotted lines indicate significant (alpha = 0.05) differences along the task 
cycle. (B) Mean vGRF profiles expressed as %BW for people with MS (orange line) and NT 
controls (blue line). 
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Instrumented and Estimated Power  

A moderate positive relationship was found between instrumented power and estimated 

power using Equation 2.1 (r = 0.525, p = 0.003) (Figure 2.3A). When leg length was used in place 

of 0.5 × height (Equation 2.2), a slightly stronger correlation was observed (r = 0.594, p < 0.001) 

(Figure 2.3B). Both relationships exhibit low r² values, indicating that the models explain a limited 

proportion of the variance in instrumented power (Equation 2.1: r² = 0.275; Equation 2.2: r² = 

0.352). 

 

Figure 2.3. Correlations between instrumented power and estimated power in people with MS. 
(A) Equation 2.1 (r = 0.525, p = 0.003), (B) Equation 2.2 (r = 0.594, p < 0.001). 
 
 
Kinetic and Clinical Comparisons – MS Fallers and Non-Fallers  

In the MS group, differences in instrumented and estimated power were observed between 

fallers (n = 10) and non-fallers (n = 19). Non-fallers demonstrated higher mean values for 

instrumented power (p = 0.026, d = 0.82) and estimated power (p = 0.028, d = 0.72) compared to 

fallers (Figure 2.4). Given that Equation 2.2 yielded the strongest correlation in the MS group 

(Figure 2.3B), it was selected for this comparison. In addition to power, incline was the only other 

5XSST metric that differed between groups (fallers: 602.4 ± 151.2 %BW/s vs. non-fallers: 786.6 
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± 295.6 %BW/s, p = 0.018). No differences were observed in 5XSST completion time (fallers: 

14.3 ± 3.3 seconds vs. non-fallers: 12.9 ± 3.7 seconds, p = 0.097), max vGRF (fallers: 128.1 ± 5.4 

%BW vs. non-fallers: 130.9 ± 13.2 %BW, p = 0.212), or peak-to-trough (fallers: 60.9 ± 16.1 %BW 

vs. non-fallers: 67.5 ± 27.2 %BW, p = 0.209). Across other clinical assessments, fallers took longer 

to complete the TUG test (fallers: 21.2 ± 3.7 seconds vs. non-fallers: 17.4 ± 4.9 seconds, p = 0.004), 

scored lower on the miniBEST (fallers: 20.0 ± 5.6 vs. non-fallers: 26.2 ± 4.3, p = 0.002), and 

reported higher scores on the MSWS-12 (fallers: 60.2 ± 23.0% vs. non-fallers: 17.7 ± 21.9%, p < 

0.001), compared to non-fallers. 

 

Figure 2.4. Comparison of instrumented and estimated power between Fallers and Non-Fallers 
with MS. (Top) Instrumented Power (p = 0.026, d = 0.82). (Bottom) Estimated Power calculated 
by Equation 2.2 (p = 0.028, d = 0.72). Dotted Line = Mean; Solid Line = Median. * Indicates 
significance (p < 0.05). 
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Discussion 

The aims of this study were to compare vGRF profiles and associated kinetics during the 

5XSST between people with MS and NT controls, assess the relationship between instrumented 

power and estimated power in people with MS, and compare 5XSST outcomes and performance 

of common clinical mobility assessments between fallers and non-fallers with MS. The findings 

indicate 1) People with MS control body weight differently during transfers compared to NT 

controls, 2) Existing equations developed to estimate lower-body power in elderly populations 

correlate moderately but may under- or overestimate actual power production in people with MS, 

and 3) Reduced lower body power during sit-to-stand transfers coincides with higher fall risk in 

people with MS. 

5XSST Performance Differences Between People with MS and NT Controls 

Compared to matched NT controls, people with MS took longer to complete the 5XSST 

task taking an average of 13.4 ± 3.6 seconds. This time is consistent with times measured by 

stopwatch in other studies in people with MS of similar age and disability level.38–40 

Differences in force profile shape reflect distinct strategies for body weight control during 

the transfer movement between the two groups. Specifically, during the rising (concentric) phase, 

the NT group exhibited greater peak force (max vGRF) and greater RFD (incline) (Table 2.2 & 

Figure 2.2), reflecting a superior ability to generate force during the initial push-off from a seated 

position. This larger and quicker force generation allowed the NT group to build greater vertical 

momentum, resulting in a pronounced deceleration phase prior to standing, quantified as the peak-

to-trough metric (Table 2.2). In contrast, people with MS produced smaller force at a slower RFD, 

resulting in reduced momentum, a shallower trough, a significantly lower peak-to-trough value, 

and ultimately, a flatter overall vGRF curve shape (Table 2.2 & Figure 2.2). A similar pattern was 
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observed during the lowering (eccentric) phase, where people with MS exhibited a shallower 

trough and smaller maximum vGRF compared to NT controls. Taken together, individuals with 

MS were less dynamic and slower when transferring to and from a standing position. 

These findings may indicate deficits in explosive strength and dynamic weight transfer in 

people with MS. It is well established that lower-body strength, specifically knee extension 

strength, is related to 5XSST time in people with MS.39–42 While knee extension strength was not 

measured in this study, the differences observed between groups during the rising and lowering 

phases suggest that people with MS had weaker lower-body strength compared to NT peers, which 

likely contributed to a longer time to complete the 5XSST. Furthermore, the flatter force profile in 

people with MS may indicate a compensatory strategy to prioritize balance and stability over 

speed, potentially due to challenges with reduced proprioception, impaired motor control, and 

diminished muscle strength, common impairments in people with MS.4,43 Taken together, these 

findings emphasize the need for targeted interventions, such as strength training and 

neuromuscular rehabilitation, to improve ballistic force generation and transfer ability in people 

with MS. 

Equations for Estimating Power 

Lower-body power is a valuable indicator of fall risk in aging populations.23 However, 

measuring power by force plates or machines may not be practical in some clinical settings. 

Estimating lower-body power through equations that use readily available patient metrics offers a 

feasible alternative. The findings from this study indicate that estimated lower-body power is 

moderately correlated to instrumented power in people with MS, and substituting measured leg 

length slightly improves the strength of the correlation (Figure 2.3). While half height serves as a 
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reasonable approximation for the displacement occurring during the movement, using leg length 

may offer modest yet valuable improvements in power estimation. 

Although the two equations were moderately correlated with instrumented power, both had 

large variability and low r² values, suggesting that the agreement between the estimates and 

instrumented power was low. Equation 2.1 underestimated lower-body power (-10.3 ± 61.1 W 

(estimated – instrumented power)), whereas Equation 2.2 overestimated (+7.3 ± 60.0 W (estimated 

– instrumented power)). Given that the equations were developed in a different population (NT 

older adults) they still show promise for estimating lower-body power in people with MS, 

potentially due to similarities in mobility impairment between middle-aged adults with MS and 

NT older adults.44 Regression models have estimated peak and average lower-body power in the 

5XSST for healthy and older adults,45,46 but applying this approach to MS would require a large, 

diverse sample, which is beyond the scope of this analysis. 

Comparison of Fallers vs. Non-fallers with MS 

Consistent with previous findings,30,47,48 fallers with MS in our study performed worse on 

clinical assessments of dynamic mobility and postural stability as compared to non-fallers with 

MS. However, these groups did not differ in the time to complete the 5XSST. While clinicians 

typically observe and subjectively evaluate movement quality during the 5XSST, the time it takes 

to complete the task is the primary quantitative outcome. These findings indicate that the 5XSST 

time may not be a good indicator of fall risk in people with MS with mild to moderate disability. 

Although the lack of a significant difference may be influenced by the sample size, the differences 

in other clinical assessments (TUG, miniBEST, and MSWS-12) provide additional support that 

time to complete 5XSST may not be sensitive enough to detect differences in fall risk among 

people with MS. A novel finding from this study is that fallers and non-fallers with MS exhibited 
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distinct characteristics during the 5XSST task. Specifically, fallers with MS demonstrated lower 

instrumented and estimated power (Figure 2.4) and lower RFD (incline) compared to non-fallers. 

These differences were accompanied by moderate to large effect sizes, underscoring the potential 

value of power and RFD metrics in identifying fall risk in people with MS.  

Overall, these findings emphasize the importance of rapidly generating lower-body force 

to reduce fall risk in people with MS. This is consistent with findings that showed knee extension 

RFD discriminates fallers and non-fallers with MS.49 Resistance training that emphasizes “a fast 

concentric phase and a slow eccentric phase” improves 5XSST performance in people with MS.42 

Together, these studies, along with our findings, underscore the critical role of rapid force 

generation in mitigating fall risk. However, the accessibility and portability of equipment such as 

knee extension machines and other lower-body strength assessment tools can be a limitation in 

some clinical settings. Thus, there is a need for practical and accurate clinical assessments to aid 

decision-making in the absence of specialized machinery. Notably, our findings suggest that 

estimated power, calculated with the leg length modification, can effectively differentiate fallers 

with MS from non-fallers with MS, offering a viable alternative to instrumented power 

measurements. 

Limitations  

Several factors should be considered when interpreting these findings. This study relies 

solely on force plate data to assess the 5XSST without tracking body position. While body tracking 

could provide additional insight, ground reaction force data alone is a well-established method for 

evaluating functional lower limb performance. 

Although age, height, and BMI did not differ between groups, the small, uneven sample of 

MS fallers (n = 10) and non-fallers (n = 19) may limit the power to detect differences. Additionally, 
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fall status was based on self-reported falls over six months, introducing potential recall bias. Fall 

frequencies also varied widely, with some participants reporting only one or two falls and others 

more than ten. 

All people with MS in this study had relapsing-remitting MS, limiting generalizability to 

other subtypes. Additionally, the narrow range of self-reported EDSS scores reflects a population 

with mild disability, restricting applicability to those with more severe impairment. 

Conclusion 

This study highlights that people with MS control their bodies differently during the 

5XSST movement compared to NT peers, generating less vGRF, lower rates of force development, 

and reduced power, resulting in longer time to complete the task. While estimated lower-body 

power equations provided a moderate approximation of instrumented power, large variability in 

estimation accuracy underscores the need for improvement. Notably, substituting leg length, a 

clinically accessible metric, for 0.5 x height, strengthened the correlation between estimated and 

instrumented power. Future studies should explore factors that increase estimation accuracy in the 

MS population, enabling clinicians to better assess fall risk. Finally, there is a need for future 

research to determine whether interventions like high-velocity resistance training improve lower 

body power during sit-to-stand transfers and subsequently reduce fall risk in people with MS. 
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CHAPTER 3 – ASSOCIATIONS BETWEEN CORTICOSPINAL TRACT 

NEUROPHYSIOLOGY AND LOWER-LIMB MOTOR FUNCTION IN PEOPLE WITH 

MULTIPLE SCLEROSIS 

 

 

Introduction  

Multiple sclerosis (MS) is a chronic disease of the central nervous system and the most 

common non-traumatic neurodegenerative disease among young adults.1,2 With disease onset 

typically between the ages of 20 – 40, and a life expectancy that often approaches that of the 

general population, individuals commonly live with MS for several decades.3–6 This prolonged 

disease course imposes a substantial long-term burden, often requiring continuous medical care, 

rehabilitation, and lifestyle modifications, contributing to significant socioeconomic costs over the 

lifespan.7,8 

The clinical presentation of MS is highly variable, with individuals experiencing a diverse 

range of symptoms such as muscle weakness, fatigue, spasticity, sensory disturbances, and 

cognitive dysfunction.9–11 Symptoms arise from neural injury caused by an aberrant immune 

response that damages myelin and axons, triggering inflammatory and neurodegenerative 

processes throughout the central nervous system.12,13 Resulting neuronal damage disrupts neural 

signal transmission, leading to delayed conduction and reduced signal amplitude, compromising 

communication across functional neural networks.14–17 Over time, the accumulation of structural 

damage and disrupted neural communication gives rise to functional impairments that interfere 

with daily activities.2,18  

Among the most prevalent and impactful symptoms of MS are mobility and balance 

impairments, affecting more than 90% of patients.19,20 These challenges often begin early in the 
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disease course and progress to interfere with personal, occupational, and social functioning.7,21 

One of the most serious consequences of impaired mobility and balance in MS is an elevated risk 

of falls.22 As MS progresses, fall frequency increases, elevating the risk of serious injury such as 

fractures and head trauma.21,23,24 In addition to physical harm, falls can contribute to fear of falling, 

reduced self-efficacy, and avoidance of physical activity. Together, these effects can contribute to 

social withdrawal and diminished quality of life.8,20,23,25–28 

One of the most prominent contributors to fall risk in individuals with MS is lower-

extremity weakness.29,30 The lower-limbs are disproportionately affected in MS, as they are 

innervated by some of the longest axons in the central nervous system, making them more 

vulnerable to demyelination and axonal damage.31–33 Consequently, impairments in lower-limb 

strength and motor control are common, with evidence showing reduced motor unit recruitment, 

reduced capacity for maximal force generation, and slower rates of force development (RFD).33–

40 The combination of reduced strength and rate of force development limits the ability to safely 

perform dynamic tasks such as standing up, recovering from perturbations, or changing direction 

while walking.41–43 

Impairments in motor output among individuals with MS are closely tied to disruptions in 

central motor pathways, particularly the corticospinal tract (CST), which plays a central role in 

voluntary motor control.36,44–47 Transcranial magnetic stimulation (TMS) is a frequently used 

technique to non-invasively probe CST function in clinical populations such as MS.48 TMS-

derived metrics such as motor-evoked potential (MEP), MEP onset latency, and cortical silent 

period (CSP) offer insight into excitability, conduction efficiency, and intracortical inhibition 

within the CST.49 These metrics reflect the integrity of the CST and offer insight into the state and 

responsiveness of the motor system in individuals with MS. Associating TMS measures with 
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assessments of muscle function, such as maximum voluntary isometric contractions (MVIC), 

reflects how central motor system alterations in individuals with MS contribute to deficits in 

maximal voluntary force production. 

While isolated assessments of CST function and muscular strength via MVIC are 

informative, it is equally important to understand how these impairments affect dynamic real-

world motor tasks. The sit-to-stand movement is a fundamental component of daily mobility, 

performed approximately 60 times per day by healthy adults.50 Falls often occur during transfer 

movements, such as the sit-to-stand, as they require strength, balance, and coordination.51 

Together, sit-to-stand performance serves as a clinically relevant indicator of fall risk and 

functional capacity. The Five Times Sit-to-Stand Test (5XSST) is a widely used and validated 

assessment that captures lower-limb strength and is recommended by neurorehabilitation 

guidelines as a best-practice tool for evaluating transfer ability in people with MS.52–57 

Additionally, metrics derived from the sit-to-stand movement, such as mean and max power 

production, have been shown to differentiate fallers from non-fallers in MS and other clinical 

populations (Chapter 2).58 However, it remains unknown how TMS-derived neurophysiological 

measures relate to performance during functional transfer movements such as the 5XSST. 

Exploring these relationships may inform more targeted and effective rehabilitation strategies to 

enhance CST excitability or task-specific training aimed at improving force generation. 

The present study aimed to evaluate CST function, tibialis anterior (TA) maximal motor 

output, and functional mobility via the 5XSST in individuals with MS compared to age- and sex-

matched neurotypical (NT) controls, and to examine the associations between neurophysiologic 

measures and motor performance. The following hypotheses were tested: 1. Individuals with MS 

will exhibit reduced MEP area, increased normalized MEP onset latency, and increased CSP area 
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compared to NT controls. 2. Individuals with MS will demonstrate impaired muscular and 

functional performance, characterized by lower MVIC maximal force production and reduced 

muscle activation during MVIC, and diminished 5XSST force generation, and slower 5XSST task 

completion. 3. MEP area will correlate positively with MVIC force and electromyography (EMG) 

amplitude, and normalized MEP latency will correlate with MVIC RFD measures in participants 

with MS. 4. MEP area will correlate with 5XSST concentric and eccentric force production 

metrics, normalized MEP latency will correlate with concentric and eccentric 5XSST force 

modulation measures in participants with MS, and CSP Area will correlate with eccentric 5XSST 

force production metrics. 

Materials and Methods 

The present study is a secondary analysis of data collected as part of a broader investigation 

into the neural correlates of motor impairment in individuals with MS. Ethical review and approval 

was granted from the Colorado State University Institutional Review Board (IRB#18-7738H), and 

informed written consent was provided by all participants in accordance with the Declaration of 

Helsinki prior to participation. 

Participants 

Of the 59 individuals enrolled in the original study (30 with relapsing-remitting MS and 

29 NT controls), only 50 participants completed the TMS protocol, the primary outcome measure 

in this investigation, and were therefore included in the present analysis. The final sample 

consisted of 26 individuals with a neurologist-confirmed diagnosis of relapsing-remitting MS and 

24 age- and sex-matched NT controls. Inclusion criteria for individuals with MS required 

participants to have mild to moderate disability, defined as a self-reported Expanded Disability 

Status Scale (EDSS) score ranging from 0 to 6.5. Exclusion criteria for all participants included 
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musculoskeletal injury, joint replacement, pregnancy, or vestibular dysfunction. Additionally, 

participants with contraindications to TMS, such as a history of seizures, epilepsy, or metal 

implants, were excluded. Participants with MS were excluded if they had any neurological 

conditions besides MS, and NT controls were required to have no history of neurological 

conditions. 

Transcranial Magnetic Stimulation Acquisition 

TMS was used to assess the functional integrity of the CST by probing three 

neurophysiological processes, excitability, inhibition, and conduction latency. Single-pulse TMS 

was delivered using a 2 × 95 mm angled butterfly coil (120-degree, Cool D-B80, MagVenture), 

positioned approximately 45–65° from the mid-sagittal plane,59 to elicit MEPs from the TA muscle 

of each leg. Muscle activity was recorded using surface EMG with bipolar Ag-AgCl electrodes 

placed over the TA muscle belly.  

The optimal cortical stimulation site for eliciting responses from each TA muscle was 

identified by systematically delivering pulses starting 1 cm lateral and 1 cm posterior to the vertex 

of the cranium (defined by the intersection of the lines projecting from nasion-inion and left-right 

pre-auricular points) and adjusting the coil to evoke the largest and most consistent MEPs.60 Once 

the motor “hot spot” was identified in each hemisphere, resting motor threshold (RMT) was 

determined as the lowest TMS intensity required to produce MEP peak-to-peak amplitudes of at 

least 0.05 mV in 5 out of 10 consecutive trials.61 During data acquisition, participants performed 

unilateral dorsiflexion at 15% of their MVIC, using visual feedback to maintain the target force 

level. TMS pulses were delivered at 120% of the RMT for the corresponding hemisphere, targeting 

the previously identified motor “hotspot”. Stimulations were delivered every 7 to 10 seconds over 

a 3-minute period, resulting in a median of 21 stimulations per side per participant.  
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Transcranial Magnetic Stimulation Analysis  

EMG signals from the TA were acquired using a BIOPAC system (BIOPAC Systems, Inc., 

Santa Barbara, CA, USA) at a sampling frequency of 2000 Hz and with a 60 Hz notch filter applied 

during acquisition to suppress power line noise. Following data acquisition, EMG signals were 

preprocessed using a two-step filtering approach implemented with custom MATLAB scripts 

(v9.14.0, MathWorks, Natick, MA, USA). This included a 20–500 Hz bandpass filter to isolate 

relevant EMG frequencies,62 followed by a wavelet packet harmonic filter to reduce electrical 

interference observed in several recordings.63,64 After preprocessing, all EMG traces and their 

power spectrum frequency plots were visually inspected to ensure signal quality (Figure B1-6, 

Appendix B). MEPs were subsequently isolated from the filtered data within a time window 

spanning 100 ms before to 500 ms after TMS pulse onset. Trials were excluded if no clear response 

was observed, if the rectified EMG signal failed to exceed two standard deviations above the pre-

stimulus baseline, or if the response duration was shorter than 5 ms.65,66 

For each leg, rectified MEP traces from valid trials were averaged for each participant, and 

three metrics were derived, average MEP onset latency, average MEP area, and average CSP area. 

MEP onset latency was defined as the time interval (ms) between the TMS pulse and the onset of 

the MEP response in the TA. MEP latencies are reported in milliseconds per centimeter (ms/cm) 

to account for individual differences in height, which can influence raw conduction time 

measurements, particularly in the lower-extremities.49,67,68 MEP onset was identified using a 

threshold-based method, defined as the first data point exceeding 125% of the average rectified 

EMG (calculated over the 100 ms preceding TMS stimulation) and sustained above this threshold 

for at least 5 ms. MEP offset and CSP onset were defined as the same data point, marked by a 

sustained drop below the 125% pre-stimulus threshold for a minimum of 5 ms. CSP offset was 
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identified as the return of voluntary EMG activity, defined as the first point surpassing 125% of 

the pre-stimulus average (Figure 3.1).65 

Using these temporal markers, MEP area was calculated as the area under the rectified 

EMG curve between MEP onset and offset, with baseline activity area subtracted. Baseline 

correction involved multiplying the mean rectified EMG during the pre-stimulus period by the 

MEP duration and subtracting this value from the total rectified area (Figure 3.1).66 MEP area was 

selected as the primary measure of CST excitability, rather than peak-to-peak amplitude, due to 

the presence of polyphasic MEP waveforms in individuals with MS,69,70 which can compromise 

the reliability of amplitude-based metrics by failing to capture the full extent of CST excitability.71 

Similarly, CSP area was selected as the primary measure of cortical inhibition, as it captures the 

overall inhibitory effect more comprehensively than duration alone.72 It was calculated as the area 

between the rectified EMG signal and the pre-stimulus baseline from MEP offset to CSP offset 

(Figure 3.1). 
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Figure 3.1. Neurophysiological Outcome Measurements. Averaged rectified MEP waveform from an example participant. MEP onset 
latency was identified as the first datapoint that exceeded 125% of the pre-stimulus rectified EMG and was sustained for at least 5 ms. 
MEP offset was identified as the first datapoint below the 125% pre-stimulus rectified EMG and was sustained for at least 5 ms. MEP 
area was calculated as the area under the rectified EMG curve between MEP onset and offset, with pre-stimulus EMG activity subtracted 
(shaded green). CSP onset was defined as the same point as MEP offset. CSP offset was identified as the return of voluntary EMG 
activity, defined as the first point surpassing 125% of the pre-stimulus average. CSP area was calculated as the area between the rectified 
EMG signal and the pre-stimulus baseline from CSP onset to CSP offset (shaded pink). 
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Tibialis Anterior Maximum Voluntary Isometric Contraction Acquisition  

Before TMS data collection, participants performed a series of MVICs to determine peak 

force capability for each TA muscle. Participants’ feet were secured using a strap positioned over 

the dorsum of the foot just posterior to the metatarsals. To ensure consistent positioning, a 

stabilizing strap was placed around the heel to prevent posterior slippage, and the ankle joint 

maintained a neutral position (0° dorsiflexion). The foot was stabilized to prevent any movement 

that could lead to shortening of the TA muscle, while ensuring participant comfort. The dorsal 

strap was fastened to a high-capacity carabiner, which was connected to a force transducer 

(TSD121C, BIOPAC Systems, Inc.) mounted directly beneath the platform. This setup was 

designed so that force would be transmitted axially with minimal angular deviation, thereby 

enabling accurate measurement of dorsiflexion vertical force.73  

For MVIC trials, participants were instructed to generate dorsiflexion force as rapidly and 

forcefully as possible, sustaining the effort until the force output plateaued and was no longer 

increasing, with no contraction exceeding 4 seconds. Participants received visual feedback on 

force production, along with verbal encouragement, throughout testing.74 Participants completed 

between three and five MVIC trials for each TA muscle, continuing until maximal force output 

stabilized, indicated by no further increase across attempts and the two highest force values falling 

within 10% of each other. A minimum of 30 seconds of rest was provided between trials to 

minimize fatigue. 

Tibialis Anterior Maximum Voluntary Isometric Contraction Acquisition  

Outcome metrics derived from the MVIC trials included measures of strength, rate of force 

development, and muscle activation. Average maximum force was defined as the highest 100 ms 

mean force within the MVIC waveform for each leg. These values were then averaged across both 
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legs and normalized to body weight to account for individual differences. Peak rate of force 

development during the MVIC (MVIC-RFD) was defined as the maximum value of the first 

derivative of the force signal, representing the highest RFD during the contraction.75 MVIC-

Incline, an additional RFD measure, was calculated as the slope of the force curve between 20% 

and 90% of the maximum force value. Surface EMG data recorded from the TA during each MVIC 

were used to determine peak raw EMG amplitude and peak root-mean-square (RMS) EMG 

amplitude, providing estimates of muscle activation during maximal effort.76–78  

Five Times Sit-to-Stand Test Acquisition  

Participants performed five consecutive sit-to-stand-to-sit transfer movements using a 

chair of standard height (43.2 cm; 17 inches) with a straight back and no armrests, consistent with 

established guidelines.79 Participants were positioned so that each foot was placed on a separate 

force plate (Model 4060-10, Bertec Corp., Columbus, OH, USA), approximately shoulder-width 

apart, in a stance that was comfortable for performing repeated sit-to-stand movements. During 

the task, participants were instructed to cross their arms over their chest, maintain a forward gaze, 

and complete the five rise-and-sit cycles as quickly and safely as possible. 

Vertical ground reaction force (vGRF) data were collected simultaneously from both force 

plates at a sampling rate of 1000 Hz and summed to generate a total vGRF signal. The chair used 

during the 5XSST was positioned off the force platforms and did not contribute to the recorded 

force measurements. Raw force signals were subsequently low-pass filtered at 20 Hz in MATLAB, 

and a custom script was used to extract relevant performance metrics from the resulting vGRF 

waveform (Figure 3.2). 
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Five Times Sit-to-Stand Test Analysis 

Total task duration time was quantified from the start of the first standing movement to the 

final seated position on the fifth repetition. Movement onset was determined by a ≥ 2.5% reduction 

in foot weight, reflecting the initiation of forward trunk movement.80 The endpoint was defined 

using a first-derivative analysis to identify the local minimum in vGRF corresponding to re-seating 

on the final repetition.  

Additional vGRF metrics were extracted for each sit-to-stand-to-sit cycle and averaged 

across the five repetitions. All force values were normalized to body weight (%BW) to account for 

individual differences. SST-Incline was calculated as the slope of the vGRF curve between 20% 

and 90% of the peak force generated during the rising or concentric phase (Figure 3.2A–B).80 Peak 

concentric rate of force development (SST-cRFD) was also computed as the maximum of the first 

derivative of the vGRF curve during the rising phase.75 Max concentric vGRF (SST-cMax vGRF) 

was defined as the peak vGRF achieved during the rising action (Figure 3.2C). The moment of full 

standing (stand) was identified as the point at which the vertical velocity of the center of mass 

(COM) returned to zero following the concentric phase, indicating the end of upward movement 

(Figure 3.2D). Instrumented power (SST-Mean power) was estimated by multiplying the COM 

vertical velocity by the vGRF. COM vertical acceleration was first derived from vGRF and 

participant body mass, then integrated to yield vertical velocity.  

During the lowering or eccentric phase, maximum eccentric vGRF (SST-eMax vGRF) was 

defined as the peak vGRF generated while descending into the chair (Figure 3.2E). SST-Decline, 

a measure of the negative RFD, was calculated as the slope of the vGRF curve between 90% and 

20% of SST-eMax vGRF (Figure 3.2F–G). Peak eccentric rate of force development (SST-eRFD) 

was defined as the minimum of the first derivative of the vGRF signal during the lowering phase.81 
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Sit-to-stand time was measured from movement initiation to the stand event, and stand-to-sit time 

was measured from stand to seat contact. 

 
Figure 3.2. Representative Vertical Ground Reaction Force Profile During a Single Sit-To-

Stand-to-Sit Transition. (Top) Body position across a single repetition of the 5XSST, 
representing a sit-to-stand-to-sit movement. (Bottom) Corresponding vGRF profile normalized to 
body weight. (A) 20% of maximum concentric vGRF; (B) 90% of maximum concentric vGRF; 
(C) maximum concentric vGRF; (D) Stand, ~100% body weight; (E) maximum eccentric vGRF; 
(F) 90% of maximum eccentric vGRF; (G) 20% of maximum eccentric vGRF. 
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Expanded Disability Status Scale (EDSS)  

The EDSS is a standardized assessment tool used to evaluate neurological function and 

track disease progression in individuals with MS.82 Participants with MS provided their EDSS 

scores using a validated self-report questionnaire, which strongly correlates with physician-

administered assessments.83 

Statistical Analysis 

All statistical analyses were performed using R (version 4.4.2; R Core Team, 2024). Data 

distributions for each variable for each group were evaluated for normality using the Shapiro-Wilk 

test and visually inspected with Q–Q plots. Homogeneity of variances was assessed with Levene’s 

test. Between-group comparisons were made using independent-samples t-tests when assumptions 

of normality and equal variance were met. If variance equality was violated, Welch’s t-test was 

administered, and for non-normally distributed data, the Mann–Whitney U test was used. Cohen’s 

d was used to calculate effect sizes (d). Group differences in sex distribution were assessed using 

a chi-squared test. Associations between TMS outcomes and functional performance metrics were 

examined using Pearson correlation coefficients when both variables were continuous and 

normally distributed. When at least one variable was ordinal or non-normally distributed, 

Spearman’s rank-order correlation was used. Correlation strength was interpreted using the 

following thresholds: very weak (0.00 – 0.19), weak (0.20 – 0.39), moderate (0.40 – 0.59), strong 

(0.60 – 0.79), and very strong (0.80 – 1.00).84  

Results  

Participant Characteristics 

Participant demographics are summarized in Table 3.1. Participants with MS displayed no 

statistically significant differences in age (p = 0.775), height (p = 0.060), weight (p = 0.503), or 
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body mass index (BMI; p = 0.844) compared to NT participants. Participants with MS reported 

mild to moderate disability levels, with a median EDSS score of 3.5 (range: 0-4) and an average 

time since diagnosis of 11.81 ± 10.71 years. 

 

Group Comparisons of Corticospinal Excitability, Inhibition, and Latency 

No statistically significant differences in RMT were found between participants with MS 

and NT controls (MS: 67.13 ± 6.84% MSO vs. NT: 69.21 ± 7.73% MSO, p = 0.196, pFDR = 

0.196, d = -0.28). Participants with MS demonstrated significant delays in normalized MEP onset 

latencies (MS: 0.197 ± 0.027 ms/cm vs. NT: 0.184 ± 0.011 ms/cm, p = 0.031, pFDR = 0.041, d = 

Table 3.1. Participant Characteristics. Statistical comparisons were performed using 
independent t-testsᵃ, χ² testsᵇ, or Mann–Whitney U testsᶜ. † Indicates data presented as median and 
interquartile range. Bolded values indicate statistical significance (p-value < 0.05). BMI = Body 
Mass Index; EDSS = Expanded Disability Status Scale 
 MS  Control  

 M SD M SD p-value 

Characteristic      

n 26 - 24 - - 

Sex (female/male) 19-7 - 18-8 - 0.853
b 

Age (years) 48.19 11.95 47.07 15.65 0.775
a 

Height (cm) 165.74 7.32 169.76 7.44 0.060
a 

Weight (kg) 68.39 9.35 71.82 12.91 0.503
c 

BMI (kg/m2) 25 3.85 24.8 3.28 0.844
a 

EDSS† 3.5 0.88 - - - 

Time Since Diagnosis (years) 11.81 10.71 - - - 
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0.62) and significant reductions in MEP area (MS: 0.79 ± 0.36 mV*ms vs. NT: 1.12 ± 0.50 

mV*ms, p = 0.011, pFDR = 0.040, d = -0.75) and CSP area (MS: 0.70 ± 0.41 mV*ms vs. NT: 1.01 

± 50 mV*ms, p = 0.020, pFDR = 0.040, d = -0.68) compared to NT controls (Figure 3.3a-c). 

 

 

Figure 3.3. Group Comparisons of Transcranial Magnetic Stimulation Neurophysiology 

Measures. Neurophysiological differences between participants with MS and NT controls. a) 
Group comparison of normalized MEP onset latency. b) Group comparison of MEP area. c) Group 
comparison of CSP area. p = uncorrected p-value; pBON = Bonferroni adjusted p-value; * indicates 
pBON < 0.05. 
 

Group Comparisons of Tibialis Anterior Strength and Muscle Activation 

TA MVIC outcome measures are presented in Table 3.2. Compared to NT participants, 

individuals with MS demonstrated significantly reduced maximal force production during MVICs 

(pFDR = 0.027). Additionally, the MS group exhibited a significantly lower rate of force 

development, as reflected by both MVIC-Incline (pFDR = 0.002) and peak MVIC-RFD (pFDR = 

0.046). Muscle activation during MVICs was also significantly reduced in the MS group, with 

lower raw EMG amplitude (pFDR = 0.037) and RMS EMG values (pFDR = 0.037) compared to 

controls. 
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Table 3.2. Group Comparisons of Tibialis Anterior Maximum Voluntary Isometric 

Contraction Measures. MVIC performance metrics for the TA muscle comparing participants 
with MS and NT controls. Statistical comparisons were performed using independent t-testsᵃ or 
Mann–Whitney U testsᵇ. p = uncorrected p-value; pFDR = False Discovery Rate-adjusted p-value. 
 

 

 

Group Comparisons of 5XSST Performance 

Performance outcomes from the 5XSST are summarized in Table 3.3. Participants with 

MS completed the 5XSST significantly more slowly than NT participants (pFDR = 0.040). During 

the concentric phase, no significant group differences were observed in movement (sit-to-stand) 

time, though the MS group demonstrated a trend toward slower performance (pFDR = 0.086). 

Compared to controls, participants with MS exhibited significantly lower SST-cMax vGRF (pFDR 

= 0.004), reduced peak SST-cRFD (pFDR = 0.019), lower SST-Incline (pFDR = 0.004), and lower 

SST-Mean power output (pFDR = 0.014). 

During the eccentric phase, participants with MS were significantly slower to return to the 

seated position (stand-to-sit) (pFDR = 0.017). Additionally, they demonstrated significantly lower 

 MS Control   

Effect 

size 

Variable (unit) M SD M SD  p-value 

pFDR-

value 

Max Force (%BW) 33.45 11.23 41.89 11.44 0.011 a 0.027 a -0.75 

Peak MVIC-RFD 

(%BW/s) 
58.13 30.36 87.41 30.85 <0.001 b 0.002 b -0.96 

MVIC-Incline (%BW/s) 25.46 12.01 32.59 12.59 0.046 a 0.046 a -0.58 

Peak Rectified EMG (mV) 0.19 0.09 0.25 0.01 0.026 a 0.037 a -0.65 

Peak RMS EMG (mV) 0.05 0.03 0.07 0.03  0.030 a 0.037 a -0.64 
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SST-eMax vGRF (pFDR = 0.001), reduced peak SST-eRFD (pFDR = 0.014), and lower SST-

Decline (pFDR = 0.016) compared to NT participants. 

Table 3.3. Group Comparisons of Five Times Sit-to-Stand Measures. Comparison of 5XSST 
measures between participants with MS and NT controls. Statistical comparisons were conducted 
using independent t-testsᵃ, Mann–Whitney U testsᵇ, or Welch’s t-testsᶜ. p = uncorrected p-value; 
pFDR = False Discovery Rate-adjusted p-value. 

 MS  Control   

Effect 

size 

Variable (unit) M SD M SD 

p-value pFDR-

value 

Total Time (s) 13.06 3.47 10.79 2.17 0.036 b 0.040 0.78 

Concentric        

Sit-to-Stand Time (s) 1.30 0.32 1.12 0.28 0.086 b 0.086 0.60 

SST-cMax vGRF 

(%BW) 
129.89  11.78 140.41 9.75 0.001 a 0.004  -0.97 

Peak SST-cRFD 

(%BW/s) 
1273.33  459.69 1610.40 547.02 0.016 b 0.019  -0.63 

SST-Incline (%BW/s) 751.06  264.47 993.07 217.92 <0.001 a 0.004  -0.93 

SST-Mean Power (W) 201.61  69.66 263.77 80.28 0.005 a 0.014  -0.83 

Eccentric        

Stand-to-Sit Time (s) 1.31 0.46 1.04 0.21 0.010 c 0.017  0.75 

SST-eMax vGRF 

(%BW) 
116.15 8.15 125.26 9.28 <0.001 b 0.001  -1.05 

Peak SST-cRFD -791.60  396.83 -912.40 164.92 0.007 b 0.014  0.39 
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Associations Between Corticospinal Metrics and Tibialis Anterior Measures 

In participants with MS, MEP area was significantly associated with TA strength and 

muscle activation outcomes derived from MVIC trials (Figure 3.4). Specifically, MEP area 

demonstrated moderate correlations with maximal force output (r = 0.44, p = 0.024, pFDR = 

0.033), MVIC-Incline (r = 0.56, p = 0.003, pFDR = 0.006), and peak MVIC-RFD (rho = 0.43, p 

= 0.028, pFDR = 0.033) (Figure 3.4a-c). Additionally, strong correlations were observed between 

MEP area and raw EMG amplitude (r = 0.76, p < 0.001, pFDR < 0.001) and RMS EMG (r = 0.72, 

p < 0.001, pFDR < 0.001) (Figure 3.4d) produced during MVIC. Normalized MEP onset latency 

was moderately correlated with peak MVIC-RFD (rho = -0.43, p = 0.028, pFDR = 0.033), but was 

not significantly associated with MVIC-Incline (r = -0.34, p = 0.087, pFDR = 0.087).  

Associations Between Corticospinal Metrics and 5XSST Force Production and Modulation 

In participants with MS, MEP area was significantly correlated with SST-cMax vGRF (r 

= 0.55, p = 0.004, pFDR = 0.019) and SST-eMax vGRF (rho = 0.47, p = 0.016, pFDR = 0.039) 

(Figure 3.5a-b). MEP area was also significantly correlated with SST-Incline (r = 0.44, p = 0.023, 

pFDR = 0.039). MEP area did not survive multiple comparison testing for correlation with SST-

Mean power (r = 0.40, p = 0.042, pFDR = 0.052). No significant correlation was observed between 

MEP area and SST-Decline (r = -0.16, p = 0.425, pFDR = 0.425). 

(%BW/s) 

SST-Decline (%BW/s) -469.64 225.69 -607.35 129.75 0.011 c 0.016  0.74 
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Figure 3.4. Associations Between Corticospinal Excitability and Tibialis Anterior Maximum 

Voluntary Contraction Measures in People with Multiple Sclerosis. Correlations between 
MEP area and TA MVIC measures in participants with MS. a) Moderate association between MEP 
area and maximum dorsiflexion force. b) Moderate association between MEP area and peak 
MVIC-RFD. c) Moderate association between MEP area and MVIC-Incline. d) Strong association 
between MEP area and RMS EMG amplitude. p = uncorrected p-value; pFDR = False Discovery 
Rate-adjusted p-value. 
 

Normalized MEP onset latency was significantly correlated with peak SST-cRFD (r = -

0.42, p = 0.033, pFDR = 0.042), SST-Incline (r = -0.51, p = 0.008, pFDR = 0.020) (Figure 3.5c), 

peak SST-eRFD (rho = 0.62, p < 0.001, pFDR = 0.005), and SST-Decline (r = 0.49, p = 0.012,  

pFDR = 0.020) (Figure 3.5d). No significant association was observed between normalized MEP 

latency and SST-Mean power (r = -0.31, p = 0.118, pFDR = 0.118). 

CSP area was significantly correlated with SST-cMax vGRF (r = 0.48, p = 0.012, pFDR = 

0.030) and SST-eMax vGRF (rho = 0.48, p = 0.015, pFDR = 0.030). No significant correlations 
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were found between CSP area and SST-Incline (r = 0.21, p = 0.303, pFDR = 0.405) or SST-Decline 

(r = -0.08, p = 0.710, pFDR = 0.710). 

 

 

Figure 3.5. Associations Between Corticospinal Excitability and Latency and Five Times Sit-

to-Stand Measures in People with Multiple Sclerosis. Correlations between TMS 
neurophysiology measures and force-related metrics during the 5XSST in participants with MS. 
a) Moderate association between MEP area and SST-cMax vGRF. b) Moderate association 
between MEP area and SST-eMax vGRF. c) Moderate association between normalized MEP onset 
latency and SST-Incline. d) Moderate association between normalized MEP onset latency and 
SST-Decline. p = uncorrected p-value; pFDR = False Discovery Rate-adjusted p-value. 
 
Discussion 

This study investigated CST function, maximal voluntary output of the TA, and 5XSST 

performance in individuals with MS compared to NT controls. Individuals with MS exhibited 

impaired CST integrity, reduced muscle strength and activation during MVIC, and slower, less 
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forceful performance during the 5XSST. In participants with MS, neurophysiological measures 

such as MEP area and latency were significantly associated with isolated and functional lower-

extremity motor performance, highlighting the contribution of CST integrity to neuromuscular 

output. 

Group Differences in Corticospinal Excitability, Latency, and Inhibition 

Group comparisons of neurophysiological measures revealed no significant difference in 

RMT, indicating that the threshold for eliciting a motor response is largely preserved in individuals 

with MS with mild to moderate disability, reflecting relatively intact resting CST excitability.49 

This observation is consistent with existing literature, which reports comparable RMT values 

between MS and NT controls, however, some studies have noted elevated RMT.17 MEP onset 

latency was normalized to participant height to account for individual differences in body size, as 

greater height increases the distance the neural signal must travel and can influence latency 

measures.49,67,68 After normalization, individuals with MS demonstrated significantly prolonged 

MEP latency (Figure 3.3a), indicating impaired conduction along the CST. These findings are 

consistent with prior evidence showing delayed MEP latency in MS, even among participants with 

minimal clinical disability.17,85–87  

Group comparisons of CST excitability showed that MEP area was significantly reduced 

in individuals with MS (Figure 3.3b), indicating lower CST excitability.49 This observation is 

consistent with prior research demonstrating reduced MEP area or amplitude in people with MS 

compared to controls.17,85–88 In addition, intracortical inhibition was also reduced in participants 

with MS, as evidenced by significantly reduced CSP area compared to NT controls (Figure 3.3c), 

suggesting lower inhibitory activity within the motor cortex. Observations of reduced CSP area in 

participants with MS may be linked to the decrease in CST excitability, as reflected by a 
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diminished MEP area. Previous studies have reported mixed findings regarding CSP differences 

between individuals with MS and neurotypical controls, with several noting prolonged CSP 

duration.17,88–90 However, most of this literature focuses exclusively on duration, which may not 

fully characterize inhibitory processes. Prior work has shown that measures such as silent period 

depth and area may provide more sensitive and reliable indices of cortical inhibition, with silent 

period area demonstrating the strongest consistency72,91,92 MEP area and CSP area are thought to 

reflect the functional status of glutamatergic and GABAB-mediated activity within the CST, 

respectively.49 Given the role of these neurotransmitters in shaping motor output, the observed 

differences likely reflect that both excitatory and inhibitory processes within the CST are disrupted 

in MS.  

Group Differences in Tibialis Anterior Strength and Muscle Activation 

Comparison of maximal isometric dorsiflexion strength revealed that individuals with MS 

generated significantly less force relative to their body weight compared to NT controls (Table 

3.2). In addition to reduced peak force output, participants with MS demonstrated slower force 

generation across the central portion of the force-time curve, as evidenced by a significantly lower 

MVIC-Incline (20–90% of MVIC) and reduced peak MVIC-RFD compared to NT participants, 

which showed the largest effect size among the MVIC metrics evaluated (Table 3.2). MVIC-

Incline and peak MVIC-RFD capture distinct yet complementary aspects of volitional force 

generation, where MVIC-Incline represents sustained force generation rate, while peak RFD 

reflects the maximal capacity for rapid activation.75,80 Together, this indicates that individuals with 

MS exhibit reductions in both maximal and sustained TA force generation. These findings align 

with prior research demonstrating that individuals with MS exhibit reduced isometric force output 

and slower RFD compared to neurotypical controls.33,35,37,43  
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In addition to reduced force output, participants with MS demonstrated significantly lower 

peak EMG amplitude, both raw and RMS, during MVIC, reflecting reduced muscle activation in 

the TA during maximal effort contractions (Table 3.2). These findings are consistent with previous 

research, which has shown reduced EMG amplitude during MVIC in individuals with MS.37  

Together, these findings are consistent with prior research indicating that the TA is one of 

the lower-limb muscles most affected by MS-related impairments93–95 Weakness in the TA 

contributes to balance impairment and foot drop, a common symptom in MS characterized by 

difficulty dorsiflexing the ankle during the swing phase of gait.93,94,96–98 Collectively, these 

findings indicate impaired neuromuscular output in the TA among individuals with MS, 

characterized by reduced force-generating capacity, slower force development, and diminished 

muscle activation.  

Group Differences in 5XSST Performance 

Previous research has consistently shown that individuals with MS complete the 5XSST 

more slowly than NT controls, reflecting impairments in lower-body strength.57,99–101 Consistent 

with these findings, participants with MS in the present study took significantly longer to complete 

the 5XSST compared to matched NT controls. Although total task duration was prolonged, group 

differences in the time to complete the concentric (sit-to-stand) phase did not reach statistical 

significance. Concentric and particularly eccentric phase durations are not frequently reported in 

the literature due to the difficulty of precisely identifying phase transitions without equipment such 

as force plates or inertial sensors. However, one previous study reported that individuals with MS 

took approximately 25% longer to rise from a seated position, with extended duration primarily 

driven by a 32% increase in the time following seat-off. These delays were attributed to lower-

limb weakness and a reduced ability to generate force and power.56  
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Despite no significant group differences in concentric phase duration, individuals with MS 

exhibited significantly reduced concentric force-related metrics, including lower SST-cMax 

vGRF, SST-Incline, SST-cRFD, and SST-Mean power (Table 3.3). This is consistent with 

previous literature demonstrating reduced lower-extremity strength and power in people with 

MS.35,39,40 The present study’s findings indicate a decreased ability to generate force and power 

during the sit-to-stand action in people with MS, despite similar concentric phase durations. These 

results indicate that impairments in force production may exist even in the absence of detectable 

timing differences, underscoring the importance of kinetic assessments in identifying functional 

impairments that may not be captured by time-based performance measures alone. For example, 

previous research has shown that lower-limb power output derived from sit-to-stand movements 

can differentiate between fallers and non-fallers, suggesting that force- and power-based metrics 

may reveal meaningful functional deficits (Study 1).58 

In contrast to the sit-to-stand time, individuals with MS took significantly longer to 

complete the eccentric (stand-to-sit) phase, with a larger between-group effect size observed for 

eccentric time compared to concentric time (Table 3.3). Force-related metrics during the eccentric 

phase similarly revealed significant differences, including lower SST-eMax vGRF and increased 

SST-eRFD and SST-Decline in participants with MS (Table 3.3). Notably, the effect size for SST-

eMax vGRF exceeded that of SST-cMax vGRF, indicating a greater magnitude of difference in 

eccentric compared to concentric force production between participants with MS and NT controls. 

This pattern contrasts with previous findings, which demonstrate greater impairments in concentric 

strength compared to eccentric strength in individuals with MS compared to controls, in the 

quadriceps and hamstrings.102 However, the present study’s results align with previous literature 

showing that eccentric training improved sit-to-stand performance more than concentric training, 
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suggesting that eccentric strength may be a greater area of impairment and opportunity for 

improvement in people with MS in rising and lowering tasks.103 

Functionally, the stand-to-sit phase requires controlled deceleration of body mass toward 

a visually obscured target (the chair), placing increased demands on eccentric muscle control and 

proprioceptive accuracy. Prior research has documented proprioceptive deficits in MS,104–106 

which may contribute to prolonged stand-to-sit durations, as a slower descent may reflect a 

compensatory strategy to ensure a safe return to a seated position in the context of impaired 

eccentric control and position sense. Taken together, these findings suggest that eccentric tasks 

requiring full-body dynamic control, such as the stand-to-sit movement, may be particularly 

informative for assessing impairment in MS. The combined demands of eccentric strength and 

accurate proprioceptive feedback may reveal functional limitations not captured in more traditional 

assessments. 

Collectively, these findings indicate that individuals with MS experience deficits in both 

concentric and eccentric force production, as well as impaired modulation of dynamic weight 

transfer during a functional, full-body task. Although knee extensor strength was not directly 

assessed, the performance differences observed across both movement phases align with previous 

literature linking lower-limb strength to 5XSST outcomes in MS.40,56,57,99,101,107 These results help 

highlight the potential value of incorporating eccentric-focused and power-based assessments into 

clinical evaluations and support the use of targeted interventions to improve ballistic force 

generation, transfer ability, and eccentric control in individuals with MS. 
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Corticospinal Excitability and Conduction Relate to Tibialis Anterior Strength and Muscle 

Activation 

In participants with MS, MEP area was significantly correlated with TA MVIC maximum 

force output (Figure 3.4a), indicating that greater CST excitability is associated with higher 

maximal dorsiflexion force. MEP area was also significantly associated with both peak MVIC-

RFD and MVIC-Incline (Figure 3.4b–c), suggesting that CST excitability contributes not only to 

the magnitude but also the rate of force generation during MVICs. These findings support the 

interpretation that impaired excitatory drive from the motor cortex may limit both the capacity and 

speed of force production in individuals with MS. This interpretation aligns with prior work 

demonstrating associations between MEP amplitude and muscle strength, RFD, and contraction 

intensity.108–114 

MEP area was also strongly correlated with peak raw and RMS EMG amplitude (Figure 

3.4d). This relationship suggests that reduced CST excitability is associated with diminished 

muscle activation during MVIC, supporting the hypothesis that impaired CST function contributes 

to decreased motor output. The strength of these correlations highlights a tight coupling between 

neural and muscular performance, consistent with the neurophysiological basis of MS as a central 

nervous system disorder.2,13,115,116 Such findings underscore the role of descending CST integrity 

in shaping peripheral motor function. 

Normalized MEP onset latency was significantly correlated with MVIC-RFD and showed 

a trend toward significance with MVIC-Incline. MEP latency reflects the conduction efficiency of 

the CST. When latency is prolonged, the transmission of neural signals from the motor cortex to 

the muscle is delayed.49 This delay may hinder the timely recruitment of motor units and also may 

disrupt the temporal synchronization of their activation, thereby reducing the ability to rapidly 
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initiate muscle contractions and impair explosive force generation.117–119 The weaker relationship 

between MEP latency and MVIC-Incline may be explained by the nature of the incline metric, 

which is measured over a longer time window. This extended duration may allow for compensation 

for delayed neural transmission, reducing the apparent impact of conduction inefficiencies.  

Corticospinal Excitability, Inhibition, and Conduction Latency Relate to 5XSST Force 

Production and Modulation 

While the TA is not the primary mover during the 5XSST, previous studies have shown 

that it exhibits the highest muscle activation among other lower-limb muscles during the sit-to-

stand movement from chair heights similar to that used in the present study.120,121 The TA is the 

first lower body muscle to activate during a sit-to-stand movement and is important for stabilizing 

the foot during the task.121–123 Furthermore, TMS-derived measures from the TA provide 

informative estimates of overall CST integrity. This is especially true in lower-extremity 

assessments, where TMS signals traverse the entire CST,124 including lumbar spinal segments 

shared by nerves innervating both the TA and other key muscle contributors to the 5XSST, such 

as the quadriceps.125,126 Although differences such as CST innervation density and fiber 

recruitment patterns may exist,127 TA-based TMS metrics in the present study are still reflective 

of broader CST function.  

In individuals with MS, MEP area was significantly correlated with maximal vGRF during 

both the concentric and eccentric phases of the 5XSST, with a slightly stronger association 

observed for SST-cMax vGRF (Figure 3.5a-b). These findings suggest that CST excitability level 

contributes to peak force generation during dynamic transitions that require rapid and controlled 

lower-limb output. The slightly stronger relationship observed during the concentric phase may 

reflect a greater reliance on excitatory CST drive to sustain upward movement during sit-to-stand 
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transitions. This finding aligns with previous studies, which have shown increased CST 

excitability during concentric contractions compared to eccentric ones.128–130 Additionally, CST 

excitability is higher during the preparation phase for concentric contractions compared to 

eccentric contractions, as well as during imagined concentric movements compared to eccentric 

movements, highlighting differences in the neural control of these actions.131,132 

A moderate positive correlation was also observed between MEP area and SST-Mean 

power output, however, this relationship did not survive correction for multiple comparisons. 

Given the significant associations between the MEP area and force-based measures, it is plausible, 

although preliminary, that reduced CST excitability likely contributes to impaired power 

generation in individuals with MS. This interpretation is consistent with the broader literature 

linking CST function to lower-limb strength and dynamic movement capacity.36,44–47 Future 

investigations with larger samples may more clearly characterize the nature of the relationship 

between CST excitability and lower-limb power. Collectively, these results support the 

interpretation that reduced excitability of the corticospinal system in MS may underlie deficits in 

peak force and mean power production during functionally relevant, full-body movements. These 

impairments likely reflect a diminished ability to effectively recruit motor units, impacting the 

performance of everyday tasks such as rising from and returning to a seated position. 

Interestingly, while MEP area correlated with SST-Incline, no association was observed 

with SST-Decline. This pattern suggests that CST excitability may play a more prominent role in 

peak force generation (e.g., cMax and SST-eMax vGRF) than in deceleration during eccentric 

movement. These findings highlight the complexity of neuromuscular control during functional 

tasks such as the 5XSST, which require coordinated activation across multiple muscle groups. 
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Additionally, prior research indicates that eccentric movements engage broader and distinct 

cortical areas compared to concentric movements.133–135  

In line with this, eccentric control during the 5XSST places high demands on motor 

planning and proprioceptive feedback, as individuals must decelerate their body mass toward an 

unseen target. In this context, the absence of an association between CST excitability and SST-

Decline may reflect a greater reliance on proprioceptive feedback and motor planning processes, 

rather than excitability of the CST. Given the prevalence of proprioceptive impairments in MS,104–

106 individuals may adopt compensatory motor strategies that prioritize stability and safety over 

speed during eccentric transitions. Additionally, full-body movements that demand rapid force 

development and stabilization, especially those involving the lower-extremities, have been linked 

to descending pathways beyond the CST, such as the reticulospinal tract.136–138 These alternative 

pathways may support both rapid force initiation and the controlled eccentric movement, 

particularly in individuals with compromised CST integrity, as is often seen in individuals with 

MS. 

Normalized MEP latency was significantly correlated with measures of force production 

during both the concentric (SST-Incline and SST-cRFD) and eccentric (SST-Decline and SST-

eRFD) phases of the 5XSST (Figure 3.5c-d), suggesting that delayed CST conduction impairs the 

nervous system’s ability to rapidly scale force during dynamic tasks. Longer latencies reflect 

slower signal transmission from the motor cortex to the muscle, which can compromise the precise 

timing of muscle recruitment required for quick and controlled force generation.139–141 These 

effects are relevant in the 5XSST, which demands coordinated activation across multiple lower-

limb muscles. For example, during the concentric phase, the TA, quadriceps, and gluteal muscles 

must activate in succession to initiate movement and generate vertical impulse.123,142 Delays in 
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neural conduction may disrupt the temporal coordination of muscle activity, leading to inefficient 

or slowed force responses. 

Previous literature has demonstrated that CST inhibition, as measured by CSP duration, is 

reduced during eccentric contractions compared to concentric contractions, suggesting differential 

inhibitory control across movement types.130,143,144 In the present study, CSP area was significantly 

correlated with both SST-eMax vGRF and SST-cMax vGRF in participants with MS, linking 

inhibitory activity to peak force output during both phases of the 5XSST. However, the 

relationship between CSP area and SST-cMax vGRF was noticeably weaker than that observed 

for MEP area, pointing to a relatively greater contribution of CST excitability to concentric peak 

force production. In contrast, SST-eMax vGRF showed nearly identical correlation strengths with 

both MEP and CSP area, suggesting that both excitatory and inhibitory processes may similarly 

influence eccentric peak force. This pattern may cautiously suggest that while both excitatory and 

inhibitory activity shape neuromuscular output, excitatory drive may be more critical during the 

execution of concentric movements like the 5XSST.110,129,131,132 

CSP area was not significantly correlated with SST-Incline or SST-Decline in participants 

with MS. The lack of association suggests that in individuals with MS with mild to moderate 

disability, CST inhibition, as measured by TMS, may have a limited role in regulating rapid force 

modulation during dynamic multi-muscle tasks like the 5XSST. Instead, inhibitory processes may 

be more relevant to the control of overall force magnitude rather than the rate at which force is 

generated. 

Overall, TMS-derived measures of CST excitability and conduction were meaningfully 

associated with lower-limb force production during both concentric and eccentric phases of the 

5XSST. These findings suggest that reduced excitability and slower conduction along the CST 
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may impair both peak force output and the rapid modulation of force during full-body functional 

movements in individuals with MS. Together, the results highlight CST drive in supporting 

dynamic lower-limb performance and offer insight into the neural contributions to underlying 

movement impairments in individuals with MS. 

Potential for Modulating Corticospinal Excitability Through Rehabilitation 

Rehabilitative interventions, specifically strength training, have shown potential for 

modifying CST neurophysiological function, representing a promising approach for developing 

targeted rehabilitation strategies in MS. A substantial body of evidence indicates that resistance 

training can induce neurophysiological adaptations within the corticospinal system. One of the 

most consistently reported findings is a reduction in intracortical inhibition following strength 

training, particularly in untrained healthy individuals, suggesting enhanced CST 

responsiveness.145–148 In addition to changes in inhibition, some studies report increased CST 

excitability following resistance training, as measured by MEP amplitude.148–154 However, 

findings are not universal, and the underlying mechanisms remain an active area of 

investigation.145,155,156  

Importantly, evidence suggests that changes in CST excitability may be time-dependent. 

In the acute phase, increases in excitability are commonly observed. These short-term changes 

likely reflect temporary adjustments in cortical and spinal excitability.149,150,153 In contrast, long-

term training has been linked to improved neural efficiency, as demonstrated by reduced MEP 

recruitment slopes, indicating that the CST can produce motor output with less cortical input.157 

Exercise intensity also appears to be a critical factor. Higher-intensity resistance training was 

shown to elicit greater increases in CST excitability compared to lower-intensity training, 

suggesting that a sufficient stimulus is necessary to drive central adaptations.158 Training type may 
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further influence neurophysiological outcomes. Both hypertrophy-focused and traditional strength 

training protocols have been associated with excitability increases, indicating that different 

approaches to resistance training can produce similar central effects.152 

Strength training has also been shown to increase motor unit discharge rates and lower the 

recruitment threshold of motor units, indicating that motor units are activated more readily and fire 

at higher frequencies during voluntary contractions.159 Additionally, increased motor unit 

conduction velocity has been reported following training, reflecting improved signal transmission 

along motor axons.160 These motor unit adaptations contribute to enhanced force production, 

supporting the broader improvements in neuromuscular performance seen with strength training. 

Collectively, these findings highlight the multifaceted nature of neuromuscular adaptations to 

strength training, encompassing both central and peripheral mechanisms. 

In individuals with MS, resistance training has likewise been shown to induce 

neurophysiological changes. Studies report increased neural drive following training, suggesting 

that even in the presence of demyelination and axonal injury, the corticospinal system retains a 

degree of plasticity.161 Moreover, task-specific training, such as walking interventions, has been 

shown to enhance CST excitability in people with progressive MS.162 These findings underscore 

the potential for targeted rehabilitation strategies to promote central nervous system adaptations 

and support improvements in motor function in populations with neurological impairment. 

Beyond physical training, neuromodulatory techniques such as transcranial direct current 

stimulation (tDCS) may offer additional promise. tDCS, particularly anodal tDCS, has been shown 

to increase CST excitability.163–165 By delivering low-amplitude electrical current over the motor 

cortex, anodal tDCS is thought to decrease the threshold for neuronal membrane excitability and 

subsequently modulate cortical plasticity166 Although current evidence is limited, pairing tDCS 
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with training may further enhance neurophysiological responses and support improvements in 

motor function.167,168 

Together, these findings illustrate the potential for both physical and neuromodulatory 

interventions to modulate CST physiology at multiple levels of the motor pathway. This 

underscores the promise of targeted strategies to improve lower-limb motor output and mobility 

in people with MS. Future research is needed to better define the short- and long-term effects of 

these interventions, clarify the underlying mechanisms, and optimize protocols to support 

meaningful and sustained functional improvements. 

Limitations 

This study has several limitations that should be considered when interpreting the results. 

First, CST function was assessed using single-pulse MEPs, which reflect neural responsiveness at 

a single stimulus intensity. While this approach provides a practical estimate of CST excitability, 

it does not capture the full input–output relationship or synaptic recruitment dynamics that could 

be obtained from motor recruitment curves. The inclusion of recruitment curve measures in future 

work may provide a more comprehensive understanding of CST integrity and responsiveness. 

Second, TMS was administered separately from the study motor tasks. Although this 

method allows for standardized assessment, it limits insight into how CST function is modulated 

during task execution. Applying TMS during movement may yield a more ecologically valid view 

of task-specific neural control and more directly link neurophysiological measures to functional 

performance. 

Third, EMG recordings were not collected during the 5XSST, preventing analysis of 

muscle activation patterns and timing across groups. Surface EMG data could have provided 
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insight into neuromuscular strategies differences between groups, especially during the eccentric 

and concentric transitions of the 5XSST. 

Fourth, the study collected only force plate-derived kinetic variables to evaluate 5XSST 

performance without concurrent kinematic data. Although ground reaction forces from force plates 

are a validated proxy for lower-limb function, additional information such as joint angles, trunk 

movement, and segmental timing could offer deeper insights into movement strategy differences 

between groups. 

Fifth, the study sample included only individuals with relapsing-remitting MS and mild to 

moderate disability (EDSS ≤ 4), limiting the generalizability of the findings to those with more 

advanced disability or other MS subtypes, such as secondary or primary progressive MS. Given 

the known heterogeneity in disease symptoms and progression, future studies should examine 

whether these findings extend to individuals with more severe impairments and other MS 

phenotypes. 

Finally, both the MS and NT groups had an uneven sex distribution, with a greater 

proportion of female participants. While this reflects the known sex distribution in MS prevalence, 

potential sex-related differences in neuromuscular performance and neurophysiologic responses 

may provide some influence on outcome measures. 

Conclusion 

This study provides evidence linking corticospinal system function to lower-limb motor 

performance in individuals with MS. Compared to NT controls, individuals with MS demonstrated 

reduced CST excitability and prolonged conduction times, reflecting disruptions to CST 

transmission. Alongside these neural differences, individuals with MS exhibited altered 

neuromuscular control, characterized by reduced force output and impaired force modulation 
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during MVIC and 5XSST. Significant correlations between MEP area and latency, as well as 

measures of force production, suggest that these neurophysiological alterations are linked to 

impairments in movement performance. These findings underscore the relevance of CST integrity 

for functional lower-limb performance in individuals with MS with mild to moderate disability. 

Future work should continue to investigate the neurophysiological mechanisms contributing to 

movement dysfunction, with particular emphasis on identifying distinct neural factors that 

influence concentric versus eccentric control during full-body tasks. Additionally, future research 

is needed to determine whether interventions such as high-velocity resistance training, eccentric 

strength training, or neuromodulation approaches, like transcranial direct current stimulation, can 

enhance CST function and improve muscle output and transfer performance in people with MS. 
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CHAPTER 4 – ASSOCIATIONS BETWEEN CLINICAL AND NEUROPHYSIOLOGICAL 

FUNCTION AND MULTIPLE DIFFUSION MAGNETIC RESONANCE IMAGING MODELS 

IN PEOPLE WITH MULTIPLE SCLEROSIS 

 
 

Introduction 

Multiple sclerosis (MS) is a chronic immune-mediated neurological disease characterized 

by demyelination and axonal damage, resulting in a diverse array of motor, sensory, and cognitive 

impairments.1 Among its most debilitating symptoms are mobility-related deficits, contributing to 

reduced quality of life and loss of long-term independence.2–4 These physical limitations are often 

associated with underlying structural or functional neural changes,5 yet the specific contributors to 

these impairments remain incompletely understood. Uncovering the neurobiological 

underpinnings of balance and mobility impairments remains a critical objective in MS research 

and highlights the need for tools capable of detecting clinically relevant changes. 

In MS, inflammatory white matter lesions in the central nervous system are a hallmark 

feature of the disease and serve as the basis for diagnosis using conventional MRI.6–8 While lesion 

load has traditionally been used as a marker of disease burden, its relationship with clinical 

function is inconsistent.9,10 Diffusion magnetic resonance imaging (dMRI) is a non-invasive 

imaging technique sensitive to the micro- and macrostructural properties of white matter (WM) in 

vivo.11–13 dMRI is widely used in clinical research to compare WM structural integrity across 

populations, monitor longitudinal changes, and explore relationships with functional outcomes.14 

In neurological disorders such as MS, where WM damage is prevalent, dMRI is particularly 

valuable for detecting microstructural abnormalities.15 Various diffusion models have been 

developed to quantify tissue characteristics and assess their associations with behavioral and 
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neurological measures. Among these models, diffusion tensor imaging (DTI) is the most 

commonly used.16 It models diffusion in brain tissue using an ellipsoid tensor to estimate the 

direction and magnitude of water molecule movement.17 

In MS, alterations in DTI-derived metrics are consistently observed within WM lesions, 

reflecting focal structural damage. Additionally, alterations are found in normal-appearing WM, 

suggesting the presence of more diffuse WM structural abnormalities that are not detectable with 

conventional MRI.18 Regional DTI metrics extracted from the corticospinal tract (CST) have been 

associated with motor disability in MS,19,20 supporting the utility of DTI in identifying neural 

correlates of disability. Despite its widespread application, DTI is limited by its underlying 

assumption of Gaussian diffusion. Given the complex microenvironment of neural tissue, which 

comprises cell membranes, organelles, and other barriers that water must encounter, diffusion in 

the brain is rarely uniformly Gaussian.21,22 Additionally, DTI assumes a single diffusion direction 

and is therefore inherently limited in regions where fibers cross, as the tensor model cannot resolve 

multiple fiber orientations within a single voxel.23,24 This poses a sizable issue, as estimates suggest 

that 60-90% of all WM contains multidirectional fiber configurations.25 Even within 

predominantly coherent tracts like the CST, axons must traverse complex regions like the corona 

radiata, where crossing fibers are abundant. In such areas, DTI tensor models may misrepresent 

underlying WM structural properties. 

Diffusion kurtosis imaging (DKI) addresses these limitations using a higher-order tensor 

model that captures non-Gaussian diffusion. DKI quantifies diffusion kurtosis, a statistical 

measure of the deviation from a Gaussian distribution, enabling more accurate measures of tissue 

complexity and microstructural heterogeneity.22,26,27 Within the context of MS, studies have 

demonstrated that DKI metrics may detect greater differences between MS patients and controls 
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in normal-appearing WM compared to DTI.28 However, other literature suggests that DTI 

performs optimally in regions with aligned fibers, such as the corpus callosum, whereas DKI 

performs optimally in areas with more complex fiber configurations.29 These findings suggest that 

DTI and DKI may offer complementary insights into WM pathology. 

Another dMRI approach developed to overcome the constraints of traditional tensor-based 

models is Fixel-Based Analysis (FBA).30,31 FBA can resolve multiple fiber populations within a 

single voxel, allowing for the isolation of individual fiber pathways or fiber elements (fixel) and 

more precise quantification of WM properties in regions with crossing fibers.32 In addition, FBA 

provides distinct quantitative metrics that reflect both microstructural and macrostructural 

properties of WM, enabling the characterization of axonal damage and tract atrophy.32,33 These 

measures provide a more nuanced depiction of WM pathology than conventional tensor-derived 

scalar metrics, thereby supporting improved interpretation of disease-related WM alterations in 

MS. Although FBA has been less commonly used in MS, recent research has shown that FBA 

reveals more widespread WM integrity differences between individuals with MS and healthy 

controls compared to DTI.34 Examining FBA alongside DTI and DKI within the same study cohort 

may provide insight into the added value of advanced diffusion models for characterizing MS-

related WM pathology in relation to key outcome metrics. 

While the described dMRI techniques are well-suited for imaging and quantifying WM 

structural integrity, they do not capture functional aspects of neural pathways. Transcranial 

magnetic stimulation (TMS) offers a separate non-invasive approach to probe neurophysiological 

function, particularly excitability and conduction properties of the CST.35 In MS, where 

demyelination and axonal damage frequently affect motor pathway function, TMS measures have 

been associated with disease progression and clinical disability measures.36,37 To date, few studies 
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have directly connected dMRI WM integrity measures to TMS functional neurophysiology 

measures.38–41 Moreover, to our knowledge, none have focused on the lower-limbs, despite lower-

limb dysfunction being a primary driver of disability in MS. Bridging the gap between dMRI 

measures and TMS-derived neurophysiological outcomes in MS allows for better interpretations 

of how structural disruptions relate to impaired neural function, offering a means to assess the 

functional relevance of WM damage. 

The present study compared dMRI metrics from multiple models, including DTI, DKI, and 

FBA, within the CST between individuals with relapsing-remitting MS and age- and sex-matched 

neurotypical (NT) controls. To examine the functional relevance of structural group differences, 

we performed correlation analyses between fixel- and tensor-derived metrics and 

neurophysiological markers of CST conduction and excitability, as well as clinical measures of 

impairment. Through this approach, the study aimed to investigate whether FBA metrics capture 

a greater extent of WM alterations in the CST in individuals with MS compared to NT controls 

relative to tensor-based methods and whether such differences are associated with corticomotor 

output and functional mobility performance measures. 

Materials and Methods 

Study Overview 

Participants completed two days of in-person assessments. On Day 1, participants 

underwent MRI scanning followed by clinical balance and mobility assessments. On Day 2, 

participants underwent TMS assessment and additional specialized mobility testing. The study was 

reviewed and approved by the Colorado State University Institutional Review Board (IRB#18-

7738H), and all participants provided written informed consent prior to participation in accordance 
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with the Declaration of Helsinki. For reference, a list of outcome metrics and their interpretations 

is provided in Table 4.1.  

Table 4.1. Outcome Metrics Across Imaging, Clinical, and Neurophysiological Domains. List 
of the primary outcome metrics for the present study. Each metric is listed with its full name, 
abbreviation, and a brief description. 

Domain Full Name Abbreviation Description 

Diffusion Tensor 
Imaging (DTI) Metrics 

Mean Diffusivity MD Average rate of diffusion  

 Axial Diffusivity AD 
Diffusion along the principal 
axis of the tensor 

 Radial Diffusivity RD 
Diffusion perpendicular to the 
principal axis of the tensor 

 Fractional 
Anisotropy 

FA 
Degree of directionality 
(anisotropy) 

Diffusion Kurtosis 
Imaging (DKI) Metrics 

Mean Kurtosis MK 
Overall diffusion kurtosis 
(deviation from Gaussian 
diffusion) across directions 

 Axial Kurtosis AK 
Kurtosis along the principal 
diffusion direction 

 Radial Kurtosis RK 
Kurtosis perpendicular to the 
principal direction 

Fixel-Based Analysis 
(FBA) Metrics 

Fiber Density and 
Cross-section 

FDC 
Combined measure of fiber 
density and cross-sectional area 

 Fiber Density FD 
Estimate of intra-axonal 
volume 

 Log Fiber Cross-
section 

LogFC 
Log-transformed measure of 
fiber bundle cross-section area 

miniBEST Subscores 

Anticipatory 
Postural 
Adjustments 

APA 
Anticipatory balance control 
(e.g., rise to toes) 

 Reactive Postural 
Control 

RPC 
Automatic responses to external 
perturbations (e.g., 
compensatory stepping) 

 Sensory 
Orientation 

SO 
Balance in altered sensory 
conditions (e.g., standing on a 
foam pad with eyes-closed) 

 Dynamic Gait DG 
Dynamic walking patterns (e.g., 
stepping over obstacles) 
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Clinical Disability 

Expanded 
Disability Status 
Scale 

EDSS MS-related disability score 

TMS Neurophysiology 
Motor-Evoked 
Potential Area 

MEP Area 
Measure of corticospinal 
excitability 

 MEP Onset 
Latency 

MEP Latency 
Measure of neural conduction 
integrity 

 

Participants 

A total of 49 participants were included in this study, comprising 25 individuals with a 

neurologist-confirmed diagnosis of relapsing-remitting MS and 24 age- and sex-matched NT 

controls. Inclusion criteria for MS participants required mild to moderate disability, defined as a 

self-reported Expanded Disability Status Scale (EDSS) score between 0 and 4. Participants were 

excluded if they were unable to walk 500 meters or stand for 10 minutes unassisted safely or if 

they reported a musculoskeletal injury, joint replacement, vestibular disorder, or any neurological 

condition other than MS. NT participants were required to be free of any neurological condition 

and meet the same physical ability criteria as those in the MS group.  

Expanded Disability Status Scale (EDSS)  

The EDSS is a commonly used measure to evaluate neurological impairment and monitor 

disease progression in individuals with MS. The EDSS incorporates ratings from the Functional 

Systems Score, which assesses key neurological domains, including vision, sensory, and motor 

function.42 Participants with MS provided their EDSS scores using a validated self-report 

questionnaire. Previous research has demonstrated a strong association between self-reported 

EDSS scores and those obtained through clinician assessment.43  
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Mini-Balance Evaluation Systems Test (miniBEST) 

Balance and mobility impairment were assessed using the miniBEST, a standardized 

clinical assessment designed to evaluate dynamic balance across four domains: anticipatory 

postural adjustments, reactive postural control, sensory orientation, and dynamic gait.44 The test 

consists of 14 items, each scored on a 3-point ordinal scale (0 = severe impairment, 1 = moderate 

impairment, 2 = normal performance), with higher scores indicating better balance function. In the 

present study, scores from both limbs were included for items involving single-leg assessments, 

such as single-leg stance. Scores from each domain were summed to generate a composite score, 

yielding a maximum possible score of 32 points. All assessments were conducted by a trained 

evaluator following standardized clinical administration protocols. 

TMS Acquisition 

To assess CST functional integrity, motor evoked potentials (MEPs) were elicited using 

TMS and recorded from the tibialis anterior (TA) muscle of each leg. Bipolar Ag-AgCl surface 

electrodes were placed over the belly of the TA muscle to record muscle activity via 

electromyography (EMG). Single TMS pulses were delivered to the primary motor cortex 

contralateral to the target muscle using a 2 × 95 mm angled butterfly coil (120-degree, Cool D-

B80, MagVenture) positioned at approximately 45–65° from the mid-sagittal line.45 The motor 

“hot spot” for each TA muscle was identified by starting 1 cm lateral and 1 cm posterior to the 

vertex of the cranium (determined from the intersection of the nasion-inion and left-right pre-

auricular points) and systematically adjusting the coil position until the most consistent and largest 

MEP was observed.46  

Resting motor threshold (RMT) was determined for each hemisphere and defined as the 

lowest stimulation intensity required to evoke a peak-to-peak MEP amplitude of at least 0.05 mV 
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in 5 out of 10 consecutive trials.47 Prior to data collection, participants performed three to five 

unilateral maximum voluntary contractions (MVCs) of the TA muscle on each leg. Maximum 

force was defined as the highest value within ±10% of trials. During the TMS session, participants 

were instructed to unilaterally dorsiflex the ankle at 15% of their MVC, using visual feedback for 

guidance. TMS pulses at 120% of RMT were delivered to the identified “hot spot” of the 

corresponding motor cortex. Each testing session lasted approximately 3 minutes per leg, with 

stimuli delivered every 7–10 seconds, resulting in a median of 21 total stimulations per 

hemisphere. 

TMS Analysis 

EMG data were collected at a sampling rate of 2000 Hz using a BIOPAC system (BIOPAC 

Systems, Inc., Santa Barbara, CA, USA), with a 60 Hz notch filter applied to mitigate power line 

noise. Following the acquisition, all participant EMG signals were processed using a bandpass 

filter (20–500 Hz)48 in combination with a wavelet packet harmonic filter49,50 to remove electrical 

interference observed in several recordings. Filtering was performed using custom scripts in 

MATLAB (v.9.14.0, MathWorks Inc., Natick, MA, USA). All EMG traces and corresponding 

power spectrum-frequency plots were manually inspected to ensure data quality and filtering 

effectiveness. MEPs were extracted using a time window extending from 100 ms before to 250 ms 

after the delivery of the TMS pulse. Trials were excluded if they lacked a discernible stimulation 

response or failed to meet inclusion criteria, defined as a rectified waveform that failed to exceed 

two standard deviations above the pre-stimulation rectified EMG signal or a response duration of 

less than 5 ms.51,52 

For each participant, valid trials were averaged together, and two key metrics were derived: 

average MEP onset latency and average MEP area. MEP onset latency was defined as the time 
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(ms) from the TMS pulse to the onset of the MEP. MEP onset was identified using a threshold-

based approach, defined as the first datapoint that exceeded 125% of the average pre-stimulus 

rectified EMG (100 ms) and was sustained for at least 5 ms. MEP offset was defined as the first 

data point below the 125% pre-stimulus rectified EMG and was sustained for at least 5 ms (Figure 

4.1).52 The MEP area was calculated as the area under the rectified EMG curve between MEP 

onset and offset, with pre-stimulus EMG activity subtracted. Baseline correction was performed 

by multiplying the mean pre-stimulus rectified EMG by the MEP duration and subtracting this 

value from the total area (Figure 4.1).51 MEP area served as the primary outcome measure for CST 

excitability due to the presence of polyphasic MEP waveforms commonly observed in individuals 

with MS.53–55 

Figure 4.1. Neurophysiological Outcome Measurements. Averaged rectified MEP waveform 
from an example participant. MEP onset latency was identified as the first datapoint that exceeded 
125% of the pre-stimulus rectified EMG and was sustained for at least 5 ms. MEP offset was 
identified as the first datapoint below the 125% pre-stimulus rectified EMG and was sustained for 
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at least 5 ms. MEP area was calculated as the area under the rectified EMG curve between MEP 
onset and offset, with pre-stimulus EMG activity subtracted (shaded blue).  

 

MRI Acquisition 

dMRI data were acquired on a 3.0 T Siemens MAGNETOM Prismafit (Siemens Medical 

Solutions USA, Inc., Malvern, PA) with the following parameters: repetition time (TR) = 4000 

ms, echo time (TE) = 77 ms, flip angle = 84°, voxel size = 2.0 × 2.0 × 2.0 mm³, slice thickness = 

2.0 mm, slices = 72, and field of view (FoV) = 224 mm (224 mm right-left (RL), 216 mm anterior-

posterior (AP), 144 mm foot-head (FH)), using a 32-channel head coil and parallel imaging. A 

multi-shell diffusion scheme was employed, comprising 177 directions distributed across four b-

value shells: 12 b = 0 s/mm² (interspersed), 55 b = 800 s/mm², 55 b = 1600 s/mm², 55 b = 2400 

s/mm². To correct for susceptibility-induced distortions, 88 volumes were acquired with an 

anterior-to-posterior (AP) phase-encoding direction, and 89 volumes were acquired with a 

posterior-to-anterior (PA) phase-encoding direction.  

Additional structural scans were collected for post-processing dMRI registration, 

volumetric measurements, and lesion identification. Specifically, a high-resolution T1-weighted 

magnetization-prepared rapid gradient-echo (MP-RAGE): TR = 2400 ms, TE = 2.07 ms, inversion 

time (TI) = 1000ms, flip angle = 8°, voxel size = 0.8 × 0.8 × 0.8 mm³, FoV = 256 mm (180 mm 

(RL), 256 mm (AP), 256 mm (FH)), slices = 224, slice thickness = 0.8 mm, and a T2-weighted 

fluid-attenuated inversion recovery scan (FLAIR) scan with the following parameters: TR = 6000 

ms, TE = 428 ms, TI = 2000 ms, flip angle = 120°, voxel size = 1.0 × 1.0 × 1.0 mm³, FoV = 256 

mm (176 mm (RL), 256 mm (AP), 256 mm (FH)), slices = 176, slice thickness = 1 mm. 
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MRI Analysis 

dMRI Preprocessing 

All preprocessing, tractography, and analyses of dMRI data were conducted using MRtrix3 

(Tournier et al. 2019,56 https://www.mrtrix.org/), an open-source software package for advanced 

dMRI analysis. dMRI data were preprocessed using the recommended MRtrix3 pipeline,30 which 

included denoising,57,58 Gibbs ringing removal,59 motion and eddy-current distortion correction,60 

and bias field correction.61  

Tensor Derived Metrics 

Two standard tensor models, DTI and DKI, were applied to the diffusion-weighted images 

using MRtrix3 commands. For DTI analysis, only the b = 800 s/mm² images were used to align 

with the model’s assumption of Gaussian diffusion. Higher b-values introduce non-Gaussian 

effects, which can bias tensor estimates and reduce the reliability of the resulting metrics. In 

contrast, the DKI model requires multiple shells and explicitly accounts for non-Gaussian 

diffusion.26,27,62 Data from all three b-values (b = 800, 1600, and 2400 s/mm²) were concatenated56 

and included to estimate kurtosis metrics. DTI and DKI images were preprocessed using the same 

pipeline as the FBA images. 

Tensor estimation was performed in two stages. First, an initial weighted least-squares fit 

was applied to the diffusion signal. This was followed by two iterations of improved fitting using 

iteratively reweighted least-squares.63,64 Constrained optimization was incorporated to prevent the 

generation of physically implausible values, such as negative diffusivity or kurtosis.65 The final 

DTI and DKI maps were then registered to the population template space using the identical warps 

generated during participant-to-template registration for FBA. 
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From the DTI model, the following metrics were derived: mean diffusivity (MD), axial 

diffusivity (AD), radial diffusivity (RD), and fractional anisotropy (FA). MD represents the 

average diffusivity of water molecules in all directions within a voxel, AD reflects the diffusivity 

along the principal diffusion direction, and RD indicates the diffusivity perpendicular to the 

principal direction. FA quantifies the degree of directional preference of diffusion, with values 

closer to 1 indicating highly anisotropic diffusion and values closer to 0 indicating more isotropic 

diffusion.66 

The following metrics were obtained from the DKI model: mean kurtosis (MK), axial 

kurtosis (AK), and radial kurtosis (RK). MK provides an overall kurtosis measure of the deviation 

from Gaussian diffusion across all directions. AK reflects kurtosis along the primary diffusion 

direction, and RK measures kurtosis perpendicular to the principal diffusion direction.67 

Fixel-Based Analysis (FBA) 

Per best practices for FBA, which recommends using high b-value data to reduce 

contamination from extracellular signals,30 images acquired at b = 800s/mm² were excluded from 

this portion of the analysis. Following preprocessing, an automated, unsupervised method was 

used to estimate tissue-specific response functions for single-fiber WM, gray matter, and 

cerebrospinal fluid.68 These individual response functions were then averaged to generate group-

level response functions.30 Participant images were then up-sampled to 1.5 mm isotropic voxel 

size to improve anatomical contrast and facilitate more accurate registration and tractography. 

Using multi-shell 3-tissue constrained spherical deconvolution, WM fiber orientation distributions 

(FODs) were estimated for each participant.69 Joint bias field correction and global intensity 

normalization were also applied.33,70,71 
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A study-specific FOD template was constructed to enable group-wise comparison using 

non-linear data registration from 15 individuals with MS and 15 NT controls.56 The NT 

participants were randomly selected, while MS participants were chosen with consideration for 

lesion burden and anatomical integrity to minimize the impact of extreme pathology on template 

quality. There were no significant group differences in age or sex among the participants selected 

for template construction. All participant FODs were then registered to this template using non-

linear transformation.72 

From FODs, the following fixel-based metrics were derived: Fiber density (FD), fiber 

cross-section (FC), and fiber density and cross-section (FDC). FD is a microstructural metric 

representing the intra-axonal volume of a specific fiber population or fixel. FC is a macrostructural 

measure that quantifies the cross-sectional area of a fiber bundle.30,32 Because FC values are 

typically non-normally distributed, a log transformation (LogFC) was applied before statistical 

analyses to center the data around zero. FDC is a combined metric integrating FD and FC to 

measure micro- and macrostructure comprehensively.30,32  

Tractography and Regions of Interest  

This study employed a tract-of-interest approach focused on the CST. Streamline 

tractography was seeded in the precentral and postcentral gyri using cortical masks derived from 

the study-specific T1 template image. Streamlines were generated unidirectionally, projecting 

from the cortex toward the brainstem, and were constrained to pass through two CST waypoint 

masks located in the pons and medulla. CST waypoint masks were sourced from Boyne et al. 

(2022)73 and transformed from MNI into the study template space. To improve anatomical 

specificity, manually drawn exclusion masks were applied to eliminate streamlines originating 

from the corticobulbar region and any that entered the corpus callosum, cerebellum, or thalamus.  
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Five thousand streamlines were generated from each hemisphere to standardize streamline 

counts bilaterally. After generation, the left and right hemisphere tracts were combined into a 

single file for statistical analysis. To improve the biological accuracy of streamline densities, the 

Spherical-deconvolution Informed Filtering of Tractograms 2 algorithm was applied, assigning 

weight to each streamline based on the underlying fiber orientation distributions.74 This ensures 

that the streamline counts accurately reflect the underlying WM architecture. The final rendering 

of the streamlines is shown in Figure 4.2. For voxel-based analyses, the combined streamline file 

was converted into a track density image and thresholded to produce a binary mask representing 

voxels traversed by CST streamlines.75 This binary mask was then applied to the DTI and DKI 

maps to restrict the analysis to voxels within the CST. 

Figure 4.2. Corticospinal Tract Streamlines. a) Volume rendering of bilateral CST streamlines 
viewed from anterior, left, and right perspectives. Streamlines are color-coded by orientation: red 
= medial-lateral, blue = superior-inferior, and green = anterior-posterior. b) CST streamlines 
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overlaid on axial slices of the template brain. Slices progress from inferior to superior, starting in 
the medulla (top left) and ascending from the brainstem to the cerebrum, ending with streamlines 
in the precentral and postcentral gyri (bottom right). 
 

Brain Volumetrics 

The recon-all pipeline from FreeSurfer (version 7.4.0, Fischl (2012)76, 

http://surfer.nmr.mgh.harvard.edu/fswiki) was run using each participant’s high-resolution T1-

weighted anatomical image to obtain estimated total intracranial volume (eTIV).77 eTIV was 

included as a nuisance variable in statistical analyses to control for individual differences in head 

size. A study-specific T1-weighted anatomical template was created using the same participants 

selected for the study-specific FOD template, employing non-rigid registration.56 This T1 template 

was also processed with the recon-all pipeline to define study-specific cortical regions of interest, 

specifically the bilateral precentral and postcentral gyri. 

Lesion Segmentation 

WM lesions were segmented using the deep learning–enhanced version of the Lesion 

Segmentation Toolbox.78 Both T1-weighted and T2-FLAIR images were provided as inputs for 

automated lesion detection. Total lesion volume (mL) and lesion volume within the CST mask 

(mL) were calculated for each participant to quantify the overall lesion burden and tract-specific 

involvement. A lesion probability map for the participants with MS in this study is presented in 

Figure C1 (Appendix C). 

Statistical Analysis 

Group Comparisons 

All statistical analyses were conducted using R Statistical Software (v4.4.2; R Core Team, 

Vienna, Austria, 2024). The normality of participant characteristics, brain volume, dynamic 

balance, and neurophysiological variables was assessed using the Shapiro-Wilk test and quantile-
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quantile plots, while Levene’s test was used to evaluate the equality of variances. Student’s t-tests 

were used for group comparisons when assumptions of normality and equal variance were met. If 

the assumptions of normality or equal variance were violated, Mann-Whitney U tests or Welch’s 

t-tests were used, respectively. Group differences in sex distribution were assessed using a chi-

squared test. A general linear model was used to compare MEP onset latency between groups 

while controlling for participant height.  

Statistical Analysis of Tensor-Derived Metrics 

Voxel-wise group comparisons of DTI and DKI metrics were conducted using threshold-

free cluster enhancement.79 Covariates included age, sex, and eTIV, given the influence of head 

size on tensor measures.80 All analyses were corrected for multiple comparisons using FWE, with 

significance defined as pFWE < 0.05. For visualization, voxel-wise significance values were 

mapped onto the corresponding streamlines that traversed them, and streamlines were color-coded 

to reflect significance.  

Statistical Analysis of Fixel-Based Metrics 

Group differences in FDC, FD, and LogFC within the CST were assessed using threshold-

free connectivity-based fixel enhancement, a statistical framework designed for FBA.31 A general 

linear model was used to estimate group effects, with age and sex included as covariates for all 

metrics. Additionally, for FDC and LogFC analyses, the logarithm of eTIV was also included to 

account for differences in head size, which can influence macrostructural measures.81 All 

comparisons were corrected for multiple comparisons using familywise error correction (FWE), 

with significant fixels defined as those with a corrected p-value less than 0.05 (pFWE < 0.05).  
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Post-hoc Group Comparisons 

To quantitatively summarize group differences and illustrate within-group variability, 

mean values for each diffusion metric were extracted from fixels or voxels that showed significant 

group differences (pFWE < 0.05) for each specific metric. For example, mean FD values were 

calculated exclusively from fixels where FD was significantly different between groups. 

Bonferroni correction was applied to control for multiple comparisons across metrics with alpha 

equal to 0.05. 

Post-hoc Correlation Analyses in Participants with MS 

To explore the associations between diffusion metrics and functional outcomes in people 

with MS, correlation analyses were performed using mean diffusion metric values extracted from 

fixels or voxels that demonstrated significant group differences (pFWE < 0.05).82 These average 

values were then correlated with clinical impairment measures, miniBEST total score and EDSS, 

and neurophysiologic outcomes, MEP onset latency and MEP Area. False Discovery Rate (FDR) 

correction was applied to control for multiple comparisons, and significance was defined as pFDR 

< 0.05. Correlation strengths were interpreted using the following scale: very weak (rho = 0.00 – 

0.19), weak (rho = 0.20 – 0.39), moderate (rho = 0.40 – 0.59), strong (rho = 0.60 – 0.79), and very 

strong (rho = 0.80 – 1.00).83 

For completeness, additional correlation analyses are provided in the supplementary 

materials. Associations between diffusion metrics and CST lesion volume in participants with MS 

are reported in Table C1 (Appendix C). Associations between TMS outcome measures and clinical 

impairment measures in participants with MS are reported in Table C2 (Appendix C). Associations 

between diffusion metrics averaged across the whole CST and outcome measures in participants 

with MS are reported in Table C3 (Appendix C).  
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Results 

Participant Characteristics, Brain Volumetrics, Clinical Disability, and Neurophysiological 

Comparison 

Table 4.2 summarizes participant characteristics, brain volumetrics, clinical impairment 

scores, and neurophysiologic outcome measures. There were no significant differences between 

participants with MS and NT controls for age, sex, height, weight, or body mass index. MS 

participants did not have significant differences in eTIV compared to NT controls. Segmentation 

of lesions in MS participants revealed an average total lesion burden of 7.39 ± 9.3 mL, with 

segmented lesions overlapping an average of 1.53 ± 2.24% of the CST, corresponding to 0.50 ± 

0.74 mL.  

In terms of clinical disability, MS participants presented with mild to moderate disability, 

with self-reported EDSS scores ranging from 0 to 4 and a median score of 3.5. Additionally, 

participants with MS produced significantly lower scores on the miniBEST total score (p < 0.001), 

reactive postural control subscore (p < 0.001), and dynamic gait subscore (p < 0.001) compared to 

NT participants (Table 4.2).  

For neurophysiologic measures, RMT was comparable between MS participants and 

controls (p = 0.226). In contrast, the MEP area was significantly reduced in individuals with MS 

compared to NT controls (p = 0.012). The groups had no significant differences in MEP onset 

latency (Table 4.2). However, a significant group effect was observed when MEP onset latency 

was examined while controlling for participant height using a linear model (t(46) = 2.34, p = 

0.024).  
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Table 4.2. Participant Characteristics, Brain Volumetrics, Clinical Disability, and 

Neurophysiologic Measures. Data in each subsection are presented as mean and standard 
deviation † or median and interquartile range‡. Statistical comparisons were performed using 
independent t-testsᵃ, χ² testsᵇ, Mann–Whitney U testsᶜ, or Welch’s t-testsᵈ. Bolded values indicate 
statistical significance (p < 0.05).  
 
Abbreviations: SD – Standard Deviation; IQR – Interquartile Range; BMI – Body Mass Index; 
eTIV – Estimated Total Intracranial Volume; CST – Corticospinal Tract; EDSS – Expanded 
Disability Status Scale; FSS – Functional System Score; APC – Anticipatory Postural 
Adjustments; RPC – Reactive Postural Control; SO – Sensory Orientation; DG – Dynamic Gait; 
TMS – Transcranial Magnetic Stimulation; MEP – Motor Evoked Potential; %MSO – Percent 
Maximal Stimulation Output. 

 Multiple Sclerosis Neurotypical  

Variable (unit) Mean/Median SD/IQR  Mean/Median SD/IQR p-value 

Characteristics†      

n 25 - 24 - - 

Age (years) 48.30 12.18 47.07 15.65 0.758 a 

Sex (female/male) 18/7     - 16/8 - 0.924 b 

Height (cm) 165.76 7.47 169.76 7.44 0.067 a 

Weight (kg) 70.31 13.61 68.72 21.66 0.653 c 

BMI (kg/m2) 25.31 3.57 24.80 3.28 0.620 a 

Disease Duration (years) 12.24 10.69        - - - 

Brain Volume†      

eTIV (mL) 1534.67 162.43 1476.72 225.58 0.306 a 

Total Lesion Volume 

(mL) 
7.39 9.23        - - - 

CST Lesion Volume (mL) 0.50 0.73        - - - 

Disability Scores‡ 

EDSS 3.5 1 - - - 

Pyramidal FSS 3 3 - - - 

Cerebellar FSS 2 2 - - - 

Sensation FSS 3 3 - - - 

Bladder FSS 1 2 - - - 
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DTI Group Comparison 

DTI revealed significant increases in MD, AD, and RD, and a significant decrease in FA 

in participants with MS compared to NT controls in dispersed voxel clusters throughout the CST. 

Streamline segments corresponding to significant voxels (pFWE < 0.05) are shown in Figure 4.3, 

where orange indicates the locations of significant differences.  

MD displayed the greatest extent of group differences among the DTI metrics, with 10.37% 

of CST voxels identified as significantly increased in participants with MS compared to NT 

controls. Significant voxel clusters were located in the periventricular and corona radiata regions 

of both hemispheres, with more extensive differences observed in the left CST, extending 

superiorly into the centrum semiovale and inferiorly to the posterior limb of the internal capsule 

(PLIC) and the superior portions of the midbrain. The right CST largely had consolidated 

Vision FSS 2 2 - - - 

Brainstem FSS 0 2 - - - 

Cerebral FSS 2 3 - - - 

Mini-Balance Evaluation Systems Test† 

Total Score 25.32 4.51    29.46 2.21 <0.001 c 

APA 6.28 1.81    7.29 1.00 0.065 c 

RPC 5.92 1.50    7.46 0.78 <0.001 c 

SO 5.60 0.71    5.92 0.28 0.068 c 

DG 7.52 1.26    8.79 0.98 <0.001 c 

TMS Measures†       

MEP Area (mV x ms) 0.78 0.37            1.12 0.50 0.012 a 

MEP Onset Latency (ms) 32.84 4.85           31.31 2.56 0.174 d 

RMT (% MSO) 67.26 6.95   69.21 7.73 0.226 c 
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differences around the periventricular space and corona radiata, in addition to a small cluster of 

significant voxels in the right PLIC (Figure 4.3a). 

AD displayed the least extensive group differences among the DTI metrics, with significant 

increases in participants with MS compared to NT controls observed in only 0.12% of CST voxels. 

AD differences were mostly limited to a small cluster of voxels in the left corona radiata region. 

(Figure 4.3b).  

RD was significantly increased in participants with MS compared to NT controls in 5.64% 

of CST voxels, with clusters primarily located in the periventricular and corona radiata regions of 

both hemispheres, and with more extensive differences in the left CST extending superior to the 

centrum semiovale. A cluster of significant RD voxels was also observed within the PLIC in the 

left CST (Figure 4.3c). 

FA was significantly reduced in participants with MS compared to NT controls in 1.58% 

of CST voxels, with clusters located in the periventricular region of both hemispheres. The left 

CST also showed a cluster of significant FA reductions within the PLIC (Figure 4.3d). 
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Figure 4.3. Diffusion Tensor Imaging Group Comparison. Regions within the CST showing 
significant differences in DTI metrics between participants with MS and NT controls. Streamline 
segments corresponding to significant voxels (pFWE < 0.05) are shown in orange. Boxplots 
display within-group variability across the significant voxels for each metric. Comparisons are 
Bonferroni corrected (pBON). a) Increased mean diffusivity in MS compared to NT controls. b) 
Increased axial diffusivity in MS compared to NT controls. c) Increased radial diffusivity in MS 
compared to NT controls. d) Decreased fractional anisotropy in MS compared to NT controls. 
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DKI Group Comparison 

DKI revealed significant decreases in MK, AK, and RK in participants with MS compared 

to NT controls in voxel clusters throughout the CST. Streamline segments corresponding to 

significant voxels (pFWE < 0.05) are shown in Figure 4.4, where green indicates the locations of 

significant differences.  

MK showed the most widespread significant group differences among the DKI metrics, 

with 20.71% of CST voxels identified as significantly reduced in participants with MS compared 

to NT controls. Significant voxel clusters were primarily located in the periventricular and corona 

radiata regions and extended inferiorly through the PLIC and midbrain in both hemispheres, with 

additional significant voxels scattered throughout the brainstem (Figure 4.4a). 

AK exhibited the least coverage of group differences among the DKI metrics, with 

significant decreases in participants with MS compared to NT controls observed in only 0.29% of 

CST voxels. AK differences were localized primarily to a small cluster in the periventricular region 

of the right CST. (Figure 4.4b).  

RK was significantly reduced in participants with MS compared to NT controls in 12.19% 

of CST voxels, with clusters primarily located around the periventricular regions and the corona 

radiata of both hemispheres. Additionally, both CSTs showed RK differences in the PLIC, 

although differences were more extensive in the left CST (Figure 4.4c).  
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Figure 4.4. Diffusion Kurtosis Imaging Group Comparison. Regions within the CST showing 
significant differences in DKI metrics between participants with MS and NT controls. Streamline 
segments corresponding to significant voxels (pFWE < 0.05) are shown in green. Boxplots display 
within-group variability across the significant voxels for each metric. Comparisons are Bonferroni 
corrected (pBON). a) Decreased mean kurtosis in MS compared to NT controls. b) Decreased axial 
kurtosis in MS compared to NT controls. c) Decreased radial kurtosis in MS compared to NT 
controls. 
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FBA Group Comparison 

FBA revealed significant decreases in FDC, FD, and LogFC throughout the CST in 

participants with MS compared to NT controls. Streamline segments corresponding to significant 

fixels (pFWE < 0.05) are shown in Figure 4.5, where blue indicates the locations of significant 

differences. 

FDC demonstrated widespread differences, with 51.53% of fixels within the CST showing 

significant group effects. In participants with MS, significant FDC reductions extended from the 

centrum semiovale through the corona radiata and the PLIC and tapered off in the pons and 

medulla in both hemispheres (Figure 4.5a).  

FD exhibited less extensive differences compared to FDC. Significantly reduced FD fixels 

in participants with MS compared to NT controls were observed in 7.27% of CST fixels. FD 

differences in the left CST are primarily located in the middle of the CST, spanning from the 

centrum semiovale to the brainstem. FD differences in the right CST are similarly located in the 

middle of the tract around the centrum semiovale and corona radiata but shift more posteriorly 

around the PLIC, extending to the brainstem (Figure 4.5b). 

LogFC showed the greatest extent of group differences among all diffusion-derived 

metrics. Significant reductions in LogFC in participants with MS compared to NT controls were 

observed in 64.88% of CST fixels. Significant LogFC fixels were distributed extensively, spanning 

from parts of superior centrum semiovale regions through the entirety of the brainstem in both 

hemispheres (Figure 4.5c). 
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Figure 4.5. Fixel-Based Analysis Group Comparison. Regions within the CST showing 
significant differences in FBA metrics between participants with MS and NT controls. Streamline 
segments corresponding to significant fixels (pFWE < 0.05) are shown in blue. Boxplots display 
within-group variability across the significant fixels for each metric. Comparisons are Bonferroni 
corrected (pBON). a) Decreased fiber density and cross-section in MS compared to NT controls. 
b) Decreased fiber density in MS compared to NT controls. c) Decreased fiber cross-section in MS 
compared to NT controls. Fiber cross-section is displayed on a logarithmic scale.  
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Associations Between Diffusion Metrics and Clinical Impairment Scores in MS 

Associations between diffusion metrics and clinical impairment scores in participants with 

MS are summarized in Table 4.3. Significant associations were observed between miniBEST total 

score and FA (rho = 0.52, pFDR = 0.031), RD (rho = -0.49, pFDR = 0.041), RK (rho = 0.56, pFDR 

= 0.014), FDC (rho = 0.52, pFDR = 0.014), and FD (rho = 0.53, pFDR = 0.014), all demonstrating 

a moderate correlation. MD (rho = -0.41, pFDR = 0.080), MK (rho = 0.43, pFDR = 0.075), and 

CST lesion volume (rho = -0.44, pFDR = 0.065) also exhibited moderate correlations with 

miniBEST total score, however, these associations did not survive correction for multiple 

comparisons. Significant associations were observed between EDSS and only FDC (rho = -0.65, 

pFDR = 0.002) and LogFC (rho = -0.65, pFDR = 0.002), with strong negative correlation 

coefficients.  

Associations Between Diffusion Metrics and Neurophysiological Measures in MS 

Associations between diffusion metrics and neurophysiological outcomes are also 

presented in Table 4.3. MEP onset latency showed significant correlations with nearly all diffusion 

metrics and lesion metrics, with the strongest correlation coefficients observed for FD (rho = -

0.75, pFDR < 0.001), FA (rho = -0.75, pFDR < 0.001), and RK (rho = -0.71, pFDR = 0.001). 

Significant associations were observed between MEP area and only FBA metrics, FDC (rho = 

0.52, pFDR = 0.014), FD (rho = 0.49, pFDR = 0.021), and LogFC (rho = 0.46, pFDR = 0.031), 

with moderate positive correlations. FA (rho = 0.44, pFDR = 0.064), RK (rho = 0.40, pFDR = 

0.096), and CST lesion volume (rho = -0.40, pFDR = 0.065) also demonstrated moderate 

correlations with MEP area. However, these associations did not survive correction for multiple 

comparisons. 
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Table 4.3. Associations Between Diffusion Metrics and Clinical and Neurophysiologic 

Measures in Participants with Multiple Sclerosis. Spearman’s rank correlation coefficients 
(rho) are presented for associations between CST dMRI metrics and clinical and 
neurophysiological measures in participants with MS. Both uncorrected p-values and false 
discovery rate-corrected values are shown (pFDR). Statistically significant associations after FDR 
correction (pFDR < 0.05) are indicated in bold. 
 
Abbreviations: 
DTI – Diffusion Tensor Imaging; MD – Mean Diffusivity; AD – Axial Diffusivity; RD – Radial 
Diffusivity; FA – Fractional Anisotropy; DKI – Diffusion Kurtosis Imaging; MK – Mean Kurtosis; 
AK – Axial Kurtosis; RK – Radial Kurtosis; FBA – Fixel-Based Analysis; FDC – Fiber Density 
and Cross-section; FD – Fiber Density; LFC – Log of Fiber Cross-section; CST – Corticospinal 
Tract; miniBEST – Mini-Balance Evaluation Systems Test; EDSS – Expanded Disability Status 
Scale; MEP – Motor Evoked Potential. 
 

DTI DKI FBA 
CST 

Lesion 

Variable MD AD RD FA MK AK RK FDC FD LFC Volume 

 miniBEST Total Score        
rho  -0.41 -0.10 -0.49 0.52 0.43 0.31 0.56 0.52 0.53 0.37 -0.44 

p-value  0.040 0.647 0.013 0.008 0.031 0.132 0.003 0.007 0.006 0.066 0.028 
pFDR-

value 

 
0.080 0.690  0.041 0.031 0.075 0.176 0.014 0.014 0.014 0.079 0.065 

EDSS             

rho  0.33 0.01 0.35 -0.24 -0.32 -0.26 -0.36 -0.65 -0.34 -0.65 0.37 
p-value  0.110 0.981 0.086 0.240 0.121 0.208 0.074 <0.001 0.093 <0.001 0.065 
pFDR-

value 

 
0.165 0.981 0.154 0.320 0.176 0.227 0.128 0.002 0.101 0.002 0.075 

MEP Onset Latency          

rho  0.59 0.47 0.68 -0.75 -0.60 -0.45 -0.71 -0.57 -0.75 -0.33 0.54 
p-value  0.002 0.019 <0.001 <0.001 0.001 0.023 <0.001 0.003 <0.001 0.106 0.006 
pFDR-

value 

 
0.009 0.050 0.002 <0.001 0.009 0.068 0.001 0.009 <0.001 0.106 0.027 

MEP Area           

rho  -0.22 0.12 -0.33 0.44 0.29 0.19 0.40 0.52 0.49 0.46 -0.40 
p-value  0.282 0.569 0.114 0.028 0.165 0.355 0.048 0.008 0.014 0.023 0.049 
pFDR-

value 

 
0.348 0.650 0.165 0.064 0.198 0.355 0.096 0.014 0.021 0.031 0.065 

             

Discussion 

In this cross-sectional study, the structural integrity of the CST was examined in 

individuals with MS compared to age- and sex-matched NT controls using three diffusion imaging 
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frameworks, DTI, DKI, and FBA. The study findings demonstrate that diffusion-derived metrics 

from each framework identified clusters of significant structural differences within the CST 

between participants with MS and NT controls. Among the three approaches, FBA revealed the 

most extensive WM alterations, identifying a greater proportion of the CST with significant group 

differences compared to DTI and DKI. Additionally, FBA metrics consistently showed moderate 

to strong correlations with measures of clinical impairment and neurophysiological function, 

suggesting that FBA may be particularly useful for detecting disease-related damage relevant to 

mobility and neural function in individuals with MS with mild to moderate disability. Together, 

these findings link WM micro- and macrostructure to functional outcomes, providing insights into 

how structural damage translates to motor dysfunction in MS and highlighting the utility of 

advanced diffusion imaging methods in detecting subtle WM alterations not captured by 

conventional measures. 

Clinical and Neurophysiological Impairments in MS Participants 

Group comparisons of age, sex, and physical characteristics revealed no significant 

differences between participants with MS and NT participants, although height approached 

significance (Table 4.2). As expected based on inclusion criteria, MS participants presented with 

mild to moderate disability, reflected by EDSS scores ranging from 0 to 4. An EDSS score above 

4 typically marks the onset of gait impairments requiring a walking aid past distances of 500 

meters,42 indicating that participants in this study largely retained functional ambulatory ability. 

Concurrently, pyramidal and sensory FSS were the highest among functional domains, suggesting 

motor and sensory dysfunction within the cohort (Table 4.2). 

Assessment of balance using the miniBEST revealed significantly poorer performance in 

MS participants compared to NT controls, with significant group differences observed for total 



153 

score, reactive postural control, and dynamic gait. In contrast, anticipatory postural control and 

sensory orientation were not significant (Table 4.2). Together, these findings indicate that 

individuals with MS with mild to moderate disability exhibit impairments in balance, particularly 

in reactive postural responses and functional mobility. This aligns with previous literature showing 

that balance impairments can emerge in MS patients with low disability and may even precede 

formal MS diagnosis.84–86 These observed balance deficits likely stem from WM damage, Which 

disrupts the sensory feedback and motor output required for maintaining posture and responding 

to perturbations.87,88 

Comparison of neurophysiological measures showed that RMT was comparable between 

groups (Table 4.2), suggesting that CST excitability or the threshold required to elicit a motor 

response was preserved among these participants with MS.89 This finding contributes to a mixed 

body of literature, with some studies reporting no differences in RMT between individuals with 

MS and NT controls, while others have found a significant increase in people with MS.36 In 

contrast, MEP area was significantly reduced in MS participants, reflecting diminished CST 

excitability.89 These results are consistent with previous findings, which show that the MEP area 

or amplitude is reduced in people with MS.90–92 In an initial comparison, MEP onset latency did 

not differ significantly between groups (Table 4.2). However, on average, participants in the NT 

group were taller, and greater height is known to influence MEP latency times by increasing the 

distance neural signals must travel, particularly for lower-extremity TMS protocols.89,93,94 A 

significant group difference in onset latency was identified when height was included as a covariate 

in a linear model, indicating delayed CST conduction in the MS group after adjusting for body 

size. Delayed MEP latency is consistent with prior studies, which have shown that MEP latency is 

increased even in minimally disabled MS cohorts.90,92 
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These findings indicate that despite similar demographic profiles, individuals with MS 

demonstrate clear clinical and neurophysiological impairments characterized by poorer mobility 

function, diminished CST excitability, and delayed neural conduction.  

Structural Differences in the CST Identified by DTI, DKI, and FBA 

dMRI analysis is continually evolving, with increasingly sophisticated models enhancing 

the ability to characterize WM structural integrity more thoroughly. However, determining the 

clinical utility of these models and understanding when the adoption of advanced approaches is 

warranted remains an important topic of investigation. Only one other study has evaluated DTI, 

DKI, and FBA within a single MS study.95 Examining all three methods within the same 

investigation provides an opportunity to assess whether the models yield complementary findings 

and gauge the relative effectiveness of advanced diffusion approaches in detecting MS-related 

structural abnormalities, thereby informing both clinical research applications and future 

methodological choices. 

DTI 

Among the DTI measures, MD exhibited the most widespread group differences and was 

elevated relative to matched controls, consistent with previous findings.13 MD reflects the average 

diffusivity within a voxel and is sensitive to increases in extracellular water content, often 

associated with pathophysiological processes such as edema or inflammation.96,97 In line with this, 

a large number of significant MD voxel differences were located in and around periventricular 

regions (Figure 4.3a), corresponding to areas of highest lesion burden in this study cohort (Figure 

C1, Appendix C), and consistent with common lesion locations in MS.98 However, significantly 

increased MD voxel clusters were also located in the bilateral PLIC and right centrum semiovale 

despite a relatively low frequency of lesions in these areas among MS participants. This finding 
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suggests that MD may also capture more subtle inflammation or microedema that are not directly 

attributable to visible lesion presence.  

AD, commonly regarded as a marker of axonal integrity,99 showed limited group 

differences. While reductions in AD are often associated with axonal loss, AD values within 

lesions are elevated relative to normal-appearing WM, and lesion pathology may artificially 

displace the principal diffusion axis from biologically meaningful directions.100–102 Many DTI 

studies in MS omit AD values, likely due to these interpretational challenges and the observation 

that MD, RD, and FA may better capture WM structural changes relevant to MS pathology.103 

Given that AD is most reliable in lesion-free, tightly packed, coherently oriented fibers,104 and 

most group differences in the present study occurred in regions of high fiber dispersion (Figure 

4.3b), AD may have limited ability for detecting early structural damage in mild to moderate MS. 

Patterns for RD and FA largely mirrored those observed for MD, with clusters of 

significant voxels in the periventricular regions, corona radiata, and left PLIC. However, these 

were less extensive than MD for both metrics (Figures 4.3c and 4.3d). RD increases are commonly 

associated with demyelination.105,106 At the same time, FA reductions are interpreted as a loss of 

overall axonal integrity and can be attributed to various pathophysiologic processes, such as 

demyelination, inflammation, gliosis, or axonal loss.107 These DTI findings suggest that CST 

structural abnormalities in MS are characterized by increased MD and RD, coupled with 

reductions in FA. These differences were particularly pronounced in regions with high lesion 

burden, likely reflecting the combined effects of demyelination, axonal loss, inflammation, and 

increased extracellular water content within and surrounding lesions. Differences detected in the 

PLIC may indicate more subtle pathological changes. 
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While DTI metrics are sensitive to structural alterations, caution is warranted when 

interpreting these findings. In regions such as the corona radiata, where crossing and dispersing 

fibers are common, DTI is unable to resolve complex fiber architecture.11 Thus, detected group 

differences may reflect a combination of actual pathological changes and confounding effects of 

fiber geometry. Additionally, although specific metrics such as RD are frequently interpreted as a 

proxy for myelination and have been associated with myelin content, it is essential to recognize 

that all DTI metrics are influenced by various pathological processes.107 For instance, increases in 

RD may reflect demyelination, but could also reflect other processes, such as axonal loss or 

gliosis.108 Consequently, while DTI provides insights into WM integrity, its metrics are inherently 

nonspecific and should be interpreted cautiously in isolation. 

DKI  

Consistent with previous literature, MK, AK, and RK values were lower in MS participants 

compared to NT participants, indicating decreased heterogeneity in WM tissue.29,109 Compared to 

DTI metrics, DKI metrics revealed a greater number of significant voxels in the CST in group 

comparisons. Among the DKI measures, MK exhibited the greatest number of significant voxel 

differences, spanning from periventricular and corona radiata regions through the PLIC and 

midbrain, with additional scattered clusters in the pons and medulla (Figure 4.4a). These 

reductions suggest that MK can identify WM alterations in regions of high and low lesion burden.  

In contrast, AK showed limited group differences, with significant voxels confined to a 

small cluster in the right periventricular region (Figure 4.4b). Although reduced AK can indicate 

decreased intracellular diffusion complexity and is associated with axonal loss,26 its restriction to 

only a small significant cluster, despite occurring in a region of high lesion burden, suggests that 

AK may have a limited ability to detect pathological changes in people with MS with mild to 
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moderately disability. Other studies using DKI have also found that AK reveals fewer group 

differences compared to MK and RK in people with MS compared to controls. However, those 

findings involved whole-brain analyses and reported a much larger percentage of significant 

voxels relative to the present study.29 

RK, which has been associated with myelin integrity,110 showed significant reductions in 

the periventricular and corona radiata regions and within the PLIC, suggesting decreased myelin 

content in both lesion sites and normal-appearing WM (Figure 4.4c). Notably, MK and RK 

revealed bilateral abnormalities in the PLIC, whereas DTI metrics primarily detected differences 

in the left CST. These findings suggest that DKI metrics, particularly MK and RK, may detect 

additional microstructural abnormalities in MS that are not captured by DTI measures.  

Overall, DKI and DTI showed overlapping group differences in the periventricular and 

corona radiata regions, with DKI detecting more extensive abnormalities than DTI. Prior studies 

suggest that DKI may perform better in regions with complex fiber geometry,29 so the convergence 

of findings in these areas further corroborates the DTI results. In contrast, DKI identified fewer 

significant voxels in the centrum semiovale, a region of higher fiber dispersion, where MD and 

RD detected differences, highlighting a discrepancy in an area where DKI is expected to be more 

accurate. Altogether, DKI revealed a broader extent of group differences than its DTI metric 

counterparts, suggesting that non-Gaussian diffusion modeling may provide complementary 

insights into microstructural assessments of WM in MS. 

FBA 

Consistent with previous literature, all FBA metrics were reduced in MS participants 

compared to NT controls,34,111,112 although some studies in low-disability MS populations report 

limited or no FD differences.113 Compared to DTI and DKI, FBA revealed the most extensive 
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group differences. LogFC showed the largest number of reductions in participants with MS 

compared to NT participants, identifying significant fixels in nearly two-thirds of the CST (Figure 

4.5c). As a measure of fiber cross-sectional area, LogFC reflects macrostructural WM 

differences,30,32 and its widespread reduction suggests substantial CST atrophy in MS, likely 

resulting from cumulative damage over time,32 even in individuals with mild to moderate 

disability. LogFC differences were observed in regions with high, low, and no visible lesion 

burden, indicating that tract atrophy is not limited to areas of overt lesion damage. 

FD, quantifying intra-axonal volume,33 also showed significant reductions in MS 

participants relative to NT controls, though more spatially contained, spanning from the centrum 

semiovale through the brainstem bilaterally (Figure 4.5b). Significant FD reductions overlapped 

with higher lesion probability regions in the periventricular space, possibly reflecting axonal loss 

from lesion-related damage. Additional reductions superior and inferior to these areas suggest FD 

may capture axonal loss stemming from lesion site damage and diffuse microstructural differences 

within normal-appearing white matter. 

FDC, a composite metric that combines FD and FC,30,32 was also reduced in MS 

participants compared to NT participants and identified numerous significant fixels throughout the 

CST (Figure 4.5a). As it incorporates both microstructural and macrostructural information, 

reduced FDC suggests that CST differences reflect both axonal degeneration and tract atrophy, 

consistent with post-mortem studies reporting reduced tract area and axonal density in the CST of 

people with MS compared to controls.87  

Compared to DTI and DKI, FBA identified more spatially extensive structural differences 

in the CST, including regions within the brainstem and substantial portions of the centrum 

semiovale that were not highlighted by the other methods. While differences in the spatial extent 
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of abnormalities were observed across methods, it is important to recognize that each approach 

models diffusion using distinct frameworks and quantifies microstructure with different metrics. 

Without a definitive ground truth, direct comparisons of sensitivity or specificity remain 

speculative. For example, LogFC, the FBA metric associated with the largest number of significant 

fixels, indexes macroscopic changes in fiber bundle cross-sectional area, a property not directly 

captured by DTI or DKI. 

While the presence of different metrics makes direct comparison across methods 

challenging, it also offers the opportunity to capture distinct and complementary aspects of white 

matter structure. Because FBA provides both microstructural and macrostructural information, it 

supports more nuanced interpretations of underlying pathology. For instance, prior work has 

associated specific fixel patterns, such as concurrent reductions in FDC and LogFC without 

changes in FD, with Wallerian degeneration,95 a process involving secondary axonal degeneration 

distal to the site of injury.114 A similar pattern was observed in this study, particularly in the corona 

radiata regions, potentially reflecting a pathological process that conventional diffusion models 

can detect but may not be able to fully characterize. 

In this study, DTI and DKI metrics, except for AD, were strongly correlated with lesion 

volume and exhibited numerous significant voxels in areas of high lesion burden. In contrast, FBA 

metrics showed only moderate correlations with lesion volume, suggesting that FBA may capture 

additional aspects of WM integrity (Table C1, Appendix C).   

Clinical and Neurophysiological Associations with DTI, DKI, and FBA Metrics 

This study offers new evidence on how dMRI metrics relate to clinical impairment and 

neurophysiological function in individuals with MS. By examining these relationships cross-

sectionally, this analysis aimed to characterize the WM structural alterations underlying functional 
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deficits. While DTI metrics have been linked to disability, mobility, and balance,115–117 few studies 

have explored whether more advanced diffusion models, such as DKI and FBA, offer added value 

in identifying associations with functional outcomes.113,118  

EDSS 

Only FDC and LogFC showed significant associations with EDSS (Table 4.3). These 

findings suggest that atrophy of the corticospinal tract, likely resulting from long-term white matter 

damage, is associated with overall disability as measured by EDSS. This relationship is likely 

driven in part by the strong influence of mobility impairments on EDSS scoring. Alternatively, 

these findings may suggest that atrophy within the CST is consistent with more widespread white 

matter degeneration in individuals with MS, potentially contributing to disability across multiple 

functional domains. This interpretation is supported by prior whole-brain FBA studies, which have 

reported global reductions in LogFC in MS participants compared to controls, even in studies with 

a low EDSS median score.34  

While the correlation coefficients reported here between DTI and DKI metrics and EDSS 

were not significant and slightly lower than those reported by Spampinato et al. (2017),118 they 

were of comparable magnitude. The modest sample size and relatively low number of participants 

with EDSS scores of 1 or 2 may have limited this study’s ability to detect additional significant 

associations. Moreover, EDSS scores in this study were obtained via a self-report instrument rather 

than direct clinician assessment, which, although validated,43 may introduce some measurement 

variability compared to traditional EDSS administration. 

miniBEST 

Multiple dMRI metrics were significantly correlated with miniBEST scores, indicating that 

WM structural integrity of the CST is associated with mobility function in individuals with MS 
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(Table 4.3). The strongest relationships were observed for metrics linked to demyelination, 

increased RD and decreased RK, as well as axonal loss, reduced FA, FD, and FDC, suggesting 

that both pathological processes contribute to balance impairments. Axonal loss may disrupt 

descending motor commands, while demyelination slows conduction velocity, impairing timely 

motor responses to perturbations. This is further supported by strong correlations between 

miniBEST total scores and MEP onset latency and MEP area (Table C2, Appendix C), suggesting 

that delayed and diminished corticospinal excitability contributes to balance deficits. 

An important consideration is that key neural circuits supporting postural control and 

balance are located within the cerebellum, brainstem, and spinal cord.119 WM alterations in these 

regions were not assessed in the present study. However, evidence suggests that diminished 

proprioceptive input from muscle spindles may increase reliance on supraspinal CST input for 

maintaining balance in aging populations.120 This supports assessing CST structural integrity 

superior to the brainstem and its relationship to balance deficits in MS.  

The current study is among the first to demonstrate that DKI and FBA metrics relate to 

clinical balance and mobility scores. The present findings further expand upon those of Strik et al. 

(2021),113 who showed that FDC reductions were associated with impaired walking and upper 

extremity force tracking in minimally disabled individuals with MS. The present results show that 

FDC and FD significantly correlate with balance performance, collectively indicating that CST 

structural alterations impact locomotion, arm function, and dynamic balance even at low disability 

levels in MS. These results highlight the potential of advanced diffusion models to detect subtle 

motor pathway abnormalities associated with balance and mobility. 
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Neurophysiology 

This study provides the first comprehensive examination of the relationships between 

dMRI metrics and TMS-derived outcomes in the lower-extremities in MS, and is the first to 

incorporate FBA metrics. Neural conduction delays, as reflected by MEP onset latency, are a 

hallmark feature of MS pathology and are primarily attributed to demyelination.121 Nearly every 

dMRI metric demonstrated a significant association with MEP onset latency, except for AD, AK, 

and LogFC (Table 4.3). Metrics associated with myelin integrity, such as RD and RK, axonal 

density, FD, and overall integrity, FA, were most strongly associated with MEP onset latency 

(Table 4.3). These observed relationships indicate that disrupted myelin sheaths and reduced 

axonal density, which often follow or co-occur with demyelination,122 impair the speed and 

efficiency of neural conduction, leading to slower onset latencies.  

It should be emphasized that none of these dMRI methods directly measure myelin content 

as myelin-associated water contributes very little to the dMRI signal; instead, they provide indirect 

markers of tissue properties influenced by myelin and axonal structure.33,123 While CST lesion 

volume was also associated with delayed MEPs, diffusion metrics appear to correlate more 

strongly with MEP onset latency, suggesting that these measures capture additional WM damage 

in the CST that visible lesions alone do not account for. These findings emphasize that while CST 

lesion volume contributes to impaired neural conduction, relying solely on lesion quantification 

may underestimate the extent of diffuse microstructural damage, which dMRI can detect. 

In this study, significant associations were observed between MEP area and FDC, FD, and 

LogFC (Table 4.3). Reductions in FD likely reflect loss of axonal content, which decreases the 

number of fibers available to contribute to excitatory output. Additionally, decreases in LogFC, 

which indicate tract atrophy, could further impair transmission efficiency by reducing the cross-
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sectional area of the tract available for signal propagation. Although FA and RK showed moderate 

correlations with MEP area, these correlations did not survive correction for multiple comparisons, 

suggesting that larger sample sizes are necessary to explore these relationships further.  

Another study linking excitatory TMS measures in MS patients has demonstrated that 

microstructural damage in the motor cortex grey matter, as measured by neurite orientation 

dispersion and density imaging, predicts higher TMS RMT thresholds.40 Thus, although this study 

found no differences in RMT between MS and NT participants, it is critical to acknowledge that 

WM structural integrity differences alone do not fully explain TMS-derived neurophysiologic 

measures and neural function. The dMRI metrics examined here were restricted to the CST 

between the precentral and postcentral gyri and the brainstem and, therefore, they do not capture 

cortical pathology or spinal cord lesions, both of which are common in MS and likely influence 

MEP outcomes.124–126 Future studies incorporating comprehensive brain and spinal cord imaging 

will be necessary to elucidate the complex contributors to neurophysiological dysfunction fully. 

An important methodological consideration for these associations is that dMRI measures 

for each framework were derived from voxels or fixels that showed significant group differences 

between participants with MS and NT participants, connecting WM structural alterations with 

functional outcomes. When dMRI metrics were averaged across the entire CST, many 

associations, particularly for metrics like FA, where fewer than 2% of CST voxels are significant 

between groups, were obscured (Table C3, Appendix C). In contrast, FBA-derived measures, 

particularly FDC, largely retained significant associations even when assessed across the entire 

tract, likely due to the widespread differences detected by FBA.  

Overall, while all dMRI frameworks yielded metrics associated with clinical outcomes, 

FBA-derived measures demonstrated the most consistent associations with both clinical 
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impairment scores and neurophysiological outcome measures in people with MS. This may be 

driven by FBA’s ability to isolate only fiber orientations specific to the CST and separately 

quantify microstructural and macrostructural differences, providing a more comprehensive 

assessment of WM pathology.  

Limitations 

Several important methodological considerations must be acknowledged when interpreting 

these findings. First, it is critical to recognize that DTI and DKI metrics were calculated from all 

voxels containing at least one CST streamline. This means that even voxels with minimal fiber 

presence contributed to the voxel-wise diffusion measures. Tensor-based metrics represent an 

average of diffusion properties within a voxel, which may encompass multiple fiber populations 

or partial volume effects, in contrast to FBA metrics that isolate diffusion information specific to 

individual fiber orientations. Additionally, significance testing for DTI and DKI metrics was 

performed across the full CST without the use of techniques such as Tract-Based Spatial Statistics 

(TBSS), which restricts analysis to a skeletonized tract core and may reduce susceptibility to 

misalignment and peripheral voxel artifacts caused by registration.127 As a result, tensor-based 

analyses may be more vulnerable to partial volume contamination, particularly at tract edges, 

potentially influencing the spatial distribution and extent of detected group differences. 

Regarding FBA, it is important to note that the diffusion-weighted images were acquired 

at b-values lower than those typically recommended for optimal fixel-based modeling. Current 

guidelines suggest b-values around 3000 s/mm² to maximize sensitivity to intra-axonal water 

diffusion.33,128 In contrast, the acquisition parameters in this study were more optimized for multi-

shell DKI and DTI modeling.129,130 Notably, previous studies have shown that methods employed 

in FBA outperform tensor-based models in characterizing white matter architecture, even when 
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using lower b-values.131 While robust group differences were still detected, it is possible that 

higher b-value acquisitions would have further enhanced the specificity and sensitivity of the FBA 

measures. Additionally, while FBA identified more extensive group differences than DKI and DTI, 

and DKI more than DTI, it is important to note that, without post-mortem validation, these in vivo 

diffusion findings, though biologically plausible and consistent with expected patterns of CST 

pathology in MS, remain inferential rather than definitive. 

Streamlines used for tractography were seeded from the precentral and postcentral gyri, as 

the primary motor cortex was the main target for TMS stimulations. However, the CST descends 

from multiple motor-related regions, including premotor and supplementary motor cortices.132,133 

Consequently, potential contributions from damage in these ancillary motor regions to clinical and 

neurophysiological impairments may have been underrepresented. Future studies incorporating a 

broader definition of the CST might capture additional lesion burden and microstructural 

abnormalities relevant to mobility, balance, and motor output. 

This study utilized single-pulse MEP recordings without including TMS recruitment 

curves. Recruitment curves provide a richer characterization of CST excitability and output by 

examining the relationship between stimulus intensity and MEP amplitude.89 Incorporating 

recruitment curves could have allowed for a more nuanced understanding of the integrity and 

responsiveness of the CST and may have strengthened associations with dMRI findings.  

The study sample consisted of individuals with mild to moderate disability (EDSS ≤ 4) and 

relapsing-remitting MS, consistent with testing the lower bounds of dMRI metric sensitivity. 

However, this focus limits the generalizability of the findings to more severely disabled individuals 

or those with progressive forms of MS, where greater neurodegeneration and different pathological 

mechanisms may predominate. Future studies including more diverse clinical phenotypes are 
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needed to determine whether the same diffusion metrics remain effective in capturing white matter 

changes across the full MS disease spectrum. Finally, the MS and NT groups had an uneven sex 

distribution, with a higher proportion of female participants. Although this reflects the known 

epidemiology of MS, where diagnoses are more prevalent in females than males,134 sex differences 

in brain structure and function could influence diffusion measures or clinical outcomes. Thus, 

while unlikely to fully account for the observed differences, this imbalance represents a potential 

source of bias that should be considered when interpreting the results.  

Conclusion 

This study incorporated multiple dMRI frameworks and demonstrated that each could 

identify significant structural differences in the CST between MS participants with mild to 

moderate disability and NT controls. Among the frameworks examined, FBA revealed a greater 

extent of CST WM alterations than DKI and DTI, with DKI identifying more widespread 

differences than DTI. Among all metrics examined, FDC from FBA demonstrated significant 

associations with all outcome measures, showing moderate to strong correlations with clinical 

balance performance, disability scores, neural conduction measures, and excitatory motor output 

in individuals with MS. These findings suggest that FBA metrics capture both microstructural and 

macrostructural aspects of CST degeneration that underlie functional impairments in MS. 

Establishing links between advanced diffusion imaging metrics and clinical and 

neurophysiological outcomes are critical for understanding how structural abnormalities translate 

to function outcomes. Future work should validate these findings in larger, more diverse MS 

cohorts and examine how FBA metrics reflect white matter changes over time in individuals with 

MS.   
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CHAPTER 5 – MICROSTRUCTURE OF THE CORTICORETICULOSPINAL TRACT IS 

ASSOCIATED WITH BALANCE AND MOBILITY IN PEOPLE WITH MULTIPLE 

SCLEROSIS 

 

 
Introduction 

Multiple Sclerosis (MS) is a chronic disease of the central nervous system, with an 

estimated global prevalence of 2.8 million individuals.1 MS manifests through an immune-

mediated inflammatory response, which results in the formation of sclerotic lesions and neural 

injury in the brain and spinal cord.2,3 The pathological hallmark of MS involves damage to myelin, 

the lipid-rich sheath formed by oligodendrocytes that insulates axons and facilitates rapid neural 

conduction.4 The loss of myelin disrupts and delays signal transmission, and over time, results in 

axonal damage and neurodegeneration, leading to a variety of clinical symptoms.4,5 

Among the most common and functionally disabling symptoms of MS are impairments in 

balance and mobility.6 More than 90 percent of individuals with MS experience mobility and 

balance difficulties, contributing to an elevated risk of falling.7,8 Falls are a major source of 

physical injury and are often accompanied by psychological and social consequences, including 

fear of falling, reduced physical activity, and social withdrawal.7,9–11 These effects collectively 

contribute to a loss of independence and reduced quality of life.12,13  

Damage to white matter pathways involved in the transportation and integration of sensory 

and motor information is a major contributor to mobility impairments in MS.14 Injury to ascending 

sensory tracts can reduce or delay the delivery of sensory information such as proprioception to 

processing centers of the brain and brainstem, while injury to descending motor pathways 

interferes with the magnitude and timely transmission of motor commands (Chapter 3).14–17 This 
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breakdown in bidirectional communication compromises the coordination and responsiveness 

required for unimpaired postural control and movement execution. Identifying the white matter 

pathways involved in these processes and quantifying the extent of their injury may help clarify 

the neuroanatomical basis of motor dysfunction in MS and guide future research and clinical 

applications. 

Previous research on motor impairment in MS has primarily focused on the corticospinal 

tract (CST), given its role as the principal pathway for voluntary movement. Numerous studies 

employing structural imaging or neurophysiological methods have demonstrated that CST damage 

in MS is associated with reduced muscle strength, slower walking speed, impaired balance, and 

greater overall disability.16,18–25 Collectively, these studies reinforce the CST as a central 

contributor to motor impairment in MS. While the CST has been a major focus of MS motor 

research, it represents only one component of the broader motor system involved in posture and 

locomotion, highlighting the need to investigate other motor pathways. 

The reticulospinal tract (ReST) is another major descending motor pathway that contributes 

to postural control, gross motor function, locomotion, and force modulation.26–34 Originating from 

the pontomedullary reticular formation, a complex network of nuclei located in the posterior 

brainstem, the ReST descends bilaterally through the spinal cord, where it synapses with spinal 

interneurons and alpha motor neurons.26,35,36 Evolutionarily, the ReST is among the oldest neural 

motor pathways. In species lacking highly developed cortical motor areas, it serves as the primary 

neural pathway for executing movement.26,37 As the central nervous system evolved to include 

more developed motor cortices, the ReST expanded in neuronal number to continue supporting 

and modulating motor functions in higher-order species.26,37 
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Seminal work by Lawrence and Kuypers helped establish the contributions of the ReST’s 

in supporting posture and locomotion in higher vertebrates. In their studies with non-human 

primates, bilateral lesions of the CST severely impacted fine motor control of the fingers, but gross 

motor and postural stability were preserved.38 These functions were disrupted only when areas that 

give rise to the ReST were subsequently lesioned.39 Since this original finding, many studies have 

further supported and expanded on the ReST’s involvement in initiating and maintaining 

locomotor activity, regulating muscle tone, generating anticipatory postural adjustments, and 

corrective responses to balance disturbances.26,31–34,40 

In stroke literature, the ReST has gained growing attention due to its potential to 

compensate for damage to the CST and support motor recovery.27,41 Studies have shown that when 

the CST sustains an injury, the ReST system is upregulated, and gross motor movements can be 

partially recovered, suggesting that the ReST may serve as an alternative route for motor output in 

stroke patients.27,41–43 This compensatory mechanism may be particularly relevant in cases where 

cortical projections to the ReST, collectively known as the corticoreticulospinal tract (CReST), 

remain structurally and functionally intact.43–45 Several studies have demonstrated that greater 

preservation of the CReST is associated with better walking ability and gait recovery in individuals 

post-stroke.46–50 

Despite its contributions to movement and its potential as a compensatory motor pathway, 

the CReST has been relatively underexplored in human neuroimaging studies compared to the 

CST. When investigated, it is often defined by projections from premotor and supplementary 

motor areas.47,51,52 However, a recent anatomical tracer study in an animal model indicated a 

broader cortical origin, including anterior frontal regions.53 These anterior regions have also been 

associated with walking performance in healthy aging and individuals with stroke and Parkinson’s 
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disease.54–56 Based on this evidence, a recent probabilistic tractography study provided the first 

comprehensive mapping of the human CReST, identifying projections from both frontal and motor 

cortices.57  

However, mapping the CReST in vivo presents neuroimaging challenges, as its widespread 

anatomical projections traverse regions of dense white matter with complex architecture and 

crossing fibers, particularly within the corona radiata and brainstem.57 These characteristics make 

it difficult to accurately assess using conventional diffusion imaging techniques.58 Fixel-based 

analysis (FBA), an advanced diffusion magnetic resonance imaging (dMRI) method, addresses 

this limitation by resolving multiple fiber populations within a single voxel, making it a robust 

approach for examining anatomically complex tracts, such as the CReST.59,60 Recent research 

using FBA has linked white matter microstructure, as measured by FBA’s fiber density (FD) 

metric, to mobility and cognitive outcomes in other neurological and aging populations, supporting 

its utility in identifying structural contributors to functional impairment.61,62 Assessing CReST FD 

in individuals with MS may therefore offer insights into the structural correlates of mobility 

impairment. 

Given the CReST’s extensive cortical projections, bilateral spinal influence, and role in 

mediating posture and locomotion, it may also contribute to residual motor function and help 

sustain balance and gait in the presence of neural injury in MS. The present study evaluates the 

structural integrity of the CReST in individuals with relapsing-remitting MS compared to age- and 

sex-matched neurotypical (NT) controls. Using FBA, FD, log-transformed fiber cross-section 

(LogFC), and fiber density and cross-section (FDC) will be evaluated to locate regions of micro- 

and macrostructural differences along the CReST between participants with MS and NT 

participants. Associations between CReST FD and clinical measures of balance and mobility 
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function will also be examined, including the Mini-Balance Evaluation Systems Test (miniBEST), 

static postural control, walking speed, the Timed Up and Go (TUG) test, and the 12-item MS 

Walking Scale (MSWS-12). This study aims to elucidate the relationship between CReST white 

matter integrity and motor impairment in individuals with MS. 

Materials and Methods 

Study Overview  

The data used in this study originated from a broader research project investigating the 

neural contributions to motor impairment in individuals with MS. This study was reviewed and 

approved by the Colorado State University Institutional Review Board (IRB#18-7738H), and all 

participants provided written informed consent prior to participation in accordance with the 

Declaration of Helsinki. 

Participants 

This study consisted of 56 total participants, including 27 individuals with a neurologist-

confirmed diagnosis of relapsing-remitting MS and 29 age- and sex-matched NT controls. MS 

participants were eligible if they reported mild to moderate disability, defined by a self-reported 

expanded disability status scale (EDSS) score between 0 and 4.5. Exclusion criteria for participants 

included the inability to walk 300 meters or stand unassisted for 10 minutes, as well as the presence 

of a musculoskeletal injury, vestibular disorder, joint replacement, or any neurological condition 

other than MS. Of the 30 individuals with MS initially assessed, three were excluded, two due to 

EDSS scores outside the inclusion range, and one due to MRI brain registration difficulties caused 

by extensive pathological tissue. NT controls were required to have no history of any neurological 

conditions and to meet the same physical ability criteria as the MS group. 
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Expanded Disability Status Scale (EDSS)  

Clinical disability level was assessed using the EDSS in individuals with MS. The EDSS 

integrates ratings from the Functional Systems Score (FSS), which captures neurological function 

across multiple domains of the central nervous system.63 In this study, participants with MS self-

reported their EDSS scores using a validated questionnaire, which has shown strong associations 

with clinician-administered EDSS scores.64 

Mini-Balance Evaluation Systems Test (miniBEST)  

Balance performance was evaluated using the miniBEST, a standardized clinical tool 

designed to assess multiple domains of postural control. The miniBEST targets four distinct 

balance systems: anticipatory postural adjustments (APA), reactive postural control (RPC), 

sensory orientation (SO), and dynamic gait (DG).65 The assessment consists of 14 items, each rated 

on a 3-point ordinal scale (0 = severe impairment, 1 = moderate impairment, 2 = normal 

performance). For items requiring unilateral performance, such as single-leg stance, scores from 

both limbs were recorded and included in the total. Item scores were summed to generate a 

composite score ranging from 0 to 32, with higher scores indicating better balance function. 

Static Balance Assessment 

To complement the miniBEST balance assessment, static balance was measured using the 

modified Clinical Test of Sensory Interaction on Balance.66,67 During trials, participants were 

instructed to stand as still as possible for 30 seconds per trial, with their feet together, hands on 

their hips, and their gaze directed at a fixed visual target at eye level. All trials were completed 

without shoes to standardize sensory input from the feet. The four testing conditions included: (1) 

eyes-open on a firm surface, (2) eyes-closed on a firm surface, (3) eyes-open on a compliant 

surface, and (4) eyes-closed on a compliant surface, with the compliant surface provided by a 7-
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cm thick Airex Elite Balance Pad (Airex, Sins, Switzerland). Postural sway was quantified by 

calculating the center of pressure (CoP) path length, representing the total distance (cm) traveled 

by the CoP over the duration of each trial, with greater path lengths indicating poorer postural 

stability.68 CoP data were collected at 25 Hz using the BTrackS Balance Plate and processed with 

Balance Tracking Systems software (Balance Tracking Systems Inc., San Diego, CA).  

Several participants with MS (n = 8) were unable to complete the eyes-closed conditions 

due to loss of balance, resulting in stepping off the platform or requiring spotter assistance before 

the full trial duration. These interruptions confound CoP pathlength data by artificially reducing 

sway measures, despite reflecting poorer balance performance. Therefore, only data from the eyes-

open firm and eyes-open compliant conditions are reported and analyzed here, allowing for the 

evaluation of postural control under standard and proprioceptively challenging conditions. 

Additionally, two participants with MS were unable to complete the eyes-open compliant surface 

condition, and two control participants were excluded due to instrumentation error. These 

participants were excluded from group comparisons and association analyses for the respective 

trials. 

Walking Speed  

Participants completed two separate 2-minute walking trials to assess both habitual and 

fast walking speeds. For the preferred speed condition, participants were instructed to walk at a 

comfortable, natural pace while maintaining a forward gaze. For the fast-walking condition, 

participants walked at a self-selected fast pace that could be safely maintained for the full duration 

of the task. A rest period was provided between trials to minimize fatigue. Gait speed in both 

conditions was acquired using Opal wireless inertial sensors and analyzed with Mobility Lab 

software (Version 2; APDM Inc., Portland, OR, USA).69,70 
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Timed-Up and Go (TUG)  

Functional mobility was assessed using the TUG test, which was administered as part of 

the miniBEST assessment battery. The TUG is a widely used and validated clinical measure for 

evaluating mobility in individuals with MS.71,72 During the test, participants were instructed to rise 

from a seated position, walk a distance of 7 meters, turn around, return to the chair, and sit down. 

The total duration required to complete the task was recorded, with faster times interpreted as 

greater functional mobility.73,74 

12-Item Multiple Sclerosis Walking Scale (MSWS-12) 

Participants with MS completed the MSWS-12, a self-report questionnaire designed to 

assess the perceived impact of MS on walking ability in everyday life, and has demonstrated 

predictive utility for fall risk among individuals with MS. 75,76 

MRI Acquisition 

dMRI data were acquired using a 3.0 Tesla Siemens MAGNETOM Prismafit scanner 

(Siemens Medical Solutions USA, Inc., Malvern, PA) equipped with a 32-channel head coil and 

parallel imaging capabilities. dMRI was performed using a multi-shell acquisition protocol which 

included 122 diffusion-weighted volumes distributed across three b-value shells: 12 non-diffusion-

weighted (b = 0 s/mm²) images interspersed throughout the scan, 55 directions at b = 1600 s/mm², 

and 55 directions at b = 2400 s/mm². To support susceptibility distortion correction, an equal 

number of volumes (n = 61) were collected with anterior-to-posterior and posterior-to-anterior 

phase-encoding directions. Additional imaging parameters were as follows: repetition time (TR) 

= 4000 ms, echo time (TE) = 77 ms, flip angle = 84°, isotropic voxel size = 2.0 mm³, slice thickness 

= 2.0 mm, number of slices = 72, and a field of view (FoV) of 224 mm (RL: 224 mm, AP: 216 

mm, FH: 144 mm). 
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Structural imaging included a high-resolution T1-weighted anatomical scan and a T2-

weighted fluid-attenuated inversion recovery (FLAIR) sequence. The T1-weighted scan was 

collected with the following parameters: TR = 2400 ms, TE = 2.07 ms, inversion time (TI) = 1000 

ms, flip angle = 8°, isotropic voxel size = 0.8 mm³, slice thickness = 0.8 mm, number of slices = 

224, and a FoV of 256 mm (RL: 180 mm, AP: 256 mm, FH: 256 mm). The FLAIR sequence was 

acquired with the following parameters: TR = 6000 ms, TE = 428 ms, TI = 2000 ms, flip angle = 

120°, isotropic voxel size = 1.0 mm³, slice thickness = 1 mm, number of slices = 176, and FoV = 

256 mm (RL: 176 mm, AP: 256 mm, FH: 256 mm). These structural images were used to support 

post-processing steps, including registration of diffusion data, volumetric brain analyses, and 

lesion segmentation. 

MRI Analysis 

Fixel-Based Analysis (FBA) 

Preprocessing, tractography, and analyses of dMRI data were conducted using MRtrix3 

(Tournier et al. 2019,77 https://www.mrtrix.org/), an open-source software package for FBA. The 

preprocessing pipeline followed current best practices,60 beginning with denoising using 

Marchenko-Pastur principal component analysis,78,79 then Gibbs ringing artifact removal,80 

correction for eddy currents and participant motion using Functional Magnetic Resonance Imaging 

of the Brain Software Library’s (FSL) eddy tool,81 and bias field correction to address intensity 

inhomogeneities.82 

After preprocessing, tissue-specific response functions for WM, gray matter, and 

cerebrospinal fluid were estimated using an unsupervised algorithm,83 and averaged across 

participants to generate group-level response functions for use in subsequent modeling.60 Prior to 

fiber orientation estimation, diffusion data were resampled to 1.5 mm isotropic resolution to 



184 

enhance anatomical contrast and improve registration accuracy. Fiber orientation distributions 

(FODs) were then computed using multi-shell, three-tissue constrained spherical deconvolution,84 

enabling the differentiation of multiple fiber populations within a voxel. This was followed by 

global intensity normalization and joint bias field correction to ensure consistency across 

participants.85–87  

To facilitate group-wise analysis, a population FOD template was created using data from 

a subset of 30 participants: 15 individuals with MS and 15 NT controls.77 MS participants were 

selected to represent a range of lesion loads while minimizing severe anatomical distortions to 

preserve template integrity. NT participants were randomly sampled. No significant differences in 

age or sex were found between the groups included in the template. All individual FOD images 

were subsequently registered to the study template using a non-linear transformation.88 

Fixel-wise metrics were derived from the FODs for each participant, including FD, fiber 

cross-section (FC), and the combined metric of FDC. FD represents the intra-axonal volume of a 

specific fiber population within a voxel, reflecting microstructural integrity.85 FC quantifies the 

cross-sectional area of a fiber bundle and reflects macrostructural architecture such as tract 

expansion or compression.89 To account for the typical skew in FC values observed across 

individuals, a log transformation was applied. FDC, calculated as the product of FD and FC, offers 

a composite index that integrates both microstructural and macrostructural characteristics of a fiber 

population.60,89 

Tractography and Regions of Interest 

This study employed a tract-of-interest approach to isolate and analyze the CReST, 

utilizing region-of-interest (ROI) masks developed by Boyne et al. 2022,57 who generated the first 

human-average CReST template in MRI space. All ROI masks were originally defined in MNI 
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space and were nonlinearly transformed into the study-specific template space for streamline 

generation. The ROIs in template space are shown in (Figure D1, Appendix D). Streamline 

tractography was initiated from seeds randomly distributed within the cortical ROI, which spanned 

the entire frontal lobe to the primary somatosensory cortex. Streamlines were generated 

unidirectionally, projecting from the cortex to the brainstem, and were constrained to pass through 

the gigantocellular reticular nucleus, located at the medial pontomedullary junction, the primary 

nucleus giving rise to the ReST.26,57,90 To increase anatomical specificity and reduce inclusion of 

non-target fibers, manually drawn exclusion masks were applied to eliminate streamlines 

originating in the corticobulbar region or entering the corpus callosum, thalamus, or cerebellum. 

Tractography was conducted separately for each hemisphere, with 5,000 streamlines 

generated per side to ensure consistent sampling across hemispheres. Hemispheric tractograms 

were then combined into a single file for subsequent analysis. To improve the biological accuracy 

of streamline weights, the Spherical-Deconvolution Informed Filtering of Tractograms 2 (SIFT2)91 

algorithm was applied to combined tractogram file. This method adjusts streamline contributions 

based on the underlying fiber orientation distributions, yielding a fiber pathway model that more 

accurately reflects white matter architecture. The final rendering of the CReST streamlines is 

shown in Figure 5.1. 

Brain Volumetrics 

To account for individual differences in head size during FBA statistical analyses, 

estimated total intracranial volume (eTIV) was calculated for each participant. eTIV values were 

derived from high-resolution T1-weighted anatomical images using the recon-all pipeline in 

FreeSurfer (version 7.4.0; Fischl 2012).92 
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Figure 5.1. Corticoreticulospinal Tract Streamlines. a) Volume rendering of bilateral CReST 
streamlines viewed from anterior, left, and right perspectives. Streamlines are color-coded by 
orientation: red = medial-lateral, blue = superior-inferior, and green = anterior-posterior. b) CReST 
streamlines overlaid on axial slices of the template brain. Slices progress from inferior to superior, 
starting in the medulla (top left) and ascending from the brainstem to the cerebrum, ending with 
streamlines entering the cortex (bottom right). 
 

Lesion Segmentation  

WM lesions were identified using the deep learning–enhanced version of the Lesion 

Segmentation Toolbox.93 T1-weighted and T2-FLAIR images were provided as inputs to enhance 

the accuracy of automated lesion detection. For each participant with MS, total lesion volume (mL) 

and lesion volume within the CReST were computed to quantify global and tract-specific lesion 

burden. A group-level lesion probability map for participants with MS is displayed in (Figure D2, 

Appendix D). 
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Statistical Analysis 

Statistical Analysis of Fixel-Based Metrics 

Group differences in FDC, FD, and LogFC within the CReST were assessed using 

threshold-free connectivity-based fixel enhancement, a statistical framework designed for FBA 

that accounts for spatial connectivity across fixels.94 Group comparisons were modeled using a 

general linear framework, incorporating age and sex as covariates across all fixel-based metrics. 

For analyses involving LogFC and FDC, the logarithm of eTIV was additionally included as a 

covariate to adjust for inter-individual variability in head size, given its potential impact on 

macrostructural measures.95 Multiple comparisons were controlled using family-wise error (FWE) 

correction, and significance was defined as pFWE < 0.05. 

Post-hoc Group Comparisons  

To investigate both overall and localized group differences, two sets of summary metrics 

were analyzed. Whole-tract average values for FD, LogFC, and FDC were extracted across the 

entire CReST to summarize broader patterns of micro- and macrostructural properties across the 

tract. Additionally, post-hoc averages were calculated from fixels that showed significant group 

differences (pFWE < 0.05) for each FBA metric to illustrate magnitude and within-group 

variability across the significant voxels capturing localized effects. 

Associations Between Fiber Density and Balance and Mobility 

To examine the relationship between CReST FD and functional outcomes, average FD 

values across the whole tract were correlated with balance and mobility measures, including 

performance on the miniBEST, CoP path length during static balance testing, gait speed, and TUG 

test. In participants with MS, additional exploratory correlations were conducted using FD values 

from fixels that showed significant group differences and lesion volume within the CReST and 
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functional outcomes (Table D1, Appendix D). All correlation analyses were corrected for multiple 

comparisons using the false discovery rate (FDR), with statistical significance defined as pFDR < 

0.05. 

Statistical Approach  

All statistical analyses were conducted in R Statistical Software (version 4.4.2; R Core 

Team, Vienna, Austria, 2024). Normality of distributions was assessed with the Shapiro-Wilk test 

and visualized using quantile-quantile plots. Levene’s test was used to evaluate the equality of 

variance. Group comparisons were conducted using Student’s t-tests when the data met the 

assumptions of normality and equal variances. For data with unequal variances, Welch’s t-tests 

were applied, and for non-normally distributed data, Mann-Whitney U tests were used. Group 

differences in sex distribution were assessed using a chi-squared test. Correlations between tract-

based measures and functional outcomes were assessed using Spearman’s rank correlation for 

variables that were ordinal or did not follow a normal distribution, such as miniBEST scores, 

MSWS-12, and static balance metrics. Pearson’s correlation was used for outcomes that were 

continuous and normally distributed, such as gait speeds. Correlation strengths were interpreted 

using standard thresholds: very weak (0.00 – 0.19), weak (0.20 – 0.39), moderate (0.40 – 0.59), 

strong (0.60 – 0.79), and very strong (0.80 – 1.00).96  

Results 

Participant Characteristics, Brain Volumetrics, and Disability Scores 

A summary of participant characteristics, brain volumetrics, and disability scores is 

presented in Table 5.1. No significant differences were observed between participants with MS 

and NT controls for age, sex, height, weight, or body mass index. While MS participants exhibited 

larger eTIV on average compared to NT controls, this difference did not reach statistical 
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significance. Lesion segmentation in the MS cohort revealed a mean total lesion burden of 9.54 ± 

12.18 mL, with lesions overlapping an average of 2.21 ± 1.41 mL of the CReST. Participants with 

MS reported mild to moderate disability, with EDSS scores ranging from 0 to 4.5, and a median 

score of 4. Among the FSS subcomponents, pyramidal (median = 3, IQR = 2.5) and sensation 

(median = 3, IQR = 3) had the highest reported scores. 

Table 5.1. Participant Characteristics, Brain Volumetrics, Clinical Disability, Balance, and 

Mobility Measures. Data in each subsection are presented as mean and standard deviation, unless 
indicated by ‡, in which case data are presented as median and interquartile range. Statistical 
comparisons were performed using independent t-testsᵃ, χ² testsᵇ, Mann–Whitney U testsᶜ, or 
Welch’s t-testsᵈ. Multiple comparisons were corrected using the false discovery rate (pFDR). 
Bolded values indicate statistical significance (pFDR < 0.05).  
 
Abbreviations: M – Mean; SD – Standard Deviation; BMI – Body Mass Index; eTIV – Estimated 
Total Intracranial Volume; CReST – Corticoreticulospinal Tract; EDSS – Expanded Disability 
Status Scale; FSS – Functional System Score; APC – Anticipatory Postural Adjustments; RPC – 
Reactive Postural Control; SO – Sensory Orientation; DG – Dynamic Gait; CoP – Center of 
Pressure; TUG – Timed-Up and Go; MSWS-12 – Twelve Item Multiple Sclerosis Walking Scale. 

Variable (unit) 
Multiple Sclerosis Neurotypical 

p-value 
pFDR-

value M SD  M SD  

Characteristics       

Age (years) 49.01 11.98 46.95 15.2 0.577 a - 

Sex (female/male) 18/9 - 21/8 - 0.860 b - 

Height (cm) 166.18 7.54 168.78 8.11 0.221 a - 

Weight (kg) 69.60 8.18 72.37 14.24 0.780 c - 

BMI (kg/m2) 25.31 3.48 25.3 4.05 0.724 c - 

Disease Duration (years) 13.07 10.71 - - - - 

Brain Volume       

eTIV (mL) 1549.63 165.13 1447.34 216.23 0.066 c - 
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Total Lesion Volume (mL) 9.54 12.18 - - - - 

CReST Lesion Volume (mL) 1.41 2.21 - - - - 

Disability Scores‡       

EDSS 4 0.75 - - - - 

Pyramidal FSS 3 2.5 - - - - 

Cerebellar FSS 2 1.75 - - - - 

Sensation FSS 3 3 - - - - 

Bladder FSS 1 1.75 - - - - 

Vision FSS 1 2 - - - - 

Brainstem FSS 0 2 - - - - 

Cerebral FSS 2 3 - - - - 

Mini-Balance Evaluation Systems Test      

Total Score 24.63 5.00 28.97 2.47 0.001 c 0.001 

APA 6.11 1.85 7.17 1.14 0.040 c 0.040 

RPC 5.81 1.55 7.31 0.89 <0.001 c 0.001 

SO 5.52 0.75 5.93 0.26 0.011 c 0.014 

DG 7.19 1.71 8.55 1.09 0.001 c 0.002 

Static Balance (CoP Path Length (cm))      

Eyes-open Firm 70.50 36.19 51.85 14.64 0.101 c 0.144 

Eyes-open Compliant 137.24 64.36 106.17 30.53 0.144 c 0.144 

Mobility       

     Preferred Walk Speed (m/s) 1.12 0.20 1.25 0.11 0.005 d 0.005 
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Fast Walk Speed (m/s) 1.42 0.29 1.67 0.18 <0.001 d 0.001 

TUG (s) 17.98 4.06 15.63 3.11 0.005 c 0.005 

MSWS-12 28.13 41.15 - - - - 

 

Balance and Mobility Group Comparison 

Participants with MS produced significantly lower scores on the miniBEST total score 

(pFDR = 0.001) and all subcomponents compared to controls, APA (pFDR = 0.04), RPC (pFDR 

= 0.001), SO (pFDR = 0.014), DG (pFDR = 0.002) (Table 5.1).  

No significant differences were observed for CoP path length between participants with 

MS and NT controls for eyes-open firm condition (pFDR = 0.144) and eyes-open compliant 

condition (pFDR = 0.144) (Table 5.1). 

Participants with MS had slower walking speeds in both self-selected preferred (pFDR = 

0.005) and fast walking (pFDR = 0.001) conditions, as well as slower TUG times (pFDR = 0.005) 

compared with NT controls (Table 5.1). Participants with MS reported a median MSWS-12 of 

28.13 (Table 5.1). 

FBA Group Comparison 

Group comparisons revealed localized micro- and macrostructural reductions within the 

CReST in participants with MS relative to NT controls, with statistically significant differences 

(pFWE < 0.05) observed in all three FBA metrics, FDC, FD, and LogFC. Streamline segments 

corresponding to significant fixels for each metric are visualized in Figure 5.2, where blue 

indicates fixels exhibiting significant group differences. 

Significant FDC reductions in participants with MS compared to NT controls were 

identified in 16.52% of CReST fixels. These fixels were primarily located along fibers projecting 
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from the primary sensorimotor cortices in both hemispheres, extending from the centrum 

semiovale through the corona radiata and posterior limb of the internal capsule to the pons varolii 

of the brainstem (Figure 5.2a). 

Significant reductions in FD were more spatially limited, present in only 0.60% of fixels. 

These differences were confined to the right hemisphere, predominantly involving fibers in the 

frontal lobe, anterior corona radiata, and anterior limb of the internal capsule. (Figure 5.2b). 

LogFC showed the most extensive group differences, with 23.70% of fixels demonstrating 

significantly reduced values in participants with MS compared to NT participants. These 

reductions were primarily observed in bilateral centrum semiovale beneath the primary motor and 

somatosensory cortices, extending through the corona radiata, posterior limb of the internal 

capsule, and through the brainstem. Additional differences were located anterior to the primary 

sensorimotor projections in the corona radiata, in regions corresponding to premotor pathways 

(Figure 5.2c). 

Tract-averaged comparisons, calculated by averaging fixel values for each metric across 

the entire CReST, did not reveal statistically significant group differences for FDC (MS: 0.45 ± 

0.04, NT: 0.47 ± 0.04, p = 0.063, pBON = 0.189) (Figure 5.3a). While mean FD (MS: 0.46 ± 0.01, 

NT: 0.47 ± 0.02, p = 0.030, pBON = 0.090) was lower in the MS group compared to controls, this 

difference did not remain significant after correction for multiple comparisons (Figure 5.3b). There 

were no significant group differences observed for LogFC (MS: -0.03 ± 0.09, NT: -0.01 ± 0.08, p 

= 0.547, pBON = 1) (Figure 5.3c).  

  



193 

 
Figure 5.2. Fixel-Based Analysis Group Comparison. Regions within the CReST showing 
significant differences in FBA metrics between participants with MS and NT controls. Streamline 
segments corresponding to significant fixels (pFWE < 0.05) are shown in blue. Boxplots display 
within-group variability across the significant fixels for each metric. Comparisons are Bonferroni 
corrected (pBON). a) Decreased fiber density and cross-section in MS compared to NT controls. 
b) Decreased fiber density in MS compared to NT controls. c) Decreased fiber cross-section in MS 
compared to NT controls. Fiber cross-section is displayed on a logarithmic scale. 
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Figure 5.3. Whole-Tract Averaged Fixel-Based Analysis Group Comparison. Comparison of 
fixel-based metrics averaged across the entire CReST between participants with MS and NT 
controls. Uncorrected p-values and Bonferroni corrected p-values (pBON) are provided. a) No 
statistically significant difference in average fiber density and cross-section between MS and NT 
groups. b) No statistically significant difference in average fiber density between MS and NT 
groups. c) No statistically significant difference in average fiber cross-section between MS and 
NT groups. Fiber cross-section values are displayed on a logarithmic scale. 
 

Associations Between Corticoreticulospinal Tract Fiber Density and Balance and Mobility 

In participants with MS, average FD in the CReST had significant moderate correlations 

with the miniBEST total score (rho = 0.51, pFDR = 0.023), as well as APA (rho = 0.41, pFDR = 

0.049) and RPC (rho = 0.49, pFDR = 0.023) subcomponents. Weak correlations were observed 

between FD and SO (rho = 0.37, pFDR = 0.061) and DG (rho = 0.37, pFDR = 0.061), which 

approached but did not meet statistical significance (Table 5.2). A similar associative pattern was 

observed in NT controls, with significant moderate to strong correlations between average CReST 

FD and miniBEST total score (rho = 0.60, pFDR = 0.002), APA (rho = 0.59, pFDR = 0.002), and 

RPC (rho = 0.54, pFDR = 0.004). DG (rho = 0.34, pFDR = 0.084) showed a weak correlation that 

was not significant, and SO (rho = 0.08, pFDR = 0.675) demonstrated a very weak correlation and 

was not statistically significant in NT controls (Table 5.2).  
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Table 5.2. Associations Between Fiber Density and Mini-Balance Evaluation Systems Test. 

Spearman’s rank correlation coefficients (rho) are presented for associations between average fiber 
density of the CReST and the miniBEST total score and its subcomponents. Both uncorrected p-

values and false discovery rate-corrected values are shown. Statistically significant associations 
after FDR correction (pFDR < 0.05) are indicated in bold. 
 
Abbreviations: APC – Anticipatory Postural Adjustments; RPC – Reactive Postural Control; SO 
– Sensory Orientation; DG – Dynamic Gait. 
 Multiple Sclerosis 

Fiber Density 

 Neurotypical 

Fiber Density 

 

Variable rho p-value pFDR-value  rho p-value pFDR-value 

Mini-Balance Evaluation Systems Test     

Total Score 0.51 0.007 0.023 0.60 0.001 0.002 

APA 0.42 0.030 0.049 0.59 0.001 0.002 

RPC 0.49 0.009 0.023 0.54 0.003 0.004 

SO 0.37 0.057 0.061 0.08 0.675 0.675 

DG 0.37 0.061 0.061 0.35 0.067 0.084 

 

For static balance, average FD in the CReST showed significant moderate correlations with 

CoP path length during both the eyes-open firm (rho = -0.40, pFDR = 0.041) and eyes-open 

compliant (rho = -0.49, pFDR = 0.027) conditions among participants with MS (Figure 5.4a-b). In 

NT controls, a significant moderate correlation was found for the eyes-open firm condition (rho = 

-0.49, pFDR = 0.020), while the eyes-open compliant condition showed a trend toward 

significance (rho = -0.38, pFDR = 0.053) (Figure 5.4c-d).  
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Figure 5.4. Associations Between Fiber Density and Static Balance. Spearman’s rank 
correlation coefficients (rho) are presented for associations between average FD of the CReST and 
CoP path length during static balance assessments in participants with MS and NT controls. Both 
uncorrected p-values and false discovery rate-corrected values (pFDR) are reported. a) Moderate 
negative correlation between average FD and eyes-open firm surface condition in participants with 
MS. b) Moderate negative correlation between average FD and eyes-open compliant surface 
condition in participants with MS. c) Moderate negative correlation between average FD and eyes-
open firm surface condition in NT controls. d) Weak negative correlation between average FD and 
eyes-open compliant surface condition in NT controls. 
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Associations with mobility outcomes showed participants with MS exhibited significant 

moderate to strong correlations between average CReST FD and both preferred walking speed (r 

= 0.63, pFDR = 0.002) and fast walking speed (r = 0.57, pFDR = 0.004), as well as a moderate 

negative correlation with TUG time (r = -0.50, pFDR = 0.010) (Figure 5.5a-c). Additionally, a 

moderate negative correlation was also found between FD and MSWS-12 (rho = -0.48, pFDR = 

0.014) in participants with MS (Figure 5.5d). Among NT controls, no significant associations were 

found between average CReST FD and mobility outcomes. Correlations for preferred (r = 0.02, 

pFDR = 0.936) and fast walking speed (r = 0.19, pFDR = 0.474) were very weak, and the 

association with TUG time was weak (rho = -0.30, pFDR = 0.336).  

 

Figure 5.5. Associations Between Fiber Density and Mobility Measures in People with 

Multiple Sclerosis. Pearson’s correlation coefficients (r) are presented for associations between 
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average FD of the CReST and walking speeds and TUG test performance in participants with MS. 
Spearman’s rank correlation coefficient (rho) is presented for the association between average 
CReST FD and the MSWS-12. Both uncorrected p-values and false discovery rate–corrected 
values (pFDR) are reported. a) Strong positive correlation between average FD and preferred 
walking speed. b) Moderate positive correlation between average FD and fast walking speed. c) 
Moderate negative correlation between average FD and TUG test time. d) Moderate negative 
correlation between average FD and MSWS-12 score. 
 

Associations Between Corticoreticulospinal Tract Fiber Density and Age 

A moderate correlation was observed between age and average CReST FD in both 

participants with MS (r = -0.47, p = 0.013) and neurotypical controls (r = -0.59, p = 0.001). 

Discussion 

This study evaluated the micro- and macrostructural characteristics of the CReST in 

individuals with MS compared to age- and sex-matched NT controls using FBA. The results 

revealed significant reductions in both microstructural and macrostructural integrity within 

localized regions of the CReST in participants with MS compared to NT controls. Macrostructural 

deficits were most prominent in fibers originating from primary sensorimotor regions, whereas 

microstructural alterations were concentrated near the anterior limb of the right internal capsule. 

Average FD within the CReST was significantly associated with balance performance in both 

participants with MS and NT participants, and with mobility outcomes in the participants with MS. 

Together, these findings represent the first study to assess CReST structural integrity in individuals 

with MS and to link it to mobility and balance outcomes, suggesting that the CReST is a relevant 

neural pathway contributing to motor function in this population.  

Balance and Mobility Impairments in MS Participants 

Assessment of balance using the miniBEST revealed significantly poorer performance in 

participants with MS compared to NT controls. Significant group differences were observed for 

total score and across all subcomponents, APA, RPC, SO, and DG, indicating that individuals with 
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MS with mild to moderate disability exhibit impairments across multiple balance systems (Table 

5.1). These findings are consistent with previous studies demonstrating that balance impairments 

can emerge early in the disease course and may even precede a formal MS diagnosis in some 

individuals.8,97,98  

In contrast, no significant group differences were observed in static balance during either 

the eyes-open firm or eyes-open compliant surface conditions (Table 5.1). Although participants 

with MS exhibited longer average CoP path lengths (~20 cm in the firm condition and ~30 cm in 

the compliant condition), high within-group variability likely prevented these differences from 

reaching statistical significance. This was unexpected, particularly given the observed group 

differences in the SO subcomponent of the miniBEST. However, this discrepancy may be due to 

the SO subcomponent including more challenging conditions (eyes-closed on a compliant surface 

and eyes-closed on an inclined surface) that were not captured in this study’s CoP path length 

measurements. Additionally, it was anticipated that group differences would emerge under the 

compliant condition, which is designed to challenge proprioceptive function, a known area of 

deficit in MS.99–101 These findings contrast with previous studies, which reported significant 

differences in sway velocity under the same conditions in individuals with MS with low EDSS 

scores compared to NT controls.102  

Notably, CoP path lengths in NT participants exceeded normative values previously 

reported for community-dwelling adults of similar age.103 This may be attributable to 

methodological differences in this study’s testing protocol, including longer trial durations and a 

narrower stance, feet together vs. shoulder-width, both of which may increase postural sway. 

Although some literature in populations with vestibular dysfunction has suggested that foot 
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position may influence balance performance, the reported impact was minimal and statistically 

insignificant.66 

Mobility assessments also indicated apparent deficits in participants with MS compared to 

NT controls, consistent with the study hypotheses. Participants with MS walked significantly 

slower than NT controls at both self-selected preferred walking speed and fast walking speeds 

(Table 5.1). Additionally, performance on the TUG test was significantly slower in the MS group 

(Table 5.1), further supporting the presence of group differences in functional mobility. These 

findings align with previous studies reporting slower gait and reduced functional mobility in 

individuals with MS with low EDSS scores.104–106 In addition, the MS group scored a median of 

28.12 on the MSWS-12 (Table 5.1), indicating early perceived impairments that impact gait and 

activities of daily living.107 

Taken together, these findings indicate that individuals with MS with mild to moderate 

disability exhibit measurable impairments in both clinical balance and mobility performance 

compared to matched NT controls.  

FBA Structural Differences in the CReST  

The present study revealed significant micro- and macrostructural reductions within the 

CReST in individuals with MS compared to matched NT controls. Although all FBA metrics 

demonstrated statistically significant differences, the spatial patterns and extent of these 

differences varied across metrics, providing insight into the nature and distribution of MS-related 

alterations in white matter integrity. 

FDC, an integrated measure that captures both microstructural and macrostructural 

integrity, identified significant reductions in participants with MS compared to NT controls in 

16.5% of fixels, predominantly along fibers projecting from the primary sensorimotor cortices 
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(Figure 5.2a). In contrast, significant group differences in FD, reflecting microscopic intra-axonal 

loss, were confined to a small proportion of fixels (0.6%), localized primarily in the right frontal 

white matter and anterior limb of the internal capsule (Figure 5.2b). LogFC exhibited the most 

extensive group differences, with significant reductions in MS participants compared to NT 

controls detected in 23.7% of CReST fixels. These reductions spanned fibers descending from the 

primary motor and somatosensory cortices, extending through the brainstem (Figure 5.2c). These 

patterns are consistent with previous FBA studies in MS, which have similarly reported spatially 

localized reductions in FDC, FD, and LogFC across various white matter tracts, although the 

CReST has not been previously examined.24,108–110  

While FBA revealed spatially specific differences in white matter integrity across all three 

metrics, tract-averaged comparisons yielded a more conservative characterization of group 

differences. Neither FDC, FD, nor LogFC showed significant group differences when averaged 

across the entire CReST, suggesting that while localized differences exist near the primary motor 

and somatosensory pathways, these metrics are largely similar across the rest of the CReST. Taken 

together, these results indicate that while localized white matter disruptions are detectable across 

all metrics, global differences in structural integrity across the full CReST are not statistically 

significant in this cohort. 

These findings raise the possibility of partial neural sparing within the CReST that may 

support preserved motor function despite evidence of localized structural damage.45–47,53,57,111,112 

The CReST is composed of widespread cortical projections, including inputs from frontal, 

premotor, primary motor, and somatosensory regions, potentially conferring a degree of resilience 

to focal injury.53,57 Compared to the CST, which is more topographically constrained, the broader 

anatomical distribution of the CReST may limit the functional impact of localized lesions. For 
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example, a focal lesion within the CST may disrupt a larger proportion of its motor fibers, whereas 

a similar lesion within the CReST might affect a smaller proportion of its more diverse 

projections.57 This is supported by the current study’s findings, which show white matter 

abnormalities in specific subregions of the CReST in participants with MS. However, the absence 

of statistically significant group differences at the whole-tract level suggests that comparable 

structural integrity is maintained across the whole tract. 

Further investigation is warranted to determine whether the location and extent of CReST 

involvement differentially influence motor outcomes in MS, and whether specific subcomponents 

of the tract confer greater vulnerability or potential for compensation. Identifying these patterns 

may improve understanding of motor reserve in clinical populations. 

Associations Between Fiber Density and Balance and Mobility 

The results of this study reveal that microstructural integrity within the CReST, measured 

by FD, is significantly associated with balance and mobility outcomes in individuals with MS. In 

NT controls, FD was also associated with balance outcomes. Both groups showed significant 

associations between the average CReST FD and the total miniBEST score, as well as between 

APA and RPC subcomponents (Table 5.2). The association between higher FD and improved APA 

and RPC performance suggests that greater microstructural integrity of the CReST supports more 

effective postural planning and responses in both MS and NT populations. These findings align 

with evidence from prior studies, which show that the reticulospinal system is involved in 

generating APAs, likely mediated through input from the supplementary motor area and premotor 

cortex. The findings also align with the CReST contributes to RPC, as the ReST is considered a 

key pathway mediating startle and rapid automatic responses.29,113–115 Supporting this framework, 

research on people with MS has shown that white matter integrity within tracts projecting from 
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the pedunculopontine nucleus of the reticular formation is significantly associated with delayed 

tibialis anterior onset latency following perturbations, tying other areas of the reticular formation 

to reactive postural control,116 Together, these converging findings highlight the relevance of the 

reticulospinal system, in maintaining postural stability and suggest that its disruption may 

contribute to impaired balance in MS. 

DG demonstrated a trend toward significance in both groups but did not reach statistical 

significance thresholds (Table 5.2). DG tasks such as stepping over obstacles and walking with 

head turns likely depend on additional neural structures that influence coordination and visual 

input,117,118 potentially reflecting weaker associations with CReST-specific microstructure. The 

lack of statistical significance may also reflect limited statistical power, and future studies with 

larger samples may detect significant effects. SO, which assesses balance across various surface 

conditions, showed a trend toward significance but was not statistically significant in the MS 

group. No meaningful trends or associations were observed in NT participants, likely due to a 

ceiling effect in this subcomponent for controls, as most scored the maximum score (Table 5.2).65 

While the miniBEST is a clinically validated tool for assessing balance, its ordinal scoring 

limits the granularity of functional characterization. For example, a score of 6 on the SO 

subcomponent simply reflects whether a participant maintained their postural control for the entire 

trial, but not the degree of postural sway exhibited.65 To address this limitation, we incorporated 

additional continuous measures using the mCTSIB. However, nearly 30% of MS participants (n = 

8) were unable to complete the eyes-closed conditions due to loss of balance and a need for 

assistance, resulting in incomplete CoP path length data. Consequently, only the eyes-open 

conditions are reported. This high failure rate highlights a heavy reliance on visual input for 

postural control in some individuals with MS.119–121 
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In both eyes-open conditions, average FD in the CReST was significantly associated with 

CoP path length in participants with MS (Figure 5.3a-b). Among NT participants, a significant 

association was observed in the eyes-open firm condition, with a trend toward significance in the 

eyes-open compliant condition (Figure 5.3c-d). Prior research has shown that the ReST facilitates 

postural muscle tone and automatic adjustments via descending projections from the brainstem to 

spinal motor circuits.28,114,116 Further evidence from stroke research indicates that damage to 

CReST fibers is associated with postural instability, highlighting the pathway’s role in balance 

control.122  

Altogether, the evidence suggests that damage to the CReST may impair descending motor 

commands, reducing the effectiveness or delaying corrective movements and resulting in increased 

postural sway. The present findings further establish a link between CReST microstructural 

integrity and balance control under conditions with visual input. Future studies should further 

examine its role in the absence of visual input to better delineate the tract’s contribution to sensory 

integration during postural control. 

Associations between average FD and mobility outcomes further connect CReST 

microstructural integrity and motor function in people with MS. In individuals with MS, higher 

average FD was significantly associated with better performance on mobility measures, including 

self-selected preferred and fast walking speeds, as well as the TUG test (Figure 5.4a-c). These 

findings suggest that greater integrity of the CReST supports more efficient gait and mobility. This 

finding is consistent with prior stroke research, which has linked the preservation of CReST to 

improved walking outcomes.46–50 Similar associations have been reported in aging populations, 

where greater brain, gray matter, and white matter volumes are correlated with faster gait speeds.123 

Furthermore, CReST FD was significantly correlated with perceived walking impairment, as 
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measured by the MSWS-12 (Figure 5.4d), indicating that individuals with denser CReST 

microstructure not only perform better on objective functional assessments but also report fewer 

subjective walking limitations. 

The balance-related findings in MS participants were corroborated by analyses using the 

mean FD from fixels that showed significant between-group differences. This suggests that 

microstructural degeneration unique to MS may contribute to balance impairment (Table D1, 

Appendix D). Notably, these fixels were localized to the right frontal white matter and the anterior 

limb of the internal capsule. Prior research has shown that damage to the right hemisphere 

disproportionately impairs balance compared to damage to the left hemisphere in stroke.124–126 In 

individuals with MS, proprioceptive balance deficits have also been linked to reduced structural 

integrity in the right hemisphere, specifically in Brodmann area 3a.15 These findings suggest that 

balance control may be more influenced by right hemisphere structural damage, aligning with the 

right-lateralized microstructural differences observed in the present study. 

In contrast, walking outcomes were not significantly associated with these lateralized 

significant fixels (Table D1, Appendix D). This discrepancy may result from the limited number 

of locomotor-related cortical projections that pass through the anterior limb of the internal capsule. 

As a result, contributions from regions such as the supplementary motor area, premotor cortex, 

and primary sensorimotor cortices are not represented, potentially omitting information that is 

better reflected in the whole-tract average FD.29 However, other studies have linked frontal cortical 

regions to walking performance.54–56,127,128 It’s possible that while the right frontal damage 

observed here may contribute to balance impairments, its unilateral nature may have a limited 

impact on walking performance.  
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Lesion segmentation analyses further support the role of the CReST in functional outcomes 

in MS. Lesion volume within the CReST was significantly correlated with all balance and mobility 

metrics (Table D1, Appendix D), indicating that a greater lesion burden along the CReST is 

associated with greater functional impairments. These findings are consistent with the idea that 

greater preservation of descending white matter pathways may support better motor and postural 

outcomes. Given the diverse projections of the CReST, which contain fibers from frontal, 

premotor, and sensorimotor regions, lesions affecting this pathway are likely to be distributed 

heterogeneously across individuals. This variability in lesion location may reduce the ability of 

group-level FBA comparisons of this sample size to detect consistent localized effects, as the 

lesions do not align spatially across participants. 

In MS participants and NT controls, age appears to be a significant factor influencing the 

relationship between CReST FD and balance performance. Age was significantly associated with 

average FD in the CReST in both groups, suggesting that age-related microstructural changes in 

this tract may contribute to alterations in postural control. Given that aging is known to affect white 

matter integrity and is linked to declines in motor and balance function,129–132 the CReST may play 

a role in maintaining postural stability across the lifespan. These findings point to the potential 

relevance of the CReST in MS and healthy aging and support its inclusion in future research 

investigating neuroanatomical contributors to age-related sensorimotor decline.  

Together, this study underscores the functional relevance of CReST microstructural 

integrity in both balance and mobility in people with MS. The results suggest white matter integrity 

of the CReST supports anticipatory and reactive postural control, static balance, and gait 

performance, aligning with both objective and subjective functional measures in individuals with 

MS. These findings expand current understanding of descending motor pathways in MS and 
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highlight potential neural targets for intervention aimed at preserving or enhancing motor function 

in clinical and aging populations. 

Resistance Training and the Reticulospinal System 

Literature suggests that strength training can induce adaptations at both the muscular and 

neural levels.133–136 While evidence for CST adaptations following resistance training remains 

mixed,137 a recent study in nonhuman primates reported increased reticulospinal responses 

following a progressive resistance training intervention.138 These enhancements were attributed to 

stronger mono- and disynaptic connections within the ReST, resulting in increased synaptic 

efficacy, highlighting the ReST as a potential mediator of strength adaptations. 

In humans, the contribution of the ReST to strength training adaptations remains unclear, 

however, its role in force generation is supported by several lines of evidence. For example, studies 

in individuals with cortical stroke and spinal cord injury have shown that some patients can still 

produce forceful gross motor outputs in the affected limb despite CST damage, likely reflecting 

compensation via the ReST.42,139 Additionally, the StartReact paradigm, which elicits rapid and 

forceful movements in response to startling stimuli, is believed to be mediated by the reticulospinal 

system, further linking its involvement in generating powerful, automatic motor responses.115 

Taken together, these findings suggest that the ReST likely contributes to both strength and 

functional mobility and may mediate adaptations in progressive strength training. Given the 

present study’s findings linking greater CReST microstructural integrity with better motor 

performance in individuals with MS, and preliminary evidence that resistance training may 

enhance synaptic efficacy in this pathway, progressive resistance training emerges as a promising 

and feasible rehabilitation approach to improve mobility in MS. Many studies have demonstrated 
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the functional benefits of strength training in MS,140,141 but whether these improvements are 

mediated by plasticity in the CReST should be the focus of future research. 

Limitations 

Several limitations warrant consideration. First, the diffusion-weighted imaging protocol 

employed in this study included b-values lower than those typically recommended for optimal 

fixel-based analysis (e.g., b = 3000 s/mm²), which may have reduced the sensitivity and specificity 

of the FBA metrics.85,142 Nonetheless, existing literature supports that FBA methods provide more 

precise outcomes than tensor models, even when using lower b-values.143 Second, the anatomical 

delineation of the CReST was derived from tractography seeded from the primary somatosensory 

cortex extending through frontal regions. This approach was informed by retrograde tracing studies 

in rodents and limited behavioral data,53 but it remains uncertain whether the human CReST 

extends as far anteriorly, potentially impacting the anatomical accuracy of the streamlines used in 

this study.  

Third, a subset of participants with MS were unable to complete the mCTSIB eyes-closed 

conditions, resulting in no data and limiting the analysis of postural sway under visual deprivation. 

Future studies should consider alternative or complementary methods for capturing continuous 

indicators of postural control that are feasible across all conditions and participant abilities. Fourth, 

the study sample included only individuals with relapsing-remitting MS and mild to moderate 

disability (EDSS ≤ 4.5), which may limit the generalizability of findings to individuals with more 

advanced or progressive disease. Inclusion of a broader clinical spectrum in future work is 

necessary to determine whether the observed diffusion-behavior relationships are conserved across 

disease phenotypes and severities. Lastly, both groups had a disproportionate number of female 

participants, consistent with MS prevalence patterns.144 However, potential sex-related differences 
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in neuroanatomy and behavior may contribute to observed variability and should be acknowledged 

as a possible source of bias. 

Conclusion 

This study provides novel evidence linking microstructural integrity of the CReST to 

balance and mobility function in individuals with MS. Using FBA, white matter structural integrity 

differences were identified between participants with MS and age- and sex-matched NT controls. 

The spatial distribution of group differences varied by metric, with macrostructural reductions 

primarily observed in fibers projecting from the primary sensorimotor cortices, and microstructural 

reductions localized to the right anterior limb of the internal capsule in participants with MS. 

Whole-tract average FD in the CReST correlated with balance and mobility performance in the 

MS group, highlighting a link between microstructural integrity and motor outcomes. Similar 

associations with balance were also observed in NT participants, suggesting that CReST 

microstructure may support motor function across both MS and NT populations. Future work 

should expand on these findings by examining the CReST’s influence on motor outcomes across 

broader MS phenotypes and other clinical and aging populations. Collectively, these findings 

contribute to a growing body of literature demonstrating the role of descending motor pathways 

beyond the CST in sensorimotor function in MS 
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CHAPTER 6 – COMPREHENSIVE DISCUSSION, CLINICAL APPLICATIONS, AND 

FUTURE DIRECTIONS 

 
 

Movement is a defining output of the nervous system, shaped by the continuous interplay 

between sensory input, neural processing, and motor execution. The brain, spinal cord, and 

peripheral nerves work in concert to interpret the surrounding world and transform intention into 

action. In multiple sclerosis (MS), an abnormal immune response causes neural injury throughout 

the central nervous system (CNS), interrupting these essential processes.1,2 As a result, individuals 

with MS commonly experience muscle weakness, balance impairments, and limited mobility, 

which contribute to increased fall risk and fear of falling.3–5 These consequences, in turn, can lead 

to reduced independence and diminished quality of life. 6–10 Addressing these challenges requires 

a clearer understanding of how MS-related neural damage alters the motor system. Such insight 

can support the identification of specific neural targets for assessment, monitoring, and 

rehabilitation. 

The work presented in this dissertation pursued four central research questions: 

1. How do individuals with MS perform functional transfer movements differently than their 

neurotypical (NT) peers? 

2. What neurophysiological features are associated with these movement differences? 

3. How do advanced neuroimaging measures of CNS structural integrity correspond with 

neurophysiological and clinical outcomes in individuals with MS? 

4. Does the microstructural integrity of the corticoreticulospinal tract relate to balance and 

mobility function in people with MS? 
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Together, these questions investigate the relationship between structural and functional 

neural integrity and movement behavior in individuals with MS. Through a multi-modal 

framework that incorporates biomechanical, neurophysiological, and neuroimaging methods, this 

work provides insights into the neural correlates of motor impairment. The findings contribute 

incrementally to both scientific understanding and the refinement of clinical tools aimed at 

evaluating, monitoring, and addressing mobility limitations in people with MS. 

Summary of Doctoral Work 

 Since Jean-Martin Charcot first connected sclerotic plaques in the brain to patient 

symptoms in 1868,11 the structural properties of the CNS have remained a central focus of research 

in MS. Chapter 1 of this dissertation reviews the neuroimaging methods commonly used to 

characterize CNS pathology in MS, highlighting both their strengths and limitations. The chapter 

discusses conventional magnetic resonance imaging (MRI) techniques, such as T1- and T2-

weighted imaging, which remain essential for detecting macroscopic lesions and quantifying 

lesion burden and brain atrophy.12,13 The chapter also introduces advanced structural imaging 

methods, including diffusion tensor imaging (DTI), diffusion kurtosis imaging (DKI), and fixel-

based analysis (FBA), which provide more detailed insights into white matter integrity.14–16 These 

techniques are further explored in Chapters 4 and 5. Altogether, advanced structural imaging 

techniques hold significant promise for improving the characterization of the extent and nature of 

CNS damage in MS. Furthermore, ongoing advances in imaging resolution, particularly with ultra-

high-field MRI, have the potential to enhance detection of neural damage, especially cortical 

lesions, which remain under-detected with current conventional approaches.17,18 

Chapter 2 investigated how individuals with MS perform functional movements differently 

from NT controls by analyzing biomechanical measures acquired during the five times sit-to-stand 
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test (5XSST), a common clinical assessment of transfer ability.19 While falls are common in 

transfer movements, such as the sit-to-stand,20 few studies in MS have examined the 5XSST 

beyond time-based metrics.21 This gap is notable, as prior research in older adults has demonstrated 

that kinetic variables, particularly lower-limb power, are more strongly associated with fall risk 

than task duration.22 The results of the study indicated that individuals with MS completed the 

5XSST task more slowly and with reduced force and power output compared to NT controls. 

Notably, lower-limb power distinguished participants with MS with a history of falls from those 

without, whereas time alone did not. These findings suggest that kinetic measures, such as power, 

may capture more nuanced aspects of motor impairment that contribute to fall risk. 

Given that MS leads to neural injury within the CNS, Chapter 3 aimed to build on the 

findings of Chapter 2 by examining the neurophysiological correlates of altered motor function. 

Using transcranial magnetic stimulation (TMS), the study found that individuals with MS 

exhibited reduced corticospinal tract (CST) excitability, reduced intracortical inhibition, and 

prolonged conduction times compared to NT participants. Further, these neurophysiological 

measures were associated with both force production and development during isolated tibialis 

anterior maximal voluntary isometric contractions and the 5XSST in participants with MS. 

Together, the results link the biomechanical findings of Chapter 2 to differences in 

neurophysiology, demonstrating that motor performance during transfer tasks, such as the 5XSST, 

are associated with the functional status of the corticospinal system in individuals with MS. 

While TMS provides valuable insight into the functional integrity of motor pathways, it 

does not capture spatial measures of neural architecture. Structural alterations in white matter can 

be examined using a variety of advanced neuroimaging techniques (Chapter 1). However, no prior 

study had applied multiple diffusion MRI methods in combination to assess structural integrity in 
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MS and explore their relationships with both clinical and neurophysiological outcomes. Chapter 4 

addressed this gap by examining DTI, DKI, and FBA metrics within the CST of individuals with 

MS and NT controls. The results revealed reductions in structural integrity throughout the CST in 

individuals with MS compared to NT controls. Among the three approaches, FBA displayed the 

strongest correlations with clinical balance performance, disability scores, and neurophysiological 

measures. These findings suggest that FBA’s capacity to isolate specific fiber populations and 

independently quantify micro- and macrostructural properties offers more detailed 

characterization of clinically relevant features of MS pathology.23 Together, the findings from this 

study provide a structural complement to the physiological and behavioral differences observed in 

earlier chapters, further supporting the link between white matter structural integrity, 

neurophysiological function, and motor performance in individuals with MS. 

Chapter 5 extended the scope of this dissertation beyond the CST, which had been the 

primary focus of prior chapters and much of the existing literature linking neural characteristics to 

motor function in individuals with MS. While the CST is essential for voluntary movement, other 

descending motor pathways, such as the reticulospinal tract, have been connected to balance and 

locomotion.24,25 Research in stroke and spinal cord injury has highlighted the potential 

compensatory role of this pathway for motor recovery following CST injury,26–28 yet its 

contribution to motor function in MS has not been previously investigated. To explore this 

understudied pathway, FBA was used to assess the microstructural integrity of the 

corticoreticulospinal tract, revealing that reduced microstructural integrity correlates with walking 

and balance performance in individuals.  
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Clinical Applications 

 One practical application that emerges across the chapters of this dissertation is strength 

training, commonly implemented through resistance training. A robust body of evidence 

demonstrates that resistance training enhances muscle strength and functional capacity across a 

range of populations, including individuals with MS.29–32 This is particularly meaningful in the 

context of Chapter 2, which identified reduced power during sit-to-stand movements as a key 

identifier of fall risk. Given that lower body strength is critical for generating power during 

transfers, resistance training offers a practical strategy to mitigate fall risk. 

Notably, the benefits of resistance training may extend beyond the musculoskeletal system. 

While findings are mixed, studies suggest that resistance training can induce neurophysiological 

changes, including reductions in CST inhibition, increases in CST excitability, and alterations in 

motor unit properties.33–35 These adaptations are directly relevant to the findings in Chapter 3, 

where neurophysiological measures, such as CST excitability, were associated with motor 

performance. If neurophysiological function is modifiable through resistance training, it may offer 

a potential avenue for enhancing neuromuscular function. 

Finally, emerging evidence suggests that improvements in muscle strength and function 

resulting from resistance training may, in part, be mediated by adaptations within the reticulospinal 

system.36 In Chapter 5, lower fiber density in the corticoreticulospinal tract was associated with 

poorer balance and walking performance in individuals with MS. If resistance training can drive 

adaptations in this pathway, it may offer a promising avenue for enhancing motor function by 

strengthening the neural circuits that contribute to postural control and mobility. 

Together, these connections support the hypothesis that resistance training may elicit 

functionally meaningful neuromuscular adaptations in people with MS. Future research should 
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further investigate both the muscular and neural effects of resistance training in MS to better 

determine its impact as a physical conditioning strategy and as a potential neurotherapeutic 

intervention.  

Future Directions 

Future research should investigate the potential of ultra-high-field MRI (7T and beyond) 

to improve the detection of diffuse neural damage in MS. The improved spatial resolution afforded 

by higher field strengths may enable more accurate identification of subtle and previously 

underdetected abnormalities, particularly cortical lesions, which are often missed with 

conventional imaging techniques.17,18 More accurate detection of neural injury could support 

earlier diagnosis and strengthen associations with clinical outcomes. 

Building on the transfer movement analyses in Chapters 2 and 3, future studies should 

continue to investigate the biomechanics of other everyday functional tasks such as stair climbing, 

turning, non-linear walking, and extended reaching. These weight-shifting movements may reveal 

additional body control strategies employed by individuals with MS not captured by the 5XSST 

or basic linear walking. Moreover, developing better predictive models of lower-limb power 

output using accessible clinical data, such as 5XSST duration and anthropometric measures, could 

provide clinicians with a simple and low-burden tool for accurately identifying fall risk in 

individuals with MS. 

To build on the neurophysiological findings from this dissertation, future research should 

incorporate TMS during active motor tasks to assess CST function in movement-relevant contexts. 

Comparing responses between individuals with MS and NT controls during task execution could 

reveal functional differences that are not captured by baseline measures, offering insight into how 

CST function dynamically contributes to task performance.37 Additionally, investigating the 
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distinct neural contributions to concentric and eccentric muscle contractions, particularly during 

full-body movements, may uncover different motor control strategies in people with MS compared 

to NT controls. Longitudinal studies involving resistance training or neuromodulation 

interventions (e.g., transcranial direct current stimulation)38 are also warranted to determine the 

extent to which neurophysiological adaptations can contribute to neuromuscular function 

improvements. 

Future neuroimaging studies should integrate both brain and spinal cord imaging to fully 

capture the distributed nature of motor pathway damage in MS. Additionally, research should 

leverage biologically informed advanced diffusion techniques such as Neurite Orientation 

Dispersion and Density Imaging (NODDI).39 NODDI can provide accurate measures of structural 

integrity in both white and gray matter, offering a more comprehensive quantification of the extent 

of neural damage and its relationship to motor function. 

Finally, the reticulospinal system remains an understudied yet likely contributor to motor 

function in individuals with MS. Future research should directly assess reticulospinal function 

using methods such as TMS ipsilateral motor evoked potentials40 or the StartReact paradigm,41 

which can provide insight into the functional status of this pathway. Interventional studies 

investigating how the reticulospinal system responds to resistance training could clarify its role as 

a compensatory pathway for improved mobility in individuals with MS. 

Concluding Remarks 

 Together, the studies in this dissertation provide a multi-modal perspective on how 

alterations to the nervous system in MS relate to motor function. The findings not only link 

structural and functional markers of CNS integrity to clinically relevant outcomes but also point 

to future directions for research and rehabilitation. In doing so, this dissertation contributes to a 
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growing body of work aimed at translating biomechanic and neuroscience research into practical 

strategies for improving the lives of people with MS. 
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APPENDIX A – CHAPTER 2 SUPPLEMENTAL MATERIAL 

 
 

Chapter 2 of this dissertation examined the associations between instrumented mean power 

and estimated mean power values using equations from Alcazar et al. (2018) during the five times 

sit-to-stand (5XSST). This included the original equation (Equation 2.1, Figure A1A) and a 

modified version in which height was replaced by leg length (Equation 2.2, Figure A1B). 

Additional analyses evaluated correlations between instrumented mean power and an estimated 

mean power equation from Smith et al. (2010) (Figure A1C), as well as between instrumented 

maximum power and an estimated maximum power equation from Smith et al. (2010) (Figure 

A1D). Several 5XSST metrics were compared between participants with MS who reported a fall 

in the six months prior to the study and those who did not. Select comparisons are presented in 

Chapter 2, with a complete table of all exploratory comparisons provided in Table A1. 
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Figure A1. Correlations Between Instrumented Power and Estimated Power in People with 

MS. (A) Association between Equation 1 and instrumented mean power (r = 0.525, p = 0.003), 
(B) Association between Equation 2 and instrumented mean power (r = 0.594, p < 0.001), (C) 
Association between Smith et al. 2010 mean power equation and instrumented mean power (r = 
0.463, p = 0.011), (D) Association between Smith et al. 2010 max power equation and 
instrumented max power (r = 0.423, p = 0.021). 
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Table A1. Comparison of 5XSST performance time, force production, and power outputs between 
the MS faller and MS non-faller groups.  

 

  

Variable 
 

Multiple Sclerosis -
Fallers 

Multiple Sclerosis -
Non-Fallers Uncorrected 

p-value 
  

Cohen’s d 
  Mean SD Mean SD 

Completion 
Time (s) 14.32 6.65 12.94 7.44 0.097 0.39 

Max vGRF 
(%BW) 128.07 10.87 130.90 26.48 0.212 -0.28 

Incline 
(%BW/s) 602.44 151.16 786.60 295.60 0.018 -0.72 

Peak-to-
Trough 
(%BW) 60.95 32.16 67.55 54.30 0.209 -0.30 

Mean Power 
(W) 

 
167.78 130.03 220.23 126.22 0.026 -0.82 

Max Power 
(W) 315.72 275.13 410.75 267.06 0.046 -0.70 

Estimated 
Mean Power 
(W) – 
Alcazar et 
al. 

173.57 69.21 201.51 126.72 0.068 -0.55 

Estimated 
Mean Power 
(W) – 
Alcazar et 
al. (Leg 
Length) 

179.97 100.99 224.88 136.23 0.028 -0.75 
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APPENDIX B – CHAPTER 3 SUPPLEMENTAL MATERIAL  

 
 

Chapter 3 of this dissertation reports that electromyography (EMG) data collected during 

the study exhibited powerline contamination, characterized by 60 Hz harmonics, in several 

participant recordings. To address this issue, a 60 Hz wavelet packet harmonic filter was applied 

to all participant data in addition to standard bandpass filtering. Wavelet packet filtering works by 

decomposing the underlying signal into components at multiple frequency bands, enabling 

targeted removal of specific noise, such as 60 Hz powerline interference. This technique helps 

suppress noise while preserving the other frequencies of the EMG signal critical for analysis. The 

following supplementary materials provide validation for this filtering approach, including: 

• A power spectrum frequency plot from an example participant with powerline interference 

(Figure B1) and from one without powerline interference (Figure B4). 

• EMG traces showing raw signals and signals after applying the wavelet packet harmonic filter 

combined with bandpass filtering, for both participants (Figures B2 and B5). 

• For reference, EMG traces comparing raw signal to the results of a standard 60 Hz comb filter, 

a filter commonly used to reduce powerline noise, are shown in Figures B3 and B6.
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Figure B1. Power Spectrum Plot from a Participant With 60 Hz Interference. Power spectrum frequency plot from an example 
participant exhibiting 60 Hz powerline interference. The blue line represents the raw EMG signal, with interference visible as distinct 
power spikes at 60 Hz and its harmonics. The orange line shows the EMG signal after wavelet packet filtering combined with bandpass 
filtering, and the yellow line shows the signal after applying a 60 Hz comb filter. Both filters reduce interference, but the comb filter 
may excessively attenuate power at target and non-target frequencies. In contrast, the wavelet packet harmonic filter preserves more of 
the signal while effectively reducing interference.  
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Figure B2. Wavelet Packet Harmonic Filtering of 60 Hz Interference. EMG trace from a TMS trial in an example participant with 
60 Hz powerline interference. The blue line represents the raw EMG signal, while the orange line shows the signal after applying the 
wavelet packet harmonic filter combined with bandpass filtering.
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Figure B3. Comb Filtering of 60 Hz Interference. EMG trace from a TMS trial in an example participant with 60 Hz powerline 
interference. The blue line represents the raw EMG signal, while the orange line shows the signal after applying the 60 Hz comb filter.
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Figure B4. Power Spectrum Plot from a Participant Without 60 Hz Interference. Power spectrum frequency plot from an example 
participant without 60 Hz powerline interference. The blue line represents the raw EMG signal, with no visible interference at 60 Hz or 
its harmonics. The orange line shows the EMG signal after wavelet packet filtering combined with bandpass filtering, while the yellow 
line shows the signal after applying a 60 Hz comb filter. Compared to the comb filter, the wavelet packet harmonic filter more effectively 
preserves overall signal power and avoids unnecessary attenuation of the signal.  
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Figure B5. Wavelet Packet Harmonic Filtering Without Interference. EMG trace from a TMS trial in an example participant without 
60 Hz powerline interference. The blue line represents the raw EMG signal, while the orange line shows the signal after applying the 
wavelet packet harmonic filter combined with bandpass filtering.
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Figure B6. Comb Filtering Without Interference. EMG trace from a TMS trial in an example participant without 60 Hz powerline 
interference. The blue line represents the raw EMG signal, while the orange line shows the signal after applying the 60 Hz comb filter. 
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APPENDIX C – CHAPTER 4 SUPPLEMENTAL MATERIAL 

 
 

Figure C1. Lesion Probability Map for Participants with Multiple Sclerosis. Spatial 
distribution of lesion overlap across participants with multiple sclerosis (MS), with the 
corticospinal tracts (CST) visualized in blue for reference. Lesions are shown where at least 4 
participants (16%) had overlapping damage. a) Volume rendering of segmented lesions from 
anterior, left, and right viewpoints. b) Lesion probability map overlaid on axial slices of the 
template brain. Slices progress inferior to superior, starting in the medulla (top left) and ascending 
through the brainstem and cerebrum, ending with streamlines in the precentral and postcentral gyri 
(bottom right). CST location is again shown in blue. The color bar indicates the percentage of 
overlapping segmented lesions. No region exhibited greater than 52% lesion overlap (13 
participants). 
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Table C1. Associations Between Diffusion Metrics and Lesion Volume in the Corticospinal Tract in Participants with Multiple 

Sclerosis. Spearman’s rank correlation coefficients (rho) are reported for associations between diffusion magnetic resonance imaging 
metrics and segmented lesion volume within the corticospinal tract (CST) in participants with multiple sclerosis (MS). Both uncorrected 
p-values and false discovery rate (FDR)-corrected values are provided. Statistically significant associations after FDR correction (pFDR 

< 0.05) are indicated in bold.  

Abbreviations: DTI – Diffusion Tensor Imaging; MD – Mean Diffusivity; AD – Axial Diffusivity; RD – Radial Diffusivity; FA – 
Fractional Anisotropy; DKI – Diffusion Kurtosis Imaging; MK – Mean Kurtosis; AK – Axial Kurtosis; RK – Radial Kurtosis; FBA – 
Fixel-Based Analysis; FDC – Fiber Density and Cross-section; FD – Fiber Density; LFC – Log of Fiber Cross-section; CST – 
Corticospinal Tract. 

 

 

  

 
  

 
DTI DKI FBA 

Variable 
MD AD RD FA MK AK RK FDC FD LFC 

 CST Lesion Volume         

rho  
0.81 0.277 0.82 -0.75 -0.79 -0.66 0.78 -0.54 -0.57 -0.48 

p-value  
<0.001 0.179 <0.001 <0.001 <0.001 <0.001 <0.001 0.006 0.003 0.016 

pFDR-value  
<0.001 0.179  <0.001 <0.001 <0.001 <0.001 <0.001 0.007 0.004 0.017 
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Table C2. Associations Between Balance and Clinical Disability Scores and Neurophysiologic Measures in Participants with 

Multiple Sclerosis. Spearman’s rank correlation coefficients (rho) are reported for associations between the mini-balance evaluation 
systems test (miniBEST) total score, expanded disability status scale (EDSS), motor evoked potential (MEP) onset latency, and MEP 
area in participants with multiple sclerosis (MS). Both uncorrected p-values and false discovery rate (FDR)-corrected values are 
provided. Statistically significant associations after FDR correction (pFDR < 0.05) are indicated in bold. 

Variable miniBEST Total Score EDSS MEP Onset Latency MEP Area 

 miniBEST Total Score          

rho  - - - - 

p-value  - - - - 

pFDR-value  - - - - 
EDSS             

rho  -0.61 - - - 

p-value  0.001 - - - 

pFDR-value  0.002 - - - 
MEP Onset Latency          

rho  -0.61 0.30 - - 

p-value  0.001 0.150 - - 

pFDR-value  0.002 0.150 - - 
MEP Area           

rho  0.63 -0.50 -0.43 - 

p-value  <0.001 0.012 0.030 - 

pFDR-value  0.002 0.017 0.036 - 
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Table C3. Associations Between Full Corticospinal Tract-Averaged Diffusion Metrics and Clinical and Neurophysiologic 

Measures in Participants with Multiple Sclerosis. Spearman’s rank correlation coefficients (rho) are reported for associations between 
diffusion magnetic resonance imaging metrics averaged across the entire corticospinal tract (CST) and clinical and neurophysiological 
measures in participants with MS. Both uncorrected p-values and false discovery rate (FDR)-corrected values are provided. Statistically 
significant associations after FDR correction (pFDR < 0.05) are indicated in bold.  

Abbreviations: DTI – Diffusion Tensor Imaging; MD – Mean Diffusivity; AD – Axial Diffusivity; RD – Radial Diffusivity; FA – 
Fractional Anisotropy; DKI – Diffusion Kurtosis Imaging; MK – Mean Kurtosis; AK – Axial Kurtosis; RK – Radial Kurtosis; FBA – 
Fixel-Based Analysis; FDC – Fiber Density and Cross-section; FD – Fiber Density; LFC – Log of Fiber Cross-section; CST – 
Corticospinal Tract; miniBEST – Mini-Balance Evaluation Systems Test; EDSS – Expanded Disability Status Scale; MEP – Motor 
Evoked Potential. 

 
DTI DKI FBA CST 

Lesion 

Variable MD AD RD FA MK AK RK FDC FD LFC   Volume 

 miniBEST Total Score          

rho  -0.34 -0.33 -0.32 -0.10 0.22 0.21 0.17 0.52 0.25 0.33 -0.44 
p-value  0.094 0.105 0.119 0.647 0.289 0.323 0.424 0.007 0.212 0.103 0.028 

pFDR-value  0.280 0.280   0.280 0.690 0.485 0.485 0.539 0.013 0.231 0.154 0.065 
EDSS             

rho  0.27 0.316 0.22 0.15 -0.23 -0.15 -0.14 -0.72 -0.29 -0.61 0.37 
p-value  0.186 0.124 0.297 0.461 0.274 0.474 0.515 <0.001 0.162 0.001 0.065 

pFDR-value  0.280 0.280 0.366 0.527 0.485 0.539 0.539 <0.001 0.195 0.007 0.075 
MEP Onset Latency          

rho  0.39 0.25 0.44 -0.32 -0.47 -0.26 -0.59 -0.55 -0.55 -0.31 0.54 
p-value  0.055 0.023 0.028 0.124 0.017 0.218 0.012 0.004 0.005 0.121 0.006 

pFDR-value  0.280 0.304 0.280 0.280 0.099 0.485 0.099 0.011 0.011 0.162 0.027 

MEP Area           
rho  -0.29 -0.27 -0.27 0.01 0.30 0.13 0.28 0.55 0.25 0.39 -0.40 

p-value  0.155 0.192 0.192 0.978 0.114 0.539 0.170 0.004 0.233 0.06 0.049 
pFDR-value  0.280 0.280 0.280 0.978 0.485 0.539 0.485 0.011 0.233 0.096 0.065 
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APPENDIX D – CHAPTER 5 SUPPLEMENTAL MATERIAL 

 
 

 

Figure D1. Corticoreticulospinal Tract Regions of Interest for Streamline Generation. 

Regions of interest (ROIs) used for generating streamlines of the corticoreticulospinal tract 
overlaid on the study template. a) Cortical ROI used as the seed region for streamline generation. 
Views: coronal (top left), sagittal (top right), axial (bottom left), and 3D volume rendering (bottom 
right). ROI sourced from Boyne et al., 2022. b) Gigantocellular reticular nucleus ROI, used as a 
required waypoint for CReST streamlines. Views: axial (top), sagittal (bottom). ROI sourced from 
Boyne et al., 2022. 
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Figure D2. Lesion Probability Map for Participants with Multiple Sclerosis. Spatial 
distribution of lesion overlap across participants with multiple sclerosis, with the 
corticoreticulospinal tracts (CReST) visualized in blue for reference. Lesions are shown where at 
least 5 participants (18.5%) had overlapping damage. a) Volume rendering of segmented lesions 
from anterior, left, and right viewpoints. b) Lesion probability map overlaid on axial slices of the 
template brain. Slices progress inferior to superior, starting in the medulla (top left) and ascending 
through the brainstem and cerebrum, ending with streamlines in the cortex (bottom right). CST 
location is again shown in blue. The color bar indicates the percentage of overlapping segmented 
lesions. No region exhibited greater than 55% lesion overlap (15 participants). 
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Table D1. Associations Between Corticoreticulospinal Tract Fiber Density, Lesion Volume, and Functional Outcomes in People 

with Multiple Sclerosis. Correlations between fiber density from fixels showing significant group differences in the 
corticoreticulospinal tract (CReST) between participants with multiple sclerosis (MS) and neurotypical (NT) controls, and balance and 
mobility outcome measures in participants with MS. Correlations are also presented between lesion volume overlapping with the CReST 
and balance and mobility outcome measures in participants with MS. Both uncorrected p-values and false discovery rate (FDR)-
corrected values are shown. Statistically significant associations after FDR correction (pFDR < 0.05) are indicated in bold.  

 Abbreviations: APC – Anticipatory Postural Adjustments; RPC – Reactive Postural Control; SO – Sensory Orientation; DG – Dynamic 
Gait; CoP – Center of Pressure; TUG – Timed-Up and Go; MSWS-12 – Twelve Item Multiple Sclerosis Walking Scale 

 
MS   MS  

Fiber Density          CReST Lesion Volume 

Variable r/rho p-value pFDR-value rho p-value pFDR-value 

Mini-Balance Evaluation Systems Test     

Total Score 0.52 0.005 0.013 -0.59 0.001 0.003 

APA 0.44 0.021 0.035 -0.45 0.018 0.018 

RPC 0.55 0.003 0.013 -0.48 0.011 0.013 

SO 0.35 0.074 0.074 -0.62 0.001 0.003 

DG 0.37 0.054 0.068 -0.58 0.002 0.003 

Static Balance (CoP Path Length (cm))    

Eyes-open Firm -0.45 0.021 0.041 0.57 0.002 0.002 

Eyes-open Compliant -0.41 0.044 0.044 0.60 0.002 0.002 

Mobility       

Preferred Walk Speed (m/s) 0.22 0.278 0.278 -0.39 0.045 0.045 

Fast Walk Speed (m/s) 0.35 0.072 0.177 -0.45 0.020 0.027 

TUG (s) -0.28 0.161 0.215 0.44 0.020 0.027 

MSWS-12 -0.34 0.088 0.177 0.47 0.016 0.027 
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