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ABSTRACT 
 

The neurodegeneration caused by multiple sclerosis (MS) results in a progressive 
decline in functioning and quality of life. Mobility impairment is often reported as the 
most common symptom affecting people with the disease, contributing to about 50% of 
the population reporting at least one fall in any three-month period. Although the 
underlying cause of falls in persons with MS is multifaceted, there is mounting evidence 
that the inclusion of a cognitive task during walking (dual tasking) leads to increased fall 
risk. Previous research in lab-based environments has highlighted the association 
between dual task walking and increased stride variability and decreased gait speed, 
leading to an increase in falls for persons with MS. 
 While there is mounting evidence that dual task walking in the lab can 
differentiate between fallers and non-fallers with MS, these findings have not translated 
into acceptable clinical assessments. These assessments notably lack ecological validity, 
as they fail to consider key real-world factors, such as concurrent cognitive tasks, 
movement quality examination, and postural transitions and turns – all of which are 
problematic for those with MS. 

Additionally, changes in real-world ambulation are often attributed to mobility 
impairment, yet previous research underscores cognition and fear of falling as vital 
metrics impacting walking. Understanding contributors to real-world mobility is crucial, 
as they are necessary for both walking and community participation. Therefore, the 
objective of this project was to: 1) Examine the sensitivity and specificity of both 
currently used and novel clinical measures at predicting fall status in persons with MS 2) 
Identify a clinical assessment that is reflective of everyday walking in individuals with 
MS and 3) Examine the contributions of cognition, ambulation disability, and 
psychosocial factors to real-world gait quality and quantity. 

A total of 27 participants with MS, ranging in age from 40 to 75, were included in 
the study and underwent cognitive testing. Upon completion, participants performed a 
series of walking assessments, including the timed up and go (TUG), and three novel 
clinical assessments: TUG-extended, 25-foot walk and turn, and figure-8 walk. During 
the performance of the novel assessments, participants concurrently engaged in a verbal 
fluency cognitive task. At the conclusion of the in-lab session, participants in the study 
had an inertial sensor placed on their lower back, which they wore in the real world for 
three days. 

Results from the study showed that one of the novel clinical assessments, the 25-
foot walk and turn, exhibited increased sensitivity and specificity compared to currently 
used clinical assessments. Furthermore, the 25-foot walk and turn was the assessment 
with the highest correlation to real-world captured measures of gait speed and stride 
variability. Finally, both cognition, namely processing speed, and ambulation disability 
significantly contributed to real-world measures of gait speed and stride variability. The 
findings highlight the significance of incorporating cognition into walking assessments 
for individuals with MS. Cognition emerged as a notable factor impacting real-world 
measures of gait speed and stride variability. Moreover, integrating cognition into clinical 
mobility evaluations enhanced ecological validity and ultimately improved the 
effectiveness at identifying fall status when compared to existing assessments. 
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CHAPTER 1: INTRODUCTION 

Multiple sclerosis overview 

 Multiple sclerosis (MS) is a chronic, autoimmune neurological disease of the 

central nervous system (CNS) leading to demyelination and axonal loss.1 This 

demyelination process involves the destruction of the protective myelin sheath 

surrounding nerve fibers, leading to the formation of plaques.1 These plaques, which arise 

from relapses, progressively accumulate over time on both the brain and spinal cord, 

resulting in permanent damage and the worsening of symptoms.1 Consequently, this 

process disrupts the normal transmission of signals along the affected nerves, impairing 

various bodily functions.2 There is an increased prevalence rate in women compared to 

men (2.3-3.5:1),3 with first symptoms typically presenting between the ages of 20 and 

40.4 Notably, research has indicated that approximately one million Americans are 

currently affected by this condition,5 with an estimated total economic burden of 85.4 

billion dollars, equivalent to  $65,612 per person per year.6 

There is a wide array of symptoms resulting from MS, including muscle 

weakness, fatigue, depression, cognitive dysfunction, and difficulties with walking and 

balance.7 These symptoms significantly affect individuals with the disease and can have 

profound impacts on their daily lives, leading to increased levels of depression,8 

sedentary behavior,9 and a decrease in functional independence.10,11  As a result, 
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individuals with MS report poorer health-related quality of life, which encompasses 

challenges in family and peer relationships, occupational status, and community 

participation.12-15 In fact, approximately 56.5% of the MS population is unemployed, and 

an individual's ability to remain employed declines by 3% per year after diagnosis.16 

Fatigue, along with mobility-related issues and difficulties with cognition, are frequently 

reported by individuals with MS as key factors in reducing work hours or leaving their 

jobs.17,18  Taken together, the disease course of MS, along with its associated symptoms, 

imposes a substantial burden on both the healthcare system and the labor force. 

Mobility and fall risk 

MS has profound consequences on mobility, significantly impacting the daily 

lives of individuals with the disease. Mobility impairments in MS arise from various 

factors, including muscle weakness, spasticity, balance problems, and coordination 

difficulties,19 leading to an increased reliance on assistive devices and a higher risk of 

falls.20 Mobility impairment is widely reported as the most common symptom affecting 

individuals with MS, with over 90% reporting mobility dysfunction.21,22 It is frequently 

cited as the primary factor limiting community participation.23 Studies consistently 

demonstrate that the loss of mobility contributes to a significant patient burden and 

reduced quality of life.24,25 

As walking becomes more challenging, the risk of falls increases among 

individuals with MS. Over 50% of ambulant people with MS report at least one fall in 

any three-month period.26 Furthermore, of those who report falling, 50% experience 

injuries and 23% require medical care.27 Additionally, previous studies have indicated 

that the MS population is at a higher risk of developing osteoporosis, leading to an 
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increased likelihood of fractures from falls.28 Falls also have a profound impact on the 

quality of life of individuals with MS, as they can lead to a loss of functional mobility.25 

Additionally, experiencing a fall increases fear of falling, leading to reduced community 

participation and physical activity which, in turn, further reduces quality of life.29-31 

Physical activity curtailment and self-isolation contribute to decreased strength, 

endurance, and range of motion, thereby increasing the risk of future falls and severe 

injuries.32,33 The cyclical nature of this process emphasizes the significance of identifying 

individuals at risk for falls in order to mitigate fear of falling and promote physical 

activity (figure 1). Given the progressive decline in mobility and its functional 

consequences over time, it is imperative to identify and address fall risk as important 

healthcare priorities. 

 

Figure 1. Relationship between falls, fear of falling, and physical activity 
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experience a fall report it to their healthcare provider, resulting in less than half of those 

with MS receiving information about fall prevention strategies from their healthcare 

providers.34 Given the high prevalence of falls and the lack of reporting, there is an 

urgent health need for assessments that can identify individuals at risk for falls. Further 

underscoring this need for clinical fall risk assessments, the National Multiple Sclerosis 

Society emphasizes the importance of developing clinically useful and sensitive 

quantitative outcome measures that can effectively identify those with MS who are at risk 

for falls.35 

Cognitive impairment 

While falls are often seen as caused solely by mobility impairment,36 it has also 

been well established that cognition plays a key role. Cognition encompasses various 

domains, such as executive functioning, language, memory, attention, social cognition, 

and perceptual motor function.37 In individuals with MS, cognitive impairment is 

prevalent, with up to 70% of those with the disease experiencing cognitive deficits.10,38,39 

Most commonly, individuals with MS report cognitive problems related to processing 

speed,40 executive functioning,41 and long-term memory.38 The impact of cognitive 

impairment on the quality of life for individuals with MS is profound, leading to 

increased difficulties in completing daily activities,11 reduced functional independence,10 

higher unemployment rates,42 and challenges in engaging in social activities.43 

Processing speed refers to the rate at which the brain processes information and 

has been identified as the most common cognitive deficit in individuals with MS, 

affecting over 50% of those with the condition.38,44-46  This deficit is often observed in 

conjunction with impairments in other cognitive domains, particularly working and long-



 5 

term memory.47,48 Given the prevalence of processing speed deficits and their association 

with other cognitive functions, it is crucial for clinicians to assess this domain in 

individuals with MS.  

Executive function is a multifaceted domain encompassing goal-directed behavior 

and the capacity to adapt to environmental changes or demands through planning, 

anticipating, allocating resources, and responding appropriately (figure 2).37 Although 

less common than deficits in processing speed, approximately one-third of individuals 

with MS experience impairments in executive function.49 These deficits have a far-

reaching impact given the link between executive functions and occupational 

performance deficits.49 Moreover, executive dysfunction has been significantly associated 

with anxiety and depression within this population.50 

 

Figure 2. Domains of executive function 
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 Long-term memory is the ability to learn new information, maintain that 

information, and recall it at a later time. Deficits in long-term memory are prevalent in 

the population with up to 65% of individuals with MS showing impaired function in this 

domain.51 While long-term memory is impaired for individuals for MS, research has 

shown that the cause of this deficit is more related to the initial learning of the 

information.52,53 This difficulty with learning new information results from dysfunction in 

other cognitive domains, including processing speed, executive functions, and cognitive 

inhibition.38 

Given the prevalence of cognitive impairment in individuals with MS, it is crucial 

to conduct assessments to identify and intervene in those affected. Since cognitive 

deficits in MS often fall within specific domains, it is essential to use assessments that 

examine these frequently impaired areas. Among the various cognitive batteries, the short 

form Brief Repeatable Battery of Neuropsychological Tests (BRB) has been identified as 

a sensitive and cost-effective screening tool for identifying impairments in major 

cognitive domains in individuals with MS.54 The short form BRB consists of the Paced 

Auditory Serial Addition Test (PASAT), the Symbol Digits Modalities Test (SDMT), and 

the Selective Reminding Test (SRT). This cognitive battery has demonstrated high 

sensitivity (78%-94%) and specificity (65%-84%) in identifying individuals with MS 

experiencing cognitive impairment.54,55 Furthermore, some cognitive assessment batteries 

include the Stroop test in conjunction with the short form BRB.56 

The SDMT is widely used for assessing processing speed in the MS population 

and is considered the most sensitive metric of cognitive function.57-60  The PASAT, 
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measuring both processing speed and executive functioning, has commonly been used to 

identify deficits in these domains.61-63 The SRT, a memory test distinguishing between 

short and long-term storage, has also been utilized in MS research, revealing the 

prevalence of memory dysfunction in the population.64 Finally, the Stroop test evaluates 

inhibitory control, requiring individuals to resist interference from distracting information 

and maintain goal-directed behavior.65 As there is variability in the presentation of 

impairments among individuals with MS, there is an increased emphasis on cognitive 

assessments that evaluate multiple domains of cognition, including executive function, 

processing speed, and memory.66 

Cognitive-motor interference 

Walking, which is typically an automated motor task for healthy adults,67 

becomes attentionally demanding for individuals with MS, resulting in increased mobility 

issues.68 This increased attentional demand is further compounded by existing cognitive 

deficits often experienced by individuals with the disease.69 These findings underscore 

the concept of cognitive-motor interference (CMI), which refers to the decline in 

cognitive and/or motor performance when both tasks are performed concurrently. Given 

that these individuals require increased attentional focus on mobility and may experience 

cognitive decline, they face higher attentional demands when performing mobility and 

cognitive tasks together compared to healthy controls.70,71 When the demands of these 

tasks exceed the limited attentional resources available, CMI will be present.72 

Additionally, given the propensity of individuals with MS to employ a posture-first 

strategy, or prioritize mobility in the presence of competing attentional demands,73 dual 
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task assessments that include outcomes related to both mobility and cognition are 

necessary to effectively identify those with MS who are at risk for falls. 

While mobility and cognitive impairments are both prevalent in individuals with 

MS, they are often studied independently of each other.74 However, there is a growing 

understanding that examining the performance of both mobility and cognition 

concurrently, known as dual tasking, is essential due to their complex and ecologically 

necessary interaction.75,76 That is, dual tasking is ecologically necessary as the 

simultaneous performance of motor and cognitive tasks is an fundamental part of 

everyday life. In fact, previous research by Shema-Shiratzky et al. has identified the 

ecological validity of dual tasking in a lab setting. They found that gait speed and stride 

variability metrics captured while dual tasking in the lab were similar to those same 

metrics captured in community ambulation.77 

When individuals with MS engage in concurrent cognitive tasks while walking, 

they show increased postural sway,78-81 decreased gait speed,82-87 reduced step length,88,89 

decreased double limb support time,88-90 and increased stride variability compared to 

walking without a concurrent cognitive task.91-95 While the impact of dual tasking on 

spatio-temporal parameters of gait are widespread, the impact is not seen solely in the 

mobility domain. In fact, dual tasking has also been found to result in slowed task 

performance and increased errors in cognitive performance.70,96,97  Importantly, dual task 

impairments in mobility and cognition have been identified as sensitive biomarkers for 

falls in this population. Increased stride variability,91,94 decreased gait speed,86 

decrements in cognitive performance, and self-reported difficulties with dual tasking 

have all been linked to fall risk in individuals with MS.97,98 Therefore, dual task 
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assessments that consider both motor and cognitive outcomes in people with MS are 

crucial for gaining a better understanding of their intricate relationship and importance to 

everyday mobility.99,100 

Clinical assessments of fall risk 

While in-lab assessments, especially dual task walking tests, have demonstrated 

sensitivity in differentiating between individuals with MS who are fallers and those who 

are non-fallers, these findings have not yet been effectively translated into clinical 

evaluations. In fact, research by Cameron et al. revealed that a fall in the previous year 

was a better predictor of a future fall than the currently used walking and balance 

assessments.101 Furthermore, other research utilizing the timed up and go (TUG), a 

clinical walking assessment routinely used to identify those at risk for falls, was unable to 

discriminate fallers from non-fallers with MS.102 These findings were corroborated by a 

recent meta-analysis that concluded the most commonly used assessments to identify fall 

risk in MS, such as the TUG, Berg Balance Scale, and Falls Efficacy Scale International, 

have poor predictive ability.103 It is worth noting that these assessments lack the 

ecological validity present in in-lab dual task assessments, which more accurately 

identified fallers with MS.86,104 Specifically, both the TUG test and the BERG Balance 

Scale lack a concurrent cognitive task, limiting their ability to effectively distinguish 

between fallers and non-fallers with MS. 

More recently, clinical assessments of fall risk that have attempted to incorporate 

a secondary cognitive task have shown mixed results. Notably, the incorporation of serial 

seven or serial three subtraction has been integrated into the existing TUG, the TUG-

cognitive, with the aim of increasing sensitivity to falls. However, both Nilsagard et al. 
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and Quinn et al. examined the time to completion on the TUG-cognitive and found no 

difference between fallers and non-fallers with MS.102,105 Since time to completion did 

not offer additional insights into the impact of cognition on mobility, researchers have 

sought to evaluate its effect on mobility more directly. That is, previous studies have 

examined dual task cost, a measurement of performance decrement under dual task 

conditions compared to single task performance, calculated as a percentage 

comparison.97,106 This provides a better understanding of the impact on mobility caused 

by the concurrent cognitive task. 

𝐷𝑢𝑎𝑙	𝑡𝑎𝑠𝑘	𝑐𝑜𝑠𝑡	(%) = /
𝑆𝑖𝑛𝑔𝑙𝑒	𝑡𝑎𝑠𝑘 − 𝐷𝑢𝑎𝑙	𝑡𝑎𝑠𝑘

𝑆𝑖𝑛𝑔𝑙𝑒	𝑡𝑎𝑠𝑘 6 × 100% 

Although dual task cost was initially developed to examine the underlying impact 

of cognition on mobility, clinical assessments of dual tasking have not yielded promising 

results in identifying fallers with MS. To date, several studies have utilized dual task cost 

as an outcome measure for both the TUG and timed twenty-five foot walk (T25FW) but 

have not found a significant difference between fallers and non-fallers with MS.107-110 

Interestingly, while all these studies included a cognitive component in their fall risk 

assessment, performance on the subtraction task was not quantified, despite previous 

research showing the utility of cognitive outcomes in identifying those at risk for falls.97 

Since CMI can manifest as decrements in either mobility or cognition, it may be 

necessary to examine performance on both the cognitive and motor tasks to effectively 

discriminate fallers from non-fallers with MS. Additionally, there is limited evidence to 

suggest that the serial seven subtraction test is effective at identifying cognitive decline in 

individuals with MS. Previous research has stated that serial seven subtraction 



 11 

performance is heavily influenced by arithmetic skill, and that caution should be 

exercised when using it as an assessment of cognitive abilities.111 Furthermore, this 

cognitive task lacks ecological validity as continuous subtraction is rarely performed in 

everyday life. However, a verbal fluency task has been identified as an ecologically valid 

cognitive task that is sensitive in identifying deficits in processing speed and executive 

functioning in individuals with MS.112 Furthermore, while language has traditionally been 

considered intact, recent research by Lebkuecher et al. has revealed a significant 

relationship between vocabulary and cognitive performance. This underscores the 

importance of including phonemic verbal fluency cognitive tasks in dual-task fall risk 

assessments, as they encompass aspects of cognition that have been demonstrated to pose 

increasing challenges for individuals with MS.113 

The absence of cognitive outcome measures is not the sole reason current clinical 

assessments of fall risk lack the ability to effectively identify those with MS at risk for 

falls. Falls are multifaceted and the current mobility tests are limited in this regard. 

Specifically, current fall risk assessments lack ecological validity as they fail to 

incorporate many real-world factors that have been identified as particularly challenging 

for individuals with MS.114,115 Since a majority of falls occur during activities of daily 

living,114 assessments that include movements required in these contexts are crucial. 

Therefore, the incorporation of postural transitions and turns,116-119 which are common 

everyday tasks that have shown to be increasingly difficult for individuals with MS, is 

essential in fall risk mobility assessments. Additionally, since stride variability has been 

identified as a sensitive measure of fall risk and tends to increase after turning,118 

assessments that include turning are vital for fall risk detection.  
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While in-lab findings have identified dual tasking, postural transitions, and 

turning as important biomarkers for mobility decline, these findings have not yet 

translated into clinical application.103 For example, the T25FW lacks a secondary 

cognitive task, turns, and postural transitions. Similarly, the TUG, which includes both 

postural transitions and turns, is traditionally performed without a cognitive task. 

Moreover, the TUG test is conducted over a short distance, which may not provide 

sufficient length to ecologically evaluate CMI.120 As such, there is an urgent need to 

develop ecologically valid fall risk assessments that incorporate both mobility and 

cognitive metrics derived from ecologically valid tasks. These assessments should 

encompass measures of stride variability and should also increase in length and difficulty 

to effectively distinguish individuals with MS who experience falls from those who do 

not. 

Community participation 

Research has shown a correlation between walking and community participation 

in individuals with MS, in which walking difficulty has been associated with a reduced 

ability to engage in community activities, such as social roles and work.121,122 Community 

participation is a crucial aspect in the lives of individuals with MS, as it encompasses 

home-based activities, work, and leisure pursuits, which together significantly influence 

one’s overall quality of life.123 The significance of walking and community participation 

has been highlighted by Kwiatkowski et al., who found moderate to strong correlations 

between disability status and social participation.124 Moreover, walking speed has been 

shown to be a reliable predictor of both community activity and participation, thereby 
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highlighting the critical importance of community ambulation in various aspects of daily 

life.122,125  

Although gait quality metrics (such as gait speed and stride variability) have been 

studied between individuals with MS and controls,126 little is known about the 

relationship between these gait quality measures and community-based walking. While 

previous research has identified gait speed and stride length as related to real-world gait 

quantity, such as time spent walking, these findings were based on in-lab mobility 

measures, providing limited insights into the real-world contexts of walking.127 

Additionally, the focus of these findings has been primarily on pace-related metrics (gait 

speed and stride length), omitting the examination of the relationship between real-world 

walking and stride variability. While these findings have contributed to a better 

understanding of the link between gait quality and mobility, they have notable 

limitations. Specifically, lab-based mobility assessments occur at a single time point, 

limiting their ability to capture fluctuations in gait associated with MS, caused by factors 

like fatigue,128 medications,129 or environmental variables. Therefore, there is a pressing 

need to explore factors associated with both gait quality and quantity, derived from 

inertial sensors worn in real-world settings. 

Instrumentation of real-world walking 

Wearable sensors, particularly accelerometers, have played a vital role in 

enhancing our understanding of the impact of mobility impairment. Inertial sensors offer 

invaluable insights into both gait quality and quantity metrics as they collect data in real-

world settings. Unlike in-lab assessments, which are limited by their cross-sectional 

nature, accelerometers allow for the collection data in the community for longer periods 
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of time. The integration of accelerometers into research has led to significant progress in 

the field of dual tasking and MS. Recent studies have demonstrated the ecological 

validity of dual tasking, with gait features collected during dual tasking in the lab 

showing similarities to those collected in the community.77 Moreover, a significant 

relationship has been observed between cognition, particularly processing speed, and 

both gait quality and quantity metrics, highlighting the importance of cognition in real-

world ambulation.77 Some studies have further shown that outcomes measured in the lab 

may not accurately reflect daily walking measures.130 These findings align with a 

growing body of evidence suggesting differences between in-lab and real-world walking 

metrics for both gait quality and quantity in older adults and individuals with other 

neurological conditions.77,131,132 

Research by Zijlstra and Hof has identified rhythmic patterns of trunk 

accelerations correlated with walking, enabling the quantification of gait parameters 

using an accelerometer placed on the lumbar region.133 This study revealed that utilizing 

an inverted pendulum method allows for the quantification of displacements of the lower 

trunk, leading to the extraction of gait speed and step length metrics.134  In other words, 

mean step length and gait speed can be estimated based on the upward and downward 

movement of the trunk.134  By utilizing this model, changes in the height of sensor 

position become dependent on step length.134  Consequently, when changes in height are 

quantified, step length can be predicted using the following equation. 

𝑆𝑡𝑒𝑝	𝑙𝑒𝑛𝑔𝑡ℎ = 2=(2𝑙ℎ − ℎ! 

In this equation, h represents the change in sensor height during one full step 

cycle, and l denotes the pendulum length, which refers to the distance of the sensor from 
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the ground. The changes in the vertical position of the sensor are determined by double 

integration of the Y coordinate plane, converting raw acceleration data into position data, 

as depicted in Figure 3 below. With knowledge of the known step length and sampling 

rate, the time for each step can be determined, enabling the calculation of gait speed. This 

method has been previously employed in gait quantification studies involving older 

adults and individuals with neurological conditions.77,130,131,133,135,136 

 

 

Figure 3: Example of double integration of Y-axis raw acceleration data to position 
data from one participant during continuous walking utilizing a lumbar 
accelerometer. The top represents raw data while the bottom represents the sensor 
position data that will be used in the inverted pendulum calculation to determine step 
length. 

 Overall, the findings from previous research emphasize the need to move beyond 

solely lab-based measures to truly understand mobility and community ambulation in 

individuals with MS.  
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Statement of the problem 

Currently, clinical mobility assessments lack the ecological validity necessary to 

reliably and accurately identify individuals with MS who are at risk for falls. The absence 

of sensitive clinical assessments that are accessible and practical for clinicians hinders the 

ability to adequately identify potential fallers. As CMI can manifest in decrements of 

mobility and/or cognition, fall risk assessments that incorporate outcomes of both are 

imperative. Moreover, dual tasking in the lab has demonstrated sensitivity in predicting 

falls due to its ecological validity. Therefore, it is imperative to develop and implement 

mobility assessments that are also ecologically valid. Further underscoring the need for 

ecologically valid clinical fall risk assessments, the National Multiple Sclerosis Society 

has emphasized the urgent need for the development of clinically useful and sensitive 

quantitative outcome measures to identify those with MS who are at risk for falls.  

While the association of cognition and mobility with gait quality have been 

examined in lab settings, little is known about the influence of these factors on real-world 

walking performance. Understanding contributors to real-world gait quality is crucial, as 

they necessary for engagement in walking and community-based activities.137 

Therefore, the objective of this project was to conduct a cross-sectional cohort 

study to identify a clinically applicable mobility assessment that represents real-world 

gait metrics and that is accessible in the clinic for identifying fall risk in individuals with 

MS. Additionally, while it is understood that psychosocial and cognitive factors influence 

mobility, little is known about their contributions to real-world gait quality and quantity. 

The following study aims were evaluated: 
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1. To examine sensitivity and specificity of both currently used and novel 

clinical measures at predicting fall status in persons with MS 

2. Identify a clinical assessment that is reflective of everyday walking in 

individuals with MS. 

3. Examine the contributions of cognition, ambulation disability, and 

psychosocial factors to real-world gait quality and quantity metrics. 
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CHAPTER 2: UTILIZATION OF NOVEL DUAL TASK MOBILITY 
ASSESSMENTS TO PREDICT FALL STATUS IN INDIVIDUALS WITH 
MULTIPLE SCLEROSIS  
 
Introduction 

The progressive neurodegeneration associated with multiple sclerosis (MS) results in 

a continual decline in mobility.93 Mobility impairment is often reported to be the most 

common and impactful symptom experienced by people with the disease,138  and several 

studies have shown that loss of mobility contributes to significant patient burden24 and 

reduced functional independence.25 As walking becomes more difficult, fall risk increases 

and falls become quite prevalent, with over 50% of ambulant people with MS reporting at 

least one fall in any 3-month period.26 Falls have long-term consequences and can result 

in a loss of functional mobility, which is the most commonly cited problem impacting 

quality of life and prompting persons with MS to leave the workforce early.25  As 

individuals with MS experience a fall, they are more likely to be fearful of falling, reduce 

community participation and physical activity, all leading to lower quality of life.29-31 

Additionally, this reduction in physical activity and self-isolation leads to reduced 

strength, endurance, and range of motion, increasing the risk for future falls and 

increasing the risk for severe injury.32,33  Given the trajectory of mobility decline and its 

functional consequences over time, identifying and mitigating fall risk are important 

health imperatives.  

Studies have revealed reduced gait speed and increased stride variability as sensitive 

gait measures that have been found to differentiate MS fallers from non-fallers.91,93,94,139-

141 Furthermore, the cognitive demands of walking,142 together with the cognitive 

dysfunction associated with the disease,143 put individuals with MS at a higher risk for 
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falling.144 This is significant given that many daily activities often require the 

simultaneous performance of both a movement and a cognitive task (dual tasking), and 

research has shown that dual tasking, reflective of cognitive motor interference, is 

particularly difficult for those with MS.83,106 In one study, researchers found that dual 

tasking not only resulted in decreased walking velocity but was also associated with an 

increased risk of recurrent falls.104  

While there is growing evidence that dual task walking in the lab can distinguish 

between individuals with MS who fall and those who do not,86,97 these findings have not 

been translated into sensitive clinical assessments.101 In fact, previous research found the 

timed-up-and-go (TUG), a clinical assessment routinely used to identify those at risk for 

falls, did not sufficiently discriminate between fallers and non-fallers with MS.102 

Additionally, a recent meta-analysis concluded that the most commonly used assessments 

for identifying fall risk (i.e., the Berg Balance Scale, the TUG, and the Falls Efficacy 

Scale International) have poor predictive ability for fall risk in persons with MS.103 As 

such, these findings further emphasize the need to develop assessments that better predict 

falls in this population. 

The lack of clinical assessments suitable for identifying fall risk in persons with 

MS may be best explained by the limitations associated with currently used evaluative 

instruments. Specifically, these assessments lack ecological validity as they do not 

incorporate many real world factors that have been identified as particularly difficult for 

individuals with MS.114,115 Notably, current assessments performed in clinics fail to 

incorporate competing attentional demands of concurrent motor and cognitive tasks, 

evaluate the quality of movements, or include postural transitions and turning, all of 
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which have been linked to an increased risk for falls.91,92,119 As previous research has 

highlighted the importance of ecologically valid fall risk assessments, new and innovative 

clinical assessments that relate to real world mobility challenges are essential for earlier 

detection and intervention. 

The cyclical nature of falls leading to future falls and poor life quality highlights 

the urgent need to provide clinicians with effective assessments that can identify those 

who are at risk for falls before they occur. As such, the purpose of this study was to 

examine the ability of novel, dual task fall risk assessments to predict falls in individuals 

with MS, and to compare these results to the routinely performed TUG test. We 

hypothesized that the novel clinical assessments (i.e. Timed up and go extended, 25-foot 

walk and turn, and figure 8 walk) would show increased sensitivity and specificity 

compared to the currently used TUG test in classifying fallers and non-fallers with MS.  

Methods 

Participants 

To adequately power a logistic regression, we aimed to follow guidelines laid out 

in previous literature examining the minimum number of events per variable in a given 

regression analysis to avoid bias.145 As such, we set a goal to recruit 30 participants for 

this study aim since three variables were included in the initial regression model for the 

novel clinical assessments (stride variability, gait speed, verbal fluency outcome 

measure). Participants from Vermont and Syracuse, New York were enrolled in the study 

if they had physician-diagnosed MS, reported no to moderate self-reported mobility 

dysfunction (i.e., 0 to 4 on the Patient Determined Disease Steps; PDDS),146 and had not 

experienced an exacerbation of symptoms in the previous month. Individuals were 
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excluded from the study if they reported having any neurological condition (other than 

MS) that could contribute to significant balance impairment or had a medical diagnosis 

considered an absolute or relative contraindication to exercise. 

Participants who expressed interest in the study and contacted the principal 

investigator underwent a phone screening to determine eligibility. The study was 

approved by the Institutional Review Board at the University of Vermont, and informed 

consent was obtained prior to testing.  

Instrumented measures of mobility 

 Objective measures of mobility were collected using small wireless inertial 

sensors (OPAL, APDM Inc.) placed on the feet, lumbar, and sternum. Walking outcome 

measures of interest included both gait speed and stride variability. For stride variability, 

values can range from 0 to 1 with higher values indicating lower levels of variability, or 

increased stride symmetry. Both of these measures were calculated in MATLAB 

(R2022a) using algorithms previously utilized to quantify gait characteristics in 

individuals with neurological conditions.77,147 Once properly fitted, participants in the 

study were instructed to perform the following series of walking assessments: TUG, 

TUG-extended, 25-foot walk and turn, and figure 8 walk. The four mobility assessments 

were randomized across participants to control for order effects. 

Walking assessments 

Timed up and go 

 Participants were positioned in a standard-height chair with their back against the 

chair's backrest. Next, they were directed to rise from the seated position, walk a distance 

of 3 meters to a cone, execute a turn, return to the chair, and resume a seated posture. 
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Timed up and go extended 

 Consistent with the research conducted by Evans et al.,148 participants performed 

a modified TUG assessment, known as the TUG-extended. Participants began the 

assessment from a seated position in a stable and standard chair with armrests. They were 

instructed to stand up from their seated position, walk seven meters at a comfortable 

pace, make a 180-degree turn, and return to a seated position at the starting point. 

25-foot walk and turn 

 Participants completed a modified version of the 25-foot walk assessment.149 The 

trial was conducted similarly to the traditional 25-foot walk, in which participants are 

instructed to walk a distance of 25 feet. However, in this novel assessment, participants 

were instructed to walk the 25 feet, make a 180-degree turn, and return to the starting 

position. 

Figure 8 walking 

For this task, participants were positioned at the midpoint of a figure 8, with cones 

placed five feet away both in the anterior and posterior directions. They were instructed 

to walk in a figure 8 pattern around the cones back to the starting point. The trial 

concluded once the participant completed one full figure 8. 

Cognitive outcome measure 

 To assess cognitive performance while completing the novel clinical assessments, 

participants in the study completed the phonemic verbal fluency task, an ecologically 

valid cognitive task that has shown to be sensitive at identifying deficits in processing 

speed and executive functions in individuals with MS.112 Participants were instructed to 

name as many words as possible that begin with a given letter (i.e. F, A, and S) for the 
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duration of the walking tasks. Letters were randomized across the three walking tasks for 

all participants. To standardize cognitive performance by time, number of correct 

utterances was divided by time taken to complete the trial in seconds. 

Procedures 

 During all walking trials, participants received specific instructions to walk at a 

natural and comfortable pace, allowing their arms to swing naturally by their sides. 

Moreover, participants were advised not to prioritize either the cognitive or mobility task 

during all tests. The sequence of both the walking assessments and the concurrent verbal 

fluency task was randomized for all participants. Prior to conducting mobility testing, 

baseline demographic information was gathered, including age, sex, year of diagnosis, 

MS subtype, and history of prior falls. 

Analysis 

Participants were divided into two groups based on whether or not they had 

experienced a fall in the previous six months.34,150,151 Consistent with previous literature, 

individuals were considered fallers if they reported one or more falls,105,152 and non-

fallers if they did not report a fall within the specified time period. Descriptive statistics 

between groups were compared using either an independent samples T-test or chi-square 

test. To compare the gait and cognition variables between fallers and non-fallers for the 

clinical assessments, an independent samples T-test was conducted, and Cohen’s D was 

included as a measure of effect. 

A logistic regression model was utilized with both gait speed and stride variability 

serving as predictors for each clinical assessment. Additionally, in the three novel 

assessments, the number of correct utterances per second on the verbal fluency task was 
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incorporated into each model. The area under the receiver operating curve (AUC) was 

computed from each logistic regression result. The AUC curve plotted the true positive 

rate against the false positive rate and provided an average sensitivity for each model 

identifying fallers in the previous six months. AUC outputs were compared across 

walking trials to determine which mobility assessment more accurately identified fall 

status.  

Results 

 A summary of descriptive statistics is presented in table 1 below. A total of 27 

participants, 14 fallers and 13 non-fallers, were included in the study. No differences 

were seen between groups for age (p=0.63), years post diagnosis (p=0.32), gender 

(p=0.24), ambulation status (PDDS; p=0.07), or MS subtype (p=0.26).  

A summary of clinical assessment outcomes for each group is presented in Table 

2 below. The results indicate no significant differences between groups in terms of gait 

speed on the TUG (p=0.39, d=0.34), TUG-extended (p=0.39, d=0.34), 25-foot walk and 

turn (p=0.30, d=0.41), and figure 8 walk (p=0.47, d=0.28). Additionally, no significant 

differences were found for the TUG (p=0.18, d=0.54), TUG-extended (p=0.13, d=0.61), 

25-foot walk and turn (p=0.06, d=0.77), and figure 8 walk (p=0.19, d=0.52) in terms of 

stride variability. Regarding verbal fluency task performance, a significant difference was 

observed between groups during the 25-foot walk and turn task (p=0.02, d=0.94), with 

the fallers group scoring lower on average. However, no significant differences were 

noted between groups for the verbal fluency task during the TUG-extended (p=0.97, 

d=0.01) and the figure 8 walk (p=0.58, d=0.22). 
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Table 1: Descriptive statistics between fallers and non-fallers with MS 

Variables  Fallers (N=14) Non-fallers 
(N=13) 

P-
value 

Age (years±SD) 60.07±11.31 58.08±10.06 0.63 
Years post diagnosis 

(years±SD) 
24.00±15.40 19.23±7.67 0.32 

Gender (% female) 92.86 76.92 0.24 
PDDS (mean±SD) 2.07±1.33 1.15±1.14 0.07 

MS subtype 8 RR, 5 SP, 1 PP 11 RR, 2 SP 0.26 
   

Table 2 Mobility assessment outcomes for both fallers and non-fallers 

Test Metrics Fallers 
(N=14) 

Non-fallers 
(N=13) P-value Cohen's D 

TUG 
Gait speed (m/s) 1.04±0.32 1.14±0.27 0.39 0.34 
Stride variability 
(arbitrary units) 0.57±0.14 0.65±0.16 0.18 0.54 

TUG-
extended 

Gait speed (m/s) 0.87±0.29 0.96±0.27 0.39 0.34 
Stride variability 
(arbitrary units) 0.46±0.19 0.57±0.17 0.13 0.61 

Verbal fluency 
(utterances per 

second) 
0.32±0.17 0.32±0.14 0.97 0.01 

25-foot 
walk 

and turn 

Gait speed (m/s) 0.83±0.30 0.95±0.24 0.30 0.41 
Stride variability 
(arbitrary units) 0.44±0.20 0.59±0.18 0.06 0.77 

Verbal fluency 
(utterances per 

second) 
0.27±0.12 0.37±0.08 0.02* 0.94 

Figure 8 
walk 

Gait speed (m/s) 0.79±0.27 0.87±0.25 0.47 0.28 
Stride variability 
(arbitrary units) 0.44±0.20 0.59±0.18 0.19 0.52 

Verbal fluency 
(utterances per 

second) 
0.33±0.15 0.35±0.10 0.58 0.22 

TUG: timed up and go; TUG-extended: timed up and go 
extended 
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 Contributions of all variables in each regression are presented in Table 3. When 

all variables were included in the regression analysis, none significantly contributed to 

predicting fall status (p³0.14). The TUG correctly identified 64.30% of fallers and 

61.50% of non-fallers, yielding an overall predictive value of 63.00%. The model fit was 

deemed acceptable (Hosmer and Lemeshow test, p=0.49), and the Nagelkerke R2 was 

0.10. The AUC statistic for this model was 0.67 (95% CI, 0.46-0.88; figure 4).  

The TUG-extended assessment exhibited an overall predictive value of 51.90% 

(sensitivity 46.20%, specificity 57.10%). Goodness of fit results indicated that the data 

did not fit the model well (p=0.03). The AUC of the model was 0.63 (95% CI, 0.42-0.85; 

figure 5), and the Nagelkerke R2 was 0.13.  

The 25-foot walk and turn model demonstrated acceptable fit (p=0.06) and a 

Nagelkerke R2 of 0.32. Overall, the 25-foot walk and turn correctly identified 71.40% of 

fallers and had a specificity of 69.20%, resulting in a 70.40% predictive value. The AUC 

for this model was 0.76 (95% CI, 0.56-0.96; figure 6).  

Lastly, the figure 8 walk model exhibited acceptable fit (p=0.51) and had an 

overall predictive value of 63.00% (sensitivity 53.80%, specificity 71.40%). This resulted 

in an AUC of 0.67 (95% CI, 0.45-0.88; figure 7) and a Nagelkerke R2 of 0.10. 
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Table 3: Logistic regression analysis results for clinical mobility assessments 

 

 

 

Figure 4: Timed up and go receiver operating curve, AUC 0.67 

Mobility test Predictor B SE Wald P-value 
TUG Gait speed (m/s) -0.38 1.57 0.06 0.81 

Stride variability 
(arbitrary units) 

-3.61 3.30 1.20 0.27 

TUG-extended Gait speed (m/s) 1.22 2.31 0.28 0.60 
Stride variability 
(arbitrary units) 

-5.05 3.80 1.77 0.18 

Verbal fluency 
(utterances per second) 

-0.55 2.89 0.04 0.85 

25-foot walk 
and turn 

Gait speed (m/s) 3.25 3.08 1.11 0.29 
Stride variability 
(arbitrary units) 

-6.08 4.59 1.76 0.19 

Verbal fluency 
(utterances per second) 

-7.28 4.95 2.16 0.14 

Figure 8 walk Gait speed (m/s) 0.54 2.19 0.06 0.81 
Stride variability 
(arbitrary units) 

-4.23 4.04 1.10 0.30 

Verbal fluency 
(utterances per second) 

-0.85 3.25 0.07 0.79 

TUG: timed up and go; TUG-extended: timed up and go extended; B: regression 
coefficient; SE: standard error;  
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Figure 5: Timed up and go extended receiver operating curve, AUC 0.63 

 

 

Figure 6: 25-foot walk and turn receiver operating curve, AUC 0.76 
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Figure 7: Figure 8 walk receiver operating curve, AUC 0.67 

Discussion 

Dual tasking is a significant concern for individuals with MS, and previous 

research has highlighted its impact on mobility and its association with fall risk.86,97,98  

While the intersection of cognitive and motor tasks have been successfully incorporated 

into lab based mobility assessments, there remains a gap in translating this to clinical 

application. That is, current mobility assessments lack ecological validity, thus presents a 

challenge in effectively detecting fall risk for individuals with MS.103,120 The results 

obtained from the TUG in our study align with the findings of previous investigations, 

underscoring its limited effectiveness in identifying individuals with MS who are at risk 

of falls. Specifically, our study revealed an AUC of 0.67 for the TUG. These outcomes 

are consistent with prior research, where studies have reported AUC values ranging from 

0.46 to 0.67.102,103,110,153 The results of the present study underscore the urgent need to 
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improve the ecological validity of clinical fall risk assessments for individuals with MS. 

Specifically, the findings indicate that the TUG test had limited predictive ability,101,102 

while the 25-foot walk and turn exhibited increased sensitivity in identifying fallers. 

These results emphasize the importance of refining fall risk assessments to improve their 

accuracy and applicability in clinical settings for individuals with MS. 

The results of this study emphasize the significance of considering factors beyond 

mobility alone when assessing fall risk in individuals with MS. Across all clinical 

assessments, no significant differences were observed between groups for measures of 

gait speed or stride variability, although fallers tended to walk slower and display 

increased stride variability. Notably, cognition did differ between fallers and non-fallers 

in the 25-foot walk and turn task, and it was the variable that made the most substantial 

contribution to this model. These findings are consistent with previous studies and 

underscore the importance of incorporating and quantifying cognitive aspects in mobility 

assessments for fall risk evaluation.70,97 The findings from this study suggest that, when 

faced with simultaneous cognitive and motor tasks, individuals at a higher risk for falls 

may adopt a "posture-first" strategy. In this strategy, they prioritize maintaining balance 

and may sacrifice cognitive performance as a protective mechanism against falling.73 

This prioritization approach might explain why, under dual task conditions, no significant 

differences were observed between groups in mobility measures, while significant 

differences were seen for cognition. 

While the 25-foot walk and turn assessment showed increased sensitivity, 

particularly due to the cognitive outcome variable, these findings were inconsistent with 

the results obtained from the other ecologically valid mobility assessments conducted in 
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this study, namely the figure 8 walk and the TUG-extended. While these seemingly 

contradictory results warrant further investigation, they may likely be best explained by 

considering the attentional demands of each task. The 25-foot walk and turn involves 

fewer turns and/or postural transitions compared to the figure 8 walk and the TUG-

extended. Previous research has highlighted that both turning and postural transitions are 

increasingly challenging and require additional resources for individuals with 

MS.116,118,119,126,154 Therefore, in the 25-foot walk and turn assessment, non-fallers with 

MS may have been able to allocate more cognitive resources to prioritize and execute the 

cognitive aspects of the task effectively, resulting in improved sensitivity in identifying 

fall risk. On the other hand, in the figure 8 walk and TUG-extended assessments, the 

increased demands of turning and postural transitions might have led individuals in both 

faller and non-faller groups to prioritize their mobility over cognition. Consequently, this 

prioritization may have resulted in similar outcomes for both groups in these assessments. 

There are several strengths of the present study. The study included both novel, 

ecologically valid mobility assessments, and the conventionally used TUG, allowing for 

comparisons across tasks. Most notably, the incorporation and evaluation of ecologically 

valid cognitive outcome metrics increased the sensitivity of the 25-foot walk and turn 

assessment. While the study had important strengths, limitations should be 

acknowledged. Retrospective falls were utilized as the primary outcome, which may 

introduce recall bias, as identified in previous research.155 Additionally, the small sample 

size did not include the recommended 30 participants to avoid bias, limiting the 

generalizability of the findings to the entire MS population. Future research should 

incorporate larger sample sizes and prospective fall risk assessment when evaluating the 
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effectiveness of these clinical assessments in identifying fallers with MS. Lastly, 

although the study aimed to explore novel assessments for potential use in clinical 

settings, the metrics used were derived from inertial sensors, which might not be feasible 

for clinic-based fall risk assessments. Therefore, future research should focus on 

identifying gait speed and stride variability metrics that are practical for use in routine 

mobility testing. 

Conclusion 

 The inclusion of ecologically valid constructs from everyday life into dual-task 

fall risk assessments enhances sensitivity compared to currently used mobility 

evaluations. As dual task deficits can manifest in either mobility or cognitive 

performance declines, evaluating both aspects simultaneously is crucial for more 

accurately identifying individuals at risk for falls. Therefore, future studies should aim to 

incorporate and assess cognition to improve the accuracy of fall risk identification, 

enabling earlier and targeted interventions. 
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Chapter 3: CORRELATION OF NOVEL DUAL TASK CLINICAL 
ASSESSMENTS TO REAL-WORLD AMBULATION IN PERSONS WITH 
MULTIPLE SCLEROSIS 
 
Introduction 

The neurodegeneration caused by multiple sclerosis (MS) results in a progressive 

decline in functioning and overall quality of life.93 Mobility impairment is often reported 

as the most common symptom affecting people with the disease, with over 90% reporting 

mobility dysfunction,21,22 and is frequently reported as the most important factor limiting 

community participation.23  

Although the underlying cause of mobility impairment in MS is multifaceted, 

there is mounting evidence that including a cognitive task during walking (dual tasking) 

increases the risk of falls.100 Given that cognitive dysfunction contributes to mobility 

impairment,142,156 and over 60% of persons with MS report cognitive dysfunction,38 it 

becomes crucial to incorporate cognitive-motor dual task paradigms in functional 

walking assessments. This highlights the importance of cognitive-motor interference 

(CMI), which refers to the deterioration in cognitive or motor performance when 

performed concurrently, and the challenges it poses for individuals with MS. Previous 

research in lab-based settings has demonstrated that dual task walking increases stride 

variability and decreases gait speed, leading to an elevated risk of falls in individuals with 

MS.82,85,86,157 

 Further underlining the importance of existing CMI in individuals with MS, 

recent research comparing gait quality for individuals with MS in and out of the lab 

setting found that real-world walking performance was indistinguishable from dual task 

walking in the lab.77 In fact, gait speed and stride variability, two metrics commonly used 
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and sensitive for identifying fall risk in individuals with MS, were similar when 

performed in the lab while dual tasking and when measured in everyday ambulation.77 

These findings reveal the importance of mobility assessments that include cognitive tasks 

as they are more representative of everyday walking, and employing evaluations that are 

representative of these real-world contexts are crucial to improving sensitivity and 

specificity of clinical assessments to accurately identify individuals at risk for falls in the 

community. 

 While the inclusion of a cognitive task in mobility assessments is imperative to 

elucidate walking differences in the population, it is also important to consider further 

evaluation of mobility challenges that are difficult for individuals with MS. As previous 

research has identified that a majority of falls in the population occur indoors and during 

activities of daily living,114 assessments that include movements typically required in 

these contexts are crucial. As such, two common everyday movement that have been 

demonstrated to be more challenging for individuals with MS, postural transitions116,117 

and turning,118,119 are critical to include in mobility assessments. Since stride variability is 

a sensitive measure of mobility decline and fall risk, and previous research has shown 

that stride variability increases after turning,118 the inclusion of turns in mobility 

assessments for fall risk detection is vital to identify those with MS who have increased 

mobility decline. Additionally, previous research has identified sit-to-stand transitions as 

biomarkers for functional decline and fall risk detection,116,117 highlighting the 

importance of including postural transitions in mobility tests. 

While in-lab findings have identified dual task walking, postural transitions, and 

turning as important indicators for mobility performance and disease progression,104,112,118 
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these findings have not sufficiently translated to clinical assessments, and early fall risk 

prediction.103 For example, the timed 25-foot walk (T25-FW) lacks a cognitive task, 

turns, and postural transitions. Additionally, while the timed-up-and-go (TUG) includes a 

postural transition and turn, the test is performed over a short distance and lacks a 

secondary cognitive task. This may help explain why both tests have poor predictive 

ability for fall risk.103 As such, current clinical assessments routinely performed by 

healthcare practitioners do not incorporate ecologically valid components of mobility that 

make individuals with MS more susceptible to falls.  

To adequately evaluate mobility and CMI in individuals with MS, the 

incorporation of cognition as well as other ecologically valid constructs of community 

mobility are vital. As falls are most likely to occur during activities of daily living and in 

the community, and current functional mobility tests such as the TUG and T25-FW lack 

the ecological validity necessary to adequately identify those who are risk for falls, 

assessments that are reflective of and correlate to real-world ambulation are essential to 

improve mobility assessments and ultimately improve overall quality of life. As such, the 

goal of this study is to compare novel clinical mobility assessments to real-world 

community ambulation in individuals with MS. We hypothesize that the ecologically 

valid construct of the newly developed in-lab walking assessments will result in no 

differences between in-lab and real-world ambulation for both measures of gait speed and 

stride variability, and there will be high correlations between them. 

Methods 

 To be eligible, participants had to have physician-diagnosed MS, none to 

moderate self-reported mobility impairment (0-4 on the Patient Determined Disease 
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Steps; PDDS), and must not have experienced an exacerbation of symptoms in the 

previous month. Participants were excluded from the study if they had a neurological 

disorder or medical diagnosis other than MS that might cause significant balance 

problems. Individuals who were interested in the study underwent a phone screening to 

determine eligibility and, if eligible, provided written informed consent prior to testing. 

All study components had been approved by the Institutional Review Board at the 

University of Vermont. 

In-lab testing 

Demographic information, including age, gender, disease duration, MS subtype, 

and mobility impairment (PDDS), was obtained. All subjects completed walking 

assessments wearing small wireless motion sensors (OPAL sensors, APDM Inc., Portland, 

OR, USA) placed on their chest, sacrum, and feet. The OPAL sensors allowed for real-

time collection of spatio-temporal aspects of gait and had been validated against motion 

capture systems to detect minimal changes in movement.158 Outcome measures included 

gait speed and stride variability, as previous literature had identified these metrics as 

measures affected in early stages of MS that could be detected with inertial sensors.159 Both 

gait speed and stride variability measurements were derived from similar algorithms used 

for real-world ambulation, enabling direct comparisons between the two environments.  

Once properly fitted with OPAL sensors, subjects were instructed to perform a 

series of assessments in a randomized order, which included the traditional TUG and 

other novel assessments including the TUG-extended, 25-foot walk and turn, and figure 8 

walk. For the TUG, participants were seated in a standard-height chair and instructed to 

stand up, walk around a cone 3 meters away on the ground, turn around, and walk back to 



 37 

sit in the chair. Similar instructions were given for the TUG-extended, except for the cone 

being placed 7 meters away. For the 25-foot walk and turn, participants started standing 

and were instructed to walk 25 feet, turn around a cone, and walk back to the starting 

line. In the figure 8 walk, participants started at the midpoint of a figure 8, with cones 

placed five feet away in the anterior and posterior direction. They were instructed to walk 

in a figure 8 pattern around the cones, with the trial concluding once the participant 

completed one full figure 8. 

 Performance of the three novel clinical assessments included a secondary 

cognitive task, with participants instructed to perform the F-A-S phonemic verbal fluency 

task for the duration of each trial. Verbal fluency was selected as it has shown increased 

ecological validity compared to other cognitive tasks when examining deficits in 

processing speed and executive functions in individuals with MS.112 For all walking 

assessments, participants were instructed to walk at their normal, everyday walking pace, 

and told to not prioritize either the mobility or cognitive task. 

Real-world ambulation data collection 

Upon completion of in-lab assessments, subjects were fitted with a small, body-

fixed inertial sensor (Axivity AX3, York, UK) taped to their lower back (between lumbar 

vertebrae 4-5). The AX3 sensor was held in place by hypafix tape and programmed to a 

sampling frequency of 100 hertz and at a range of ±8 g. The recorded accelerometer data 

was stored locally on the sensor’s internal memory until it was extracted by a research 

team member. This sensor was used to capture real-world community gait speed and 

stride variability for three days after in-lab testing. This time period was selected as 

previous research utilizing bod-fixed inertial sensors identified three days as a sufficient 
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amount of time to capture real-world ambulation data.135 Subjects were instructed to 

leave the device on for the following three days and not to deviate from their usual daily 

activities. Upon completion of the three-day period, sensors were collected from 

participants and returned to the lab for data extraction and processing. 

Real-world ambulation data processing 

Unfiltered 3-axis accelerometer data collected on AX3 sensors was exported and 

analyzed using the MATLAB program (R2022a). Outcome variables of interest, 

including gait speed and stride variability, were calculated in accordance with algorithms 

derived by Zijlstra and Hof.133 These algorithms were designed for optimal use with 

lower back sensors, and previous research has identified a high correlation between these 

algorithms and gait metrics calculated via the GaitRite instrumented walkway.160 

Consistent with previous literature that examined real-world ambulation in 

populations with neurological disorders, community data was only included for analysis 

if the walking trial included thirty or more seconds of continuous walking. This criterion 

ensured that the collected data was representative of an individual's typical gait 

pattern.77,131,135 Consequently, the analysis of walking data was conducted in two stages:  

1) Identification of walking bouts equal to or exceeding thirty seconds of continuous 

walking.  

2) Application of algorithms to calculate average gait speed and stride variability for the 

identified bouts in step 1.  
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Analysis 

 Descriptive statistics were computed for all variables. To assess whether there 

was a significant difference between real-world gait metrics and gait metrics from the 

clinical assessments, a paired sample T-test was used with a p-value less than 0.05 to 

signal significance. Effect sizes (Cohen’s d) were calculated between testing 

environments and interpreted as small (d < 0.20), moderate (d = 0.21-0.79), or large (d > 

0.80).161 To examine the strength of correlation between in-lab walking and real-world 

ambulation, a single measurement, two-way mixed effect, absolute agreement intraclass 

correlation coefficient (ICC) model with all in-lab mobility metrics being compared to at-

home walking measures. Specifically, gait speed and stride variability measures derived 

from in-lab clinical assessments were compared to the corresponding metrics obtained 

from AX3 sensors worn on the lower back for three consecutive days in the community.  

Consistent with existing literature, ICC values between 0.75 and 0.90 indicated good 

reliability, with values greater than 0.90 indicating excellent reliability, both of which are 

above the threshold for clinical utility.162 

Results 

 Table 4 below provides the descriptive statistics for the sample. A total of 20 

participants were included in the study. The sample included 16 females and 4 males, 

ranging in age from 40-75, with an average age of 56.35±8.59.  
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                                    Table 4: Descriptive statistics 

Descriptive statistics N=20 
Age (years±SD) 56.35±8.59 

Years post diagnosis (years±SD) 17.00±8.35 
Gender (% female) 80% 

PDDS [median(range)] 1 (0-4) 
Patient Determined Disease Steps (PDDS) 

 

Table 5 below provides results of both the paired samples T-test and ICC 

analyses. Statistically significant differences were observed in both gait speed and stride 

variability between real-world ambulation and the traditional TUG. On average, 

participants exhibited significantly faster gait speed during the TUG than their real-world 

gait speed (p<0.01, d=0.70) and demonstrated significantly less variability (p=0.04, 

d=0.48).  

When examining the novel dual-task clinical assessments in relation to real-world 

ambulation, significant differences were observed in gait speed for the figure 8 walk test 

(p=0.03, d=0.53), indicating slower gait speeds during the figure 8 walk. However, no 

differences were found between real-world ambulation and the TUG-extended (p=0.44, 

d=0.18) or the 25-foot walk and turn (p=0.37, d=0.21) in terms of gait speed. 

Additionally, no differences in stride variability were noted between real-world 

ambulation and the TUG-extended (p=0.52, d=0.15)., 25-foot walk and turn (p=0.22, 

d=0.29)., and figure 8 walk (p=0.53, d=0.15). 

Intraclass correlation coefficient results comparing real-world ambulation with the 

TUG demonstrated moderate reliability for gait speed (ICC=0.56) and poor reliability for 

stride variability (ICC=0.41). Comparing the TUG-extended to real-world ambulation, 
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moderate reliability was observed for both gait speed (ICC=0.66) and stride variability 

(ICC=0.63), respectively. Similar findings were seen in the comparison between the 

figure 8 walk and real-world ambulation, as the ICC analysis yielded moderate reliability 

for both gait speed (ICC=0.61) and stride variability (ICC=0.74). Finally, when 

comparing the 25-foot walk and turn with real-world ambulation, results indicated good 

reliability for both gait speed (ICC=0.75) and stride variability (ICC=0.81). 

Table 5: Accelerometer derived mobility outcome metrics for both real-world 
ambulation and in-lab clinical assessments and their associated p-values, effect sizes, 

and reliability statistics with 95% confidence intervals 

Metrics Test Mean±SD P-value Cohen's D ICC ICC 95% 
CI 

Gait speed 
(m/s) 

Real-world 
Ambulation 0.98±0.29 -- -- -- -- 

TUG 1.14±0.29 <0.01* 0.69 0.56 0.12-0.81 
TUG-

extended 0.93±0.29 0.44 0.18 0.66 0.32-0.85 

25-foot walk 
and turn 0.93±0.30 0.37 0.21 0.75 0.48-0.89 

Figure 8 walk 0.85±0.27 0.03* 0.53 0.61 0.23-0.83 

Stride 
variability 
(arbitrary 

units) 

Real-world 
Ambulation 0.51±0.21 -- -- -- -- 

TUG 0.61±0.17 0.04* 0.48 0.41 0.01-0.70 
TUG-

extended 0.53±0.20 0.52 0.15 0.63 0.41-0.89 

25-foot walk 
and turn 0.54±0.21 0.22 0.29 0.81 0.59-0.92 

Figure 8 walk 0.49±0.16 0.53 0.15 0.74 0.46-0.89 
*Denotes significant difference (p<0.05) from real-world ambulation, ICC values in 
relation to real-world ambulation, TUG: Timed up and go, TUG-extended: Timed up 
and go extended 
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Discussion 

 The limited ecological validity of current clinical assessments highlights the 

challenges associated with understanding balance and mobility impairments in 

individuals with MS. Current clinical mobility assessments often fail to incorporate a 

secondary cognitive task, thereby limiting their ability to reproduce the complexity of 

real-life scenarios in which dual-tasking is common. Although previous research has 

underscored the ecological significance of dual-tasking,83,97,163,164 along with postural 

transitions116,117 and turning118,119 in mobility tests, these findings have yet to be 

effectively translated into clinical assessments. Consequently, the limited ecological 

validity of currently employed mobility assessments has resulted in suboptimal predictive 

capabilities in identifying individuals at risk for falls. 

 This investigation aimed to directly compare the gait speed and stride variability 

metrics of the widely used TUG with real-world captured mobility outcomes in 

individuals with MS. The results revealed significant differences between the TUG test 

and real-world mobility, with individuals with MS displaying faster gait speed and 

reduced stride variability during the TUG compared to real-world mobility. These 

findings suggest that the TUG may not adequately simulate the challenges encountered 

during everyday walking for individuals with MS. These findings are consistent with 

previous research by Shema-Shiratzky et al.,77 which found that real-world mobility 

metrics were indistinguishable from those during dual task walking in a laboratory 

setting. Furthermore, Shema-Shiratzky et al. found that real-world mobility was 

significantly slower compared to self-paced "usual walking" performed in the laboratory. 

Collectively, these findings indicate the limited ecological validity of currently used 
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mobility assessments, which may lead to better walking performance in controlled 

laboratory conditions, particularly in the absence of a secondary cognitive task. Given the 

lack of ecological validity revealed in this study and the poor predictive qualities of the 

TUG observed in previous studies,102,105,109,120 future research should focus on deploying 

mobility assessments that incorporate increased attentional challenges, such as the 

inclusion of a cognitive task. 

 Given the lack of ecological validity present in the TUG, this study aimed to 

investigate the underlying gait metrics of newly developed dual-task clinical assessments, 

namely the TUG-extended, the 25-foot walk and turn, and the figure 8 walk, by 

comparing them to real-world ambulation. The results of this study indicate that, in terms 

of gait speed and stride variability, all three novel clinical assessments had a higher 

correlation to real-world ambulation compared to the traditional TUG. However, 

noteworthy differences were observed among the three novel assessments. Specifically, 

while moderate reliability was observed between the figure 8 walk and real-world 

ambulation, a significant difference in gait speed was detected. That is, individuals with 

MS walked significantly slower during the figure 8 walk compared to real-world 

walking, despite the correlation observed. These findings may be attributed to the 

challenges associated with turning for individuals with MS, as previous studies have 

identified increased difficulties with turning in this population.118,119,126 Given the 

multiple successive turns in the figure 8 walk test, individuals with MS may have 

purposely slowed their walking speed to manage this increased difficulty. 

 While significant differences were observed between real-world mobility and 

both the TUG and the figure 8 walking test, no differences were found when comparing 
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real-world walking and the TUG-extended and 25-foot walk and turn assessments. These 

findings suggest that, when performed concurrently with the phonemic verbal fluency 

task, the latter two tests are comparable to real-world mobility. Further examination of 

ICC results revealed that although the TUG-extended and the 25-foot walk and turn were 

not significantly different from real-world walking metrics, their association with real-

world ambulation differed. The TUG-extended displayed moderate reliability compared 

to real-world mobility for both gait speed (ICC=0.66) and stride variability (ICC=0.63). 

In contrast to all other mobility assessments conducted in this study, which showed poor 

to moderate reliability when compared to real-world ambulation, the 25-foot walk and 

turn demonstrated good reliability for both gait speed (ICC=0.75) and stride variability 

(ICC=0.81) measures. The differences observed between the 25-foot walk and turn and 

the TUG-extended assessments, in terms of their equivalence to real-world ambulation 

may be attributed to requirements of the clinical assessments and the methodology 

utilized to identify walking bouts. The TUG-extended involves postural transitions and 

turns, both of which necessitate periods of acceleration and deceleration that are not 

present during the 30 or more seconds of continuous community walking. This consistent 

variation in speed may have contributed to the higher correlation observed between the 

25-foot walk and turn task and community ambulation, in comparison to the TUG-

extended. However, it is important to note that both the TUG-extended and the 25-foot 

walk and turn assessments still displayed moderate to good reliability when compared to 

real-world ambulation. No significant differences were observed for both measures of 

gait speed and stride variability, indicating promising potential for these assessments in 
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the context of mobility and fall risk evaluations. These findings warrant further research 

examining their utility for fall risk detection. 

 While previous research has identified the verbal fluency task as a cognitively 

demanding and ecologically valid assessment in dual-task paradigms,112  this is the first 

study to administer this assessment in a laboratory setting and compare the results to real-

world ambulation. This novel approach provides valuable insights into the ecological 

validity of the verbal fluency task and bridges the gap between laboratory-based 

assessments and real-world ambulation. The findings, particularly from the 25-foot walk 

and turn assessment, suggest that the inclusion of the verbal fluency dual-task paradigm 

contributes to high levels of ecological validity, potentially improving the effectiveness 

of detecting mobility impairments. As such, future research should explore incorporating 

the verbal fluency cognitive task in dual-task clinical assessments, as previously 

recommended by Abou et al.120 

Despite the strengths of this study, some limitations should be acknowledged. In 

the current study, real-world walking was assessed over a period of three days, although 

consistent with previous research.77,131,135 While this approach allows for the collection of 

objective, real-world data, the outcome measure used was median walking, which may 

not fully capture the daily and day-to-day fluctuations in gait that are observed in this 

population. Future studies should consider examining changes in mobility outcomes 

throughout the day to gain a better understanding of other factors such as fatigue and 

their impact on gait. Additionally, the study included a small sample size of individuals 

with MS who had mild levels of disability, thus limiting the generalizability of the 

findings to the larger population. Future research should aim to evaluate mobility 
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outcomes by comparing in-lab assessments to real-world ambulation using a larger, more 

heterogeneous sample to enhance external validity. 

Conclusion 

 Increasing ecological validity in mobility assessments is crucial for gaining a 

comprehensive understanding of the challenges encountered during everyday walking for 

individuals with MS. Comparisons between in-lab mobility assessments and real-world 

ambulation serve as a bridge that facilitates the identification of tasks that may be more 

sensitive to fall risk in this population. The findings of this study emphasize the 

significance of including ecologically valid cognitive tasks into mobility assessments, as 

these dual task paradigms more accurately represent everyday walking. As the results 

show, both the 25-foot walk and turn and the TUG-extended assessments, when 

performed concurrently with a verbal fluency task, displayed similar characteristics to 

real-world ambulation. These findings suggest the need for future research to employ 

these assessments, potentially providing a more sensitive assessment for fall risk 

detection. 
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CHAPTER 4: EXAMINATION OF CORRELATES TO REAL-WORLD 
AMBULATION IN PERSONS WITH MULTIPLE SCLEROSIS 
 
Introduction 

 The progressive neurodegeneration associated with multiple sclerosis (MS) results 

in a continual decline in mobility.93 Mobility impairment is often reported to be the most 

common and impactful symptom experienced by people with the disease,138  and several 

studies have shown that loss of mobility contributes to significant patient burden,24 

reduced quality of life,25,165 and increased fall risk.33,142 While mobility decline in the 

population is prevalent, it is not experienced in isolation, as forty-three to seventy percent 

of individuals with MS also experience cognitive impairment due to their disease.10,38,39 

Previous research has highlighted the association that both cognition and mobility have 

with walking levels,126,166 reducing overall functional independence and decreasing 

community participation.11,167,168 

Community participation plays a pivotal role in enhancing the quality of life for 

individuals with MS, encompassing home-based activities, work, leisure activities, and 

social engagement.123 Existing studies have consistently highlighted the relationship 

between an individual's walking capacity and their level of community engagement, with 

lower levels of walking having a strong correlation with reduced social 

participation.121,124,169 However, the significance of walking extends beyond simply 

walking levels, as walking speed itself has emerged as a telling predictor of both 

community activity and overall participation.122,125 These findings underscore the 

multifaceted influence of walking on an individual’s broader community participation 

and connections. 
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Given the importance of walking for community engagement, research has 

focused on gait quality and stability. Although aspects of real-world gait quality (e.g., 

gait speed and stride variability) have been examined between MS and controls,77,126  

there is limited knowledge about the relationship between gait quality measures and 

walking levels in individuals with MS. While previous research has identified gait speed 

and stride length as significantly correlated with real-world gait quantity, such as time 

spent walking, these findings were based on in-lab measures, providing limited insight 

into real-world walking.127 Additionally, the relationship between stride variability, a 

known biomarker sensitive for fall prediction in individuals with MS, and real-world gait 

quantity has not been thoroughly explored. While in-lab findings have been instrumental 

to the further understanding the relationship between gait quality and gait quantity 

metrics, they do not come without drawbacks. Specifically, these observations occur at a 

single moment in time, which means they do not fully capture the gait fluctuations 

associated with MS, such as differences caused by fatigue,128 medication,129 or other 

environmental variables that may alter gait. As such, understanding the associations 

between objective measures of gait quality (e.g., gait speed and stride variability) and 

walking levels in individuals with MS is essential. 

While gait quality and quantity have often been viewed as products of mobility 

impairment,170 research has shown that they are multifaceted, with cognition and fear of 

falling playing crucial roles. In fact, previous research has identified the impact of 

cognition, particularly processing speed, on decrements in real-world ambulation.77 These 

findings revealed that decreases in processing speed not only affected community-based 

gait quality (gait speed and stride variability) but were also significantly correlated with a 
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lower number of steps.77 While this is true, the study failed to examine other cognitive 

domains that commonly affect individuals with MS, such as executive functions and 

long-term memory.38,41 Further emphasizing the multifaceted nature of community-based 

walking, previous research has identified that the fear of falling led to activity curtailment 

in individuals with MS.171 Although these findings have been instrumental in identifying 

additional correlates beyond mobility impairment that impact gait quality and quantity, 

they have been examined independently of one another  thereby limiting insight into the 

contributions they together afford to overall community-based ambulation. Therefore, 

there is a clear need for a study that incorporates both cognitive functions and fear of 

falling to understand their contributions to real-world gait quality and quantity outcomes. 

Furthermore, recommendations from the International MS Falls Prevention 

Research Network include outcome measures aiming to increase community and activity 

engagement, so as to improve the quality of life for individuals with MS.172 Therefore, 

the goal of this study was to examine the contributions of cognition, ambulation 

disability, and fear of falling on real-world gait quality and quantity metrics. 

Methods 

 Participants were eligible for the study if they had physician-diagnosed MS, had 

none to moderate self-reported mobility dysfunction determined via the Patient 

Determined Disease Steps (0-4; PDDS),146 and had no exacerbation of symptoms in the 

prior month. Individuals were excluded if they had any neurological condition, other than 

MS, that might have contributed to significant balance impairment. 
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Cognitive tests 

To examine executive functions in areas commonly impaired in individuals with 

MS, all participants underwent cognitive testing using the short form Brief Repeatable 

Battery of Neuropsychological Tests (BRB).54 This battery includes the Paced Auditory 

Serial Addition Test (PASAT), the Symbol Digits Modalities Test (SDMT), and the 

Selective Reminding Test (SRT). Additionally, participants underwent the color-word 

Stroop test, a cognitive test commonly used in conjunction with the short form BRB, as 

previous studies have shown it to be sensitive for identifying deficits in cognitive 

inhibition.56,173 Previous research identified the short form BRB as both an economical 

screening tool for identifying those with MS who have cognitive impairment,54 and a 

screening with acceptable sensitivity (78%-94%) and specificity (65%-84%).54,174 

As a test that assesses executive functions and processing speed, the PASAT has 

been frequently used as a cognitive test to evaluate cognitive deficits in these 

domains.10,61-63 The PASAT was administered using the protocol described by Rao et al.10 

Participants were presented with an audio recording containing a total of 61 numbers 

ranging from one to nine, provided at an interval of one every three seconds. Participants 

were asked to add the first pair of numbers together and state the sum aloud to the 

research team. When they heard the next number, they were told to add it only to the 

number directly preceding it played on the audio recording. A practice test was conducted 

before the trial to familiarize participants with the protocol. The outcome measure was 

the number of correct additions, which were only considered correct if the correct sum 

was provided before the next number was presented on the audio recording. 
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Cognitive processing speed was measured using the SDMT.59 The test assigns the 

digits 1-9 to a variety of symbols, which are placed in random order on the page. 

Participants were asked to match the symbol to its corresponding digit as quickly and 

accurately as possible for 90 seconds. Research supports the reliability and validity of the 

SDMT for use with individuals with MS.57 

As a measure of memory, the SRT differentiates between short and long-term 

memory. Consistent with previous literature, participants were instructed to recall a list of 

twelve words over the course of six trials.175,176 For each consecutive trial, only the words 

that were missed on the preceding trial were presented to the participant. The test yielded 

two outcome measures: long-term storage (SRT-LTS), any word that was recalled on two 

consecutive trials, and consistent long-term retrieval (SRT-CLTR), words recalled 

consistently throughout learning trials.55 

To measure cognitive inhibition, the visual Stroop test was administered. 

Consistent with previous work by Macniven et al., subjects were presented with a list of 

color-words printed in inconsistent color ink (e.g., the word "red" presented in blue 

ink).173 Participants were tasked with identifying the color of the ink rather than the word 

itself. They were given 30 seconds to complete the task and total number of correct 

responses was recorded. In this incongruent condition, participants were required to 

perform the less automated task of identifying the color while inhibiting their expected 

natural response of reading the word. This phenomenon is known as the Stroop effect, 

which involves inhibiting the more automated process.177 
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Fear of Falls 

Fear of falling was assessed using the Falls Efficacy Scale - International (FES-

I).178 Using a 4-point scale, subjects rated how concerned they were about falling when 

performing seven activities of daily living. A total score was calculated out of 28 points. 

The FES-I is a reliable and valid instrument for use with people with MS.179 

Real-world ambulation data collection 

 Upon completion of cognitive measures and the survey, subjects were fitted with 

a tri-axial accelerometer (Axivity AX3, York, UK) to their lower back, between lumbar 

vertebrae four and five, a location previously shown to be a reliable location for the 

assessment of real-world walking measures.133,135  The sensor had a sampling rate of 100 

hertz and a range of ±8 g. Participants were instructed to leave the device on for the 

subsequent three days and not to deviate from their usual daily schedule. Upon 

completion of the three-day period, sensors were collected from participants, and data 

stored on the sensor were extracted. 

Real-world ambulation data processing 

 Unfiltered tri-axial accelerometer data were exported and analyzed using 

algorithms developed in MATLAB program (R2022a). Data analysis occurred in two 

stages; 1) Detection of all walking bouts equal to or greater than thirty seconds of 

continuous walking, and 2) Application of tri-axial accelerometer measurements to the 

walking bouts identified in stage one. We decided to use thirty seconds of continuous 

walking as the cutoff for inclusion, as this allowed for an examination of an individual’s 

underlying gait quality, as bouts of thirty seconds or greater represented purposeful 

walking and were consistent with previous literature.77,131,135 Gait quality outcomes 
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derived from accelerometers included both gait speed and stride variability and were 

calculated using algorithms designed for optimal use with low back sensors.133 Consistent 

with previous literature examining real-world ambulation in populations with 

neurological disorders,135 the total amount of time spent purposefully walking throughout 

the three days was used, as it reflected the total time spent active over the course of the 

day. It is important to note that in terms of quantifying gait quantity, utilizing this 

approach underestimated the total time spent walking throughout the three-day period, as 

periods of walking that lasted less than thirty seconds were not included in the analyses. 

Analysis 

 To examine significant correlates to both gait quality (gait speed and stride 

variability), Pearson correlations were conducted. As time spent walking was non-

parametric, Spearman’s rho was used to identify correlated to gait quantity. Variables that 

were included in correlation analyses include self-reported ambulation status (PDDS), 

cognition (PASAT, SDMT, SRT-LTS, SRT-CLTR, Stroop), and fear of falling (FES-I). 

Next, a linear regression with backwards selection was used to identify variables that 

significantly predicted gait quality and quantity. Only variables that were determined to 

be significant correlates by either Pearson correlation or Spearman’s rho were included in 

each linear regression. Variables were removed stepwise from the model until all 

remaining variables had a p-value of <0.05. We examined R2, B coefficients, T 

coefficients, and F-statistic. All data analyses were performed in SPSS version 27.0 

(SPSS Inc, Chicago, IL). 
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Results 

 A total of 20 participants were included in the study. Descriptive statistics for the 

participants are presented in Table 6 below. The participants had an average age of 

56.35±8.59, ranging from 40-75 years old. Walking impairment, as interpreted from the 

PDDS scores, ranged from 0-4, with a median of 1, indicating minimal walking 

impairment. Means and standard deviations for cognitive measures and community 

ambulation metrics are also provided in table 6 below. 

Table 6: Descriptive statistics 

Descriptive statistics N=20 
Age (years) 56.35±8.59 

Years post diagnosis (years) 17.00±8.35 
Gender (% female) 80% 

PDDS [median(range)] 1 (0-4) 
PASAT 40.75±10.40 
SDMT 44.45±11.03 

SRT-LTS 7.50±3.00 
SRT-CLTR 6.20±3.22 

Stroop 25.90±4.06 
FES-I 28.25±9.87 

Gait speed (m/s) 0.98±0.29 
Stride variability (arbitrary units) 0.51±0.21 

Total time spent walking (s) 1717.68±2044.92 
PDDS: Patient Determined Disease Steps; PASAT: Paced 
Auditory Serial Addition Test; SDMT: Symbol Digits 
Modalities Test; SRT-LTS: Selective Reminding Test – Long-
term Storage; SRT-CLTR: Selective Reminding Test-
Consistent Long-term Retrieval; FES-I: Falls Efficacy Scale-
International 
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Table 7 below provides the results of the correlation analyses for both gait quality 

and quantity metrics. Regarding gait speed, there was a significant correlation with self-

reported ambulation status (PDDS; ρ=-0.66, p<0.01), fear of falling (FES-I; ρ=-0.69, 

p<0.01), and SDMT scores (ρ=0.61, p=0.01). Similar results were observed for stride 

variability, with significant correlations found with PDDS (ρ=-0.72, p<0.01), FES-I (ρ=-

0.67, p<0.01), and SDMT (ρ=0.59, p=0.01). However, no variable showed a significant 

correlation with total time spent walking when examining the results of the Spearman’s 

rho correlation analysis. 

Table 7: Correlation analysis results between gait quality and quantity variables 
and disease-related characteristics among individuals with MS 

 

The dependent variables, gait speed and stride variability, were regressed on the 

predicting variables PDDS, SDMT, and FES-I using backward selection until all 

remaining variables had a p-value < 0.05. The results are presented in Table 7 and Table 

8 below. The final model for gait speed included both PDDS and SDMT, and these 

independent variables significantly predicted gait speed (F(2,17)=14.34, p<0.01). 

Moreover, the R2 value was 0.63, indicating that PDDS and SDMT together accounted 

for 63% of the variance seen in gait speed captured in the real world. Similarly, for stride 

 
Disability 

level 
(PDDS) 

PASAT SDMT SRT-
LTS 

SRT-
CLTR Stroop FES-I Gait 

speed 
Stride 

variability 

Time spent 
walking (s) -0.22 0.11 0.36 0.32 0.35 0.33 -0.24 0.26 0.22 

Gait speed 
(m/s) -0.66* -0.20 0.61* 0.20 0.23 0.36 -0.69* -- -- 

Stride 
variability 
(arbitrary 

units) 

-0.72* -0.03 0.59* 0.20 0.24 0.30 -0.67* -- -- 

*p<0.01; PDDS: Patient Determined Disease Steps; PASAT: Paced Auditory Serial Addition Test; SDMT: 
Symbol Digits Modalities Test; SRT-LTS: Selective Reminding Test-Long Term Storage; SRT-CLTR: 
Selective Reminding Test-Consistent Long Term Retrieval; FES-I: Falls Efficacy Scale-International 
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variability, the final model included both PDDS and SDMT, and these variables 

significantly predicted stride variability (F(2,17)=18.97, p<0.01). The R2 value was 0.69, 

indicating that 69% of the variance in stride variability captured in the real world could 

be explained by PDDS and SDMT. As there was no significant correlation between time 

spent walking and the independent variables, no linear regression was conducted. 

Table 8: Final gait speed linear regression model results 

Gait speed regression B T P-value 
PDDS -0.12 -3.46 <0.01 
SDMT 0.01 3 0.01 

R2 0.63 
  

P-value <0.01 
  

F-statistic (2,17) 14.34 
  

PDDS: Patient Determined Disease Steps; SDMT: Symbol Digits Modalities Test 
 

Table 9: Final stride variability linear regression model results 

Stride variability regression B T P-value 
PDDS -0.1 -4.32 <0.01 
SDMT 0.01 3.06 0.01 

R2 0.69 
  

P-value <0.01 
  

F-statistic (2,17) 18.97 
  

PDDS: Patient Determined Disease Steps; SDMT: Symbol Digits Modalities Test 
 

Discussion 

 The heightened significance of walking for both community participation is 

consistently demonstrated in MS research.121,122,124,125 Mobility impairments and 

reductions in gait speed and stride length have been shown to negatively impact 

community ambulation in individuals with MS. While previous research has explored 

correlates of community participation, highlighting the importance of cognition and fear 
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of falling,77,165,166 few studies have utilized regression analysis to determine the individual 

contributions of these factors to real-world walking. Moreover, although previous 

research has found a significant correlation between gait quality features (e.g., gait speed 

and stride length) and community ambulation,127 no study has investigated the 

relationship between gait quality metrics captured in the real-world. Thus, the present 

study aimed to examine the contributions of cognition, ambulation disability, and fear of 

falling to gait quality and quantity derived from inertial sensors worn in the real-world. 

 Results from the study revealed the multifaceted nature of gait quality captured in 

the real-world. Specifically, the findings highlight a strong relationship between 

ambulation status, cognition (particularly processing speed), and fear of falling with 

everyday gait speed and stride variability. These findings confirm and extend upon 

previous research, emphasizing the importance of these three variables on mobility. In 

line with the results of Shema-Shiratzky et al., our study also showed significant 

correlations between disability level and processing speed with real-world gait speed.77 

However, Shema-Shiratzky et al. found weak to moderate relationships between 

processing speed and mobility outcomes (ρ=0.35-0.40), while our study found a high 

correlation between disability status, processing speed, and gait quality metrics. 

Our findings further underscore the importance of both disability and cognition 

and their impact on gait quality, as together they explained 63% of the variance in gait 

speed and 69% of the variance in stride variability. This observation was expected, 

considering that both mobility and cognition are necessary for performing tasks in daily 

life. Since Shema-Shiratzky et al. found that dual tasking in the lab is comparable to real-

world ambulation,77 it is reasonable that self-perceived measures of mobility (PDDS) and 
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cognitive measures (SDMT) significantly contribute to real-world ambulation. Although 

not included in the final linear regression model, our findings also indicated a strong 

relationship between fear of falling and gait quality, consistent with the results of a recent 

meta-analysis by Scholz et al.180 However, fear of falling was dropped from the final 

model likely due to its overlap with the PDDS, as prior research has demonstrated that 

increased mobility impairment is associated with increased fear of falls.168,180-182 Given 

the strong contributions of ambulation status and cognition to gait quality, interventions 

should be developed targeting both areas to improve community ambulation. 

When examining correlates to gait quantity, our study found no significant 

relationship with disability level, cognition, fear of falling, or gait quality. All variables 

yielded small to moderate and insignificant correlations. These findings were unexpected, 

as they are contrary to the results reported by Shema-Shiratzky et al., who found 

significant relationships between disability level and cognition with the amount of 

walking levels.77 Our results underscore the complexities community ambulation, 

emphasizing the need for future studies to explore the impact of disability level and 

cognition on real-world gait quantity. 

Interestingly, our study also revealed no significant relationship between gait 

quality and gait quantity variables, which contradicts the findings of Pau et al.127 This 

difference could be attributed to the methods employed for gait quality assessment. In 

Pau et al., participants were asked to walk as a single tasked in a lab environment and 

instructed to walk at a comfortable speed for thirty meters. Our study, on the other hand, 

collected gait quality data simultaneously with real-world gait quantity measurements. 
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Further research is necessary to evaluate the relationship, or lack thereof, between gait 

quality and gait quantity in real-world settings. 

The lack of significance between all variables and gait quantity may be attributed 

to the multitude of potential factors involved in ambulation and community participation. 

Previous research has shown that factors such as mobility impairment,127 cognition,166 

fatigue,183 fear of falling,165  knowledge about the benefits of exercise,184 and 

accessibility184 can influence walking and community participation. The absence of a 

significant relationship in our study, combined with the mounting evidence suggesting 

diverse and personal factors to community participation, highlight the importance of 

tailoring approaches to increasing walking levels based on an individual's specific needs 

and contexts. 

Our study had several noteworthy strengths, including the collection of real-world 

gait quality data and the analysis of multiple areas of impairment and their contributions 

to both gait quality and quantity. However, it is important to acknowledge the limitations 

present in our study when interpreting the results. Namely, only bouts of walking that 

were thirty seconds or longer were included in the gait quantity metric, meaning any 

walking under that amount of time was not included. Additionally, the small sample size 

limits generalizability to the larger population. Finally, as previous research has 

highlighted the relationship between other variables and mobility metrics, such as fatigue 

and accessibility,184 future research should look to incorporate these factors. 
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Conclusion 

Our current study builds upon prior research that has demonstrated the usefulness 

of wearables in assessing individuals with MS and other neurological 

conditions.77,130,131,135,136,185 The results of our study provide insights into how ambulation 

disability, cognition, and fear of falling influence real-world gait quality in individuals 

with MS. Furthermore, our findings underscore the significance of examining multiple 

factors that impact walking and community participation, as these can vary individual to 

individual. This study provides a foundation for future research to utilize wearables as a 

valuable tool for evaluating the effectiveness of interventions, particularly in relation to 

gait quality or quantity. By incorporating wearables, researchers can collect objective, 

real-world data, leading to a more comprehensive understanding of community mobility 

and participation outcomes.  
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CHAPTER 5: DISCUSSIONS AND CONCLUSION 

 Current mobility assessments utilized for examining fall risk in individuals with 

MS lack the ecological validity required for the accurate discrimination between fallers 

and non-fallers. Specifically, frequently utilized clinical mobility evaluations often fail to 

incorporate a secondary cognitive task, limiting their ability to reproduce the complexity 

of real-life walking scenarios which predominantly require dual tasking. This lack of 

ecological validity has consequently resulted in suboptimal prediction of fall risk. 

Additionally, while previous research has highlighted the effect of dual tasking on gait 

speed and stride variability, understanding the contributions of mobility, cognition, and 

fear of falling to real-world gait quality and quantity is crucial. Ultimately, this can aid in 

the development of more accurate fall risk assessments and the identification of 

cognitive, mobility, and psychosocial variables that impair community ambulation. As 

such, this study aimed to bridge the gap between conventional clinical mobility tests and 

real-world walking by developing more ecological dual task assessments for predicting 

fall risks and exploring their correlation with real-world outcomes. Moreover, we aimed 

to identify the contributions of cognition, mobility impairment, and fear of falling on 

walking quality and quantity in community settings. 

As revealed in Chapter 2, the inclusion of metrics beyond gait speed measures is 

of utmost importance. Presently, fall risk assessments are conducted primarily focusing 

on time as the sole outcome measure and without a concurrent cognitive task. This 

approach overlooks the significance of dual tasking and stride variability as potential 

factors linked to fall risk. Consequently, this limitation hinders the ability to discern 

fallers from non-fallers, as observed not only in this study but also in previous studies 
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with AUC values ranging from 0.46 to 0.67.102,103,110,153 These findings are likely due to 

the lack of ecological validity inherent in commonly employed walking assessments such 

as the TUG test. 

The need for more ecologically valid assessments was further reinforced in 

Chapter 3, where individuals with MS exhibited significantly higher walking speeds and 

reduced stride variability during the TUG test in comparison to real-world ambulation. 

The disparity between the TUG and real-world ambulation highlights a significant gap in 

mobility assessments, indicating that individuals with MS often exhibit better 

performance in tasks like the in-lab TUG but that lack the ecological validity of everyday 

activities. The analysis conducted in Chapter 4 delves deeper into contributing factors 

that further highlight this incongruency. Specifically, the results of Chapter 4 shed light 

on the significant role of cognition, particularly processing speed, in relation to gait speed 

and stride variability. These findings corroborate the findings of Shema-Shiratzky et al. 

and emphasize the impact of cognition on everyday walking.77 

Expanding on these earlier findings, our current study highlights processing speed 

as a key factor contributing to real-world gait speed and stride variability. In conclusion, 

the limited ability of the TUG test to predict outcomes could be best explained by its lack 

of real-world relevance. This shortfall stems from its inability to correlate with real-world 

measures of gait speed or stride variability. Furthermore, the TUG test omits cognitive 

factors that are crucial in daily life and have a notable impact on gait quality. This study 

emphasizes the need to develop assessments of increased ecological validity for a more 

accurate evaluation of fall risk and mobility challenges among individuals with MS. 
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To address the existing limitations in identifying fall risk among individuals with 

MS, this study aimed to introduce novel dual task mobility assessments and explore their 

correlation with real-world ambulation. As such, the current project employed the TUG-

extended, the 25-foot walk and turn, and the figure 8 walk, as these tests encompassed 

some or all dimensions of mobility(i.e., postural transitions and turns) that present 

significant challenges for individuals with MS.116-119 Furthermore, this project 

incorporated a cognitive outcome measure, recognizing that CMI can manifest in either 

mobility or cognitive decrements, and previous research has demonstrated its sensitivity 

in detecting fall risk.97 The results presented in Chapter 2 demonstrate that one of the 

novel clinical assessments, the 25-foot walk and turn task, exhibited enhanced sensitivity 

and specificity, yielding an AUC of 0.76 (95% CI, 0.56-0.96). Moreover, the findings 

indicated that cognitive performance was the most substantial influence on these 

outcomes, followed by stride variability, and subsequently gait speed. These results 

underline the importance of extending analysis beyond pace-related metrics, such as gait 

speed, for predictive purposes in clinical fall risk assessments. Furthermore, the findings 

highlight the significance of evaluating a cognitive outcome measure within mobility 

tests, as the inclusion of this outcome in the 25-foot walk and turn resulted in the highest 

sensitivity and specificity in identifying fall status. 

Chapter 3 provides insight into elucidating why the 25-foot walk and turn task 

emerged as the most effective assessment for identifying fall risk among individuals with 

MS. Specifically, the 25-foot walk and turn task exhibited the strongest correlation with 

real-world ambulation, with good reliability for both gait speed (ICC = 0.75) and stride 

variability (ICC = 0.81). This increased ecological validity could potentially be attributed 
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to the inclusion of turning and increased length of time spent walking, coupled with the 

concurrent cognitive component. When comparing the 25-foot walk and turn with the 

TUG, it is important to note that the TUG test is completed within a relatively short 

timeframe. This shorter duration may be limited in effectively challenging and assessing 

motor performance. Additionally, the inclusion of the verbal fluency cognitive task in the 

25-foot walk and turn increases its potential for greater insight into real-world situations 

especially as it is a more realistic and ecologically valid representation of daily mobility 

and cognitive demands. 

The results from Chapter 4 highlight the significant impact of processing speed on 

gait in real-world scenarios, affecting both walking speed and stride variability. As 

previous research has identified verbal fluency as a cognitive task that examines 

processing speed performance,113 the inclusion of a verbal fluency cognitive task into 

dual task paradigms increases the ecological validity of these assessments. These findings 

are further supported by a systematic review that highlights the sensitivity and ecological 

validity of the verbal fluency cognitive task.99 Taken together, these findings help in 

understanding why adding the verbal fluency task to the 25-foot walk and turn yielded 

high correlations to real-world gait quality, ultimately leading to an assessment with an 

increased ability to identify fall status in individuals with MS. 

Furthermore, Chapter 4 emphasizes the importance of incorporating ecologically 

relevant measures of cognition, namely processing speed, in dual task paradigms as their 

inclusion replicate real-life walking situations, particularly those challenging for 

individuals with MS. As discussed in Chapter 4, performance on the SDMT, a commonly 

used assessment of processing speed,57,58 exhibited a significant impact on real-world gait 
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quality. These findings, along with previous research demonstrating the strong 

association between processing speed and real-world mobility,77,166 underscore the need 

to incorporate the verbal fluency task into dual task paradigms. In everyday life, 

individuals often encounter situations that require various cognitive abilities, including 

processing speed, executive functions, memory, and cognitive inhibition. While this is 

also true for individuals with MS, the results of this study specifically highlight the 

distinctive influence of processing speed on gait quality, as it stands out as the singular 

cognitive measure significantly associated with gait performance. 

The real-world results discussed in Chapter 4 align with the findings from Chapter 

2, in which cognitive performance stood out as the main factor affecting the 25-foot walk 

and turn. This emphasizes the need to include cognitive tasks that are relevant to 

everyday situations in dual task mobility assessments. However, current mobility 

assessments conducted within research and clinical environments frequently utilize a 

mental arithmetic task, specifically the serial seven subtraction. Yet, our findings indicate 

that this approach lacks ecological validity and, according to our results, does not 

significantly influence real-world ambulation. This may offer a plausible explanation for 

the ineffectiveness of current mobility assessments that incorporate cognitive tasks, such 

as the serial seven subtraction test, in distinguishing between individuals with MS who 

experience falls and those who do not.102,105,107,108  Therefore, it is imperative that future 

research and mobility assessments incorporate a cognitive measure of processing speed, 

such as verbal fluency, given its merits as both ecologically valid and relevant to real 

world gait quality. 
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Limitations and future research 

While the project's findings have highlighted the necessity to move beyond 

current clinical fall risk assessments, some limitations should be acknowledged. The 

small sample size predominantly consisted of individuals with MS displaying mild 

mobility impairment based on the PDDS scale. To enhance generalizability, future 

studies should involve a larger, more diverse sample. Additionally, this study primarily 

focused on gait speed and stride variability, although other evaluations integrating 

postural transitions and turning could also serve as valuable fall risk indicators. 

Furthermore, the retrospective classification of fallers and non-fallers using fall history 

may be influenced by recall bias. Prospective fall monitoring could yield clearer insights 

into the relationship between assessment performance and fall status. Lastly, the study 

employed inertial sensors to quantify mobility, but these sensors are not widely 

accessible in clinics. Future research should pinpoint gait speed and stride variability 

outcomes that are practical for routine clinical use. 

Conclusion 

The impact of cognition on everyday mobility is substantial, influencing both gait 

speed and stride variability. However, current clinical mobility assessments often 

overlook the inclusion of secondary cognitive tasks, thereby constraining their ability to 

replicate the real-life situations that often involve dual tasking. Therefore, the objective of 

this project was to incorporate a concurrent cognitive task into novel mobility 

assessments, aiming to increase the ecological validity of fall risk evaluations. Our 

findings underscore the importance of incorporating and assessing processing speed as a 

measure for fall risk detection, due to its ecological validity and its impact on real-world 



 67 

ambulation, thereby bridging the existing gap between clinical assessments and real-

world mobility. 
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