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Abstract 
 
Background: Among the most common and disabling symptoms associated with multiple sclerosis (MS) 

are problems with balance, during both stance and gait. Balance during gait is highly dependent on 

stability in the mediolateral (M-L) direction. It is currently unknown how M-L stability is affected in those 

with low levels of disability due to MS. The objective of this multiple case series was to explore how M-L 

stability during gait is affected in persons with early-stage MS using narrow-base walking. Narrow-base 

walking has not previously been used in the MS population. The secondary objective was to explore the 

other common symptoms of this disease that may contribute to the experience of postural instability, using 

of both commonly used and novel testing techniques for the MS population.  

Methods: Three individuals with early stage MS (MS1 = female aged 25, MS2 = female aged 33, MS3 = 

female aged 23) were included in this study and compared to healthy age and sex-matched controls. 

Balance during gait was assessed using a narrow-base walking paradigm on a path 25cm in width while 

participants were instrumented with body-worn motion sensors. Center of mass (COM) displacement and 

velocity as well as head movement were assessed during these trials. Standing balance was assessed using 

a force-plate to derive center of pressure (COP) displacement and velocity data. Levels of fatigue, muscle 

weakness, sensory function, physical activity, falls frequency, and mood were also assessed.  

Results: All three participants with MS showed slight changes in M-L stability during gait as compared to 

healthy controls. This was evidenced in differing ways between participants and included increased peak 

and average M-L COM velocity and decreased gait speed. All participants with MS showed an increase in 

sensory thresholds on a measure of ankle proprioception and increased COP displacement while standing 

with their eyes closed on a foam surface.  

Conclusion: Subtle differences in M-L stability could be detected using the narrow-base walking 

paradigm. Using body-worn motion sensors to assess stability during gait in the MS population may be a 

useful technique in detecting small changes to stability early in the disease. 
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Chapter 1: Introduction 
 
1.1 Background 
 

Multiple sclerosis (MS) is the most common neurological condition among young adults and is a 

leading cause of disability (Compston & Coles, 2008). The prevalence of this disease is estimated at 2.5 

million people worldwide, including roughly 100,000 Canadians (Cohen & Rae-Grant, 2012; Multiple 

Sclerosis Society of Canada, 2017). In MS, there is widespread degeneration of the myelin sheath that 

surrounds the axons of neurons in the central nervous system (CNS)(Lassmann, 2005). This demyelination 

can affect the functioning of multiple body systems such as the motor, sensory, and autonomic systems. 

This disease can manifest through a range of symptoms, including, but not limited to, muscle weakness, 

fatigue, vision changes, difficulties in sensation, and decreased mood (Finlayson, Peterson, & Cho, 2006). 

MS is a heterogeneous disease, with symptoms experienced differing from patient to patient. Among the 

most common symptoms associated with MS are problems with balance (Cameron & Lord, 2010).  

Balance problems are significant in persons with MS. In fact, self-reported imbalance is often one 

of the initial symptoms of the disease (Cameron & Lord, 2010). Balance abnormalities are often present in 

the absence of clinically assessable impairments, such as those detected on standard physical 

examinations. Studies have found that standing balance tends to be worse in individuals with MS than 

healthy controls and that this instability worsens as the disease progresses (Soyeur, Mirza, & Erkorkmaz, 

2006). Persons with MS often show an increase in center of mass (COM) displacement while standing 

with their feet together. This increase in COM displacement increases when the eyes are closed (Soyeur et 

al., 2006).  

Standing balance, however, is not the only form of postural control that may be affected by the 

MS disease process. Balance during gait is also commonly affected. A large percentage of falls 

experienced by persons with MS occur during general mobility tasks, such as walking (Gunn, Creanor, 

Haas, Marsden & Freeman, 2014). Unlike postural control during stance, which is highly concentrated in 

the anterior-posterior (A-P) direction, effective postural control during gait is highly associated with 

postural control in mediolateral (M-L) direction. A loss of M-L stability tends to have a large effect on 
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walking function and gait abnormalities are often present in the early stages of MS. This loss of M-L 

stability can present as greater displacements and velocities of the COM in the M-L direction, yet no 

studies could be found that have specifically measured the M-L stability during gait of persons with MS 

(Schrager, Kelly, Prince, Ferrucci, & Shumway-Cook, 2008).  

Balance during stance is often assessed through the use of functional measures used commonly in 

clinical settings. Platform posturography may also be used to measure standing balance. It can be used to 

assess the sway areas and velocities of the center of pressure (COP). Balance during gait can be similarly 

measured using COM displacement and velocity outcome variables. While both COP and COM 

trajectories may be used to assess balance during either stance or gait, literature suggests that COP is more 

commonly used for standing balance and COM for balance during gait. Any alterations in the trajectory of 

the COM can indicate the presence of pathology in balance during gait (Lulic & Muftic, 2002). COM 

trajectories can be tracked through the use of motion-capture systems. M-L balance can be assessed 

through an adaptive walking task known as narrow-base walking, in which foot placement during gait is 

restricted to defined limits in the lateral direction. It places increased demands on stability in the frontal 

plane and requires that the individual keep their COM tightly controlled within a narrowed base of support 

(BOS)(Kelly, Schrager, Price, Ferrucci, & Shumway-Cook, 2008). Current research using this approach 

has primarily focused on older adults. Studies have found that when healthy older adults are asked to walk 

with a narrower base, they demonstrate a slower gait speed, shorter step lengths, a wider step width, and a 

greater peak velocity of the COM in the M-L direction than younger participants (Deshpande & Zhang, 

2014). This simple approach has not been previously used to measure the stability during gait of persons 

with MS.  

Any sensory, motor, or cognitive impairment can result in impairment in postural control 

(Pollock, Durward, Rowe, & Paul, 2000). Sensory symptoms are often among the first experienced for 

persons with MS and difficulty with sensory strategies is often linked to problems with balance in this 

population. In addition to problems with sensation, common early symptoms of MS include decreased 

mood, increased fatigue, muscle weakness, and decreased participation in physical activity. Each of these 
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symptoms may also influence postural control. The more information available on the possible factors 

contributing to disruptions in balance, the more comprehensive and specific of a rehabilitation program 

can be designed for addressing imbalance in patients with MS.  

1.2 Rationale 

 Prior studies have investigated the standing balance of persons with early stage MS, but no studies 

have assessed the M-L stability during gait of persons with early stage MS using a narrow-base walking 

task. M-L stability during gait is of particular interest because M-L stability has been found to deteriorate 

faster and earlier than stability in the anterior-posterior (A-P) direction in studies of older adults (Gunn et 

al., 2014). Balance impairments are often present in persons with MS even before deficits are clinically 

evident. A sensitive method of assessing M-L stability is needed to detect changes in stability early in the 

disease course. Information pertaining to exactly how balance is affected early on in this disease could 

lead to information for designing early interventions and rehabilitation programs. Balance impairments 

during stance and gait cannot be fully explained without also assessing the other common symptoms of 

MS that may contribute to a decline in postural control. The symptoms linked to decreases in postural 

stability likely differ from one unstable patient with MS to another. This can include symptoms of fatigue, 

mood, physical activity, muscle weakness, and sensory functioning (specifically those senses that 

contribute to postural control). It is currently unknown which symptoms may specifically affect M-L 

stability.  

1.3 Purpose 
 

The first purpose of this study was to explore the M-L stability during gait of persons with early-

stage MS through COM velocity and displacement outcomes using a test of narrow-base walking. It also 

aimed to begin to understand how postural control in the M-L direction is affected as a symptom of 

balance impairment in persons with low levels of disability due to this disease (defined as a PDDS score 

of three or less). This was accomplished by assessing COM displacement and velocity outcomes using 

motion-capture software during a narrow-base walking task. The second purpose was to explore the 

connection between balance impairments and the other symptoms commonly present in early-stage MS. 
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Because a range of additional symptoms could contribute to M-L instability and contributing symptoms 

may differ between patients, a variety of potential contributors were assessed. This included difficulties 

with sensation, fatigue, depression and anxiety, muscle weakness, and decreased participation in physical 

activity. In particular, two measurement tools were used for the first time in persons with MS, the ankle 

torque machine to measure ankle proprioceptive abilities and the Human Activity Profile as an assessment 

of self-reported participation in physical activity. Comparisons are made between individuals with MS and 

healthy age and sex-matched controls due to a lack of population data available for comparison on this 

topic. 
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Chapter 2: Literature Review 
 

Multiple sclerosis is a complex disease whose clinical manifestations differ from patient to 

patient. It can affect multiple areas, including the motor, sensory and autonomic systems (Compston & 

Coles, 2008). Among the most common symptoms associated with the clinical manifestations of this 

disease are balance impairments (Cameron & Lord, 2010). Many of the other symptoms commonly seen 

in multiple sclerosis can influence a person’s experience of balance impairment. These include problems 

with sensation (visual, vestibular, and somatosensory), fatigue, muscle weakness, depression and anxiety, 

and decreased participation in physical activity. Balance impairments may impact gait, which is also 

commonly affected by MS. Stability during gait is of prime importance for proper balance and relies 

heavily on postural control in the M-L direction. It often deteriorates earlier than stability during stance, 

which is primarily concentrated in the A-P direction. 

In order to be able to fully explain the experience of balance impairments as a symptom of MS, 

and design appropriate rehabilitation strategies for people with this disease, one must be able to measure 

it. This includes not only a measurement of postural control during both stance and gait, but a 

measurement of the other symptoms of MS that are connected to the experience of the balance impairment 

as well. The purpose of this literature review is therefore to: (1) introduce multiple sclerosis as a disease 

and explain its etiology and pathology, (2) describe the normal control of posture during stance and gait as 

well as how they are affected by MS, (3) discuss common methods of measuring postural control as well 

as introducing a new method of measuring M-L stability during gait in the MS population, and (4) expand 

on the other symptoms commonly experienced in MS, methods of measuring these symptoms, and their 

connection to balance impairments in this population.  

2.1 Epidemiology of multiple sclerosis 

 Multiple sclerosis is a demyelinating disease of the central nervous system (CNS), which is 

composed of the brain and spinal cord. It is the most common non-traumatic cause of neurological 

disability in young adults around the world, with a prevalence rate of two million cases worldwide (Cohen 

& Rae-Grant, 2012). There are four main types of MS: (1) relapse-remitting (RRMS), which follows a 
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pattern of recurrent episodes of CNS inflammation with recovery and stable clinical manifestations 

between episodes, (2) secondary progressive (SPMS), in which there is gradual neurologic decline with or 

without periods of remission and relapse, (3) primary progressive (PPMS), characterized by gradual 

neurological deterioration from disease onset, and (4) progressive-relapsing (PRMS), where gradual 

neurological decline is paired with superimposed relapses. Relapse-remitting is by far the most prevalent 

subtype, accounting for 70-80% of patients with this disease (Cohen & Rae-Grant, 2012).  

 Prevalence and incidence rates of MS vary geographically, with MS being rare in tropical regions 

and more common as latitude increases in both the northern and southern hemispheres (Marrie, 2004; 

Poppe, Wolfson, & Zhu, 2008). Canada is one of the five most prevalent areas for MS in the world, with 

rates ranging from 100 to 240 per 100,000 population across the country (Piwko et al., 2007; Pohar, Jones, 

Warren, Turpin, & Warren, 2007). Currently, an estimated 100,000 Canadians are living with this disease 

(Multiple Sclerosis Society of Canada, 2017). MS also affects two to three times as many women as it 

does men and this ratio has been increasing in Canada within the past 50 years (Orton et al., 2006).  

 Multiple sclerosis is associated with significant economic and health-related quality of life burden 

in Canada (Fogarty, Walsh, McGuigan, Turbridy, & Barry, 2014). The projected six-month economic 

burden of illness for MS in Canada is an estimated $79,500,000. This accounts for both direct and indirect 

costs associated with this disease. Direct costs include those associated with medical treatments, while 

common indirect costs include prolonged absences from work and early retirement of both patients and 

informal caregivers. In Canada, patients carry a majority of the economic burden, especially in the later 

stages of the disease (Piwko et al., 2007). Although direct medical costs in mild MS exceed those in the 

severe stages of the disease, overall costs increase as disability levels increase. This is due in part to the 

shift from acute inpatient care to more home-based rehabilitation interventions as the disease progresses. 

These increases in cost make the delay of MS disease severity and accompanying disability an important 

economic consideration from disease onset (Fogarty et al., 2014).  
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2.2 Multiple sclerosis disease pathology  

 When MS pathology was first defined at the end of the nineteenth century, two opposing views 

emerged. Jean-Martin Charcot focused on brain lesions, defining MS primarily as a demyelinating 

disease. Fromann concentrated mainly on lesions in the spinal cord and emphasized axonal transection and 

loss within lesions (Lassmann, 2005). While it is widely agreed upon that MS is primarily a demyelinating 

disease, there are two main mechanisms by which it exerts its effects. The first are the inflammatory 

mechanisms described by Charcot that predominate in the initial stages of the disease. The second is the 

axonal degeneration proposed by Fromann that occurs later in the disease process (Cohen & Rae-Grant, 

2012).  

 2.2.1 Inflammation in multiple sclerosis 

 Multiple sclerosis has long been classified as an inflammatory disorder of the CNS in which 

lymphocytic infiltration leads to damage of the myelin sheath (Compston & Coles, 2008). Myelin sheath 

is a lipid-protein membrane construct that is found in both the central and peripheral nervous systems. The 

main function of myelin is to act as an insulator, increasing the speed of signal transmission along axons 

from nerve cell body to synaptic junction (Deber & Reynolds, 1991). Myelin provides the body with rapid 

transmission of information from peripheral receptors to the CNS, from the CNS to peripheral effectors, 

and from CNS receptors to different centers within the CNS (Hildebrand & Mohseni, 2005). In the CNS, 

specialized glial cells known as oligodendrocytes myelinate nerve cells by extending processes to make 

contact with nearby axons and encircling them. They then extend along the nerve fibers to form more 

myelin segments, with periodic gaps between segments known as the nodes of Ranvier (Compston & 

Coles, 2008). One oligodendrocyte is capable of myelinating more than one axonal segment at a time. 

Conduction of action potentials occurs rapidly from one node to the next in a process called salutatory 

conduction (Deber & Reynolds, 1991).  

 Demyelinated axons have altered conduction properties as compared to unaffected neurons. In 

some cases, a loss of myelin can block action potentials completely. This demyelination is caused by an 

increased migration of auto-reactive lymphocytes across the blood-brain barrier (Compston & Coles, 
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2008). This infiltration of macrophages and T cells into the nerve cells of the CNS causes multiple areas 

of inflammation in the CNS tissue (Pivneva, 2009). These sites of inflammation cause “MS plaques,” 

which cluster around the lateral ventricles, corpus callosum, brainstem, optic nerves, and throughout the 

spinal cord (Compston & Coles, 2008). Most active lesions (active inflammatory demyelination and 

macrophages) show a preservation of the majority of axons in the area. During this acute inflammatory 

phase, there is remyelination of axons and removal of myelin debris from the plaques. Subsequent attacks 

lead to remyelination becoming less and less successful at repairing the damage. Later in the disease, 

mature oligodendrocytes are markedly diminished and any remyelination that does occur is likely to take 

place at the edges of plaques (Lucchineti & Parisi, 2006). Eventually, the cycles of demyelination and 

remyelination exhaust the capacity for tissue repair altogether (Compston & Coles, 2008). It is important 

to note that although the conduction block caused by active demyelination is not necessarily permanent, 

affected axons will never conduct as well as unaffected ones (Gould & Brady, 2005).  

 2.2.2 Axonal degeneration in multiple sclerosis 

 Although MS primarily affects myelin, axons are also lost as a result of lesions. There are two 

phases of axonal death seen in MS: (1) the triggering of axonal injury and (2) the execution of axonal 

destruction. The initial injury is often triggered by antigen-specific interactions with T-lymphocytes, 

antibodies, or antigen-independent events that are mediated by the toxic products of microglia or 

macrophages. There is a proven association between macrophages and the degeneration of axons, but 

other molecules, such as reactive oxygen and nitrogen species are likely involved (Lassmann, 2005). The 

triggers of axonal injury tend to be heterogeneous between patients, but the steps leading to the actual 

destruction of axons tend to be more uniform. A key step in axonal death is the influx of sodium ions into 

the axoplasm, which may lead to axon depolarization and conduction block. Later, sodium is replaced by 

calcium ions. An accumulation of calcium in the axon may then activate proteases that initiate the 

degradation of the proteins of the axonal cytoskeleton (Lassmann, 2005). This destruction of axons is a 

major correlate of the permanent neurological deficits associated with MS. Axonal loss is believed to be 
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responsible for the progression of the disease and is thought to be affected by factors above and beyond 

those which cause inflammation (Compston & Coles, 2008).  

2.3 Multiple sclerosis disease symptomology 

The symptoms of MS vary widely between patients and often reflect the extent to which the 

heavily myelinated parts of the CNS are involved (McDonald & Compston, 2006). Many of the clinical 

manifestations of MS arise from the demyelination of pathways that converge to travel through the pons, 

medulla, midbrain, and cerebellum. Common initial symptoms of the disease include muscle weakness in 

one or more limbs, paraesthesiae (tingling or prickling sensation), optic neuritis, vertigo, and balance 

problems (McDonald & Compston, 2006). Many of these symptoms are interrelated, with the experience 

of one impacting the experience of another. Discussion of the symptoms of MS will begin with balance 

impairments. Gait and the postural control of gait will then be discussed. Other common symptoms of the 

early stages of MS, such as impairments in sensory functioning, fatigue, and muscle weakness, will be 

discussed due to their connection to balance impairments.  

2.3.1 Gait  

Walking can be thought of as a continuous state of falling and recovering. During locomotion, 

stability is continually challenged. The BOS and COM are both in constant motion. The BOS is also 

changing size. It is equal to the area of contact of the supporting foot with the ground and is replaced in 

the future by the swing limb to create the next BOS (Patla, 2003). Humans start as quadrupeds, relying on 

the stability of a tripod, only lifting one limb from the support surface at a time. This stability is lost when 

we become bipedal. Bipedal stance, while it may seem simple, requires much larger amounts of neural 

control than quadrupedal stance and mastering it is a complicated affair (Inman, Ralston, & Todd, 1994). 

There are variations in gait between different individuals, and sometimes within the same individual due 

to changes in factors such as gait speed, footwear, and environment. Despite these differences, there are 

certain observable events associated with gait that are shared by all individuals, making it possible to 

measure impairments and identify variations from normal gait (Inman et al., 1994).   
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2.3.1.1 Balance during gait 

Mediolateral, otherwise known as frontal plane stability, requires that individuals keep their COM 

within strict spatiotemporal limits with respect to their BOS in the M-L direction (Hilliard et al., 2008). It 

is of particular importance during gait because when a person walks, their COM is continuously moving 

beyond their BOS as it is displaced to the supporting side with each forward step (Winter, 1991). M-L 

instability is defined as the inability of a person to control their COM in the frontal plane. This complex 

problem is associated with a range of contributing factors, such as sensory abnormalities and age-related 

changes in the neuromuscular system (Chang, Mercer, Giuliani, & Sloane, 2005). Studies on populations 

of older adults have also found that postural instability while walking is concentrated primarily in the 

frontal plane (Judge, Davis, & Ounpuu, 1996; Maki, 1997). A loss of M-L stability while walking can 

cause a fall to the side, which is a major risk factor for hip fracture (Greenspan et al., 1998). This makes 

postural control in the frontal plane an important consideration for patients with MS, who are known to be 

a high falls risk population (Cattaneo et al., 2002).  

  2.3.1.1.1 The neurological control of gait 

 The neurological control of gait is a very complex process. In humans, a sophisticated control 

system exists in which there is a combination of voluntary and autonomic control. There are five main 

neurological levels for the control of gait. Starting from the bottom (most basic) they are: (1) the 

monosynaptic reflex arc, (2) the mass limb reflex, (3) the brainstem and vestibular system, (4) the 

midbrain and subthalamic levels, and (5) the cerebellum (Lin & Gage, 1989). The most primitive of these 

levels is that of the monosynaptic reflex. These reflexes occur at a single level of the spinal cord, 

involving as few as a single afferent and single efferent neuron. Next is the mass limb reflex, which occurs 

via multi-segmental interactions with the spinal cord. An example of this type of reflex is the withdrawal 

of a body segment after experiencing a painful stimulus. It is at the level of the brainstem and vestibular 

system that erect postural tone resides, where the trunk in an upright stance acts as the stimulus. A desire 

to stand stimulates the primitive walking reflexes that are derived from the subthalamic and midbrain area. 

Finally, selective motor control allows for the modification of reflex patterns, making it possible to move 
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one joint or muscle independently. This modification of reflex patterns allows the muscles at the ankle, 

knee, and/or hip to move independently in response to variations in the ground reaction or inertial forces 

that may be present in gait (Lin & Gage, 1989).  

2.3.1.1.2 Strategies of control during gait 

 Mobility is defined as the ability to independently move oneself from one place to another. It is 

characterized by the ability to complete complex walking tasks, such as the ability to change speed and 

direction, walking under different terrain conditions, and walking over obstacles. Adapting gait to changes 

in the task being performed and the environmental demands is of utmost importance to mobility in 

everyday life (Shumway-Cook & Woollacott, 2016).  Stability during gait is maintained through three 

types of control strategies: (1) reactive strategies, (2) predictive strategies, and (3) anticipatory strategies 

(Patla, 2003).  

 Anticipatory control involves the identification of potential threats to stability based on sensory 

inputs, primarily those of the visual system (Patla, 2003). These strategies are activated in advance of a 

potential disturbance to gait and work to avoid a loss of stability. Predictive control, like anticipatory 

control, is a proactive strategy of balance control during gait. Predictive strategies are used to minimize 

the destabilizing forces that arise from the movement of our own bodies, because forces generated by one 

of the body segments will exert reactive forces over the other segments (Shumway-Cook & Woollacott, 

2016). The first component of predictive control is based on the estimation of the size and nature of the 

perturbation. While this initial part of predictive control does not rely on sensation, the recovery 

components do. For example, if you apply galvanic vestibular stimulation (GVS) to a subject (indicating 

tilt in the M-L direction), the initial components of gait initiation will not be affected. Bent and colleagues 

(2002) applied GVS to participants during both gait initiation and once body motion had begun. They 

found that although GVS had no effect on the initial phases of gait, continuing to perturb vestibular 

information once motion had begun, influenced postural control, specifically in the M-L direction. This 

was displayed as larger COM trajectories and upper body trunk rolls towards the side of the applied anode 

electrode.  
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 There are automatic postural adjustments, similar to those used in standing balance, which are 

present in the step cycle during recovery from a perturbation to gait. These reactive strategies rely on 

sensory detection of an unexpected perturbation to maintain stability. The vestibular, visual, and 

somatosensory systems all contribute to this reactive control of gait. The first step in the defense of 

stability against a perturbation during gait is the monosynaptic reflex response, which has a latency of 

only 30-40 milliseconds (Patla, 2003). These fast acting reflexes are a crucial part of postural control in 

gait, as voluntary responses are often too slow to prevent a loss of stability.  

2.3.1.2 Gait in multiple sclerosis 

Prior research on postural control during gait in patients with MS has found that even recently 

diagnosed individuals may demonstrate a more conservative gait. A more conservative gait may indicate a 

decline in postural control, even in patients with only mild neurological symptoms (Martin et al., 2006). 

Sosnoff, Sandroff, and Motl (2012) compared the gait of 43 patients with MS who had minimal disability 

(median EDDS score of 2) to 43 sex, age, height, and weight matched healthy controls using a 26-foot 

GAITRite motion capture walkway. Compared to healthy controls, the individuals with MS walked 

slower, spent a greater proportion of the gait cycle in double support time, and took shorter, fewer, and 

wider steps. These results highlighted that in the absence of a clinical impairment of gait (determined by 

EDDS evaluation), persons with MS have subtle, yet detectable, changes in postural control during gait. 

Nogueira and colleagues (2013) also compared the gait of persons with MS to that of healthy controls. 

This study was the first to analyze the gait characteristics of persons with MS while matching them to 

healthy controls not only by age, sex, BMI, but also to physical activity level. Even with this care taken to 

match the groups, gait abnormalities were observed in participants with MS as compared to healthy 

controls. These abnormalities were centered on slight changes in the movement of the ankles.  

2.3.1.2.1 Measuring balance during gait 

The body’s COM is an important factor in the analysis of gait. The COM acts as a proxy, 

reflecting the motion of the whole body. An alteration in the trajectory of the COM may indicate the 

presence of an underlying pathology to balance/gait (Lulic & Muftic, 2002). Body-worn motion sensors 
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have been successfully used to detect gait and balance deficits in persons with MS, using COM trajectory 

outcome measures (eg. displacement and velocity)(Spain et al., 2012). These studies typically find an 

increase in COM sway in this population (Corporaal et al., 2013; Spain et al., 2012). In the clinical setting, 

tests such as the Timed Up and Go (TUG) and Timed 25-Foot Walk Test, may not fully capture 

abnormalities of gait and balance. These tests often function best with moderately to severely disabled 

patients, potentially leaving mild and sometimes moderate disabilities undetected. Spain et al. (2012) 

found that the gait speed of individuals with early stage MS on the Timed 25-Foot Walk Test was 

indistinguishable from that of healthy controls. Significant differences were observed, however, in 

measures captured using body-worn motion sensors, with MS participants having both greater COM sway 

velocity and lateral trunk range of motion than controls. These motion sensors were able to detect small 

changes in MS mobility and required only a few subjects to do so.  

Foot placement and trunk motion are mechanisms of lateral balance control (Patla, Adkin, & 

Ballard, 1999). Narrow-base walking is an adaptive locomotion paradigm that constricts foot placement 

and can be used to assess M-L stability (Deshpande & Zhang, 2014). This task imposes a narrowed BOS 

and requires the participant to more tightly control their COM than what is necessary during normal gait. 

Research using this method has found age-related declines in the ability to walk with a narrowed BOS, 

with both M-L COM velocity and displacement increasing with age (Kelly et al., 2008). Older adults often 

display a more conservative strategy during this task, which is marked by slower gait speed, shorter step 

length, and a greater step width than that of younger adults (Kelly et al., 2008). While no studies using a 

narrow-base walking paradigm on persons with MS could be cited, a study conducted by Kelly and 

Shumway-Cook (2014), found that like older adults, persons with Parkinson’s disease also show a reduced 

gait speed while walking with a narrow-base as compared to healthy controls.  

2.3.1.2.2 Measuring perceived impact of multiple sclerosis on gait 

 The Multiple Sclerosis Walking Scale-12 is a validated self-report measure of walking ability for 

use in the MS population (Hobart, Riazi, Lamping, Fitzpatrick, & Thompson, 2003). It is often used in 

conjunction with performance-based tests, such as the TUG and Dynamic Gait Index (DGI) to provide a 
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measure of a patient’s perspective on their walking ability. It is suitable for measuring change over time 

and has been validated for use both in hospital and community settings (Hobart et al., 2003). It also 

correlates well with disease severity as measured by either the Patient Determined Disease Steps (PDDS) 

or the Expanded Disability Status Scale (EDSS) (Hobart et al., 2003).  

2.3.2 Balance impairment 

2.3.2.1 The normal control of posture and postural control in multiple sclerosis 

Postural control can be defined as the act of controlling the body’s position in space for the 

purposes of both orientation and stability (Shumway-Cook & Woollacott, 1995). It requires that a person 

keep their center of mass (COM) controlled within their base of support (BOS). The BOS is defined as the 

area of the body that comes in contact with the support surface (usually defined by the feet) and thereby 

allows for the generation of supporting forces, such as ground reaction forces at the feet (Binder, 2009). 

Postural orientation is defined as the ability to maintain an appropriate relationship between the segments 

of the body as well as with those segments and the environment in which the task is occurring (Shumway-

Cook & Woollacott, 2016). The term postural control is often used interchangeably with the terms 

equilibrium and balance. The maintenance of proper postural control relies on biomechanical constraints, 

sensory strategies, motor strategies, cognitive control, and orientation-in-space (Horak, 2006). Each of 

these five components can be affected by the symptoms of MS and will thus be discussed in further detail.  

2.3.2.1.1 Biomechanical constraints 

The motion of the COM is influenced by biomechanical variables, such as a person’s height, 

weight, and muscle strength (Chiari, Rocchi, & Cappello, 2002). The shape, dimension, and nature of the 

BOS also play a role in balance performance. In fact, it is the size and quality of the BOS that is the most 

important biomechanical constraint on balance (Horak, 2006). The width of the BOS influences the 

amount and direction of COM sway. During normal stance, COM sway areas are small and concentrated 

in the A-P direction. During gait, COM sway areas tend to be larger and concentrated primarily in the M-

L direction (Winter, 1991). Maintaining an upright stance requires active muscle effort. While standing, 

the line of gravity passes in front of the thoracic spine and neck segments, slightly behind the hip joint, 
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and in front of the knee and ankle joints. This line represents the muscular activation that must occur in 

order for the body to remain upright, despite the natural pull of gravity (Kendall & McCreary, 1983). The 

calf, hip, and trunk muscles are largely involved in this process. Weakness of these muscles, such as the 

quadriceps and knee extensors, may lead to imbalance during activities such as gait.  

2.3.2.1.1.1 Biomechanical constraints and multiple sclerosis 

 Persons with MS tend to widen their BOS while performing static tasks and during gait. They also 

show poor balance performance while standing with their feet together (Ramdharry, Marsden, Day, & 

Thompson, 2006). When standing with the feet together, persons with MS show increased COP 

displacement and this sway area increases with with the eyes closed (Ramdharry et al., 2006; Rougier, 

Thoumbie, Cantalloube, & Lamotte, 2007; Soyeur et al., 2006). Even those with minimal disability 

(EDDS score of 0-4) may show a reduction in the biomechanical components of postural control. One way 

this has been demonstrated is through a reduction in ankle range of motion and muscle activation during 

walking (Benedetti et al., 1999; Martin et al., 2006). Benedetti (1999) measured lower limb muscle 

activity in persons with MS using surface electromyography (EMG). These researchers found that most of 

the participants had one or more indications of altered muscle activity in the tibialis anterior muscle and an 

earlier onset of electrical activity in the gastrocnemius medialis during the stance phase of gait, as 

compared to healthy controls.  

2.3.2.1.2 Motor strategies 

 There are three main motor strategies used with respect to upright posture: hip strategy, ankle 

strategy, and stepping strategy. Hip strategy uses shear forces to keep the COM within the BOS (Horak & 

Nasher, 1986). Large bending of the hips during the use of this strategy results in the repositioning of the 

COM. It is primarily used when the BOS is small or the COM is close to the limits of stability (Horak, 

1987). The use of hip strategy requires quick movements of the axial body segments and the collection of 

reliable information from both the visual and vestibular systems. Ankle strategy restores the COM to a 

position of stability through the use of bodily movements centered around the ankle joints. This strategy is 

normally used during daily life activities and is mainly employed when the individual is on a firm surface, 
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with the COM lying close to the BOS. The third strategy, stepping strategy, is characterized by quick 

movements of one of the lower limbs in the direction of the falling COM. This strategy moves the BOS to 

the location where the COM is going to fall in an effort to restore balance (Horak, 1987).  

2.3.2.1.2.1 Motor strategies and multiple sclerosis 

 MS can affect an individual’s ability to use all three of the mentioned motor strategies. Persons 

with MS who have impaired ankle proprioception may experience difficulties in carrying out the ankle 

strategy. Because the hip strategy relies on accurate visual and vestibular information, it can also be 

affected in persons with MS who have decreased sensory functioning. These individuals may try to avoid 

the use of hip strategy and rely more heavily on stepping strategy when the COM moves to the limits of 

the BOS. This is suggestive of difficulty in controlling sway in the M-L direction (Cattaneo & Jonsdottir, 

2013).  

2.3.2.1.3 Sensory strategies 

 Postural control is dependent on information from the vestibular, visual, and somatosensory 

systems. The specific combination of sensory inputs that are the most important for postural control vary 

according to characteristics of the individual, the environmental conditions in which the task is occurring, 

and the actual postural control task that is being performed (Shumway-Cook & Woollacott, 2016). The 

vestibular system provides the CNS with information concerning the movement and position of the head 

with respect to both inertial and gravitational forces. It provides us with a gravitational frame of reference 

for postural control. Vestibular signals alone, however, are not enough to provide a clear view of how the 

body is moving through space. The visual system provides additional information about the position and 

movement of the head. It also provides information about the surrounding environment. While visual 

inputs are not necessary for the maintenance of balance, they are important. We are often able to maintain 

an upright position with our eyes closed, but sway amplitudes increase, indicating decreased postural 

control (Shumway-Cook & Woollacott, 2016).  Finally, the somatosensory system contributes further 

information about the motion and position of the body with reference to the supporting surface. 

Somatosensory inputs throughout the body also report information about the body segments in 
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relationship to each other. Like with vision, reducing somatosensory inputs causes an increase in COP 

motion, decreasing stability (Asai et al., 1994). Visual, vestibular, and somatosensory symptoms 

associated with MS will be discussed further in the sensory symptom portion of this text (Section 2.3.3).  

2.3.2.1.4 Cognitive control  

 The CNS takes into account prior experiences and environmental hazards in order to maintain 

stance and select the appropriate motor responses according to the specific task and environment. To 

accomplish this, sensory collection, interpretation, and action must work together to maintain balance with 

a limited amount of conscious attention. This is an automatic process that requires cognitive resources as 

well as the involvement of cortical areas. This cognitive processing is required to maintain balance, even 

during seemingly simple tasks such as quiet stance (Horak, 2006). Evidence for the involvement of 

cognitive processing in postural control comes from studies of increasing postural task difficulty and dual 

task paradigms.  

 The more difficult a postural task becomes, the more cognitive processing will be required. 

Standing still with the feet shoulder width apart is a seemingly simple task that should theoretically 

require little attention to complete. If the postural task being performed were more difficult, there could be 

interference caused by additional cognitive processing, requiring that more attention be paid to the task. 

Dault et al. (2001) performed a study to assess whether increasing the difficulty of postural tasks would 

require increased cognitive processing. These researchers measured participants’ COP velocity and 

displacement using two force-plates (one foot on each plate) during three different stances. The stances 

were: (1) standing with the feet shoulder-width apart, (2) standing with the feet shoulder-width apart while 

on two seesaws, and (3) standing in tandem stance with the feet on individual seesaws. Each of these tasks 

was performed under four conditions.  One condition was performed without a concurrent cognitive task 

and three with concurrent tasks of increasing degrees of difficulty. The addition of the cognitive task had 

no effect on the shoulder-width stance. During the stances where participants were standing on seesaws, 

there was an increase in COP velocity and a decrease in COP displacement. This indicated that the simple 

shoulder-width stance required a minimal amount of attention. When difficulty and novelty of the stances 
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were increased, there was a decrease in frontal plane stability (increased COP velocity) even in young, 

healthy individuals.  

2.3.2.1.4.1 Cognitive control in multiple sclerosis 

 It has been estimated that 43-65% of individuals with MS experience cognitive deficits in the 

areas of information processing, working memory, processing speed, visual-spatial memory, attention, and 

executive functions (Hoffmann, Tittgmeyer, & von Cramon, 2007). In individuals with decreased 

cognitive processing due to neurological impairments, more of their available cognitive processing may be 

used to control posture (Horak, 2006). This is evident in persons with MS. There is also increasing 

evidence for the coupling of motor and cognitive impairments in this population (D’Orio et al., 2012). One 

way of demonstrating this is by observing persons with MS walking while simultaneously performing a 

secondary cognitive task (dual-task) and then comparing performance between this and a single-task, 

reference condition. The dual-task paradigm results in alterations of gait in persons with MS. This 

includes a slower walking speed, slower cadence, and a decreased stride length (Kalron, Dvir, & Achiron, 

2010; Sosnoff et al., 2011). These resulting alterations are referred to as the dual-task cost (DTC) of 

walking.  

2.3.2.1.5 Orientation-in-space 

 Orientation-in-space refers to the ability of an individual to recognize the position of the body’s 

segments in space and to interpret the properties of the environment in order to navigate and locate objects 

effectively (Massion, 1992; van der Kooji, Jacobs, Koopman, & van der Helm, 2001). To maintain 

balance, sensory information must be properly integrated and interpreted with respect to a stable frame of 

reference that is relevant to the postural task. In the healthy individual, the nervous system automatically 

alters how the body is oriented-in-space, depending on the task and the context in which it is occurring 

(Horak, 2006). Problems with this aspect of postural control may explain why some persons with normally 

functioning sensory systems still experience dizziness (Cattaneo & Jonsdottir, 2013).  
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2.3.2.1.5.1 Orientation-in-space and multiple sclerosis 

 Little research has been done into how the postural component of orientation-in-space is affected 

in persons with MS. Problems in this domain may, however, provide an explanation for the experience of 

dizziness among individuals with MS who appear to have normally functioning sensory systems (Cattaneo 

& Jonsdottir, 2013).  

2.3.2.2 Measuring balance 

Understanding both normal and impaired balance requires insight into the motor, sensory, and 

cognitive strategies used in maintaining stability. Many measures have been designed that examine 

balance during functional activities. These include measures such as the Berg Balance Scale (BBS)(Berg, 

Wood-Dauphinee, Williams, & Gayton, 1989), the functional reach test (FRT)(Duncan, Weiner, Chandler, 

& Studenski, 1990), and the Balance Evaluations Systems Test (BESTest)(Horak, Wrisley, & Frank, 

2009). The Berg Balance Scale examines a combination of anticipatory postural control and steady-state 

balance, particularly in the context of sitting and standing. It contains fourteen functional tasks which 

range from standing unsupported, sitting to standing, and turning in a full circle while standing. While this 

scale is widely used, it may not be a good predictor of falls risk in individuals with neurologic impairment 

(Harris, Eng, Marigold, Tokuno, & Louis, 2005). The Frailty and Injuries: Cooperative Studies of 

Intervention Techniques Scale 4 (FICSIT-4) is a shorter test of balance that incorporates items from the 

BBS and assesses parallel, semi-tandem, tandem, and one-legged stances (Rossiter-Fornoff, Wolf, 

Wolfson, & Buchner, 1995). It can be quickly completed and has supporting evidence in its ability 

discriminate balance over a large range of health statuses.  

Functional tests of balance are not without their limitations. Few of them examine all aspects of 

postural control and most provide little insight into which subsystem within the body is actually 

responsible for the observed decline in performance (Shumway-Cook & Woollacott, 2016). Measurements 

for the assessment of the strategies for balance often consider COP or COM trajectories. Dynamic 

posturography, which utilizes force-plates to measure the projection of the COP, can be used to quantify 

the displacement of the COM (Shumway-Cook & Woollacott, 2016). The COP is the center of the 
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distribution of the total force that is being applied to the supporting surface. It moves continuously around 

the COM with the aim of keeping it within the BOS, contributing to stability in this way. This measure is 

very sensitive, with force-plates being able to detect even the slightest movements that are not visible to 

the naked human eye. 

One of the most important aspects of assessing postural control involves assessing an individual’s 

ability to organize and select sensory information in response to changing sensory conditions. The Clinical 

Test for Sensory Interaction in Balance (CTSIB) is a method of assessing the sensory organizational 

components of stance postural control (Horak, 1987; Shumway-Cook & Horak, 1986). This test is 

completed on force-plates to measure COP displacement and velocity and includes six conditions. Sensory 

inputs are modified while the participant stands still with feet together by eliminating visual inputs (eyes 

closed), producing inaccurate visual inputs (dome over the head with vertical stripes inside), or producing 

inaccurate support surface information (standing on foam). A modified version exists in which the dome 

condition is eliminated because this condition shows a lack of sensitivity in identifying persons who are 

sensitive to visual motion in the environment (mCTSIB)(Shumway-Cook, Brauer, & Woollacott, 2000).  

2.3.3 Sensory Symptoms 

 Sensory symptoms are often among the earliest reported by individuals with MS. These symptoms 

may affect the visual, vestibular, and somatosensory systems (Miller, 2006). Along with sensory deficits, 

sensory abnormalities may be experienced. These abnormalities can include complaints of burning, 

tightness, and tingling. The usual pattern of presentation of these abnormal sensations is for numbness and 

tingling to begin in one foot and spread over the course of a few days to involve the entire lower limb 

(McDonald & Compston, 2006). Difficulties with sensory strategies may be linked to balance disorders in 

persons with MS. These individuals may show a reduced ability of the body receptors to collect the 

correct sensory information or an inability of the CNS to correctly interpret this information (Cattaneo & 

Jonsdottir, 2013).  
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 2.3.3.1 Symptoms of the visual system 

2.3.3.1.1 The normally functioning visual system 

 In the normally functioning visual system, light enters the eye through the cornea, proceeds to the 

anterior chamber, pupil, lens, and posterior chamber before finally impinging on the retina (Schiller & 

Tehovnik, 2015). The retina lines the posterior three quarters of the eye and is the beginning of the visual 

pathway (Tortora & Nielsen, 2009). It contains two types of photoreceptors: (1) rods, responsible for 

black and white vision in dim light and (2) cones, which are responsible for colour vision. When these 

photoreceptor cells are stimulated, they release neurotransmitters that induce changes in bipolar and 

horizontal cells, which connect to both amacrine cells and retinal ganglion (Schiller & Tehovnik, 2015). 

This stimulation of photoreceptor cells and subsequent release of neurotransmitters leads to the generation 

of nerve impulses. The axons of these retinal ganglion cells extend posteriorly to the optic disc (blind 

spot) before exiting the eyeball at the optic nerve. The next step in the pathway is the optic chiasm, which 

is the crossing point of the optic nerves before they become part of the optic tracts. The optic tracts then 

enter the brain and terminate in the lateral geniculate nucleus of the thalamus. Here, they synapse once 

more with the neurons that form the optic radiations that then project to the primary visual areas of the 

cerebral cortex and occipital lobe, producing vision (Tortora & Nielsen, 2009).  

  2.3.3.1.2 Visual functioning in multiple sclerosis 

 MS may affect the visual system in a number of ways. The retina, chiasm, optic nerve, optic 

radiations, and visual sensory cortices can all be damaged in the disease process (Frohman, Frohman, Zee, 

McColl, & Galetta, 2005). Common visual deficits experienced in this population include visual field 

deficits, optic neuritis, chronic optic neuropathy, eye movement disorders, diplopia, and visuo-perceptive 

abnormalities (Hickman, Raoof, McLean, & Gottlob, 2014). Optic neuritis is the loss of vision with or 

without associated pain. It is caused by primary inflammation of the optic nerve, and is very common in 

MS due to the disease’s inflammatory nature. As a symptom, it is experienced by roughly 50% of patients 

with MS in their lifetime is the first attack experienced by 21% of persons with MS (Confavreux & 

Vukusic, 2006; Frohman et al., 2005).  
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It has long been known that the optic nerves are affected in MS. Chronic optic neuropathy is 

related to optic nerve atrophy in MS and has been demonstrated in this population through MRI 

technology, although progressive vision loss due to chronic nerve atrophy is rare (Davies et al., 1998; 

Hickman et al., 2014).  

  2.3.3.1.3 Measuring the function of the visual system 

 The first step in the assessment of visual functioning is that of measuring visual acuity. Visual 

acuity refers to the relationship between the distance at which the test is being performed and the minimal 

object size that the patient is able to read at that distance. It is often measured using the Snellen eye chart 

(Snellen, 1862). A score of 20/20 represents normal acuity, in which the patient is able to see at twenty 

feet what a normal eye is able to see at twenty feet. A loss of visual acuity may occur for a number of 

reasons, including but not limited to optic nerve problems and retinal, corneal, or intraocular lens 

dysfunction (Mendoza & Foundas, 2008). Another useful test in the assessment of visual functioning in 

persons with MS is that of measuring contrast sensitivity. Contrast sensitivity is a sensitive measurement 

of optic nerve function that may capture aspects of visual dysfunction even when other testing techniques 

produce normal results (Baier, et al., 2005). Contrast sensitivity charts commonly used in testing patients 

with MS include the low-contrast Sloan letter charts. The Pelli-Robson chart (Pelli, Robson, & Wilkins, 

1988) is an alternative measure for contrast sensitivity that may be easily used in the clinical setting. This 

chart presents letters of the same size but with progressively decreasing contrast as you move from the top 

to the bottom of the chart. In cases of acute optic neuritis, common in MS, contrast sensitivity may be 

affected more than colour vision or visual acuity (Baier et al., 2005).  

 2.3.3.2 Symptoms of the vestibular system 

  2.3.3.2.1 The normally functioning vestibular system 

 Collectively, the saccule, utricle, and semicircular canals of the inner ear compromise the 

vestibular system. The saccule and utricle contain a small, thickened region, known as the macula, which 

is the receptor organ of the vestibular system (Coren et al., 2004). Hair cells protrude from the maculae. 

These cells are embedded in a thick gelatinous, glycoprotein layer known as the otolithic membrane. 
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Calcium carbonate crystals called otoliths extend over the surface of this membrane. When the head is 

tilted forward, the otolithic membrane and the otoliths are pulled down over the hair cells by gravity in the 

direction of the tilt. This movement causes a bending of the hair cells, leading to the generation of nerve 

impulses (Tortora & Nielsen, 2009). Hair cells synapse with first-order sensory neurons in the vestibular 

branch of the vestibulocochlear nerve. The vestibular nerve is divided into two branches. The first is the 

superior branch, which runs parallel to the facial nerve in the internal auditory canal and supplies the 

anterior and lateral semicircular canals as well as the utricle. The second is the inferior branch, which runs 

parallel to the cochlear nerve and innervates both the saccule and posterior semicircular canals (Fetter, 

2000). From this point, a majority of the nerve fibers go to the vestibular nuclei, but there are also 

projections to the cerebellum and cortex (Coren et al., 2004).  

  2.3.3.2.2 Vestibular functioning in multiple sclerosis 

 Damage to the vestibular system due to MS may lead to the experience of vertigo, gait ataxia, and 

imbalance (Herrera, 1990). Symptoms of vertigo are experienced by up to 50% of patients at some point 

in the disease process (Williams, Roland, & Yellin, 1997). Vertigo, along with balance disorders and 

nystagmus, are often among the earliest manifestations of RRMS. The majority vestibulocochlear nerve 

fibers are myelinated with a peripheral type of myelin and are not affected by MS plaque formation. The 

last few millimeters and portion of the nerve within the brainstem however, are myelinated by CNS 

myelin, and are thus susceptible to MS demyelination (Williams et al., 1997). Like the other symptoms of 

MS, vestibular symptoms often differ from patient to patient and across the disease course. An evaluation 

of thirty patients with early stage RRMS found that 85% of patients evaluated showed some sort of 

vestibular alteration (Zeigelboim et al., 2008). Alterations included bilateral peripheral irritative 

vestibulopathy, bilateral peripheral deficit vestibulopathy, and left peripheral deficit vestibulopathy. These 

researchers did not find any clearly defined patterns of vestibular pathogenesis in these participants.  

  2.3.3.2.3 Measuring the functioning of the vestibular system 

 One way in which vestibular functioning is assessed is through the use of electronystagmography 

(ENG) in which small electrodes are placed on the skin near the eyes to record movements. A rotary chair 
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test may be used to determine if vestibular symptoms are due to a disorder of the brain or inner ear. 

During this test, the patient sits in a computerized chair that moves while eye movements are recorded 

with electrodes similar to that used in ENG. Changes in the vestibular ocular reflex (VOR) may be 

measured using tests of dynamic visual acuity (DVA)(Herdman et al., 1998). The VOR allows for objects 

to be kept in focus while the head is moving. DVA tests often require individuals to view a letter on a 

screen and indicate the direction in which it is pointing while completing a mobility task such as walking 

on a treadmill. The subjective visual vertical (SVV) test involves orienting a projected line to a vertical 

position while in a dark room (Bohmer & Rickenmann, 1994). This test has been found to be useful in the 

assessment of patients with both injury to the inner ear and vestibular neuritis (Funabashi et al., 2012).   

 2.3.3.3 Symptoms of the somatosensory system 

  2.3.3.3.1 The normally functioning somatosensory system 

 The somatosensory system provides us with information as to where our limbs are located in 

space and how they are moving (Blumenfeld, 2010). This includes the proprioceptive sensations, such as 

those of the ankle, vibration sense, pain, and pressure.  Proprioceptors are embedded in the tendons and 

muscles (primarily the postural muscles). Primary sensory neuron axons carrying proprioceptive 

information enter the spinal cord via the dorsal root ganglion and travel up to the caudal medulla where 

they synapse with secondary sensory neurons before decussating. After decussating, the secondary 

neurons continue to ascend and synapse in the thalamus. From there, the neurons project to the primary 

somatosensory cortex in the postcentral gyrus (Blumenfeld, 2010). Proprioceptive information is also 

relayed to the cerebellum by way of the anterior and posterior spinocerebellar tracts. Here, proprioceptive 

inputs inform the cerebellum of movement, allowing it to refine, coordinate, and smooth movements, as 

well as maintain proper balance and posture (Tortora & Nielsen, 2009).  

  2.3.3.3.2 Somatosensory functioning in multiple sclerosis 

 Studies have demonstrated the influence of the loss of somatosensation on postural control and 

gait in persons with MS (Rougier et al., 2007; Thoumbie & Mevellec, 2002). When a loss of 

somatosensation occurs in this population, there is a higher contribution of both the extensors and flexors 
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of the lower limbs to maintain gait speed (Thoumbie & Mevellec, 2002). Rougier at al. (2007) 

demonstrated that individuals with MS who have a loss of proprioception expend more energy in 

maintaining an upright stance. These individuals will often compensate for a loss of proprioception with 

vision to prevent a loss of balance, increased postural sway, and an increased risk of falls. Persons with 

MS may also have reduced white matter integrity along the entire cortical proprioceptive tract. The 

microstructural integrity of this tract is highly related to proprioceptive-based based balance control, not 

only in persons with MS, but in healthy individuals as well. Fling et al. (2014) suggest that when 

disruptions to the cortical proprioceptive tracts occur, patients with MS may become more dependent upon 

vision, the vestibular system, and cerebellar-regulated proprioceptive control to maintain postural control.  

2.3.3.3.3 Measuring the functioning of the somatosensory system 

 The different modalities that fall under the classification of a somatosensation may all be 

measured. For example, touch can is often measured using a two-point discrimination test and light 

pressure using monofilaments. Vibration thresholds are often measured by means of a tuning fork. The 

vibrations from these forks are able to induce a displacement of subcutaneous tissue, producing a 

sensation. They remain the most widely used method by neurologists for assessing vibration sensation 

(Temlett, 2009). Problems arise however, if the fork is not used consistently. For example, inconsistent 

techniques for energizing the fork, such as striking the fork with the hand versus the knee, produce a 

variable intensity of vibration, for a variable amount of time. A biothesiometer may also be used to assess 

vibration sensation. Unlike with a tuning fork, the biothesiometer delivers a highly accurate, predictable 

and reproducible sinusoidal vibration, which is felt as a stimulus very similar to that of the fork. It has 

been found that the use of a biothesiometer in assessing vibration threshold is a more accurate gauge of 

the threshold as compared to the use of tuning fork (Temlett, 2009). The downfall to the potential use of a 

biothesiometer is that they require more space and are dependent on the availability of electricity.  

 Proprioception measurements, particularly at the ankles, tend to focus on measurement of joint 

position sense and kinesthesia (the ability to detect movement). This may involve clinical assessment 

performed by a tester manually rotating the foot or movement of the foot via torque machine (Deshpande, 
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Connelly, Culham, & Costigan, 2003). Deshpande et al (2003) assessed the reliability and validity of four 

proprioceptive methods: (1) threshold of perception of passive movement, (2) active-to-active 

reproduction of joint position, (3) reproduction of torque, and (4) reproduction of movement velocity. 

These researchers found that threshold for perception of passive movement of the ankle (measured using a 

torque motor) was the most valid and reliable method of assessing age-related changes in proprioception 

of the ankle. They concluded that it might be the most useful of the four tests in detecting subtle 

proprioceptive impairments. To our knowledge, this sensitive method of assessing ankle proprioception 

has not been tested in the population of persons with early-stage MS.  

2.3.4 Fatigue 

 Fatigue is defined as a subjective lack of mental and/or physical energy that is perceived by the 

individual to interfere with activities of daily living (Krupp, 2003). Over one third of patients with MS 

experience fatigue at some point in the disease course, and between 10-20% of patients consider it to be 

their most disabling symptom (Fisk et al., 1994). Fatigue is a non-specific symptom in MS. It may be 

easily confused with depressed mood or muscle weakness, and is often associated with both (Krupp, 

2003). This makes it very difficult to determine whether a patient’s fatigue is simply an aspect of 

depressed mood/motor disturbances, or a symptom of the disease in and of itself. Persons with MS who 

experience fatigue tend to have higher lesion loads in the internal capsule, periventricular trigone, and 

parietal lobe than those who do not experience fatigue (Colombo et al., 2000). It may be a transient 

phenomenon, associated with or proceeding relapses, or chronic and present at all times (Krupp, 2003).  

 There are many factors that affect the experience of fatigue in MS. It tends to worsen in the later 

parts of the day, increases with increased stress levels, and is exacerbated by heat (Krupp, Alvarez, 

LaRocca, & Steinberg, 1988). Positron emission tomography (PET) has identified a significant association 

between fatigue (as measured by the Fatigue Severity Scale) and cerebral glucose availability, whereby a 

decrease in the brain’s supply of glucose could cause fatigue (Roelcke et al., 1997). It has been proposed 

that impaired conduction in demyelinated axons along the central motor pathways, along with secondary 



 27 

axonal degeneration, leads to a reduction in the recruitment of spinal motor units, leading to feelings of 

fatigue (Rice, Vollmer, & Bigland-Ritchie, 1992).  

2.3.4.1 Measuring fatigue in multiple sclerosis 

 Fatigue, by nature, is a subjective experience. It is for this reason that self-report measures are 

often used for quantifying the experience of fatigue as a symptom in MS (Comi, Leocani, Rossi, & 

Colombo, 2001). Several measures exist for this, including the Fatigue Impact Scale (FIS), Fatigue 

Severity Scale (FSS), and the Modified Fatigue Impact Scale (MFIS). The FSS measures the impact of 

fatigue on daily living and was designed for use in populations with lupus and MS (Krupp, LaRocca, 

Muir-Nash, & Steinberg, 1989). It is the most commonly utilized multi-dimensional scale for measuring 

fatigue. Flachenecker et al. (2002) compared four widely used self-report measures of fatigue on a 

population of persons with MS who either reported fatigue to be among their most disabling symptoms 

(MS fatigue group) or did not (MS non-fatigue group). The fatigue measures used included the FSS, 

MFIS, MS-specific FSS, and the Visual Analogue Scale. The FSS showed a moderate association to all 

other scales. It was also the most discriminative scale in distinguishing between the two study groups, 

showing no overlap between the 10th and 90th percentiles of the two groups. This research aligns with 

other studies supporting that the FSS is a reliable measure of fatigue in patients with MS.  

2.3.5 Falls  

Falls are a profound issue for persons with MS. Research consistently finds that more than 50% of 

people with MS fall at least once a month or more (Cattaneo et al., 2002; Nilsagard, Lundholm, Denison, 

& Gunnarsson, 2008). Many of the other symptoms associated with MS, such as changes in vision, 

balance impairments, and cognitive decline are consistent with known falls risk factors for community-

dwelling older adults (Rubenstein & Josephson, 2002). Risk factors for falls in MS include being a male, 

having greater MS disease-related disability, gait changes, balance impairment, and sensory changes 

(Finlayson et al., 2006; Kasser, Jacobs, Foley, cardinal, & Maddalozzo, 2011). Balance impairments, 

however, are consistently found to be the most common risk factor for experiencing a fall for persons with 

MS, and are thus highly important to the focus of this study. Injurious falls are commonly reported by 
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individuals with MS, with those who also report a fear of falling being more likely to report a falls-related 

injury (Peterson, Cho, von Koch, & Finlayson, 2008). It is important to note that individuals with MS are 

two to three times more likely to suffer a fracture as the result of a fall than are healthy individuals, and 

this risk increases as the disease progresses. This increase is due in part to the decreased levels of physical 

activity often seen in persons with MS, as well as altered bone metabolism and the potential use of 

corticosteroids during relapses (Fjeldstad, Pardo, Bemben, & Bemben, 2011).  

Falls prevalence does increase as disability status increases, but patients with low levels of clinical 

disability due to MS still fall. A study by Moen et al. (2011), looked at falls in 72 patients with early stage 

MS (defined as an average Expanded Disability Status Scale score of 1.4 ± 1.1) and found that as many as 

20% of the participants with MS self-reported a tendency to fall, compared to only 3% of healthy controls. 

They concluded that a substantial proportion of patients who are newly diagnosed with MS have a self-

reported falls tendency and that action taken to prevent falls in this population should be considered 

promptly after diagnosis.  

 2.3.5.1 Fear of falling and balance confidence in multiple sclerosis 

 Fear of falling (FOF) has been defined as a lasting concern about falling that can lead to 

individuals avoiding activities that they are still capable of performing (Tinetti & Powell, 1993). This 

concept is related to that of balance confidence, which can be defined as an individual’s confidence in 

their ability to remain steady (Powell & Meyers, 1995). FOF has been shown to contribute to functional 

decline, a decrease in perceived health status, and an increased risk of admission to institutional care 

(Cumming, Salkeld, Thomas, & Szonyi, 2000). It is also correlated with falls in persons with MS. 

Individuals with MS who report having a FOF have been shown to have a greater falls risk and concerns 

about falling are common in persons with MS, even if they have not recently experienced a fall (Matsuda, 

Shumway-Cook, Ciol, Bombardier, & Kartin, 2012; Peterson, Cho, & Finlayson, 2007). Individuals with 

a FOF often have low confidence in their ability to avoid falls, indicating low balance confidence 

(Cumming et al., 2000). It is possible however, to increase an individual’s balance confidence through 

interventions, such as group exercise programs (Learmonth, Paul, Miller, Mattison, & McFadyen, 2012). 
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An area of particular concern pertaining to FOF in patients with MS is its connection to activity 

curtailment. Patients with MS tend to be less physically active than members of the general population 

(Motl, McAuley, & Snook, 2005). Studies have demonstrated that a reduction in physical activity caused 

by FOF in MS can negatively affect spasticity, depression, fatigue, mobility capabilities, and quality of 

life (Sandroff et al., 2012). Because of the importance of balance confidence in completing activities of 

daily living and its connection to FOF, it will be assessed in this study.  

2.3.5.1.1 Measuring balance confidence in multiple sclerosis 

  Many of the measures used to assess balance confidence were developed for use in populations of 

older adults and have since been used in the MS population. These include the Falls Control Scale (FCS), 

Falls Efficacy Scale (FES), and the Activities-Specific Balance Confidence (ABC). The ABC scale has 

previously been used in MS research. Nilsagard and colleagues (2012) found an average ABC score of 

60/100 for fallers in the MS population, as compared to an average score of 66/100 among non-fallers in 

the same population. The test-retest reliability of this measure in persons with MS is 0.92 and it correlates 

well with tests of static and dynamic balance in this population (Cattaneo, Regola, & Meotti, 2006; 

Cattaneo, Jonsdottir, & Repetti, 2007).  

2.3.6 Muscle Weakness 

 A loss of muscle strength is one of the most important factors associated with a loss of function in 

patients with MS and it has the potential to affect almost all activities of daily life (Bethoux et al., 2013). 

Muscle weakness in MS is mostly related to a decrease in central commands due to the disruption of 

excitatory signal transmission along the neuro-axis as a result of demyelination. Deconditioning and 

chronic elongation of muscles due to sustained non-physiologic postures are among the additional factors 

that may contribute to muscle weakness in MS. Muscles that are commonly affected include the shoulder 

flexors/abductors, elbow flexors/abductors and muscles of the lower extremities including the knee 

flexors/extensors and hip flexors/extensors/abductors. It has been suggested that the characteristics of 

individual skeletal muscle fibers and skeletal muscle as a whole are altered in patients with MS. Kent-

Braun and colleagues (1997) found that individuals with MS tend to present with fewer type I muscle 
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fibers and smaller muscles fibers of all types. Patients with MS also had lower levels of succinic 

dehydrogenase (enzyme that participates in the both the electron transport chain and citric acid cycle) 

activity in their tibialis anterior muscles. Muscle atrophy of the knee extensors of participants with MS 

was double that observed in healthy participants.  

2.3.6.1 Measuring muscle weakness in multiple sclerosis 

 Typical assessments of muscle strength include the use of manual muscle testing (MMT) using 

the Medial Research Council Rating Scale (Medical Research Council, 1976). This scale rates muscle 

contraction from zero, indicating no muscle contraction, to five, indicating normal strength. MMT is an 

easy to use measure and changes in MMT scores have been proven to be clinically significant, but its 

sensitivity is less optimal that that of other measures. It also requires that examiners be properly trained to 

ensure good reliability and reproducibility (Medical Research Council, 1976). Dynamometry is an 

alternative performance-based measure of strength that is more sensitive and precise than the use of 

MMT. If large-scale dynamometry equipment, such as the Human Biodex, is not available or feasible for 

strength measurements, a hand-held dynamometer may be used. Like MMT, they require careful setup to 

ensure that reproducibility of results, but require little space and are easily utilized in clinical settings.  

2.3.7 Mood disorders 

 The presence of depression as a symptom of MS has been known since the first detailed account 

of the disease in the nineteenth century (Charcot, 1879). The lifetime prevalence of depression in MS is 

around 50%, yet 25% of cases remain undiagnosed and untreated (Feinstein, 2011; McGuigan & 

Hutchinson, 2006). One of the main reasons for this under-diagnosis is the fact that depression and MS 

share symptoms. This includes the presence of disturbed sleep, decreased participation in physical 

activity, and fatigue, making it difficult to diagnose depression in this population (Feinstein, 2011). 

Epidemiological data indicate that depression is more common in younger persons with MS. This suggests 

that the early stages of the disease represent a period of vulnerability to psychological distresses, such as 

depression and anxiety (Suh, Motl, & Mohr, 2010). This is of particular interest to the present study, as the 

population of interest are those with early stage MS.  



 31 

 The importance of anxiety in MS has been studied less than that of depression. Reports of anxiety 

prevalence among patients with MS range from 14-41% (Korostil & Feinstein, 2007). The exact cause of 

anxiety in patients with MS is unknown. It may be linked to the duration of the disease, site of lesions, the 

sub-type of MS, or reactions to disease occurrence. Research has shown that patients with MS can become 

anxious about the uncertainty of how their disease will progress. They may also feel anxiety surrounding 

their symptoms and how they fluctuate (Cosh & Carslaw, 2014). Unlike depression, which is associated 

with disability status, anxiety in MS seems to be associated with chronic pain (Kalia & O’Connor, 2005). 

Over 60% of patients report pain at some point in the disease course and it is often severe enough to 

prevent individuals from carrying out responsibilities and duties, or to interfere with family, social, or 

work life (Miller, 2006). Anxiety as a disorder remains both under-diagnosed and undertreated in these 

patients (Korostil & Feinstein, 2007). Disability has been identified as a correlate of psychological well 

being in persons with MS. It stands to reason that disability due to the experience of balance impairments 

in this population can affect levels of psychological distress (Suh et al., 2010).  

 2.3.7.1 Measuring mood disorders in multiple sclerosis 

 There are a number of self-report measures of depression and anxiety available. A majority of 

these measures, however, were not developed for use with individuals who have neurological disorders. 

The Hospital Anxiety and Depression Scale (HADS) was created for use in populations of patients with 

neurological disorders (Zigmond & Snaith, 1983). Additional measures that have been previously used for 

the assessment of mood in MS include the 21-Item Beck Depression Inventory (BDI)(Beck, Ward, 

Mendelson, Mock & Erbaugh, 1961) and the Patient Health Questionnaire-2 (PHQ-2)(Kroenke, Spitzer, & 

Williams, 2003). The HADS has the advantage that it assesses not only the experience of depressive 

symptoms, like the BDI, but those of anxiety as well. The full diagnosis of a mood disorder, such as a 

major depressive disorder, does however require a full clinical interview. Self-report questionnaires for 

depression remain as useful screening tools in this population.  
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 2.3.8 Physical activity in multiple sclerosis 

 Evidence exists for the beneficial role of physical activity on symptoms management in persons 

with MS (Snook & Motl, 2009). Despite this, persons with MS participate in physical activity less than the 

general population (DeBolt & McCubbin, 2004; Motl et al., 2005; Oken et al., 2004). This tendency to be 

less physically active can contribute to deconditioning and the development of secondary conditions in 

MS. This includes cardiovascular disease, diabetes, and the acceleration of disease progression (Sandroff 

et al., 2012). Persons with MS who do routinely engage in physical activity may be able to partially delay 

functional decline (Stuifbergen, Blozis, Harrison, & Becker, 2006). There are also differences in physical 

activity levels between the sub-types of MS and the severity of the disease. For example, individuals with 

PPMS (follows a course of greater disability) are less likely to be physically active than those who have 

been diagnosed with RRMS (Motl et al., 2005).  

The common symptoms of MS may partially explain the low levels of physical activity seen in 

this population (Motl et al., 2008). A loss of balance and coordination, fatigue, and depression are among 

the symptoms associated with MS that could affect participation in physical activity. A loss of balance 

could be a consequence of physical inactivity or the cause of it (Motl et al., 2008). The same can be said 

of depressive symptoms. Physical inactivity may lead to increased severity of depressive symptoms and 

depressive symptoms may lead to disinterest and a decrease in participation in physical activity 

(Roshanaei-Moghaddam, Katon, & Russo, 2009). In general, persons who are more physically active have 

lower rates of depression. This is also true for persons with MS (Jensen, Molton, Gertz, Bombardier, & 

Rosenberg, 2012). The effect of physical activity on depressive symptoms may be mediated by 

dopaminergic, anti-inflammatory, or neurologic changes that have stress buffering and mood-enhancing 

effects (Hamer, Endrighi, & Poole, 2012).  

2.3.8.1 Measuring levels of physical activity participation in multiple sclerosis 

 There is increasing evidence for the reliability and validity of both objective and self-report 

measures of physical activity among ambulatory individuals with MS (Kayes, Schluter, Mcpherson, 

Taylor, & Kolt, 2009; Motl, Snook, & Schapiro, 2008). Accelerometers have been used but concerns have 
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been raised over the psychometric properties of these measures in persons with MS due to the mobility 

impairments commonly seen in this population (Snook, Motl, & Gliottoni, 2009). Furthermore, 

accelerometers may actually measure both physical activity and mobility impairments. Self-report 

questionnaires on the other hand may only be measuring physical activity (Snook et al., 2009).  

 Three self-report measures of physical activity are commonly used for persons with MS. The 

Godin Leisure-Time Exercise Questionnaire (GLTEQ) is frequently used in this population and includes 

three questions that assess the frequency of mild, moderate, and strenuous exercise for periods of more 

than fifteen minutes during an individual’s leisure time in a typical week (Godin & Shephard, 1985). The 

Physical Activity and Disability Survey (PADS)(Rimmer, Riley & Rubin, 2001) and 7-Day Physical 

Activity Recall (7dPAR)(Sallis et al., 1985) contain more questions than the GLTEQ and ask about the 

type, duration, and intensity of activities. One limitation to these measures is their retrospective nature. It 

can be difficult to accurately recall the time spent participating in physical activity and there is a tendency 

to overestimate participation. The Human Activity Profile (HAP) has been previously used as an indicator 

of physical activity levels in populations with chronic pain, renal failure, various neurological disorders, 

and arthritis (Davidson & DeMorton, 2007). This measure asks participants to read a list of activities and 

for each one, indicate whether they are still engaging in the activity, have stopped engaging in the activity, 

or never engaged in this activity. The HAP score represents the range of activities that an individual is 

performing, rather than the actual activity performed over a given period, thus relying less on the detail-

oriented recall of physical activity participation. In a study of patients with end-stage renal disease, the 

HAP was found to correlate well with results on measures of seven-day accelerometry, which is aimed at 

measuring habitual activity levels. This study found that the HAP also had higher correlations to 

accelerometry results than other commonly used measures, including the 7dPAR (Johansen et al., 2001). 

No studies could be found that have compared use of HAP to other measures of physical activity 

specifically in the MS population.  
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2.4 Treatments of multiple sclerosis 

2.4.1 Drug treatments 

 While there is currently no cure for MS, there are drug therapies for the treatment of acute 

relapses as well as long-tem disability. Acute treatments are often used for the relapses experienced as part 

of a relapse-remitting disease course. While most of these attacks will improve on their own, a course of 

corticosteroids can also be given to combat the inflammation associated with a relapse. High-dose 

methylprednisolone is commonly prescribed for acute relapses because of its ability to easily cross the 

blood-brain barrier and reduce the inflammatory response. It exerts its effects by inhibiting the synthesis 

of pro-inflammatory molecules and stabilizing the blood-brain barrier (Weinsheker & Mowzoon, 2006). 

Immunomodulatos may also be prescribed for RRMS. Common immunomodulators include interferon 

beta (IFNβ)(eg. Rebif) and glatiramer acetate (GA)(eg. Copaxone)(Mendes & Sa, 2011). IFNβ is 

believed to help reduce T-cell activation by interfering with antigen processing and presentation through 

the down-regulation of the expression of the major histocompatibility complex (MHC). It also up-

regulates B-cell survival and inhibits the ability of T cells to cross the blood-brain barrier by interfering 

with the expression of several molecules. GA leads to an immune deviation by inducing the expression of 

anti-inflammatory cytokines (Mendes & Sa, 2011).  

2.4.2 Rehabilitation therapies 

Rehabilitation is a critical component of a comprehensive approach to MS care (Hinrichs & 

Finlayson, 2012). It can be defined as an active, client-centered process that is empowering, goal-oriented, 

and often time limited (European Multiple Sclerosis Platform, 2004; National Institute of Clinical 

Excellence, 2003). Rehabilitation strategies for the management of MS are primarily concerned with the 

management of symptoms, maintenance of current abilities, regaining lost abilities, and the maximization 

of quality of life across a wide range of domains (Sutliff, 2008). The rehabilitation team is often 

multidisciplinary and may include neurologists, primary care physicians, nurses, physical therapists, and 

occupational therapists. Physical therapists may address many of the common impairments of MS. This 

includes limitations in balance, gait, range of motion, and strength (Sutliff, 2008). A client-tailored 
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exercise program may be prescribed for problems with movement and function, or gait retraining on the 

use of orthotics and mobility aids when gait impairment occurs (Martin & Kessler, 2007). Occupational 

therapy will often focus on improving the individual with MS’s ability to engage in self-care, leisure 

activities, mobility, and domestic life (Forwell & Zackowski, 2008). This may be accomplished through 

task-specific training, education, advocacy, and the therapeutic use of self (American Occupational 

Therapy Association, 2008). At the center of any rehabilitation program is the individual with MS, with 

interventions focused around their identified individual needs, values and goals.  

2.5 Summary  

  Multiple sclerosis is a complex disease. Symptomology varies from patient to patient. One of the 

most common and multi-faceted symptoms experienced with this disease are balance impairments, both in 

stance and gait. Problems with balance are also common in the early stages of the disease. Comprehensive 

assessment of balance impairment requires the measurement of multiple aspects of postural control. This 

includes measures of standing balance, balance confidence, balance under different sensory and stance 

conditions, and balance during gait. Balance during gait is concentrated in the M-L and has not been 

previously measured using narrow-base walking combined with motion-capture software. Postural control 

may also be affected by a number of the other symptoms commonly present early in MS. This includes, 

but is not limited to, fatigue, anxiety and depression, problems with sensation, muscle weakness, and 

decreased levels of physical activity. Assessment of the other symptoms that may contribute to the 

experience of impairment in M-L postural control creates a clearer picture of the impairment than can be 

achieved through the measurement of balance alone. It can potentially provide information pertaining to 

the cause of imbalance as well as the possible rehabilitation strategies suited for ameliorating it.  

2.6 Objectives 

The specific objectives of this study were to: 

1. Explore the M-L balance during gait of participants with early-stage MS and that of healthy 

controls using center of mass velocity and displacement outcomes. 
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2. Explore the standing balance of participants with early-stage MS and that of healthy controls 

using center of pressure outcomes. 

3. Explore the other common symptoms of early-stage MS with known connections to postural 

control that may differ between patients, such as fatigue, muscle weakness, increased anxiety and 

depression, decreased participation in physical activity, and impairment in sensory function. 
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Chapter 3: Methods 

3.1 Research Design 

 This study employed an exploratory design. An exploratory design was used because of the lack 

of previous research conducted on this topic. This study was conducted to explore the nature of the 

problem of M-L instability in MS and was not intended to provide conclusive evidence. Three individuals 

with early stage multiple sclerosis and their healthy sex and age-matched controls were tested at a single 

point in time. Data collection was quantitative in nature and the primary goal was to explore balance 

during gait in persons with early-stage multiple sclerosis using a narrow-base walking protocol. This study 

also aimed to assess standing balance and other MS-related symptoms that may contribute to balance 

impairment.  

3.2 Participants 

 Three participants with early stage MS were recruited. The participants were females ages 25, 33, 

and 23. Healthy control participants were age-matched to within three years older or younger than the 

participants with MS. Participants with MS were recruited using advertisements (Appendix A) placed at 

the MS clinic located in Hotel Dieu Hospital, the Frontenac, Lennox, & Addington Chapter of the 

Multiple Sclerosis Society of Canada, located in Kingston, Ontario, and the Kingston community at large. 

Two newspaper advertisements were placed in the publication Kingston This Week (Appendix B). Healthy 

controls were recruited from the community using poster advertisements (Appendix C) placed at various 

locations, including Queen’s University, Kingston General Hospital, the YMCA, and the Ongwanada 

Resource Centre. One additional male participant with multiple sclerosis and four additional healthy 

controls showed interest in study participation, were screened and subsequently excluded from the study 

due to the inability to recruit controls for study control to MS participant pairing. 

3.2.1 Inclusion and Exclusion Criteria 

 Participants with MS were screened before their testing session to ensure that they qualified for 

the study. The Patient Determined Disease Steps (PDDS)(Appendix D) is a measure that provides an 

assessment of walking disability in MS (Hohol, Orav, & Weiner, 1995). It can serve as a guide for 
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neurologists in measuring disease progression and provides a simple and quick alternative to the use of the 

Expanded Disability Status Scale (EDDS)(Kurtzke, 1983). To be eligible for the present study, 

participants were required to have a PDDS score of three or less. A score of three or less on the PDDS 

corresponds with the ability to walk at least 25 feet without aid, and at most the use of a unilateral support, 

such as a cane, while walking further distances (Hohol et al., 1995). Participants were also required to 

have an average Fatigue Severity Scale (FSS)(Krupp et al., 1989)(Appendix E) score of 5 or less. Relapse 

status for the previous three months was self-reported by participants.  

 Participants were excluded from the study if they had been diagnosed with an additional 

neurological condition (such as Parkinson’s disease), if they had pain in the lower limbs while walking 

(eg. due to osteoarthritis, recent trauma, peripheral vascular disease, etc.), or if they were currently taking 

a dalfampridine medication (eg. Amprya). Dalfampridine (4-Aminopyridine) is a potassium channel 

blocker that improves the conduction and propagation of action potentials in demyelinated neurons 

(Sahraian, Maghzi, Etemadifer, & Minagar, 2011). This medication has been used to treat walking 

impairments in patients with MS and studies have shown that its use can lead to an increase in walking 

speed on the Timed 25 Foot Walk Test, improved leg strength, and decreased leg spasticity (Hayes, 2011). 

It is because of the positive effects that dalfampridine can have on gait, and the potential that its use has 

for masking gait and balance related deficiencies, that patients taking it were excluded from the study. The 

Short Blessed Test of Information Memory and Concentration (Appendix F) was administered over the 

phone and was used to screen patients for a cognitive impairment. A Blessed Test score of zero to four 

indicates normal levels of cognition, while a score equal to or greater than five corresponds to 

questionable levels of impairment (Katzman et al., 1983). This tool has been validated for use in persons 

with MS and is easily administered over the phone (Katzman et al., 1983). Those who scored greater than 

or equal to five on the Short Blessed were excluded from the study. Participants were further screened for 

possible cognitive impairment when they arrived for their laboratory session with the Mini Mental State 

Exam (MMSE)(Folstein, Folstein, & McHugh, 1975)(Appendix G). If participants scored less than 24 out 
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of a possible 30 points on the MMSE, they were also excluded from the study. The MMSE was conducted 

in person to reaffirm results of the phone screening for cognitive impairment.  

3.3 Outcome Measures 

 3.3.1 Gait 

 3.3.1.1 OPTOTRAK Instrumentation 

 Two OPTOTRAK 3023 system cameras (Northern Digital, Waterloo, ON, Canada)(Figure 1) 

were used to collect kinematic data during the walking trials. Participants were fitted with ten infrared 

emitting diodes (IREDs), which allowed the cameras to track their movements. The IREDs were attached 

at the vertex, above each ear, on the acromion process of each scapula, along the spine at the seventh 

cervical vertebra (C7), the twelfth thoracic vertebra (T12) and the second sacral vertebra (S2), and 

bilaterally on the lateral malleoli of the ankles. All of the markers were positioned to face posteriorly 

(tracked by Camera A), with the exception of the markers on the lateral malleoli, which faced anteriorly 

(tracked by Camera B). Placement of the IRED markers is depicted in Figure 1 and camera position in 

Figure 2.  
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Figure 1: Placement of the IRED markers during the control and narrow-base walking trials. 
Markers placed on the lateral malleoli faced the anteriorly positioned camera (relative to 
participant starting position). Markers placed at the vertex, bilaterally above each ear, bilaterally 
on each acromion process, and along the spine (C7, T12, S2) all faced the posteriorly positioned 
camera.    
 

 

Figure 2: Depiction of OPTOTRAK camera placement during the walking trials. During the 
narrow-base walking trials, participants were instructed to keep their feet between two lines of tape 
on the floor placed 25cm apart. Outcomes measures for the walking trials were calculated from the 
data collected between meters 2-4 of the 6m walkway.  
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3.3.1.2 Balance During Gait 

  3.3.1.2.1 Mediolateral Displacement of the Center of Mass 

 M-L COM displacement and velocity were calculated in this study as a measure of postural 

control in the M-L direction. As previously mentioned, the goal of postural stability is to keep the COM 

within the BOS. When standing in the anatomical position, the total body COM lies in the middle of the 

body (trunk), just anterior to the second sacral vertebra (Look et al., 2013; Saunders, Inman, & Eberhart, 

1953). While it is possible to estimate the location of the COM using a segmental approach, this relies on 

many estimations and assumptions about body segment parameters (Look et al., 2013). Studies comparing 

the use of a sacral marker as a proxy for COM movement to kinetic methods, such as a segmental analyses 

and force-plate data, have found no significant differences in COM calculations (Gard, Miff, & Kuo, 

2004; Saini, Kerrigan, Thrunarayan, & Duff-Raffaele, 1998). Because both of these methods provide 

comparable results, the simpler method of using the sacral marker was chosen.  

 Peak-to-peak displacement of the COM in the M-L direction was calculated as the difference 

between the maximum and minimum M-L COM displacement values between meters two and four of the 

walkway. This was done to exclude large peak-to-peak values that may occur when gait is initiated. 

Average COM displacement was calculated using a root mean squares formula. This was accomplished by 

squaring all of the displacement values of the S2 marker in the M-L direction (all values in the x-axis) 

between meters two and four of the walkway, taking the average of these squares, and then the square root 

of this average. Peak-to-peak and average displacement results are reported for all trials.  

 

Average displacement =   
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  3.3.1.2.2 Mediolateral Velocity of the Center of Mass 

 The average and peak velocities of the COM in the M-L direction were calculated. Peak and 

average velocities were of interest because higher speeds will generate greater momentum in the M-L 

direction, increasing the risk of a fall. Instantaneous velocity of the COM in the M-L direction was 

calculated by taking the first derivative of the instantaneous displacement of the total body COM in the M-

L direction. Peak frontal plane COM velocity was identified as the maximum velocity of the COM in the 

M-L direction, either to the left or the right. Results from all trials are reported.  

  3.3.1.2.3 Head Pitch and Head Roll Angles 

 The position of the head is of great importance during mobility. The head houses both the visual 

and vestibular systems, which have significant roles in the maintenance of balance. The position of the 

head in space also provides a reference for the overall control of posture (Shumway-Cook & Woollacott, 

2016). For these reasons, the movement of the head during the walking trials was a variable of interest. 

Average head roll angle (movement in the frontal place) and average head pitch angle (movement in the 

sagittal plane) were calculated as the root mean square of the instantaneous data using the spatial position 

of the IRED markers placed at the vertex and seventh cervical vertebra. Results from all trials are 

reported.  

3.3.1.3 Data Processing 

 OPTOTAK data for the walking trials were collected at 100 Hz for fifteen seconds per trial. Using 

C-Motion analysis software, the data were interpolated for a maximum cutoff of ten consecutive empty 

excel cells per IRED marker. The data were then filtered using a low-pass Butterworth filter with a cut-off 

frequency of 6 Hz to reduce noise from the signal. Outcomes were calculated from these data for each of 

the walking trials using a custom written script in LabVIEW (National Instruments, Toronto, Ontario, 

CA). The outcomes measures calculated using this script were: (1) gait speed, (2) average M-L COM 

displacement, (3) peak-to-peak M-L COM displacement, (4) average M-L COM velocity, (5) peak M-L 

COM velocity, (6) average head roll angle, and (7) average head pitch angle.  
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3.3.1.4 Gait Speed 

 Gait speed was used as a global performance measure for the walking trials. It was calculated for 

each trial. The average gait speed was calculated using the movement of the IRED marker placed on the 

second sacral vertebra. It was calculated using the two middle meters of the walkway (2m – 4m)(Figure 2) 

as to exclude the acceleration and deceleration phases of gait, leaving only the steady speed phase of gait 

for gait speed calculations.  

3.3.1.5 Impact of Multiple Sclerosis on Gait 

 Balance during gait can greatly influence a person’s perceived walking ability. The Twelve-Item 

Multiple Sclerosis Walking Scale (MSWS-12)(Appendix I) measures the perceived impact of MS on a 

patient’s walking ability in the two weeks prior to test administration (Hobart et al., 2003). This scale 

consists of twelve questions that ask participants to rate the degree to which they perceive their MS has 

affected their ability to complete certain walking-related activities on a scale from one to five. A response 

of one corresponds with MS having no effect on their ability to complete the activity and a score of five 

indicates an extreme effect. This scale is scored by summing the responses to each question to obtain a 

total score out of 60. This total is then transformed to a percentage. Higher scores on the MSWS-12 

indicate grater perceived impact of MS on walking ability. This measure was administered twice: once 

during the initial over the phone screening and once during the laboratory session. The overall scores (as a 

percentage) from the two administrations of the MSWS-12 were compared to determine if the perceived 

effect of MS on walking ability had changed between the time of screening and testing, due to the 

unpredictable nature of MS as a disease.  

 
3.3.2 Balance Impairment 

3.3.2.1 Modified Clinical Test of Sensory Interaction and Balance 

A modified version of the Clinical Test of Sensory Interaction and Balance (mCTSIB) was 

conducted (Shumway-Cook & Horak, 1986). The mCTSIB consists of four conditions in which a 

participant’s standing balance is measured: (1) eyes open on a firm surface, (2) eyes closed on a firm 
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surface, (3) eyes open on a foam surface, and (4) eyes closed on a foam surface. The first condition 

provides information about the COP during stance, with all sensory systems providing input. The second 

condition takes away inputs from the visual system, leaving the participant to rely on the vestibular and 

somatosensory systems for stability. The third condition removes inputs from the somatosensory system, 

leaving vision and vestibular inputs. Finally, the fourth condition removes both visual and somatosensory 

input, with only that of the vestibular system remaining.  

Two trials were performed for each condition, with each trial lasting thirty seconds. Whether the 

participant was able to complete the condition was also recorded. A trial was considered complete if the 

participant was able to maintain the position without a fall or threat to stability for the full thirty seconds. 

As long as a participant completed at least one of the trials for each condition, it was considered a pass. 

This test was performed on an instrumented force-platform that allowed for the computation of COP data 

(velocity, displacement, etc.) to be derived. The COP outcome measures of interest for this paper are 

average displacement of the COP in the M-L direction (x-axis), average displacement of the COP in the 

A-P direction (y-axis), and average COP velocity in all directions. If a participant completed both trials, 

the COP displacement and velocity results for both are reported. Average COP displacement was 

calculated using the equation:  

COP(x) = [(My + (Zoff*Fx))/Fz]* - 1 

 

COP(x) = center of pressure displacement in the x-direction (mediolateral) 

My = moment about the y-axis (anterior-posterior) 

Zoff = vertical offset from the top of the plate to the origin of the force (-42.469mm) 

Fx = force in the x-direction (mediolateral) 

Fz = force in the z-direction (vertical direction) 
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3.3.2.2 Frailty and Injuries: Cooperative Studies of Intervention Techniques Scale 

 The Frailty and Injuries: Cooperative Studies of Intervention Techniques Scale 4 (FICSIT-4) is a 

tool used to assess a person’s standing balance during parallel, semi-tandem, tandem, and one-legged 

stance. It was conducted in addition to the mCTSIB because it provides information on balance in multiple 

stances that provide different levels of stability challenges. It alters not only sensory inputs from the visual 

system, but the size of the BOS as well. It consists of seven conditions: (1) standing with eyes open, feet 

close together, (2) standing with eyes closed, feet close together, (3) standing with eyes open, feet semi-

tandem, (4) standing with eyes closed, feet semi-tandem, (5) standing with eyes open, feet fully tandem, 

(6) standing with eyes closed, feet fully tandem, and (7) standing with eyes open on one leg. Each 

condition lasts for a maximum duration of ten seconds. Timing is stopped if the participant displaces their 

stance foot, the suspended foot touches the other leg for support, or if the suspended leg touches the 

ground. There are five possible scores for each condition: (1) a score of four, indicating that the participant 

was able to safely maintain the stance for the full ten seconds, (2) a score of three, indicating that the 

participant was able to maintain the stance for ten seconds with supervision, (3) a score of two, indicating 

that the participant was able to maintain the stance for at least three seconds, (4) a score of one, indicating 

that the participant was unable to maintain the stance for three seconds, and (5) a score of zero, indicating 

that the participant required assistance in order to keep from falling. Conditions can be scored separately 

or together for a total score out of 28. A copy of the FICSIT-4 is attached as Appendix H.  

 3.3.3 Sensation 

 3.3.3.1 Visual Functioning 

 Visual acuity (sharpness of vision) was measured using a Snellen chart (Snellen, 1862). When 

measuring visual acuity with the Snellen chart, the participant stands two meters back from the chart and 

is asked to read the smallest line of letters out loud that they are able to see. A Snellen fraction is then 

assigned based on this line and the distance at which it is read. Contrast sensitivity (contrast between 

objects and their background) was measured using a Pelli-Robson Contrast Sensitivity Chart (Pelli et al., 

1988). When measuring contrast sensitivity using a Pelli-Robson chart, the participant stands one meter 
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back from the chart. They are asked to read each letter on the chart, starting in the upper left hand corner, 

continuing until they believe that the remaining letters are invisible. The last readable triplet is then 

matched with the corresponding log contrast sensitivity number on the scoring sheet.  

 3.3.3.2 Vestibular Functioning 

 The vestibular functioning of participants was assessed using the subjective visual vertical (SVV). 

During the SVV, participants stood in a darkened room and were asked to adjust an illuminated rod (using 

a remote) until the rod was in a vertical position (as perceived by the participant)(Friedman, 1970). Four 

trials were conducted, two while standing on a firm surface and two while standing on a foam surface. The 

final scores for all trials are reported. A mean error of two degrees or less has been observed in normal 

subjects. A mean error of ten or more degrees has been observed in patients with vestibular disorders 

(Garcia & Jauregui-Renaud, 2003).  

 3.3.3.3 Somatosensory Functioning 

 Vibrotactile sensitivity is defined as the minimum amplitude of vibration that a subject is able to 

perceive on the surface of the skin (Jeong & Yamada, 2014). The assessment of vibrotactile sensitivity is a 

test that is commonly used in assessing sensory and peripheral nerve function (Deshpande, Metter, Ling, 

Conwit, & Ferrucci, 2008). Vibrotactile sensitivity was measured at the base of the first metatarsal on the 

dominant foot using a biothesiometer (Bio-Medical Instrument Company, Newbury, Ohio, USA). The 

amplitude of the biothesiometer was initially set to zero and was slowly increased until the participant 

indicated that they could feel the vibration. Three trials were conducted, with one being a sham trial, in 

which amplitude was not increased. Scores for this test are reported as scores on the two non-sham trials. 

A higher threshold indicates poorer vibration sensitivity.  

Ankle proprioception is of prime importance to balance. In this study, ankle proprioception was 

measured on the dominant foot using the ankle torque machine that was custom made for use in the Motor 

Performance Laboratory (Department of Mechanical Engineering, Queen’s University, Kingston, ON, 

Canada). The participant’s dominant foot was strapped to the footrest on the ankle torque machine. 

Participants were blindfolded and wore noise-cancelling headphones. For each trial, they were instructed 
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to press a button that would halt movement of their ankle by the machine as soon as they began to feel that 

their foot was being moved. They were also asked to identify in which direction their ankle was being 

moved, either towards their body (dorsiflexion) or away from it (plantarflexion). Scores on this measure 

were calculated as the difference between the starting angle and the final angle of the footrest on the ankle 

torque machine. The machine was moved back to starting position of zero degrees after each completed 

trial. A total of six trials were conducted: three in which the machine moved the participant’s ankle into 

dorsiflexion, and three in plantar flexion. Two additional trials were completed if the participant failed to 

correctly identify the direction in which their ankle was being moved.  Results from all conducted trials 

are reported, as well as plantar and dorsiflexion averages.  

 3.3.4 Fatigue 

 The Fatigue Severity Scale (FSS)(Appendix E) is a nine-item scale that requires participants to 

read each statement and rank how accurately the statement reflects how they have felt in regards to their 

fatigue within the past week (Krupp et al., 1989). Items are ranked from one to seven, with low values 

indicating strong disagreement with the statement and higher values indicating strong agreement with the 

statement. Higher scores therefore indicate a greater experience of fatigue. Scores from the nine items are 

averaged for an overall score. This tool was administered during the initial screening for the study but 

results were also used as the measure of fatigue in the study.  

 3.3.5 Falls and Balance Confidence 

 3.3.5.1 Self-Reported Falls Incidence 

 To determine falls incidence, participants were asked how many times they had experienced a fall 

during the six months prior to study participation. A fall was defined as an event in which a person 

inadvertently came to rest on the ground, floor or lower level, excluding intentional changes in position to 

rest on walls, furniture, or other objects (World Health Organization, 2007).  

 3.3.5.2 Balance Confidence 

 The Activities-Specific Balance Confidence Scale (ABC)(Appendix J)(Powell & Meyers, 1995) 

consists of sixteen questions used to assess participants’ balance confidence while performing various 
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tasks, with varying levels of balance difficulty. Each question is preceded by the question stem of “How 

confident are you that you will not lose your balance or become unsteady when you…” This measure 

requires that individuals rank their confidence in performing the listed activities from 0-100 in increments 

of 10. A score of zero corresponds to the individual having no confidence that they will not lose their 

balance while completing the task and a score of 100 indicates that they are completely confident that they 

will not lose their balance while completing the task. Final scores are averaged across the sixteen 

questions and reported as percent confident.  

 3.3.6 Muscle Weakness  

 A measure of knee extensor strength was conducted using a dynamometer as a representative 

measure of lower limb strength. Participants sat on a bench with their legs hanging over the edge at a 

ninety-degree angle. The dynamometer was strapped around the leg of the bench and the anterior portion 

of the participant’s calf, 10cm above the medial malleolus. Participants were given a verbal instruction of 

“go” and were then required to push their leg outward as hard as they could while being encouraged by the 

tester with verbal cues of “push, push, push.” Participants were also instructed not to use their arms as a 

means of pushing off of the bench. A trial was considered to be complete when the dynamometer reached 

the maximal force reading for that trial. Two trials were conducted for each leg. Results from all 

conducted trials are reported.  

 3.3.7 Mood  

 The Hospital Anxiety and Depression Scale (HADS)(Zigmond & Snaith, 1983) was used as a 

measure of mood in this study (Appendix K). As previously mentioned, it was developed specifically for 

use with individuals with neurological disorders. This scale consists of fourteen items: seven addressing 

anxiety and seven addressing depression. Participants are asked to describe how they have been feeling in 

the week prior to completing the questionnaire. Question scores range from 0-3 and overall scores from 0-

42, with higher scores indicating greater levels of depression and anxiety. The sections can also be scored 

separately for independent measures of anxiety and depression, as is done in this paper.  
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 3.3.8 Physical Activity  

 The Human Activity Profile (HAP) is a self-report measure of activity levels that has been used 

widely in both healthy and clinical populations (Davidson & de Morton, 2007). This self-report 

questionnaire consists of 94 activities that range in difficulty from very easy to very strenuous (Appendix 

L). Subjects are required to read an activity and then indicate whether they are (1) still doing the activity, 

(2) have stopped doing the activity, or (3) never participated in the activity. Two scores are calculated 

from this measure: the maximum activity score and adjusted activity score. The maximum activity score is 

the number of the most difficult task that the person is still participating in. The adjusted activity score is 

calculated by counting how many activities, with values lower than the participant’s maximal score, they 

have stopped participating in (not including those that they have never done) and subtracting this from the 

maximum activity score. This results in a more stable estimate of the individual’s daily activity levels than 

that provided by the maximal score (Davidson & de Morton, 2007).  

3.4 Procedure 

Potential participants with MS were screened for study eligibility in an over-the-phone interview 

before scheduling a full testing session. During this screening, basic information such as their age, lower 

limb pain, and whether they used an assistive device for walking was ascertained. The PDDS, FSS, and 

Short Blessed Test of Information Memory and Concentration were completed at this point. Potential 

participants with MS were also asked to complete the MSWS-12. Healthy control participants were also 

screened over the phone, collecting the same information as potential participants with MS, with the 

exclusion of the PDDS and MSWS-12 (due to their disease-specific nature). If a potential participant met 

the inclusion criteria, and expressed interest in participating in the study, a laboratory session was booked. 

For laboratory sessions, both participants with MS and healthy controls were instructed to wear fitted 

clothing, comfortable walking shoes, and prescription glasses/lenses if needed. It participants did not meet 

the inclusion criteria they were thanked for their time and excluded from the study. A copy of the 

screening sheets used can be found in Appendix M.  
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 This study was conducted in the Motor Performance Laboratory in the Louise D Acton Building 

at Queen’s University. Each participant completed one testing session that required roughly two and a half 

hours to complete. One participant was tested during each session. On the day of testing, the OPTOTRAK 

system was calibrated before the participant arrived in the laboratory for testing. Calibration was 

completed once each day to orient the cameras. If more than one testing session was completed on a given 

day, calibration only took place once, as the cameras were not moved or altered between testing sessions. 

Informed consent was obtained from both participants with MS and healthy controls upon their arrival in 

the laboratory (Appendix N and Appendix O). The collection of basic demographic data (height and 

weight) and a brief medical history were collected next. All participants were given a MMSE to screen for 

cognitive impairment. 

 Participants were then instrumented with the IREDs and their self-selected BOS while standing 

was measured. For this measurement, participants were asked to stand in their normal, self-selected stance 

and the distance between the two medial malleoli was recorded. The walking trials were conducted next. 

The larger study included three walking conditions: (1) a control condition, where participants walked at 

their self-selected comfortable pace, (2) a narrow-base condition, which constrained their foot placement 

in the M-L direction, and (3) an obstacle crossing condition, where participants walked at a self-selected 

pace and stepped over an obstacle (meant to simulate the height of a sidewalk) in the middle of the path. 

This thesis is concerned only with the narrow-base walking and normal walking conditions. For the 

narrow-base trials, participants were instructed to walk at a comfortable pace while keeping their feet 

within a path of 25cm width. This path was outlined by two parallel lines of yellow tape placed 25cm 

apart on the floor. A research assistant counted the number of times participants stepped outside of these 

lines during the narrow-base trials. As long as the participant was able to walk the full length of the 

pathway it was considered completed, regardless of how many times they stepped outside of the lines. A 

trial was only considered a failure if participants felt that they could not complete it without falling or if 

there was a risk to their safety as perceived by them or the research assistant. 
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 For all of the walking trials, participants were asked to begin by standing behind a start line. 

Before each trial, participants were asked to keep their head up and to look straight ahead while walking. 

Data recording began four seconds before a verbal instruction of “go” was given and participants began to 

walk. This allowed for four seconds of standing data to be collected for the calculation of a reference 

position for use in the computation of outcome measures, such as average and peak-to-peak M-L COM 

displacements. Participants were given a practice trial for each condition before data collection began. 

Participants were instructed to walk the entire length of the pathway and to remain standing at the end of 

the pathway until the research assistant confirmed that the trial was complete. They then returned to the 

starting position. A research assistant walked beside all participants during the walking trials in a close 

guard position to ensure their safety. The order in which the conditions were completed was randomized 

for each participant using a list randomization website before participants arrived in the laboratory. Four 

consecutive trials were conducted for each condition for a total of twelve trials.  

 After the walking trials, the tests of sensory functioning (visual acuity, contrast sensitivity, 

vibrotactile sensitivity, SVV, ankle proprioception) were performed, followed by the measure of knee 

extensor strength. The FICSIT-4 was administered and assessments of mood (HADS), physical activity 

(HAP), balance confidence (ABC Scale), and the perceived impact of MS on walking ability (MSWS-12) 

were completed. A summary of all measures used as well as their psychometric properties (validity and 

reliability) can be found in Appendix P. The modified CTSIB was completed last. A research assistant 

stood beside participants during this test to ensure their safety. Before leaving the laboratory, participants 

were paid their honorarium and thanked for their time. The entire testing session lasted roughly two and a 

half hours. A copy of the forms used in data collection can be found in Appendix Q. 

3.5 Comparison of Performance 

 The small number of participants in this pilot study did not allow for statistical comparisons to be 

made. Results on outcome measures for participants with MS were compared to that of their matched 

healthy controls on a case-by-case basis, as well as to each other. Outcomes were also compared for 

participants across conditions. Sensory test outcomes, questionnaires assessing mood and physical 
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activity, and a measurement of strength were used to explain results on measures of standing balance and 

balance during gait.  
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Chapter 4: Results 

4.1 Case 1 

4.1.1 Participant Characteristics 

The first participant with multiple sclerosis (MS1) was a 25 year-old female who was diagnosed with 

relapse-remitting MS at the age of 16. She was age and sex-matched to a 25 year-old female (HC1).  MS1 

and HC1 weighed 67kg and 98kg respectively. MS1 was 164cm in height and HC1 was 179cm. These 

measurements corresponded to a body mass index (BMI) of 24.9kg/m2 for MS1, and 30.6kg/m2 for HC1. 

This placed MS1 in the normal ranges for BMI but HC1 into the obese range. This difference in BMI could 

influence results on outcome measures as well as their interpretation. It will therefore be discussed in further 

detail in the discussion portion of this thesis. MS1 reported currently being on three medications and HC1 

reported being on no current medications. MS1 had a Patient Determined Disease Steps score of 1, 

corresponding to a relapse-remitting disease course and mild symptoms, with no visual disturbance of gait. 

Participant characteristics for MS1 and HC1 are summarized in Table 1.  

 

Table 1: Comparison of participant characteristics for MS1 and HC1. These participants differed in terms 
of both height and weight and therefore BMI.  
 
 MS1 HC1 
Age  25 24 
Sex Female Female 
Height 164 cm 179 cm 
Weight 67 kg 98 kg 
BMI 24.9 kg/m2 30.6 kg/m2 
PDDS 1 ----- 
Falls in past 6 months 2 0 
Number of Medications 3 0 
Number of comorbidities 0 0 
MMSE Score 30 30 
Short Blessed Score 0 0 

 

 

 

 



 54 

4.1.2 Balance During Gait  

4.1.2.1 Center of Mass Velocity  

Averages across all trials completed by MS1 and HC1 in the control and narrow-base conditions 

for peak and average M-L COM velocities are reported here. In the control walking condition, MS1 had 

smaller peak M-L COM velocities than HC1, as well as smaller average M-L COM velocities. Her peak 

M-L COM velocity (average across all completed trials) in the control condition was 11.48cm/s (HC1 = 

27.15cm/s) and her average M-L COM velocity was 7.21cm/s (HC1 = 14.18cm/s). In the narrow-base 

condition, MS1 again showed smaller peak and average M-L COM velocities than did HC1. MS1’s peak 

M-L COM velocity was 13.21cm/s (HC1 = 22.57cm/s) and an average M-L COM velocity of 6.88cm/s 

(HC1 = 12.28cm/s). There were no large differences in either peak or average M-L COM velocities for 

MS1 between the control and narrow-base conditions. A summary of M-L COM velocities for all walking 

trials for MS1 and HC1 are reported in Table 4. 

  4.1.2.2 Center of Mass Displacement 

Average and peak-to-peak M-L COM displacements for MS1 and HC1 are reported here as an 

average across all trials. A summary of results for all trials conducted can be found in Table 4. The first 

participant with MS and her healthy age-matched control showed similar peak-to-peak and average 

displacements of the COM in the M-L direction while completing the walking trials. Across the control 

trials, MS1 had a peak-to-peak M-L COM displacement of 8.66cm (HC1 = 9.39cm) and an average M-L 

COM displacement of 3.44cm (HC1 = 4.43cm). MS1 had smaller peak-to-peak M-L COM displacements 

in the narrow-base condition than they did in the control condition. Across the narrow-base walking 

condition trials, MS1 also had smaller peak-to-peak M-L displacements of the COM than HC1. In this 

condition, MS1 had a peak-to-peak M-L COM displacement of 5.13cm (HC1 = 8.72cm) and an average 

M-L COM displacement of 2.34cm (HC1 = 2.98cm). Although differences were observed in the peak-to-

peak M-L COM displacement in the narrow-base walking trials, MS1 and HC1’s average M-L COM 

displacements were similar in both conditions.  
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4.1.2.3 Head pitch and roll angles 

 Head pitch and roll angles are reported here as an average across all trials conducted for both the 

control and narrow-base walking conditions. Average head roll angles during the control walking 

condition for MS1 were smaller than that of HC1. In this condition, MS1’s average head roll angle was 

1.91° (HC1= 6.08°). Her average head pitch angles in this condition were 3.40° (HC1= 2.69°).  In the 

narrow-base walking conditions, MS1’s average head roll angle was 1.31° (HC1= 2.29°) and her average 

head pitch angle was 6.27° (HC1= 8.17°).  MS1 displayed smaller average head pitch angles in the 

narrow-base condition than she did in the control condition, but larger head pitch angles. A summary of 

head pitch and roll angles for MS1 and HC1 for all walking trials is reported in Table 5. 

4.1.3 Gait  

  4.1.3.1 Gait speed 

 For all of the walking trials, MS1 walked faster than HC1. During the control condition, MS1 

walked at an average speed of 1.36m/s across the four trials. HC1 walked at an average speed of 0.94m/s 

across the trials. The narrow-base walking trials did not lead to a large change in gait speed for MS1. She 

walked at an average speed of 1.49m/s and HC1 at a speed of 0.94m/s. Gait speeds for all walking trials 

completed as well as averages across trials for MS1 and HC1 is reported in Table 3.  

4.1.3.2 Perceived impact of multiple sclerosis on gait  

 Upon the first administration of the MSWS-12 during the over-the-phone screening, MS1 scored 

28%. This indicated that out of a possible 100% effect on walking abilities, MS1 felt that her MS had a 

28% effect during the two weeks prior to administration. During the next administration of the MSWS-12 

during the laboratory testing session, MS1 scored 25%. This indicated that she perceived their MS to have 

a slightly smaller impact on her walking abilities in the previous two weeks than the two weeks before the 

first administration. 
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4.1.4 Balance performance 

MS1 and HC1 were able to complete all conditions of the mCTSIB. During the first (standing 

with eyes open, feet together, on a firm surface), second (standing eyes closed, feet together, on a firm 

surface), and third conditions (standing eyes open, feet together, on a foam surface), MS1 had average M-

L and A-P COP displacements similar to that of HC1. There were no large differences in average M-L or 

A-P COP displacements for MS1 across these three conditions. MS1 did show a slight increase in average 

COP velocities across these conditions, with larger average COP velocities in the third condition than the 

first two. HC1 had similar average COP velocities across all three conditions. In the final and most 

difficult condition (standing with eyes closed, feet together, on a foam surface), MS1 had showed an 

increase in both average M-L and average A-P COP displacements. While HC1 also showed an increase 

in COP displacement in this condition as compared to the first three, their increase was not as large as that 

of MS1. MS1 also had average COP velocities in the final condition that were more than double her COP 

velocities in the first three conditions and were much larger than the increase in COP velocity displayed 

by HC1. Results on all trials of the mCTSIB for MS1 and HC1 are reported in Table 2.  

Both participants obtained a maximal score of 28 on the FICSIT-4 measure, being able to 

complete the most complicated task of standing on one foot for at least 10 seconds without assistance.  
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Table 2: Comparison of COP displacements and average COP velocities during the mCTSIB for MS1 and HC1. MS1 showed larger increases in M-
L and A-P COP displacements in the eyes closed, foam surface condition than did HC1. They also had greater increases in average COP velocities 
during this condition.  
 
 MS1 HC1 

 Eyes Open – 
Firm Surface 

Eyes Closed – 
Firm Surface 

Eyes Open – 
Foam Surface 

Eyes Closed – 
Foam Surface 

Eyes Open – 
Firm Surface 

Eyes Closed – 
Firm Surface 

Eyes Open – 
Foam Surface 

Eyes Closed – 
Foam Surface 

Trial 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 
AVG M-L COP 
Displacement 
(cm) 

0.31 0.44 0.33 0.41 0.40 0.44 1.32 0.91 0.35 0.52 0.89 0.44 0.39 0.42 0.70 0.76 

AVG A-P COP 
Displacement 
(cm) 

0.32 0.30 0.31 0.36 0.46 0.67 1.08 0.85 0.39 0.36 0.85 0.52 0.57 0.66 0.72 0.69 

AVG COP 
Velocity (cm/s) 2.42 2.75 2.58 3.59 3.76 4.68 11.99 10.43 1.54 2.75 6.65 2.70 2.45 2.23 5.15 5.21 

 
 
 
 
Table 3: Comparison of gait speeds for MS1 and HC1 during both the control and narrow-base walking conditions. MS1 walked faster than HC1 
during all trials for both conditions. Neither MS1 nor HC1 showed a difference in gait speed between the two conditions, but showed slightly more 
variability across trials in the narrow-base condition. 
 
Condition MS1 HC1 

Trial 1 Trial 2 Trial 3 Trial 4 Average Trial 1 Trial 2 Trial 3 Trial 4 Average  
Control Condition 1.35 m/s 1.39 m/s 1.35 m/s 1.36 m/s 1.36 m/s 0.97 m/s 0.90 m/s 0.93 m/s 0.95 m/s 0.94 m/s 
Narrow-Base Condition  1.37 m/s 1.47 m/s 1.60 m/s 1.53 m/s 1.49 m/s 0.87 m/s 1.01 m/s 0.95 m/s 0.95 m/s 0.95 m/s 
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Table 4: Comparison of COM outcome measures for the control and narrow-base walking trials for MS1 and HC1. MS1 and HC1 had similar peak-
to-peak and average M-L COM displacements during these trials.  MS1 had smaller peak and average M-L COM velocities than HC1 in all control 
condition trials. MS1 had smaller peak-to-peak, but not average, M-L COM displacements in the narrow-base trials as compared to HC1. MS1 also 
had smaller peak and average M-L COM velocities than HC1 during these trials. 

 
 MS1 HC1 

Control Condition Trial 1 Trial 2 Trial 3 Trial 4 Average Trial 1 Trial 2 Trial 3 Trial 4 Average 
Peak-to-Peak M-L COM 
Displacement (cm) 7.79 9.92 8.56 8.38 8.66 7.47 9.81 7.96 12.33 9.39 

Average M-L COM 
Displacement (cm) 4.34 4.29 2.75 2.34 3.44 4.66 3.32 5.29 4.44 4.43 

Peak M-L COM Velocity 
(cm/s) 10.0 13.53 11.66 10.74 11.48 30.10 21.94 23.88 32.68 27.15 

Average M-L COM 
Velocity (cm/s) 6.90 8.13 6.69 7.10 7.21 12.74 12.80 14.14 12.06 14.18 

Narrow Condition           
Peak-to-Peak M-L COM 
Displacement (cm) 5.01 5.18 5.30 5.03 5.13 8.00 9.47 7.86 9.56 8.72 

Average M-L COM 
Displacement (cm) 2.20 1.82 2.36 2.99 2.34 3.74 2.54 2.29 3.36 2.98 

Peak M-L COM Velocity 
(cm/s) 14.75 11.98 12.56 13.55 13.21 23.58 18.08 23.75 24.88 22.57 

Average M-L COM 
Velocity (cm/s) 6.52 6.40 6.97 7.62 6.88 11.68 12.68 12.54 12.20 12.28 

 
 
 
 
 
 
 



 59 

 
 
 

Table 5: Comparison of average head pitch and head roll angles for MS1 and HC1 during the control and narrow-base walking trials. MS1 and 
HC1 had smaller average head pitch angles in the control condition than the narrow-base condition. 

 
 MS1 HC1 

Control Condition Trial 1 Trial 2 Trial 3 Trial 4 Average Trial 1 Trial 2 Trial 3 Trial 4 Average 

Average Head Pitch Angle 3.09° 2.88° 2.55° 5.10° 3.41° 1.41° 3.40° 2.64° 3.31° 2.69° 

Average Head Roll Angle 2.51° 2.57° 1.26° 1.32° 1.92° 2.54° 3.36° 2.39° 16.03° 6.08° 
Narrow-Base Condition           

Average Head Pitch Angle 4.37° 5.22° 5.66° 9.85° 6.28° 27.26° 1.20° 2.49° 1.71° 8.17° 

Average Head Roll Angle 1.15° 1.45° 1.81° 0.83° 1.31° 2.48° 2.27° 2.68° 1.73° 2.29° 
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Figure 3: M-L COM displacement for MS1 between meters 2-4 of the 
walkway during the control walking condition. Peak-to-peak displacement 
during this trial was 7.8cm.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: M-L COM displacement for HC1 between meters 2-4 of the 
walkway during the control walking condition. Peak-to-peak displacement 
during the first trial was 7.4cm.  
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Figure 5: M-L COM displacement for MS1 between meters 2-4 of the walkway 
during the narrow-base walking condition. Peak-to-peak displacement during the 
first trial was 5.0cm.  
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: M-L COM displacement for HC1 between meters 2-4 of the walkway 
during the narrow-base walking condition. Peak-to-peak displacement during the 
first trial was 8.0cm. 
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4.1.5 Sensory symptoms 

MS1 and HC1 displayed the same visual acuity (20/10 feet) on the Snellen chart and contrast 

sensitivity (1.95 log units) on the Pelli-Robson chart. Both participants were right leg dominant and had a 

vibrotactile sensitivity at the base of their first metatarsal of 4 volts on all trials. MS1 and HC1 had similar 

results on the test of vestibular functioning, the SVV, on both a firm and foam surface. On the firm 

surface, MS1 had an SVV of 3.5° (HC1 = 3.4°) for the first trial and -0.2° (HC1 = -0.5°) on the second. 

While standing on the foam surface, MS1 had an SVV of 0.7° (HC1 = 0.1°) for the first trial and 1.3° 

(HC1 = 3.1°) for the second. A summary of scores on tests of visual, vestibular, and vibrotactile 

functioning for MS1 and HC1 can be found in Table 6. MS1 and HC1 showed differences on the measure 

of ankle proprioception. MS1 had larger thresholds of ankle plantar-flexion than HC1 with an average of 

0.732° (HC1 = 0.513°). They also had larger thresholds of ankle dorsiflexion than HC1 across all trials 

with an average of 1.099° (HC1 = 0.441°). Results from all trials of ankle proprioception for MS1 and 

HC1 are reported in Table 7.  

Table 6: Comparison of results on tests of visual, vestibular, and vibrotactile functioning for MS1 and 
HC1. These participants were comparable on these measures of sensory functioning. 
  
 MS1 HC1 
Visual Acuity (feet) 20/10 20/10 
Contrast Sensitivity (log units) 1.95 1.95 
 Trial 1 Trial 2 Trial 1 Trial 2 
Vibrotactile Sensitivity 4 volts 4 volts 4 volts 4 volts 
SVV Firm Surface 3.5° -0.2° 3.4° -0.5° 
SVV Foam Surface 0.7° 1.3° 0.1° 3.1° 

 
Table 7: Comparison of results on tests of ankle proprioception for MS1 and HC1. MS1 had larger 
thresholds than HC1 on all trials of ankle proprioception in dorsiflexion.  
 
 MS1 HC1 
Plantar Flexion  
Trial 1 0.659° 0.220° 
Trial 2 1.098° 0.660° 
Trial 3 0.439° 0.660° 
Average 0.732° 0.513° 
Dorsiflexion  
Trial 1 1.099° 0.440° 
Trial 2 1.098° 0.440° 
Trial 3 1.099° 0.439° 
Average 1.099° 0.441° 
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4.1.6 Fatigue 

MS1 and HC1 both scored low on the measure of fatigue in this study with scores on the FSS of 3 

and 2 respectively. The highest possible score is 7 and the lowest 1.  

4.1.7 Falls and balance confidence 

 MS1 self-reported haven fallen twice in the six months prior to study completion. Both falls 

occurred while walking to school on icy terrain. HC1 reported that they had not experienced a fall in the 

six months prior to study completion. MS1 scored a balance confidence of 97% on the ABC Scale and 

HC1 96%.  This corresponded to both participants being highly confident that they would not experience a 

fall while completing a range of daily activities, making them highly balance confident (no fear of falling).  

4.1.8 Muscle weakness 

 MS1 and HC1 both displayed asymmetric knee extensor strength, with their non-dominant legs 

scoring higher than their dominant legs. With her dominant (right) leg, MS1 had knee extensor strength of 

78N during the first trial conducted (HC1 = 61N) and knee extensor strength of 81.9N in the second trial 

(HC1 = 74N). With her non-dominant (left) leg, MS1 had knee extensor strength of 88.3N in the first trial 

(HC1 = 34N) and 94.4N in the second (HC1=57N).  

Table 8: Comparison of performance on test of knee extensor strength for MS1 and HC1. MS1 showed 
greater strength with both their dominant and non-dominant legs than did HC1.  

 
 MS1 HC1 
 Trial 1 Trial 2 Trial 1 Trial 2 
Right Leg (dominant) 78 N 81.9 N 61 N 74N 
Left Leg 88.3 N 94.4 N 34 N 57 N 

 

4.1.9 Mood 

 MS1 scored a 1 on the HADS depression subscale and HC1 0. These scores are both in the normal 

ranges for the depression component of the HADS. There was a difference in the anxiety subscale, with 

MS1 having a score of 8 and HC1 a score of 6. MS1’s anxiety score placed her in the range of “borderline 

abnormal” scores. This indicates the potential presence of an anxiety disorder with the need for further 

assessment.  
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4.1.10 Physical Activity  

 MS1 and HC1 had equal self-reported levels of physical activity. They both received a maximum 

score of 94 on the Human Activity Profile. This corresponds to the ability to run or jog three miles in 

thirty minutes or less. The adjusted activity score for these participants was equal to their maximum 

activity score at 94.  

 

Table 9: Summary of results on measures of fatigue, balance confidence, mood, and 
physical activity for MS1 and HC1 as well as perceived impact of MS on gait for 
MS1. Participants were comparable on all measures.  
 

 MS1 HC1 
MSWS – 12 
First Administration 28 % ----- 

MSWS-12 
Second Administration 25 % ----- 

FSS 3 2 

ABC Scale 97 % 96 % 

HADS  
Depression Component 1 0 

HADS 
Anxiety Component 8 6 

HAP 
Maximal Score 94 94 

HAP  
Adjusted Score 94 94 
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4.2 Case 2 

4.2.1 Participant Characteristics 

 The second participant with multiple sclerosis (MS2) was matched to a healthy control (HC2) by 

both age and sex. MS2 was a 33 year-old female who was diagnosed with relapse-remitting MS four years 

prior and had a PDDS score of 0. HC2 was a 30 year-old female. MS2 and HC2 were comparable on 

measures of height and weight. MS2 was 166cm tall, with a weight of 68kg. HC2 was 164cm tall and 

weighed 62.5kg. MS2 had a BMI of 24.7kg/m2 and HC2 a BMI 23.2kg/m2. Both MS2 and HC2 were 

classified as having a healthy BMI. Neither MS2 nor HC1 had experienced a fall within the six months 

prior to study participation. MS1 did not report having any co-morbidities at the time of study 

participation. Participant characteristics for MS2 and HC2 are depicted in Table 10.  

 

Table 10 : Comparison of participant characteristics for MS2 and HC2. Participants were 
comparable on all measures. These participants had similar heights, weights and BMIs.  
 
 MS2 HC2 
Age  33 30 
Sex Female Female 
Height 166 cm 164 cm 
Weight 68 kg 62.5 kg 
BMI 24.7kg/m2 23.2kg/m2 
PDDS 0 ---- 
Falls in past 6 months 0 0 
Number of Medications 1 0 
Number of comorbidities 0 0 
MMSE Score 30 30 
Short Blessed Score 0 0 

 

4.2.2 Balance During Gait  

  4.2.2.1 Center of Mass Velocity  

 M-L COM velocities for MS2 and HC2 are reported here as an average of all completed condition 

trials. A summary of all COM outcome variables for MS2 and HC2 are reported in Table 13. In the 

control walking condition, MS2 had larger peak M-L COM velocities than HC2 with averages across 

trials of 8.32m/s and 6.29m/s respectively. She also had larger average M-L COM velocities at 6.85m/s 
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compared to HC2 at 3.14m/s. MS2 had slightly slower peak M-L velocities in the control condition at 

7.37m/s (HC2 = 6.50m/s), as well as slightly slower average M-L COM velocities at 5.22m/s (HC2 = 

3.01).  

4.2.2.2 Center of Mass Displacement 

 M-L COM displacements are reported here as an average of all completed condition trials. Results 

of individual trials for MS2 and HC2 are reported in Table 13. During the control condition walking trials, 

MS2 had a peak-to-peak M-L COM displacement of 8.5cm (average across all trials)(HC2 = 4.74cm) and 

average M-L COM displacement of 10.97cm (HC2 = 9.01cm). MS2 did not show a difference in average 

or peak-to-peak M-L COM displacements in the narrow-base walking condition as compared to the 

control. She did however show larger M-L COM displacements than HC2 (who had smaller displacements 

in the narrow-base than control condition) during these trials. MS2’s peak-to-peak M-L COM 

displacement was 8.17cm (HC2 = 5.32cm) with an average of 8.73cm (HC2 = 5.01cm).    

4.2.2.3 Head pitch and roll angles 

 Average head pitch and roll angles for MS2 and HC2 are reported here as an average of all 

completed condition trials. Results of individual trials are reported in Table 14. Head pitch and roll angles 

for MS2 and HC2 were comparable in the control walking condition. In the control condition, MS2 had an 

average head pitch angle of 3.84° (HC2 = 3.65°) and an average head roll angle of 5.26° (HC2 = 3.37°). In 

the narrow-base condition, MS2 had larger average head pitch angles than HC2. This was also an increase 

from the control trials. While walking with a narrow-base, MS2 had an average head pitch angle of 13.71° 

compared to an average of 5.5° for HC2. During these trials, MS2 and HC2 both showed a similar 

decrease in average head roll angles with averages of 1.92° and 1.62° respectively.  

4.2.3 Gait  

  4.2.3.1 Gait speed 

 HC2 was tested under the original study protocol and therefore completed only two trials for the 

control and narrow-base conditions. MS2 walked faster than HC2 during both the control and narrow-base 
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walking trials. During the control trials, she walked at a speed of 1.54m/s (average across trials) and HC2 

at a speed of 1.26m/s. Both MS2 and HC2 walked slower in the narrow-base condition than in the control 

condition, with gait speeds of 1.32m/s and 1.18m/s respectively. Gait speeds of MS2 and HC2 for all 

walking trials completed are reported in Table 12.  

4.2.3.2 Perceived impact of multiple sclerosis on gait  

 The first time that MS2 completed the MSWS-12 (over-the-phone screening), she scored 20%. 

This is the lowest possible score on this measure, indicating that she perceived her MS to have no effect 

on their walking ability. On the second administration of the MSWS-12, MS2 again scored 20%. Her 

perceived impact of her MS on her walking ability remained stable between initial screening and 

laboratory sessions (roughly two weeks between administrations).  

4.2.4 Balance performance 

MS2 and HC2 successfully completed all trials of the mCTSIB. MS2 had similar M-L COP 

displacements across the first three conditions of the mCTSIB, and they were also similar to the M-L COP 

displacements of HC2 during these trials. MS2 had larger A-P COP displacements than M-L COP 

displacements during the first three conditions.  HC2 did not show this pattern of increased A-P COP 

displacement. COP displacements for both participants were largest in the fourth condition of standing 

with the eyes closed on a foam surface. MS2 had a greater increase in COP displacement in this condition 

in both the M-L and A-P direction than did HC2. Average COP velocity for MS2 was similar across the 

first three conditions, with a sharp increase in the fourth condition. She had faster average COP velocities 

than HC2 through all trials of all conditions. Results from all conditions and trials of the mCTSIB for 

MS2 and HC2 are reported in Table 11.  

MS2 and HC2 both scored 28 of a possible 28 on the FICSIT-4. They were able to stand 

unassisted on one foot for the full ten second trial.   
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Table 11: Comparison of performance on the mCTSIB for MS2 and HC2. MS2 had larger average COP velocities than HC2 across all conditions. 
Both participants had increases in COP displacement and velocity in the final condition.  
 
 MS2 HC2 

 Eyes Open – 
Firm Surface 

Eyes Closed – 
Firm Surface 

Eyes Open – 
Foam Surface 

Eyes Closed – 
Foam Surface 

Eyes Open – 
Firm Surface 

Eyes Closed – 
Firm Surface 

Eyes Open – 
Foam Surface 

Eyes Closed – 
Foam Surface 

Trial 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 
AVG M-L COP 
Displacement 
(cm) 

0.38 0.38 0.53 0.58 0.43 0.45 1.06 1.17 0.25 0.36 0.38 0.37 0.41 0.44 0.78 0.70 

AVG A-P COP 
Displacement 
(cm) 

0.69 0.25 0.70 0.69 0.71 0.67 8.22 1.28 0.34 0.37 0.29 0.44 0.67 0.50 0.64 0.70 

AVG COP 
Velocity (cm/s) 3.69 2.88 3.84 4.03 4.24 4.41 10.54 11.38 0.59 1.91 2.18 2.59 2.78 3.20 5.42 5.29 

 

 

Table  12: Comparison of gait speeds for MS2 and HC2 in both the control and narrow-base walking conditions. MS2 walked faster than HC2 
during all trials for both conditions. MS2 also walked slower in the narrow-base condition than they did in the control condition.  

 
Condition MS2 HC2 

Trial 1 Trial 2 Trial 3 Trial 4 Average  Trial 1 Trial 2 Trial 3 Trial 4 Average  

Control Condition 1.55 m/s 1.53 m/s 1.54 m/s 1.52 m/s 1.54 m/s 1.24 m/s 1.27 m/s ----- ----- 1.26 m/s 

Narrow-Base Condition  1.30 m/s 1.37 m/s 1.26 m/s 1.36 m/s 1.32 m/s 1.14 m/s 1.22 m/s ----- ----- 1.18 m/s 
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Table 13: Comparison of results in the control and narrow-base walking conditions for MS2 and HC2. MS2 and HC2 had similar average M-L 
COM displacements during the control condition trials, but MS2 displayed more variability in results. MS2 had larger average M-L COM 
velocities in the control condition than HC2. MS2 had larger peak-to-peak M-L COM displacements in the narrow-base condition than HC2. 
They also had larger average M-L COM velocities than HC2 during these trials.  
 

 
 MS2 HC2 
Control Condition Trial 1 Trial 2 Trial 3 Trial 4 Average  Trial 1 Trial 2 Trial 3 Trial 4 Average  
Peak-to-Peak M-L COM 
Displacement (cm) 5.64 11.49 7.21 9.67 8.50 5.94 3.55 ----- ----- 4.74 

Average M-L COM 
Displacement (cm) 8.72 13.14 11.43 10.57 10.97 9.32 8.70 ----- ----- 9.01 

Peak M-L COM Velocity 
(cm/s) 7.39 9.25 10.13 6.49 8.32 6.91 5.68 ----- ----- 6.29 

Average M-L COM 
Velocity (cm/s) 7.13 7.15 5.80 7.30 6.85 3.53 2.78 ----- ----- 3.14 

Narrow Condition           
Peak-to-Peak M-L COM 
Displacement (cm) 11.66 6.51 8.40 6.09 8.17 5.82 4.83 ----- ----- 5.32 

Average M-L COM 
Displacement (cm) 6.65 10.51 7.89 9.85 8.73 5.03 4.99 ----- ----- 5.01 

Peak M-L COM Velocity 
(cm/s) 8.01 7.34 5.17 8.95 7.37 5.67 7.33 ----- ----- 6.50 

Average M-L COM 
Velocity (cm/s) 6.18 4.88 4.65 5.18 5.22 2.87 3.14 ----- ----- 3.01 

 
 
 
 
 
 
 



 70 

 
 
 

Table 14: Comparison of average head pitch and head roll angles for MS2 and HC2 during both the control and narrow-base 
walking conditions. MS2 had larger average head pitch angles than HC2 during the narrow-base walking trials. MS2 also had larger 
head pitch angles in the narrow-base condition with smaller head roll angles.  
 

 MS2 HC2 
Control Condition Trial 1 Trial 2 Trial 3 Trial 4 Average Trial 1 Trial 2 Trial 3 Trial 4 Average 
Average Head Pitch Angle 4.01° 1.93° 6.66° 2.75° 3.84° 3.66° 3.63° ---- ---- 3.65° 

Average Head Roll Angle  4.56° 7.02° 6.41° 3.04° 5.26° 6.80° 4.20° ---- ---- 5.5° 
Narrow-Base Condition           

Average Head Pitch Angle 11.55° 7.67° 17.96° 17.67° 13.71° 2.99° 3.74° ---- ---- 3.37° 

Average Head Roll Angle  2.14° 1.91° 1.38° 2.26° 1.92° 1.16° 2.07° ---- ---- 1.62° 
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Figure 7: M-L COM displacement for MS2 between meters 2-4 of the walkway 
during the control walking condition. Peak-to-peak displacement during this trial 
was 5.6cm.  

 

 

Figure 8: M-L COM displacement for HC2 between meters 2-4 of the walkway 
during the control walking condition. Peak-to-peak displacement during this trial 
was 5.9cm. 
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Figure 9: M-L COM displacement for MS2 between meters 2-4 of the walkway 
during the narrow-base walking condition. Peak-to-peak displacement during this 
trial was 11.7cm, the largest of the narrow-base trials (average of across trials of 
8.17cm).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10: M-L COM displacement for MS2 between meters 2-4 of the walkway 
during the narrow-base walking condition. Peak-to-peak displacement during this 
trial was 5.8cm. 
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4.2.5 Sensory symptoms 

MS2 and HC2 both recorded a visual acuity of 20/10 feet on the Snellen chart. MS2 had a contrast 

sensitivity of 1.97 log units and HC2 1.95 log units. Both of these participants were right leg dominant. MS2 

had a vibrotactile sensitivity at the base of the first metatarsal on their dominant leg of 5 volts for both trials. 

HC2 had a vibrotactile sensitivity of 2 volts in the first trial and 3 volts in the second. SVV scores for MS2 

were 0.7° (HC2 = 0°) on the first firm surface trial and -2.0°  (HC2 = -5.6°) on the second. On a foam 

surface, they were able to adjust the illuminated rod to -1.5° (HC2 = 1.3°) off of vertical for the first trial and 

0.7° in the second (HC2 =-3.5°). MS2 and HC2 had no differences in threshold of perception of ankle plantar 

flexion. MS2 did, however, have a greater threshold of perception than HC2 in ankle dorsiflexion.  

 

Table 15: Comparison of results on tests of visual, vestibular, and vibrotactile functioning for MS2 and 
HC2. MS2 had slightly higher thresholds for sensation on the measure of vibrotactile functioning 
completed at the base of the first metatarsal.  
  
 MS2 HC2 
Visual Acuity (feet) 20/10 20/10 
Contrast Sensitivity (log units) 1.97 1.95 

 Trial 1 Trial 2 Trial 1 Trial 2 
Vibrotactile Sensitivity 5 volts 5 volts 2 volts 3 volts 
SVV Firm Surface 0.7° -2.0° 0° -5.6° 
SVV Foam Surface -1.5° 0.7° 1.3° -3.5° 

 

Table 16: Comparison of results on tests of ankle proprioception for MS2 and HC2. MS2 had larger 
thresholds than HC2 in all trials of ankle dorsiflexion completed.  
 
 MS2 HC2 
Plantar Flexion  
Trial 1 1.099° 0.440° 
Trial 2 0.440° 0.659° 
Trial 3 0.659° 0.440° 
Average 0.733° 0.514° 
Dorsiflexion   
Trial 1 0.412° 0.193° 
Trial 2 1.759° 0.659° 
Trial 3 1.318° 0.412° 
Average 1.163° 0.421° 
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4.2.6 Fatigue 

MS2 scored a 3 on the FSS, indicating low levels of fatigue. HC2 scored a 2, also indicating low 

levels of fatigue.  

4.2.7 Falls and balance confidence 

 Neither MS2 nor HC2 had experienced a fall of any kind within the six months prior to 

participation in this study. MS2 had a balance confidence of 99% on the ABC scale and HC2 95%. 

Neither of these participants was characterized as having a fear of falling.  

4.2.8 Muscle weakness 

 MS2 and HC2 both displayed similar knee extensor strengths with the dominant leg as they did 

with their non-dominant legs. With her dominant (right) leg, MS1 had knee extensor strength of 23N 

(HC1 = 51N) in the first trial and 38N (HC2 = 43N) in the second. With her non-dominant (left) leg, MS2 

had knee extensor strength of 38N (HC2 = 50N) in the first trial and 42N (HC2 = 53N) in the second. HC2 

had greater knee extensor strength in both her dominant and non-dominant legs than did MS2 across all 

trials.  

 

Table 17: Comparison of performance on tests of knee extensor strength for MS2 and HC2. MS2 showed 
lesser strength with both their dominant and non-dominant legs than did HC2. Both participants were 
stronger with their non-dominant (left legs) than their dominant (right) legs.  
 
 MS2 HC2 
 Trial 1 Trial 2 Trial 1 Trial 2 
Right Leg (dominant) 23 N 38 N 51 N 43 N 
Left Leg 38 N 42 N 50 N 53 N 

 

4.2.9 Mood 

 MS2 and HC2 both scored within normal ranges on the anxiety and depression components of the 

HADS. MS2 had a depression score of 1 and an anxiety score of 4. HC2 had a depression score of 0 and 

an anxiety score of 1.  
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4.2.10 Physical Activity  

 MS2 reported being more physically active than HC2. On the HAP, MS2 had a maximal and 

adjusted activity score of 94. This corresponds to the ability to run three miles in thirty minutes. HC2 had 

a maximal activity score of 78, corresponding to the ability to swim 25 yards without stopping. Her 

adjusted activity score was 77, corresponding to the ability to swim 25 yards with rests.  

 

Table 18: Summary of results on measure of balance confidence, mood, fatigue, and 
physical activity for MS2 and HC2. MS2 was more physically active than HC2. 
MS2’s perceived impact of their MS on gait is also reported.  
 

 MS2 HC2 
MSWS – 12 
First Administration 20 % ----- 

MSWS-12 
Second Administration 20 % ----- 

FSS 3 2 

ABC Scale 99 % 95 % 

HADS  
Depression Component 1 0 

HADS 
Anxiety Component 4 1 

HAP 
Maximal Score 94 78 

HAP 
Adjusted Score 94 77 
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4.3 Case 3 

4.3.1 Participant Characteristics 

The third participant with multiple sclerosis (MS3) was a 23 year-old female who was diagnosed 

with MS less than one year prior to study participation. MS3 was assigned a PDDS score of 1 due to her 

ongoing sensory symptoms (double vision of distant items, corrected with the use of a prism lens). She 

was age and sex-matched to a healthy 25 year-old female participant (HC3). MS3 was 170cm in height 

and weighed 72kg. HC3 was 168cm in height and weighed 62.5kg. MS3 and HC3 were both in the 

healthy ranges for BMI, with BMIs of 24.9 kg/m2 and 22.1 kg/m2 respectively. At the time of testing, MS3 

was taking one medication (birth control) and HC3 was not taking any medications. Participant 

characteristics for both MS3 and HC3 are presented in Table 19.  

 

Table 19: Comparison of participant characteristics for MS3 and HC3. Participants were comparable on 
all measuring, including those of height, weight, and BMI.  

 
 MS3 HC3 
Age  23 25 
Sex Female Female 
Height 170 cm 168 cm 
Weight 72 kg 62.5 kg 
BMI 24.9 kg/m2 22.1 kg/m2 
PDDS 1 ---- 
Falls in past 6 months 0 1 
Number of Medications 1 0 
Number of comorbidities 0 0 
MMSE Score 30 30 
Short Blessed Score 0 0 

 
 

4.3.2 Balance During Gait  

4.3.2.1 Center of Mass Velocity  

 COM velocity outcomes are reported here as an average of the four trials completed for each of 

the walking conditions. COM velocity results for all walking trials of MS3 and HC3 are reported in Table 

22. In the control condition, MS3 a peak M-L COM velocity of 11.84cm/s, which was similar to HC3’s 

peak velocity of 12.25cm/s.  MS3 had an average M-L COM velocity of 7.96cm/s for the control 
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condition and HC3 14.19cm/s. In the narrow-base condition, MS3 showed slower peak and average M-L 

COM velocities than the control condition. Her peak M-L COM velocity while walking with a narrow-

base was 10.62cm/s and an average velocity of 5.89cm/s. This change was not present for HC3, who had a 

peak M-L COM velocity of 12.51cm/s in the narrow-base condition and an average M-L COM velocity of 

10.89cm/s.     

4.3.2.2 Center of Mass Displacement 

 COM displacement outcomes are reported here as an average of the four trials completed for each 

condition. Results from all control and narrow-base trials are reported in Table 22. In the control 

condition, MS3 had a peak-to-peak M-L COM displacement of 4.84cm and an average M-L COM 

displacement of 4.15cm. HC3 had a peak-to-peak M-L COM displacement of 11.68cm and an average M-

L COM displacement of 14.74cm. MS3 had smaller COM displacements in the M-L direction in the 

narrow-base condition, while HC3 showed no changes between conditions. In the narrow-base condition, 

MS3 had a peak-to-peak M-L COM displacement of 3.38cm and an average M-L COM displacement of 

3.86cm. HC3 had a peak-to-peak displacement of 11.77cm and an average displacement of 15.10cm.  

4.3.2.3 Head pitch and roll angles 

Head pitch and roll angles are reported here as an average of the four trials completed for each 

walking condition. Head pitch and roll angles for all walking trials completed by MS3 and HC3 are 

reported in Table 23. MS3 had both larger average head pitch and average head roll angles than HC3 

during the control condition. Her average head pitch angle in this condition was 10.53° (HC3 = 6.19°) and 

her average head roll angle was 5.02° (HC3 = 1.67°). MS3 had smaller average head pitch and roll angles 

in the narrow-base condition than in the control condition while HC3 only displayed smaller average head 

pitch angles in this condition. In this condition, MS3 had an average head pitch angle of 3.21° (HC3 = 

2.75°) and an average head roll angle of 3.41° (HC3 = 1.99°). 
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4.3.3 Gait  

  4.3.3.1 Gait speed 

 MS3 was the only participant with MS to walk slower than her healthy control in both the control 

and narrow-base walking trials.  Across the four control condition trials, MS3 walked at an average gait 

speed of 0.99m/s and HC3 at an average gait speed of 1.12m/s. Across the four narrow-base trials, MS3 

had an average gait speed of 0.96m/s and HC3 an average gait speed of 1.08m/s. Gaits speeds of MS3 and 

HC3 for all completed walking trials are reported in Table 21.  

4.3.3.2 Perceived impact of multiple sclerosis on gait  

When MS3 completed the MSWS-12 over-the-phone they scored the minimal score of 20%, 

indicating that she perceived her MS to have no effect on her walking ability. She also scored 20% on the 

second administration of this scale during the laboratory testing session. 

4.3.4 Balance performance 

While standing with eyes open, feet together on a firm surface, MS3 had a greater A-P COP 

displacement and average COP velocity than HC3. With eyes closed on a firm surface, MS3 had similar 

M-L and A-P COP displacements to HC3 but a larger average COP velocity. She showed no differences 

in COP displacement or velocity while standing with eyes open, feet together on a foam surface. In the 

final condition of eyes closed, feet together on a foam surface, MS3 had an increase average COP 

velocity. MS3 scored the maximal score of 28 on the FICSIT-4. HC2 scored 26 on this measure. She was 

unable to stand unassisted on one foot for the entire duration of the ten-second trial.  
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Table 20: Comparison of performance on the mCTSIB for MS3 and HC3. MS2 had larger A-P COP velocities than HC3 in all conditions.  

 
 MS3 HC3 

 
Eyes Open 

– Firm 
Surface 

Eyes Closed – 
Firm Surface 

Eyes Open – 
Foam Surface 

Eyes Closed – 
Foam Surface 

Eyes Open – 
Firm Surface 

Eyes Closed – 
Firm Surface 

Eyes Open – 
Foam Surface 

Eyes Closed – 
Foam Surface 

Trial 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 
AVG M-L COP 
Displacement 
(cm) 

--- 0.57 0.53 0.55 0.52 0.50 1.26 1.18 0.50 0.45 0.35 0.64 0.57 0.44 1.59 0.91 

AVG A-P COP 
Displacement 
(cm) 

--- 0.69 0.36 0.54 0.56 0.50 0.88 1.10 0.48 0.38 0.34 0.36 0.82 0.47 1.75 1.22 

AVG COP 
Velocity (cm/s) --- 3.59 3.02 3.93 3.24 3.98 8.90 8.50 1.74 2.42 1.64 2.33 3.51 3.11 9.68 6.93 

 
 

 
Table 21: Comparison of gait speeds for MS3 and HC3 in both the control and narrow-base walking conditions. MS3 waked slower than HC3 during 
all trials for both conditions. Neither MS3 nor HC3 showed a difference in gait speed between the two conditions.  MS3 did show more variability in 
gait speed across the four narrow-base trials than they did the control trials.  

 
Condition MS3 HC3 

Trial 1 Trial 2 Trial 3 Trial 4 Average Trial 1 Trial 2 Trial 3 Trial 4 Average 

Control Condition 0.93 m/s 0.94 m/s 1.04 m/s 1.04 m/s 0.99 m/s 1.04 m/s 1.13 m/s 1.16 m/s 1.16 m/s 1.12 m/s 

Narrow-Base Condition  0.80m/s 0.97 m/s 1.00 m/s 1.07 m/s 0.96 m/s 1.06 m/s 1.10 m/s 1.11 m/s 1.05 m/s 1.08 m/s 
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Table 22: Comparison of results on the control and narrow-base walking trials.  MS3 had smaller peak-to-peak and average M-L COM 
displacements than HC3 across all trials completed. They also had slower M-L COM velocities in both the control and narrow-base walking 
trials.  
 
 
 MS3 HC3 
Control Condition Trial 1 Trial 2 Trial 3 Trial 4 Average  Trial 1 Trial 2 Trial 3 Trial 4 Average  
Peak-to-Peak M-L COM 
Displacement (cm) 3.49 5.43 5.58 4.87 4.84 10.78 12.58 10.70 12.66 11.68 

Average M-L COM 
Displacement (cm) 5.69 4.09 1.79 5.01 4.15 15.14 13.58 16.31 13.94 14.74 

Peak M-L COM Velocity 
(cm/s) 12.22 11.34 10.03 13.78 11.84 15.81 13.39 15.04 12.51 12.25 

Average M-L COM 
Velocity (cm/s) 6.10 8.71 7.99 9.03 7.96 11.11 12.94 12.11 12.84 14.19 

Narrow Condition           
Peak-to-Peak M-L COM 
Displacement (cm) 2.94 4.30 2.30 2.87 3.38 13.95 11.76 10.64 10.73 11.77 

Average M-L COM 
Displacement (cm) 3.03 7.91 2.18 2.31 3.86 14.35 17.36 16.62 12.04 15.10 

Peak M-L COM Velocity 
(cm/s) 9.72 8.13 12.99 11.64 10.62 13.80 13.16 15.12 7.96 12.51 

Average M-L COM 
Velocity (cm/s) 5.36 5.89 6.10 6.22 5.89 11.78 11.03 11.29 9.47 10.89 
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Table 23: Comparison of average head pitch and head roll angles for MS3 and HC3 during both the control and narrow-base walking 
condition. MS3 had larger average head pitch and roll angles than HC3 during the control walking condition. This difference was smaller in 
the narrow-base walking condition.  

 
 MS3 HC3 
Control Condition Trial 1 Trial 2 Trial 3 Trial 4 Average Trial 1 Trial 2 Trial 3 Trial 4 Average  
Average Head Pitch Angle 13.90° 17.47° 6.17° 4.56° 10.53° 6.32° 1.12° 7.65° 9.66° 6.19° 

Average Head Roll Angle  9.65° 2.73° 3.78° 3.92° 5.02° 1.99° 0.84° 1.99° 1.85° 1.67° 
Narrow-Base Condition           

Average Head Pitch Angle 3.92° 3.55° 3.07° 2.28° 3.21° 3.76° 4.09° 1.22° 1.94° 2.75° 

Average Head Roll Angle  1.72° 6.92° 3.07° 1.94° 3.41° 2.72° 2.90° 1.29° 1.03° 1.99° 
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Figure 11: M-L COM displacement for MS3 between meters 2-4 of the walkway during 
the control walking condition. Peak-to-peak displacement during this trial was 3.49cm. 

 

 
 

Figure 12: M-L COM displacement for HC3 between meters 2-4 of the walkway 
during the control walking condition. Peak-to-peak displacement during this trial 
was 10.78cm.
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Figure 13: M-L COM displacement for MS3 between meters 2-4 of the walkway during 
the narrow-base walking condition. Peak-to-peak displacement during this trial was 
2.94cm. 
 

 
 

Figure 14: M-L COM displacement for HC3 between meters 2-4 of the walkway during 
the narrow-base walking condition. Peak-to-peak displacement during this trial was 
13.95cm. 
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4.3.5 Sensory symptoms 

The third participant with MS and her healthy control had the same contrast sensitivity (1.95 log 

units) but differed on the measure of visual acuity, with HC3 having slightly better vision than MS3 had 

while wearing corrective lenses (MS3 = 20/13 feet, HC3 = 20/10 feet). While standing on a hard surface, 

MS3 had a SVV of -2.2° in the first trial (HC3 = 1.2°) and 0.4° in the second (HC3 = -0.6°). While 

standing on a foam surface MS3 had an SVV of -1.1° in the first trial (HC3 = 0.6°) and -1.2° in the second 

trial (HC3 = 0.3°). A summary of results on tests of sensation for MS3 and HC3 can be found below in 

Table 24.   

HC3 had a decreased vibrotactile sensitivity (4.0 V) as compared to MS3 (2.5 V). On the measure 

of ankle proprioception, MS3 did not identify any trials incorrectly, but did show differences in her 

thresholds for dorsiflexion (MS3 = 0.51°, HC3 = 0.439°) and plantar flexion (MS3 = 1.025°, HC3 = 

0.725°). Results on the measure of ankle proprioception are reported here as averages of all trials of 

plantar and dorsiflexion. Results on all trials of ankle proprioception for MS3 and HC3 are reported in 

Table 25.  

 

Table 24: Comparison of results on tests of visual, vestibular, and vibrotactile functioning for MS3 and 
HC3. HC3 had slightly better visual acuity than MS3 and was able to adjust an illuminated rod closer 
to vertical while standing on a foam surface.  

 
 MS3 HC3 
Visual Acuity (feet) 20/13 20/10 
Contrast Sensitivity (log units) 1.95 1.95 

 Trial 1 Trial 2 Trial 1 Trial 2 
Vibrotactile Sensitivity 3 volts 2 volts 4 volts 4 volts 
SVV Firm Surface -2.2° 0.4° 1.2° -0.6° 
SVV Foam Surface -1.1° -1.2° 0.6° 0.3° 
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Table 25: Comparison of results on tests of ankle proprioception for MS3 and HC3. MS3 had larger 
thresholds than HC3 in both plantar and dorsiflexion.   
 
 MS3 HC3 
Plantar Flexion  
Trial 1 1.318° 1.099° 
Trial 2 0.879° 0.636° 
Trial 3 0.879° 0.439° 
Average 1.025° 0.725° 
Dorsiflexion   
Trial 1 0.083° 0.219° 
Trial 2 0.569° 0.659° 
Trial 3 0.878° 0.439° 
Average 0.51° 0.439° 

 

4.3.6 Fatigue 

MS3 had a score of 2 on the FSS. HC3 also had a score of 2 on this scale. Both participants scored 

low on this measure of fatigue.  

4.3.7 Falls and balance confidence 

 In the six months prior to study participation, MS3 had not experienced a fall. HC3 had 

experienced one fall while riding her bike on loose gravel. On the ABC scale, MS3 had a balance 

confidence of 97% and HC3 a balance confidence of 83%, making MS3 more confident than HC3.  

4.3.8 Muscle weakness 

 MS3 had greater knee extensor strength than HC3 with both her dominant and non-dominant legs. 

With her dominant (right leg), MS3 had a knee extensor strength of 76N in the first trial (HC3 = 33N) and 

70N in the second (HC3 = 50N). With her non-dominant (left) leg, MS3 had strength of 52N in the first 

trial (HC3 = 35N) and 47N in the second trial (HC3 = 36N).  

 

Table 26: Comparison of performance on tests of knee extensor strength for MS3 and HC3. MS3 had 
greater strength with their dominant leg than did HC3 (both right leg dominant) as well as their non-
dominant leg. MS3 also showed greater knee extensor strength asymmetry between than did HC3.  
 
 MS3 HC3 
 Trial 1 Trial 2 Trial 1 Trial 2 
Right Leg (dominant) 76 N 70 N 33 N 50 N 
Left Leg 52 N 47 N 35 N 36 N 
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4.3.9 Mood 

  MS3 scored lower than HC3 on the measure of depression in this study. On the depression 

component of the HADS, MS3 scored a 0 and HC3 a 2. Both of these scores are within the normal ranges 

on this measure. On the anxiety component of the HADS, MS3 scored a 6 and HC3 a 4. MS3’s anxiety 

score, although higher, was still within normal ranges.  

4.3.10 Physical Activity   

 MS3 was more physically active than HC3. Her maximal and adjusted scores on the HAP were 

94, corresponding to the ability to run at least three miles in thirty minutes. HC3 had a maximal score of 

92, being able to run one mile in twelve minutes or less. Her adjusted activity score was 91, corresponding 

to their ability to run three miles with no time limits. 

 

Table 27: Summary of results on measures of balance confidence, mood, fatigue, and 
physical activity for MS3 and HC3. MS3 was more physically active than HC3. 
MS2’s perceive impact of their MS on gait is also reported.  
 

 MS3 HC3 
MSWS – 12 
First Administration 20 ----- 

MSWS-12 
Second Administration 20 ----- 

FSS 2 2 

ABC Scale 97 83 

HADS  
Depression Component 0 2 

HADS 
Anxiety Component 6 4 

HAP 
Maximal Score 94 92 

HAP  
Adjusted Score 94 91 

 

4.4 Summary of Results  

 Results from the three cases included in this study point to three measures being of particular 

importance and sensitivity for these participants. In the walking trials, COM velocity and displacement 
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outcomes showed small yet observable differences between patients with MS and healthy controls as well 

as between the control and narrow-base walking trials. Specifically, average COM velocities were larger 

for participants with MS. There were also differences in gait speed, with MS1 and MS2 walking slower 

than their matched controls and MS3 walking slower than any other participant in the study. The final 

measure that showed differences between participants was the measure of ankle proprioception, with all 

three participants with MS showing increased thresholds on this measure by 0.5-1.0 degrees.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 88 

Chapter 5: Discussion 

 The purpose of this case study was to explore the M-L stability during gait of persons with early-

stage MS using a narrow-base walking task. It also aimed to explore how balance performance, with an 

emphasis on M-L stability, is affected as a symptom in early-stage multiple sclerosis, and how the other 

commonly encountered symptoms of this disease may impact balance performance. Conventional 

measures as well as novel measures in the MS population were utilized.  

5.1 Gait parameters and their connection to postural control   

5.1.1 Balance During Gait 

 Measures of center of mass displacement and velocity were used in this study provided 

information on the mediolateral stability of study participants with MS. When foot placement was 

restricted in the lateral direction, differences arose between MS1 and HC1 in their peak-to-peak M-L 

COM displacements. In the narrow-base trials, MS1 had smaller peak-to-peak displacements than in the 

control walking trials. This tighter control of the COM during the narrow-base trials could indicate the use 

of a successful control strategy for the maintenance of balance in the frontal plane during this complex 

walking task. There are no known cutoffs for normal versus abnormal COM displacements during this 

task, but MS1 showed this pattern of tighter control across all trials.  

 Older adults often display a slower gait as a compensatory mechanism when foot placement is 

constrained laterally (Deshpande & Zhang, 2014). MS1 did not walk slower in the narrow-base condition, 

and thus may have instead walked more rigidly, potentially displaying a form of hypermetria. Hypermetria 

is a postural over-correction in response to small displacements of the COM. It is often evidenced by 

proprioceptive responses that are too large for the threat to stability, impaired rhythm generation, and 

increased variability in movement (Manto, 2009). This is often a consequence of cerebellar damage, 

specifically lesions in the lateral cerebellum or cerebellar connections (Manto & Bosse, 2003). Lesions in 

the cerebellum have been observed in over 80% of patients with MS (Cattaneo & Jonsdottir, 2009). It is 

therefore possible that cerebellar damage could be causing hypermetria in MS1. This is further supported 

by MS1’s increased ankle proprioceptive threshold, discussed in further sections.  
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 When comparing the average and peak-to-peak M-L COM displacements of MS1 and HC1, it is 

important to consider the effects of body mass index. There is a proven association between body weight 

and stability (Hue et al., 2008; McGraw, McClenaghan, Williams, Dickerson, & Ward, 2000; Cimolin et 

al., 2015). An increased BMI shifts an individual’s center of gravity, causing difficulty with movement 

and speed (Southard et al., 2010). This affects the ability to adjust to external threats to stability in a 

timely manner (McGraw et al., 2000). Hue and colleagues (2008) measured standing balance using a 

force-platform and discovered that body weight alone contributed to over 50% of the variance in COP 

speeds of participants, both with vision and without. This provides an alternate interpretation for the 

results of the narrow-base walking trials for these two participants. MS1 may not have shown distinct 

deficits in M-L stability during gait as compared to HC1 during these trials because HC1 was also 

experiencing troubles with frontal plane stability. It is relevant to note that frontal plane stability may be 

more likely to be affected by an increase in BMI as compared to stability in A-P direction. While HC1 did 

not have greater M-L COM displacements than MS1, she did show greater variability in average COP 

displacements during quiet stance, with both their eyes open and closed. Obese preteen boys have been 

shown to demonstrate greater variability in sway areas of the COP in the M-L direction than non-obese 

preteens, and this increase in displacement is indicative of a decrease in M-L stability (Hue et al., 2008). 

5.1.2 Standing Balance 

 The measurement of COP displacement during stance using a force-platform is a performance-

based method of assessing standing balance that has been employed previously in the MS population. It 

has been proven to be useful in those with minimal to no clinically evident balance deficits (Karst, 

Venema, Roehrs, & Tyler, 2005). The standing balance of individuals with MS who had not yet 

experienced any functional limitations was quantified using COP displacement and velocity measurements 

in this study. The main difference observed between participants with MS and healthy controls was in 

COP displacement and velocity while standing with eyes closed, feet together, on a foam surface. During 

these trials, participants with MS showed increased COP displacement in both the A-P and M-L directions 

as well as an increase in average COP velocity. Greater sway velocities and displacements are indicative 
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of worsening performance on the mCTSIB measure. This is in agreement with research conducted by 

Alpini and colleagues (2012) that demonstrated lower stability in patients with MS as compared to 

controls while standing on a foam pad with the eyes closed.  

Poor performance on the eyes closed, feet together, foam surface condition is particularly 

indicative of problems with ankle proprioception. While standing on the foam surface with their eyes 

open, participants were able to rely on their visual and vestibular inputs and control their COM 

displacements. Healthy adults are often able to manipulate ankle stiffness in order to maintain balance 

instead of being reliant on sensory feedback. The increased COP velocity and displacement observed for 

persons with MS during this challenging condition (eyes closed, foam surface) is likely to exceed the 

ability of their postural control system to maintain balance through the use of an ankle strategy alone. 

They are therefore likely to increase their reliance on vestibular and proprioceptive inputs (Morrison, 

Rynders, & Sosnoff, 2016). If proprioceptive inputs are also affected, the result is a decrease in postural 

control abilities on this complicated task.  

5.2 Gait Speed  

For all of the walking trials conducted, MS1 walked faster than her age and sex-matched healthy 

control. Differences in gait speed between these two participants could be linked to the differences in body 

mass indexes between these two participants. Recall that MS1 had a healthy BMI, while HC1 was 

classified as being overweight. HC1 being overweight could have contributed to their results on the 

walking trials and affected their M-L stability during gait. Comfortable gait speed is often reduced in 

overweight individuals as compared to those with a healthy bodyweight (Southard, Dave, & Douris, 

2010). Matching MS1 and HC1 in terms of BMI may have allowed for better comparisons to be made. It 

is important to note that although MS1 did not show a slower gait speed than HC1, it does not necessarily 

mean that she was free of impairments in M-L stability during gait. A study conducted by Spain and 

colleagues (2012) used body-worn motion-capture sensors to study gait deficits in persons with MS. This 

study found that even patients with MS who walked at normal speeds showed impaired balance during 

gait. This was observed as a larger angular trunk range of motion during gait in participants with MS than 
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healthy controls. Commonly used clinical tests such as the T25FW and TUG were also administered. 

These tests failed to detect the differences in gait that were observed using the motion sensors. This 

suggests that the motion sensors were a more sensitive measure of problems with gait than the standard 

clinical tests that were also completed.  

 As with the first case, the second participant with MS walked faster than their healthy control 

during all trials. Unlike the first case, however, there were no large differences in weight between MS2 

and HC2. Both participants were classified as having a normal, healthy BMI. Differences in gait speed for 

this case were thus not due to differences in weight between these participants. MS2 was more physically 

active than HC2 and this could have contributed to the observed differences in gait speed. The differences 

in gait speed were larger in the unrestricted walking condition than the narrow-base condition for these 

two participants. This is due to the fact that MS2 had a noticeably slower gait speed in the narrow-base 

condition than she did in the control condition. This reduction in gait speed shown by MS2 during the 

more complex walking condition could indicate a decline in performance on these trials (Nogueira et al., 

2013; Kelly et al., 2008). A study conducted on persons with Parkinson’s disease found that the 

individuals in this population with impaired M-L stability walked slower than healthy controls while 

walking with a narrow-base (Kelly & Shumway-Cook, 2014).  

 MS3 was the only participant with MS to walk slower than the matched healthy control. She had a 

slower gait speed than HC3 for both the control and narrow-base walking conditions. She also walked 

slower than the other two participants with MS. This decrease in gait speed was not linked to increased 

disability or BMI. MS3 was the youngest participant with MS and the most recently diagnosed. She did 

however have continuing sensory symptoms. This participant had ongoing diplopia that had started eight 

months prior to study participation and was the initial symptom of her disease. It was exacerbated by 

looking at screens and worsened at night. This double vision was corrected with the placement of a prism 

on her regular vision glasses, which were worn during the walking trials. This participant, although having 

greater knee extensor strength than her healthy control, also displayed the greatest asymmetry of knee 
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extensor strengths between her dominant and non-dominant legs of all the participants in this study. This 

asymmetry could have contributed to their slower walking speed. 

 Lambert and colleagues (2001) suggested that strength asymmetries between dominant and non-

dominant legs might be present in persons with MS. These researchers found that participants with MS 

were weaker than controls, but did not find a significant difference as compared to controls in terms of 

strength asymmetries. Later research, however, building on the work of Lambert et al., did find evidence 

for functional asymmetries in MS. Chung et al. (2008) investigated the connections between knee extensor 

strength in women with MS and its association to postural control, symptomatic fatigue, and walking 

speed. They observed a significantly greater power asymmetry in the knee extensor strength of women 

with MS as compared to healthy controls. Symptomatic fatigue and gait speed were correlated to knee 

extensor strength asymmetry. Participants who showed greater asymmetry had slower gait speeds. They 

postulated that power asymmetry might contribute to the experience of fatigue. These researchers 

suggested that strength training to reduce power asymmetry in persons with MS may be beneficial in 

increasing not only gait speed, but in helping to alleviate the experience of fatigue as well.  

Previous research has demonstrated a slower gait speed in persons with MS as compared to 

healthy controls (Comber, Galvin, & Coote, 2017). Difficulty with walking is one of the most visible signs 

of functional impairment caused by this disease. Walking represents a complex functional activity and 

there are many factors that contribute to and have an influence on walking speed. This can include motor 

control, an individual’s health status, habitual activity levels, and cognitive status (Fritz & Lusardi, 2009). 

Nogueira et al. (2013) observed that research participants with MS who displayed a lack of balance 

confidence (assessed using the ABC Scale), and had a history of falls, presented with a slower walking 

speed than those who also had a history of falls but no fear of falling. All participants with MS in this 

study showed high levels of balance confidence on the ABC scale. They were confident in their ability to 

perform a range of daily activities without the threat of losing stability. Although MS1 had fallen twice in 

the six months prior to study completion, these falls had both occurred while she was walking to school on 

icy terrain and did not affect her balance confidence.  
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5.3 Sensory symptoms and their connection to postural control 

It is unknown exactly how or if sensory deficits impact M-L stability during gait in persons with 

MS. Sensory symptoms also differ from patient to patient, so multiple measures of sensory function were 

conducted in this study. Despite the availability of more than one sensory input, the CNS generally relies 

heavily on a single sense at a time for the purposes of postural control. In healthy adults, somatosensory 

information from the contact of the feet with the support surface is the preferred sensory input for the 

control of balance (Shumway-Cook & Horak, 2016). Although all inputs from the somatosensory system 

(ankle, knee, and hip) contribute to the control of balance, it has been generally assumed that ankle 

proprioception provides the main contribution to postural control (Horlings et al., 2009). In the majority of 

cases, the loss of somatosensation heavily contributes to the neurological impairment of patients with 

sensory impairment (Rougier et al., 2007). In comparison to their healthy controls, MS1 and MS2 both 

displayed greater thresholds in detecting movement of the ankles in both dorsiflexion and plantar flexion 

while MS3 displayed greater thresholds in plantar flexion. It is unknown if this difference is truly 

clinically relevant. Compared to clinical method, this is a more sensitive quantitative technique for 

measuring proprioceptive abilities. This study shows that this technique can be employed in the MS 

population, but further research using this technique in this population should be conducted. Although all 

three participants with MS showed at least slightly decreased sensitivity on this measure, they were able to 

maintain balance both while standing during the mCTSIB and while walking in both the control and 

narrow-base trials. This could be due to the fact that they did not show impairments of the visual or 

vestibular systems. Recall that while MS3 did have troubles with vision, this could have been 

compensated for with their noticeably slower walking speed, as compared to all other study participants.  

The effects of sensory loss depends on multiple variables, including: (1) the ability to correctly 

select and interpret sensory information for orientation, (2) the availability of the other senses to detect the 

position of the body in space, and (3) the availability of accurate environmental cues (Shumway-Cook & 
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Woollacott, 1995). Often, individuals with a loss of somatosensation are able to maintain stability as long 

as they are receiving accurate information from the other senses. Cattaneo and Jonsdottir (2009) 

investigated M-L COP sway during quiet stance in patients with MS. These researchers found that the 

alteration of a single sensory input was enough to increase the amount of abnormal M-L sway scores in 

over 80% of individuals with MS. Disruptions in two or more sensory inputs led to a sharp increase in 

sway area for almost all participants tested. Greater balance instability may have therefore been observed 

in participants with MS in this study had they experienced impairments in more than one sensory system.  

Sensory symptoms are the first symptoms experienced by 45% of patients with MS, and for many 

they are among the most debilitating (Rae-Grant, Eckert, Bartz, & Reed, 1999). Of particular importance 

to this research is the link between sensory symptoms and postural control, specifically somatosensory 

deficits and their effects on dynamic balance. The somatosensory system contains long fibers that extend 

down through the spinal cord from sensory receptors stemming from the afferent receptor systems of 

cranial nerves I, II, III, and IV (Ashton-Miller, Woitys, Huston, & Fry-Welch, 2001). Subcutaneous 

proprioception is further influenced by a second set of pathways that modulate balance via the 

spinocerebellar tracts to the cerebellum. All of these somatosensory fibers depend on intact myelinated 

nerves in the CNS for fast signaling (Findling et al., 2011). The highly variable distribution of 

demyelinating plaques seen in patients with MS can directly affect these tracts, leading to slowed 

somatosensory conduction and therefore an impairment in balance. Research has shown that lesions of the 

somatosensory system from the legs may play an important role in M-L sway (Findling et al., 2011). As 

previously mentioned, when tests of sensation were conducted, the main differences that arose between 

participants with MS and healthy controls were in their ability to sense proprioceptive movements of the 

ankles.  

Stability during gait is concentrated in the M-L direction and is heavily dependent on the ability to 

properly sense the proprioceptive movement of the ankles. A rehabilitation program focused on 

addressing the somatosensory deficits present in patients with MS could be developed for patients with 

proprioceptive deficits as soon as they are identified (Lephart, Pincivero, & Rozzi, 1998). When designing 
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a treatment program for the unstable patient, there are two main considerations to be made: (1) which 

sense a patient depends on the most for balance orientation information and (2) how well a patient can 

adapt to reliance on multiple senses in situations of inter-sensory conflict (Shumway-Cook & Horak, 

1986). As mentioned, adults depend on proprioceptive information the most for dynamic balance 

orientation information. The participants in the current study showed increased proprioceptive thresholds, 

but showed no other deficits on tests of sensory functioning. They were thus likely able to rely on the 

other senses during times of inter-sensory conflict that could have occurred during the walking trials due 

to an increase in proprioceptive thresholds, making these participants with MS good candidates for a 

sensory training focused rehabilitation program.  

A study by Brichetto and colleagues (2015) used an individually tailored sensory training program 

to increase balance in persons with MS. These researchers split participants into two research groups: a 

personalized rehabilitation group and a traditional rehabilitation group. The traditional group participated 

in static and dynamic exercises in single-leg, double-leg, and kneeling stances of increasing difficulty. The 

personalized rehabilitation group received interventions tailored to their specific sensory impairment 

(visual, vestibular, proprioceptive). Those with proprioceptive impairments completed exercises involving 

progressive restriction of the base of support and the use of unstable surfaces such as balance pads and 

stability boards. Participants in the personalized group showed significantly greater improvements in 

balance as evidenced by an average improvement of 6.3 points on the Berg Balance Scale, as compared to 

an average increase of 2.0 points in the traditional rehabilitation group. This provides evidence for the 

feasibility and usefulness of personalized proprioceptive rehabilitation approaches in improving balance in 

persons with MS.  

A second study conducted by Westlake and Culham (2007) implemented somatosensory-targeted 

balance classes in groups of older adults. Participants were randomly assigned to either a balance exercise 

intervention or a falls prevention education program. The exercise intervention consisted of hour-long 

sensory-specific balance classes that were held three times a week for an eight-week period. Class 

activities were designed to force the use of the somatosensory system. Tasks included walking or standing 
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on various support surfaces (rocker board, foam, narrow beam) and standing in semi-tandem, tandem, 

single leg, or feet together positions. Visual and vestibular cues were also altered. COP velocity and total 

path length were measured using a force-platform. The researchers found that older adults in the balance 

exercise intervention showed an increased ability regenerate their proprioceptive abilities. They postulated 

that the attention an individual devotes to somatosensory cues affects balance performance. It is possible 

that with training, individuals can progress from the cognitive to associative phase of learning. With 

additional training, the autonomic stage of learning may be achieved. At this point, adjustments become 

automatic and the individual requires less attention to be paid to the task, such as proprioceptive skills, 

therefore leading to improvements in balance control (Ashton-Miller et al., 2001). Sensory-specific 

exercise programs may be one form of intervention for reducing the effects of proprioceptive impairments 

on balance control in persons with MS. Young, fit patients with MS, such as the participants in this study, 

would likely tolerate an exercise-intervention well. 

5.4 Mood and its connection to balance control 

 It is the early stages of MS that are often associated with disruptions in psychological wellbeing 

and the experience of depression is one of the main determinants of quality of life in persons with MS 

(Suh et al., 2010). All three participants with MS were in the early stages of disease progression, yet 

scored low (within normal ranges) on the HADS measure of depression. Participants with MS scored 

higher on the anxiety component of the HADS. MS2 and MS3’s scores still classified them as within the 

normal range for anxiety, but MS1 was classified as being within the borderline abnormal range. All 

participants scored higher on the measure of anxiety than their healthy control. Prior research has shown 

that postural instability has been observed in patients suffering from anxiety disorders (Yardley, Watson, 

Britton, Lear, & Bird, 1995). It is very likely that there is a neuro-anatomical connection between balance 

disorders and anxiety. The same neural circuits could be involved in the control of vestibular processing as 

are involved in the experience of anxiety. Specifically, the parabrachial nucleus is a site of convergence 

for the processing of vestibular information and pathways that appear to be involved in the conditioned 

fear, avoidance conditioning, and anxiety (Balaban & Thayer, 2001).  
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Anxiety as a contributing factor to balance instability could provide an explanation for MS1 and 

MS3’s smaller peak-to-peak and average M-L COM displacements during the narrow-base walking trials 

as compared to the control trials. It has been shown that the CNS imposes modifications to postural 

control when anxiety levels (specifically falls anxiety) increases. Patients may adopt a tighter control over 

their COM as evidenced by a reduced variability in their postural sway (Adkin, Frank, Carpenter, & 

Peysat, 2000). This accommodation may serve to reduce the permitted range of COM displacement and 

minimize the probability of a fall following a postural disturbance. MS1 and MS3 did not suffer from a 

fear of falling, but they did report greater feelings of general anxiety than HC1 and HC3 on the HADS. 

Brown and colleagues (2006), have suggested that a decrease in COM displacement caused by anxiety 

may offer protective effects for postural control, but that these beneficial effects of anxiety may be limited 

to individuals who do not suffer from a fear of falling, like MS1 and MS3.  

5.5 Physical activity and its connection to balance control 

 On average, persons with MS participate in physical activity less than age-matched controls (Motl 

et al., 2005). This tendency to be less physically active can serve to increase the risk of secondary 

conditions, such as balance impairments, and can also accelerate the rate of disease progression (Sandroff 

et al., 2012). All three participants with MS in this descriptive study were young, physically active 

females with low levels of disability and no overt signs of balance impairment. This is in contrast to the 

usual low level of involvement in physical activity generally seen in this population. Remaining physically 

fit likely influenced the ability of these participants to maintain high levels of physical functioning. It 

could also have worked to increase their mood as none of the participants scored within abnormal ranges 

on the measure of depression given.  

 Numerous studies have examined the link between physical activity and depression. The general 

conclusion is that persons who are more physically active display lower rates of depression (Jensen et al., 

2012). A study conducted by Stroud and Minahan (2009) classified participants as either Exercisers 

(performed at least 30 minutes of exercise at least twice a week) or Non-exercisers (did not participate in 
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physical activity). They found that Exercisers scored significantly lower on measures of depression and 

reported higher quality of life scores than Non-exercisers. 

 An additional benefit of physical activity lies in its ability to reduce functional limitations, such as 

restrictions of balance and ambulation (Suh et al., 2010).  Gauchard and colleagues (2003) completed a 

study on elderly individuals and demonstrated that the regular participation in physical activity by 

individuals in this population increased their postural control. They measured participants’ self-reported 

levels of physical activity and used this data to allocate participants into three groups according to the type 

of activity that they practiced. The first group consisted of women who practiced activities that were 

heavily dependent on proprioceptive cues such as yoga and soft gymnastics, the second of women who 

practiced bioenergetics activities such as swimming and cycling, and the third of women whose sole 

means of activity was walking. All participants underwent a test of standing posturography on a force-

platform, where their COP positions and displacements were measured. Postural control parameters while 

standing proved to be better in those individuals who participated in proprioceptive dependent exercises 

than in those who participated more frequently in bioenergetics or walking. These researchers 

recommended that elderly individuals with balance impairments practice physical activity that promotes 

the use of proprioceptive cues.  

 Participants with MS in this study regularly participated in bioenergetics physical activities. They 

also displayed larger thresholds on measures of ankle proprioception than did healthy controls. Self-

expression through movement increases the impact of proprioception and allows for the regulation of 

balance between the body and inner information (Gauchard et al., 2013). The addition of proprioceptive 

dependent activities may serve to decrease deteriorations in the ability to sense proprioceptive movements 

of the ankles, therefore reducing limitations caused by balance instability.  

5.6 Limitations 

 The largest limitation of this study was the small sample size, which did not allow for any 

statistical comparisons to be made. The adoption of a case study approach did, however, allow for in depth 

comparisons to be made between participants with MS and healthy controls, as well as with each other. 
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Another possible limitation is the homogeneity of the participants with MS included in this study. All 

three participants with MS were female, young, and highly physically active. Therefore, the results of 

participants in this study may not be generalizable to the general population of patients with early-stage 

MS. 

 The use of a standardized walking path width during the narrow-base walking trials could 

potentially be considered as a limitation of this study. The width of the path during all narrow-base trials 

was standardized to 25cm. This width could pose varying levels of threats to stability depending on factors 

such as participant’s foot size and width, preferred base of support, and height. Other studies using a 

narrow-base walking paradigm have customized the width of the path to 50% of the distance between 

individual participant’s anterior superior iliac spines. This was completed in the belief that this would 

produce a similar challenge for all participants (Kelly et al., 2008). This approach was not deemed feasible 

for the current study. Laboratory sessions for this project lasted roughly two and a half hours. Placing 

individual lines of tape on the floor would require substantial time while participants were in the 

laboratory. Patients with MS often experience fatigue as a symptom of the disease. Making testing 

sessions any longer than necessary was therefore undesirable. It is for this reason that a standardized path 

was used. This method of standardization has also been successfully implemented in several prior studies 

(Deshpande et al., 2013; Deshpande & Zhang, 2014; Kelly & Shumway-Cook, 2014).  

 The calibration methods for the OPTOTRAK system used to collect data for the walking trials are 

another potential limitation of this study. While calibration was completed each day participant testing 

took place, slight deviations in placement of the cube used for calibration could have influenced COM 

displacement outcomes on the walking trials. The cube placement being even slightly off of straight can 

lead to deviations in tracking of the markers (specifically that of the marker placed at S2), displaying as a 

deviations to the left or right of the walking path that may not be truly representative of how the 

participant performed. Deviations due to this are likely small (Eg. a tenth of a degree), but exist 

nonetheless. This makes gait speed and measures of COM velocity more reliable than that of COM 

displacement, as velocity outcomes are not affected by the system being calibrated on such an angle. It 
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also means that for peak-to-peak and average COM displacements, comparisons between conditions for 

participants (control versus narrow-base) are more reliable than between participants with MS and healthy 

controls. Future studies may want to consider alternative means of calibrating the motion-capture system. 

This could include calibrating the system to a rectangular surface on the floor, which would encompass 

the entire walking path, instead of a straight line from camera A to camera B. This may lead to more 

reliable COM displacement outcomes.  

 The final limitation of the study was the use of the Snellen chart to test visual acuity and the SVV 

for vestibular testing. While both of these measures have proven to be reliable and valid, they are not the 

most sensitive measures available for tests of acuity and vestibular functioning. They were used, however, 

because of their convenience, quick administrations, and availability of use within the motor performance 

laboratory, as opposed to expensive testing in an alternative clinic.  

5.7 Future Implications and Directions 

 Individuals with MS represent a heterogeneous population in terms of symptoms. This includes 

the experience of balance impairments. Problems with balance may be present either in stance or gait. 

Common contributors to these changes include the other symptoms frequently experienced early in the 

MS disease process. This includes problems with depression, anxiety, decreased physical activity, 

sensation, and muscle weakness. Because this study was exploratory in nature and contributors to M-L 

stability in gait are both currently unknown and may differ between patients with MS, a wide range of 

measures were employed in this study.  

In this study, a new method of measuring stability during gait was introduced for use in the MS 

population. The narrow-base walking paradigm used with body-worn motion sensors to capture COM 

displacement and velocity data was able to detect subtle changes in the postural control of study 

participants. Other differences noted between participants with MS and healthy controls include increased 

thresholds on the measure of ankle proprioception. Utilizing an ankle torque machine to measure ankle 

proprioception has not previously used in this population. Future studies should look at comparing the use 

of the ankle torque machine in the MS population to other proprioceptive measures more commonly used 



 101 

such as passive range of motion. Larger studies should also be conducted using a narrow-base walking 

paradigm to specifically assess the M-L stability during gait of persons with early stage multiple sclerosis. 

Once more information has been gathered, rehabilitation programs can be designed for the unstable MS 

patient with increased proprioceptive thresholds.  

5.8 Conclusion 

 In this case study, the postural control of three individuals with early-stage MS was explored and 

compared to that of age and sex-matched controls, as well as each other. Individuals with early stage MS 

can experience problems with both standing balance and balance during gait, even before clinical signs of 

the disease are present. This can manifest in different ways depending on the specific cause of instability 

and contributing symptoms in each patient with MS. It is because of this that all known possible 

contributors to instability were explored and assessed with a variety of tools/tests. Results from this study 

point to three measures as having particular pertinence to the assessment of M-L stability in gait. These 

measures were: (1) COM displacement and velocity, (2) gait speed, and (3) ankle proprioception 

thresholds. Measures of COM displacement and velocity using motion capture software can be used to 

detect subtle changes in M-L stability during gait that may not be picked up by conventional functional 

tests such as the Timed Up and Go and Dynamic Gait Index. Further work should be done to fully assess 

the utility of the COM velocity and displacement measures in the MS population. A larger study should be 

conducted using a narrow-base walking protocol in this population. Gait speed provides a good indication 

of overall physical functioning. It will likely remain an important measure of gait and stability abilities in 

persons with MS. One difference found between participants with MS in the current study and healthy 

controls was in ankle proprioception. In this study, we utilized a method of measuring ankle 

proprioception thresholds that had not previously been used in the MS population. The use of the ankle 

torque machine provided a sensitive measure of proprioceptive thresholds. This measure will likely prove 

useful in determining clinically significant levels of threshold increases once larger studies have been 

conducted to determine cutoffs, reliability, and validity of its use in this population. The use of sensitive 

measures such as the COP, COM, and proprioceptive measures utilized in this study can help to detect 
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early changes in the balance control of persons with MS as well as the symptoms that may contribute to 

these changes. The earlier these changes are detected, the earlier rehabilitation programs aimed at 

ameliorating them can be instituted.  

There are many factors to consider when designing a rehabilitation program for the unstable 

patient with MS. Because of the heterogeneous nature of this disease, balance assessment may differ 

between patients. Until all of the contributing factors to M-L instability are known, a wide net will need to 

be cast. This includes testing a wide range of systems ad symptoms, and then narrowing contributors to 

instability based on results of tests for individual patients. Rehabilitation programs can then be developed, 

specific to the symptoms experienced by the individual. Exercise programs aimed at improving ankle 

proprioception and increasing physical activity levels could provide an effective strategy for preventing 

further issues with postural control. 
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Appendix A – Recruitment Poster for Participants With Multiple Sclerosis 
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Appendix B – Kingston This Week Newspaper Recruitment Advertisement for Participants With 
Multiple Sclerosis 

 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 

This%study%has%been%reviewed%for%ethical%compliance%by%the%Queen’s%
University%Health%Sciences%and%Affiliated%Teaching%Hospitals%Research%Ethics%
Board%

Are you an adult over the age 
of 20 who is in the initial 

stages of Multiple Sclerosis? 

A%research%team%at%Queen’s%University%invites%you%to%
parBcipate%in%a%study%aimed%at%comparing%the%

performance%of%individuals%with%iniBal%stage%mulBple%
sclerosis%to%healthy%persons%when%walking%in%complex%

environments.%

The%study%takes%only%2.5%hours%and%refreshments%
and%free%parking%will%be%provided.%

For more information contact Tessa at: 
(613) 483 3184 or tessa.elliott@queensu.ca 
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Appendix C - Recruitment Poster for Healthy Control Participants 
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#!

#Purpose:#To#compare#performance#of#individuals#with#iniGal#stage#
mulGple#sclerosis#to#healthy#persons#when#walking#in#complex#

environments.##
##!

#LocaGon:#The#Motor#Performance#Lab#
####################Queen’s#University!

#!
#Time:#A#single#lab#session#that#will#require#roughly#2.5#hours#of#your#

Gme.!
#!

$30#on#compleGon#of#test#to#compensate#for#your#gas,#parking#and#
meals.# 

 
#For#more#informaGon#and#to#see#if#you#qualify#please#contact#
Tessa#Ellio6#(research#assistant)#at#613>483>3184#or#email#

tessa.ellio6@queensu.ca#
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Appendix D – Patient Determined Disease Steps (PDDS) 

 
 

 
 
 
 
 
 
 
 
 

Patient Determined Disease Steps 
 
 
0 = Normal Functionally normal with no limitations on 

activity or lifestyle. Course is relapse-
remitting with return to baseline with or 
without treatment. 
 

1 = Mild Disability Mild symptoms or signs. Have mild signs 
such as sensory abnormality or bladder 
impairment. No visible abnormality of gait. 
Course is relapse-remitting.  
 

2 = Moderate Disability Main feature is visibly abnormal gait, but 
does not require ambulation aids. Course is 
relapse-remitting or progressive. 
 

3 = Early Cane Use cane or other form of unilateral 
support for greater distances but are able to 
walk at least 25 feet without it. Course is 
relapse-remitting or progressive.  
 

4 = Late Cane Unable to walk 25 feet without a can or 
other form of unilateral support. Course is 
relapse-remitting or progressive. 
 

5 = Bilateral Support Require bilateral support to walk 25 feet. 
May use a scooter for greater distances. 
Course is relapse-remitting or progressive. 
 

6 = Wheelchair Confined to wheelchair. May be able to 
take a few steps but are unable to ambulate 
25 feet, even with bilateral support. 
 

U = Unclassifiable Used for patients who do not fit above 
classification (significant cognitive or 
visual impairment, etc..).  
 

Hohol, M. J., Orav, E. J., & Weiner, H. L. (1995).  
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Appendix E - The Fatigue Severity Scale (FSS) 
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Appendix F - The Short Blessed Test of Information Memory and Concentration 
 
 

 
 

Patient: ________________      DATE:____________ 
Age: ___________ 
 

Short Blessed Test (SBT)1 
 
“Now I would like to ask you some questions to check your memory and concentration.  Some of them may 
be easy and some of them may be hard.” 
 
1.  What year is it now?______________      Correct Incorrect 
               (0)                (1) 
          
2.  What month is it now?_____________      Correct Incorrect 
               (0)      (1) 
Please repeat this name and address after me: 
 John Brown, 42 Market Street, Chicago 
 John Brown, 42 Market Street, Chicago  
 John Brown, 42 Market Street, Chicago  
 
 (underline words repeated correctly in each trial) 
 Trials to learning________(can’t do in 3 trials = C)   
 
      Good, now remember that name and address for a few minutes. 
 
3.  Without looking at your watch or clock, tell me about what time it is. 
 (If response is vague, prompt for specific response)     Correct    Incorrect 
  (within 1 hour) _______                 (0)           (1) 
  Actual time: _____________ 
 
 
4.   Count aloud backwards from 20 to 1       0    1    2   Errors 
        (Mark correctly sequenced numerals) 
 If subject starts counting forward or forgets the task, repeat instructions and score one error 
 
         20   19   18   17   16   15   14   13   12   11  
 
         10     9     8     7    6      5    4     3     2     1 
 
 
5.    Say the months of the year in reverse order.   
 If the tester needs to prompt with the last name of the month of the year, one error should be scored 
        (Mark correctly sequenced months)  
 
         D  N  O  S  A  JL  JN  MY  AP  MR  F  J     0   1   2   Errors 
 
 
6.    Repeat the name and address I asked you to remember.   
      (The thoroughfare term (Street) is not required) 
       (John    Brown,    42      Market  Street,    Chicago)         0   1   2   3   4   5   Errors 
 
      _____,  ______,   ___,   ___________,   ________ 
 
   Check correct items                            USE ATTACHED SCORING GRID & NORMS
                                                           
1 Katzman R, Brown T, Fuld P, Peck A, Schechter R, Schimmel, H.  Validation of a short orientation-memory concentration test of 
cognitive impairment. Am J Psyhciatry 140:734-739, 1983. 
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Appendix G – The Mini Mental State Exam (MMSE) 
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Appendix H - The Frailty and Injuries: Cooperative Studies of Intervention Techniques Scale 4 
(FICSIT-4) 

 
 

 
 

10 of 13 
 

FICSIT-4                                                                                                                           PARTICIPANT ID: ________         
 
F-1. FEET CLOSELY TOGETHER, UNSUPPORTED, 
eyes open  
 
Stand still with your feet together and your eyes 
OPEN and facing the wall for 10 seconds.  

4 able to stand 10 seconds safely  
3 able to stand 10 seconds with supervision  
2 able to stand 3 seconds   
1 unable to stand 3 seconds but stays steady   
0 needs help to keep from falling  

If subject is able to do this, proceed to the next position, 
if not, stop. 
 
F-2. FEET CLOSELY TOGETHER, UNSUPPORTED, 
eyes closed  
 
Stand still with your feet together and your eyes 
CLOSED and facing the wall for 10 seconds.  

4 able to stand 10 seconds safely  
3 able to stand 10 seconds with supervision  
2 able to stand 3 seconds  
1 unable to keep eyes closed 3 seconds but stays 

steady  
0 needs help to keep from falling  

If subject is able to do this, proceed to the next position, 
if not, stop. 
 
F-3. SEMI-TANDEM: eyes open HEEL OF 1 FOOT 
PLACED TO THE SIDE OF THE 1ST TOE OF THE 
OPPOSITE FOOT (SUBJECT CHOOSES WHICH 
FOOT GOES FORWARD) 
 
Stand still with your feet together as shown and your 
eyes OPEN and facing the wall for 10 seconds.  

4 able to stand 10 seconds safely  
3 able to stand 10 seconds with supervision  
2 able to stand 3 seconds  
1 unable to stand 3 seconds but stays steady  
0 needs help to keep from falling  

If subject is able to do this, proceed to the next position, 
if not, stop. 
 
F-4. SEMI-TANDEM: eyes closed HEEL OF 1 FOOT 
PLACED TO THE SIDE OF THE 1ST TOE OF THE 
OPPOSITE FOOT (SUBJECT CHOOSES WHICH 
FOOT GOES FORWARD) 
 
Stand still with your feet together as shown and your 
eyes CLOSED and facing the wall for 10 seconds.  

4 able to stand 10 seconds safely  
3 able to stand 10 seconds with supervision  
2 able to stand 3 seconds  
1 unable to keep eyes closed 3 seconds but stays 

steady  
0 needs help to keep from falling  

If subject is able to do this, proceed to the next position, 
if not, stop. 
 

 
F-5. FULL TANDEM: eyes open HEEL OF 1 FOOT 
DIRECTLY IN FRONT OF THE OTHER FOOT 
(SUBJECT CHOOSES WHICH FOOT GOES 
FORWARD)  
 
Stand still with your feet together as shown and your 
eyes OPEN and facing the wall for 10 seconds.  

4 able to stand 10 seconds safely  
3 able to stand 10 seconds with supervision  
2 able to stand 3 seconds  
1 unable to stand 3 seconds but stays steady  
0 needs help to keep from falling  

If subject is able to do this, proceed to the next position, 
if not, stop. 
 
 
F-6. FULL TANDEM: eyes closed HEEL OF 1 FOOT 
DIRECTLY IN FRONT OF THE OTHER FOOT 
(SUBJECT CHOOSES WHICH FOOT GOES 
FORWARD) 
 
Stand still with your feet together as shown and your 
eyes CLOSED and facing the wall for 10 seconds.  

4 able to stand 10 seconds safely  
3 able to stand 10 seconds with supervision  
2 able to stand 3 seconds  
1 unable to stand 3 seconds but stays steady  
0 needs help to keep from falling  

If subject is able to do this, proceed to the next position, 
if not, stop 
 
 
F-7. STANDING ON ONE LEG: eyes open    
 
With your eyes open and facing the wall, stand on 
ONE LEG as long as you can without holding onto 
anything. 

4 able to lift leg independently and hold >10 seconds  
3 able to lift leg independently and hold 5-10 seconds  
2 able to lift leg independently and hold = or >3 

seconds  
1 tries to lift leg unable to hold 3 seconds but remains 

standing independently  
0 unable to try or needs assist to prevent fall 

 
 
Total FICSIT-4 Static Balance score = ____ / 28 
 
 
 
 
 
 
 
 
 

 



 125 

Appendix I – The Twelve-Item Multiple Sclerosis Walking Scale (MSWS-12) 
 
 

 
 

Twelve Item MS Walking Scale (MSWS-12)
Record form

To be completed by the healthcare professional
Total score  out of 60

Percentage %

Subject ID Number

Date 
Questionnaire 
Completed

Subject Initials Day Month Year

In the past two weeks,  
how much has your MS . . .

Not at all A little Moderately
Quite 
a lot

Extremely

1. Limited your ability to walk? 1 2 3 4 5

2. Limited your ability to run? 1 2 3 4 5

3.  Limited your ability to climb up and down stairs? 1 2 3 4 5

4.  Made standing when doing things more difficult? 1 2 3 4 5

5.  Limited your balance when standing or walking? 1 2 3 4 5

6. Limited how far you are able to walk? 1 2 3 4 5

7.  Increased the effort needed for you to walk? 1 2 3 4 5

8.  Made it necessary for you to use support when 
walking indoors (eg holding on to furniture,  
using a stick, etc.)?

1 2 3 4 5

9.  Made it necessary for you to use support when 
walking outdoors (eg using a stick, a frame, etc.)?

1 2 3 4 5

10. Slowed down your walking? 1 2 3 4 5

11. Affected how smoothly you walk? 1 2 3 4 5

12. Made you concentrate on your walking? 1 2 3 4 5

If you cannot walk at all, please tick this box   

From the numbers you circle against these questions, your healthcare professional can calculate your MSWS-12 score. This is done 
by adding the numbers you have circled, giving a total out of 60, and then transforming this to a scale with a range from 0 to 100. 
Higher scores indicate a greater impact on walking than lower scores.

© 2010 Biogen Idec GmbH 
Date of preparation: February 2011
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Appendix J - The Activities-Specific Balance Confidence Scale (ABC) 
 
 

 

 

The Activities-specific Balance Confidence (ABC) Scale* 
 

Instructions to Participants:  

For each of the following, please indicate your level of confidence in doing the activity without 

losing your balance or becoming unsteady from choosing one of the percentage points on the 

scale form 0% to 100%. If you do not currently do the activity in question, try and imagine how 

confident you would be if you had to do the activity. If you normally use a walking aid to do the 

activity or hold onto someone, rate your confidence as it you were using these supports. If you 

have any questions about answering any of these items, please ask the administrator. 

 

 

The Activities-specific Balance Confidence (ABC) Scale* 

For each of the following activities, please indicate your level of self-

confidence by choosing a corresponding number from the following 

rating scale: 

 

0% 10 20 30 40 50 60 70 80 90 100% 

no confidence     completely confident 

 
“How confident are you that you will not lose your balance or become 

unsteady when you… 

1.    …walk around the house? ____% 

2.    …walk up or down stairs? ____% 

3.   …bend over and pick up a slipper from the front of a closet floor ____% 

4.   …reach for a small can off a shelf at eye level? ____% 

5.   …stand on your tiptoes and reach for something above your head? ____% 

6.   …stand on a chair and reach for something? ____% 

7.   …sweep the floor? ____% 

8.   …walk outside the house to a car parked in the driveway? ____% 

9.   …get into or out of a car? ____% 

10.   …walk across a parking lot to the mall? ____% 

11.   …walk up or down a ramp? ____% 

12.   …walk in a crowded mall where people rapidly walk past you? ____% 

13.   …are bumped into by people as you walk through the mall?____% 

14.   … step onto or off an escalator while you are holding onto a railing? 

____% 

15.   … step onto or off an escalator while holding onto parcels such that you 

cannot hold onto the railing? ____% 

16.   …walk outside on icy sidewalks? ____% 

 
*Powell, LE & Myers AM. The Activities-specific Balance Confidence (ABC) Scale. J Gerontol Med Sci 1995; 50(1): M28-34 
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Appendix K – The Hospital Anxiety and Depression Scale (HADS) 
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Appendix L - The Human Activity Profile (HAP) 
 
 

 
 

Page 1 of 4

Human Activity Profile
Please place a tick in the appropriate box; until there are clearly no activities listed that you are able to do at the
present time. If you are still doing an activity tick the first box, if you have stopped doing an activity tick the
second box, if you have never done an activity tick the third box.

This questionnaire was constructed by A J Fix and DM Daughton and published in the Human
Activity Profile Professional Manual, Psychological Assessment Resources Inc., 1988

Still
doing this
activity

Have
stopped
doing this
activity

Never did
this

activity

1 Getting in & out of chairs or bed without assistance….

2 Listening to the radio………………………………….

3 Reading books, magazines or newspapers……………

4 Writing letters or notes………………………………..

5 Working at a desk or table…………………………….

6 Standing for more than 1 minute……………………..

7 Standing for more than 5 minutes…………………….

8 Dressing or undressing without assistance……………

9 Getting clothes from drawers or closets………………

10 Getting in and out of cars without assistance…………

11 Dining at a restaurant…………………………………

12 Playing cards / table games…………………………...

13 Taking a bath without assistance……………………...

14 Putting on shoes, stockings or socks, no rest or breaks
required

15 Attending a movie, play, church event or sports …….
activity

16 Walking 30 yards / 27 meters…………………………

17 Walking 30 yards non-stop……………………………

18 Dressing / undressing, no rest or break needed..……..

19 Using public transport or driving a car 99 miles or less

20 Using public transport or driving a car 100 miles or….
more
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Page 2 of 4

Still
doing this
activity

Have
stopped
doing this
activity

Never did
this

activity

21 Cooking your own meals……………………………..

22 Washing or drying dishes……………………………..

23 Putting groceries on shelves…………………………..

24 Ironing or folding clothes……………………………..

25 Dusting / polishing furniture or polishing a car………

26 Showering……………………………………………..

27 Climbing 6 steps………………………………………

28 Climbing 6 steps non stop…………………………….

29 Climbing 9 steps………………………………………

30 Climbing 12 steps…………………………………….

31 Walking ½ block on level ground…………………….

32 Walking ½ block on level ground non-stop…………..

33 Making a bed (not changing sheets)………………….

34 Cleaning windows…………………………………….

35 Kneeling, squatting to do light work………………….

36 Carrying a light load of groceries …………………….
(milk bread)

37 Climbing 9 steps non-stop………………….…………

38 Climbing 12 steps non-stop…………………………..

39 Walking ½ city block uphill…………………………..

40 Walking ½ city block uphill non-stop………………...

41 Shopping by yourself…………………………………

42 Washing clothes by yourself………………………….

43 Walking 1 city block on level ground………………...

44 Walking 2 city blocks on level ground………………..

45 Walking 1 city block on level ground non-stop………

46 Walking 2 city block on level ground non-stop………
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Page 3 of 4

Still
doing this
activity

Have
stopped
doing this
activity

Never did
this

activity

47 Scrubbing floors, walls or cars………………………..

48 Making a bed, changing sheets……………………….

49 Sweeping……………………………………………...

50 Sweeping 5 minutes non-stop…………………………

51 Carrying a large suitcase or bowling 1 game…………

52 Vacuuming carpets……………………………………

53 Vacuuming carpets 5 minutes non-stop………………

54 Painting interior / exterior…………………………….

55 Walking 6 city blocks on level ground………………..

56 Walking 6 city blocks on level ground non-stop.……..

57 Taking out the garbage………………………….…….

58 Carrying a heavy load of groceries……………….…..

59 Climbing 24 steps…………………………………….

60 Climbing 36 steps………………………………….…

61 Climbing 24 steps non-stop……………………….….

62 Climbing 36 steps non-stop…………….………….…

63 Walking 1 mile…………………………………….…

64 Walking 1 mile non-stop………………………….….

65 Running 110 yards (100 m) or playing softball / …....
baseball

66 Dancing (social)………………………………………

67 Doing callisthenics or aerobic dancing ………………
(5 minutes non-stop)

68 Mowing the lawn …………………………………….
( power mower but not a ride on mower)

69 Walking 2 miles………………………………………

70 Walking 2 miles non-stop…………………………….

71 Climbing 50 steps (2 ½ floors)……………………….
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Page 4 of 4

Still
doing this
activity

Have
stopped
doing this
activity

Never did
this

activity

72 Shovelling, digging or spading ……………………….

73 Shovelling, digging or spading 5 minutes non-stop…..

74 Climbing 50 steps (2 ½ floors) non-stop……………..

75 Walking 3 miles or golfing 18 holes without golf cart..

76 Walking 3 miles non stop………………………………

77 Swimming 25 yards…………………………………...

78 Swimming 25 yards non-stop…………………………

79 Bicycling 1 mile……………………………………....

80 Bicycling 2 miles……………………………………...

81 Bicycling 1 mile non-stop…………………………….

82 Bicycling 2 miles non-stop……………………………

83 Running or jogging ¼ mile……………………………

84 Running or jogging ½ mile…………………………...

85 Playing tennis or racquetball………………………….

86 Playing basketball / soccer (game play)………………

87 Running or jogging ¼ mile non-stop………………….

88 Running or jogging ½ mile non-stop…….……………

89 Running or jogging 1 mile……………….……………

90 Running or jogging 2 miles…………………………...

91 Running or jogging 3 miles…………………………...

92 Running or jogging 1 mile in 12 minutes or less……..

93 Running or jogging 2 miles in 20 minutes or less…….

94 Running or jogging 3 miles in 30 minutes or less….....

Maximum Activity Score (MAS) = highest ranking activity still being done
Adjusted Activity Score (AAS) = MAS – the number of items that have been stopped that fall below the MAS
Activities that were ‘never done’ are not counted
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Appendix M – Over-The-Phone Screening Sheets for Participants with Multiple Sclerosis 
 
 

 

MS	Walking	Study	–	Participant	Eligibility	Sheets	
	
To	be	completed	before	study	begins	in	screening	interview	over	the	phone.		
	
Phone	number	for	the	lab	cell	phone	is:	613	–	483	–	3184	
	

	
	
	
	
	
	
	
	
	

	
Is	this	something	you	would	be	interested	in	participating	in?	

o If	no:	thank	you	for	your	interest,	have	a	great	day.		
o If	yes:	May	I	ask	you	a	few	questions	to	see	if	you	qualify	to	

participate	in	this	study?	
	
Screening	Questions	
	

If	the	participant	answers	yes	to	any	of	the	following	questions,	thank	them	for	
their	time	and	then	exclude	them	from	the	study.		

	
	
1. Are	you	over	the	age	of	20?	

	
__________________	
	

2. Do	you	require	an	assistive	device	when	walking?	
	

__________________	
	
3. Have	you	ever	been	diagnosed	with	inner	ear	disease?	

	
__________________	

	
4. Do	you	have	any	major	neurological	conditions	(other	than	MS?)	
	

__________________	
	
a. If	you	have	MS,	have	you	has	a	relapse	within	the	past	3	months?	

	
__________________	
	

Good	morning/afternoon.	My	name	is	____________	and	I	am	calling	from	
the	Motor	Performance	Lab	at	Queen’s	University.	Thank	you	for	your	
interest	in	the	MS	Study.	This	study	will	be	looking	at	the	performance	
of	individuals	with	initial	stage	multiple	sclerosis	and	healthy	controls	
when	walking	in	complex	environments.	The	study	will	consist	of	one	
session	that	will	require	roughly	2.5	hours	of	your	time.	Refreshments	
and	free	parking	will	be	provided.			
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5. Do	you	have	any	cardiovascular	disease	(eg.	Coronary	heart	disease,	stroke,	
etc.)?	
	

__________________	
	
6. Do	you	have	pain	in	the	lower	limbs	while	walking?	
	

__________________	
	
7. Do	you	have	vision	problems	other	than	glasses	(eg.	Cataracts,	glaucoma,	

macular	degeneration)?	
	

__________________		
	

8. Where	did	you	see	our	ad?	
	

__________________	
	

Screening	Questionnaires		
	
1. Patient	Determined	Disease	Steps	

	
To	be	eligible	to	participate	in	the	study,	participants	must	have	a	PDDS	score	of	
3	or	less.		
	
	 	
	
	

2. Fatigue	Severity	Scale		
	
To	be	eligible	to	participate	in	the	study,	participants	must	have	a	FSS	score	of	5	
or	less.		
	
	
	

3. Short	Blessed	Test	of	Information	Memory	and	Concentration.	
	
To	be	eligible	to	participate	in	the	study,	participants	must	have	a	Blessed	Test	
score	of	4	or	less.		

	
	
	
	
If	they	do	not	qualify:	Thank	you	for	your	time.	Unfortunately,	based	on	our	
criteria,	you	do	not	qualify	to	participate	in	this	study.	If	another	study	comes	up,	
would	we	be	able	to	keep	your	name	on	our	recruitment	list?	
	

Participant	score:			

Participant	score:		

Participant	score:		



 134 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

If	they	qualify:		Thank	you	for	your	time.	Based	on	our	criteria,	you	do	qualify	to	
participate	in	our	study.	Would	you	like	to	go	ahead	and	book	a	time	now?	
	

• Confirm	the	date	and	time	
• Tell	the	participant	where	you	will	meet	them	

o Our	building	is	Louise	D	Acton	at	31	George	Street	
o The	parking	lot	is	located	behind	the	building	off	O’Kill	Street	

• Remind	them	of	your	name	and	give	them	the	lab	cell	phone	number	
o 613-483-3184	

• Ask	participants	to	bring:	
o Comfortable	walking	shoes	
o Form	fitting	clothing	
o Glasses	
o List	of	any	medications	
	

	
	
After	confirmation	with	participant	

• Book	all	equipment	on	the	lab	calendar	(lab	space	north,	ankle	torque	
machine,	interview	room,	forceplates,	OPTOTRAK)	

• Book	parking	pass	with	Martina	(rehabsec@queensu.ca)	
• Confirm	the	time	with	the	research	assistant	testing	with	you	
• Prepare	testing	sheets	for	the	session	
• Update	the	participant	database	(include	name,	phone	number,	and	any	

additional	info)	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

First	name:	________________________	 	 ID:	________________________	
	
Testing	Date	and	Time:	Monday4pm_____________________________________________	
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Appendix N – Letter of Informed Consent for Participants with Multiple Sclerosis 
 
 

 
  

Dr. Nandini Deshpande 
Assistant Professor 
School of Rehabilitation Therapy 
Faculty of Health Sciences 
Queen’s University 
Kingston, ON, Canada 
Tel: 613 533 2916 
Email: nandini.deshpande@queensu.ca 
 

 
 
 

Letter of Information and Consent (for those with diagnosed Multiple Sclerosis) 
 
Project Title: Adaptive locomotor performance in the early stages of multiple sclerosis: a pilot study 
 
Principal Investigator: Dr Nandini Deshpande, School of Rehabilitation Therapy, Faculty of Health Sciences, 
Queen’s University, Kingston, Ontario 
Co-investigator: Dr. Marcia Finlayson, School of Rehabilitation Therapy, Faculty of Health Sciences, Queen’s 
University, Kingston, Ontario 
____________________________________________________________________________ 
 

Maintaining and improving mobility is one of the major goals in the rehabilitation of individuals 
diagnosed with Multiple Sclerosis (MS). Mobility is defined as the ability to walk safely and 
independently in one’s natural environment. Challenges commonly encountered in natural environment 
(for example, increasing walking speed when required, performing simultaneous activities, etc.) require 
appropriate changes in walking patterns in order to prevent loss of balance and achieve safe mobility. 
The purpose of this study to understand if individuals in the initial stages of MS can safely 
accommodate these commonly encountered challenges and if any particular challenge is more difficult 
for them to accommodate.  

 
 You are invited to participate in this study if you are over the age 20 years, you have been 
diagnosed with MS, you do not need walking aids at present and if you do not have any other medical 
problems of your neuromuscular system or pain in your legs while walking. You will be required to 
complete a medical screening form. There is one session of two and a half hours to this study.  
 
Procedure: 
 
The testing will involve approximately two and a half hours visit to the laboratory. 
 
1.You will be asked to wear your pair of regular walking shoes. Your height and weight will be recorded. 
Vision will be tested using vision charts (similar to those at optometrist). The ability to detect touch on 
the skin of the foot-sole will be tested. The function of the inner ear balance detectors will be tested by, 
a. asking you to read the vision chart while walking on a treadmill and b. by asking you to align a line in 
a vertical direction on the wall in front of you. The strength of your knee muscles will be measured by 
asking you to push against resistance and balance will be assessed by asking you to stand with your 
feet in different configurations, with eyes open and then with eyes closed. 
 
2. You will complete 3 standard questionnaires that evaluate depression, anxiety and fear of falling.  
 
2. A total of 10 markers will be fitted on your body (2 above the ears, 1 on backside of the head, 2 on 
shoulders, 1 in between two shoulders, 1 in the middle of the back, 1 on the lower back and 2 on each 
foot. These markers will allow us record your body movements without recording the identifiable photo 
image. 
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4.You will be required to walk a distance of 6 meters straight ahead in 4 walking conditions: a. Walking 
on a narrow path (path width 25 cm) that will limit stepping in the mediolateral direction, b. Walking at a 
normal pace while performing an additional verbal task that will divide the attention while walking, c. 
Walking on a 5 inch thick firm foam surface, d. Stepping over a shoe box placed in the middle of the 
path when walking at a normal pace and e. walking at a normal pace without any challenge (control 
condition). The control condition will be performed first. Conditions a, b, c and d will be performed in a 
random order. 
 
5. On some walking trials we will control the visual information by asking you to wear goggles that will 
blur your vision similar to cataract vision.  
 
6. For your safety, two research team members will walk with you during all trials.    
 
With your agreement, you will also be videotaped for the purpose of tracking the responses while 
walking as well as a means of verifying results from data collected.  
 
Risks: Two team members will walk closely besides you to prevent a loss of balance. Therefore, there 
is a very small risk of a fall while performing the walking tasks.  There are no other anticipated health 
risks in these procedures. 
 
However, the testing session will be terminated as soon as you indicate that you wish to discontinue, 
for whatever reason.  
 
Benefits: You will receive an opportunity to get familiarized with the research activities in the School of 
Rehabilitation Therapy at the Queen's University. The results will provide useful information about how 
the individuals in the early stages of Multiple Sclerosis maintain balance when walking in conditions that 
simulate natural environment. The participants with multiple sclerosis may not receive direct benefit 
from participating. However, the results will provide the information that can be used for improving 
balance and mobility of this population and the knowledge can be further extended to develop 
strategies that can be taught for safer mobility in complex environment.  
 
Confidentiality: Any information obtained in this study will be retained indefinitely and will be held in 
strict confidence. It will be available only to the investigators. The computers are password protected 
and computer data files will contain a code number rather than the name. The video tapes will be 
stored in locked cabinets accessible only to the investigators. When the information from this study will 
be published in scientific journal or in professional meetings, your identification will be kept strictly 
confidential.  
 
You will be given a $30 on completion of the test session to compensate for your gas, parking and 
meals. 

Your participation in this study is voluntary and you are not obliged to answer any questions that you 
find objectionable or complete any aspect of the study which make you feel uncomfortable. 

If you have any questions now or later, please feel free to contact the investigator. 
 
Dr Nandini Deshpande: 613 533 2916 / 613 449 5003 

This study has been reviewed for ethical compliance by the Queen's University Health Sciences and 
Affiliated Teaching Hospitals Research Ethics Board. If you have any concerns about your rights as a 
research participant please contact Dr. Albert Clark, Chair of the Queen's University Health Sciences 
and Affiliated Teaching Hospitals Research Ethics Board at (613) 533-6081.  
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Your signature below indicates that you are aware that you may contact the principle investigator or the 
department head or the Health Sciences Research Ethics Board if you have any questions, concerns or 
complaints about the research procedures.   

 

Principle investigator: Dr. Nandini Deshpande 

Tel: 613 533 2916, email: nandini.deshpande@queensu.ca 
Research Assistants: Tessa Elliott  

email: tessa.elliott@queensu.ca 

Department Head: Dr. Marcia Finlayson 

Tel: 613 533 6727, email: marcia.finlayson@queensu.ca  

Chair of the Queen's University Health Sciences and Affiliated Teaching Hospitals Research Ethics 
Board: Dr. Albert Clark 

Tel: 613 533 6081, email: clarkaf@queensu.ca 

 
Your signature below indicates that you have read this Letter of Information (a total of 3 pages) and 
have had any questions answered to your satisfaction. Please keep a copy of this letter for your 
records. 

 
 
Name of the participant: ___________________________ 
 
Date: ____________________________ 
 
Signature: ________________________  
 
 
Name of the research personnel who obtained consent: __________________________________ 
 
Date: ____________________________ 
 
Signature: ________________________  
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Appendix O – Letter of Informed Consent for Healthy Control Participants 
 
 
 

 
 
 

Dr. Nandini Deshpande 
Assistant Professor 
School of Rehabilitation Therapy 
Faculty of Health Sciences 
Queen’s University 
Kingston, ON, Canada 
Tel: 613 533 2916 
Email: nandini.deshpande@queensu.ca 
 

 
 
 

Letter of Information and Consent (for healthy controls) 
 
Project Title: Adaptive locomotor performance in the early stages of multiple sclerosis: a pilot study 
 
Principal Investigator: Dr Nandini Deshpande, School of Rehabilitation Therapy, Faculty of Health Sciences, 
Queen’s University, Kingston, Ontario 
Co-investigator: Dr. Marcia Finlayson, School of Rehabilitation Therapy, Faculty of Health Sciences, Queen’s 
University, Kingston, Ontario 
____________________________________________________________________________ 
 

Maintaining and improving mobility is one of the major goals in the rehabilitation of individuals 
diagnosed with Multiple Sclerosis (MS). Mobility is defined as the ability to walk safely and 
independently in one’s natural environment. Challenges commonly encountered in natural environment 
(for example, increasing walking speed when required, performing simultaneous activities, etc.) require 
appropriate changes in walking patterns in order to prevent loss of balance and achieve safe mobility. 
The purpose of this study to understand if individuals in the initial stages of MS can safely 
accommodate these commonly encountered challenges and if any particular challenge is more difficult 
for them to accommodate.  

 
 You are invited to participate in this study if you are over the age 20 years and if you do not 
have a history of neurological conditions (e.g. Parkinson's Disease, Stroke, Multiple Sclerosis, balance 
problems etc.) or musculoskeletal conditions (e.g. rheumatoid arthritis, osteoarthritis etc.) or other 
chronic conditions (e.g. diabetes) or unexplainable falls. You will be required to complete a medical 
screening form. There is one session of two and a half hours to this study.  
 
Procedure: 
 
The testing will involve approximately two and a half hours visit to the laboratory. 
 
1.You will be asked to wear your pair of regular walking shoes. Your height and weight will be recorded. 
Vision will be tested using vision charts (similar to those at optometrist). The ability to detect touch on 
the skin of the foot-sole will be tested. The function of the inner ear balance detectors will be tested by, 
a. asking you to read the vision chart while walking on a treadmill and b. by asking you to align a line in 
a vertical direction on the wall in front of you. The strength of your knee muscles will be measured by 
asking you to push against resistance and balance will be assessed by asking you to stand with your 
feet in different configurations, with eyes open and then with eyes closed. 
 
2. You will complete 3 standard questionnaires that evaluate depression, anxiety and fear of falling.  
 
2. A total of 10 markers will be fitted on your body (2 above the ears, 1 on backside of the head, 2 on 
shoulders, 1 in between two shoulders, 1 in the middle of the back, 1 on the lower back and 2 on each 
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foot. These markers will allow us record your body movements without recording the identifiable photo 
image. 
 
4.You will be required to walk a distance of 6 meters straight ahead in 4 walking conditions: a. Walking 
on a narrow path (path width 25 cm) that will limit stepping in the mediolateral direction, b. Walking at a 
normal pace while performing an additional verbal task that will divide the attention while walking, c. 
Walking on a 5 inch thick firm foam surface, d. Stepping over a shoe box placed in the middle of the 
path when walking at a normal pace and e. walking at a normal pace without any challenge (control 
condition). The control condition will be performed first. Conditions a, b, c and d will be performed in a 
random order. 
 
5.On some walking trials we will control the visual information by asking you to wear goggles that will 
blur your vision similar to cataract vision.  
 
6. For your safety, two research team members will walk with you during all trials.    
 
With your agreement, you will also be videotaped for the purpose of tracking the responses while 
walking as well as a means of verifying results from data collected.  
 
Risks: Two team members will walk closely besides you to prevent a loss of balance. There are no 
anticipated health risks in these procedures. 
 
However, the testing session will be terminated as soon as you indicate that you wish to discontinue, 
for whatever reason.  
 
Benefits: You will receive an opportunity to get familiarized with the research activities in the School of 
Rehabilitation Therapy at the Queen's University. The results will provide useful information about how 
the individuals in the early stages of Multiple Sclerosis maintain balance when walking in conditions that 
simulate natural environment. The participants with multiple sclerosis may not receive direct benefit 
from participating. However, the results will provide the information that can be used for improving 
balance and mobility of this population and the knowledge can be further extended to develop 
strategies that can be taught for safer mobility in complex environment.  
 
Confidentiality: Any information obtained in this study will be retained indefinitely and will be held in 
strict confidence. It will be available only to the investigators. The computers are password protected 
and computer data files will contain a code number rather than the name. The video tapes will be 
stored in locked cabinets accessible only to the investigators. When the information from this study will 
be published in scientific journal or in professional meetings, your identification will be kept strictly 
confidential.  
 
You will be given a $30 on completion of the test session to compensate for your gas, parking and 
meals. 

Your participation in this study is voluntary and you are not obliged to answer any questions that you 
find objectionable or complete any aspect of the study which make you feel uncomfortable. 

If you have any questions now or later, please feel free to contact the investigator. 
 
Dr Nandini Deshpande: 613 533 2916 / 613 449 5003 

This study has been reviewed for ethical compliance by the Queen's University Health Sciences and 
Affiliated Teaching Hospitals Research Ethics Board. If you have any concerns about your rights as a 
research participant please contact Dr. Albert Clark, Chair of the Queen's University Health Sciences 
and Affiliated Teaching Hospitals Research Ethics Board at (613) 533-6081.  
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Your signature below indicates that you are aware that you may contact the principle investigator or the 
department head or the Health Sciences Research Ethics Board if you have any questions, concerns or 
complaints about the research procedures.   

 

Principle investigator: Dr. Nandini Deshpande 

Tel: 613 533 2916, email: nandini.deshpande@queensu.ca 
Research Assistants: Tessa Elliott  

email: tessa.elliott@queensu.ca 

Department Head: Dr. Marcia Finlayson 

Tel: 613 533 6727, email: marcia.finlayson@queensu.ca  

Chair of the Queen's University Health Sciences and Affiliated Teaching Hospitals Research Ethics 
Board: Dr. Albert Clark 

Tel: 613 533 6081, email: clarkaf@queensu.ca 

 
Your signature below indicates that you have read this Letter of Information (a total of 3 pages) and 
have had any questions answered to your satisfaction. Please keep a copy of this letter for your 
records. 

 
 
Name of the participant: ___________________________ 
 
Date: ____________________________ 
 
Signature: ________________________  
 
 
Name of the research personnel who obtained consent: __________________________________ 
 
Date: ____________________________ 
 
Signature: ________________________  
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Appendix P – List of Secondary Measures and Their Psychometric Properties 
 
 

Measure Purpose Populations Suited For Reliability Validity Responsiveness 

 
Activities-Specific 
Balance 
Confidence Scale  
(ABC) 

 
Patient-reported 
measure of their 
confidence in 
performing a range 
of ambulatory 
activities without 
falling.  

 
Multiple Sclerosis 
 
Parkinson’s Disease 
 
Stroke Recovery 
 
Neurologic Rehabilitation 
 
Vestibular Disorders 

 

 
Test/Restest: 
EXCELLENT 
(ICC* = 0.85-0.96) 
 
Interrater:  
EXCELLENT 
(r=0.94-0.96) 
 
(Cattaneo et al., 
2009) 
 

 
Able to discriminate 
between fallers and non-
fallers with MS 
(p=0.001) 
 
(Cattaneo et al., 2006) 

 
Average score of 60/100 
for fallers in the MS 
population. 
Average score of 66/100 
for non-fallers in the MS 
population. 
 
(Nilsagard et al., 2012) 

 
Ankle Torque 
Machine 
 

 
Measure an 
individual’s ability 
to sense 
proprioceptive 
movement of their 
ankles 
(somatosensory 
system). 
 

 
All populations 
 
Has been used in healthy 
younger and older adults.  

 
Test/Retest: 
EXCELLENT in 
healthy individuals 
(ICC* = 0.95) 
 
(Deshpande et al., 
2003) 

 
EXCELLENT in 
detecting differences in 
proprioception between 
older and younger 
participants 
 
(Deshpande et al., 2003) 

 

 
Biothesiometer 
 

 
Used to measure 
vibrotactile 
sensitivity at the 
base of the first 
metatarsal 
(dominant foot).  
 

 
Diabetic Peripheral 
Neuropathy 
 
Multiple Sclerosis 

 
Test/Retest: 
EXCELLENT for 
both the hands and 
feet 
(r=0.87) 
 
(Miranda-Palmer et 
al., 2005) 
 

 
Criterion: 
ADEQUATE with 
sensory evoked 
potentials in the lower 
limbs 
(rho=0.499) 
 
(Leocani et al., 2003) 

 
39% specificity and 92% 
sensitivity in detecting foot 
ulceration in MS patients 
with diabetes mellitus.  
 
(Miranda-Palmer et al., 
2005) 
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Fatigue Severity 
Score 
(FSS) 

 
To measure fatigue 
severity and its 
effect on daily life. 

 
Multiple Sclerosis 
 
Parkinson’s Disease 
 
Stroke Recovery 
 
Cancer Rehabilitation 
 
Neurologic Rehabilitation 

 
Test/Retest: 
MODERATE 
(Learmonth et al., 
2013) 
 
 

 
Construct:  
ADEQUATE with 
PDDS (r=0.532) 
 
EXCELLENT with 
MSWS-12 (r= 0.628) 
 
(Learmonth et al., 2013) 
 

 
SEM:  
Change of less than 0.7 
may be due to 
measurement error 
(Learmonth et al., 2013) 
 
MDC:  
Change of at least 1.9 
necessary to reflect a 
clinically significant 
change  
(Learmonth et al., 2013) 
 

 
Frailty and 
Injuries: 
Cooperative 
Studies of 
Intervention 
Techniques Scale 
4 
(FICSIT – 4) 
 

 
Assess an 
individual’s 
standing balance 
under different 
conditions by 
modifying stance 
and visual inputs.  

 
Older Adults 

 
Test/Retest:  
MODERATE over 
a 3-4 month period 
(Rossiter-Fornoff et 
al., 1995) 
 

 
MODERATE  to 
EXCELLENT with 
physical function 
measures and balance 
assessment 
(Rossiter-Fornoff et al., 
1995) 
 

 
Discriminates balance over 
a wide range of health 
statuses 
(Rossiter-Fornoff et al., 
1995) 
 

 
Hospital Anxiety 
Depression Scale 
(HADS) 

 
Identify the 
presence of anxiety 
and depression 
among patients who 
are physically ill.  
 

 
Arthritis and Joint 
Conditions 
 
Cardiac Dysfunction 
 
Parkinson’s Disease 
 
Neurologic Rehabilitation 
 
Spinal Cord Injury 
 
Stroke Recovery  
 

 
Test/Retest: 
EXCELLENT at 
0-2 weeks (r=0.84-
0.85) 
 
ADEQUATE to 
EXCELLENT at 
>2-6 weeks 
(r=0.73-0.76) 
 
ADEQUATE at >6 
weeks (r=0.70) 
 
(Herrmann, 1997) 
 

 
Criterion: 
ADEQUATE for 
HADS- Anxiety to 
BDI*(r=0.68) 
 
ADEQUATE for 
HADS-Depression to 
BDI* (r=0.70) 
 
(Bjelland et al., 2002) 

 
MDC: 
Around 1.57 on the 
HADS-Anxiety and 1.60 
on the HADS-
Depression(study in COPD 
population) 
(Puhan et al., 2008) 
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Human Activity 
Profile 
(HAP) 
 

 
Self-reported 
measure of physical 
fitness.  

 
Chronic Pain 
 
Renal Failure 
 
Various Neurological 
Disorders 
 
Arthritis 
 

 
Test/Retest: 
EXCELLENT for 
the maximal 
activity score  
(r= 0.76-0.97) 
 
EXCELLENT for 
the adjusted activity 
score 
(r=0.79-0.97) 
 
(Davidson & 
DeMorton, 2007) 
 

 
Criterion: 
Maximal Activity Score 
r = >0.6 
 
Adjusted Activity Score 
r = 0.83 
 
(Davidson & DeMorton, 
2007) 

 
SEM: 
Maximal Activity Score 
2.8-3 points 
Adjusted Activity Score 
3-3.6 points 
 
MDC: 
Maximal Activity Score 
6.5-7 points 
Adjusted Activity Score 
7-8.4 points 
 
(Davidson & DeMorton, 
2007) 
 

 
Knee Extensor 
Strength Using 
Dynamometer 
 

 
Determining the 
strength of the knee 
extensor muscles. 

 
All 

 
Test/retest: 
EXCELLENT in 
persons with hip 
fracture (r=0.91) 
and without fracture 
(r=0.90) 
 
(Roy et al., 2004) 
 

 
Construct 
EXCELLENT with 
Manual Muscle Testing 
(r=0.768) 
 
(Bohannon, 2001) 

 

 
The Twelve Item 
Multiple Sclerosis 
Walking Scale 
(MSWS-12) 

 
Measure an 
individual’s 
perceived impact of 
MS on their 
walking ability. 
 

 
Multiple Sclerosis 
 
Normative Data:  
MS average score of 28.2 
(25) 
(Goldman et al., 2008) 

 
Test/Retest 
EXCELLENT 
within 10 days, 6 
months, or 12 
months 
(Hobart et al., 2003; 
Motl et al., 2011) 
 
Internal 
Consistency: 
EXCELLENT 
(McGuigan et al., 
2004) 

 
Criterion: 
EXCELLENT with 
daily step count (r=-0.83) 
 
EXCELLENT with 
ABC (r=-0.72) 
 
EXCELLENT with 6-
Minute Walk Test (r=-
0.80) 
 
(Cavanaugh et al., 2011)  

 
MDC: 
Change of an 8-point 
improvement estimated to 
reflect a clinically 
significant change 
 
(Mehta et al., 2015) 
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Modified Clinical 
Test of Sensory 
Interaction on 
Balance 
(mCTSIB) 
 

 
Assess the standing 
balance of 
individual’s under 
different sensory 
conditions.  

 
All 

 
Test/Retest: 
EXCELLENT  
(r=0.99) 
 
Interrater: 
68% - 100% 
 
(Shumway-Cook & 
Horak, 1986) 
 

 
Construct: 
EXCELLENT with the 
Fugl-Meyer Assessment 
of Sensorimotor 
Recovery After Stroke 
(r=0.77) 
 
(Shumway-Cook & 
Horak, 1986) 

 

 
Patient 
Determined 
Disease Steps 
(PDDS) 

 
Patient reported 
outcomes assessing 
disability in MS.  

 
Multiple Sclerosis 
 
Normative Data:  
Median staying time at a 
specific level was 12 months 
 
(Hohol et al., 1999) 
 

 
Interrater: 
Median staying 
time at a specific 
level was 12 
months 
 
(Hohol et al., 1999) 

 
Criterion: 
EXCELLENT with 
EDDS (r=0.944) 
 
(Hohol et al., 1999) 
 

 

 
Pelli-Robson 
Chart 
 

 
Measuring visual 
contrast sensitivity, 
the contrast 
between objects and 
their background.  

 
All populations 
 
Has been used in persons 
with diabetes, healthy 
individuals, glaucoma, 
cataract, and persons with 
multiple sclerosis. 
 

 
Test/Retest: 
EXCELLENT in 
healthy individuals 
(98%) 
(Pelli et al.,1988) 
 
Average difference 
of less than 0.02 log 
units between 
testing sessions 
(Haymes et 
al.,2006) 

 
Construct: 
EXCELLENT with the 
MARS test  
(r=0.83) 
 
(Haymes et al.,2006) 

 
SEM: 
1% for experienced 
observers 
As high as 5% for 
unexperienced observers 
(Pelli et al., 1988) 
 
MCD: 
Average change in score of 
0.24 log units after cataract 
surgery. 
(Effect size = 0.88) 
(Haymes et al.,2006) 
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Snellen Chart  
 

 
Assess an 
individual’s visual 
acuity as compared 
to population 
norms.  
 

 
All populations  

 
Test/Retest: 
EXCELLENT 
(r=0.94) 
 
(Lovie-Kitchin, 
1988) 
 

 
Construct: 
EXCELLENT with 
Bailey-Lovie Chart 
(r=0.94) 
 
EXCELLENT with 
Floam Chart  
(r=0.91) 
 
(Lovie-Kitchin, 1988) 
 

 

 
Subjective Visual 
Vertical  
(SVV) 
 

 
Assess a patient’s 
perception of 
verticality. 
Vestibular 
problems may 
affect perception.  

 
Vestibular Disorders 

 
Test/Retest: 
EXCELLENT in 
patients with 
unilateral brain 
infarction and 
healthy controls 
(Pearson’s r = 0.92) 
 
(Zwergal et al., 
2009) 
 

 
Criterion: 
EXCELLENT, 94% 
sensitive to patients with 
unilateral brainstem 
lesions 
 
(Dieterich & Brant, 
1993) 
 
 

 
Mean error of 2° observed 
in healthy subjects. 
 
Mean error of 10° or more 
observed in patients with 
vestibular disorders.  
 
(Garcia & Jauregui-
Renaud, 2003) 

 
 
BDI = Beck Depression Inventory 
 
ICC = Intraclass correlation coefficient  
 
MCD: Minimal detectable change 
 
SEM: Standard error of measurement
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Appendix Q – Data Collection Sheets for Participants with Multiple Sclerosis and Healthy Controls 

 
 

 
 

 

Date:&______________________& & &&&Participant&ID:&______________________&

!
MS Walking Study – Data Collection Sheets 
 
Screening Checklist 
 
         � Screening questions (over phone) 
 
       � PDDS (over phone) 
 
        � Short Blessed Memory Test  
 
         � Fatigue Severity Scale  
 
 
Data Collection Checklist 
 

� Informed consent 
 

☐ Brief medical history 
 
☐ MMSE 

 
� Modified CTSIB 
 
� Visual acuity test:  
 
� Visual contrast sensitivity:  
 
� Ankle Proprioception 
 
� Vibrotactile sensitivity 
 
� Knee extensor strength 
 
� FICSIT – Balance Test  
 
� Activities-specific Balance Confidence Scale 
 
� MS Walking Scale 
 
� Walking trials 
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Date:&______________________& & &&&Participant&ID:&______________________&

 
 
Birth Date (Month/Day/Year): ___________ / _____ / ___________ 
 
Age (years): __________  Sex __________ 
 
Height (cm): __________  Weight (kg): __________ 
 
Brief Medical History 
 
• Do you have multiple sclerosis?                Yes / No 

 
o What is your diagnosis?                       ____________________ 

 
o How many years since your diagnosis?           ____________________ 

 
• Have you experienced a fall in the past 6 months?             Yes / No 

 
o If so, how many falls?              ____________________ 

 
o When and where (what were you doing when the fall occurred?) 

 
_______________________________________________________________ 
 
_______________________________________________________________ 
 
_______________________________________________________________ 

 
• Please provide a list of your current medications. 

 
      ________________________________________ 
 
      ________________________________________   
 
      ________________________________________ 
 
      ________________________________________ 
 
      ________________________________________ 
 
      ________________________________________ 
 
      ________________________________________ 
 
      ________________________________________ 
 
      ________________________________________ 
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Date:&______________________& & &&&Participant&ID:&______________________&

• Please provide a list of any other conditions you have been diagnosed with.  
 
      ________________________________________ 
 
      ________________________________________   
 
      ________________________________________ 
 

 
 
 
 
 
 
Modified CTSIB 
 
File name stem: ______________________________ 
 

 
Condition 

Trial 1 Trial 2 

Completed 
( ✓ / ✕ ) 

Time Completed 
( ✓ / ✕ ) 

Time 

Eyes Open – 
Ground 

   
 

 

Eyes Closed – 
Ground 

    

Eyes Open –  
Foam 

    

Eyes Closed – 
Foam 

    

 
 
Contrast Sensitivity 
 
 Score: __________________ (attach sheet) 
 
Visual Acuity 
 
 Score: __________________ 
 
Footedness 
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Date:&______________________& & &&&Participant&ID:&______________________&

 
Walking!Trials!
!

Before&conducting&the&walking&trials,&use&the&website&random.org&to&randomize&the&
order&that&the&conditions&will&be&performed&in.&&

!
1.&Control&condition.&&

Please&walk&at&a&comfortable&selfAselected&pace&for&the&length&of&the&walkway.&&
  

& File!Name! Complete!(Y/N)!
Trial&1& &

&
&

Trial&2& &
&

&

Trial&3& &
&

&

Trial&4& &
&

&

&
&
2.&Narrow&Walking&&
&&&&&&
& Please&walk&at&a&comfortable,&selfAselected&pace&for&this&trial.&While&walking,&please&try&
to&keep&your&feet&between&the&two&lines&of&tape&on&the&floor.&If&you&step&outside&of&the&line,&
please&continue&to&walk.&& &
&

! File!Name! Complete!(Y/N)! #!Times!Stepped!Out!
Trial&1& &

&
& &

Trial&2& &
&

& &

Trial&3& &
&

& &

Trial&4& &
&

& &

&
&

1. Obstacle&crossing.&
&
Please&walk&down&the&pathway&at&your&normal&pace.&When&you&reach&the&obstacle,&please&

step&over&it&and&continue&to&walk.&Try&to&avoid&swinging&your&leg&around&the&object&rather&than&
stepping&directly&over&it.&&
&
&
&
&
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Date:&______________________& & &&&Participant&ID:&______________________&

& File!Name! Complete!(Y/N)!
Trial&1& &

&
&

Trial&2& &
&

&

Trial&3& &
&

&

Trial&4& &
&

&

&
 
Modified CTSIB 
 
File name stem: ______________________________ 
 

 
Condition 

Trial 1 Trial 2 

Completed 
( ✓ / ✕ ) 

Time Completed 
( ✓ / ✕ ) 

Time 

Eyes Open – 
Ground 

   
 

 

Eyes Closed – 
Ground 

    

Eyes Open –  
Foam 

    

Eyes Closed – 
Foam 

    

 
 
Contrast Sensitivity 
 
 Score: __________________ (attach sheet) 
 
Visual Acuity 
 
 Score: __________________ 
 
Footedness 
 

2. When you climb stairs, which foot do you place on the first step?         Left / Right 
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Date:&______________________& & &&&Participant&ID:&______________________&

 
3. When kicking a ball, which foot do you use?         Left / Right 

 
4. Which foot do you use to move items on the floor?                                Left / Right 

 
 
Ankle Proprioception 
 
• If the subject consistently gets the answer incorrect, conduct two additional trials (8 total).  
 

Trial # Starting Angle End Angle Towards / 
Away 

Correct 
( ✓  / ✕  ) 

1 
 

    

2 
 

    

3 
 

    

4 
 

    

5 
 

    

6 
 

    

 
 
Knee Extensor Strength 
 
• This test will be conducted three times. The highest recorded score will be used in data analysis.  
 
 Trial 1 Trial 2 Trial 3 

 
Score 
 

   

 
 
Vibrotactile Sensitivity 
 
• Conduct three trials, with one trial being a fake trial in which biothesiometer is not turned on.  
 

Trial # Biothesiometer Reading 
Trail 1  

 
Trial 2  

 
Trial 3  
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Appendix R – Supplemental Figures 
 
 
 

 
 

Supplemental Figure 1: Comparison of COP displacement (mm) of MS1 and HC1 during the eyes 
open, feet together, firm surface condition of the mCTSIB. MS1 had slightly larger M-L COP 
displacements than HC1 during this condition.  
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Supplemental Figure 2: Comparison of COP displacement (mm) of MS1 during the eyes open, 
feet together, firm surface condition of the mCTSIB and the eyes closed, feet together, firm 
surface condition. No large differences were observed in COP displacements for MS1 between 
these two conditions.  

 

 
 
Supplemental Figure 3: Comparison of COP displacement (mm) of HC1 during the eyes open, 
feet together, firm surface condition of the mCTSIB and the eyes closed, feet together, firm 
surface condition. HC1 had larger COP displacements during the condition with eyes closed 
than that of the condition with eyes open.  
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Supplemental Figure 4: Comparison of COP displacement (mm) of MS1 during the eyes open, 
feet together, firm surface condition of the mCTSIB and the eyes open, feet together, foam 
surface condition. MS1 had slightly larger M-L COP displacements in the foam surface 
condition. 
 

 
 
Supplemental Figure 5: Comparison of COP displacement (mm) of HC1 during the eyes open, 
feet together, firm surface condition of the mCTSIB and the eyes open, feet together, foam 
surface condition. No large difference in COP displacement was noted between the two 
conditions.  
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Supplemental Figure 6: Comparison of COP displacement (mm) of MS1 during the eyes open, 
feet together, firm surface condition of the mCTSIB and the eyes closed, feet together, foam 
surface condition. MS1 had larger A-P and M-L COP displacements while standing on the foam 
surface with their eyes closed.  
 

 
 
Supplemental Figure 7: Comparison of COP displacement (mm) of HC1 during the eyes open, 
feet together, firm surface condition of the mCTSIB and the eyes closed, feet together, foam 
surface condition. HC1 had only slightly larger A-P and M-L COP displacements while standing 
with eyes closed on the foam surface.  
 

-0.05	

-0.03	

-0.01	

0.01	

0.03	

0.05	

-0.05	 -0.03	 -0.01	 0.01	 0.03	 0.05	

MS1 COP Displacement (mm) 
Eyes open firm surface 
Eyes closed foam surface 
 

	A
-P
			

M-L		

-0.05	

-0.03	

-0.01	

0.01	

0.03	

0.05	

-0.05	 -0.03	 -0.01	 0.01	 0.03	 0.05	

HC1 COP Displacement (mm) 
Eyes open firm surface 
Eyes closed foam surface 
 

	A
-P
			

M-L		



 156 

 
 
Supplemental Figure 8: Comparison of COP displacement (mm) of MS2 and HC2 during 
the eyes open, feet together, firm surface condition of the mCTSIB. MS2 had slightly 
larger A-P and M-L COP displacements than HC1 during this condition. 
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Supplemental Figure 9: Comparison of COP displacement (mm) for MS2 during the eyes open, 
feet together, firm surface condition of the mCTSIB and the eyes closed, feet together, firm 
surface condition. MS2 showed similar A-P and M-L COP displacements between these two 
conditions.  

 

 
 

Supplemental Figure 10: Comparison of COP displacement (mm) for HC2 during the eyes open, 
feet together, firm surface condition of the mCTSIB and the eyes closed, feet together, firm 
surface condition. HC2 did not show a difference in A-P or M-L COP displacements between 
these two conditions.  
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Supplemental Figure 11: Comparison of COP displacement (mm) for MS2 during the eyes open, 
feet together, firm surface condition of the mCTSIB and the eyes open, feet together, foam 
surface condition. MS2 had similar A-P and M-L COP displacements between these conditions.  

 

 
 

Supplemental Figure 12: Comparison of COP displacement (mm) for HC2 during the eyes open, 
feet together, firm surface condition of the mCTSIB and the eyes open, feet together, foam 
surface condition. HC2 showed slightly larger COP displacements while standing on the foam 
surface, primarily in the A-P direction.  
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Supplemental Figure 13: Comparison of COP displacement (mm) for MS2 during the eyes open, 
feet together, firm surface condition of the mCTSIB and the eyes closed, feet together, foam 
surface condition. MS2 had larger A-P and M-L COP displacements while standing with their 
eyes closed on a foam surface.  
 

 
 
Supplemental Figure 14: Comparison of COP displacement (mm) for HC2 during the eyes open, 
feet together, firm surface condition of the mCTSIB and the eyes closed, feet together, foam 
surface condition. HC2 had larger A-P COP displacements when standing with eyes closed on a 
foam surface, but increases in COP displacements during this condition were primarily 
concentrated in the M-L direction.  
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Supplemental Figure 15: Comparison of COP displacement (mm) for MS3 and HC3 during the 
eyes open, feet together, firm surface condition of the mCTSIB. MS3 had larger A-P and M-L 
COP displacements than HC3 in this condition.  
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Supplemental Figure 16: Comparison of COP displacement (mm) for MS3 during the eyes open, 
feet together, firm surface condition of the mCTSIB and the eyes closed, feet together, firm 
surface condition. MS3 had larger A-P and M-L COP displacements while standing with their 
eyes closed. 

 

 
 

Supplemental Figure 17: Comparison of COP displacement (mm) for HC3 during the eyes open, 
feet together, firm surface condition of the mCTSIB and the eyes closed, feet together, firm 
surface condition. HC3 did not have large differences in COP displacement between these two 
conditions.   
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Supplemental Figure 18: Comparison of COP displacement (mm) for MS3 during the eyes open, 
feet together, firm surface condition of the mCTSIB and the eyes open, feet together, foam 
surface condition. MS3 did not have large differences in COP displacement between these two 
conditions.   

 

 
 

Supplemental Figure 19: Comparison of COP displacement (mm) for HC3 during the eyes open, 
feet together, firm surface condition of the mCTSIB and the eyes open, feet together, foam surface 
condition. HC3 had larger A-P displacements while standing on the foam surface than the firm 
surface.  
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Supplemental Figure 20: Comparison of COP displacement (mm) for MS3 during the eyes open, 
feet together, firm surface condition of the mCTSIB and the eyes closed, feet together, foam 
surface condition. MS3 had larger M-L and A-P COP displacements while standing with their 
eyes closed on a firm surface.  

 

 
 

Supplemental Figure 21: Comparison of COP displacement (mm) for HC2 during the 
eyes open, feet together, firm surface condition of the mCTSIB and the eyes closed, feet 
together, foam surface condition. HC3 had larger M-L and A-P COP displacements 
while standing with their eyes closed on the foam surface.    
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Appendix S – Supplemental Tables 
 

 
 
 

                                                                                                  Legend 
 
 
 
                                                                                 Worse Performance  
 
 
                                                                                 Equal Performance 
 
 

                                                                                            Better Performance 
 
 
 

 
Supplemental Table 1: Comparison of performance for participants with MS to healthy controls on measures of standing balance, the FICSIT and 
mCTSIB. Participants with MS tended to show increased COP velocity on all mCTSIB conditions as compared to healthy controls. A-P and M-L COP 
displacements increased for participants with MS, particularly in conditions in which the eyes were closed.  
 
   Eyes Open Firm Eyes Closed Firm Eyes Open Foam Eyes Closed Foam 

 
Comparison FICSIT 

M-L 
COP 
Dis 

A-P 
COP 
Dis 

COP 
Vel 

M-L 
COP 
Dis 

A-P 
COP 
Dis 

COP 
Vel 

M-L 
COP 
Dis 

A-P 
COP 
Dis 

COP 
Vel 

M-L 
COP 
Dis 

A-P 
COP 
Dis 

COP 
Vel 

MS1 HC1 = = = = = ê é = = é é é é 

MS2 HC2 = = = é é é é = = é é é é 

MS3 HC3 é =  é é = = é = � = = ê é 
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Supplemental Table 2: Comparison of performance for participants with MS to healthy controls on measures of gait speed and M-L COM 
displacement outcomes for the walking trials. MS2 was the only participant to show increased M-L COM displacements and velocities across all trials 
of the control and narrow-base conditions as compared to their healthy control.  

 
 

 

Comparison Gait Speed 
Peak-to-Peak 
M-L COM 

Displacement 

Average M-L COM 
Displacement 

Peak M-L COM 
Velocity 

Average M-L COM 
Velocity 

 Control Narrow Control Narrow Control Narrow Control Narrow Control Narrow 

MS1 HC1 é é ê ê ê = ê ê ê ê 

MS2 HC2 é é é é é é é é é é 

MS3 HC3 ê ê ê ê ê ê = ê ê ê 

 
 
 

Supplemental Table 3: Comparison of performance for participants with MS to healthy controls on measures of sensory functioning (visual, vestibular, 
somatosensory) and knee extensor strength. All participants with MS showed increased thresholds of ankle plantar and dorsiflexion as compared to 
controls. No other clear patterns of differences in sensory functioning arose.  
 
 
 
 

Comparison Visual 
Acuity 

Contrast 
Sensitivity 

SVV 
Firm SVV Foam Vibrotactile 

Sensitivity 
Ankle 

Dorsiflexion 

Ankle 
Plantar 
Flexion 

Knee 
Extensor 

Strength – 
Right 

Knee 
Extensor 

Strength – 
Left 

Knee 
Extensor 
Strength 

Asymmetry 

MS1 HC1 = = = = = é é é é ê 

MS2 HC2 = é é ê é é é ê ê é 

MS3 HC3 ê = é é ê é é é é é 
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Supplemental Table 4: Comparison of performance for participants with MS to healthy controls on measures of fatigue, balance 
confidence, mood, and physical activity. All participants with MS scored higher on the HADS measure of anxiety than their healthy 
controls.  

 

 Comparison FSS ABC Scale HADS –  
Depression 

HADS - 
Anxiety 

HAP – Maximal 
Score 

HAP – Adjusted 
Score 

MS1 HC1 é é é é = = 

MS2 HC2 é é é é é é 
MS3 HC3 = é ê é é é 

 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 167 

Supplemental Table 5: Comparison of gait speeds for participants with MS during both the control and narrow-base walking conditions. MS3 
walked slower than MS1 and MS2 across all trials for both conditions. MS2 walked quicker than the other participants with MS during the 
control walking condition, but showed a slower gait, similar to that of MS3, during the narrow-base condition.  

 
 MS1 MS2 MS3  
 Trial 

1 
Trial 

2 
Trial 

3 
Trial 

4 Average Trial 
1 

Trial 
2 

Trial 
3 

Trial 
4 Average Trial 

1 
Trial 

2 
Trial 

3 
Trial 

4 Average 

Control  
(m/s) 1.35  1.39  1.35  1.36  1.36  1.55  1.53 1.54 1.52  1.54 0.93 0.94 1.04 1.04 0.99 

Narrow 
(m/s) 1.37  1.47  1.60  1.53  1.49  1.30  1.37 1.26  1.36  1.32 0.80 0.97 1.00 1.07 0.96 

 
 

Supplemental Table 6: Comparison of results on the control and narrow-base walking trials for participants with MS.  MS2 was the only 
participant with MS to not show a pattern of decreased peak-to-peak and average M-L COM displacement in the narrow-base walking trials as 
compared to the control trial.  

 
 MS1 MS2 MS3  
 Trial 

1 
Trial 

2 
Trial 

3 
Trial 

4 Average Trial 
1 

Trial 
2 

Trial 
3 

Trial 
4 Average Trial 1 Trial 

2 
Trial 

3 
Trial 

4 Average 

Control                 
P-P M-L 
COM Dis 7.79 9.92  8.56  8.38  8.66 5.64  11.49  7.21 9.67 8.50 3.49  5.43  5.58  4.87  4.84 
AVG M-L 
COM Dis 4.34 4.29  2.75  2.34  3.44 8.72  13.14  11.43 10.57 10.97 5.69  4.09  1.79  5.01  4.15 
Peak M-L 
COM Vel 10.0 13.53  11.66  10.74  11.48 7.39  9.25  10.13 6.49 8.32 12.22  11.34 10.03  13.78  11.84 
AVG M-L 
Vel 6.90  8.13  6.69 7.10  7.21 7.13  7.15  5.80 7.30 6.85 6.10  8.71 7.99  9.03  7.96 

Narrow                 
P-P M-L 
COM Dis 5.01  5.18  5.30  5.03  5.13 11.66  6.51  8.40 6.09 8.17 2.94 4.30  2.30 2.87 3.38 
AVG M-L 
COM Dis 2.20  1.82  2.36  2.99  2.34 6.65  10.51  7.89 9.85 8.73 3.03 7.91 2.18 2.31 3.86 
Peak M-L 
COM Vel 14.75  11.98  12.56  13.55  13.21 8.01  7.34  5.17 8.95 7.37 9.72  8.13  12.99  11.64 10.62 
AVG M-L 
Vel 6.52  6.40  6.97  7.62  6.88 6.18  4.88  4.65 5.18 5.22 5.36  5.89  6.10  6.22  5.89 
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Supplemental Table 7: Comparison of average head pitch and head roll angles for participants with MS during both the control and 
narrow-base walking conditions. MS3 had larger average head pitch angles than MS1 and MS2 during the control condition. They also 
had smaller average head pitch angles and a trend towards larger average head roll angles as compared to MS1 and MS2 during the 
narrow-base walking trials.  
 
 MS1 MS2 MS3 
Control  Trial 

1 
Trial 

2 
Trial 

3 
Trial 

4 Average Trial  
1 

Trial  
2 

Trial  
3 

Trial 4 Average Trial  
1 

Trial  
2 

Trial 
3 

Trial 
4 Average 

Average Head 
Pitch Angle 3.09° 2.88° 2.55° 5.10° 3.41° 4.01° 1.93° 6.66° 2.75° 3.84° 13.90° 17.47° 6.17° 4.56° 10.53° 

Average Head 
Roll Angle  2.51° 2.57° 1.26° 1.32° 1.92° 4.56° 7.02° 6.41° 3.04° 5.26° 9.65° 2.73° 3.78° 3.92° 5.02° 

Narrow-Base                 
Average Head 
Pitch Angle 4.37° 5.22° 5.66° 9.85° 6.28° 11.55° 7.67° 17.96° 17.67° 13.71° 3.92° 3.55° 3.07° 2.28° 3.21° 

Average Head 
Roll Angle  1.15° 1.45° 1.81° 0.83° 1.31° 2.14° 1.91° 1.38° 2.26° 1.92° 1.72° 6.92° 3.07° 1.94° 3.41° 
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Supplemental Table 8: Comparison of results on tests of visual, vestibular, and vibrotactile functioning 
for participants with MS. Participants were comparable on all measures. .  

 
 MS1 MS2 MS3 
Visual Acuity (feet) 20/10 20/10 20/13 
Contrast Sensitivity 
(log units) 

1.95 1.97 1.95 

 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 
Vibrotactile Sensitivity 4 volts 4 volts 5 volts 5 volts 3 volts 2 volts 
SVV Firm Surface 3.5° -0.2° 0.7° -2.0° -2.2° 0.4° 
SVV Foam Surface 0.7° 1.3° -1.5° 0.7° -1.1° -1.2° 

 
 
 
 

Supplemental Table 9: Comparison of results on tests of ankle proprioception for participants with MS. 
MS3 had larger thresholds than the other participants with MS in ankle plantar flexion but smaller 
thresholds in dorsiflexion. .   

 
 MS1 MS2 MS3 
Plantar Flexion    
Trial 1 0.659° 1.099° 1.318° 
Trial 2 1.098° 0.440° 0.879° 
Trial 3 0.439° 0.659° 0.879° 
Average 0.732° 0.733° 1.025° 
Dorsi Flexion    
Trial 1 1.099° 0.412° 0.083° 
Trial 2 1.098° 1.759° 0.569° 
Trial 3 1.099° 1.318° 0.878° 
Average 1.099° 1.163° 0.51° 

 
 
 
 

Supplemental Table 10: Comparison of performance on tests of knee extensor strength for all 
participants with MS. MS1 showed greater strength with both their dominant and non-dominant legs 
than did MS2 or MS3.  MS3 showed the largest asymmetry between legs.  

 
 MS1 MS2 MS3 

 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 
Right Leg (dominant) 78 N 81.9 N 23 N 38 N 76 N 70 N 
Left Leg 88.3 N 94.4 N 38 N 42 N 52 N 47 N 
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Supplemental Table 11: Summary of results on measures of balance confidence, mood, fatigue, and 
physical activity for participants with MS. Participants were comparable on all measures.  

 
 MS1 MS2 MS3 

MSWS – 12 
First Administration 28 20 20 

MSWS-12 
Second Administration 25 20 20 

FSS 3 3 2 

ABC Scale 97 99 97 

HADS  
Depression Component 1 1 0 

HADS 
Anxiety Component 8 4 6 

HAP 
Maximal Score 94 94 94 

HAP  
Adjusted Score 94 94 94 

 
 
 
 
 
 

 
 


