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ABSTRACT
It is well recognized that Multiple Sclerosis (MS) can affect sides of the body
asymmetrically, specifically the lower extremities; yet these disparities have not been
systematically examined. PUPROSE: To determine whether ambulatory individuals
with mild MS would display bilateral differences in physiological and functional
measures during exercise and whether these differences contribute to premature muscle
fatigue. Methods. Eight individuals with relapsing remitting MS (MS) and seven nonMS individuals (controls), similar in physical characteristics completed three series of
unilateral cycling tests.

Participant’s legs were categorized into either stronger/less

affected or weaker/more affected based on strength testing. To determine interlimb
asymmetries, comparisons of submaximal fixed load ride times, VO2peak, and peak
workload were performed. Unilateral exercise was performed to determine any pre-post
differences in strength, mobility, and foot tap speed. Data were analyzed using paired ttests for between-leg comparisons and independent t-tests for group differences.
RESULTS: Individuals with MS exhibited significant differences (P < 0.05) in: strength

(stronger leg: 95.31 ± 27.94 (lbs), weaker leg: 76.98 ± 19.60 (lbs)), submaximal fixed
load ride time (stronger leg: 4.83 ± 0.33, weaker leg: 3.44 ± 1.51 min), peak oxygen
uptake (stronger leg: 13.7 ± 3.2, weaker leg: 10.6 ± 3.0 ml/kg/min) and workload (watts)
(stronger leg: 73.4 ± 22.3, weaker leg: 56.3 ± 26.2 watts) with no differences observed in
the control group (P > 0.05). Significant differences (P < 0.05) were observed across
groups for stride velocity and strength asymmetry ratios prior to unilateral exercise.
Following exercise, the magnitude of asymmetry was reduced in the individuals with MS
such that no differences were observed, whereas stride velocity remained slower.
CONCLUSION:

Ambulatory individuals with MS displayed leg asymmetry not

observed in our control participants.

Following unilateral exercise the MS group’s

strength asymmetry scores were no longer statistically different compared to controls and
the MS individuals exhibited significant reductions in stride velocity and foot tap speed.
These findings provide possible insight into the consequences of fatigue on lower
extremity asymmetry and function and the need for new therapeutic interventions.
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CHAPTER 1

INTRODUCTION
Multiple sclerosis (MS) is a chronic, progressive and degenerative autoimmune
disease of the central nervous system (CNS) characterized by demyelination (1) and
axonal deterioration (2). Common symptoms of MS include abnormal gait, deficient
balance, muscle weakness, spasticity, and fatigue, all of which can reduce physical
function and exercise capacity in a deleterious cycle profoundly impacting health and
quality of life (1).
Fatigue impacts 85-95% of people with MS and is often “invisible”, yet it can be
the most debilitating aspect of the disease. Fatigue has been defined as “a subjective lack
of physical or mental energy that is perceived by the individual or caregiver to interfere
with activities of daily living” (3).

Fatigue can be caused by a variety of

sources/mechanisms which can be separated into two broad categories; primary or
secondary. Primary fatigue refers to factors associated directly with disease processes.
For example, primary fatigue can be caused by inflammatory cytokines, demyelination,
axonal loss and neuroendocrine abnormalities (4). Secondary fatigue has been associated
with consequences from primary fatigue and may include lack of conditioning,
depression, and medication side effects (4). Fatigue caused by primary and/or secondary
factors has sometimes been referred to as symptomatic fatigue to distinguish it from
muscular fatigue, but the relationship between symptomatic and muscular fatigue is
complicated because of overlapping influences.
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Skeletal muscle fatigue has been defined as a “failure to maintain the required or
expected force” following repeated activity of that muscle (5). The mechanisms for the
loss of maximum force production in individuals with MS have been described as being
caused by central and/or peripheral impairments. The central component of muscular
fatigue is represented by higher systems of control having either supraspinal or spinal
contributions and refers to the decline in efferent motor outflow (neural drive) to the
muscle, resulting in activation failure, reduced muscle recruitment (6), and/or delayed
neural transmission (7,8). The peripheral component of muscular fatigue refers to fatigue
of the force-generating mechanism within the muscle related to metabolic characteristics
(9-12), alterations in skeletal muscle cross-bridge mechanics, (13) and/or autonomic
dysfunction (14-22). While skeletal muscle fatigue is a common problem that limits
function in people with MS, the exact pathophysiology remains unclear as well as how it
interacts with the more global feelings of fatigue associated with MS.
Potential mechanisms for muscle fatigue which have not been fully explored in
this population include an imbalance in skeletal muscle oxygen delivery and extraction.
Under normal submaximal conditions, muscle oxygen supply and demand adjust to meet
the energy needs of an activity. However, at the onset of exercise there is a delay in
oxygen supply such that people experience an accumulated oxygen deficit (23).
Increased oxygen deficit (slower oxygen uptake kinetics) causes the muscle to rely on
anaerobic processes causing phosphocreatine (PCr) concentration and muscle glycogen
stores to be used to support energy demands. The use of anaerobic metabolic pathways
causes accumulation of muscle metabolites that have been associated with muscle fatigue
(H+, ADP, and Pi) (24). A mismatch between muscle oxygen delivery and extraction
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may further contribute to premature muscle fatigue thus reducing exercise capacity (2528).

A reduction in exercise capacity typically leads to fitness decrements and an

increasing sedentary lifestyle (26). Additionally, the accumulation of muscle metabolites
associated with the reliance on anaerobic metabolism may contribute to excessive and
premature muscular fatigue in individuals with MS. This could have important clinical
significance as it may augment local muscle fatigue as well as the generalized feelings of
fatigue which are the most common complaints in MS (29-32) that interfere with
everyday activities (29-31).
Deconditioning as a result of cardiovascular function may also contribute to
altered muscle function as evidenced by changes in muscle metabolism (lowering
mitochondria and oxidative capacity) related to reduced muscle blood flow (33).
Maintaining skeletal muscle blood flow is important as it is essential for both ambulatory
and postural control (34).

Furthermore, during activities of increasing intensity, a

mismatch between oxygen supply and demand could contribute to a reduced exercise
tolerance related to not only muscle fatigue, but also a more generalized feeling of fatigue
(34). One source of blood flow abnormality can arise from autonomic nervous system
dysfunction which manifests itself as orthostatic hypotension (35). Individuals with MS
often exhibit autonomic dysfunction however the incidence of autonomic dysfunction in
MS remains unclear with some researchers suggesting 18% while others report as much
as 80% (14-22). Autonomic dysfunction could result in limited redistribution of blood
flow that further contributes to abnormal muscle fatigue in individuals with MS. Other
than the disruption of muscle oxygen delivery and extraction related to inappropriate
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muscle blood flow, there also remains the possibility that neural factors may impact
skeletal muscle function (activation).
Muscle contraction requires a complex sequence of central and peripheral
activation processes such that any failure along the sequence could result in muscle
fatigue or loss of force production. Research has provided some evidence that muscle
activation failure may precipitate muscular fatigue in individuals with MS (11).
Additionally, reduced efferent motor outflow “neural drive” has also been observed in
people with MS during both voluntary and electrically stimulated isometric contractions
of the ankle dorsiflexor muscles (36). These findings suggest that muscular fatigue might
be a consequence of central impairment. However, the observation of abnormal calcium
pumping along with decreases in PCr and pH suggests peripheral fatigue might originate
from impaired excitation – contraction coupling and abnormal energy metabolism (37).
This information suggests that muscle fatigue is also related to peripheral mechanisms
rather than central limitations exclusively.
Another possible explanation of premature muscle fatigue could be related to the
etiology of MS and that the disease often affects the body asymmetrically. People with
MS who experience significant bilateral differences between sides of the body might find
activities that are bilateral in nature i.e. walking and cycling difficult to perform. As a
result, one limb may perform a compensatory role, contributing to premature muscle
fatigue. Currently, there is little published literature quantifying bilateral differences and
whether it contributes to reduced function and premature muscle fatigue. A case study
by White and Dressendorfer reported bilateral differences in leg strength and maximal
oxygen uptake in an individual with MS who exhibited left leg exercise induced
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monoparesis (38). Chung and colleagues observed that individuals with MS had lower
knee extension power and that the asymmetry between legs was greater when compared
to controls (39). Despite these findings and the knowledge that MS can asymmetrically
affect the body, disparities between limbs of the body have not been systematically
examined and quantified.

Therefore, an enhanced understanding of bilateral

discrepancies in leg function and performance coupled with inappropriate skeletal muscle
oxygen delivery and extraction might contribute to a more advanced understanding of
muscular and overall feelings of fatigue that people with MS experience.

This

information remains unavailable and might later contribute to the development of
effective rehabilitation strategies to attenuate fatigue and prevent premature disability.
Purposes
Considering fatigue is the one of the most disabling symptoms reported to reduce
quality of life and physical functioning in people with MS the goal of this study was to
explore whether individuals with MS exhibit asymmetrical differences in physiological
and functional measures during submaximal and incremental exercises. Therefore, two
experiments were conducted. The purpose of the first study was to establish whether
people with MS exhibit asymmetry in skeletal muscle energy demands, strength and
performance. The purpose of second study was to quantify bilateral differences
(asymmetry) in muscle performance and function following unilateral fatiguing exercise
in individuals with MS.
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Hypotheses
The hypotheses for Study 1 are:
H1)

Ambulatory individual with MS exhibit asymmetry in strength, oxygen

uptake kinetics, oxygen consumption, and work performed between legs.
H0)

Ambulatory individual with MS do not exhibit asymmetry in strength,

oxygen uptake kinetics, oxygen consumption, and work performed between legs.
H2)

Individuals with MS exhibit asymmetry in muscle oxygen delivery

relative to extraction during exercise between legs.
H0) Individuals with MS do not exhibit asymmetry in muscle oxygen delivery
relative to extraction during exercise between legs.
People with MS exhibit smaller muscle metabolic changes during exercise
relative to non-MS individuals (36). During exercise, afferent nerve fibers are responsive
to tension, temperature, and biochemical changes. These afferent fibers send impulses to
the spinal cord which responds by modulating efferent signals to produced appropriate
cardiovascular responses. Therefore, a blunted muscle afferent response might contribute
to muscle fatigue due to the body’s inability to respond appropriately. Additionally,
deconditioning may also contribute to inappropriate metabolic responses to exercise as
evidenced by changes in muscle metabolism and by reduced muscle blood flow (33).
Therefore, during exercise the inability to properly modulate the cardiovascular response
to exercise might translate into an abnormally slow increase in oxygen uptake both whole
body and at the muscle level contributing to muscle fatigue.
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The hypotheses for Study 2 are:
H1)

Individuals with MS exhibit asymmetry in strength, stride velocity, and

foot tap speed.
H0)

Individuals with MS do not exhibit asymmetry strength, stride velocity,

and foot tap speed.
H2)

Unilateral exercise increases the magnitude of asymmetry between legs in

strength, stride velocity, and foot tap speed.
H0)

Unilateral exercise does not increase the magnitude of asymmetry between

legs in strength, stride velocity, and foot tap speed.
Individuals with MS exhibit reduced neural drive (efferent neural outflow) to the
muscle during exercise (12, 40). Bilateral differences in strength and function between
limbs has been indentified in individuals with MS. The inability to equally activate lower
body musculature will further contribute to muscle fatigue because of an unequal
distribution in activation patterns causing a compensatory role in one limb contributing to
early onset muscle fatigue.
Significance of the Study
Fatigue is a common complaint in those individuals with MS which leads to
reduced physical activity and poor fitness in a deleterious cycle. Reduced daily activity
predisposes people with MS to be at risk for other health conditions and also loss of
independence. Presently the pathogenesis of muscular fatigue and exercise intolerance in
MS remains unclear. Possible mechanisms involved in muscle fatigue that have not been
adequately studied include bilateral differences in leg performance and oxygen
consumption. This study will provide novel information regarding bilateral skeletal
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muscle physiology and performance differences in individuals with MS. Study findings
will help to establish new knowledge related to muscle fatigue in MS and contribute to
optimizing patient care through prevention and rehabilitation programs allowing
physicians and healthcare providers to prescribe exercise programs that have multidimensional health benefits.
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CHAPTER 2
REVIEW OF THE RELATED LITERATURE
Multiple sclerosis (MS) is a progressive and degenerative autoimmune disease of
the central nervous system (CNS) characterized by demyelination (1) and axonal
deterioration (2). MS is a major cause of neurological disability in young adults (1) and
is characterized by a variety of disabling symptoms including muscle weakness and
fatigue, as well as deficient balance, spasticity, and autonomic dysfunction. Skeletal
muscle weakness limits daily function and contributes to fatigue.

The exact

pathophysiology of fatigue remains unclear but has been described as the most disabling
symptom for individuals with MS (1).

This review of literature will describe the

pathology/physiology of MS, disease patterns, and MS symptomology. A discussion of
common mechanisms associated with skeletal muscle fatigue including abnormal
cardiovascular reflexes as well as peripheral and central components will be presented.
Lastly, additional factors that may play an important role in muscular fatigue in MS
which include bilateral asymmetry of musculature, oxygen utilization, and oxygen
extraction will be described.
Pathology of Multiple Sclerosis
Axons within the CNS are coated with an insulating fatty lipoprotein sheath called
myelin, which functions to aid in the transmission of nerve impulses. This myelin
coating is the most vulnerable target of attack during this disease. During periods of
disease activity, white blood cells (leukocytes) are activated; a common immune system
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mechanism referred to as an inflammatory response. In this disorder, neuronal damage
follows the inflammatory response. Additionally, during an inflammatory episode, the
myelin sheath can be damaged, resulting in slowed and/or blocked nerve impulse
transmission. Inflammation can also damage the underlying axonal membrane; even
killing glial cells, such as oligodendrocytes (41).
The destruction of axons typically follows a Wallerian degeneration pattern also
known as orthograde degeneration. A possible theory for this pattern of degeneration is
that the axons undergo apoptosis because of the reduced number of healthy
oligodendrocytes which normally function to supply the axons with essential growth
factors, such as Insulin-like Growth Factor-1 (IGF-1).

Research findings using the

animal model of MS, experimental autoimmune encephalitis (EAE), indicate that axons
deprived of IGF-1 will eventually die (42).
Following inflammation and subsequent demyelination, several physiological
adaptations may occur within the CNS. The neurons that are not damaged can resume
proper function and some recovery/remyelination of the damaged areas (remission) may
occur, usually in the early stages of the relapsing–remitting form of the disease (43). The
demyelinated axons also may retain some ability to function despite myelin loss (43).
Research suggests that the damaged axons can produce greater numbers of sodium
channels as an adaptation to myelin loss (44). Sodium channels are integral in action
potential propagation and increasing the number of sodium channels contributes to
remission observed in MS (43).

Additionally, oligodendrocytes can stimulate

remyelination of damaged axons, although normal function often remains compromised
(44). Scar tissue may also replace the myelin (44) and is the basis for the name Multiple
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Sclerosis, as Sclerosis originally means scar forming, from the Greek skleros (hard). Scar
tissue is also pathological, can block the formation of new myelin, and once axons have
become scarred, neural function is generally compromised.
While the cause of MS remains unclear, increasing evidence suggests that the
immune system plays a pivotal role disease onset and progression. T- cells and other
immune effectors infiltrate the CNS and attack the nerve cells, degenerating myelin and
causing axonal destruction (45). Degeneration of the CNS results in a variety of clinical
signs and symptoms which include sensory and motor disturbances, depression, and
fatigue, all of which may result in decreased functional capacity and quality of life.
Diagnosis and Patterns of Multiple Sclerosis
Diagnosis of MS is often challenging because there is no specific test, and the
criteria that have been established that are somewhat subjective. The disease course of
MS is often described by four diagnosed patterns, although the distinction of each pattern
is difficult (43). The basic patterns in order of severity are: relapsing/remitting, primary
progressive, secondary progressive and progressive relapsing (43).
Relapsing Remitting. The relapsing-remitting pattern is present in 85 percent of
people with MS and is considered the classic form of the disease (43). It is characterized
by relapses that are clearly distinguished from periods of remission (43). A relapse, also
known as an “attack”, “exacerbation” or “flares”, is a clinically significant event
(meaning that is has outward signs and/or symptoms caused by an MS lesion on the brain
or spinal cord). Typically, an attack is either the worsening or appearance of new
symptoms (43). The periods between the relapses (remission) are characterized by a lack
of outward disease progression (43). However, there is much information to suggest that

11

the disease progression may be silent, meaning that deterioration may be occurring
without outward clinical symptoms (43).
Primary Progressive.

The primary progressive form of MS is observed in

approximately 10 percent of people with MS (43) and shows a nearly continuous
worsening from onset, without distinct relapses or remissions. Occasional plateaus and
temporary minor improvements may be observed in primary progressive patterns but
often the individual shows a steady progression of disability with little or no acute relapse
(43).
Secondary Progressive.

The secondary progressive patterns of MS are

characterized by continued relapses combined with a slow, steady loss of neurological
function (43). Typically, individuals with secondary progressive MS were originally
diagnosed with the relapsing-remitting form. Approximately 50 percent of individuals
with relapsing-remitting MS will develop secondary progressive MS (43).
Progressive-Relapsing.

The most aggressive form of MS is referred to as

progressive-relapsing, which occurs in only about 5 percent of MS patients (43). This
form of the disease is progressive from onset, with clear, acute relapses or exacerbations
that may or may not resolve with recovery (43).
Multiple Sclerosis Symptoms
Individuals with MS often exhibit a variety of symptoms that vary widely in
breadth and severity altering visual, motor, sensory, coordination and balance, bowel,
bladder, sexual, cognitive function, and excess fatigue. Many of these symptoms can
contribute to a reduction in functional and or exercise capacity. The following section
will describe, motor function symptoms and autonomic dysfunction both of which could
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contribute to increased levels of fatigue (MS-related and muscular) and also cause a
reduction in functional and exercise capacity.
Motor Function Symptoms. The most prominent motor function symptoms in
people with MS include, muscle weakness (50%), spasticity (40-60%), and fatigue (8595%) which have been shown to compromise daily and leisure time activities with
ensuing loss of physical function in a harmful cycle (1).
Muscle weakness is experienced in at least half of all MS patients and can lead to
general lack of fitness, deconditioning, and or motor disturbances. People with MS have
decreases in isometric, isokinetic, isotonic force, and slower muscle tension development
in both the quadriceps and hamstrings (46-52). The potential mechanisms responsible for
the observed reductions in muscular strength and function include; decreased motor unit
firing, decreased motor unit recruitment, increased central motor conduction time, or
blocked motor signals (11,40,53). Reduced muscle strength and function contribute to an
overall general deconditioning and contributes to reduced exercise and functional
capacity (10-12). Lack of leg strength contributes to impaired balance and mobility, all
of which further compromise activities of daily living and quality of life (1). Research
indicates that some strength deficits in people with MS are reversible based on evidence
of strength gains following resistance training (54).
Spasticity, a prominent symptom in 40-60% of individuals with MS, consists of
muscle hypertonia and exaggerated tendon reflexes (including clonus) (55,56). Analysis
of muscle biopsy samples from spastic muscle show evidence of altered structure and
function including distorted muscle fiber size and type, proliferation of extracellular
matrix material, and biochemical changes (57). Researchers have observed increased
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number of “rounded” fibers, “moth-eaten” fibers, increased lipid infiltration, and a
possible increase in extracellular space (58-62). Contractile proteins, actin and myosin
also appear to be altered in spastic muscle (63). Lieber and colleagues reported an
increase in noncontractile extracellular material in the spastic muscle (64). Clinically,
spasticity is characterized by weakness, slowness in building up of maximal power of
muscle activity and relaxing again, and clumsiness of voluntary movements resulting
muscle stiffness, spasms, pain, and contractures all of which can contribute to reduction
in exercise and functional capacity (56).
Fatigue has been reported in as much as 85-95% of people with MS (30,31,65-67)
with 40% identifying it as their most disabling symptom (29,31). People that do not have
MS experience fatigue, which normally recovers with rest and does not typically interfere
with activities of daily living. Fatigue in MS has been associated with central and
peripheral nervous system disorder (4).

While there are no universally accepted

definitions of fatigue, different forms are often described. For example, primary fatigue
has been described as being caused directly by the disease and/or secondary fatigue that
is associated with poor fitness, deconditioning (11,12), depression, and side effects of
immunomodulatory or symptom management medications (68,69).
Mechanisms that have been associated with primary fatigue include modulation of
pro-inflammatory cytokines, demyelination, and axonal loss (4). Research indicates that
many of the proinflammatory cytokines (IL-1, IL-2, IL-6 and TNF alpha) are elevated in
MS lesions, and can cause fatigue (70). Primary fatigue may also be related to increased
amounts of demyelination and axonal loss (4).

Individuals diagnosed with the

progressive form of MS tend to report greater levels of fatigue than those with the
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relapsing remitting form (71,72). Research has also shown that individuals with MS can
increase central drive, as evidenced by increased EMG activity during a fatiguing
exercise to a greater degree than non-MS controls, but the change in central drive was
associated with a greater degree of perceived exertion (73). Marrie and colleagues used
magnetic resonance spectroscopy (MRS) and found a link between the Fatigue Severity
Scale (FSS) and brain atrophy in individuals with relapsing remitting MS (74). In
contrast, studies assessing the relationship between self-reported fatigue and neurologic
disability have found either no or modest associations (31,66,75).
Fatigue also may be related to secondary consequences of MS, such as
depression, sleep disturbances, electrolyte imbalances, metabolic diseases, dehydration
and even adverse effects from medications (4). Depressive symptoms are common in
individuals with MS and include: lassitude, psychomotor retardation, decreased physical
activity, and decreased motivation.
Overall fatigue can also be exaggerated by abnormal muscle fatigue. Skeletal
muscle fatigue has been characterized by a decline in phosphocreatine and intracellular
pH (12) which is considered different than more generalized forms of fatigue. Analysis
of muscle biopsy samples from individuals with MS show a greater reliance on anaerobic
energy supplies, possibly contributing to increased fatigue rates of the muscle (10,11).
However, there is some evidence that fatigue and muscular fatigue are interrelated, but
the mechanisms are unclear. Furthermore, the reasons for heightened muscular fatigue in
MS remains unclear and controversial (76).
In summary, MS motor function symptomology appears to play a role in reducing
physical activity and contributing to a reduction in physical function and exercise
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capacity. However, the mechanisms for reduced exercise capacity and excess muscular
fatigue remain unclear. The next section will focus on autonomic nervous system (ANS)
dysfunction in individuals with MS, and discuss a possible link between ANS
dysfunction and muscle fatigue.
Autonomic Nervous System
Autonomic Nervous System Anatomy and Physiology. Functioning largely below
individual consciousness, the ANS is predominately an efferent organ system that sends
nerve impulses from the CNS to peripheral organs (77). The ANS plays an important
role in the control of heart rate and heart contractility, constriction and dilation of blood
vessels, respiratory rate, contraction and relaxation of smooth muscle in various organs,
and glandular secretions (77). There are also important autonomic afferent fibers that
innervate baroreceptors and chemoreceptors in the carotid sinus and aortic arch which are
also important in controlling heart rate, blood pressure, and respiratory activity (77).
Disordered function of the ANS is manifested in problems such as orthostatic
hypotension, heat intolerance, abnormal sweating, constipation, diarrhea, incontinence,
sexual dysfunction, dry eyes, dry mouth, loss of visual accommodation, and papillary
irregularities (35).
The ANS is divided into two opposing systems, the parasympathetic (PNS) and
sympathetic systems (SNS) (78). The preganglionic outflow of the PNS arises from the
brain stem (77). The vagus nerve (or 10th cranial nerve) carries fibers to the heart and
lungs as well as other organs. The PNS functions mainly to conserve and restore energy
balance by reducing heart rate and blood pressure and by facilitating digestion and
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absorption of nutrients and discharge of wastes. The chemical transmitter at the synapse
in the PNS is acetylcholine (77).
The SNS exits from the lateral horns of thoracolumbar spinal segments (thoracic
(T1) through lumbar (L2)). The adrenal medulla is innervated by these fibers and
responds to nervous impulses by secretion of hormones, for example, the catecholamines,
epinephrine and norepinephrine (77). The SNS is also active during situations involving
physical or psychological stress where much larger quantities of these hormones are
released. In contrast to the PNS, the SNS enables the body to respond to challenges to
survival (fight or flight), or situations of hemodynamic collapse or respiratory failure.
Sympathetic nervous system responses include an increase in heart rate, blood pressure,
and cardiac output; a redistribution of blood flow from the skin and splanchnic vessels to
those supplying skeletal muscle; and bronchiolar dilation (77).

Therefore, testing

autonomic nervous system may provide important clinical/diagnostic information
regarding the integrity of the SNS and PNS, both of which have profound impact on
physiological function and possibly fatigue.
Autonomic Nervous System Dysfunction in Multiple Sclerosis. The incidence of
autonomic dysfunction in MS remains debated with some suggesting a rate of 18% while
others report a rate as high as 80%. Neubauer and colleagues observed reduced heart rate
variability during deep breathing in people with MS compared to healthy non-MS
controls and concluded that the reduced variability was due to vagal abnormalities (79).
Flachenecker et al reported that 40% of patients with MS had abnormal responses during
the reflex tests (80). However, later McDougall’s work observed that only 18% of the
study group displayed autonomic dysfunction (81). Based on these and other inconsistent
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reports on the incidence of ANS dysfunction McDougall and colleagues concluded that
autonomic abnormalities in people with MS are variable and heterogeneous (81).
Several groups have investigated the relationship between MS disease severity
and ANS dysfunction. Kodounis and colleagues observed that people with MS are more
likely to have impairment within the sympathetic versus parasympathetic nervous
systems (82). Individuals with a higher incidence of PNS dysfunction typically have had
the disease longer and have higher disability (82-84). However, SNS dysfunction maybe
associated with clinical disease activity based on evidence of reduced catecholamine
levels in a group of clinically active individuals compared to those who were stable (84).
Some researches have attempted to correlate autonomic dysfunction with CNS
lesion load, specifically brainstem lesions (85,86). This relationship remains a matter of
some debate due to inconsistent findings, although several reports indicate that ANS
abnormalities are somewhat common in MS (87-90).

It is also unclear whether

autonomic dysfunction could be a potential mechanism for muscular fatigue.
Exercise and ANS Function in Multiple Sclerosis.

In 1984, Senaratne and

colleagues observed ANS dysfunction during exercise as evidenced by a blunted heart
rate and systolic blood pressure response during progressive arm crank ergometry (20).
In contrast, Ponichtera-Mulcare and colleagues reported normal cardiovascular responses
during progressive leg ergometry (91). The lack of consistency in study findings may
reflect the samples’ varied levels of disability, duration of disease (yrs), and fitness level,
as well as mode of exercise used in the evaluation.

However, Ng and colleagues

observed a blunted mean arterial blood pressure (MAP), but a normal heart rate, and a
smaller than expected metabolic response as using measures of pH and inorganic
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phosphate during voluntary isometric dorsiflexion in individuals with MS (47). These
authors suggested that a possible mechanism was the inappropriate peripheral feedback
(exercise pressor reflex) due to failure within the muscle rather than autonomic
dysfunction (47).
Peripheral Mechanisms of Skeletal Muscle Fatigue
Chemoreceptors/Mechanoreceptors.

Regulation of the exercise pressor reflex is

both centrally (cardiovascular) and peripherally mediated (92). At the onset of exercise,
the activation of the cardiovascular system comes from the higher brain centers (central
command) which act in parallel with motor unit activation to increase heart rate (92-94).
Additionally, cardiovascular activity can be modulated through peripheral components
which include muscle mechanoreceptors, muscle chemoreceptors, and pressure-sensitive
receptors (baroreceptors).

Muscle chemoreceptors and mechanoreceptors respond to

metabolic stimuli, (H+, lactate, and K+), and to the force/velocity of muscular movement
respectively. Therefore, if the skeletal muscle is unable to respond appropriately to an
exercise stimulus, the cardiovascular system might not correctly modulated heart rate,
blood pressure, ventilation, blood flow and cardiac output all of which could contribute to
failure within the muscle, muscle fatigue.
Metabolic Capacity and Fiber Type.

In support of peripheral mechanisms

contributing to muscle fatigue, Kent-Braun and colleagues observed a reduced oxidative
capacity in the dorsiflexor muscles in individuals with MS as measured by abnormal
recovery kinetics of phosphocreatine (PCr) using magnetic resonance spectroscopy
(10,12).

Additionally, the half-time (T1/2) of PCr recovery following exercise was
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significantly slower (2.3 ± 0.3 min vs. 1.2 ± 0.1 min) in those with MS compared to
controls providing evidence of impaired oxidative capacity in the skeletal muscle (10).
Biopsies taken from the anterior tibialis muscle of individuals with MS showed
fewer and smaller type I fibers, lower succinate dehydrogenase (SDH) per unit cross
sectional area (CSA) compared to matched non-MS controls (12). Lower SDH reflects
the reduced ability of the muscle to supply energy aerobically, in particular to the type I
muscle fibers. The observations of lower SDH/CSA suggested that there were possible
alterations in oxidative capacity and mitochondrial function in skeletal muscle of people
with MS. The observed reduction in SDH content per fiber volume in individuals with
MS suggested that the absolute ability of muscle to supply energy aerobically was
diminished, particularly in the type I fibers, which could contribute to elevated levels of
muscle fatigue in individuals with MS (12). However, another group, Carroll et al in
2005 conducted a biopsy analysis of the vastus lateralis muscle in individuals with MS
and they reported no differences in distribution of myosin heavy chain and fiber-type
characteristics compared to controls (2), failing to corroborate previous findings by KentBraun. A noted dissimilarity between studies was the differences in muscles used for
biopsy analysis which could explain the inconsistent findings.
Muscle Cross-Bridge/Mechanics.

In addition to an altered metabolic response,

impaired skeletal muscle contractile properties could further augment muscle fatigue
which also supports the notion of peripheral mechanisms associated with muscle fatigue.
During maximal isometric lower leg (anterior tibialus), exercise individuals with MS
showed less potentiation of twitch tension than non-MS controls, providing evidence of
either a reduced calcium release from the sarcoplasmic reticulum or decreased myosin
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light chain phophorylation and light chain kinase activity at low pH (95,96).
Additionally, the half-relaxation time of tetanic force in people with MS was longer than
for control subjects suggesting abnormal calcium pumping (97,98). The observation of
abnormal calcium pumping, coupled with decreases in PCr and pH, suggested that
muscle fatigue might originate from impaired excitation–contraction coupling and
abnormal energy metabolism (37).

Garner et al in 2003 observed modest changes in

cross-bridge mechanisms of contractions that could alter skeletal muscle function in
individuals with MS, which could further contribute to muscle fatigue (13).
Central Mechanisms of Skeletal Muscle Fatigue
Skeletal Muscle Activation. Since MS is a neurodegenerative disease of the CNS,
it is possible that muscle fatigue is related to the inability to recruit and activate the
muscles. Muscle contraction requires central and peripheral activation processes such
that a failure along the sequence could result in fatigue or loss of force production. In
evaluating individuals with MS, Kent-Braun and colleagues observed smaller muscle
metabolic changes relative to non-MS controls using the same relative exercise intensity.
In this particular study the ankle dorsiflexors was studied using measurements of
maximal voluntary force and changes of muscle metabolism (inorganic phosphate,
phosphocreatine and pH) (11). During exercise a smaller metabolic change was observed
for the individuals with MS at the same relative exercise intensity compared to the nonMS subjects.

These results indicated some central activation failure but no

neuromuscular junction impairment and that the measured metabolic factors did not play
a significant role in the development of muscle fatigue in individuals with MS (11).

21

In support of muscle activation failure and reduced neural drive de Haan and
colleagues found that individuals with MS were only able to voluntarily exert 75% of
their maximal isometric quadriceps capacity compared to 94% observed in the control
subjects (51).

Reduced neural drive has been observed in people with MS during

voluntary and electrically stimulated isometric contractions of the ankle dorsiflexor
muscles (36). Maximal isometric voluntary contraction (MVIC) was 27% lower in people
with MS compared to controls which suggests incomplete voluntary muscle activation
reduces the overall performance capacity and metabolic demand of the muscle (36).
In general there appear to be alterations in the skeletal muscle characteristics of
individuals with MS in both metabolism and activation. The alterations function and
performance of skeletal muscle in individuals with MS might suggest that muscular
fatigue and exercise capacity is limited by central and/or peripheral mechanisms.
However, the mechanism for increased muscular fatigue still remains unclear due to its
complexity. One possible explanation of premature muscle fatigue could be related to the
etiology of MS and that the disease often affects the body asymmetrically.
Bilateral Muscle Function and Fatigue
People with MS often experience asymmetrical weakness, paralysis, and loss or
impaired movement in the limbs which is known as paresis. Currently there is minimal
data on the impact that paresis has on not only function, but on fatigue, both generalized
and muscle. Paresis can occur at rest or be exercise-induced (38). In a case study by
White and Dressendorfer (38) they observed exercise induced lower extremity
monoparesis that was not present at rest. During unilateral leg VO2max testing the subject
was unable to obtain the criterion for reaching a VO2max in the affected limb (left) but was

22

able to reach the appropriate criterion in the unaffected limb based on lactate values
above 8 mmol. Although the study highlights an area for further investigation, no
substantial conclusions can be drawn due to case study design. In a larger study, Kent
Braun and colleagues in did observe that individuals with MS had lower knee extension
power and that the asymmetry between legs was greater when compared to controls (39).
Additionally, the research group was able to correlate knee extension power asymmetry
with symptomatic fatigue and walk times (39). Studies have provided critical insight into
the potential impact that asymmetry has on individuals with MS. The observation of
bilateral differences may help explain why previous reports of altered skeletal muscle
metabolism are inconsistent and why only moderate adaptations to aerobic exercise
training programs have been observed in individuals with MS.
Aerobic Exercise and Multiple Sclerosis
Mostert and colleagues reported that individuals with MS had a 30% lower VO2max
and a significantly higher heart rate reserve (37 beats/min) than matched control subjects
(99). This indicates an inability of some individuals with MS to stress the cardiovascular
system maximally further suggesting that individuals with MS in fact have a blunted
heart rate response to increased exercise stress.

Individuals with MS also had

significantly higher relative oxygen consumption and heart rates in comparison to healthy
controls at identical workrates based on percent of VO2, including zero workload (similar
results in Tantucci 1996 and Olgiati 1986) (100-102). Some investigators suggest that
spastic muscle or a paretic limb could contribute higher metabolic cost of exercise
(12,102,103)). Additionally, muscular coordination problems resulting in uneconomical
pedaling due to sensory-motor dysfunction could also contribute to increased oxygen
consumption (101,102).

Findings from these studies were from protocols using
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conventional bipedal exercises such as cycling or combination of arm and leg ergometry
which have the potential to mask the influence bilateral differences might have on
premature muscle fatigue. In addition to leg asymmetry an imbalance in skeletal muscle
oxygen delivery and extraction could further contribute to premature muscle fatigue that
has not been fully examined in individuals with MS.
Maximal Oxygen Uptake and Kinetics
The two principal components of VO2max are maximal stroke volume and
maximal cardiac output which implies that the supply of oxygen could limit exercise
performance (104-108).

Therefore, if delivery of oxygen to a working muscle is

compromised, using conventionally measured whole body assessment of oxygen
consumption may not accurately indicate the maximal aerobic capacity of a specific
group of working muscles, for examples the quadriceps (109). Therefore the full aerobic
potential of an individual muscle group (VO2peak) might not truly be measured during
conventional whole body maximal oxygen uptake procedures (110-113). Applying this
concept to individuals with MS who might exhibit significant bilateral differences in leg
function using conventional bipedal whole body oxygen uptake procedures to measure
aerobic capacity and exercise tolerance might be misleading.
Additionally, at the onset of exercise, the rate at which oxygen uptake (VO2
kinetics) adjusts to the energy demand strongly influences the amount of “O2 deficit”
accumulated and the extent to which the muscles and the systemic homeostasis is agitated
(23). Faster VO2 kinetics can minimize anaerobic muscle metabolism and thereby
attenuate the fall in PCr and utilization of muscle glycolytic metabolism and thereby limit
the accumulation of metabolites that have been associated with muscle fatigue ( H+,
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ADP, and Pi) (24). To date, results of studies assessing oxygen uptake kinetics in
individuals with MS have not been published. Therefore the following section will
briefly describe the response of oxygen consumption during exercise observed in a
variety of clinical populations including type II diabetes and individuals with chronic
fatigue syndrome to help explain possible outcomes in individuals with MS.
Type II Diabetes. Individuals with type II diabetes exhibit an abnormally slow
increase in oxygen uptake (VO2 kinetics) during the onset of exercise (27,114) which
contributes to a greater perturbation of intramuscular homeostasis in response to any
exercise challenge, potentially contributing to premature muscular fatigue (115) and
consequently reducing exercise capacity (26-28). Slowed VO2 kinetics can result in a
prolonged periods of adaptation to any acute submaximal exercise demand, such as those
regularly encountered activity during daily living resulting in greater oxygen deficit and
hence greater dependence upon substrate level phosphorylation (phosphocreatine
degradation and glycolysis). In addition to a slowed oxygen uptake kinetics research has
suggested that an impaired skeletal muscle capillary hemodynamics (116) and an
abnormal capillary PO2 response during exercise (116) may limit oxygen transfer and
utilization in individuals with type II diabetes (116,117).
Slower blood flow kinetics in individuals with type II diabetes could be related to
central limitations of cardiac output. However, Bauer and colleges observed similar
cardiac outputs between subject groups concluding the blood flow abnormalities were
probably due to specific control of blood flow of the exercising muscle. Impaired
microvascular oxygen delivery and exchange in human skeletal muscle could contribute
to a reduction in exercise capacity and physical function in individuals with type II
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diabetes. As discussed earlier in this review the blunted metabolic response seen in
individuals with MS by NG and colleagues was associated with an inappropriate exercise
pressor reflex response which also appears to occur in individuals with Type II diabetes
which may be a mechanism for muscle fatigue.
Chronic Fatigue Syndrome (CFS).

Individuals with CFS often complain of

muscle weakness and pain which is possibly caused by excessive intracellular acidosis
which alters muscle bioenergetics (118-120). Many individuals with CFS also exhibit
autonomic dysregulation (121-124) which could affect blood flow to active muscles
(125) which may possibly explain altered skeletal muscle metabolism compared to
controls. McCully et al in 1996 observed significant differences in oxidative capacity, as
measured by rate of recovery of phosphocreatine, following submaximal exercise in
individuals with CFS compared to sedentary controls (126). McCully and colleagues
also found that people with CFS has reduced oxygen delivery compared to sedentary
people (120). Reduced oxygen delivery could result in reduced oxidative metabolism
and consequently diminished exercise capacity because oxygen delivery is a major
determinant of muscle exercise capacity (127). In 2003 McCully and colleagues tested
the hypothesis that people with CFS would have decreased muscle blood flow and
metabolism compared to sedentary controls (128).
corroborate their own previous results finding.

However, they were unable to

The lack of consistent findings by

McCully’s group may be explained by the fitness level of the research participants.
Inactivity has been shown to have a negative impact on both muscle metabolism and
muscle blood flow (129,130). This is significant because inactivity can be reversed and
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training studies have provided this evidence that blood flow and metabolism can be
enhance following a training program.
Summary
Fatigue in MS (symptomatic and or muscular) is often expressed as the most
disabling symptom. Additionally, muscular fatigue has been associated with reduced
exercise capacity and function in daily activities. The etiology of muscular fatigue in MS
remains relatively unexplored despite its prevalence. Possible mechanisms which have
not been adequately studied include skeletal muscle oxygen uptake kinetics and muscle
activation with physical activity of increasing intensity. Additionally, individuals with
magnified unilateral symptoms may experience heightened fatigue because of poor
efficiency or other compensatory mechanisms related to asymmetry. This information
will not only help to establish new knowledge related to muscle fatigue but also
contribute to optimizing patient care, allowing physicians and healthcare providers to
prescribe exercise programs that have multi-dimensional health benefits.
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CHAPTER 3
BILATERAL DIFFERENCES IN LOWER EXTREMITY
PERFORMANCE IN INDIVIDUALS WITH MULTIPLE SCLEROSIS 1

1
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Abstract
Introduction. In this study we assessed whether ambulatory individuals with
mild Multiple Sclerosis (MS) display bilateral differences in lower extremity
performance and metabolism during fixed load submaximal and incremental exercise.
We also explored the relationship between limb asymmetry and function. Methods.
Eight individuals (mean age = 51.6 ± 9.2 yrs) with relapsing remitting MS (Expanded
Disability Status Scale (EDSS) score = 2.6 ± 1.6) and seven non-MS controls, similar in
age, height, weight, and physical activity level, completed a series of four unilateral
cycling tests. Stronger leg and weaker legs were identified based on single leg strength
assessments. Results. Individuals with MS exhibited significant (P < 0.05) bilateral
differences in leg extensor strength (stronger leg: 95.3 ± 27.9 (lbs) vs. weaker leg: 76.9 ±
19.6 (lbs)), duration of fixed load exercise (stronger leg: 4.8 min ± 0.3, weaker leg: 3.4 ±
1.5 min), peak oxygen uptake (VO2) (stronger leg: 13.7 ± 3.2 ml/kg/min, weaker leg:
10.6 ± 3.0 ml/kg/min), and peak workload (watts) (stronger leg: 73.4 ± 22.3 watts,
weaker leg: 56.3 ± 26.2 watts). No bilateral differences were observed in the control
group (P > 0.05).

Lower extremity asymmetry scores were significantly different

between group (P < 0.05) for unilateral peak workload and leg extensor strength.
Workload asymmetry was correlated (r = 0.62) with distance covered during the 6 minute
walk. Conclusion. Ambulatory individuals with MS displayed statistically significant
differences in leg performance during exercise which was related to physical function.
These differences should be considered when developing intervention therapies and when
designing studies that assess muscle function of individuals with MS.
Key Words: Multiple Sclerosis, bilateral, asymmetry.

47

Introduction
Multiple sclerosis (MS) is a chronic and progressive autoimmune disease of the
central nervous system (CNS) characterized by nerve demyelination (1) and axonal
deterioration (2). Common symptoms of MS include abnormal gait, deficient balance,
muscle weakness, spasticity, and fatigue; all of which can reduce physical function and
exercise capacity in a deleterious cycle that profoundly impacts health and quality of life
(1). While symptoms vary widely across individuals, fatigue has been reported in as
much as 85-95% of people with MS (3-9), with 40% identifying fatigue as their most
disabling symptom (3,9).
General fatigue has been defined as, “a subjective lack of physical or mental
energy that is perceived by the individual or caregiver to interfere with activities of daily
living” (10,11). This type of fatigue is often referred to as symptomatic fatigue to
distinguish it from muscular fatigue, and the relationship between symptomatic and
muscular fatigue is complicated because of their overlapping influences. Greater relative
muscle fatigue has been observed in individuals with MS. For example, previous reports
have shown premature muscle fatigue using both electrical stimulation and voluntary
isometric exercise protocols (12,13).
Skeletal muscle fatigue has been defined as, “a failure to maintain the required or
expected force following repeated activity of the muscle” (14).

Muscle fatigue in

individuals with MS is often described as being related to central and/or peripheral
impairments. The central component of muscular fatigue is represented by “higher”
systems of control which could have either supraspinal or spinal contributions. Examples
include decline in efferent motor outflow (“neural drive”) to the muscle resulting in
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activation failure, reduced muscle recruitment (15) and/or delayed neural transmission
(16,17). The peripheral component of muscular fatigue reflects reduced force-generating
mechanisms (18) within the skeletal muscle as a result of altered metabolic characteristics
(19-21), and/or autonomic dysfunction (22-30).

While skeletal muscle fatigue is a

common problem that limits function in activities of daily living in people with MS, its
pathophysiology remains unclear.
People with MS also often experience bilateral differences in lower extremity
performance (31,32). For example, individuals experience some amount of strength or
functional difference between limbs. As a result, one leg may perform a compensatory
role which could contribute to early onset muscle fatigue and reduced exercise tolerance.
A case study by White and Dressendorfer in 2005 reported bilateral differences in leg
strength and maximal oxygen uptake in an individual with MS who exhibited left leg
exercise induced monoparesis (33). Chung and colleagues in 2008 observed that lower
knee extensor power asymmetry was greater in MS than controls (31). Unilateral leg
weakness has also been observed in individuals with MS (34,35). In a recent study,
Larson and White (2011) observed bilateral differences in hip bone density in ambulatory
individuals with MS which may illustrate consequences of altered bilateral function (36).
Published reports suggest that people with MS exhibit compromised function
compared to control subjects; (34,35) however there is limited published data formally
describing interlimb differences in metabolism, and skeletal muscle physiological
function in individuals with MS.

Subsequently, there is a need for an enhanced

understanding of possible physiological and functional disparities, as it might improve
our understanding of functional limitations for people with MS. This new information
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could advance the development of effective prevention and rehabilitation strategies to
attenuate fatigue and premature disability.
Therefore, the purpose of this study was to determine whether ambulatory
individuals with mild MS would display bilateral differences in physiological and
functional measures during unilateral submaximal fixed load and incremental exercises,
and whether the magnitude of any differences would correlate with function. We
hypothesized that individuals with MS in our sample would exhibit statistically
significant differences in strength, peak oxygen uptake, and maximal cycle workload,
between legs during fixed load and incremental exercise.
Methods
Participants. Fifteen volunteers, eight individuals with MS (6 women and 2 men)
and seven health individuals without MS, controls (5 women and 2 men) participated in
the study. Individuals with MS were included in the study if they had a physician
diagnosis of relapsing-remitting MS (37), and an Expanded Disability Status Scale
(EDSS) of less than 6.5 (ambulatory without aid). Individuals with multiple risk factors
for cardiovascular disease or orthopedic limitations according to ACSM guidelines were
excluded from the study (38). Each subject has physician’s clearance to participate and
signed a consent form approved by the University Institutional Review Board prior to
participation.
Study Design. The conducted study was a cross sectional design. Participants
completed tests assessing leg extensor strength along with measurements of whole body
and limb specific oxygen uptake (submaximal and maximal) with 48 hours separating
each testing session.
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Lower Extremity Strength. Leg extensor strength of each limb was assessed using
a custom chair equipped with a force transducer. The knee angle was at a constant 70°
and participants were stabilized using straps across the torso and thigh. The lever arm of
the chair was connected to a force transducer and a digitized signal from the transducer
was sent to a computer and recorded using MatLab. A brief warm-up was performed
consisting of three submaximal contractions.

Following a five minute rest period,

participants performed three maximal isometric voluntary contractions (MVIC) using the
highest value of the three trials. A stronger leg/less affected and a weaker leg/more
affected were identified for each individual based on the MVIC results.
Whole Body Oxygen Uptake. A conventional incremental cycle (2-leg) ergometer
(Lode, Groningen, Netherlands) test was used to measure peak oxygen uptake (VO2peak)
(Parvo Medics, Inc., Sandy, UT) with familiarization of testing procedures conducted
during a previous visit. Participants performed a standard warm-up of cycling for 2-3
minutes at 25 W followed by a five minute rest period. The whole body incremental
exercise test then began with a workload of 25 W which increased 15 W every minute
until participants met one of our defined stopping criteria: 1) any symptom impairing the
participant’s ability to continue the test or indicating a risk to safety or health, 2)
volitional exhaustion, or 3) pedaling rate below 40 revolutions per minute. These criteria
were used for all subsequent tests.

Expired gases were measured continuously using a

calibrated metabolic cart (TrueMax 2400, Salt Lake city, Utah). Heart rate (HR) was
recorded by telemetry (Polar RXS 800) and overall ratings of perceived exertion (RPE)
using a Borg 10-point scale were obtained at the end of each stage (39). Blood lactate
was measured by finger stick before and three minutes after exercise (Lactate Pro, BC,
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Canada). Peak workload was defined as the highest workload sustained for at least 30
seconds into a workload stage.
Submaximal Fixed Load Cycling. Leg performance and oxygen onset kinetics
were assessed using a single leg submaximal fixed load exercise test with familiarization
of testing procedures done during a pervious visit. Following a standard warm-up of
cycling for 2-3 minutes at 25 W, and a five minute rest period, participants performed a
single leg five minute exercise bout at a fixed workload, which corresponded to 20% of
peak whole body maximal workload. The workload was selected based on previous data
suggesting that 20% of whole body peak workload would be submaximal (33,40).
Oxygen consumption was recorded continuously to analyze the 1st phase of onset
kinetics, (phase 1 reflects the fast increase in VO2 that lasts approximately 15-20
seconds).
Unilateral Incremental Cycling. Limb specific peak oxygen uptake (one-legged
cycling) was assessed using a continuous ramp protocol with familiarization of testing
procedures done during a pervious visit. Following the standard warm-up, single leg
cycling started at 0 W and increased 1 watt every 2. Metabolic measurements were
recorded continuously and averaged over 30-second intervals. Heart rate and ratings of
leg (RPE) using a Borg 10-point scale were obtained at the end of each stage. Blood
lactate was measured by finger stick before and 3 minutes after the exercise test (Lactate
Pro, BC, Canada).
Single Leg Max Test Reliability. The unilateral incremental cycling test was
repeated in all participants for test reliability. The interclass correlation for peak oxygen
uptake was 0.96 (CI: 0.84 to 0.99) and for peak workload was 0.96 (CI: 0.89 to 0.99).
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Leg Position-Single Leg Cycling. During all single leg cycling tests, the foot was
securely fastened to the pedal with straps and adhesive (duct) tape and the non exercising
leg was positioned to ensure it did not contribute to the cycling action. The exercising
leg was positioned so that the leg was all most fully extended when the pedal crank was
at the lowest position (Figure 1). The same position was used for all trials.
6 minute walk: The six minute walking test was used as a measure of exercise
tolerance and overall functional limitation (41). This test was conducted according to
McGavin et al (42) and has been previously used in studies with MS patients.
Body Composition.

Body composition and limb specific composition were

measured by dual-energy x-ray absorptiometry (iDXA, GE Healthcare-Lunar, Madison,
WI). Total body fat free mass was used to normalize oxygen uptake during the whole
body exercise test.
Control Variables. Participants were asked to abstain from exercise, alcohol,
caffeine and smoking 12 hrs prior to the visit. Since the stronger and weaker legs were
tested on different days, separated by 48 hrs, participants filled out two questionnaires
related to feelings of fatigue which included the profile of moods state brief version
(POMS-B) and the physical subscale for the modified fatigue impact scale (MFIS). This
was implemented to strengthen the study design and minimize a possible confounding
influence fatigue could have on outcome variables. Hydration status was determined by
urine measuring specific gravity (USG < 1.030). If the urine specific gravity was low
(USP > 1.030), the participant was asked to hydrate and return to the lab the next day for
testing. Self reported physical activity level was measured using a questionnaire which
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asked about frequency, duration, and intensity of physical activity during a typical week.
Each participant completed their testing at the same time of day throughout the study.
Statistical Analysis.

All analyses were performed using SPS software v. 16.0

(SPSS, Inc., Chicago, IL). Independent t-tests were used to detect across-group
differences. Dependent t-tests were used to compare across-limb differences for strength,
fixed load time cycled, peak oxygen uptake, and peak workload; the primary aims of this
study. Linear correlations were used to examine the relationship between the 6 minute
walk (a measure of exercise tolerance and overall functional limitation) and asymmetry.
Data are expressed as mean ± SD. An alpha of 0.05 was our criteria to establish
statistically significant differences. Precise P values, Cohen’s d, and confidence intervals
(CI) are reported, where appropriate.
Results
Participant characteristics. Eight ambulatory (no assisted devices) individuals (6
women and 2 men) with physicians diagnosed relapsing remitting MS and seven healthy
controls (5 women and 2 men) completed the study. The mean Expanded Disability
Status Scale (EDSS) score of 2.6 ± 1.6 indicated a mild to moderate impairment in the
MS participants. Duration of the disease was 12.6 ± 8.1 yr (ranging from 6 to 31 yr.).
Anthropometric data are shown in Table 3.1. No statistically significant differences
existed between the groups for age, height, weight, body mass index, percent body fat
and self reports of physical activity.
Leg Composition. Lean and fat mass of the legs were not statistically different
between legs for both groups (Table 3.2).
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Across group comparisons showed no

differences in lean or fat mass for the stronger (P = 0.52 and 0.93, respectively) and the
weaker legs (P = 0.33, and 0.91, respectively).
Leg Strength. Maximal voluntary isometric quadriceps strength was statistically
lower in the weaker leg within the MS group (stronger leg: 95.3 ± 27.9 (lbs) vs. weaker
leg: 76.9 ± 19.6 (lbs), P = 0.004). The MS group’s leg mean difference in strength was
18.3 (lbs) with a 95% CI of (7.9 to 28.8). The effect size for leg difference corresponded
to a Cohen’s d = 1.20 (43) which is considered large.

No statistically significant

differences were observed in strength between legs for the control group (stronger leg:
87.5 ± 26.5 (lbs) vs. weaker leg: 82.9 ± 33.5 (lbs), P = 0.40). There were no statistically
significant differences when comparing the stronger leg or weaker legs across groups (P
> 0.05).
Leg Strength Asymmetry Ratio. A WL/SL (ND/D) ratio was calculated for our
sample using quadriceps strength from the MVIC. The asymmetry mean ratio for the MS
group (0.82 ± 0.09) was statistically lower than the control group’s mean ratio (0.93 ±
0.14; P = 0.03, Cohen’s d = .93, Figure 3.2).
Cardiporespiratory Fitness. Cardiorespiratory fitness was assessed during the
whole body oxygen uptake test. No statistically significant differences were observed
across groups for VO2peak (ml/kg/min), peak workload (watts), respiratory exchange
ratio (RER), peak lactate, maximal heart rate (HR max, beats per minute (bpm)),
ventilation (VE (L/min)) and overall ratings of perceived exertion (RPE) (P > 0.05).
However, the groups were statistically different when normalizing peak oxygen uptake
with the individuals’ total body fat free mass (VO2peak ml/kgFFM/min, P < 0.05) (Table
3.3).
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Submaximal Unilateral Fixed Load Cycling.

The difference in workloads

between groups did not reach the level of statistical significance (MS: 22.3 ± 5.5 watts
and controls: 31.1 ± 10.4 watts P = 0.07). An estimation of oxygen onset kinetics was
calculated by summing the first 30 seconds of exercise and comparing the values between
legs. The differences in oxygen consumption during the first 30 seconds of exercise were
not statistically different between legs for either group (P > 0.05).
The duration of time completed was also compared between legs. The stronger
leg in the MS group completed a statistically greater amount of the five minute test when
compared to the time completed by the weaker leg (stronger leg: 4.8 ± 0.3 min, weaker
leg: 3.4 ± 1.5 min, P = 0.03, Figure 3.2). The effect size for leg differences was
considered large (Cohen’s d = 1.1) (43). The control group displayed no statistical
differences in their ability to complete the fixed load cycling trial (P > 0.05).
Unilateral Incremental Exercise.

Table 3.4 summarizes the data from the

unilateral incremental exercise test to volitional fatigue for both groups.

VO2peak

(ml/kg/min) and peak workload (watts) were statistically different between legs for the
individuals with MS (P < 0.05) (VO2peak: Cohen’s d = 1.8; Workload: Cohen’s d = 1.2)
with no statistical differences observed between legs for RER, peak lactate, maximal HR,
VE, and RPE. The mean between leg differences for VO2peak was 3.1 ml/kg/min with a
95% CI of (1.5 to 4.6) and 18.1 watts for peak workload with a 95% CI of (6.4 to 29.9).
No statistical differences were observed between legs in the control group for VO2peak,
peak workload, maximal HR, VE, and RPE. Comparing across the groups (MS vs.
controls), the stronger leg was not statistically different for either VO2peak or peak
workload (P = 0.09 and 0.08, respectively) whereas the weaker leg was statistically
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different (P < 0.05 for both variables). There were no statistically significant differences
for RER, peak lactate, HR max, and VE between MS and controls subject in stronger or
weaker limbs. However, RPE was different between the groups when comparing the
weaker legs. The RPE for the weaker leg in the MS group was 8.3 ± 2.1 which was
statistically higher than the controls groups’ RPE of 5.7 ± 2.1 (P < 0.05). There was no
statistically significant difference in RPE of the stronger leg across the groups.
Unilateral Incremental Asymmetry Ratio. Asymmetry ratios for peak workload
(watts) presented in Figure 3.4. The ratios for the MS group was 0.73 ± 0.23 which was
statistically lower when compared control group’s ratio (1.01 ± 0.05, P = 0.01, d = 1.67).
Comparison between Whole Body and Unilateral Exercise. Peak performance for
the stronger leg in the MS group was 72.0 ± 12.7% of double leg VO2peak and 65.6 ±
14.6% of peak workload. The weaker leg in the MS group performed at 55.9 ± 13.2%
and 48.4 ± 19.9% of the double leg max test for VO2peak and peak workload
respectively, which was statistically lower than the performance of the stronger leg (P =
0.003, Cohen’s d = 2.3 and P = 0.02, Cohen’s d = 1.6, respectively). In the control
group, the stronger leg attainted 69.5 ± 16.1% of the group’s double leg VO2peak and
65.5 ± 15.3% of peak workload. The control group’s weaker leg performed at 66.3 ±
14.1% and 65.7 ± 14.3% respectively, which was also not statistically different from the
group’s stronger leg (P = 0.32, Cohen’s d = 0.37 and 0.88, Cohen’s d = 0.02,
respectively, Figure 3.5).
Unilateral Comparison (submaximal fixed load vs. incremental).

The subjects’ set

workloads during the 5-minute fixed load submaximal ride were compared to peak
workloads achieved during the single leg max test (Figure 3.6). Retrospectively, the
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weaker leg of the MS group was performing at a statistically higher relative intensity
compared to the stronger leg (stronger leg: 31.7 ± 11.1%, weaker leg: 48.9 ± 27.5%, P <
0.05, Cohen’s d = 0.91). Both legs in the control group performed at 32% of maximal
workload.
6 Minute Walk: The distance covered during the 6 minute walk was statistically
different between groups (MS: 474.3 ± 93.1 vs controls: 626.9 ± 94.0 meters, P < 0.05)
and was highly correlated to the peak workload asymmetry ratio (r = 0.62).
Study Control Variables: No differences in pre-test physical fatigue scores were
observed between sets of single leg visits in either group as measured by the MFIS
physical domain (P > 0.05). No differences in pre-test POMS-B scores for vigor and
fatigue were observed between sets of single leg visits in either group (P > 0.05). During
the study, two participants (one from each study group) were asked to return on a later
date due to elevated MFIS physical scores that were greater than 2.5 standard deviations
higher than previous scores. They were re-tested at a later date once fatigue levels
returned to their normal levels. The elevated levels of fatigue reported by participants
were due to seasonal colds and were unrelated to the current study procedures.
Discussion
The major findings of this study were that ambulatory individuals with relapsing
remitting MS, with relatively low disability scores, exhibited statistically significant
interlimb differences in strength, oxidative capacity (VO2peak), and work performed.
The magnitude of the asymmetry was related to reductions in exercise tolerance and
functional capacity. These findings indicate that despite being ambulatory and having
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low disability, our sample of participants exhibited significant interlimb differences not
observed in the control group
People with MS often experience decrements in motor drive which often affects
the lower limbs disproportionally (32). Despite this knowledge, a majority of previous
findings on muscle physiology, function, and fatigue in individuals with MS are based on
results conducted on a single leg or with a single muscle group. For example, some
studies only test the left leg (44), while other test the right leg (45). Some investigators
did not even report which leg was tested (12,20,46), making data interpretation and
drawing comparisons across study findings challenging. A select few investigators have
tested the weaker/more affected side of the body (18,47) but to date, limited published
reports describe interlimb differences in individuals with MS (33).
Activities of daily living such as walking require sufficient synchronization of
bilateral motor unit recruitment and discharge rates. Typically, the legs are recruited
bilaterally and limb preference may switch depending on the complexity and conditions
during the movement (48). Individuals with MS can be limited in their ability to activate
motor units during bilateral movements which may result in the development of
compensatory strategies in recruitment patterns to their stronger/less affected limb (49).
Therefore, the stronger/less affected leg might actually become stronger because of a
greater overload stimulus during compensation. Our data might support the possibility of
a compensatory recruitment shift, in that the stronger leg in the MS groups produced
slightly more isometric force compared to the control group however they were not
statistically higher. The inability to bilaterally modulate and produce motor discharge
rates appropriately during exercise could result in further interlimb differences
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contributing to reductions in exercise capacity and increased levels of premature muscle
failure.
The inability of the weaker leg in the MS group to complete the 5 minute
submaximal fixed load cycling test may be further evidence of a compensatory motor
recruitment switching to the stronger/less affected leg. Comparing workloads during the
fixed load ride to the unilateral incremental test, the weaker leg was actually exercising at
approximately 49% (range: 24% - 104%) of maximal workloads while the group’s
stronger leg was exercising at only 32% (range: 25% - 58%). In comparison, the control
group was exercising at approximately the same relative intensity for both legs (32%).
The inability of the weaker leg to maintain the effort indicates a premature muscle
fatigue/task failure not observed in the stronger leg or in either leg of the control group.
The premature failure observed in the weaker leg of the MS group may, in part, be
explained because it was exercising at a higher relative intensity as a result of altered
neurological function.
Previous reports of single leg cycling have shown no differences between legs at
constant and incremental loads in both athletic and non-athletic groups for both peak
oxygen uptake(50,51) and in the magnitude of muscle activation (recruitment patterns) as
measured by electromyography (EMG) (50,51). Data from these studies suggests that
each leg produces work and functions aerobically at approximately the same level (50).
In participants with MS we found that the stronger limb performed at ~72% of VO2peak
while the weaker limb reached only ~56% of VO2peak.

Similar results have been

observed in a case report by White and Dressendorfer who found that in an aerobically
trained person with MS the weaker leg was performing at approximately 70% of the
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stronger leg (33) and that the weaker leg was not limited by cardiorespiratory
mechanisms, but was limited by motor recruitment and/or muscle oxidative capacity.
Although no EMG data was collected in the present study, our observations may indicate
a possible dissimilar neural activation pattern in the weaker leg in those with MS as
indicated by the leg’s premature task failure as evidence by the poorer performance
during both incremental and fixed load cycling tests.
Further support of the weaker leg in the MS group being susceptible to premature
failure was observed in the possible associations between the legs in the MS group for
lactate, peak ventilation, and max heart rate. These physiological variables were on
average lower (not statistically) for the group’s weaker leg relative to the stronger leg
during the incremental cycling test, suggesting that the weaker leg might be limited by
motor unit recruitment causing premature fatigue/task failure.

Additionally the MS

group’s stronger leg performed similar to the controls group’s stronger leg whereas the
across group differences comparing the weaker legs showed that the MS group’s weaker
leg performed at a statistically lower peak oxygen uptake, and peak workload but at a
higher leg RPE. The observation that the MS group’s stronger legs were comparable to
the control group legs suggests that the weaker leg might be a limiting factor in exercise
tolerance and performance. Additionally, the increased effort (RPE) during significantly
lower exercise performance may show that our sample of individuals with MS lack the
ability to achieve cardiorespiratory overload which potentially influences the acute
response to exercise as evidence by the differences observed between groups in VO2peak
(ml/kg FFM/min). It is also important to note that our study participants were considered
to have relatively low aerobic fitness based on oxygen uptake normative values (52).
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The MS participants on average were considered to have “very poor” aerobic fitness and
the control participants were of “fair” fitness levels (52). A similar investigation with
subjects of higher fitness levels might have produced different results.
Changes in muscle fiber type occur after hemiparetic stroke and other
neurological conditions such that myosin heavy chain (MHC) type I are decreased with
concomittent increases in MHC type IIx within the weaker limb (53). Additionally,
people with MS have displayed an altered ratio of type IIx to type I fibers than non-MS
controls (20). Decreased central motor drive and altered muscle fiber phenotypes may
help explain the bilateral differences that were found in our research participants.
However, our study was not able to separate central and peripheral influences on the
observation of premature failure in the weaker leg. However a combination of these
factors might play an important role in augmenting the asymmetry observed in this group
of individuals with MS.
Rehabilitation specialists have reported using 80% or a ratio of 0.8 between non
dominant and dominant leg as an index of a potential pathological imbalance (54). The
asymmetry peak workload (WL/SL) ratio in the MS group was 0.73 which was
statistically lower in comparison to ratio in our control group 1.01. To gain some insight
into the potential consequences of asymmetry we correlated the peak workload
asymmetry ratio with the six minute walking test, which is a measure of exercise
tolerance and overall functional limitation (42). The high correlation observed between
peak workload and the distance covered during the six minute walk further suggests that
interlimb differences impacts function and exercise tolerance.
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Study Limitations.

Our study is one of the first studies to quantify lower

extremity bilateral physiological and functional differences during submaximal fixed
workload and incremental exercises in individuals with MS.

Considering limited

published literature, our small sample size and lack of metabolic measurements warrants
further research to fully understand these differences. Additionally, this study involved
ambulatory individuals with relapsing remitting MS, therefore larger studies with various
levels of disease severity would be of interest to further quantify asymmetry and whether
the magnitude of the differences in performance between legs changes or can be altered
in individuals with MS. It is important to note that; based on our sample of people with
mild MS there still was a wide variability in asymmetry. For example, some individuals
had legs that are relatively similar in strength and function whereas others had severe
asymmetry that was not related to leg dominance (left vs. right). Future studies might
attempt to uncover the mechanism of this variability in the MS population.
Conclusion and Future Directions. The major findings of this study were the
statistically significant asymmetry in lower extremity strength and performance in a
group of individuals with MS. Theses differences appear to affect mobility in individuals
with MS as distance covered in the 6 minute walk was highly correlated to the level of
asymmetry.

The need for early screening and therapeutic interventions targeted at

minimizing limb differences could play an important role in maximizing function,
minimizing fatigue and attenuating injury risk. These data also highlight that exercise
prescription based on heart rate and workload might under overestimate the actually
intensity experienced by individuals with MS. Ratings of perceived exertion s should be
considered for prescriptions particularly for unilateral exercises.
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Finally, these leg

differences should be considered when designing future research study protocols. These
observations might indicate the need for individually tailored therapeutic interventions
designed to target muscle asymmetries. More research is needed to specifically assess
muscle quality and function in those individuals susceptible to developing bilateral
differences, e.g. MS.
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Table 3.1. Participant characteristics
MS (n = 8)

Controls (n = 7)

P

Age (yrs)

51.6 ± 9.2

49.4 ± 14.3

0.74

Height (cm)

167.5 ± 7.5

169.1 ± 9.0

0.72

Body Mass (kg)

70.4 ± 13.8

75.4 ± 30.4

0.74

Body Mass Index (kg/m2)

25.0 ± 3.9

26.0 ± 8.3

0.77

Fat Mass (%)

39.4 ± 6.1

36.9 ± 8.7

0.52

Frequency of exercise (day/wk)

2.8 ± 2.5

3.8 ± 1.9

0.58

Duration of exercise sessions
(min)

30 ± 11.3

42.9 ± 25.1

0.25

Data are mean ± SD. MS, Multiple Sclerosis. *P < 0.05 represents a statistically
significant difference in group means.
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Table 3.2. Lean and fat mass of lower leg
MS (n = 8)
Stronger
Weaker
Leg
Leg

P

Controls ( n = 7)
Stronger
Weaker
Leg
Leg

P

Lean Mass (Kg)

7.5 ± 1.4

7.3 ± 1.4

0.20

8.1 ± 2.2

8.2 ± 2.1

0.31

Fat Mass (Kg)

5.3 ± 1.1

5.3 ± 1.2

0.95

5.3 ± 2.0

5.2 ± 2.0

0.66

Data are mean ± SD. MS, Multiple Sclerosis. *P < 0.05 represents a statistically
significant difference between legs and across groups.

73

Table 3.3. Metabolic and associated measures during whole body GXT
Variable

MS

Controls

P

VO2peak (ml/kg/min)

19.3 ± 4.9

26.1 ± 8.4

0.07

VO2peak (ml/kgFFM/min)

32.9 ± 4.7

41.7 ± 8.7

0.04*

Peak Workload (watts)

115.0 ± 28.9

155.0 ± 51.8

0.10

RER (VCO2/VO2)

1.18 ± 0.17

1.17 ± 0.1

0.96

5.7 ± 2.5

6.7 ± 1.8

0.38

HR max (beats/min)

138.0 ± 15.7

159.4 ± 21.7

0.06

VE (L/min)

50.5 ± 17.9

59.4 ± 17.1

0.32

Peak Lactate (mmol/L)

RPE (whole body)
7.9 ± 2.2
7.7 ± 1.7
0.88
Data are mean ± SD. MS, Multiple Sclerosis; FFM, fat free mass, RER respiratory
exchange ratio; HR max, maximal heart rate; VE, ventilation; RPE, rate of perceived
exertion. *P < 0.05 represents statistically significant differences in group means.
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Table 3.4. Metabolic and associated measures during single leg GXT
MS
Variable

Stronger
Leg

Weaker Leg

VO2peak (ml/kg/min)

13.7 ± 3.2

10.6 ± 3.0

Peak Workload (watts)

73.4 ± 22.3

RER peak

Controls
Stronger Leg

Weaker Leg

P

0.002*

18.1 ± 5.8

17.24 ± 5.3

0.31

56.3 ± 26.2

0.01*

98.7 ± 26.7

99.29 ± 27.1

0.78

1.2 ± 0.2

1.1 ± 2.1

0.26

1.2 ± 0.1

1.1 ± 0.13

0.35

Lactate (mmol/L)

5.1 ± 2.6

4.2 ± 1.9

0.26

4.67 ± 1.2

4.64 ± 1.5

0.92

HR max (beats/min)

130.9 ± 19.2 121.8 ± 22.3

0.09

138.7 ± 17

141.1 ± 19.1

0.25

VE (L/min)

35.4 ± 14.8

27.1± 13.7

0.07

36.3 ± 11.2

36.0 ± 10.5

0.90

RPE (exercising leg)

7.6 ± 2.4

8.3 ± 2.1

0.22

5±2

5.7 ± 2.1

0.36

P

Pain
2.5 ± 2.9
1.1 ± 2.1
0.15
3±3
2.9 ± 3.0
1.0
Data are mean ± SD. MS, Multiple Sclerosis; RER, respiratory exchange ratio; HR max, maximal heart rate; VE, ventilation;
RPE, rate of perceived exertion of exercising leg. *P < 0.05 represents statistically significant differences in group means.
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a)

b)

Figure 3.1. Single leg cycling position (a-b).
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Figure 3.2. Leg asymmetry ratios for maximal isometric strength of the quadriceps.
Values are means ± SD. MS, Multiple Sclerosis; WL, weaker leg; SL, stronger leg.
*P < 0.05 represents statistically significant differences in group means. Dashed line
indicates pathological imbalance.
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Figure 3.3. Time completed of the submaximal fixed workload ride (5 minute). Values
are means ± SE. MS, Multiple Sclerosis. *P < 0.05 represents statistically significant
differences in group means. Dashed line indicates maximum ride time.
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Figure 3.4. Leg asymmetry ratios for peak workload. Values are means ± SD. MS,
Multiple Sclerosis; WL, weaker leg; SL, stronger leg. * Significant difference between
groups (P < 0.05). Dashed line indicates pathological imbalance.
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Figure 3.5. Submaximal single leg workload as a percent of single leg maximal
workload. Values are means ± SD. MS, Multiple Sclerosis. * Significant difference
between limbs (P < 0.05).
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CHAPTER 4
DIFFERENCES IN MUSCLE FUNCTION AND MOBILITY FOLLOWING
UNILATERAL EXERCISE IN INDIVIDUALS WITH MULTIPLE SCLEROSIS 2

2

Larson, R.L., Baumgartner, T.A., McCully, K.K., Pryor, W.M. and White, L.J. To be
submitted to Multiple Sclerosis
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Abstract
Introduction. The purpose of this study was to determine whether unilateral
exercise would affect bilateral asymmetry in individuals with mild Multiple Sclerosis
(MS) relative to non-MS controls. Methods. Eight individuals (mean age = 51.6 ± 9.2
yrs) with relapsing remitting MS and an Expanded Disability Status Scale score (EDSS)
= 2.6 ± 1.6 and 7 controls (49.4 ± 14.3 yrs ) completed unilateral cycling tests with pre
and post measures of lower extremity muscle performance and gait. Results. Prior to
exercise the groups had significantly different strength asymmetry ratios (MS: 0.82 ±
0.09 vs. control: 0.93 ± 0.14 (P <0.05)) and following unilateral exercise, the magnitude
of asymmetry was no longer statistically different between groups (P > 0.05). Both
groups displayed non significant (P > 0.05) interlimb differences in stride velocity and
foot tap speed. Stride velocity and foot tap speed were significantly reduced (P < 0.05)
following both bouts of unilateral exercise (stronger leg: 156.3 ± 30.6 to 141.5 ± 20.9
cm/sec and weaker leg: 157.8 ± 30.9 to 140.8 ± 20.1 cm/sec; stronger leg: 32.13 ± 6.58 to
24.50 ± 6.37 taps/10sec, and weaker leg: 26.88 ± 7.00 to 19.00 ± 6.93 taps/10sec,
respectively) in the MS but not the control group. Conclusion. These findings provide
possible insight into the consequences of fatigue on lower extremity asymmetry and
function and the need for new therapeutic interventions.

Key Words: Multiple Sclerosis, bilateral, unilateral, fatigue, strength, gait.
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Introduction
Fatigue (symptomatic and/or muscular) is often expressed as the most disabling
symptom in individuals with Multiple Sclerosis (MS) (1,2). Muscular fatigue has been
associated with reduced exercise performance and function (3,4). However, the exact
mechanisms of muscular fatigue in MS patients remain relatively elusive despite its
prevalence. Individuals with MS are known to exhibit reduced skeletal muscle neural
drive (motor fatigue) during exercise which contributes to premature fatigue and
subsequent impact on muscle function and performance (5-9). One area of muscle
fatigue research that remains relatively unexplored is whether exercise impacts function
similarly between legs.
Some evidence of bilateral differences in strength and function have been
indentified in individuals with MS (4,10-12). The inability to equally activate lower
body musculature could contribute to different rates of fatigue between legs causing a
compensatory role in one limb (13).

Magnified unilateral symptoms of the lower

extremities may heighten muscle fatigue because of poor efficiency or other adaptive
mechanisms related to asymmetry. Therefore, the purpose of this study was to determine
whether unilateral exercise would affect bilateral differences in individuals with mild
Multiple Sclerosis compared to controls. We hypothesized that individuals with MS
would exhibit greater leg differences in performance and function as measured by foot
tap speed, strength, and ambulation speed following unilateral exercise relative to
controls.
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Methods
Participants. Fifteen volunteers, eight individuals with MS (6 women and 2 men)
and 7 non-MS healthy controls (5 women and 2 men) participated in the study.
Participants with MS were included in the study if they had a physician diagnosis of
relapsing-remitting MS (14) and an Expanded Disability Status Scale (EDSS) score (as
determined by a physician) of less than 6.5 (ambulatory without aid). Individuals with
multiple risk factors for cardiovascular disease or orthopedic limitations established by
ACSM were excluded from the study (15). Prior to enrollment, each individual received
physician’s clearance to ensure safe participation and signed a consent form approved by
the University’s Institutional Review Board.
Experimental Design.

This study was part of a larger study and involved

participation in five days of testing separated by at least two days (48 hours, to provide
full recovery), with subject testing conducted at approximately the same time of day. All
participants had a defined stronger leg (less affected) and a weaker leg (more affected)
based on leg extensor strength assessments and self reports. The first day consisted of
familiarization of all testing procedures, and during subsequent visits, participants
completed a series of four (2 sets) unilateral incremental cycling tests to induce muscle
fatigue and measure outcomes.
Set 1: Participants performed gait and strength assessments from rested (pre) and
post unilateral exercise states. Participants walked across a specialized mat, one time,
and then performed a maximal leg extensor isometric force test. The time between the
gait and strength assessments was approximately 30 seconds. Following the exercise
treatment, the gait and strength assessments were both administered again. The time
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between the end of the exercise test and the start of the gait assessment was
approximately 30 seconds which was directly followed by the strength assessment which
was administered within 30 seconds after the gait assessment, approximately one minute
following exercise.
Set 2: A lower body neuroperformance foot tap test was performed before and
within 15 seconds following the unilateral incremental exercise test (10,16).
Gait Assessment. Ambulation speed was assessed using a special computerized
electronic walkway (GAITRite (Havertown, PA). The GAITRite has been validated for
healthy adults (17-19) and has also been used as a research tool in clinical studies using
individuals with MS (20). The selected gait parameter used for this study was stride
velocity to measure ambulation speed. To ensure participant safety, a gait belt was worn
along with research staff acting as spotters. Prior to unilateral exercise, participants were
asked to walk one time across the gait mat “as quickly, but as safely as possible”.
Lower Extremity Strength.

A stronger/less affected leg and a weaker/more

affected leg were identified for each individual based on an initial strength assessment.
Leg extensor strength of each limb was assessed using a custom chair equipped with a
force transducer. The knee angle was at a constant 70 degrees and participant’s torso and
testing leg were secured with straps for stabilization. The lever arm of the chair was
connected to a force transducer and a digitized signal from the transducer was sent to a
computer and recorded using MatLab. A standardized warm-up of three submaximal
contractions was performed.

Following a five minutes of rest period, participants

performed three maximal voluntary isometric contractions (MVIC) using the highest of
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the three trials. The strength assessments during Set 1 visits used the same equipment
and procedures with the exception of the warm-up and the repeated trials.
Unilateral Incremental Exercise Protocol. Unilateral cycling protocols have been
previously used in healthy individuals to detect differences between limbs (21-23) and
responses to training (24). A single leg continuous ramp protocol was used to induce
muscle fatigue. Prior to the start of exercise, participants performed a standard two
legged warm-up which included cycling for 2-3 minutes at 25 W followed by a five
minute rest period. For testing, the foot of the leg being tested was securely fastened to
the pedal and the non-exercising leg was positioned to minimize its use while keeping the
overall body position similar to two legged cycling (Figure 4.1. depicts leg this position).
The seat height was positioned so that the exercising leg was almost fully extended when
the pedal crank was at the lowest position. The exercise trial started at 0 W and increased
the workload in a continuous manner of 1 watt every 2 seconds until participants met one
of the following criteria: 1) any symptoms that impaired the participants ability to
continue the test or indicated a risk to safety or health, 2) volitional exhaustion, and/or 3)
the pedaling rate fell below 40 revolutions per minute. Metabolic measurements were
recorded continuously and averaged over 30-second intervals.
Foot Tap Test:

Foot tap speed was measured as the number of foot taps

performed in 10 seconds with the knee and hips at 90º of flexion with the participant’s
leg place on a chair next to the bike. Participants were instructed to keep their heel on the
chair and to tap the chair with the ball of their foot as quickly as possible. The number of
taps was counted by the same investigator (10,16).
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Study Control Variables. Since legs were tested on different days, separated by
48 hrs, participants filled out two questionnaires related to feelings of fatigue prior to
testing, which included the, Modified Fatigue Impact Scale (MFIS) physical subscale
and, the profile moods state brief version (POMS-B). This was done to guard against
possible confounding influences baseline fatigue could have on outcome variables.
Hydration status was determined by urine measuring specific gravity (USG < 1.030). If
the urine specific gravity was low (USG > 1.030), the participant was asked to hydrate
and return to the lab the next day for testing. Body composition and limb specific tissue
composition were measured by dual-energy x-ray absorptiometry (iDXA, GE HealthcareLunar, Madison, WI).

Self reported physical activity level was measured using a

questionnaire which asked about frequency, duration, and intensity of physical activity
during a typical week.
Statistics analyses.

All analyses were performed using SPSS software v. 16.0

(SPSS, Inc., Chicago, IL). Independent t-tests were used to detect any across group
differences. Dependent t-tests were used to compare across-limb differences for strength,
stride velocity, and foot tap speed before and after exercise. Data are expressed as mean
± SD. An alpha of 0.05 was our criteria to establish statistically significant differences.
Precise P values, Cohen’s d, and confidence intervals (CI) are reported, as appropriate.

Results
Participant characteristics. Eight individuals in the MS group (6 women and 2
men, without assisted devices) and seven healthy individuals (5 women and 2 men) in the
control group completed the study. MS disease classification was relapsing remitting and
the mean Expanded Disability Status Scale (EDSS) score of 2.6 ± 1.6 indicated a mild to
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moderate impairment. Duration of the disease was 12.6 ± 8.1 yr (ranging from 6 to 31
yr.). Anthropometric data are shown in Table 4.1. No statistically significant differences
existed between the groups for age, height, weight, body mass, body mass index, total
percent body fat, and self reports of physical activity (P > 0.05).
Leg Composition. Lean and fat mass of the legs were not different between legs
for both groups (Table 4.2). Neither lean nor fat mass were significantly different across
the groups for the strong (P = 0.52 and 0.93, respectively) and the weak legs (P = 0.33,
and 0.91, respectively).
Unilateral Incremental Exercise.

VO2peak (ml/kg/min) and peak workload

(watts) were significantly different between the stronger and weaker legs for the
individuals with MS (P < 0.05).

The control group demonstrated no statistically

significant differences between legs for both variables.

The two sets of unilateral

exercise tests were compared to assure test-retest reliability. Interclass correlation for
peak oxygen uptake was 0.96 with a 95% CI of (0.84, 0.99) and for peak workload was
0.96 with a 95% CI of (0.89, 0.99).
Leg Strength before and after Exercise. Prior to exercise leg extensor strength
was statistically different between legs in the MS group (stronger leg: 95.3 ± 27.9 (lbs)
vs. weaker leg: 76.9 ± 19.6 (lbs), P = 0.004). The effect size for leg differences was (d =
1.2) considered large (25). The mean strength difference between legs in the MS group
was 18.3 (lbs) with a 95% CI of (7.9 to 28.8). No statistical differences were observed
between legs in the control group (stronger leg: 87.5 ± 26.5 (lbs) vs. weaker leg: 82.9 ±
33.5 (lbs), P = 0.40). Following unilateral exercise, maximal isometric strength of the leg
extensors was not statistically different for either leg in either group (P > 0.05).
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Normalizing strength to the fat free mass of the legs did not produce different results
(Figure 4.2).
Leg Strength Asymmetry Ratio Before and After Exercise. A WL/SL (ND/D)
ratio was calculated using maximal leg extensor strength. The ratio for the MS group
was 0.82 ± 0.09 which was statistically lower compared to the control group’s ratio of
0.93 ± 0.14 (P = 0.03, Cohen’s d = .93). Following unilateral exercise, the MS group’s
asymmetry ratio was 0.89 ± 0.13 which was no longer statistically different when
compared to the controls group post exercise asymmetry ratio which was 0.90 ± 0.17 (P
= 0.42, Cohen’s d = 0.11, Figure 4.3).
Stride Velocity Before and After Exercise: There were no significant differences
in stride velocity between legs before or after unilateral exercise in either group (P >
0.05).

Following unilateral cycling, significant reductions in stride velocity were

observed for both the stronger and weaker legs in participants with MS (stronger leg:
156.3 ± 30.6 to 141.5 ± 20.9 cm/sec, P = 0.03; and weaker leg: 157.8 ± 30.9 to 140.8 ±
20.1 cm/sec, P = 0.02, See Figure 4.4). Whereas we observed no statistical differences
for the control group following the exercise bout (stronger leg: 215.6 ± 21.6 to 210.8 ±
19.3 cm/sec, P = 0.38 and weaker leg: 203.7 ± 19.4 to 209.0 ± 23.3 cm/sec, P = 0.28, See
Figure 4.4). Comparing across the groups, stride velocity was statistically slower before
and after unilateral exercise (fatigued and non-fatigued, P < 0.05) for MS participants.
Foot-Tap Speed. The foot tap speed was not statistically different between legs in
either group prior to exercise (P > 0.05). Unilateral foot tap speed was statistically
slower following the unilateral exercise for both the stronger and weaker legs in the MS
group (stronger leg: 32.1 ± 6.6 to 24.5 ± 6.4 tap/10sec, P = 0.009, Cohen’s d = 2.05 and
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weaker leg: 26.9 ± 7.0 to 19.0 ± 6.9, P = 0.005, Cohen’s d = 2.06). The control group
showed no statistical differences in foot tap speed following exercise for either leg
(stronger leg: 35.3 ± 4.2 to 32.4 ± 7.0 taps/10sec; P = 0.41 and weaker leg: 36.0 ± 5.3 to
34.6 ± 4.8, P = 0.22). Comparing foot tap speed between groups at rest, no statistical
differences were observed between the stronger legs (P = 0.21) whereas the weaker legs
were statically different (P = 0.02). Following exercise both the stronger and weaker legs
were statistically different (P < 0.05) across the groups (Figure 4.5).

Discussion
The major findings of this study were that ambulatory individuals with Relapsing
Remitting MS 1) did not exhibit statistically significant differences in gait and foot tap
speed but were different in strength bilaterally and 2) did not exhibit magnified
asymmetry in pre to post assessments of strength, stride velocity, or foot tap speed,
following unilateral exercise, and 3) exhibited a significantly slower gait speed and foot
tap speed before and after unilateral exercise compared to controls.

Our original

hypothesis was that unilateral exercise would magnify differences between legs for MS
participants and that we would observe no differences in our control group. Our results
do not totally support our original hypothesis as we observed similar reductions in
performance in both legs.
It has been repeatedly shown that individuals with MS have muscle weakness
(4,5,7,9) and elevated levels of muscle fatigue, especially in their lower extremities
compared to controls (6,26,27).

Our study focused on asymmetry as a potential

mechanism for premature muscle fatigue by unilaterally fatiguing the lower leg and
assessing maximal voluntary isometric strength (MVIC), ambulation speed, and foot tap
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speed. We designed our study to assess differences between the stronger /less affected
and the weaker /more affected limbs based on the knowledge that MS can affect one side
more than the other (28). A majority of previous findings on muscle function and fatigue
in individuals with MS are based on results from studies conducted on one leg or with a
single muscle group. For example, some studies only use the left leg (29) while others
use the right leg (5) for experimentation. Some investigators did not even report which
leg was tested (5,26,30). A select few investigators have tested the weaker/more affected
side of the body (7,31) but to date, limited published reports describe between leg
differences in individuals with MS (10,12).
Significant skeletal muscle weakness has been observed before and following
both voluntary exercise and electrical stimulation in individuals with MS (26,30,32).
These results are not consistent across all studies, with some investigators observing no
difference in quadriceps force production between MS and controls following exercise
(7).

These conflicting findings could be explained as being a result of motor unit

recruitment variability between and within groups of individuals with MS (9,26).
Additionally, these disparate observations across studies may reflect a multitude of
confounding factors which include, but are not limited to, the type of exercise (voluntary
vs. electrically stimulation), exercise intensity (maximal vs. submaximal), disease
severity and duration, and/or the muscle group tested.
In the current study, we observed differences in strength between legs in the MS
group that were not observed in the control group. Maximal leg extensor strength was
not statistically reduced in either leg following unilateral exercise in either group.
However, the group’s asymmetry ratios following exercise were altered.
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The leg

extensor asymmetry ratio prior to unilateral exercise was 12% lower in the MS group
compared to the control group (0.82 and 0.92, respectively).

Following unilateral

exercise, the MS group’s asymmetry ratio increased about 8% (0.89) whereas the control
group’s ratio decreased about 3% (0.90), negating the statistically significant difference
between the groups before exercise. These results are contrary to our original hypothesis
that unilateral exercise would increase the magnitude of bilateral differences for
individuals with MS.
Our observations of post exercise improvement in the asymmetry ratio such that
the groups were no longer statistically different may appear to be contradictory to
investigators who observe decrements in force production following exercise. However,
previous literature assessing muscle fatigue in individuals with MS have primarily used
isometric electrical stimulation (26,29,29,33) to induce isolated muscle fatigue, whereas
we used whole leg voluntary concentric exercise and then measured force production in
the quadriceps. Voluntary and electrical stimulated exercises clearly place the muscle
under different physiological conditions. Motor unit recruitment order is one of the main
contributors to these physiological differences. With electrical stimulation, the fasttwitch fibers (larger axons) can be activated at lower force levels in a
random/nonselective pattern, resulting in a greater reduction in muscle force production
(34-37), greater increases in oxygen consumption, and greater changes in blood lactate;
when compared to voluntary exercise at the same intensity (38-42).

During voluntary

muscle contractions, motor unit recruitment follows a different sequence, purportedly
governed by the “size principle,” which states that at low muscle force levels, motor units
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with small axons are recruited first and as force increases the larger axons are recruited
(43).
Additionally, the order of the tests might have influenced the outcome of our
results. Since leg extensor strength test was performed up to approximately one minute
following unilateral exercise, the leg could have started to recover slightly from the
fatiguing ride. However, the observation of non statistical differences in asymmetry
following exercise may suggest that the legs in the MS group might respond to task
failure differently.
To our knowledge, we are the first to examine ambulation speed following
unilateral exercise in any population. Similar to previous studies, we observed a
statistically slower stride velocity in the group of individuals with MS compared to our
control group (20,44,45). The participants were asked to try and walk as “quickly but as
safely as possible” following unilateral exercise. Increasing stride velocity requires a
person to decrease the amount of time in the stance phase of the gait cycle (46).
Following unilateral exercise, a greater reliance of support had to come from the opposite
limb. In a response to the instability, the speed of movement slowed in the individuals
with MS (a 9% reduction), whereas these differences were not observed in the control
group (a 1.3% reduction). Exercising the one limb in the MS group could have disturbed
neural drive on that side, thus slowing the speed of contraction which has been previously
reported by other investigators (5-9,27). Our original hypothesis was that unilateral
exercise would cause a more pronounced asymmetry following the weaker leg treatment,
resulting in a slower ambulation speed. Instead, we observed relatively similar responses
for both leg treatments.
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The ability to perform movements that require rapid succession, such as the
number of foot taps in a short period of time, is dependent on the effective modulation of
both motor unit recruitment and rate coding (47). Loss of upper motor neuron function
can result in slower contraction speeds, muscle weakness and decreases in the ability to
activate muscles (47-49). The number of foot taps performed in 10 seconds has been
used as a clinical tool to assess central motor function and has been previously used by
other investigators assessing upper motor neuron function in individuals with MS
(16,26,33). The significant slowing in foot-tap speed in both legs following unilateral
exercise in individuals with MS might indicate that muscle function and performance
could be limited by the ability to rapidly develop high motor discharge rates as the
muscles become fatigued (49). Functionally, the inability to modulate motor discharge
rates might result in greater magnitudes and rates of fatigability. These seemed to be
slightly amplified in the weaker leg (reduced by 29%) compared to the stronger leg
(reduced by 23%) in our MS sample. Comparatively, the control group showed no
statistical slowing in foot tap speed following unilateral exercise for either leg. We did
not observe bilateral differences in foot tap speed in either group before or after exercise.
When comparing across the groups, the weaker leg was statistically slower in the MS
group prior to unilateral exercise. Following unilateral exercise, both the stronger and
weaker legs in the MS group displayed slower toe tap speed compared to controls (P <
0.05).
The ability to perform repeated rapid movements is important in activities of daily
living.

If this ability is compromised because of premature task failure and lower

extremity muscle asymmetry, therapeutic interventions effective in minimizing such
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differences may enhance or preserve daily activity performance.

Thus, the present

observations of reduced ability to produced rapid movements following exercise maybe
more clinically relevant due to its impact on mobility and on safe physical functioning
especially in those individuals with MS who exhibit foot drop (a symptom of MS).
Study Limitations. Our study is one of the first to examine the effects of unilateral
leg exercise on indices of bilateral strength, ambulation speed, and foot tap speed. Due to
the limited published literature and our small sample size of only ambulatory individuals
with relapsing remitting MS, further research is warranted to fully understand these
differences. Additionally, this study involved ambulatory individuals with relapsing
remitting MS, therefore larger studies with various levels of disease severity would be of
interest to further quantify the differences in performance following unilateral leg
exercise in individuals with MS. Another study limitation is the lack of a muscle
activation test. A commonly used protocol to asses muscle activation requires high levels
of electrical stimulation to a muscle or muscle group during a voluntary muscle
contraction. Our study was limited by the lack of participant tolerance to stimulation
rates high enough to induce maximal activation of motor units. Despite study limitations,
our findings provide valuable information regarding the non uniform performance effects
between limbs both before and following exercise compared to controls. It is important to
note that; based on our sample of people with mild MS there still is a wide variability in
asymmetry. For example, some individuals had legs that are relatively similar in strength
and function whereas others had severe asymmetry that was not related to leg dominance
(left vs. right). Future studies might attempt to uncover the mechanism of this variability
in the MS population.
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Conclusion and Future Directions. The major findings of this study were the
statistically significant asymmetry in quadriceps strength observed in a group of
ambulatory individuals with MS not observed in a similar group of individuals without
MS. Following unilateral exercise, the strength asymmetry ratio improved and was
primarily from the augmented improvement in the strength from the weaker leg in the
individuals with MS, which might suggest differences in potentation characteristics
between legs. This information could lead to novel interventions to reduce skeletal
muscle asymmetry. The reduction in stride velocity and foot tap speed suggests that
contraction speed (speed of movement) was compromised in people with MS which
could potentially lead to instability and heightened fall risk. This study represents an
important step in understanding how exercise may influence indices of leg strength and
gait characteristics in people with mild MS. Anecdotally, some of the participants with
MS noted that this study validated personal experiences they have had regarding their
function. When trying to walk during a fatigued state and feeling unable to increase their
speed of movement in spite of their increased effort and being told by other to “just try
harder”, this study offered if not a defense then solace.
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Table 4.1. Participant characteristics
MS (n = 8)

Controls (n = 7)

P

Age (y)

51.6 ± 9.2

49.4 ± 14.3

0.74

Height (cm)

167.5 ± 7.5

169.1 ± 9.0

0.72

Body Mass (kg)

70.4 ± 13.8

75.4 ± 30.4

0.74

Body Mass Index (kg/m2)

25.0 ± 3.9

26.0 ± 8.3

0.77

Fat Mass (%)

39.4 ± 6.1

36.9 ± 8.7

0.52

Frequency of exercise (wk)

2.8 ± 2.5

3.8 ± 1.9

0.58

Duration of exercise (min)
30 ± 11.3
42.9 ± 25.1
0.25
Data are mean ± SD. *P < 0.05 represents a statistically significant difference in group
means.
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Table 4.2. Composition of lower leg (means ± SD)

Lean Mass (Kg)

Stronger
leg

MS
Weaker
leg

P

7.5 ± 1.4

7.3 ± 1.4

0.20

Controls
Stronger
Weaker
leg
leg
8.1 ± 2.2

8.2 ± 2.1

P
0.31

Fat Mass (Kg)
5.3 ± 1.1 5.3 ± 1.2 0.95
5.3 ± 2.0
5.2 ± 2.0
0.66
Data are mean ± SD. MS, Multiple Sclerosis. *P < 0.05 represents a statistically
significant difference in between legs.
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a)

b)

Figure 4.1. Single leg cycling position (a-b).
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Figure 4.2. Multiple Sclerosis group and individual maximal isometric quadriceps
strength before and after single leg exercise (means ± SD) a) stronger leg and b) weaker
leg. *P < 0.05 represents a statistically significant difference from pre to post.
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Figure 4.3. Strength symmetry ratios for groups (MS compared to controls) before and
after exercise. (means ± SD). MS = squares and control = triangles. * Represents a
statistically significant difference in between groups P < 0.05.
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Figure 4.4. Changes in stride velocity following unilateral exercise (means ± SD).
* Significant difference from pre to post P < 0.05. ** Significant difference between
groups P < 0.05. MS: stronger leg = closed squares, MS weaker leg = open squares and
controls: stronger leg = closed triangles, controls weaker leg = open triangles.
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Figure 4.5. Foot tap speed before and after exercise (means ± SD) a) stronger leg and
b) weaker Leg. * Represents a statistically significant difference, P < 0.05.
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CHAPTER 5
SUMMARY AND CONCLUSIONS
The primary purposes of these investigations were to investigate bilateral
differences among ambulatory individuals with mild MS. Uniquely, these inquiries were
conducted using bouts of single leg exercise to not only measure exercise response, but to
also produce conditions of muscle fatigue prior to functional testing.
The significance of this study is that it is one of the first to formally quantify
differences in leg function in people with mild MS. Leg asymmetry in this population
has been recognized clinically and has been presented in a few previous research studies.
Our participants displayed few outwards signs of asymmetry, but under the demands of
exercise bilateral differences became pronounced. Our results also demonstrate that
people with mild MS have leg differences that can vary in magnitude and severity. For
example, some individuals might have two legs that are similar in strength and function
whereas others have a ‘weak’ leg that is up to 70% weaker than their stronger leg and
was not related to leg dominance (left vs. right). This study strongly suggests that limb
selection is important for future studies of exercise capacity or function in people with
MS, and new research designs should address the issue of potential leg differences.
Additionally the bilateral assessments such as walking or two legged strength measures
may mask interlimb differences and should be considered prior to evaluation.
Because of previous reports of increased muscle fatigue in individuals with MS,
we also wanted to address the question of whether the magnitude of muscle fatigue might
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occur to a greater extent in the weaker leg compared to the stronger leg. This would
result in greater asymmetry during a ‘fatigued’ state compared to resting conditions in
people with MS. Our study did not support this idea, as both the stronger and weaker
legs demonstrated similar responses to exercise-related fatigue as evidenced by changes
in strength, foot tap speed, and gait speed following maximal unilateral exercise tasks.
However, based on the observed differences during the fixed workload and incremental
workload tests, using a threshold model of function might push the weaker leg closer to
‘task failure’ which could limit function.

It appears that despite similar responses

following task failure during cycling, the weaker leg should still be considered more
vulnerable and susceptible to earlier failure and has less performance capacity. The
reduced performance combined with higher vulnerability may be a limiting factor during
bilateral movements such as walking.
Additionally, using traditional means of exercise prescription, e.g. heart rate
targets, rating of perceived exertion, and even bilateral modes of exercise, might not be
appropriate for individuals with these bilateral differences. Further research is warranted
to develop more information regarding leg asymmetry and how it contributes to the
observed premature fatigue in the current study. The next logical step for this research
would be to determine if differences between legs can be minimized through an
intervention such as resistance training and adaptations to aerobic training to answer the
question of whether the weaker legs adapt in similar manners to the stronger legs.
One of the original aims of this study was to use electrical stimulation to evaluate
muscle activation. However, this data was not included in our results because we were
unable to use a high enough current to stimulate our participants to perform the
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superimposed twitch measurements. This was in contrast to previous studies which have
successfully used these measurements on participants with MS (1-5). It is possible that
we were less ‘aggressive’ and used lower stimulation currents than previous studies. We
used an individualized stimulation rate by increasing the stimulation intensity until the
participants reported a rating of 4 on a 0-10 pain scale. The aim was to minimize
discomfort in the protocol, while most previous research used a “one size fits all”
stimulation rate. One possible reason for the success of other investigators was that their
superimposed twitch was administered during the maximal muscle contraction. The
subjective discomfort using this method seems to be much lower than the titration
technique we employed. Retrospectively, we observed that that stimulation was tolerated
better during the muscle contraction than during the stimulation alone. Conduction
stimulation titration during muscle contraction might yield better results, i.e. higher
stimulation rates with the same subjective discomfort. One alternative to avoid these
issues entirely would be to use a different method to assess muscle activity. Assessment
of neural activity through the use of electromyography (EMG) could provide valuable
information pertaining to activation patterns between legs. However, like many testing
procedures EMG has its own limitations.
One of our other original goals was to evaluate potential leg differences in
metabolic capacity using measurements of exercise onset kinetics and local muscle
oxygen balance (delivery versus utilization) using near infrared spectroscopy during
single leg cycling. This data was also not reported because during the fixed workload
single leg cycling test, many of the participants with MS were unable to perform the
exercise long enough when using their weaker leg to obtain complete onset kinetics. This
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does remain a viable goal and would add further insight into the metabolic differences
between legs, but the relative intensity should be based on the apparently reduced
capacity of the weaker leg.
During the planning of this study we were aware that the NIRS measurements
might not have worked for all of our participants. We used an NIRS device that had a
fixed separation distance between light source and detectors of 3 cm. The light path from
the source follows a “banana-shaped” curve in that the penetration depth into the tissue is
approximately half the distance between the light source and the detector (6). This means
that for our device the penetration depth would be 1 to 2 cm. Subcutaneous fat greatly
impacts the NIRS signal because fat is metabolically inactive it absorbs less light
resulting in less of a signal change during experimentation and during the physiological
calibration (cuff occlusion for 5 minutes to obtain maximal and minimum saturation
levels for each participant). Due to the unanticipated levels of subcutaneous leg fat
among many of the participants, we were only able to collect a subset of data using
NIRS. As shown in Figure 5.1, the individuals with MS had more subcutaneous fat
(measure via ultrasound) which disrupted the signal reducing the change in optical
density, making signal differences harder to detect. Even though the 3 cm device should
have a penetration depth close to 2cm Figure 5.1 shows that once the thickness of
subcutaneous fat was above 13mm the signal during cuff occlusion (physiological
calibration which gives us the minimum saturation (ischemia) and the maximal (reactive
hyperemic response)) showed a high signal to noise ratio and small changes in optical
density.

This made measurement and interpretations of saturation levels practically

impossible. Assessment of differences in oxidative capacity between legs is still a viable
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goal and could be accomplished through different techniques, like magnetic resonance
spectroscopy measurement of phosphocreatine recovery kinetics.

Figure 5.1 This figure shows the relationship between subcutaneous fat thickness and
changes in optical density during a 5 minute cuff occlusion. The physiological range was
assessed by inducing muscle ischemia (cuff occlusion) to obtain the minimal saturation
(0%) and then releasing the cuff and using the highest saturation during the reactive
hyperemic response (100%). For this comparison subcutaneous fat of the vastus lateralis
was measured using ultrasound techniques. The individuals with MS had about 1/10 the
change in optical density during cuff occlusion compared to a group young healthy
subjects.
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Our study also incorporated autonomic nervous system (ANS) testing to identify
dysfunction in blood pressure and heart rate responses. We included this assessment
because 1) our subjects with MS might have a high incidence of ANS dysfunction, and 2)
the possibility it could help explain any unanticipated response to exercise.
Unfortunately the results from the ANS testing did not help explain our study outcomes
and our sample size limited our ability to account for these differences statistically. The
efforts made to conduct the battery of ANS tests with each subject may have not have
been time well spent. However, this is only said because it did not help explain our
results, but if in fact an individual had an abnormally blunted heart rate and/or blood
pressure response to exercise, ANS testing would have been useful. Due to the high
incidence of autonomic dysfunction in individuals with MS I would still recommend
performing ANS testing as a possible explanatory variable that could be accounted for
statistically if the sample size is large enough.
Our study had a relatively small sample size. While this is a limitation, the main
aims of the study were still achieved. Small sample sizes are a reoccurring problem for
studies on people with neurological diseases. It is not unusual to see studies with sample
sizes in the 6-15 range, similar to ours. Future studies might need to be organized across
multiple sites, which would allow more successful recruitment. However, the limitations
of such studies are that they limit the ability of to use laboratory measurements that
require breakable and hard to move instruments. Additionally, large multicenter studies
potentially introduce more error into the measurements taken with multiple raters,
equipment, and laboratory environments.
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Despite some limitations, these studies provide valuable insight regarding
premature muscle fatigue/failure in individuals with MS and the need for further research
and the implementation of therapeutic interventions.
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