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Objectives: To evaluate the effect of leg muscle fatigue on balance and to

determine the contributions of the somatosensory, visual, and vestibular systems to

balance of apparently healthy males and females. Design: Forty-two subjects were

randomly assigned to either the experimental or control groups and then

subdivided based on gender resulting in four groups (10 men/women in the

experimental groups and 11 men/women in the control groups). Each subject was

pre-tested on the Sensory Organization Test assessment of balance. Subjects in the

experimental group then underwent a Wingate Anaerobic Test to induce leg

fatigue. Following the Wingate Test subjects were post-tested on the Sensory

Organization Test. Subjects in the control group rested quietly for a period of

seven minutes prior to post-testing. Subjects: Forty-two volunteers without recent

or chronic history of lower extremity injury, neurological deficits, or balance

problems participated. Main outcome measures: Ratios for the use of the

somatosensory, visual, and vestibular systems and the Composite Score were

calculated. A [2 (Group) x 2 (Gender) x 2 (Test)] mixed design ANOVA was used

Redacted for privacy



to analyze each of the dependent variables. Results: Analysis of Composite Score

demonstrated a significant Group x Test interaction (p <0.010). The breakdown of

the interaction showed no significant Test effect (p-value 0.34 1) for the

experimental group. However, there was a significant Test effect (p-value <0.010)

for the control group. There were no significant effects of fatigue on

somatosensory system ratio. The analysis of the visual system ratio revealed a

significant main effect (p-value 0.022) for Group. Analysis of vestibular system

ratio revealed a significant main effect for Test (p <0.010). Conclusions: As

demonstrated by the results of the present experiment, leg muscular fatigue is

associated with significantly decreased balance. In addition, fatigue does appear to

have an effect on the utilization of visual and vestibular systems.
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REVIEW OF LITERATURE

INTRODUCTION

The purpose of this study was to determine the effect of leg muscle fatigue on

balance and the contributions of the somatosensory, visual, and vestibular systems

in apparently healthy males and females.

The review of literature, providing important background for this study is

focused first on balance and balance control. First, terms, current testing, and

evaluation methods are defined. Then contributions to balance and balance control

from vestibular, visual, and somatosensory systems are discussed. Next, research

regarding mechanisms of muscular fatigue is provided. Finally, influence of leg

muscular fatigue on the balance parameters is discussed.

BALANCE AND POSTURAL CONTROL

In the state of balance, the resultant force acting upon the subject is zero.1 The

basic task of balance is to position the body's center of gravity (COG) over the

support base.2 The COG is defined as the point in a body at which the entire mass

may be assumed to be concentrated.3 Theoretically, the COG can be moved in any

direction. For any given base of support, there is a limit to the distance (in any

direction) that the COG can be moved without either falling or changing the size

of the support base. This constraint is known as the limits of stability (LOS).4'5 It

can be defined as the maximum angle from vertical that can be tolerated without



loss of balance.3'4 The LOS in normal adults are approximately 12 degrees in the

sagittal plane (eight degrees forward and four degrees backward), and

approximately 16 degrees in the frontal plane (eight degrees on each side).4 When

the COG extends beyond the base of support, the person exceeds the limits of

stability.3'4

Balance is achieved as a result of voluntary movements with different

postures.' Restoration of the state of balance is necessary in response to

unexpected perturbations such as slip, trip, or fall.1 Balance emerges from

interactions among the individual, the task, and the environment.5 Within limits of

stability, balance is maintained via integration of somatosensory, vestibular, and

visual information combined with appropriate musculoskeletal responses, motor

coordination, and eye and head stabilization.2'6'7'8 It is also based on environmental

adaptation and previous experience.5'8 Therefore, balance involves integration of

various types of information and requires the coordination of the systems

responsible for the gathering of the appropriate information.' All of this

information is utilized to control the COG.

The maintenance of an existing COG within the person's LOS is determined

by multiple senses.4 Vision determines orientation of the eyes in relation to

surrounding objects, while somatosensation provides information regarding the

support surface. Unlike the two other systems, the vestibular system is not

referenced to external objects. It is gravitationally referenced which means it



determines the orientation of the head in the space. The visua' and somatosensory

systems use information from the vestibular system to adequately determine the

degree of postural sway.7

Somatosensory System

The somatosensory system gathers information regarding tactile senses (touch,

pressure, and vibration) and proprioception (position, velocity, and tension).

Proprioception involves the acquisition of stimuli by peripheral receptors. These

stimuli are conversed into a neural signal that is transmitted along afferent

pathways to the central nervous system for processing.6 Peripheral receptors

responsible for the acquisition of proprioceptive information are found in joints,

muscles, and tendons.6

Several studies have examined the influence of the somatosensory system on

balance.'°'11'12"4 Dornan, Fernie, and Holliday'° compared how visual and

somatosensory inputs affect the control of postural sway in healthy subjects and in

subjects with above knee amputees. This investigation evaluated the role of vision

in conditions when somatosensory influences are diminished. The conclusion was

that in these conditions the visual system is most important for proper postural

control.1° A loss of somatosensory information from the lower limbs, resulting

from a disease or an experimental manipulation, has been shown to induce postural

control abnormalities.11'12 Horak, Nashner, and Diener studied the influence of



both the somatosensory and vestibular systems on postural control.12 They

proposed that postural correction following a perturbation is initiated with

simultaneous action of cutaneous, proprioceptive, and joint receptors. Neither of

these receptors alone is responsible for the initiation of postural correction. This

study showed that balance might be lost if visual input is altered or absent in the

distorted somatosensory input.

Visual System

Neither somatosensory, visual, nor vestibular system is exclusively necessary

for a stable posture. Information that is not available from one sensory system may

be obtained by switching to another. When any one of these three systems fails,

the two other systems compensate for the malfunctioning system. For instance,

vision becomes more important when used to compensate for a deficiency in one

or both of the remaining sensory systems. If any two systems do not work

properly, the loss of the balance during stance must be expected.12'14 Visual signals

play an important role in the restoration of balance when balance is perturbed.13

However, authors'2"3 reported that vestibular deficient subjects staying on a

platform referenced to the subject's postural sway demonstrated an increase of

sway with absent vision. These subjects were still able to maintain balance.

However, postural stability in these subjects became much worse when a visually

inaccurate stimulus was presented. As the authors suggested, these subjects relied
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on vision too heavily so that wrong visual information was perceived as

orientationally correct.

Vestibular System

The vestibular system is located within the inner ear.9 This system is

gravitationally referenced, which means it determines the orientation of the head in

the space.4 Vestibular system also functions to interpret posture, rotation,

acceleration, and deceleration through the movement of the fluid that results in

transmission of information to the central nervous system (CNS).9 The CNS, in

turn, interprets this information and allows for good balance control. This

information tells the brain where the head (and body) is in space and whether it

needs to make postural adjustments to prevent a fall. Patients with bilateral

vestibular loss have difficulty maintaining balance without stepping when standing

on compliant surfaces, across narrow beams, or on one foot, especially with eyes

closed.9 If the signals that the vestibular areas of the brain receive are confusing or

inadequate (as when the eyes are closed, or standing on a soft surface), it can

compensate by using other information to determine the position of the body.'2"3

Adults who have suffered damage to the vestibular organs of the inner ear can

learn to depend on visual information to maintain their balance.'3 However, if that

visual information is removed or distorted, the individual will feel as if they are

falling.'2"3
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Sensory Organization Test

In a sensory-conflict situation, the brain must select the orientationally accurate

inputs and ignore the inaccurate ones. This process is known as "sensory

organization".5 Under most conditions, the somatosensory and visual systems are

most important for the control of balance. 14 An individual relies more on

somatosensation than on visual inputs in correcting for the body sway.'3

Contribution of individual sensory inputs to balance can be quantified by using

computerized dynamic posturography (CDP).15 The Sensory Organization Test

protocol (SOT) objectively evaluates how well the patient uses the three sensory

systems.'6 During the assessment, inaccurate information is delivered to the

patient's eyes, feet and joints through "sway referencing" of the visual surround

and/or the support surface changing interactions between sensory systems. The

SOT measures how well a patient can maintain their postural stability under six

sensory conditions.15 In Condition 1 the subject stands quietly with their eyes open

and there is no change in the support surface or the visual surrounds. Condition 2

involves having the subject stand on the stable platform with their eyes closed.

Condition 3 involves standing on a stable surface while the surrounding walls of

the device move forward and backward as the subject sways. In Condition 4 the

subject stands quietly with their eyes open and there is no change in the visual

surrounds, while the support surface moves in proportion to the amount of back-

forth sway. Condition 5 involves having the subject stand on the moving platform



with their eyes closed. Condition 6 involves standing on a moving platform surface

with open eyes while the visual surrounds move forward and backward

accordingly to the subject's sway, see the Figure 1 in reference.15

Figure 1. Sensory Conditions

Condition 1 Condition 2 Condition 3

Condition 4 Condition 5

Impairments of the sensory systems

Condition 6

Impairments of the sensory systems have been associated with increased

occurrence of injury.'7'18 Cornwall and Murrell'8 reported that unilateral postural

sway amplitude was significantly greater in a group of subjects with the history of



10

ankle injury compared to a group of uninjured subjects. Tropp et a119 examined

unilateral postural sway in a group of soccer players and found a significantly

greater predisposition for ankle injury in subjects with sway amplitudes that

exceeded the mean value of a control group by two standard deviations compared

to subjects with normal sway amplitudes. So, this study revealed a predictive

relationship between sway amplitude and ankle joint injury in previously uninjured

subjects.19 A significant portion of injuries results from fatigue of the stabilizing

musculature. 17,20

FATIGUE

To perform during high-intensity exercise, an individual needs to generate and

maintain a high power output. That requires both a high anaerobic capacity and the

functional ability to generate the necessary force and velocity for a given power

requirement.21'22 Peak power output of a muscle depends upon numerous factors,

and aside from differences in muscle architecture, the most important factors are:

muscle size, frequency of the neuromuscular signaling, the peak rate of force

development, and the maximal speed of muscle shortening (Vmax).22

The inability to maintain the desired power output defines fatigue, and

mechanisms that attempt to explain fatigue are generally classified as product

accumulation or substrate depletion.22'23'24'25 Muscular fatigue represents a

complex phenomenon in which peripheral and central functional changes of the
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neuromuscular system may be observed.22 Bigland-Ritchie and Woods2' give a

definition of fatigue as deterioration in the functional force generating capacity of

the neuromuscular system, regardless of external force demands.21 The

physiological mechanisms of skeletal muscle fatigue are unclear. Fatigue may

develop as a result of impairment of excitation contraction coupling22'23'24

decreased pH secondary to an increase in lactic acid,22'25 glycogen depletion,24

decreased ionic transport,22 impairment of electrical efficacy, firing frequencies,

fiber potentials, and synchrony of firing,23'26 or failure of the central nervous

system to initiate and relay nervous impulses to the muscle.27

Anaerobic metabolism

Anaerobic metabolism refers to energy production during short-term (0 to 90

seconds), high-intensity (high power output) activities such as explosive jumping

or sprinting. To perform any type of work, energy must be released from the

energy-rich compound adenosine triphosphate (ATP).24'25'28 The release of energy

from ATP occurs whether oxygen is available or not. Only a small amount of ATP

is stored within muscle.25'28 Thus, if high-intensity exercise is to continue, an

appropriate energy reserve is necessary. The resynthesis of ATP is accomplished

by the transfer of chemical energy from creatine phosphate, which is used to

replenish intramuscular ATP levels during contraction.28 During short-term, high-

intensity exercise, the availability of oxygen is limited. This circumstance poses a
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problem and results in the production of lactic acid. Muscular fatigue is associated

with increased levels of blood and/or skeletal muscle lactic acid and leads to a

weaker contraction.28

In one study29 ten healthy male subjects performed submaximal stretch-

shortening cycle exercise on a special sledge apparatus. This apparatus consisted

of a sledge to which the subject was fixed in a sitting position, a slide on which the

sledge runs along a low-friction aluminum track, and the force plate, placed

perpendicular to the sliding surface. The subjects performed a series of exhausting

submaximal jumps along the gliding track of the sledge. Exhaustion occurred

within 3 mm. A drop jump test from a 50-cm height was performed before and

immediately after the sledge exercise as well as 2 h, 2 days and 4 days later. The

fatigue exercise showed high blood lactate concentration.29

Mechanisms of muscular fatigue

Muscular fatigue appears to affect Type II fibers more than Type j30 Muscular

performance is influenced by skeletal muscle fiber composition. The sensitivity to

fatigue of the test was supported by the relationship observed between the decrease

of power during 60 s jumping performance and the percentage of FT fibers.31

As a maximum muscular contraction continues, the frequency of motor units

firing decreases.32'33 In fact, Marsden, Meadows, and Merton32 showed that by the

end of a 30 second maximum voluntary contraction the firing frequency decreased
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by 80%. Eventually the frequency of twitching of the high threshold fibers became

insufficient to sustain the effort, lowering force production.32 Paasuke, Ereline, and

Gapeueva33 measured the neural and muscular changes during fatigue produced in

the knee extensors. The exercise consisted of 10 trials of submaximal static

contractions at the level of 40% of maximal voluntary contraction (MVC) force

until exhaustion with the inter-trial rest intervals of 1 mm. MVC force before and

after the fatiguing exercise were recorded. The fatigue test significantly prolonged

the time between onset of electrical and mechanical activity (electromechanical

delay) in voluntary and reflex contractions. In this type of exercise the fatigue

development may be attributed primarily to muscle contractile failure.33

Effects of prolonged cycling exercise on metabolic and neuromuscular

parameters were also examined.34'35 A reduction in leg muscular capacity after

prolonged cycling exercise resulted from both reduced neural input to the muscles

and a failure of peripheral contractile mechanisms.34'35

There is also evidence that fatigue during fast and powerful activities occurs

first at the neuromuscular junction. Precisely, the motor neurons cannot

manufacture and release acetyicholine fast enough to maintain transmission of the

action potential from the motor neurons to the muscles.36'37'38 The force of

contraction is directly related to the frequency, speed and power of the signal sent

by the CNS.36 Clearly, the central nervous system can play a pivotal role in the

perception and reality of fatigue.36
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Varied metabolic responses to exercise suggest a greater reliance on

nonoxidative sources of ATP in young compared with older subjects and in men

compared with women.37 The mechanisms of fatigue vary with age and gender,

regardless of whether differences in the magnitude of fatigue are observed.37 The

data38'39 demonstrate distinct neuromuscular fatigue profiles for the different types

of muscle contraction. Whereas eccentric activity was largely fatigue resistant,

isometric and concentric contractions displayed different neuromuscular fatigue

profiles.38'39 With fatigue, subjects produced ankle movements characterized by

greater absolute errors for movements of large amplitude in dorsiflexion and for

movements of small amplitude in plantarflexion.4° The acuity of the position sense

at the ankle is reduced subsequent to a fatigue protocol.4°

The measurement of endurance time is the procedure commonly used to

quantify the ability of a muscle to maintain force. The relationship between surface

electromyographic (sEMG) manifestations of localized muscle fatigue and

endurance time during an effort at 50% of maximal voluntary isometric torque of

the knee extensors until exhaustion was studied.41 Changes in sEMG computed

over shorter periods than expected endurance time could be used to predict the

endurance time.41

Methods to fatigue
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To analyze human muscle function, metabolism, and fatigue in both health and

disease a variety of techniques may be employed. Methods to fatigue include

voluntary isometric and isokinetic contraction protocols at maximal and

submaximal intensities, and electrical stimulation protocols of continuous or

intermittent stimulation at a variety of stimulation frequencies. The most

fundamental approach is the measurement of force, which may be generated by

either voluntary or electrically stimulated contractions.42'43" For example, in this

study42, each subject performed 30 maximal, concentric repetitions on the Biodex

System II Isokinetic Dynamometer at a preset angular velocity of 180 degrees

for both the dominant and nondominant legs. Quadriceps muscle fatigue was

calculated through a fatigue index (work performed last 5 repetitions/work

performed first five repetitions x 100) and the linear slope (beta) across the 30

repetitions.

More detailed information concerning the mechanisms of both weakness and

fatigue can be obtained when the electromyogram is recorded simultaneously with

force.43"'45 In general, during a fatiguing constant force sub-maximal isometric

contraction, EMG amplitude increases and the frequency characteristics

decrease.44This frequency decline can be interpreted as a sign of localized muscle

fatigue. Several factors that influence this development of localized muscle fatigue

are the force level, muscle length, muscle temperature, circulation, and muscle
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fiber composition.45 The development of localized muscle fatigue can be measured

by the collected EMG signal of the power spectrum.46'47

Fatigue due to isometric efforts is characterized by a shift in the EMG power

spectrum towards lower frequencies.48 In particular, the decrease of median

frequency and conduction velocity as well as the fall in the ratio of EMG activities

integrated in a high and low frequency band (H/L ratio) constitute indexes of

fatigue. The analysis of electromyographic fatigue curves allows for research of

muscle fatigue in vivo and has potential clinical usefulness.

A superimposed M wave is an M wave elicited during a sustained contraction

and was recently introduced for studying muscle fatigue.49 A practical muscle

fatigue index uses the correlation between the instantaneous frequencies (if's) of

the superimposed M wave and the mean power frequency (MPF) of the preceding

background activity. Experimental results49 showed that MPF and if's were

closely correlated during the first phase of a short-term high-level sustained

voluntary contraction and then became uncorrelated or sometimes showed

negative correlation as muscular fatigue progressed. Authors proposed a fuzzy rule

based muscular fatigue index that can be used for managing the inevitable

variability among individual subjects collected as a group. However, further

studies should be done to customize the membership functions and fuzzy rules

more appropriately in each practical field.49 Future research should focus on the
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level of voluntary effort, the muscle fiber type composition, and metabolic by-

products.

The needle biopsy technique is recommended for the histological and

histochemical examination of skeletal muscle.50 It has the advantage of being rapid

and repeatable and has proved suitable for both diagnostic and follow-up

purposes.5° Some techniques allow the study of mitochondrial function and protein

synthesis.5° Topical nuclear magnetic resonance spectroscopy is another technique

for the noninvasive study of muscle metabolism. The opportunities offered by this

technique are largely complementary to others available and unlikely to replace

them as diagnostic and monitoring tools.5° The clinical usefulness of near infrared

spectroscopy for evaluating tissue-oxidative metabolism by a non-invasive method

was investigated, particularly in the medial vastus muscle.51 Two kinds of

quadriceps exercises (maximal isometric contraction and setting repetition) were

performed by 14 healthy male volunteers. The bottom value of 02 content in the

maximal isometric contraction correlated well with the peak torque of muscular

strength. The greatest variance of 02 content in the repetitive setting exercise

correlated well with the recovery time after the exercise.51

Anaerobic metabolism has been studied using vertical jump, 40 yard dash, 30

second all-out cycling, and other tests with assessing maximal blood lactate level

following short-term, high-intensity work.24'29'37'42'51'53 Current technology, such as

magnetic resonance spectroscopy, now permits the study of muscle metabolism in



II

a safe, non-invasive manner.50 Researchers52 also used noninvasive measures of

central and peripheral (neuromuscular junction, sarcolemma) muscle activation,

muscle contractile function, and intramuscular energy metabolism before, during,

and after incremental isometric exercise.52

Wingate Anaerobic Test

The Wingate Anaerobic Test (WanT) is the most widely used anaerobic

performance test, and a great deal of research has been done using it.536° The

WanT is an "all-out" intensity 30s or 45s test for evaluating lower limb muscular

endurance. The standard procedure for determining subject power output from a

30s Wingate test on mechanically braked (friction-loaded) ergometer includes the

braking resistance and flywheel velocity.53 The WanT evaluates pedal revolutions

against the constant resistance as its measure of mechanical power. Work in

intermittent high-intensity exercise provides the measure of anaerobic capacity and

do not require the use of expensive equipment or invasive procedures.53 WanT

measures performance of several muscle groups combined and therefore cannot

yield information about any specific muscle or muscle group.53 Three indices are

measured. Peak power (PP) is the highest mechanical power elicited during the

test, which typically occurs in the first few seconds. Mean power (MP) is the

average power sustained throughout the 30s period. Rate of fatigue (Fatigue index
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or Fl) is the degree of power drop-off during the test. This is calculated as a

percentage of PP.

Studies of the WanT's test-retest reliability were conducted.54'55'56 Correlation

coefficients for tests performed under standardized environmental conditions were

0.95-0.97 (young adults),54 0.96 (active or athletic young adults),55 and 0 .95-0.97

(physical education students and athletes).56 Thus, the data confirm that the WanT

is a highly reliable test.

The experiment57 has been carried out in order to study whether central fatigue

occurs during an all-out anaerobic capacity test. The electromyograms of the

vastus lateralis, the vastus medialis and the biceps femoris have been recorded

with surface electrodes during an exhausting exercise on a Monark cycle

ergometer, derived from the Wingate test (a 45 second all-out exercise against a

braking force equal to 70 N). There was a decrease in the electro-expected

integrated electromyogram (iEMG) during the exercise. The iEMG declines of the

vastus medialis and the vastus lateralis were parallel and the revolution-to-

revolution iEMG changes of the vastus medialis were positively correlated with

those of the vastus medialis. These EMG changes suggest the occurrence of a

central fatigue during this type of exercise.57

Traditionally, leg cycle ergometry has been used to assess the power output of

the lower limbs. However, it is suspected that the upper body makes a contribution

to the measured power output.58'59 Nine trained male subjects each completed a 20-
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s high-intensity cycle ergometer test twice, in a random manner, using two

protocols, with a handgrip (WG), and without handgrip (WOHG). Capillary blood

samples were obtained pre- and post-exercise. Results indicate significant

differences in power output and blood lactate concentrations between protocols.59

Fatigue Profile is a numerical method for characterizing fatigue in isokinetic

cycle ergometry.6° The method describes the temporal development of muscle

fatigue based on the decline of peak power output throughout a whole trial. A

fourth degree polynomial was fitted to model the peak power data. Using the

polynomial model coefficients, the first derivative represented the rate of changing

peak power, which represented the Fatigue Profile. Authors6° suggest that the

Fatigue Profile approach allows the characterization of the temporal development

of fatigue under different experimental conditions.

FATIGUE AND BALANCE

Strenuous physical activity is often associated with overall decline in muscle

function.6' Whereas the effects of fatigue on the cardiovascular and

musculoskeletal systems are well known, the effects of fatigue on the ability to

maintain balance remain relatively unknown. The literature supports a connection

between increased postural sway and susceptibility of injury.17'18'19 Some

authors17'2° showed that fatigue of the plantarflexors and dorsiflexors, which

induce an increase postural sway amplitude, may predispose ankle joint to the
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injury. Yaggie and McGregor2° induced fatigue of the plantarfiexors and

dorsiflexors by isokinetic contractions. Balance was assessed by using a unilateral

test (15s quiet stance, lOs lean test) on a force platform immediately before and at

0, 10, 20, and 30 minutes postfatigue. Isokinetic fatigue of ankle plantarfiexors and

dorsiflexors significantly influenced sway parameters and ranges of postural

control in healthy young men.

Several studies63'64'65 have attempted to determine whether lower extremity

fatigue affects balance. Results of these studies suggest that fatigued individuals

may be at increased risk of injury due to balance alterations. Previously, Lepers et

a164 reported that the prolonged exercise compromises the ability to maintain

postural stability. Nine well-trained subjects were invited to run at the speed close

to their personal record for 25 km. Five triathletes were asked to cycle on an

ergometer at a power conesponding to approximately 65%-70% of their maximal

oxygen uptake (determined during previous laboratory incremental tests) for a

time equal to that of their 25-km run. The perturbations of equilibrium after

prolonged exercise were investigated by dynamic posturography. The nine

subjects performed a sensory organization test before and after a 25-km run. In

addition, the same test was performed on the five triathletes only, before and after

ergocycle exercise of identical duration. The results showed that the ability to

maintain postural stability during conflicting sensory conditions decreased after

exercise, with some differences depending on the kind of exercise.
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Johnston et a!63 demonstrated significant decreases in motor control

performance after exercise to fatigue. They tested twenty healthy subjects (average

age 29 yr) on an instrumented balance assessment system. Static tests were done

on the limbs unilaterally and then bilaterally, and finally a dynamic test was

performed in which the subject moved the platform in a circular manner to chase a

moving object on a computer screen. After testing, subjects were fatigued using an

isokinetic dynamometer, which imposes closed kinetic chain antagonistic exercise

on the ankle, knee, and hip, similar to a stair stepper. Subjects were fatigued to less

than 50% of their initial tested force. Subjects were then immediately retested on

the unstable platform using the same testing protocol. Analysis of pre- and post-

fatigue balance results demonstrated significant decreases in motor control

performance on the tests following exercise to fatigue in all subjects.63

According to previous studies38'39, muscle damage resulting from eccentric

work may be responsible for the changes in the motor control. As the fatiguing

exercise of an eccentric nature causes muscle injury, it reduces force production.

The fatigue of stabilizing musculature may serve as an additional, possibly

alternative, explanation of the changes in postural control. 3,17,20,63 Support for

muscle fatigue as the causative factor of balance alterations comes from the

observation that balance parameters returned to baseline within 6 to 20 minutes

after the exercise protocol 3,17,20
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Lattanzio et a162 investigated the effects of muscular fatigue on knee joint

proprioception and found an impaired ability to reproduce lower extremity joint

angles after fatiguing exercise. In this study, sixteen (eight men and eight women)

healthy volunteers ages 19-27 years, with no history of neuromuscular disorders,

vestibular disorders, or lower limb injuries performed three separate fatigue

protocols (ramp test, continuous test, and interval test). All tests consisted of lower

limb cycling on a computer-driven cycle ergometer (Lode). In the standing

position, subjects were instructed to perform a two-legged squat to specific knee

flexion angles. The findings suggest that exercising to fatigue may produce a

change in subjects' reproduction ability of knee joint angles.62

In other study65 the effect of vision on postural control following a lower limbs

muscular fatigue was investigated. Ten adult males were asked to maintain a single

leg upright posture as immobile as possible in two conditions of no-fatigue and

fatigue of the calf muscles. This muscles fatigue was achieved by standing on the

toes until exhaustion. Within a trial, vision was suppressed or reinserted by eyes

closure or opening. Center of foot pressure displacements were recorded using a

force platform. Results showed that the availability of vision allowed the subjects

to immediately cope with the destabilizing effect induced by muscular fatigue.

Earlier studies, however, have not examined the change in contributions of the

vestibular, visual, and somatosensory systems with increasing fatigue.
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CONCLUSION

Balance results from interactions among the individual, pursuing a particular

task, and the environment.5 In the state of balance the body's center of gravity is

positioned over the support base.2 The maintenance of balance within limits of

stability is achieved via integration of somatosensory, vestibular, and visual

information and ability to make appropriate musculoskeletal responses.2

Information from the sensory systems is processed within the central nervous

system.2'6'7 Impairments of the sensory systems have been associated with

increased occurrence of injury.17'18 Also, a significant portion of injuries results

from fatigue of the stabilizing musculature.17,20 Muscular fatigue represents a

complex phenomenon in which peripheral and central functional changes of the

neuromuscular system may be observed.22 However, the effects of fatigue on the

ability to maintain balance remain unknown. Several studies63'64'65 have attempted

to determine whether lower extremity fatigue affects balance. Results of these

studies suggest that fatigued individuals may be at increased risk of injury due to

balance alterations. To our knowledge, earlier studies have not examined the

change in contributions of the vestibular, visual, and somatosensory systems with

fatigue.
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EFFECT OF LEG MUSCULAR FATIGUE ON THE CONTRIBUTIONS OF
THE SOMATOSENSORY, VISUAL, AND VESTIBULAR SYSTEMS TO

BALANCE

ABSTRACT

Objectives: To evaluate the effect of leg muscle fatigue on balance and to

determine the contributions of the somatosensory, visual, and vestibular systems to

balance of apparently healthy males and females. Design: Subjects were randomly

assigned to either the experimental or control groups and then subdivided based on

gender resulting in four groups (10 men/women in the experimental groups and 11

men/women in the control groups). Each subject was pre-tested on the Sensory

Organization Test assessment of balance. Subjects in the experimental group then

underwent a Wingate Anaerobic Test to induce leg fatigue. Following the Wingate

Test subjects were post-tested on the Sensory Organization Test. Subjects in the

control group rested quietly for a period of seven minutes prior to post-testing.

Subjects: Forty-two volunteers without recent or chronic history of lower

extremity injury, neurological deficits, or balance problems participated. Main

outcome measures: Ratios for the use of the somatosensory, visual, and vestibular

systems and the Composite Score were calculated. A [2 (Group) x 2 (Gender) X 2

(Test)] mixed design ANOVA was used to analyze each of the dependent

variables. Results: Analysis of Composite Score demonstrated a significant Group

x Test interaction (p <0.010). The breakdown of the interaction showed no
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significant Test effect (p-value 0.341) for the experimental group. However, there

was a significant Test effect (p-value <0.010) for the control group. There were no

significant effects of fatigue on somatosensory system ratio. The analysis of the

visual system ratio revealed a significant main effect (p-value 0.022) for Group.

Analysis of vestibular system ratio revealed a significant main effect for Test (p <

0.010). Conclusions: As demonstrated by the results of the present experiment, leg

muscular fatigue is associated with significantly decreased balance. In addition,

fatigue does appear to have an effect on the utilization of visual and vestibular

systems.
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INTRODUCTION

Balance emerges from interaction of the individual pursuing a particular task,

and the environment.1 Within a person's limits of stability, balance is maintained

via integration of somatosensory, vestibular, and visual information combined with

appropriate musculoskeletal responses, motor coordination, and eye and head

stabilization.2'3'4'5 Balance is also based on environmental adaptation and previous

experience.1'5 Therefore, balance involves integration of various types of

information and requires the coordination of the systems responsible for the

gathering of the appropriate information.4

The maintenance of the center of gravity (COG) is determined by multiple

senses.6 Vision determines orientation of the eyes in relation to surrounding

objects, while somatosensation provides information regarding tactile senses and

proprioception. Unlike these two systems, the vestibular system is not externally

referenced. This system operates as a gravitational reference that determines the

orientation of the head in the space. The visual and somatosensory systems use

information from the vestibular system to adequately determine the degree of

postural sway.7

The brain continually receives a vast amount of information and must select

the orientationally accurate inputs and ignore the inaccurate ones when presented

with sensory conflict. This process is known as "sensory organization".1 Under

most conditions, the somatosensory and the visual systems dominate the control of



balance.8 Contribution of individual sensory inputs to balance can be quantified by

using computerized dynamic posturography (CDP).9 One such test is the Sensory

Organization Test (SOT). The SOT protocol objectively evaluates how well the

subject uses the three sensory systems.9 During the assessment, inaccurate

information is delivered to the subject's eyes, feet, and joints through manipulation

of the environment. The SOT measures how well a subject maintains his or her

postural stability under six sensory conditions.'°

Impairments of the sensory systems have been associated with increased

occurrence of injury.11'12 Cornwall and Murre1l'2 reported that unilateral postural

sway amplitude was significantly greater in a group of subjects with the history of

ankle injury compared to a group of uninjured subjects. The literature supports a

connection between increased postural sway and susceptibility of injury.11'12'13

Tropp et al'3 examined unilateral postural sway in a group of soccer players and

found a significantly greater predisposition for ankle injury in subjects with sway

amplitudes that exceeded the mean value of a control group by two standard

deviations compared to in subjects with normal sway amplitudes. This study

revealed a predictive relationship between sway amplitude and ankle joint injury in

subjects with no history of injuries. A significant portion of injuries results from

fatigue of the stabilizing musculature."4 Some authors'1'14 showed that fatigue of

the plantar flexors and dorsiflexors, which induce an increase in postural sway

amplitude, may predispose ankle joint to the injury.
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Muscle fatigue is commonly defined as the inability to maintain force

output.15"6'17 The exact physiological mechanisms of skeletal muscle fatigue

remain unclear. Fatigue may develop as a result of impairment of excitation

contraction coupling,15"6"7 decreased pH secondary to an increase in lactic

glycogen depletion,17 decreased ionic transport,'5 impairment of electrical

efficacy, firing frequencies, fiber potentials, and synchrony of firing,16'19 or failure

of the central nervous system to initiate and relay nervous impulses to the

muscle.20 Strenuous physical activity is often associated with overall decline in

muscle function.2'

While the effects of fatigue on the cardiovascular and musculoskeletal systems

are well known, the effects of fatigue on the ability to maintain balance remain

relatively unknown. Few studies have examined changes in balance associated

with fatigue.22'23'24 Lepers et a123 reported that the ability to maintain postural

stability during conflicting sensory conditions decreases after exercise. Earlier

studies, however, have not examined the change in contributions of the vestibular,

visual, and somatosensory systems with increasing fatigue. Therefore, the purpose

of this study was to determine the effect of leg muscle fatigue on contributions of

the somatosensory, visual, and vestibular systems to balance control in apparently

healthy males and females.
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METHOD

Prior to data collection the study received approval from the Oregon State

University Institutional Board (Appendix A). Informed consent was obtained from

each subject before testing in accordance with institutional guidelines regarding

the protection of human subjects (Appendix B).

Subjects

Subject population was limited to 18 to 35 years of age to represent a healthy

young population. Prior to participation in the study, all perspective subjects

completed a pre-participation questionnaire (Appendix C). Inclusion criteria were:

absence of a history of lower extremity injury or neurological deficits, absence of a

history of vestibular or balance problems, and absence of a heart condition that

requires modification of physical activity. Forty-two apparently healthy

individuals volunteered and were assigned to the four groups. Group demographics

are listed in Table 1.

Table 1. Group Demographics.

Group Gender Mean age ±
standard deviation

(SD)_(yr)

Weight ±
SD (kg)

Height ± SD
(cm)

Experimental Males 28.4 ± 4.6 70.9 ± 14.8 177.4 ± 8.1
Females 25.5 ± 5.8 65.6 ± 7.4 168.6 ± 9.3

Control Males 25.9 ± 3.9 88.0 ± 16.7 179.1 ± 7.2
Females 25.6 ± 4.8 56.9 ± 6.8 160.7 ± 5.1
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Procedures

Subjects reported to the Sports Medicine Laboratory for one forty minute data

collection session. Prior to the testing all subjects were weighted. Subjects were

randomly assigned to either the experimental or control groups and then

subdivided based on gender resulting in 4 groups (10 men/women in the

experimental groups and 11 men/women in the control groups). Each subject was

pre- and post-tested using the SOT protocol. During the first SOT, an initial trial

was given in each condition to familiarize the subjects with the procedure followed

by two test trials for a total of 18 balance control trials. During the second SOT, no

practice was given resulting in two trials per condition for a total of twelve.

Subjects in the experimental group were balance tested before being fatigued

using the Wingate Anaerobic Test. During less than a minute after the Wingate

Anaerobic Test subjects were re-tested on the SOT. Subjects in the control group

rested quietly for a period of seven minutes before being post-tested. The seven

minutes period was used because this is the approximate amount of time between

the two balance tests in the experimental group.

Balance testing

Balance evaluation was performed using the NeuroCom Smart Balance

Master® (NeuroCom, Inc., Clackamas, OR). This device consists of a dual force

plate support surface and a movable visual surround. The force plate uses

information from four force transducers to monitor and calculate movement of the



center of gravity. Each force transducer samples at a rate of 100 Hz and measures

only the vertical ground reaction force.

The dynamic balance control assessment was performed using the Sensory

Organization Test protocol. The subjects were placed in safety straps to prevent

falling. They were instructed to look straight ahead, to place their arms on the hips,

and to remain as stable as possible. The protocol required the subject to stand on

the platform inside the visual surrounds during six different test conditions. The

conditions involved altering the support surface and vision. The platform or the

visual surround moved in the direct proportion to the amount of the subject's

sway. In Condition 1 the subject stood quietly with their eyes open and there were

no change in the support surface or the visual surrounds. Condition 2 involved

having the subject stand on the stable platform with their eyes closed. Condition 3

involved standing on a stable surface while the surrounding walls of the device

moved forward and backward as the subject swayed. In Condition 4 the subject

stood quietly with their eyes open and there was no change in the visual surrounds,

while the support surface moved in proportion to the amount of antero-posterior

sway. Condition 5 involved having the subject stand on the stable platform with

their eyes closed and the platform moved. In Condition 6 both the platform surface

and the visual surrounds moved forward and backward accordingly to the subject's

sway.
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Fatigue protocol

A stationary bicycle ergometer (Monark) was used to induce leg fatigue

through the use of the Wingate protocol. A 2 minute warm-up (pedaling with two

or three "all-out sprints" each lasting 4-8 seconds) was used so the subject could

become familiar with the actual test. Subjects then rested 2 minutes. With the

command "start", subjects pedaled as fast as possible against a low resistance.

After 5 seconds of pedaling the resistance equal to 0.075 kp per kg body mass was

applied to start the 30 second test. Subjects were well informed that the test should

be a maximal 30 second effort. Immediately after the test, 2 minutes of pedaling

against the light resistance followed.

Data analysis

A [2 (Condition) x 2 (Gender) x 2 (Test)] mixed design ANOVA was

conducted using SAS (version 8.02). The dependent variables included the

somatosensory, visual, and vestibular systems ratios and Composite Score. In the

pre-test, to obtain the somatosensory system ratio (SOMAT) the mean value from

Condition 2 was divided by the mean value from Condition 1. The visual system

ratio (VIS) was calculated by dividing the mean value from Condition 4 by the

mean value from Condition 1. The mean value from Condition 5 was divided by

the mean value from Condition 1 for calculating the vestibular system ratio

(VEST). Composite Score (COMP) was calculated as an overall assessment of



balance by weighted averaging of the scores of all sensory conditions. In order to

make comparisons between the two test conditions, the Ratios in the post-test were

calculated using the same denominator as the Ratios in the first test. Specifically,

to obtain SOMAT the mean value from Condition 2 post was divided by the

mean value from Condition 1 pre. VIS was calculated by dividing Condition 4

05t/Condition 1 pre. For calculating VEST post the mean value from Condition 5 post

was divided by the mean value from Condition 1 pre (Table 2).

Table 2. Ratios

Ratio Pre-test Post-test

SOMAT Condition 2 Condition 2 nost

Condition 1 pre Condition 1 pre

vis Condition 4 Condition 4 pOst

Condition 1 pre Condition 1 pre

VEST Condition 5 Condition 5

Condition 1 pre Condition 1 pre
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RESULTS

All 42 subjects completed the study. Upon completion of the fatigue portion of

the study, each subject stated that he or she felt significantly tired. To ensure that

no significant differences existed between the balance abilities of the groups on the

pre-test stage, an ANOVA was performed on the pre-test Composite Score of the

two groups (Table 3).

Table 3. Pre-value ANOVA Table

Effect Num DF F Value Pr> F
Group 1 0.91 0.3461
Gender 1 0.02 0.8933
GroupxGender 1 0.48 0.4913

A [2 (Group) x 2 (Gender) x 2 (Test)] mixed design ANOVA was used to

analyze each of the dependant variables. There were no significant differences for

any of the main effects or interactions on somatosensory system ratio (Table 4).

Table 4. ANOVA Table for Somatosensory System Ratio

Effect Num DF F Value Pr > F
Group 1 0.12 0.7270
Gender 1 0.25 0.6233
Test 1 3.06 0.0888
GroupxGender 1 0.50 0.4855
GroupXTest 1 0.04 0.8484
GenderxTest 1 3.11 0.0861
GroupxGenderxTest 1 0.56 0.4598

Analysis of the VIS demonstrated a significant main effect for Group (Table

5). The main effect (P-value 0.022) for Group showed difference between







test in the control group was 85.0 ± 4.30, whereas the post- test mean score in this

group was 86.95 ± 3.99 (Figure 5).

Table 7. ANOVA Table for the Composite Score

Effect Num DF F Value Pr > F
Group 1 0.07 0.7859
Gender 1 0.53 0.4707
Test 1 1.05 0.3111
GroupxGender 1 0.00 0.9842
GroupxTest 1 7.49 0.0095*
GenderxTest 1 3.08 0.0873
GroupxGenderxTest 1 2.23 0.1438

Table 8. Simple Main Effect for the Experimental Group

Effect Num DF F Value Pr > F
Gender 1 0.27 0.6129
Test 1 0.96 0.3417
Gender x Test 1 3.34 0.0850

Table 9. Simple Main Effect for the Control Group

Effect Num DF F Value Pr > F
Gender 1 0.25 0.6228
Test 1 14.18 0.0012*
Gender x Test 1 0.07 0.7955





DISCUSSION

Balance requires coordination of systems responsible for the collecting of

appropriate information, which is necessary to maintain balance.4 Within limits of

stability, balance is maintained via integration of somatosensory, vestibular, and

visual information and ability to make appropriate musculoskeletal responses.2

The present experiment investigated the effect of leg muscular fatigue on balance

and changes in contributions of the somatosensory, visual, and vestibular systems

to balance. To our knowledge, earlier studies have not examined the change in

contributions of the vestibular, visual, and somatosensory systems with fatigue. In

this study, a dynamic balance test (SOT protocol) was used to evaluate these

changes.

To ensure that groups were not different, an analysis was performed on the

pre-test Composite Score of the two treatment groups (experimental and control).

The finding that groups were different could have compromised results of our

study. However, no significant differences existed between the balance abilities of

the groups at the beginning of the study.

The post-fatigue balance test was performed in less than a minute after the

cycling exercise. Sensory stimulation by the exercise was stopped by that time.

However, we hypothesize that mechanisms of the balance control were impaired

by fatigue. Leg muscular fatigue is associated with significantly decreased balance

as demonstrated by results of the present experiment. These findings are consistent
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with observations from the other studies.22'23'24 Their results suggest that fatigued

individuals may be at increased risk of injury due to balance alterations. Namely,

Lepers, Bigard, and Diard23 showed that the prolonged exercise compromises the

ability to maintain postural stability. Johnston et a122 demonstrated significant

decreases in balance after exercise to fatigue.

Based on the findings of our study, changes in contributions of the visual

system can be attributed to fatigue. The analysis revealed increased reliance on

vision in the experimental group following fatigue. Visual signals play an

important role in the restoration of balance when balance is perturbed.25 Under

most conditions, the somatosensory and visual systems are most important for the

control of balance.8 Dependence on visual inputs in the present experiment

suggests that vision plays a major role in fatigue conditions. This observation is

supported by previous studies.24'26 For instance, one study24 investigated the effect

of vision on postural control following lower limbs muscular fatigue. Ten adult

males were asked to maintain a single leg upright posture as stable as possible in

two conditions of no-fatigue and fatigue of the calf muscles. This muscular fatigue

was achieved by standing on the toes until exhaustion. During a trial, vision was

suppressed or reinserted by eyes closure or opening. Center of foot pressure

displacements were recorded using a force platform. Results showed that the

availability of vision allowed the subjects to immediately cope with the

destabilizing effect induced by muscular fatigue. Dornan, Femie, and Holliday26



evaluated the role of vision in conditions when somatosensory influences are

diminished and concluded that in these conditions the visual system is most

important for proper postural control.

Analysis of the vestibular system ratio demonstrated a significant main effect

for Test. The mean score for vestibular system ratio went up from 0.770 ± 0.10 at

the pre-fatigue test to 0.8 17 ± 0.07 at the post-fatigue SOT. This finding is most

likely due to the presence of the learning effect. If the signals that the vestibular

areas of the brain receive are confusing or inadequate (as when the eyes are closed,

or standing on a soft surface), the brain can compensate by using other information

to determine the position of the body.25'27 This can be seen in adults who have

suffered damage to the vestibular organs of the inner ear; they can learn to depend

on visual information to maintain their balance.25

The statistical analysis revealed no significant effect of fatigue on

somatosensory system ratio. Several studies have examined the influence of the

somatosensory system on balance.8'26'27'28 A loss of somatosensory information

from the lower limbs, resulting from a disease or an experimental manipulation,

has been shown to induce postural control abnormalities.27'28 Lattanzio et al29

investigated the effects of muscular fatigue on knee joint proprioception and found

an impaired ability to reproduce lower extremity joint angles after fatiguing

exercise. In an effort to enhance proprioception we eliminated visual feedback, did

not allowed using arms in balancing, and had subjects standing barefoot. The



possible explanation to the fact that subjects did not performed significantly

different after fatigue is inability to detect changes using this method. We can also

assume that proprioceptive deficits may not be significant enough to be detected.

The other factor that possibly contributed to this is recovery. After the fatigue

exercise all subjects stated that their lower extremities were very tired. However,

some individuals noted that during the last part of the post-fatigue balance test they

felt less fatigued than in the beginning of balance testing. With fatigue, there are

changes in the motor neuron discharge rates.29'3° Firing rates should be rapid to

initiate contraction in the unfatigued muscle. As a maximum muscular contraction

continues, the frequency of motor units firing decreases.31'32 In fact, Marsden,

Meadows, and Merton31 showed that by the end of a 30 second maximum

voluntary contraction the firing frequency decreased by 80%. When the discharge

rate declines, the relaxation rate of the motor unit is also declines meaning less

excitation for the maintenance of force.'1'22 As recovery progressed, the response

from muscle afferents may increase, yielding an increase in somatosensation. It is

likely that as the muscles recovered from fatigue, they were able to compensate for

altered balance.

Analysis of the results showed that balance control does not depend on gender.

The minor differences in the mean age of our sample would be unlikely to

influence results. Participant population was limited to 18 to 35 years of age since
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the current literature indicates this is the appropriate range for non-age related

balance injuries.

One of the limitations of this study was that SOT assessment is not specific to

any sensory system and influenced by motivation and concentration. We gave the

same task to all subjects in experimental groups. However, each individual's

fitness level and motivation may have been different. The findings of Hakkinen

and Myllyla'5 demonstrated the specific contribution of the different training

background to the recovery process. Relaxation during fatigue may be related to

the muscle fiber composition.15'19'31'33 Other factors that influence the development

of localized muscle fatigue are the force level, muscle length, muscle temperature,

and circulation.3°The amount of fatigue was not controlled, which was an

additional limitation of the study. We tried to obtain the fatigue level that was

sufficient to make subjects feel tired. Our method of determining fatigue was not

quantitative, although for our purposes it appears to have been adequate based on

the observed changes in the Composite Score.

This study was conducted to evaluate the effect of leg muscular fatigue on

balance and changes in contributions of the somatosensory, visual, and vestibular

systems to balance. As demonstrated by results of the present experiment, leg

muscular fatigue is associated with significantly decreased balance. Results

suggest that the visual system plays a major role in fatigue conditions. Some

questions remain unanswered. Future research is needed to understand what the
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minimal information is required from the vestibular and the somatosensory

systems for the brain to accomplish recovery of balance. It is unclear how the brain

weighs sensory inputs to establish optimal control of balance. Further studies are

needed to obtain a reliable index of fatigue such as perceived exertion scales,

fatigue protocols on isokinetic dynomometers, or repeated bouts of the Wingate

Test.
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then rest 3-5 minutes after the warm-up. With the "start" command I will pedal as
fast as possible against a low resistance. I need to do as many pedal rotations as
possible in an all out effort. After 3-4s of pedaling the resistance (calculated based
on the body mass) will be applied to start the 30-s test. Immediately after the test, I
will pedal 2-3 mm against the light resistance for a cool down. The second balance
testing will be administered immediately after the cool down.

ifI am in the control group I will be tested twice on the balance protocol with
no fatiguing exercise. During the first balance testing session, I will be placed on a
piece of equipment used to measure balance. Equipment includes a movable
support base and a movable visual surround. I will stand on the platform inside the
visual surround during six different test conditions (3 trials of each). Some
conditions will increase the difficulty of standing. To make me familiar with the
procedure, one practice trial will be given in each condition. I will be fitted with
safety straps, to prevent injury if I lose my balance during the test. After the initial
balance testing I will sit quietly for the same time interval (6-7 mm) that subjects
in the experimental group will spend on the Wingate Test. After the rest interval I
will be given the second balance test.
E. Risks.

IfI am in the experimental group:
The potential discomforts to me are the potential tiredness or muscle soreness

after the bicycle exercise. The Wingate Test will produce a high level of short
lasting fatigue. The risk of muscle soreness may be reduced by the proper
warming-up. Although highly unlikely, I may experience dizziness or nausea
induced by the balance testing. If this occurs, the testing will be stopped
immediately. There is a potential risk of falling during balance testing after a
fatiguing exercise. To reduce this risk, the safety straps will be used during the
balance testing. The student researcher is trained in CPR and is capable to handle
the emergency situations.

If I am in the control group:
Although highly unlikely, I may experience dizziness or nausea induced by the

balance testing. If this occurs, the testing will be stopped immediately. There is a
potential risk of falling during balance testing after a fatiguing exercise. To reduce
this risk, the safety straps will be used during the balance testing. The student
researcher is trained in CPR and is capable to handle the emergency situations.
F. Benefits.

I will receive information concerning my own balance abilities.
G. Confidentiality.

Any information obtained in connection with this study that can be identified
with me will be kept confidential to the extent permitted by law. A code number
will be used to identify any test results or other information I provide. Neither my



name nor any information from which I might be identified will be used in any
data summaries or publication.
H. Voluntary Participation Statement.

I affirm that my participation in this study is completely voluntary. I
understand that I may either refuse to participate or withdraw from the study at any
time without penalty.
I. If You Have Questions.
I understand that any questions I have about the research study or specific
procedures should be directed to: Mark Hoffman, PhD, Oregon State University,
Department of Exercise and Sports Science, 223A Langton Hall, (541)-737-6787
Student researcher's on campus contact information: Maia Korioukhina, (54 1)-
737-6898
If any questions about my rights as a research subject or if I have sustained a
project-related injury, 1 should contact the IRB Coordinator, OSU Research Office,
(541) 737-3437.

My signature below indicates that I have read and that I understand the
procedures described above and give my informed and voluntary consent to
participate in this study. I understand that I will receive a signed copy of this
consent form.

Signature of subject (or subject's Name of Subject
legally authorized representative)
Date Signed_____________________

Subject's Present Address Subject's Telephone Number

Signature of Principal Investigator (optional) Date Signed
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Name_______________________ Date____________ Gender F M _/ _/

Address Phone E-MAIL____________

Do you have a history of vestibular or YES NO
balancing problems?

If YES please explain

Do you have any known neurological disorders? YES NO

If YES please explain

Do you have any known lower extremity YES NO
pathologies or a history of lower extremity injury?

If YES please explain

Do you have a history of heart conditions that YES NO
requires modification of the physical activity?

If YES please explain

Do you have high blood pressure? YES NO

Have you ever had a heart attack? YES NO

Do you have any orthopedic problems YES NO
(Example: arthritis, low back pain)

If YES please explain

Height Weight Age



APPENDIX D- Analysis

Somatosensory System

Means

Pre-test Post-test
Experimental 0.972 0.979 0.975
Control 0.968 0.978 0.973

0.970 0.978

ANOVA table

Effect Num DF F Value Pr> F
Group 1 0.12 0.7270
Gender 1 0.25 0.6233
Test 1 3.06 0.0888
GroupxGender 1 0.50 0.4855
GroupxTest 1 0.04 0.8484
GenderxTest 1 3.11 0.0861
GroupxGenderxTest 1 0.56 0.4598



APPENDIX D- Analysis Continued

Visual System

Means

Pre-test Post-test
Experimental 0.960 0.955 0.957
Control 0.910 0.934 0.922

0.935 0.944

ANOVA table

Effect Num DF F Value Pr> F
Group 1 5.66 0.0225
Gender 1 0.15 0.7016
Test 1 1.79 0.1885
GroupxGender 1 0.20 0.6567
GroupxTest 1 3.56 0.0669
GenderxTest 1 0.56 0.4587
GroupxGenderxTest 1 0.04 0.8420
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APPENDIX D- Analysis Continued

Vestibular System

Means

Pre-test Post-test
Experimental 0.771 0.808 0.789
Control 0.769 0.825 0.797

0.770 0.817

ANOVA table

Effect Num DF F Value Pr > F
Group 1 0.13 0.7216
Gender 1 1.34 0.2538
Test 1 15.65 0.0003
GroupxGender 1 0.01 0.9191
GroupxTest 1 0.47 0.4955
GenderxTest 1 1.84 0.1835
GroupxGenderxTest 1 3.26 0.0792
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APPENDIX D- Analysis Continued

Composite score

Means

Pre-test Post-test
Experimental 86.21 85.20 85.70
Control 85.00 86.95 85.97

85.60 86.07

ANOVA table

Effect Num DF F Value Pr > F
Group 1 0.07 0.7859
Gender 1 0.53 0.4707
Test 1 1.05 0.3111
GroupxGender 1 0.00 0.9842
GroupxTest 1 7.49 0.0095
GenderxTest 1 3.08 0.0873
GroupxGenderxTest 1 2.23 0.1438
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APPENDIX E- Data

01 01- 01
experimental male -pre-test

02 02- 02-
-control female post-test

Subject Group Gender Test Somat Vis Vest Comp
01 01 01 01 0.97 0.94 0.62 84
01 01 01 02 0.95 0.93 0.79 87
02 01 02 01 0.96 0.94 0.66 82
02 01 02 02 0.99 0.95 0.89 89
03 01 01 01 0.98 0.98 0.85 90
03 01 01 02 0.96 0.97 0.80 85
04 01 01 01 0.98 0.97 0.86 91

04 01 01 02 0.97 0.96 0.81 88
05 01 01 01 0.99 0.96 0.68 83
05 01 01 02 0.97 0.95 0.62 80
06 01 01 01 1.01 1.02 0.72 82
06 01 01 02 0.99 1.02 0.70 73
07 01 02 01 1.01 0.99 0.92 93
07 01 02 02 1.01 0.99 0.94 87
08 01 01 01 0.98 0.95 0.83 86
08 01 01 02 0.99 0.97 0.87 90
09 01 02 01 0.97 0.96 0.71 84
09 01 02 02 0.97 0.98 0.82 84
10 01 02 01 0.93 0.92 0.76 83
10 01 02 02 0.97 0.92 0.74 82
11 01 01 01 0.93 0.88 0.71 82
11 01 01 02 0.93 0.90 0.70 80
12 01 02 01 1.01 1.00 0.79 86
12 01 02 02 0.98 0.99 0.84 84
13 01 01 01 0.97 0.97 0.90 92
13 01 01 02 0.99 0.97 0.89 92
14 01 01 01 0.98 0.92 0.63 82
14 01 01 02 0.98 0.88 0.70 81
15 01 01 01 0.96 0.98 0.93 91
15 01 01 02 1.01 0.96 0.88 83
16 01 02 01 0.85 0.96 0.63 83
16 01 02 02 0.98 0.97 0.83 84
17 02 01 01 0.97 0.89 0.84 82
17 02 01 02 1.01 0.92 0.86 89
18 02 01 01 0.95 0.77 0.79 76
18 02 01 02 094 0.82 0.79 78
19 02 01 01 0.97 0.93 0.79 89
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APPENDIX E- Data Continued

19 02 01 02 0.93 0.97 0.84 90

20 01 02 01 1.00 0.97 0.83 90

20 01 02 02 1.00 0.98 0.92 94

21 02 01 01 0.98 0.91 0.66 82

21 02 01 02 1.01 0.97 0.82 87

22 02 01 01 0.98 0.96 0.68 86

22 02 01 02 0.94 0.92 0.82 86

23 01 02 01 0.96 0.92 0.74 84

23 01 02 02 0.98 0.99 0.88 88

24 02 02 01 0.98 0.93 0.75 86

24 02 02 02 0.99 0.95 0.82 89

25 02 02 01 0.99 0.93 0.84 88

25 02 02 02 1.00 0.95 0.90 92

26 02 02 01 0.97 0.96 0.82 88

26 02 02 02 1.01 0.97 0.87 89

27 02 01 01 0.95 0.91 0.86 92

27 02 01 02 0.99 0.97 0.87 92

28 02 01 01 0.95 0.92 0.45 78

28 02 01 02 0.97 0.92 0.68 84

29 02 01 01 1.00 1.01 0.84 89

29 02 01 02 1.01 0.98 0.87 90

30 02 02 01 0.97 0.96 0.78 89

30 02 02 02 0.99 0.95 0.85 90

31 02 02 01 0.97 0.96 0.88 89

31 02 02 02 0.99 0.95 0.93 90

32 02 02 01 0.98 0.86 0.78 84

32 02 02 02 0.97 0.96 0.81 86

33 01 02 01 0.99 0.97 0.77 86

33 01 02 02 0.99 0.96 0.79 89

34 02 01 01 0.96 0.96 0.72 82

34 02 01 02 0.97 0.94 0.73 80

35 02 02 01 0.97 0.90 0.85 87

35 02 02 02 0.96 0.92 0.90 89

36 02 02 01 0.99 0.65 0.74 78

36 02 02 02 1.00 0.87 0.84 84

37 02 01 01 0.96 0.99 0.91 91

37 02 01 02 0.97 1.02 0.93 93

38 02 02 01 0.89 0.95 0.71 84

38 02 02 02 0.96 0.94 0.74 85

39 02 01 01 0.97 0.85 0.72 84
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APPENDIX E- Data Continued

39 02 01 02 0.95 0.89 0.73 82

40 01 02 01 0.97 0.93 0.82 86
40 01 02 02 0.98 0.86 0.76 84

41 02 02 01 1.00 0.90 0.90 83
41 02 02 02 0.98 0.93 0.80 84
42 02 02 01 0.96 0.92 0.62 83
42 02 02 02 0.98 0.84 0.77 84
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APPENDIX F- Summary Table for Somatosensory System Ratio

Experimental Control
Subject

J
Pre Post Subject Pre-test Post-test

Olme 0.97 0.95 24fc 0.98 0.99
O3me 0.98 0.96 22mc 0.98 0.94
O4me 0.98 0.97 34mc 0.96 0.97
O5me 0.99 0.97 27mc 0.95 0.99
O6me 1.01 0.99 28mc 0.95 0.97
O8me 0.98 0.99 29mc 1.00 1 .01

lime 0.93 0.93 l7mc 0.97 1.01

l3me 0.97 0.99 2imc 0.98 1.01
l4me 0.98 0.98 25fc 0.99 1.00
lSme 0.96 1.01 26fc 0.97 1.01
O2fe 0.96 0.99 3Ofc 0.97 0.99
O7fe 1.01 1.01 36fc 0.99 1.00
O9fe 0.97 0.97 35fc 0.97 0.96
lOfe 0.93 0.97 32fc 0.98 0.97
l2fe 1.01 0.98 3ifc 0.97 0.99
i6fe 0.85 0.98 i8mc 0.95 0.94
33fe 0.99 0.99 l9mc 0.97 0.93
2Ofe 1.00 1.00 4lfc 1.00 0.98
23fe 0.96 0.98 38fc 0.89 0.96
4Ofe 0.97 0.98 42fc 0.96 0.98

39mc 0.97 0.95
37mc 0.96 0.97



APPENDIX G- Summary Table for Visual System Ratio

Experimental Control
Subject

I
Pre-test Post-test Subject Pre-test Post-test

Olme 0.94 0.93 2imc 0.91 0.97
O3me 0.98 0.97 22mc 0.96 0.92
O4me 0.97 0.96 34mc 0.96 0.94
O5me 0.96 0.95 27mc 0.91 0.97
O6me 1.02 1.02 28mc 0.92 0.92
O8me 0.95 0.97 29mc 1.01 0.98
lime 0.88 0.90 l7mc 0.89 0.92
l3me 0.97 0.97 24fc 0.93 0.95
l4me 0.92 0.88 25fc 0.93 0.95
l5me 0.98 0.96 26fc 0.96 0.97
O2fe 0.94 0.95 3Ofc 0.96 0.95
O7fe 0.99 0.99 36fc 0.65 0.87
O9fe 0.96 0.98 35fc 0.90 0.92
lOfe 0.92 0.92 32fc 0.86 0.96
l2fe 1.00 0.99 3lfc 0.96 0.95
l6fe 0.96 0.97 l8mc 0.77 0.82
33fe 0.97 0.96 l9mc 0.93 0.97
2Ofe 0.97 0.98 4ifc 0.90 0.93
23fe 0.92 0.99 38fc 0.95 0.94
4Ofe 0.93 0.86 42fc 0.92 0.84

39mc 0.85 0.89
37mc 0.99 1.02
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APPENDIX H- Summary Table for Vestibular System Ratio

Experimental Control
Subject Pre-test Post-test Subject Pre-test Post-test
Olme 0.62 0.79 2lmc 0.66 0.82
O3me 0.85 0.80 22mc 0.68 0.82
O4me 0.86 0.81 34mc 0.72 0.73
O5me 0.68 0.62 27mc 0.86 0.87
O6me 0.72 0.70 28mc 0.45 0.68
O8me 0.83 0.87 29mc 0.84 0.87
lime 0.71 0.70 l7mc 0.84 0.86
l3me 0.90 0.89 24fc 0.75 0.82
l4me 0.63 0.70 25fc 0.84 0.90
l5me 0.93 0.88 26fc 0.82 0.87
O2fe 0.66 0.89 3Ofc 0.78 0.85
O7fe 0.92 0.94 36fc 0.74 0.84
O9fe 0.71 0.82 35fc 0.85 0.90
lOfe 0.76 0.74 32fc 0.78 0.81
l2fe 0.79 0.84 3lfc 0.88 0.93
l6fe 0.63 0.83 l8mc 0.79 0.79
33fe 0.77 0.79 l9mc 0.79 0.84
2Ofe 0.83 0.92 4ifc 0.90 0.80
23fe 0.74 0.88 38fc 0.71 0.74
4Ofe 0.82 0.76 42fc 0.62 0.77

39mc 0.72 0.73
37mc 0.91 0.93



APPENDIX I- Summary Table for Composite Score

Experimental Control
Subject Pre-test Post-test Subject

I

Pre-test
I

Post-test
Olme 84 87 2lmc 82 87
O3me 90 85 22mc 86 86
O4me 91 88 34mc 82 80
O5me 83 80 27mc 92 92
O6me 82 73 28mc 78 84
O8me 86 90 29mc 89 90
lime 82 80 i7mc 82 89
i3me 92 92 24fc 86 89
i4me 82 81 25fc 88 92
i5me 91 83 26fc 88 89
O2fe 82 89 3Ofc 89 90
O7fe 93 87 36fc 78 84
O9fe 84 84 35fc 87 89
1 Ofe 83 82 32fc 84 86
l2fe 86 84 3lfc 89 90
1 6fe 83 84 1 8mc 76 78
33fe 86 89 1 9mc 89 90
2Ofe 90 94 4ifc 83 84
23fe 84 88 38fc 84 85
4Ofe 86 84 42fc 83 84

39mc 84 82
37mc 91 93
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APPENDIX J- Summary Table for Wingate Test

Subject Peak power Mean power Mm power Fatigue index
Olme 1062 941 797 25
O2fe 927 768 618 33

O3me 946 853 779 18
O4me 1204 1023 755 37
05me 1134 888 682 40
O6me 1247 958 854 32
O7fe 656 519 483 26

O8me 870 733 629 28
O9fe 1093 992 906 17
lOfe 805 741 699 13
lime 1182 1027 876 26
l2fe 681 594 562 18
l3me 503 497 488 3
i4me 974 849 790 19
l5me 831 738 634 24
l6fe 938 868 812 13
2Ofe 719 637 596 17
23fe 688 650 621 10
33fe 849 679 597 30
4Ofe 849 817 788 7



APPENDIX K- Correlation Coefficients Of Variances

Experimental
Pre-test Post-test

Control
Pre-test Post-test

COMP 0.04 0.05 0.05 0.04
SOMAT 0.04 0.02 0.02 0.02

VIS 0.03 0.04 0.08 0.05
VEST 0.12 0.10 0.13 0.08




